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AHomayia. ¥ cmammi 0ocnioneHo eKosozivyHi acnekmu cna-
A0BAHHA 6ionanusa pi3HO20 MOXOOHEHHA 3 YPaxy8aHHAM
srnausy io2o XiMiYHO20 CKAAdy Ha YyMBOPEeHHSA WKIiOausuUx pe-
YOBUH. AKmyasibHicmbs pobomu 3ymossieHa HeobxiOHicmio CKo-
POYEHHA GHMPONO2eHHUX 8UKUODI8 y rnpoyeci nepexody eHepae-
Mu4YHo20 ceKmopy 00 BIOHOB/HBAHUX Oxcepen eHepezii ma
docsAeHeHHA 8yeneuesoi HelimpanbHocmi. [lpoaHanizoeaHo
B830EMO38’A30K MiX esleMeHMHUM cKkaadom biomacu — eMicmom 8yaneuyro, 800HIO, KUCHIO, a30my, CipKu,
30/71U Ma 80s102U — Ma pieHeM eMicii 0CHOBHUX 3abpyOHrosadyie: oKcudis cipku (SO,), azomy (NOy), syeneuto
(COz) i meepdux yacmuHoK (PM). Memo0os102i4HO0 OCHOBO 00CNIOHEHHSA € NOPIBHAALHUL aHAMI3 OAHUX
nimepamyu {0 ekcrnepumeHmanoHuUx OaHUX, 3ACMOCY8AHHA MACO08020 b6AsAHCY Ma cmexiomempuYyHUX crig-
BiOHOWEHb 018 OUIHKU MUMOMUX MOKA3HUKIie emicii. BUu3Ha4yeHO 3aGKOHOMipHOCMI 8rnaugy emicmy CipKu,
azomy ma 30/bHOCMI NAAUBA HA IHMEHCUBHICMb YMBOPEHHA WKIOAUBUX pevyo8UH Y MPOouecax 320pAHHA.
BcmaHosneHo, wo HalimeHwi sUuKUOU criocmepi2aromscs nid 4Yac Cranto8aHHA MICKAHMYCy, conomu nuie-
HUYi, KyKypyO03sHUX pewmoK i nesem 3 mupcu, mooi AK mopeh, AyWnuHHA pucy ma COHAWHUKA Xapakmepu-
3yromsbca nidsuweHoro emicieto SO, i PM. [na pidkux 6ionanue suaeneHo, wo cnupmu (6ioemaHos, biome-
maHos) Mmaroms HalimeHwuli gyeneuyesuli cnid, a 6ioonia ma xuposi NoxioHi nompebyromMb 800CKOHANEHHSA
mexHosoeii 32o0pAHHA. [a30n00ibHi bionanusa, 3o0kpema biomemaH, 0eMoOHCMPYyomMob MiHIMAAbHI pigHi
ymeopeHHA SOy, NOy i CO. Haykosa Hosu3Ha pobomu nosad2ae 8 cucmemamu3ayii ma nopigHAHHI OCHOBHUX
sudis bionanus (meepdux, pioKux ma 2a3onodibHux) 3a ix NAAUBHUMU MA €KOA02IYHUMU XapaKmepucmu-
Kamu, wjo 8as10 3Mo2y 8CMAHOBUMU 830EMO38’A30K MiHt XiMiYHUM CKaadom bionaausa ma pieHem ymeo-
PEHHSA WKiOAusUX 8UKUOI8 Mi0 Yac Canto8aHHA 8 eHepeemuyHUX yCMAaHoB8Kax. [TpakmuyHe 3HaYeHHA ompu-
MAHUX pe3ysabmamig noas2ae y hopmysaHHi kpumepiie subopy bionanusa 019 eHepzemuyHUX YCMAHOBOK
pi3Ho2o muny, po3pobneHHi pekomeHOaili W00 ONMUMI3aYii pexcumie 20piHHA MA 3MeHWEHHA eKos0e2iu-
HO20 HABAHMAMEHHA HA ammocgepy.
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Bctyn. CyyacHa eHepreTvka nepebyBa€ B CTaHi rnmnboKoi
TpaHchopmauii, 3ymoBneHoi rnobanbHUMU TeHOEHUiaMM
neKapboHi3auii, nepexoay A0 BiAHOBAIOBAHUX AXKepen
eHeprii Ta HeobXigHICTIO CKOPOYEHHA AaHTPOMOrEHHUX BUKK-
AOiB NAapHMKOBMUX rasis. Y LbOMY KOHTEKCTi bionaamso posr-
NAJAETLCA AK OfHA 3 HAMNEepPCneKTUBHILIMX aNbTePHATUB
TPaAMLINHUM BUKONMHUM EHEeProHOCIAM 3aBAAKM CBOIl Bia-
HOB/IIOBAHOCTI, NOTEHL,NHIN Byrneuesin HeMTpanAbHOCTI Ta
MOM/IMBOCTI BUKOPUCTAHHA /IOKa/NbHOI CUMPOBWMHKU. 3a
OUiHKamn MiXXHaAapOAHOrO €eHepreTMYHOro areHTCTBa,
yacTka bioeHepreTnku B rnobanbHomy eHeprobanaHci no-
CTYNOBO 3pOCTaE, npoTe e(dEeKTUBHICTb il 3acTOCyBaHHA
3HAYHOK MIpPOK BM3HAYAETLCA AKICTIO Ta CKNALOM KOH-
KpeTHMX BMAiB biomacu.

XiMmiyHUI cknap 6ionanmea € KAOYOBUM YMHHUKOM, AKUN
BU3HAYaE AK eHEePreTUYHi, TaK i EKONIOTIYHI XapaKTePUCTUKHN
npouecy 3ropaHHA. Bmict syrneuto (C) Ta BogHto (H) 6esno-
cepeaHbO BMJIMBAE HA TEMJIOTY 3ropsHHA Ta YTBOPEHHSA
aiokenay syrneuto (CO,) i BoasHoi napu (H20), Toai sk asoT
(N) Ta cipka (S) € oOCHOBHMMU ArKepenamMn OKCUAIB a3oTy
(NO,) i cipku (SOy), Wo HanexaTb A0 HaltHebe3neuHilmx
atmocdepHux 3abpypgHtoBadiB. Bucoka 3onbHicTb (A) Ta
Bosorictb (W)  noripwyloTb  MOBHOTY  3rOpPAHHS,
CNPUYMNHAIOTD  YTBOPEHHA  ApibHOAMCNEPCHOrO  nuiy,
WAKYBAaHHA Ta 3HMXKEHHA edeKTUBHOCTI TennoreHe-
patopiB. TakKMM UYMHOM, AETaNibHUIA aHaNi3 eNeMeHTHOro
cKknagy bionanvea € HEO6XiAHOK YMOBOLO A/ OLHKM MOro
eHepreTMYHOro noTeHuiany, eKosoriyHoi 6e3neyHocTi Ta
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NPMAATHOCTI 40 BMKOPWUCTaHHA B CUCTEMaX eHepronocTa-
YaHHS.

Yepes pisHOMaHITHICTb OpraHiYHOi CMPOBMHM — Big, arpap-
HUX BigxoaiB A0 AepeBHOI biomacu Ta biorasy, — BUHUKAE
notpeba B cucTemaTM3auii AaHUX WOAO iX CKAagy Ta
NOpiBHAHHI EKONOTrYHMX MOKA3HWUKiIB. Lle Aa€e 3mory BcTaHo-
BMUTU B33aEMO3B’A30K MiXK XiMiYHUMK NapameTpamu biona-
IMBa Ta piBHEM YTBOPEHHA LWKIAANBUX PEYOBWMH Mif 4ac
3ropsAHHA, WO € OCHOBO A1 BUOOPY ONTUMA/IbHOTO BUAY
nanuea 3 ypaxyBaHHAM eHepreTu4Hoi eGpeKTUBHOCTI Ta BU-
MOT OXOPOHW A0BKINNA.

ornsp, prepen nitepatypu. 3poCTaHHS BUKOPUCTaHHA bio-
Macw AK Big4HOBOBAHOIO eHepreTMYHOro pecypcy obymo-
BJIOE HEObXigHICTb FMMBOKOro Po3yMiHHA NPOLECIB YTBO-
pPeHHA LWKiAAMBMX PEYOBUH MNpu i cnanoBaHHI Ta
rasudikauii. Hessaxatoum Ha ByrneueBy HeNTPasbHICTb
b6ionanuea, MOro cknag— 30Kpema BMICT a3oTy, CipKw,
X/10PY, 3071 Ta JIYKHUX €NeMEHTIB — iCTOTHO BM/MBAE Ha
yTBOpEeHHA oKcuais a3oTy (NOy), cipku (SOy), TBEPANX Ya-
CTMHOK (PM) i TOKCMYHUX OpraHiYHMX CNONYK. K 3a3HaYeHOo
B [1] Ta [2], ronoBHMM arkepenom NO, nig yac 3ropAHHSA
b6iomacu € NanMBHUI a30T, TOA] AK BHECOK TEPMIYHUX Me-
XaHi3MmiB € gpyropagHum. Bname a3oTy i1 cipKku Ha npouecu
rasudikauii Ta yrsopeHHa NO,/SO, BU3Ha4YaeTbca fAK iX
BMICTOM Y BUXigHOMY MaNnBIi, TaK i PEXMMOM 3ropAHHA, Lo
niaTBEPAKEHO AoCiAKeHHAMM [3, 4] nig yac cnantoBaHHA
bioansena Ta oro cymillen 3 AnU3ebHUM NaNbHUM.

Baxknunsy ponb y bopmyBaHHI BUKMAIB Bigirpac TakoX MiHe-
panbHUit cknag 6ionanuea. Bsaemogis nyxkHux (Na, K) i
ny*kHo3emenbHUx (Ca, Mg) enemeHTiB 3 X10pOM i CipKotO
BM3HAYa€E MEXaHi3MM yTBOpPEeHHA cybmikpoHHoro PM, xno-
puais Ta cynbdaTis, LLO NiACUIOOTL KOPO3ito 1 TOKCUYHICTb
301u [5-7]. Ans nanuB 3 BUCOKMM BMICTOM KpemMHe3semy,
AK-OT pMUCoBe NyLWNUHHA, $a3oBi nepeTBopeHHs SiO, y 30ni
iCTOTHO BM/IMBAOTb Ha YTBOPEHHA ApibHoaucnepcHoro
Nuay Ta TOKCUYHKUX cnonyk [8, 9].

MonepeaHa obpobka biomacu — cywiHHA, Topedikauis,
3MilyBaHHSA Pi3HUX BMAiB NanvBa abo moaudikaLis HaHo-
no6aBKamMn — po3rnALaAETbCA AK ePEKTUBHUN WNAX 3MEH-
weHHA emicii NOy, SO, Ta PM. Ak noKkasaHo B [10] Ta [11],
3MiHa e/1IeMEeHTHOro CKnagy micia TepMiyHOI MiAroToBKM
b6iomacn abo cnantoBaHHA Pi3HUX PaKUi 3 HUXKYMM
Bmictom S/N/Cl cnpuse 3HMMXKEHHIO WKIAAMBUX BUKUAIB.
HaHopob6aBkn B 6ioaM3enb TaKOX BMMBAOTb Ha Me-
XaHi3mun ytBopeHHA NOy i cycneHOoBaHUX TBEPAUX YACTU-
HOK [12], AemMOoHCTpyloUYM MOTeHLian onTUMmisauii cknagy
nanuea.

OcobnuBy yBary npuainatotb razonogibHum suaam biona-
nvBa — biorasy, biomeTaHy Ta npoAyKTam rasmudikauii. 3a
naHumu [13], gomiwkn NHs, H,S, cMnokcaHis Ta Bosoru B
6iorasi icToTHO 36inbwytoTb yTBOPEeHHA NOy i SO,. VY 3BiTI
[14] i ornagi [15] niakpecneHo, wo cknag biorasy Ta Bubip
TEXHOJIOTiA OYULLLEHHSA M anrpeiay BU3HaYaloTb PiBEHb Me-
TAHOBMX BTPAT Ta 3ara/ibHy eKoNoriuHy epeKTUBHICTb yCTa-
HOBOK.

3aneXHiCTb eKOJIONYHNX XapaKTePUCTUK Big Tuny biomacu
NiATBEPAKEHO UYMCNEHHUMUM poboTamu. [Ana pucosoro
NywnuHHa [16] BuABneHo HU3bKi piBHi NO, ane BUCOKY
CXUNbHICTb A0 yTBOpPeHHA Si0,-36arayeHMx 4YacTMHOK. B
ornagi [17] y3aranbHeHo, Wo TMN 6iomacu, KOHLEeHTpaLin
LOMILLOK | YMOBW FOPiHHA BU3HAYal0Tb NPOdib TOKCUYHNX
BUKWUAIB — BiJ, BAaXXKNX MeTaNiB 40 NOMiapOMaTUYHUX Byrae-
BogHiB (PAH) i neTkmnx opraHiuHux cnoayk (VOC). CynyTHu-
KOBWUI aHani3 [18] miaTBepAKyeE, WO HaBiTb NPUPOAHI MNo-
Kexi biomacn feMOHCTPYIOTb 3aneXHicTb ckaagy CO Ta
iHWKWX NPOAYKTIB 3ropsHHA Bif HGioxiMmiyHOro cknaay poc-
JINHHOCTI.

Y HayKOBMX OOCNIANKEHHAX ANA OLiHIOBAHHA €KOMOriYHNX
XapaKTePUCTUK bBioNanMB LIMPOKO 3aCTOCOBYHOTHCA Mig-
X0Au, Wwo 6a3yoTbCA Ha aHani3i ix e1eMeHTHOro cKknaay Ta
di3nKO-XiMiYHUX BlacTUBOCTEN. Y HU3Li pOBIT BCTaHOBEHO
HAABHICTb KOPenAuiMHMX 3aNeXKHOCTEM MiXK CKIaZoMm
6ionanunea Ta piBHEM YTBOPEHHSA LWKiAJAMBUX BUKWUAIB Nig,
Yyac TepMOXiMiYHOrO MNepeTBOPEHHA, 30Kpema OKCUAIB
a30Ty Ta TBEPAUX YacTMHOK [18, 19].

BoaHouvac pesynbTaTv AOCNIAKEHD CBiAYaTDb, WO Be/IMYNHA
eMmicii 3abpyHIOBAaIbHUX PEYOBUH BU3HAYAETLCA HE /inLIe
€/1leMEHTHUM CK/IaloM ManuBa, ane M ymosamu nepebiry
npouecy — TemnepaTypHUM peXMmom, KoedilieHTom
HaA/MLIKY MOBITPA Ta KOHCTPYKTUBHMMWU OCOBAMBOCTAMM
eHepreTnyHoi yctaHoBKM [20]. Y 3B’A3Ky 3 UMM BUKOPU-
CTAHHA KOpensauiiHMX 3aneXKHOCTel Mix cknagom biona-
/IMBa Ta YTBOPEHHAM LUKIAANBUX PEYOBUH € AOLINbHUM Ne-
peBaXKHO ANA NonepesHbOro NPOrHo3yBaHHA €KONOTYHMX
NOKa3HWKiB, ane notpebye BpaxyBaHHA TEXHONOTMYHMX Na-
pamMeTpiB NpoLEecy eHePreTMYHOro BUKOPUCTaHHA Naaunea.

Y3aranbHowuK, ckaag biomacm — Ak opraHiuyHui (Bmict C,
H, O, N, S), TaK i HeopraHiYHWUi (MiHepanbHi Ta 30/1bHI KOM-
MOHEHTU) — € BW3HAYANbHUM YMHHUKOM Yy GOpMyBaHHI
CTPYKTYpUM Ta 0bCAriB WKiAAMBUX BUKUAIB Nig Yac cnanto-
BaHHA Ta rasundikauii. Tomy oLiHKa B3aEMO3B’A3KY MiXK ene-
MEHTHUM | MiHepasbHUM cKkaagom 6Gionanmea Ta eKo-
NIOFIYHMMM NOKA3HWKAMM NPOLLECY 3ropAHHA € KAHOYOBUM
HanpPAMOM Cy4aCHWUX AOCAiIAXKEHb Y KOHTEKCTi CTaforo po-
3BUTKY Ta eHepreTuyHoro nepexogy [21-23].

MocraHoBKa 3aBAaHHA. 3abpyaHEeHHA aTmocdepHOro no-
BITPA BHACNIAOK CNaftoBaHHA 6ionannea 3a/MWAETbCA 04
HIEIO 3 KNOYOBUX EKONOriYHUX npobnem cyvacHocTi. Bu-
Knan okcuais asoTy (NOy), okcuais cipkm (SO,), a Takox
CycneHAoBaHMX TBEpPAMX YacTUHOK (PM) 3HauHol mipoto
BM3HAYAKOTbCA XiMIYHMM CKMaZoM ManveBa Ta ymMOBaMwu
Moro 3ropAHHA. bionanvMBO XxapaKTepu3yeTbCA pPi3HUM
BMiCTOM BYr/eLLt0, BOAHIO, KUCHIO, @30Ty Ta CipPKM, @ TaKOX
NPUCYTHICTIO MiHEpPaNbHUX AOMIWOK | MeTanis, LWoO
B33aEMOLiIOTb 3 NPOAYKTamMu 3ropsaHHA. ToMy 3aBAaHHAM
LbOro AOCNIAXKEHHA €:

1. BwuBYeHHA BNAMBY cknaay 6ionannea Ha YTBOPEHHSA OC-
HOBHUX LWKIgNAMBUX KOMMNOHEHTIB BMKMAiIB — NO,, SO,,
CO, PM.
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2. ®opmyBaHHA peKomeHAaUil woao nigbopy bionanmea
Ta PEeXUMIB MOrO CNAMOBAHHA AN MiHIMI3auii WKignm-
BOrO BMJIMBY Ha HAaBKO/IMLLIHE cepenoBuLLe Ta 3abesne-
YEeHHs eKOoNOriYHOT 6e3NeKN eHepPreTUYHUX YCTaHOBOK.

Peanisauia Lboro 3aBAaHHA 4a€ 3MOTY He /iMlle OTPUMATH
HayKoBO 0BrpyHTOBaHI AaHi NPo 3B’A30K CK/AaAy nanuea i
BMKWUAIB, @ N CNPMATM po3pobLi cTpaTerili eKonoriyHo 6es-
NeYyHoro BMKOPUCTAHHA 6ionanvMBa Ha NPOMMUC/IOBOMY Ta
nobyToBOMY PiBHAX.

Buknap ocHoBHOro marepiany. [1nsa OUiHKM €KONOTiIYHUX
XapaKTEPUCTUK Pi3HMX BMAiB BionanuMea BaXkAMBUM € iX
€N1eMEHTHUI CKNag, OCKINIbKU came BMIiCT OCHOBHUX ene-
meHTiB — Byrneuto (C), BogHto (H), kucHio (O), asoty (N),
cipku (S), 30nm (A) Ta Bonoru (W) — BU3Ha4ae TennoTy 3ro-
PAHHA, piBeHb LWKIOAMBUX BUKMAIB 1 eKosoriyHy 6es-
NeYyHiCcTb CnastoBaHHA.

Y 1abnunui HaBefeHi AaHi WOAO CKNagy TBEpAUX, PiKuX i
rasonoAibHux 6ionanme, fAKi LWIMPOKO 3aCTOCOBYHOTbCA B
eHepreTMYHUX i NPOMMCNOBUX YCTaHOBKaX.

BMCOKMI BMICT BYrnewuto Ta BOAHIO CBiAYMTb NMPO 3HAYHWUMN
eHepreTMYHMN NoTeHLian NanmBa, TOAi AK NiABULLEHI KOH-
LEHTPaLl a30Ty Ta CipKM MOXYTb MpPM3BOAMTU A0 36inb-
WeHHA BMKKNAiB okcuais a3oTy (NOy) Ta cipku (SO,).

OT)Ke, aHani3 HaBeAEHUX AAHWUX OAE 3MOTY BU3HAYUTU, AKi
BMAM 6ionannea € HalbiNbL eKoNoriYyHO 6e3neyHnMH i skKi,
HaBMaKW, CYMpPOBOAKYHOTbHCA NiABULLEHUMU BUKUAAMM
LWKiANMBUX PEYOBMH, LLO € KAYOBUM ANsA BUBOPY ONTU-
ManbHOro nanauea 3 nornagy eHeproedeKTUBHOCTI Ta 0XO-
POHU 4OBKINNA.

3a gaHuMuM Tabauui, Wwo Biaobparkae ximiuHuI cknag biona-
nvBa, 6yno OUiHEHO BUKMAM OCHOBHWMX 3abpyaHOBadiB —

Tabauuya. Cknag TBepAMX, pigKkux i rasonogibHux 6ionanus

NO,, SO,, CO Ta cycneHAoBaHUX TBEPAUX YaCTUHOK (PM). Po-
3paxyHKM NPOBOAMAMCA Ha OCHOBIi Macosoro 6anaHcy Ta
CTEXiOMETPUYHUX CMiBBIAHOLLEHb Nij, Y4ac 3ropAHHA 3 ypaxo-
BaHHAM BMICTy a30Ty, CipKM Ta MiHEpPanbHUX AOMILLOK y na-
NMBI, @ TaKOX MOro TennoTBOPHOI 3aaTHocTi. OTpuMaHi pe-
3yNbTaTW NpPeAcTaB/eHi rpadivyHo Ana AeMOoHCTpaL,ii BnamBey
CKnaay 6ionasvea Ta YMOB TE@PMOXiIMIYHOrO NepeTBopeHHs
(TemnepaTypHUit pexkum, KoedilieHT HaaMLLKY NOBITPSA, pe-
YKUM rOpiHHA) Ha KOHLEeHTpaL,i WKiAJIMBUX PEYOBWH, WO AAE
3MOry OLHUTK BiAMOBIAHICTb eMiCii YUHHMM EKONOoTIYHUM
HOPMaTUBaM i TEXHOIOTYHY eDEeKTUBHICTb NpoLecy.

Teepdi 6ionanuea. [Ana OUiHKM €KONOTYHUX XapaKTepuc-
TUK TBepamx bionanne 6yno AocnigKeHo XimiuHMI cKknag,
20 3paskiB 6iomacy BK/IKOYHO 3 BMICTOM OCHOBHUX efleme-
HTiB (C, H, O, N, S), a TaKox 30/bHicTio (A) i BosoricTio (W).
Pe3synbTaT enemeHTHOro aHanisy HaBegeHi y Tabauu,i. Bu-
3HaYeHHA CKNaZy ManvBa 34iMACHIOBANOCA eKcnepumeHTa-
JIbHUM LWNAXOM Y labopaTopHUX YMOBaX.

Ha ocHOBi OTpMMaHUX JaHUX BUKOHAHO PO3PaxyHOK NUTO-
MWX MOKa3HMKIB emicii wkignmemx pedosuH (kSO,, kNO,
kCO,, ktB). Po3paxyHKM NnpoBeAeHO MeTOA0M MacoBoro ba-
JTAHCY 3 BUKOPUCTAHHAM CTEXIOMETPUYHMX CMiBBiAHOLWEHb
MiXK e/leMeHTHUM CKNaZoM MajsneBa Ta NpoAayKTamu 1oro
TEPMOXiMIYHOIo NepeTBOPEHHSA.

Ha puc. 1 npeacTtaBieHo NOPiBHANbHUIA aHanNi3 NOKA3HWKIB
emicii kSO2 gns pisHnx BMAaiB Gionannea, oTPUMaHUX i3 Cinb-
CbKOrocnoAapcbKmx Ta AepeBHUX Biaxoais. [aHi cBigyatb
npo cyTTeBY BapiabenbHicTb PiBHA YTBOPEHHS AioKcuay Ci-
PKM 3aneXHO Big, BMAY NanMBa Ta MOro XiMivHOro ckaagy.
HaiBuLui nokasHWKK emicii cnoctepiratotbca ansa Topdy (cy-
xoro), ae kSO2 nepesuuiye 450 r/Tx wo nos’as3aHo 3 nia-
BULLLEHUM BMIiCTOM CipKM Y BUXIAHIN CUPOBUHI.

Ne ' Nanuso C, % H, % 0, % N% S,% A, % W, %
TBEPAI BIONAJ/IUBA

1 JIyWNMHHA COHALIHMKA 48,25 5,84 41,03 0,81 0,24 3,83 11,85
2 Cosiloma nuweHn4Ha 47,2 5,8 39,56 0,7 0,17 6,4 10
3 PelwTKM KyRypya3u (cTebna, KayaHu) 46,23 5,89 45,87 0,65 0,01 5,58 0
4 JlywnuHHA pucy 38,92 5,55 37,94 035 0,02 17,13 10
5 MickaHTyC 48,6 6 42,72 0,3 0,08 2,3 8,6
6 XBOWHa AepeBuHa (cymil) 53,15 6,68 36,79 0,19 0 3,19 37,3
7 Ly6 6inuin 50,24 5,46 43,8 0,36 0,01 1,52 0
8 AUMiHb (Uina pocanHa) 45,86 5,92 42,97 0,43 0,2 4,26 6,2
9 baraca LLyKpOBOi TPOCTUHM 49,99 5,86 4392 0,15 0,08 0 0
10 HaciHHA maHro (Biaxoam xap4oBoi MPOMUCIOBOCTI) 43,8 6,79 45,18 1,13 0,09 3,01 51,41
11 Conoma pinakosa 46,5 6 43 0,8 0,2 6,5 10
12  Tupca (3miwaHa) 51 6 42 0,2 0,02 1 10
13 OuepeT 3BUYANHUN 47,5 5,9 43,9 0,6 0,1 4 9
14 JlyWnNWHHA rpeykmn 48 5,6 40 0,7 0,1 6 10
15  KyKypyAsAHi KayaHu 46 6 44 0,6 0,1 5 8
16 Tpicka aepeBHa 50 6 43 0,2 0,02 1 15
17 TMNenetun 3 TMpCcKH 51 6 41 0,3 0,02 0,7 10
18 Biaxoayn BUHOrpagHoOi 103U 49 5,9 43 1 0,1 4 8
19 Topixosa WKapanyna 52 6 40 0,3 0,05 2 9
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20 Topd (cyxuin)

55 6 33 2 0,5 5 30

PIOKI BIONA/TNBA

1 bioeTtaHon 52,17 13,04 34,78 0 0 0 0
2 biogmsenb (meTnnosuii edip pancosoi onii) 77 12 11 0,1 0,01 0 0
3 biomeTaHon 37,5 12,5 50 0 0 0 0
4 Bioonis (niponisHa pianHa) 55 6,5 38 0,5 0,05 0 15
5 bioonida 3 TBAPUHHMX KMpPiB 76 12 11 0,5 0,1 0 0
rA30NoAI6HI BIOMNA/IUBA
1 bioras (rHil, KyKypya3aHuin cunoc) 36 8 56 0 0 0 0
2 biomeTaH (oumLLeHwMi bioras) 75 25 0 0 0 0 0
3 a3 gepeBHOro Niposisy (cMHTes-ras) 20 10 69 0,9 0,01 0 0
4 a3 i3 COHALWHMKOBOI WKapanynu (rasndikauis) 25 14 60 0,9 0,09 0 0
5 bioras i3 xapyoBux Bigxoais 35 9 56 0 0 0 0
6 a3 i3 gepeBHoOro Byrinns (rasndikauis) 20 5 60 0 0 0 0

B1COKi 3HaYeHHA TaKoXK 3adiKcoBaHi ANA NYLWNUHHA COHA-
wHuKa (~250 r/TOx) Ta aybosoi gepesnnun (~200 r/TOx).
HaTtomicTb conoma nuweHwuui, pewTKu KyKypyasu, AyLl-
MWUHHA PUCY, MICKAHTYC, @ TAKOXK XBOMHA AepeBMHA XapaK-
TepPU3YTbCA MiHIMAaNbHUMKM NMOKA3HUKAMMK eMicii, AKi He
nepesuulytoTb 50 r/T K. Lle BKa3ye Ha iX eKonoriyHy nepe-
Bary AK Nasnea 3 HU3bKMM MOTEHLianom yTBOpeHHA SO,.

Cepepn KOMbBiHOBaHUX i NpoMUcIOBUX BioBigxoAaiB NOMipHiI
3HAYeHHA MOKasHMKa eMicii maloTb TMpca (3miwaHa), co-
/Jloma pinakoBa Ta BiaAxoau BUHorpaaHoi no3su, ae kSOz cta-
HoBuTb 100—-150 r/TOsK. Menetn 3 TMPCK Ta ropixoBa LWKa-
panyna TaKoX AEMOHCTPYHOTb BiZlHOCHO HM3bKWUI piBeHb
eMicii, Wo niaTBepaye ebeKTUBHICTb rpaHyaboBaHoro 6i-
onanvea AN eKonoriYHo 6e3neyHoro cnaatoBaHHA. Y3ara-
/NIHIOKOUN, MOMKHA 3a3HayuMTW, WO TUMN Biomacu iCTOTHO
BM/IMBAE Ha NOKa3HUK yTBOpeHHA SO,, i BUGip Nannea 3 HK-
3bKMM BMIiCTOM CipKM (CcOoNomMa, MiCKaHTyC, AepeBHi BiA-
XOAM) € KNOYOBUM YNHHUKOM ANA 3HUMKEHHSA eKONOTYHOro
HaBAHTaXEHHA eHepreTMYHMUX YCTAaHOBOK.

OTpuMaHi pe3ynbTati NiaTBEPANKYIOTb, WO BEINYMHA NO-
Ka3HuKa emicii kSO2 3Ha4yHOK MipOoto 3aneXKUTb Bif, BMICTY
Cipku B 6iomaci Ta yMOB TepMi4YHOro nNepeTBOPEHHs na-
nvBa. biomaca pocIMHHOIO NOXOAMKEeHHA (conoma, MicKaH-
TYC, KYKYPYAO3AHi pewTKW, pucoBe AywnuHHA) dopmye
MiHiManbHi 06CArM YTBOPEHHA AiOKCMAY CipKU 3aBASKU
HU3bKOMY BMICTY MiHEPanbHOI CipKM B KNITUHHI CTPYKTYPI.
Lle pobutb TaKi BUAN nanvea eKoNoriyHo npmsabaveumm
ANA BUKOPUCTAHHA B MaNNX i CepesHiX KOTeNIbHAX, OPIEHTO-
BaHWX HA 3MEHLUEHHA aHTPONOreHHMX BUKKAis. MNigsuLeHi
3HayeHHs emicii ana Topdy, AepeBUHU TBEPAUX Mopig Ta
COHALWHNKOBOTO NYLUMMHHA NOACHIOITLCA HAABHICTIO CNO-
YK OpraHiyHoi Ta cy/bdaTHOI CipKM, WO Nig Yac 3ropsHHA
YacTKOBO NepexoaaTb y rasosy ¢asy. Bucoka iHTEHCUBHICTb
yTBOpeHHA SO, nif, Yac cnanioBaHHA TakKUX maTepianis Bu-
Marae 3aCTOCyBaHHA CUCTEM OYMULLEHHSA AMMOBUX rasis abo
ONTMMI3aLLii TEMNEPATYPHOro PeXMMY TOMKKU 3 METOK MiHi-
Mi3au,ii npoueciB OKUCHEHHA CipKu.

3icTaBNeHHA OTPMMaHUX pe3ynbTaTiB 3 AaHUMK nonepes-
Hix gocnigkeHb [19, 20] nokasye nofibHi TeHAEHLT: Ha-
HUXKYi BUKMOM CNOCTEPiratoTbCa ANA eHepreTUYHUX KybTyp
3 HU3bKMM BMICTOM 3014 Ta CipKW, TOAiI AK OpPraHiyHi

BiZAXO4AM NPOMMWC/IIOBOrO MOXOAMKEHHSA XapaKTepusyrTbeA
6inblwoto BapiabebHICTIO NOKa3HUKIB emicil.
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Puc. 1. MNopigHAnbHUl aHAni3 noKa3Hukie emicii (kSO2) ons
pi3HUx sudie meepdozo bionanusa

Ha pwvc. 2 HaBegeHO pe3ybTaTu NOPIBHAHHA MUTOMMX MO-
Ka3HWKiB emicii giokenay Byrneuto kcoz nif Yac cnantoBaHHA
pi3HMX BMAiB biomacu.

5115000
=
= 110000
o
[]
o
=~ 105000
8
S 100000 ¢ cro e
Q
x
S 95000
I
o
2 90000
o T T s 3 Y TS5 S SO EFSSS OSSO
2 = e © =
c $fgdegzrigiziiziceagsy
itz 3os5c55338¢8¢F535
0585803897 EEfE2amBal
31872888335z IszI8o
SEssS=28dS o e8Il FE8
seg§ 5 E8%8:szgrigzesce
223 © I8z sg8Etxags 3
Ic >R S g =3 s83arrc o
=0k ! 2cz0F 722 s X
E O 2 < = F I &5 = 3 3
3 x © s I =z s ©°
> s T S 835 g
S 5 = &2 98 g
o o £ )
3 ] © S
2 3 8 3

Puc. 2. Peaynemamu ropi@HAHHA NUMOMUX NOKA3HUKI8
emicii 0iokcudy syeneyto (kCO:z) nid yac cnantoeaHHA pis-
Hux sudie meepdoi biomacu

465




BigHoBsntoBaHa eHepretnka. Ne 2/2026 | bioeHepreTuka

AIK BUAHO Ha puc. 2, 3HadYeHHA kCO2 ana GinbwocTi 3paskis
nepebysatoTb y mexax (95 000—105 000 r/Tx), wo ysro-
OMKYETbCA 3 TUMOBUMU MOKa3HMKamu ana 6ionanuea, Ake
XapaKTEePU3YETbCA MaMKe HEeNTpanbHUM ByrieLesum bHa-
JIAHCOM, OCKiNIbKM BYrneLb, KWW BUBINBHAETLCA Nig Yac
CMantoBaHHA, nonepeaHbo ByB 3aCBOEHUIN POCAUHOMO Mig,
yac poTocuHTesy. HatBuwmii piseHb emicii BUABNEHO anA
HaciHHA MmaHro (Bigxoau)— noHag 111000 r/FOx, wo
MO3Ke BYyTW 3yMOBJIEHO BMCOKMM BMICTOM JIETKMX CMOYK
BYF/IeLt0 Ta HENOBHMM BUTOPSAHHAM NpW CnaatoBaHHi. y6
6inni, NYWINMHHA pUCY Ta CONIOMA PiNAaKoBa TAaKOX AEMOH-
CTPYIOTb AEW0 NiABULLEHI MOKAa3HMKM, LLO CBiAYMTb NPO Ha-
ABHICTb Y CTPYKTYPi OpraHiyHMX peyoBuH 3 BinblLOIO YacT-
KOO Byrnieuo.

HalHu:Kui 3HaueHHs emicii CO, cnocTtepiratotbea ana Topoy
(cyxoro) Ta ropixoBoi wKkapanynu, ge kCO2 cTaHOBUTL 6K-
3bKo 93 000-9 000 r/IAx. Lle moske 6yTv nos’sa3aHoO 3 BU-
COKOO TEN/IOTOO 3ropAHHA Ta ePEeKTUBHILLMM BUKOPUCTAH-
HAM BYrNeUld nNpu TEPMIYHOMY MEepPeTBOPEHHi Uux
martepianis.

Haiibinblw eKoNoriyHo AoUiNbHMM 3 nornsay cnieBigHO-
LWEeHHA «BUKUAN — EHeproBigaaya» MOXHa BBaXKaTW MiCKa-
HTYC, KYKYPYA3AHI PelwTKU Ta CO0OMY MWEHUL, AKi Xapak-
TEPU3YIOTbCA CTabiIbHUMM 3HAYEHHAMMW eMicCii 3a BUCOKOTO
€HepreTMYHoOro noTeHuiany. BUKopucTaHHA TakMx BUAiB 6i-
OMacu B MPOMUCAOBMX KOTNAX AAE 3MOTY 3HU3UTU Cymap-
HUIA BYrNeueBUn CNif eHepreTUYHUX cuctem 6e3 BTpaTtu
edeKTUBHOCTI Npouecy 3ropAHHA.

Ha puc. 3 nogaHo NopiBHANbHWUIA aHaNi3 NOKA3HUKIB emicii
okcugis as3oTy (KNOx) gna pisHux Buais 6ionanusea.
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Puc. 3. lopisHAnbHUl aHAI3 MOKA3HUKI8 eMicii okcudis
azomy (kNOx) 05 pi3Hux sudis bionanusa

Ak BUAHO Ha rpadiky, piBeHb yTBOpeHHA NOy 3Ha4yHO Ba-
PitOE 3a71EKHO Bif, NOXOAXKEHHA Ta Pi3UKO-XiMIYHWUX BNacTu-
BOCTei nanvea. HaliBuL,i 3HaYeHHs NOKa3HMKa emicii 3adi-
KcoBaHO gna Topdy (cyxoro), Wo cBiAYNTb NPO iHTEHCMBHE
YTBOPEHHA OKCUAIB @30Ty Nif Yac Moro 3ropAHHA. Lle nosc-
HIOETbCA BMCOKMM BMICTOM a30TOBMICHUX CNONYK Y CKNagi
Topdy. BUCOKI NOKa3HMKM TaKOX cnocTepiratoTbea ANA ae-
AKUX arpoBigxopais, 30Kpema CONOMM Pinakosoi, Biaxoais
BMHOTPAAHOI /103N Ta KYKYPYA3AHUX KayaHiB. HaTomicTb
HAaMHUKUYMIA PiBEHb eMmicii XapaKTepHUii gna aepeBHUX BU-
anis 6ionanuea, 30Kkpema ayba 6inoro, XBOMHOI AepeBUHU

(cymiwi) Ta nenet 3 TMpcu. Lle cBigunTb Npo Te, L0 AepeBHa
6iomaca Mae Kpalli eKONOriYHi XapaKTepUCTUKK LWOAO0
YTBOPEHHA OKCMAiB a30Ty Mif 4Yac crnantoBaHHA. [MomipHi
3HAYeHHA eMicii cnocTepiratoTbCA A4NA NYLWNUHHA COHAL-
HUKa, CONOMM MLIEHULI Ta PELITOK KYKYpyA3u, LLO BKa3ye
Ha NOTeHUiMHY AOLiNbHICTb IX BUKOPUCTAHHA 33 Ha/IeXKHOTo
KOHTPOJIHO NpoLEecy ropiHHA.

OTpumaHi pe3ynbTaTi NiATBEPAKYIOTL, WO TMN 6ionaansa
iCTOTHO BM/IMBaE Ha piseHb yTBOopeHHA NO,, a BMKOpUC-
TaHHA gepeBHUX BUAIB abo neneT 3 TMpcK moxe 6yTn ede-
KTUBHUM LUAAXOM MiHIMi3aLii HeraTMBHOro BNAMBY Ha aT-
mocdepHe nosiTpsA.

Ha puc. 4 noaaHo NopiBHANbLHY Aiarpamy NoKasHUKIB emicii
TBepaux yactuHok (kte, r/TOx) Ansa pisHUX BMAiB Biona-
nvBa.

AHani3 oTpMMaHuX pe3yabTaTiB CBiAYMTb MPO CYTTEBI Bifg-
MIHHOCTi Y PiBHAX YTBOPEHHA TBEPAUX 3abpyAHIOBaIbHUX
PEYOBUH 3aMEXKHO Bif, XiMiIYHOrO CKAaAdy Ta 30/bHOCTI Ma-
NnBa. HaliBuui 3HaueHHA emicii cnocTepiratoTbecsa ana nyw-
NUHHA pucy (noHag 90 r/Ix), WO BKasye Ha iHTEHCUBHE
YTBOPEHHA TBEPANX YaCTUHOK Y NPOLLEC] MOro CnastoBaHHA.
MigBULLLEHI NOKA3HMKKU XapaKTepPHi TaKOX AAA NYLWNUHHA
COHALWHMKY, COIOMMW MLUEHMULi, CONOMW PiNakoBOi Ta Nyy-
HUX TPaB, WO 3yMOBEHO BUCOKMM BMiCTOM 3011 Ta CMONYK
KpemHe3semy B ix cknagi. Hatomictb xBoWHa i nuctaHa ge-
peBuHa, nenetn, TMpca 1 Topd AEMOHCTPYIOTb HAMHUXKYI
pisHi emicii (go 20 r/I ), Wo cBiAYUTb NPO IXHIO BiAHOCHY
€KOoNOoriYHy 6e3neyHicTb i A0UiNbHICTb BUKOPUCTaHHA fiK Na-
NiMBa 3 MiHiManbHMM BMJIMBOM Ha aTmocdepHe cepeno-
Buwe. MPOMIXKHI 3HaYEHHA NOKA3HMKIB XapaKTepHi ANA Ky-
KYPYA3W, MiCKaHTycy, Biaxoais nepepobku BUHOrpagHoi
1031 Ta TOPiXOBOi LWIKapanynu, AKi MOXHa BigHeCTM A0
rpynu 6ionasnve 3 NOMipHUM piBHEM TBEPAMUX BUKUAIB.
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Puc. 4. lNopisHAanbHa diaepama NokasHukie emicii meepoux
yacmuHok (kme, 2/ []x) dna pizHUx sudie meepdozo 6io-
nanuea

MpoBeaeHU NOPIBHANbHWIA aHaNi3 eMiCiMHUX XapaKTepuc-
TUK pi3HUX BuAiB 6ionanmea (puc. 1-4) 3aceigume cyTTeBUit
BM/IMB XIMIYHOTO CKNagy Ta 30NbHOCTI ManuMBa Ha piBeHb
YTBOPEHHA OCHOBHWMX 3abpyAHIOBAaNbHUX KOMMOHEHTIB
(S0,, NOy, CO, Ta TBEpPAMX YAaCTUHOK). HalKpalyi ekonoriyHi
NOKA3HMKN NPOAEMOHCTPYBAAN MICKaHTyC, conoma nuie-
HUUI, KYKYpYyA3aHi pewTKu, nenetm 3 TUMPCU Ta XBOMHa
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LEePEeBUHA, ANA AKMUX XapaKTepPHi HU3bKi 3HAYE€HHA NMUTOMOI
emicii okcuais cipku i a3oTy (4o 50 r/[Ox) Ta miHiManbHWiA
BMICT TBepAMX YacTUHOK (4o 20 r/TAx). Taki Buamn 6iomacm
BMPI3HAOTLCA cTabinbHMM Byraeuesum 6anaHcom (kCO, =
95 000-105 000 r/T4x), Lo cBiaYNTL NPO BiAHOCHY Nepea-
6auvyBaHicTb yTBOpeHHa CO, nig Yac cnantoBaHHA. CTabinb-
HiCTb ByrnewueBoro 6anaHcy 3abesnevye 6inbll KOHTPO/IbO-
BaHi YMOBW TOPIHHA, 3HUMKYE PU3IUK MEPEeBULLLEHHA
rPaHMYHO AOMYCTUMUX KOHLLEHTPALIN WKIAANBUX BUKUAIB i
nonerwye AOTPUMAHHA HOPMATMBHUX BUMOT A0 eMicii AK
Ha NPOMMWC/IOBOMY, TaK i Ha NOBYTOBOMY piBHi.

Y manux Ta cepeaHix KOTeNbHAX, Ae TEXHOOriYHi napame-
TPU CNaNtOBaHHA MOXKYTb BYTU MEHLU perysiboBaHUMM, BU-
KOpUCTaHHA Biomacy 3 nepenbayyBaHMM ByraeLeBnm ba-
NlaHCOM Ja€ 3mory 3abesneuyntu eKosoriyHo 6e3neyHy
poboTy 0b6n1afHaHHA, MiHiMi3yBaTh yTBOpeHHA CO, NO4 Ta
SO, 1 onTMMmi3yBaTK Tenaosianavy.

Jo rpynu 6ionanve 3 NOMipPHUMW NOKA3HUKAMM emicii Ha-
NexaTb CO/IoMa pinakoBa, NYLWNNUHHA COHALIHMKA, Biaxoan
BMHOIrpPagHoI 103K Ta ropixoBa WKapanayna, Aki noTpeby-
IOTb PEryntoBaHHA PEeXMMY FOpPiHHA ONA MiHimi3auii BUKK-
Ais SO, Ta NO,.

Havisui piBHi 3abpyaHeHHs 3adikcoBaHo ana Topdy Ta ny-
WNMHHA pucy. Y nepwiomy BMNaaKy Le 3yMOB/EHO NigBu-
LLLeHMM YMICTOM CMOAYK CiPKM Ta a30Ty, W0 NpU3BOAM1Tb 40
iHTeHcuBHOro yteopeHHa SO, i NO, (noHaa 450 r/TOx),
TOAi AK Y APYrOMY — BUCOKOHO 30/1bHICTIO Ta HAaABHICTIO Kpe-
MHe3eMy, Lo CNPUYMHAE YTBOPEHHA 3HAYHOI KiNbKOCTi TBe-
paux yactuHok (> 90 r/TOx). Taki Buam nannsa notpeby-
IOTb 3aCTOCYBAaHHA CUCTEM OYULLEHHA AMMOBMX rasis abo
ONTUMI3aLii TeMNepaTypHOro PeXMMy 3ropsiHHA A/1A 3HU-
KEHHA eKONOTYHOro HaBaHTaXKeHHA.

Y3aranbHIO4M, BCTAHOB/EHO, WO BUBiIp BiomacK 3 HU3b-
KMM BMIiCTOM CipKM, @30Ty Ta 30211 € KNHOYOBUM YMHHUKOM
AN 3MEHLWIEHHA eMmicil WKIiANMBUX pevyoBuH i 3abesne-
YEeHHA eKoNOoriYyHOi edeKTUBHOCTI eHepreTUYHUX YCTaHo-
BOK, LLLO BUKOPUCTOBYIOTb TBEpAe bionanumeo.

Pidki 6ionanuea. KomnnekcHe [OCNigKeHHs BNAUBY
CKnagy 6ionanvea Ha NOKA3HUKK eMicii € BaXKAMBUM AK ANA
TBEpAMX, TaK i AnA pigkux oro popm. OTpMMaHi pesynb-
TaTM ANna TBepAMX MaTepianis 3 biomacu AaloTb 3mory Bu-
ABUTU 3aKOHOMIPHOCTI MiXK e/IeMEHTHUM CK1IaA0M, 30/1bHi-
CTIO Ta YTBOPEHHAM 3abpyAHIOBaNbHUX PEYOBMH Mig, Yac
CnantoBaHHA. BogHouac aHanorivHi nigxoam moxyTb 6yTn
3aCTOCOBAHI AN1A OLiHIOBaHHA pigKMx 6ionanus, y AKMX Npo-
LLeC OKMCHEHHA MaloTb iHLWY KiHETMKY, ane BU3Ha4yalTbCA
TUM CaMUM GAKTOPOM — XIMIYHUM CKNaA0M BUXILHOT cUpo-
BUHW. [MOPIBHAHHA eMICIMHMX XapaKTepPUCTUK TBEPAUX i pi-
OKunx bionanme 3abesneyye LinicHe po3yMiHHS BNAUBY NpuU-
poaM nanvBa Ha EKO/OFiYHI NOKA3HWKU eHepreTMYHUX
CUCTEM Ta CTBOPIOE NIAFPYHTA ANA onTUMIsauii Bubopy na-
/INBA 3aN1€XKHO Bif, TUMY YCTaHOBKU 1 YMOB eKcnyaTau,ii.

OOHUM 3 KNHOYOBUX KPUTEPIiB €KONOriYHOi edeKTUBHOCTI
bionanus € piBeHb emicii giokcnay syrneuto (CO,) nig yac ix
cnantoBaHHA. Ha pwuc. 5 npeacraBneHo NOPiBHANbHI

nokasHuku emicii kCO2 (r/TOx) onA OCHOBHMX BUAIB pia-
Koro 6ionanuea.
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Puc. 5. lopieHAnbHi nokaszHuku emicii (kCO3, /T /[Ixc) 0na
OCHOBHUX 8udis pidKozo bionanusa

OTpvMaHi pe3ynbTaTu CBig4aThb, WO NOKa3HMKKU emicii CO,
3HAYHO PI3HATBLCA 3aN1EXKHO Bif XiIMIYHOro CKnaay nanvea 1
TexHonorii oro ogepXaHHA. HaliBuwmii piBeHb emicii 3a-
¢dikcoBaHO ana 6ioonii (niponisHoi pianHKM) — 6aM3bKO
100 000 r/TAX, WO MOACHIETbCA BMCOKMM BMICTOM BY-
rneuto B ii CTPyKTypi. [lewo HuXk4i 3HaYeHHA cnocTepira-
toTbcA ANA bioamsens (metunosoro edipy pinakosoi onii) Ta
6i00NidM 3 TBAPUHHUX KUPIB, A€ emicia CTaHOBUTb NpwU-
6an3HOo 75 000—85 000 r/T .

bioeTaHon Ta GiomeTaHON XapaKTepu3ylTbCA MOPIBHAHO
HUXXYMMUM  MOKA3HWMKaMKM emicii— Ha pisHi 60 000—
70 000 r/FOK, W0 3yMOBAEHO MEHLIMM BMICTOM BYT/ELI0 B
MONEKYNAPHIN CTPYKTYPi CNMPTIB i NOBHIWMM 3ropAHHAM
LUMX Pe4OBUH. TaKi 3HaYEHHA CBifYaTb NPO MEHLLMIA BHECOK
uux 6ionanue y BUKUAM MapHUKOBMX rasiB 3a O4HAKOBOI
eHepreTMYHoI Bigaaui.

Takum YMHOM, cepep, AocnigKeHnx Buais bionanmea Hai-
MEeHLW Byr/ieUueeMHUMM € bioeTaHon | BiomeTaHon, AKi Mo-
KYTb PO3rNAAaTUCA AK NPIOPUTETHI anbTePHATUBU ANA 3HU-
KEHHA BYI/NEeLeBoro cnigy B eHepreTUYHUX CcucTemax.
HaTomicTb BUKOpMCTaHHA biooii noTpebye A0AaTKOBMX 3a-
XOZiB 3 KOHTPOJIIO eMiciit abo onTumisauii npouecis 3ro-
PAHHA 4NA NigBULLEHHA €KONOTIYHOI A0LiNbHOCTI.

JocnigeHHa eKoNoriYHMX XapaKTepUCTUK bionanuea € Ba-
K/IMBUM €TanoMm OL,iHIOBaHHA MOro BMN/MBY Ha CTaH aTMOC-
¢depHoro nosiTpA. Ha puc. 6 HaBeAeHO NOPiIBHANBHI NOKa3-
HWKM emicii oKcnais cipku (SOyx) Ta okeugis asoTty (NOy) ann
OCHOBHMX BMAiB bionanuea: 6ioetaHony, biogmsens (meTtu-
nosoro edipy pinakosoi onii), 6iomeTaHony, bioonii (nipo-
Ni3HOT pignHK) Ta 6ioonipu 3 TBAPUHHUX XKUpiB.

OTpuMaHi pesynbTaTu cBig4aTh, Wo b6ioeTaHon i biomeTa-
HO/1 NPAKTUYHO He YTBOPIOIOTb OKCUAIB CiPKMU, LLO 3yMOBAe-
HO BiACYTHICTIO CNOAYK CipPKK B iX XiMiYHOMY cKnagi. bioaun-
3e/lb  XapPaKTepPU3YETbCA HEe3HaYHMMKU BUKMZamm SOy
(npu6an3Ho 5 r/TOx) Ta HU3bKUM piBHem NO,, L0 CBIAYNTL
npo oro BiAHOCHY €KoJIoTiYHY 6e3neYHicTb NOPiIBHAHO 3 iH-
WMMMK piaKMmMM Bionannsamm.
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(npnbnnsHo 20 r/TOsx). LLlogo okcuais a3oTy, iXHii piBeHb
3HAYHO HUXKYMI Y BCiX PO3INAHYTUX BapiaHTax, npoTe cno-
CTepiraeTbca TeHAEHLiA A0 NiABULLEHHA eMiCii B TUX CammXx
3pasKax, 4e 3pOoCTa€ KiNbKiCTb OKcMAis Cipku. Le cBiguntb
Npo B3aEMO3B’A30K MiXK BMICTOM [OMILLOK Yy BMXigHil cu-
POBMHI Ta IHTEHCUBHICTIO YTBOPEHHA OKCUAIB MiA Yac 3ro-
PAHHA. TakKMM YMHOM, HAMEKONOFYHIWMMM 33 MOKa3HU-
Kamu emicii Wwkignmemx cnonyk € biometaH Ta bioras i3
KYKYPYZA3AHOI CMPOBUHM, ToAj AK bioras i3 xapuoBux Bigxo-
AiB noTpebye L,043aTKOBOrO OUYUNLLLEHHA ab0 BAOCKOHANEHHA
TEXHOOTIN 3rOpPAHHA AN1A 3HUKEHHA BUKUAIB.

Puc. 6. lopieHANbHI NoKasHUKu emicii okcudie cipku (SOx)
ma okcudie azomy (NOy) 015 ocHo8HuUX 8udie pidKozo bio-
nasauea

HaliBuLi nokasHWKK emicii cnoctepiratoTbca gna 6Gioonii
(niponisHoi piguHK) Ta 6ioonidu 3 TBAPUHHUX XKUpiB, Oe
KOHLEHTPaLifA oKkcuais cipku carae 40-50 r/TOx, a okcuais
asoty — 8-10 r/TAx. Taka TeHAEHLiNA MOACHIOETLCA MiABu-
LLLEHMM BMiCTOM CiPKOBMICHMX i a30TOBMICHMX CMONYK Y BU-
XiAHIN CMPOBMHI, @ TaKOX CKAAAHICTIO Npouecy 3ropaHHA
LMX BMAIB NanvBa.

Y3aranbHIO4YM pe3ynbTaTh, MOXKHA 3p06UTU BUCHOBOK, WO
cnupToBi bionanuea (bioeTaHon, biomeTaHON) MalOTb Hat-
Kpali eKO/IOTiYHi XapaKTEPUCTUKM 3-MOMIXK [OCAIAMKEHNX
3paskis, ToAi AK BioONiNHI Ta KMPOBiI NOXiAHI NOTpebyloTb
[043aTKOBOI OYUCTKM abo BAOCKOHANEHHA TEXHOAOrIM cna-
NII0BAHHA gnA 3meHweHHsa snknais SO i NOy. Lle nigkpec-
JIIOE BaXX/MBICTb ypaxyBaHHA XiMiuHOro cknagy 6ionanuea
nig Yyac pospobneHHA cTpaterii gekapboHisauii Ta nepe-
X0y [0 HU3bKOBYI/1eL,EeBUX EHEPreTUYHUX CUCTEM.

lFa3on00i6bHi naauea. Noaanbwnii etTan AOCAIAMKEHHA CTOCY-
€TbCA rasonoAibHnx 6ionanus, saKi nocigaoTb ocobmse Mi-
cue cepej, BiJHOBNOBAHUX eHepropecypcis 3aBAAKMU BUCO-
Kill TennoTi 3ropAaHHA, HU3bKOMY PiBHIO eMicii WKiaamsmx
PEYOBMH Ta YHiBEPCaNbHOCTI 3acTocyBaHHA. O UiEl rpynu
HaneaTb 6ioras, cMHTE3-ras i BOAEHb, WO MOXKYTb BUKOPU-
CTOBYBaTMCb AIK CAMOCTINHI eHeproHocii abo B cymiwi 3 npu-
poaHum raszom. MasonoaibHi bionannea 3abesneyyroTb Han-
YAUCTILLIMI NPOLEC FOPiIHHA, MiHIMi3yrouM yTBOpeHHA SO,, NOy
i TBEPAMX YAaCTMHOK, @ TAKOXK BiLKPMBatOTb NEPCNEKTUBU AN1A
[ELLeHTPaNi30BaHOrO eHePronocTayaHHA Ta HU3bKOBYT/eLe-
BUX TeXHOOrIN. AHani3 IX eMiCiINHNX XapaKTEPUCTUK € BaXK-
JIMBUM A1 OLHKM NOTEHLialy MOBHOrO NepexoAy Ha BigHo-
B/IOBaHI Aepena eHeprii Ta po3pobneHHs iHTerpoBaHMX
piLeHb Y KOHTEKCTi CTa/loro PO3BUTKY EHEPreTUKM.

Ha puc. 7 306pakeHo NOpiBHAHHA eMicilt OKCMAIB CipKK Ta
OKCUAIB a30Ty A/18 Pi3HMX TMNiB Hiorasis i ra3oBMX Naams.

3a NOKA3HWKOM eMmicii OKcuAiB CipKM HaMBULL 3HAYEHHA
crnocTepiratoTbea AnA 6iorasy 3 xap4oBux Biaxozis (noHag,
100 r/TAx), ToAi aK 6ioras 3 iHIWMX AyKepes, 30Kpema KyKy-
pyA3sHUIA, ounleHuii bioras (biomeTaH) i ras 3 gepesHoro
BYFiNAA, NPaKTUYHO He NPOAYKYIOTb UUX cnonyk. [as gepe-
BHOrO Nipo/i3y Ta 6ioras i3 COHALHMKOBOT CUPOBUHU Xapa-
KTEpPU3YIOTbCA MOMIPHMM piBHEM eMiCii OKCuAiB CipKu
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Puc. 7. MNopieHAAbHI NoKa3HUKuU emicii okcudie cipku (SOx)
ma okcudis azomy (NO) 01 pizHUx munie 6io2a3ie i 2a3o-
eux nanue

Ha puc. 8 BigobparkeHo NopiBHAHHA NOKa3HMKIB eMicii oK-
cuAiB Byrieuto Ans pisHMx Buais 6iorasis i rasosux nanms.
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Puc. 8. lNopisHAHHA NOKA3HUKIB eMicii oKcudie syzneuyro
0114 pi3HUX 8udis 6iozasie i 2a308ux naaue

HamBuiii BMKMOM OKCMAIB BYrneuto crnocTepiratoTbca nig,
Yac BUKOPUCTAHHA rasy 3 AepeBHOro BYriNAsA, Ae NOKa3HUK
emicii nepesuwye 140 000 r/TOK. 3Ha4YHi BUKMAM TaKoXK bi-
KCYtOTbCA AnA 6iorasy 3 rHOK Ta KyKypyZA3AHOI CMPOBUHM
(noHag 90 000 r/TO) i AnA Giorasy 3 xap4oBuWX Bigxoais
(6an3bko 85 000 r/T ). HaTtomicTe 6iomeTaH (ouunLieHMi
6ioras) A4EMOHCTPYE HAWHMXKYMUI piBEHb YTBOPEHHS OKCU-
ais syrneuto — 6am3bko 55 000 r/TO. MogibHi 3HaYeHHA
CMoCTepiratoTbCa ANA rasy i3 COHAWHUKOBOI CMPOBUHU Ta
rasy AepeBHOro Niponisy, Wo CBiAYMTb NPO NOPIBHAHO YMUC-
TiWi npouecu 3ropAHHA B LIUX BUAAxX Nanmea.

OTpuMaHi pe3ynbTaTi BKasyloTb HA 3HAYHUIN BNAUB AKOCTI
oynuleHHs 6iorasy Ta CcKnagy BWXiQHOT CUMPOBMHWM Ha
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iHTEHCUBHICTb YTBOPEHHA CMNOAYK a30Ty. biomeTtaH, 3a-
BAAKM BUCOKOMY CTYMEHIO OYULLLEHHA, BUABNAETLCA Hale-
KONOTIYHIWNM 3-MOMiXK PO3rAAHYTUX BapiaHTiB. HaTomicTb
BMKOPUCTAHHA rasy 3 AepeBHOro Byrinna notpebye gonat-
KOBWX TEXHOJIOTIYHMX 3aX0A4iB ONA 3HMMKEHHA PiBHA eMmicil
OKCUAIB BYINeLto, WO € BaX/IMBOK YMOBOK AOTPUMAHHA
€KOI0MYHUX CTaHZAPTIB Y NpoLecax eHepreTMYHOro BUKO-
puctaHHa bionanmea.

JopatkoBuit aHani3 axxepen nitepatypu[5-7, 19-20] cBia-
UUTb, WO TemnepaTypa 3ropAHHA Ta PEeXMMHI napameTpu
KOTEe/IbHUX YCTaHOBOK iCTOTHO BN/IMBAIOTb HA iIHTEHCUBHICTb
YTBOPEHHSA OKCUAIB CipKK 1 a3oTy. MiaBULLEHHSA Temnepa-
TYPU CNPUAE OKUCHEHHIO CIPKOBMICHUX cnonyK Ao SO,, Toai
AK HaZ/MWOK MoBiTPA 36inblye YacTky TepmiyHoro NO,.
[na 6iomacK 3 HU3bKMM BMICTOM a30Ty (Co/IOMa, MiCKaH-
TyC) uei epeKT € HE3HAYHUM, OAHAK ANA NANMB 3 NiaBULLe-
HUM BMicToM N i S (Topd, NYLUNWHHA COHALIHMKA) BUMCOKA
TemnepaTypa 3ropAHHA NMOCUJIIOE YTBOPEHHSA MOIIOTAHTIB.
TakMM YMHOM, MOEAHAHHA HU3bKOTEMMEPATypHOro ro-
PiHHA 3 KOHTPOIeM KoedillieHTa HagMLWKY NOBITPA € ede-
KTUBHMM LINAXOM 3MeHLWeHHA emicii SO, i NOy, wo niarese-
POKYE B33aEMO3B'A30K CKNady ManvMeBa 3 TEPMIYHMMM
napameTpamu npouecy.

Ha ocHoBi npoBeaeHOro aHanizy Mo)KHa chopmyioBaTH
NpakTUYHi pekomeHZau,ii wopao subopy Gionanvea Ta pe-
KMMIB 1Oro cnantoBaHHA. [lna 3abe3aneyeHHA MiHiManbHOT
eMmicii oKcuais CipKM Ta a30Ty AOLINIbHO BUKOPUCTOBYBATH
6iomacy 3 HU3bKUM ymicTom S i N (conioma nweHuu,i, micka-
HTYC, KYKYPYA3AHI pewwTKKn, nenetm 3 tupcu). OnTMmanbHi
peXMMM FopiHHSA, WO nepenbayaoTb NiaATPUMaHHA Te-
mnepaTtypu B mexax 850-950 °C Ta KoedilieHTa HaAANLLKY
nositpa 1,1-1,3, HaBeZeHi Ha OCHOBI aHaNi3y AaHUX NliTepa-
Typu wopo edeKTMBHOroO CrnantoBaHHA TBepanx bionanus
Ta MiHimi3auji yTBOpeHHA WKignnMemux sukuais [24, 25]. Ui
napameTpu BifNoBiAaldOTb yMOBaM, 3a AKMX 3abesneuy-
€TbCA NOBHiLLE 3rOpPAHHA NannBa 3 MiHIMaZbHUM YTBOPEH-
HAM CO, NOy Ta SO,, WO Y3roaxXy€eTbca 3 HOPMaMn €KoNo-
riYyHoi 6e3nekn p[as Maaux Ta CepefHiX KoTesbHUX
YCTQHOBOK. 3aCTOCYBaHHA LMX MiAXOAiB CNPUATUME 3HU-
YKEHHIO EKOJIOTIYHOrO HaBaHTaXeHHsA Ta NiABULEHHIO ede-
KTMBHOCTI eHepreTUYHMX YCTAaHOBOK, LLLO NpaLLotoTb Ha bio-
nanusei.

BucHoBKMU

MNpoBeneHe AoCAiAKEHHA AOBOAUTb, WO €1eMeHTHUI Ta
MiHepanbHUW CKNag, 6ionannea € BM3HAYANbHUM YUHHU-
KOM y popMyBaHHI MOro eKoNorYHNX XapaKTepucTuk. Bera-
HOB/NIEHO, WO KOHLEHTpPaL,ii CipKM, a30Ty Ta 30/IbHUX KOM-
NoHeHTiB 6e3nocepegHbO KOPENtowTb 3 PiBHAMK eMmicii
SO,, NOy, CO, Ta TBEPAMX YACTUHOK, TOAi AK BMICT BYr/eLo
Ta BOAHIO BM3HAYA€E eHepreTnyHy edeKTUBHICTb npouecy
3ropaHHA. KomnaekcHUM aHani3 TBepamx, pPifKuX i rasono-
AibHMX Bionanme 3acBia4YmB, WO 6iomaca 3 HU3bKMM BMiC-
ToMm S, N i A (30Kpema MiCKaHTyC, CO/IoMa MNWEHUL,, KYKypy-
O3AHI  pewWwTKn, nenetm 3 TUPCKU) XapaKTepU3yeTbCA
MiHIMaNbHUMW MUTOMMMM NOKA3HMKAMM eMicii Ta cTabinb-
HMM BYyraeuesmMm 6anaHcom, WO pobuTs ii NpuaaTHO Ans

3aCTOCYBAHHSA B KOTE/IbHAX Manoi N cepeaHboi NOTYKHOCTI
6e3 noTpebun B CKAAZHUX CUCTEMAX OYMUCTKM FasiB.

Pigki 6ionanusa cnupToBoro Tuny (bioetaHon, biomeTaHon)
BMABWUINCA HAMEHLU BYFNELLEEMHUMM 3-NOMIXK AOCAIAKe-
HWX 3pa3KiB, ToAi AK 6ioonii Ta }KMPOBi NOXigHI NOTpebytoTb
TEXHONOrIYHOT ONTUMI3au,ii ANA 3HMKEHHA PiBHIB SOk i NOy.
la3onogibHi 6ionannea, 30Kpema bHiomeTaH, NPOAEMOH-
CTPYBaNM HaMBULLY eKONOriyHy edeKTUBHICTb 3a paxyHOK
BiACYTHOCTI CipKOBMICHMX AOMILLIOK i MOBHILWIOro 3ropAHHA.

OTpumaHi pe3ynbTati AatoTb 3mMory cbopmyBaT pEKOMEH-
pauii woao BMbopy bionannsa 3 ONTUMa/IbHUM €/1EMEHT-
HUM CK/IQZOM i peKMMIB MOro cnantoBaHHA AnA 3abesne-
YeHHA MiHiManbHOro piBHA emicii SO, Ta NOx.

HaykoBa HOBM3Ha pob0TM NoONArae y CTBOPEHHI y3aranbHe-
HOI MeToL0N0rii OLiHIOBAHHA EKO/IOTIYHMX NOKA3HMKIB Bio-
nasvBa Ha OCHOBI MOro eleMeHTHOTrO CKaAy 3 N0AANbLLOK
MOX/IMBICTIO MPOrHO3yBaHHA eMmicii 3abpyaHioBayis 6e3
npoBeAeHHA noBHOMacwTabHMX ekcnepumeHTiB. OTpu-
MaHi pe3y/ibTaTu PO3LIMPIOOTb HayYKOBE YABNEHHA NPO Me-
XaHi3MuK BMNAMBY CKNagy Hiomacu Ha npouecn TepmidyHoro
OKMCHEHHA Ta YTBOPEHHA MOIOTAHTIB, WO € BAXK/IMBUM ANA
PO3BUTKY  KOHUenuii  «uyuctoro  3ropaHHa»  (Clean
Combustion).

MpaKkTUYHa 3HaYYyLLiCTb AOCNIAXKEHHA nondrae y dopmy-
BaHHi 6a3un gaHux ana sBMbopy onTuManbHUX Buais b6iona-
J/INBA 3a1EXKHO Bif, YMOB eKcnayaTal,ii eHepreTMYHmx ycra-
HOBOK, @ TAaKOX Y MO/IMBOCTi BUKOPUCTAHHA pe3y/bTaTiB
[ONA BAOCKOHANEHHA MoJenel OUiHKN BUKUAIB Y CMCTEMaX
€HepreTM4HOro MOHITOPUHIY Ta eKoNorivHoi cepTudikauii
nanusa.

MepcnekTMBKM NoganbluMX JOCNIAXKeHb nepeabayatoTb po-
3p06NEHHA YMCENbHUX MoZenen B3aemogii XimiyHoro
cKnagy 6ionanuea 3 peXMMHUMU NapameTpamm ropiHHA,
BMBYEHHS BNANBY HAHOA06aBOK Ha MPOLLECU OKMCHEHHA Ta
eKcnepumeHTaNnbHy NepeBipKY NPOrHO30BaHMX eMICiltHMX
3a/1e}KHOCTEN Y peanbHUX eHEePreTUYHUX CUCTEMAX.
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Abstract. The article investigates the environmental aspects of
biofuel combustion with a focus on the influence of fuel
composition on the formation of harmful emissions. The study’s
relevance stems from the global need to reduce anthropogenic
air pollution and greenhouse gas emissions in the context of the
transition to renewable energy sources and carbon neutrality
goals. The relationship between the elemental composition of biomass—namely carbon, hydrogen, oxygen,
nitrogen, sulfur, ash, and moisture content—and the emission levels of major pollutants such as sulfur oxides
(S0;), nitrogen oxides (NO,), carbon dioxide (CO,), and particulate matter (PM) is analyzed. The
methodological framework of the research combines literature data, experimental results, and stoichiometric
calculations to assess specific emission indices. The obtained results reveal consistent correlations between
the content of sulfur, nitrogen, and ash in biofuels and the intensity of pollutant formation during
combustion. The lowest emission levels were recorded for miscanthus, wheat straw, corn residues, and
sawdust pellets, whereas peat, rice husk, and sunflower husk demonstrated higher SO, and PM emissions.
For liquid biofuels, alcohol-based fuels (bioethanol, biomethanol) exhibited the lowest carbon footprint, while
pyrolysis bio-oil and animal-fat derivatives showed elevated emissions, requiring optimized combustion
control. Among gaseous biofuels, biomethane demonstrated the best ecological performance, characterized
by minimal formation of SO., NO., and CO. The scientific novelty of the work lies in the comprehensive
comparison of solid, liquid, and gaseous biofuels based on their chemical and environmental characteristics.
The practical significance of the study consists in the development of selection criteria for eco-efficient
biofuels and recommendations for optimizing combustion parameters to minimize environmental impact and
enhance air quality in energy systems operating on renewable fuels.

12,3 National Technical University of
Ukraine "lIgor Sikorsky Kyiv Polytechnic In-
stitute", Kyiv, Ukraine

Keywords: biofuel, fuel composition, emissions, sulfur oxides, nitrogen oxides, particulate matter, environ-
mental safety, decarbonization.

Introduction. Modern energy systems are undergoing a
profound transformation driven by global trends of decar-
bonization, the transition to renewable energy sources, and
the need to reduce anthropogenic greenhouse gas emis-
sions. In this context, biofuels are considered one of the
most promising alternatives to conventional fossil energy
carriers due to their renewability, potential carbon neutral-
ity, and the possibility of utilizing locally available feed-
stock. According to estimates by the International Energy
Agency, the share of bioenergy in the global energy balance
is gradually increasing; however, the efficiency of its appli-
cation is largely determined by the quality and composition
of specific types of biomass.

The chemical composition of biofuels is a key factor that
determines both the energy and environmental character-
istics of the combustion process. The content of carbon (C)
and hydrogen (H) directly affects the calorific value and the
formation of carbon dioxide (CO,) and water vapor (H,0),
whereas nitrogen (N) and sulfur (S) are the primary sources

of nitrogen oxides (NO,) and sulfur oxides (SO,), which are
among the most hazardous atmospheric pollutants. High
ash content (A) and moisture content (W) deteriorate com-
bustion completeness, lead to the formation of fine partic-
ulate matter, slagging, and reduced efficiency of heat-gen-
erating units. Thus, a detailed analysis of the elemental
composition of biofuels is a necessary prerequisite for as-
sessing their energy potential, environmental safety, and
suitability for use in energy supply systems.

Given the diversity of organic feedstock—from agricul-
tural residues to woody biomass and biogas—there is a
need to systematize data on their composition and to
compare their environmental performance indicators.
This makes it possible to establish the relationship be-
tween the chemical parameters of biofuels and the level
of harmful substance formation during combustion, which
forms the basis for selecting the optimal type of fuel with
regard to energy efficiency and environmental protection
requirements.
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Literature Review. The increasing use of biomass as a re-
newable energy resource necessitates a comprehensive
understanding of the processes of harmful substance for-
mation during its combustion and gasification. Despite the
carbon neutrality of biofuels, their composition—particu-
larly the content of nitrogen, sulfur, chlorine, ash, and alkali
elements—significantly influences the formation of nitro-
gen oxides (NOy), sulfur oxides (SOy), particulate matter
(PM), and toxic organic compounds. As noted in [1] and [2],
the primary source of NOx during biomass combustion is
fuel-bound nitrogen, whereas the contribution of thermal
mechanisms is secondary. The influence of nitrogen and
sulfur on gasification processes and NO,/SOy formation is
determined both by their content in the original fuel and by
combustion conditions, as confirmed by studies [3,4] on the
combustion of biodiesel and its blends with diesel fuel.

The mineral composition of biofuels also plays an im-
portant role in emission formation. The interaction of alkali
(Na, K) and alkaline earth (Ca, Mg) elements with chlorine
and sulfur determines the mechanisms of formation of sub-
micron particulate matter, chlorides, and sulfates, which
enhance ash corrosivity and toxicity [5—7]. For fuels with
high silica content, such as rice husk, phase transformations
of SiO; in ash significantly affect the formation of fine par-
ticulate matter and toxic compounds [8,9].

Pre-treatment of biomass—such as drying, torrefaction,
blending of different fuel types, or modification with nano-
additives—is considered an effective approach to reducing
emissions of NO,, SO,, and PM. As demonstrated in [10]
and [11], changes in elemental composition following ther-
mal pre-treatment of biomass or the combustion of frac-
tions with lower S/N/Cl content contribute to the reduction
of harmful emissions. Nano-additives in biodiesel also influ-
ence the mechanisms of NO, and suspended particulate
formation [12], demonstrating the potential for optimizing
fuel composition.

Particular attention is paid to gaseous biofuels—biogas, bi-

omethane, and gasification products. According to [13], im-
purities such as NHs, H,S, siloxanes, and moisture in biogas
significantly increase the formation of NO, and SOy. Report
[14] and review [15] emphasize that the composition of bi-
ogas and the selection of purification and upgrading tech-
nologies determine the level of methane losses and the
overall environmental performance of the systems.

The dependence of environmental characteristics on the
type of biomass has been confirmed by numerous studies.
For rice husk [16], low NO levels but a high tendency for the
formation of SiO,-enriched particles have been identified.
Review [17] generalizes that the type of biomass, impurity
concentrations, and combustion conditions determine the
profile of toxic emissions—from heavy metals to polycyclic
aromatic hydrocarbons (PAHs) and volatile organic com-
pounds (VOCs). Satellite-based analysis [18] confirms that
even natural biomass fires exhibit a dependence of CO
composition and other combustion products on the bio-
chemical composition of vegetation.

In scientific studies, approaches based on the analysis of el-
emental composition and physicochemical properties are
widely used to assess the environmental characteristics of

biofuels. A number of works have established the presence
of correlation relationships between biofuel composition
and the level of harmful emissions generated during ther-
mochemical conversion, particularly nitrogen oxides and
particulate matter [18-19].

At the same time, research findings indicate that the mag-
nitude of pollutant emissions is determined not only by the
elemental composition of the fuel but also by process con-
ditions—namely the temperature regime, excess air coeffi-
cient, and design features of the energy installation [20]. In
this regard, the use of correlation relationships between
biofuel composition and the formation of harmful sub-
stances is appropriate primarily for preliminary prediction
of environmental indicators, but it requires consideration
of the technological parameters of the fuel’s energy con-
version process.

In summary, the composition of biomass—both organic
(content of C, H, O, N, S) and inorganic (mineral and ash
components)—is a determining factor in the formation of
the structure and volume of harmful emissions during com-
bustion and gasification. Therefore, assessing the relation-
ship between the elemental and mineral composition of
biofuels and the environmental performance of the com-
bustion process is a key direction of contemporary research
in the context of sustainable development and the energy
transition [21-23].

Problem Statement. Atmospheric air pollution resulting
from biofuel combustion remains one of the key environ-
mental challenges of our time. Emissions of nitrogen oxides
(NO,), sulfur oxides (SOy), and suspended particulate mat-
ter (PM) are largely determined by the chemical composi-
tion of the fuel and the conditions of its combustion. Biofu-
els are characterized by varying contents of carbon,
hydrogen, oxygen, nitrogen, and sulfur, as well as the pres-
ence of mineral impurities and metals that interact with
combustion products. Therefore, the objectives of this
study are:

1. To investigate the influence of biofuel composition on
the formation of major harmful emission compo-
nents—NO,, SO,, CO, and PM.

2. To develop recommendations for the selection of biofu-
els and their combustion regimes in order to minimize
environmental impact and ensure the environmental
safety of energy systems.

The implementation of these objectives makes it possible
not only to obtain scientifically substantiated data on the
relationship between fuel composition and emissions, but
also to contribute to the development of strategies for the
environmentally safe use of biofuels at both industrial and
domestic levels.

Main Body. For assessing the environmental characteristics
of various types of biofuels, their elemental composition is
of primary importance, since the content of the main ele-
ments—carbon (C), hydrogen (H), oxygen (0O), nitrogen (N),
sulfur (S), ash (A), and moisture (W)—determines the calo-
rific value, the level of harmful emissions, and the environ-
mental safety of combustion.
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Table presents data on the composition of solid, liquid, and
gaseous biofuels that are widely used in energy and indus-
trial installations.

A high content of carbon and hydrogen indicates a signifi-
cant energy potential of the fuel, whereas elevated concen-
trations of nitrogen and sulfur may lead to increased emis-
sions of nitrogen oxides (NO,) and sulfur dioxide (SO,).

Thus, the analysis of the presented data makes it possible
to determine which types of biofuels are the most environ-
mentally safe and which, on the contrary, are associated
with increased emissions of harmful substances, which is
crucial for selecting the optimal fuel from the standpoint of
energy efficiency and environmental protection.

Based on the data presented in the Table reflecting the
chemical composition of biofuels, emissions of the main
pollutants—NOy, SO,, CO, and suspended particulate mat-
ter (PM)—were evaluated. The calculations were per-
formed using mass balance and stoichiometric relation-
ships during combustion, taking into account the content of
nitrogen, sulfur, and mineral impurities in the fuel, as well
as its calorific value. The obtained results are presented
graphically to demonstrate the influence of biofuel compo-
sition and thermochemical conversion conditions (temper-
ature regime, excess air coefficient, combustion regime) on

Table. Composition of solid, liquid and gaseous biofuels

the concentrations of harmful substances, which makes it
possible to assess compliance with current environmental
standards and the technological efficiency of the process.

Solid Biofuels. To assess the environmental characteristics of
solid biofuels, the chemical composition of 20 biomass sam-
ples was investigated, including the content of the main ele-
ments (C, H, O, N, S), as well as ash content (A) and moisture
content (W). The results of the elemental analysis are pre-
sented in Table. The determination of fuel composition was
carried out experimentally under laboratory conditions.

Based on the obtained data, the specific emission indica-
tors of harmful substances (kSO,, kNOy, kCO,, kts) were cal-
culated. The calculations were performed using the mass
balance method with the application of stoichiometric re-
lationships between the elemental composition of the fuel
and the products of its thermochemical conversion.

Figure 1 presents a comparative analysis of the emission in-
dicator kSO, for various types of biofuels derived from ag-
ricultural and wood residues. The data indicate significant
variability in the level of sulfur dioxide formation depend-
ing on the type of fuel and its chemical composition. The
highest emission values are observed for peat (dry) , where
kSO, exceeds 450 g/GJ, which is associated with an in-
creased sulfur content in the original feedstock.

Ne | Fuel C,% H% 0% N% S% A,% W%
SOLID BIOFUELS
1 Sunflower husk 48,25 584 41,03 081 0,24 383 11,85
2 Wheat straw 47,2 5,8 39,56 0,7 0,17 6,4 10
3 Corn residues (stalks, cobs) 46,23 589 4587 0,65 0,01 5,58 0
4 Rice husk 3892 555 37,94 035 0,02 17,13 10
5 Miscanthus 48,6 6 42,72 0,3 0,08 2,3 8,6
6 | Softwood (mixed) 53,15 6,68 36,79 0,19 0 3,19 37,3
7 White oak 50,24 5,46 438 0,36 0,01 1,52 0
8 Barley (whole plant) 45,86 5,92 42,97 0,43 0,2 4,26 6,2
9 Sugarcane bagasse 49,99 586 43,92 0,15 0,08 0 0
10 Mango seeds (food industry waste) 43,8 6,79 45,18 1,13 0,09 3,01 51,41
11  Rapeseed straw 46,5 6 43 0,8 0,2 6,5 10
12  Sawdust (mixed) 51 6 42 0,2 0,02 1 10
13 Common reed 47,5 5,9 43,9 0,6 0,1 4 9
14  Buckwheat husk 48 5,6 40 0,7 0,1 6 10
15 | Corn cobs 46 6 44 0,6 0,1 5 8
16 Wood chips 50 6 43 0,2 0,02 1 15
17  Sawdust pellets 51 6 41 0,3 0,02 0,7 10
18 | Grapevine residues 49 5,9 43 1 0,1 4 8
19  Nutshells 52 6 40 0,3 0,05
20  Peat (dry) 55 6 33 2 0,5 5 30
LIQUID BIOFUELS
Bioethanol 52,17 13,04 34,78 0 0
2 Biodiesel (rapeseed oil methyl ester) 77 12 11 0,1 0,01
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Ne  Fuel

3 Biomethanol

4 Bio-oil (pyrolysis liquid)

5 Bio-based oil from animal fats

GASEOUS BIOFUELS

Biogas (manure, corn silage)
Biomethane (purified biogas)

Wood pyrolysis gas (syngas)

Gas from sunflower husk (gasification)

Biogas from food waste

o s W N

Charcoal-derived gas (gasification)

High values are also observed for sunflower husk (~250
g/GJ) and oak wood (~200 g/GlJ). In contrast, wheat straw ,
corn residues, rice husk, miscanthus, as well as softwood
are characterized by minimal emission levels not exceeding
50 g/GJ. This indicates their environmental advantage as
fuels with a low SO, formation potential.

Among combined and industrial bio-wastes, moderate
emission values are observed for mixed sawdust, rapeseed
straw, and grapevine residues, where kSO, amounts to
100-150 g/GJ. Sawdust pellets and nut shells also demon-
strate relatively low emission levels, confirming the effec-
tiveness of pelletized biofuels for environmentally safe
combustion. In general, it can be noted that the type of bi-
omass significantly affects the SO, formation indicator, and
the selection of fuels with low sulfur content (straw, mis-
canthus, wood residues) is a key factor in reducing the en-
vironmental impact of energy installations.

The obtained results confirm that the value of the kSO,
emission indicator largely depends on the sulfur content in
biomass and the conditions of its thermal conversion. Bio-
mass of plant origin (straw, miscanthus, corn residues, rice
husk) generates minimal amounts of sulfur dioxide due to
the low content of mineral sulfur in the cellular structure.
This makes such fuels environmentally attractive for use in
small and medium-sized boiler units aimed at reducing an-
thropogenic emissions. Increased emission values for peat,
hardwood, and sunflower husk are explained by the pres-
ence of organic and sulfate sulfur compounds, which par-
tially transition into the gas phase during combustion. The
high intensity of SO, formation during the combustion of
such materials requires the implementation of flue gas
cleaning systems or optimization of the furnace tempera-
ture regime in order to minimize sulfur oxidation processes.

A comparison of the obtained results with data from previ-
ous studies [19—20] shows similar trends: the lowest emis-
sions are observed for energy crops with low ash and sulfur
content, whereas organic wastes of industrial origin are
characterized by greater variability in emission indicators.

Figure 2 presents the results of a comparison of the specific
emission indicators of carbon dioxide (kCO,) during the
combustion of various types of biomass.
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Fig. 1. Comparative analysis of (kSO2) emission indicators
for different types of solid biofuels
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Fig. 2. Results of comparison of specific carbon dioxide
emission indicators (kCO2) when burning different types of
solid biomass: sunflower husk, wheat straw, corn residues

(stalks, cobs), rice husk, miscanthus, mixed softwood,

white oak, barley (whole plant), sugarcane bagasse,
mango seeds (food industry waste), rapeseed straw, mixed
sawdust, common reed, buckwheat husk, corn cobs, wood
chips, sawdust pellets, grapevine residues, nut shells, and
dry peat.
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As shown in Figure 2, the kCO, values for most samples fall
within the range of 95,000-105,000 g/GJ, which is con-
sistent with typical indicators for biofuels characterized by
a nearly neutral carbon balance, since the carbon released
during combustion was previously absorbed by the plant
during photosynthesis. The highest emission level is ob-
served for mango seeds (waste) —exceeding 111,000 g/GJ,
which may be attributed to a high content of volatile car-
bon compounds and incomplete combustion. White oak,
rice husk, and rapeseed straw also demonstrate slightly el-
evated values, indicating the presence of organic com-
pounds with a higher carbon fraction in their structure.
The lowest CO, emission values are observed for peat (dry)
and nut shells, where kCO; is approximately 93,000-95,000
g/GJ. This may be associated with a higher calorific value
and more efficient carbon utilization during the thermo-
chemical conversion of these materials.

From the standpoint of the “emissions—energy output” ra-
tio, miscanthus, corn residues, and wheat straw can be con-
sidered the most environmentally optimal, as they exhibit
stable emission values combined with high energy poten-
tial. The use of such types of biomass in industrial boilers
allows for a reduction in the overall carbon footprint of en-
ergy systems without compromising combustion efficiency.
Figure 3 presents a comparative analysis of nitrogen oxides
emission indicators (kNOy) for various types of biofuels.
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Fig. 3. Comparative analysis of nitrogen oxide emission in-
dicators (kNOx) for different types of biofuels: sunflower

husk, wheat straw, corn residues (stalks, cobs), rice husk,
miscanthus, mixed softwood, white oak, barley (whole
plant), sugarcane bagasse, mango seeds (food industry
waste), rapeseed straw, mixed sawdust, common reed,

buckwheat husk, corn cobs, wood chips, sawdust pellets,

grapevine residues, nut shells, and dry peat.

As shown in the graph, the level of NO, formation varies sig-
nificantly depending on the origin and physicochemical prop-
erties of the fuel. The highest emission values are recorded
for peat (dry), indicating intensive formation of nitrogen ox-
ides during its combustion. This is explained by the high con-
tent of nitrogen-containing compounds in peat. Elevated val-
ues are also observed for certain agricultural residues, in
particular rapeseed straw, grapevine residues, and corn
cobs. In contrast, the lowest emission levels are characteris-
tic of woody biofuels, including white oak, softwood

(mixture), and sawdust pellets . This indicates that woody bi-
omass has more favorable environmental characteristics in
terms of nitrogen oxide formation during combustion. Mod-
erate emission values are observed for sunflower husk ,
wheat straw, and corn residues, suggesting the feasibility of
their use under proper control of the combustion process.

The obtained results confirm that the type of biofuel signif-
icantly affects the level of NOy formation, and the use of
woody biomass or sawdust pellets can be an effective way
to minimize the negative impact on atmospheric air.

Figure 4 presents a comparative diagram of particulate
matter emission indicators (kts , g/GJ) for various types of
biofuels.

The analysis of the obtained results indicates significant dif-
ferences in the levels of particulate pollutant formation de-
pending on the chemical composition and ash content of
the fuel. The highest emission values are observed for rice
husk (over 90 g/GJ), indicating intensive formation of par-
ticulate matter during its combustion. Elevated levels are
also characteristic of sunflower husk, wheat straw, rape-
seed straw, and meadow grasses, which is due to high ash
content and the presence of silica compounds in their com-
position.

In contrast, coniferous and deciduous wood, pellets, saw-
dust, and peat demonstrate the lowest emission levels (up
to 20 g/G)), indicating their relative environmental safety
and suitability as fuels with minimal impact on the atmos-
phere. Intermediate values are characteristic of corn, mis-
canthus, grapevine processing residues, and nut shells,
which can be classified as biofuels with a moderate level of
particulate emissions.
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Fig. 4. Comparative diagram of particulate matter emis-
sion rates (kts, g/GJ) for different types of solid biofuels:
sunflower husk, wheat straw, corn residues (stalks, cobs),
rice husk, miscanthus, mixed softwood, white oak, barley
(whole plant), sugarcane bagasse, mango seeds (food in-
dustry waste), rapeseed straw, mixed sawdust, common
reed, buckwheat husk, corn cobs, wood chips, sawdust pel-
lets, grapevine residues, nut shells, and dry peat.

The conducted comparative analysis of emission character-
istics of various types of biofuels (Figs. 1-4) has demon-
strated a significant influence of the chemical composition
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and ash content of the fuel on the level of formation of the
main pollutant components (SO,, NO,, CO,, and particulate
matter). The best environmental performance was demon-
strated by miscanthus, wheat straw, corn residues, sawdust
pellets, and softwood, which are characterized by low spe-
cific emissions of sulfur and nitrogen oxides (up to 50 g/Gl)
and minimal particulate matter content (up to 20 g/Gl).
These types of biomass are distinguished by a stable carbon
balance (kCO, = 95,000—105,000 g/GJ), indicating relatively
predictable CO, formation during combustion. The stability
of the carbon balance ensures more controlled combustion
conditions, reduces the risk of exceeding permissible emis-
sion limits, and facilitates compliance with regulatory re-
quirements at both industrial and domestic levels.

In small and medium-sized boiler units, where combustion
process parameters may be less regulated, the use of bio-
mass with a predictable carbon balance allows for environ-
mentally safe equipment operation, minimizes the for-
mation of CO, NOy, and SO,, and optimizes heat output.

The group of biofuels with moderate emission indicators in-
cludes rapeseed straw, sunflower husk, grapevine residues,
and nut shells, which require combustion regime control to
minimize SO, and NOy emissions.

The highest pollution levels are recorded for peat and rice
husk. In the first case, this is due to an increased content of
sulfur and nitrogen compounds, leading to intensive for-
mation of SO, and NO, (over 450 g/GJ), whereas in the sec-
ond case, it is associated with high ash content and the
presence of silica, resulting in the formation of a significant
amount of particulate matter (>90 g/GJ). Such fuels require
the implementation of flue gas cleaning systems or optimi-
zation of the combustion temperature regime to reduce
environmental impact.

In summary, it has been established that the selection of bi-
omass with low sulfur, nitrogen, and ash content is a key fac-
tor in reducing harmful emissions and ensuring the environ-
mental efficiency of energy systems using solid biofuels.

Liquid Biofuels. A comprehensive study of the influence of
biofuel composition on emission indicators is important for
both solid and liquid forms. The results obtained for solid
biomass materials make it possible to identify relationships
between elemental composition, ash content, and the for-
mation of pollutants during combustion. At the same time,
similar approaches can be applied to the assessment of lig-
uid biofuels, in which oxidation processes exhibit different
kinetics but are governed by the same determining factor—
the chemical composition of the initial feedstock.

A comparison of the emission characteristics of solid and
liquid biofuels provides a comprehensive understanding of
the influence of fuel nature on the environmental perfor-
mance of energy systems and creates a basis for optimizing
fuel selection depending on the type of installation and op-
erating conditions.

One of the key criteria for the environmental efficiency of
biofuels is the level of carbon dioxide (CO,) emissions

during their combustion. Figure 5 presents comparative in-
dicators of kCO, emissions (g/GJ) for the main types of lig-
uid biofuels.
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Fig. 5. Comparative emission indicators (kCO2, g/GJ) for
the main types of liquid biofuels: bioethanol, biodiesel
(rapeseed oil methyl ester), biomethanol, bio-oil (pyrolysis
liquid), bio-based oil from animal fats

The obtained results indicate that CO, emission indicators
vary significantly depending on the chemical composition
of the fuel and the technology of its production. The highest
emission level is recorded for bio-oil (pyrolysis liquid) —
about 100,000 g/GlJ, which is explained by the high carbon
content in its structure. Slightly lower values are observed
for biodiesel (rapeseed oil methyl ester) and bio-oil from
animal fats , where emissions are approximately 75,000—
85,000 g/GlJ.

Bioethanol and biomethanol are characterized by relatively
lower emission values—at the level of 60,000-70,000 g/GJ,
which is due to a lower carbon content in the molecular
structure of alcohols and more complete combustion of
these substances. These values indicate a smaller contribu-
tion of these biofuels to greenhouse gas emissions at equal
energy output.

Thus, among the studied types of biofuels, bioethanol and
biomethanol are the least carbon-intensive and can be con-
sidered priority alternatives for reducing the carbon foot-
print in energy systems. In contrast, the use of bio-oil re-
quires additional emission control measures or
optimization of combustion processes to improve environ-
mental performance.

The study of environmental characteristics of biofuels is an
important stage in assessing their impact on atmospheric
air quality. Figure 6 presents comparative indicators of sul-
fur oxides (SOy) and nitrogen oxides (NOy) emissions for the
main types of biofuels: bioethanol , biodiesel (rapeseed oil
methyl ester) , biomethanol, bio-oil (pyrolysis liquid) , and
bio-oil from animal fats .

The results obtained show that bioethanol and biometha-
nol practically do not produce sulfur oxides, which is ex-
plained by the absence of sulfur compounds in their chem-
ical composition. Biodiesel is characterized by low SOy
emissions (approximately 5 g/GJ) and a low level of NO,,
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indicating its relative environmental safety compared to
other liquid biofuels.

corn-based biogas, purified biogas (biomethane), and gas
from charcoal—practically does not produce these compo-
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biofuels: bioethanol, biodiesel (rapeseed oil methyl ester),
biomethanol, bio-oil (pyrolysis liquid), bio-based oil from
animal fats

The highest emission levels are observed for bio-oil (pyrol-
ysis liquid) and bio-oil from animal fats , where the concen-
tration of sulfur oxides reaches 40-50 g/GJ and nitrogen ox-
ides 8-10 g/GlJ. This trend is explained by the elevated
content of sulfur- and nitrogen-containing compounds in
the initial feedstock, as well as the complexity of the com-
bustion process for these types of fuel.

In summary, it can be concluded that alcohol-based biofu-
els (bioethanol, biomethanol exhibit the best environmen-
tal performance among the studied samples, whereas bio-
oil and fat-derived fuels require additional purification or
improvements in combustion technologies to reduce SOy
and NOy emissions. This emphasizes the importance of con-
sidering the chemical composition of biofuels when devel-
oping decarbonization strategies and transitioning to low-
carbon energy systems.

Gaseous Fuels. The next stage of the study concerns gase-
ous biofuels, which occupy a special place among renewa-
ble energy resources due to their high calorific value, low
levels of harmful emissions, and versatility of application.
This group includes biogas , syngas , and hydrogen, which
can be used as standalone energy carriers or in mixtures
with natural gas. Gaseous biofuels ensure the cleanest
combustion process, minimizing the formation of SO, NO,,
and particulate matter, and also open prospects for decen-
tralized energy supply and low-carbon technologies. The
analysis of their emission characteristics is important for as-
sessing the potential for a complete transition to renewa-
ble energy sources and for developing integrated solutions
in the context of sustainable energy development.

Figure 7 shows a comparison of sulfur oxide and nitrogen
oxide emissions for different types of biogases and gaseous
fuels.

In terms of sulfur oxide emissions, the highest values are
observed for biogas derived from food waste (exceeding
100 g/GlJ), whereas biogas from other sources—particularly

Fig. 7. Comparative emission indicators of sulfur oxides
(50) and nitrogen oxides (NOy) for different types of bio-
gas and gaseous fuels: biogas (manure, corn silage), bio-

methane (purified biogas), wood pyrolysis gas (syngas),
gas from sunflower husk (gasification), biogas from food

waste, charcoal-derived gas (gasification)

Regarding nitrogen oxides, their levels are significantly
lower across all considered options; however, there is a no-
ticeable trend of increasing emissions in the same samples
where sulfur oxide levels rise. This indicates a correlation
between the impurity content in the original feedstock and
the intensity of oxide formation during combustion.

Thus, biomethane and corn-based biogas are the most en-
vironmentally favorable in terms of harmful emission indi-
cators, whereas biogas from food waste requires additional
purification or improvements in combustion technologies
to reduce emissions.

Figure 8 presents a comparison of carbon oxide emission
indicators for various types of biogas and gaseous fuels.

& 120000

Emission indicator Kso

Fig. 8. Comparison of carbon oxide emission rates for dif-
ferent types of biogas and gaseous fuel: biogas (manure,
corn silage), biomethane (purified biogas), wood pyrolysis
gas (syngas), gas from sunflower husk (gasification), bio-
gas from food waste, charcoal-derived gas (gasification)
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The highest carbon oxide emissions are observed during
the use of gas derived from charcoal, where the emission
factor exceeds 140,000 g/GJ. Significant emissions are also
recorded for biogas from manure and corn feedstock (over
90,000 g/Gl), as well as for biogas from food waste (approx-
imately 85,000 g/GlJ). In contrast, biomethane (purified bi-
ogas) demonstrates the lowest level of carbon oxide for-
mation—about 55,000 g/GJ. Similar values are observed for
gas derived from sunflower feedstock and wood pyrolysis
gas, indicating relatively cleaner combustion processes for
these fuel types.

The obtained results indicate a significant influence of bio-
gas purification quality and feedstock composition on the
intensity of nitrogen compound formation. Biomethane,
due to its high degree of purification, proves to be the most
environmentally friendly among the considered options. In
contrast, the use of charcoal-derived gas requires addi-
tional technological measures to reduce carbon oxide emis-
sions, which is an important condition for compliance with
environmental standards in the energy utilization of biofu-
els.

Additional analysis of literature sources [5-7, 19-20] indi-
cates that combustion temperature and operating param-
eters of boiler units significantly affect the intensity of sul-
fur and nitrogen oxide formation. An increase in
temperature promotes the oxidation of sulfur-containing
compounds to SO,, while excess air increases the fraction
of thermal NO,. For biomass with low nitrogen content
(straw, miscanthus), this effect is negligible; however, for
fuels with elevated N and S content (peat, sunflower husk),
high combustion temperatures intensify pollutant for-
mation. Thus, the combination of low-temperature com-
bustion with control of the excess air coefficient is an effec-
tive approach to reducing SO, and NOx emissions,
confirming the relationship between fuel composition and
thermal process parameters.

Based on the conducted analysis, practical recommenda-
tions for the selection of biofuels and their combustion re-
gimes can be formulated. To ensure minimal emissions of
sulfur and nitrogen oxides, it is advisable to use biomass
with low S and N content (wheat straw, miscanthus, corn
residues, sawdust pellets). Optimal combustion condi-
tions—maintaining temperatures within the range of 850—
950 °C and an excess air coefficient of 1.1-1.3—are derived
from an analysis of literature data on efficient solid biofuel
combustion and the minimization of harmful emissions
[24-25]. These parameters correspond to conditions under
which more complete fuel combustion is achieved with
minimal formation of CO, NO,, and SO,, consistent with en-
vironmental safety standards for small and medium-sized
boiler units. The application of these approaches will con-
tribute to reducing environmental impact and improving
the efficiency of biofuel-based energy systems.

Conclusions. The conducted study demonstrates that the
elemental and mineral composition of biofuel is a deter-
mining factor in shaping its environmental characteristics.
It has been established that the concentrations of sulfur,

nitrogen, and ash-forming components directly correlate
with the emission levels of SO,, NOy, CO,, and particulate
matter, while the carbon and hydrogen content determines
the energy efficiency of the combustion process. A compre-
hensive analysis of solid, liquid, and gaseous biofuels has
shown that biomass with low S, N, and ash (A) content (in
particular, miscanthus, wheat straw, corn residues, and
sawdust pellets) is characterized by minimal specific emis-
sion indicators and a stable carbon balance, making it suit-
able for use in small- and medium-capacity boiler systems
without the need for complex gas cleaning systems.

Liquid biofuels of the alcohol type (bioethanol, biometha-
nol) were found to be the least carbon-intensive among the
studied samples, whereas bio-oils and lipid-derived fuels
require technological optimization to reduce SOx and NOy
levels. Gaseous biofuels, particularly biomethane, demon-
strated the highest environmental efficiency due to the ab-
sence of sulfur-containing impurities and more complete
combustion.

The obtained results make it possible to formulate recom-
mendations for selecting biofuels with an optimal ele-
mental composition and appropriate combustion regimes
to ensure minimal emissions of SO, and NOx.

The scientific novelty of this work lies in the development
of a generalized methodology for assessing the environ-
mental performance of biofuels based on their elemental
composition, with the subsequent possibility of predicting
pollutant emissions without conducting full-scale experi-
ments. The results expand the scientific understanding of
the mechanisms by which biomass composition influences
thermal oxidation processes and pollutant formation,
which is important for the development of the “Clean Com-
bustion” concept.

The practical significance of the study lies in the creation of
a database for selecting optimal types of biofuels depend-
ing on the operating conditions of energy systems, as well
as in the possibility of applying the results to improve emis-
sion assessment models in energy monitoring systems and
environmental certification of fuels.

Prospects for further research include the development of
numerical models describing the interaction between the
chemical composition of biofuels and combustion parame-
ters, the study of the effects of nano-additives on oxidation
processes, and the experimental validation of predicted
emission relationships in real energy systems.
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