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AHomayis. HasedeHo memod 8U3HAYEeHHA iHMez2pasnbHO20 Mo-
KA3HUKQ eHep20o-eKOHOMIYHOI edpekmusHoOCmi niponizHo-2a3u-
QiKkayiliHux ycmaHo8oK mepmoximiyHoi KoHeepcii biomacu, wo
8i03HAYAEMbCA peani3ayiero y 8uenadi CKopuHaosoi modeni Ha 0cHO8i Memody 38axeHUX cym 3 6anbHOKO
HOPMAQnNi3ayiero OyiHIBAHUX Kpumepiie ma ypaxysaHHAM HeiHiliIHo20 8rausy KOHCMpPyKUiliHo-mexHosoziy-
HUX napamempis ycmaHOB80K, YuM 3a6e3mneyye moyHicme PAHHCYBAHHA Ma a0anmuseHicme 00 3MiHHUX 8/10-
cmusocmeli biomacu. BubpaHo napamempu 0715 NOPi8HAHHSA Miponi3Ho-2a3ugikayiliHux ycmaHo8oK, a came:
es1IeKMpPUYHa i mena08a NOMyHHOCMIi yCMAHOBKU; 80/102iCMb 1aausd; 302asAb6HA | TUMOMa eumpamu na-
AUBA HA MPOYEC;, HUXYA mers1oma 320pAHHA CUHMe3-2a3y ma npodyKmueHicmes ycmaHO8KU 3a 2a30M; Nu-
moma eapmicms ycmaHosku. O6rpyHmMoeaHi 3Ha4YeHHA npiopumemis ma 8azo8ux KoegiyieHmis, Heobxio-
HUX 0114 npogedeHHA PO3PaxyHKi8 3a po3pobseHOw MO00Oennt0, a MAKOHC repesipeHo npasomipHicms
MpuliHAMUX eKcrepmHux cyOxHceHb U000 3Ha4eHb napamempie niponizayiliHo-easugikayiliHux ycmaHo8oK
ma ix 38axceHuUx KoegiyieHmis. OyiHeHo eHep20-eKOHOMIYHY edheKmuBHICMb 8i0OMUX iCHYHOYUX MipOosi3HO-
2asugikayiliHux ycmaHo80oK KoHeepcii biomacu 8 cuHme3-2a3 0418 cucmem esieKmpozeHepayii Ha 0cHosi 8io-
HOB/1108AHUX OMcepen eHepeail. BcmaHosneHo, wo Halisuujoi egpekmusHocmi docaearome 6azamocmadiliHi
BUCOKOMNPOOYKMUBHI yCMAHOBKU eneKmpu4Horo nomyxcHicmio noHad 500 kBmen 3i CKnadHUMU mexHos102i-
AMU nepepobKu biomacu Ha cuHme3s-2as, AKi NoedHytomeo naasaro4uli Hepyxomuli wap naauea abo winbHuli
Hepyxomuli wap nanuea 3 2ibpudHUM niponaizom. poaHanizoeaHo memoou esneKkmpozeHepayii Ha 0cHo8i
eHepeii 6iomacu ma coHAYHOI eHepeii.

Knrouoei cnoea: biomaca,; 0epeeHi nenemu; niponis; 2azugikauyis; niponiaHo-2a3ugikauiliHa ycmaHoB8Ka, COHsA-
YHA enekmpoCcMmaHy,is; eneKkmpoaeHepayis; CKopuH208a MoOesb; 8BiOHOBMOBAHI Oxcepesna eHepail.

Bctyn. Y KnacMyHOMY OAHOCTaAiMHOMY rasoreHepaTtopi Big-
CYTHA YiTKa MeXa MiXX OCHOBHWMM CTafiamuM npouecy, Lo
YHEMOK/IMB/IIOE 34iMCHEHHA KOHTPOO M ONTUMI3aL,ii KOXK-
HOi 3 HUX OKpemo. B3aemogia neTkux NpoayKTis niponisy 3
TBEPAUM KOKCOBMM 3a/IMLLKOM NPU3BOAUTbL 0 MOro Ae3akK-
TUBALi, NoripwytouM peakuiiHy 34aTHICTb Y NoganbLuin ra-
3udikauii. YHUKHYTM LbOro MOXHa PO34ineHHam npouecis
niponisy v rasundikauii Ha OKpeMi KepoBaHi cTagii 3 noganb-
Woto ix iHTerpaujieto B eguHNM 6araTocTagiiHmii npouec. Lie
[ACTb 3MOTy MiABULLUTK CTYMiHb KOHBEPCIi Byr/1eLo KOKCo-
BOrO 3a/IMLWIKY, 3MEHLWUTU BMICT CMON i MeXaHiYHUX
nomiwok, nigsnwmt HHV rasy i npouecy 3aranom.

Y poboTi [1] 3anponoHoBaHO ABa Niaxoau Ao peanisauii
3a3HayeHoro. MNeplumnii niaxia nepenbdayae iHTerpau;io
cTagin niponisy Ta rasmdikauii B 6aratoctagiiHuit npouec,
e pi3Hi cTaaii moxyTb abo peanizoByBaTUCA NOCNIA0BHO B
pi3HMX 30Hax, abo NoeaHyBaTMCA B OA4HOMY ra3mdikaTopi 3
BiZOKpPeMIeHMMM 30HamK Niponisy i rasudikawii. Apyruii —
PO3MilLleHHA YCTaHOBOK TEPMOXiMiYHOT KOHBepCii nobaunsy
axepen 6iomacu.

CrpaTeria po3TalwyBaHHA YCTAaHOBOK NipoAi3y Ta rasoreHe-
paTopa B pi3HMX micuax po3pobieHa B mexax KoHuenuii

Bioliq (HimeuuunHa) [2]. MpoayKtv niponisy, BupobaeHi Ha
KiNbKOX MipOMi3HUX YCTaHOBKaX, BCTaHOBAEHUX No6au3y
J)Kepen CUPOBUMHW, TPAHCNOPTYHOTLCA A0 LEeHTPasbHOI ra-
30reHepaTopHOl YCTaHOBKM ANA noAanbloi rasmeikauii i
CUHTe3y 6ionanmea. KnovyoBolo nepeBaroo € eKOHOMIYHA
nNpuBabAMBICTb TPAHCMOPTYBAHHA NPOAYKTIB BULLOI eHep-
reTMYHOI LWiNbHOCTI MOPIBHAHO 3 BUXIAHOK CUPOBUHOLO.
Hanpuknag, eHepreTMyHa LWinbHICTb POCAMHHOI | AepeBHOT
6iomacu ctaHoBuTb 2 i 8 [x/m3, BignosigHo, Toai Ak cyc-
neHsii 6ioonii 3 KOKCOBMM 3anULLIKOM abo 3MeneHUM KOK-
COBMM 3a/MLWKOM 3 BMicTOoM TBepaoi ¢asmn 5—20 %mac Ma-
t0Tb 06’ EMHY eHepreTUuHy WinbHicTb 21-23 Tx/m3 [3, 4].
TeXHONOrYHUI LMK pODBOTM YCTaHOBKM CKNAJAETLCA 3 Ta-
KMX OCHOBHWX CTafili: WBMAKWIK niponis Giomacu npwm
500 °C i BupobHMLTBO 3 NPOAYKTIB NipoAi3y cycneHsii Ha oc-
HoBi 6i00Nii Ta 3MeNIeHOro KOKCOBOrO 3a/IMLIKY; BUCOKO-
TemnepaTypHa (1200 °C) rasudikauia cycneHsii KUCHeM Yy
npAmoTediliHoMy rasoreHepatopi 3a Tucky 40 i 80 6ap (Ten-
ioBa MOTYXHicTb 5 MBT); BucokotemnepatypHa (800 °C)
dinbTpauina cMHTe3-rasy Big 4OMILOK; BUPOOHMLTBO biona-
nmnea. Hepgonikom gpyroro niaxoAy € 3Ha4YHa BapiaTUBHICTb
CKNnapgy cycnelsii 3 pisHMX BMAiB H6iomacu, Wo HeratMBHO
BMN/IMBAE Ha PiBHOMIPHiCTb rasundikaliii.
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baraTtocTaginHunii nigxin fae 3mory 30HabHO, Y MEXax 04-
HOro peaKkTopa, Po3A4inuTV niponis i rasudikauio 3 oTpu-
MaHHAM BMUCOKOAKICHOrO CUHTe3-rasy 3 MiHiMaNbHUM
BMIiCTOM CMOJ i MeXaHiYHUX [OMIWOoK. EdeKTUBHICTL B
LbOMY pa3i € BULLLOIO MOPIBHAHO 3 PO3MILLeHHAM YCTaHOBOK
TepMoxiMivyHOi KoHBepcii noban3y axxepen Giomacu. Mpu-
Knagamu 6aratoctaginHux cuctem € rasoreHepaTopu:
FLETGAS (yHiBepcuteT Cesinbi) [5]; Viking (daHcbKuit Tex-
HiYHWI YHiBEpPCUTET) [6]; HU3bKOTEMMNEPATYPHUIN PeaKTop 3
LUMPKY oYUM Wwapom (TexHiuHKui yHiBepcuTeT Yanmepca)
[7]. 3a pmocnigxeHHamM [5] BHacnigoKk TepmiyHoi nepe-
pobKu Tpickm 6epesn B ABOCTALIMHOMY rasoreHepaTopi no-
TYXHicTIO 75 KBT, 3 po3gineHHAM npouecis niponisy i ra-
3udikaLii KOKCOBOrO 3a4MIIKYy B OKPemMUX peaKTopax
rasoreHepatopa OTPUMMAHO 6E€3CMONbHUI  CUHTe3-ra3
(BMmicT cmon > 15 mr/Hm3). TemnepaTypa B 30Hi Miponisy
b6yna 1100-1200°C, a MmakcumanbHO 3adikcoBaHa —
1270 °C. EdektuBHicTb cucTtemu (rasoreHepatop — B3
DEUTZ — eneKkTtporeHepatop) cArana 6an3bko 25 %. barato-
CTaginHi npouecy, y NOpiBHAHHI 3 ogHOCTaAiMHMMU, 3abe3-
NneYyTb BULWMMN CTYMNiHb KOHBEPCii KOKCOBOrO 3a/IMLWKY. Bu-
HATKOM € MOTOKOBI razoreHepatopu. OgHak, nonpw Te, Wo
BOHW € OA4HOCTAZiMHMMM 3 NPOCTUMM 3@ KOHCTPYKL,iEO pe-
aKTopamu, BOHM noTpebyloTb NigBeseHHA 3HA4YHOI Kinb-
KOCTi OKMCHUMKaA B 30HY peaKL,ii i BULLMX KaniTaNbHMUX BKNa-
[LEHb.

AHani3 pobit [2-10] cBigunTb, Wo baratoctaginHa rasuodi-
Kauia oae 3Mry LWWAAXOM 30Ha/IbHOTO BifOKpPeMIeHHA Npo-
ueciB niponisy i rasamdikau,ii B mexxax ogHOro peaktopa on-
TUMi3yBaTV YMOBM Nepebiry TepMOXiMiYHUX NEPETBOPEHD,
NiABUWMTM CTYNiHb KOHBepCii Byriewto 11 3abesneuntu Bu-
POOGHULTBO CMHTE3-rasy 3 MiABULLEHMM BMICTOM TOpPHOUMX
KOMMOHEHTIB.

MocTtaHoBKa 3aBAaHHA. MeTa poboTh — NOPiBHATK Niponi-
3HO-rasndiKaLifHi YCTAaHOBKM 3@ €Hepro-eKoHOMIYHO
edeKTMBHICTIO KOHBepCii 6iomacK B cMHTe3-ras Ana cucTem
efleKkTporeHepaLii Ha OCHOBI BiAHOB/IOBAHWX AXKepen eHe-
prii. Ana AocArHeHHA nocTaBneHoi MeTU HeobXigHO BMKO-
HaTW TaKi 3aBAaHHA: 1) po3pobUTU MeTos, BUSHAYEHHA iH-
TerpanbHOro NOKa3HMKa eHepro-eKoOHOMIYHOT
epeKTMBHOCTI Miponi3HO-rasndikauiiHUX YCTaHOBOK Tep-
MOXiMiYHOT KOHBepCii 6iomacu i nepeBipuUTU NPaBOMIpHICTb
NPUINHATUX EKCNEPTHUX CYyAKEHb LWOAO 3HAYEHb NapameT-
piB niponisauinHo-rasandikauiMHMX YCTAaHOBOK Ta iX 3Baxe-
HUX KoedilieHTiB; 2) OLiHUTN eHepro-eKoOHOMIYHY edeKTu-
BHICTb YCTAHOBOK KOHBepcii 6iomacu B cuHTE3-ras gns
CUCTEM eNneKTporeHepawii Ha OCHOBI BiAHOB/IIOBAHUX AxKe-
pen eHeprii; 3) BAKOHATU aHaNi3 MeTOAiB eNleKTporeHepaL,ii
Ha ocHoBIi eHeprii 6iomacy Ta COHAYHOI eHeprii.

BuKnag OCHOBHOro martepiany

Po3po6Ka meToAay BU3HAUEHHSA iHTErpanbHOro NoOKasHUKa
€Hepro-eKOHOMIYHOI edeKTnBHOCTI niponisHo-ra-
3udikaLiiHUX YCTaHOBOK TepMOXiMiuHOi KoHBepcii 6io-
macu

BMKOHaeEMO nopiBHANbHUIA aHani3 baraTocTaginHMX ycTa-
HOBOK rasugikauii 6iomacn 3a TEXHIKO-eKOHOMIYHUMU 1
eHepreTMYHUMM NOKA3HMKaMU ANA BCTAHOBAEHHA AOLiNb-

HOCTi iX BAKOPUCTAHHA Y CKNaAi CMCTEM eneKTporeHepawii
Ha OCHOBI BifHOBAIOBAHUX AXepen eHepri.

[nA nopiBHAHHA Pi3HMX YCTaHOBOK rasudikauii 6iomacy Bisb-
MeMO 33 OCHOBY BiOMY CKOPUHIOBY MaTeMaTUYHy MOAEb,
AKY 4acTO BMKOPUCTOBYHOTb A1l MPOrHO3YBaHHS y diHaHCO-
BoMy cekTopi. CyTHiCTb Li€l mogeni onucaHa B poborTi [11], i
BOHa NOJIATAE B TOMY, WO $iHaHCOBA YyCTaHOBA HAMAra€eTbeA
3’AcyBaTM MMOBIPHICTb TOrO, WO MO3MYa/bHUK MOBEpPHE
BYACHO KpeauTHI KowTK. [1nA 1boro po3rnaaatoThb KifbKa Xa-
PaKTePUCTUK MO3UYANbHUKA, AKUM CTaBAATb Y BiAMNOBIAHICTb
YMCNOBI 3HAYEHHA 3TiAHO 3 NPIOPUTETOM XapPaKTEPUCTUK 3a
HaKkonu4yeHoi 6a3n faHMX CTOCOBHO MUHYIOTO AOCBiAY 3 Nno-
3UY4aNbHMKaMM Ta 3BarKeHi KoedilieHTV AnA LNX XapaKTepu-
CTMK. BHacnigok mogentoBaHHs OTPUMYEMO MMOBIPHICTb 3a-
3HaYeHOoI NOAIT 4N1A KOHKPETHOro N03MYanbHUKa.

BuxioHi O0aHi niponizHo-2a3ucpikauyiliHux ycmaHogoK. Ana
NOpPiBHAHHA BMBPAHO YCTaHOBKM NPOMMUCIOBOro Ta fabo-
PaTOPHOro TUMY 3 Pi3HOK ENIEeKTPUYHOIO MOTYXKHICTIO (B
ApianasoHi Big 10 po 750 KBT) BupobHMuTBa bBenbrii
(Xylowatt NOTAR 750), Yexii (GP750, GP200), Asctpii
(SynCraft CW1800-500, Cleanstgas 125, Urbas Mallnitz,
Urbas Poéllau), HimeyumHun (Burkhardt V5.90S, ECO 495,
Burkhardt V5.90S, ECO 220, Spanner Re? HKA70, Spanner
Re? HKA50), Kutato (GSL), CLLUA (Power Pallet — PP30) Ta
Bpaswunii (NEST, UNIFEI). OcobamBicTIO X YCTAaHOBOK € Te,
Lo npouecu niponisy i rasudikauii npoTikatoTb B 0ogHOMY
rasoreHepaTopi 3 NPOCTOPOBUM PO3AINEHHAM PeaKLinHUX
30H. Y Tabn.1l HaBedeHO BUXiAHI A[aHi niponisHo-ra-
3MiKaLIMHUX YCTAHOBOK 3riHO 3 TEXHIYHOK AOKYMEHTa-
LiiEl0 40 YCTAHOBOK.

MopiBHAHHA 34iMCHIOBANOCA 33 TaKUMKM BOCbMa NapameT-
pamu: enexktpuuHa (N )iTtennosa(Q ) NnoTyXHoCTI

m.ycm

yctaHosku; sosiorictb (W ); 3aranbHa (m ) i nutoma (m )

"
BMTPATK NasIMBa Ha NPOLLEC; HUXKYA TENI0TA 3rOPAHHA CUH-
Tes-rasy ( Q] ) Ta NPOAYKTMBHICTb yCTaHOBKM 33 ra3om (V.

c.eas

); NTUTOMa BapTicTb ycTaHoBKK ( C

‘num ) :

Po3paxyHoK 8i0cymHix OaHUX niposi3Ho-easugikayiliHux
ycmaHosoK. [na Tor, wWwob 3abes3neuntu MeToanYHY
LiNicHICTb aHanizy Ta BMKOHATU KOPEKTHe 6araToKpu-
TepianbHe paHKyBaHHA YCTAHOBOK Yy MeKaX EAMHOI OL,iHOY-
Hoi moAeni, Ti AaHi 3a3HaYeHNX BULLE NapameTpis, Wo 6yau
BiACYTHi B TEXHIYHIM AOKyYMeHTaUjii 4O YCTAaHOBOK BW3Ha-
Yann po3pPaxyHKOBUM METOLOM.

Tennosy NOTYXKHiCTb NaAMBa BU3HAYaAN

_mQ;" W)
Qu, =T, )

4e Q. — TenjoBa NOTYXHICTb Nasnuea, WO Bianosiaae
eHepreTMYHOMY BMICTy NannBa, AKe HaAXoAUTb A0 rasore-
HepaTopa 3a OAMHMUIO Yacy, KBT, m— BuTpaTa nanuea,
kr/ron; W — Bonorictb nanuea Ha pobouy macy, %;

74 (W) — HUXKYA TenaoTa 3ropsaHHA NasnBa 3a BOJIOOCTI

W, MO /kr; 3,6 — KoediuieHT nepesegeHHa MOx/roa y
KBT.
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Ta6nuua 1. BuxigHi gaHi niponisHo-rasudikauiiiHMx ycTaHOBOK Ta gaHi, po3paxoBaHi 3a (1) — (7)

Crum )

SHmk, kpaia) KBT | KBT | Kr/rop | kr/kBTen | % | m*frog | Mx/m® flaﬂolfg;

HalimeHyBaHHA ycTaHoBKM (BUpo- | N, .» | Q, ../ m, m, W, A\ Qh

en.yem c.eaz

Xylowatt Notar 750 (Xylowatt SA, 750 1200 650 0,87 no10% | 1287 5,5 5348
Benvria), n,,=0,375, ,, =0,6
[12]

GP750 (y cknagi TELL BOR 710 1500 556 0,78 10 % 1250 5,7 6290
Biotechnology CHP, Yexis), 7, =

0,36, 17,,,=0,49 [13]

SynCraft CW1800-500 (Syncraft 500 740 757 1,51 0o 50 % 870 6,45 6290
Automation GmbH, AscTpin) n,=

0,285, 77, =0,44 [16].

Burkhardt V5.90S, ECO 495 330 485 240 0,73 0010 % 475 6,25 7427
(Burkhardt GmbH, HimeuuunHa),
n.=03, n, . =0,455[17].

Cleanstgas 125 (KWB-Kraft und 250 441 287 1,15 0o 10% 568 5,4 8300
Waérme aus Biomasse GmbH Ta
Ebner Industrieofenbau GmbH,
Ascrpis), n,=0,25, . =0,45
(18]

Urbas Mallnitz (URBAS 250 520 255 0,9 no 18 % 406 4,2 8300
Maschinenfabrik GesmbH, As-
crpia), ,=0,28, . =0,58[19,
20]

GP200 (TARPO Ltd, Yexis) [21] 200 370 156 0,78 10 % 309 4,8 9075

GSL (Nanjing Forestry University, 190 477 250 1,32 0012 % 484 5,25 9263
KVITal\/'I), n,= 0,19, en = 0,47
[22].

Urbas Pollau (URBAS 180 320 162 0,9 [0 18 % 292 4,8 9465

Maschinenfabrik GesmbH, As-
crpia), n,=0,28, », . =0,5[12].

Burkhardt V5.90S, ECO 220 160 240 120 0,75 8010 % 238 6,05 9922
(Burkhardt GmbH, HimeuuunHa),
n, =03, n,., =0,455 [17].

Spanner Re? HKA70 (GmbH, 68 144 55,1 0,81 0010 % 109 5,58 3950
Himewuuna), n, =0,3, , =0,63
[23].

Spanner Re? HKA50 (GmbH, 49 106 41,9 0,86 0010 % 83 5,58 4400
Himeuunna), n, =0,28, =
0,61 [24].

Power Pallet — PP30 (All Power 25 40 20 0,8 0010 % 40 5,46 2000
Labs, CLLA), 7,023, ... =
0,46, 1mses.= 0,33 [25].
Excellence Group in Thermal 10 22 12 1,2 15% 22,5 4,53 2500
Power and Distributed Generation
(NEST), bpaswnia, n,=0,3, , . =
0,45 [26].

TennoBy NOTYKHICTb YCTaHOBKMW BU3HaYanu ae Q,, ., — Tennosa NOTYKHICTb YCTaHOBKU, KBT; N -

en.yom
€/1eKTPUYHA MOTYXKHICTb YCTAaHOBKK, KBT; 7, — enexTpny-

Q — N en.ycm .nmen 2
m. yem 7 ! Huii KKO, yctaHoBku; 77, — Tennosuin KK, ycTaHOBKM.
e
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3HaueHHsa 77, i 77, HaBeAeHi B Tabn. 1, BCTaHOBAEHI ANA

poboTn ycTaHOBOK Ha Hiomaci BosoricTio 10 %. Y pasi po-
60TM yCTaHOBKM Ha biomaci BULLOT BoaorocTi 3HaueHHsA KK,
nepepaxoByBaau.

AKWO B TeXHIYHI AOKYMeHTauji 3a4aHO NPOAYKTUBHICTb
YCTaHOBKM 33 CUHTE3-ra30M i MOro ximi4yHWi1 cknag abo Ten-
NIOTY 3rOpAHHA, TO TENAO0BY MOTYXKHICTb YCTAHOBKWU BU3HA-
Yanu 3a TaKUM PIBHAHHAM

P _ Qco ’Cco +QH2'CH2 +QCH4'CCH4 +QC2H4'Cc2H4 +QC2H6'CC2H6

V. QP.
Qm.yCm_ == ?)QIGI 77’""" ! (3)

Ae V,_  — NPOAYKTWUBHICTb YCTAaHOBKM 3a CUHTE3-ra3om,

Qi ~
Mx/M3. Hukuy TennoTy 3ropsaHHA ra3y BU3Hayanu, BUXO-
OAYM 3 MOro XimivyHOro cknagy

m3/rog; HUX4Ya  Tennota  3ropAHHA  rasy,

Qy

ae Ceoy Chys Consr Coonar Coong — 06’€MHa KOHUEHTPA-
uisa KomnoHeHTiB rasy CO, Hy, CHa, CoHa4, C2He, BignosiaHo,
y cuntes-rasi, %; Q.o , Quar Qoyasr Qeona s Qeong» —HMMKUA
TennoTa 3ropsAHHA KoMnoHeHTiB rasy CO, Ha, CHs, CoHa Ta
C2Hs, BignosigHo, Mx/m3.

AKWO, HaBNakKK, 3a4aHO TEMNOBY MOTYXKHICTb YCTAaHOBKM i
I'IpO,EI,yKTMBHiCTb 3a ra3aom, TO HXK4Yy Tens10Ty 3ropAHHA CUH-
Te3-rasy BM3Ha4yanM 3 PiBHAHHA

3’ 6 en m.ycm
QI—F: — w , (5)
nmen .77063 .\/c.(’as

ae 1,,, — enektpuunmnii KK ra3o8oro ABMryHa BHYTPIlLHb-
Oro 3ropaHHs, NPUNHATO piBHMM 0,4.

MpOoAYKTUBHICTb YCTAHOBKM 3@ CUHTE3-Ta30M BU3Ha4aau 3a
3a1eXHicTio

V’ s m (1—W ).\/"’“m-mum’ (6)

c.e c.eas

ae (1-W ) — macoBa 4yacTka cyxoi pevyoBMHM Yy NanuBi;
Vnum.maﬁﬂ

c.eas
PeyoBMHM, M> (ANA YCTAHOBOK 3 HEPYXOMUM LLIbHUM La-
pom nanuea V"™ nna pgepeBMHU CTaHOBUTL 2,2-2,5

m3/kr) [27, 28].

— NMUTOMMUIA BUXif, CMHTE3-Ta3y Ha Kinorpam cyxoi

MuTomy BapTicTb ra3oreHepaToOpHUX YCTAHOBOK (411 ¥oa-
HOi 3 YCTaHOBOK LieW napameTp He Byn0 3a3HAYeHO B Tex-
HiYHIN LOKYMEHTaL,ii BUPOOHUKIB) BU3HAYEHO METOLOM Nn-
TOMWUX KamniTaJibHUX BUTPAT Ha OAMHWULIIO BCTAaHOB/EHOI
eNeKTPUYHOI NoTy»KHOoCTI [13, 14]

Cnum(NeJl) = Cnum.em.(N / Nejl )0’4’ (7)

en.em.

e Coum(Nes) — NTUTOMI KaniTanbHi BUTPATU Ha YCTaHOBKY MNO-
TYXKHICTIO Nes, €BPO/KBTen; Cem. — MUTOMI KaniTanbHi BUTPATK
Ha eTaNoHHYy YCTaHOBKY, €BPO/KBTen (Crum.em=8657
€BPO/KBT a7 ycTaHOBKU Nesem=225 KBT) [15]; Nes.em. — NOT-
YXHICTb €TafIOHHOI YCTaHOBKMU, KBTen; Nes — MOTYXHICTb
OLLiHIOBAHOT YCTAHOBKM, KBTen; 0,4 — NOKA3HUK CTyNeHA ANnA
PO3pPaxyHKy MUTOMMX KaniTaJAbHUX BUTPaT.

Takum YMHOM, BUKOPUCTaBLWM 3anexHocTi (1) — (7) éyno
BM3HaAYeHO Ti AaHi 3a3HaYeHMX BULLE NapameTpiB, Wwo byaun
BiACYTHI B TEeXHiYHilA AOKyMeHTaUjii 4O YCTaHOBOK (auB..
Tabn. 1).

100%

* (4)

BusHauyeHHs npiopumemie ma 8az2oeux KoegiuyieHmis
oyiHoeaHux napamempis. NopiBHANbHWI aHaNi3 ra3oreHe-
paTopHUX YCTAaHOBOK 6e3nepepBHOi Aii 3a KpuTepiem
eHepro-eKoHOMiYHOi eheKTUBHOCTI BUKOHAHO 33 MEeToAM-
Koo [29]. PaH)KyBaHHA MOpPIBHIOBAHUX YCTAHOBOK
3/iCHEHO 3a NPUBELEHMM NOKA3HUKOM EHEPro-eKOHOMIY-
HOi edeKTUBHOCTI bn,, ONA KOXKHOT YCTaHOBKM BMBIpKM.

HailedekTnHiwolo € ycTaHoBKa, AnA Akoi b, — max. [lo-
CNigXKyBaHi YCTaHOBKM OLIHIOBA/INCA 3@ CYKYMHICTIO BOCbMM
napameTpis.

Beegemo o¢yHKLUilO HOpMyBaHHA anAa BigobparkeHHA
BiAHOCHOTO BigXMNeHHA GAKTMYHOro 3HAYEHHA NapameTpa
Bif, HalripLLOro 3Ha4eHHs y BUGipL;i

ﬁlax_ yi min ’ I € d'}ﬁif:bm
6= 7 : (®)
¥niax — X’:in ! ie dx,uenm
Yi Vi

ae bi € [1, 10] — HopmoBaHe BigXMNEHHS j-ro NapameTpa
= /b1, bz, bs,

b7} — MHOXMHa napameTpiB, 3POCTaHHA AKUX MiABULLYE
€HEepro-eKOHOMIYHY epeKTUBHICTb yCTaHOBKM; d. = {bs,

3MeHU
ba, bs, bg} — MHOXMHa NapameTpiB, 3POCTaHHA AKNUX 3HUKYE
€Hepro-eKOHOMIYHY e(peKTUBHICTb YCTaHOBKM; Y, — ¢ak-

BiZ HalMripworo 3HayeHHs y Bubipui; d

30ib1U

TUYHE 3HAYEHHs j-r0 napametpa; Y — MiHimanbHe 3Ha-
YeHHs i-ro napametpa y Bubopui; Yy — MakcumanbHe
3Ha4YeHHs i-ro napameTpa y Bubopui; i=1, 2, ..., 8 — nopaa-
KOBWI HOMepP NapameTpa.

HopmoBaHy 6asbHYy OLHKY i-ro napameTpa BM3HAa4YMMO 3a
3aN1eXKHiCTHO:

b =1+9b, )

ae b e [1, 10]. Haiikpalwomy napameTpy yCTaHOBKM Mpu-

CBOIETbCA HaliBuwwmii 6an b= 10 (bi = 1), a Hauripwomy —
HalHWK4MiA 6an b =1 ( bi =0).

Barosi KoediLiEHTN NOBUHHI 3340BONbHATM YMOBY

8

D a =1,

i=1

(10)
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fe a >0 — Barosuin KoedilieHT i-ro napametpa, 4YacTka
OANHUL.

Barosuit KoediLiEHT BU3HAYaNM 32 3aNEKHICTIO

P

(11)

4e P, — NPioOPUTETHICTb i-ro KpuTepito.

ABTOpPaMM LLbOrO AOC/IAXKEHHA HA OCHOBI JAHUX LLOAO TeX-
HIYHMX Ta eKOHOMIUYHUX XapaKTepPUCTMK NiponisaliiHo-ra-
3UdiKalLiMHMX  YCTAHOBOK, HaBEAEHUX Y  TexHI4Hin

[OKYMeHTaL,i A0 yCcTaHOBOK [169-184], 6yno BCTaHOBNEHO
NPIOPUTETHICTb NAPAMETPIB Yy TAKOMY NOPAAKY:

b >b,>b,>b >b, >b, >b, >h.

3a WKano Bif 04MHULI 4,0 BOCbMMW 3a/1€XKHO Bif, TEXHIYHOI
Ta TEXHIKO-EKOHOMIYHOT 3HAYYLLOCTi KOXXHOMY NnapameTpy
NPUCBOIOETLCA YMC/IOBE 3HaYeHHA npiopuTeTy p,. 3Ha-

(12)

YeHHsA npiopuTeTis P, HasedeHO B Tabn. 2. lMpu ubomy
8

Cyma npiopuTeTiB yCix napameTpis Z pj = 36. 3Ha4yeHHsA
j=1

BaroBux KoediljieHTiB obuMcneHo 3a 3anexHicTio (11) i

HaBeZeHo B Tab. 2.

Ta6nuua 2. 3HaueHHA NpiopuTeTiB Ta BaroBux Koedil,ieHTIB OLiHIOBaHMX NapameTpis

OuiHI0BaHWIA NapameTp YyCTaHOBKU BanbHuit nokas- npiopwrc:rr Fro Bal:o?uﬁ
HUK, 6anm KpuTepito p; KoedillieHT a;

EnekTpuyHa noTyXHicTb, KBT b1 8 0,2222
TennoBa NOTYKHICTb, KBT b2 7 0,1944
ButpaTta nanusa, Kr/rog, bs 3 0,0833
MuTOMa BMTpaTa Nanunea, Kr/KBTen ba 6 0,1667
Jonyctuma Bonorictb nanuea, % bs 5 0,1389
MpoayKTMBHICTb 3a razom, m3/rog, be 2 0,0556
Hukua TennoTa 3ropaHHa rasy, MIx/m3 by 4 0,1111
MuToma BapTiCTb YCTaHOBKK, EBPO/KBT bs 1 0,0278

MprBeaeHNn NOKa3HMK eHepPro-eKOHOMIYHOI e PEKTUBHOCTI
BMpPa3MMoO yepes Barosuit KoedilieHT i-ro napameTpa Ta
Moro HoOpmoBaHy 6anbHY OLHKY

8 8
b,=>ab =1+9> ab, (13)

i=1 i=1
Ae b~ — npuseseHwit MOKa3HWK eHEepro-eKOHOMIYHOI

epeKTMBHOCTI, 6anu.

KoediLieHT eHepro-eKoHOMIYHOT epeKTUBHOCTI YCTAHOBKM
BM3HAYMMO fK

8 o~
b, 1+ 9; ab
K= o™ 10 (14)

ne K—KoeodiuieHT eHepro-eKOHOMIYHOT epeKTUBHOCTI ycTa-
HoBKM, Ke[0,1; 1,0]. MakcMMaibHO MOXMBE 3HAYEHHA bnp

moxke 6yTn 10y pasi, Akwo K—;, ue o3Hayag, Lo yCTaHOBKa
Hab/INMKAETbCA A0 TEOPETUYHOIO Kigeany».

OuiHKa eHepro-eKOHOMIYHOT epeKTUBHOCTI Niposi3HO-ra-
3ndiKaLiiHUX YCTaHOBOK KOHBepcii 6iomacu B cuHTe3-ras
AN CUCTEM eneKTporeHepauii Ha ocHosi BAE

MNiactaBuBWK BUXigHI AaHi, OTPMMANU 3HAYEHHS BanbHUX
OLHOK 3a 3anesHocTamu (8) Ta (9), npuBeaeHOro nokas-
HUKa eHepro-eKOHOMIYHOT ePeKTMBHOCTI 3a 3a/IeXKHICTIO

(14) Ta KoediuieHTa eHepro-eKOHOMIYHOI edeKTUBHOCTI
YCTaHOBOK 3a 3anexHoctamu (13) Ta (11), Aki HaBeaeHo B
Tabn. 3.

K BUAHO 3 OTPMMAHUX Pe3yNbTaTiB, HalBULLOI epeKTMB-
HOCTi focAratoTb 6baraTocTagiliHi BACOKONPOAYKTUBHI yCTa-
HOBKW €NIeKTPMUYHOK MNOTYXKHICTIO noHag 500 KBTen 3i
CKNaZHMMM TEXHONOTIAMKN NepepobKku biomacun Ha cUHTe3-
ras, AKi NOEAHYIOTb MABalOYUIA HEPYXOMUI LIAp MasvBa
(SynCraft CW1800-500, Xylowatt NOTAR 750) a60 w,inbHWi
Hepyxomuii Wwap nanmea (GP750) 3 ribpnaHum niponisom.

TexHoNorivHo ribpuAHUIA NiPoNi3 NOEAHYE LWOHAKMEHLWe
OBi 30HM — aNIOTEPMIYHY | aBTOTEPMIiYHY. Lle aae 3mory Bu-
pobnATN 6€3CMONbHUI CUHTE3-Ta3 3 TEMIOTOLO 3ropaHHA
noHag, 5,5 Mx/m3, npoTte notpebye AOTPMMAHHA BUMOT
LLLOAO rpaHy/IOMETPUYHOrO CKNaay, BonorocTi (4o 10 %) i
OZHOPIAHOCTI Wapy naansa. BUHATKOM € ycTaHOBKa
SynCraft CW1800-500, ska npaLto€ Ha AepeBHilt Tpicui Bo-
norictio Ao 50 %. Heponikom BUKOPUCTaHHA TaKUX YCTaHO-
BOK Yy CMCTEMAX AELLeHTPaNi30BaHOI eNleKTporeHepadii Ha
ocHoBi BAE € noTpeba B CyTTEBUX KaniTaNibHUX BUTPaTax
(nuToma BapTicTb carae 5348—6290 eBpo/KBT), HasBHOCTI
CUPOBUHHOI 633 3 PiYHUM CNOXKMBAHHAM Ha PiBHI NOHaA,
3-5 TUC. T/piK Ta PO3BUHEHOI NOTICTUYHOT IHGPACTPYKTYPU.
Lle cyTTEBO 06MeEKYE MOXKAMUBICTb X 3aCTOCYBAHHSA B YyMO-
BaxX HEBE/IMKMX FPOMaAS, i po3ocepeaKeHoi 3abyoBu.

435



BiaHoBntoBaHa eHepreTvka. Ne 2/2026 | bioeHepreTuka

Ta6nuua 3. Pe3ynbTatv po3paxyHKiB a4na niponisHo-rasngikauiiHMX yCTaHOBOK

HalimeHyBaHHA YCTaHOBKMU b1 b2 bs ba bs be b7 bs bre K
Xylowatt Notar 750 3,19 8,17 2,29 8,4 1 10 6,2 6,2 6,96 0,7
GP750 3,07 10 3,43 9,36 1 9,74 7 5,13 7,5 0,75
SynCraft CW1800-500 2,82 5,37 1 1 10 7,04 10 5,13 5,87 0,59
Burkhardt V5.90S, ECO 495 1,71 3,82 7,25 10 1 4,22 9,2 3,84 5,6 0,56
Cleanstgas 125 1,47 3,55 6,68 5,19 1 4,89 5,8 2,84 4,12 0,41
Urbas Mallnitz 1,18 4,03 7,43 8,02 2,8 3,73 1 2,84 4,4 0,44
GP200 1 3,12 8,26 9,4 1 3,04 3,4 1,96 4,34 0,43
GSL 10 3,78 7,13 3,26 1,45 4,29 5,2 1,75 3,65 0,37
Urbas Pollau 9,51 2,82 8,19 8,02 2,8 2,92 3,4 1,52 4,22 0,42
Burkhardt V5.90S, ECO 220 6,96 2,33 8,7 9,74 1 2,53 8,4 1 4,67 0,47
Spanner Re? HKA70 4,89 1,74 9,48 9,05 1 1,62 6,52 7,79 4,19 0,42
Spanner Re? HKA50 3,92 1,51 9,64 8,54 1 1,43 6,52 7,27 3,99 0,4
Power Pallet — PP30 3,92 1,11 9,9 9,17 1 1,12 6,04 10 3,98 0,4
NEST 3,31 1 10 4,6 2,13 1 2,32 9,43 2,89 0,29

[nAa ycTaHOBOK NOTYKHicTio <100 KBTen NOKA3HMK epeKTuB-
HocTi € HU3bKMM (0,29-0,43). MNpoTe i KOHCTPYKLIMHO, | Tex-
HOJ/I0TYHO CaMe YCTaHOBKM LibOro TUMY € NEPCMEKTUBOIO A0
BK/IFOYEHHS X Y JIOKA/IbHi aBTOHOMHI CUCTEMM efNlekTpore-
HepaLuii Ha ocHoBi BAE gnsa 06’eKTiB 3 HU3bKMM eHeprocno-
KMBaHHAM. TaKi YCTAaHOBKM MatlOTb BWLLY 33 CepeHii
AianasoH Bubipku (1,2—1,3) nuTomy BUTpaTy NaMBa Ha BU-
POBHULITBO eNleKTPOeHeprii, a TeNnN0oTa 3ropAHHA CUHTE3-
rasy cTaHoBuTb anwe 4-5 MIx/m3, wo csigumTb Npo no-
Tpeby iX KOHCTPYKLIMHOrO yA0CKOHANEHHA.

3arasiom YyCi aHani3oBaHi YCTAHOBKWM XapaKTepu3yloTbCA
epeKTMBHICTIO Ha HU3bKomy piBHi 0,29-0,73. Lle obymo-
BAtOE NoTpeby B po3pobui / yAoCKOHaNEeHHI TeXHOAOoriN
TepPMOXiMiYHOI KoHBepcii 6iomacn B cuMHTE3-ra3 Ta Tex-
HiYHMX piweHb Wwoa0 epeKTUBHOI poHOTH YCTAHOBOK Ha Na-
nvei Bonorictio 30-40 % 3 BUMPOOHMLTBOM KanopinHOToO
6e3CcMONbHOro CMHTE3-ra3y B 3HAYHMX obcarax.

Mepesipka y3200x#ceHOCMi eKcrnepmHux cyoMceHb. Buko-
HAEMO MepeBipKy Y3roAKeHOCTi eKCNepTHUX CYyAKeHb me-
TOAO0M aHanisy iepapxin [30]. NMobyayemo maTpuLto nonap-

HUX NOPIBHAHb A=

a”H , fie ajj Bifo6bpaxae BigHOCHY
8x8

nepesary /-ro napameTpa Haz, j-m 3a wkanoto T. Caari, ae ajj
= pi/pj OKpyrneHe [0 HaWBAMKYOrO LINOrO 3HAYEHHA
WwKanwu, a aji= 1/aj.

IHOEKC Y3roAKeHOCTi BU3HAYMMO 33 TAaKOK 3aNEXHICTIO

(15)

ae Cl — iHaeKc y3rogKeHocTi; Amax — MaKCMMaJibHe BaacHe
4YMCNo maTpuui A NONapHUX NOPIBHAHb; N — KiZIbKiCTb Napa-
MeTpiB (Po3MipHicTb MaTpuLi), n = 8.

MakKcuMmanbHe BAaCHE YNCA0 Amax MAaTPULI A BU3HAYaAIM 33
TaKO0 3a/IEXKHICTIO

1S (Aw),
Ay == 0~
max n —~ a)l ’ (16)

ae (A-@)i—i-1 enemMeHT BEKTOPA-CTOBNLSA, OTPMMaHUIA MHO-
YKEHHAM MaTpuLi A Ha BEKTOp NpiopuTeTiB @.

(17)

(A'a))i = Zaij "@; ,
-1

Le @ — BeKTop npiopuTeTis po3mipom 8 x 1, enemeHTH
AKOrO @ BU3HAYaNM K cepefHE apudMeTUYHE 3a psaLKaMu
HOPMOBaHOI MaTpULL

CH

D3

n
k=1

1o
@ ==a;, ned= (18)
n<

BnacHi umcna ManVILI,i A BM3HaYa /M 33 TAKOKO 3a/IEXKHICTIO
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A = (Aw), _
.

i

(19)

AbconoTHe BigxuneHHA A BaroBoro KoeoilieHTa a; Big,
npiopuTeTy @, BUSHAYEHOro METOAOM iepapxin

, (20)

|A| = |“i -0

[e a;— Barosuin KoediLieHT; @ — enemeHT BeKTopa npiopu-
TeTiB, OTPUMAHUI METOAOM aHanNi3y iepapxin.

[nAa ineanbHO y3roaXeHoi MaTpuLi Le BigHOWEeHHA A0piB-
HIOE N ANA BCIX .

KoediLieHT y3roaeHocTi BUSHa4YMMO AK

el

CR=—",
RI

(21)

ne Rl =1,41 - BunagkoBuit iHgeKkc gna n = 8.

OTKe, enemeHTU BEKTopa NpiopuTeTiB BU3HAuMAKM 3a 3a-
nexHictio (18), enemeHT A0BYTKY maTpuui A Ha BEKTOpP
npiopuTeTiB BU3HaUYMAM 3a 3anexHicTio (17), BnacHi uncna
maTpuui A BM3HauanuM 3a 3anexHictio (19), makcumanbHe
3HAYEHHA BU3HAYanW 3a 3anexHicTio (16), pesynbTati 06-
yncneHb HaBedeHi B Tabn. 4.

Ta6nuus 4. Pe3ynbTatv nepeBipKu y3rogKeHocTi
MeToA0M aHanisy iepapxii

5 :
I3 o |Aoli=mave | |N=)-o|
3 2
b |0,2224|1,801| 81103 0,0002
b, |0,1834|1,488| 81107 0,011
bs |0,0818|0,662| 80984 0,0016
bs |0,1657|1,344| 81104 0,001
bs |0,1414|1,143| 80883 0,0025
bs |0,0617| 0,5 8,1019 0,0061
b, |0,1163]0,942| 80981 0,0052
bs |0,0277]0,225| 81040 0

Booro| 10 | - | Anw=8103 | |A|  =0,011

Ockinbkn CR =0,01 < 0,1 (rpaHNYHe 3HaYeHHA KoedilieHTa
y3rogykeHocTi 3a T.Caati [30]), To maTpuuAa nNonapHUX
NOPiBHAHb € y3roAeHot. MaKcMmanbHe BiAXUIEHHA MiX
aii ax ctaHoBUTL 0,011 i € HecyTTEBUM.

3anexHocTi (8) — (14) NoB’A3yOTb MOKA3HUK eHepro-eko-
HOMIYHOI epeKTMBHOCTI YCTAaHOBOK bGaraTocTafifHoi ra-
3ndikauii iomacy 3 HePyXoMMM LIAPOM MasiMBa 3 TEXHIKO-
E€KOHOMIYHUMW I eHEPreTUMHUMW MapamMeTpamm LIIAXOM
NOEAHAHHA MeToAy 3BaXKeHUX CyM, HOPMYBaHHA Ta 6anb-
HOT OLLIHKM KpUTepiiB, Wo 3abe3neyye NopiBHIOBaHICTb pi3-
HUX TeXHONOorin KoHBepcii 6iomacu B cuHTE3-ras wWo[o

MOM/IMBOCTI iX BMKOPWUCTAHHA B CMUCTEMAX e/IeKTporeHe-
paujii Ha ocHosi BAE.

MeTtoau eneKkTporeHepauii Ha ocHOBI eHeprii 6iomacu Ta
COHAYHOI eHeprii

OCHOBHOIO METOI0 CUCTEM eneKkTporeHepawii Ha OCHOBI
BAE € cTtabinbHe BUPOBHULTBO eneKkTpoeHeprii 3 ornagy Ha
CTOXaCTUYHWI XapaKTep ii reHepaLii. Y HayKoBilt nitepatypi
HabinbW NpeacTaBEHUMMU € CUCTEMU eIEKTPOreHepau,ii,
AKi NOEAHYIOTb eHeprito 6iomacu, BiTpoBy Ta/abo COHAYHY
eHeprilo, 30Kpema cuctemu manoi (4o 10 KBT) Ta cepegHboi
(10 kBT — 1 MBT) notyxHocTi. NoeaHaHHA BAE B eauHii
eHepreTUYHi cucTemi He AuvWe KOMMEHCYE Hepis-
HOMIpHiCTb BUPOBHMLTBA eHeprii, a 1 Aa€ 3MOry NOKpMBaTH
CMOXMBYUIA MONUT Y BYAb-AKMIA MOMEHT Yacy 3a PaxyHOK
iHTerpauii 3 TpagMuiitHMMK axkepenamm eHeprii.

3 meToZiB TepMOXiMi4HOI KOHBepcCii biomacu Ha BUCOKO-
AKiCHWI ra3 (cymiw Hz, CO i CHa) 3 oAHOYACHUM 3MeHLIEH-
HAM KiNbKOCTi MOBIYHMX NPOAYKTIB (CMOAW, MiHepasbHi
[OOMILLKK) € niponi3 Ta rasndikalia 3 BUKOPUCTaHHAM CO-
HAYHOI eHeprii [31, 32]. 3a3HauyeHi npouecn € eHAo-
TepmiyHMMK [8], npoTe wnaxom rasudikauii gocaraerbca
BULLMIMA BMICT FOPIOYMX KOMMNOHEHTIB Y 3arafibHOMy 06’emi
BMPO6ieHOro cnHTe3-rasy (82—90 %) HixK WAAXOM Niponisy
(63-74 %).

ABTOTEPMIYHA rasudikauia nepeabayae cnantoBaHHA Ya-
CTMHM nanuea (noHas 30 %) ana 3abesneyeHHs eHAo-
TEPMIYHUMX peaKuiin eHeprieto. OTXe, BUPOBNEHUI CUHTE3-
ras mae HM3bKe cnissigHoweHHsA H,/CO, sucokuii Bmict CO2
Ta HM3bKy HHV. Ha npoTuBary 3asHayeHOMY, CUCTEMU eNeK-
TporeHepauii Ha ocHosi BAE noTpibHy Ha npouec ra-
3udikauii biomacu eHeprito 3abe3nevyoTb COHAYHMM BU-
npomiHioBaHHAM [33]. Y poboTtax asTopis [34, 35]
3a3HayYeHo, WO BWKOpUCTaHHA eHeprii CoHuAa € edek-
TUBHILIMM 33 aBTOTEPMIYHY rasmdikaL,ito 3a paxyHOK Kifb-
Kox daKTOpiB: BMLLE NMTOMe BUPOBHULTBO rasy 3a BiacyT-
HocTi HeobxigHocTi cnantoBat 4acTuHy 6Hiomacn Ha
eHepreTnyHi notpebu npouecy; 06’em i HHV BupobneHoro
CMHTE3-rasy € BULMMW; COHAYHE BUNPOMIHIOBAHHA Aa€
3mory 3abe3neyvyBaTu LBUAKOIO EHEPTiED PeaKLiliHy 30HY
YCTaHOBKM, CNPUAIOYMN iIHTEHCMBHOMY Nepebiry peakuii Ta
YTBOPEHHIO MEHLUOI KifIbKOCTi HebaxkaHMx nobiyHuX npo-
OYKTiB. TaKOXX BUKOPUCTAHHA CUCTEM eNleKTporeHepaLii Ha
ocHoBi BJE, Wo MicTATb rasoreHepaToOpHi YCTAaHOBKW, €
ebEeKTUBHUM LUNAXOM aKyMYy/OBaHHA HEpPiBHOMIPHOro B
Yyaci COHAYHOrO BWMMNPOMIHIOBAHHA Y BUIAALI XiMIYHOI
eHeprii rasy, AKMI MOKHa 36epiratu i TpaHcnopTyBaTth [36].

BupilwanbHy posib y JOCATHEHHI BUCOKOI eHeproedeKTms-
HOCTi cuCTeMM enieKkTporeHepauii Ha ocHosi BAE 3 co-
HAYHMMWU  EeNEeKTPOCTaHLiAMM Ta  rasoreHepartopamu
BiZlirpae KOHCTPYKLiA razoreHepaTopa. Bulia epeKkTUBHICTbL
nepeTsopeHHA eHeprii COHLA Ha XiMiYHY eHeprito rasy gae
3Mory ameHwnTn po3mipu CEC 3a He3MiHHMX obcAariB BUpoO-
6HMUTBA CMHTE3-ra3y MeHLWoi cobiBapToCTi.

3anexHo Big, cnocoby nigBeAeHHA COHAYHOI eHeprii peak-
TOPW YCTAaHOBOK NOAINAIOTbL Ha: @) MPAMOro ONPOMIHEHHS,
Konn bGiomaca 6e3nocepefHbO HArpiBAETbCA COHAYHUMM
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NPoMeHAMM; 6) HENPAMOro ONPOMIHEHHS, KO/IM COHAYHE
BMMPOMIHIOBAHHA HarpiBae NPOMiKHUI TENOHOCIN, Big,
AKOro Tenno nepenaeTtbea biomaci [37]. PeakTopu npamoro
ONPOMiHEeHHS 3abe3neyyroTb BUCOKI TEMMEpaTypu B peak-
LinHMX 30Hax (1000-1500 °C), cnpusoun iHTEHCUMBHOMY
nepebiry Tenno- i macoobmiHHUX npouecis. MNpoTe KoH-
CTPYKLiA TaKOro peaktopa nepenbayae HaABHICTb Npo-
30pOro JIt0Ka A1 NPAMOro HaaAXOAXKEHHA COHAYHOrO BU-
NPOMIHIOBaHHA B 30HY peakuii. Mig yac rasundikauii ntoku
3a3BMYai BTPaAYaloTb CBIT/IONPOHMKHICTL 4Yepe3 3abpya-
HEHHA KOHAEHCOBaHMMM razamu, CMOMAMMU, YaCTUHKaMMU
nanuBa, a 3a BUCOKUX TEMMEePATyp i TUCKIB MOXKYTb CTaTu
KOHLLEHTPATOpamMM MeXaHiYHUX HanpyXeHb, WO Beae A0
BUXOAY 3 Nafy BCbOro peaKTopa. 3aCToCcyBaHHA peaKTopis
HENPAMOTrO ONPOMIHEHHA AQ€ 3MOTY YHUKHYTU LUX Npo-
61em, NpoTe BOHM MatoTb HUMKYY, NOPIBHAHO 3 peaKkTopamm
NPAMOro onpomiHeHHs, epeKkTUBHICTb Tenaonepeaadi. [Jo
NPOMIXKHUX TEMNIOHOCITB TaKOX BMCYBAOTLCA KOPCTKi BU-
MO LWOAO CTIMKOCTI A0 TEPMIYHMX i XiMiYHUX BMAMBIB,
34aTHOCTi NMOT/IMHATU COHAYHE BUMPOMIHIOBAHHA, Tenno-
nposigHocTi Towo [33].

Ha npaKkTuui 4na oCHaWeHHA CMCTEM eNeKTporeHepaLii Ha
ocHoBi BZIE WMpPOKO 3aCTOCOBYIOTL TaKi razoreHepaTopu: 3
HEPYXOMMM LWiNbHMM LIAPOM Nanuea (NpoTUTeuYiltHi, npa-
MOTEYiMHi 1M nonepeyHOoTeuiliHi); 3 NceBAO3PIgKEHUM LWa-
pom  (6ynbbalIKOBMM,  LIMPKYNIOYMM);  NOTOKOBUIA
(entrained-flow) [38].

[a3oreHepaTopu 3 HEPYXOMMM LLINBHUM LIAPOM Manunea
6ynn nepwumMu yCTaHOBKAMM, fIKi Modasnm BUKOPWUCTO-
BYBaTM B CUCTEMAX eNleKTporeHepauii Ha ocHosi BAE. KoH-
CTPYKLiIMHO HAaAXOAMEHHA COHAYHOIO BUNPOMIHIOBAHHSA B
peakLuiifHy 30HY 3 BYFNELEBMICHOK CMPOBUHOIO MOXKe 3a-
6e3neyyBaTMCA K Yepe3 Npo3opui ntok [8], Tak i yepes
NPOMIKHUI TENJIOHOCIN (BMMPOMIHIOBANbHY MAACTUHY)
[39]. TonoBHa nepeBara — 34aTHICTb TEPMIYHO PO3KNaAaTH
nonepegHbo HeobpobsieHy BYrneLeBMICHY CUMPOBUHY
PI3HOrO rPaHYNOMETPUYHOrO i XiMIYHOro CKnagy 3a paxy-
HOK TpMBasnoro nepebyBaHHA peareHTiB y 30Hi peakLuil.
MpoTe macwTtabyBaHHA TaKUX YCTaHOBOK 4,0 MPOMMUCIOBOrO
piBHA yCKnagHeHe 3HAYHMMMU TemnepaTypHUMHM
rpPaLi€eHTamMMm y LWapi NannBa BEUKOI TOBLUUHN.

JocnigxeHHs npouecy naposoi rasudikauii pisHoi biomacu
Yy ABO30OHHOMY rasoreHepaTopi HEMPAMOro ONpPOMiHEHHA
NOTY}KHICTIO 5 KBT 3 po3aineHHAM BepxHboi (moranHay
paaiau,ii) i HUXKHbOT (Wap nanuea) 30H rpadiToBolO NAaACTU-
HOO, MOKPUTOIO Kapbisom KpemHito, 3abe3neunnu edpek-
TUBHICTb NEpPEeTBOPEHHA COHAYHOI eHeprii Ha XimiyHy
eHeprito rasy Ha pisHi 17,3—-29 %. MNig yac HarpiBaHHA Winb-
Horo wapy 6iomacu maB micue npouec niponisy, Npo wo
CBigYMIO YTBOPEHHA BULWMX ra3onoaibHux ByrneBogHiB i
piaKkux cmon. OTPUMAHO AKICHUA CMHTE3-Ta3 3 MONSPHUM
cnissigHoweHHAM H2/CO = 1,5 ta CO2/CO = 0,2 3 HHV,
BULLOK 33 TENJIOTBOPHY 34aTHICTb BUXiAHOI CUPOBUHM Ha
30 % [40].

Y poborTi [8] y peakTopi NpAMOro onpomiHEHHS MNOTYXKHICTIO
7 KBTen moOCNigeHo npouecy niponisy i rasndikauii Bogo-
pocTeit, CONMOMM MWeHMLi Ta ocady CTiYHUX BOA,.

MopiBHAHHA BKa3aHMX NpoLeciB NOKasa o, Wo rasndikauyin
3abesneuye BuwMin BmicT CO Ta H2 y 3aranbHomy ob’emi
cuHTes-rasy (cknag: CO, Hz, CHs i CO2) nopiBHAHO 3
nipo/sii3om, NpoTe came Niponi3 CNPUAE YTBOPEHHIO BULLUX
rasonogibHux ByrneBoAHiB, AKi NigBULLYIOTb eHepreTUyYHy
LiHHICTb rasy.

3aBanKkM 6e3nepepBHOMY MepeMmillyBaHHIO YaCTMHOK Na-
/IMBa PEaKTOPMU 3 NCEeBAO3PIANKEHUM Wapom 3abe3nevytoTb
6iNbl TICHWI KOHTAKT MiXK TBEpAOMO Ta rasoBoto ¢pasamu,
PiBHOMIpPHUIA po3noAin TeMnepaTypu B Wapi Ta BULLY iHTEH-
CUBHICTb TEMN0- Ta MaconepeHoCcy NOPIBHAHO 3 HEPYXOMUM
Lapom.

Y poborTi [41] gocniaskeHo KiHEeTMKy npouecy naposoi ra-
3udikauii nanvMea B KBapuoBoMy TpybuyacTomy peaktopi 3
NnceBA03PIAKEHMM LLIAPOM NPAMOTO ONPOMIHEHHA. 3a TemM-
nepatyp noHazg 1400 K oTpMMaHO BMCOKOAKICHUI CUHTE3-
ras, Bmict CO Ta Hz B Akomy byB ogHakoBuMm, a BmicT CO2
6yB MeHLW MM 3a 5 %. 3a3Ha4YeHO, WO BUKOPUCTAaHHA COHAY-
HOT eHeprii 3anobirae BUKMAY NAapPHUKOBMUX rasis, NigBULLYE
HHV rasy, AKuiA He MiCTUTb AOMILLOK NPOAYKTIB 3ropsiHHA.
O6brpyHTyBaHHsA  TexHonorii  CO2-rasudikauii  syrne-
LLeBMICHOT CUPOBUMHM Ta KOHCTPYKLiIMHWUX NapaMeTpiB peak-
TopiB 3 6ynbballKOBMM NCEBAO3PIAKEHMM LIAPOM NpA-
MOFO ONpPOMiIHEHHA HaBeaeHO B poboTax [42, 43]. Y nepiog,
2002—-2010 pokiB aBTopu HaraTopa3oBUM YAOCKOHA/NEH-
HAM KOHCTPYKLii peakTopa 3moram nigsmwmtn KK nepe-
TBOPEHHA COHAYHOI eHeprii Ha XiMi4HYy eHeprito rasy 3 8 4o
14 %.

Y poboTi [44] MeTOAOM UYMCENbHOTO MOAE/NOBAHHA A0-
CNigyKeHo npouec NapoBoi rasudikay,ii cTiyHMX Bog, y peak-
TOPi 3 LMPKY/JOIYMM NCEBAO03PIANKEHMM LIAPOM Henps-
MOF0 OMPOMIHEHHA. 3MOAe1b0BaHO POBOTY peakTopa npu
nigBefeHHi COHAYHOI eHeprii NOTyXKHicTio 2,2 MBT. OTpuK-
MaHO BMICT BOAHIO B rasi B mexkax 61,2—-67,6 r/kr ocaay.
JosepeHo, wo Buxig H2 MOXKHa peryntoBaTtv BMiCTOM Napu
B areHTi rasudikauii Ta LWiNbHICTIO MNOTOKY COHAYHOI
pagiauji. 3a npamoi iHconayii 1000 BT/m?, y 30Hi WinbHoi
$asn nceBn03piaKeHOro Wwapy, KoedilieHT eHepreTMYHoro
36arayeHHs 36inbwmeca o 1,0 a edeKTUBHICTb NepeTso-
PEHHA COHAYHOI eHeprii Ha XiMiYHY eHeprito rasy carHyna
26 %.

lMoTOKOBI rasoreHepaTopyn NepeBaXKHO NPaLOIOTb 3a CXe-
MO HEMPAMOrO COHAYHOrO ONPOMiHEHHA. KOHCTPYKLiED
nepeabayeHo HasfABHICTb MOPOMKHUHHOI EMHOCTI 3 NpPO30-
pUM NIIOKOM, Y cepeauHi AKOI po3TalloBaHo TpybyacTi no-
rAavHadi. Mig yac TepmiyHOro posknafaHHA YacTUHKM na-
nvBa  BcepegMHi  TPYOOK B3aEMOAiIOTb 3 areHToMm
rasudikauii. HalBigomiwi NpoTOTUNN BKa3aHMUX PeakTopiB:
NOPOMHUHHUIA UuAiHApMYHOT popmn J180 mm 3 n’ATbMa
TpybKamu-nornmHadyamm 254 mm [45]; NOPONKHUHHWIA
unniHapuuHoi dopmu 50 mm 3 TpybKo 3 Kapbiay
KpemHilo J25 mm [46]. OgHOTPYbHMI peakTop He Habys
MoAa IbLIOrO 3aCTOCYBAHHA Yepes HN3bKY eDEKTUBHICTb Nne-
PETBOPEHHS COHAYHOI eHeprii HaB ximiyHy (1,53 %). Taka
edpeKTnBHICTb By1la 06ymoBAEHA MaIOI0 LWBUAKICTIO Nogavi
OEePpeBHOro BYriNNA i HEBUCOKMM CTyrneHem KOHBepCii By-
rneuo, WO Npu3Beno A0 BUKOPUCTaHHA MeHwe 1%
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nigseaeHoi Ha npouec rasuodikauii coHayHoi eHeprii. Mig,
Yyac BMpPObHMUMX BMNpobyBaHb HaraToTpybHOro peakTtopa
BAANOCA [OCATTU CTyneHA KoHBepcii 6iomacu Ha piBHi
58,4 %.

TakMM YMHOM, Ha OCHOBiI BMKOHAHOrO aHanisy meToAis
eNeKTporeHepauii Ha OCHOBI eHeprii 6iomacK Ta COHAYHOI
eHeprii MOXKHa 3pobUTM BUCHOBOK, WO NOEAHAHHA eHeprii
b6iomacu Ta COHAYHOI eHeprii 4ae 3MOry BUKOPUCTOBYBATH
COHAYHE BMNPOMIiHIOBaHHSA Ha 3abe3neyeHHs TENNOBUX NO-
Tpeb npouecis nipoisy i rasndikaLii, SMeHLWwy4YM BUTPaATU
6iomacu Ha NiATPUMYBAHHS eHA0TePMIYHMX peaKLuii. MNpo-
uecu TepmoximiyHoi KoHBepcii 6iomacu gatoTb 3mory nepe-
TBOPIOBATM HEPIBHOMIPHY B Yaci COHAYHY €eHeprito Ha
XiMiuHy eHeprito 6ionanuea. EQeKTUBHICTb cUCTEM enek-
TporeHepauii Ha ocHoBsi BJE icTOTHO 3aneXuTb Bif KOH-
CTPYKLUi rasudikauiitHoi (NniponisHoi) ycTaHOBKM Ta i y3roa-
KEeHOi POOOTM 3 COHAYHOID E/IEKTPOCTAHLLIEHD.

BucHOBKMU

1. Po3pobneHo meTos BM3HAYEHHA iHTErpaabHOro MoKas-
HMKa eHepro-eKoOHOMIYHOi epeKTUBHOCTI Niponi3Ho-ra-
3ndiKaLiiHMX YCTAHOBOK TEPMOXiMi4YHOI KOHBepCii 6io-
Macu, WO Big3HAYaETbCA peanisauieto y Burnagi
CKOPWMHIOBOI MOZe/li Ha OCHOBI MEeTOAY 3BaXKEHUX CyM 3
6anbHOK HOPMasi3aLield OLHIOBAHUX KpuTepiiB Ta
ypaxyBaHHAM HeNiHIMHOro BN/ANBY KOHCTPYKLiAHO-TeX-
HO/IOMYHUX MapPamMeTpPiB YCTAHOBOK, YMM 3abesneyvye
TOYHICTb PaHXKyBaHHA Ta a4aNTUBHICTb 4,0 3MiHHUX BNa-
cTmBocTeit 6iomacu. MNepesipeHo, WO maTpuua nonap-
HUX NOPIBHAHb EKCMEePTHUX CYAKEeHb € Y3roAKeHOH,
WO CBiAYMTb NMPO MPABOMIPHICTb MPUIAHATUX eKcnepT-
HUX CYA)KEeHb LWOA0 3HayeHb NapameTpis niponisa-
LinMHO-rasndikaLiMnHMX YCTAaHOBOK Ta iX 3Ba*KeHnx Koedi-
LiEHTIB.

2. OuiHeHO eHepro-eKOHOMIYHY ePEeKTUBHICTb NipoNi3HO-
rasmdikaLiiHNX yCTaHOBOK KOHBepCii 6iomacu B CUHTE3-
ras 4a1a cUcTem enekTporeHepawii Ha OCHOBI BiAHOB/IO-
BaHUX AyKepen eHeprii Ta BCTAHOB/IEHO, WO HalBULLOT
edeKTUBHOCTI gocAraloTb HaraTocTaginHi BMCOKONpPO-
OYKTUBHI YCTAaHOBKM €/1IeKTPUYHOKO MOTYXKHICTIO NOHAL,
500 KBTen 3i CKNaAHMMM TEXHONOTiIAMM Nepepobku bio-
Macu Ha CUHTEe3-ras, AKi NOEAHYIOTb NNABAOYMIA Hepy-
XOMWIA Wap nanvea abo WinbHMIA HepyXxomuii Wwap na-
N1Ba 3 ribpngHMm niponizom. TexHooriYHO ribpuaHui
niponi3 NoegHYE WoHANMeEHLUE ABi 30HWU — anoTepPMIYHY
i aBTOTEpMiYHY. Lle aae 3mory BupobaaTn 6e3cMmoibHU
CMHTe3-ra3 3 TEM/IOTOI0 3ropaHHA NoHag, 5,5 Mx/m3,
npoTe NoTpebye AOTPMMaHHA BUMOT LWOA0 rpaHyoMe-
TPUYHOro cKknagy, sonorocTi (go 10 %) i ogHopigHOCTI
Lapy NasnBa; 3araloM yci aHani30BaHi yCTaHOBKM Xapa-
KTepU3yoTbCA ePEKTUBHICTIO Ha HU3bKOMY piBHI 0,29—
0,73. Lle obymoBsntoe notpeby B po3pobui / yaoCcKoHa-
JIeHHi TexXHoNori TepMoXiMmiyHOi KoHBepcii biomacu B

CMHTE3-ras i TeXHiYHMX pileHb Wwoao epeKTUBHOI po-
60TM ycTaHOBOK Ha nanusi BosoricTio 30-40 % 3 BUpob6-
HUUTBOM KanopikHOro 6€3CMONbHOIO CUHTE3-rasy B
3HaYyHMX obcArax.

3. lNpoaHani3oBaHO MeToAM eneKTporeHepauii Ha OCHOBI
eHeprii 6iomacu Ta COHAYHOI eHeprii. 3a3HaYeHo, Lo No-
€[lHaHHA eHeprii bBiomacu Ta COHAYHOI eHeprii Aae 3mory
BMKOPWCTOBYBATN COHAYHE BUMPOMIHIOBAHHSA Ha 3abe3-
neyeHHA TennosBmx NoTpeb npouecis niponisy i rasundi-
Kauii, 3MeHLWy4M BUTPaTH Biomacu Ha NigTpMMyBaHHA
eHA0TepPMiYHMX peakLil. Lle 36inbwye 06’emHe BUPO6-
HULUTBO CWMHTE3-ra3y i MOKpalLye MOro AKICHWMI cKknag,
LAXOM NiABULLEHHA BMICTY TaKMX FOPHOYMX KOMMOHEe-
HTiB AK H2, CO i CHs. CBOEIO Yeproto npouecu Tepmoxi-
Mi4YHOi KOHBepCii biomacu AatoTb 3MOry NepeTBOpPOBaTH
HEepiBHOMIPHY B 4aci COHAYHY eHeprito Ha XiMiYHy eHep-
rito bionanmea, AKe € NpUAATHUMK A0 36epiraHHsA i no-
[anblUOro BUKOPUCTAHHA Y BUPOBHUUTBI eHeprii. Epek-
TUBHICTb CMUCTEM eneKTporeHepauii Ha ocHosi B/AE
iCTOTHO 3aneXUTb Big, KOHCTPYKLUii rasmdikauiiHoi (ni-
POAi3HOI) YCTaHOBKM Ta i y3roasKeHoi poboTh 3 CoHAY-
HOO e/1eKTPOCTaHLLE, WO 0ByMOBAIOE NOTPEDY iX KOM-
NAEKCHOI ONTUMI3aL,ii We Ha eTani NPOEKTYBAHHA.
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Abstract. A method for determining a composite indicator of the
energy and economic efficiency of biomass thermochemical con-
version pyrolysis-gasification systems is proposed. The method is
implemented as a scoring model based on the weighted-sum approach, with score normalization of the evaluation
criteria and consideration of the nonlinear effects of system design and process parameters, thereby ensuring
accurate ranking and adaptability to variations in biomass properties. The following parameters were selected for
the comparison of pyrolysis-gasification units: electrical and thermal power output of the unit; fuel moisture con-
tent; total and specific fuel consumption for the process; lower heating value (LHV) of the synthesis gas (syngas)
and gas production capacity of the unit; and specific capital cost of the unit. The priority values and weighting
coefficients required for calculations using the developed model were substantiated, and the validity of the
adopted expert judgments regarding the parameter values of pyrolysis-gasification units and their weighting co-
efficients was verified. The energy-economic efficiency of existing biomass-to-syngas pyrolysis-gasification units
intended for renewable-energy-based power generation systems was evaluated. It was established that the high-
est efficiency is achieved by multistage, high-capacity units with an electrical power output exceeding 500 kWel,
employing advanced biomass-to-syngas conversion technologies that combine a floating fixed-bed or a dense
fixed-bed fuel layer with hybrid pyrolysis. Methods of power generation based on biomass energy and solar energy
were also analyzed.

Keywords: biomass; wood pellets; pyrolysis; gasification; pyrolysis-gasification unit; solar power plant; power
generation; scoring model; renewable energy sources.

The second approach is to place thermochemical conver-

Introduction. In a conventional single-stage gasifier, no dis-
tinct boundary exists between the principal stages of the
process, which makes it impossible to independently mon-
itor and optimize each stage. The interaction of volatile py-
rolysis products with the solid char residue leads to its de-
activation, thereby reducing its reactivity during
subsequent gasification. This limitation can be overcome by
separating the pyrolysis and gasification processes into in-
dividual controllable stages and subsequently integrating
them into a unified multistage process. Such an approach
enables an increased carbon conversion rate of the char
residue, a reduction of the tar content and particulate im-
purities, and an improvement in both the higher heating
value (HHV) of the product gas and the overall process per-
formance.

In study [1], two approaches were proposed to address this
issue. The first approach involves integrating the pyrolysis
and gasification stages into a multistage process, in which
the individual stages may either be implemented sequen-
tially in separate reaction zones or combined within a single
gasifier featuring distinct pyrolysis and gasification zones.

sion facilities in close proximity to biomass resources.

The strategy of placing pyrolysis units and the gasification
plant at separate sites was developed within the framework
of the Bioliq concept (Germany) [2]. Pyrolysis products gen-
erated at multiple pyrolysis facilities located near biomass
feedstock sources are transported to a centralized gasifica-
tion plant for subsequent gasification and biofuel synthesis.
The key advantage of this approach lies in the economic at-
tractiveness of transporting products with a higher energy
density compared to the original biomass feedstock. For ex-
ample, the energy densities of herbaceous and woody bio-
mass are approximately 2 and 8 GJ/m3, respectively, whereas
bio-oil slurries containing char or milled char at a solids con-
tent of 5-20 wt.% exhibit volumetric energy densities of 21—
23 GJ/m3 [3, 4]. The process configuration comprised the fol-
lowing main stages: fast pyrolysis of biomass at 500 °C and
production of a slurry based on bio-oil and milled char; high-
temperature (1200 °C) oxygen-blown entrained-flow gasifi-
cation of the slurry at pressures of 40 and 80 bar (thermal
capacity of 5 MW); high-temperature (800 °C) filtration of
syngas to remove impurities; and biofuel production. A
drawback of the second approach is the substantial
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variability in the composition of slurries derived from differ-
ent biomass feedstock, which adversely affects gasification
uniformity and process stability.

The multistage approach makes it possible to separate the
pyrolysis and gasification stages within a single reactor by
means of zonal process organization, enabling the produc-
tion of high-quality syngas with minimal tar and particulate
contents. In this case, the process efficiency is higher than
that achieved by the strategy of locating thermochemical
conversion facilities near biomass feedstock sources. Exam-
ples of multistage systems include the FLETGAS gasifier
(University of Seville) [5], the Viking gasifier (Technical Uni-
versity of Denmark) [6], and the Low-Temperature Circulat-
ing Fluidized Bed (LT-CFB) gasifier developed at Chalmers
University of Technology [7]. According to the study re-
ported in [5], thermochemical conversion of birch wood
chips in a 75 kW two-stage gasifier, where the pyrolysis and
char gasification processes were carried out in separate re-
actor sections, resulted in the production of virtually tar-
free syngas (tar content < 15 mg/Nm3). The temperature in
the pyrolysis zone ranged from 1100 to 1200 °C, while the
maximum recorded temperature reached 1270 °C. The
overall efficiency of the system (gasifier-DEUTZ internal
combustion engine-electric generator) was approximately
25%. Compared with single-stage systems, multistage pro-
cesses generally provide a higher degree of char conver-
sion. An exception is represented by entrained-flow gasifi-
ers. Although these systems are single-stage and employ
relatively simple reactor designs, they require the supply of
substantial amounts of oxidizing agent to the reaction zone
and involve higher capital investment costs.

Analysis of studies [2—-10] demonstrates that multistage
gasification enables optimization of thermochemical con-
version conditions through the zonal separation of pyroly-
sis and gasification processes within a single reactor,
thereby increasing carbon conversion and promoting the
production of syngas enriched in combustible components.
Problem statement. The objective of this study is to com-
pare pyrolysis-gasification systems in terms of the energy
and economic efficiency of biomass-to-syngas conversion
for renewable-energy-based power generation systems. To
achieve this objective, the following tasks must be ad-
dressed: (1) to develop a method for determining a compo-
site indicator of the energy and economic efficiency of py-
rolysis-gasification systems for biomass thermochemical
conversion and to verify the validity of the adopted expert
judgments regarding the parameter values of the pyrolysis-
gasification systems and their weights(2) to assess the en-
ergy and economic efficiency of biomass-to-syngas conver-
sion systems for renewable-energy-based power genera-
tion; and (3) to analyze power generation methods based
on biomass and solar energy.

Main Material

Development of a method for determining a composite in-
dicator of the energy and economic efficiency of pyrolysis-
gasification systems for biomass thermochemical conver-
sion

A comparative analysis of multistage biomass gasification
systems was conducted based on their technical, economic,
and energy performance indicators in order to assess the
feasibility of their application in renewable-energy-based
power generation systems.

To compare different biomass gasification systems, a well-
established scoring model, widely used for forecasting in
the financial sector, was adopted as the methodological ba-
sis. The essence of this model, described in [11], is that a
financial institution seeks to determine the probability that
a borrower will repay a loan on time. To this end, a set of
borrower characteristics is considered, with numerical
scores assigned according to the relative importance of the
characteristics, based on accumulated historical data from
previous lending experience. Weights are then assigned to
each characteristic. As a result of the modelling process,
the probability of the specified event occurring for a partic-
ular borrower is obtained.

Input data for the pyrolysis-gasification systems for the
comparative analysis, both industrial-scale and laboratory-
scale systems with different electrical power outputs (rang-
ing from 10 to 750 kW) were selected. The analyzed sys-
tems include units manufactured in Belgium (Xylowatt NO-
TAR 750), the Czech Republic (GP750, GP200), Austria
(SynCraft CW1800-500, Cleanstgas 125, Urbas Mallnitz, Ur-
bas Pollau), Germany (Burkhardt V5.90S, ECO 495,
Burkhardt V5.90S, ECO 220, Spanner Re? HKA70, Spanner
Re? HKAS50), China (GSL), the United States (Power Pallet
PP30), and Brazil (NEST, UNIFEI). A distinctive feature of
these systems is that the pyrolysis and gasification pro-
cesses take place within a single gasifier, with spatial sepa-
ration of the respective reaction zones. Table 1 presents
the input data for the selected pyrolysis-gasification sys-
tems based on their technical specifications and manufac-
turers’ documentation.

The comparison was performed using the following eight
parameters: the electrical power output (Nes) and thermal
power output (Qw) of the system; fuel moisture content
(WP); total fuel consumption (m) and specific fuel consump-
tion (msp) for the process; lower heating value of syngas
(LHV4synas) and gas production rate of the system (Vsyngas);
and specific capital cost of the system (Csp).

Calculation of missing data for the pyrolysis-gasification
systems. To ensure the methodological consistency of the
analysis and to enable correct multicriteria ranking of the
systems within a unified evaluation model, the values of
the above parameters that were not available in the tech-
nical documentation of the systems were determined by
calculation.

The thermal power of the fuel was determined as follows

(m'LHVfueI (\N p))

fuel — 36 ' (1)

where Qe is the thermal power of the fuel, corresponding
to the energy content of the fuel supplied to the gasifier per
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unit time, kW; m is the fuel consumption rate, kg/h; WP is  is the lower heating value of the fuel at moisture content,
the fuel moisture content on an as-received basis, %; LHVfer  MJ/kg; and 3.6 is the conversion factor from MJ/h to kW.

Table 1. Technical specifications of the pyrolysis-gasification systems and parameters calculated from equations (1)—(7)

E = = c 'S o™ -
2 s B K] = g S E g
3 2 3 £ = S c 23 B -
2 ] s 9 = o= g - o
- o 5 23 S = g °3
o = .0 c< 9 o°¢ W et
System g o s S > : © 25 § 3 g3
(Manufacturer, Country) ] 3 £ T = o 8 © 2 8=
& |& |3 |&s |8 |85 |23 SZ
8 T < o E o 8> ) e
= £ S E £ a0 2 & S D
B @ T o o s S g
o (= 2 & 2 2 ? S »
Xylowatt NOTAR 750 (Xylowatt SA, | 750 1200 650 0.87 up to 1287 5.5 5348
Belgium, 7/ = 0.375, mtn = 0.6 [12] 10%
GP750 (BOR Biotechnology CHP 710 1500 556 0.78 up to 1250 5.7 6290
Plant, Czech Republic), 77e1 = 0.36, 10%
th = 0.49 [13]
SynCraft CW1800-500 (Syncraft 500 740 757 1.51 up to 870 6.45 6290
Automation GmbH, Austria), 7e = 50%
0.285, ntm = 0.44 [16]
Burkhardt V5.90S ECO 495 330 485 240 0.73 up to 475 6.25 7427
(Burkhardt GmbH, Germany), 77e = 10%
0.3, 7t = 0.455 [17]
Cleanstgas 125 (KWB-Kraft und 250 441 287 1.15 up to 568 5.4 8300
Warme aus Biomasse GmbH and 10%
Ebner Industrieofenbau GmbH,
Austria), 77e1=0.25, 1t = 0.45 [18]
Urbas Mallnitz (URBAS Maschi- 250 520 255 0.9 up to 406 4.2 8300
nenfabrik GesmbH, Austria), 7e; = 18%
0.28, 1t =0.58 [19, 20]
GP200 (TARPO Ltd, Czech Repub- 200 370 156 0.78 up to 309 4.8 9075
lic), 77e1=0.2, min =0.5 [21] 10%
GSL (Nanjing Forestry University, | 190 477 250 1.32 up to 484 5.25 9263
China), 77er=0.19, = 0.47 [22]. 12%
Urbas Pollau (URBAS Maschi- | 180 320 162 0.9 up to 292 4.8 9465
nenfabrik GesmbH, Austria), 77e = 18%
0.28, mtn = 0.5 [12]
Burkhardt V5.90S ECO 220 | 160 240 120 0.75 up to 238 6.05 9922
(Burkhardt GmbH, Germany), 7e/ = 10%
0.3, tn = 0.46 [17].
Spanner Re? HKA70 (GmbH, Ger- 68 144 55.1 0.81 up to 109 5.58 3950
many), 7er =0.3, 7tn = 0.63 [23] 10%
Spanner Re? HKA50 (GmbH, Ger- 49 106 41.9 0.86 up to 83 5.58 4400
many), 7er =0.28, 1 = 0.61 [24] 10%
Power Pallet — PP30 (All Power 25 40 20 0.8 up to 40 5.46 2000
Labs, USA), 77er=0.23, 7t = 0.46, 10%
7]653;0.33 [25].
Excellence Group in Thermal 10 22 12 1.2 up to 22.5 4,53 2500
Power and Distributed Generation 15%
(NEST), Brazil, 77e1 = 0.3, 7tn = 0.45
[26].
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The thermal power output of the system was determined
as follows

Qi = Ny 7 [ 774y (2)

where Qu is the thermal power output of the system, kW;
Nei is the electrical power output of the system, kW; ne is
the electrical efficiency of the system; and n: is the thermal
efficiency of the system. The values of ne and n: presented
in Table 1 were specified for operation on biomass with a
moisture content of 10%. For operation on biomass with a
higher moisture content, the efficiency values were recal-
culated.

LHV

If the technical documentation provided the syngas pro-
duction rate together with either the syngas composition
or its heating value, the thermal power output of the sys-
tem was determined using the following equation:

(Ve gas LHV .7

syn—gas

3.6

where Vsynges is the syngas production rate, m3/h; and
LHVgsynas is the lower heating value of the syngas, MJ/m3.

Qun = : (3)

The lower heating value of the gas was determined from its
chemical composition using the following equation

_ (12,63-CO +10,79-H, + 35,82-CH,, +59,46-C,H , + 63,74-C,H,)

syngas

where Coy, Cy,s Coyar Coopar Coong are the volumetric
concentrations of CO, Hz, CHa, C2Ha, and Cz2He in the syngas,

respectively, %; and Q.,, Qu,, Quusr Qeonar Qeones are
the lower heating values of CO, Hz, CHs, C2Hs Ta C2Hs, re-
spectively, MJ/m?3.

Conversely, if the thermal power output of the system and
the gas production rate were specified, the LHV of the syn-
gas was determined using the following equation

LHVsyngas = 3'6(77el 'ch)/(nth '77ICE 'Vsyngas)’ (5)

where 7ice — is the electrical efficiency of the internal com-
bustion gas engine, assumed to be equal to 0.40.

The syngas production rate was determined using the fol-
lowing relationship

_ P sp.table

Vsyngas - m(l_W )Vsyngas , (6)
where (1 — WP) is the mass fraction of dry matter in the fuel;
Vsiﬂ'ézgle is the specific syngas yield per kilogram of dry mat-

ter, m3/kg (for fixed-bed gasifiers, the value of Vssy‘:]'ézzlefor

wood typically ranges from 2.2 to 2.5 m3/kg) [27, 28].

The specific capital cost of the gasification systems (this pa-
rameter was not specified in the manufacturers' technical
documentation for any of the systems considered) was de-
termined using the method of specific capital expenditures
per unit of installed electrical capacity [13, 14]

C:SP(NeI) = Csp.ref.(NeI.ref. / Nel )0'41 (7)

where Csp(Nei) is the specific capital cost of a system with an
electrical power output Nei,, EUR/kWel; Csp.ref. is the specific
capital cost of the reference system, EUR/kWel (Csp.ref. =
8657 EUR/KW for a reference system with Nerrer = 225 kW)
[15]; Nerref is the electrical power output of the reference
system, kWel; and Ne; is the electrical power output of the
system under evaluation, kWel; 0.4 is the power index for
specific capital expenses calculation.

' (4)

100

Accordingly, the relationships given by Egs. (1)—(7) were
used to estimate the values of those parameters that were
not reported in the technical documentation of the ana-
lyzed systems (Table 1).

A comparative analysis of continuous-operation gasifica-
tion systems based on the criterion of energy and economic
efficiency was performed in accordance with the method-
ology described in [29]. The systems under consideration
were ranked using the normalized energy and economic ef-
ficiency indicator bsp, calculated for each system in the sam-
ple. The most efficient system is the one for which
bsp—max. The analyzed systems were evaluated on the ba-
sis of a set of eight parameters.

Let’s introduce the norm function to reflect the relative de-
viation of an actual value from the worst case in a sample.

?T/Iiax_ yi min I € dbenefit
Ei _JY ] Yi ’ (8)
)rftiax — {:n ' I < dcost
Yi i

where bi € [1, 10] is the normalized deviation of the (i)-th

parameter from the worst value in the sample; dpenesit = {b3,
bz, bs, b7} is the set of parameters whose increase improves
the energy and economic efficiency of the system; dcost =
{bs, bs, bs, bg} is the set of parameters whose increase re-
duces the energy and economic efficiency of the system; ',

is the actual value of the (i)-th parameter; yirnin is the mini-

mum value of the (i)-th parameter in the sample; yimax is

the maximum value of the (i)-th parameter in the sample; i
=1, 2, .., 8—isthe ordinal number of the parameter.

The normalized rating score of the (i)-th parameter is de-
termined as follows

b, =1+94, (9)
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where b e [1, 10]. The best value of a parameter is as-
signed the highest score, b;= 10 (bi = 1), while the worst

value is assigned the lowest score, b, =1 ( bi =0).

The weights must satisfy the following condition

Zglai =1,
1

(10)

where & >0 is the weight of the (i)-th parameter, dimen-
sionless (fraction of one).

The weight of the (i)-th parameter was determined using
the following formula

(11)

where p; is the priority of the (i)-th criterion.

Based on an analysis of the technical and economic charac-
teristics of the pyrolysis-gasification systems presented in
the manufacturers’ technical documentation [169-184],
the authors assigned the following priority ranking to the
evaluated parameters

b>b,>b,>b >b, >b, >b, >h,.

On a scale from one to eight, each parameter was assigned
a numerical priority value, pi, according to its technical and
techno-economic significance. The priority values, pi are
presented in Table 2. The sum of the priority values for all

(12)

8

parameters was equal to Z p; =36. The weights were cal-
j=1

culated using Eq. (11) and are also presented in Table 2.

Table 2. Priority rankings and weights of the evaluated parameters

Evaluated System Parameter Score, points Prio;iti\t/etzggrf:fz,’(ii)-th Weight, a;
Electrical power output, kW b1 8 0.2222
Thermal power output, kW b2 7 0.1944
Fuel consumption rate, kg/h bs 3 0.0833
Specific fuel consumption, kg/kWel b4 6 0.1667
Permissible fuel moisture content, % bs 5 0.1389
Gas production rate, m3/h bs 2 0.0556
Lower heating value of the gas, MJ/m? b7 4 0.1111
Specific capital cost of the system, EUR/kW bs 1 0.0278

The normalized energy and economic efficiency indica-
tor is expressed through the weight of the (i)-th param-
eter and its normalized score as follows

by, = Zslai-bi,=1+9zglai-6 ,
i=1 i=1

where bsp — is the normalized energy and economic effi-
ciency indicator, points.

(13)

The energy-economic efficiency coefficient of the sys-
tem is determined as follows

8.~
b (1+92ai-bJ
K=—f=> 5= 7
10 10

where K is the energy-economic efficiency coefficient of
the system, K€[0,1; 1,0]. The maximum possible value of
bsp is 10, If K—1, this indicates that the system is ap-
proaching the theoretical “ideal”.

, (14)

Assessment of the energy-economic efficiency of py-
rolysis-gasification systems for biomass-to-syngas

conversion in renewable energy-based power genera-
tion systems.

Using the input data, the parameter scores were calcu-
lated according to Egs. (8) and (9), the normalized en-
ergy-economic efficiency indicator according to Eq. (14),
and the energy-economic efficiency coefficient of the
systems according to Egs. (13) and (11). The calculated
results are presented in Table 3.

As can be seen from the obtained results, the highest
efficiency is achieved by high-capacity multistage sys-
tems with an electrical output exceeding 500 kWel
and employing advanced biomass-to-syngas conver-
sion technologies. These systems combine a floating
fixed fuel bed (SynCraft CW1800-500, Xylowatt NO-
TAR 750) or a dense fixed fuel bed (GP750) with hybrid

pyrolysis.

From a technological perspective, hybrid pyrolysis inte-
grates at least two process zones — an allothermal zone
and an autothermal zone. This configuration enables the
production of tar-free syngas with a heating value ex-
ceeding 5.5 MJ/m3. However, it requires strict control of
fuel particle size distribution, moisture content (up to
10%), and fuel-bed uniformity. An exception is the
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SynCraft CW1800-500 system, which is capable of oper-
ating on wood chips with a moisture content of up to
50%. A major drawback of deploying such systems in de-
centralized renewable-energy-based power generation
is the requirement for substantial capital investment,
with specific capital costs ranging from EUR 5,348 to

6,290 per kW. In addition, their operation requires a sta-
ble biomass resource base with an annual consumption
exceeding 3,000-5,000 tonnes, as well as well-devel-
oped logistics infrastructure. These requirements signif-
icantly limit their applicability in small communities and
sparsely populated areas.

Table 3. Results of the calculations for the pyrolysis-gasification systems

System Name b1 b2 b3 b4 bs bs b7 be b K
Xylowatt Notar 750 3.19 8.17 2.29 8.4 1 10 6.2 6.2 6.96 0.7
GP750 3.07 10 3.43 9.36 1 9.74 7 5.13 7.5 0.75
SynCraft CW1800-500 2.82 5.37 1 1 10 7.04 10 5.13 5.87 0.59
Burkhardt V5.90S, ECO 495 1.71 3.82 7.25 10 1 4.22 9.2 3.84 5.6 0.56
Cleanstgas 125 1.47 3.55 6.68 5.19 1 4.89 5.8 2.84 4.12 0.41
Urbas Mallnitz 1.18 4.03 7.43 8.02 2.8 3.73 1 2.84 4.4 0.44
GP200 1 3.12 8.26 9.4 1 3.04 3.4 1.96 4.34 0.43
GSL 10 3.78 7.13 3.26 1.45 4.29 5.2 1.75 3.65 0.37
Urbas Pollau 9.51 2.82 8.19 8.02 2.8 2.92 3.4 1.52 4.22 0.42
Burkhardt V5.90S, ECO 220 6.96 2.33 8.7 9.74 1 2.53 8.4 1 4.67 0.47
Spanner Re? HKA70 4.89 1.74 9.48 9.05 1 1.62 6.52 7.79 4.19 0.42
Spanner Re? HKA50 3.92 151 9.64 8.54 1 1.43 6.52 7.27 3.99 0.4
Power Pallet — PP30 3.92 1.11 9.9 9.17 1 1.12 6.04 10 3.98 0.4
NEST 3.31 1 10 4.6 2.13 1 2.32 9.43 2.89 0.29

For systems with an electrical output of <100 kWel, the ef-
ficiency coefficient is relatively low (0.29-0.43). Neverthe-
less, from both a design and a technological perspective,
this category of systems represents a promising option for
integration into local autonomous renewable-energy-
based power generation systems serving facilities with low
energy demand. These systems exhibit a specific fuel con-
sumption of 1.2-1.3 kg/kWel, which is higher than the av-
erage range observed across the analyzed sample. In addi-
tion, the heating value of the produced syngas is only 4-5
MJ/m?3, indicating the need for further design and techno-
logical improvements.

Overall, all analyzed systems exhibit relatively low effi-
ciency, with the energy-economic efficiency coefficient
ranging from 0.29 to 0.73. This highlights the need for the
development and further improvement of biomass ther-
mochemical conversion technologies and engineering solu-
tions capable of ensuring efficient operation on biomass
fuels with a moisture content of 30—-40%, while producing
high volumes of high-calorific-value, tar-free syngas.

The consistency of the expert judgments was verified using
the Analytic Hierarchy Process (AHP) [30]. To this end, a

pairwise comparison matrix was constructed. A= ‘aij

8x8

, Where ajj represents the relative preference of the (i)-th
parameter over the (j)-th parameter according to the Saaty
scale, where aj=pi/p;, rounded to the nearest integer value
of the scale; and aji=1/aj.

The consistency index (C/) was calculated using the follow-
ing equation
Sl

n-1 "~ (15)

where Cl is the consistency index; Amax is the maximum ei-
genvalue of the pairwise comparison matrix (A); n is the
number of parameters (the dimension of the matrix), n = 8.

The maximum eigenvalue Amax of matrix (A) was calculated
as follows

PR S0y

N o

(16)

where (A- )i is the (i)-th element of the column vector ob-
tained by multiplying the pairwise comparison matrix (A) by
the priority vector w.
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n

(A'a’)i = Zaij ‘W,

i=1

(17)

where wis the 8x1 priority vector, the elements @ of which
were calculated as the arithmetic mean of the correspond-
ing rows of the normalized pairwise comparison matrix

1 n —_ —_ a'|J
a, Z—Zaij , where &; = — .
n5=

2.3
k=1

The eigenvalues of matrix (A) were determined using the
following relationship

(18)

.

i

(19)

The absolute deviation A of the weight a; from the priority
value @, determined using the AHP

|M:M_@

, (20)

where aiis a weight; @ —is an element of the priority vector
obtained by the method of hierarchy analysis.

For a perfectly consistent matrix, this ratio is equal to n for
alli.

The consistency ratio CR was calculated using the following
equation
_cl

CR=—,
RI

(21)

where Rl =1,41is the random index for n = 8.

Accordingly, the elements of the priority vector were deter-
mined using Eq. (18), the elements of the product of matrix
A and the priority vector were calculated using Eq. (17), the
eigenvalues of matrix (A) were determined using Eq. (19),
and the maximum eigenvalue was obtained using Eq. (16).
The calculation results are presented in Table 4.

Table 4. Results of the consistency verification using the analytic hierarchy process

Score o (A-w)i Ai=(A- @)/ o ‘A‘ = ‘ai — a)i‘
b1 0.2224 1.801 8.1103 0.0002
b2 0.1834 1.488 8.1107 0.011
b3 0.0818 0.662 8.0984 0.0016
ba 0.1657 1.344 8.1104 0.001
bs 0.1414 1.143 8.0883 0.0025
be 0.0617 0.5 8.1019 0.0061
b7 0.1163 0.942 8.0981 0.0052
bs 0.0277 0.225 8.1040 0
Total 1.0 - Amax=8.103 —
Al =001

Since CR=0,01<0,1 (the threshold value of the consistency
ratio according to Saaty [30]), the pairwise comparison ma-
trix can be considered consistent. The maximum deviation
between a; and @ is 0.011 and is therefore negligible.

Egs. (8)—(14) relate the energy-economic efficiency indica-
tor of multistage fixed-bed biomass gasification systems to
their technical, economic, and energy performance param-
eters through the combined application of the weighted-
sum method, normalization, and score-based evaluation of
criteria. This approach ensures the comparability of differ-
ent biomass-to-syngas conversion technologies with re-
spect to their suitability for use in renewable-energy-based
power generation systems.

Power generation methods based on biomass and solar
energy.

The primary objective of renewable-energy-based power
generation systems is to ensure a stable electricity supply
despite the stochastic nature of renewable energy genera-
tion. The scientific literature predominantly focuses on
power generation systems that combine biomass energy
with wind and/or solar energy, particularly small-scale sys-
tems (up to 10 kW) and medium-scale systems (10 kW-1
MW). The integration of multiple renewable energy
sources within a single energy system not only compen-
sates for fluctuations in energy production but also enables
consumer demand to be met at any time through integra-
tion with conventional energy sources.

Among the thermochemical conversion methods for pro-
ducing high-quality fuel gas (a mixture of H,, CO, and CHa4)
while simultaneously reducing the formation of by-prod-
ucts (tar and mineral impurities), pyrolysis and gasification
assisted by solar energy have attracted considerable atten-
tion [31, 32]. These processes are endothermic [8]; how-
ever, gasification yields a higher proportion of combustible
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components in the total volume of produced syngas (82—
90%) than pyrolysis (63—-74%).

Autothermal gasification requires the combustion of a por-
tion of the fuel (typically more than 30%) to supply energy
for the endothermic reactions. As a result, the produced
syngas is characterized by a low H2/CO ratio, a high CO con-
tent, and a low higher heating value. In contrast, renewa-
ble-energy-based power generation systems can provide
the energy required for biomass gasification by utilizing so-
lar radiation [33]. According to the studies reported in [34,
35], the use of solar energy is more effective than autother-
mal gasification for several reasons. First, it enables higher
specific gas yields, since no fraction of the biomass must be
combusted to satisfy the energy demand of the process.
Second, both the volume and the HHV of the produced syn-
gas are higher. Third, solar radiation can rapidly deliver en-
ergy to the reaction zone, thereby intensifying the gasifica-
tion reactions and reducing the formation of undesirable
by-products. In addition, renewable-energy-based power
generation systems incorporating gasification units provide
an effective means of storing temporally variable solar en-
ergy in the form of the chemical energy of syngas, which
can subsequently be stored and transported [36].

The design of the gasifier plays a decisive role in achieving
high energy efficiency in renewable-energy-based power
generation systems incorporating solar power plants and
gasification units. A higher efficiency of converting solar en-
ergy into the chemical energy of syngas makes it possible
to reduce the size of the solar power plant while maintain-
ing the same syngas production rate, thereby lowering the
cost of syngas production.

Depending on the method of solar energy supply, reactor
systems can be classified into two categories: (a) directly
irradiated reactors, in which the biomass is heated directly
by solar radiation; and (b) indirectly irradiated reactors, in
which solar radiation heats an intermediate heat-transfer
medium that subsequently transfers heat to the biomass
[37]. Directly irradiated reactors provide high temperatures
in the reaction zones (1000-1500°C), thereby promoting in-
tensive heat- and mass-transfer processes. However, the
design of such reactors requires a transparent window to
allow direct penetration of solar radiation into the reaction
zone. During gasification, these windows generally lose
their transparency due to contamination by condensed
gases, tar deposits, and fuel particles. Moreover, under
conditions of elevated temperature and pressure, they may
act as stress concentrators, potentially leading to failure of
the entire reactor. The use of indirectly irradiated reactors
eliminates these drawbacks; however, their heat-transfer
efficiency is lower than that of directly irradiated reactors.
In addition, stringent requirements are imposed on the in-
termediate heat-transfer media with respect to thermal
and chemical stability, solar radiation absorption capacity,
thermal conductivity, and other relevant properties [33].

In practice, the following types of gasifiers are widely used
in renewable-energy-based power generation systems:

fixed-bed gasifiers (updraft, downdraft, and crossdraft); flu-
idized-bed gasifiers (bubbling fluidized-bed and circulating
fluidized-bed); and entrained-flow gasifiers [38].

Fixed-bed gasifiers were among the first systems to be em-
ployed in renewable-energy-based power generation appli-
cations. From a design perspective, solar radiation can be
supplied to the reaction zone containing the carbonaceous
feedstock either through a transparent window [8] or via
an intermediate heat-transfer medium (radiative plate)
[39]. Their principal advantage lies in the ability to thermo-
chemically convert untreated carbonaceous feedstock of
varying particle-size distributions and chemical composi-
tions, owing to the long residence time of reactants within
the reaction zone. However, scaling up such systems to in-
dustrial capacity is complicated by significant temperature
gradients that develop within thick fuel beds.

Studies of steam gasification of various biomass feedstock
in a 5 kW two-zone indirectly irradiated gasifier, in which
the upper zone (radiation absorber) and the lower zone
(fuel bed) were separated by a silicon-carbide-coated
graphite plate, demonstrated a solar-to-fuel energy con-
version efficiency of 17.3-29%. During heating of the dense
biomass bed, pyrolysis occurred, as evidenced by the for-
mation of higher gaseous hydrocarbons and liquid tar com-
pounds. The process produced high-quality syngas with
molar ratios of H/CO = 1.5 and CO>/CO = 0.2, and a higher
heating value (HHV) exceeding that of the original feed-
stock by 30% [40].

In study [8], pyrolysis and gasification of algae, wheat
straw, and sewage sludge were investigated in a 7 kWel di-
rectly irradiated reactor. A comparison of these processes
showed that gasification yields a higher concentration of
CO and H, in the total syngas volume (composed of CO, H»,
CHa, and COz) than pyrolysis. However, pyrolysis promotes
the formation of higher gaseous hydrocarbons, which in-
crease the energy content of the produced gas.

Due to the continuous mixing of fuel particles, fluidized-bed
reactors provide more intimate contact between the solid
and gas phases, a more uniform temperature distribution
throughout the bed, and higher rates of heat and mass
transfer compared with fixed-bed reactors.

In study [41], the kinetics of steam gasification were inves-
tigated in a directly irradiated quartz tubular fluidized-bed
reactor. At temperatures exceeding 1400 K, high-quality
syngas was produced, with equal concentrations of CO and
H, and a CO: content below 5%. The authors reported that
the use of solar energy prevents greenhouse gas emissions
and increases the higher heating value (HHV) of the gas,
which is free from combustion-product contaminants. The
technological basis of CO. gasification of carbonaceous
feedstock and the design parameters of directly irradiated
bubbling fluidized-bed reactors were presented in [42, 43].
Between 2002 and 2010, the authors were able to increase
the solar-to-fuel energy conversion efficiency from 8% to
14% through successive improvements in reactor design.
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In study [44], the process of steam gasification of sewage
sludge in an indirectly irradiated circulating fluidized-bed
reactor was investigated using numerical simulation. Reac-
tor operation was modelled under a solar energy input of
2.2 MW. The hydrogen yield obtained ranged from 61.2 to
67.6 g per kilogram of sludge. It was demonstrated that the
H, yield can be controlled by adjusting both the steam con-
tent in the gasification agent and the solar radiation flux
density. At a direct solar irradiance of 1000 W/m?, the en-
ergy upgrade factor in the dense phase zone of the fluidized
bed increased to 1.0, while the solar-to-fuel energy conver-
sion efficiency reached 26%.

Entrained-flow gasifiers predominantly operate under an
indirect solar irradiation scheme. Their design typically in-
cludes a cavity receiver equipped with a transparent win-
dow, inside which tubular absorbers are installed. During
thermochemical conversion, the fuel particles within the
tubes interact with the gasification agent. The most well-
known reactor prototypes of this type include: a cylindrical
cavity receiver with a diameter of 180 mm containing five
absorber tubes of 25.4 mm diameter [45], and a cylindrical
cavity receiver with a diameter of 50 mm incorporating a
silicon carbide tube with a diameter of 25 mm [46]. The sin-
gle-tube reactor did not find further practical application
due to its low solar-to-fuel energy conversion efficiency
(1.53%). This low efficiency was attributed to the low feed
rate of charcoal and the relatively low carbon conversion
rate, which resulted in less than 1% of the solar energy sup-
plied to the gasification process being utilized. During pilot-
scale testing of the multi-tube reactor, a biomass conver-
sion rate of 58.4% was achieved.

Based on the analysis of power generation methods utiliz-
ing biomass and solar energy, it can be concluded that the
integration of biomass and solar energy makes it possible
to use solar radiation to satisfy the thermal energy require-
ments of pyrolysis and gasification processes, thereby re-
ducing biomass consumption for sustaining endothermic
reactions. Thermochemical biomass conversion processes
enable the transformation of temporally intermittent solar
energy into the chemical energy of biofuels. The efficiency
of renewable-energy-based power generation systems de-
pends significantly on the design of the gasification (or py-
rolysis) unit and its coordinated operation with the solar
power plant.

Conclusions

1. A method for determining the integrated energy-eco-
nomic efficiency indicator of pyrolysis-gasification systems
for the thermochemical conversion of biomass was devel-
oped. The proposed method is implemented as a scoring
model based on the weighted-sum approach with score-
based normalization of the evaluated criteria and consider-
ation of the nonlinear effects of system design and process
parameters. This ensures accurate ranking of alternative
systems and adaptability to variations in biomass proper-
ties. Verification of the pairwise comparison matrix con-
firmed the consistency of the expert judgments, thereby

validating the adopted expert assessments regarding both
the parameter values of the pyrolysis-gasification systems
and their corresponding weights.

2. The energy-economic efficiency of pyrolysis-gasification
systems for biomass-to-syngas conversion in renewable-
energy-based power generation applications was assessed.
The results showed that the highest efficiency is achieved
by high-capacity multistage systems with an electrical out-
put exceeding 500 kWel and employing advanced biomass-
to-syngas conversion technologies that combine either a
floating fixed fuel bed or a dense fixed fuel bed with hybrid
pyrolysis. From a technological perspective, hybrid pyroly-
sis integrates at least two process zones — an allothermal
zone and an autothermal zone. This configuration enables
the production of tar-free syngas with a heating value ex-
ceeding 5.5 MJ/m3; however, it requires strict control of
fuel particle size distribution, moisture content (up to 10%),
and fuel-bed uniformity. Overall, all analyzed systems ex-
hibited relatively low efficiency, with energy-economic ef-
ficiency coefficients ranging from 0.29 to 0.73. These find-
ings indicate the need for further development and
improvement of biomass thermochemical conversion tech-
nologies, as well as engineering solutions capable of ensur-
ing efficient operation on biomass fuels with a moisture
content of 30-40% while producing large volumes of high-
calorific-value, tar-free syngas.

3. Methods of power generation based on biomass and so-
lar energy were analyzed. The analysis showed that inte-
grating biomass and solar energy makes it possible to utilize
solar radiation to meet the thermal energy demands of py-
rolysis and gasification processes, thereby reducing bio-
mass consumption for sustaining endothermic reactions.
This increases syngas production and improves its compo-
sition by increasing the concentrations of key combustible
components, including H,, CO, and CHg. In turn, thermo-
chemical biomass conversion processes enable the trans-
formation of temporally intermittent solar energy into the
chemical energy of biofuels that can be stored and subse-
quently utilized for energy generation. The efficiency of re-
newable-energy-based power generation systems depends
strongly on the design of the gasification (or pyrolysis) unit
and its coordinated operation with the solar power plant,
highlighting the need for their integrated optimization at
the design stage.
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