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8i0x00y 8UPOBHUUMEBA, | € MOX(AUBICMb 3aMilleHHA BUKOMHUX eHepa2oHocii8 014 eupobHuymea b6ioemaHosny.
BseodeHHs 8 dito npomucnosux bio2azosux peakmopie noe’s3aHe 3 nesHUMU cKaadHocmamu. Haworo 3ada4yero
6yno mooesnoeaHHA 8sedeHHs 8 0ito peakmopa 0718 bio2azosoi pepmeHmauii 6apou, wio suxodume 3 0il04020
30800y nomyxHicmio 170 m> 6ioemarony Ha 06y. [lna nposedeHHs npouecy 6i02a3080i hepmeHmauii BUKopu-
cmoesysanu nabopamopHuli peakmop, poboyum o6’emom 300 51, 06aadHaHUl cucmemoro cmabinizauii memne-
pamypu (enekmpudHuli nidizpig), MiluasKO 3 en1eKMpornpu8oooM, NPUCMOCYBAHHAMU 0414 nepioduUYHO20 348a-
HmaxceHHA cybcmpamy (i eugoody 36podxceHoi piduHuU, cucmemoro susedeHHsA Ui 0b1iKy 2a3y 3a 00rNomMo20to
AiYunbHUKa. KoHmpons memaHosoi hepmeHmauii 30ilicHrosanu 3a nokasHukamu FOS/TAC. Cybcmpam (6apda)
8i0bupasca be3nocepedHbo 3 3a800y 3a cmabinlbHO20 MEXHO/02IYHO20 pexcumMy supobHuymea bioemaHony
npomsAz2om rnepiody BUKOHAHHA eKcrepumeHmis. AK iHOKynam cayeysas dueecmam (nobiyHa peyosuHa nicaa
ompumaHHsa 6ioza3sy), akuli bye sidibpaHuli 3 dito4oi npomucnoeoi bio2a3o8oi ycmaHosKu. Y npoueci pobomu
docnidrysasca cKknad cupo8UHU Ma iHOKYAAMY, KOHMposseanuca pH ma memnepamypa 6io2azo8o20 npoyecy.
lMpouec memaHoeeHe3y 8i0bysascs y mepmoinbHuUx ymosax, npu 45-50 °C, HasaHmMaxceHHA cybcmpamom 3a
cyxoro peyosuHoto 4 + 0,4 k2/m> Ha 006y. Mumomulii suxid 6iozasy nid yac ekcriepumeHmy cmaHosus 48,5 + 1,0
M3 Ha KoxeH KybiyHuli memp 6apdu. Bmicm memaHy 6 6io2asi e nepiod cmabinbHoi pepmeHmauii (13...25 0i6)
cmaHosus 60,7 + 0,8 % 06’emy. Buxods4u 3 pe3ysbmamis ekcriepuMmeHmis, MOXHA 3p0bumu 8UCHOBOK, W0 00-
0a8aHHA niegHOUentnn03Ho2o0 cybcmpamy nidsuwums 8uxio bioeasy. 3 02na0y Ha pieeHb FOS/TAC nid yac eee-
OeHHA 8 0ilo i eKcrinyamauii npomucno8o2o peakmopa 019 epmeHmauii 6apou HABAHMANEHHSA OpP2aHIYHOO
DPEYOBUHOI MOXHA pekomeHdysamu 00 5...6 k2/m> Ha doby. Ompumani 0aHi 6ydyms 8UKOPUCMAHI TPU 868€0eHHi
8 EeKCraAyamauito peakmopie npomucaoeoi 6io2azoeoi ycmaHosKu 05 rnepepobaeHHs 6apou 6 Kinekocmi 45...55
M Ha 006y.

Knarouoei cnoesa: 6io2a3, memaHosa hepmeHmauyis, 6apda, ymunizayis 8ioxodis, 6ioemaHos1, MiKpoopeaHi3mu,
biomexHonoeais.

Ornap, npobnematuka 6apaa», pani «bapga». bapaa mictuTb yci cknagosi Komno-
HEHTW BUXiAHOI CMPOBMHU, 32 BUHATKOM KPOXMasto 1 Hese-
JIMKOI YaCTKK iIHWNX BYINEBOAIB, WO NepeTBOPUIUCh APiXK-
OPKaMu Ha eTaHOoA. AKLLO AKICTb KPOXMaseBMICHOI CUPOBUHM
3a408inbHa, Hapaa MoXKe CNyXUTU CUPOBUHOLO AR BUPO6-
HULLTBA NPOAYKTIB KOPMOBOIO NPU3HaYeHHs [4, 5].

bioeTaHON B 3HAYHIN KiNIbKOCTi BUPOBAAETbCA 3 KpoXmare-
BMICHOI CMPOBWHM — 3€pHa KYKYPYZA3U, AYMEHIO, KMUTa,
nweHuyi [1, 2]. Hacamnepeg ue HeKoHAUUHe | fedeKTHe
3epHO KYKYpYA3u M iHWKUX 31aKiB, Bigxoau 3epHonepepo-
6Kun, AKI HenpuaaTHi Ana xap4yoBuUX abo KOPMOBUX LiNen.
CupoBMHa nigaaeTbca TepmodepmMeHTaTUBHIN 06pobui, i
OTPUMAHMIN PO3UUH LYKPiB PepMEHTYETbCA APiKANKAMU B
etaHon [3].

ICHYE We oauH WwAAx yTuAisauii 6apgm —ii aHaepobHa dep-
MEHTALLif 3 MeTO OTpMMaHHA Biorasy [6—8]. OcTaHHIM ya-
com Aefani 6inblie bioeTaHONbHUX NiANPUEMCTB BUKOPUC-

Mo6iyHMIA NPOAYKT NiCNA BIAOKPEMIEHHA €TAHONY Bi4 KyNb- TOBYE Jelesi Bigxoan W aedekTHy KpPOXmaneBMiCHY
TypanbHOi pigMHM Ma€ Ha3By «MiCAACMMPTOBA 3€pHOBA  CUPOBMHY, AKI HE BiAMOBIAAIOTL BETEPUHAPHUM BUMOTaMm i
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MOYTb MICTUTU TOKCUHM, LLLO YHEMOK/TUBIOKOTH BUKOPUC-
TaHHA G6apan ana BMpobHMUTBa Kopmis [9]. Y ubomy pasi
nicnacnmpToBy 6apay AouinbHO NigaaBaTv meTaHOoBIN de-
pMeHTaUii AnAa OoTPMMaHHSA rasonohibHoro eHeproHocis —
6iorasy abo 6iometaHy [10]. Y Takui cnocib BigbyBaeTbCA
Basiopu3auia HebesneyHoro Bigxoay BMPOBHMLUTBA i YacT-
KOBE 3aMillLleHHA BMKOMHUX EeHEProHociiB AnA BUPObHUL-
TBa bioeTaHony [11].

1. NMocraHoBKa 3agauvi

Ik cybcTtpaT ana 6iorasoBoi ¢depmeHTauii (Anaerobic
Digestion — AD) 6apaa mae cBoi 0cobaMBoCTi, Wo Tpeba
6patM Ao yBaruM Mig Yac MPOEKTYBAaHHA i BBeAEHHA B
eKkcnayaTauito npommncnosux 6iorasosmx ycTaHOBOK. 3ara-
nom bapaa BiApi3HAETbCA Big4 TpaauUiMHMX cybcTpaTie
ana AD, ak-OT Bigxo4n TBAapPUHHMLTBA i NirHOLEN0N03HA
biomaca, BiflHOCHO HM3bKMM CMiBBiAHOWEHHAM BYyr/aeLto
Ta asoty (C/N) i 6inbll HU3bKMM 3HayeHHAM pH. BoHa
MoKe 6yTn nigpaHa AD npu 4OCUTb BUCOKOMY HaBaHTa-
)KEHHi 3a opraHiyHot peyoBuHol (Organic Loading —
OL) — ao 10 kr Ha 1 m® peakTopa 3a A06y i rigpasaiyHoMy
yaci nepebyBaHHs B peaKktopi (Hydraulic Retention Time —
HRT) Bia 6 a0 40 ai6 63 BUMMBaHHA MeTaHOYTBOPHOBa/b-
HOi MiKpodnopu. Ane 3a BMCOKMX HaBaHTa)KEHb 3HU-
JKYETbCA NUTOMA KinbKicTb 6iorasy (Specific Biogas
Production — SBP), Wwo yTBOPIOETbCA Bifg, OpraHiyHoi peyo-
BWHM, 3aaTHOI Ao 6iokoHBepcii (Volatile Solids — VS), — 3
650 o 550 L kg™ [12].

Kpim Toro, B 6apai nopiBHAHO Mano NPUPOAHUX Nonimep-
HUX cnonyk (Hanpuknaga, uentonosm). Ll ocobamsocTi, ove-
BMAHO, MaloTb BMJIMB HA MPOTIKaHHA MiKpobiosoriyHMX
npouecis AD 6apau, Wo Np1MBoAATb A0 YTBOPEHHA biorasy.
Yepes Te o cnissBigHoweHHA KapboHy a0 HitporeHy (C/N)
€ 3aHU3bKMM ANs BiorasoBoi pepmeHTalji, Ta 3 ornaay Ha
BMCOKMW BMICT Kanito, cynbdatis Ta $eHONbHUX CNONYK, 0,0
b6apau 4yacto Tpeba gmogasaTn KocybcTpatu. lMpobnema
MOXe BWpILLYBAaTUCb A0AABaHHAM NirHOLENONO03HOI 6io-
macu. 1na uboro npmuaaTHi pisHOMaHITHI BiAxoamM arponpo-
MMWC/I0BOTO KOMIMIEKCY, AKI MICTATb LENtosio3y Ta iHWi By-
rnesoam [13, 14].

Bigomo, wo BBedeHHA B filo 6iorasoBux peakTopis
nos’ssaHe 3 NeBHMMU pusmMkamu. MoyaTok npouecy AD
MoKe ByTU A0CUTb TPMBAZIMM Yepe3 HeCnpUATANBI 3MiHU
pH BHacnigOK HEKOHTPO/ILOBAHOMO 3POCTAHHA KOHLEHTpa-
Uil NeTKUX KUCNOT KupHoro pagy (/TKK), cnonyk amowito
abo HeraTMBHMI BMNAMB CNOAYK Cipku Towo. HaamipHe
HakonunyeHHA JIXKK moxe CnpuymHUTM «3aKMCcaHHA» cepe-
[0BULLA, TOBTO HenpunycTume 3HWMKeHHA pH. Hasnakw,
BiAHOCHO BUCOKMIA BMIiCT aMOHIMHUX CMONYK Yy peakTopi
MOXe NPMBECTU A0 NePEBULLLEHHA ONTUMANbHUX ANA MeTa-
HoreHesy 3HayeHb pH, ocob6aunso npu TepmodinbHOMy pe-
HKUMI.

Mianpuemctso, Wwo supobasae 170 m3 bioetaHony Ha Aoby 3
KPOXMaNIeBMIiCHOI CUMPOBMHU, BUKOPMUCTOBYE TEXHOJOTIiIO
Very High Gravity (VHG) depmenTauii [15]. Ule ogHoto
0CcobNMBICTIO TEXHONOFT, AKA JAa€ HETUMOBUI CKAAL 3ePHO-
BOl bapam, € BUKOPUCTaHHA A/1A eTaHONbHOI depmeHTauil

KOM6iHOBaHOI CUMPOBUHW — 3E€PHOBOr0 COPro, KpPOxma-
nesmicHux noHaa 17 % v/v [16]. Mpu ubomy 6apaa Tex mae
NiABULLEHY KOHLEHTPaLLilo cyxux pedyosuH (CP >12 % w/v) i
JIXKK (nepesaxHo ouToBoi Kuciotm — go 0,5 % v/v.). Nna-
HYeTbCA 6yAiBHUUTBO 6iOra3oBoi YCTAaHOBKM AN8 yTUAI3aLii
6apau 3 oTpumaHHaM biorasy.

MeTtotlo poboTH 6y/s10 BU3HAYEHHA YMOB, 33 SIKUX MOXKHA
34iMCHMTM NOYATKOBY CTaAit0 Mpouecy i BUXody aHaepob-
HOro peaKkTopa Ha pobounii TepmodiNbHUIM PEXMUM NPU BU-
KOPWUCTaHHI MOHocybCcTpaTy — 3epHOBOI bapan niasuLLeHOT
LWiNbHOCTI.

MocraBneHa 3agaya. 3mofentoBaTH BBEAEHHA B Ait0 pe-
aKTopa ana AD bapau B TepMmodinbHUX ymoBax. BusHa-
YUTU Nepiog BMXOAY PeaKTopa Ha CTabiNbHUIN peXnum po-
60TM nNpW HaBaHTa)KeHHi cybcTpaToM 3a  CyxoM
peyoBMHOI 4 + 0,4 Kr/m3 Ha 4oby. OTpUMaTM NOKA3HUKM
M MeXKi iX 3MiH, 3a AKMMUK Byae 34iINCHIOBATUCA KOHTPO/Ib
npouecy, OUiHWUTM NUTOMWUIN BUXig | AKiCTb Giorasy.
OUuiHMUTM NepcneKTUBY NiABULLEHHA HABaHTAXEHHA peak-
TOpa 3a CyXOl PeyoBUHOK. BU3HauMTh 3miHy cniesigHo-
weHHA KapboH / HitporeH y npoueci AD i MOXAMBICTb
NiaBULLEHHA NPOAYKTUBHOCTI peaKkTopa 3a pPaxyHOK Bu-
KOPWUCTAaHHA  A04aTKOBMX  CcybCTpaTiB 3 BMCOKMM
cnissigHoweHHAM C/N.

2. Marepianu i metogu

[Ons npoBegeHHA npouecy biorasosoi pepmeHTau,ii BUKO-
puctoByBanun nabopatopHuin CSTR-peakTop 3 06’emom
po6oyoi yactuHu 300 51, obnagHaHUI cuctemoro cTabini-
3auii TemnepaTypu (eNeKTPUYHUIA NigirpiB, KOHTPObOBA-
HWI 32 NOKAa3HMKOM TemrnepaTypu cepenoBuLLa), Miwan-
KOO 3 eneKTponpuMBOLOM, MPUCTOCYBaHHAMU  ANA
nepiognMYHOro 3aBaHTa)KeHHs cybcTpaty i1 BuBoay 36po-
OXKEeHOI pignHU, cMcTemoro BUBEAEHHA M 06/iKy rasy 3a
ponomoroto niumnbHuKa N6P400 (cxema i poTo peaktopa

306parkeHi Ha puc. 1).

Cknag rasy (CHa; CO2; H2S) BU3Havanu aBTomaTUUYHUM NOp-
TaTUBHUM UMOPOBMM rasoaHanizatopom mapku Landtec
GEM-500 npu nabopaTtopHOMY AOCAIAKEHHI TA 32 AONOMO-
roto rasosoro xpomartorpada Aglient 7890B GC System
(CLUA). AHanisu cybeTpaTy 1 KyAbTypasibHOI piguHU BUKO-
HyBa/in B nabopaTopii 3aBoAy 3a BiANOBIAHMMM CTAaHAAPTU-
30BaHMMU METOAMKaMM.

KoHTponb meTaHoBOi pepmeHTaL,i 34iiCHIOBANM 3a NOKa3-
HuKamu FOS/TAC. TMokasHuk FOS (Him. Flichtigen
Organischen Sduren) € KilbKiCHOK MipO NETKUX OpraHiy-
HUX KucnoT, a TAC (aHrn. Total Anorganic Carbon) € mipoto
Ny*Hoi bydepHoi emHocTi [17, 18].

Kpim TOro, ans crabinbHoro npouecy 6iorasosoi depmeH-
Tauii Ay»Ke BaXKN1MBO 6y10 GiKCyBaTM TaKOXK TemnepaTypy B
peakTopi, TemnepaTypy BXifHOi CMPOBUHU, BMICT CYXMX pe-
yoBuH (CP), ocobanBo opraHiuHux cyxux pe4yosuH (OCP), i
pH cepenoBuiLa B peakTopi NPOTArOM BCbOro Npouecy aHa-
epobHoi pepmeHTaLii.
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Puc. 1. Peakmop 0ns 6io2za3osoi pepmeHmauyii

CybcTpaTt ana 6iorasosoi dpepmeHTauii (bapaa) Bigbupa-
BCA 6e3nocepeaHbo 3 3aBoAY NpU CTabinbHOMY TEXHOJO-
riYHOMyY pexkumi BUpobHMUTBa BioeTaHONYy NpOTATOM ne-
piogy BWMKOHAHHA eKCcrnepumeHTiB. Y TexHONoriyHomy
npoueci BMpobHMUTBa BioeTaHony ana ctabinisauii pH de-
pPMeHTaLilMHOro cepeaoBuLWa TPAAMULINHO BUKOPUCTOBY-
€TbCA CcipyaHa KucnoTta. [na 3anobiraHHA MOXKANBOMY
HagMiPHOMY YTBOPEHH!IO CipKOBOAHIO NPU MeTaHOBIN de-
pMeHTaL,ii B TeXHO/IOTiYHOMY npoLeci BUpobHULTBa bioe-
TAHONY MNPOTATOM OAHOMO TUMKHA 3aMIHUAW CipyaHy Kuc-
NIOTY MOJIOYHOIO KucnoToto. Y Tabn. 1 HaBeaeHi pesynb-
TaTV aHanisy cknagy 6apam Npu BUKOPUCTaHHI cipyaHoi Ta

Ta6nuua 1. Cknag 6apau

MONOYHOT KMcnotu. [lna aHanisy sigibpaHi cepegHboso-
60Bi NPoby NpPM BUKOPUCTaHHI Cip4aHOi M MOIOYHOT KnC-
J10T 3@ YMOB, LLLO YHEMOX/IMBAIOBANN 3MilLyBaHHA 3pa3kKiB
3 Pi3HUMM KMCNOTaAMMU.

MeToAMKM BUMIpIOBaHb — BiANOBIAHO A0 [ep>KaBHUX CTaH-
Aaptis YkpaiHu (OCTY) Ta MeToaMK BMKOHAHHA BUMIpIO-
BaHb (MBB 18/01-2019).

3. AHani3 cMpoBUHU

HaiBanuBiwi nokasHMKM Bapam, AKa BUKOPUCTOBYBaiach
y eKcnepumeHTax, HaBegeHiy Taba. 1.

Ha3Ba noKasHuKa, o4,. BUMipIOBaHHA Pe3ynbTaT BUMipIOBaHb Po3wmnpeHa HeBU3HAYEHICTb
Bapga (monoyHa KucnoTa)
A30T aMOHiHUI, % 0,007 +0,001
A30T 3aranbHun, % 0,39 +0,04
3ona, % 4,5 (a) +0,3
OpraHiyHa peyoBMHa (NepepaxyHoOK Ha KapboH), % 47,7(a) +1,4
pH 4,2 +0,1
CnissigHoweHHA C:N 15,8:1 -
Cyxuit 3annwok, % 12,9 +0,7
Kaniii 3aranbHuin (K20), % 0,14 +0,02
Cipka 3aranbHa (S), % 0,027 + 0,004
docoop 3aranbHuin (P20s), % 0,17 +0,02
bapaa (cipyaHa Kucnora)
A30T aMOHiHUI, % 0,006 +0,001
A30T 3aranbHuii, % 0,43 +0,04
3ona, % 4,1 (a) +0,3
OpraHiyHa peyoBuHa (NnepepaxyHoOK Ha KapboH), % 47,9 (a) +1,4
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Ha3Ba NoKasHMKa, 04,. BUMipPIOBaHHSA Pe3ynbTaT BUMipOBaHb Po3wWwMpeHa HeBM3HAYEHICTb
Bbapaa (cipyaHa Kucnota)

pH 4,3 +0,1
CnissigHoweHHA C:N 13,9:1 -

Cyxui1 3annwok, % 12,3 +0,7

Kanin 3aranbHuii (K20), % 0,15 +0,02

Cipka 3aranbHa (S), % 0,031 + 0,004

docdop 3aranbHuit (P20s), % 0,18 +0,02

Mpumimka: (a) — pe3ynemamu Ha ab6coaoMHO cyxuli cmaH 3pasKa.

Cyaaum 3 OTPUMaHMX SAHWUX, BMICT CIpKM Ta iHWMX KOMMO-
HEeHTIB Yy 3pa3kax bapAn 3 BUKOPUCTAHHAM Pi3HUX KMCNOT
BiApIi3HAETbCA HE3HA4YHO, 6/1M3bKO [0 PO3LIMPEHOI HeBU-
3Ha4eHocTi. ToMy nif, Yac eKcnepumMeHTiB 3 aHaepobHoi de-
pmeHTaLii 6yno npuiiHATe pilleHHA He 6paTu 3a3HayeHi
3MiHM cKnaay cybcTpaTy Ao yBarn. EKcneprmeHTU BUKOHY-
Banu 3 cybctpatom (6apaoto), AKMI HaaXoAMB 3 Ajoyoro

Ta6nuua 2. disMKo-xXiMmiuHi NOKa3HUKK iIHOKYNATY

NiANPUEMCTBA, HE3BAXKAKOUM Ha Te, KA KUCI0Ta BUKOPUC-
TOBYBaNaCb Y TEXHOJIOTNYHOMY NPOLLEC.

Mepes NoOYaTKOM eKcnepumeHTiB NabopaTopHUl peakTop
3aBaHTaXKMAMN IHOKYNATOM, AKMM cnyrysas gurectat (nobi-
YHa pevyoBMHa Nicna oTpuMaHHA biorasy), wo bys Biaibpa-
HUI 3 Aito4oi NPoMMUCN0BOIT biorazoBoi ycTaHOBKU. Di3nKo-
XiMiYHi MOKa3HMKM IHOKYNATY HaBeaeHi B Taba. 2.

Temnepartypa aure- Cyxi pe4oBUHMU
craty, °C pH CP, % FOSmg/L HAc TACmg/L CaCO3 FOS/TAC
23,5 7,99 1,3 2250 7710 0,29

4. Onuc eKcnepumeHTy

IHORYNAT gna noyaTky depmeHTaLii 6yB BigibpaHuii 3 gjto-
Yyoi NpommucoBoi 6iorazoBoi yCTaHOBKM, B AKil y me30dinb-
HOMYy pexumi (32...36 °C) nepepobiaBcA KOMMAEKCHUN
cybcTpat 3 HecTabinbHMM  CMiBBIAHOWEHHAM KOMMO-
HEHTIB — BiAX0AM NirHoLentono3Hoi biomacwu, rHin BPX, by-
PAKOBWUIA }KOM TOLW0. ANrecTaT 3 ui€i yCTaHOBKM M1aHYETbCA
BUKOPUCTATU AK iIHOKYNAT ANA BBEAEHHSA B Ait0 YCTAHOBKM 3
nepepobku sepHoBoi bapaun. Tomy nabopaTopHe moaento-
BaHHA npouecy byno BUKOHaHe came 3 BUKOPUCTAHHAM 3a-
3HaYyeHoro iHokynATy. LWo6 3anobirtm TennosBomy cTpecy
me300¢inbHOT MiKpodnopu iHoKy ATy, npouec AD B nabopa-
TOPHOMY peakTopi NOYMHANM 3 Me30diNbHOrO peXxumy.

[uvrecTaT 3 BMLLE3ragaHOI Ailo40i NPOMMUC/IOBOI YCTaHOBKM
(iHOKynAT), gOoCTaBAEHUI AN BMKOHAHHA E€KCNEepUMEHTY,
maB Temnepatypy 6ansbko 24 °C. JlabopaTopHuUiA peakTop
3anN0OBHUAM IHOKYNATOM Yy KinbkocTi 300 n i gosenn Temne-
paTypy piguHu B peaktopi go 27,3°C. Micna uyboro

Ta6nuus 3. 3segeHi gaHi 3 meTaHoBOI pepmeHTaLii

3aBaHTaxkmnm 10 n 6apam i BKAtouMAK ctabinisauito Temne-
patypu Ha pisHi 35 £ 0,5°C. MNoganblie 3aBaHTaXKeHHA
34iicHIOBanuM Takox no 10 n 6apan oaMH pas Ha aoby 3
NPU6IN3HOIO PO3PaxyHKY HaBaHTa*KeHHA 4 opraHivyHol
cyxoi peuosmHu Ha 1 agm3 06’emy peakTopa i yacy nepeby-
BaHHA pianHn 30 Ai6. MNpu 3aBaHTaXKeHHi Biabupanu
BignoBigHMN 06’em aurectaTy AnA NiATPUMAHHSA CTanoro
06’emy pignHK B peaKTopi.

TemnepaTypy B nabopaTopHOMy peaKTopi niginmanu npu-
62113HO Ha 2 °C KoxKHOT 8061 oo aocarHeHHA 40 °C, a gani—
Ha 1 °C KoxHoi Aobu go aocardHeHHs 45 °C, i Ha 0,5 °C ao
pocarHeHHs =50 °C. Y Takuii cnocib mogentoBaam npouec
BBEAEHHA B Ait0 NPOMMCNOBOI 6iora3oBoi YCTAaHOBKM Npw
BMBEAEHHI il Ha TEPMOQINbHUI PEXUM.

Pe3ynbTaTi Ta 06roBopeHHsA

[aHi aHanisis Ta BMMIipHOBaHb MPOTATOM BCbOro nepioay
eKCNepuMeHTy 3BeleHi B Tabn. 3.

Yac, ai6 CP, % pH Te"""‘i%awpa' mg;fls_l Ac T‘%g g’g L FOS/TAC
0 1,71 7,99 27,3 2000 7750 0,26
1 1,90 7,86 35,5 1917 7375 0,26
2 1,97 7,40 37,2 2996 7250 0,41
3 1.90 7,44 38,7 - - -
4 2,12 7,50 39,2 2747 7250 0,38
5 211 7,44 40,7 2913 7300 0,40
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Yac, ai6 CP, % pH Te"""";%awpa' mg;?SH Ac T‘ég('_%i/ L FOS/TAC

6 2,09 7,47 41,6 2830 7250 0,39
7 1,79 7,50 42,4 3245 7400 0,44
8 1,91 7,46 43,4 3162 7175 0,44
9 - 7,55 44,4 - - -

10 - 7,61 45,4 - ; -

11 1,88 7,53 45,8 3411 6950 0,49
12 1,67 7,60 46,1 3079 7150 0,43
13 1,94 7,62 46,9 3328 7125 0,47
14 187 7,63 50,0 3411 7075 0,48
15 1,96 7,71 49,5 3328 7225 0,46
16 1,74 7,72 49,5 3079 7400 0,42
17 1,84 7,75 49,7 2996 7550 0,40
18 1,78 7,77 49,8 2747 7650 0,36
19 2,14 7,79 49,6 2498 7825 0,32
20 2,22 7,75 49,7 2830 8250 0,34
21 1,85 7,86 49,7 2415 7875 0,31
22 2,14 7,84 49,5 2581 7875 0,33
23 1,69 7,78 49,6 2415 7975 0,30
24 1,92 7,83 49,4 2332 7975 0,29
25 2,28 7,79 49,4 2415 7975 0,30
26 1,62 7,78 49,4 2332 8050 0,29
27 1,74 7,74 49,3 2415 8000 0,30

Buxig Ha 3annaHoBaHWI piBeHb TemnepaTypu B peakTopi
3aincHioBann npotarom 14 ai6 (ame. Taba. 1). Y uei nepioa
npoxoAnna ajanTauia MiKpoopraHiamis A0 NiABULLEHHA
TemnepaTypu 1 A0 HaBaHTaxKeHH:A cybcTpaTom. Mpu Lbomy
BMICT IeTKMX Kncnot (FOS) 3pocTaB, i mir BigbyTtunca Buxia,
cepenoBMLLA 33 MeXKi ONTUMANbHOrOo AianasoHy pH 7..8. Y
LbOMyY pasi NOoTPibHO 6yN0 6 3HU3UTKU WBUAKICTL Nignomy
Temnepatypu Ta/abo 3aBaHTa)keHHsA cybcTpaTy yepes ne-
PEeBULLLEHHA aanTUBHOI CMPOMOXKHOCTI MiKpodnopu B pe-
aKTOPI.

Y uelt nepiog ocobamBy yBary Nnpuainanm amiHi NoKasHUKa
FOS/TAC y peaKkTopi, CnigKytoum 3a TMM, W06 BMICT NeTKUX
kucnort (FOS) BigHocHo ny»kHocTi (TAC) cepenoBuiLa He ne-
peBuLLYBaB AOMNYyCTMMOro 3HadYeHHA — 0,5. Tomy nepiogmy-
HiCTb 3aBaHTaXXeHHA cybcTpaToM i MOro KinbKicTb He
3MiHIOBaNw.

3 15-i no 27-my poby npouec meTareHesy BWIWLIOB Ha
CTabinbHUn pexkum. JlyxkHicTb (TAC) iHOKynaTy i cybcTpaTy
6yna cTabinbHOO NPOTArOM YCbOro eKCNePUMEHTY 3aBAAKU
cTanomy BMmicTy KapboHaTis y 6apai. MopiBHAHO HU3bKWUIA
BMICT aMOHiMHOTro a30Ty B bapAi He CNPUYNHSB HagMIPHOro
nigHATTA pH y peakTopi AK Ue BiabyBaeTbcA, HanpuKknag, y
pasi nepepobieHHA cybcTpaTiB 3 BMiCTOM KypaYvoro nocaigy
[19].

MokasHuk FOS/TAC nicna 3akiHYeHHs nepiody agantauii
6yB y MmerKax ctabinbHoro npouecy —0,3...0,4.

IHOKYNAT maB NoyaTKoBY KOHueHTpauito 1,3 % CP, Tomy B
nepioa aganTauii ue NoKasHWK 3pOCTaB A0 BCTAHOB/EHHSA
6anaHcy MiX HaoXOAKEHHAM PEYOBMHM B PEAKTOP i BUXO-
Aom i 3 6iorasom. KonnsaHHa BmicTy CP y peakTopi nicna
cTabinisauii npouecy NOACHIOETbCA HAABHICTIO ocady i no-
TPanAsHHAM Horo B Nnpobu pignHu. Buxia 6iorasy npotarom
EeKCNEPUMEHTY MOKasaHM Ha puc. 3. 3arafiom AuHaMiKa
YTBOpPEHHA biorasy i 3miHa Moro cknaay (puc. 4) byna B
O4iKyBaHMX MeXKax, 3Baxkaloum Ha cTabinbHUI cknag cyb-
CTpaTy — 3epHoBOi bapau.

BmicT cipkoBoAHt0 B 6iorasi (puc. 5) MaB 3HaYHi KONMBaHHA,
Wo crocTepiraeTbcA B 6aratbox 6iorasoBux ycTaHOBKax
[20], Ak npomucnoBux, Tak i ekcnepmmeHTanbHUX. Lle nosac-
HIOETbCA, HaMiMOBIpHilLE, BUCOKOK YyTAUBICTIO cy/bdaT-
pesyKyUYMX MIKPOOPraHiamiB 40 KOIMBaHb TeMNepaTypw,
CKnapy cybeTpaty Ta iHWMX ymoB npouecy pepmeHTaLii,
BKJIFOYHO 3 riAPOAMHAMIYHUMM. 3arasiom, 3BaxKatoum Ha BU-
MOTU A0 AKOCTI 6iorasy AnA BUKOPUCTaHHA B KOreHepaw,in-
HMX ycTaHoBKax (4o 100 ppmv), y NPOMMCAOBIN yCTaHOBL
notpibHo nepeabauntn 3axoam Ta obnagHaHHA Ans 4o
OuYMLLLEHHA biorasy Big cipkoBogH!IO.

3miwaHy npoby aurectaTty 3a OCTaHHIX N'ATb Aib6 ekcnepwu-
MeHTY nigfanv AeTanbHOMY aHanisy, pe3ynbTaTh AKOro
HaBeZeHi B Tabn. 4.
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Ta6nuua 4. AHanis cknagy gurecraty

HasBa nokasHMKa, 04MHULA BUMIPIOBAHHA Pe3ynbTaT BUMipOBaHb Po3wunpeHa HeBU3HaYeHiCTb
[dwurectat

A30T aMOHINHUI, % 0,24 +0,02
A30T 3aranbHui, % 0,33 +0,03
OpraHiyHa pevyoBMHa (NepepaxyHoK Ha KapboH), % 38,3 (a) +1,2
pH 8,3 +0,1
CnisBigHoweHHA C:N 2,0:1 -
Cyxuit 3anmwwok, % 1,85 +0,1
Kaniit 3aranbHuin (K20), % 0,14 +0,02
Cipka 3aranbHa (S), % 0,015 + 0,002
docoop 3aranbHuin (P20s), % 0,093 +0,012

Mpumimka: (a) — pe3yabmamu Ha abcontomHo cyxuli cmaH 3paskKa.

[OurectaT 3a CKNaAOM i KOHUEHTPALEID KOMMOHEHTIB
(Tabn. 4) He moxXKe BYTU BUKOPUCTAHUIA ANA CKUAY Y BiAKpW-
Ti BOAOMMM, BiH Ma€ Mignaratm aepobHOMY OYMLLEHHIO B
6iodinbTpax Ta/abo GionoriuHMx cTaBkax. Mpomucnosa 6io-
rasoBa yCTaHOBKa Ma€ BignosigHe obnagHaHHA i cnopyaun
ans 6esneyHol yTuAisauii aurecraTy.

BucHoBKMU

3a pesy/nbTaTamu eKCnepumeHTanbHOoI GepMeHTaLii MOoXK-
Ha 3pobUTK TaKi BUCHOBKM.

Buxig 6iorasy. Y 1abn. 5 HaBeaeHWI nUTOMUIA BUXig, 6io-
rasy 3 6apau, po3paxoBaHuii 3a nepiog 13...25 ai6 pepmen-
Tau,ji.

Tabnuua 5. EKcnepumeHTanbHUA NTUTOMMIA BUXig, Giorasy

Mutomuii Buxig, 6iorasy, m*

Ha m3 6apau Ha TOHHY CP Ha TOHHY OCP

48,5+1,0 606,5+£14.6 634,0+14.9

BmicT meTaHy B 6iorasi B nepiog ctabinbHoi ¢epmeHTauii
(13...25 ai6) ctaHoBMB 60,7 + 0,8 % 06’emy. Lle nae amory
BMKOPUCTOBYBATU OTPMMAaAHI AaHi ANA PO3PaxyHKIB eKo-
HOMIYHUX acneKTiB poboTn npommncnoBoi biorazosoi ycra-
HOBKM.

BMicT CipKOBOAHIO 3aHAATO BUCOKUI A/1A BUKOPUCTAHHA
biorasy B KoreHepaLilfHUX ycTaHOBKax 6e3 nonepeaHbOro
OUULLEHHS.

Cknag aurectaty. CnissigHoweHHa C/N y aurecTari cTaHo-
BUTb 2:1 NOpPiBHAHO 3 Taknm y 6apai (=14:1). BUKopucTaHHA
Ons npomucnosoi biorazoBoi ¢pepmeHTaujii A0A4aTKOBOroO
cybcTparty, nirHouentono3Hoi 6iomacu, gns ONTUManbHOro
cnissigHoweHHA C/N, aacTb 3mory niasuwmTh Buxig 6io-
rasy.

HaBaHTa)KeHHA opraHiuHoto peyoBuHoto (OL). [ina ekcne-
pumeHTy 6yno NpUNHATE HaBaHTa)KEHHA peakTopa op-
raHi4YHol peyoBMHOIO =4 Kr/m3 Ha goby. Cyaaum 3i cnissia-
HoweHHA FOS/TAC, Take HaBaHTaXKeHHA € HM3bKum. Mig
Yyac BBeAEHHA B Ail0 Ta eKcnayaTauii NpPOMUCNOBOro peak-

Topa Ansa depmeHTauii 6apan HaBaHTaXKEHHA OpraHiyHo
PEYOBMHOI0 MOXe ByTu 3binbwere go 5...6 kr/m3 Ha goby.
Y nofanbwomy B pasi BUKOPWUCTAHHA NirHOLLEN103HOMO
KocybcTpaty OL moxKHa 6yae nigHimati Ao npuiiHATHOT
Be/IMYUHM.

OTpuMaHi aaHi 6yayTb BUKOPUCTaHI Nig 4ac BBeAEHHS B
eKCMnJlyaTalilo peakTopie npomucioBoi 6iorasosoi ycTa-
HOBKM  AnA  nepepobneHHa bapau B KiNbKOCTi
1000...1100 m3 Ha goby.
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of using production waste, such as stillage. For every 1 liter of
bioethanol, 10-15 liters of stillage are generated. It can be used
as a raw material for the production of concentrated feed, or
stillage, which is subjected to methane fermentation to obtain
a gaseous energy carrier - biogas. In this way, this Thus, the pro-
duction waste is valorized, and there is a the possibility of re-
placing fossil fuels in the production of bioethanol appears. The commissioning of industrial biogas reactors is
associated with certain difficulties. Our task was to generate a model simulate the commissioning of a reactor
start-up for biogas fermentation of stillage, which comes from an operating plant with a capacity of 170 m? of
bioethanol per day. To carry out the biogas fermentation process, a laboratory reactor with a working volume of
300 | was used, equipped with a temperature stabilization system (electric heating), an electric mixer, devices for
periodic loading of the substrate and removal of the fermented liquid, a gas removal and accounting system using
a meter. Methane fermentation was controlled by FOS/TAC indicators. The substrate (stillage) was taken directly
from the plant, with a stable technological mode of bioethanol production throughout the experiments. The inoc-
ulum was digestate (a by-product of biogas production) collected from an operating industrial biogas plant. During
the work, the composition of the raw material and inoculum was studied, and the pH and temperature of the
biogas process were controlled. The methanogenesis process took place under thermophilic conditions, at 45-50
°C, the substrate load on dry matter was 4 + 0.4 kg/m? per day. The specific biogas yield during the experiment
was 48.5+1.0 m3 per m3 of bard. The methane content in biogas during the period of stable fermentation (13...25
days) was 60.7 + 0.8% by volume. Based on the results of the experiments, it can be concluded that the addition
of lignocellulosic substrate will increase the biogas yield. Given the level of FOS/TAC, when commissioning and
operating an industrial reactor for wort fermentation, the organic matter loading can be recommended to 5...6
kg/m> per day. The data obtained will be used when commissioning reactors of an industrial biogas plant for
stillage processing in an amount of 1000...1100 m? per day.
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Overview, issues

Bioethanol is produced in significant quantities from
starch-containing feedstocks—corn, barley, rye, and wheat
[1, 2]. First of all, these are substandard and defective corn
and other cereal grains, grain processing waste that is un-
suitable for food or feed purposes. The raw materials un-
dergo thermoenzymatic treatment, and the resulting sugar
solution is fermented by yeast into ethanol [3].

The by-product after separating ethanol from the culture
fluid is called “post-alcohol distiller's grains,” hereinafter
referred to as “stillage.” Stillage contains all feedstock
components, except for starch and a small proportion of
other carbohydrates that have been converted into ethanol
by yeast. If the quality of the starchy feedstock is satisfac-
tory, the stillage can be used as a raw material for the pro-
duction of feed products [4, 5].

There is another way to utilize stillage—its anaerobic fer-
mentation to produce biogas [6-8]. Recently, more and
more bioethanol enterprises have been using cheap waste
and defective starch-containing raw materials that do not
meet veterinary requirements and may contain toxins,
which makes it impossible to use stillage for feed produc-
tion [9]. Inthis case, it is advisable to subject stillage to me-
thane fermentation to obtain a gaseous energy source — bi-
ogas or biomethane [10]. This allows for the valorization of
hazardous production waste and the partial replacement of
fossil fuels in bioethanol production [11].

1. Problem statement

As a substrate for anaerobic digestion (AD), stillage has cer-
tain characteristics that must be considered when design-
ing and commissioning industrial biogas plants. The main
differences from traditional substrates for AD, such as
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livestock waste and lignocellulosic biomass, are the rela-
tively low carbon-to-nitrogen (C/N) ratio and lower pH
value of stillage. It can be subjected to AD at a fairly high
organic loading (OL) - up to 10 kg per cubic meter of reactor
per day- and hydraulic retention time (HRT) of 6 to 40 days
without washing out the methane-producing microflora.
However, at high loads, the specific amount of biogas pro-
duced (Specific Biogas Production - SBP) decreases from
650 to 550 L kg-1 of organic matter capable of bioconver-
sion (Volatile Solids - VS) [12].

In addition, there are relatively few natural polymer com-
pounds (e.g., cellulose) in stillage. These characteristics ob-
viously influence the microbiological processes in stillage
AD, leading to the formation of biogas. Due to the fact that
the carbon-to-nitrogen (C/N) ratio is too low for biogas fer-
mentation, and the high content of potassium, sulphates,
and phenolic compounds, co-substrates often need to be
added to distiller's grains. The problem can be solved by
adding lignocellulosic biomass. Various agro-industrial
wastes containing cellulose and other carbohydrates are
suitable for this purpose [13, 14].

It is known that the commissioning of biogas reactors is as-
sociated with certain risks. The start of the AD process can
be quite lengthy due to unfavourable changes in pH as a
result of uncontrolled growth of volatile fatty acids (VFAs)
or ammonium compounds concentration, or the negative
influence of sulphur compounds, etc. Excessive accumula-
tion of VFA can cause an unacceptable pH decrease. Con-
versely, a relatively high content of ammonium compounds
in the reactor can lead to exceeding the optimal pH values
for methanogenesis, especially in thermophilic mode.

The enterprise, which produces 170 m? of bioethanol per
day from starchy feedstocks, uses Very High Gravity (VHG)
fermentation technology [15]. Another feature of the tech-
nology, which results in an atypical stillage composition, is

the use of combined feedstocks—grain sorghum and
starch-containing grain processing waste—which allows for
the production of ethanol mash with a higher concentra-
tion of more than 17% v/v [16]. At the same time, the stil-
lage also has an increased concentration of dry matter (DM)
>12% w/v and VFA (mainly acetic acid — up to 0.5% v/v).
There are plans to build a biogas plant for the utilization of
distiller's grains with the production of biogas.

The aim of the work was to determine the conditions under
which it is possible to carry out the initial stage of the pro-
cess and bring the anaerobic reactor into the operating
thermophilic mode when using a monosubstrate — high-
density stillage.

The tasks were as follows: (1) to generate a model of an
AD reactor start-up for stillage under thermophilic condi-
tions; (2) to determine the period of the reactor's transition
to a stable operating mode at a substrate load of 4 + 0.4 kg
of DM/m? per day; (3) to obtain indicators and limits of
their changes, according to which the process will be con-
trolled; (4) to evaluate the specific yield and quality of bio-
gas; (5) to assess the prospect of increasing the reactor load
in terms of DM; (6) to determine the change in the car-
bon/nitrogen ratio in the AD process and the possibility of
increasing reactor productivity by using additional sub-
strates with a high C/N ratio.

2. Materials and methods

For the biogas fermentation process, a laboratory Continu-
ous Stirred Tank Reactor (CSTR) with a working volume of
300 liters was used, equipped with a temperature stabiliza-
tion system (electric heating controlled by the ambient
temperature), an electric stirrer, devices for periodic load-
ing of the substrate and removal of the fermented liquid,
and a gas removal and metering system using a GBR400
meter (the diagram and photo of the reactor are shown in
Fig. 1).

Gasmeter é

Gas analyser 1] D Loading
) X7

'd 7\

Mixer

Water lock

Insulation

1|
@

Electric
heater Y,

Unloading and sampling

Fig. 1. Reactor for biogas fermentation
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The gas composition (CH4; CO2; H2S) was determined using
a Landtec GEM-500 automatic portable digital gas analyzer
in laboratory tests and using an Aglient 7890B GC System
gas chromatograph (USA). Substrate and culture fluids
analyses were performed in the bioethanol plant labora-
tory using appropriate standardized methods.

Methane fermentation was monitored using FOS/TAC indi-
cators. The FOS (German: Flichtigen Organischen Sauren)
indicator is a quantitative measure of volatile organic acids,
and TAC (English: Total Anorganic Carbon) is a measure of
alkaline buffer capacity [17, 18].

In addition, for a stable biogas fermentation process, it was
very important to record the temperature in both the reac-
tor and the input raw materials, the DM content, especially
organic dry matter (ODM), and the pH of the reactor media
throughout the anaerobic fermentation process.

The substrate for biogas fermentation (stillage) was taken
directly from the plant during stable bioethanol production

Table 1. Composition of distiller's grains

throughout the experiment period. In the technological
process of bioethanol production, sulfuric acid is tradition-
ally used to stabilize the pH of the fermentation medium.
To prevent possible excessive hydrogen sulfide formation
during methane fermentation, sulfuric acid was replaced
with lactic acid in the technological process of bioethanol
production for one week. The table shows the results of the
analysis of the composition of distiller's grains when using
sulfuric and lactic acids. For the analysis, average daily sam-
ples were taken using sulfuric and lactic acids under condi-
tions that prevented mixing samples with different acids.

Measurement methods — in accordance with the State
Standards of Ukraine (DSTU) and Measurement Methods
(MBB 18/01-2019).

2. Analysis of raw materials

The most important indicators of the stillage used in the ex-
periments are shown in Table 1.

Name of indicator, unit of measurement Measurement result Expanded uncertainty
Stillage (lactic acid)
Ammonium nitrogen, % 0.007 +0.001
Total nitrogen, % 0.39 +0.04
Ash, % 4.5(a) +0.3
Organic matter (carbon equivalent), % 47.7(a) +1.4
pH 4.2 +0.1
C:N ratio 15.8:1 -
Dry residue, % 12.9 +0.7
Total potassium (K20), % 0.14 +0.02
Total sulfur (S), % 0.027 + 0.004
Total phosphorus (P205), % 0.17 +0.02
Stillage (sulfuric acid)

Ammonium nitrogen, % 0.006 +0.001
Total nitrogen, % 0.43 +0.04
Ash, % 4.1(a) +0.3
Organic matter (carbon equivalent), % 47.9(a) +1.4
pH 4.3 +0.1
C:N ratio 13.9:1 -
Dry residue, % 12.3 +0.7
Total potassium (K20), % 0.15 +0.02
Total sulphur (S), % 0.031 + 0.004
Total phosphorus (P205), % 0.18 +0.02

Note. (a) - results for a completely dry sample

Based on the data, the sulphur and other components in
the stillage samples treated with different acids didn't
change much, remaining close to the expanded uncer-
tainty. So, in the AD experiments, we decided not to worry
about these changes in the substrate composition. The ex-
periments were carried out with substrate (stillage) sup-
plied by an operating enterprise, regardless of the acid used

in the technological process.

Before starting the experiments, the laboratory reactor was
loaded with an inoculum, namely digestate (a by-product
of biogas production) selected from an operating industrial
biogas plant. The physicochemical parameters of the inoc-
ulum are shown in Table 2.
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Table 2. Physical and chemical parameters of the inoculum

Digestate temperature, °C pH Dry matter DM, %

FOS mg/L HAc TAC mg/L CaCO3 FOS/TAC

23.5 7.99 1.3

2250 7710 0.29

4. Description of the experiment

The inoculum for starting fermentation was selected from an
industrial biogas plant, in which a complex substrate with an
unstable ratio of components—lignocellulosic biomass
waste, cattle manure, beet pulp, etc.—was processed in
mesophilic mode (32—-36 °C). To prevent thermal stress on
the mesophilic microflora of the inoculum, the AD process in
the laboratory reactor was started in mesophilic mode.

The digestate from the above-mentioned operating biogas
plant (inoculum), delivered for the experiment, had a tem-
perature of about 24 °C. The laboratory reactor was filled
with 300 liters of inoculum and the temperature of the lig-
uid in the reactor was brought to 27.3 °C. After that, 10
liters of stillage were loaded, and the temperature was sta-
bilized at 35+0.5 °C. Further loading was also carried out at

Table 3. Summary data on methane fermentation

a rate of 10 liters of distiller's grains once a day, based on
an estimated 4 g of organic dry matter per dm? of reactor
volume and a liquid residence time of 30 days. During load-
ing, the appropriate volume of digestate was withdrawn to
maintain a constant volume of liquid in the reactor.

The temperature in the laboratory reactor was raised by
approximately 2 °C every 24 hours until it reached 40 °C,
then by 1 °C every 24 hours until it reached 45 °C, and by
0.5 °C until it reached =50 °C. Such model displays the pro-
cess of an industrial biogas plant start-up when bringing it
into thermophilic mode.

Results and discussion

The data from analyses and measurements throughout the
entire experiment are summarized in Table 3.

Time, days DM, % pH Temperature, °C mgl;(l.)ls-l Ac TAc(;g:i/ L FOS/TAC
0 1.71 7.99 27.3 2,000 7,750 0.26
1 1.90 7.86 35.5 1,917 7,375 0.26
2 1.97 7.40 37.2 2,996 7,250 0.41
3 1.90 7.44 38.7 - - -

4 2.12 7.50 39.2 2,747 7,250 0.38
5 2.11 7.44 40.7 2,913 7,300 0.40
6 2.09 7.47 41.6 2,830 7,250 0.39
7 1.79 7.50 42.4 3,245 7,400 0.44
8 1.91 7.46 43.4 3,162 7,175 0.44
9 - 7.55 44.4 - - -

10 - 7.61 45.4 - - -

11 1.88 7.53 45.8 3,411 6,950 0.49
12 1.67 7.60 46.1 3,079 7,150 0.43
13 1.94 7.62 46.9 3,328 7,125 0.47
14 1.87 7.63 50.0 3,411 7,075 0.48
15 1.96 7.71 49.5 3,328 7,225 0.46
16 1.74 7.72 49.5 3,079 7,400 0.42
17 1.84 7.75 49.7 2,996 7,550 0.40
18 1.78 7.77 49.8 2,747 7,650 0.36
19 2.14 7.79 49.6 2,498 7,825 0.32
20 2.22 7.75 49.7 2,830 8,250 0.34
21 1.85 7.86 49.7 2,415 7,875 0.31
22 2.14 7.84 49.5 2,581 7,875 0.33
23 1.69 7.78 49.6 2,415 7,975 0.30
24 1.92 7.83 49.4 2,332 7,975 0.29
25 2.28 7.79 49.4 2,415 7,975 0.30
26 1.62 7.78 49.4 2,332 8,050 0.29
27 1.74 7.74 49.3 2,415 8,000 0.30
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The reactor was brought to the planned temperature level
during a period of 14 days (Table 1). Throughout this pe-
riod, the microorganisms adapted to the increase in tem-
perature and substrate load. At the same time, the content
of volatile acids (FOS) increased, and the medium could
have exceeded the optimal pH range of 7-8. In this case, it
would have been necessary to reduce the rate of tempera-
ture rise and/or substrate loading due to exceeding the
adaptive capacity of the microflora in the reactor.

At the period of microorganisms” adaptation, special atten-
tion was paid to changes in the FOS/TAC ratio in the reactor,
ensuring that the content of volatile acids (FOS) relative to
the alkalinity (TAC) of the medium did not exceed the per-
missible value of 0.5. Therefore, the frequency of substrate
loading and the quantity of substrate was not changed.

From the 15th to the 27th day, the metagenesis process
reached a stable state. The alkalinity (TAC) of the inoculum
and substrate remained stable throughout the experiment
due to the constant carbonate content in the distiller's
grains. The relatively low content of ammonium nitrogenin
the distiller's grains did not cause an excessive increase of
pH in the reactor, comparing to processing substrates con-
taining chicken manure [19].

After the adaptation period, the FOS/TAC indicator re-
mained stable at 0.3—0.4.

Table 4. Analysis of digestate composition

The inoculum had an initial concentration of 1.3% DM, so
during the adaptation period, this indicator increased until
a balance was established between the substance entering
the reactor and its output with biogas. Fluctuations in the
DM content in the reactor after the process stabilized are
explained by the presence of sediment and its entry into
the liquid samples. The biogas yield during the experiment
is shown in Fig. 3. In general, the dynamics of biogas for-
mation and changes in its composition (Fig. 4) were within
the expected limits, given the stable composition of the
substrate — stillage.

The hydrogen sulphide content in biogas (Fig. 5) fluctuated
significantly, which is also observed in many biogas plants
[20], both industrial and experimental. This is most likely
due to the high sensitivity of sulphate-reducing microor-
ganisms to fluctuations in temperature, substrate composi-
tion, and other fermentation conditions, including hydro-
dynamic ones. In general, given the quality requirements
for biogas for use in cogeneration units (up to 100 ppm),
industrial plants need to provide measures and equipment
for the purification of biogas from hydrogen sulphide.

A mixed sample of digestate from the last five days of the
experiment was subjected to detailed analysis, the results
of which are shown in Table 4:

Name of indicator, unit of measurement Measurement result Expanded uncertainty
digestate

Ammonium nitrogen, % 0.24 +0.02
Total nitrogen, %
Organic matter (carbon equivalent), % 0.33 +0.03
pH 38.3(a) +1.2
C:N ratio 8.3 +0.1
Dry residue, % 2.0:1 -
Total potassium (K20), % 1.85 +0.1
Total sulfur (S), % 0.14 +0.02
Total phosphorus (P205), % 0.015 +0.002
Ammonium nitrogen, % 0.093 +0.012

Note: (a) - results for a completely dry sample

Due to its composition and concentration of components
(Table 4), digestate cannot be discharged into open water
bodies, but should undergo aerobic treatment in biofilters
and/or biological ponds. An industrial biogas plant has the
appropriate equipment and facilities for the safe disposal
of digestate.

Conclusions

Based on the results of experimental fermentation, the fol-
lowing conclusions can be made:

Biogas yield. Table 5 shows the specific biogas yield from
distiller's grains, calculated for a fermentation period of
13-25 days.

Table 5. Experimental specific biogas yield

Specific biogas yield, m?

per m? of stillage per ton DM per ton ODM

48.5+1.0 606.5+£14.6 634.0+14.9
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The methane content in biogas during stable fermentation
(13—-25 days) was 60.7 £ 0.8% by volume. This allows the
data obtained to be used for calculating the economic as-
pects of industrial biogas plant operation.

The hydrogen sulphide content is too high for the use of
biogas in cogeneration units without prior purification.

Digestate composition. The C/N ratio in the digestate is 2:1
compared to that in distiller's grains (=14:1). The use of an
additional substrate, lignocellulosic biomass, for industrial
biogas fermentation to achieve an optimal C/N ratio will in-
crease biogas yield.

Organic load (OL). For the experiment, a reactor load of or-
ganic matter of =4 kg/m? per day was adopted. Judging by
the FOS/TAC ratio, this loading is low. When commissioning
and operating an industrial reactor for distiller's grains fer-
mentation, the organic matter loading can be increased to
5-6 kg/m? per day. In the future, when using lignocellulosic
co-substrate, OL can be increased to an acceptable value.

The data obtained will be used when commissioning reac-
tors of an industrial biogas plant for processing of stillage
at a rate of 1000-1100 m? per day.
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