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AHomayifa. O6’ekmom 00cniOHeHHSA € NPoyec mepmMoximMiYHOT KOH8epCii pocuHHOI biomacu 8 KombiHO8aHiI(l ni-
poni3Ho-2a3ugiKayiliHili ycmaHosui 3 iHMe2poB8aHUMU 30HAMU B8iOHOB/EHHS, O4UWEHHS ma 36a2a4eHHA CUH-
me3s-2a3y. Memoto pobomu € mernsomexHiyHe 06rpyHmMy8aHHA pexcumie pyHKUIOHY8AHHA Kamepu Cyxo2o nipo-
i3y ma 30HU BiOHOB/AEHHA 3 YPOAXYBAHHAM ymeopeHHA 800AHOI napu U nepebicy sucoKkomemnepamypHux
2emepozeHHUxX peakuili. BcmaHoeneHo, wo nio Yac niposnisy 1 ke neaem gpopmyemeocs 6aussko 0.269 Ke 800HOT
napu, wo eidnosioae 27 % 8i0 macu 8uxioHoi cuposuHU. bau3bko 52 % 3a2aabHOI KinlbKocmi 800SHOI napu 8uodi-
A9€EMbCA 8 memnepamypHomy iHmepsani 100—130 °C, wjo 3yMOo8s1H0€E MAKCUMAsIbHE MEerna08e Ha8AHMAXEHHA
Ha 30HY 8i0OHOBMeHHSA. BoOsiHa napa Hadxodume y peakuiliHuli 06’em 3 memnepamypotro, 6au3sbkoro 0o 100 °C, i
nompebye 000amxosoz20o nidsedeHHA mersaomu 014 HazpisaHHA 00 poboyoezo dianazoHy 800-1000 °C. BuKo-
HAHO OUiHKBAHHA 8UMPAM Mernsa0mu Ha Ha2pPi8aHHA 800AHOI napu ma 3abe3neyeHHA MPOMiKaHHA eHoomepMi-
YHUX peaKyili it 83aemo0ii 3 8yaneyem. BUsHa4eHO 3arac 8HympiWHbOI eHepaii Wwapy po3sizpimozo depesHo2o 8y-
2innsa 3a donycmumozo 3HuMceHHa memnepamypu 3 1000 0o 820 °C. Po3paxosaHO 8enuvuHy 000amkKoeoi
romyxHocmi, HeobxiOHOI 0519 KoMreHcauii MiKosux MerisIo8ux euMpPAmM y 30Hi 8iOHoeseHHA. [Toka3aHo, Wo cy-
MapHA MOMYIHICMb eneKmpoHazpieaHHsA Ha pisHi 6,5 kBm 3a6e3nevye niompumaHHa cmabinbHo20 memnepa-
mypHoz0 pexcumy. ObrpyHmMosaHo HeobxiOHy mosujuHy mennoizonayiliHozo wapy 3 0epesHozo 8yeinnd. MiHi-
MasIbHA PO3PAaxXyHKOBA MOBWUHA cmaHosumes 70 MM. ¥ KOHCMPYKMUBHOMY 8UKOHAHHI rnpuliHamo 100 mm 3
yPaxys8aHHAM eKcriayamayiliHo2o 3anacy. Po3paxos8aHa weudKicms Ha2pi8aHHA rneaem y Kamepi cyxozo niposnisy
cmaHosums 5.08 °C/xe. EKcriepumeHmasnbHa nepesipka 3aceioyusna 6UCOKY y3200H#(eHiCMb po3paxyHKosuUx ma
eKcriepuMeHmanbHUx OaHUX; 3Ha4YeHHs iHOeKkcy 0emepmiHauii cmaHosume 0.989. OmpumaHi pe3ysasmamu rnio-
meepoxytoms Moxcaugicme cmabinbHo20 8UPobHUUMEBa cuHmMes-2a3y 3 NidsuweHo menaomaeopHor 30am-
Hicmio wiasaxom iHmezpauii npoyecie niponizy ma 8i0Ho8aAeHHA 8 EOUHIT MmexHOA02i4HIl cxemi.

Knrouoei cnosa: niponizHo-2a3ughikayitina ycmaHoeKa, biomaca, cuHme3-2as; 30Ha o4YuWeHHs i 36aza4yeHHs; rno-
MYHCHICMb es1eKmpoHazpisy.

BcTyn. CyyacHuii eTan po3BUTKY eHeproreHepyBabHUX CU-
CTEM XapaKTepPU3YETbCA NEepexoaom A0 AeLeHTpanisosa-

TaNlbHUMW BUTPATaMM Ta 0BMEKEHOK KomepLiiHO A0c-
TynHicTio uboro obnagHaHHA [3]. Y pesynbTati npomucaosi

HOro BMPOBOHMLTBA EIEKTPUYHOT EHEPTil 3 BUKOPUCTAHHAM
BiAHOBNOBaHUX gxKepen. LleHTpanizosaHi CTaHL,ii HA BUKO-
MHUX NasMBax NOCTYMOBO CKOPOYYOTb CBOKO YaCTKy Ha pu-
HKY eHepreTUYHUX pecypcis, TOAi AK YCTAaHOBKM ManoiTa ce-
peAHboi MOTYXKHOCTI, WO NpauoTb HA BigHOBAOBAHUX
Axepenax eHeprii, HabyBatoTb 3HAYHOro nolwupeHHa [1].
Nibepanisauia HopmaTuBHO-NpaBoBoi 6asn y chepi manoi
eHepreTMKM Ta 3pocTatoda notpeba B HafiiHOMY Ta CTa-
JIOMY eHepronocTayaHHi 3yMoBUAU NiABULLEHHA NONUTY Ha
obnapgHaHHA ona BUPObHMUTBA Ta 3bepiraHHA eHeprii AK
3arasiom, TaK, 30KpeMa, i eneKkTpuyHoi eHeprii [2].

CTOXaCTMYHWI XapaKTep BUPOBHULITBA eNleKTPUYHOI eHeprii
3 KNIMaTo3a/1eXXHUX BiGHOBNIOBAHMX AyKepen (30Kpema co-
HAYHOI Ta BITPOBOT eHepreTUKM) He 3abesneyye rapaHToBa-
HOi CTabinbHOCTI eNeKTponocTayaHHA, To4i AK BUKOPWUC-
TAaHHA napoBux i rasoBumx TypbiH Manoi BCTaHOB/EHOI
NoTy»KHOCTi (a0 200 KBT) 0bMeKyeTbCcA 3HAaYHMMMK Kani-

NiANPUEMCTBA aKTUBHO BNPOBALKYIOTb €1EKTPOreHepyBa-
/IbHI Ta KoreHepaLuiliHi ycTaHOBKM Ha 6asi nopwHesux B3,
LU0 NPALOOTb Ha BUKOMHMX Nanansax. EKOHOMiYHO npueab-
IMBe BMKOPUCTaHHA Nanue 3 6iomacu CTPUMYETbCA BUCO-
KO0 BapTicTio 061agHaHHA, CKNAAHICTIO ICHYOUMX TEXHO/0-
MYHUX piweHb Ta BIACYTHICTIO AOCTYMHMX 33 LiHOM
aHanoriB, YHacnigoK 4oro piBeHb iX MacoBOro BMpPOBa-
OXKEHHA 3a/IMLLAETLCA HU3bKUM [4].

CyuacHuii eTan TpaHcdopmalLii robanbHOI eHepreTUKM xa-
PaKTEPU3YETLCA HE INLLIE 3POCTaHHAM abCcoNtoTHUX obcAriB
CMNOXKMBaHHA efNleKTpoeHeprii, ane i 36inbleHHAM poni Bia-
HOB/IIOBAHMX EHEPropecypciB y CTPYKTYpi NePBMHHOIO eHep-
roCnoXMBaHHA Ta enekTporeHepalii [5]. 3a gaHummn MixkHa-
poaHoro eHepretTuyHoro areHtctBa (IEA), y 2024 poui
CBITOBMI NOMUT HA eNeKToeHeprito 3pic NpnbansHo Ha 4.3 %
NopiBHAHO 3 2023 poKOM, L0 iCTOTHO MEepeBULLYE cepeaHi
TEMMU NPUPOCTY 33 NONEepPeSHE AECATUNITTA Ta Bigobpakae
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aKTMBI3aL,il0 NpoLeciB Nepexoay Ha CMOXKMBaHHA eneKkTpoe-
Heprii B OCHOBHMWX CEKTOPaxX EKOHOMIKM y rnobanbHOMY mac-
wrabi. MoaibHa guHamika 3adikcoBaHa B 6inbLLOCTI perioHiB
CBiTy, 30Kpema B €Bponeicbkomy Coto3i, Ae 0b6cAr cnoxu-
BaHHA enekTpoeHeprii y 2024 poui 36inbIMBCA OPIEHTOBHO
Ha 1.5 % nopiBHAHO 3 nonepeaHim pokom [6]. 3riaHo 3 onpwu-
NOOHEHUMU MporHo3amu, y 2026 poui OYiKyeTbCcA nofa-
/iblle 3POCTaHHA CBiTOBOrO CMOMKMBAHHA eneKTpoeHeprii 3
cepeAHbOPiYHMM TEMNOM Ha piBHI 3.7 %, WO nepesuLLyBa-
TUME TEMMM 3POCTAHHA 3arasIbHOro CBITOBOr0 EHEProCnoXum-
BaHHA [7]. HaBeaeHi faHi NigTBEpAKYIOTb AOMIHYHOYY POb
€/IeKTPOEHEePreTUYHOrO CEKTOPY B CTPYKTYPI KiHL,EBOrO eHe-
ProcnoKmMBaHHA.

AIK 3a3HayeHo y poborTi [8], 6amn3bKko 70 % npupocTy cBiTO-
BOrO CMOXKMBAHHA NepBUHHOI eHeprii A0 2040 poKy npuna-
LATVIMe Ha CeKTOp efieKTporeHepaLii, Npy LibOMy TeMMU 3po-
CTaHHA MOMUTY Ha EeNIeKTPOEHEPTil0 YTPUYi MepeBuLLy-
BaTMMYTb AMHAMIKY CMOXKMBAHHA iHLWWX BUAIB eHeprii. 3a-
3HaueHa TeHAeHUuia Bigobpakae CTPyKTypHY nepeopieHTa-
ujito rnobanbHOro eHepreTMYHOro 6anaHcy Ha KOPUCTb enek-
TpoeHeprii AK AOMIHYHOYOIrO €HEepProHociA B CUCTEMI
KiHLLEBOro eHeprocrnoxmeaHHaA. BogHouac 6amsbko 39.3 %
CBITOBOro BUPOBHULTBA eneKkTpoeHeprii 3abe3nevyerbcs 3a
paxyHOK BYribHOI reHepaLiii, Lo 3yMOB/IHOE BUCOKUI pPiBEHb
BMKMAIB NapHUKOBUX rasiB Ta akTyanisye HeobxiaHicTb npuc-
KOpPEeHOT AeKapboHiszaLii eNeKTpoeHepreTUYHOro CcekTopy
LUAAXOM MaclTabHOro BNPOBaAKEHHSA BifHOBMIOBAHUX i HU-
3bKOBYI/IELLEBMX TEXHONOTIN.

Y CTPYKTYpi BiAHOBAIOBAHUX ArKepen eHeprii biomaca 3ait-
Ma€ NpPoBigHi No3uuii, AOMiHyOUM 33 ob6cAramm BUKOPUC-
TaHHA cepeg, iHWKX BMAiIB pecypcis. 3rigHo [9] bioeHepre-
TMKa 3abe3neyye 61M3bko 55 % cBiTOBOro BMpPOOHMLTBA
eHeprii 3 BigHOBNOBaHUX AKepen Ta GOpMYyE OPIEHTOBHO
9 % rno6anbHOro NepPBMHHOIO eHepronocTayaHHa (npub-
Nn3HO 56 EJ y 2023 poui), oxonawowum BUpo6HULUTBO Ten-
I0BOI Ta e/IeKTPUYHOT eHeprii, @ TaKoX PiAKuMX i rasonogi6b-
HUX 6ionanme. BM3HAuYanbHy pPOAb Y LbOMY CErMeHTi
Bigirpae gepesHa 6iomaca, LLLO XapaKTepU3YETbCA 3HAYHUM
BMICTOM CTPYKTYPHMX MNOjiCcaxapuais — nepeaycim uento-
no3u (38-50 % macu) Ta remiuentonosun, — AKi 3yMoBOOTb
il BUCOKY peaKuiliHy 34aTHICTb y npoLecax TepMoXimivHoT
KOHBepCii. BogHoOYac HMXKYa NMTOMa Tenn0Ta 3ropAHHA No-
PiBHAHO 3 BUKOMHMM NanNBOM, @ TaKOX TEXHOOTiYHI 1 No-
rCTUYHI OOMEXKEHHSA LWO0A0 BUMKOPUCTAHHA TBepamx biona-
B OOI'PYHTOBYIOTb AOLIMIBHICTL PO3BUTKY Ta BAOCKOHA-
JIeHHA TepMOXiMiYHMX MeTofiB KoHBepcii biomacwu, cnpa-
MOBAHWX Ha NiABULLEHHA eHepreTMYHoi Ta TEPMOANHAMIY-
HOT eEeKTMBHOCTI il BUKOPUCTAHHA.

Cepea TepMOXiMIYHUX TEXHONOTIN KOHBepcii biomacu icTo-
PUYHO AOMIHYE NPAME CNasItOBAHHA, AKE 3a/IMLLAETLCA OC-
HOBHWM CNocobom ii eHepreTMYHOro BUKOPUCTaHHA, Nepe-
Aycim y cektopi TensnoreHepauii. BogHoyac rnobanbHi
MaclTabu 6ioeHepreTMYHOT eneKkTporeHepauii € cyTTe-
BMMM: BCTAHOB/IEHA MOTYXKHiCTb BioeHepreT1KK y CBiTi oui-
HIOETbCA Ha piBHi 150 'BT. MpaAme cnantoBaHHA CynpoBoO-
OXKYETbCA 3HAYHMMU eKCEePreTUYHMMM BTPATaMM, OCKINbKU
XiMiYHa eHepria ManvMBa NEepPeTBOPHETLCA NEPEeBaAXKHO Ha
Tennoty. E¢ekTMBHiICTb  MNoJanblWoro MNepeTBOPeHHSA

TEN/I0TU HA e/IEKTPOEHEPTil0 € TEPMOANHAMIYHO 0bmerke-
HOIO, WO 3HWMKYE enekTpuuHuii KK Ta 3aranbHy epeKtus-
HiCTb BUKOpMCTaHHA nanamea [10, 11]. Y 38’A3Ky 3 uum rasu-
diKauia Ta niponis posrnagaroTbea AK ebeKTUBHILLI meToam
TepMOXimiyHOT KOHBepCii biomacK, 3aaTHi 3abe3neunTu pa-
LioHaNIbHe BUKOPUCTAHHA ii eHepreTMYHoro Ta ekcepreTmy-
Horo noTeHuiany [12].

BianosigHo oo paHux EsponencbKoi bioeHepreTMYHOI aco-
uiauii (EBA), y KpaiHax €Bponu eKcnayaTyeTbca 61M3bKO
141 yctaHOBKM 3 rasmndikaLii biomacu, Togi Ak we 54 npoe-
KTM nepebyBatoTb Ha PisHMX cTaaiax po3pobku. MposigHi
no3unLii 3a KinbKicTio gitounx o6’ekTiB 3alimae HimeyumHa
(61 ycraHoBKa). BogHouac ®paHuis, PiHnaHaisa Ta Itanis
OEMOHCTPYIOTb MO3UTUBHY AVMHAMIKY PO3LIMPEHHA BigNOBI-
[OHUX TeHepyBa/bHUX NOTyXKHocTen [13]. Ha puHKy npea-
CTaB/IEHI MOAY/bHi ra3oreHepaTopHi eNeKTPOCTaHLIl 3 HO-
MIHANbHOK  eNeKTPUYHOK  NOTYKHicTio  45-50 kBT,
npuUYoMy BUPOBHMKM 3a3HAYatOTh, LLLO TEXHOOTIA € EKOHO-
MIYHO AOLINBbHOK ANA YCTAHOBOK Masoi NOTYXKHOCTI Big,
5 KBTen. BogHOYac macwtabyBaHHA rasoreHepaTOPHUX YC-
TAHOBOK TPAAWLIAHOIO TUMY CYrNpPOBOAKYETLCA CUCTEM-
HUMKU OBMEXKeHHAMM, noB’A3aHUMM 3 HecTabinbHicTIo
CKNafay reHepaTOpPHOro rasy Ta CKAAAHICTIO Moro epeKTmB-
HOrO OYULLEHHSA Nepes NoaabLIMM BUKOPUCTaHHAM [14].

CyTtreBMM ObMexXeHHAM TexHonorii rasudikauii € ytBo-
PEHHA CMOIMCTUX CNOAYK Y 3HAYHIN KiNbKOCTI, WO iCTOTHO
YCKNAZHIOE BUKOPUCTAHHA reHEePaTOPHOrO rasy B Cy4acHUX
rasonopLluHeBMx [ABUryHax. [leknapoBaHui NpOBigHUMM
BUpobHMKamu (MWM, Jenbacher) mixkpemoHTHUIT pecypc
00 80 TUC. rogMH AOCAXKHWUIA NNLLE 33 YMOB }KOPCTKOIO A0-
TPMMAHHA HOPMATUBIB WOAO AKOCTI NasNMBA: BMICT CMON i
TBEPAMX YAaCTMHOK — A0 50 mr/m3; nyxHUX meTtanis — Ao
1 mr/m3, xnopugis — ao 10 mr/m3, amiaky — go 50 mr/m3,
cnonyk cipkun — go 50 mr/m3. MpakTvka ekcnayaTaui csia-
YnTb, WO 3abe3neyeHHs TaKMX NOKA3HUKIB s rasy 3 bio-
MaCW € TEXHOJIOTIYHO CK/TaAHUM | EKOHOMIYHO OBTANKANBUM
[15]. Wo6 npuBecTn cknag cMHTe3-rasy, BMpobaeHoro B ra-
30reHepaTopi, 0 HOPMATUBHMUX NOKA3HMKIB, 3aCTOCOBYIOTb
6araTocTyrneHeBi cMCTeMM OuULLEHHA (LMKAOHHI cenapa-
Topw, ckpybepu, Tpybu BeHTypi, enektpodinbtpu, pinbrpa-
UiiHi moayni). Lle 3ymoBAOE 3pOCTaHHA KaniTaibHUX Ta
eKcnayaTauinHuX BUTPaT, NiABULLEHHA BTPAT TUCKY B raso-
BOMY TPaKTi Ta 30i/1blEHHA BJACHOrO €HEProcrnoXWBaHHA
AOMOMIXKHUM 061aHAHHAM, O 3HUKYE CYMapHY eHepre-
TUUYHY edeKTUBHICTb ycTaHOBKM [16]. EkcnnyaTauia KoreHe-
pauiMHMX MOAyNiB MOTYXHicTio 50 KBT AEMOHCTPYE 3HMU-
YKEHHA OOCTYMNHOI eNeKTPUYHOI NOTYKHOCTI Ta BiAXM/IEHHA
Bif, NAaCNOPTHUX XapaKTEPUCTUK YHACAILOK HaKOMUYEHHA
CMOJINCTUX i 30/IbHUX BiAKNAAEHb Ha aeTanax ¢inbrpis. Ta-
KMM YMHOM, cTabiNbHICTb CKNafy reHepaTOpPHOro rasy € BU-
3HAYa/IbHUM 0BMENKYBANTBHUM YNHHUKOM MacluTabyBaHHA
TpPaAMLiMHNX TeXHoNOriIN rasndikauii [17].

3 TepMogMHAMIYHOI TOYKM 30pY rasndikallia € YaCTKOBO OKM-
CHMM NPOLLECOM, LLLO CYyNPOBOANKYETLCA iICTOTHUMU BTPaTaMMm
eKCepreTMYHOro MnoTeHLiasy BHaCNifoK TenjiomacoobmiHy,
AnodysinHMx npoueciB Ta nepebiry reTeporeHHUX pPeakLin.
YacTnHa eHepreTMYHOro nNoTeHuiany 6iomacm BUTPaYaETbLCA
Ha BHYTPIWHE YaCTKOBE OKWUCHEHHA A1 NiATPUMAHHA
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TEMMEePaTypPHOro pexmMmy B Kamepi rasudikau,ii, WwWo 3meH-
LLYE MOMIMBOCTI AOro NOAANbLLIOFO NEPETBOPEHHA HA KOPU-
cHy poboTy. [logaTKOBI BTPaTM BUHMKAIOTb Y CUCTEMAX O4M-
LLeHHA rasy yepes BTPATU TMUCKY Ta PO3CilOBaHHA eHeprii y
BUIALI HU3bKOMOTEHLMHOrO Tena [18].

Miponi3 e npouecom TepmiyHOro posknagaHHa biomacu 6e3
[OCTYNY KMCHIO, Y MeXKax AKOro He BifbyBaEeTbCs BHYTPILL-
HbOIO YaCTKOBOIO OKMCHEHHSA, XapaKTepHOoro And radudika-
ujii, wo 3abe3neyye BULWMI piBEHb 36EpeXKEHHA eKcepreTn-
YHOro MOTEeHLiaNy BUXigHOI cMpoBMHK. Y NpoLueci niponisy
6iomacu 3a BiACYTHOCTi KMCHIO YTBOPHOKOTLCS TPU OCHOBHI
npoAyKkTn: BioByrinns, niponisHa onia Ta niponisHMA ras
[19]. Ana makcumisauii BUxody niponisHoro rasy 3acToco-
BYIOTb MiABMLUEHI TemnepaTypu npouecy Ta iHTeHCcudiko-
BaHi PeKMMM HarpiBaHHA, LLO CNPUAOTb PO3BUTKY BTOPUH-
HUX PeaKLii TePMIYHOro KPeKiHry NaporasoBux NPOAYKTIB i
3MEHLLEHHIO YaCTKM KoHAeHcoBaHOI ¢pakuii. Mpouec mae
eHA0TePMIYHUI XapaKTep i NoTpebye niaBefeHHA TeNA0TH
B mexkax 0.5-3.0 M/kr 6iomacu [20]. Butpatn Tennotu
BM3HAYalOTbCA TEMMEPATYPOIO NpoLecy, WBUAKICTIO Harpi-
BaHHA 6iomacu Ta 0cob/IMBOCTAMM KOHCTPYKL,i peaKTopa.
3a Temnepatypu noHag 450 °C TennoTy 3ropsAHHA Niponis-
HOrO ra3dy MO»KHa BUKOPUCTATM Ha MOKPUTTA BHYTPILLHIX Te-
NA0BWX NOTPeD, WO AAE 3MOry KOMMEHCYBATU BUTPATK Ha
HarpiBaHHA i 3MeHWMUTN noTpeby B 30BHILWHbOMY MigBe-
OeHHi eHeprii [20].

3 NO3UL,i eKCEPreTUYHOTO aHaNi3y Niponi3 Ma€e BULLMI CTy-
NiHb 36epeXXeHHs NOTeHUaNy WoA0 BUKOHAHHA KOPUCHOT
pob0TK NOPIBHAHO 3 OKMCHMMM MPOLLECAMM, OCKINIbKM 3HA-
YHa YacTMHa eKCepPreTMYHOro NoTeHLjiany BuxigHoi biomacu
KOHLLEHTPYETbCA Y TBEPAOMY BYI/1ELLEBOMY 3a/IULLKY, Npea-
CTaB/IEHOMY TEPMOCTIMKMMM apOMATUYHUMM CTPYKTYpamm
[21, 22]. AKymyntoBaHHA €HepreTM4YHOro noTeHUiany B
6ioyapi 3abe3neyye MOKAMBICTb MOro NOAANbLIOIO BUKO-
PUCTaHHA AK eHepreTMYyHoro matepiany abo sk crabinbHoi
dopmmn TpuBanoro 3B’A3yBaHHA Byrneuto, WO NiABULLYE
€KOJI0rYHY Ta TePMOAMHAMIYHY OBIPYHTOBaHICTb npoLecy
[23]. BaraTonpoayKTHWUIA XapaKTep npouecy niponisy 3ymo-
BNIOE MigBuLLEHY YHKLIOHaNbHY THYYKICTb eHEepProTexHo-
JNIOTIYHOT CMCTEMU: MipONi3HA ONiA MOXKe BUKOPUCTOBYBaA-
TUCA AK pigKe nanumeo abo AK XiMmiuyHa CMPOBUMHA, TOoAi AK
NipoNi3HWU ra3 BUTPaAYaEeTbCA Ha 3abe3neyeHHs BHYTPILHIX
notpeb ycTaHOBKMU B TEMN/OTi, WO A3E 3MOry MiHiMi3yBaTu
30BHILIHE NiaBeAEHHA eHeprii 1 NiABUWMUTN CyMapHy eHep-
retTuyHy epeKkTUBHICTb Npouecy [24, 25].

Buxogaum 3 aHanisy npaub [1-25] MOXKHa KOHCTATyBaTH,
L0 KOXHa 3 TEXHONOrIi TepMOXiMiuHOi KoHBepCii biomacu
(rasudikauin, niponis) mae BnacHi TexHiuHi obmexkeHHs. 30-
Kpema, rasmdikaLia opieHToBaHa Ha OTPMMAHHA O4HOrO L,i-
NIbOBOr0 NPOAYKTY — reHepaTOPHOro rasy, AKiCTb AKOro no-
BMHHa BiANOBIAATN XKOPCTKMM BUMOTam LLOAO BMICTY CMOA
i MEXaHIYHUX SOMILLOK, WO 3YMOBIOE HEOBXiAHICTb 3acTO-
CYBaHHA CKNAAHUX CUCTEM OYMLLLEHHA Ta MiABULLYE eKCnay-
aTauiiHi BuTpaTK [26, 27]. Ha BigmiHy Big rasudikau,ii nipo-
ni3 3abesneuvye andepeHLitoBaHMIA po3nogin eHepre-
TMYHOrO NoTeHUiany 6iomacy MixK TpboMa NPoAyKTaMK Mi-
PONi3y Ta 3HUMXKYE WMOBIPHICTb NOTPANAAHHA CMOJUCTUX

CNoNyK A0 efieMeHTiB 061aaHaHHA. 3a NOPIBHAHHUX YMOB
piBeHb 36eperKeHHA eKcepreTMYHOro NOTEHLLaNY B NPOLECi
niponisy € BULLMM, HiXK Y rasaudikauiiHomy, OCKinbKK Biacy-
THE YAaCTKOBE OKMCHEHHA NasnBa A41A NiATPUMAHHA Temne-
paTypHoro pexumy [28].

OTKe, 06r'pyHTOBaHO € NoTpeba y CTBOpeHHi KOMbBiIHOBa-
HOI YCTAHOBKM 3 eN1EeKTPOHArpiBom 30HM Niponisy. Bukopu-
CTaHHA e/IeKTPOoHarpiBy AK KepoBaHOro Axepena Tennotu
AacTb 3MOry RiATPUMYBATU HEOOXiAHWWA TemnepaTypHUi
pPeXKMM B MiPONIi3HiN ycTaHOBLi 6e3 cnantoBaHHA YaCTUHM
nanuea, Wo 3abe3neunTtb cTabinbHICTb CKNaAy | TennoTBOP-
HOI 34aTHOCTI CUHTEe3-ra3y. MNoegHaHHA eneKkTpoHarpisy 3
YTUANI3aUie0 TENNOTM NIPONI3HOro rasy 4N nonepegHboro
nigirpisy CMPOBMHM 3MEHLWUTb NOTPeby Yy 30BHILLUHbOMY
eHepronigBeAeHHi Ta NigBULWNTL 3aranbHy eHeproedekTu-
BHICTb Mpouecy.

MNocraHoBKa 3aBaaHHA. MeToto poboTn € 0brpyHTYBaHHA
MOTY}KHOCTi eNeKTpPoHarpiBy KombiHoBaHoOI Niponi3Ho-rasu-
diKaLiMHOT YCTAaHOBKM 3 iHTErpOBaHMMM NpPoOLECaMUN OYK-
LLLeHHSA Ta 36arayeHHA CMHTE3-ra3y 3a/1eXKHO Bif, Ti KOHCTPY-
KLiMHO-TEXHO/IOTYHMX NapameTpiB. N5 AOCATHEHHS METU
HeobXiAHO BUKOHATU TaKi 3aBAaHHA:

— NPOBECTU NOPiIBHA/NbHWUI aHaNi3 e PEKTUBHOCTI TEXHO/O-
riv niponisy i rasnoikau,ii;

— 0OrpyHTYBaTW KOHCTPYKLIMHO-TEXHO/IOTIYHI NapameTpu
KoMbiHOBaHOI Miponi3HO-rasngikauiiHOi yCTaHOBKU 3
iHTErpOBaHMMM NpOLLECaMM OYULLEHHA Ta 3b6arayeHHs
CUHTe3-rasy;

—  BW3HAYMUTU HeOobXiZHY NOTYXKHICTb eNeKTpoHarpisaHHA
peakKLiiMHOT 30HM, @ TAKOX 30H OYMLLEHHSA | 36arayeHHn
CUMHTEe3-rasy;

— EeKCNepuMEeHTa/lIbHUM LUAAXOM NepeBipuTU [0CTOBIp-
HICTb @aHaNITUYHMX PO3PAXYHKIB.

Marepianu Ta meToamn JOCNIAKEHHA

O6’ekTOM pocnigKeHHA € KOMbiHOBaHa MiponisHo-rasungi-
KauiiHa yCTaHOBKa 3 iHTErpoBaHMMM NpoLecamn ouu-
WeHHA Ta 36arayeHHs CUHTEe3-rasy.

MpeameT AOCNIAKEHHA — 3aNE€XKHOCTI MiX KOHCTPYKUiMHO-
TEXHOJIOMNYHMMM NapameTpamm KombiHoBaHOI niponisHo-
rasmgikaLiiHOI YCTaHOBKM Ta HeOoOXiAHOH MOTYXKHICTO
e/1eKTPOoHarpiBy ii peakuinHOT 30HKM Ta 30H OYMLLEHHS i 36a-
rayeHHa CUHTEe3-rasy (Poboymnx 30H).

FinoTe3ol0 AOCAIAMEHHA € Te, WO WAAXOM BCTAHOBJIEHHA
3a/1EKHOCTEM MiXK KOHCTPYKLIMHO-TEXHONOrYHUMM napa-
MeTpamu KombiHoBaHOI Niponi3Ho-rasundikauiiHoi ycTaHo-
BKM Ta HEOOXiZHOIO MOTYXKHICTIO eleKTpoHarpisy poboumnx
30H MOXHa 06r'PYHTYBATU PaLiOHaNbHi 3HAYEHHA NOTYKHO-
CTi enekTpoHarpisy. OTpMMaHi pes3ynbTatu CAyryBaTMmyTb
NiarpyHTAM ANA NOAANbLIOIO BAOCKOHANEHHA KOHCTPYKLi
Ta pexumis poboTn KoMBIHOBaHUX NipPoNi3HO-rasudikaLiin-
HUX YCTaHOBOK A1 TePMOXiMi4YHOT KOHBepcCii 6iomacu B cu-
HTEeTUYHI NanuBea.

Mig yac pgocniaxKeHHa 6yno NPUNHATO HU3KY CMPOLLEHb.
Po3nogin TemnepaTyp y poboumx 30Hax BBaXKascA
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PiBHOMIpHUM, 6e3 ypaxyBaHHA NOKANbHMX rapAYMX Ta XO-
noaHux 30H. KoeodiuieHT Tennonepegadi mix Harpisayem i
nasinBoOM MPUMMABCA CTA/IUM He3asIeXXHO Bif, peXumy ro-
piHHA abo niponisy. Ana moaentoBaHHA BUKOPUCTAHO yce-
peaHeHi $isnko-ximiyHi BractueocTi 6iomacu, AK-0T BONO-
ricTb, WiAbHICTb Ta TennoBa 3A4aTHICTb. PeaKuinHa 30Ha
po3rnaganaca Ak og4HopiAHUN 06’em 6e3 ypaxyBaHHA CKNa-
AHOI reomeTpii Ta KOHTAKTHMUX 30H 3 TeHamu. Beaxkanocs,
LLLO BNACTUBOCTI MaTepiany Harpisayis ynpoaoBK ekcnepu-
MEHTY 3a/1LWAANCA HE3MIHHUMM, 3 30BHILIHIi YMOBM, 30K-
pema TemnepaTtypa Ta BOJIOTICTb HABKOULIHBLOIO cepeao-
BULLA, HE 3MiHIOBaINUCA.

JocniaeHHA BMKOHYBaNMCA HA NiponisHo-rasndikauiiHin
YCTaHOBLj 3 iHTErpOBaHMMM NPOLLECAMM OUMLLEEHHSA Ta 36ara-
YeHHs cuHTe3-rasy (puc. 1). YcraHoBKa (puc. 1) cknagaeTbea
3i CTaNeBoOro Kopnycy, AKMI BUKOHaHWM 3i cTani 45 y surnagi
6e3LWO0BHOI rapAYeTArHyToi TPYOM 3 TOBLUMHOIO CTiIHKM 8 MM.
3 MeToto repmeTU3aLii Kopnyc A0AaTKOBO yTenieHo 6asanb-
TOBMM BOJIOKHOM 16. TOBLUMHA LWapy yTENNEHHA CTaHOBUTb
100 mm. BcepeamHi Kopnycy KOHLLEHTPMYHO pO3TalloBaHa
Kamepa cyxoro niponizy 1. Kamepa niponisy BMKOHaHa 3i
ctani 09r2C (0.09 % Byrneuyto, 64M3bKO 2 % MapraHLto,
MeHwe 1 % KpemHito). TOBLUMHA CTiHKM Kamepu CTaHOBUTb
8 mm. KoHCTpyKLUieto nepenbadyeHo KinbLeBMii NPOCTIp MiXK
KOpPMNycoMm i Kamepolto 1, AK1i1 3anoBHEHUA AepeBHUM bioBy-
rinnam 2. Ans HarpiBaHHA B 6ioByrinni BCTaHOBNEHO BEPTU-
KanbHi 12 Ta ropusoHTanbHi 15 enektpoHarpisadi (KBapLoBi
TpybKKM 3 BoNbOpamoBol chipannto BcepeguHi mog,. KIT-
220-1300). YcTaHOBKa OCHallleHa KO/IOCHMKOBOI PeLLiTKO
3, MIiCTUTb iHeKTop 4, BepTuKanbHy Tpyby 14 Ta aHuwwe 6.
IHXeKTop 4 BCTAaHOBNEHO Mif, KONOCHMKOBOK peLUiTKow 3.
YCTaHOBKa 3BepXy LWibHO 3aKPMBAETLCA KpULWKOK 5. Kpin-
NIeHHA Tpy6 M 14 peanizoBaHO Ha 30BHILLHIM CTiHLi Kamepw ni-
ponisy 1 i BUKOHAHO OPCTKUM. HUKHIN KiHeub Tpybu 14
CMOIYYAETLCA 3 iHXEKTOPOM 4, a BEPXHIN — BXOAUTb Y BHYT-
piLHi 06’em Kamepm niponisy 1. CnosyyYeHHA 3 iHXKEKTOPOM
3abe3neyye HaaX04KEHHA ra3ono4ibHUX NPoAyKTiB ANA no-
Janbloro poskaagaHHa. KoHcTpyKuin (ame. puc. 1) 3abes-
neuye ebeKTMBHI yMOBM ANA NpoBeAeHHA rasudikauii / nipo-
Ni3y Ta iHTErpoBaHUX MpPOLLECIB OYMLLEHHA | 36arayeHHA
CuHTe3-rasy 3 6iomacu, a OTHKe, il MOXKHa 3acToCcoBYBaTU A1A
CTBOPEHHA OEeLEeHTPaNi30BaHUX AXKepen TensoefnekTpono-
CTayaHHA Ha 6asi ra3onopLlHEBMX ABUIYHIB. YCTaHOBKa Aa€
3MOry BMpob6aaTM 6e3cMmonbHMIA ras 3 biomacu. [nsa oum-
LEeHHA BUPOBNEHOro CMHTE3-rasy Moro NPonyckatoTb Yepes
po3neueHunii Ao TemnepaTypun 1000 °C ByrinbHUIA inbTp, B
AKOMY BifbyBa€eTbCA KPEKIiHT Mapy CMOJIM Ha MPOCTi HEKOH-
[LEHCYHOUi CNONYKM, @ TAKOXK PO3KNa[aHHA BOAM HA YaaHWN
ras Ta BogeHb. Hegonikom yctaHoBKM (ame. puc. 1) € cknaa-
HICTb NiATPMMYBATU BUCOKUIN TEMMNEPATYPHUIN PEXKMUM Y 30HI
BiAHOBJIEHHA, e OAHOYACHO NPOTIKAIOTb TEPMIYHI Ta XiMiYHi
NPOLLeCH OUULLLEHHA Ta 36arayeHHA cMHTe3-rasy. TakoX Ma-
HOTb MiCLLe 3HAYHi BUTPATWU eHeprii Ha HarpiBaHHA KaMepw cy-
xoro niponisy 1. HarpisaHHA Kamepwu niponisy 1 3ailicHto-
€TbCA eNneKTpoHarpisayamm 12, a TemnepaTypHUn pexrmum y
30Hi BiHOBNEHHA NiATPUMYETLCA FOPU3OHTANIbHO BCTAHOB-
NIeHUMKM enekTpoHarpisayamm 15. YcTaHOBKa TaKOX MiCTUTb
OBa JNIOKM 7 [nA 3aBaHTaXKEHHA [LEepeBHOro Byrinns,

naTpybok 8 ans BigbupaHHA BUpoBAEHOro cuHTe3-rasy Ta
noK 11 ana posnantoBaHHA Nanmea B yCTAHOBL. [na nigK-
JIIOYEHHA eNeKTPOoHarpiBayis B yCTaHOBL, NnepeabaveHo Kne-
MOBY KOPOb6Ky 13. Y pexxumi npamoi rasudikauii gna nigsu-
LLEHHA KOHUEHTpaLii BOAHIO B cMHTe3-ra3i nepeabayeHo
TpybKy 9 Ans nogadvi Bogm. Mig yac pyxy TpybKoto 9 Boaa Ha-
rpiBaeTbCA Ta HAAXOAMTD Nif KONOCHUKOBY PELUITKY Y BUMNALI
napu. Y pexumi cyxoro niponisy Tpybku 9 i 10 repmeTnmyHo
nepeKpunBatoTbeA 1 He bepyTb y4YacTi B TEXHONOTYHOMY Npo-
ueci.

MpuHuMn poboTN yCcTaHOBKM Takui. Ha nouyatky poboTtu
YCTAaHOBKY Yepes3 ABa /ItOKM 7 HaMoBHIOWOTb NOAPiIGHEHUM
OEPEBHUM BYTiNNAM 3 po3mipom ¢pakuii 5-8 mm. Bucota
Lapy gepesBHOro Byrinas mae 6yt Ha 10—15 cm Buwoto pi-
BHA eneKTpoHarpisayie 12. HacTynHMm KpOKOmM € YBi-
MKHEHHA eneKkTpoHarpiBadis 12 i HarpiBaHHA AepeBHOro
BYrinnA. Y Kamepy cyxoro niponisy 1 nogatotb bionanuso (B
HalloMy BUMAAKY — Ue AepeBHi nenetwn). MeneTtn, BUroTos-
NleHi 3 gepeBuHU TBEPAOAMCTAHMX nopig (byka, rpaba Ta
ay6a), bynu nigrotosneHi BignoBigHO 40 YUHHUX TEXHIYHNX
YMOB ANs nenetnsoBaHoro bionanumea. XimiyHo-TexHonori-
YHi XapaKTepUCTUKM NeneT NpeacTaB/ieHi TaKUMK MOKa3HU-
Kamu: BOAOricTb — 14 %; 301bHICTb — 7.26 %; BMIiCT NeTKMUX
peyoBuH — 67.43 %; cipka — 0.11 %; Huk4ya TensioTa 3ro-
pAHHA — 15.04 MXK/Kr; BUWEA TenjaoTa 3ropAHHA —
17.91 MO/Kr; xnop y cyxomy ctaHi — 0.085 %. Y npoueci
po3irpiBaHHA 3a AOMNOMOrOK efnieKTpoHarpisadis 12 gepe-
BHe 6iOBYrinAA akyMy/nlOEe TENJIOBY eHeprilo Ta nepegae ii
CTiHKam Kamepw niponisy. Mig snavBom nigseaeHoi 330BHi
TEennotTu BiAOYBAETbCA MOCTYNOBE NiABULLEHHA Temnepa-
Typu nenet B 06’emi Kamepw, WO 3yMOBJIOE iX TepMidHe po-
3KMagaHHA. BHacnigok niponitTnyHmnx nepetsopeHb popmy-
IOTbCA NeTKi Niponi3Hi cnonyku i TBepauii Byrneuesui
3a/1uwo — biosyrinns. JleTki niponisHi cnonyku yepes Bep-
TUKanbHy Tpyby 14 nopaloTbCA Nig KONECHUKOBY PeLwiTRy 3.
[na Buxoay 3 yCTAaHOBKM NETKi NPOAYKTU NipOAi3y mMalTb
NPOMTN 30HY BiAHOBAEHHSA, PO3IrpiTy efieKTpoHarpisa4amm
15 po temnepatypu 1000 °C. Y 30Hi BigHOBNEHHA BigbyBa-
€TbCA TEPMIYHUI KPEKIHT BUCOKOMOIEKYNAPHUX BYTNE€BOA-
HEBMX CNOJYK 3 YTBOPEHHAM MPOCTILLMX FOPHOYUX NPOAYK-
TiB. Pi3MYHO Ta XiMmi4HO 3B’A3aHa BOAa, HAafBHA B MPOAYKTaxX
niponisy, bepe y4yactb y peakKLii yTBOPEHHA BOAAHOrO rasy,
YHacniaoK 4oro GopmyeTbCA CUHTE3-Tas, 36arayeHuit oKcu-
OOM Byrneuto 1a BogHeM. Y NoAanbliomy BogeHb B3aEMO-
Ji€ 3 Byrneuem 3 yTBOPEHHAM MeTaHy, ToAi AK AioKCuA, BY-
rneuto B 30Hi BigHOBNEHHA i 36arayeHHA BiAHOBNIOETLCA 40
okengy syrneuto(ll), WwWo 3yMoBAOE NigBULWEHHA TeNa0TU
3ropAHHA OTPUMAHOrO CUMHTe3-ra3dy. llicna npoxoaKeHHA
30HM BiAHOBAEHHA FOPHOYi rasm NigHIMAOTbCA KinbLeBUm
NPOCTOPOM, OXONIOAKYIOUMCH | Mepeaaloym YacTuUHy Ten-
NIOTN AepeBHOMY BiOBYTiNNO Ta KaMepi cyxoro nipoisy.

[JepeBHe Byrinna NonoBHIOKOTL Yepes ABa NOKN 7. CUHTEe3-
ras BMBOAATb Yepes naTpybok 8. YcTaHOBKa MoOXKe mnpaLito-
BATW B ABOX perKMMax: b6e3nepepBHO i NepiognMyHo. 3 MeTo
nigsnweHHa KK ycTaHOBKM nicna Hei pekomeHAOyeTbcA
BCTAaHOBAOBATU KOTEN-yTUAI3aTOP. [11A peecTpauii Temnepa-
TYPW YCTAHOBKW BMKOPUCTOBYBasacb TEpMOMapa: Xpomesib-
antomenesa TXA-2388. BumiptoBaHHA TpUBANOCTi poboTH yc-
TAHOBKM 3/iMCHIOBaNOCA 3a AONOMOIO MEXaHiYHOro CeKy-
HOomipa COCnp-26-2-000 (Knac TouHOCTI 2, noxubkKa +4 °C).
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Puc. 1. MNiponizHo-2a3ugikauyiliHa ycmaHoeKa 3 iHmez2posaHuUMU rnpoyecamu o4ullieHHs ma 36az2a4eHHs cuHmes3-2a3y
[29]: a) cxemamuuHe 306paxceHHs; 6) pomozpadpia

1 —Kamepa cyxozo niponizy; —wap 6iosyzinns; 3 — KONOCHUKOBA pewimka; 4 — iH#¥eKmop, 5 — KpuwkKa niponizHo-2a3u-
ikayiliHoi ycmaHoeKu,; 6 — OHuUWe; 7 — AtoK; 8 — nampybok 8idbopy supobseHo2o cuHmes-2asy; 9 — mpybka nooayi
800u; 10 — mpybKka nodayi nogimps; 11 — AtoK 048 po3nan08aHHA NaaAuea 8 ycmaHosui; 12 — eepmukanbHuli enekmpo-
Hazpieay mood. KIT-220-1300; 13 — Knemosa KopobKa; 1 —sepmuKansHa mpyba; 15 — 2opu3oHmansHuli enekmpoHazpi-
8ay moo0. KIT-220-1300; 16 — ymensnoea4 3 6a3as6mo8020 8070KHA; T — mepmonapa xpomesnb-antomenesa TXA-2388

Po3paxyHOK KifbKOCTi BOAAHOI Napw, WO YTBOPIOETLCA Nif,
yac niponisy nenert, BUKOHAHO 3ri4HO 3 METOAMKOIO, HaBe-
aeHoto B [30-32].

BuKnag 0CHOBHOroO maTepiany

HalinpocTilwmnm cnocobom oaeprKaHHA roptoyoro rasy 3 po-
C/IMHHOT 6iomacu (neneT) AnA KUBNEHHA ABUTYHIB BHYTpI-
WHbOrO 3ropaHHA Ta BUPOOHULTBA €N1EKTPUYHOI eHeprii €
npouec BMPOOHWULTBA CUHTE3-rady B Fa3oreHepaTopHMX
ycTaHoBKax [33]. 1A LbOro 3acTOCOBYHOTb ra3oreHepaTopu
3BOPOTHOrO MPOLLECY, Y AKMX YaCTUHA BiomacK cnantoeTbeA
ana opmyBaHHA HeobXigHOro TENNOBOro pexummy, nicns
yoro rasonogibHi NpoAyKTN ropiHHA Ta TEPMIYHOrO PO3K/a-
[LaHHA, NPOXOAAYMN Yepe3 30HY BigHOBNEHHA, NepeTBopto-
HOTbCA Ha roptounii ras. Pasom 3 TMM yTBOPEHHA cUTe3-rasy
Ma€ HWU3KY CYTTEBMX HEAONIKiB, 30KpeMa BiJHOCHO HU3bKY
TENNIOTY 3ropAHHA Ta NiABULLEHI €HepreTUyHi BUTPATU Ha
NiATPUMaHHA NPOLLECY, W0 3HUKYE MOro 3aranbHy edekTn-
BHiCTb. BogHOYac rasoreHepaTopHi YCTAaHOBKM XapaKTepu-
3yl0TbCSA HEBMDBArNMBICTIO 4,0 AKOCTI Ma/nBa i 34aTHI Npauto-
BaTM Ha biomaci 3 nmiaBMUweHMm BMicTOM Bosiorn. BoasHa

napa, Wo HaAXoAWUTb Yy 30HY BiAHOBAEHHSA, Bepe yyacTb y
peakuiax ytsopeHHA CO Ta Hz, nigsuLLyoum TenaoTBOPHY
30aTHICTb cMHTe3-ra3y. OaHak nepebir uux peakuiin cynpo-
BOAKYETbCA 40AATKOBMMW BUTPATaMMU TEMNIOTU, Heobxia-
HOT ANA HarpiBaHHA Napw Ta 3abe3neyeHHs eHA0TePMIYHUX
nepeTBopeHb. Mapy BOAM 3HUKYIOTb TemnepaTypy 30HM
BiAHOB/IEHHSA, YHACNIAOK YOro npolec poboTu rasoreHepa-
Topa HabyBae nepioANYHOro XapakTepy, 3 BUTpaTamMu Yacy
Ta eHeprii Ha posirpiBaHHA 30HM BiAHOB/EHHA, A Kanopil-
HiCTb TAKOrO rasy Moe pi3Ko KO/IMBATUCA.

[HWMM MeToaoM TEPMOXiMiYHOT NnepepobKkn biomacK € ni-
poni3 —npouec ii po3KkNagaHHA 3a BiACYTHOCTI OKMCAtOBaYa.
Mig Yac niponisy BMCOKOMOJIEKY/IAPHI KOMMOHEHTU 6io-
Macu PO3KNaJATbCA 3 YTBOPEHHAM TPbOX OCHOBHUX NPO-
OYKTiB: HEKOHAEHCOBaHWX rasiB, Miponi3HOi pigMHM Ta
6iosyrinns.

Buxig, ocHOBHUX NPOAYKTIB MipoNi3y 3anexuTb Big Buay bi-
oMacK, LWBWMAKOCTI HarpiBaHHA Ta TemnepaTypHoro pe-
*K¥umy. na makcmmisauii Buxoay nipoaisHoi pianHun 3acto-
COBYIOTb LUBMAKMI NipONi3 3i LUBWAKICTIO HArpiBaHHA NOHAA,
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50 °C/xB i TemnepaTtypoto 450—600 °C. [lna oTpuMaHHsA ne-
peBaXKHO roptoYMX rasiB BUKOPWUCTOBYIOTb NOBINbHUI abo
NOMipHMIA MNipoNi3 3i WBWAKICTIO HarpiBaHHA MEHL HiX
10 °C/x8B 3a TemnepaTyp 700-900 °C.

Y TemnepaTypHomy iHTepsani 700-900 °C npouec niponisy
MOXKe HabyBaTW aBTOTEPMIYHOIO XapaKTepy, WO CynpoBo-
OXKYETbCA IHTEHCUBHUM BUAINEHHAM ra3onoaibHmx npoay-
KTiB i 3MeHLWeHHAM Bmxoay b6iosyrinna. OCHOBHOW nepeBa-
rol0 rasy, OZepaHoro B MiPOAi3HIN ycTaHOBUi, €
BiZICYTHiCTb 6aNacTHOro a3oTy, XapaKTepHOro gnAa reHepa-
TOPHOro rasy. BogHo4yac TakuiA ras3 micTuTb AioKcua Byr-
NeLLto Ta YaCTUHY NIETKMX HETOPHOYMX KOMMOHEHTIB, WO 3HU-
YKYE Oro Tens0TBOPHY 34aTHICTb.

Y npoayKtax niponisy TakoX NPUCYTHA BOAAHA napa, 4vac-
TWUHa AKOi 3yMOB/ieHa NOYaTKOBOK BOAOriCTIO biomacu, a
YacTMHa YTBOPHETLCA BHACNIAOK TEPMIYHOI PO3KNaAaHHA
L,e/1t01031, FeMiLLeIt0N103M Ta NiITHIHY — OCHOBHUX CTPYKTYpP-
HUX KOMMNOHEHTIB 6iomacu. BogAaHa napa xapaKtepusy-
€TbCSA BUCOKOIO TEMNIOEMHICTIO Ta BigOUPAE 3HAUYHY YacTUHY
niaBeaeHoi TennoTu, WO HeraTMBHO BN/IMBAE HA TEM/IOBUN
6anaHc npouecy. [i HaaBHICTb y rasonoAibHuMX i piaKMx npo-
OYKTax Niponi3y 3HMMKYE iX TENJOTBOPHY 34aTHICTb i norip-
LIYE 3aranbHi eHepreTUYHi MOKa3sHMKM YCTaHOBKM.

BWKOHAEMO MOPIBHAHHA TEXHOANOTIN Niponi3y i rasudikauii
33 eHEePreTUYHMMM, TEXHONOFIYHMMM Ta TEXHIKO-EKOHOMIY-
HMMW MOKA3HMKAMKM 3 METOK BM3HAYEHHA iX BiAHOCHOI
e(dEeKTUBHOCTI Ta A0LiNbHOCTI 3aCTOCYBaHHA B CKAaf4i aBTO-
HOMHWX €HepProTeXHO/IOrYHMX cucTem (Taban. 1).

Ta6nuua 1. NopiBHANbHMIA aHanNi3 ePEKTUBHOCTI TEXHOOriN NipoAisy i rasmdikauii

MNpusege-
Enektpuuna Tennosa no- . Muroma MpoaykTus- . . Cnoxu- HWI1 NOKas-
MOTYXHICTb | TYXKHiCTb ycTa- Bm;f:;: na BUTpaTa HicTb nm.?;\:;;;:;a ye B O;Bl:ﬂc:ab"ngiaésa BaHHA e/leK- | HUK eHepro-
Maoka YCTaHOBKM, HOBKM, Kr/ro' nanvea, 3a rasom, r H/KBT’ (W), % TpoeHeprii, | eKoHoMiu-
viap Nen, KBT Q, KBT A Kr/KBT,,, m3/rop, P 7 KBT HOI epekTun-
(xpalsua-s)upo- BHOCTI
HUK
Be- b;, Be- b,, Be- bs, Be- bs, Be- bs, Bennu. be, Bennu. bs, Be- bg, brpu- K
Ay, | 6anm | amu. | 6anam | amu. | 6aam | amu. | 6aam | amu. | 6anmn 6anm 6anmn | anu. | 6anmn e
6anu
Fa3oreHepaToOpHi yCTaHOBKMN
SynCraft Type | 500 10.0 |740 10.0 |362 1.00 |0.724 |4.10 |1250 |10.0 |[333125 [3.05 |TpicKa, 6.67 15 1.0 433 ]0.38
500 (ABcTpis) W=25-
30%
Wood gas CHP | 390 7.94 |610 8.17 | 244 412 |0.626 |5.33 |[914 7.47 |307500 |3.86 |nenertw, 1.0 11 2.8 5.48 |0.58
ECO 495 W=10 %
(Burkhardt
Grupppe, Hi-
MeuymHa)
CW 1000-300 | 300 6.25 |488 6.52 | 208 5.18 |0.69 [4.69 |750 6.29 |398268 |1.0 [JepesHi 100 |10 3.2 496 |0.49
(SYNCRAFT, Bigxoam,
Das W=30-
Holzkraftwerk, 40 %
HimeuunHa)
Wood gas CHP | 190 4.19 |305 4.05 |[122 7.42 |0.642 [5.08 |460 4.18 |307500 |3.86 |nenetn, 1.0 55 |6.6 594 |0.66
ECO 220 W<10 %
(Burkhardt
Grupppe, Hi-
MeyymHa)
ITY-100 «ATik» | 125 297 |250 334 |51 9.39 |0.408 [10.0 |160 2.08 272729 |4.74 | Conoma, 100 |7 5.2 7.87 |1.0
(YKkpaiHa) W<40 %
CHP «HKA 70» | 68 1.9 144 242 |551 |9.25 |0.810 |2.89 155 2.05 |281875 |4.42 |[epesHa |1.67 |5 6.8 5.09 |[0.51
Spanner Re? TpicKa,
GmbH (Himeu- W<15 %
4ynHa)
G-60 Herbst 60 1.75 120 2.02 |487 |951 |0.812 |2.86 |75 1.16 |225108 |6.47 |[epeBHa |6.67 |3 8.8 6.71 |0.8
(IpnaHgis) TpicKa,
W<30%
CHP «HKA 50» |49 1.54 | 106 1.79 |419 |9.67 |0.855 [2.38 [120 1.65 |281875 |4.42 |[epesHa |1.67 |6 6.4 522 |0.53
Spanner Re? Tpicka,
GmbH (Himeu- W<15 %
YynHa)
Volter 40 40 1.38 | 100 1.7 38 9.78 |0.950 |1.54 |120 1.65 |307500 [3.86 |[epeBHa |2.67 |2 9.6 6.49 |0.76
Indoor (®iH- Tpicka,
nAanAin) W<18 %
All Power Labs | 25 1.09 50 1.19 25 10.0 1.0 1.25 75 1.16 112554 | 10.0 [JepesHa 3.33 1 10.0 7.18 0.88
PP30 (CLLA) Tpicka,
W<20 %
CMD ECO20x |20 1.0 40 1.0 22 100 |11 1.0 54 1.0 333125 |3.05 |[epesBHa |6.67 |2 9.6 6.17 |0.71
CHP System TpicKa,
(ITanisa) W=15-
20%
MNiponi3Hi ycTaHOBKM (Niponi3HMiA ra3 € BTOPUHHMM J)Kepesniom TenaoTu)
Bioenergy - 1.0 700 1.58 | 250 9.17 |0.36 |[7.09 125 1.65 |75000 |85 PocavHHa | 8.35 |35 889 |6.87 |09
Concept GmbH Ta aepe-
(HimeuunHa) BWHHa bio-
maca,
W<28 %
WasteX - 1.0 540 1.21 |180 9.72 |033 [9.09 |90 1.28 |70000 |10.0 |PocauHHa |10.0 |25 9.53 |7.25 |0.97
Carbonizer Ta gepe-
Model Y 2.3 BWHHa bio-
(Cinranyp, su- maca,
pobHMLTBO — B W<30 %
IHAT)
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Mpusepe-
EnektpuuHa Tennosa no- MpoaykTue- . Cnoxu- HUIA NOKas-
NOTYXKHICTb | TYXKHICTb ycTa- B“?:;: na- -rn;:raor,;naanzg; HicTb 3a ra- nm?::‘;:::la ye %’iimﬁzihi‘: BaHHSA eNleK- | HUK eHepro-
Mapka YCTaHOBKM, HOBKM, Kr/ro' P Kr/KBT ’ 30Mm, I_ H/KBT’ (W), % TpoeHeprii, | eKoHoMmiu-
(kpail P Nen, KBT Q, KBT A en- m3/rop P 7 KBT HOI edekTu-
paiHa-Bupo- i
BHMK) BHOCTi
Be- b,, Be- b,, Be- bs, Be- b,, Be- bs, Benuu. be, Bennu. by, Be- bg, brou- K
amy. | 6anm | amu. | 6anm | amu. | 6aam | amu. | 6anm | auu. | 6anm 6anun 6ann | amu. | Gaam sea
6anu
Miponi3Hi yctaHOBKM (Niponi3HuMiA ras € BTOPMHHUM fKepesom TennoTH)
Bioenergy - 1.0 700 1.58 | 250 9.17 (036 |7.09 |125 1.65 |75000 |8.5 Pocnnnua | 835 |35 |8.89 |6.87 |09
Concept GmbH Ta aepe-
(HimeuyunHa) BMHHa bio-
maca,
W<27 %
WasteX (Cinra- | — 1.0 800 1.79 |300 9.54 |0.37 |9.09 |150 1.84 |70000 |[10.0 |PocnuHHa |10.0 |45 |8.58. |7.10 |0.94
nyp) Ta fepe-
BMHHa bio-
maca,
W<30 %
ETIAGroup—- |- 1.0 1600 |3.48 | 600 7.53 |0.38 |5.82 |300 3.51 |100000 |4.5 Pocnvnba | 4.13 |90 |6.21 [4.73 |0.52
Biogreen® Ta aepe-
(PpaHuin, BMHHa bio-
rpyna VOW) maca,
W<22 %
BTG Bioliquids |- 1.0 2000 |4.31 |1000 |6.6 0.5 1.0 500 4.71 |120000 |2.5 Pocavnna | 2.17 | 150 |5.37 [3.03 |0.21
(Higepnanaw) Ta aepe-
BMHHa bio-
maca,
W<20 %
EMPYRO (Hi- - 1.0 5000 |10.0 4500 0.9 7.2 2250 |10.0 110000 | 4.0 PocanHHa | 2.17 350 | 1.0 4.49 0.47
AepnaHam) Ta Aepe-
BWHHa bio-
maca,
W<20 %
Carbon Twister | — 1.0 400 112 | 120 0.3 7.0 60 1.17 |90000 |6.0 Pocavnba | 6.09 |18 |9.72 |6.03 |0.75
Pyrolysis Ta pgepe-
Furnaces (Hi- BWHHa bBio-
AepnaHan) maca.
W<25 %
Eliquo Water |- 1.0 533 1.0 150 0.28 |10.0 |75 1.0 80000 |[7.0 PocanHHa | 6.09 | 20 100 |7.44 |1.0
& Energy / Ta gepe-
PYREG® (Hime- BMHHa bio-
YymnHa) maca,
W<25 %
Splainex - 1.0 1100 |2.42 |400 0.36 |9.09 |200 2.58 |[95000 |5.5 PocnvHua | 835 |60 |8.0 6.02 |[0.75
(Splainex Ta aepe-
Ecosystems, BMHHa 6io-
HinepnagHam) Maca,
W<28 %
Ensyn RTP (Ka- |- 1.0 2500 |5.0 1500 0.6 1.0 750 5.66 |130000 | 1.0 PocnuHHa | 1.0 250 |3.68 |241 |0.1
Haga, CLUA) Ta gepe-
BWHHa bio-
maca,
W<18 %

3 meToto 3abe3neyeHHs KOPEKTHOTO Ta METOAMYHO 06Tpy-
HTOBaHOro NPAMOrO NOPIBHAHHA ra3oreHepaTopHUX i Nipo-
Ni3HMX YCTaHOBOK Y pob0Ti 3aCTOCOBAHO yHipiKoBaHW Mig-
Xig, A0 GopmMyBaHHA cUCTeMM KpUTepIiB ouiHoBaHHA (b—bsg)
Ta iHTErpanbHOro MoKasHuWKa edeKTUBHOCTI. Takuit niaxig,
[a€ 3MOry NPMBECTU TEXHIKO-EKOHOMIYHI XapaKTEPUCTUKMU
pi3HMX 3a pi3MUYHOI NPUPOAOID NPOLECIB A0 EAMHOI be3po-
3MipHOI WKanu Ta 3abe3neynTH ixHIo NOPiBHIOBAHICTb Y Me-
»Kax cninbHoi meToguKku. Mpu dopmMyBaHHI KpuTepiiB Bpa-
XOBaHO, WO Ana 6inbWwocTi NPOMUCAOBUX MiPONI3HUX
YCTaHOBOK NipOJi3HWNI ra3 BUKOHYE QYHKL,i0 BHYTPILLHbOrO
(BTOPUHHOrO) EHEPTOHOCIS | BUKOPUCTOBYETHCA NEPEBAKHO
ONA NiATPMMAHHA TensoBoro 6anaHcy Kamepwu niponisy, a
He PO3rnNAfaETbCA AK CAMOCTIMHNI KOMEPLIMHUIA NPOAYKT.
Lle cyTTeBO BiApi3HAE NiPONI3Hi YCTAHOBKU Bif, KNACUYHUX
rasoreHepaTopiB, y AKUX CUHTE3-ra3 € OCHOBHUM Li/IbOBUM
NPoAYKTOM. Y 3B’A3Ky 3 0OMEXKEHICTIO Ta HEOAHOPIAHICTIO
NacnopTHUX AaHMX, WO HAZA0TbCA BUPOOHMKaMK Niponis-
HOro 061aAHAHHA, ANA OKPEMMUX NMOKa3HMKIB 3aCTOCOBAHO
TUNOBI NMUTOMI XapaKTEPUCTUKM Npouecy niponisy, oTpu-
MaHi 3 y3arasibHeHUX AXKepen AiTepaTypu, 3 NoAanblumm iX
npuBeAeHHAM [0 yHibikoBaHOro ¢opmaTy po3paxyHky. Lie

3abe3nevye MeToaMYHY LiiCHICTb aHaNi3y Ta Aa€ 3MOry BU-
KOHaTW KOPeKTHe baraTokputepianbHe paH)KyBaHHA yCTa-
HOBOK Yy Mexax €AMHOI OLiHOYHOT moaeni.

OCKinbKy MiponisHi yCTaHOBKW B TMNOBIl KOHirypauii He
BMPOBNAIOTb enekTpoeHeprito, NpUNHATO Ne,= 0, a KpuTe-
pilt b1 € cTanum y mexkax Bubipku (1 6an) i He BNAMBAE Ha
PaH}KyBaHHA.

[ns npuBeaeHHs 40 NOKa3HWMKIB by—bs BUKopucTaHo y3ara-
NIbHeHi gonyuieHHnA (egMHi ans BCiei NiaBubipKK):

1) po3paxyHKOBa Tenn0Ba NOTYKHICTb YCTAHOBKM BM3Hava-

Jlacb Yyepes Ten0Ty 3ropsAHHA 6iomacu Ta NPUNHATY edeK-

TUBHICTb BiAOOPY TENOTYU (Pi3HY ANA PISHUX TEXHONOTIYHUX

Knacis):

m-LHV -5
3.6

Q= , (1)
ne LHV — Hu»Kya TennoTa 3ropsiHHA nanvea (NPUMHATO

16 MO/Kr);

1 — KoediLieHT KOPUCHOrO BUKOPUCTAHHA TENIOTU (Npuid-
HaTo 77 = 0.6 — 0.8).
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2) NpoAyKTUBHICTb YCTAaHOBKM 3a razom V., ouiHioBanacs 3a
NMUTOMUM BUPOOBHULTBOM CUHTE3-rasy:
HM3

Vias = OSFmI (2)
pe V.., — NpOAYKTMBHICTb YCTAHOBKM 3a CUMHTE3-Tasom,
Hm3/roga;
m — MacoBa BUTpaTa Nanuea, Kr/roa;
0.5 HM3/Kr — NUTOMe BMPOBHMLUTBO CUHTe3-ra3y 3 1 Kr na-
nuBea (cyxoi 6iomacu).

CnoXMBaAHHA eNeKTPUYHOI eHeprii BU3HAYaNocA Ha OCHOBI
TUNOBUX MUTOMMX MOKA3HWKIB EHEepProcnoXmnBaHHA AOMNOMI-
KHUX cucTem (TpaHcnopTepu, noapibHioBanbHe 061a4-
HaHHA, NPUBOAHI YCTaHOBKM Tow,o). OuiHIOBaHHA 34iCHIO-
Ba/10CA 33 BCTAHOB/IEHOO NOTYKHICTIO Ha BIacHi NoTpebu 3a
3a/1aHOi NPOAYKTUBHOCTI NoJadi CUPOBUHU, WO 3abe3nedye
KOPEKTHEe 3iCTaBNIeHHA anbTepHaTUBHUX TEXHOMOFYHUX pi-
WweHb. MMTOMa BapTiCTb YCTAHOBKM 334,aBanaca B MeXax Tu-
MOBMX IHBECTULiIHMX NapaMeTpiB A4 NPOMMUCIOBOrO 06na-
[HaHHA BiANOBIAHOIO TEXHO/MOMNYHOIO Kaacy. Takui niaxig,
[,3€ 3MOTy BUKOHATV NOPIBHANbHE PaHXyBaHHA B MEXKaX A0-
cnigxyBaHoi BUBipKM 6e3 nopyLlleHHs BiAHOCHOI CTPYKTYpU
KpuTepito Ta 6€3 CnoTBOPEHHS NI0TIKM OLLiIHFOBaHHA.

Y3aranbHeHe piBHAHHSA baraTonapameTpUYHOI ONTUMI3aLLl
€HeproTexHo10rYHOI CUCTEMU MAE BUTNAA,

max by, () = Xty aibi(yi(x)),n = 8. (3)

0 X — CYKYMHICTb KEPOBaHUX MapameTpiB MipOai3HO-ra3u-
bikauiiHOT yCTaHOBKM, LLLO BU3HAYatOTh il TEXHIKO-EKOHOMI-
YHi XapaKTEPUCTUKKN. Y MeXKax aHanily X € aprymeHTom,
AKUI popMye TabnnyHi nokasHukK y; (x);

£2— 06nacTb AONYCTUMMX PilLEHb, LLO 33a43E MHOXWUHY NO-
PiBHIOBAHMX BapiaHTIB cUCTEMMU:

Yi,min < yi(x) < yi,max: i = 11 ,8 (4)

by, (x) — npuBeAeHUii NOKa3HUK eHepro-eKoHoMiuHoT ede-
KTUBHOCTiI YCTAHOBKM, HaBeAeHU y 6anbHin dopmi. BiH €

pe3y/abTaTOM 3Ba*KEHOrO arperyBaHHA YacTKOBUX BanbHUX
OLHOK bj 32 OKpeEMUMU KpUTepiamu;

b;(y;) — HopmoBaHi 6anbHi ouiHkK B iHTepsani [1; 10],
OTPUMaHI 3 TaBANYHMX 3HaueHb (Y;) WAAXOM NiHiAHOT HOp-
Manisauii B mexax g0CNiAKyBaHOi BUDIpKM.

OnA noKasHMKiB, 3POCTAHHA AKMX CBiAYMTb NPO MigBuU-
WeHHA epeKTUBHOCTI YCTAaHOBKM (eNeKTpuyHa Ta Tensosa
MOTYXKHiCTb, MPOAYKTMBHICTb 3@ ra3om, AOMNYCTMMa BOJIO-
ricTb NannBa), BUKOPUCTOBYETLCA NiHilHA HOpMai3aLis 3a
NPUHUMNOM MOHOTOHHOTO 3pOCTaHHA. banbHa oujiHKa BU-
3HAYAETHCA 3a 3a/1EXKHICTIO:

bi(yi) =1+ 9y Yi—Yimin ,

imax ~Yimin

i€{1,2,5,7}.  (5)

Aey; — CbaKTVILIHe 3HAYeHHS /-0 NOKa3HMKa;

Yimax » Yimin — MiHIMaNbHe Ta MaKCMMaNbHe 3HAYEHHA Bi-
ANOBiAHOro NOKa3HMKa B MeXKax 40C/iAKyBaHOi BUBIpKMU.

[nAa NOKasHWKIB, 3MEHLWEeHHA AKUX CBigYWUTb MPO NiaBu-
WeHHA epEeKTUBHOCTI YCTaHOBKM (3aranbHa Ta NMTOMa BU-
TpaTa NanvBa, NMTOMA LiiHA YCTaHOBKM, CNOXKMBAHHA eNekK-
TpoeHeprii Ha BnacHi nNoTpebu), 3acTocoByETbCA NiHilHa
HOPMani3aL,ia 3a NPUHLMMNOM MOHOTOHHOTO CNaAaHHA.
bi(y) = 1+9-2tmax 2L ie(346,8).  (6)
Yimax ~Yimin
a; — KoediuieHTV 3HaYYLWLOCTi KpUTepIiB, WO BifobparkaloTh
iX BifHOCHWI BHECOK Y 3aranbHy epeKTUBHICTb. BcTaHOBAO-
IOTbCA BiAMOBIAHO 4,0 NPIOPUTETIB OLIHIOBAHHA Ta 3a40BO-
JNIbHAOTb YMOBM:

a;20, Y, a;=1 n=8. (7)

MpiopuTeTHicTb 3a4aHa B Takuii cnoci6: a,>a;>ag>ag, T06T0
Hanbinbly Bary Mae MiHiMi3aL,ia NMTOMOI BUTPATHU Nanumea,
Aani— 30aTHICTb YCTaHOBKM MPaLoBaTM Ha BONOromy na-
MBI, NOTIM — MiHIMI3aLiA eHeprocnoXMBaHHA Ta NMUTOMOI
LiHW YCTAHOBKMW.

Y HalWomy BMNaAKy BEKTOp TabiMuHMX noKasHukis y;(x)
Mae BUTNAL:

{y; COHoq = INew (), Q(x), m(x), My (%), Vigs (), Ly (), W (X), Erg crione, () }- (8)
bnp.(x) = albl(Nen(x)) + a2b2( Q(x)) + a3b3 (m(x)) + a4b4— (mnp (x)) + aSbS(Vlv'a3(x)) + a6b6 (urm'r(x)) +
a7b7 (W(X)) + aSbS(EB}I.CHO)K.(x))' (9)

ae N,, — eNeKTpuYHa NOTYXKHICTb YCTaHOBKM, KBT-roa;
Q — TenioBa NOTYXHICTb YCTaHOBKM, KBT-roa;
m — BUTpaTa NaauBa, Kr/roa;

my, — NTUTOMA BMTpaTa Naamnea (Ha O4AMHULLI0 KOPUCHOI No-

np
TY}KHOCTI), Kr/rog;

V..s — NPOAYKTUBHICTb YCTAHOBKM 3a rasom, m3/rog;
Lnum — NTUTOMA LiiHa YCTAHOBKM, rpH/KBT;

W — ponyctuma Bonorictb nanuea %;

Es i ciow. — CNOXMBAHHA eNeKTPUYHOI eHeprii Ana niaTpm-
MaHHA MpoLecy rasoyTBOpPeHHs, KBT.

b1, b2, bs, bs, bs, bs, b7, bs — HopmosaHa 6anbHa oujiHKa Biano-
BiZLHO: €/IeKTPMYHOI NOTY}KHOCTI YCTaHOBKM (KBT-roa); Tenno-
BOI NOTY}KHOCTI yCTaHOBKM (KBT-roa); sutpatvi nanmea (kr/roa);

MUTOMOI BUTPaTV Nanunea (Kr/KBTes); NPOAYKTUBHOCTI ycTaHo-
BKM 3a ra3om (m3/roa); TMTOMOI LiHK ycTaHOoBKM (rpH/KBT); po-
60TK YCTaHOBKM Ha 3a4aHOMY BMAiI CUPOBWUHU 11 BonorocTi (%);
€/1eKTPOCNOKMBaAHHSA Ha 3abe3neyeHHs BHYTPILUHIX eHepreTu-
YHWX noTpeb npouecy (KBT).

KoediLieHT BifHOCHOT epeKTUBHOCTI YCTAHOBKM:

K = 0.1+ 0.9 Lbmin)

(10)
(bmax—bmin)
Ae by, in — MiHIManbHe 3HaYeHHA IHTErPaNbHOTO NMOKAa3HUKa
B Mexax BUBIpKK (Bignosigae HaimeHLWw edeKTUBHIl yCcTa-
HOBL cepes, PO3rNAHYTUX), byin = min(bnpj);
bpax — MaKCMManbHe 3Ha4YeHHA IHTerpasbHOro NOKa3HMKa
(sianoBigae HalledeKTUBHILWIN yCTaHOBLi cepes, pPO3rnsaHy-
™X), bppax = max(bnpj).
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[a30reHepaTopHi YCTAaHOBKM XapaKTepusyoTbca CTabiNbHi-
CTIO BUPOOHWMUTBA CUHTE3-ra3y Ta MOX/AMBICTIO MOro npsa-
MOr0O BUKOPUCTAHHA ANA BUPOOHULTBA €NeKTPUYHOI eHep-
rii B KOreHepauiMHUX ycTaHOBKax. TexHosoria epeKTUBHO
npaLoe B yCTaHOBKAxX Masoi Ta cepeaHboi NoTyKHocTi (50—
500 KBT) i MoKe 6yT1 BiAHOCHO NPOCTO iHTErPOBaHa B iCHY-
touy TennoBy cuctemy ob’ekta 6e3 cknafHUX A0AATKOBUX
pileHb 3 opraHisauii TennoobmiHy. BogHoyac edektus-
HicTb rasudikayii icTOTHO 3anexuTb Big, GisMKO-XiMiYHMX
BnactTuBocTelt Giomacu, WO 3yMOB/IOE HEOOXigHICTL i no-
nepeAHbOI NiAroToBKM. L0 OCHOBHUX 06MeXKeHb TEXHONOTIT
HanexaTb NigBULLEHE YTBOPEHHA CMOA Nif, Yac rasudikaLii
OKpemmx BUAiB Naansa, YyT/IMBICTb NPOLLeCY A0 KOMBAHb
CKNaAy Ta BOIOTOCTi CUPOBMHM, @ TAKOXK BiACYTHICTb AoAa-
TKOBOI NpoAyKLUii, Aka morna 6 3abesneyysaTn 404aTKOBY
€KOHOMIYHY e(EeKTUBHICTb YCTAHOBKM.

Miponi3Hi ycTaHOBKMN NepepobnstoTb CUPOBUHY MiaBULLEHOT
BOJIOrOCTi Ta 3abe3nevyoTb BUPOOHULUTBO, KpiMm Miponis-
HOrO rasy, Takux A0AATKOBUX MPOAYKTIB, AK Biosyrinna Ta
6ioonisa. MpaBUAbHO OpraHi3oBaHe BUKOPUCTAHHA TEMNOTH
BCEPeAMHi YCTaHOBKM (MOBTOPHE BUKOPUCTAHHA TEMJIOTH
npouecy) 3MeHLIye YTBOPEHHA CMOA, a poboTa CUCTEMU €
ekosoriyHo 6e3neyHiwoto. OgHaK 3 NipoNi3HOro rasy He BU-
pobnstoTb 6e3nocepesHbO eNEKTPOEHEPTIIO.

BcTaHOBNEHHA YCTAaHOBOK MOTPebye 3HAYHMX iHBECTULLN,
CKNafHiWoi opraHisauji Ten1006MiHy, TEXHIYHUX pilleHb
040 BUKOPUCTaHHA / yTuaisauii niponisHoro rasy.

CepegHi 6anbHi OUiHKK KpUTepiiB Ans TeXHONOTri niponisy
Ta rasudikauii HaBeaeHi Ha puc. 2.

MoepHaHHA NpoueciB Niponisy Ta rasmdikauii B ogHil ycra-
HOBL,i 4Q€ MOXAMBICTb CNOYATKY 34IACHUTU TepMiYHe po3-
KnafaHHA 6iomacu, a oTPUMaHMUi ras Hagani BUKOpUCTaTh
B Kamepi rasundikaLii abo 6esnocepeaHbO A8 BUPOOHUL-
TBa eneKkTpoeHeprii. Taka cxema 3abesneyye NigBULLEHHA
CyMapHoro KoedilieHTa KOPUCHOTO BUKOPUCTAHHA eHeprii
80 K =0.9 (Kras = 0.664, Knip = 0.683) 3a paxyHOK BHYTPiLL-
HbOi TEeNA0BOI peKynepawii, 3HUKEHHA NMUTOMOT BUTPATH
nanmea Ta PO3LIMpPEHHA AOMNYCTMMOrO Aiana3oHy BOAOroCTi
CUMPOBUHU. [JOOATKOBOK NepeBarod € OTPUMaHHA biosy-
rinna / 6ioonii AK cynyTHbOro NPOAYKTY, L0 NOKPALLYE EKO-
HOMIiYHi MOKA3HMKU YCTAaHOBKWU. TEOPETUYHO Lie CTBOPIOE
YMOBU AN BUKOHAHHA HepPiBHOCTI Knip-rasug>mMaX(Knip, Kras),
OCKi/NIbKM NMOEAHAHHSA LMX TEXHOJIONN AA€E 3MOTY 3MEHLLNTU
NUTOMY BUTPATYy NainBa, 3HU3UTU eHepreTUYHi BUTPaTK Ha
CYWIiHHA Nanmea Ta paLiOHa/NIbHO BUKOPUCTATM TENNO MiX
OKPEMMMM CTaAiAMM NpoLecy.

lasudikauis M [Miponis

CymapHuit 6an (1-10)

7

6

5

4

3 |—

2

1 |—

, LI

bl b2 b

3 b4

b5 b6 b7 b8

HopmoBaHa 6anbHa OLiHKa

Puc. 2. CepedHi 6anbHi oyiHKu Kpumepiie 0519 mexHonoeil niponaizy ma 2a3zugikayii

3a pe3y/ibTaTamMu iHTErpanbHOi OLiHKW BCTAaHOB/AEHO, LUO
TexHonorii niponisy Ta rasuodikauii matoTb 6M3bKi 3Ha-
YEeHHS Yy3araJbHEHOro MNOKa3HUKa edeKTUBHOCTI (aumB.
puc. 2), o4HAK Pi3HY CTPYKTYPY TEXHIKO-EKOHOMIYHMX Xapa-
KTEPUCTUK. 3 MeTO MiABULLLEHHA AKOCTI ra3y, ogepxaHoro
B Npoueci Niponisy, NPONOHYETbCA NOEAHATM NipoAi3 i3

noAanbWNM NPOMNYCKaHHAM MiPOJi3HUX rasiB yepes 30HY
BiAHOB/IEHHA 33 aHA/IOrIEl0 3 ra3oreHepaTOPHOK YCTaHOB-
Koto [29]. Mia yac NpoxoaKeHHA yepes 30HY BiAHOBNEHHSN
CO2 BigHoBNtOETLCA A0 CO, TEPMIYHO HECTINKi opraHiyHi
CNONYKM AECTPYKTYIOTb 3 YTBOPEHHAM NPOCTilLINX roprHoYmX
KOMMOHEHTIB, CMO/INCTi PEYOBMHM NiAAAIOTLCA KPEKIHTY, a
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BOAAHA Napa B3AaEMOLIE 3 pPO3irpiTMm ByrneLem 3 yTBOpeH-
HAM CO Ta Hz; yacTnHa Hz moxke fani pearysatu 3 Byrneuem
3 yTBOpEeHHAM CHa.

OOHMM 3 TONIOBHMX HEAO0NiKiB TaKoro npouecy € Heobxia-
HICTb NIATPUMAHHA BMCOKOI TemnepaTypu B 30HI BiAHOB-
NleHHA, 0cobAMBO Mig, Yac NPOTIKAHHA peakuiii B3aemogaii
BOAAHOI Napu 3 Byrnewem, Aki € eH40TeEPMIYHMMM Ta NOT-
pebyloTb 3HaYHOro NigBeAeHHA TENA0TU. 3HUKEHHA TeM-
nepaTtypu peakuiiHoi 30H1 NPU3BOAMTb A0 HENMOBHOIO ne-
pebiry LMX peaKuii, WO CyTTEBO NOriplwye ckaag i
TENNOTBOPHY 34aTHICTb rasy.

BigBeneHHA rasy 3 Kamepwu Niponisy Ta 3 YCTaHOBKM 34ilic-
HIOETbCA CAMOM/IMHOM, NPOLLEC BiAHOBAEHHA B HaAKOAMUC-
HUKOBIlM 30Hi BiAOYBAETbCA 33 MiHIMA/NIbHOrO HaA/MLLKO-
BOrO TUCKY, BE/IMYMHA AKOTO BU3HAYAETHCA OMOPOM LUApy
L,EePpeBHOrO BYTiNAA NPOXOAMXKEHHIO CUHTE3-rasis, WO yTBO-
PIOOTLCA BHACANILOK TEPMONi3y. 3 ypaxyBaHHAM HACUMMHOI
LWiNbHOCTI AepeBHOro BYriNAA B KiibLEeBOMY NPOCTOPI MiXK
KOPMYyCOM i Kamepoto Nipoi3y Len HagMWKOBUIN TUCK He-
3HAYHOI MipOK0 BiApi3HAETbCA Big aTmocdepHoro. Tomy
Maco- Ta TenN00bMiHHI Npouecn AOLINBHO PO3rNALaTH AK
TaKi, Wo nepebyBatoTb 3a YMOB CTA/IOr0 aTMOCHEPHOro T!-
CKY.

Ockinbku ana nepebiry peakuii B3aemogii BogAaHOI napu 3
Byrneuem HeobxigHe nigBeaeHHA TeNa0TH, Npouec NpoTi-
Kae 3a Temnepatypu 800-1000 °C Ta 3a TUCKY, 6AU3bKOro
[0 aTMocdepHOro:

C+H20(g)= CO+H+AH=+131 kAx/monb.  (11)

Tomy npu po3paxyHKy HanaHcy Tenaotu, HeobxigHoi ana
nepebiry peakuii BoasHOro rasy, cnig BpaxyBati BUTPATH
TENJIOTM Ha NigirpiBaHHA BOAAHOI Napu Ta AEPEBHOro By-
rinna go Temnepatypu 900 °C, a TaKoXK BUTPATU TENIOTK Ha
nepebir camoi XiMiYHOI peaKLii, OCKifIbKM BOHa € eHAOTEp-
MiYHOI0.

HeobxiAHO BpaxoByBaTW, L0 4YacTMHA OKCUAY ByraeLto
(CO), yTBOpeHoro BHacnigoK peakuii (1), moxe 6e3snocepe-
[OHbO B3aEMOAIATY 3 BOAAHOI Napoto, LLLO 3YMOBJIIOE Nepe-
6ir peaKLuii KOHBepcii BoAsHOrO rasy:

CO+H20 = CO2+H; — AH®=-41,2 kA /monb.  (12)

Lla peakLia € eK30TepMi4HOI Ta CynpOBOANKYETLCA BUAI-
neHHaAm 41.2 k/Mmonb Tennotv, Ta NPMBOAMTb 40 YTBO-
peHHsa giokcuay Byrneuto (CO2). Y 30Hi BigHOBAEeHHA CO:
BCTYMA€E Y B3aEMOZ,i0 3 BYyr/eLLeM 3 YTBOPEHHAM OKCUAY BY-
rneyto (CO) 3a peakuieto byayapa, fSiKa € eHA0TePMIYHOI0:

C+CO;2 = 2CO+AH=+172 k>k/monb (13)

Bpaxosytoun nepebir ximiuHoro npouecy, go 50 % napis
H20 MoxKyTb 6paTi y4acTb B YTBOPEHHI BYr€KMCAOro rasy
(CO2). NpoTe sAKLWLO NOPiBHIOBATM EHTANbMIO peaKLii yTeo-
peHHA BogaHoro rasy C+H,O=CO+H; Ta cymapHy eHTanb-
nito nocnigoBHocti (KoHeepcia CO BogsAHOW Mapoo
CO+H,0=C0O2+H> 3 opHo4vacHow peakuieto byayapa
C+C02=22C0), To cymapHa 3miHa eHTanbnii B 060x BUNag-

Kax € 04HaKoBOW i cTaHoBUTb AH°=+131 kx/monb. OcKi-
NbKM 0bmaBa Wnaxm nepeTBopeHHA 3abe3neyyoTb ogHa-
KOBUW CyMapHWUi1 TennoBuii edpekT i GopmMytoTb eKBiBasEH-
THUIM cKnag rasosoi ¢a3v, y NojanblUMX eHepreTUHHUX
po3paxyHKax 6anaHc TenaoT 4OuiNbHO BU3HAYaTU, BUXO-
LAY 3 peaKu,ii yTBOPeHHA BOAAHOro rasy gna BCi€l KinbKo-
CTi BOAAHOI Napwu, LLO MICTUTbCA B NPOAYKTaX Niponisy.

OcKinbKM nNig, 4ac NPOXoAXKeHHA 30HU BiAHOBAEHHA YyTBO-
PIOETLCA Bi/IbHUI BOAEHDb, 32 HAABHOCTI BYI/IELLI0 MOXK/INBE
NPOTiKaHHA peakKuii rigporasmoikauii, AKa € eKksoTepmiy-
HolO:

C+2Hz = CHs — AH®=-74,8 kk/monb (14)

PeakKuina rigporasndikauii npoTtikae B TemnepaTtypHoOMmy iH-
Tepeani 800—1000 °C. 3a yMOBM 3pOCTaHHA TemnepaTypw
piBHOBara 3milyeTbca B 6iK PO3KNagaHHA MeTaHy Ha Byr-
neub i BoaeHb. OTXKe, YTBOPEHHA MEeTaHy MoXe Biabysa-
TUCA NO3a 30HOK BiAHOBAEHHA, @ Came Yy 30Hi OXxono-
OXKEeHHA NPOAYKTIB Niponidy, AKa oAHOYACHO 3abe3neuvye
HarpiBaHHA Kamepw cyxoro niponisy. Tomy B nNoganblunx
pO3paxyHKax BUTPAT TEN/A0TU Ha NiATPMMAHHA Temnepa-
TYPW BigHOBHOI 30HM TENAOTY, WO BUAINAETbCA Nig Yac pe-
aKuji rigporasngikaLii, He BPaxoBYEMO.

Hapxop»KeHHA BOAAHOI Mapy 40 30HM BiAHOBNEHHA € Hepi-
BHOMIPHWMM i XapaKTepU3YETbCA NIKOBUMM 3HAYEHHAMM, LLLO
BignoBigatoTb nepebiry GisnyHUX i XiMiYHUX NpoLeciB y Ka-
Mepi cyxoro niponisy. Mepwwuit eTan NoB’a3aHU 3 BUNapo-
BYBAaHHAM BOMOMN 3 MaTepiany, AKUI NigaaeTbca niponisy,
Ta BM3HAYAETbCA 3a/IMWKOBOIO Pi3MYHOI BONOFICTIO Aepe-
BHUX Nener.

Mopanblui po3paxyHKy BUKOHAHO AnA 1 Kr neneT BONOTICTIO
14 %. Cyxa pevyoBuHa cknagdaeTbea 3 42 % uentonosm, 31 %
remiuentonosun, 23 % nirHiHy, 3 % eKCTPaKTUBHUX PeYOBUH
i1% 3onun.

[pyruii eTan BUAiINEHHA BoAU NOB’A3aHUI 3 TEPMIYHUM pO-
3KNagaHHAM remiuentonosu. Mpouec NpoTikae B Temnepa-
TypHOMY Ziana3oHi 220-315 °C, npu LboMy MaKCMMabHa
WBWUAKICTb PO3KNAJAHHA CNOCTEPIraeTbCca 3a TemnepaTypm
6nm3bko 290 °C. BHacnigok AecTpyKuii remiuentonosu
MOXKe yTBOPHOBATMCA BOAAHA Napa macoto Ao 18 % sig i no-
YATKOBOI MacH.

TpeTilt eTan yTBOPEHHS BOAM BigNOBiAa€E po3KNaAaHHIO Le-
nono3un. BiH BigbyBaeTbcA B 40BOJII LUIMPOKOMY TEMMNEpPaTY-
pHoMmy iHTepBani, 250—400 °C, a KinbKicTb BOAM, WO BUA-
NAETbCA, MOXe CTaHOBUTU A0 18 % Big noyaTKOBOI macu
Leso103M1.

YeTBEPTUI €Tan YyTBOPEHHA BOAM NOB’A3aHNIN 3 TEPMIYHUM
poO3KNagaHHAM NirHiHy. Mpouec BiabyBaeTbca B TemnepaTy-
pHOMYy AianasoHi 200—400 °C, npu uboMy KiNbKiCTb BOAM,
O BUAINAETbCA, MOXe CTaHOBUTU A0 8 % Bifg No4yaTKoBOI
MaCU NirHiny.

Pe3ynbTaTh po3paxyHKy KinbKOCTI BOAAHOI Napu, WO YyTBO-
PIOETLCA HA OKPEMMX CTAIAX TEPMIYHOrO PO3KIaLaHHA Le-
N0N103U, FTEMILLeNON03U Ta NirHiHY, 3aHecemo B Taba. 2.
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Ta6nuua 2. Pe3ynbTaTtv po3paxyHKy KiIbKOCTi BOAAHOI Napu, WO YTBOPHOETLCA Nig, Yyac niponisy nenet

— . : _ | Y BigHOwWeHHi Ao no-
Etan Temneparyprguu aia ik Bup,megl-m BO 4aTKOBOI MacK MaTe- y nepepaxyHKy Ha
nasoH, °C noru, °C . o 1 kr 6iomacm, r
piany, %
NiacywyBaHHA 6io- 100-130 BiACYTHIl 14 140
macm
Po3knagaHHsa remio- | 220-315 290 18 65
Lentosiosn
Po3knapgaHHAa uento- | 250-400 290-310 18 48
nosn
Po3knagaHHa nirHiHa | 200-400 BiACYTHIl 8 16
AHani3 gaHux Tabn. 2 ceigunTb, WO Nig Yac niponisy 3 1 Kr
P v B, =Q,/ty, (18)

neneT yTBOPIOETbCA 6/1M3bKO 269 I BOAAHOI Napu, WO Bia-
nosigae 27 % Big, NMOYAaTKOBOI Macu CUPOBUHU. BnnsbKo
52 % Big, Ui€i KinbKOCTI Napu BUAINAETbCA B TemnepaTyp-
HoMmy iHTepBani 100—130 °C. Apyruit BUPArKEHUIn MaKch-
MYM npunagace Ha gianasoH 290-310 °C i ctaHOBUTb NpU6-
nn3Ho 42 % Big 3arasbHOT MacK YTBOPEHOT BOIOTU.

BWKOHaHWI aHani3 f03BOMAE NOKA3aTH, WO MaKCUMasibHe
TepMiYyHe HaBaHTa*KeHHA 30Ha BiAHOBNEHHA 3a3HAE Nig Yac
BMMapOBYBaHHA BOJIOTU 3 ME/IET, OCKi/IbKM Came Ha Lbomy
eTani A0 BKa3aHoOi 30HM HeobXxigHO NiaBOAUTUN HaNBINbLLY
KinbKicTb eHeprii. Ha ubomy eTani BogAHa napa mae temne-
paTypy 6:113bko 100 °C, Tomy HeobxigHO nigBecTn foaaT-
KOBY TennoTy AnA il HarpiBaHHA 40 TemnepaTtypwu, 3a AKOI
BiAOYBAETbCA peaKL,ia yTBOPEHHA BOAAHOIO rasy.

OCKiNbKKM TENI0EMHICTb BOAAHOI Napu 3pOCTa€e 3i 36inblueH-
HAM TemnepaTypu, y po3paxyHKax NPUMMAEMO ii 3HaUYeHHs 3a
Temnepatypu 1000 °C, Lo CTaHOBUTL Cp, = 2.32 KX/ (KrK).

Po3paxyemo NoTpibHy KiNbKiCTb TENAOTM AN KOMMeHcau,i

HarpiBaHHs napu o 900 °C:
Qp = Cp-my - AT, (15)

e Cp— NUTOMa TeMNIOEMHICTb BOAAHOI napwu, KA/ (kr-K);
mp — Maca BOAAHOI Napw, Kr;
AT — 3miHa Temnepatypu, °C.

3a wenarocti HarpisaHHa 10°C/XB MOTYXHICTb TEMI0BOrO
NMOTOKY BM3HAYAETbCA 3@ BUPA3OM:

B, =0p/t,

ne t—yac HarpiBaHHA, C.

(16)

KinbKicTb TENN0TH, AKY HEOOXiAHO NiABECTN A0 30HU BigHO-
BJIEHHSA AnA i posirpisaHHA go 1000 °C:

Q, =c, -m, AT, (17)

Ae Qv — KinbKiCTb TENNOTH, AKY CAig, NiABECTM 40 30HU Bia-
HOB/EHHA ana ii posirpiBaHHa go 1000°C, KOX;

Cv— NMUTOMA TEMJIOEMHICTb Byriewto, KA/ (kr-K);

my — maca Byrneuso, Kr;

AT —3miHa TemnepaTypwm, °C.

[na posirpiBaHHA 30HM BIAHOBAEHHA 40 TemnepaTypu

1000 °C ynpogos» 10 xB HeobxigHa NOTYKHiCTb TENJ0BOrO
NOTOKY CTaHOBUTb:

Ae Py — NOTY)KHICTb TENI0OBOrO NOTOKY, HEObXiAHA oS po-
3irpiBaHHA 30HU BigHOBNEHHA, BT;

tv — Yac HarpiBHHA, C.

KinbkicTb Tennotu, HeobxigHOI ANA NPOTiKaHHA peakKuii
YTBOPEHHA BOAAHOrO rasy:

Qr = AH® - (mHZO/MHZO)'

Ae Qr — KiNbKiCTb TENNOTU, HEOOXIAHOT ANA NPOTiKaHHA pe-
aKLii yTBOpPEHHA BOAAHOrO rasy, KAX (4x);

(19)

My, o — Maca BOAY, Kr;
My, o — monsapHa maca Boau, Kr/monb;

AH® — 3Ha4yeHHA eHTanbNii peakuii yTBOpPeHHA BOAAHOrO
rasy, K4x/monb.

Peakuia yTBOpeHHA BOAAHOIO ra3y XapaKTepu3yeTbCa YyTBO-
peHHAM CO Ta H2 y TemnepatypHomy pgianasoHi 800—
1000 °C. Tomy Ha NOYaTKOBOMY eTani HaAXOAKEHHA BOAA-
HOI Napwu B 30HY BiAHOBNEHHSA, 332 YMOBW NONepeaHbOro Ha-
rpiBaHHA wiei 30HM ao 1000 °C, y Hilt HaABHWI 3anac BHYT-
pilHbOT eHeprii posirpiToro aepesHoro Byrinna. Liev 3anac
MoXKe 6yTW BUKOPUCTAHUIM AN HarpiBaHHA BoAAHOI Mapu
Ta 3abe3neyeHHA NPOTiKaHHA peakLil yTBOPEHHA BOAAHOIO
rasy. NMpuinmemo [onycTMme 3HUXKEHHA TemnepaTtypu B
30Hi BigHOBNeHHA Ao 820 °C Ta o6uncammo 3anac eHeprii,
O MOKe BYTN BUKOPUCTAHWUI ANA peaKLil yTBopeHHs Ha.

Qus = Cpogo * My, + AT, (20)

ae Q,s — 3anac TensoTH, peaKLilHOi 30HW BiAHOBNEHHS,
KOXK;

Cyooo — MUTOMA TEMNJIOEMHICTb AepPeBHOro BYrinas 3a cepe-
AHbOI Temnepatypwu npouecy (=900 °C), kKAx/(kr-K);

m, — Maca AepeBHOro BYriNAA B 30Hi BiAHOBNEHHSA, Kr;

AT — 3miHa Temnepatypm, °C.

JopatkoBa KifbKicTb TENNOTU, AKY HEOOXiAHO NifBecTM 40
30HM BiAHOB/IEHHA, BU3HAYAETbCA AK PISHULUA MiXK Cymap-
HUMW BUTPATaMM TEMJIOTU Ha HarpiBaHHA BOAAHOI Napu Ta

NPOTiKaHHA peaKLii BOAAHOro rasy i HaABHMM 3aMacom Te-
MAOTM PO3irpiTOro ByraeLo:

Q=Qp+QR_st'

Ae Q — nopaTKoBa KiNbKicTb TENA0TH, AKY HeobXigHo niase-
CTW A0 30HM BiAHOBNEHHSA, KIXK;

(21)
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Qp —KiNbKICTb TENNOTH, HEOBXiAHA ANA KOMMNEHcawi Harpi-
BaHHA napu g0 900 °C, kOXK;

Qg — KiNbKicTb TEN0TU, HEOBXiAHA ANA NPOTIKAHHA peaku;i
YTBOPEHHA BOAAHOIO rasy, KI;

Q,s —3anac TennoTn, peakLuiMHOi 30HU BiAHOBNEHHA, KILXK.

Ockinbkn nikoBa ¢asa npouecy TpuBae npnbansHo 1 xs,
HeobXiAHWI TENNOBUI NOTIK ANA KOMNeHcalii eHepreTuy-
HUX BUTPAT Y 30Hi BiAHOBNEHHA BU3HAYAETLCA 33 BUPA3OM:

P=Q/t, (22)
e P — NOTy»KHiCTb TEN10BOro NOTOKY, BT;

Q — A0AaTKOBA KiNbKICTb TENNOTU, AKY HEOBXiAHO NigBecTu
00 30HU BiAHOBNEHHA, KIXK;

t — TpmBanicTb NikoBoi ¢pasm npouecy, C.

Po3rnAHemo NUTaHHA KOHCTPYKTMBHOIO PO3MILLLEHHA 30HU
BigHOBNEHHA. 33 TemnepaTypu, 6am3bkoi go 1000 °C, ne-
peaaya Ten10T1 Bif, 30HM BiAHOBAEHHA A0 HAaBKO/ULWHBLOIO
cepenoBuLLa BiAOYBAETHCA, NMEPEBAXKHO, LAAXOM TEMNO-
BOroO BUNPOMIiHIOBAHHA. 3a BiACYTHOCTI Tenaoisonauii paai-
auirHi BTpatM 6yan 6 3HaYHUMK. TOMY 30HY BiZLHOBNEHHSA
HeobXigHO ekpaHyBaTK 3 BOKiB pyTEepPOBKOIO, a 3BEPXY Ta
3HM3Y i30/110BATU LLApamMmM MaTepiany 3 HU3bKOI TeNN0NpPo-
BigHICTIO. Y 3aNpoOnNOHOBAHI KOHCTPYKLi SK Tennoisona-
LiHMIA NPOLWWAPOK BUKOPUCTOBYETLCA LIAp AEPEBHOMO BY-
rinna. Tnowa noBepxHi, BWU3HAaYeHa 3 TeOMETPUUYHUX
napameTpiB yCTaHOBKM i cTaHOBWTb S = 0.138 m2. Temnepa-
TYpY B 30Hi BigHOBNEHHA NpuiiHATO 61mn3bKko 1000 °C. BiyHi
CTiIHKM MatoTb GyTepoBKyY, TOMY BTPaTW TENJIOTU B pagianb-
HOMY HanpPAMKY MiHiManbHi. YcepeauHi Wwapy piBHOMipHO
pO3MilLleHi eneKkTpoHarpsiBayi. Buxogaum 3 TepmoximivyHmx
npouecis, Lo BiAbyBatOTbCA B 30HI BiAHOB/MEHHA, NpUiiMma-
emo ii BncoTty 100 mm.

[paHMYHY TemnepaTypy 30BHILUHbOI NOBEPXHI NPUMMAEMO
He Buwoto 3a 200—250 °C. 3a TaKoro pisHA TemnepaTypw iH-
TEHCUBHICTb TENJI0BOr0 BUMPOMiHIOBAaHHA NOBEPXHi CTaHO-
BUTb Npnban3Ho 2—3 % Big, BUNpoMiHtoBaHHA npu 1000 °C,
LLLO 3abe3neyye CyTTEBE 3MEHLLEHHSA paialiiHUX BTpAT Te-
naoTu.

[na HacMnHoro Wwapy A4epeBHOro BYriNAA 33 BUCOKMX TEM-
neparyp peasibHa TennonpoBigHicTb CTaHOBMUTb
A=0.15..0.20 Bt/(m-K); y pospaxyHkax npuiimemo A =
0.2 Bt/(m-K).

CepeaHii Ten10BMI NOTIK Yepes Wwap BU3HAYAEMO fAK:

P

9= (23)
G — WiNbHICTb TENN0BOrO NOTOKY, BT/M?;
P — cymapHa NoTyXHiCTb enekTpoHarpisauis, BT;
S — nnoua noBepxHi TennoobmiHy, m2.
HeobxigHuit nepenag TemnepaTtyp:
AT =Ty —Ts, (24)

ne AT — 3miHa Temnepatypu, °C;
T, — noyaTKoBa TemnepaTypa B 30Hi BigHOBNEHHA, °C;
Ts — TemnepaTypa wapy aepesHoro Byrinns, °C.

HeobxigHa ToBLIMHA Wapy BYriAAsA, 3a 3aKkoHom Dyp’e:

q=A-AT/S, (25)

3Biacu

66108}71‘ =1 AT/q' (26)

Ae Osiopyr — TOBLUMHA WAPY BYFiANA, M;

g — WiNbHICTb TEN0BOro NOToKy, BT/m?;

A\ — KoeoiuieHT TennonpoBsigHocTi wapy Byrinns, Bt/(m-K);
AT —3miHa TemnepaTypy, °C;

OKpemMoro BMBYEHHA NOTPebYE NUTaHHA NigBeaeHHA Ten-
N0TN [0 Nenet, Po3MiILLEHUX Y Kamepi Cyxoro niponisy.
KOHCTpYKTMBHO Kamepa cyxoro niponidy € repmeTnsoBa-
HUM MeTaNeBUM UUAIHAPOM 3 TPYOKOI BiaBeAeHHs CUH-
Te3-rasy, AKMN BCTAHOBNEHO BCepeaMHi 30BHILIHbOrO Kop-
nycy yCTAaHOBKM, TAaKOX BUKOHAHOrO y BUMNAAI UUAIHAPA.
Mi>X 30BHILUHIM KOPNYCOM i KOPMYyCOM Kamepu Cyxoro nipo-
Ni3y YTBOPIOETbCA 3aMKHEHUI MiXKKOPMYCHUIA NPOCTip, LLO
Ma€ 30BHilWIHIM NaTpyboK AnA BiaBeAeHHA rasy. Y HUMKHIN
YACTMHI 30BHIIHBLOrO Kopnycy, Nig Kamepor Cyxoro nipo-
Ni3y, po3milleHa 30Ha BiAHOBMEHHSA, OUYMLLEHHA Ta 36ara-
YeHHA OTPUMAHOrO roproyoro rasy. Foptoyi rasm yepes Bia-
BigHY TPYOKY NOAAOTbCA B HUXKHIO YAaCTUHY 30BHILIHbOTO
Kopnycy. TaKUM YNHOM, ANA BUXOAY 3 YCTAHOBKM FOPHOYNIA
ras NoOBWMHEH NPOWNTK Yepes3 30HY BiLHOB/IEHHA, MPU LLbOMY
Moro pyx 3abesnevyye KOHBEKTUBHWUIN TENIOOBMIH MiX 30-
HOIO BiAHOBNEHHA Ta KOPMyCOM Kamepwu Cyxoro niponisy
nif, Yac NpoTiKaHHA nNpouecy Niponisy nener.

MoyaTKoOBe HarpiBaHHA Kamepw Cyxoro Miponisy 3aiicHio-
€TbCA YOTUPMA enleKTpoHarpisadamm tuny KIT noTyHicTio
no 1300 BT, po3MilLLEHUMM Y MiXKKOPMYCHOMY NPOCTOPI MiXK
30BHILIHIM KOPMNYyCOM i KOpPMNycom Kamepw. 3asHayeHui
NPOCTip 3aNOBHEHWUA AEPEBHUM BYTINAAM HACUMHOI WiNb-
HOCTi, AAKe BMKOHYE OYHKLiO TEN10aKyMyntoBaAbHOrO Ta
i30110BanbHOroO Wapy.

EnekTpoHarpiBayi po3milleHi PiBHOMIPHO MO NepumeTpy
Kopnycy Kamepu, GOpMyoUM HOTUPK PIBHO3HAYHI CEKTOPW,
WO HarpisatoTbcA, Ta 3abe3nevyroym CMMETPUYHUIA Po3no-
Ain Tennosoro notoky. O6’em Kamepu cyxoro niponisy 3a-
6e3neyye 3aBaHTaXKeHHA NpPUHAN3HO 9 Kr nenet y Hacun-
HOMY CTaHi.

[na npoBeneHHA TENNOBUX PO3PaxyHKiB NPUAMEMO: OAMH
CEKTOp, L0 HarpiBaeTbCA, PO3rNAAaEMO AK MNJIOCKY NPAMO-
KYTHY CTiHKY BMcOTOl 350 MM i WwnpuHoto 173 mm, B AKii
MiX TEHOM | MeTafIeBMM KOPNYyCOM KaMepu CyXoro niponisy
PO3MIlLLEeHNI Wap AepeBHOro BYrifAAA TOBWMHOW 50 MM,
Oani po3TalloBaHa MeTanesa NAacTMHa TOBLWMHOK 8 MmMm. 3
BHYTPILIHBbOrO 6OKY CTIHKM PO3MILLLEeHWUI Wap neneT TOBLLUM-
HOto 45 mMm 3 macoto 2.25 Kr.

Y po3spaxyHKax npuimaemo, wo 50 % noTy»KHOCTi enekTpo-
HarpiBaya PiBHOMIpHO NepefaeTbcA APy AEePeBHOro By-
rinna. Tennosiggaya enekTpoHarpiBaya, pos3irpitoro Ao
1000 °C, BiabyBaeTbca NepeBaxKHO BUNPOMIHIOBAHHAM Y No-
BHOMY KyTi 360°. 3 ypaxyBaHHsAM TENOEMHOCTI WWapy BYrinas
Ta HEMUHYYMX TENIOBMX BTPAT Y KOHCTPYKLii B NoganbLumx
po3paxyHKax MPUMAMAEMO, LLLO Ha HarpiBaHHA KaMepu Cyxoro
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niponisy e¢peKkTMBHO BMKOPUCTOBYETLCA /iMLIE MOJI0BUHA
BCTAHOB/IE€HOI NOTYXHOCTI e/1eKTpoHarpiBauvis.

[na noganblinx pos3paxyHKis Npuinmemo, Wwo naowa npa-
MOKYTHOI CTiHKM npu BucoTi h = 0.35m Ta wupuHi b =
0.173 m cTaHoBuTb Sg = 0.35 x 0.173 = 0.0606 m2. Tenson-
POBIAHICTb NOPUCTOrO AEPEBHOrO BYFiNAA CTAHOBUTL Asiosyr
= 0.2 Bt/M-K, a ctani — Acrani = 45 Bt/m-K.

TepmiyHuMiA onip Wapis 3HakAEMO 3a MaTeMaTUYHOLO 3ane-
MKHICTIO:

R=4/2, (27)
ae 6 — TOBLMHA Wapy, M;
A —KoediuieHT TennonposiaHocTi matepiany, Bt/(m-K).
[ns wapa gepeBHOro Byrinaa ToswmHo 50 mm 3a kKoedili-
eHTa TennonposigHocTi 0.2 Bt/m-K TepmiuHmii onip craHo-
BUMTb Reiosyr = 0.05/0.2 = 0.25 m? K/BT. [1na meTanesoi CTiHKM
TOBLUMHOI 8 MM 3a TennonposiaHocTi 45 BT/m:-K TepmiyHmit
onip cTaHoBUTb Rerani = 0.008/45 = 0.00017 m? K/BT.

AHani3 oTPUMaHMX 3HAYEHb CBIAYUTD, LLLO Y PO3FNAHYTIN CU-
cTemi Tenaonepegadi BM3HAYa/bHUM € TepMiYHMIA onip
Wapy AepeBHOro BYriNNA, Togi AK onip MeTaneBoi CTIHKU €
Ha KifibKa MOpAAKIB MEHWWUM i MPaKTUYHO He BMJ/IMBAE Ha
3ara/ibHWI Npouec Tensonepeaaui.

[ycTMHa peanbHOro Tenn0BOro MOTOKY BU3HAYaETbCA 3a
CNiBBIAHOLEHHAM:

q = (T, - Tz)/Rz , (28)

fe q' — rycTMHa peanbHOro Ten0BOro NoToKy, BT/m?;
T1 — TemnepaTypa BHYTPILWHbOI MOBEPXHi 30HM HarpiBaHHA
(TemnepaTypa Wwapy gepesHoro Byrinnsa), °C;
T2 — TemnepaTypa BHYTPILHbO| NOBEPXHI MeTaneBoi CTiIHKK
Kamepwm, °C;
Rs — cymapHuiAi TepmiyHMIA onip TenaonpoBigHMX LWapis,
m2-K/BrT.
MoBHWMI TENNOBMI NOTIK (MOTYKHICTb), LLLO NepesaeTbea ne-
netam:

QneJI =q- SR! (29)
Quen — NOBHUI TENNOBMI NOTIK, WO NepesaETbCa nesneTam,
BT;
Sk — nnola Tennonepeaadi, M2,
LLIBMAKICTb HarpiBaHHA NeneT y Kamepi Cyxoro niponisy Bu-
3Ha4YMMO 3a hopmynoto:

aT_ Oue
dt Muen Cren

(30)
dr . . . .

Ae — — WBNAKICTb HarpiBaHHA NeNeT y Kamepi cyxoro Mipo-

nisy, °C/xs;

Myen — Maca CyXMX MeneT B CEKTOPI, Kr;

Cren — MUTOMA TEMIOEMHICTb NeneT, KIX/(Kr K).

Tabnuua 3. Pe3ynbTaTv TENNOBMX PO3PaxXyHKiB Miponi3HO-rasn¢ikauiiHOi YyCTaHOBKM 3 iHTErpOBaHMMM npoLecamu

O4YULIEHHA Ta 36araueHHA CUHTE3-rasy

Mapametp Mo3HayeHHA BennuuHa gg::::; Bumi- m::ir:;m“e
BuxiaHi gaHi gna pospaxyHKy

Maca nenert (ana aHaNiTUYHOro OLiHI0- m 1.0 Kr

BaHHA NpoLiecy yTBOPEHHA BOAAHOI Napu)

Maca yTBopeHoi BogAHOI Napu My,0 0.269 Kr

YacTka BogAHOI napum - 27 %

YacTka BosOrK B TemnepatypHoMy Aiana- 52 %

30Hi (100-130 °C)

YacTka BosIOrK B TemnepaTypHOMy Aiana- 42 %

30Hi (290-310 °C)

Maca BogaHoi napu mp 0.14 Kr

MuToMa TenNI0EMHICTb Napu Cp 2.25 KO/ (Kr-K)
MuToma TensoemHicTb napu npun 1000°C | ¢ 2.32 KO/ (Kr-K)
MuToMa TENNOEMHICTb BYreLto Cv 1.45 KO/ (Kr-K)
Maca gepesHoro Byrinna m, 2.7 Kr
EHTanbnia peakKuii BogAHOro rasy AH® 131 KOX/Mmonb
MonspHa maca Boau My,o 0.018 Kr/monb
Yac nikosoi ¢pasu t 60 c

Yac posirpiBaHHA 30HK ty 600 C
TemnepaTtypa 30HU BigHOBEHHA T1 1000 °C
TemnepaTtypa 30HU BigHOB/IEHHA T2 20 °C
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Mapametp Mo3HayeHHA BennuuHa gg::::; BHMmi- m::ir:;m“e

KoediljieHT TennonposiaHOCTI AePEBHOTO | Asiosye 0.2 Bt/(m:K)

BYrinnA

KoediuieHT TennonposigHocTi cTani Acmani 45 B1/(m-K)

BucoTta cekTopa h 0.35 M

LLnpnHa cekTopa b 0.173 M

ToBLWMHaA Wwapy Byrinaa O6iosye 0.05 M

ToBLMHA CTaNEBOI CTIHKM Kamepu Ocmani 0.008 M

MuToma TenNoEMHICTb nenet Cpel 1.4 KO/ (Kr-K)

Maca nener (B ceKkTopi) Myen 2 Kr

PesynbTaTv po3paxyHKis

CymapHa NOTYKHiCTb Harpisayis Ps 6.5 KBT

TennoTa HarpiBaHHA napu 4o 900 °C Q, 252 KK (5)

MoTyKHicTb HarpiBaHHA Napu Py, 4.2 KBT (6)

TennoTa posirpisaHHA 30HM BigHOBAEHHA Q, 3797.6 KK (7)

MoTyXHicTb po3irpiBaHHA 30HU Py 6.33 KBT (8)

Tennota peakuii BOAAHOro rasy Qr 1019 KK (9)

3anac TensioTM 30HKU Qus 923.4 KO (10)

Jopatkosa Tennota 347.6 KK (11)

HeobxigHa NoTy»KHICTb y Nikogii ¢asi P 5.79 KBT (12)

LLinbHicTb TENN0BOrO NOTOKY q 23.5 KBT/m? (13)

Mepenag TemnepaTtyp AT 800 °C (14)

HeobxigHa ToBWWMHA Wapy Byrinnsa Osionyr 0.07 M (16)

MpuiiHATa TOBLUMHA LWapy BYrinnA Osiosyr 0.10 M -

TepmiuHuMiA onip Wwapy AepeBHOro BYriANA | Reiosyz 0.25 m2 K/BT (17)

TepmiyHMIA onip cTaNeBOi CTIHKW TOBLUU- Remani 0.00017 m2 K/BT (17)

HOO 8 MM 3a TensionposigHocTi 45 BT/m-K

CymapHUit TepmidHuMi onip Rs 0.25017 m2-K/BT

[yCTUHa peanbHOro TenJ10BOro NOTOKY q' 3.917 Bt/m? (18)

MoTyKHiCTb, W0 NepesaeTbca neseTam Quen 237 BT (19)

LLBKAKICTb HarpiBaHHA nenet dT 0.0846 K/c (20)
dt

LLIBMAKICTb HarpiBaHHA 30HU - 5.08 °C/xB -

OTmKe, oNA NiATPMMAHHA NpoLecy A0CTaTHbO 3aCTOCYBATU
N’'ATb eneKTpoHarpisayiB CymapHOK MOTYXKHIcTio 6.5 KBT,
wo 3abe3neuntb AK WBWAKE PO3irpiBaHHA 30HM BiAHOB-
NIeHHA, TaK | KOMMNeHcaLlito BUTpAT TENA0TK Mif Yac NpoTi-
KaHHA peakLii yTBOPeHHA BOAAHOrO rasy.

Po3paxyHOK noKasye (Tabn. 3), wo miHiManbHa TOBLUMHA
TEN/I0i30/1ALIMHOrO Wapy CTaHOBUTL 70 MM; OAHAK 3 ypaxy-
BAaHHAM KOHCTPYKTMBHOIO 3anacy NpWiMMaeTbCs TOBLUMHA
100 mMm, AiKa 3aKNafeHa B KOHCTPYKLLii yCTAaHOBKM.

Ha eKcnepuMeHTanbHil YCTAHOBL,i B KAMeEPY CyXOro niponisy
6yn0 3aBaHTaxKeHO 8 Kr nesieT i BUKOHaHO HarpiBaHHA Ao Te-
mnepaTypu 280 °C 3 dikcaLieto yacy Ta TemnepaTypu. 3a pe-
3y/IbTaTaMU €KCMEPUMEHTY Ta PO3PAXyHKOBOI LUBUAKOCTI

HarpiBaHHA nenet NobyAoBaHO TemMMepaTypHi 3aNeKHOCTI
HarpiBaHHA NesieT y Kamepi cyxoro niponisy (puc. 3).

BenununHy BiAXMNEHHA MK eKCnepumeHTalbHUMM Ta Teo-
PETUYHMMM AAHMMM OLIHEHO 33 JONOMOrOH0 IHAEKCY feTe-
pmiHauii R%, AKMI ANA BUKOHAHWUX PO3paxyHKiB CTaHOBUTb
0.989. OTKe, MAaEMO BUCOKMI CTYMiHb Y3rOAMKEHHA OaHUX,
OTPMMAHUX  EKCMEPUMEHTA/IbHUM  Ta  aHaNITUYHUM
waaxamm, ocobnnMBo B TemnepaTypHOMy Aiana3oHi 40—
100 °C (amB. puc. 3). HeaHayHi BiAXUNEHHA eKCcnepuMeHTa-
JIbHOT KPUBOI Bifg, TeOpeTUYHOI 3ymoB/ieHi nepebirom npo-
LeciB Niponisy NeTkMx KOMMNOHEHTIB. YacTHa nigseneHol
eHeprii BUTPAYa€eTbCs Ha iX TepMiyHe po3KiagaHHA Ta da-
30B€ NepeTBOPEHHA 3 YTBOPEHHAM razonoAibHMx npoayk-
TiB, @ He Ha MiABULLEHHA TemnepaTypu nenert.
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Temnepatypa nenet T, °C
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Puc. 3. 3anexHicme memnepamypu rnesem y KaMmepi cyxoeo niposi3y 8i0 Yacy HazpieaHHSA

Lito poboTy BMKOHaHO B mexax npoekty HEI-COPILOT, wo
peanisyeTbca B pamKax iHiuiatueu EIT HEI Initiative «Po3Bu-
TOK iHHOBALMHOI CMPOMOXHOCTI 3aKNaziB BULLOI OCBITUY,
AKa piHaHcyeTbcA EBponencbknum Cotosom.

BucHoBKMU
3a pe3yabTaTaMn 40CNIAKEHHA BCTAHOBAEHO:

1. IHTerpanbHi KoediuieHTN epeKTUBHOCTI rasudikauii Ta

niponisy € 3ictTaBHUMU Kra = 0.664, a Knip = 0.683, wo cBi- 4.

A4YMTb NPO BiACYTHICTb CYTTEBOI MepeBarun OAHi€i TeXHO-
Norii Hag iHWO NpK iX OKPEMOMY 3aCTOCYBaHHI. 3a pa-
XYHOK 3HUMKEHHA NUTOMOrO CNOXXUBAHHA
e/leKTpoeHeprii Ha BlacHi NoTpebu Ta po3LWMpPEHHA A0-
NycTUMOro AianasoHy BOJIOrOCTi MasinBa TEXHIYHO 06-
I'PYHTOBAHMM € CTBOPEHHA KOMBiHOBAHOI Niponi3Ho-ra-
3udikaLiiHOI  YCTaHOBKM AK  eHeproedpeKTUBHOro
pileHHA, Wo 3abe3neyye iHTerpanbHUA KoediljieHT
edeKTUBHOCTI Ha piBHi K =0.9.

2. 30Ha BiAHOBAEHHA NOBMHHA maTtu BuUcoTy 100 mm, y
AKIN HeobxigHO NigTpMMyBaTW TemnepaTypy B Aiana-
30Hi 850—1000 °C. na 3meHLWeHHA Ten0BTPaT BUMNPO-
MiHIOBAHHAM HaZ, Ta Nig, 30HOO BiAHOBNEHHA Nepeaba-
YeHO Wap AepeBHOro 6ioByrinaA TOBLLMHOI HE MeHLLe
100 mm. Kpim Toro, y cTaTTi 06r'pyHTOBaHO Ta BigHECeHo
00 OAMHMWLUI Macu ManvBa BUTPATM eHeprii Ha oaep-
YKaHHA roptoymx rasis 3 BoaaHoi napun ¢isnyHOI BoaOrM
neneT Ta BOAAHOI Napu, Wo GopmMyeTbCA BHACNiAOK Te-
PMIYHOro po3KNaAy ii CTPYKTYPHUX KOMMOHEHTIB.

3. BHacnigok nposegeHux AO0CNiAXKeHb BU3HAYEeHO BU-
TpaTh eHeprii Ha TEXHOONIYHI MpouecKu Niponisy, ouu-
LWEeHHA Ta BIAHOBNEHHA roprouYnx rasis. BctaHoBAEHO,

O CyMapHa MOTYXKHICTb eN1eKTPOHArpiBaHHA Kamepu
CYyXOro niponi3y Mae cTaHOBUTK 6.5 KBT (N’aTb eneKkTpo-
Harpisayis no 1300 BT). Jna 3abe3neyeHHn piBHOMIp-
HOrO TEeMMepaTypHOro MONA enNeKTpoHarpisadi B
LEeHTPaNbHilA YaCTUHI 30HWN BiAHOBNEHHS NOBUHHI ByTU
poO3TalloBaHi CUMETPUYHO Ta 3 OAHAKOBUM KPOKOM, LLLO
rapaHTye oaHopigHe HarpiBaHHA poboyoro o6’emy Ka-
Mepw Cyxoro niponisy.

AHani3 TemnepaTypHOI 3aNeXHOCTi CBiAYNTb, WO Mpo-
Lec HarpisaHHA neneT y Kamepi cyxoro niponisy Bigbdy-
BAETbCA PIBHOMIPHO Ta 6e3 pi3KMX TemMnepaTypHUX Ko-
nvBaHb. EKcnepuMmeHTanbHa KpuBa Ta poO3paxyHKOBA
KpMBa MatloTb OAM3bKUI XapaKkTep, WO MigTBEPANKYE
aeKBaTHICTb MPUMHATOI TEN/IOTEXHIYHOT moaeni. Hese-
JIVKI BiAXMNEHHA B OKPEMWUX TemMepaTypHUX iHTepBa-
Nlax noe’sa3aHi 3 nepebirom ¢isMKo-ximiuHMX npouecis y
nenetax, 30Kpema 3 BUAANEHHAM BOJIOTM Ta NOYaTKOM
TEPMIYHOro PO3KAaLAHHA OPraHiYHUX KOMMOHEHTIB. 3a-
raaoM OTPUMaHI pe3ynbTaTu NiATBEPAXKYIOTb NPaBU/b-
HiCTb BU3HAYeHHA NOTY}KHOCTi e1eKTPOHarpiBy Ta edek-
TMBHICTb  BMOPAHOI  KOHCTPYKLii Kamepu cyxoro
niponisy.
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Abstract. The object of the study is the process of thermochemical conversion of lignocellulosic biomass in a com-
bined pyrolysis-gasification unit with integrated zones for reduction, cleaning, and enrichment of syn-gas. The aim
of the work is the thermotechnical substantiation of the operating modes of the dry pyrolysis chamber and the
reduction zone, taking into account the formation of water vapor and the course of high-temperature heteroge-
neous reactions. It has been established that during the pyrolysis of 1 kilogram of pellets, approximately 0.269 kg
of water vapor is formed, which corresponds to 27% of the mass of the initial feedstock. About 52% of the total
amount of water vapor is released within the temperature range of 100—130°C, which determines the maximum
thermal load on the reduction zone. The water vapor enters the reaction volume at a temperature close to 100°C
and requires additional heat input to be heated to the operating range of 800—1000°C. An assessment of the heat
consumption for the water vapor and ensuring the progress of endothermic reactions upon its interaction with
carbon has been carried out. The reserve of internal energy of the heated charcoal layer has been determined for
an allowable temperature decrease from 1000 to 820°C. The additional power required to compensate for peak
thermal loads in the reduction zone has been calculated. It has been shown that a total electric heating power of
6.5 kW ensures the maintenance of a stable temperature regime.

The required thickness of the thermal insulation layer made of charcoal has been substantiated. The minimum
calculated thickness is 70 mm. In the design implementation, a thickness of 100 mm was adopted, taking into
account an operational safety margin. The calculated heating rate of pellets in the dry pyrolysis chamber is
5.08°C/min. Experimental verification demonstrated high agreement between calculated and experimental data;
the coefficient of determination is 0.989. The obtained results confirm the feasibility of stable production of syn-
gas with increased heating value through the integration of pyrolysis and reduction processes within a unified
technological scheme.

Keywords: pyrolysis-gasification unit; biomass; synthesis gas; cleaning and enrichment zone; electric heating
capacity.

Introduction. The current stage of development of power
generation systems is characterized by a transition to de-
centralized electricity production based on renewable en-
ergy sources. Centralized power plants operating on fossil
fuels are gradually reducing their share in the energy mar-
ket, while small- and medium-scale units utilizing renewa-
ble energy sources are becoming increasingly widespread
[1]. The liberalization of the regulatory framework in the
field of small-scale energy and the growing demand for a
reliable and sustainable energy supply have led to an in-
creased demand for equipment for energy generation and
storage in general, and for electricity production in particu-
lar [2].

The stochastic nature of electricity generation from cli-
mate-dependent renewable sources (in particular, solar
and wind energy) does not ensure guaranteed stability of
power supply. At the same time, the use of small-capacity
steam and gas turbines (up to 200 kW installed capacity) is
constrained by high capital expenditures, and the limited
commercial availability of such equipment [3]. As a result,
industrial enterprises are actively implementing electric

power generation and cogeneration units based on piston
ICE operating on fossil fuels. The economically attractive
utilization of biomass-derived fuels is hindered by the high
cost of equipment, the complexity of existing technological
solutions, and the lack of affordable alternatives, which
leads to a low level of their large-scale deployment [4].

The current stage of transformation of the global energy
sector is characterized not only by an increase in absolute
electricity consumption, but also by a growing role of re-
newable energy resources in the structure of primary en-
ergy consumption and electricity generation [5]. According
to the International Energy Agency (IEA), global electricity
demand in 2024 increased by approximately 4.3% com-
pared to 2023, significantly exceeding the average growth
rates of the previous decade and reflecting an acceleration
of the transition to electricity consumption across major
economic sectors on a global scale. Similar dynamics have
been observed in most regions of the world, including the
European Union, where electricity consumption in 2024 in-
creased by about 1.5% compared with the previous year
[6]. According to published forecasts, further growth in
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global electricity consumption is expected at an average an-
nual rate of 3.7% in 2026, exceeding the growth rate of to-
tal world energy consumption [7]. These data confirm the
dominant role of the electricity sector in the structure of
final energy consumption.

As noted in [8], approximately 70% of the projected in-
crease in global primary energy consumption by 2040 will
be attributed to the power generation sector, while the
growth rate of electricity demand will be three times higher
than that of other forms of energy consumption. This trend
reflects a structural reorientation of the global energy bal-
ance toward electricity as the dominant energy carrier in
the system of final energy consumption.

At the same time, about 39.3% of global electricity genera-
tion is provided by coal-fired power plants, resulting in high
greenhouse gas emissions and underscoring the urgent
need for accelerated decarbonization of the power sector
through the large-scale deployment of renewable and low-
carbon technologies.

Within the structure of renewable energy sources, biomass
holds a leading position, dominating in terms of utilization
volumes among other resource types. According to [9], bi-
oenergy accounts for approximately 55% of global renewa-
ble energy production and contributes about 9% to the
global primary energy supply (approximately 56 EJ in 2023),
encompassing the production of heat and electricity as well
as liquid and gaseous biofuels.

A decisive role in this segment is played by woody biomass,
which is characterized by a high content of structural poly-
saccharides — primarily cellulose (38-50% by mass) and
hemicellulose — determining its high reactivity in thermo-
chemical conversion processes. At the same time, its lower
heating value compared to fossil fuels, as well as techno-
logical and logistical constraints associated with the use of
solid biofuels, substantiate the expediency of developing
and improving thermochemical biomass conversion meth-
ods aimed at enhancing the energetic and thermodynamic
efficiency of its utilization.

Among thermochemical biomass conversion technologies,
direct combustion has historically dominated and remains
the primary method of its energy utilization, particularly in
the heat generation sector. At the same time, the global
scale of bioenergy-based electricity generation is signifi-
cant: the installed capacity of bioenergy worldwide is esti-
mated at approximately 150 GW. Direct combustion is ac-
companied by considerable exergy losses, since the
chemical energy of the fuel is predominantly converted into
heat. The efficiency of subsequent heat-to-electricity con-
version is thermodynamically limited, resulting in reduced
electrical efficiency and overall fuel utilization efficiency
[10, 11]. In this context, gasification and pyrolysis are con-
sidered more efficient thermochemical biomass conversion
methods, capable of ensuring a more rational utilization of
its energy and exergy potential [12].

According to data from the European Bioenergy Associa-
tion (EBA), approximately 141 biomass gasification plants
are currently in operation across Europe, while an additio-
nal 54 projects are at various stages of development.

Germany holds a leading position in terms of the number
of operating facilities (61 plants). At the same time, France,
Finland, and Italy demonstrate positive dynamics in ex-
panding the corresponding generating capacities [13].

The market offers modular gasifier-based power plants with
a nominal electrical capacity of 45-50 kW, and manufactur-
ers indicate that the technology is economically feasible for
small-scale installations starting from 5 kW.. However, the
scaling-up of conventional gasifier units is traditionally ac-
companied by systemic limitations related to the instability
of synthesis gas composition and the complexity of its effec-
tive cleaning prior to subsequent utilization [14].

A significant limitation of gasification technology is the for-
mation of tar compounds in considerable quantities, which
substantially complicates the use of synthesis gas in modern
gas piston ICEs. The overhaul interval declared by leading
manufacturers (MWM, Jenbacher) of up to 80,000 operating
hours is achievable only under strict compliance with fuel
quality standards: tar and particulate matter content up to
50 mg/m?3; alkali metals up to 1 mg/m?3; chlorides up to 10
mg/m3; ammonia up to 50 mg/m3; and sulphur compounds
up to 50 mg/m?3. Operational practice indicates that ensuring
such parameters for biomass-derived gas is technologically
complex and economically burdensome [15].

To bring the composition of synthesis gas produced in a
gasifier to the required standards, multistage gas cleaning
systems are employed (cyclone separators, scrubbers, Ven-
turi tubes, electrostatic precipitators, and filtration mod-
ules). This leads to increased capital and operating expend-
itures, higher pressure losses in the gas tract, and greater
auxiliary energy consumption, thereby reducing the overall
energy efficiency of the installation [16].

The operation of 50 kW cogeneration modules demon-
strates a reduction in available electrical power and devia-
tions from rated characteristics due to the accumulation of
tar and ash deposits on filter components. Thus, the stabil-
ity of synthesis gas composition represents a key limiting
factor in the scaling-up of conventional gasification tech-
nologies [17].

From a thermodynamic perspective, gasification is a par-
tially oxidative process accompanied by significant losses of
exergy potential due to heat and mass transfer, diffusion
process, and the progression of heterogeneous reactions.
A portion of the energy potential of biomass is consumed
for internal partial oxidation to maintain the temperature
regime in the gasification chamber, thereby reducing the
potential for its subsequent conversion into useful work.
Additional losses occur in gas cleaning systems due to pres-
sure drop and energy dissipation in the form of low-grade
heat [18].

Pyrolysis is a process of thermal decomposition of biomass
in the absence of oxygen, within which no internal partial
oxidation occurs, which is characteristic of gasification. This
ensures a higher level of preservation of the exergy poten-
tial of the initial feedstock. During biomass pyrolysis under
oxygen-free conditions, three main products are formed:
biochar, pyrolysis oil, and pyrolysis gas [19].
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To maximize the yield of pyrolysis gas, elevated process
temperatures and intensified heating regimes are applied,
promoting secondary thermal cracking reactions of vapor—
gas products and reducing the fraction of condensed prod-
ucts. The process is endothermic in nature and requires
heat input in the range of 0.5-3.0 MJ per kilogram of bio-
mass [20]. Heat consumption is determined by the process
temperature, the heating rate of the biomass, and the spe-
cific design features of the reactor. At temperatures above
450°C, the heating value of the pyrolysis gas can be used to
meet internal thermal demands, thereby offsetting heating
costs and reducing the need for external energy input [20].

From the standpoint of exergy analysis, pyrolysis demon-
strates a higher degree of preservation of the potential for
performing useful work compared to oxidative processes,
since a significant portion of the exergy potential of the
original biomass is concentrated in the solid carbonaceous
residue represented by thermally stable aromatic struc-
tures [21, 22]. The accumulation of energy potential in bio-
char enables its subsequent use either as an energy mate-
rial or as a stable form of long-term carbon sequestration,
thereby enhancing the environmental and thermodynamic
justification of the process [23].

The multiproduct nature of pyrolysis ensures increased
functional flexibility of the energy-technological system:
pyrolysis oil can be utilized as a liquid fuel or as chemical
feedstock, while pyrolysis gas can be used to meet the in-
ternal heat demand of the installation, which allows mini-
mization of external energy input and improves the overall
energy efficiency of the process [24, 25].

Based on the analysis of studies [1-25], it can be stated that
each thermochemical biomass conversion technology (gas-
ification, pyrolysis) has its own technical limitations. In par-
ticular, gasification is oriented toward obtaining a single
target product—synthesis gas—the quality of which must
comply with stringent requirements regarding tar and par-
ticulate content, necessitating the use of complex gas
cleaning systems and increasing operating costs [26, 27]. In
contrast to gasification, pyrolysis provides a differentiated
distribution of the energy potential of biomass among
three pyrolysis products and reduces the probability of tar
compounds entering equipment components. Under com-
parable conditions, the level of exergy preservation in the
pyrolysis process is higher than in gasification, since there
is no partial oxidation of the fuel to maintain the tempera-
ture regime [28].

Therefore, there is a well-founded need to develop a com-
bined installation with electric heating of the pyrolysis
zone. The use of electric heating as a controllable heat
source enables the pyrolysis unit to maintain the required
temperature regime without combusting part of the fuel,
thereby ensuring the stability of the composition and heat-
ing value of the synthesis gas. The integration of electric
heating with the utilization of pyrolysis gas heat for pre-
heating the feedstock will reduce the need for external en-
ergy supply and enhance the overall energy efficiency of
the process.

Problem statement. The aim of this work is to substantiate
the electric heating power of a combined pyrolysis-gasifica-
tion unit with integrated synthesis gas cleaning and enrich-
ment processes as a function of its design and process pa-
rameters. To achieve this aim, the following tasks must be
addressed:

— to perform a comparative analysis of the efficiency of py-
rolysis and gasification technologies;

—to justify the design and process parameters of a com-
bined pyrolysis-gasification unit with integrated synthesis
gas cleaning and enrichment processes;

—to determine the required electric heating power for the
reaction zone, as well as for the synthesis gas cleaning and
enrichment zones;

— to experimentally validate the accuracy and reliability of
the analytical calculations.

Materials and Methods

The object of the study is a combined pyrolysis-gasification
unit with integrated processes of synthesis gas cleaning and
enrichment.

The subject of the study comprises the relationships be-
tween the design and process parameters of the combined
pyrolysis-gasification unit and the required electric heating
power of its reaction zone, as well as the synthesis gas
cleaning and enrichment zones (working zones).

The research hypothesis assumes that by establishing func-
tional relationships between the design and process pa-
rameters of the combined pyrolysis-gasification unit and
the required electric heating power of the working zones, it
is possible to substantiate rational values of electric heating
power. The obtained results will serve as a basis for further
improvement of the design and operating modes of com-
bined pyrolysis-gasification units intended for the thermo-
chemical conversion of biomass into synthetic fuels.

During the study, a number of simplifying assumptions
were adopted. The temperature distribution within the
working zones was assumed to be uniform, without ac-
counting for local hot and cold spots. The heat transfer co-
efficient between the heating element and the fuel was
considered constant, regardless of the combustion or py-
rolysis regime.

For modelling purposes, averaged physicochemical proper-
ties of biomass were used, including moisture content, den-
sity, and heating value. The reaction zone was treated as a
homogeneous volume, without considering the complex
geometry or contact zones with the electric heating ele-
ments. It was assumed that the properties of the heater
materials remained unchanged throughout the experi-
ment, and that external conditions, in particular ambient
temperature and humidity, were constant.

The study was conducted using a pyrolysis-gasification unit
with integrated processes of synthesis gas cleaning and en-
richment (Fig. 1). The installation (Fig. 1) consists of a steel
casing made of grade 45 steel in the form of a seamless hot-
rolled pipe with a wall thickness of 8 mm. For sealing and

364



BiaHoBntoBaHa eHepreTvka. Ne 1/2026 | bioeHepreTnka

thermal insulation purposes, the casing is additionally insu-
lated with basalt fibre (16). The thickness of the insulation
layer is 100 mm.

Inside the casing, a dry pyrolysis chamber (1) is concentri-
cally arranged. The pyrolysis chamber is made of 09G2S
steel (0.09% carbon, approximately 2% manganese, less
than 1% silicon). The wall thickness of the chamber is 8 mm.
The design provides for an annular space between the cas-
ing and chamber (1), which is filled with wood biochar (2).

For heating purposes, electric heaters are installed verti-
cally (12) and horizontally (15) within the biochar layer
(quartz tubes with a tungsten spiral inside, model KGT-220-
1300). The unit is equipped with a grate (3), includes an in-
jector (4), a vertical pipe (14), and a bottom section (6). The
injector (4) is installed beneath the grate (3). The unit is
tightly sealed at the top with a lid (5).

The vertical pipe (14) is rigidly mounted to the outer wall of
the pyrolysis chamber (1). Its lower end is connected to the
injector (4), while its upper end extends into the internal
volume of the pyrolysis chamber (1). The connection to the
injector ensures the supply of gaseous products for further
decomposition.

The design (Fig. 1) provides efficient conditions for carrying
out gasification/pyrolysis and integrated processes of syn-
thesis gas cleaning and enrichment from biomass, enabling
its application in the development of decentralized heat and
power supply systems based on gas piston ICEs. The unit
makes it possible to produce tar-free gas from biomass.

For purification of the produced synthesis gas, it is passed
through a charcoal filter heated to a temperature of
1000°C, where tar vapours undergo cracking into simple
non-condensable compounds, and water decomposition
into carbon monoxide and hydrogen takes place.

A critical issue with the installation (Fig. 1) is the difficulty
of maintaining a high-temperature regime in the reduction
zone, where thermal and chemical processes of synthesis
gas cleaning and enrichment occur simultaneously. Signifi-
cant energy consumption is also associated with heating
the dry pyrolysis chamber (1). Heating of the pyrolysis
chamber (1) is carried out by electric heaters (12), while the
temperature regime in the reduction zone is maintained by
horizontally installed electric heaters (15).

The installation also includes two hatches (7) for loading
charcoal, a pipe (8) for the withdrawal of produced synthe-
sis gas, and a hatch (11) for kindling the unit and cleaning
ash. A terminal box (13) is provided for connecting the elec-
tric heaters.

In the direct gasification mode, to increase the hydrogen
concentration in the synthesis gas, a water supply tube (9)
is provided. As water flows through the annular channel, it
is heated and then supplied beneath the grate in the form
of steam.

The operating principle of the installation is as follows. At
the initial stage, the unit is filled through two hatches (7)

with crushed charcoal of 5-8 mm particle size. The height
of the charcoal layer must be 10-15 cm above the level of
the electric heaters (12). The next step involves switching
on the electric heaters (12) via the terminal box (13) and
heating the charcoal bed.

Biofuel (in this case, wood pellets) is supplied into the dry
pyrolysis chamber (1). The pellets, produced from hard-
wood (beech, hornbeam, and oak), were prepared in ac-
cordance with the applicable technical standards for
pelletized biofuels. The physicochemical characteristics of
the pellets are as follows: moisture content — 14%; ash con-
tent — 7.26%,; volatile matter content — 67.43%; sulphur —
0.11%; lower heating value (LHV) — 15.04 MJ/kg; higher
heating value (HHV) — 17.91 MJ/kg; chlorine content on a
dry basis — 0.085%.

During heating by means of the electric heaters (12), the
charcoal accumulates thermal energy and transfers it to the
walls of the pyrolysis chamber. Under the influence of ex-
ternally supplied heat, the temperature of the pellets
within the chamber volume gradually increases, resulting in
their thermal decomposition. As a result of pyrolytic trans-
formations, volatile pyrolysis compounds and a solid carbo-
naceous residue (biochar) are formed.

The volatile pyrolysis compounds are conveyed through the
vertical pipe (14) beneath the grate (3). To exit the installa-
tion, the volatile pyrolysis products must pass through the
reduction zone, which is heated by electric heaters (15) to
a temperature of 1000°C.

In the reduction zone, thermal cracking of high-molecular-
weight hydrocarbons occurs, yielding simpler, combustible
products. Physically and chemically bound water present in
the pyrolysis products participates in the water—gas reac-
tion, leading to the formation of synthesis gas enriched
with carbon monoxide and hydrogen. Subsequently, hydro-
gen interacts with carbon to form methane, while carbon
dioxide in the reduction and enrichment zone is reduced to
carbon monoxide (CO), which increases the heating value
of the produced synthesis gas.

After passing through the reduction zone, the combustible
gases rise through the annular space, cooling down and
transferring part of their heat to the wood biochar and the
dry pyrolysis chamber.

Charcoal is replenished through two hatches (7). The syn-
thesis gas is discharged through the pipe (8). The installa-
tion can operate in two modes: continuous and batch. To
increase the overall efficiency of the unit, it is recom-
mended to install a waste heat recovery boiler down-
stream.

Temperature measurements were carried out using a k-
type thermocouple THA-2388 (T). The operating time of the
installation was measured using a mechanical stopwatch
SOSpr-26-2-000 (accuracy class 2, error £4 s).

Since the developed installation can operate in a direct gas-
ification mode, it is equipped with an air supply channel
(10) with a nozzle (4). To increase the heating value of the
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gas during operation in gasifier mode, an annular channel
(9) is provided for supplying steam to the reaction zone. In

Z 8

the dry pyrolysis mode, pipes (9) and (10) are hermetically
sealed and do not participate in the technological process.
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Fig. 1. Schematic diagram of the pyrolysis-gasification unit with integrated syngas cleaning and enrichment processes
[29]: a) schematic diagram; b) photograph

1—dry pyrolysis chamber; 2 — biochar layer; 3 — grate; 4 — injector; 5 — pyrolysis-gasification unit lid; 6 — bottom plate; 7
—access hatch; 8 — syngas outlet pipe; 9 — water supply pipe; 10 — air supply pipe; 11 — lower access hatch; 12 — vertical
electric heater, model KGT-220-1300; 13 — terminal box; 14 — vertical pipe; 15 — horizontal electric heater, model KGT-
220-1300; 16 — basalt fiber insulation; T — k-type thermocouple (TXA-2388).

The calculation of the amount of water vapor generated
during pellet pyrolysis was performed in accordance with
the methodology presented in [30-32].

Results and Discussion

The simplest method of obtaining combustible gas from lig-
nocellulosic biomass (pellets) for fuelling internal combus-
tion engines and generating electricity is the production of
synthesis gas in gasifier units [33]. For this purpose,
downdraft gasifiers are commonly used, in which a portion
of the biomass is combusted to establish the required ther-
mal regime. Subsequently, the gaseous products of com-
bustion and thermal decomposition, passing through the
reduction zone, are converted into combustible gas.

However, synthesis gas production has several significant
drawbacks, including a relatively low heating value and in-
creased energy consumption required to sustain the

process, which reduces its overall efficiency. At the same
time, gasifier units are characterized by low sensitivity to
fuel quality and are capable of operating on biomass with
elevated moisture content.

The steam entering the reduction zone participates in reac-
tions leading to the formation of CO and H», thereby in-
creasing the heating value of the synthesis gas. Neverthe-
less, these reactions are accompanied by additional heat
consumption required for steam heating and for sustaining
endothermic transformations. Water vapor lowers the
temperature in the reduction zone, that may result in cyclic
gasifier operation that requires additional time and energy
for reheating the reduction zone, while the heating value of
the produced gas may fluctuate significantly.

Another method of thermochemical biomass conversion is
pyrolysis—the process of decomposition in the absence of
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an oxidizing agent. During pyrolysis, high-molecular-weight
biomass components undergo thermal decomposition with
the formation of three main products: non-condensable
gases, pyrolysis liquid, and biochar. The yield of the main
pyrolysis products depends on the type of biomass, the
heating rate, and the temperature regime. To maximize the
yield of pyrolysis liquid, fast pyrolysis is applied, with heat-
ing rates exceeding 50°C/min and temperatures of 450-
600°C. To predominantly obtain combustible gases, slow or
moderate pyrolysis is employed, with heating rates below
10°C/min at temperatures of 700-900°C.

Within the temperature range of 700-900°C, the pyrolysis
process may acquire an autothermal character, accompa-
nied by intensive evolution of gaseous products and a re-
duced biochar yield. A major advantage of received gas pro-
duced in a pyrolysis unit is the absence of ballast nitrogen,
which is characteristic of synthesis gas. At the same time,
such gas contains carbon dioxide and a fraction of volatile

non-combustible components, which reduce its heating
value.

Water vapor is also present in the pyrolysis products. Part
of it originates from the initial moisture content of the bio-
mass, while another part is formed as a result of thermal
degradation of cellulose, hemicellulose, and lignin—the
main structural components of biomass. Water vapor is
characterized by high heat capacity and absorbs a signifi-
cant portion of the supplied heat, thereby adversely affect-
ing the thermal balance of the process. Its presence in gas-
eous and liquid pyrolysis products reduces their heating
values and degrades the overall energy performance of the
unit.

A comparative analysis of pyrolysis and gasification tech-
nologies in terms of energy, technological, and techno-eco-
nomic indicators is carried out to determine their relative
efficiency and feasibility for application in autonomous en-
ergy-technological systems (Table 1).

Table 1. Comparative Analysis of the Efficiency of Pyrolysis and Gasification Technologies

Electrical Thermal Integrated
ower of the ower of the Fuel consump- | Specific fuel Gas produc- | Specific capital Fuel type, fuel | Electric power | energy—eco-
p unit p unit tion rate, consumption, tion rate, cost of the unit, moisture con- consumption, | nomic effi-
Maodel (Coun- Nu., KW Q KW kg/h kg/kW. m?/h UAH/kW tent (W), % kw ciency indi-
try of origin) b cator
Bror-
b, b,, bs by, bs, b b; bs nor
Value Poir;ts Value Poir;ts Value Poir;ts Value Poir;ts Value Poir;ts Value Poir;ts Value Poir;ts Value Poir;ts Pgia;i'ts K
Gasifier units
SynCraft Type | 500 10.0 740 10.0 362 1.00 0.724 | 4.10 1250 |10.0 333125 | 3.05 Wood 6.67 15 1.0 4.33 0.38
500 (Austria) chips,
W=25—-
30%
Wood Gas | 390 7.94 610 8.17 244 4.12 0.626 | 5.33 914 7.47 307500 | 3.86 Pellets, | 1.0 11 2.8 5.48 0.58
CHP ECO 495 W=10%
(Burkhardt
Gruppe, Ger-
many)
CW 1000-300 | 300 6.25 488 6.52 208 5.18 0.69 4.69 750 6.29 398268 | 1.0 Wood 10.0 10 3.2 4.96 0.49
(SYNCRAFT, waste,
Das Holzkraft- W=30—
werk, Ger- 40%
many)
Wood Gas | 190 4.19 305 4.05 122 7.42 0.642 | 5.08 460 4.18 307500 | 3.86 Pellets, | 1.0 5.5 6.6 5.94 0.66
CHP ECO 220 W<10%
(Burkhardt
Gruppe, Ger-
many)
GGU-100 125 2.97 250 3.34 51 9.39 0.408 | 10.0 160 2.08 272729 | 4.74 Straw, 10.0 7 5.2 7.87 1.0
“Atik” W<40%
(Ukraine)
CHP “HKA 70” | 68 1.9 144 2.42 55.1 9.25 0.810 | 2.89 155 2.05 281875 | 4.42 Wood 1.67 5 6.8 5.09 0.51
(Spanner Re? chips,
GmbH, Ger- W<15%
many)
G-60 Herbst | 60 1.75 120 2.02 48.7 9.51 0.812 | 2.86 75 1.16 225108 | 6.47 Wood 6.67 3 8.8 6.71 0.8
(Ireland) chips,
W <
30%
CHP “HKA 50” | 49 1.54 106 1.79 41.9 9.67 0.855 | 2.38 120 1.65 281875 | 4.42 Wood 1.67 6 6.4 5.22 0.53
(Spanner Re? chips,
GmbH, Ger- " <
many) 15%
Volter 40 In- |40 1.38 100 1.7 38 9.78 0.950 | 1.54 120 1.65 307500 | 3.86 Wood 2.67 2 9.6 6.49 0.76
door (Finland) chips,
Y <
18%
All Power | 25 1.09 50 1.19 25 10.0 1.0 1.25 75 1.16 112554 | 10.0 Wood 3.33 1 10.0 7.18 0.88
Labs PP30 chips,
(USA) w o<
20%
CMD ECO20x | 20 1.0 40 1.0 22 10.0 1.1 1.0 54 1.0 333125 | 3.05 Wood 6.67 2 9.6 6.17 0.71
CHP  System chips,
(Italy) W = 15—
25%
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. Integrated
EIectrl:atlh Thermfatlh Fuel consump- | Specific fuel Gas produc- Specific capital Fuel type, fuel | Electric power | energy—eco-
powerr‘ict) e powerr‘i(: e tion rate, consumption, tion rate, cost of the unit, | moisture con- consumption, | nomic effi-
Model (Coun- |  No k' Q kW kg/h kg/kW, me/h UAH/kW tent (W), % kw ciency indi-
try of origin) o cator
b,
by, b,, bs, bs, bs, b, by, b, nor
Value Points Value Points Value Points Value Points Value Points Value Points Value Points Value Points Pgﬁi’ts K
Pyrolysis units (pyrolysis gas as a secondary heat source)
Bioenergy - 1.0 700 1.58 250 9.17 0.36 7.09 125 1.65 75000 |85 Herba- | 8.35 35 8.89 6.87 0.9
Concept ceous
GmbH (Ger- and
many) woody
bio-
mass,
W<28%
WasteX Car-|— 1.0 540 1.21 180 9.72 0.33 9.09 90 1.28 70000 |10.0 Herba- | 10.0 25 9.53 7.25 0.97
bonizer ceous
Model Y 2.3 and
(Singapore; woody
manufactured bio-
in India) mass,
W<30%
Bioenergy - 1.0 700 1.58 250 9.17 0.36 7.09 125 1.65 75000 |85 Herba- | 8.35 35 8.89 6.87 0.9
Concept ceous
GmbH  (Ger- and
many) woody
bio-
mass,
W<27%
WasteX (Sin- | — 1.0 800 1.79 300 9.54 0.37 9.09 150 1.84 70000 |10.0 Herba- | 10.0 45 8.58. 7.10 0.94
gapore) ceous
and
woody
bio-
mass,
W<30%
ETIA Group — |- 1.0 1600 |3.48 600 7.53 0.38 5.82 300 3.51 100000 | 4.5 Herba- |4.13 90 6.21 4.73 0.52
Biogreen® ceous
(France, VOW and
Group) woody
bio-
mass,
W<22%
BTG Biolig- | — 1.0 2000 |4.31 1000 | 6.6 0.5 1.0 500 4.71 120000 | 2.5 Herba- |2.17 150 5.37 3.03 0.21
uids (Nether- ceous
lands) and
woody
bio-
mass,
W<20%
EMPYRO - 1.0 5000 |10.0 4500 0.9 7.2 2250 |10.0 110000 | 4.0 Herba- |2.17 350 1.0 4.49 0.47
(Netherlands) ceous
and
woody
bio-
mass,
W<20%
Carbon - 1.0 400 1.12 120 0.3 7.0 60 1.17 90000 |6.0 Herba- | 6.09 18 9.72 6.03 0.75
Twister Pyrol- ceous
ysis Furnaces and
(Netherlands) woody
bio-
mass,
W<25%
Eliquo Water | — 1.0 533 1.0 150 0.28 10.0 75 1.0 80000 |7.0 Herba- | 6.09 20 10.0 7.44 1.0
& Energy / ceous
PYREG® (Ger- and
many) woody
bio-
mass,
W<25%
Splainex - 1.0 1100 |2.42 400 0.36 |9.09 200 2.58 95000 |5.5 Herba- | 8.35 60 8.0 6.02 0.75
(Splainex Eco- ceous
systems, and
Netherlands) woody
bio-
mass,
W<28%
Ensyn RTP | - 1.0 2500 (5.0 1500 0.6 1.0 750 5.66 130000 | 1.0 Herba- | 1.0 250 3.68 241 0.1
(Canada, USA) ceous
and
woody
bio-
mass,
W<18%

In order to ensure a correct and methodologically sub-
stantiated direct comparison between gasifier and pyrol-
ysis units, a unified approach to the formation of the
evaluation criteria system (b,—bsg) and the integral effi-
ciency indicator was applied in this study. Such an

approach makes it possible to transform the techno-eco-
nomic characteristics of processes with different physi-
cal natures into a single dimensionless scale and to en-
sure their comparability within a common methodo-
logical framework.
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In establishing the criteria, it was taken into account that
for most industrial pyrolysis units, pyrolysis gas serves as an
internal (secondary) energy carrier and is primarily used to
maintain the thermal balance of the pyrolysis chamber ra-
ther than being considered an independent commercial
product. This fundamentally distinguishes pyrolysis units
from conventional gasifiers, in which synthesis gas consti-
tutes the main target product.

Due to the limited availability and heterogeneity of tech-
nical specifications provided by manufacturers of pyrolysis
equipment, typical specific process characteristics obtained
from generalized literature sources were applied for cer-
tain parameters, followed by their conversion into a unified
calculation format. This ensures methodological con-
sistency of the analysis and enables a correct multicriteria
ranking of the units within a single evaluation model.

Since pyrolysis units in their typical configuration do not
generate electricity, it was assumed that Ne;=0 kW, and cri-
terion b, is constant within the sample (1 point) and there-
fore does not influence the ranking.

For conversion to indicators b>—bs, generalized assump-
tions were applied (uniform for the entire sub-sample):

the calculated thermal power of the unit was determined
based on the lower heating value of biomass and the as-
sumed heat recovery efficiency (which differs for various
technological classes);
__ m-LHV-q

Q - 3.6 ’ (1)
where LHV is the lower heating value of the fuel (assumed
to be 16 MJ/kg);
n is the heat utilization efficiency coefficient (assumed
within the range n=0.6-0.8).
2) the gas production rate of the unit, V,,; was estimated
based on the specific yield of synthesis gas:

Nm3
V:qas =05 %m: (2)

where I, —is the production rate of synthesis gas, Nm3/h;
m —is the fuel mass flow rate, kg/h;

0.5 Nm3/kg — specific yield of synthesis gas per 1 kg of fuel
(dry biomass).

Electricity consumption was determined based on typical
specific energy consumption indicators of auxiliary systems
(conveyors, grinding equipment, drive units, etc.). The as-
sessment was carried out using the installed capacity for in-
ternal needs at a given feedstock throughput, ensuring a
correct comparison of alternative technological solutions.

The specific capital cost of the installation was defined
within the range of typical investment parameters for in-
dustrial equipment of the corresponding technological
class. Such an approach enables comparative ranking
within the studied sample without violating the relative
structure of the criterion or distorting the evaluation logic.

The generalized equation of multiparametric optimization
of the energy-technological system has the following form:

MaX bnormar (¥) = Xisy aib; (y:(x)),n=8. (3)

where x — a set of controlled parameters of the pyrolysis—
gasification unit that determine its techno-economic char-
acteristics. Within the scope of the analysis, x serves as an
argument that defines (forms) the tabulated performance
indicators y; (x);

02— the feasible solution domain defining the set of compa-
rable system configurations:

Yimin < yi(x) < Yimax L=1,..8. (4)

brormar.(x) — the normalized energy-economic efficiency
indicator of the unit, expressed in a point-based form. It
represents the result of weighted aggregation of partial
score values b; according to individual evaluation criteria;

b;(y;) — normalized score values within the interval [1; 10],
obtained from the tabulated values (y;) through linear nor-
malization within the analysed sample.

For indicators whose increase reflects an improvement in
the unit efficiency (electrical and thermal power, gas pro-
duction rate, permissible fuel moisture content), linear nor-
malization based on the principle of monotonic increase is
applied. The score value is determined according to the fol-
lowing relationship:

b(y) = 1+ 922 jef125,7).  (5)

Yimax ~Yimin

where y; —actual value of the i-th indicator;

Yimax » Yimin — Minimum and maximum values of the cor-
responding indicator within the analysed sample.

For indicators whose decrease corresponds to an improve-
ment in the unit efficiency (total and specific fuel consump-
tion, specific capital cost of the unit, and electricity con-
sumption for internal needs), linear normalization based on
the principle of monotonic decrease is applied.

bi(y) =1+ 9yy’"7"‘y i€{3,4,6,8}.  (6)

imax ~Yimin
a; —weighting coefficients of the criteria reflecting their rel-
ative contribution to the overall efficiency. They are deter-
mined in accordance with the evaluation priorities and sat-
isfy the following conditions:

a;20, Y',a;=1 n=8. (7)

The priority is defined as follows: a,>a,>ag>as, meaning
that the highest weight is assigned to the minimization of
specific fuel consumption, followed by the unit’s ability to
operate on high-moisture fuel, then the minimization of
electricity consumption for internal needs, and finally the
minimization of the specific capital cost of the unit.

In our case, the vector of tabulated indicators y; (x) is
given by:

{yi (x)}l.n=1 = {Nel (x): Q(X), m(x)vmsp (X), I{gas (x); Csp (x)' W(X), Eaux (x)} (8)
bpormar (x) = a;by (Nez(x)) +a,b,(Q(x)) + a3b3(m(x)) + asby ( msp(x)) + asbs (Vgas(x)) + agbe (Csp(x)) +
a;b, (W(x)) + aSbS(Eaux(x)): (9)
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where N,; — electrical power of the unit, kW;

Q —thermal power of the unit, kW;

m — fuel consumption rate, kg/h;

Mgy, — specific fuel consumption (per unit of useful power),
ke/kw;

V;qs — gas production rate of the unit, m*/h;

Csp — specific capital cost of the unit, UAH/kW;

W — permissible fuel moisture content, %;

E,.x — electricity consumption for sustaining the gas gen-
eration process, kW.

b1, b2, bs, ba, bs, bs, b7, bs — normalized score values corre-
sponding respectively to: electrical power of the unit (kW);
thermal power of the unit (kW); fuel consumption rate
(kg/h); specific fuel consumption (kg/kW.); gas production
rate (m3/h); specific capital cost of the unit (UAH/kW); ca-
pability of operation with the specified type of feedstock
and moisture content (%); electricity consumption for in-
ternal energy needs of the process (kW).

Relative efficiency coefficient of the unit:

K =0.1 + 0.9 (bnormal—Pmin)

(bmax—bmin)

(10)

where b,,;,, — the minimum value of the integral indicator
within the analysed sample (corresponding to the least effi-
cient unit among those considered), b,,in = min(bnormal}-);

bax — the maximum value of the integral indicator (corre-
sponding to the most efficient unit among those consid-

ered), byax = max(bnormau).

Gasifier units are characterized by stable synthesis gas pro-
duction and the ability to use it directly for electricity gen-
eration in cogeneration systems. The technology operates
efficiently in small- and medium-capacity installations (50—
500 kW) and can be relatively easily integrated into the ex-
isting thermal infrastructure of a facility without complex
additional heat exchange solutions. At the same time, the
efficiency of gasification significantly depends on the phys-
icochemical properties of biomass, which necessitates its
preliminary preparation. The main limitations of the tech-
nology include increased tar formation during the gasifica-
tion of certain fuel types, sensitivity of the process to fluc-
tuations in feedstock composition and moisture content,
and the absence of additional by-products that could en-
hance the economic performance of the unit.

Pyrolysis units are capable of processing feedstock with el-
evated moisture content and, in addition to pyrolysis gas,
produce such value-added products as biochar and bio-oil.
Properly organized internal heat utilization (recirculation of
process heat) reduces tar formation, and the system oper-
ation is environmentally safer. However, electricity is not
generated directly from pyrolysis gas. The installation of
such units requires significant capital investment, a more
complex heat-exchange system, and technical solutions for
the utilization or disposal of pyrolysis gas.

The average score values of the evaluation criteria for py-
rolysis and gasification technologies are presented in Fig. 2.

9
8
Gasification M Pyrolysis
7
S 6
=)
25
S
T4
5]
|_
3 I
2 I
L I
0
bl b2 b3 b4 b5 b6 b7 b8

Normalized score value

Fig. 2. Average Criterion Scores for Pyrolysis and Gasification Technologies
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The integration of pyrolysis and gasification processes
within a single unit makes it possible to first perform the
thermal decomposition of biomass and subsequently utilize
the resulting gas either in the gasification chamber or di-
rectly for electricity generation. Such a configuration en-
sures an increase in the overall energy utilization coeffi-
cient up to K=0.9 (Kgas=0.664, Kpyr=0.683) due to internal
heat recuperation, reduction of specific fuel consumption,
and expansion of the permissible feedstock moisture
range. An additional advantage is the production of bio-
char/bio-oil as by-products, which improves the economic
performance of the installation. Theoretically, this creates
conditions for satisfying the inequality Kpyr-gas>max(Kpyr,
Kgas), since the combination of these technologies allows for
reduced specific fuel consumption, lower energy demand
for fuel drying, and rational utilization of heat between in-
dividual process stages.

According to the results of the integral assessment, pyroly-
sis and gasification technologies exhibit similar values of
the generalized efficiency indicator (Fig. 2), although their
techno-economic structures differ. In order to improve the
quality of gas produced during pyrolysis, it is proposed to
combine pyrolysis with the subsequent passage of pyrolysis
gases through a reduction zone, analogous to a gasifier unit
[29]. During passage through the reduction zone, CO; is re-
duced to CO; thermally unstable organic compounds de-
compose to form simpler combustible components; tar
substances undergo cracking; and water vapor reacts with
heated carbon to form CO and H,, with part of the Hz sub-
sequently reacting with carbon to form CHa.

One of the main drawbacks of such a process is the neces-
sity to maintain a high temperature in the reduction zone,
particularly during the reactions between water vapor and
carbon, which are endothermic and require significant heat
input. A decrease in the temperature of the reaction zone
leads to incomplete progression of these reactions, sub-
stantially deteriorating the composition and heating value
of the gas.

Gas removal from the pyrolysis chamber and from the unit
as a whole occurs by natural draft. The reduction process in
the above-grate zone proceeds under minimal excess pres-
sure, the magnitude of which is determined by the re-
sistance of the charcoal bed to the flow of synthesis gases
formed as a result of thermolysis. Considering the bulk den-
sity of charcoal in the annular space between the casing
and the pyrolysis chamber, this excess pressure only slightly
differs from atmospheric. Therefore, mass and heat trans-
fer processes may reasonably be considered to occur under
conditions close to constant atmospheric pressure. Since
the reaction between water vapor and carbon requires
heat input, the process proceeds at temperatures of 800—
1000°C and at a pressure close to atmospheric:

C+H,0(g)= CO+H+AH°=+131 kJ/mol. (11)

Therefore, when calculating the heat balance required for
the water-gas reaction, it is necessary to account for the
heat input for preheating the water vapor and charcoal to

900°C, as well as the heat consumption associated with the
chemical reaction itself, since it is endothermic.

It should also be taken into account that a portion of the
carbon monoxide (CO) formed as a result of reaction (1)
may directly react with water vapor, leading to the water-
gas shift reaction:

CO+H20 = COx+H2 — AH®=-41,2 kJ/mol. (12)

This reaction is exothermic and is accompanied by the re-
lease of 41.2 kJ/mol of heat, resulting in the formation of
carbon dioxide (COz). In the reduction zone, COz reacts with
carbon to form carbon monoxide (CO) according to the
Boudouard reaction, which is endothermic:

C+C0O2=2CO+AH°=+172 kJ/mol. (23)

Taking into account the course of the chemical process, up
to 50% of H.O vapor may participate in the formation of
carbon dioxide (COz). However, when comparing the en-
thalpy of the water-gas reaction C+H,0=CO+H; with the
total enthalpy of the reaction sequence (water-gas shift re-
action CO+H20=C02+H2 combined with the simultaneous
Boudouard reaction C+C02=2CO0), the overall enthalpy
change in both cases is identical and amounts to AH°=+131
kJ/mol. Since both transformation pathways provide the
same overall thermal effect and result in an equivalent gas-
phase composition, in subsequent energy calculations, it is
reasonable to determine the heat balance based on the wa-
ter—gas reaction for the total amount of water vapor con-
tained in the pyrolysis products.

Since free hydrogen is formed during passage through the
reduction zone, the presence of carbon may lead to the oc-
currence of the hydrogasification reaction, which is exo-
thermic:

C+2H2 = CHa — AH°=-74,8 kJ/mol. (14)

The hydrogasification reaction proceeds within the temper-
ature range of 800—-1000°C. As the temperature increases,
the equilibrium shifts toward methane decomposition into
carbon and hydrogen. Consequently, methane formation
may occur outside the reduction zone, namely in the cool-
ing zone of the pyrolysis products, which simultaneously
provides heating of the dry pyrolysis chamber. Therefore,
in subsequent calculations of the heat required to maintain
the temperature of the reduction zone, the heat released
during the hydrogasification reaction is not included.

The supply of water vapor to the reduction zone is non-uni-
form and is characterized by peak values corresponding to
the progression of physical and chemical processes in the
dry pyrolysis chamber. The first stage is associated with
moisture evaporation from the material undergoing pyrol-
ysis and is determined by the residual physical moisture
content of the wood pellets.

Subsequent calculations were performed for 1 kg of pellets
with a moisture content of 14%. The dry matter consists of
42% cellulose, 31% hemicellulose, 23% lignin, 3% extrac-
tives, and 1% ash.
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The second stage of water release is associated with the
thermal decomposition of hemicellulose. This process oc-
curs within the temperature range of 220-315°C, with the
maximum decomposition rate observed at approximately
290°C. As a result of hemicellulose decomposition, water
vapor may be formed in an amount of up to 18% of its initial
mass.

The third stage of water formation corresponds to the de-
composition of cellulose. It occurs within a relatively broad
temperature range of 250-400°C, and the amount of water

released may reach up to 18% of the initial mass of cellu-
lose.

The fourth stage of water formation is associated with the
thermal decomposition of lignin. The process occurs within
the temperature range of 200-400°C, and the amount of wa-
ter released may reach up to 8% of the initial mass of lignin.

The results of the calculation of the amount of water vapor
formed at individual stages of the thermal decomposition
of cellulose, hemicellulose, and lignin are summarized in
Table 2.

Table 2. Results of the calculation of the amount of water vapor formed during the pyrolysis of pellets

Stage Temperature Peak moisture As a percentage of the ini- Per 1 kg of
g range, °C release, °C tial mass of the material, % | biomass, g
Biomass drying 100-130 absent 14 140
Hemicellulose decomposition 220-315 290 18 65
Cellulose decomposition 250 - 400 290-310 18 48
Lignin decomposition 200 - 400 absent 8 16
Analysis of the data presented in Table 2 indicates that ap- 0, = c,-m, - AT, (17)

proximately 269 g of water vapor is formed during the py-
rolysis of 1 kg of pellets, which corresponds to 27% of the
initial feedstock mass. About 52% of this amount of vapor
is released within the temperature range of 100-130°C. A
second pronounced maximum occurs in the range of 290-
310°C and accounts for approximately 42% of the total
mass of generated moisture.

The performed analysis demonstrates that the reduction
zone experiences the maximum thermal load during the
evaporation of moisture from the pellets, since it is at this
stage that the largest amount of energy must be supplied
to the zone. At this stage, the water vapor has a tempera-
ture of approximately 100°C; therefore, additional heat
must be supplied to raise its temperature to the level at
which the water—gas reaction occurs.

Since the heat capacity of water vapor increases with tem-
perature, in the calculations its value at 1000°C is adopted,
namely c,=2,32 kJ/(kg"K).

Let us calculate the required amount of heat to compen-
sate for heating the steam to 900°C:

Qp = ¢p-my - AT, (15)

where ¢, — specific heat capacity of water vapour, kJ/(kg-K);
mp — mass of water vapor, kg;
AT —temperature change, °C.

At a heating rate of 10°C/min, the thermal power is deter-
mined by the following expression:

B =@/t
where t — heating time, s.

(16)

The amount of heat that must be supplied to the reduction
zone to raise its temperature to 1000°C:

where Q,—the amount of heat that must be supplied to the
reduction zone to raise its temperature to 1000°C, kJ;

¢v — specific heat capacity of carbon, kl/(kg-K);

my — mass of carbon, kg;

AT — temperature change, °C.

To heat the reduction zone to a temperature of 1000°C
within 10 minutes, the required thermal power is:

B, = 0Qy/ty, 18)

where P, — thermal power required to heat the reduction
zone, W;

tv — heating time, s.

The amount of heat required for the water—gas reaction to
proceed is:

Qr = AH® - (My,0/My,0), (19)

where Qr —the amount of heat required for the water—gas
reaction to proceed, kJ (J);

my,o — Mass of water, kg;

My, o — molar mass of water, kg/mol;

AH° — enthalpy change of the water—gas reaction, kJ/mol.
The water-gas reaction is characterized by the formation of
CO and Hz in the temperature range of 800-1000°C. There-
fore, at the initial stage of steam supply to the reduction
zone, provided that this zone has been preheated to
1000°C, there exists a reserve of internal energy stored in
the heated charcoal bed. This reserve can be used to heat
the water vapor and to sustain the water-gas reaction.

Let us assume an allowable decrease in the temperature of
the reduction zone to 820°C and calculate the energy re-
serve that can be utilized to drive H, formation.
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Qus = Cyooo - My AT, (20)
where @, — heat reserve of the reduction reaction zone,
kJ;

Cyo00 — Specific heat capacity of charcoal at the average pro-
cess temperature (=900°C), kJ/(kg-K);

m,, —mass of charcoal in the reduction zone, kg;

AT —temperature change, °C.

The additional amount of heat that must be supplied to the
reduction zone is determined as the difference between
the total heat required for heating the water vapor and sus-
taining the water-gas reaction, and the available heat re-
serve of the preheated carbon:

Q:Qp—l'QR_st'

where Q — additional heat that must be supplied to the re-
duction zone, kJ;

(21)

Qp — heat required to compensate for heating the steam to
900°C, kJ;

Qg — heat required for the water—gas reaction to proceed,
kJ;

Q,s — heat reserve of the reduction reaction zone, kJ.

Since the peak phase of the process lasts approximately 1
minute, the required thermal power to compensate for the
energy demand in the reduction zone is determined by the
following expression:

P =0/t

where P — thermal power, W;

(22)

Q — additional heat that must be supplied to the reduction
zone, kJ;

t — duration of the peak phase of the process, s.

Let us consider the issue of the structural arrangement of
the reduction zone. At temperatures close to 1000°C, heat
transfer from the reduction zone to the environment oc-
curs predominantly through thermal radiation. In the ab-
sence of thermal insulation, radiative losses would be sig-
nificant. Therefore, the reduction zone must be insulated
with layers of material having low thermal conductivity.

In the proposed design, a layer of charcoal is used as the
thermal insulation medium. The surface area, determined
from the geometric parameters of the unit, is S=0.138 m?.
The temperature in the reduction zone is assumed to be
approximately 1000°C. Electric heaters are uniformly dis-
tributed within the layer.

Based on the thermochemical processes occurring in the
reduction zone, its height is assumed to be 100 mm.

The limiting temperature of the outer surface is assumed to
be no higher than 200-250°C. At this temperature level, the
intensity of thermal radiation from the surface amounts to
approximately 2—-3% of that at 1000°C, thereby substan-
tially reducing radiative heat losses.

For a bulk layer of charcoal at elevated temperatures, the
effective thermal conductivity is A=0,15...0,20 W/(m-K); in
the calculations A=0,2 W/(m-K).

The average heat flux through the layer is determined as

follows:
P

q=77 (23)
g — heat flux density, W/m?;
P — total power of the electric heaters, W;
S —heat transfer surface area, m?.
Required temperature difference:
AT =T, —Ts, (24)

where AT —temperature difference, °C;
T, — initial temperature in the reduction zone, °C;
Ts — temperature of the charcoal layer, °C.

The required thickness of the charcoal layer, according to
Fourier’s law, is:

q=A1-AT/4, (25)
from which it follows
5biochar =1 AT/Q! (26)

where 8y;0cnar — thickness of the charcoal layer, m;

g — heat flux density, W/m?;

A — thermal conductivity of the charcoal layer, W/(m-K);
AT — temperature difference, °C.

A separate analysis is required for the issue of heat supply
to the pellets located in the dry pyrolysis chamber. Struc-
turally, the dry pyrolysis chamber is a sealed metal cylinder
equipped with a pyrolysis gas outlet tube and installed in-
side the outer casing of the unit, which is also cylindrical in
shape. Between the outer casing and the wall of the dry py-
rolysis chamber, a closed inter-casing space is formed, pro-
vided with an external pipe for gas discharge. In the lower
part of the outer casing, beneath the dry pyrolysis chamber,
the reduction, cleaning, and enrichment zone of the fuel
gas is located. The fuel gases are conveyed through the out-
let tube to the lower section of the outer casing. Thus, in
order to exit the unit, the fuel gas must pass through the
reduction zone, and its movement ensures convective heat
transfer between the reduction zone and the wall of the dry
pyrolysis chamber during the pyrolysis process of the pel-
lets.

The initial heating of the dry pyrolysis chamber is carried
out by KGT-type electric heaters with a rated power of 1300
W each, installed in the inter-casing space between the
outer casing and the chamber wall. This space is filled with
bulk charcoal, which serves as both a heat-accumulating
and insulating layer.

The electric heaters are uniformly arranged along the pe-
rimeter of the chamber casing, forming four equivalent
heating sectors and ensuring a symmetrical distribution of
the heat flux. The volume of the dry pyrolysis chamber al-
lows loading approximately 9 kg of pellets in bulk.

For the purpose of thermal calculations, the following as-
sumptions are adopted: one heated sector is considered as
a flat rectangular wall with a height of 350 mm and a width
of 173 mm. Between the heating element and the metal
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casing of the dry pyrolysis chamber, there is a 50 mm-thick
layer of charcoal, followed by a metal plate with a thickness
of 8 mm. On the inner side of the wall, there is a 45 mm
thick layer of pellets with a mass of 2.25 kg.

In the calculations, it is assumed that 50% of the electric
heater power is uniformly transferred to the charcoal layer.
Heat transfer from the electric heater, heated to 1000°C,
occurs predominantly by radiation over a full 360° solid an-
gle.

Taking into account the heat capacity of the charcoal layer
and the inevitable thermal losses within the structure, it is
further assumed that only half of the installed electric
heater power is effectively utilized for heating the dry py-
rolysis chamber.

For subsequent calculations, it is assumed that the area of
the rectangular wall with a height h=0.35m and a width
b=0.173 m is Sr=0,35x0,173=0,0606 m?. The thermal con-
ductivity of porous charcoal is Aiochar=0,2 W/m-K, and that
of steel is — Asteei=45 W/m-K.

The thermal resistance of the layers is determined accord-
ing to the following mathematical relationship:

R=4§/2, (27)
where 6 —is the layer thickness, m;
A—is the thermal conductivity of the material, W/(m-K).

For a 50 mm thick charcoal layer with a thermal conductiv-
ity of 0.2 W/(mK), the thermal resistance is
Rbichar=0,05/0,2=0,25 m? K/W. For an 8 mm thick metal wall
with a thermal conductivity of 45 W/(m-K), the thermal re-
sistance is Rsteei=0,008/45=0,00017 m? K/W.

The analysis of the obtained values indicates that, in the
considered heat-transfer system, the thermal resistance of
the charcoal layer is dominant, whereas the resistance of
the metal wall is several orders of magnitude smaller and
practically does not affect the overall heat-transfer process.

The density of the actual heat flux is determined by the fol-
lowing relationship:

q'=(T,—T,)/Ry ,

where g’ — density of the actual heat flux, W/m?;

(28)

T: — temperature of the inner surface of the heating zone
(temperature of the charcoal layer), °C;

T2 — temperature of the inner surface of the metal wall of
the chamber, °C;

Rs — total thermal resistance of the heat-conducting layers,
m?2-K/W.
The total heat flow (power) transferred to the pellets is:

Qpel =q - S, (29)
Qper — total heat flow transferred to the pellets, W;

Sg — heat transfer area, m2.

The heating rate of the pellets in the dry pyrolysis chamber
is determined by the following formula:

d_T — Qpel (30)

dt Mpel Cpel

where %— heating rate of pellets in the dry pyrolysis cham-
ber, °C/min;
Mpe; — Mass of dry pellets in the sector, kg;

Cper — Specific heat capacity of pellets, kl/(kg-K).

Table 3. Results of thermal calculations for the pyrolysis-gasification unit with integrated syngas cleaning and enrich-

ment processes

Parameter Symbol Value 3::::“(:: nTeas- x::lt:ttieaatical
Initial data for calculation
Mass of pellets (for analytical assessment | m 1.0 kg -
of water vapor formation process)
Mass of generated water vapor My,0 0.269 kg -
Water vapor content - 27 % -
Moisture fraction in the temperature 52 % -
range (100-130°C)
Moisture fraction in the temperature 42 % -
range (290-310°C)
Mass of water vapor mp 0.14 kg -
Specific heat capacity of steam Cp 2.25 kJ/(kg-K) -
Specific heat capacity of steam at 1000°C | ¢p 2.32 kJ/(kg-K) -
Specific heat capacity of carbon Cv 1.45 kJ/(kg-K) -
Mass of biochar m, 2.7 kg -
Enthalpy of the water-gas reaction AH® 131 kl/(kg-K) -
Molar mass of water My, 0 0.018 kJ/(kg:K) -
Duration of the peak phase t 60 s -
Heating time of the zone tv 600 s -
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Parameter Symbol Value EpgzgnTeas' xlit:t?gatical
Initial data for calculation
Reduction zone temperature T1 1000 °C -
Initial temperature of the reduction zone | T2 20 °C -
Thermal conductivity of biochar Abiochar 0.2 W/(m-K) -
Thermal conductivity of steel Asteel 45 W/(m-K) -
Height of the sector h 0.35 m -
Width of the sector b 0.173 m -
Thickness of the charcoal layer Obiochar 0.05 m -
Thickness of the steel wall of the chamber | &steer 0.008 m -
Specific heat capacity of pellets Cpel 14 kJ/(kg-K) -
Mass of pellets (in the sector) Mpey 2 kg -
Results of calculations
Total installed heater power Ps 6.5 kW
Heat required to raise steam temperature Qp 252 kJ (5)
to 900°C
Power required for steam heating Py 4.2 kW (6)
Heat required for heating the reduction Q, 3797.6 kJ (7)
zone
Power required for heating the reduction | P, 6.33 kW (8)
zone
Heat of the water-gas reaction Qr 1019 kJ (9)
Heat reserve of the zone Qus 923.4 kJ (10)
Additional heat input Q 347.6 kJ (112)
Required power during the peak phase P 5.79 kW (12)
Heat flux density 235 kW/m? (13)
Temperature drop AT 800 °C (14)
Required thickness of the biochar layer Sbiochar 0.07 m (16)
Adopted thickness of the biochar layer Spiochar 0.10 m -
Thermal resistance of the biochar layer Rbichar 0.25 m? K/W (17)
Thermal resistance of the 8 mm thick | Rsteel 0.00017 m?2 K/W (17)
steel wall with a thermal conductivity of
45 W/(m-K)
Overall thermal resistance Rs 0.25017 m?2 K/W
Actual heat flux density q' 3.917 W/m? (18)
Power transferred to the pellets Qpet 237 w (19)
Heating rate of the pellets daT 0.0846 K/s (20)
dt
Heating rate of the zone - 5.08 °C/min -

Thus, to sustain the process, it is sufficient to employ five

electric heaters with a total installed power of 6.5 kW,
which ensures both rapid heating of the reduction zone and

compensation of heat consumption during the water-gas

reaction.

The calculation results (Table 3) indicate that the minimum
required thickness of the thermal insulation layer is 70 mm;

however, taking into account a structural safety margin, a

In the experimental setup, 8 kg of pellets were loaded into
the dry pyrolysis chamber and heated to a temperature of
280°C, with time and temperature being recorded. Based
on the experimental data and the calculated heating rate of
the pellets, temperature profiles of pellet heating in the dry

thickness of 100 mm is adopted and implemented in the
unit design.

pyrolysis chamber were constructed (Fig. 3).
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Fig. 3. Dependence of pellet temperature in the dry pyrolysis chamber on heating time

The deviation between the experimental and theoretical
data was evaluated using the coefficient of determination R?,
which for the performed calculations amounts to 0.989.
Thus, a high degree of agreement is observed between the
data obtained experimentally and analytically, particularly
within the temperature range of 40-100°C (Fig. 3). Minor de-
viations of the experimental curve from the theoretical one
are attributed to the progression of pyrolysis processes in-
volving volatile components. A portion of the supplied en-
ergy is consumed for their thermal decomposition and phase
transformation with the formation of gaseous products, ra-
ther than for increasing the temperature of the pellets.

This paper was supported by the HEI-COPILOT project
within the EIT HEI Initiative "Innovation Capacity Building
for Higher Education", funded by the European Union.

Conclusions:

1. The integral efficiency coefficients of gasification and py-
rolysis are comparable, with Kgas=0.664, a Kyyr=0.683, indi-
cating the absence of a significant advantage of one tech-
nology over the other when applied separately. Owing to
the reduction of specific electricity consumption for inter-
nal needs and the expansion of the permissible fuel mois-
ture range, the development of a combined pyrolysis—gasi-
fication unit is technically justified as an energy-efficient
solution, providing an integral efficiency coefficient at the
level of K=0.9.

2. The reduction zone should have a height of 100 mm,
within which the temperature must be maintained in the
range of 850—-1000°C. To reduce radiative heat losses, a
layer of wood biochar at least 100 mm thick is provided
above and below the reduction zone. In addition, the study

substantiates and normalizes, per unit mass of fuel, the en-
ergy consumption required for the production of combus-
tible gases from steam originating from both the physical
moisture in the pellets and the water vapor formed as a re-
sult of thermal degradation of their structural components.

3. The conducted research determined the energy con-
sumption associated with the technological processes of
pyrolysis, gas cleaning, and reduction of combustible gases.
It was established that the total electric heating power of
the dry pyrolysis chamber should amount to 6.5 kW (five
electric heaters, rated at 1300 W each). To ensure a uni-
form temperature field, the electric heaters in the central
part of the reduction zone must be arranged symmetrically
and with equal spacing, thereby guaranteeing homogene-
ous heating of the working volume of the dry pyrolysis
chamber.

4. Analysis of the temperature dependence indicates that
pellet heating in the dry pyrolysis chamber proceeds uni-
formly and without sharp temperature fluctuations. The ex-
perimental curve closely follows the calculated one, con-
firming the adequacy of the adopted thermal model. Minor
deviations in certain temperature intervals are associated
with physicochemical processes occurring in the pellets, in
particular, moisture removal and the onset of thermal deg-
radation of organic components. Overall, the obtained re-
sults confirm the correctness of the determined electric
heating power and the effectiveness of the selected dry py-
rolysis chamber design.
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