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Summary

The scope of the present thesis covers the investigation of solvents, sorbents and processes for CO;, tar and
sulfur removal from syngas prior to its utilization for synthesis and/or power generation. Carbon capture through
“warm gas cleaning” (processes at temperatures up to 200 °C) is an important aspect for both applications.
During substitute natural gas (SNG) production, methanation with carbon monoxide in a CO,-free syngas
decreases the demand for hydrogen and the size and cost of process equipment. In addition, high-temperature
acid gas removal (AGR) permits hydrocarbons to pass through the cleaning unit. Benefits can also be noted for
methanol (MeOH) synthesis plants. In addition, pre-combustion CO, capture at elevated temperatures in
integrated gasification combined cycle (IGCC) plants comprises an important solution for reducing the
environmental impact of power generation from solid fuels through Carbon Capture, Utilization and Storage
(CCUS), while increasing the cycle efficiency compared to cold gas cleaning processes (e.g. Rectisol™). In this
framework, this PhD thesis investigated the characteristics, benefits and limitations of applying hot potassium
carbonate solutions for AGR. This thesis aims to provide a holistic approach through experimental work,
thermodynamic modeling, as well as modeling of the AGR process and its integration in an IGCC plant for
power and MeOH cogeneration. Since the process cannot achieve deep desulfurization especially regarding
organic-sulfur species, gas cleaning (particularly organic/inorganic sulfur and tar) by activated carbon was
experimentally investigated at “warm gas cleaning” conditions. A coupling of hot potassium carbonate process
with sorbent beds would be essential for synthesis processes, in which sulfur poisoning of catalysts (e.g. nickel,
copper) is often an issue even at concentrations in the range of 1 ppmv. Next, a brief summary of the thesis
chapters is provided.

In Chapter 1, an overview of the global status and projections regarding the utilization of solid fuels for energy,
fuels and chemicals is presented. The overview covers coal and biomass, with a special emphasis on the latter
due to its sustainability. The major biochemical and thermochemical conversion pathways are reviewed
emphasizing on gasification, which is of interest in the present dissertation. The main syngas contaminants from
coal and biomass gasification are analyzed and an extensive literature review is provided regarding their content
and speciation in the raw product gas. Moreover, gas cleaning requirements depending on downstream processes
for power generation or catalytic synthesis are presented. Finally, an overview of syngas cleaning technologies
is provided as a link to the processes studied in the context of the PhD thesis.

In Chapter 2, an experimental study was carried out on biomass gasification in order to investigate the syngas
composition from a 3 MWy, air blown bubbling fluidized bed gasification plant operating with woody biomass.
The experimental results were used to develop a steady-state, equilibrium Aspen Plus™ model for the gasifier.
In this model, the formation of methane and ethylene were taken into account, as well as the char content in fly
ash. The model was based on the minimization of Gibbs free energy for the estimation of the main product gas
components, as well as on the effect of the water-gas shift (WGS) reaction equilibrium at the reactor outlet. The
implementation of a WGS model reactor contributed to the approximation of experimental data since the
reaction can be still active after the gasifier outlet. When only methane formation was considered, the simulation
data greatly deviated from the experimental results. For this reason, the formation of ethylene was incorporated
in the model in a stoichiometric reactor. The improved model managed to adequately predict the main syngas
components. Deviations when operating conditions, such as fuel and oxidant feed rates changed, were also
discussed. Correlations for char production, organic sulfur and tar distribution can further improve the model
performance.

In Chapter 3, physical adsorption of organic and inorganic sulfur onto activated carbon was investigated
experimentally. Organic sulfur adsorption was carried out in a lab-scale fixed bed reactor at elevated
temperature (100-200 °C). Thiophene (C4H4S) was considered as the model species in the gas phase based on
its concentration in syngas. The study covered a wide range of operating parameters, such as the gas flow rate
(or gas hourly space velocity, GHSV), temperature, C4H4S concentration and moisture content. Temperature
was found to influence significantly the capacity, while on the other hand, GHSV did not have a notable impact
other than a reduction in breakthrough time. A comparison of experimental data with two isotherm models
implementing one (Henry model) and two parameters (Langmuir model) followed and a good agreement was
found for the latter model. As a next step, a study on the combined removal of sulfur and tar species by activated
carbon was conducted. Real syngas produced by a 1 MW, entrained-flow gasifier was used during the
experiments. The investigation concluded that selectivity issues arise since the AC material could adsorb H>S



less efficiently in the presence of CsHes. Moreover, difficulties encountered during AC evaluation under real
gasification conditions are discussed (mainly due to the variability of syngas quality).

In Chapter 4, an experimental investigation of CO; solubility and absorption rate into pure and promoted K,CO3
solutions is presented. The study was carried out in a stirred reactor by applying a batch-type pressure decay
experimental method. For the pure K,COj3 aqueous solutions, tests were carried out at temperatures between 80
and 120 °C with two different K,COj3 concentrations. The experimental measurements were found to be in
agreement with estimations of electrolyte-NRTL thermodynamic model. In a next step, Glycine, MDEA, MEA
and PZ were tested as additives in the K,CO3 aqueous solution. As far as K,COs; solvents are concerned,
solubility increases with a decrease in temperature or with a denser solvent. Concerning the addition of
promoters, the use of PZ greatly improves CO; solubility and absorption rate at the same time. The use of MEA
is also beneficial for both solubility and absorption rate, but to a lesser extent compared to PZ. On the other
hand, MDEA can potentially improve solvent capacity when added in lower quantities, however, when used at
higher concentrations, it lowers CO; solubility. Finally, Glycine addition at a low molarity deteriorated CO;
solubility. Based on solvent screening results, MEA and PZ were selected as promoters for further investigation.

In Chapter 5, an experimental study on the removal of COJ/light tar mixtures by pure and MEA-promoted
K2CO; aqueous solutions is presented. Two model compounds which have the potential to be valorized in
downstream synthesis applications were selected (benzene and toluene) e.g. reforming of benzene during
methanation is possible. This study can be considered as an extension of the work performed in Chapter 4. The
experimental apparatus used in the batch-type experiments was modified to allow continuous gas phase analysis
through FTIR spectroscopy. The effect of absorption temperature, MEA concentration, and tar partial pressure
on the co-absorption of CO2/C¢Hs and CO2/C7Hs is reported. The low affinity of K,COj3 solutions towards light
tar species is confirmed, since very low tar capacities were measured.

In Chapter 6, an Aspen Plus™ model for the hot potassium carbonate process aiming at the simultaneous capture
of CO;and H,S from coal syngas is presented. The study was carried out in the framework of process integration
in a Coal-to-SNG plant based on allothermal gasification. Both pure KoCO3 and PZ-promoted K>COs3 solvents
with varying PZ fractions were evaluated. Adjustment of electrolyte-NRTL parameters was performed through
experimental data regression, since default Aspen Plus™ parameters did not accurately model the
thermodynamics of the liquid solution. Detailed rate-based models were used to describe the absorber and
desorber columns. The effect of process parameters on H,S capture efficiency, liquid circulation rate and
specific reboiler duty was investigated for all solvents. It was found that when the process operates with PZ-
promoted solutions, similar reboiler duties to the pure K,COs3 solvents can be achieved at lower absorber
pressure. A higher lean solvent loading is required for the former due to their high heat of desorption, while PZ
volatility issues must also be considered. In addition, operation of the desorber column at elevated pressure was
found to benefit solvents with a higher PZ fraction. Finally, H.S removal efficiency was consistently above the
CO; capture level (set to 95% in all cases). Strategies for further reducing the H»S content in clean syngas are
also discussed.

In Chapter 7, Aspen Plus™ process models encompassing the integration of the hot potassium carbonate
process in a biomass IGCC (BIGCC) plant are presented. Three configurations were considered, particularly a)
an electricity-only BIGCC plant without CCS, b) an electricity-only BIGCC plant with pre-combustion CCS by
means of aqueous K,COs; solutions for CO2 and H,S capture and c) an electricity and MeOH cogeneration
BIGCC plant with pre-combustion CCS by means of agueous K>COs solutions for CO; and H,S capture. In all
configurations, autothermal pressurized gasification with steam/O, mixtures and hot syngas cleaning were
considered for coupling with the hot potassium carbonate process. The effect of steam-to-biomass ratio, carbon
capture rate and MeOH cogeneration share on the plant energy efficiency, exergy efficiency and exergy
destruction ratio per process was investigated. The air separation unit, N, compressors for syngas dilution and
compressors for CO, storage/sequestration account for the major electric power consumptions of the plant.
Energy efficiency for the BIGCC w/o CCS was found to exceed 46%, while the integration of hot potassium
carbonate technology caused an efficiency penalty in the range of 6.5-11.5 percentage points. A high share of
exergy destruction was found to occur in the gas turbine, autothermal gasifier and CCS unit.

Finally, the main conclusions of the thesis, its contribution to knowledge and suggestions for future work, are
presented in Chapter 8.



Iepiinym

Avtikeipevo g Tapovcog epyaciag eivat 1 depehvnon SOAVTOV, GTEPEDY TPOGPOPNTAOV Kol SIEPYUCLDY Y10,
1 6éopevon COy, moodv Kot BE100Y®V EVOGEDY amd 0€plo. GOVOESTG TPV OO TN XPTOT TOVS Y10 KOTUAVTIKT
obvvheon kot mapoywyn nhektpikng evépyeslag. H déopuevon CO; péow "0eppod kabapiopov agpiov" (“warm
gas cleaning”, diepyaoieg og Oeppokpacieg £mg 200 °© C) amotedel GNUOVTIKY TTUYH KOt YioL TG 600 EPOPUOYEC.
Katd v napaywyn vrokatdototov guoikod agpiov (SNG), n pebavomoinon pe povoeidio tov avipaka
(xopic CO2 oTO 0£p10) HEIDVEL TNV KOTOVOA®GN VIPOYOVOL, To HéEyeBog Kot T0 KOGTOG TOv €SOMAIGHOV.
Emumdéov, 1 déopevon 6Ewvav agpiov (AGR) og vymiég Oeppokpacie enttpénel 6tovg vVOPoyovavOpaKes va
dtpvyovy omd TN povada kabapiopov. OeéAn pmopovv emiong va onuelwfodv yia Tig povddeg ovvheong
pebavoing (MeOH). Akoun, n 6éopevon CO2 wpv v Kawen vd cuvinkeg Beppov Kabapiopod o€ Hovadeg
ocvvdvacpévov kokhov pe agpronoinon (IGCC) amotelel onuaviikn €VOAAOKTIKA Yoo T MEiwon TV
TEPIPAALOVTIKDV EMMTOCEDV TNG TOPAYDYNG NAEKTPIKNG EVEPYELNG OO GTEPEN KODGILO LECH TNG OEGUEVONG,
a&lomoinong kat amobnkevong avhpoaka (CCUS). Emnpocheto, cuvelopépel oty avénon g amddoong Tov
KOKAOL 6€ oUYKpion pe Tig youypéc diepyaciec AGR (m.y. Rectisol®). 1o mhaicto owtod, n mopovoa S18aKTopIkn
StatpPn depedvnoe To YUPOKTNPIOTIKA, TO OPEAT KOl TOVG TEPLOPICUOVE TNE EPAPUOYNG BEPU®V SOAVUATOV
avOpakikov kariov ot dratatelg AGR. H epyacia amookonel otnv emitevén oG OAMGTIKNG TPOGEYYIONG LECH
TEPAUOTIKNG UEAETNG, Deppoduvotkng povtehomoinong, poviedomoinong g oepyaciog AGR, kobmg kot
HovteLOToinoT TG EVemUATOoNg tng o€ povado IGCC yo cupmapaywyr evépyeiag kot MeOH. Agdopévov 0Tt
1 depyasio dev umopel va emitvyel TANpn omobsimon, €01kd 60OV aPopd BeloVYEC OPYAVIKES EVMGELS,
TPAYLOTOTOMONKE EMTAEOV TEPANOTIKY dlepeHVNON TG ATOUAKPLUVONG TPoGiEemV (0pyavikol/avopyavou
Beiov Ko ToodV) amd evepyd dvBpaka, erniong vd cuvinkeg "Beppod Kabapiopot". H oulevén g diepyaciog
Beppov avBpakikov KaAlov pe TéToleg TpospoenTikég KAIveG B tav amapaitnt yuo diepyacieg cOvOeoTg, OTIC
omoieg 1 SnAnnpiact TV KATaALTOV (T.Y. ViKMo, xaAkdg) pe Belo amotelel cuyvd mTpOPANUa, aKOUN KoL O
GULYKEVIPMGELS TOL KLUAvOVTal kKovtd oto 1 ppmv. 211 cuvEéyelo, TapovucldleTal o cOVTOUN TEPIANYT T®V
Ke@aAaiov tng dtaTpiPng.

Y10 Kepalaio I mapovctdleTol (o ETGKOTNON NS TPEYOVGOC KATAGTAONS KOl TV TPOPAEYEDV GYETIK LIE TN
YPNON OTEPEDY KAVGIL®V Yo EVEPYELL, KADOLUO Kot ¥NHKd o€ maykocuo eninedo. H emoxomnon Kaldmtel
Tov opukTd AvOpaxo kot tn Propdala, pe wWiaitepn Eppacn otn 0evTePN AOY® TG Puwoiudottag e Ot
KuploTePeg Proynpikés kot OBepuoynuukés diepyacieg petaTpomng avaivovtal, Olvoviag EUeoacm oTnv
0EPLOTTOINGT, M Omoid TOPOLGIALEL EVOIPEPOV Yo TNV Topovod OSlaTpiPr). Ao, TEPYPAPOVIOL Ol
ONUAVTIKOTEPES TPOGLUEEIS OV TPOKVTTOLV KATA TNV OEPLOTOINGCT GTEPEDMV KOVGIU®OV Kol TopovctdleTon
EKTETAUEVT] PIPAIOYPOAPIKT OVACKOTNOT GYETIKA LE TN GVGTOGT TOVG GTO OKATEPYOOTO O.EPLO. XTT GUVEYELD,
Tapovcldloviat ot amoTNoELS KafapiGHoy TV TPosHiEemv auT®dv BAGEL TOV KATAVIN OEPYACIHOV TOPAYMYNS
evépyelng M KatoAvTiKNng ovvBeong. Téhog, yivetal pia eMOKOTNOT TOV TEXVOAOYIOV KOOAPIGHOD agpiov
oVvBeON G, WG GUVOEGHOG LE TIG OlepYacieg TOL PHEAETHONKOV 6TO TANIG1O TG O1OAKTOPIKNG SLOTPPTG.

Y10 KepdAaio 2 mpaypotomomOnKe TEPOUATIKY HEAETN TNG 0EPLOTTOINCNG, TPOKEWEVOL Vo, dtepevuvndel M
oVOTOGT TOL aEPiov ouvBeong. Ot peTprioelg Tpaypatonmomnkay e povdoda agplonoinong EvAmdovg Propdlog
oyvoc 3 MW, teyvoroyiag pgvotomompévng kiiving. Tao TEPOUATIKG 0TOTEAEGUATO XPTCLLOTOIONKAV Yl
™MV avamtuln evog poviédov tooppomiog otabeprc katdotaons oto Aoyoukd Aspen Plus™. Xe avtd to
HOVTELO eAOONGOV LITOYN 0 GYNUOTIGUOC Tov pHeBaviov Kol Tov atfvieviov, KaOMG KoLl 1 TEPIEKTIKOTNTA
eEavBpakmpartog g wtdpevng t€epag. To povtédo Baciotnke oy gloyiotonoinon g ehedBepng evépyetog
Gibbs yio ™V eKTiUNGoN TOV KVPI®V CLGTATIKOY TOL 0EPIOL TPOIOVTOG, KOOMG Kol oTnV €midpaoT NG
ooppomiag NG avtidpaonc petatdmiong (water-gas shift, WGS). H 610pbwon tng avtidpacng WGS cuvépaie
OTNV TPOGEYYIOT] TOV TEPAUATIKMDY SEGOUEVAV, OIKAOAOYOVTOS TNV VITOBeo TG 1 avtidpoaon pmopel va
napopeivel evepyn petd tnv é£o0oo tov agpromomnth. Otav eeTdotnKe OmMOKAEIGTIKA 0 oYNUATIoCUOC pebaviov,
TOL OMOTEAECLLATO TNG TPOGOUOI®MONG BpEOnNKav va amoKAIVOUY GTUOVTIKE 0T TO TEPAUATIKE OTOTEAEGUATO.
I'a 10 Ad6yo avtod, 0 GYNUATIGHOC alBvAeviov evempatddnke oto poviéro. To Pektiopévo poviérlo katdpbwoe
Vo TPOPAEYEL ETAPKAOG TOL KOPLOL GLGTATIKA TOL aepiov chvBeong. [Tapatnpndnkav eniong amokAicelg Katd ™)
ueTafoAn T@v cuvONK®OV Aettovpyiog, OTMG 0 PLOUOC TPOPOSOGING KOVGIOV Kol 0EEWBMTIKOD HEGOL (AEPUC).
YVOYETIOELS Yo TNV Tapay@yr] e£0vOpaK®UATOG, TNV KaTavour Oel00ymV EVOGEDY Kol TIGGHV UTOPOLV Vol
BedTidoovy TEPUITEP® TIC TPOPAEWYELS TOL BEpUOdVVApLKOD HOVTELOD.



10 Kepdldato 3 mpaypotomon)dnie TEPAUATIK HEAETT TNG PLGIKNG TPOCSPOPTGNG OPYAVIKOD KOl OVOPYOVOL
Ogiov o evepyd avOpaka. Ot PETPNGEIC TPOGPOENONG OpYavikoy Ogiov TpaypotomomdnKay ce VYNALC
Beppokpaocieg (100-200 °C) og i epyaotnploky didtaén otabepnic khivig. Q¢ avtmrpooomentiky 0g100y0¢
opyavikn évoon oty oéplo paon Bempndnke to Beropaivio (CsHsS) Baoet kat g 606TAGNHG TOV GTO AEPLO
oOvOeonc. H pehétn kaloye éva onpavtikd e0Pog TOPAUETPOV AEITOVPYiog, OT®s 1 Topoyn aepiov (GHSV), n
Oeppoxpacio, n ovykévipmon tov CaHaS won n vmoapén vypaciog oto aépro. Bpébnke mmg 1 Oeppokpacio
emnpedlel GNUAVTIKA TN XOPNTIKOTNTO TOV TPOGPOPNTH, EVO amd TNV GAAN TAEVPE, 1| ETIOPOCT) TNG TAPOYNG
TOL agpiov Ppébnke vo unv sivar aloonpeimtn népav g peimong tov ypdvov diéhevong (breakthrough time).
AxorovOnce avTImopafoin TOV TEWPAUATIKOV ATOTEAEGUATOV He OV0 HOVTEAD 1600EpIOV TPOSPOPNONG LE
pio (Henry) ko 800 petafintég (Langmuir) kot Bpébnke mog pia cuoyétion tomov Langmuir umopei vo exttoyet
L0 IKOVOTIOMTIKY TPOGEYYIOT. X€ EMOUEVO PrUa, TPOYUATOTOMONKE TEPAUOTIKY OSEPEVVNOT] TOV
oLVOLAGHEVOL KaOaPIoHOD BELOVY®MV EVOCEMV KOl TIGCMmV antd gvepyd avOpaka og vymAég Oepuokpacies. Katd
™ 018pKELD TOV PETPIOEWDY ¥PNCLOTOWONKE TPAYUATIKO aéplo cvuvBeaTg and povdda agplonoinong Propalog
woyvoc 1 MWy teyvoloyiog Koviomompévou kavoipov. Ta aroteléopata vrédeiéav tmg n Tpospdenon Tov
H2S mpayupotomombnke Aydtepa amodoTiKG HE TNV TOPOVGio ToGmY 610 aéplo ovvBeong (kupiwg CsHs).
Emumiéov, avalvovior duoKOAEG TOL OVIHETOTIOTNKOV KATO TN OWPKELD TNG TEPOUATIKNG UEAETNG LTTO
GUVONKEG TPAYLATIKNG 0EPLOTOINOoNG Kot opeilovTal Kupimg otn HETAPANTH To1dTNTa TOL aepiov cVuVOESTG.

Y10 Kepadaio 4 mopovctaletol 1 TEPAPATIKT dEPEVYNON TS SLOAVTOTNTAS KOl TOV pLOOD amoppdPNeNE TOV
CO2 oe vootkd doAddpato KoCOs yopilg ko pe ypnion mpocBétwv. H pedém de&nybn oe avadevduevo
avTdpaoTNPa e epappoyn acvveyovg (batch) mepapotikig pebodov. I'a ta véoatikd draddpata Ko.COsz ywpig
npodcbeta, dieEnybnoav dokiuég o Bepuokpacies oto gvpog 80-120 °C pe dVO SLOPOPETIKEG CLYKEVIPDOGELS
K2COz3. Ot mepapatikéc HeTpioelg fpénkay vo. GOUPOVODV LE TIG EKTIUAGELS TOV BEpUOdLVOLLKOD HOVTELOL
electrolyte-NRTL. XZg enduevo Priua, dokipdotnkav ¢ npdcbeta oto vdatikd didAvua KoCOsz ol evdoelg
yAvokivn, pebvio-otebavorapivn (MDEA), arbavorapivn (MEA) kot mmepalivn (PZ). Ocov agopd to vdatikd
Srodvpata kabapod KaCOs, 1 dtadvtotnta tov CO2 avédaveton pe peimon g Oepuokpociog 1 1e Tokvotepo
SLATN. Avagopikd pe T ypnon mpocsbétwv, 1 tpochnkn PZ Peitidvel onpoavtucd t S10AvTdTNTO Kol TO
pvOud amoppdenong Tov CO2. H yprion MEA eivat emiong gvepyetikn 660 Yo T StoAvtdtnto 660 Kot Yl 10
pLuOUd amoppdPNoNG, WOTOCO GE LKPOTEPO Pabud oe ovykpion pe v PZ. And v dAin nievpd, n MDEA
UopEl va. PEATIOGEL TNV OTOPPOPNTIKT IKOVOTNTA OTOV TPoaTifeTOl 68 LIKPATEPES TOGOTITES, (OGTOGO, OTOV
YPNOWOTOLEITAL OE VYNAOTEPEG CLYKEVIPADCELS, HELDOVEL TN dtaAvtdTNTe ToL CO2. TéAOG, N TPOoGHN KN YALKIVNG
0€ YOUNAT GLYKEVTIP®ON GTO SLOAVpO ExEl opvnTikn emidpact ot deAvtoétnta tov CO2. Me Bdaon ta
nepapatikd amoteréopota, ot MEA kot PZ emiéyOnkav wg mpdcbeteg evdOELS Yo TEPUTEP® UEAETT).

Y10 Kepdloto 5 mapovctaletal po Telpopatikny LeAétn yio m ocvvovacuévn déopevon CO2/elappdv Tochmv
oo voutkd dteAvpato kabapov KoCOs, addd kot pe MEA og tpdcebeto. EmdéyOnkav d00 npdTLRTEG EVOGELS
ol omoiec pmopolv va a&lomomBovv katdvin tov agpomomt (PeviOio Kot TOAOLOAMO) Ty, HECH
avapopewong tov Pevioriov katd ) pebavomoinon. H cvykekpuévn mepopatikn diepedvnon pmopel vo
BeopnBel wg eméxtaon g peréng mov mapovoidletar oto Kepdiow 4. H mepapartikny dwdtaln mov
ypnoyomodnke oto Kepdhato 4 tpomomoOnke yio va EXITPEYEL TN GUVEYT AVIAVON TNG AEPLAG PAOG LECH
eacpoatookomiog FTIR. Xto kepdioto avtd peietdror m emidpaocn g Oepuokpaciog amoppdenong, g
ovykévipmong MEA kat g pepikng mieong tov mocmv ot cuvdvacuévn anoppoenon tov CO2/CeHs kot
COy/C7Hs. H xatadinidmmra tov Oegpudv dodvudtov KoCOsz va emtpémovv 1 difdevon moodv
emPePfordOnke, kobmng petprndnioy ToAD YoUNAEg TYEG SIOAVTOTNTOG.

>10 Kepaloaio 6 mapovoidletal 1 povighomoinon g diepyasiog amoppoenong/exkpoenong CO2 kot HoS amod
aéplo ovvbeong péocm Beppdv vooatkmv dwivpudtov KoCOs oto Aoyiopikd Aspen Plus™. H pelém
TPUYLOTOTOONKE 0TO TAAIGL0 TNG EVEOUAT®ONG NG dtepyaciag o€ povada ovvheong SNG and Myvitn pécm
aAloBepukng agplomoinong (ympig va coumeptineodv woTOG0 6T LOVIELOTOINGT O AVAVTY Kol KATdvn
dlepyncieg 0gplomoinong Kot KatoAvTikng cvvleons, avtiotoya). A&oloynOnkay 1060 voaTIKE SHADLOTOL
kaBapov K2CO3z, 660 ko piypata HoO-KoCO3-PZ pe petafariopevn ovotaon PZ. Apykd, mpaypatomot)dnie
pOOUIoN TOV TAPAPETPOV aAANAETIOpaong TOL povtélov electrolyte-NRTL péow avilvong maAtvopouncng pe
TMEWPAPOATIKO dESOUEVA, KAOMG Ol TpoemAEYUEVES TIHES TV TopapuéTpov oto Aspen Plus™ mapovsialovv
TEPLOPIGUEVT IKOVOTNTO TPOPAEYNC TV OEPLOOVLVOUIKDV O10THTOV TOV dldALpAT®V. Movtéla puBpov (rate-
based) ypnoipomombnkay yio T HOVIELOTOINGT TOV GTNAGV OTOPPOPNONG KAl EKPOPNONG. XTN GUVEXEL,
ueketOnke N exidpacn SEOPOV TOPAUETPOV AelTovpYiog TG diepyasiog oty anddoon décuevong tov HaS,



oV amoitobuevn mopoyn HAlag vypod OADTN Kol otV 01K KatavAaAwmorn Oeplikng evépyelag otov
avafBpacTipa Yoo OAEG TIC TEPUTTMGELS SLOAVTOV. Bpénke mw¢ OTIC TEPUTTOGEIS TTOV YPTNCUOTOOVVTOL
OtoA0TEG pe Tpoobetn PZ givon epiktn 1 enitevén avtiotoyng Oepikng Katavaimong pe ta SteAvpoto kabapoh
K2COs3 og onpavtikd yauniotepn migon tng othAng amoppoenong. Emumiéov, yia ta Stahdpota wov tepiéyovy
PZ amoteiton peyaivtepog Adyog avBpdkmong tov mroyoh SAdtn efortiog g HEYOADTEPNG EOIKNG
OeppoTnTOg avayévvnong, eva emiong TpEmel va eEgTaoTtobv {NTRNOTE GYETIKG pe TV TTnTikdTnTa g PZ.
Emunpocbeta, n Aettovpyla ™G oTANG KpOPNONG 68 LYNAN Ttigon Ppébnke va guvoel dtodvteg e vynmAdTEPT
neplektikotto oe PZ. H anddoon décpevong HaS ftav otabepd peyorvtepn amd to mocootd décpevong CO;
(otaBepd Kot ico pe 95% oe OAeg TIG TEPTTMOGELS). TELOG, TEPIYPAPOVTOL GTPUTNYIKES YO THV TEPULTEP®
peimon g ovykévipmong tov HoS 610 k0bapd aéplo ohvieong.

Y10 Kepaloio 7 ovolvetol 1 HOVTEAOTOINOT OTAOU®OV GUVOLOCUEVOL KOKAOL HE aeplomoinon Propdalog
(BIGCC) oto Aspen Plus™, 6mov evompatdvetal og texvoloyio AGR 1 diepyacio ynuikig amoppdenong ue
Beppo6 voatkd drdivpa KoCOs. MeketnOnkay Tpelg SlapopeTikés SoTdEELS Kol GUYKEKPLUEV o) £vag oTafpdg
BIGCC yw miektpomapaymyn ympic CCS, B) évag otabuog BIGCC yio niektpomapaymyn pe CCS kot
depyacio ynukng aroppoenong twv CO2 kot HaS péom drodvpdtov KoCOs kot v) €vag otabpog BIGCC
ocupmapayoyn niektpikng evépyetog kot MeOH pe CCS kot diepyasio ynukng amoppoepnong tov CO2 kat HaS
péoo Swivpdtov KCOsz (povada AGR mpwv v kadom). Xe OAeg T mepimtdoelg Oempndnke mmg
TpaypaTomoteitol avtobepuikn agpromoinorn o vynAn wigon pe piypoto H,0/0; kot kabapioudc agpiov og
vynAn Beppoxpacio yio T o0lgvén e TNV Tpotevdpevn texvoroyia AGR. Me fdon ta poviéla tov dtotdEemv
avaAvinke n enidpacn tov Adyov atpov/fropdlog (otddlo agpromoinong), Tov T060csTo décpevong CO2 kot
TOV 106061V cupumapaymyns MeOH otov evepystokd Paduod amddoons, otov eEgpyelakd Babud amddoong Kot
GTO TOGOGTO KATAGTPOONG e&€pyetag avd diepyacio. H povada dtaympiopov aépa, ol cuumiestég N2 yio tnv
apoimon Tov agpiov cVVBESNC Kol Ol CLUTIESTEG Yo TNV omobnkevon CO2 cuvteAobV GTO GNUOVTIKOTEPO
TOGOGTO TMV 1010KATAVOADCEWY NAEKTPIKTS evépyetag. O Babuog evepyetokng anddoong yio to otadpd BIGCC
yopic epappoyn CCS vrepéfn to 46%, evd 1 evooudtoon g dlepyaciog amoppoPNone/ekpoENoNg He
voatikd SAvpate KoCOs mpokdiese tn peiwon tov katd 6.5-11.5 mocootwieg povadeg. EmmAiéov, éva
ONUAVTIKO TOGOGTO TG GUVOALKNG KATAGTPOPT|G eEEPYELRG 0TO 0TaBd GuvTELEiTal GTOV 0EPLOGTPOPILO, GTOV
avtobepukd aegpromonty] kot ot povada CCS.

Téhog, 010 Kepdlaio 8 mapovcidlovrol Ta KOpo, GUUTEPACUATE TNG JOOKTOPIKNG SlaTpiPig Kot T oToLyEin
KovoTopiag g, Kodmg Kol TPOTAGELS Y10 LEALOVTIKT| EPYOCIA.
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Nomenclature

Acronyms

AARD Average absolute relative deviation
ABE Acetone-butanol-ethanol

AC Activated Carbon

AD Anaerobic Digestion

AGR Acid Gas Removal

ASU Air Separation Unit

BA Boric acid

BET Brunauer-Emmett-Teller

BEV Battery Electric Vehicle

BFBG Bubbling fluidized-bed gasifier
BGGE Biomass gasification with Gas Engine
BGSOFC Biomass gasification with solid oxide fuel cell
BIGCC Biomass-fueled Integrated Gasification Combined Cycle
BPR Backpressure regulator

BT Benzothiophene

BtL Biomass to Liquid

BTX Benzene-toluene-xylenes

CCE Carbon Conversion Efficiency

CCS Carbon Capture and Storage

CCUs Carbon Capture, Utilization and Storage
CFBG Circulating fluidized-bed gasifier
CFD Computational Fluid Dynamics

CGE Cold Gas Efficiency

CHP Combined Heat and Power

Ccv Coefficient of Variation

DBT Dibenzothiophene

DFBG Dual fluidized bed gasifier

DMDS Dimethyl disulfide

DME Dimethyl ether

DMS Dimethyl sulfide

DOE Department Of Energy

DRS Data Regression System

ECN Energy research Centre of the Netherlands
EDS Ethyl disulfide

EFG Entrained-flow gasifier

EM Ethyl mercaptan

EOR Enhanced Oil Recovery

EOS Equation of state

EQM Equilibrium model

ER Equivalence ratio

ETC Energy Technology Center

EU European Union

FB Fixed bed

FBG Fluidized-bed gasifier

FFT Fast Fourier Transform (algorithm)
FICFB Fast internally circulating fluidized bed
FID Flame lonization Detector

FT Fischer-Tropsch

FTIR Fourier Transform Infrared

FXBG Fixed-bed gasifier

GC Gas chromatography/gas chromatograph



GDP Gross Domestic Product

GHSV Gas Hourly Space Velocity

GT Gas turbine

HETP Height equivalent to a theoretical plate
HPT High-pressure turbine

HRSG Heat recovery steam generator

HTC Hydrothermal carbonization

HTG Hydrothermal gasification

HTL Hydrothermal ligquefaction

ICE Internal combustion engine

ID Internal diameter

IEA International Energy Agency

IGCC Integrated Gasification Combined Cycle
IGT Institute of Gas Technology

IHS Iron oxide hydroxide sorbent

IMTP Intalox Metal Tower Packing

IR Infrared

IUPAC International Union of Pure and Applied Chemistry
KLG Karhunen—Loéve Galerkin

LCA Life Cycle Assessment

LCOE Levelised cost of electricity

LFG Landfill gas

LHHW Langmuir-Hinshelwood-Hougen-Watson
LLE Liquid-liquid equilibrium

LOD Limit of Detection

LOQ Limit of Quantification

LPG Liquefied Petroleum Gas

LPT Low-pressure turbine

MAE Methyl aminoethanol

MBM Meat and bone meal

MCFC Molten carbonate fuel cell

MDEA Methyl diethanolamine

MEA Monoethanolamine

MFC Mass flow controller

MM Methyl mercaptan

MOO Multi-objective optimization

MPT Medium-pressure turbine

MPZ Methylpiperazine

MS Mass spectrometer, magnetic stirrer
MT Mixing tee

NG Natural gas

NGCC Natural Gas Combined Cycle

NMR Nuclear Magnetic Resonance

NREL National Renewable Energy Laboratory
NRTL Non-random Two Liquid (theory, model)
OECD Organization for Economic Co-operation and Development
OPD Optical path difference

ORC Organic Rankine Cycle

0osC Organic Sulfur Compound

PAH Polyaromatic hydrocarbon

PFPD Pulsed Flame Photometric Detector
PID Proportional-Integral-Derivative

PMF Particulate matter filter

PPP Purchasing Power Parity

PR-BM Peng-Robinson with Boston—Mathias alpha function



PSA
PSD
PSI
PTFE
PV
PVC
PZ
PZEA
RBM
RES
RH

RM
RMSE
RP

e
SCD
SCGP
SNG
SOFC
SP
SPA
SRK
SS
SSA
STBR
su

sV
TCD
TDL
TEPA
THT
TIT
TRL
UNFCCC
UNIQUAC
VLE
VP
WBA
WGS
WGSHT
WGSLT
Wi
WWSQ

Pressure Swing Adsorption
Particle size distribution

Paul Scherrer Institute
Polytetrafluoroethylene
Photovoltaics

Polyvinyl chloride

Piperazine
2-(1-piperazinyl)-ethylamine
Rate-based model

Renewable Energy Sources
Relative humidity

Rotameter

Root-mean-square error

Reflux pump

Steam cycle

Sulfur chemiluminescence detector
Shell Coal Gasification Process
Substitute natural gas

Solid oxide fuel cell

Sampling port, syringe pump
Solid-phase adsorption
Soave-Redlich-Kwong

Stainless steel

Specific surface area
Steam-To-Biomass Ratio
Sampling unit

Switch valve

Thermal Conductivity Detector
Tunable diode laser
Tetraethylenepentamine
Tetrahydrothiophene

Turbine Inlet Temperature
Technology Readiness Level
United Nations Framework Convention on Climate Change
Universal Quasi-chemical (theory, model)
Vapor-liquid equilibrium

Vacuum pump

World Bioenergy Association
Water-gas shift

Water-Gas Shift reactor at High Temperature
Water-Gas Shift reactor at Low Temperature
Weight indicators

Weighted Sum of SQuares

Parameters and variables

specific interfacial area (m™)
Debye-Hiickel parameter

carbon conversion efficiency (-)
cold gas efficiency (-)

CO; solubility (mol L)
adsorbate concentration (mol m3)
liquid diffusivity (m? s?)

bubble size in reactor (m)
particle diameter (pum)



p*
P el
Qe
dmL

dm» 990
R

R2
Ti

Treaction

specific exergy (J mol?)

exergy (W)

specific reference chemical exergy of species k (J mol?)
fugacity coefficient

gravitational constant (m s)

Gibbs free energy of system (J)

gas hourly space velocity (h)

enthalpy of water evaporation (MJ kg™)
specific enthalpy (J mol?)

enthalpy (J)

higher heating value (MJ kg*)
irreversibility (W)

ionic strength (segment mole fraction scale)
equilibrium constant

Henry equilibrium constant (m?® kg?)
Langmuir equilibrium constant (m?® mol?)
volumetric mass transfer coefficient (s)
kinetic constant

consistency index in power-law model (Pa s")
Boltzmann constant (1.38064852 x10723 J K1)
lower heating value (MJ kg)

liquid to gas ratio (—, mass basis)

mass (g)

mass flow rate (kg s?)

molecular weight (g mol?)

guantity of species (mol)

molar flow rate (mol s?)

flow index in power-law model

agitator speed (rps)

Avogadro number (6.02214076x10% mol?)
pressure

equilibrium pressure

electric power (MW)

electron charge (1.60219 x 108 C)
saturation value of Langmuir isotherm (mol kg*)
equilibrium or breakthrough capacity (mg g*)
universal gas constant (8.314 kJ kmol* K1)
coefficient of determination

Born radius (m)

reaction rate (kmol kg cat. s1)

specific entropy (J mol* K1)

time (s)

temperature

agitator diameter (m)

transmittance

exposure time (s)

turbine inlet temperature (°C)

volume flow rate (Nm? h?)

volume (m2 or L)

superficial gas velocity (m s)
stoichiometric coefficient

weight fraction of fuel element

moisture content of biomass



Xy molar fraction of species k
y molar fraction of gas component

z; ion charge

Greek letters

£ exergy efficiency

B statistical coefficient of biomass exergy
n energy efficiency

a;; non-randomness parameter

Ep attenuation coefficient or absorptivity
Edis energy dissipation rate (W kg™)

£ solvent dielectric constant

Ew water dielectric constant

P gas density (kg m?)

oL liquid density (kg m)

Oint interfacial tension (N m)

loading (mol mol?)
chemical potential (J mol?)
closest approach parameter
standard deviation

binary interaction parameter
activity coefficient
equivalence ratio

gas hold-up

acentric factor

E 8 >R QD™D TR

Subscripts/superscripts

0 initial, reference

0 infinite dilution

a anion

B solvent molecule

biom biomass

c cation

C carbon

ch chemical

comp compressor

daf dry ash-free basis

db dry basis

DB dry biomass

dm dry matter

el electric

eq equilibrium

ex expander

exp experiment/experimental
g gas

ge equilibrium state of gas phase
gs initial state of gas phase
H hydrogen

i, ] Component/species in mixture, number of rows, repetition index
in inlet

L Langmuir

Ic local composition

loss losses

m molecule
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Chapter 1: Introduction and theoretical background

1 Introduction and theoretical background

1.1 Coal and biomass for energy, fuels and chemicals

1.1.1 Current status of the energy mix and future projections

Energy has always been considered to be the driving force for economic growth and improvement of living
standards, especially since the start of the Industrial Revolution. According to ExxonMobil’s energy outlook
report [1], a country’s electricity use per capita is well aligned with its income level. In 2016, half of global
population had a gross domestic product (GDP) per capita of less than 20000 USD Purchasing Power Parity
(PPP) and a yearly electricity consumption well below 5000 kWh per person. Developed countries such as
Germany, Japan and South Korea with GDP per capita values of approx. 40000 USD PPP are responsible for
annual consumptions of 5000-10000 kWh per person, while countries associated with very high GDP per capita
values, such as USA, even exceeded the aforementioned consumption values. The global energy demand is
projected to constantly increase in the following decades, due to the global population growth (9.2 billion people
estimate for 2040). At the same time, an increase in the energy demand of rapidly-developing countries, such
as China, India and other non-OECD countries, already takes place. In 2017, global primary energy consumption
growth averaged 2.2%, higher than the 10-year average of 1.7% per year [2].

In 2015, fossil fuels accounted for 78.4% of global total final energy consumption [3]. According to [2], the
share of coal in the global electricity production remained almost steady from 1985 to 2017 at values close to
40% (38.1% in 2017), followed closely by natural gas with a share of 23.2% in 2017. On the other hand, the
share of oil in global power generation has been constantly decreasing and is below 5% during the last 5 years.
This trend is counterbalanced by its larger share in terms of global primary energy consumption, which is about
35%. Concerning the latter index, coal and natural gas follow oil with shares of 27.6% and 23.4% (2017 values),
respectively. The utilization of natural gas is constantly increasing during recent years and it is considered as a
suitable “transition fuel” for energy decarbonization. Benefits such as its utilization in highly efficient and
flexible power cycles, as well as the well-developed gas grid networks for its transportation and existing
infrastructure in general, have contributed to its expansion. Of course, apart from monitoring the current fossil
fuel resource consumption rates, a mapping of the future energy generation from fossil sources is necessary.
The reserve-to-production (R/P) ratio is an index that can provide an indication of the potential future reliance
on specific fuels. Recent estimations for the R/P ratios of oil, natural gas and coal in 2017 were presented in [2]
with values of 50.2, 52.6 and 134 years, respectively. Research studies focusing on the issue of fossil resource
depletion can also be found. Maggio and Cacciola [4] implemented a predictive model based on a variant of the
multi-cyclic Hubbert approach to estimate the production levels of oil, coal and natural gas using extended
historical data from 1857 to 2010. The authors estimated that coal and natural gas demand peak are expected to
occur between 2042-2062 and 2024-2046, respectively. Based on the “business-as-usual scenarios”, coal is
expected to play a role in global energy production for a few years to come, mainly in emerging and rapidly-
developing countries (e.g. Asia). Advantages such as low fuel cost, high capacity factors and high power density
compared to renewable energy technologies further enforce this prospect.

Nevertheless, the share of fossil fuels in global energy generation will be definitely influenced by national and
international targets and regulations for climate change, which have already been adopted by many countries
and unions. In 2015, parties to the United Nations Framework Convention on Climate Change (UNFCCC)
reached an agreement to combat climate change and to intensify their actions and investments to ensure a
sustainable low-carbon future. This was the major step taken after the Kyoto Protocol in 1997. The principal
aim of the Paris Agreement is to trigger action against the threat of climate change through keeping the global
temperature rise this century below 2 °C above pre-industrial levels and possibly, even further to 1.5 °C. During
the 2016 Opening for Signature of the Paris Agreement, 175 Parties (174 countries and the EU) signed the
Agreement, while 15 States deposited instruments of ratification [5]. Within this framework, a transition from
traditional fossil fuels to renewable energy sources (RES) is attempted. So far, the very high commissioning
rate of new renewable energy projects (mostly solar PV and wind power) has not been translated to a significant
change of the renewable energy share in terms of total final energy consumption. This fact can be attributed to
the strong growth of overall energy demand. In the European Union (EU), a roadmap has been launched which
sets a milestone for the reduction of carbon dioxide (CO-) emissions by 80% until 2050 compared to 1990 [6],
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which is directly associated with higher shares of RES. In this direction, a 27% renewable energy share in total
final energy is a target to be met until 2030 in EU-28. A brief overview of indicative regulations and actions
which relate to RES targets in the energy mix can be found in Table 1-1 (national and international level). As a
basis for comparison, renewable energy provided an estimated 19.3% of global final energy consumption in
2015. Particularly in EU-28, the share of RES in final energy and electricity generation in 2015 was 16% and
28.8%), respectively.

Table 1-1: National and international regulations and actions for RES participation in the energy mix (data
retrieved from [3]).

Country/region Milestone (year) RES target description
EU-28 2030 27% share in final energy consumption
France 2030 32% share in final energy consumption
Germany 2050 60% share in final energy consumption
Greece 2020 20% share in final energy consumption
UK 2020 15% share in final energy consumption
China 2030 20% share in primary energy consumption
lllinois (USA) 2026 25% share in electricity generation
California (USA) 2030 50% share in electricity generation
India 2030 40% share in electricity generation
Brazil 2030 23% share in electricity generation
Japan 2030 14% share in primary energy consumption
Indonesia 2025 25% share in primary energy consumption
Philippines! 2050 100% share in electricity generation

*Target established by the Climate Vulnerable Forum [7]

Based on current legislation, the share of RES in the energy mix will continuously increase, bringing along
requirements for energy storage, expansion of electrification and new environmentally-friendly energy carriers
for industry and transportation. During this transition, coal-based energy will have to adapt to the strict
requirements related to climate change. Environmental benefits from coal-based heat and/or power production
or processing for fuels and chemicals can arise from energy efficiency improvements in the short term and to a
greater extent, from investments in Carbon Capture, Utilization and Storage (CCUS) or cleaner coal-utilization
technologies. The International Renewable Energy Agency (IRENA) has prepared a roadmap (REmap) which
estimates what the future participation of various RES and fossil sources could be until 2050 [8]. The REmap
case study of IRENA is in line with the guidelines of the Paris Agreement to sustain a global temperature
increase below 2 °C above pre-industrial levels. The study specifies directions for four key sectors i.e. transport,
buildings, industry and the power sector. The major forecast is the electrification of most sectors in order to
accommodate large shares of power generation from wind and solar PV. Assuming the REmap scenario,
renewable electricity would account for 28% in the transport sector, while its share in the final energy
consumption of buildings could be up to 48%. Moreover, in the industry sector renewable electricity will
account for 36% of the total final energy consumption of the sector. Lastly, the combined share of wind and
solar PV in the power sector was estimated to be as high as 58%. In all sectors, biomass was also acknowledged
as an important energy source, the share of which is expected to significantly increase in the REmap 2050
scenarios. An overview of primary energy demand estimations until 2040 from BP and suggestions for low-
carbon technologies until 2050 from IRENA is shown in Figure 1-1.

A few important points concerning biomass utilization by 2050 can be summarized assuming the “optimistic”
REmap scenario from IRENA’s study [8].

1. In the transport sector, biogas and liquid biofuels will rise their share to 22% in final energy consumption
compared to about 3% currently. This can be explained because battery electric vehicles (BEV) are known
to have limitations for heavy duty transportation.

2. In the building sector, modern bioenergy systems are expected to increase their share to 14% compared to
4% currently. The term “modern bioenergy” can describe alternative technologies of biomass utilization
compared to traditional cook stoves and domestic heating applications. Such applications may include



Chapter 1: Introduction and theoretical background

highly-efficient condensation boilers for heating, as well as micro- and small-scale combined heat and
power (CHP) systems based on combustion or gasification of biomass.
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Figure 1-1:(Top left) Primary energy demand by source according to [9]. (Top right and bottom) Transport
final energy, industry final energy and electricity mix by source based on the 2050 REmap scenario from [8].

3. The industrial sector is the second-largest emitter of energy-related CO,. Particularly, the chemical,
petrochemical and steel sector have the highest contribution, because they employ energy intensive and
high-temperature processes which makes decarbonization more difficult. Biomass is expected to greatly
contribute to the final energy consumption by almost triplicating its current share by 2050 to about 19%.

4. Concerning the power sector, the share of biomass in power generation is expected to remain almost
constant. It is expected to slightly increase from 3.5% to 4.0% by 2050. However, it must be noted that a
very high increase of the installed capacity of biomass plants is expected due to the increased overall energy
demand (from 119 GW in 2015 to 384 GW in 2050). Electricity can be generated from biomass based on
thermochemical (combustion, gasification) and biochemical (e.g. digestion) processes, as analyzed next.

Although the share of bioenergy, biogas, biofuels and other RES is forecast to significantly increase by 2050,
most of the sectors will still use fossil sources, such as natural gas and oil. The share of natural gas in the
transport, buildings, industry and power sectors was estimated as 4%, 7.3%, 15% and 10%, respectively, while
the share of oil may still be as high as 33% in the transport sector. This fact highlights that the biomass
deployment potential can be far greater when a complete elimination of fossil fuel sources will be required. As
an example, Substitute Natural Gas (SNG) produced from biomass gasification and methanation could replace
fossil natural gas in the future economy.

Of course, limitations related to biomass competitive applications, principally for food production, and techno-
economic criteria (including optimization of biomass logistics) will formulate the extent of bioenergy
penetration in the energy mix. The future potential of biomass for energy will depend on tackling challenges
such as agricultural land desertification, degradation, limitless urbanization, as well as securing protection and
expansion of forest areas. Yield optimization will be of great importance since this plays a major role in
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increasing availability for food and fuel production. According to the World Bioenergy Association (WBA)
estimates [10], about 5% of the agricultural area may be used for dedicated energy crops for biofuels and solid
biomass for energy by 2035. In the next 20 years, the estimated combined energy potential of biomass from
agriculture, forestry and waste sectors will be around 150 EJ. A very high percentage of the total energy potential
(43%) is expected to derive from agricultural biomass such as residues, energy crops and other by-products
from related activities. On the other hand, biomass from forestry operations will supply about 52% of the
estimated energy. This includes both wood fuel, as well as significant quantities of forest residues and by-
products of the wood processing sector. Concerning this changing situation, it must be noted that in this decade,
almost 85% of the total biomass used derived from forests or trees. Table 1-2 presents medium-term predictions
by WBA for the biomass potential from various sources. It is interesting to highlight that the utilization of waste
biomass will have a comparable and even slightly higher share compared to that derived from dedicated crops.
This is considered a very likely outcome when aiming at securing food supply especially in developing
economies. Overall, as shown in Table 1-2, the future estimated potential will triplicate by 2035 assuming a)
sustainable forest management practices, b) utilization of a 25% share of agricultural by-products such as rice
husks, sunflower shells, etc. plus manure valorization and c) investing at high-yield crops for biofuels and solid
biomass (estimated area of approx. 240 million hectares).

Table 1-2: Current and future estimates of global biomass potential in EJ [10].
Current estimation  Future estimated  Future estimated

Sector Subsector (based on 2012 data) range (2035) average (2035)
Agriculture Dedicated crops 3.5 26-34 30
By-products, 2.1 30-38 34
residues and manure
Total agriculture 5.6 56-72 64
Forestry 48.9 72-84 78
Organic waste 1.7 6-10 8
Total 56.2 134-166 150

1.1.2 Solid fuel contribution to the production of transport fuels and chemicals

Valuable secondary products can be derived from coal and biomass, such as fuels and chemicals. Coal can be
converted to chemicals and materials based on various strategies, several of which are described in [11]. The
most appealing route is gasification followed by catalytic conversion of syngas. Application of this pathway has
been a real case with the broadly applied SASOL process, which has been commercially deployed for producing
paraffinic liquid fuels and chemical feedstocks through Fischer-Tropsch (FT) synthesis [12]. Another important
pathway is coal conversion to liquids or coal tar, which can be done through carbonization, pyrolysis, extraction
or direct liquefaction. For example, phenolic compounds can be produced through this route, derived from
naphtha distillates [13, 14]. Furthermore, specific coal structures may be selectively removed to produce
valuable monomers and monomer precursors. Concepts for the combined production of electricity, heat and
chemicals/fuels are feasible, such as in the context of an Integrated Gasification Combined Cycle (IGCC) [15].
A few of the technologies described above also apply to biomass, either as primary thermochemical conversion
steps, as well as secondary synthesis processes.

In the future economy, sustainable production of various carbon-containing products, which currently depend
on fossil fuels as process inputs, will be a necessity. Two major sources of recyclable carbon which are currently
investigated are atmospheric CO, and biomass. In general, direct CO, capture from air has many economic
limitations due to the low CO; concentration (~ 400 ppm), which necessitates expensive capture units with large
contact areas and the processing of large amounts of atmospheric air [16]. According to Krekel et al. [17], who
performed a techno-economic investigation of direct CO, capture from air, the required sequestration energy is
up to 4 times higher while its cost is higher by a factor of 8-13 compared to Carbon Capture and Storage (CCS)
installations for large point-emitters, assuming an abatement cost of 100 $/t CO, for the latter case.
Consequently, biomass is acknowledged as the most promising source for obtaining a variety of carbon-
containing chemicals. Biofuels, either gaseous or liquid, are typically characterized by a high market volume
compared to biochemicals and biomaterials but are typically associated with comparatively lower prices.
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Concerning the chemical industry, Sanders et al. [18] estimated that until 2050 at least 30% (by weight) of base
chemicals will be produced from biomass. In 2050, the following market situation is expected:

e Organic base chemicals and bulk chemicals: Overall production amount estimated at 900 Mtpa (including
ethylene, propylene, functionalized bulk chemicals for plastics, nylons, polyesters etc.) for an annual growth
of 3%.

¢ Inorganic base chemicals: Overall production amount estimated at 2200 Mtpa (including sulfuric acid, lime,
hydrogen, ammonia, etc.) for annual demand growth of 2%.

Reductions of fossil inputs for raw materials and energy are expected for both categories. Especially for organic
base chemicals, a reduction up to 50% can be realized (combined fossil inputs for raw materials and energy),
taking advantage of the (biomass) functional group properties. In 2016, the National Renewable Energy
Laboratory (NREL) published a report [19] with the aim of specifying promising biomass-derived products in
the short term. Several criteria were established for the evaluation and key aspects were investigated such as
market volume and maturity, chemical utilization flexibility, potential economic benefits compared to fossil-
based conversion pathways, as well as previous research work and funding associated with their production
processes (especially by the US DOE).

The following chemicals were finally considered and evaluated, being either functional or drop-in replacements:
butadiene (1, 3-), butanediol (1,4-), ethyl lactate, fatty alcohols, furfural, glycerol, isoprene, lactic acid,
propanediol (1,3-), propylene glycol, succinic acid and xylene. For most of these chemicals, the overall market
volume (in metric tons) and their prices as 3-5 year averages are shown in Figure 1-2. Products with high market
volumes and current price levels can be identified, such as butadiene and butanediol. The report suggests the
feasibility of three different production pathways depending on the type of the end-products, namely
biological/biochemical conversion, thermochemical conversion and a combination of both (as in the case of
syngas fermentation).
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Figure 1-2: Reported 3-5 year average U.S. prices vs. global market volume for selected chemicals (modified
from [19]).
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In the NREL study [19], the scale of development and the Technology Readiness Level (TRL) was described
as critical parameters for commercial deployment of the biomass-based syntheses processes. Xylene, isoprene
and butadiene (1,3-) synthesis processes were assigned a TRL of 6, butanediol a TRL of 8 and all other
chemicals were identified to be at TRL of 9, based on commaodity feedstocks.

As already described, demand for biofuels will increase as dependence on fossil-based transportation fuels
decreases. Similarly to chemicals, biofuels can also be derived through thermochemical and biochemical
conversion routes. Gaseous biofuels are typically used for heat and power applications (domestic or centralized),
while liquid biofuels are commonly applied to the transportation sector. Biomass can be used for the production
of a great variety of fuels such as methanol (MeOH), ethanol (EtOH), dimethyl ether (DME), FT fuels, SNG
and H,. Biofuels can be classified into four main categories (or generations) [20]. First-generation biofuels are
those directly derived from simple sugars, starch, fats and vegetable oils (methanol, ethanol, fatty acid esters,
etc.). In Brazil, ethanol production from sugarcane through fermentation with yeast cells is a representative
example of this route [21]. Crop utilization competition for both food and first-generation biofuel production
has pushed research towards alternative conversion pathways. Lignocellulosic biomass can be used as the
primary source for second-generation biofuels, based on biomass-to-liquid (BtL) processes or other concepts.
The most important benefit of this option is the potential to use either waste biomass, such as agricultural and
forestry residues, or energy crops which grow on non-arable, marginal land with limited or no requirement for
fertilizers and pesticides. Moreover, third and fourth generation biofuels can be produced from algal biomass.
Particularly, fourth-generation biofuel production processes rely on metabolic engineering and growth rate
improvements of algal biomass, which results in a carbon-negative energy source [22].

In conclusion, solid fuels will play a major role in the production of energy and chemical products in the future.
A high share of coal in the energy mix would probably be accompanied by the intensive application of carbon
capture technologies. Biomass has the potential to decarbonize various sectors, which currently rely heavily on
fossil fuels. In the next section, the main processes for the conversion of solid fuels to energy, transportation
fuels and chemicals are reviewed. This literature review will subsequently focus more on biomass conversion
processes since this is a field of interest in the framework of a sustainable economy. However, aspects of coal
utilization are also discussed.

1.2 Biochemical and thermochemical conversion routes for energy, fuels and chemicals

This section aims to briefly present biochemical and thermochemical conversion pathways of solid fuels, with
a special focus on the latter. Particularly, gasification is analyzed in detail to provide the necessary framework
for the subsequent chapters.

1.2.1 Biochemical conversion pathway: an overview

In biochemical conversion processes, biomass molecules are broken into smaller ones via bacteria or enzymes.
Fermentation and anaerobic digestion are two of the major processes which belong to this category (enzymatic
conversion can also be considered). An important difference compared to thermochemical conversion processes
is the fact that biochemical conversion takes place at much lower temperatures. The main steps of a biochemical
conversion process are feedstock collection and supply, feedstock pretreatment, hydrolysis, biological
conversion and recovery of the product(s). In fermentation, the aim of the biocatalysts is to convert the
carbohydrates which are present in biomass and particularly hemicellulose and cellulose into sugars. The sugars
are intermediate products that can then be fermented to produce biofuels, value-added chemicals, heat and
electricity. Fermentation is a well-established, commercialized technology for producing ethanol from sugar
crops and starch crops in large-scale plants [23]. More specifically, biomass grinding takes place to reduce the
particle size and enzymes are employed to convert starch into sugars. During hydrolysis, polysaccharides
decompose to produce pentoses (Cs sugars e.g. xylose) and hexoses (Ce sugars e.g. glucose), which can then be
fermented by microorganisms. The fermentation of Cs sugars to ethanol is shown in R 1-1

Fermentation
CeH1,04(glucose) + microorganisms === 2C,H;0(ethanol) + 2CO, R 1-1
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The final product can be recovered through distillation, which is an energy-intensive process operation. In
ethanol production plants, an ethanol purity of 95-96% is usually achieved through distillation [24]. It is
important to note that broadening the utilization of biomass fractions or producing multiple products in a
biorefinery concept, based on such a biochemical process, can significantly improve the profitability of the
investment. Solid residues from the fermentation process can either be sold as cattle-feed or used as fuel in
boilers [23]. Protein can be also coproduced and further improve the economic yield of such a plant. Possibilities
for protein recovery from herbaceous energy crops have been discussed by Dale et al. [25].

Of course, the efficient utilization of low-quality, abundant lignocellulosic biomass as feedstock in biochemical
conversion plants is of major importance. When lignocellulosic biomass is used, process modifications are
necessary due to the complexity of the feedstock. The main difference is that prior to sugar fermentation,
intensive biomass pretreatment through physical, chemical and physicochemical methods is needed to improve
the accessibility of enzymes towards long-chain polysaccharide molecules. Acid or enzymatic hydrolysis is
applied in order to accomplish the breakdown of cellulose into sugar. A comparative techno-economic analysis
of steam explosion, dilute sulfuric acid, ammonia fiber explosion and biological pretreatments for corn stover
can be found in [26]. A schematic flowsheet of an ABE (acetone-butanol-ethanol) fermentation process
operating with lignocellulosic feedstock is shown in Figure 1-3.

Bagasse, straw, corn
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\
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— O —{ Fermentation [—»
saccharification H,
\
Dilute y
sulfuric acid Pr]f”ea”me.”“’f Solid/liquid Solid
- ermentation - — "
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peroxide

Figure 1-3: Flowsheet of ABE fermentation process from lignocellulosic biomass (adapted from [27]).

In anaerobic digestion (AD), biomass is converted to a combustible gaseous mixture which contains mainly
methane (CH4), CO2, moisture as well as other contaminants such as H.S and siloxanes. The process is carried
out in controlled reactors or digesters where the biodegradable organic material is decomposed by bacteria in
the absence of oxygen (O2) at temperatures between 30-65 °C. The operation temperature mainly depends on
the type of bacteria (mesophilic or thermophilic). The process is commercially proven and it is applied mostly
for wet organic waste i.e. organic residues containing moisture contents above 80 wt.% [28]. The produced
biogas has an energy content between 20-40% of the feedstock LHV and it is typically used directly in internal
combustion engines (ICE) for CHP generation [23]. Biogas can also be pretreated, upgraded to remove CO; and
fed to the natural gas grid. Moreover, other options have also emerged, such as the possibility to couple highly
efficient (electrical efficiency > 50%) solid oxide fuel cells (SOFCs) with an AD process [29]. The residue from
AD can be treated through processes such as composting, physicochemical treatment, solar or belt drying etc.
Several of those processes are compared from an environmental perspective in [30]. The digestate can be
recycled as a liquid and/or solid fertilizer since it is a material rich in nutrients. For a small to medium size
biogas plant (< 500 kW), field application in the vicinity of the owner’s facility is preferable. On the other
hand, for higher plant capacities, transportation of the digestate is necessary in order to avoid its accumulation
near farming areas and improve soil quality in areas with nutrient deficit [30]. Water can also be recovered from
the AD waste stream and recycled for irrigation. The process layout of an AD plant is shown in Figure 1-4.
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Figure 1-4: Process flowsheet of a CHP plant based on AD of biomass (adapted from [23]).

1.2.2 Thermochemical conversion pathway: an overview

Biomass thermochemical conversion processes are characterized by higher efficiencies compared to the
biochemical ones. Non-fermentable lignin, which constitutes from 15% to more than 50% (daf basis) of biomass
weight [31], can be decomposed through thermochemical processes. Thermochemical conversion processes
operate at higher temperatures and conversion times are much lower due to improved reaction kinetics. As an
order of magnitude, thermochemical conversion of biomass takes place within a few seconds or minutes, while
biochemical conversion may be completed after several days or weeks [32]. Another characteristic is that the
yield of gaseous, liquid or solid final products may vary depending on the process temperature. The temperature
window for this conversion pathway is rather wide—operation temperatures can vary between 200 °C and 1400
°C for the various thermochemical processes. A schematic diagram of the four main conversion processes of
this category is shown in Figure 1-5. Of course, one can advocate that more processes could be included, such
as torrefaction, which is a mild thermal pretreatment of solid fuels at a temperature range of 200-300 °C in the
absence of O,. However, only four main routes are herein described, since most other processes can be
considered as subcategories of the ones shown in Figure 1-5.

Biomass
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Thermochemical
CONversion processes
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Y ! |
. Steam/
Air/Oxygen Steam Oxygen

Figure 1-5: Overview of the main biomass thermochemical conversion routes.
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Combustion is the oxidation of a fuel with air or pure O (oxy-fuel combustion) in order to release heat. It
comprises of a sequence of reactions by which carbon contained in the fuel is oxidized to CO- and hydrogen is
oxidized to H2O. The overall combustion process can be divided into several sub-processes such as fuel drying,
pyrolysis, gasification and combustion, i.e. various thermochemical processes may take place in parallel during
solid fuel conversion [33]. Initially, the fuel is heated and dried, while subsequently devolatilization occurs
during which volatile organic components are released. Those volatile compounds are combusted faster
compared to the carbon-rich fuel residue (char), which burns more slowly in the furnace [33]. The remaining
solid waste after combustion is ideally non-combustible mineral matter (ash), although typically unburnt carbon
is also collected. The overall process can be represented by the generalized reaction R 1-2 [34]

Cx1Hx20x3Ny4 Sx5ClyeSix7 KygCaxoMgy1oNayy1 PyioFeyq3Alkq4 Tiygs +
nH,0 + n,(1 + e)(0, + 3.76N,) — n3CO, + n,H,0 + n50, + ngN, +
n,CO + ngCH,4 + ngNO + n;4gNO, + n;,SO; + n;, HCl + n,3KCl +
n4K,S04 + nysC+... +Heat

R 1-2

Combustion is carried out with excess O, (compared to stoichiometric) and temperature varies between 850 °C
and 1450 °C depending on the boiler technology [33, 35-38]. The combustion heat is used to generate high-
enthalpy steam in a conventional water/steam Rankine cycle [39] or to evaporate an organic medium in an
Organic Rankine Cycle (ORC) [40]. The working fluid then expands in a turbine and produces mechanical work
and electricity through a generator. Highly-efficient, supercritical coal combustion plants are state-of-the-art
technology for power and CHP generation [41]. Biomass combustion plants are also in operation worldwide,
especially for CHP applications [42]. However, research is still conducted on biomass combustion in order to
address ash-related issues (high-temperature chlorine corrosion, slagging, fouling, agglomeration problems,
etc.) and enhance plant efficiency [43]. Co-firing of coal and biomass is another option for preserving fossil
resources in existing large-scale combustion plants [44]. Typically, substitution by up to 20% of coal needs no
modifications of the boiler firing system [45].

In hydrothermal liquefaction (HTL), biomass is converted into liquid components by being processed in hot,
pressurized water. Temperature, pressure, residence time, feedstock and catalyst type are critical parameters
that affect the process yield. Compared to pyrolysis, HTL requires both lower temperatures and lower heating
rates [46]. Typically, the process takes place at temperatures in the range 250-375 °C, pressures between 40 and
220 bar and feedstock residence time of ca. 15 min. Both continuous and batch-type HTL processes have been
reported in the literature [46, 47]. Three steps mainly occur during HTL, namely depolymerization,
decomposition and recombination. Biomass decomposes into smaller compounds, which subsequently
polymerize to form bio-crude or bio-oil. The resulting products from the phase separation in an HTL plant are
a CO.-rich gaseous stream, bio-oil and an aqueous phase, which can be recirculated in the system.

Bio-crude contains a wide range of organic compounds such as [46, 48]:

Monoaromatic compounds e.g. phenol, benzene etc.

Fatty acids e.g. myristic acid, palmitic acid, steric acid etc.

Alkanes/alkenes e.g. hexadecane/hexadecene, heptadecane/heptadecene etc.
Polyaromatic compounds e.g. naphthalene, indene, anthracene etc.
Nitrogen-containing compounds e.g. indoles, pyrazines, piperidines etc.
Oxygenated compounds e.g. esters, ketones, alcohols, acetic acid etc.

The solid byproduct of the process may be directly used as fertilizer, while the bio-oil stream usually needs
further hydrotreatment processing before further utilization. The process layout of an HTL process for
lignocellulosic biomass is shown in Figure 1-6. Algal biomass can also be used as feedstock for HTL with the
benefit of recycling nutrients back to the cultivation [49]. The HTL aqueous phase which contains organic
compounds can be treated through AD or hydrothermal gasification (HTG), indicating material, heat and power
integration options. A process efficiency of ca. 85-90% can be achieved during biomass HTL [46].

Pyrolysis is thermal decomposition that takes place in the absence of O,. Three major products are produced
during biomass pyrolysis—a solid product with high carbon content (char), a gaseous product and a liquid
product, which is called bio-oil. Crude bio-oil is composed of a complex mixture of oxygenated hydrocarbons
(tars and heavier hydrocarbons) and water. Its water content is usually rather high (20 wt.%) due to the biomass
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feedstock moisture, as well as to water produced during pyrolysis reactions. Thus, feedstock drying is carried
out prior to the reactor to reduce the water content in bio-oil.

Biomass Water recirculation
| : ! }
Phase
Pretreatment —» HTL > . » Hydrotreatment
separation
A A A
Aqueous
phase
\i \ Y
AD or H,
-« Hydrothermal
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Figure 1-6: HTL process layout for lignocellulosic biomass feedstock (reproduced from [47]).

The process yield varies depending on the temperature and heating rate/residence time. Therefore, pyrolysis can
be fast, intermediate and slow (carbonization). Among them, fast pyrolysis has gained particular interest due to
its high bio-oil yield which can be in the range of ~75% (per dry feedstock mass as a basis). An overview of
process conditions and yield depending on the operating mode/regime is shown in Table 1-3. A comparison to
torrefaction has been also included, as the latter process is also termed as “slow, low-temperature pyrolysis”.

Table 1-3: Wood pyrolysis product weight yields (dry fuel basis), operating conditions and comparison with
torrefaction (adapted from [50]).

Mode Operating conditions Liquid (%) Solid (%) Gas (%)

Fast _ ~ 500 C_, short l_lot vapor 75 (bio-oil) 12 13
pyrolysis residence time ~1s
Intermediate ~ 500 °C, medium hot vapor

pyrolysis residence time ~ 10-30 s 40 (2 phases) 40 20
Slow pyrolysis  ~ 400 °C, long vapor residence

S - 30 35 35
(carbonization) time from hours to days

~ 290 °C, solid residence time 0 (up to 15%,

Torrefaction 80 20

~ 10-60 min if condensed)

A description of a typical fast pyrolysis plant is given by Bridgwater [50]. In a fast pyrolysis unit, the first
operation stage comprises of feedstock pretreatment. Biomass is dried to below 10 wt.% and it is ground to a
small particle size in order to ensure a fast reaction of the fuel in the pyrolyzer. Less than 3 mm particle size is
usually needed for achieving high heat transfer rates toward the solid particles. The material is transferred to
the reactor (typically, a bubbling or circulating fluidized bed reactor), where fast pyrolysis occurs [24]. The
conversion reaction R 1-3 can be used to describe the pyrolysis process

Heat
CyHpOp (biomass) = Z CxH, 0, + Z C,HpO0. + H,0 + C (char) R 1-3
liquid gas

10
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Subsequently, solid char is removed from the hot vapor to suppress cracking reactions, followed by rapid
cooling of the pyrolysis vapors for bio-oil recovery. The gaseous phase contains CO2, H,0, CO, Hy, CHa, C2H,,
C,H4, C2Hg, CsHs and other traces [24, 51]. Gas and solid char are used within the process to increase energy
recovery, so flue gas and ash are the wastes. Bio-oil can be used for energy storage, as it represents an energy
carrier with improved properties for transportation compared to raw biomass [52]. It is also a valuable source
for producing biofuels and green chemicals. For this purpose, physical, chemical and/or catalytic upgrading
processes need to be carried out for its refinement, such as filtering, emulsification, hydrotreating, catalytic
vapor cracking, esterification, etc. [50, 53-55]. An overview of methods for fast pyrolysis product upgrading
can be found in [56]. A schematic diagram describing possible upgrading routes is shown in Figure 1-7.

Gasification is a widely investigated technology as a first step for the conversion of solid fuels to gaseous and
liquid biofuels, such as SNG and alcohols, as well as for power generation. It is a thermochemical conversion
process that converts carbonaceous materials into a combustible gas (syngas), which consists mainly of carbon
monoxide (CO) and hydrogen (H). The process is carried out at elevated temperatures, usually between 800-
1500 °C depending on the gasification technology [57]. Air, pure oxygen, steam, CO- and mixtures of those are
supplied to the reactor as gasification agents. Gasification shares similarities with combustion, for example both
operate within a similar temperature range and they share common mechanisms during the first steps of fuel
conversion [58]. In addition, both processes can be carried out in similar reactor design concepts (e.g. fluidized
bed reactors).
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Figure 1-7: Upgrading options for fast pyrolysis products (adapted from [56]).

However, significant differences between combustion and gasification plants can be noted:

e Combustion of solid fuels aims the generation of heat for evaporating and superheating the working fluid
and complete oxidation with excess O; is needed. During gasification with an oxidizing agent, the fuel is
partially oxidized to produce enough heat for the endothermic gasification reactions. The principal output
of the process is syngas, a gaseous fuel for subsequent valorization. Moreover, gasification can be carried
without partial fuel oxidation inside the gasifier by supplying heat externally to the process (allothermal
gasification).

e Gasification is carried out from atmospheric to high pressures (up to 70 bar) [59], while solid-fuel
combustion is performed at atmospheric pressure. The main reason for high-pressure operation is the need
to utilize syngas downstream of the gasifier for catalytic synthesis or in gas turbines. Storage either of the
final gaseous product or other byproduct streams is another motivation for high-pressure gasification.

11
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e The composition of the gasification product gas is essentially different compared to the flue gas derived
from solid-fuel combustion. This observation does not only refer to the main gaseous components, but also
to syngas contaminants. Of course, this fact necessitates the application of alternative technologies for
syngas cleaning taking also into account the requirements of downstream equipment.

The following section of this chapter aims to focus more on the gasification process. Fundamental aspects
concerning this thermochemical route will be described, with particular focus on the composition of the product
gas and its utilization in downstream applications. This discussion will provide the basis for addressing aspects
related to syngas cleanup operations in gasification-based plants.

1.3 Gasification: process mechanism, reactor technologies and syngas quality

1.3.1 Gasification mechanism and reactions

A typical gasification process follows a mechanism which consists of the following steps [58]:

1. Fuel preheating and drying
2. Fuel pyrolysis and/or oxidation
3. Char gasification

The conversion mechanism sequence is illustrated in Figure 1-8. It must be noted that although there are no
clearly defined boundaries between the different process steps, solid fuel gasification is commonly described as
a sequential process.

Gases
(CO, H,, CH,...) Gas phase reactions
(crackt;ngi_reforrr]r_lfltng, CO. Hy, CH.,
Liquids combustion, shift) » H0,COq,

Biomass @ (tar, oil,naptha)/ cracking products

Oxygenated compounds

(phenols etc.) Char gas reactions

(gasification, combustion, shift) ~ CO, Hz, CHy,
Solid char > H,0, CO,,

unconverted char

Figure 1-8: Gasification conversion steps (adapted from [24]).

Initially, the fuel enters the reactor, it is heated and moisture is released when fuel temperature increases above
100 °C. The heating of the particle continues up to a temperature of 200 °C and during this stage, volatilization
of low-molecular-weight extractives occurs. In order to improve process efficiency, the fuel is pre-dried before
the gasifier to moisture content in the range 10-20 wt.%. This is an important step since the moisture content of
fuels such as fresh forest residues or empty fruit bunches, a solid biomass waste of palm oil production from
fresh fruit bunches, can be up to 50-60 wt.% [60, 61].

As the temperature of the particles rises further, the pyrolysis of the fuel takes place. During this step, larger
hydrocarbon molecules decompose to smaller ones and form condensable and non-condensable species. The
pyrolysis products include gases, solid char and a wide range of condensable organic compounds, which are
also called tars. Then, gas-gas and solid-gas reactions take place among the pyrolysis products themselves and
among the pyrolysis products and the gasification agent, such as carbon-gas, oxidation, methanation and
reforming reactions, as well as the water-gas shift (WGS) reaction. A list of reactions involving the main syngas
species and their enthalpies is presented in Table 1-4.

12
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Table 1-4: Gasification reactions and their enthalpies at 25 °C [24, 62].

Reaction type Reaction Enthalpy of reaction

(kJ mol™)
Carbon reactions
R 1-4 (Boudouard) C+ CO, « 2C0 +172
R1-5 C+ H,0 < CO + H, +131
R 1-6 (Hydrogasification) C+ 2H, & CH,4 -74.8
R 1-7 C+ 0.50, - CO -111
Oxidation reactions
R 1-8 C+ 0, - CO, -394
R 1-9 CO + 0.50, — CO, -284
R 1-10 CH, + 20, - CO, + 2H,0 -803
R 1-11 H, + 0.50, - H,0 -242
Water-gas shift reaction
R 1-12 CO + H,0 < CO, + H, -41.2
Methanation reactions
R 1-13 2CO + 2H, & CH, + CO, -247
R 1-14 (CO methanation) CO + 3H, & CH4 + H,0 -206
R 1-15 (CO, methanation/Sabatier) CO, + 4H, & CH4 + 2H,0 -165
Methane reforming reactions
R 1-16 (steam methane reforming) CH, + H,0 < CO + 3H, +206
R 1-17 CH, + 0.50, - CO + 2H, -36

1.3.2 Gasification technologies and operating conditions

Three major gasification technologies can be identified: fixed or moving bed (FXBG), fluidized bed (FBG) and
entrained flow gasifier (EFG) [57]. Those three categories are herein discussed, however, different variations
may be found based on those designs. For example, one of the main variations of the FBG technology is the
dual fluidized bed gasifier (DFBG), which was also installed at the biomass CHP plant in Giissing, Austria [63].
Currently, plasma-assisted gasification is another technology that is also of great interest [64]. A comparison of
gasification technologies is depicted in Table 1-5.

In a FXBG, a bed of fuel is maintained at a constant depth by adding fuel from the top, which subsequently
moves downward due to gravity and reacts to produce syngas, proceeding through the gasification steps
described in Section 1.3.1. The design of this technology indicates that a stationary reaction zone is maintained
in the reactor. In an updraft FXBG, the fuel enters at the top and the gasification agent at the bottom of the
reactor. Due to the fact that the oxidation medium is supplied at the bottom, the combustion zone is placed low
in the reactor and the heat which is released is consumed at the upper reaction zones to carry out endothermic
reactions. Due to the fact that pyrolysis occurs as syngas ascends the reactor, a very high tar yield is usually
obtained. In a downdraft FXBG, both biomass and the gasification agent flow in a concurrent way. The fuel
which enters the reactor is dried and pyrolyzed. As it flows downwards, air is supplied through a smaller cross-
section, also called “throat”. The gas flows through a high-temperature combustion zone (1200-1400 °C), where
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tar cracking reactions occur. Since a reduction zone is downstream of the combustion zone, additional cracking
occurs due to the presence of char, further decreasing the tar content. The FXBG technology is commercially
available for low capacities (< 10 MWy,) and it is common in coal gasification projects. Commercial FXBG
concepts are the BGL slagging type and Lurgi dry ash [57].

FBGs are considered particularly suitable for biomass gasification compared to other technologies. The
gasification agent is also used to fluidize a bed of fine particles (250-500 um), such as sand, olivine or other
material. The operation under a fluidization regime ensures improved heat and mass transfer in the reactor. This
fact is associated with several advantages such as the possibility to handle diverse feedstocks and the potential
to carry out in situ syngas cleaning (sorbents) or catalysis depending on the type of bed material. Fluidized bed
reactors have proven to be appropriate for upscaling and the technology is now commercially available up to a
few hundreds of MWy, for a wide range of biomass fuels, especially for combustion applications [65]. FBGs
can mainly be categorized into bubbling fluidized bed (BFBG) and circulating fluidized bed gasifiers (CFBG).
Both technologies share the same principle of bed material fluidization, however, they differ in the fact that
CFBG reactors operate at higher superficial velocities and they are designed for material recirculation (through
a cyclone and downcomer) for extending the solid residence time and improving fuel conversion to syngas.
FBGs operate at lower temperatures (1000 °C max.) compared to other categories to avoid agglomeration due
to fusible ash, a limiting parameter especially for biomass fuels [66]. The operation pressure of FBGs ranges
from atmospheric up to 35 bar [67].

EFGs have been a widely adopted technology in coal gasification projects. In an EFG unit, the fuel is firstly
dried and pulverized to about 75-100 um. It is then transported to the reactor by a carrier gas flow and it is
mixed with the oxidation/gasification agent. A typical EFG operates at high temperatures (~ 1400 °C) and high
pressures (20-70 bar).

Table 1-5: Comparison of major gasification technologies (data from [20], [24] and [68]).

Parameter Fixed bed gasifier Fluidized bed gasifier Entrained flow gasifier
Feed size <51 mm <6 mm <150 pm
Tolerance for fines Poor Good Excellent
Tolerance for coarse Very good Good Poor
Reactor temperature (°C) 1090 800-1000 Up to 2000
Typical feedstock i Low-rank coal and
type Low-rank coal Biomass Coal (any type)
Oxidant requirement Low Moderate High
Nature of ash Dry Dry Slag
. . . Vertically almost constant ~ Above the ash melting
Temperature profile High gradients Little radial variation temperature
Tar content (g Nm) 0.015-150 4-60 0.01-4
Process flexibility Very limited Imp_ro_v_ed load and fuel very I!m'tEd (espeC|aI_Iy
flexibility regarding fuel properties)

Capacity (MW input) 0.01-10 2-100 50-1000

-High tar (updraft) -High particle content in -Energ_y C(_Jnsumptlon of

. fuel grinding
and char yield syngas

Disadvantages -Raw gas cooling
-Short gasifier refractory

lifetime

-Non-uniform -Economics not favorable
temperature profile for small-scale units

Fuel particles are entrained due to the gas velocity, while fuel ash melts (“slag”) because of the high reactor
temperature and flows downwards on the reactor walls. Both dry- and slurry-feeding technologies have been
developed for EFGs. Slurry-fed gasifiers usually require higher reactor volumes to accommodate water vapor
after evaporation and they also consume more oxygen (~ 20% more than dry-fed EFGs). A few of the most
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well-known technologies adopt EFGs e.g. PRENFLO, the Shell Coal Gasification Process (SCGP), E-gas,
Texaco/GE, etc. [57]. The syngas tar content of EFGs is very low due to the high operating temperature. Under
such conditions, mainly light tars with low molecular weights are produced.

Gasification can be carried out with various agents as already described, mostly O, air or steam. The term
“autothermal gasification” denotes that partial oxidation of the fuel (with air or pure O) takes place inside the
gasifier to provide heat to the process. On the other hand, the term “allothermal gasification” indicates that heat
is provided by an external source to the process. This is the case when steam gasification is carried out.
Combustion is usually performed in a different reactor (e.g. fluidized bed) and heat is transferred by bed material
recirculation (e.g. DFBG [69]), alkali heat pipes (e.g. Heatpipe Reformer [70]) or other concepts.

The equivalence ratio (ER or 1) and the steam-to-biomass (STBR) or steam-to-fuel ratio are important
gasification parameters which influence the process quality. The first is defined in Equation 1-1

( mair )
— "’%fuel actual E ; 1-1
( mair ) quatlon -

m
fuel stoich

where 1, is the mass flow rate of air (kg s™) and iz, is the mass flow rate of the fuel (kg s).

The A for stoichiometric combustion is by definition equal to unity. During gasification with an oxidation agent,
it is usually in the range 0.2 < A < 0.4. The reactor temperature is correlated with /, since a higher 2 means that
more fuel is oxidized and thus gasification temperature rises. Accordingly, STBR is defined in Equation 1-2

m
STBR =

steam + mmoist,fuel

0 Equation 1-2
fuel

where mgeqm is the mass flow rate of steam (kg s?) and 455t fuer 1S the mass flow rate of incoming fuel
moisture (kg s*). The STBR parameter typically varies between 0.2 and 2.0 [71].

1.3.3  Syngas composition, contaminants and gasification efficiency

Syngas generally consists of five major gaseous compounds, which are H,, CO, CH4, CO; and H,0. Factors
that principally affect syngas composition are the gasification agent type, 4 (and temperature accordingly),
STBR, fuel composition, reactor technology, operation pressure, syngas residence time and type of bed material
(catalytic or not) [68]. When syngas is used in synthesis applications, gasification conditions need to be adjusted
so that the composition of specific gases (or more correctly, the ratio between specific gases) is suitable for
downstream utilization. Gasification with steam increases the H, content in syngas, which can be important
when synthesis involving H; is carried out downstream of the gasifier. For instance, an H; concentration of 64
vol% was reported by Weerachanchai et al. for steam gasification of wood in a FBG [72]. Indicatively, a
comparison of syngas quality from two commercial gasifier types, a CFBG fueled with biomass (air-blown) and
an EFG fueled with coal (O/steam-blown), is shown in Table 1-6. Considering the fate of the input carbon to
the process, most of it participates in gasification reactions and it ultimately migrates to the major syngas
gaseous species. However, not all carbon is converted to the main gaseous compounds. Solid char and
condensable tars which are produced during the pyrolysis step of gasification are also contained in syngas. Two
efficiency indices are commonly applied to quantify gasification efficiency.

The carbon conversion efficiency (CCE) is an index which indicates the ratio of inlet carbon which is converted
to gaseous products (condensable or not) as shown in Equation 1-3

Zi=CO CHy4,CO, CxH taTmCl .
e ~.100% Equation 1-3

CCE =

mC,fuel
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where ¢ ; is the carbon mass flow rate in each syngas component (kg h™) and i £, is the carbon mass flow
rate entering the gasifier with the feedstock (kg h?).

Table 1-6: Syngas composition and specifications of commercial gasifiers (data from [24]).

Reactor type CFBG EFG
Feedstock Biomass Coal
(Syngas components are given in vol.%)

H: 7-20 24
CO 9-22 67
CO2 11-16 4
CH4 <9 0.02
H20 10-14 3
Higher hydrocarbons <4 0

N2 46-52 1
NH; ~0 0.04
Tar <1 0

02 0 0
H.S <0.1 1
H/CO ratio 0.6-1.0 0.36
Heating value (MJ m?) 4.0-7.5 9.5
Fuel flow rate (t d%) 9-108 2155
Pressure (bar) 1-19 30
Temperature (°C) 800-1000 1400
Gasification agent type Air O./steam

The second performance index which is commonly used is the cold gas efficiency (CGE) defined in Equation
1-4

msyngasLH Vsyngas

CGE = -
mfuelLHVfuel

-100% Equation 1-4

where 1y, 445 1S the syngas mass flow rate (kg h™), 1is; is the fuel mass flow entering the gasifier (kg h?)
and LHV;ypngqs and LHVf,,, are the syngas and fuel LHV (MJ kg), respectively. Table 1-7 summarizes values
for CCE and CGE based on thermodynamic modeling and experimental investigations in the literature.
Concerning CCE, it typically lies between 80% and ~100%. On the other hand, CGE can deviate substantially
depending on the technology, fuel and operating conditions—it can be as low as 40% to as high as 75-90%. Of
course, deviations between various studies reported in Table 1-7 also reflect different definitions of efficiency
indices. However, they provide an overview of the range of CCE and CGE values in biomass gasification.

Table 1-7: Gasification performance indices (CCE and CGE) from experimental and modeling studies.

Type Description CCE (%) CGE(%) Source
Exp.! Biomass gasification in O-/steam-blown pilot 74.0-96.6 47.0-71.5 [73]
CBFG with 1: 0.33-0.47 and STBR: 0.81-1.52
Tm.? Biomass gasification screening (80 fuels) based > 84.0% 66.0-92.0 [74]
on thermodynamic equilibrium (1=0.4, P=1 bar,
air-blown)
Exp.+Tm. Wood (sawdust) gasification in pilot CFBG, T: 81.6-100.0 44.2-71.4 (Exp.) [75]
700-850 °C, air-blown (Exp.) Upto 95
(730 °C, Tm.)
Exp.+Tm. O-blown wood gasification in EFG reactor ~100.0 56.0-75.0 (Exp.) [76]
A:0.25-0.50, P: 2 bar and 7 bar Up to 90 (Tm.) for
0.25<A<0.35
Exp. Steam-blown wood gasification in BFBG 73.6-97.7 33.4-79.6 [72]

(lab-scale), T: 650-750 °C

'Exp.=experimental study, 2T m.=thermodynamic modeling
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According to [56], for a conversion of 85% of inlet biomass (by mass) to gases, ca. 10% and 5% of inlet biomass
are converted to solid (char) and condensable products (tar species), respectively. In addition, apart from the
main product gas compounds, char and tar, other species containing alkali species, sulfur (S), chlorine (Cl) and
nitrogen (N) are present. The proximate, ultimate and ash analyses of three biomass fuels compared to low-rank
coal (lignite) are shown in Table 1-8.

As shown in Table 1-8, biomass is characterized by a much higher volatile matter content compared to lignite.
In addition, while its ash content is generally lower, the elemental distribution is much different. The content of
alkali species, particularly potassium (K), is higher than coal. The S content of biomass is typically low (< 0.5
wt.%, daf basis), with the exception of specific species such as black liquor, sewage sludge, animal biomass and
a few kinds of grass. In addition, Cl content of agricultural residues, such as straw, can be much higher compared
to coal, which raises concerns over corrosion issues at high temperatures. The concentration of these species in
syngas strongly depends on their content in the feedstock. In the following section, the main contaminants in
syngas derived from solid fuel gasification are briefly discussed.

Table 1-8: Proximate, ultimate and ash analyses of biomass and coal fuels (data from [77]).

Solid fuel type Lignite Spruce wood ~ Wheat straw  Switchgrass
Proximate analysis (wt.%, db)

Volatile matter 36.7 81.2 74.8 80.4
Fixed carbon 28.7 18.3 18.1 14.5
Ash 34.6 0.5 7.1 5.1
Ultimate analysis (wt.%, daf)

C 64.0 52.3 49.4 49.7
O 23.7 41.2 43.6 434
H 55 6.1 6.1 6.1

N 1.0 0.3 0.7 0.7

S 5.8 0.1 0.17 0.11
Cl (wt.%, db) 0.01 0.01 0.61 0.08
Ash analysis (wt.% in ash)

SiO; 44.87 49.30 50.35 66.25
CaO 13.11 17.20 8.21 10.21
K20 1.48 9.60 24.89 9.64
P20s 0.20 1.90 3.54 3.92
Al,O3 17.11 9.40 1.54 2.22
MgO 2.50 1.10 2.74 4.71
Fe.0O3 10.80 8.30 0.88 1.36
SO3 8.64 2.60 4.24 0.83
Na20 0.48 0.50 3.52 0.58
TiO> 0.81 0.10 0.09 0.28

1.3.3.1 Tar compounds

Tar is the most abundant syngas contaminant considering the mass conversion ratio of initial feedstock.
According to the definition given by experts from EU, IEA and US DOE in 1998, the term “tar” considers all
syngas organic compounds with a molecular weight equal or greater than benzene [78]. The term includes
oxygenated and phenolic compounds, olefins, aromatic and polyaromatic hydrocarbons (PAHs) produced
during gasification. The tar formation steps (mechanism) are shown in Figure 1-9.

400 °C 500 °C 600 °C 700 °C 800 °C 900 °C
Mixed | Phenolic _ Alkyl _ | Heterocyclic | _
Oxygenates Ethers “| Phenolics Ethers - PAHS Larger PAHSs

Figure 1-9:Mechanism of tar formation during gasification of solid fuels (adapted from [79]).
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At low temperatures (400-500 °C), oxygenated hydrocarbons and phenolic compounds are formed. At higher
temperature levels (800-900 °C) and prolonged residence time, heavy aromatic and reduced hydrocarbons are
produced, however, the overall amount of tar in syngas decreases. The latter compounds are generally more
stable and do not take part in further reactions. Accordingly, a grouping of tars to primary, secondary and tertiary
is done based on the aforementioned mechanism. Primary tars are those which are directly released during fuel
pyrolysis (e.g. furfurals). Secondary tars, such as phenolics, and tertiary tars, such as PAHSs, are those which are
gradually formed when temperature and residence time increase. The various tar species which are present in
the product gas can be classified in five (5) categories or classes, as shown in Table 1-9. Classes 1, 4 and 5
contain tar compounds with low boiling points, which are responsible for fouling and clogging issues in biomass
gasification plants, since they condense even at high temperatures (above 300 °C). Class 2 compounds are tars
which are soluble in water and thus, they are collected in scrubber wastewater streams. Furthermore, Class 3
species are light tars which do not pose threats of clogging as they do not condense even at low temperature.
Furthermore, they can be reformed in catalytic syngas upgrading operations. Values for the estimated tar content
depending on the gasifier technology have been reported in Table 1-5.

Table 1-9: Tar classification and properties (based on [80] and [81]).

Class Description Properties Representative compounds
1 GC-undetectable  Very heavy tars, undetectable by Determination: Subtracting
gas chromatography. GC-detectable tars from total
gravimetric tar.

2 Heterocyclic Tars with hetero-atoms, very soluble Pyridine (CsHsN), phenol
aromatics in water. (CsHsOH), cresols (C7HsO) etc.

3 Light aromatic Mostly 1-ring light hydrocarbons, Toluene (C7Hg), xylene (CgH1o),
(1 ring) no condensation issues. styrene (CgHs) etc.

4 Light PAHs 2- and 3-ring species, they condense at Indene (CoHsg), naphthalene (CioHs),
(2-3 rings) low temperature at low concentrations. anthracene (C14Ha0) etc.

5 Heavy PAHs Larger than 3-ring compounds, they Fluoranthene (CisHao), coronene
(4-7 rings) condense at high temperatures at (CasH1o) etc.

low concentrations.

1.3.3.2 Sulfur compounds

Sulfur is present in syngas in inorganic and organic sulfur compounds. For both coal and biomass gasification,
most of S is emitted in the form of hydrogen sulfide (H.S), while it is also found as carbony! sulfide (COS) and
carbon disulfide (CS;) at lower concentrations [82-84]. Jazbec et al. [85] calculated the equilibrium composition
of coal gasification in a Texaco gasifier and S conversion to H,S and COS was found to be 95% and 5%,
respectively. In the aforementioned study, an H.S concentration of ca. 950 ppmv was calculated for coal
gasification at equilibrium conditions, concluding that at temperatures below 1000 °C, all S radicals are
recombined to H,S independently of the cooling rate. On the other hand, biomass gasification produces syngas
with H.S concentration in the order of 100 ppmv. According to Woolcock et al. [79], S-containing contaminants
may range from 0.1 mL L to more than 30 mL L, depending on the S content of the feedstock. In Table 1-10,
the major reactions involving S-species are shown. Reactions towards SO3; and H2SO4 have not been included.
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Table 1-10: Gasification reactions involving the main sulfur species [84].

Fuel devolatilization reaction Gas-phase reactions
Fuel — S + heat - H,S + COS + Char — S + ... R1-18 st-|-;o2 - S0, + H,0 R 1-22
Char oxidation reactions CO, + H,S & COS + H,0 R 1-23
Char — S + CO, - COS R 1-19 H,S + CO < H, + COS R 1-24
Char — S + H,0 - H,S R 1-20 COS + H,S & CS, + H,0 R 1-25
Char — S+ 0; - SO, R1-21 CS, & C +§Sx R 1-26

Apart from HS, COS and CS;, organic sulfur compounds are also found in the product gas. Common organic
sulfur compounds in syngas are mercaptans or thiols (such as methanethiol, CH3;SH, and ethanethiol, C;HsS),
thioethers, thiophenes (such as thiophene, C4H4S), benzothiophenes (CgHeS), as well as dibenzothiophenes
(C12HsS) [82, 86-88]. Kaufman Rechulski et al. [88] quantified several organic sulfur compounds which are
present in the syngas of a lab-scale BFBG. The experimental campaigns involved two fuels (wood, grass) and
measurements were carried out through quench sampling and GC-SCD analysis. Organic sulfur compounds
(OSCs) with boiling points between 80 °C and 300 °C were measured and it was found that thiophenes
(thiophene, methyl thiophene) and benzothiophene are prevalent contaminants in the product gas. Depending
on the fuel type and 1 value, the sulfur concentration in organic compounds varied in the range 3.2-61.5 mg S
Nm3. For a sulfur content about an order of magnitude higher in grass compared to wood, total sulfur
concentration quantified by GC was also about an order of magnitude higher in the syngas of the former fuel.
In another study, Cui et al. measured the thiophene and benzothiophene concentrations in a wood-fueled FBG,
which corresponded to 5.6 and 0.8 mg S m-3, respectively [83]. In addition, concentrations of H2S, thiols and
thiophenes in the syngas (dry basis) of the Giissing biomass gasifier have been reported to be 200 mg S m3, 20
mg S m=and 7 mg m, respectively [89]. Although the quantification of thiophenic sulfur compounds in syngas
is frequently omitted, their content in “clean” syngas can be still significant, since several of them cannot be
separated by typical syngas cleaning processes, including acid gas removal (AGR) units [90]. Therefore, this is
a field of research that has gained a lot of interest.

Significant effort has been made to develop processes and materials for removal of S-compounds from syngas
due to several issues related to their presence:

1. Sulfur compounds are responsible for the corrosion of metal surfaces [91]. Sulfur species such as H,S adsorb
into metal surfaces. This is one of the reasons that specialized S-inert coatings for piping, storage tanks and
other equipment are commercially available for accurate measurement and handling of sulfur compounds
(e.g. SilcoNert® coatings [92]).

2. When syngas is burnt, sulfur compounds in syngas are oxidized to sulfur dioxide (SO,). This is, in general,
a regulated pollutant and reference documents concerning its emission levels exist (country- or union-
specific), such as in EU [93].

3. More importantly, sulfur components are major catalyst poisons. They are capable of deactivating common
catalyst types after a short operation time, even when present at low levels [94].

1.3.3.3 Nitrogen compounds

Nitrogen is released from proteins or heterocyclic aromatic compounds in biomass during pyrolysis of the
feedstock [95]. Ammonia (NHs) and hydrogen cyanide (HCN) are the major nitrogen contaminants in syngas
and the concentration of the former is usually an order of magnitude higher (or even more) than other nitrogen
species. Ammonia is produced by primary biomass decomposition reactions or from HCN in secondary
reactions taking place in the gas phase. Under an H.-rich atmosphere and for sufficient residence time, most of
HCN is converted to NH3z, while the main gasification equilibrium product at specific temperature and residence
time is eventually N, [79]. Ammonia concentration can significantly vary taking into account that N
concentration in biomass can be as low as 0.1 wt.% (daf) for woody biomass to as high as 12 wt.% (daf) for
meat and bone meal (MBM). Cheah et al. reported NH3 concentration values from several biomass gasification

19



Chapter 1: Introduction and theoretical background

studies to lie in the range 500-14000 ppmv [96]. The main issues in gasification-based plants attributed to
nitrogen contaminants are the following:

1. Nitrogen oxides (NOy) are released during syngas combustion. Similarly to SO,, NOx compounds are
regulated pollutants, a fact that necessitates their abatement.

2. Nitrogen compounds can cause problems in the syngas cleaning section itself or induce catalyst poisoning
during product gas upgrading [79].

1.3.3.4 Chlorine and alkali compounds

Biomass contains alkali metal salts, which vaporize at high-temperature conditions and react with steam to
produce hydrochloric acid (HCI). This is the main chlorine species in syngas and it usually varies in the range
1-200 ppmv in biomass gasification [96]. In addition, HCI participates in secondary gas-phase reactions with N
and alkali species so that ammonium chloride (NH4ClI) and sodium chloride (NaCl) are produced. The latter
compounds are generally responsible for fouling and deposit formation in colder parts of the syngas pathway.
Moreover, chlorine species cause corrosion of gas turbine blades due to the high operating temperature and they
are known to be poisons for NH3; and MeOH synthesis [63, 79]. Chlorine compounds such as Cl,, HCI, CH5Cl,
C,HsCl can deactivate SOFC catalysts at concentrations below 10 ppmv, due to various effects such as
agglomeration and alteration of anode microstructures [97].

Alkali species can react with ash components and produce non-volatile species which are removed as bottom
ash from the reactor. However, a fraction of alkalis (especially K and Na) vaporizes and it is entrained with
syngas out of the gasifier at temperatures above ca. 600 °C. Along with the evaporation of metal and alkali
catalysts used for downstream syngas processing, several problems such as fouling, corrosion, slagging and
sintering in boilers, as well as catalyst poisoning can be induced [79].

1.3.3.5 Particulate matter
Particulate matter contents exceeding specific limits are associated with issues such as fouling and equipment
erosion. In general, particulate matter in syngas is a mixture of solids such as:

a. Char: Solid char which was not converted to gaseous compounds through oxidation or char gasification
reactions. Gomez-Barea et al. reported that the C content in fly ash collected from the main cyclone of a
waste-fueled BFBG was between 9 and 20 wt.% [98], while Christodoulou et al. reported that the ratio of
inlet fuel-C which was collected in fly ashes of biomass gasification in a CFBG was between 0.025 and
0.18 [99].

b. Bed material: Fines from the bed material (including catalysts) of FBGs can be entrained by the syngas flow
and collected with fly ash.

c. Fuel ash species: Inorganic content such as K, Na, Mg, Si, Fe, Al and trace elements that derive from solid
fuel ash are collected with the fly ash [99].

Van der Drift et al. measured dust concentrations in the range 1.7-13.1 g Nm at the outlet of a biomass CFBG
unit for different fuel types [100]. Apart from fly ash composition and content in syngas, its particle size
distribution (PSD) is particularly important for the design of dust cleanup equipment. The PSD may significantly
vary depending on the fuel and process. Guo et al. reported average particle sizes of 60-100 um when sampling
syngas from various ports of a lab-scale, slurry/coal-fueled EFG [101]. Gustafsson et al. [102] carried out
particulate sampling in wood-fueled BFBG and CFBG reactors and found that the coarse particle content from
the latter was an order of magnitude higher compared to the former. The PSD curve peaked at ca. 3 um
(aerodynamic diameter), while peaks at diameters < 0.1 um were also measured, attributed to nucleation and
condensation of syngas species. In most cases, particle diameters from the sub-um scale to over 100 um are
expected [79].

Table 1-11 contains a literature review about contaminant levels in gasification product gases. Concentration
values and/or ranges for the major categories which have been presented (S-species, N-species, tar compounds,
Cl and alkali species) are shown.
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Table 1-11: Review of contaminant concentrations in syngas (biomass- or coal-derived).

Contaminant Description Concentration value/range Source
Tar species
Total tar content 8 MW, DFBG Giissing (biomass chips) 1.5-4.5 g Nm?3 [63]
Total tar content 0.8 MWy DFBG Milena/ECN (wood 40 g Nm-3 [103]
pellets)
Benzene (CsHs) O-blown EFG reactor (forest residues) 1200 ppmv (at 1100 °C) [76]
<100 ppmv (> 1400 °C)
Total tar content  Air-blown FXBG (Updraft gasifier) Grav. tar: 14-16 g Nm=3 [104]
and GC analysis  fueled with beechwood chips BTX% 0.7 gNm?3
of tar species Phenol: 0.4 g Nm
Acenapthene: 0.6 g Nm3
Total tar content  Air-blown CFBG fuelled with wood, 2.2-10.8 g Nm?3 [99]
sunflower and Jatropha cake residue
Total tar content Grav. tar: 3.8-5.8 g Nm
and GC analysis  Steam-blown lab-scale FBG, tests with BTX: 10.2 g Nm™ [83]
of tar species wood chips Naphthalene: 2.3 g Nm
Anthracene: 0.2 g Nm
Sulfur species
H,S/COS (total) O2-blown coal EFG (Shell gasifier) 1000-10000 ppmv [105]
O,-steam blown CFBG fueled with H.S: 2400 ppmv
H>S/COS/CH4S high-sulfur biomass (dry distiller’s COS: 40-125 ppmv [73]
grains with solubles, DDGS) CH,S: 0.3 ppmv
H2S Tests in CFBG for ten (10) residual 50-230 ppmv [100]
biomass fuels
H,S:0.2gSm?
H,S/OSCs? 8 MW, DFBG Giissing Thiols: 0.02gS m?3 [89]
Thiophenes: 0.007 g S m?3
H>S/COS/OSCs Steam-blown lab-scale FBG, tests with H,S: 93.3 ppmv
wood chips COS: 1.7 ppmv [83]
Thiophene: 0.006 g S Nm-3
Benzothiophene: 0.001 g S Nm?3
(results for grass, all in g S Nm)
0OSCs 10 kW BFBG fueled with grass and Tot. OSCs: 0.045-0.061
wood Thiophene: 0.036-0.046 [88]
Benzothiophene: 0.003-0.004
Nitrogen species
NH3/HCN O,-blown coal EFG (Shell gasifier) 1800-2000 ppmv [105]
NH;3 Tests in CFBG for ten (10) residual 400-12500 ppmv [100]
biomass fuels
NH;3 Steam-blown lab-scale FBG, tests with 2134-3617 ppmv [83]
wood chips
Chlorine and alkali species
HCI Oz-blown coal EFG (Shell gasifier) 40-600 ppmv [105]
HCI CFBG tests of ten (10) residual biomass 1-200 ppmv [100]
fuels
Alkali species Steam-blown BFBG with three biomass  Sodium (Na): up to 60 ppbv [106]

10SCs: organic sulfur compounds, 2BTX: benzene/toluene/xylene(s)

fuels (willow, DDGS, agrol)

Potassium (K): 150-400 ppbv
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1.4 Coupling gasification with downstream processes: syngas cleaning aspects

Syngas derived from gasification can be used as fuel in efficient engines and electrochemical devices, but it can
also be upgraded through catalytic processes to produce valuable products. This section reviews indicative
applications of gasification for energy, fuels and chemicals.

1.4.1 Gasification for power and CHP generation

When syngas is produced for power or CHP generation, four applications are of particular interest: co-firing in
boilers, combustion in gas engines, combustion in gas turbines and utilization in high-temperature fuel cells. In
the case of co-firing with renewable or non-renewable fuels in boilers (coal, heavy oil, biomass), there is the
benefit of using existing infrastructure for syngas combustion, while more importantly, syngas cleanup
requirements are less strict compared to other applications [107]. Regarding utilization in gas engines, the layout
of the Giissing CHP plant is shown in Figure 1-10. The plant generates 2 MW¢ and 4.5 MW, district heating
and it is based on allothermal gasification with steam. The hot, raw syngas from the gasifier is initially cooled
in the syngas cooler and it subjected to particulate removal through a fabric filter and rape-oil-methyl-ester
(RME) scrubbing for tar removal. The electrical efficiency of the Giissing CHP plant is 20-25% (the latter value
being the design value). A similar thermal efficiency at 27% was reported in the thermodynamic study of
Francois et al. for coupling biomass gasification with a gas engine (BGGE) [108]. Cogeneration efficiencies in
the range 65-90% can be obtained by extracting heat from the gas engine cooling jackets and through flue gas
cooling.

Gas turbines (GT) are highly-efficient engines that can be also fueled with syngas. Regarding process
thermodynamics, electrical efficiencies of coal IGCC plants can exceed 50% without CO; capture [109] and ca.
40% with CO> capture (> 90% capture efficiency) [110]. The technology involves the utilization of waste heat
from the GT flue gas in a Heat Recovery Steam Generator (HRSG) to increase the plant power output through
a water/steam Rankine cycle. Biomass IGCC (BIGCC) plants are investigated as an alternative technology since
the 1990s [111]. For instance, the commissioning of the Varnamo plant (Sweden) was an important step for
acquiring operational experience in Europe [112].
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Figure 1-10: Biomass gasification CHP plant in Giissing, Austria (gas cleaning with colors, modified from
[113]).

The Védrnamo BIGCC CHP plant was designed to have an output of 6 MW, and 9 MW, district heating and a
net electrical efficiency of 32%, i.e. significantly higher compared to the Giissing BGGE plant. The plant
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featured a rather simplified gas cleaning section with syngas cooling and hot gas filtering prior to the gas turbine.
However, the syngas cleaning system of an IGCC plant is in general complex. Process steps such as tar cracking,
particulate filtration and solvent scrubbing are required, including sulfur removal for high-sulfur fuels [109,
114, 115]. Furthermore, higher capacities of 20-300 MW, (fuel thermal input) apply for BIGCC plants
compared to 8-50 MW, for BGGE plants [116].

Among different alternatives, syngas utilization in fuel cells has the potential to achieve high electrical
efficiencies even at low power capacities of 100-250 kW, [70]. For gasification applications, molten carbonate
fuel cells (MCFC) and solid oxide fuel cells (SOFC) are the most suitable technologies [117]. SOFCs benefit
from several aspects of biomass gasification; steam in the syngas stream can be used to shift CO to H; and
reform CH, and light hydrocarbons, while the high operating temperature (700-950 °C) offers possibilities for
heat integration with the gasification process itself. The electrical efficiency of a biomass gasification SOFC
(BGSOFC) plant is 35-40% [70] and it escalates above 50% for hybrid SOFC/GT configurations [118]. The
syngas cleaning system preceding a high-temperature fuel cell must be capable of eliminating all major syngas
contaminants. Particulate filtration, choline, sulfur and tar removal are critical aspects for the operation of a
BGSOFC plant, while additional syngas conditioning may be required to avoid carbon deposition phenomena
[70].

1.4.2 Gasification for fuel and/or chemical production and polygeneration

Gasification can be the base process for producing a wide variety of fuels and chemicals, as shown in Figure
1-11. Such products can be produced directly from syngas or indirectly e.g. by firstly converting syngas to
MeOH, which is one of the main syngas-derived products, and then methanol to other derivatives. Hydrogen, a
widely investigated energy carrier for the future economy and important feedstock for the chemical industry,
can be produced by combining gasification with the WGS reaction and CO; separation from the WGS product
[119]. Ammonia can be produced through subsequent synthesis with N, over a Fe catalyst. Moreover, syngas
can be processed to produce fuels and chemicals such as SNG, EtOH, mixed alcohols, FT products (Co+ linear
hydrocarbons, Cs. paraffins, medium weight olefins etc. and ultimately, transportation fuels) and aldehydes. A
comprehensive review of the various routes and their state-of-the-art, process conditions, reactors and catalysts
can be found in the NREL report by Spath and Dayton [120] and in an updated review by Sikarwar et al. [20].
Herein, SNG production based on gasification is briefly presented, being one of the most investigated synthesis
processes along with the FT synthesis.
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Figure 1-11: Fuel and chemical production options based on direct syngas conversion or through syngas-
derived-methanol routes (modified from [20]).
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Large-scale facilities for SNG based on coal are in operation or under construction worldwide. China has
focused a lot on coal-to-SNG plants with several commercial projects producing 1-6 billion m3 SNG a®. In
USA, the Great Plains Synfuels Plant (North Dakota) with a capacity of 1.5 GW coal input has been in operation
since 1984 [20]. In Europe, the 20 MW Bio-SNG GoBiGas project was commissioned in November 2014 in
Sweden [121]. In addition, a plant upgrade up to 100 MW SNG has been under investigation for several years.

The biomass-to-SNG process layout, as developed by ECN, is shown in Figure 1-12. Biomass gasification is
carried out in the steam-blown MILENA allothermal gasifier and raw syngas is produced with a high H> content.
According to Van der Meijden et al., allothermal gasification can contribute towards an overall energy
conversion efficiency above 70% [122]. Raw syngas is treated to remove contaminants and particularly ash,
tars, Cl and S compounds before it can be supplied as “clean” gas to the methanation section, which comprises
catalytic fixed bed reactors. During methanation, H- reacts with CO and CO- over a Ni-catalyst (typically Ni,
but also Ru, Co, Fe or Mo) to produce CH4, while the WGS reaction also takes place (see also Table 1-4).

CO + 3H, < CH, + H,0 1173 k) molt R 1-27
CO, + 4H, <> CH, + 2H,0 -164 kJ molt R 1-28
CO + Hzo « COZ + H2 -41 kJ m0|'1 R 1-29

Methanation thermodynamics indicates that the conversion process is favored at high pressure and low
temperature (exothermic reactions). In addition, the Sabatier reaction for converting CO, to CH4 consumes more
H. compared to CO methanation. With the typical catalysts, CO reacts with a higher selectivity compared to
CO,. The reaction produces H,O which is removed by cooling syngas, while heat for steam generation can be
recovered after the methanation train, as well as between the fixed bed reactors. Moreover, CO, must be
removed either prior or after the methanation reactors. In the ECN process layout, the “raw” SNG is upgraded
after methanation through amine scrubbing for CO, removal in order to meet the specifications for injection
into the natural gas grid. Methanation catalysts are subject to deactivation due to mechanical and thermal
stresses, as well as due to chemical poisoning. Sulfur chemisorption on catalyst sites, carbonyl formation due
to CO, tar deposition and coke formation need to be addressed [20, 123]. To avoid such issues, stringent syngas
cleaning and conditioning is required, as well as accurate control of the process conditions of both gasification
and methanation.
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Figure 1-12: Bio-SNG production based on ECN ’s process layout (modified from [123]).
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In FT synthesis, syngas composition is also relevant to the process reliability and catalyst protection. A
comprehensive review of various deactivation mechanisms of Co and Fe catalysts can be found in [124] and
[125], respectively. Sulfur and chlorine (and electronegative elements) are known poisons of Fe catalysts, while
coke deposition is a phenomenon which is also reported to be a deactivation mechanism. The effect of N and
alkali species is also discussed in [124]. Based on SASOL plants, decreasing the concentration of H.S, HCI,
HCN and alkalis at levels even below 10 ppb is recommended [126]. Process layouts of the syngas cleaning
train of a biomass-to-liquid (BtL) plant with FT synthesis can be found in the study of Swanson et al. [127].

Gasification provides an important advantage compared to combustion in terms of plant flexibility by combining
production of multiple products, such as electricity, heat, fuels and chemicals. Polygeneration schemes have
been theoretically investigated and commercially employed. The Great Plains Synfuels Plant is such an example
where apart from SNG, the co-products are ammonia, phenol, cresylic acid, naphtha, ammonium sulfate, tar oil,
urea and COy, the latter utilized for Enhanced Oil Recovery (EOR) [123, 128]. On this basis, the syngas cleaning
section must be designed so that the end-use application requirements are fulfilled. Such multi-product plants
can have improved economic performance, as polygeneration increases the plant income and it makes it less
dependent on volatile prices of a specific product (e.g. electricity). A review of polygeneration possibilities and
barriers in IGCC plants can be found in [117].

1.4.3 Syngas cleaning requirements

Table 1-12 summarizes the cleaning requirements of various syngas utilization pathways, which can be coupled
with biomass and/or coal gasification.

Table 1-12: Major syngas applications and associated cleaning requirements (at STP conditions unless stated
otherwise) [79]. Reported values for SNG synthesis are based on ECN measurements from [129].

Contaminant Application
MeOH . SNG
ICE GT synthesis FT synthesis synthesis
Particulate matter 3 3
(soot, dust, char, (<P?\Sl)1r8? m (<P3I:/I05Tg m <0.02mgm? n.d.? n.d.
ash)
3 3 b <50 mg m3
Tars (condensable) <100 mgm <0.1mgm <d.p. (d.p.~ 100 °C)
Inhibitory species <00l uLLY  BTX:
(Class 2 <1yl Lt 250
heteroatoms, BTX) H ppmv
Sulfur compounds 1 3 1 b
(H2S, COS) <20uL L <lmgm <0.01uL L < 200 ppbv
Nitrogen
compounds <50 uL L1 <0.1mgm? <0.02puL Lt <1000 ppmv
(NHz, HCN)
Alkali species <0.024 pL L*! <0.0lpLL?t -
Halides lpL Lt <0lmgm?3® <0.0lpLL? <100 ppbv
(mainly HCI) ' ’

an.d.=not detectable, °d.p.=dew point
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Syngas cleaning and conditioning is a necessary step in gasification plants designed for power and CHP
generation, fuels and chemicals or polygeneration. In most power and CHP generation applications, significant
reasons for raw syngas cleaning are erosion and corrosion issues, clogging due to high tar content, as well as
excessive emission values of regulated pollutants, such as NOx and SOy. Catalytic syntheses require more
stringent syngas cleaning and upgrading compared to power generation applications, which stems from two
main reasons:

a. Many catalysts are extremely prone to poisoning by syngas contaminants, as already discussed above.
Particularly, Ni/Al,Os catalysts used in methanation for SNG production require a concentration of sulfur
compounds (sum of H,S+COS+CS,+0SCs) below 1 ppmv [130].

b. Syngas components usually need to have a specific ratio in syngas, which is indicated by the reaction
stoichiometry. Considering syngas methanation once again, the synthesis process requires a molar ratio of
H>/CO in syngas equal to 3 (assuming only H, and CO are present). Moreover, carbon and coke formation
are possible problems that may require adjustment of syngas composition. In addition, thermal management
of fixed bed reactors requires product recycling for dilution.

1.5 Gas cleaning processes: targeting COz, sulfur and tar compounds

In this section, the main processes applicable for removing CO,, sulfur compounds (particularly H.S) and tar
species are discussed. It does not comprise an exhaustive presentation of available technologies, but rather an
overview of a few basic concepts. For example, alternative technologies for CO- capture that are not presented
are cryogenic methods, membranes, gas hydrates, calcium looping etc. [131].

1.5.1 Solvent-based processes

Regarding AGR technologies, they can be divided to physical and chemical absorption processes. Among the
physical absorption processes, Rectisol™ and Selexol™ are state-of-the-art technologies. The layout of the
Rectisol process is shown in Figure 1-13. Chilled methanol is used as a solvent at operating temperatures
between -25 °C and -75 °C and high pressures up to 80 bar. At such conditions, the Henry coefficients of
methanol are very high for most species present in syngas, including sulfur and Cs. compounds [132]. The
process can achieve deep desulfurization of syngas at about 0.1 ppmv. Regeneration is achieved mainly through
pressure reduction and secondly by heat supply. Due to the requirement for solvent refrigeration, the process
has an increased power demand but low heat consumption.

CO,
Gas out Refrigeration CO, + Hy8
Stripped
MeOH — i — :S
1 stage MeOH CO,+H,S s
Two-stage - regenerator 2 stage McOH
absorber ‘IX - regenerator
Partially-
stripped Steam
) MeOH '
Gas in

Figure 1-13: Rectisol™ physical absorption process (modified from [133]).
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In contrast to Rectisol, Selexol uses dimethyl ether of polyethylene glycol as solvent. In addition, the Selexol
process operates at more moderate temperature, but high-pressure conditions as well [134]. It is more selective
towards sulfur species than Rectisol and it is usually applied for capturing H,S, COS and thiols and mostly for
bulk CO; removal. Chemical absorption processes differ in the fact that chemical reactions occur during AGR.
In practice, this is translated to operation at lower pressure (~ up to 30 bar) and temperatures from ambient up
to more than 100 °C. CO; removal by monoethanolamine (MEA) solutions at ambient pressure and temperature
is the state-of-the-art technology for post-combustion CO; capture. As a primary amine, MEA is highly reactive
with COy, but is has relatively small CO, capacity. CO, and H,S can be removed at high pressure (pre-
combustion AGR) through chemical absorption into MDEA and potassium carbonate (K.COs3) solutions. In
contrast to MEA, MDEA is characterized by slower reaction kinetics but a lower regeneration duty. Further
information regarding AGR by K,COj3 solutions are given in subsequent sections of this thesis.

Apart from CO; and sulfur species, solvent-scrubbing processes can be used for tar removal. Most tar removal
concepts rely on physical absorption into organic liquids. In the Giissing gasification plant, biodiesel is used to
clean the product gas from tar species. Another well-known tar removal process is the OLGA technology
developed by ECN, which achieves tar dewpoints below -15 °C [135].

1.5.2 Solid-sorbent-based and catalytic removal processes

The most common sorbent-based process for CO, removal from a gas mixture is pressure swing adsorption
(PSA). In PSA, a gas mixture flows through a packed bed from zeolite (e.g. ZSM-20, 5A, ZSM-5, 13X etc.
[136]) under conditions of high pressure and low temperature until the sorbent is saturated with the adsorbate.
The material is then regenerated by stopping the flow of the gas mixture, reducing the packed bed pressure and
elutriating the adsorbed constituents with a gas having low adsorptivity [131]. A combination of two packed
beds enables an alternating operation pattern by decoupling the adsorption and regeneration processes. A
schematic diagram of a PSA system for CO, capture is shown in Figure 1-14.

COs-lean stream

t

‘$ COs-rich strecam %
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Figure 1-14: Pressure swing adsorption (PSA) process with double packed-bed configuration (reproduced
from [136]).
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A comprehensive review of sulfur removal by solid sorbents can be found in [84]. In bed desulfurization in a
fluidized-bed gasifier can be achieved with calcium-based sorbents. Downstream desulfurization of syngas can
be carried out with zeolites, mesoporous materials and metal oxide sorbents (Zn, Mn, Cu, etc.). Zinc oxide
(ZnO) is one of the most common sorbents considered in the temperature range 300-500 °C. The product ZnS
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can be regenerated to ZnO through oxidation at temperatures exceeding 590 °C [57]. Moreover, sulfur can be
adsorbed onto activated carbons, as will be further elaborated in Chapter 3.

Apart from physical absorption and adsorption onto sorbents (e.g. activated carbon), tar species can be
eliminated through thermal and catalytic cracking [137]. At sufficiently high temperatures above 1100 °C tar
species decompose without the presence of a catalyst, however, the employment of a catalyst can decrease
temperature to ca. 900 °C [138]. Tar species can be decomposed in the presence of H,, CO, and H,O to produce
stable syngas components (CO, CHs., etc.). Suitable catalysts for tar elimination include olivine, dolomite,
zeolites, as well as Ni-based and Fe-based materials [137].

1.6 Scope and outline of the dissertation

AGR through K,COj; solutions is considered a promising technology for gasification plants either when syngas
is used for energy (power or CHP) or catalytic synthesis. The process is feasible at elevated temperature and
pressure which enables the operation of the absorption and desorption step at a similar temperature, near the
atmospheric boiling point of the solution. This is an advantage compared to physical absorption processes (e.g.
Rectisol) in which syngas is cooled to low temperatures increasing exergy destruction in the process. In addition,
K>COs is not volatile, another factor which should be considered prior to the downstream utilization of the clean
gas or its disposal to the atmosphere (in case of post-combustion CO, capture). However, specific challenges
arise due to process characteristics.

Challenge 1: The K,COs-based absorption process suffers from slow kinetics of CO, absorption. Especially at
moderate pressure conditions (< 20 bar) significant solvent improvements and screening efforts are necessary
to compete with amine-based capture processes. In addition, increasing the solvent capacity is of particular
interest.

Challenge 2: While CO; and H>S can both be absorbed into K>COs solutions, the process is generally known to
be non-selective towards H,S removal [134] and it can be described as a process for “bulk” removal of acid
gases. This arises problems when strict requirements for the operation of downstream units apply. In addition,
the process cannot eliminate OSCs from syngas.

Challenge 3: Other contaminants are expected in syngas upstream of the AGR process, such as light tar species.
It is of particular importance how these contaminants are treated by the process and what alternative measures
need to be applied for their elimination, if necessary.

Challenge 4: Despite the fact that the heat of absorption of aqueous K2COj solutions is lower compared to amine
solutions and the absorber operates at higher temperatures in the former, the process still consumes significant
amounts of thermal power in the reboiler for regeneration. The effect of process parameters and the utilization
of more efficient solvents needs to be evaluated in that direction as well. Regarding the overall process
performance with enhanced K,COj3 solvents, data mostly for post-combustion plants are available.

Challenge 5: Potential benefits of the application of the AGR process in gasification-based power generation
and/or fuel and chemical synthesis plants need to be evaluated. While the process has already been applied in
the past for natural gas sweetening, ammonia plants etc., it is also of interest for alternative applications e.g. in
biomass gasification plants towards a negative carbon footprint.

The present PhD thesis aims to contribute in addressing several of the aforementioned challenges through a
combination of experimental, thermodynamic modeling and process modeling work. A general scheme of a
gasification plant with hot syngas cleaning and AGR at “warm” gas cleaning conditions is shown in Figure
1-15. In this figure, the focus of the PhD thesis on different process aspects is highlighted.

In Chapter 2, a gasification model is developed and validated versus real gasification plant data from a 3 MW,
BFB gasifier. The model serves as a tool for identifying the effect of gasification conditions on syngas quality,
which affects downstream operations, including syngas cleaning. The gasification model is used as a basis for
plant-level modeling and analysis in Chapter 7.
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In Chapter 3, the sorption of OSCs, H,S and light tar species onto AC at warm gas cleaning conditions is
investigated, addressing Challenge 2 shown above. The effect of a wide range of operating conditions on
adsorption efficiency was investigated. Tests were carried out both with bottled gases at the laboratory, as well
as with real syngas from an entrained-flow gasifier.

In Chapter 4, promoted K>COj3 aqueous solutions are compared in terms of CO, solubility and absorption rate,
focusing on Challenge 1. The experimental study was carried out under high absorption temperatures in a pre-
combustion CO; capture framework.

In Chapter 5, mixtures containing CO- and light tar species are treated in absorption tests with K,COs solutions.
The study aims to identify possible interactions of light tar species with CO- absorption and tar behavior through
the AGR process. In this chapter, Challenge 3 is of interest.
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St — i validation (Ch. 2) |

Promoted and pure K,CO3 solutionsI
I for CO,absorption (Ch. 4) R

,_
I
I
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I
I
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Figure 1-15: Thesis structure and distribution of experimental and modeling work.

In Chapter 6, Challenges 1, 2 and 4 are considered. A regressed thermodynamic electrolyte-NRTL model is
coupled with rate-based column models for simulating the hot potassium carbonate AGR process (simultaneous
CO; and HS removal) with pure Ko.CO3 and promoted K>COs aqueous solutions. The different solvents are
compared under varying working conditions in terms of purification efficiency and regeneration energy
consumption.

In Chapter 7, the process models are integrated into BIGCC-CCS configurations for power generation and
power/MeOH cogeneration with respect to Challenge 5. The plant-level modeling is carried out in the
commercial software Aspen Plus™. Based on the simulation results, energy and exergy analyses are presented,
focusing on the effect of K,COs-based CCS on plant efficiency.

29



Chapter 1: Introduction and theoretical background

30



Chapter 2: Modeling and experimental investigation of syngas composition from biomass gasification

2 Modeling and experimental investigation of syngas composition from
biomass gasification

2.1 Literature review of gasification modeling and context of model development

As already presented in the first chapter, gasification can provide a useful means of utilizing solid fuels to
produce a fuel gas, which can be subsequently valorized in highly-efficient engines or converted to gaseous and
liquid products. Apart from its heating value, the actual syngas composition is of great interest in gasification-
based processes for two main reasons. The first one is related to the subsequent synthesis reactors which require
specific component ratios in the feed stream, such as the H,/CO molar ratio [139]. Those ratios are influenced
by the gasification technology, operating conditions and feedstock type, while the selection of the appropriate
gasification process can also indicate the necessary syngas upgrading processes (such as CO; sequestration,
WGS reactors, etc.). The second reason is related to the design of gas cleaning units for solid particles (char,
ash) and syngas impurities which are catalyst poisons [57, 140]. Furthermore, for the many gasification projects
that have been launched recently, such as the Gothenburg Biomass Gasification plant in Sweden (20 MW bio-
SNG) [141], the issues of operation cost and time-consuming experimental campaigns to establish their
operation under varying feedstocks are of great concern. To tackle these problems, reliable mathematical models
are necessary to reduce the effort and assist towards process design and optimization. These models can be
helpful also in the preceding phases of upscaling, certainly during the commissioning phase, and when changing
the state of operation after that to assist operators predict the plant’s new behavior.

In the literature, different gasification models have been developed which can be categorized according to the
simplification adopted for fluid-dynamics computations in the following categories; computational fluid
dynamics (CFD) models, fluidization models and simplified thermodynamic models [142]. The most analytical
way to mathematically represent the two-phase flow, CFD models are based on solving density, momentum and
enthalpy balance equations for the gas and solid phase and their sub-components. While considered very
detailed and suitable for hardware design, those models lack computational speed which is an obstacle to their
wider application e.g. for process thermodynamic investigations or techno-economic studies. In the case of
fluidization models, simplifications to the equations solved in CFD models are applied and the momentum
equation is not solved. Two phases are considered in the model, the bubble and emulsion phases, between which
heat and mass transfer phenomena occur. Moreover, semi-empirical correlations are used to represent the bed
hydrodynamics. In contrast to the previous two categories, simplified thermodynamic models focus on the
process mass and heat balance and not on the reactor hydrodynamics. While this means that the latter models
are not suitable for obtaining gas and solid distribution and temperature profiles inside the reactor, they are in
fact very useful for time-efficient calculations of syngas amount, composition and heating value with regard to
process conditions. Thus, thermodynamic models are considered to be very useful tools for gasification process
integration studies [143] and various model structures have been presented so far. In general, equilibrium models
have been developed using either an approach involving equilibrium constants or Gibbs free energy
calculations. The first approach typically demands to specify chemical reactions [144]. This fact implies that
specific data on chemical reactions and their exact equilibrium constant values are required which increases the
model uncertainty. Concerning the second method, minimization of the Gibbs free energy has the advantage of
requiring no chemical reactions to be explicitly specified.

Aspen Plus™ is considered as valuable simulation software for modeling of thermochemical processes. Doherty
et al. [69] developed an Aspen Plus gasification model for a fast internally circulating fluidized bed (FICFB)
gasifier which was based on Gibbs free energy minimization, zero-dimensional modeling and isothermal,
steady-state operation of the reactor with a zero temperature approach at equilibrium. The model results were
validated against the 8 MW Giissing gasification plant in Austria. Gasification temperature, fuel moisture,
steam- and air-to-biomass ratios were investigated for the model validation. A stoichiometric reactor was also
implemented by the authors for simulating the complete conversion of N2, S and Cl, to NHs, H>S and HCI,
respectively. Nikoo et al. [145] developed an Aspen Plus model in which a Gibbs minimization method was
applied for combustion of volatile species and FORTRAN subroutines were coupled to simulate hydrodynamic
conditions and reaction Kkinetics for char gasification in two continuously stirred reactor modules, for the bed
and freeboard respectively. Results were validated against lab-scale experiments of pine gasification in a
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fluidized bed reactor. Moreover, Pala et al. [146] presented a Gibbs free energy minimization gasification model
suitable for FT synthesis and they investigated the effect of various biomass feedstocks and process parameters
on syngas composition. Their results were compared to steam gasification experiments of wood residues which
were carried out in a lab-scale test rig [147].

Most of the available Aspen Plus thermodynamic models in the literature have been validated with laboratory
and pilot-scale gasification experiments (up to 500 kW) so far, and a good agreement has been obtained.
However, investigations on their suitability to predict syngas composition in large-scale fluidized bed gasifiers
are scarcer and more effort is needed to justify their implementation for this purpose. In this study, a model in
Aspen Plus for wood gasification is presented and the results are compared with real plant data. For this purpose,
gasification tests were carried out at the 3 MW+, BFB gasifier operating at the Fundacion Ciudad de la Energia
(CIUDEN) in Spain. The comparison focuses on syngas composition for the main components (CO, H, CO-
and CHy), C. hydrocarbons (modeled as ethylene) and carbon content in the fly ash, which is collected and
weighted on-site. A novel aspect of the aforementioned model is the consideration of the effect of the WGS
reaction on the final product composition, aiming to investigate its potential impact on gasification equilibrium
products during syngas cooling.

2.2 Gasification tests and modeling methodology

2.2.1 Experimental campaigns at CIUDEN and model development

The experimental campaigns were performed in a 3 MW, atmospheric, air-blown BFB gasifier which can
operate with three different fuel types, specifically biomass chips, granular or pelletized biomass. For this
purpose, two different fuel-supplying lines are connected to the gasifier, one for treated biomass (granular and
pelletized) and one for chips. Fuel is supplied with screw feeders inside the reactor. A pressurized rotary valve
is used for biomass supply, feeding biomass at two different levels located at the top and bottom of the bed. For
the case of treated biomass, both feeding levels may be operated simultaneously, while for chips only one level
is operated at a time. To prevent backflow of particles and syngas produced, which can cause pyrolysis in the
fuel reservoirs, a minor flow of CO, was supplied with the fuel. For the continuous operation of the gasifier,
each fuel supplying line consists of two fuel hoppers, each one with a volume sufficient for 3 h of operation.
Loading of a hopper with fuel is performed while its feeding line is disconnected and therefore, the two hoppers
operate independently. Moreover, the feeding mass flow rate of biomass can be measured through weight
indicators (W1), which continuously record the feeding hopper weight.

A schematic representation of the gasification facility is shown in Figure 2-1. The gasifier itself is an internal
refractory-lined BFB reactor with an internal diameter of 1.3 m and a total height of 5.5 m, while the freeboard
section has an internal diameter of 2.0 m. The gasifier is connected to a sand feeding system which can
continuously feed the required inert material for high-ash biomass operation. In addition, an additive feeding
system is installed for investigating materials for tar reduction, as well as in-situ elimination of impurities. For
the gasifier startup, heating of the reactor was performed with flue gas derived from natural gas combustion in
a separate chamber. When biomass gasification started, a forced draft fan operated to supply air for bed
fluidization. An array of 19 thermocouples, 6 differential pressure transmitters and 4 reserved ports for other
measurement devices and sampling are installed across the gasifier. During the campaigns of this thesis,
temperature, pressure and pressure drop at the fuel storage and feeding section, gasification reactor and gas
cleaning system were continuously monitored and recorded via a data acquisition system. Removal of fly ash
and inert solids from syngas was carried out downstream of the gasifier. Firstly, the solid particles were collected
with two refractory-lined high-efficiency cyclones and they were subsequently transported to a bigger hopper
with screw feeders connected to weight measuring devices. Two independent ash removal systems are used to
collect the bottom and fly ash which are produced in the process, respectively. Regarding syngas composition
measurements, a Tunable Diode Laser (TDL) device was used for monitoring the O, content in syngas, while
the main gas components were measured with an on-line gas chromatograph (Hz, CO,, CO, O, and CHa).
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Figure 2-1: Schematic diagram of 3 MWy, BFB gasifier at CIUDEN.

Furthermore, dedicated sampling connections are installed in the gas duct for off-line analysis. Five
experimental tests were carried out with woody biomass at a temperature of 890 °C and A of 0.28-0.29.

2.2.2  Aspen Plus model description

The model for the prediction of syngas components is a steady-state model based on thermodynamic equilibrium
through Gibbs free energy minimization. For the presented simulations hereafter, the compounds defined were
Nz, 02, C, S, Hz, CO, COz, CH4, Hzo, HzS, SOz, 803, COS, HCN, C2H4, Csz, CeHe, CioHs as conventional
components, as well as biomass and ash as non-conventional solids. Particularly, solid carbon (graphite) was
selected as the component to represent solid char. For the definition of biomass properties, the HCOALGEN
and DCOALIGT models were adjusted for enthalpy and density, respectively. The biomass stream was defined
by the proximate, ultimate and sulfur analyses. The default Boie correlation can be used to describe the heat of
combustion within the HCOALGEN model according to Equation 2-1, while a deduction for the latent heat of
vaporization of water is performed to calculate the lower heating value of the fuel

d d d d d d .
Achi™ = [au’Wc;n + aziWH,rin + a3iW5,zm+a4iW0,7in + a5iWN,7in] -10% + ag; Equation 2-1

where w@*, wi™, wédt™, wiT, wi denote the mass fractions of fuel elements and a,,; (withn =1, 2...6) are
coefficients with both positive and negative values described under the parameter name BOIEC/K in Aspen
Plus (with K =1, 2...6). For the proximate and ultimate analyses, average values from the fuel data for all five
experimental campaigns were used, as provided by CIUDEN for wood and shown in Table 2-1. The model
layout as developed in Aspen Plus is shown in Figure 2-2. Initially, the biomass feed decomposes in the RYield
reactor. In this section, biomass is transformed from a non-conventional solid component to its elements in a
molecular form, which are assumed to be C(s), Hz, N2, S, Oz, H-O and ash. This step is important since after
decomposition the components can take part in the Gibbs free energy calculations in default Aspen Plus RGibbs
modules. For this calculation, random initial values for the distribution of species at the exit of the reactor were
given.
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Table 2-1: Proximate and ultimate analyses of wood chips used in the experimental campaigns.

Proximate analysis

Moisture (wt. %, wet basis) 6.06
Ash (wt.%, dry basis) 131
Volatile matter (wt.%, dry basis) 79.03
Fixed carbon (wt.%, dry basis) 19.66
Ultimate analysis (wt.%, dry basis)
C 49.30
H 6.71
N 0.11
S 0.01
) 42.57

Afterward, the reactor block was coupled with a calculator block which calculated the composition in the outlet
with a FORTRAN subroutine. The subroutine links the data provided to the software for the fuel ultimate
analysis and moisture content to newly defined variables which correct the outlet mass flow of the components
based on the biomass water content. The value for the moisture content is retrieved from the proximate analysis
which is also provided to the software. A similar procedure for handling biomass in Aspen Plus has been
described in [148]. The principal software block which performs the minimization of Gibbs free energy to obtain
the syngas composition is the RGibbs reactor. Herein, a short description of the method fundamentals is given,
while a more comprehensive analysis of the methodology and its numerical solution can be found in [149]. The
total Gibbs free energy of the system G*°t can be defined based on the chemical potential of species i present
denoted as y; and their quantities, n;, according to Equation 2-2.

N
Gt = Z Nl Equation 2-2

=1
The chemical potential u; of the species (assuming ideal gas behavior in order to simplify fugacity coefficients)
can be defined as:

ui = AGP; + RTIn(y;) Equation 2-3

where AG_;"i is the standard Gibbs free energy of formation of species, R and T are the universal gas constant

and temperature, respectively, and y; is the mole fraction of component i in the mixture. Based on Equation 2-2
and Equation 2-3, the total Gibbs free energy can be written as

N N
Gt = Z n; AGR; + Z n; RTIn(y;) Equation 2-4
i=1 i=1
When the equilibrium state is established, the total Gibbs free energy of the system is minimized. Therefore, a

solution for the problem can be obtained by specifying n; values to minimize the objective function. The use of
Lagrange multipliers is usually employed with the constraint of the elemental balance shown in Equation 2-5.

Z?I=1 aij n; = Aj Withj:],2,3...k Equation 2-5

In Equation 2-5, a;; denotes the number of atoms of the j™ element per quantity of the i" species and 4; is the
total number of atoms of j element in the mixture. Based on this definition, the Lagrangian function can be
formulated, employing the Lagrange multipliers 4;, as follows

k N
L =Gt — Z A; (Z a;jn; — 4j) Equation 2-6
==
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The partial derivatives of the Lagrangian function are set equal to zero as shown in Equation 2-7. The set of
equations (matrix of i rows) can be solved numerically (e.g. by the Newton-Raphson method) to obtain n; which
must be real numbers and satisfy the constraint of having values in the range 0 < n; < ngq;.

dL
an 0 Equation 2-7

Moreover, the energy balance must be satisfied in all cases. Taking into account that inside the gasifier both
exothermic and endothermic reactions take place, the heat generated from exothermic reactions is either
consumed by the endothermic ones or it causes a temperature increase in the product gas temperature. The
energy balance is shown in Equation 2-8

Qross + Z n HY(T) = Z ny Hy (T,) + AH Equation 2-8

reactants products

where the summation operators (“sigma”) denote the enthalpy values of the reactant and product mixtures at
their respective temperatures, while Q;,ss denotes gasification heat losses. Heat losses were considered
negligible in this investigation. When this term is indeed considered, it is assumed to be a small fraction of the
fuel HHV value, as done by Altafini et al. [150].
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Figure 2-2: Aspen Plus gasification-equilibrium model layout.

The Gibbs minimization procedure was set to obtain products under phase and chemical equilibrium, thus
excluding the specification of the temperature approach for any reaction(s). While the aforementioned
methodology can adequately predict the formation of the major syngas components, non-idealities during the
thermochemical conversion process lead to the underestimation of specific products that are measured during
real conditions, such as char (residual carbon), CH. and tars [75]. For this reason, a stoichiometric reactor
(RStoich) was used prior to the RGibbs reactor. In this module, an amount of CH, is formed from solid char
and hydrogen. Initially, the molar fractional conversion of C(s) in the stoichiometric reactor was set to 12%.
However, for the estimation of the final value of CH. composition in syngas, a design specification module was
implemented in the simulation program. This feature changes the fractional conversion of solid char in the
stoichiometric reactor to meet the experimental measurements for CH.. In this specification, the final
composition of CHs measured by the analyzer at the gasifier outlet duct was directly given as a simulation input
and all calculations took into account this exit value. The CH,4 flow and the products derived from the RYield
reactor are transferred to a separator block, in which a fraction of char, the total amount of methane and the total
amount of ash contained in biomass are separated from the gas mixture and are further processed in a subsequent
separator in the flowsheet. Based on the experimental campaigns at CIUDEN, a 6% molar fraction of the total
char produced from the decomposition was subtracted from the main flow which is to be fed to the RGibbs
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reactor. In the last separator, all fuel ash and the C(s) fraction that by-passed the RGibbs reactor are separated
as solids from the mixture. An equilibrium reactor (REquil) is introduced after the RGibbs reactor to equilibrate
the WGS reaction. To obtain the final dry gas measurement, condensation of syngas moisture is performed in a
water separator. It is assumed that only moisture is removed within this block, in order to directly compare the
syngas composition results from the simulations to the experimental results obtained by the gas chromatograph,
which operates with dry syngas. For the RYield, RStoich and RGibbs blocks which were used to simulate the
gasification process, it was assumed operation for a pressure equal to the gasifier plenum pressure. Gasification
temperature for the same blocks was calculated according to manufacturer guidelines as the average temperature
of the thermocouples placed at a height of 375 mm from the reactor plenum, which corresponds to an average
of four (4) temperature values. The pressure in the WGS equilibrium reactor was set equal to the pressure
measured at the outlet of the gasification reactor, accounting for the pressure drop through the BFB. The total
heat balance of the process was calculated by combining the heat streams from the decomposition reactor
(RYield), the stoichiometric reactor (RStoich) and the Gibbs free energy minimization reactor (RGibbs) blocks,
including also the WGS reactor where necessary (cases with and without WGS correction were considered). A
heat stream mixing block accounts for the balance between heat generation and demand of the model reactors.

2.3 Results and discussion

For all the simulated cases, the pressure and temperature values in the model reactors were altered according to
the experimental data obtained from the campaigns. For the composition of the biomass feedstock, the average
values of repeated ultimate and proximate analyses performed for the wood chips before each experiment were
adopted in the model. The mass flow rate of biomass, CO- and inlet air in the system were calculated from the
experimental measurements provided. The biomass feeding mass flow rate was calculated by the given weight
reduction curve of the hopper. Table 2-2 provides the pressure and temperature values for the model reactors
and Table 2-3 presents stream data for the Aspen Plus simulation.

Table 2-2: Pressure and temperature of the model components (blocks) for all simulated tests.

Test 1 Test 2 Test 3 Test 4 Test5
Component 2=0.29 2=0.28 2=0.28 2=0.28 2=0.29
RYield reactor
Pressure (bar) 1.15 1.16 1.16 1.16 1.17
Temperature (°C) 884 884 885 885 894
RStoich reactor
Pressure (bar) 1.15 1.16 1.16 1.16 1.17
Temperature (°C) 884 884 885 885 894
RGibbs reactor
Pressure (bar) 1.15 1.16 1.16 1.16 1.17
Temperature (°C) 884 884 885 885 894
WGS reactor
Pressure (bar) 1.03 1.03 1.03 1.03 1.04
Temperature (°C) 830 830 830 830 830

In the initial model developed, a significant deviation from the experimental values for syngas composition was
obtained. In that preliminary model, it was assumed that only CHys is produced in the stoichiometric reactor to
compensate for the equilibrium calculations in the Gibbs minimization reactor [70]. Under this assumption,
syngas contains mainly CO, H,, CO,, CH. and N2 as the balance gas in the moisture-free gas measured by the
GC analyzer.
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Table 2-3: Material stream values for wood-chip gasification modeling.

Test 1 Test 2 Test 3 Test 4 Test5
Parameter J=029  1=028  1=028  1=028  1=0.29
Biomass mass flow rate (kg/h) 499.4 532.6 544.8 488.0 523.1
CO: hopper pressure (bar) 1.24 1.24 1.24 1.24 1.24
CO; temperature (°C) 25.0 25.0 25.0 25.0 25.0
CO2 mass flow rate (kg/h) 70.7 86.4 86.4 86.4 90.3
Air pressure (bar) 1.15 1.16 1.16 1.16 1.17
Air temperature (°C) 38.8 52.2 53.1 49.6 47.3
Air mass flow rate (kg/h) 862.2 862.1 862.2 862.2 923.7

Of course, the concentration of other volatile hydrocarbons in syngas (such as C2H4) cannot be neglected even
when not quantified, such as in the present investigation. Research studies have reported values of C,H4 content
in syngas for air gasification under various operating conditions. Rechulski et al. [88] reported composition of
0.68 vol. % for C;H4 and 0.25 vol. % for C,Hs (C2 hydrocarbons) for bubbling fluidized-bed gasification of
wood with 2 = 0.29. In another study, Mun et al. [151] reported a value of 1.1 vol. % for wood gasification with
A=0.22 and sand as bed material. Moreover, Hurley et al. [152] reported concentrations in the range of 1.0 vol.
% or higher for C; gases in the product gas of an air-blown, fluidized bed gasifier with woody biomass as fuel
and 4 = 0.30. Consequently, C;H4 formation was also modeled in the stoichiometric reactor block in order to
improve prediction capability. The value for the fractional conversion of component C(s) to C>H. was set to be
7%. The flow of C;H, after the stoichiometric reactor also by-passed the RGibbs reactor, before it is mixed
again with the main syngas components to account for the final product gas composition.

The first series of simulations was performed by not taking into account a WGS correction after the Gibbs
module. Figure 2-3 presents a comparison between the results obtained from the model and the measurements
from the BFB gasifier. Experimental values for syngas composition correspond to average measured values
through GC analysis during steady-state gasification. The results refer to the first experimental test and the
model results correspond to two modeling approaches, when including C;Hs formation (Approach a) and
without C,H4 formation (Approach b), are shown.
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Figure 2-3: Syngas composition simulation results for two modeliﬁg approaches compared to experimental
data from Test 1. Approach a: w/o WGS equilibrium, with C,H, formation. Approach b: w/o WGS
equilibrium, w/o C,H,4 formation.

When modeling without WGS correction, the content of CO, was underestimated, while the CO content was
overestimated compared to the experimental measurements. Deviations were more significant when modeling
without C,H.4 formation. On the other hand, when C,H4 was considered, the model performance improved and
the most notable difference was in the prediction of the CO content (~ 1 percentage point). As a next step, the
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assumption that the WGS reaction still takes place during syngas cooling was made [153]. A WGS model reactor
operating at 830 °C (~ 60 °C lower than the average gasification). This value was selected after performing a
sensitivity analysis based on the equilibrium results for WGS for different temperatures compared to the
experimental measurements from the BFB gasifier. For the subsequent simulations, the implementation of a
pseudo-reactor for CoH, formation was investigated in combination with a WGS correction. In Figure 2-4, the
comparison between the model estimations and experimental data are shown for the modified Aspen Plus model
and for the same experimental test (Test 1). Including C;H4 formation in the model with the WGS reaction
improved the prediction for H, content in syngas and it caused both CO (~ 0.2 percentage points deviation) and
CO; concentrations (~ 0.35 percentage points deviation) to approximate the experimental data. Based on these
results, it can be concluded that the equilibrium model with WGS correction and the assumption of C;Ha
formation is capable of predicting the composition of syngas adequately under these specific conditions.
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Figure 2-4: Syngas composition simulation results for two modeling approaches compared to experimental
data from Test 1. Approach a: with WGS equilibrium, w/o C.H, formation. Approach b: with WGS
equilibrium and C,H,4 formation.

Table 2-4 presents the syngas composition calculated from the model for the conditions of the first test. It can
be noted that Gibbs free energy minimization based equilibrium calculations cannot predict the formation of
minor sulfur compounds and other contaminants present in the product gas. According to model estimations,
sulfur was mainly converted to hydrogen sulfide (H2S) and to a smaller extent to COS, which is in line with
published results for biomass gasification [137]. The molar conversion of incoming sulfur to hydrogen sulfide
according to the model calculations was found to be approximately 93%. Such values are also in line with
equilibrium product predictions for the distribution of sulfur species presented by Kuramochi et al. with the aid
of FactSage software [154], who concluded that H-S is the main sulfur species in bio-syngas followed by COS
at gasification temperatures higher than 750 °C. The equilibrium model yielded approximately 25 ppmv H,S,
for which the very low sulfur concentration in the fuel should be taken into account (0.01 wt. %). The sulfur
content was lower than the values reported in the literature for solid biomass, although its distribution to the
main sulfur-containing products was similar. According to Aljbour et al. [155], the H2S content in wood
gasification is expected to be ca. 35-39 ppmv. However, Ohrman et al. [156] reported H,S concentrations in the
range of 15 ppmv for low-sulfur containing wood pellets and A = 0.35. In this thesis, H.S concentrations between
5 and 80 ppmv were measured for wood gasification with O, as presented next. The latter values indicate that
the predicted H»S value can be realistic for low-sulfur fuels. To account for the formation of sulfur compounds
in Aspen Plus in a more explicit way, Pala et al. [146] implemented a stoichiometric reactor to convert all fuel
sulfur to H.S, neglecting conversion to other compounds. They reported an H,S content in the range 78-2174
ppmv for fuel sulfur contents between 0.02 wt. % and 0.57 wt. % (dry basis). Although prediction of OSCs is
probably equally crucial, this is rarely taken into account in steady-state equilibrium models, due to the fact that
quantification of trace compounds in syngas in often omitted.
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Table 2-4: Wet syngas composition for Test 1 conditions (vol. %, w.b.) calculated by the model.

Syngas component Model results Syngas component Model results
co 15.59 vol. % H.0 10.43 vol. %
H> 10.97 vol. % CoHy 1.23 vol. %
CO; 14.52 vol. % H.S 25 ppmv
CH, 3.86 vol. % COoSs 1.79 ppmv
N> 43.40 vol. % HCN 86 ppb

Therefore, integration of blocks for the formation of H,S, COS, thiophene and other sulfur species, HCI and
NH; can result in a further improvement of the prediction capabilities of such a simulation tool. In addition, a
module for predicting tar compound formation according to [70] can be integrated. The most abundant,
representative and stable tar compounds which prevail at the usual operating temperature range of the gasifier
are commonly selected, such as naphthalene, benzene, etc. Such an approach is presented in the seventh chapter
of the present thesis for hydrocarbons, tar species and other syngas contaminants. Figure 2-5 presents a
comparison of the syngas composition between the Aspen Plus model and the experimental results from Tests
1 to 5. It was found that the equilibrium model deviates as the biomass flow rate increases, especially for the

second and third tests. As expected, other parameters such as hydrodynamics within the fluidized bed can
influence the obtained results.
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Concerning the estimations of fly ash production, Figure 2-6(a) compares the model results for char mass flow
to the experimental tests 1-5. It can be noted that the assumption of a single split fraction for unreacted carbon
in the proposed model fails to a certain extent to cover the effect of all gasification parameters. Finally, the
results of C,H4 concentration, as estimated from the Aspen Plus model, are shown in Figure 2-6(b). Ethylene
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composition ranged from 1.15 vol. % to 1.37 vol. %, which is consistent with the content of light hydrocarbons
in wood gasification product gas.
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Figure 2-6: (a) Model results for carbon mass flow with fly ash versus experimental results and (b) C2Ha
content in syngas (vol.%) as estimated in Aspen Plus.

2.4 Conclusions

In this chapter, an equilibrium-based, steady-state gasification model for the prediction of syngas quality was
presented, taking into account the formation of CH. and C, hydrocarbons, as well as the unconverted char in fly
ash. The model was based on the minimization of Gibbs free energy for the estimation of the main product gas
components, as well as on the effect of the WGS reaction equilibrium at the reactor outlet. Experimental tests
were initially performed in a 3 MW, air-blown BFB gasifier under nominal working conditions and the process
parameters were used as inputs to the equilibrium model. The use of a WGS model reactor contributed to
achieving a better agreement with the experimental data, indicating that the reaction can still be active after the
gasifier outlet. When only CH, formation was considered, the simulation results greatly deviated from the
experimental data. For this reason, the formation of C,H. was integrated in the model in a stoichiometric reactor.
The modified model managed to adequately predict the main syngas components. However, deviations when
operating conditions such as fuel and oxidant feed rates changed were also noted. Correlations covering the
production of hydrocarbons with respect to temperature, equivalence ratio and other parameters can enhance
the ability of the model to predict syngas composition with higher accuracy since in the present model, data for
a single temperature level (and a very narrow A range) were used. Moreover, correlations for char conversion
can further improve the model performance as the composition of the main syngas components is influenced by
solid/gas reactions (e.g. Boudouard reaction). Equilibrium calculations could predict the H,S content, which is
the main sulfur compound in syngas. Nevertheless, such a simplified model is not suitable to estimate the
formation of a variety of OSCs. Thus, concerning sulfur distribution, the integration of semi-empirical
correlations that incorporate the main parameters influencing the OSC content in syngas (e.g. temperature,
sulfur content in the fuel, etc.) are proposed as future work.

Overall, the semi-empirical equilibrium model presented in this chapter can be considered as an appropriate tool
for process modeling and flowsheet development. However, it lacks accuracy when component design is of
interest (gasifier, downstream cleanup equipment, etc.), where more detailed models would be required. The
equilibrium model was further modified (see Chapter 7) to account for the content of various contaminants in
syngas. The formation of tar and light hydrocarbons was considered there and gasification heat losses were also
coupled to the Aspen Plus model.
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3 Experimental study of sulfur and light tar removal by activated
carbon

3.1 Literature review of sulfur and tar removal by AC sorbents and context of the study

Cleanup of coal- or biomass-derived syngas prior to catalytic synthesis requires several gas treatment steps,
such as AGR and removal of contaminants present at low concentrations, such as chlorine and sulfur species.
Although H.S can be selectively removed by AGR processes [157], it is not completely eliminated [158] and it
is a major contributor to noble metal catalyst poisoning, such as nickel (Ni) containing catalysts [159, 160].
Physical absorption processes (e.g. Rectisol) can remove HS prior down to 0.1 ppmv. However, they operate
under elevated pressures and therefore, the power consumption of such units is usually high [158]. In addition,
they operate at very low temperatures, which may induce undesired syngas cooling. Chemical absorption
processes can operate at lower pressure and higher temperature, but thermal power is required for solvent
regeneration [161]. In the context of this thesis, agueous potassium carbonate (K.CQs) solvents are investigated
due to the advantages of low reboiler duty and milder corrosion effects with respect to amines [162]. However,
the clean, “sweet” syngas from the process still contains sulfur [163], as the process is not highly selective
towards sulfur species. Particularly, OSCs such as thiophene, benzothiophene and dibenzothiophenes cannot be
effectively removed by K,COjs solutions [163]. Therefore, the coupling of AGR processes with guard beds with
zinc oxide (ZnO) and/or activated carbon (AC) can contribute to the elimination of sulfur contaminants. ACs
are promising materials for the sorption of impurities from syngas due to their high surface area, developed pore
volume and competitive cost [164-166]. Surface treatment of ACs can improve their selectivity for specific
syngas species and also enhance their capacity [167]. After sorption, the material can be regenerated by pressure
swing or sold as fuel (it comprises, essentially, carbon) to combustion power plants equipped with DeSOx units.
This constitutes an effective solution for small- to medium-scale units, for which a solvent-based selective sulfur
removal process may not be financially viable. Apart from sulfur compounds, tar species can be additionally
captured by ACs. Apart from the various problems that are attributed to tars such as clogging issues, potential
benefits may arise when not all tar compounds are eliminated from syngas. In any case, the investigation of tar
adsorption, as well as the coadsorption of sulfur and tar species on AC materials can provide important insight
on the application of such materials for syngas cleaning.

Sorption of inorganic sulfur can be performed by both physical and impregnated ACs. So far, H,S has been the
most widely investigated sulfur compound, due to its high concentration in syngas and other off-gases. Xiao et
al. [166] published an experimental study of H.S sorption on Na,COs-impregnated ACs derived from coal at
temperatures of 30 °C and 60 °C, H,S concentrations in the range 200-1000 ppmv and for various relative
humidity (RH) conditions. The authors concluded that such a modification can increase the sorbent capacity
under anaerobic conditions. Bandosz et al. [168] compared the performance of three different ACs, either
unmodified or NaOH-impregnated, as sorbents for removing H,S with a concentration up to 1 vol.% from off-
gases. The authors concluded that unmodified ACs can be suitable materials for H.S removal due to their
catalytic activity in promoting dissociative adsorption of H>S and its subsequent oxidation. Hervy et al. [169]
produced ACs after treating pyrolysis chars by O2/N, mixtures and steam but without chemical treatment. They
subsequently investigated the ACs as materials for the adsorption of H,S contained in three different, dry carrier
gases (air, N2 and syngas). They concluded that important char properties for H,S removal are a high specific
surface area and mesoporous volume, a surface with alkaline pH, the existence of mineral species on the AC
surface (e.g. Ca, Al and Fe), the presence of O-containing groups, as well as a disorganized carbonaceous
structure. Apart from H,S, studies have also focused on COS and CS;, which have significant concentrations in
gasification product gases. Bak et al. [170] investigated the performance of various ACs for the adsorption of
H.S, COS and CS; at ambient conditions and they compared it with that of other sorbents. The authors concluded
that ACs have a satisfactory affinity for the sorption of CS..

Regarding OSCs, Wen et al. [171] investigated the adsorption of sulfur and nitrogen organic compounds
contained in model liquid fuels on ACs. Dibenzothiophene (DBT) was used as a model OSC and it was
concluded that S and N compounds are adsorbed on different AC active sites. In addition, an increase in the
adsorption capacity of DBT with temperature was noted and it was attributed to chemisorption on the
chemically-treated AC. Another field of interest is the adsorption of OSCs which are used as odorants in NG or
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SNG prior to their use in fuel cells. Cui et al. [172] investigated the performance of virgin, oxidized and
impregnated ACs for removing H2S, methyl mercaptan (MM), ethyl mercaptan (EM), dimethyl sulfide (DMS),
dimethyl disulfide (DMDS), tetra hydro-thiophene (THT) and ethyl disulfide (EDS) at ambient conditions.
Different modifications were found to be effective for selectively removing specific sulfur species and based on
the results, optimized AC materials were proposed. Another experimental study on the adsorption of thiols and
disulfides on ACs has been presented by Vega et al. [173], who focused on EM, DMS and DMDS.

Furthermore, tar compounds of various structures and with different boiling points can be removed by ACs.
Many studies have focused on the adsorption of BTX compounds, while other common syngas species such as
naphthalene (CioHs) have also been investigated as single species or in mixtures. Shin et al. [174] investigated
the adsorption of benzene, toluene and ethylbenzene contained in raw landfill gas (LFG) onto ACs, addressing
the effect of the water content on the breakthrough times and capacities. Lillo-Rdodenas et al. [175] studied the
adsorption of benzene and toluene on virgin and chemically-treated ACs at ambient temperature, while they
provided an extensive literature review of benzene/toluene adsorption studies on ACs at concentration and
temperature ranges of 50-800 ppmv and 24-37 °C, respectively.

Indicative studies that focused on the removal of tar species from pyrolysis and gasification product gases are
those of Phuphuakrat et al. [176], Hanaoka et al. [177] and Ravenni et al. [178]. Phuphuakrat et al. [176]
investigated the adsorption of various tar compounds produced from biomass pyrolysis followed by a tar
reformer. It was concluded that AC can be effective in removing light aromatic hydrocarbons and light PAHs
from the product gas, while a condensable tar content of 65 mg m-3 was measured at the AC packed bed outlet.
Recently, Ravenni et al. [178] published an experimental study on the performance of carbon-based sorbents
for tar removal within the temperature range 250-800 °C and tested ACs activated via different methods.
Mixtures of toluene and naphthalene were used for tar representation and the authors noted that up to 400 °C,
no decomposition/cracking reactions on ACs take place. Moreover, adsorption of naphthalene on gasification
chars was found to be comparable to that of AC materials in terms of capacity at 250 °C, while the capacity of
all sorbents significantly diminished at 400 °C. Hanaoka et al. [177] investigated the removal of tar and sulfur
species (H2S, COS) by AC packed beds from simulated gas and real syngas produced by a downdraft gasifier.
Temperatures up to 450 °C were investigated and a sorbent system was proposed to remove sulfur gases to less
than 0.1 ppmv along with three- and four-ring PAHSs in the first stage, as well as one- and two-ring PAHSs except
for benzene in the second stage. Table 3-1 summarizes several experimental studies which have investigated
the adsorption of sulfur (inorganic and OSCs) and/or tar species (light and heavy tar) onto ACs.

The following observations can be made based on the literature review which was presented:

a. Although several experimental studies have investigated the adsorption of inorganic sulfur (mainly H,S) on
ACs, research on the adsorption of OSCs in the gas phase at gasification-relevant concentrations are relatively
rare. Most of them focus on adsorption of mercaptans and sulfides on virgin and modified ACs and not on less
volatile S-species contained in syngas, such as thiophene (C4H.S). Liquid fuel desulfurization by ACs has
greatly attracted research interest and thiophenes (especially thiophene, BT and/or DBT) are common model
compounds [179]. In this direction, most available studies have been carried out at low temperatures, not
exceeding 60 °C.

b. There is little research on the coadsorption of sulfur and tar species (light or heavy) onto ACs in real syngas
matrices. Specific syngas components can affect the removal efficiency either positively or negatively (e.g. CO;
and H,0).

In this context, the present experimental study initially investigates the performance of AC as a material for
C4H.S removal from a carrier gas at high temperature corresponding to “warm” syngas cleaning conditions
(100-200 °C). In a next step, the simultaneous adsorption of sulfur (mainly H,S) and light tar (mainly CeHs)
contained in the syngas produced from a 1 MW, pilot-scale, biomass-fueled EFG unit is presented. The obtained
results are expected to be useful for the coupling of AC sorbents with high-temperature AGR processes, when
the latter are not capable of completely eliminating sulfur downstream of the absorption column.
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Table 3-1: A literature review of experimental studies dealing with sulfur and tar adsorption onto ACs.

Investigated

Compounds AC type Experimental conditions parameters/ Source
and phase
other remarks
Sulfur compounds
— Effect of initial H2S
. Cy,s : 100-1,000 ppmv concentration
1 H>S ) |YY
H.S Virgin® and T:30°C, 60 °C — Effect of moisture
Na,COs- _ [166]
(gas phase) imoreanated Ac RH : 0-80% content
preg Vit = 120 mL min — Effect of AC type
— Effect of temperature
.S Virgin and Cr,s =1 vol.%
(gzas phase) NaOH-treated According to Calgon — Effect of AC type [168]
AC TMA41R method
— Effect of AC type
H.S O,-treated and Ch,s =200 ppmv — Effect of dry gas
(gzas ohase) steam activated  T:21-23 °C carrier on adsorption [169]
pyrolysis char Vit = 180 mL min efficiency (N, air,
syngas)
EtSH and DMS/  Virgin and
C2HeS, DMDS chemically C;=4 ppmv — Effect of S-compound
/C2H6S: treated AC by T=20°C+2°C type [173]
(gas phase) nitric acid and Viot = 250 mL mint — Effect of AC type
ozone
— Effect of initial DBT
concentration
C;:7.9-39.7 ymol g* o .
DBT HoPOstreated T :25,40,55 °C Effect of liquid carrier
o = - type (model fuel) [171]
(liquid phase) AC Vit = 0.1 mL min
Mac/Miq= 1:50 — Effect of temperature
— Effect of coadsorption
of S and N species
Virgin AC, ACs
treated with
H,S, MeSH, ZIXI:gIIiZan' Cyor: 5.3-9.9 ppmvy — Effect of AC type
EtSH, DMS, solutions and T=26°C — Effect of S-compound [172]
DMDS, THT, impregnated Viot = 4.0-4.5 L min't type
~ -1
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H.S, COS, CS; ACs (in C¢s, = 100 ppmv — Effect of inlet [170]
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other sorbents) Vit = 300 mL mint — Effect of temperature
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. T:25°C — Effect of AC type and
DBT loaded with Ver=10 L s AC/Fe/Ce d [179]
(liquid phase) CelFe ot e/-€ dosage
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(gas phase) Vear= 4.7 L min cracking of C;Hs and

1Virgin=steam activated, 2 LFG=Ilandfill gas

Resid. time ~ 0.35-0.72 s

CioHs

3.2 Experimental investigation of C4H4S adsorption in a lab-scale test rig

3.2.1 Materials and chemicals

Argon (Ar) with a purity > 99.998 % was used as a carrier gas. The model compound was supplied from a gas
cylinder containing 500 ppmv C4H4S in helium (He). A physically activated carbon developed by CECA was
the sorbent in this campaign. The material was crushed and then sieved and the 125-160 um fraction was
separated and used for the experiments. Additionally, other material properties related to the sorption behavior
were measured. Particularly, the specific surface area (SSA) was obtained through the BET method and the pore
size distribution through the BJH method by N2 physisorption using a Micromeritics Tristar 1l. Prior to the
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measurements, the sample was degassed at 150 °C for 3 h. Moreover, the skeletal density of the material was
determined by a Micromeritics AccuPyc 11 1340 pycnometer. The AC properties are summarized in Table 3-2.

Table 3-2: Properties of the AC material used in the experimental study.

Parameter Values
4 mm Extruded Mineral Steam Activated Carbon
CECA ACMA40-4WA

AC type (raw material)

Benzene Index 40+2
CCl, Index >80
Average particle diameter, d,, (um) 138
Bulk density (kg m) 497
Skeletal density (kg m=) 2,450
Specific surface area, BET (m? g1) 991
Pore radius (m) 13-10°10

3.2.2 Experimental setup

The experimental investigation was carried out at the Energy and Environment Research Division (ENE) of
Paul Scherrer Institute (PSI) in Switzerland. The apparatus is divided into four sections, particularly the gas
mixing, gas distribution, reactor and gas analysis sections. The test rig which was used for the lab-scale tests is
depicted in Figure 3-1. The gas mixing section comprises a set of mass flow controllers (MFC, Bronkhorst EL-
FLOW) to deliver defined amounts of gases. Argon, CsH.S and water were mixed in a heated mixing chamber
to produce simulated gases with specific C4H.S and H.O concentrations. Steam was produced by feeding water
to a heated cross-piece by means of a syringe pump (Harvard Apparatus PHD 2000).

Furnace

|MFC| ||v||=c| |MFC| packed bed

reactor
P
| sv1
_.[:%_._.D@j_.e (/ [ Mass
|

Spectrometer
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Figure 3-1: Schematic diagram of the lab-scale test rig for C4H4S adsorption.

All metal tubing in contact with the gas flow is coated with SiO; (SilcoNert® 2000) to prevent sulfur adsorption
on the metal surface. The gas mixing section and the gas distribution section were both kept at 140 °C. The gas
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distribution section consists of two four-port valves marked as SV1 and SV2 (VICI), which determine whether
the gas mixture will flow through the reactor or through the bypass line. The switch valves also regulate the
direction of the inert Ar flow which is supplied by a separate MFC. Moreover, two backpressure regulators (EL-
Press, Bronkhorst), placed downstream of the reactor and in the by-pass line, respectively, control the system
pressure. The quartz reactor (2 mm ID, 6 mm OD) was placed in a vertical, cylindrical-tube furnace (Carbolite
MTF 12/25A) and it was operated in down-flow mode. The temperature inside the furnace is measured by a K-
type thermocouple, while the sample temperature at different experimental conditions was calculated from
previously recorded oven temperature profiles. The tubing was equipped with heat tracing and insulation, while
the temperature was adjusted and maintained via PID controllers. Particularly, connecting tubes to and from the
reactor were kept at temperatures above ca. 70 °C to prevent condensation and minimize sulfur adsorption. To
prevent condensation of the moisture in the simulated gas, additional heated jackets were connected at cold
spots at the input and outlet of the fixed bed reactor.

In Figure 3-2, different sections of the test rig are depicted. Particularly, the oven containing the mixing and
switching valves (), the switch valve actuators (b), the syringe pump (c), the gas mass flow controllers (d), the
furnace and glass reactor with the sorbent (e), the heated inlet tubing towards the reactor (f) and the dosing
syringe for water (g) are shown.

”
r 8
) 1 ’

Figure 3-2: Depiction of the experimental test ria sorbent screeing.

3.2.3  Analytical Methods

Part of the gas (~ 1 NmL mint) from the second switch valve is sent to a mass spectrometer (MS) through a
fused-silica column (180 pum ID) for analysis. Manufacturer specifications for this system are shown in Table
3-3. Calibration was done by measuring the inlet gas mixture fed through the bypass line to the MS analyzer.
After switching to the reactor path, the gas concentration of C4H4S could be calculated according to Equation
3-1.

184 meas
Cthioph,exit = Cthiophref I Equation 3-1
84,ref
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Table 3-3: Mass spectrometer specifications [180].

Parameters/characteristics Specifications
Type and model Extrel Mass Spectrometer MAX300-LG
Mass spectrometer/detector 19 mm quadrupole mass filter
Mass range options 1-250 amu (standard option), 1-300 amu (available)
Component/analysis limitations Unlimited components per analysis and analyses/sequences
Detection range 100% to 10 ppb
Mass resolving power (M/deltaM) 2,000
Accuracy +0.0025% on 1% Ar with no interference
Stability +0.005% on 1% Ar over 30 days
Response <400 ms
Sampling pressure conditions Atmospheric to < 13 mbar (with ACSS inlet)
Sampling temperature conditions Maintained at 120 °C during experiments (up to 250 °C)

The parameter | in Equation 3-1 refers to the measured intensities at the corresponding m/z and c; refers to the
gas concentration of the corresponding species in ppmv. For the applied method, the limits of detection (LOD)
and quantification (LOQ) of CsH4S were calculated to be 0.12 ppmv and 0.39 ppmv, respectively.

3.2.4  Experimental procedure

For each experiment, 20 mg of sieved AC were weighed and transferred to the glass reactor. The sorbent was
held in place by glass wool plugs. The reactor was connected to the setup and a leak test was performed at a
pressure of 0.5 barg to ensure that no gas leakage could be detected at a gas flow rate of 3 NmL min. The
reactor was then heated to 150 °C under Ar atmosphere for 30 min to remove moisture at a flow rate equal to
the total mass flow of simulated gas during the specific adsorption experiment. Subsequently, the temperature
was set in the reactor (100, 150 or 200 °C). At the same time, the gas composition was set through the MFCs in
the gas mixing section and the gas flow by-passed the reactor in order to achieve proper calibration of the MS
instrument. In case a weak signal was obtained, flushing of the analyzer with higher C4H4S concentration was
performed prior to each calibration. When a steady MS signal was obtained, switch valves were adjusted to
connect the gas flow directly to the gas burner. This step was required to obtain a blank MS measurement prior
to the adsorption experiment. When the signal was zero, switch valves were adjusted again to connect the gas
distribution section to the reactor and initiate the experiment. Before this last step, fully steady conditions in
terms of temperature in the reactor had been established. The reactor pressure was maintained at 0.5 barg in all
experiments. Breakthrough curves were obtained for all tests, while breakthrough times are presented as the
time required to reach 90 % of the inlet C4H.S concentration at the reactor exit. Accordingly, total capacities
have been calculated on the same basis.

The adsorption capacity or breakthrough capacity g,, (mg C4H.S g* AC) was calculated based on Equation 3-2

_ MWthiophCOVfts (1 _ &) dt .
am = —1000mAC . Co Equation 3-2

where MWy 0,1 is the molecular weight of C4HsS (84 g mol™), €, is the inlet C4H4S concentration (mol m=),
C, is the outlet C4H4S concentration at time ¢ (mol m=2), V is the flow rate (m3 min?), ¢, is the total saturation
time (min) and my. is the mass of the AC bed (g).

The experimental conditions of the various tests are listed in Table 3-4. The effect of 4 parameters on the
adsorption behavior of AC was investigated; adsorption temperature, gas flow rate, C4H4S concentration and
H2O concentration in the simulated gas. Concerning the H2O content in the simulated gas, this value can be
considered relatively low. In Chapter 2 (Table 2-4), the H,O composition for air-blown gasification, as predicted
from the Aspen Plus simulations, was about 10 vol.%, while this value is much higher for steam-blown gasifiers
(> 35 vol.%). Operational issues for this specific campaign necessitated limiting the moisture content below 5
vol.% in the experiments. Despite this fact, the evaluation of C4H.S adsorption with and without H,O addition
can provide insight into the moisture effect on removal efficiency. In addition, the C4H4S content range (8.5-30
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ppmv) in the simulated gas can be considered representative of biomass gasification. According to
measurements from [88] and assuming that all OSCs can be represented by C4H4S, wood-derived syngas can
contain 2-6 ppmv organic sulfur at typical A conditions (0.19 < A < 0.35), while this value increases to 31-43
ppmv for a biomass fuel with a higher sulfur content at low 4 (0.15 < 4 < 0.20).

Table 3-4: Test matrix of C4H4S adsorption onto AC.

AC mass Temperature  Gas flow rate CaHaS H,O content

Test (mg) ¢C) (NmL min) concentration (v0l.%)
(ppmv) '

1 19.50 100 30.0 15 0
2 20.63 150 30.0 15 0
3 20.00 200 30.0 15 0
4 20.00 100 30.0 15 3
5 20.30 150 30.0 15 3
6 20.27 150 42.5 15 0
7 19.65 150 55.0 15 0
8 20.29 150 30.0 8.5 0
9 20.31 150 30.0 23 0
10 20.11 150 30.0 30 0
11 20.46 100 30.0 8.5 0
12 20.26 100 30.0 30 0

Moreover, the value of the gas flow rate may greatly vary among different studies, since the packed bed column
size and consequently, the amount of solid sorbent used, is different. In the present study a very small fixed-bed
column made of glass was used (2 mm ID), which was loaded with ca. 20 mg of AC material. On the other
hand, in the study of Cui et al. [172] a stainless steel reactor with 24.3 mm ID was fed with 4 g AC. Accordingly,
the gas flow rates were different; a much higher flow rate was selected in the latter study. In order to better
compare them, the parameter called ““gas hourly space velocity” or GHSV (h*) can be used, as shown in Equation
3-3

Vtot

GHSV = Equation 3-3

Vpacked_bed

where V,,, is the gas flow rate at normal conditions (Nm? h) and Vpacked_bea 1S the volume occupied by the
sorbent in the reactor (m®). The aforementioned parameter is particularly relevant for catalytic synthesis
reactors, however, it is also used in studies related to sorbents. A definition based on sorbent mass can also be
applied. The GHSV value which corresponds to the operating conditions of Cui et al. [172] was ~ 30000 h™ for
OSC adsorption on ACs. In this study, the investigated gas flow rates correspond to GHSVs higher than 40000
h1. However, GHSV values of this range have been used in other adsorption experiments as well, such as in the
study of Guo et al. [181], in which chlorobenzene adsorption onto AC was investigated at a GHSV value of
72000 ht.

3.25  Results and discussion: C4H4S adsorption onto AC

Breakthrough time and capacity results of all experiments are summarized in Table 3-5. Among the various
conditions studied, the highest C4H4S capacity of 11.59 mg g* AC was observed at a temperature of 100 °C,
30 NmL mint gas flow rate and a concentration of 30 ppmv C4H.S in the inlet gas stream. On the contrary, the
lowest capacity of 0.59 mg g* was measured at 200 °C, 30 NmL min* total gas flow rate and 15 ppmv C4H.S
in the inlet gas stream. Accordingly, sulfur breakthrough capacities ranged between 0.22 and 4.42 mgSg* AC,
for the respective cases. The duration of C4H.S adsorption experiments varied between 10 and 152 min, before
90% of inlet concentration was measured at the fixed bed outlet by the MS analyzer. In the following
subsections, the effect of the studied parameters (i.e. adsorption temperature, gas flow rate, C4H4S concentration
and H,0 concentration) is analyzed. The respective breakthrough curves are given in Figure 3-3, Figure 3-4 and
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Figure 3-5. Moreover, the fitting of the equilibrium capacity results to different isotherm models is presented.
A sufficient agreement of the experimental results with isotherm models is important for their application for
modeling AC fixed beds.

Table 3-5: Summary of breakthrough time and capacity results for all tests.

Test Breakthrough time, ty Breakthrough S capacity Breakthrough capacity, ggo

(min) (mg SgtACQC) (mg C4HsS g* AC)
1 108 3.10 8.15
2 26 0.64 1.68
3 10 0.22 0.59
4 83 2.45 6.44
5 24 0.60 1.57
6 20 0.64 1.68
7 14 0.67 1.76
8 39 0.42 1.09
9 24 0.76 2.00
10 18 1.09 2.86
11 152 2.11 5.54
12 73 4.42 11.59

3.2.5.1 Effect of temperature

Temperature has a significant effect on the AC breakthrough capacity, as well as on the shape of the
breakthrough curve. A major sorbent capacity decrease by 80% was found to occur for a temperature increase
from 100 °C to 150 °C, while at 200 °C the sorbent sustains 7% of its initial capacity measured at 100 °C. This
trend can be attributed to the exothermic adsorption process, during which heat is released due to surface
bonding. Breakthrough curves at higher temperatures had a steeper slope compared to the 100 °C curve. This
shape can be affected by several factors. The increased volume flow rate through the bed, the less favourable
isotherm with increasing temperature and the enhanced pore diffusion (i.e. reduced mass transfer resistance)
contribute to the aforementioned results.
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Figure 3-3: (Left) Breakthrough curves of CsH.S adsorption onto AC at 100, 150 and 200 °C (CsHaS inlet
concentration: 15 ppmv, gas flow rate: 30 NmL min, no H,O addition) and (right) breakthrough curves of
C4H,S adsorption onto AC for gas flow rates of 30.0, 42.5 and 55.0 NmL min-* (C4H.S inlet concentration:
15 ppmv, temperature: 150 °C, no H,O addition).

The effect of temperature on inorganic sulfur adsorption onto AC materials has been described to be similar by
Xiao et al. [166]. The authors reported that the H.S capacity of Na,COs-promoted AC decreases by increasing
temperature from 30 to 60 °C. It was proposed that temperature significantly affects H,S physical adsorption
and a decrease in the breakthrough time was also reported. Of course, it should be noted that the impregnation
of solid sorbents can trigger endothermic reactions between the sorbent and the adsorbate species and in that
case, a temperature increase will favor the adsorption process. For instance, Bak et al. [170] discussed that
FeOOH-based sorbents involve such endothermic reactions, which induce improved chemisorption of H,S at
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higher temperatures. Moreover, Wang et al. [182] studied C4HsS (in n-octane) adsorption onto 4 different
carbon-based materials. The authors calculated that the values for the heat of adsorption of C,H.S were as low
as 14 kJ mol* for Maxsorb and as high as 24 kJ mol* for graphene. The outcome was attributed to a larger
number of high-energy locations on graphene due to edge and defect sites. Between those sorbents, the heat of
adsorption of AC was found to be ca. 17 kJ mol. In the present study, the heat of adsorption was estimated to
be higher (49.4 kJ molt) compared to the values in [182]. Chemical modification of ACs can be a useful practice
to further increase the capacity. Particularly for C4H.S, Wang et al. proposed that acid functional groups e.g.
—COOH groups can increase the breakthrough capacity due to their affinity with the lone pair of electrons of S-
atoms in C4H.S.

3.2.5.2 Effect of gas flow rate

The variation of the gas flow rate affects the sorbent capacity only to a minor extent since no change in the
C4H,4S partial pressure exists. While a slight increase in the capacity at the highest GHSV value was measured,
the variations were < 3% for the flow rate range studied in the present work. However, the breakthrough time
decreased significantly (approximately 50%) when the flow rate increased from 30 to 55 NmL min-*. This can
be attributed to the increase of the C4Hs4S molecules which enter the fixed bed cross-section per unit time.
Accordingly, the concentration front moves faster due to this increase in the adsorbate flow rate. The shape of
the breakthrough curve did not change significantly with the increase in the gas flow rate and a minor steepening
of the breakthrough curve at 55 NmL min? was noted. If a normalized time expressed as 7 = tug/Lpeq IS
adopted in the x-axis, where t is the time (s), u, is the superficial velocity (m s*) and L, is the bed length (m),
the breakthrough curves are expected to flatten as the gas flow rate increases. During this flow rate increase, the
residence time in each slab decreases, however, the time needed by a C4HS molecule to diffuse into the AC
particle remains constant which limits the adsorption rate.

Bak et al. [170] noted that the H.S capacity of iron oxide hydroxide sorbents (IHS) is affected by GHSV.
Particularly, the breakthrough capacity decreased asymptotically as GHSV increased from 1000 to 4000 ht. The
fact that much higher space velocities were used in the present study must be taken into account when comparing
such trends, particularly since Bak et al. reported that the effect of an increased gas flow rate diminishes for
GHSV > 4000 h. Better insight can be provided by a comparison with the results of Barelli et al. [183], who
compared the performance of virgin AC, impregnated AC with Cu (II) and Cr (IV) salts and zeolite materials
regarding H,S and DMS adsorption. The authors found that H,S adsorption was highly influenced by the GHSV
conditions, which varied in the range 527-10000 h during the experimental tests. They correlated the sorbent
capacity C,4s With GHSV as shown in Equation 3-4

b

Coas = a + CHSV Equation 3-4

denoting an asymptotical decrease of the breakthrough capacity with an increase in GHSV.

When DMS was used as the adsorbate species, the authors found that the DMS adsorption is not greatly
influenced by the GHSV conditions. In addition, it is interesting to note that while the breakthrough time
significantly declined for a GHSV increase from 700 to 4000 h-* for both AC sorbents, the breakthrough capacity
of DMS remained the same or slightly increased for the maximum gas flow rate depending on the type of the
AC material. Based on the results of the present work, this trend seems to apply also in the case of C4HaS.
Overall, a weak correlation of breakthrough capacity with the gas flow rate can be attributed to a smaller affinity
of the adsorbate compound with the sorbent surface. Differences between the nature of adsorbate molecules
(e.g. molecule shape, charge distribution, etc.) and the pore structure (such as micropore volume) of the material
itself can play an important role when determining the effect of the gas flow rate increase on the obtained
capacities. Considering the requirements for developing suitable AC materials for C4H4S, Tang et al. [184]
proposed that an AC material with big average pore size and a high ratio of micropore volume to the total pore
volume can improve the adsorption of C4H4S contained in liquid solutions.

3.2.5.3 Effect of thiophene inlet concentration

The breakthrough curves of C4H.S adsorption tests under varying C4H4S concentration in the range 8.5-30 ppmv
are shown in Figure 3-4. Increasing the inlet C4H4S concentration increased the sorption capacity as a result of
the expected isotherm shape. However, for a favorable isotherm, the ratio of the adsorbed phase to the fluid
phase concentration decreases with an increase in C4H4S concentration in the gas. So comparatively, a relatively

50



Chapter 3: Experimental study of sulfur and light tar removal by activated carbon

smaller degree of sorption capacity is expected when increasing the adsorbate partial pressure due to the prior
adsorption of molecules, which occupy active sites on the material. At 100 °C, a concentration increase from
8.5 to 30 ppmv resulted in a breakthrough capacity increase by a factor of 2.1, while at 150 °C for the respective
concentration change, a higher breakthrough capacity by a factor of 2.6 was found.

At the same time, the breakthrough time and the slope of the curves were found to be dependent on the adsorbate
partial pressure. The breakthrough time decreased by ca. 50% for the higher C4H4S concentration, while the
slope of the breakthrough curve gradually increased. A higher driving force along the pores is responsible for a
higher adsorbate mass flux from the gas phase to the solid material. This flux relates to the product of a mass
transfer coefficient k and the difference between the equilibrium and actual solid-phase concentration (linear
driving force model). Film and intra-particle resistances contribute to the overall mass transfer resistance
(inverse of mass transfer coefficient). Between the two, the intra-particle resistance term contributes more than
90% to the overall value of 1/k during C4H4S adsorption, as reported in [140].
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Figure 3-4: (Left) Breakthrough curves of C4H.S adsorption onto AC for 8.5, 15 and 30 ppmv inlet C4HaS
concentrations (temperature: 100 °C, gas flow rate: 30 NmL min?, no H,O addition) and (right)
breakthrough curves of C4H.S adsorption onto AC for 8.5, 15 and 30 ppmv inlet C4H4S concentrations
(temperature: 150 °C, gas flow rate: 30 NmL min’*, no H,O addition).

3.2.5.4 Effect of water content

The effect of H,O addition on C4H.S adsorption is shown for two different temperatures in Figure 3-5. A small
increase in the H,O content was found to influence the adsorption of C4H4S onto activated carbon under the
investigated conditions. Specifically, the breakthrough capacity decreased by 20% and 7% at 100 °C and 150
°C respectively, when 3 vol.% H,O was added in the gas mixture. This indicates that the presence of moisture
in the gas mixture can have a greater impact on sorbent capacity compared to an increase of the GHSV of the
AC bed during C4H4S adsorption, especially at lower temperatures. This capacity reduction can be attributed to
the co-sorption of H,O and CsHS on the AC material. Previously published research has also noted that
adsorption of H,O can decrease the affinity of AC towards organic vapor sorption [185]. In other studies, the
presence of H,O has enhanced the sorbent capacity, such as in the case of H,S adsorption [186]. According to
Xiao et al. [187], the adsorption of OSCs on the surface of ACs can be inhibited when O-containing species
with electronegative oxygen are present in the mixture. The extent of such inhibitory effect is correlated with
the order of the dipole moment, as well as the order of the O-atom charge. The mechanism of this adsorption is
described to be different from the adsorption of OSCs. Adsorption of polar compounds takes place due to
intermolecular hydrogen bonding with acidic surface functional groups present on the AC surface. Since this
interaction can prevent thiophenic species from bonding on the AC surface, it has a negative effect on the
capacity of target adsorbates.

51



Chapter 3: Experimental study of sulfur and light tar removal by activated carbon

1.0 - 1.0 - g, ©
09 - A 09 &,
0.8 - § g 0.8 §
0.7 - i 0.7 o d
T0.6 - § ’;' 7 0.6 - $é
505 - § = 0.5 - o
= Q o
o 04 $é o 04 - ;
0.3 g 03 A
a 0 vol.?
0.2 vol% 02 y = 0 vol.%
0.1 & ° 0 |
NI e —" | | ?T VOI'A]‘ 8(1) <ummmnznj . | | e 3 yol."ol
0 20 40 60 80 100 120 140 0 5 10 15 20 25 30 35 40
time (min) time (min)

Figure 3-5: (Left) Breakthrough curves of C4sH4S adsorption onto AC for dry carrier gas and 3.0 vol.% inlet
H,O content ar 100 °C (C4H.S inlet concentration: 15 ppmv, gas flow rate: 30 NmL mint) and (right)
breakthrough curves of C4H4S adsorption onto AC for dry carrier gas and 3.0 vol.% inlet H,O content at 150
°C (C4H.S inlet concentration: 15 ppmv, gas flow rate: 30 NmL min-1).

3.2.5.5 Isotherm fitting for breakthrough capacity prediction

An adsorption isotherm describes the correlation between the amount of an adsorbate species which has been
adsorbed by a solid at a given temperature versus its partial pressure (P/P,) or concentration C, in the fluid
phase (either gas or liquid) at equilibrium conditions. Different isotherm models have been developed in the
literature. Concerning the adsorption isotherms, they are ultimately categorized into 6 groups by IUPAC,
commonly denoted as Type I, Il, II, IV, V or VI [188]. The shape of an isotherm can provide information
regarding the adsorption mechanism and the type of bonds that are formed during the process. Models
incorporating one to three parameters are commonly used for the adsorption of adsorbates onto ACs due to their
simplicity. Two such models are the single-parameter Henry isotherm and the two-parameter, non-linear
Langmuir isotherm. The Henry isotherm is the most simplified isotherm model to describe the correlation
between the adsorbate partial pressure and the solid phase capacity. The Langmuir model is based on the
assumptions that a) the adsorption process takes place on a homogeneous surface in a single layer and b) there
is no interaction between the adsorbed molecules on the surface. In general, the Langmuir isotherm model is
one of the most commonly applied models, which is known to provide very good agreement with available
experimental data. Their expressions are given in Equation 3-5 and Equation 3-6, respectively.

Henry isotherm qe = Ky C, Equation 3-5

_ KigmiCe

Langmuir isotherm =—
g e =11k,

Equation 3-6

In these equations, g, is the solid-phase equilibrium CsHsS concentration (mol kg?), C, is the CsH.S
concentration in the gas phase (mol m=3), Ky, is the Henry constant (m® kg?), K; is the Langmuir equilibrium
constant (m* mol?) and g, is the saturation value of the Langmuir isotherm (mol kg). The C4H.S gas-phase
concentration C, is correlated to the molar fraction y as shown in Equation 3-7 (P is pressure and R is the
universal gas constant).

yP
Ce=p7T Equation 3-7
For the isotherm constants Ky and K, it is assumed that they are temperature-dependent and they are given by
Equation 3-8 and Equation 3-9, respectively. In those equations, K ,.r (M*® kg™) and K ;.. (m* mol) are the
Henry and Langmuir constant pre-exponential factors and AHy and AH,, denote the heat of adsorption (J mol*)
for each isotherm model, respectively. In both equation, T, denotes the reference temperature, which is
assumed to be 273 K.
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AHH Tref
K - K (1 B ) - i
H Href €XP [ RTyer T Equation 3-8
AH| Trer
K; =K (1 - ) i -
L Lref€Xp [ RTyes T Equation 3-9

The isotherm constants were calculated through curve fitting in MATLAB. Their values are given in Table 3-6,
while the root-mean-square error (RMSE) and the coefficient of determination (R?) are also shown to compare
the two models. In Figure 3-6, the experimental capacity results from the lab-scale tests are plotted against the
Henry and Langmuir isotherm predictions for varying C4H.S gas phase concentration.

Table 3-6: Henry and Langmuir model constants and statistical results for data fitting.

Isotherm model Parameter Estimate
KH,ref (m3 kgl) 2186
AHy (3 mol?) -2.58-10%
Henry RMSE (mol kg) 0.016
R2 0.90
K}, rer (M3 mol?) 3.484-10°
AH; (I mol?t) -5.02-10%
Langmuir gmz (Mol kg™) 0.242
RMSE (mol kg?) 0.002
R2 0.99
0.16 T (°C)/Type
----- 100/H
—— 100/L
0.12
----- 150/H
;Q ——150/L
H 008+ o 200/H
= ——200/L
0.04 O 100/Exp
O 150/Exp
0.00 : i . ! . A 200Exp

T
2 4 6 8 10 12 14 16
¢, (molm?)

Figure 3-6: Adsorption isotherms of C4H4S for Henry and Langmuir models (H: Henry isotherm, L: Langmuir
isotherm, Exp: Experimental data).

For the comparison of isotherm models to the experimental data at 200 °C, another test was carried out with a
C4H.S concentration of 30 ppmv and otherwise similar conditions to Test 3. The results for this test are also
shown in Figure 3-6. Parity plots comparing the experimental capacity measurements and estimates derived by
the Henry and Langmuir isotherm models are depicted in Figure 3-7. The experimental tests which involved
mixtures of C4H4S and H;0 have been excluded from these plots.
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Figure 3-7: Parity plots representing AC capacities calculated from isotherm models (H: Henry, L: Langmuir
isotherm) as a function of experimental data at 100 °C (top), 150 °C (middle) and 200 °C (bottom).
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From Figure 3-6, it can be observed that the shape of Langmuir isotherm approaches the linear Henry model as
the temperature rises and sorbent capacity decreases. The Henry model can be used only for a rough
approximation of the AC capacity values, since its deviation from the experimental data exceeds in many cases
the + 20% range, as shown in Figure 3-7. On the other hand, the Langmuir model seems to be in good agreement
with the experimental data, particularly at 100 °C. As the temperature increases to 150 °C, the deviation is
greater, however, it is still within + 20% at low and within + 10% at high C4H4S concentration values. There
was only one capacity value significantly underpredicted at 200 °C (exceeding the + 20% range) and low C4H4S
concentration (15 ppmv) by the Langmuir model. A better fitting of the experimental values can also be
observed by the improved R? value, which exceeds 0.99 for the Langmuir isotherm and it is much higher
compared to the Henry model (~ 0.90). Therefore, it can be suggested that the Langmuir model can adequately
predict the C4H4S capacity values of the AC material within the investigated range of the test parameters. It is
thus more suitable for implementation in kinetic models of C4H4S adsorption onto AC compared to the single-
parameter Henry isotherm. Apart from the global sensitivity analysis study in [140], a validation of the
breakthrough curves of the present work with a physical adsorption model with the Langmuir isotherm can be
found in [189].

3.3 Experimental investigation of H2S and tar removal from syngas derived from a 1 MW
entrained-flow gasifier

3.3.1 Fuel and materials

Wood pellets were used as a fuel for the gasification tests. Table 3-7 presents fuel proximate and ultimate
analyses. In order to be used in the gasifier, the pellets were pulverized through crushing and milling with a
hammer mill (MAFA EU-4B) to obtain wood powder with ca. 100 um mass median diameter (dso). This
corresponds to a hammer mill sieve size of 0.75 mm. A detailed PSD of the fuel for two different sieve sizes
(0.75 and 1.5 mm) mounted on the aforementioned hammer mill can be found in the study of Weiland et al.
[190]. The milled biomass is pneumatically transported and stored in the hoppers.

Table 3-7: Proximate and ultimate analyses of Swedish wood pellets.
Proximate analysis

Moisture (wt. %, wet) 4.7
Ash (wt. %, dry) 0.4
Volatile matter (wt. %, dry) 80.5
Fixed carbon (wt. %, dry) 14.4
Ultimate analysis (wt.%, dry basis)
C 50.6
H 6.3
N 0.10
S 0.006
Cl 0.02
O 42.4
LHV (MJ kg dry biomass) 19.6

Concerning the adsorption tests, the same AC material which was used in the C4H.S tests was also used in the
campaign with real syngas, with the exception that it was not milled prior to the tests. The AC properties were
presented in Table 3-2.

3.3.2 Pilot-scale gasifier and syngas sampling system

The EFG installation, where the experiments were carried out, is located at the Energy Technology Center
(ETC) in Pited, Sweden. A schematic diagram of the pilot-scale EFG configuration is shown in Figure 3-8. The
gasifier is a pressurized, entrained flow, ceramic lined (63 wt.% Al>O3, 31 wt.% SiO>) reactor with 0.52 m inner
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diameter and 1.67 m vertical length. The reactor is capable of operating at pressures up to 10 bar (absolute
pressure) and temperatures ranging from 1200 to 1500 °C in slagging mode, while it has a nominal capacity of
1 MWy, fuel throughput. It was designed to operate with O, as a gasification agent, in concentrations varying
from 100 vol.% down to 21 vol.%, when mixed with N». The mass flow rates of O, and N are regulated via
two MFCs (Bronkhorst F-203Al), while the O, mass flow rate is additionally measured with a Coriolis mass
flow meter (Yokogawa Coriolis Rotamass RCCS31). Five (5) S-type thermocouples with ceramic encapsulation
are used to monitor the temperature along the reactor height; particularly one (1) at the top of the reactor, three
(3) at the middle circumference and one (1) at the lower conical part. In addition, a water-cooled, N.-purged
camera was installed at the gasifier top to visualize the reactor interior. Two biomass hopper tanks of 1 m3
capacity each operate alternately, so that the pilot plant can run continuously. Calibration of fuel feeding
mechanical devices was performed before each run. A minor flow of N2 is mixed with the fuel supply to maintain
an inert atmosphere back of the reactor burner. The accuracy of the fuel feeding system is in a = 3% range,
within a 95% confidence interval.

The syngas produced in the gasifier is transferred though the conical bottom part of the reactor to the quench
section, where particles and condensable/high-boiling-point compounds are separated. Water is continuously
supplied through a pump to the quenching section, which comprises 1) a two-stage/level spraying system that
cools syngas down to ca. 100 °C followed by 2) a bubbling column section where solids and condensable species
are collected. Samples from the quencher outlet are regularly collected for analysis, however, wastewater
analysis was not carried out in the context of the present study. Apart from the two-stage syngas
quenching/water-spraying system, a third spraying level operates for cooling and protecting the conical part of
the reactor, as shown in the schematic diagram. Downstream of the gasifier, a backpressure regulator adjusts
the system pressure. For the safe disposal of the gas flow to the atmosphere, the syngas outlet pipe is connected
to the flare system (which is assisted by LPG combustion).
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Figure 3-8: Schematic diagram of the 1 MW, pressurized EFG pilot facility (reproduced from [190]).

During the start-up phase, a vertically-mounted electrical heater (Kanthal Tubothal 27 kW) operates to heat up
the reactor ceramic lining to ca. 1000 °C. The heating phase is carried out at a slow rate (< 100 °C h). After
the desired temperature has been achieved, fuel and oxidant feeding begins and the system is pressurized. The

56



Chapter 3: Experimental study of sulfur and light tar removal by activated carbon

reactor was operated at combustion conditions for a time interval necessary to achieve a temperature of
approximately 1400 °C in the cylindrical part and syngas temperatures of ca. 90 °C after syngas quenching.
Since the EFG typically operates at 2 values of 0.40-0.50, the mass flow of the oxidant was subsequently
adjusted to match the target experimental conditions. For the experimental campaign which is reported, the A
values during the combustion and gasification phases were 1.29 and 0.40, respectively. A depiction of the EFG
facility at ETC is shown in Figure 3-9.

Figure 3-9: Depiction of the pilot-scale 1 MW biomass-fueled PEFG unit at ETC.

The syngas sampling and analysis lines are depicted in Figure 3-10. A slipstream of syngas is sampled, filtered
from particulate matter and then cooled in a water-cooled heat exchanger placed downstream of the particle
filters. For removing particulate matter, a fiberglass filled trap and a glass microfiber disc filter were installed
for protecting the gas analyzers. For gas analysis, four (4) analyzers are available and further details are given
in Table 3-8. Syngas composition can be measured consecutively by both Fourier Transform Infrared
spectroscopy (FTIR) and micro-GC analysis. Not all the equipment herein presented was used to monitor syngas
composition during the gasification tests. Nevertheless, all installed devices are shown for completeness.

Table 3-8: Off-line and continuous syngas analysis equipment at ETC.

Analyzer Model Measured components Remarks/other information
Molecular sieve 5A and
. . Hy, N2, Oz, CO, CO;, CHa, PoraPlot U columns,
micro-GC  Varian 490 GC CaHa, CoH, 2 x Thermal Conductivity
Detectors (TCD)
MKS Multigas 2030 CO, H20, COz and CH4 Continuous measurement
FTIR :
HS (1 Hz sampling)
gzl’_'COC’ EIOZSL\:;U?SZ gfl':;s Flame lonization Detector (FID),
GC Varian CP-3800 A el P Pulsed Flame Photometric Detector
(H2S, COS, OSCs), CHa, (PFPD) and TCD
CeHs and tars
Cascade Dekati Low-Pressure . 13-stages, 0.03-10 um
. Particulate matter S
impactor Impactor (DLPI) aerodynamic diameter

In the context of the present study, syngas composition measurements were carried out and recorded semi-
continuously via the micro-GC analyzer every 3.5 min. During the campaign, neither particulate matter nor
syngas analysis through FTIR were carried out. The Varian CP-3800 GC is equipped with three different types
of detectors (TCD, PFPD and FID) and it can be used to measure permanent gases, hydrocarbons/tar and sulfur
species in syngas. In previous campaigns, tar sampling by solid-phase adsorption (SPA) and analysis through
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GC-FID were performed [156]. In the present study, syngas samples were stored in foil gas sample bags, which
had been previously rinsed with N2 in order to remove residual contaminants. The gas samples were
subsequently analyzed by GC-FID and GC-PFPD analysis to quantify hydrocarbon and sulfur species in syngas,
respectively.

Particle
trap

>'< .

Filter

Condenser
Micro-GC
Cooling
Syngas water
pipeline plg— FTIR
Condensate trap

Gas sampling
bag

Figure 3-10: Gas sampling and analysis train for continuous and off-line measurement of syngas
composition.

3.3.3  Fixed bed reactor apparatus, experimental procedure and test conditions

The adsorption experiments were carried out in a bench-scale test rig, which was initially designed for MeOH
synthesis experiments. The configuration of the experimental apparatus is shown in Figure 3-11. It comprises
consecutively a gas mixing station, a syngas cleaning section, the MeOH synthesis reactor, a condenser and a
backpressure regulator. The gas mixing station consists of five (5) MFCs, from which the first four are connected
to gas cylinders containing Hz, N2, CO and CO; pure gases (> 99.9%). The fifth one is connected to the gasifier
and it enables gas cleaning and synthesis tests with real syngas from the pressurized EFG. Therefore, the
particular configuration of the gas mixing section enables testing of synthetic mixtures with varying H./CO/CO;
composition, direct testing of gasification-derived syngas, as well as mixtures of real syngas with synthetic
mixtures in order to adjust the raw syngas composition (e.g. H./CO stoichiometric ratio).

MFCs/Mixing station

MFC1

MFC 2

MFC 3

MFC 4

MFC 5

I
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The main part of the test rig consists of three (3) stainless steel, fixed bed reactors. During MeOH synthesis
tests, the first reactor (FB1) is filled with AC and kept at room temperature for removing hydrocarbons and
metals from syngas. Moreover, the second one (FB2) is filled with ZnO sorbent to remove sulfur compounds
from syngas, since MeOH catalysts are prone to poisoning from such species. The third reactor (FB3) is loaded
with Cu/ZnO/Al,Os3 catalyst, which is active for MeOH synthesis. The reactors FB2 and FB3 can be maintained
at the specified temperatures through heated jackets. The FB2 and FB3 temperatures for MeOH synthesis are
approximately 160 °C and 200 (inlet)/240 (outlet) °C, respectively. Electric heat tracing is also applied to the
intermediate tubing and valves between the reactors. A summary of reactor specifications and experimental
conditions during the tests reported in [191] is given in Table 3-9. As shown, reactors FB1 and FB3 have
identical dimensions and they mainly differ in the fact that FB3 is electrically heated.

Table 3-9: Bench-scale fixed bed reactors for syngas cleaning and MeOH synthesis at ETC.

Reactor Dimensions Sorbent or catalyst This investigation
FB1 19 mm (D) 259 AC material (Chemviron) Not used in this investigation
400 mm length at room temperature
97 mm (ID) . o S I
FB2 5 kg ZnO material at 160 °C Not used in this investigation
900 mm length
FR3 19 mm (ID) 90 g commercial Cu/ZnO/ Al;03 Used for AC material testing at
400 mm length catalyst at 200-240 °C elevated temperatures

The backpressure regulator can adjust the pressure in the test rig at a constant value (MeOH synthesis at 25 bar
in [191]). The temperature in different sections (fixed bed reactors, intermediate tubing, condenser outlet etc.)
of the bench-scale test rig is monitored by thermocouples. During MeOH synthesis experiments, a total gas flow
rate of 5 NL min't was maintained, corresponding to a GHSV value of ca. 3300 L (kg h)*. Two available
sampling ports upstream (SP1) and downstream (SP2) of FB3 were used for sampling and analysis.

Compared to the aforementioned configuration, a few adaptations were performed for testing the AC material
at elevated temperatures. Reactors FB1 and FB2 were not used in the adsorption experiments and they were by-
passed. Reactor FB3 was loaded with 5 g of the AC material (CECA ACM40-4WA), which was plugged with
guartz wool from both sides. Adsorption tests were carried out at two different temperatures, at the same
pressure and syngas mass flow rate. The reactor temperature was regulated via a PID controller and it was
monitored with a thermocouple mounted on the upper flange of FB3. During start-up, all lines were purged with
syngas derived from the gasifier to remove inert gases. Meanwhile, a N2 flow of 4 NL min (from the respective
MFC) passed through FB3 to preheat the reactor and perform degassing and heating of the AC material. The
accuracy of flow measurement was additionally validated using a 5 L capacity, wet-drum-type gas volume
meter, with pressure and temperature indications. The same syngas flow rate of 4 NL min-* was adjusted during
the adsorption experiments, regulated by an MFC connected to the EFG reactor piping. Upon establishment of
the steady-state syngas composition and a constant fixed bed reactor temperature, the syngas flow was
connected to the reactor inlet. Atmospheric pressure was maintained during the tests at both temperature levels.
Gas samples were collected in 10 L foil gas sample bags upstream (triplicate sampling for each test) and
downstream of FB3 (6 and 8 samples per test, respectively) and analyzed through GC-FID and GC-PFPD. The
duration of each sampling procedure was about 60 s. All syngas samples in the foil gas bags were analyzed
within a short time interval from sampling (10-120 min) to avoid sample losses. For analysis, the samples were
withdrawn through a vacuum pump in the GC systems.

A particular effort was made to reproduce the gasifier operating conditions between the two experiments
(biomass mass flow rate, A value and reactor pressure). Fluctuations on the performance of the PEFG by varying
the operating conditions would cause different syngas composition and contaminant release patterns. An
overview of the pressurized EFG operating conditions, given as average values during steady-state gasification,
as well as the test conditions of the AC adsorption experiments are given in Table 3-10.
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Table 3-10: Gasifier operating conditions, adsorption test parameters and sampling conditions.

Gasification

Parameter Test 1 Test 2
Fuel type (biomass) Swedish wood pellets (see Table 3-7)
Gasification temperature (°C) 1274 1282
Gasification pressure (barg) 6.0 6.0
Biomass mass flow rate (kg h't) 120.0 120.0
2 (=) 0.40 0.39
Quen-cr_lllng water inlet flow 95 5 3.0
(L mint)
Syngas exit temperature after quenching (°C) 96.3 107.6
Steady-state condition duration (min, approx.) 170 90
No. of syngas samples from SP1 3 3

Fixed bed adsorption tests
Parameter Test 1 Test 2
AC material CECA ACM40-4WA
Mass of AC (g) 5.013 5.065
FB3-TC temperature (°C) 100 150
System pressure (bar) 1.1 1.1
Syngas flow rate (NL min) 4.0 4.0
Adsorption test duration (min, approx.) 110 60
No. of syngas samples from SP2 6 8

3.3.4 Results and discussion: adsorption of tar and H,S from biomass-derived syngas

As expected and it can be noted in Table 3-10, it was not feasible to completely reproduce the gasification
conditions despite the very small relative differences of the operating parameters between the tests, such as a
gasification temperature relative difference of about 0.6%. The impact of such an aspect on the experimental
results is further analyzed in the next sections. Firstly, the gasification results are presented and discussed,
followed by the results of the AC adsorption tests carried out in the bench-scale fixed bed reactor.

3.3.4.1 Gasification and syngas composition results

A typical operation pattern in terms of 4 or ER and temperature values at three different sections of the gasifier
(upper reactor part, bottom conical part and syngas pipeline after quenching) during a gasification test is shown
in Figure 3-12. While data acquisition and logging of one set of values per minute was carried out, the figure
only depicts values between time intervals of 10 min to enhance readability. In this figure, the preheating phase
(during t < 200 min), combustion phase (for 220 min <t < 300 min) and the steady-state gasification phase (for
t > 370 min) can be identified. After the preheating phase through electrical heating and biomass combustion
with excess air, the 1 is reduced from ca. 0.50 to 0.40. During the steady-state gasifier operation, ER was
maintained constant causing almost steady maximum reactor temperature (1282 °C) and syngas temperature
after quenching. However, other parts of the reactor still experienced a temperature increase (such as the conical
reactor section) for the timespan of this campaign.
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Figure 3-12: Temperature and ER versus time during PEFG startup and steady-state operation (Test 2).

Concerning syngas composition as measured by the micro-GC, deviations between the two tests were small
albeit not negligible. In addition, it was confirmed that the syngas composition in terms of permanent gases was
nearly constant through the course of each gasification test. Standard deviation () values for the concentration
of CO, H,, CO,, CH4 and CzH4 in syngas as measured during each test are given in Table 3-11.

Table 3-11: Syngas composition (average and o values for main gases) for Tests 1 and 2.

Test1 Test 2
Syngas component Content (vol.%, dry) o (vol.%) Content (vol.%, dry) o (vol.%0)
(6{0) 49.02 0.40 47.38 0.85
H 28.98 0.34 28.15 0.59
CO; 13.98 0.32 15.50 0.21
CH4 1.83 0.25 1.25 0.10
CoHq4 0.04 0.01 0.02 ~0.00

Moreover, the syngas composition over the steady-state gasification interval is shown in Figure 3-13. The PEFG
reactor produces syngas with H,/CO ratio of 0.6, while Hz and CO constituted nearly 80% of the syngas volume
(db). The content of CHa in the syngas of the pressurized EFG was below 2.2 vol%, which can be attributed to
the high operating temperature. In addition, only small concentrations of light hydrocarbons were measured by
the micro-GC analyzer. Ethylene was the main species with a concentration of up to 0.06 vol.% in syngas.
Furthermore, much lower values were measured for acetylene at 0.01 vol.%.

Sampling of syngas from the gasifier outlet during adsorption experiments was carried out at the start, middle
and ending of the sorption experiments. Analysis of the samples revealed that CsHs and H.S were the main
contaminant species representing tar and sulfur compounds in syngas, since the operating conditions of
entrained flow gasification promote the thermal cracking of species with higher boiling points (OSCs and

PAHS).
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Figure 3-13: Dry syngas composition versus time during steady-state gasification (Test 2).

Table 3-12 summarizes the concentration of those species in syngas as measured upstream of reactor FB3,
normalized for the N, content in the gas sample. According to the measurements from the gasifier outlet, the
H.S and CsHg content varied between the two tests. Specifically, the H.S content increased from around 5 ppmv
to 80 ppmv, whereas the C¢Hs content decreased from 170 ppmv to 77 ppmv. Such an outcome confirms the
difficulty of repeatedly producing syngas of the same quality in terms of tar and sulfur contaminants, even from
the same fuel under identical gasification conditions. Small deviations on fuel quality and quenching system
operating conditions can also affect the obtained results. For instance, H>S solubility in the bubbling column
aqueous solution is temperature-dependent and the syngas exit temperature during the first test was 10-11 °C
lower than the second one.

Table 3-12: H,S and C¢Hg concentration in raw syngas for Tests 1 and 2.

Test 1/Sample No. H2S (ppmv) CsHs (PPmv)
1 3.8 146.8
2 5.8 186.1
3 5.6 176.5
Average 5.1 169.8
o 0.9 16.7
Test 2/Sample No. H,S (ppmv) CsHs (ppmv)
1 78.5 62.8
2 76.7 87.6
3 85.7 80.2
Average 80.3 76.9
o 3.9 104

The measured values are in line with previous gasification tests with wood pellets at the same unit [156], during
which H,S and C¢Hs concentrations were 2-20 ppmv and 50-300 ppmv, respectively, for similar gasification
conditions. Of course, the concentration of H,S is highly dependent on the content of S in biomass and previous
experiments with lignin (0.3 wt.% S) resulted in values of ca. 350 ppmv. In order to validate the concentrations
of CsHs in syngas, as measured through GC-FID analysis, the existence of a correlation with the content of CH,4
was investigated. Such correlations for the content of light and higher molecular weight hydrocarbons have been
found for the typical operating A range 0.35-0.5 (0.4 in the present study) of the PEFG facility and they are also
reported in [156]. Correlations among the concentrations of hydrocarbons are depicted in Figure 3-14.
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Figure 3-14: Correlation of CH4, C2H, and CgHs concentrations (N2-free and dry basis) in the PEFG raw
syngas samples (Values for CH4 and CsHs were obtained through GC-FID analysis, while values for CoHa
through micro-GC/TCD analysis).

In order to compare the values on a similar basis, the CHs and N2 contents were measured through GC-FID and
GC-TCD respectively. The CH4 concentration values as obtained by the Varian CP-3800 GC analyzer were 1.8-
2.15vol.% (Test 1) and 1.25-1.4 vol.% (Test 2), which are in agreement with the micro-GC measurements. As
shown in Figure 3-14, an almost linear correlation between the concentrations of C¢Hs and CH, in syngas exists.
Moreover, a higher CH, content in the raw syngas of Test 1 coincided with higher C,H4 concentrations as well.

3.3.4.2 AC adsorption results: H.S and tar adsorption from biomass-derived syngas

The breakthrough curves of H,S adsorption onto AC at 100 and 150 °C are presented in Figure 3-15 in a similar
manner as for the lab-scale tests of CsH.S adsorption i.e. through the ratio of outlet to inlet feed H,S
concentration C/C,. In addition, the CsHs breakthrough curves are shown in Figure 3-16. During Test 2, eight
(8) gas samples were collected in total to quantify the sorbent capacity. The GC-PFPD analysis of the 8" sample
indicated that the H,S concentration in syngas corresponded to a C/C, ratio of 0.7. Despite the fact that the
saturation for all other cases exceeded C/C,= 0.9, a value of 0.7 was considered as the breakthrough point for
the comparison of breakthrough time and capacity between the adsorbates. Similarly to the temperature effect
during the lab-scale tests for C4H4S, the curve at 150 °C shifted to the left of the respective one at 100 °C,
indicating a shorter breakthrough time (ca. 30% reduction). The curve steepening and the shorter breakthrough
time can also be attributed to the higher H.S concentration during Test 2. A consistent trend was observed for
the C4H4S adsorption tests with an increase in adsorbate concentration, as analyzed in Section 3.2.5.3. Two
more parameters that influence the breakthrough curve shape and adsorption capacity are herein analyzed.

1. Concentration of H,S: Apart from the substantial difference of H»S average concentration between Tests 1
and 2 (5.1 and 80.3 ppmv), a variability of H,S concentration within the course of a single gasification run
was noted. Particularly during Test 2, the inlet H,S concentration ranged between 76.7 ppmv and 85.7 ppmv.
Such a deviation causes an alteration of the adsorption driving force. Moreover, it must be pointed out that
the COS content at the packed bed outlet was found to be higher than the inlet, which suggests that reactions
involving the conversion of H,S towards COS could also take place (see also Table 1-10), particularly
reactions with CO and CO; (reverse of COS-hydrolysis reaction). Such an aspect could have an influence
on the reported HS capacity values up to a certain extent. The reactions are shown in R 3-1 and R 3-2.
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Figure 3-15: Breakthrough curves of H,S adsorption onto AC at 100 and 150 °C (biomass-derived syngas
tests).

2. Co-adsorption of adsorbates onto the AC material: Benzene was one of the main co-adsorbates of H,S in
the present study, and thus, the selectivity of the AC material under the investigated conditions is another
point of interest. The partial pressure of the co-adsorbate affects the obtained results especially when it is
comparable or higher than that of a target compound. In this study, the measured CsHs concentration in
syngas was significantly higher than the H.S levels in Test 1, while in Test 2, similar concentration values
were measured for both adsorbates in raw syngas. In addition, the co-adsorption of other compounds was
not considered and other minor species were not quantified upstream and downstream of the AC bed. Since
other contaminants or metals in syngas can also be adsorbed onto the AC surface, tracking the fate of those
species could provide further information. Furthermore, H,O is another syngas component that can alter the
sorbent performance i.e. breakthrough time and capacity. During the bench-scale C4H.S adsorption tests, it
was found that the breakthrough capacity and time decreased when H>O was added in the gas mixture at a
concentration of 3 vol.% (see also Table 3-5). Possible mechanisms that affect the adsorption of C4H.4S, as
well as OSCs in general, onto ACs when HO is contained in the feed gas were discussed in Section 3.2.5.4.
On the contrary, the presence of H2O in the gas matrix has been found to be beneficial for H.S adsorption
onto ACs in previous studies. Xiao et al. [166] noted an increase of AC capacity by a factor of 3 for an
increase in RH from 0 to 80% at 30 °C, while Sitthikhankaew et al. [186] also noted a positive impact of
H-0 on H,S adsorption. The aforementioned effect has been explained through the phenomenon of H,O
capillary condensation in the AC pores followed by transportation and dissolution of H,S molecules to H*
and HS™ ions in the water film. While the H,O content in the product gas was not quantified in this study,
continuous FTIR measurements of H,O concentration in syngas derived from the PEFG unit at ETC were
reported by Weiland et al. [192]. For pulverized wood pellets as fuel (as in this work), it was reported that
the measured H2O concentration (4-6 vol.%) corresponds to saturated syngas after the quenching section of
the PEFG. Thus, a similar H,O concentration can be assumed in the syngas that was fed into the AC bed in
this work.

The present investigation of H,S/CsHs adsorption onto AC from a syngas matrix revealed that C¢Hs was
adsorbed with a higher selectivity compared to H,S, which can be seen from the sorbent capacity results
summarized in Table 3-13. The breakthrough time of CsHe adsorption was influenced by both temperature and
concentration and it decreased by more than 50% when temperature increased from 100 to 150 °C.
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Figure 3-16: Breakthrough curves of CsHg adsorption onto AC at 100 and 150 °C (biomass-derived syngas
tests).

A breakthrough time of ca. 27 min was required to achieve a saturation level of 70% for CsHs at 150 °C. The
fact that the H2S concentration in the feed gas increased by a factor of 16 from Test 1 to Test 2 also contributed
to a decrease in the breakthrough time, as well as sorbent capacity towards C¢Hs adsorption.

The sulfur capacity of the sorbent varied between 0.53 and 2.95 mg S g, it was thus comparatively lower than
the maximum value measured in the C4H4S tests (4.42 mg S g?). At 100 °C and under the lowest C4H,S
concentration (8.5 ppmv), a breakthrough capacity of 2.11 mg S g* AC was measured, which corresponds to a
decrease by a factor of 4 for the H,S experiments. On the other hand, the highest capacity value measured at
150 °C for C4H.S was 1.09 mg S g%, which is significantly lower compared to the experiments performed under
a real syngas atmosphere. Of course, a fair comparison would require identical test conditions, which was not
the case between the two campaigns at PSI and ETC.

Table 3-13: Summary of breakthrough time and capacity results for H.S and C¢Hg adsorption onto AC.

Parameter Test No. 1 2

Compound H2S CeHs H.S CeHs
C/Co (—) breakthrough assumption 0.70 0.70 0.70 0.70
Breakthrough time (min) 76 63 55 27
AC capacity (mg g?) 0.57 18.76 3.14 9.18
Sulfur capacity (mg S g*!) 0.53 - 2.95 -

However, the simultaneous decrease of C¢Hs and increase in H,S partial pressure in syngas well above that of
the C4H4S experiments can justify this outcome. The adsorption capacity of CsHs was comparable to the values
reported by Chiang et al. for different types of AC materials at a maximum temperature of 80 °C [193]. The
authors reported capacities in the range 15-55 mg g* AC for single-adsorbate tests at 400 ppmv, i.e. a
significantly higher concentration than the one used in this work. For H2S with a concentration of 200 ppmv
and under ambient conditions, a capacity value around 65 mg H,S g* AC was found to be the maximum by
Hervy et al. [169]. Finally, it is interesting to note that Marchelli et al. [194] and Itaya et al. [195] reported that
increasing temperature may influence H,S adsorption in a different manner compared to OSCs. Marchelli et al.
[194] reported that increasing the temperature from ambient to 90 °C can increase both the adsorption
breakthrough time and the H.S capacity for char samples derived from commercial gasification plants. Itaya et
al. [195] investigated H,S adsorption onto activated coke under “warm” gas cleaning conditions through
thermogravimetric tests and suggested that there is an optimum for the process at ca. 150 °C. On the other hand,
the adsorption performance was found to deteriorate at higher temperatures. This observation seems to be
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inconsistent with the fact that physical adsorption is hindered by a temperature increase. Although in this work
a higher H,S capacity was measured at 150 °C, this outcome cannot be herein attributed to the temperature
increase. Co-sorption effects and different adsorbate partial pressures between Tests 1 and 2 must be considered
and thus, a more systematic study with a consistent syngas composition would be necessary.

3.4 Conclusions

In this chapter, the adsorption of organic and inorganic sulfur onto physically-activated carbon at high-
temperature conditions was experimentally investigated. Initially, laboratory tests were carried out with C4H4S
as model species and inert balance gas. The effect of four parameters (temperature, GHSV, adsorbate
concentration and moisture content) on sorption capacity and breakthrough curve results was investigated. It
was found that, within the investigated parameter ranges, temperature has the most pronounced effect on the
reduction of breakthrough capacity of C4H4S, since at a temperature of 200 °C the material sustains less than
10% of its capacity measured at 100 °C. An increase in C4H4S concentration was also found to affect the material
capacity, being the second most important parameter after temperature. At higher temperatures and adsorbate
concentrations, the breakthrough curve slope steepened. When increasing temperature, this trend can be
attributed to higher volume flow rate through the bed, less favorable isotherms and enhanced pore diffusion,
while an increase of C4H4S concentration improves the adsorption driving force. A minor H>O concentration in
the gas stream (3 vol.%) was found to deteriorate the breakthrough capacity, which suggests that a further
investigation of H.O/C4H4S coadsorption is necessary. This is considered of particular importance when the AC
guard bed is installed as a polishing step downstream of a pre-combustion AGR process at high temperature
since the product gas exiting the AGR unit will not be moisture-free. Furthermore, in this study high GHSV
values were applied and it was found that a change in the gas flow rate does not have an impact on the C4H.S
capacity of the material at high temperature, apart from a reduction in the breakthrough time for saturation. It
seems, therefore, that the sorption of C4H4S shares similar characteristics regarding the GHSV effect with
reported trends for DMS adsorption onto ACs. The Langmuir isotherm model can describe the effect of
temperature and adsorbate concentration on sorbent capacity adequately (R? > 0.99). On the other hand, the
Henry single-parameter isotherm model was just capable of providing a rough approximation of the measured
values.

Following the investigation with the single OSC adsorbate, the same material was tested for the simultaneous
adsorption of sulfur and tar present in real syngas. Gasification tests were carried out in an EFG fueled with
woody biomass. The syngas from the O.-blown EFG was rich in CO and H,, while a low content of
hydrocarbons was measured. The latter outcome is attributed to the high operating temperatures of the gasifier
(> 1200 °C), which promoted hydrocarbon cracking reactions. The content of light hydrocarbons and tars was
found to be correlated with the CH,4 content in syngas. GC-FID and GC-PFPD analyses of syngas samples
indicated that C¢Hs and H»S were the main tar and sulfur compounds, respectively. One of the peculiarities of
those tests was the variation of contaminant concentrations, despite the consistent reproduction of gasification
operating conditions. Although this observation makes direct comparisons more difficult, useful information
can be obtained regarding material performance under representative working conditions. The tests indicated
that the sulfur capacity may decline due to co-sorption effects with light tar (CsHg) in syngas, particularly when
the CsHe concentration in syngas exceeded 150 ppmv (vol. ratio H,S:CsHs =1:30). On the other hand, the
specific sulfur uptake dramatically increased when the volume ratio of H,S and CgHs in syngas was
approximately 1:1 (80 ppmv each) at 150 °C. Under these conditions, higher sulfur capacities compared to the
lab-scale C4H4S tests (at 30 ppmv though) were measured, which translates to roughly the same total mass
uptake for both sulfur species. Overall, it can be concluded that AC materials can be utilized for syngas
desulfurization from H.S and OSCs at “warm” gas cleaning conditions downstream of an AGR process.
Nevertheless, the effect of syngas matrix and particularly, light tar species not captured in the AGR step and
moisture, should be taken into account during process design. However, in the specific case that light tar species
are meant to be converted in downstream processes, sulfur-selective materials need to be evaluated since a high
affinity for benzene has been shown at elevated temperatures.
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4 Carbon dioxide absorption into pure and promoted hot potassium
carbonate solutions

4.1 Literature review of CO:2 capture with K2COs solutions and context of the study

As previously presented in the thesis introduction, CO; separation processes based on absorption have gained
interest over the last decades due to climate change future projections [196]. Apart from post-combustion
applications, CO, can be captured from gas streams prior to syngas-based power generation or production of
synthetic fuels [134, 197]. During SNG production, intermediate process steps, such as methanation, require
CO; removal from syngas after gasification to reduce the hydrogen requirement for syngas conversion to CHa,
while inorganic and organic sulfur removal is needed for catalyst protection [94, 140]. Furthermore, the SNG
content in acidic gases (such as CO2 and H.S) must be low before the gas is fed to the grid. The state-of-the-art
option for AGR is by liquid solvents [134], which is carried out by gas-liquid contacting equipment. In chemical
absorption processes, two separation columns are necessary, one for acid gas absorption and one for acid gas
recovery. In the absorber, CO; is transferred from the gas to the liquid phase, while in the desorption column,
COq is stripped out of the solution as a result of providing heat to the reboiler and/or due to pressure reduction.
Solvent screening and evaluation is essential in order to determine the suitability of different liquid solvents
with respect to a number of criteria, such as solvent capacity, absorption rate, required reboiler duty for
regeneration, toxicity, corrosion potential, cost and thermochemical stability [198]. Specific types of amines are
considered for their enhanced solvent capacity and increased absorption rates [199]. However, the utilization of
amine solutions is associated with certain drawbacks such as high reboiler duty, material corrosion and solvent
degradation issues. Aqueous solutions of K,COs; can overcome several of these problems. Operation at elevated
temperatures, i.e. close to the atmospheric boiling point, is beneficial for reduced energy requirement for
regeneration [200], while K,COs is thermochemically stable and non-volatile [201]. In addition, K,COs3
solutions are characterized by a low corrosion potential [202]. On the other hand, one of their major drawbacks
is the low CO, absorption rate compared to primary amines [203].

Measurements of CO; equilibrium solubility in concentrated aqueous K>COj3 solutions at temperatures ranging
from 110-140 °C and 70-110 °C have been published for a conversion of K,COs to bicarbonate (KHCQO3) from
0 to more than 80 % [204, 205]. Water vapor pressure was found to be nearly constant, except when the
temperature exceeded 120 °C, which caused an initial increase and a sharp decrease for conversions higher than
40 %. A sharper increase in CO, partial pressure for more concentrated mixtures was noted, while equilibrium
constants were found to be nearly constant for more dilute solutions for each pair of concentration and
temperature. Recently, experimental test rigs such as stirred reactors [206] and wetted-wall columns [207] have
been used in studies dealing with CO; absorption into liquid solvents. Studies of CO, absorption into aqueous
K>COs [208, 209] and agueous amine solutions [210, 211] can be found, while recent investigations greatly
focus on mixtures of amines, amine/K,CO3z or amino acid/K,COsz blends in order to seek favorable
characteristics such as low heat duty for regeneration, fast absorption rates and high solvent capacity [212]. The
maximum concentration of K,CQs is typically limited to 50 wt.% or about 5.5 M based on published density
measurements [213]. A higher concentration must be avoided due to the low KHCO5 solubility, which can cause
precipitation and fouling problems. In practice, moderate concentrations of 20-40 wt.% or maximum molar
concentrations up to 4 M K,COs3 are considered more appropriate. Promoter concentrations for amines are
usually in the 1-10 wt.% range [202, 203], while for amino acid promoters, experimental investigations have
also targeted a wide concentration range [214].

According to Thee et al. [207], the addition of 1.1 M and 2.2 M MEA in an aqueous solution of 30 wt.% K,COs;
at 63 °C can increase the absorption rate by a factor of 16 and 45 respectively. It is also stated that the effect of
primary amines is more significant compared to secondary or tertiary amines. In a recent study, Ramazani et al.
[215] measured the solubility of CO, in MEA-promoted K>COs solutions with three molar ratios and a total
concentration of 2.5 M at 40 °C and concluded that a high molar ratio of MEA to K,COs is not beneficial for
CO; solubility (expressed as the ratio of CO, molecules in the liquid phase divided by the total solvent molecules
in the solution). However, this molar ratio increase was found to positively influence the CO, absorption rate.
On the other hand, it was concluded that the addition of 2-(1-piperazinyl)-ethylamine (PZEA), piperazine (PZ)
and tetraethylenepentamine (TEPA) in aqueous potassium carbonate solutions results to an increase in CO
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specific absorption capacity. TEPA was proposed as the most efficient promoter for increasing both solubility
and CO, absorption rate at ambient temperature. Concerning PZ as a promoter, Cullinane and Rochelle [216]
presented a vapor-liquid equilibrium (VLE) study to demonstrate the effect of potassium to piperazine ratio on
CO; solubility. For the promoted solvent, they found that the trend of the solubility curves is similar to the one
obtained for aqueous PZ and aqueous K,COs, however, PZ addition to the potassium carbonate solution induces
a depression of the CO; equilibrium partial pressure. Kim et al. [217] carried out a study on CO, solubility in
PZ- and 2-methylpiperazine (2-MPZ)-promoted K,CO3agueous solutions over a temperature range of 40-80 °C
in a batch stirred reactor. Increasing the promoter concentration had a greater impact on CO- solubility compared
to increasing potassium ions in the mixture. Over the investigated temperature range, the absorption rate of
CO; was similar for aqueous K>COs-2-MPZ and K,CO3-PZ.

Glycine (C2HsNO2) and other amino acids have not been studied extensively as promoters of potassium-
containing solvents. For glycine as a promoter, laboratory-scale results for the kinetics of absorption at 40 °C,
60 °C and 80 °C can be found in Thee et al. [214] and results from a small-scale pilot plant have been published
by Smith et al. [218]. Moreover, studies on different types of amino acids in potassium-containing solutions are
those published by Aronu et al. [219] and Shen et al. [220]. For the case of MDEA, measurements at inlet CO,
partial pressures in the range 0-20 kPa and at ambient temperature were published by Nii and Takeuchi [221].

From the aforementioned literature, it can be concluded that further research is needed for the application of
promoted aqueous K,COs3 solutions at “warm” gas cleaning conditions (i.e. at higher temperatures). Since
K>COs solutions are particularly suitable for high-temperature absorption [222], the suitability of amines for
long-term operation needs particular attention. Oxidative degradation may be observed in the absorber column
when flue gas is processed, while thermal degradation usually occurs in the stripper section. According to
Rochelle [223], thermal degradation is rapid in the 120-150 °C temperature range for most amines. Thus, the
upper-temperature limit for the current investigation was set to 120 °C, which is known to be an acceptable
value for units operating with MEA, taking into account the amine make-up requirement. A short overview of
studies related to amine thermal degradation for various temperature ranges is provided in Table 4-1. Corrosion,
toxicity and other major issues that need to be addressed for the safe and reliable operation of absorption units
containing amines are discussed by Hu et al. [202].

Table 4-1: Thermal degradation studies of investigated amines.

Compound Temperature (°C) Thermal degradation potential Source
MEA 111-125 First order rate constant k;=2.9-108 s [224]
Piperazine 162 First order rate constant k;=2.9-108 st [225]
MDEA 119-129 First order rate constant k;=2.9-108 s [223]
Glycine i More than an order of magnitude

(Na salts) 125-145 higher than MEA [226]

In this chapter, the effect of four additives on CO- solubility and absorption rate into aqueous K>COj solutions
is presented (the results have been published in [227]). A first experimental campaign was performed with 1.81
M and 2.53 M agueous K>CQOjs solutions (corresponding to 25 g and 35 g K,CO3 per 100 mL of solution,
respectively) at 80-120 °C in a stirred cell reactor and the results were compared and validated with VLE results
obtained through thermodynamic modeling of the CO2-H,0-K,CO3-KHCO; system with the electrolyte-NRTL
model in Aspen Plus™ software. After assessing these preliminary results, which were also used as a reference
for comparison, the effect of a primary amine (Monoethanolamine, MEA), a tertiary amine (Methyl
diethanolamine, MDEA), a diamine (Piperazine, PZ) and an amino acid (Glycine, Gly) on CO; solubility was
evaluated at elevated temperatures (100 °C and 120 °C). Because most existing studies have investigated such
mixtures at lower temperatures [202, 207, 214, 215, 217, 221, 228, 229], the present investigation focused on
higher temperatures for which solubility results are scarce for those promoters [216], while this could be an
advantage for the integration of a KyCOs-based absorption process in a hot gas cleaning configuration.
Furthermore, the current investigation provides experimental results for CO- solubility in Gly-promoted K,COs3
solutions for which very few studies are available [230]. Absorption rates are also compared among promoted
solutions to propose efficient mixtures for high-temperature CO, absorption.
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4.2 Reaction mechanisms

4.2.1 Reaction mechanism for CO, absorption into aqueous pure K,COs solutions
The overall chemical reaction of the aqueous pure K>COs solution with CO, takes place according to R 4-1.

K2C03(1) + HZO(]) + COz(aq) = ZKHC03(aq) R 4-1

The mechanism is described through the physical solubility of CO- and hydrolysis, K.COs dissolution in water,
carbonate hydrolysis, carbonate and bicarbonate formation, as well as water ionization [203]. Since K>CO3 and
KHCOs; are both strong electrolytes, the metal is present only in the form of potassium ions. The carbonate ion
reacts with water to generate hydroxyl ions, which then react with CO.. A list of these reactions is presented in
Table 4-2. For a pH value higher than 9, the reaction shown in R 4-6 is the rate-limiting step, while the chemical
reaction R 4-5 is instantaneous.

Table 4-2: Chemical reactions for CO; absorption into H,O-K>COs solutions.

Reactions

COzg) = COzaq) R 4-2
COz(aq) + 2H,0(1y = HCOZ(5q) + H300aq R 4-3
K;CO3(5) = 2K{aq) + CO5ag) R4-4
CO3Gq) + H20qy = HCO3(,q) + OHpyg R 4-5
OH{,q) + CO2(aq) = HCOZ 4 R 4-6
2H,0(1y = H30(,q) + OHgyg R 4-7

4.2.2  Reaction mechanisms for CO; absorption into promoted K,COs solutions

Despite the diverse physical and chemical properties of additives, there are also similarities such as having OH—
or O— groups or acting as Lewis bases with CO; being a Lewis acid [231, 232]. Previous studies have suggested
a variety of promotion mechanisms and one of the principal conclusions drawn is that promoters can influence
the reaction between CO; and H,O [202]. Astarita et al. [233] presented a generalized model to explain the
effect of specific amines or inorganic promoters through the formation of an intermediate species due to the
reaction of the promoter with CO..

Concerning the additives used in this study, reaction mechanisms have been studied and proposed in the
literature. Monoethanolamine (MEA, NH,CH,CH,OH) can react with CO; to form a zwitterion intermediate
which subsequently loses a proton to form a carbamate. The reaction mechanism consists of reactions in R 4-8
to R 4-10 with the addition of R 4-5 to R 4-7, as well as the deprotonation of the zwitterion intermediate with
free MEA or other compounds which act as bases in the solution. Rate-limiting reaction steps (kinetic reactions)
are R 4-6 and R 4-8. Further details can be found in the study of Thee et al. [207].

CO, + RNH, = RNH}C00~ R 4-8
RNHCOO™ + H,0 = RNH, + HCO3 R 4-9
RNHZ + H,0 = RNH, + H;0* R 4-10

The promotion mechanism for piperazine (PZ, CsHioN2) can similarly be described through carbamate
formation. However, PZ is a diamine and thus both forms, PZCOO~and PZ(COO0™),, are present. The reactions
for CO; absorption into PZ-promoted K,COj3 solutions are given in R 4-11 to R 4-14 with the addition of R 4-5
to R 4-7. In this case, R 4-6, R 4-11and R 4-13 are rate-limiting steps [196]. Further details can be found in the
study of Cullinane and Rochelle [228].

PZ + H,0 + CO, = PZCOO~ + H;0* R 4-11
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PZH* + H,0 = PZ + H;0" R 4-12
PZCOO~ + H,0 + CO, = PZ(CO0™), + H,0% R 4-13
H*PZCOO™ + H,0 = PZCOO™ + H,0* R 4-14

When Glycine (Gly, NH,CH,COOH) is added in aqueous solutions, it can be present in a protonated (Gly*),
zwitterionic (TGly™) and anionic form (~Gly) [214]. At sufficiently high pH values, the concentration of the
protonated form is very low. The reaction mechanism can be described through the protonation of the anionic
form, the formation of a carbamate and the carbamate hydrolysis to bicarbonate, as shown in R 4-15, R 4-16
and R 4-17, respectively. The reaction mechanism when glycine is used with aqueous K,COs is further analyzed
in [229].

~Gly 4+ H;0* = ~Gly™* + H,0 R 4-15
~Gly + CO, + H,0 = ~GlyCOO~ + H;0* R 4-16
~GlyCOO~ + H,0 = ~Gly + HCO3 R 4-17

The CO; reaction mechanism with MDEA (CHsN(CH.CH,OH),) differs in that no carbamate formation takes
place as in the previous cases. Instead, it is based on the generation of hydroxyl anions through MDEA
hydrolysis and the Kinetic reaction of MDEA with CO; and water, as shown in R 4-18 and R 4-19, in addition
to R 4-5 to R 4-7. The rate-limiting reactions are shown in R 4-6 and R 4-19. A more thorough description of
the chemistry in aqueous K>CQs solutions with MDEA, as well as aqueous solutions with MDEA,, is given in
[234] and [235], respectively.

MDEA + H,0 = MDEAH™" + OH~ R 4-18
MDEA + CO, + H,0 & MDEAH* + HCO3 R 4-19

4.3 Experimental apparatus and procedure

4.3.1 Materials and solvent preparation

Nitrogen (N) with a purity higher than 99.8 % and CO, with a purity higher than 99.7 % were supplied by Air
Liquide Hellas SAGI. Potassium carbonate (K,CQOs, anhydrous, > 99.0 % purity), Piperazine (PZ, anhydrous, >
99.0 % purity), Monoethanolamine (MEA, > 99.0 % purity), Glycine (Gly, anhydrous, > 99.0 % purity) and
Methyl diethanolamine (MDEA, > 99.0 % purity) were supplied by Merck Hellas SA. All gases and chemicals
were used “as-received”, i.e. without further purification. Deionized water was used for the preparation of
mixtures and volumetric measurements were performed with a graduated cylinder (+ 0.5 mL accuracy).
Moreover, a precision balance (Kern-ALJ 220-5DNM) with an accuracy of + 0.0001 g was used. The total
solution volume was constant (400 mL) for all experiments. Mixtures of PZ/K,COs; and MEA/K,CO3 were
tested at 100 °C and 120 °C, while MDEA- and Gly-containing mixtures were evaluated at 100 °C. The test
matrix for pure K2CO3 and promoted solutions is shown in Table 4-3.

Table 4-3:Test matrix of CO; absorption in pure and promoted K,COs solutions.

K2COj3 concentration Promoter Promoter/K,CO3; molar Temperature (°C)
(M) type/concentration (M) ratio (-)

1.81 No/- - 80, 100, 120
2.53 No/- - 80, 100, 120
1.81 PZ/0.58 0.32 100, 120
1.81 PZ/1.16 0.64 100, 120
1.81 MEA/0.82 0.45 100, 120
1.81 MDEA/0.25 0.14 100
1.81 MDEA/0.84 0.46 100
1.81 Gly/0.67 0.37 100
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4.3.2 Experimental test rig and measurement equipment

The experimental campaigns were conducted in the laboratory-scale test rig depicted in Figure 4-1, which was
constructed in the framework of the present thesis at the Laboratory of Steam Boilers and Thermal Plants of
NTUA. Moreover, amore detailed drawing of the experimental apparatus showing the component configuration
and measurement equipment is given in Figure 4-2. The apparatus mainly consists of two pressure vessels, the
preheating and the equilibrium cell, which are made of 316L stainless steel. Both cells are cylindrical and have
a diameter of 100 mm and a height of 195 mm. Electrically heated jackets were designed to fit the vessels and
preserve a constant temperature with an accuracy of + 0.1 K with PID temperature control. Electric heat tracing
was additionally installed for flange and tube heating. The pressure was measured with two WIKA S-10 pressure
transmitters (0-6 bar abs, accuracy + 0.03 bar), one for each cell. The temperature was measured with K-type
thermocouples, previously calibrated with a Pt100 temperature sensor in boiling water. In the equilibrium cell,
where gaseous and liquid phases co-exist, the temperature was measured with two thermocouples, one for each
phase.
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Figure 4-1: Schematic diagram of the apparatus for solvent screening (C1: preheating cell, C2: equilibrium
cell, PR: pressure regulator, BPR: back pressure regulator, VP: diaphragm vacuum pump, MS: magnetic

stirrer, P: pressure transmitter, T: thermocouple).
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Figure 4-2: Drawing of the batch experimental apparatus for gas solubility measurement.
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A diaphragm vacuum pump (KNF Laboport N86 KT.18), which is capable of establishing ca. 160 mbar pressure
(absolute), was connected to the piping system for residual gas removal. Furthermore, a magnetic hotplate stirrer
was used in order to ensure a uniform temperature distribution in the liquid phase and simultaneously reduce
the time interval to equilibrium. A back pressure regulator was installed at the pipeline exit for pressure
adjustment and safety purposes. Pressure and temperature values were continuously monitored and recorded by
a data acquisition system.

4.3.3 Experimental procedure

Initially, the solvent was transferred to the equilibrium cell and the vacuum pump was used to evacuate it at
about 400 mbar (absolute pressure) and remove air contaminants and oxygen. While still at ambient conditions,
nitrogen was added to slightly pressurize the equilibrium cell in order to avoid boiling in the vessel at higher
temperatures. Pressurization at 1.2 bar and 2.0 bar was applied for 100 °C and 120 °C experiments, respectively,
while no additional nitrogen was added for experiments at 80 °C. The stirring rotational speed was constant at
180 rpm for all tests. Afterward, the heating phase began and lasted about 3 h in order to ensure that pressure
and temperature had stabilized and an initial VLE state had been achieved. During the heating of both cells, the
preheating vessel was purged with CO; in order to remove atmospheric air. After purging for 2 min, CO, was
stored in the preheating cell under pressure (8 bar maximum storage pressure) and it was heated at the desired
temperature level for at least 30 min. Subsequently, the valve to the equilibrium cell opened and CO, was
transferred from the preheating to the equilibrium cell within about 1 s, causing a peak in cell pressure at the
beginning of each injection. The CO; solubility was measured by the pressure decay method. After the pressure
inside the equilibrium cell reached a maximum value, a pressure decrease followed, characterized by an initial
sharper drop which gradually became smoother until the pressure stabilized. The sequence of injections
continued until the desired partial pressure range was scanned. Pressure values were recorded every 2 s. An
equilibrium state was assumed to occur when the pressure measurement deviation from the average value
recorded was not greater than 0.01 bar for a time interval of 40 min. All the major steps of the experimental
procedure are highlighted in Figure 4-3, which presents a typical pressure profile recorded inside the equilibrium
cell.

5.0 -
CO, injections

2.0 - Cell heating Cell pressure
: rises
151 ¢ :
10 <:I Nitrogen pressurization
05 1 &&= vacuuming
OD T T T T T 1
0 200 400 600 800 1000 1200

Time (min)

Figure 4-3: Pressure profile and experimental procedure for CO; solubility measurement.
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4.3.4 COq; solubility calculation and error analysis

The CO; solubility in a liquid solvent can be derived by continuously or semi-continuously analyzing the CO;
content of the gaseous or liquid phase [220, 236]. If an analyzer is not to be used, the solubility can be derived
by comparing the initial to the equilibrium pressure in a batch feeding mode [215, 237]. After sufficient time
after the injection of CO, into the absorption cell (which contains the liquid under study) has elapsed, an
equilibrium state is achieved. The CO; equilibrium pressure (P, ) can be derived according to Equation 4-1

Peo, = Peq — Fs Equation 4-1
where P, is the total equilibrium cell pressure after a CO; injection j and F; is the total equilibrium cell pressure

before the first CO; injection. The value of this residual pressure P, was assumed to remain constant throughout
the course of each experiment that adds consecutive amounts of COs.

The quantity of CO; contained in the solution after each injection j is described by Equation 4-2.

N¢0,,j,s0l = NCo,,j-1,501 T Mc0y,gs — Moy, ge Equation 4-2

It is, therefore, the sum of the existing amount in solution, n¢g, j_1 50 after the (j-1) injection and equilibrium
state, and the current difference between the CO, quantity initially present in the gas phase, n¢, 45 and the final
equilibrated gas-phase CO, quantity, denoted as n¢, ge-

The expression for the transferred CO, moles from the preheating to the equilibrium cell, n¢o,, can be
formulated as shown in Equation 4-3

n _Pprre_Pa%re E ti 43

where 1, is the total volume of the preheater cell, P,, T, are the pressure and temperature of the preheater
before the valve opens and P,, T, are the pressure and temperature of the preheater after the valve has been
closed and indications have stabilized. For the n¢,, 45 calculation on intermediate points, the remaining CO.
moles from the previous injection are also considered.

When equilibrium is achieved, the quantity of CO; in the gas phase of the equilibrium cell (n¢¢, g.) is given
by Equation 4-4
n — PEOZ Vg!eq
CO,,ge RTeq

Equation 4-4
where V, . is the gas-phase volume of the equilibrium cell and T, is the temperature recorded at equilibrium
conditions.

For the interpretation of results, CO> solubility denoted as Co, (Mol CO/L of initial solvent) is used since it

provides a comparative measure of solvent capacity per unit volume. It is defined as the ratio of the amount of
CO; absorbed, n¢o, j,so1, t0 the initial solvent volume V;, as shown in Equation 4-5

_ Nco,,j,sol .
Cco, = v Equation 4-5

For the solution loading definition, different formulas can be found in the literature [208, 217]. In this
experimental study, solution loading () is defined as the ratio of the CO; quantity absorbed (in moles) to the
sum of the equivalent K,COs quantity (in moles), n, co,, and the amount of promoter (in moles), 1, omoter: if

any.

Nco,,j,sol

a= Equation 4-6
nK2C03 + npromoter 9
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In order to estimate the uncertainty of solubility values which are reported in this work, an error propagation
analysis was carried out taking into account available uncertainties of volume, pressure and temperature
measurements for the preheating and equilibrium cell, as well as volume measurement accuracy for the liquid
solvent. The uncertainty estimation expression given by Moffat [238] was used, which is shown in Equation
4-7

| =

N 2\2
dCco, .
§Cco, = Z ~<02 u, Equation 4-7
U;

i=1

where N is the number of all u; variables subject to measurements and Su; is the measurement uncertainty for
each variable. The solubility measurement uncertainty was calculated to be + 4 % arising from the accuracy of
the equipment used. Pressure measurement accuracy significantly contributed to the overall uncertainty result,
as also noted in other studies [208].

4.4 Results and discussion

4.4.1 Test rig reliability evaluation: comparison with default and regressed electrolyte-NRTL model results

The reliability of the experimental test rig was evaluated by measuring CO; solubility in pure K,CO3 aqueous
solutions. The results were compared against solubility predictions from the electrolyte-NRTL model coupled
with the Soave-Redlich-Kwong (SRK) equation of state. This model was developed for liquid solutions that
contain electrolytes and describes the excess Gibbs energy by taking into account long-range ion-ion
interactions, mixed solvent composition (Born correction) and local interactions according to the NRTL theory
[239, 240]. The model adjustable parameters can either be set to default values available in the Aspen Plus
database or be modified through data regression analysis [234]. More details about the thermodynamic model
development are presented in Chapter 6 of this dissertation. Figure 4-4 indicates that the experimental results in
this study are in good agreement with the model results for the pure K,COj3 aqueous solution when the default
Aspen Plus databank parameters are used. The relative deviation between the model and experimental results
was particularly small for the lower solution concentration (1.81 M K,COs).
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Figure 4-4: Experimental results and electrolyte-NRTL model predictions with default pair interaction
parameters for the 1.81 M K>CO3 aqueous solution at (a) 80 °C and (b) 120 °C.

In the case of 2.53 M K,COs aqueous solution, the relative deviation between predicted electrolyte-NRTL and
experimental results was more pronounced and thus, a regression procedure was performed to adjust the
molecule-electrolyte binary parameters of the activity coefficient model based on experimental data from the
literature. Apart from its importance for predicting VLE curves with a higher accuracy, this methodology is
widely used when modeling absorption columns with detailed reaction kinetics, mass transfer correlations and
comprehensive thermodynamic models for the liquid and gaseous phases [234, 241]. Therefore, the adjustable
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parameters of the model were determined through data regression in Aspen Plus software according to the
methodology and experimental data sets described by Hilliard [242]. Apart from CO- solubility data from Tosh
et al. [204], the regressed model includes experimental data for the mean ionic activity coefficient, vapor
pressure depression and heat capacity of the solution. As shown in Figure 4-5, the experimental results of CO;
solubility in the 2.53 M K2COs aqueous solution agree better with the regressed electrolyte-NRTL model.
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Figure 4-5: Experimental results and electrolyte-NRTL model predictions with regressed binary interaction
parameters for 2.53 M K,CO; aqueous solution at (a) 80 °C and (b) 120 °C.

The relative deviations were smaller compared to those obtained with the default Aspen Plus parameters, which
was more evident when a ranged between 0.2 mol CO2/mol K>CO3 and 0.4 mol CO2/mol K>COs in Figure
4-5(a), where the regressed model curve fits better the experimental results. The aforementioned comparison
validated that the experimental apparatus and measurement methodology can be considered reliable for the
solvent screening procedure of pure and promoted K,CO3z mixtures.

442 COq; solubility in pure K;COs aqueous solutions

The experimental results for the aqueous K,COs solutions are presented in Table 4-4 as pairs of equilibrium
CO; partial pressure and CO; solubility values, represented as the quantity of CO, absorbed per liquid solution
volume. The solvent capacity increased when K;COs; concentration increased from 1.81 M to 2.53 M for the
similar equilibrium CO- partial pressure and temperature.

On the other hand, when solution loading was used (Figure 4-6), defined as the ratio of CO, amount in the liquid
phase (in moles) to the amount of K,COs3 (in moles), the loading declined for a higher solution concentration.
A similar trend was described by Bohloul et al. [208]. In the aforementioned study, the effect of CO, physical
solubility in water was compared to the solubility in the K.CO3 aqueous solution and it was concluded that the
chemical reaction dominates CO; absorption into the liquid phase. For the same K,COjs; concentration, an
increase in temperature negatively influenced CO, solubility in all cases. In Figure 4-6(a), increasing
temperature from 80 °C to 100 °C for 1.81 M K,COs and CO; partial pressure equal to 10 kPa caused a decrease
in CO- loading by about 24 %, while the reduction between 80 °C and 120 °C was 33 %, respectively. For the
higher K>COs concentration, Figure 4-6(b) shows a similar trend with a slightly weaker effect of temperature.
An analogous behavior was also reported by Tosh et al. [204] for potassium carbonate concentrations of 1.7 M
and 2.8 M. In their study, a temperature increase from 70 °C to 110 °C resulted in a loading reduction of about
34 % and 29 %, respectively. This effect can be attributed both to the exothermic overall reaction in R 4-1, as
well as to the effect of higher temperatures on CO; physical solubility. Figure 4-6 also shows that at 80 °C and
for a constant partial pressure, the resulting loading reduction between 1.81 M and 2.53 M K,CQj; solutions was
about 14 %. This decrease was even lower at higher temperatures.

75



Chapter 4: Carbon dioxide absorption into pure and promoted hot potassium carbonate solutions

Table 4-4: Experimental results of CO; solubility in pure K.CO3 aqueous solutions.

1.81 M K2CO3/80 °C 1.81 M K,CO3/100 °C 1.81 M K;CO0s/120 °C
PEOZ CCOZ PEOZ CCOZ PEOZ CCOZ
(kPa) (mol CO2/L) (kPa) (mol CO2/L) (kPa) (mol CO2/L)
2.1 0.50 4.2 0.35 3.3 0.33
8.8 0.72 7.0 0.49 6.5 0.40
175 0.91 13.1 0.64 10.5 0.46
33.6 1.09 20.4 0.76 12.3 0.52
55.4 1.27 27.7 0.85 14.4 0.57
81.3 1.32 324 0.91 18.2 0.63
23.3 0.69
28.2 0.75
32.7 0.80
38.9 0.86
48.0 0.90

2.53 M K2C0s/80 °C 2.53 M K2C0O3/100 °C 2.53 M K,COs/120 °C
P &koz Cco2 P &koz Cco2 P 502 Ccoz
(kPa) (mol CO/L) (kPa) (mol CO2/L) (kPa) (mol CO2/L)
5.1 0.71 4.1 0.48 5.4 0.57
9.6 0.91 7.3 0.63 8.1 0.63
16.0 1.10 11.8 0.75 9.4 0.68
24.7 1.26 15.0 0.85 14.3 0.74
322 1.39 17.8 0.92 16.5 0.78
50.7 1.56 27.3 1.08 18.9 0.83
75.6 1.71 39.2 1.22 22.4 0.88
55.3 1.36 25.1 0.92
773 1.49 29.3 0.97
33.6 1.02
38.4 1.07
42.2 1.11
46.7 1.15
52.3 1.19
55.9 1.23
61.7 1.24
66.3 1.30
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Figure 4-6: Effect of temperature on CO; solubility in (a) 1.81 M and (b) 2.53 M pure K,COs agqueous
solutions.

4.43 CO; solubility in promoted K,CO3 aqueous solutions

The results for the promoted solutions are similarly presented in a logarithmic scale for CO; partial pressure in
the vertical axis. Exponential curves are fitted to all VLE data series to better visualize their slopes. From Figure
4-7 and Figure 4-8, it can be seen that C¢,, increases as CO; partial pressure increases. It is important to note
that additives did not influence CO- solubility in the same way, but differences were found based on additive
type, concentration and temperature.

The additives that do not contribute favorably to CO; solubility compared to pure KoCOs solvents at 100 °C can
be identified from Figure 4-7. Glycine addition into the solution caused a shift of the solubility curve to the left,
indicating a decrease in solubility compared to the 1.81 M K2COs case. In addition, the slope of the solubility
curve was found to be steeper compared to the reference K,COs solvent and the mixture only achieved a
solubility of 0.88 mol CO./L solvent at a maximum CO; equilibrium partial pressure of 89 kPa.
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Figure 4-7: Effect of additives on CO; solubility in 1.81 M K,COs3 solutions at 100 °C.

However, CO; solubility was comparable for pure 1.81 M K,CO3; and Gly-promoted solutions at partial
pressures below 10 kPa. A similar amino acid (arginine) was studied by Shen et al. who found that, while its
effect on capacity was positive at partial pressures below 1 kPa and low solution loadings, it greatly diminished
when loading increased to a > 0.3 [220]. The behavior was attributed to bicarbonate formation from carbonate
and carbamate formation from active promoters in the solution. For potassium glycinate used as a promoter,
Lee et al. measured a CO; partial pressure decrease when glycine concentration increased and proposed that this
can be attributed to the fact that the additive acts as an additional mode of CO; capture in the solution. It must
be noted however that a different range of solution loadings was evaluated and that glycine was deprotonated
by mixing with potassium hydroxide [230]. MDEA exhibited a different behavior as an additive based on its
concentration: a) for the case of 1.81 M K,CO3/0.25 M MDEA, the solubility curve was found to be placed
between those of 1.81 M K,COs and 2.53 M K,COs3, thus slightly improving capacity compared to the 1.81 M
K>COs reference case, while b) the solubility of CO, decreased when the MDEA concentration increased to
0.84 M. This can be attributed to the different chemical reaction mechanism in the system [234], in comparison
with the one governing the interaction of primary amines with CO which is described through carbamate
formation.

On the other hand, MEA and PZ promoters were both found to significantly contribute to the CO; solubility
increase at 100 °C compared to 1.81 M K>COs. The solubility curves obtained for 0.82 M MEA, 0.58 M PZ and
1.16 M PZin 1.81 M K,CO3 were found to be shifted on the right of the curve of 1.81 M K,CO; (without
promoter addition). Moreover, CO; solubility in these mixtures was found to be also higher than that of the 2.53
M K,COs solution. Among these mixtures, 1.81 M K,CO3/1.16 M PZ yielded the highest solubility results,
followed by 1.81 M K>CO3/0.58 M PZ and finally 1.81 M K,C03/0.82 M MEA. When comparing the solutions
1.81 M KzCO3 and 1.81 M K;COs/1.16 M PZ, a C¢p,value equal to 0.85 mol CO,/L was obtained for CO;
partial pressures of 28 kPa and 5 kPa respectively, corresponding to more than an 80 % relative decrease in
equilibrium partial pressure. Concerning the effect of PZ as an additive, Cullinane et al. [216] reported that
increasing PZ concentration in a solution of constant K* concentration can benefit CO; solubility and this is
reflected through a less steep solubility curve. The increased solubility can be attributed to the conversion of
active PZ to PZCOO™ at low/medium loadings and PZ(COQ"), at higher loadings (see also R 4-11 to R 4-14).
For the case of MEA, the improved CO- absorption efficiency can be attributed to the increased OH™ ions, which
increase the solution pH as measured in [207], as well as to the zwitterion mechanism for carbamate formation
between MEA and CO; shown in R 4-8 to R 4-10.
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Figure 4-8: Effect of additives on CO; solubility in 1.81 M K,COj3 solutions at 120 °C.

At 120 °C, the 1.81 M K,CO3/1.16 M PZ solution was again found to contribute to a higher CO; solubility
compared to the rest of the mixtures. Glycine and MDEA were excluded from investigations at 120 °C. From
Figure 4-8, it can be concluded that 1.81 M K,COj3 solutions with 0.58 M PZ and 0.82 M MEA exhibit similar
results to those measured for the 2.53 M K>CO3 aqueous solution. An outcome of this comparison at 120 °C is
the fact that MEA performs slightly better in terms of capacity compared to the 1.81 M K,CQO3/0.58 M PZ
mixture at higher partial pressures, which was not the case at 100 °C. When solution loading values (a) are to
be compared between pure K,COs3 solutions and promoted mixtures, the addition of MEA seems to have a
detrimental effect on solution loading compared to the reference pure 1.81 M K,COs solution, already at CO;
partial pressures above 10 kPa at 100 °C. The equilibrium curve at 120 °C is positioned above that of the pure
K2COs agueous solutions at the partial pressure range investigated. A similar effect was described by Ramazani
et al. [215], for molar ratios of MEA promoter to K,CO; between 0.25 and 1.5 at 40 °C.

4.4.4 Effect of additives on CO, absorption rate

In order to compare the absorption rates for the promoted solutions, results are reported for a similar initial CO»
loading, as well as similar partial pressure at the beginning of the pressure decay curve. Results for fresh solvents
and for intermediate points of a = 0.3 are discussed, since a typical absorption/desorption process operates with
only partially stripping the absorbed acid gas so as to lower the reboiler heat duty [207, 243]. While for the
current experimental method this entails that not all starting loading and partial pressure values are identical for
the intermediate loading points, the comparison can provide a good insight on the suitability of different
promoters for enhancing the overall reaction rate. For a more accurate quantification of reaction Kinetics,
experiments with a device which ensures a measurable surface area for mass transfer are required to determine
the CO;, flux [244]. Absorption rate results for different solvents are shown in Figure 4-9 and Figure 4-10.

For a starting a value of about 0.3 at 100 °C, a time duration between 18-20 min was needed to reach equilibrium
for the 1.81 M K2COs solution, while a shorter time interval was required to attain equilibrium state for the first
CO; injection (~14 min), which is anticipated due to faster reaction kinetics for the fresh solvent compared to
the loaded one. This is caused by a higher availability of OH™ to react with CO,, as shown in the kinetic reaction
R 4-6.
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Figure 4-9: Effect of additives on CO absorption rate for fresh solvents (P, 4s=180 kPa for promoted
solutions, P¢o, 4s=200 kPa for the pure K,COs aqueous solution, T=100 °C).

A similar observation on the effect of increasing solution loading on absorption rate was made for the promoted
solutions independently of their type and concentration. The high absorption rate for 1.81 M K,COj3 at both
temperatures is attributed to a higher CO- partial pressure at the beginning of the pressure decay process.
Addition of PZ and MEA was found to greatly improve the absorption rate compared to the other promoters
used. As shown in Figure 4-9 and Figure 4-10., the solution promoted with 1.16 M PZ performed better and it
was followed by the mixtures 1.81 M K,C05/0.58 M PZ and 1.81 M K,CO3/0.82 M MEA. At 100 °C, the
average absorption rate over the entire time interval towards the equilibrium point for a starting loading equal
to 0.3 mol COz/mol blend was 0.0047 mol/min for the mixture 1.81 M K>COs/1.16 M PZ. This value was about
11% higher compared to the mixture promoted with 0.82 M MEA. For the fresh solvents at 100 °C, those
containing PZ (both concentrations), MEA, Gly and MDEA (at its higher concentration) equilibrated after 7,
10, 15 and 20 min respectively, while at a = 0.3, the promotion effect of a higher PZ concentration was more
prominent compared to the lower concentration, mainly due to a higher amount of free amine molecules which
can react with CO2 molecules. At this loading level, MEA followed PZ promoted solutions with equilibration
times in the order of 14 min for the former and 10 min for the latter. The structure of PZ molecules, comprising
two amino groups, and a high pK, value has been proposed to be responsible for its performance in terms of
absorption rate [215, 216]. For the mixture containing MDEA as an additive, no particular enhancement effect
on the absorption rate was noted. Taking into account the solubility results for the MDEA/K,CO3 mixture of
this study, MDEA is not recommended as a promoter for CO, absorption at this temperature range, which is in
agreement with the conclusions of Borhani et al. [234] in the framework of a simulation analysis for MDEA
promoted K,COs. Moreover, according to Nii and Takeuchi [221], MDEA can only slightly improve the CO;
flux compared to other amines in aqueous solutions of K,CO3 and the enhancement factor was found to be much
smaller compared to other amines at ambient temperature conditions.

The absorption rate for Gly-promoted solutions was found to be comparable to the reference case solution and
similar to the solution promoted with MDEA. Pure Gly seems to have no remarkable impact on CO- absorption
at high solution loadings and a slight improvement for the fresh solvents can be pointed out based on Figure
4-9. According to Thee et al., the pretreatment of glycine towards a deprotonated amino acid can establish a
reaction mechanism similar to the one described for alkanolamines with the formation of a carbamate
intermediate [214]. The K,COs solution with the deprotonated amino acids was found to exhibit improved
reaction Kinetics compared to primary amines and it is therefore suggested for future investigation. A strong
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base must be used in this case, such as KOH, and the reaction for deprotonation of the zwitterions is represented
by R 4-20

*NH,R;R,C00~ + OH™ = NHR,R,C00~ + H,0 R 4-20

The absorption rate curves for PZ and MEA at 120 °C were compared to the one obtained for KoCO3 without
additives. As shown in Figure 4-10 for the fresh solvents, the time to equilibrium after the first injection of CO;
was in a range of 6-7 min for the promoted solutions and 11-12 min for the pure K>COj3 aqueous solution.
Piperazine promoted solutions were found to enhance the absorption rate to a greater extent at this higher
temperature, similarly to the observations made at 100 °C. However, at this higher temperature level, similar
absorption rates for MEA and PZ were observed and thus both promoters may be used for high-temperature
CO; absorption. According to [207], the apparent reaction rate constant of CO; in a MEA-promoted K,CO;
solution can be increased by increasing both MEA concentration and solution temperature.
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Figure 4-10: Effect of additives on CO. absorption rate for fresh solvents (P¢, 4s=80 kPa for promoted
solutions, P¢o, 4s=90 kPa for the pure KoCO; aqueous solution, T=120 °C).

45 Conclusions

In this chapter, an experimental investigation of CO- solubility and its absorption rate into pure and promoted
K>COs solvents was presented. For K.CO3aqueous solutions without promoters, tests were carried out at 80 °C,
100 °C and 120 °C with two different K.COs concentrations and experimental results were successfully
validated against simulation results obtained with the electrolyte-NRTL model fitted with default electrolyte
pair parameters in Aspen Plus™, as well as regressed parameters based on experimental data from previous
studies in order to improve the accuracy of the activity coefficient model. Glycine, MDEA, MEA and PZ were
tested at 100 °C as additives, while the latter two promoters were also tested at 120 °C. As far as K.COj; solvents
are concerned, solubility increases with a decrease in temperature or with a denser solvent. Regarding the
addition of promoters, the use of PZ greatly improves CO- solubility and absorption rate at the same time. The
use of MEA is also beneficial for both solubility and absorption rate, but to a lesser extent compared to PZ. On
the other hand, MDEA can potentially improve solubility results when added in lower quantities, however,
when used at higher concentrations, it lowers CO; solubility. Taking into account that also no remarkable effect
on CO; absorption rate was measured, MDEA is not recommended as a promoter for aqueous K,COj3 solutions.
Finally, pure Glycine addition, even at a low molarity, deteriorates CO; solubility.
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Based on the solvent screening study presented in this chapter, the best performing promoters during those high-
temperature absorption tests, i.e. PZ and MEA, were considered for further investigation. Those two promoters
can improve the solubility and absorption rate of CO, absorption and thus, they are potential additives to an
AGR process based on hot K,COjs solutions. In Chapter 5, the absorption of CO; and light tar mixtures into pure
K2CO; and MEA-promoted K.COs; aqueous solutions is experimentally investigated, as such species are
expected in the syngas of biomass- or coal-fuelled gasifiers. In Chapter 6, process modeling of the hot potassium
process with and without additives is carried out in Aspen Plus. The aim is to compare pure K,CO3 aqueous
solutions to PZ-promoted K>COs solutions for the simultaneous removal of CO, and H»S from gasification
product gas under elevated temperature and pressure conditions.
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5 Absorption of carbon dioxide/light tar mixtures into potassium
carbonate solutions

5.1 Scope of study

In this chapter, the solubility of CO- and light tar species in K.COj3 aqueous solutions (either pure K,COj3 or
promoted) is presented. When light tar compounds are maintained in syngas downstream of an AGR unit, they
can be converted to non-condensable gases e.g. toluene can be converted towards CO and CHy, in the presence
of NiO/MgO/Al,Os catalysts [245]. Coll et al. investigated the steam reforming potential of different aromatic
compounds, typically found in gasification product gases, over Ni-based catalysts [246]. They concluded that
the reactivity of benzene and toluene was higher compared to other aromatics and they reported that this also
applies to compounds with a smaller number of aromatic rings in their molecule.

A benefit of the application of K,COj3 solutions is that they can are expected to be less selective for absorbing
BTX and tar species, especially those with small polarity. On the other hand, physical absorption processes have
been reported to have a high affinity for BTX, Cs+ hydrocarbons, heavy tar and moisture [134]. This study aims
to quantify solvent capacities for CsHg and C;Hg as two of the major species which can be converted downstream
of the AGR unit in an SNG plant. In addition, the present study explores the effect of MEA content on the
absorption process.

5.2 Experimental apparatus and procedure

5.2.1 Chemicals and preparation of aqueous solutions

All gases used in this experimental study were supplied by Air Liquide Hellas SAGI. For the preparation of the
gas mixtures which were fed to the reactor, N2 with a purity higher than 99.8%, CO; with a purity higher than
99.7% and CH, with a purity higher than 99.995% were used. In addition, N> with a purity higher than 99.999%
was purchased and used for all analyzer operations that required a carrier gas of high purity i.e. for purging and
cleaning, for zero calibration and for acquiring calibration spectra at various concentrations. All other chemicals
were purchased by Fisher Chemical, Lach-Ner (Tech-Line SA) and Merck Hellas SA. Potassium carbonate
(K2CO3, anhydrous, 99.6% purity) and Monoethanolamine (MEA, 99.5 % purity) were mixed with deionized
water to obtain solutions of a specific composition. Benzene (CsHs) and toluene (C;Hs) of analytical reagent
grade were used during the tests (> 99.9% purity). All gases and chemicals were used “as-received”, i.e. without
further purification or pretreatment. A precision balance (Kern-ALJ 220-5DNM) with an accuracy of = 0.0001
g was used for preparing the aqueous solutions. In this experimental campaign, the solution mass was constant
(500 g) at the start of each test.

5.2.2 Experimental apparatus

The experimental investigation of C¢He/C7Hgs and CO; absorption into MEA-promoted and pure K.COj3 aqueous
solutions was carried out at the Laboratory of Steam Boilers and Thermal Plants of NTUA. A basic design
parameter of the apparatus was the requirement of evaluating the multicomponent absorption of compounds at
different partial pressures. The experimental procedure in which CO; solubility was determined by pressure
decay was not applied in this investigation. Useful information regarding potential modifications for the
experimental methodology of Chapter 4 for multicomponent mixtures may be found in the study of Vopicka et
al. [247], who investigated the sorption of gas mixtures into a solid membrane with a pressure-decay method
through its combination with gas chromatography. A pressure-decay method for solubility measurements of
binary mixtures with GC analysis can also be found in [248]. Instead of the batch-type method, the
measurements can be done in a semi-continuous or continuous manner with gas- and/or liquid-phase analysis.
In such cases, the gas can be either absorbed into a constant mass solution without liquid recirculation but with
a continuous gas flow rate through it or a continuous supply of both liquid and gas phases can be established
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e.g. via an absorption column for contacting the two phases. For the present study, the former methodology was
selected and the test rig was modified accordingly. A schematic diagram of the experimental setup is shown in
Figure 5-1.

The experimental test rig consists of the support frame, gas mixing section, reactor, piping network, heating
systems, pressure and temperature measurement equipment, sampling line, FTIR analyzer and all necessary
auxiliary devices for signal processing, data acquisition and power supply (either AC or DC). The gas mixing
section has the purpose to supply gas mixtures with specific composition to the reactor containing the liquid
absorbent. For supplying CO,, CH. and N, pressure regulators were installed at the outlet of the gas cylinders
with an adjustable pressure up to 8 barg, which are subsequently connected to the mass flow controllers (MFCs)
through PTFE tubing. Four (4) thermal MFCs were installed to regulate and measure the mass flow rates of the
gases, each with a different nominal operation range from 0 up to 2 NL min-t. Their working principle is based
on using the fluid heat conductivity (gas or liquid), which makes their measurement relatively independent to
fluctuations in temperature or pressure. In this experimental study, only three of the four MFCs were employed
for adjusting the mass flow rates of gases (Omega FMA 5400 with 0-2000 NmL min flow range for N,
regulation, Tylan FC-280s with 0-700 NmL min flow range for CO, regulation and Aalborg GFC 17 with 0-
200 NmL min flow range for CH, regulation). The MFC device which controlled the mass flow rate of N
(carrier gas) had been initially calibrated with the same gas, whereas correction factors were used for the other
MFCs. Using such a correction factor that is different for each gas, the mass flow controller ensures accuracy
of 5-10% over the range of the measurement scale. On the other hand, for the MFC that operated with the
calibration gas, an accuracy of + 1.5% applies according to the manufacturer.
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Figure 5-1: Sparged stirred reactor apparatus for gas absorption studies into liquid solvents (RM: rotameter,
MFC: mass flow controller, MT: mixing tee, SP: syringe pump, MS: magnetic stirrer, BPR: backpressure
regulator, PMF: Particulate matter filter, SU: sampling unit).

There are three main mixing tees in the assembly, which are used to either mix gases or gases with liquid
compounds. In MT1, the main gases comprising the simulated stream can be mixed, herein, CO2, CH4 and N2
as the carrier gas. Although not depicted in Figure 5-1, a tubing coil was installed downstream of MT1 with an
internal diameter of 1.755 mm in order to increase turbulence and residence time. This is followed by the second
and third mixing tees (MT2 and MT3) in which liquid compounds (at room temperature) are added to the gas
stream, which may be water, liquid hydrocarbons, etc. Each MT is connected to a separate syringe pump which
can supply such small quantities to the point of mixing. It was selected to install two different syringe pumps
(New Era NE-300 and NE-1000 supplied by Metrolab SA), so that the flow rate of each species can be set
independently through a) adjusting different flow rate settings and b) using different syringe sizes from sub-mL
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up to 60 mL. Moreover, the mixing tees MT2 and MT3 are trace-heated so that the liquid species are mixed at
higher concentrations. The heat tracing is controlled via a PID controller, in which temperature measurements
are provided through a Pt100 sensor. Inside MT2 and MT3, the fluid fed by the syringe pump is forced to go
through a metallic needle which is installed in the pathway of the main gas flow in such a way that the liquid is
entrained by the gas mixture. Downstream of MT3, there is another heated tubing coil to extend the residence
time of the gas mixture. Initially, the MTs were immersed in an oil bath, however, a severe mixing instability
was encountered. In addition, this configuration excluded the possibility of independently adjusting the mixing
point temperature if necessary. A depiction of the mixing tee configuration, where the fluid flow rate from the
syringe pumps is mixed with the main gases, is shown in Figure 5-2.

gas inlet
needle =

gas outlet

from SP .

Figure 5-2: Depiction of the mixing tee (MT2 and MT3) configuration for injection from SP1 and SP2.

Regarding particularly the gas syringes, the injection rate depends on the diameter of the syringe to be mounted
on the pump and the speed at which the plunger moves. The speed of the piston is adjusted by a screw-nut drive
and the rotational movement of the motor is converted to a linear one. The specifications of the three SGE gas-
tight glass syringes which were used in this study for tar injection are shown in Table 5-1. It can be noted that
although a wide range of flow rate conditions can be achieved from below 1 uL h? up to tenths or hundreds mL
h-, the flow rate setpoint has a direct impact on the time needed until the syringe is completely discharged from
the liquid. A syringe was filled at the start of an experiment and it could not be filled up during the syringe
pump operation without disrupting it. This arises an optimization problem also because the selection of the
syringe type influences other parameters, such as the liquid flow rate accuracy and stability at a specific set
point. A syringe pump was also used during the investigation of AC sorbents (see Chapter 3), therefore such
aspects are herein discussed in more detail, as well as the solutions adopted for the operation of the syringe
pumps in the framework of the present study.

Table 5-1: Syringe specifications for CsHs and C7Hs injection through the syringe pumps.
Max. pressure,

Svrinae No Barrel Internal Volume temperature Flow rate

yrnng ' material diameter (mm) (mL) Qbar/"C) range (uL h)
1 Borosilicate glass 3.3 0.5 27.6/70 0.7-91800
2 Borosilicate glass 4.6 1 27.6/70 1.4-183600
3 Borosilicate glass 10.3 5 27.6/70 7.0-918000

One of the main issues encountered during this investigation was their oscillatory behavior especially at low
flow rates of the syringe operation range. This problem can be partially addressed by the use of small-diameter
syringes, as well as the use of “damping” hoses made of elastic materials e.g. PVC. The choice of syringe
diameter in the pump is related to the displacement rate of the piston for infusion of the liquid. As the device is
equipped with a stepper motor for its movement, a smaller syringe diameter involves a higher speed of rotation
of the stepper motor and consequently a reduction in the periodic effects caused by its continuous rotation. In
addition, the use of a specific syringe influences the pressure P of the liquid supply from the correlation P =
F/A, where F is the linear force applied on the syringe plunger and A is the cross-section area of the syringe.
This implies that a smaller cross-section for a specific linear force results in an increase in the maximum fluid
discharge pressure. This is an aspect that may pose a constraint when selecting a suitable combination between
the syringe pump and syringe size.

In order to evaluate the reliability and stability of the liquid dosing system of the current study, the following
aspects were investigated:
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a. The effect of syringe size (1 and 5 mL syringes) on dosing H»O to achieve 5 vol.% and 10 vol.%
concentration in the gas mixture using N carrier gas.

b. The effect of adding elastic PVVC tubing to dampen the pressure-induced effects during liquid supply.

The results from the different SP settings and configurations are shown in Figure 5-3. The diagram demonstrates
how the pump’s supply stability changes by using syringes of different diameters or by using an elastic hose.
From left to right, a decrease in the oscillatory behavior of the pump by reducing the syringe cross-section can
be noted for a H>O content of 5 vol.% in the gas mixture. After about 30 min, the syringe pump flow rate is
increased and the injection stability of the syringe pump among different cases is compared for 10 vol.% H.0.
It can be noted again that the amplitude of the oscillation of the H,O flow rate decreases as the syringe’s internal
diameter and volume decrease. Additionally, the use of a PVC hose along with a 5 mL syringe significantly
eliminates oscillations and the injection stability resembles that of the 1 mL syringe. In order to quantify the
impact of each configuration and obtain metrics for comparison, a statistical analysis was carried out and the
results are shown in Table 5-2. At each concentration level, the mean value corresponds to the FTIR
measurement prior to the calibration process, which explains a higher relative difference between the adjusted
and the measured composition especially at 10 vol.%. The main indices used for comparison are the standard
deviation () and the coefficient of variation (CV) defined in Equation 5-1 and Equation 5-2, respectively. In
those equations, N is the number of data values, x; is the individual composition value at each point i and X is
the mean value of H,O concentration in the gaseous mixture.

N
LY -
g = _— X:i — X .
N-1& ' Equation 5-1
1=
cv d
=z Equation 5-2
15 ~
_ e 5 mL syringe with
1 mL syringe 5 mL syringe (§ elastic PVC dampener
10 ] ‘.'-_ o . o

5 mL syringe 1 mL syringe

H,O0 concentration (vol. %)

0 10 20 30 40 50

time (min)

80

Figure 5-3: Syringe pump injection stability: effect of syringe size and elastic “dampener” tube.

From the results shown in Table 5-2, it can be concluded that the replacement of a larger syringe with a smaller
one has the greatest effect on reducing ¢ and CV of the measured concentration values. Therefore, the 1-mL-
syringe test resulted in a much lower CV compared to the 5-mL test at 5 vol.% H2O, while using the same 5-mL
syringe at 10 vol.% H>O decreased the CV by 50% compared to Test 1. Thus, it is recommended that, when
possible, smaller size syringes be used. When this is not possible, it was found that the use of a P\VC dampener
indeed reduced the oscillatory behavior. While the benefits of this measure were not as evident as those of the
syringe size, it was found that a reduction in the CV by more than 45% can be achieved. In this study, a PVC
tubing was not applied due to the nature of the organic species under study. Particularly, PVC tubing is not
suitable for C¢Hs and C7Hs as these species can permeate through the walls [249]. Herein, no other tube materials
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were investigated or tested as alternatives to PVC dampeners, but this is recommended for future studies.
Instead, PTFE tubing was used to transfer the hydrocarbons from the syringe pumps to MT2 and MT3.
Moreover, the smallest possible syringe size was used so that smoother dosing is ensured in each case and the
selection was based on the estimated duration of the test.

Table 5-2: Comparison of syringe pump performance with different syringe sizes and tubing.

Test 1 2 3 4

Dampener No PVC No PVC No PVC With PVC

Syringe volume (mL) 5 1 5 5

H.O content (vol.%) 5 5 Rel. diff. (%) 10 10 Rel. diff. (%)
x (vol.%) 4.73 5.07 +6.7 9.47 9.29 -1.9

o (vol.%0) 0.28 0.10 -64.2 0.31 0.16 -48.6

cv(-) 0.06 0.02 -66.7 0.03 0.02 -47.6

At this point, two more important design factors influencing the stability of liquid dosing must be included.
Firstly, the temperature at the mixing point was found to influence the stability of dosing at low concentrations
and small liquid dosing flow rates, accordingly. This can be attributed to the vaporization of the sample inside
the needle and thus, no heating was applied when such an issue was encountered. Secondly, the mixing concept
can also affect the oscillations which are measured. Initially, the injection of the hydrocarbons was carried out
directly by connecting the PTFE hose to the mixing tee. However, very large deviations of the concentration
were measured indicating that such an effect could be due to the formation of bigger droplets. This issue was
tackled through the use of the injection needle at the mixing tee as described above.

The stirred reactor is made of 316 L stainless steel. It has an inner diameter of 102 mm and a height of 192 mm.
Its peripheral walls are 6 mm thick, while its base is 8 mm thick. The flanges at its top have a diameter of 220
mm and a thickness of 20 mm. Four ports can be found at the upper flange where the gas inlet tube, outlet tube
and measurement devices (pressure and temperature sensors) are mounted. A fifth port is sealed and used only
for loading and unloading the liquid solutions. Reactor sealing is achieved by a Viton O-ring mounted on a
groove of the lower flange. A hot-plate magnetic stirrer (IKA RH Basic 2, stirring speed: 100-2400 rpm,
temperature: ambient to 320 °C), which was also used during the batch experiments (see Chapter 4), was used
for ligquid-phase stirring. The reactor is first loaded with the liquid solution under study and the gas is dispersed
into the liquid. The gas mixture enters close to the lower section of the reactor and is released into the solvent
mass in the form of bubbles. The saturation rate of the solution depends on the mass transfer rate of CO; by
physical and chemical absorption. The design of a sparged stirred reactor for an efficient mass transfer from the
gaseous to the liquid phase is, therefore, an important aspect that has to be considered. In the study of Garcia-
Ochoa and Gomez [250], the main parameters influencing the volumetric mass transfer coefficient of sparged
stirred reactors are discussed. According to Higbie’s penetration theory, the mass transfer coefficient can be
defined as

k=2 |— Equation 5-3

where D; is the liquid diffusion coefficient and t, is the contact or exposure time for mass transfer. Different
theories give the mass transfer coefficient for a different description of the flow phenomena. For non-Newtonian
fluids according to Ostwald- de Waele's theory, the coefficient is given as
2 1
€disP\2(1+nina) ;
k, =—./D (—) Equation 5-4
L \/E L kina a

where g4, is the energy dissipation rate, p is the density, k;,,4 i the consistency index in the power-law model
and n;,q4 is the flow index in a power-law model (dimensionless). The rate of energy dissipation is influenced
by several parameters, such as the stirring speed. An increase in the work input per unit volume of fluid can
lead to an improvement of k; . In addition, it is necessary to maximize the specific interfacial area a, which can
be calculated by the average bubble size inside the reactor d,;, and the gas hold-up ¢
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6¢
a= d Equation 5-5

Therefore it is important to reduce the average diameter d;, of the bubbles to enhance mass transfer. The gas
hold-up ¢ was expressed by Garcia-Ochoa and Gomez according to a semi-empirical (see Equation 5-6), which

is based on the isotropic turbulence theory
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where V; is the superficial gas velocity, N, the agitator speed, T, 4 the agitator diameter, p;, and p the liquid
and gas density and o;,; the interfacial tension. Various types of gas diffusers have been evaluated in the
literature as components to carry out the mass transfer into the liquid phase. Factors such as the relative position
between the stirrer (or multiple stirrers) and the position of the sparger, as well as the ratio of the diameter of
the vessel to that of the agitator (D /T,,) can affect the mass transfer coefficient. A D /T, ratio of about 2 can
have a positive effect on increasing the interfacial area as discussed in [250]. A stirrer diameter of T,,; =50 mm
was used in this experimental campaign.

Three (3) different gas diffusers were evaluated before the final selection of the sparger, particularly a) a vertical
1/4 inch tube with an ID of 4.57 mm, b) a circular diffuser (ring) consisting of 21 holes with a diameter of 0.3
mm each and c) a porous gas sparger with 2 um pore size (all made of SS). This investigation was carried out
as a “trial-and-error” procedure in order to achieve sufficient mass transfer inside the reactor rather than as a
comprehensive comparison of the hydrodynamic performance of different designs. The comparison of the three
sparger types is shown in Figure 5-4. This study was carried out under identical CO; partial pressure, solution
composition and mass, gas flow rate, reactor temperature and N2 as the carrier gas.
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Figure 5-4: CO; concentration in outlet gas (vol.%) versus time with different gas diffusers.

The order of mass transfer performance for the different configurations was porous sparger > ring diffuser >
vertical SS tube. The replacement of the vertical tube with the ring diffuser improved the CO. transfer to the
liquid phase, however, it remained very low to ensure the completion of the experiments within a reasonable
time duration. In the case of these two dispersing systems, the CO; capture rate did not exceed 30% at rotational
speeds of 500-1000 rpm, often resulting in equilibrium conditions after 10-12 h. On the other hand, when they
were replaced by the sintered-metal stainless steel sparger, an improved mass transfer performance was
achieved. For the latter case, the CO; capture rate was higher than 98%. By adopting this configuration, the time
required to saturate the aqueous solutions was around 1.5-2 h for the experimental conditions of this campaign,
which are presented in detail later.
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After the mixing tees MT1, MT2 and MT3 and before the stirred reactor, there are a by-pass line and two ball
valves for regulating the flow direction. Two of the main purposes of this configuration are a) to measure the
gas composition at the start of each test and b) directly supply gas mixtures to the FTIR analyzer for calibration.
In addition, with such a configuration, the gas mixing station can be operated independently to supply gas
mixtures for other applications and test facilities. This line may be also used when an alternative pathway for
gases is required e.g. in the event of a reactor blockage due to particles, sediments, etc. In addition, the reactor
requires a check valve to avoid suction due to overpressure from the sparger to the inlet pipe. Downstream of
the reactor, there is a backpressure regulator (BPR) for controlling the absorption pressure from ambient up to
7 bar. After the backpressure regulator and before the FTIR analyzer, the gas flow is directed to a porous filter
(0.5 um) for the protection of downstream equipment from solids and aerosols, denoted as PMF in Figure 5-1.

For all lines with heat tracing, SS 1/4 in tubing was installed. In fact, the maximum operating temperature was
around 200 °C and initially, PTFE tubing was used to a greater extent for connecting the different components.
However, failures that can be attributed to heating and cooling cycles and temperature overshooting were
encountered and thus, the tubing was replaced. Smaller size tubing was used for the SS tube coils (1/8 in) and
for the PTFE tubing, which transfers C¢Hs or C7Hg from the syringe pumps to the mixing tees (1/16 in). In
addition, for lines at ambient temperature, PTFE 1/4 in tubing was used (e.g. tubing from the gas cylinders to
the MFCs). Flexible heated cables insulated with quartz yarn (Horst HSQ) were installed over metal tubing for
heat tracing and they were operated well below their temperature limit (900 °C). The reactor outlet and inlet
lines are heated independently and their temperatures are regulated by separate PID controllers with Pt100
sensors. This is due to the different requirements in each case: the inlet gas flow rate was preheated at the reactor
temperature, while the outlet flow rate was heated to a much higher temperature, as this is necessary for the
operation of the FTIR spectrometer. In addition, the reactor is heated with a 2 kW tailor-made, PID-controlled
heating jacket, which can operate up to 300 °C (Mica Electric Heaters). Electric heating was also installed at
the reactor flange (Thermon HPT 10-2 heating tape) in order to ensure that no condensation occurs due to a
lower temperature at the upper part of the reactor. This heating zone was also PID-controlled and it was typically
adjusted about 2-3 °C above the reactor temperature. Apart from the Pt100 sensors of the PID controllers,
temperature inside the reactor is measured by two K-type thermocouples (UTECO, 3 mm diameter), one for the
liquid (20 cm long) and one for the gas phase (8 cm long), similarly to Chapter 4. In addition the pressure
sensors which were used during the batch tests were also used in this new configuration for pressure
measurements (WIKA S-10 pressure transmitters, 0-6 bar, accuracy + 0.03 bar). Those pressure transmitters
were placed upstream (i.e. reactor pressure) and downstream of the BPR.

For data acquisition and logging, ADAM signal processing modules were installed (Advantech SA).
Particularly, signals from thermocouples, pressure transmitters and MFCs are delivered to two (2) ADAM-
4019+ analog input modules. In addition, signals to the MFCs are provided via an ADAM-4024 analog output
module. All input data for pressure, temperature and mass flow rates were continuously monitored and recorded
by a data acquisition system, which also enabled the remote adjustment of gas flow values. Gas analysis
measurements are logged through another data acquisition software, as discussed next. A depiction of the
experimental apparatus for the investigation of CO-/light tar absorption into liquid solvents is shown in Figure
5-5.
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Figure 5-5: Depiction of sparged stirred reactor apparatus for gas absorption studies into liquid solvents.

5.2.3 Gas-phase analysis through FTIR spectroscopy

5.2.3.1 Principles of FTIR spectroscopy

In general, IR spectroscopy is a method of identifying molecules based on their characteristic frequencies of
rotation and vibration when they absorb IR and move towards higher energy states. Due to the fact that different
molecules absorb IR at different wavelengths, a unique IR absorption spectrum results for each compound. With
this method, all gas species apart from Oz, N2, Hy, Cl, F2, H2S and noble gases can be measured. The particular
benefit of the Fourier transform method compared to alternatives is that a full spectrum over the IR wavelengths
is produced and multiple components can be analyzed within a single measurement. The quantification of the
concentration of a species is based on the Beer-Lambert-Bouguer law shown in Equation 5-7.

I, 1
A =log (7) = log (T—b) = glc Equation 5-7

where A is the absorbance, I, is the initial radiation intensity, I is the radiation intensity after contact with the
sample, Ty, is the transmittance, ¢, is the attenuation coefficient or absorptivity of the attenuating species, [ is
the optical path length and c is the sample concentration. The molecular absorptivity can vary at conditions of
very high concentration or when the absorption intensity of particular wavelengths is significant. When the
influence of the concentration is not high, it can be stated that for a certain optical path length, there is a linear
correlation between the IR absorbance and the species concentration in the sample. Changes in temperature and
pressure can also influence the IR absorbance and it is, therefore, necessary to carry out calibrations and sample
analyses under specific conditions.

The main operation of an FTIR spectrometer is carried out by the interferometer. It is an optical modulator,
which modulates the radiation emitted by an IR source resulting in an “optical Fourier Transform” on the IR.
The Michelson interferometer is one of the simplest and more common interferometer configurations, consisting
of a beam splitter for splitting the incoming radiation and two mirrors, a stationary and a moving one. The
movement of the mirror at a constant velocity changes the optical path difference (OPD) between the beams i.e.
the distance traveled by the beam heading to the stationary mirror minus the distance of the beam traveling to
the moving mirror. The beams at the detector interfere constructively for OPDs equal to integer multiples of
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wavelength A and destructively for integer multiples of /2. Consequently, for a single wavelength and a
moving mirror at constant velocity, the detector signal varies as a cosine function with maxima at zero OPD
and integer multiples of A. The result of the superposition of those cosine functions for all radiation wavelengths
results to an “interferogram” which is the measured intensity versus the OPD. At this point, it should be noted
that an IR interferogram has a center burst at zero OPD and complex wave patterns around it. Its form can be
simplified by installing a laser source which also results in improved accuracy for tracking the mirror position
and consequently the OPD. A laser interferogram can be produced by a He-Ne laser beam traveling through the
interferometer into a special detector at a constant wavelength (632.8 nm). In contrast to the IR interferogram,
the laser interferogram is an almost ideal cosine wave.

In order to produce IR absorption spectra (function of frequency or wavelength) from interferograms (a function
of OPD or time), Fourier transform can be applied as shown in Equation 5-8 and Equation 5-9.

40
Fourier Transform F(w) = f f®e tdt Equation 5-8

+00
Inverse Fourier Transform f() = Zf F(w)e™tdw Equation 5-9

In this form, the Fourier transform allows a transformation from a time domain (t) to a frequency domain (w)
or reversely. This procedure is performed through algorithms, such as the Fast Fourier Transform-FFT algorithm
applied by Gasmet Technologies.

5.2.3.2 FTIR system description and analysis methodology

In this study, the gas-phase analysis was carried out by a portable Gasmet DX4000 FTIR analyzer. It
incorporates an FTIR spectrometer, a temperature-controlled sample cell and auxiliary electronics for signal
processing. The measurements are logged to a PC through Calcmet software, which can visualize results in real-
time and save them as ASCII files for further processing. Table 5-3 briefly summarizes the analyzer
specifications. Herein, wavenumber is the inverse of wavelength.

Table 5-3: Gasmet DX4000 FTIR analyzer specifications [251].

Parameter Values/description
Spectrometer resolution (cm) 8or4
Scan frequency (scans s?) 10
Detector type Peltier-cooled Mercury-Cadmium-Telluride
Source type SiC, 1550 K
Beam splitter type Zn-Se
Wavenumber range (cm™) 900—4,200
Optical path length (m) 5
Sample/cell temperature (°C) 180
Sample pressure (kPa) Ambient
Sample cell volume (L) 0.4
Sample gas flow rate (NL h?) 120-600
Temperature drift < 2% of measuring range per 10 °C change
Pressure influence 1% measurement change per 1% pressure change

The analyzer can be used for the analysis of wet off-gases. An auxiliary sampling unit (denoted as SU in Figure
5-1) can be connected to the FTIR analyzer for flue gas sampling. The SU contains a heated particulate filter (2
um), a heated sample pump at 180 °C and all necessary valves, PID controllers and power supply auxiliaries.
In this case, heated lines (4 mm, PTFE) are used to transfer the sample from the sampling point to the SU and
next to the FTIR analyzer. Due to the sufficient overpressure downstream of the sparged reactor, the SU was
not used during the course of a test, but the heated PTFE line was directly connected at the FTIR analyzer inlet
instead. The SU was only used for performing daily zero point calibration with ultra-pure N, as well as for
regulating the heated line temperature at a constant value of 180 °C. Bypassing the SU has another implication.
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The FTIR analyzer becomes susceptible to wear from aerosols in the gas sample. In this case, a heated filter
was installed downstream of the BPR and all outlet tubing from the reactor to the FTIR analyzer was also kept
at 180 °C since the sample gas temperature should be the same as the sample cell temperature to avoid
temperature drift issues or condensation.

Reference spectra are needed for the analyses of gas samples. Gasmet Technologies suggests a regular
recalibration of H,O for maintaining the instrument accuracy. In this work, reference spectra for all species,
apart from CO,, were produced. For COy, existing reference spectra from the FTIR databank were used covering
a range between 3 and 30 vol.%. Table 5-4 presents all the concentration values used for the generation of
reference spectra for the single components. No reference spectra existed for MEA in the databanks. However,
it is a volatile compound and therefore it is expected to be present in the gas phase. In other cases, they were
available for a narrow concentration range or much lower levels, such as for hydrocarbons (e.g. CH4 and CgHe),
since this analyzer is mostly used for wet flue gas analysis.

Table 5-4: Selected concentration points (vol.% or ppmv) for reference IR absorption spectra generation.

Component Concentration values
H,0 0.1,0.2,0.5, 1.0 and 2.0—40.0 vol.% with 2 vol.% step
CO; 3.0,5.97, 10.0, 15.0, 20.0, 25.0 and 29.9 vol.%
CH4 50, 100, 200, 500, 700, 1000 ppmv and 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.25, 5.0, 7.0 vol%
MEA 200, 500 and 1000 ppmv
CeHs 50, 100, 200, 400, 600, 800, 1000, 1200, 1400, 1600, 1800 and 2000 ppmv
C7Hs 50, 100, 200, 400, 600, 800, 1000, 1200, 1400, 1600, 1800 and 2000 ppmv

For the calibration procedure, N> was used as the carrier gas and it was regulated through the OMEGA
FMAS5516 MFC (+ 1% of setpoint). All liquid compounds at ambient conditions, i.e. MEA, H,0, C¢Hs and
CsHs, were supplied by syringe pumps and the resulting gas mixtures were transferred to the FTIR analyzer
through the reactor bypass line.

For the analysis of multiple compounds, appropriate wavelength analysis areas must be selected depending on
the species. Calcmet software enables up to three (3) analysis areas for each compound. Simpler compounds in
small concentration areas require only a few reference spectra since their molecular absorption remains nearly
constant, however other compounds (e.g. H20 and CO-) require more as they exhibit changes in IR absorption
at different wavelengths. An absorbance value of 1.0 corresponds to 10% permeability, which means that the
component molecules absorb 90% of the incident radiation. In general, the signal-to-noise ratio must be 3. For
the GASMET DX4000 analyzer, the noise level should be about 2% or a maximum of 1.2 absorption units.
During FTIR analysis, the absorption peaks can overlap and it is necessary to determine any interferences from
other compounds. For instance, H-O has two large absorption areas that extend nearly throughout the IR
spectrum. Those interferences can be defined in the Calcmet software for each component. While the procedure
of selection of the analysis areas is generally intensive and a subject of further optimization, an effort has been
made in this work to select the most suitable wavenumber regions. Table 5-5 summarizes the analysis regions
selected for each component and the interferences defined in each case for the CO,/C¢Hg tests. In addition, the
shape of the absorbance curve and the areas for FTIR multicomponent analysis are depicted in Figure 5-6 for a
typical gas sample obtained during an absorption test.

Table 5-5: Specifications for gas-phase analysis based on FTIR spectroscopy with Gasmet DX4000.

Component  Analysis area (cm™) Interferences Absorption limit (-)  Analysis options
H.0 3200-3500 CO,, MEA, CgHs 1.0 DRF!
CO2 926-1150 H>0, MEA, CsHs 1.0 -
CH, 2650—2950 H0, CO, MEA, CsHs 0.8 -
MEA 1500-2000  H0, CO,, CH4, CsHs 1.0 SC?
CeHo 1700-2000 H-20, CO;, MEA 1.0 SC

! DRF: double-reference fitting, 2 SC: slope correction function
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Figure 5-6: Component analysis areas for FTIR spectroscopy. Measurements depicted from CO./CsHs
absorption test with MEA-promoted aqueous K,COs solution.

Next, the methods and constraints applied for the determination of multicomponent FTIR analysis parameters
are briefly presented. They are based on manufacturer guidelines [252] and general practice.

1.
2.

3.

The spectral range selected must have evident peaks for the component of interest.

In the case of a mixture: when peaks from other species in the same wavenumber region exist (e.g. in the
range of 0.8 au), this area must be preferably excluded if possible.

If the concentration of a single species is such that its highest absorption peaks are very intense, such
analysis areas must be preferably excluded. Instead, it is preferable to select areas with smaller peaks and a
more linear behavior versus concentration changes.

The analysis area should not be too narrow and a wavenumber range of at least 200 cm™ must be selected.
Moreover, it is not exactly the peak itself that should be defined, but a region that includes the absorption
area of the compound in the vicinity of the peak.

A general rule dictates the use of more data points in the areas of analysis than the interferences listed. For
instance, if the analysis region extends for 200 cm-* and the resolution is 8 cm™, there are only 25 data points
in that domain. If there were 20 or more interferences, the analysis would become practically impossible.
In large analysis areas and when two (2) or three (3) separate analysis areas are defined, the use of the “slope
correction” function is suggested by the manufacturer. Similarly, for large analysis areas and when these
separate areas are far away, the “curve correction” function is recommended. Such corrections were also
applied in this study where relevant (e.g. for MEA).

Additionally, Gasmet DX4000 and Calcmet offer the possibility of a function named “double-reference
fitting”. This option uses the two nearest reference spectra of a compound for better fitting. This is
recommended when the concentration of that compound is high and it changes in a non-linear way relative
to other components. In the present work, it was enabled for improving the accuracy of H,O measurements.

5.2.4 Experimental methodology and solubility calculation

Figure 5-7 depicts a simplified flowchart of the experimental procedure which was applied, while Table 5-6
presents the test matrix of the experimental investigation. Initially, the FTIR analyzer is preheated for ca. 45
min until the interferometer, cell and system electronics reach their steady-state temperature values, according
to the manufacturer specifications. At the same time, the data acquisition starts for recording measurements
from MFCs, pressure transmitters and thermocouples, as well as FTIR gas measurements (Calcmet software).
Heating of the reactor and tubing also starts, which is completed in two (2) steps to suppress thermal stresses.
During all those preliminary steps, the inlet port of the FTIR analyzer is connected to the SU device.
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Figure 5-7: Flowchart of the experimental procedure for investigating gas absorption into liquid solvents.

After 45 min, ambient air was sampled and sent to the analyzer through the SU for O, calibration for 90 min
and subsequently, valves were switched to allow N with 99.999% purity into the analyzer. At this stage, zero
calibration (10 min) and measurement of the “background” reference spectrum (3 min) were also carried out.
After the solution has been prepared, it is loaded into the reactor from the reactor upper port. When the reactor
is filled, the magnetic stirrer is set at a constant speed of 1300 rpm throughout the test. The heated line of the
FTIR system was connected to the reactor outlet tubing and during this heating phase, a constant N flow was
sent to the analyzer through the bypass line (the minimum sample flow rate required by the FTIR manufacturer).
A few minutes before the solution reaches the desired temperature, a gas mixture is simulated with 3 vol.% CHa,
15 vol.% CO- and tar type/concentration according to Table 5-6. Industrial-purity N2 was used as the carrier gas
and the total gas flow rate was 2 NL min for all tests. The mixture was sent to the FTIR analyzer through the
bypass line and the gas composition was measured and recorded. The analyzer was adjusted to carry out
measurements with a 1-min step through Calcmet.

When the reactor temperature and gas composition reached their steady-state values, the gas flow was switched
to the sparged reactor for starting the absorption test. During this study, experiments were carried out with the
BPR fully-open. However, a slight overpressure (~ 0.4-0.6 barg) was monitored during the tests, which can be
attributed to pressure losses particularly due to the sparger and the 0.5-um particulate filter. The experiment
proceeds until the solution is saturated and the CO, composition has values in the range C/C, = 0.99 (db).
After saturation, the gas flow is switched again to the bypass line and then, the MFCs and syringe pumps are
stopped, apart from the N flow. The N, flow rate is maintained for purging the FTIR analyzer before it is
connected to the SU, which is then supplied with atmospheric air and finally with ultra-pure Na. Single
measurements with a 2-min step are carried out for the last 10-15 min to confirm that the sample cell of the
FTIR analyzer does not contain contaminants. The reactor is filled with deionized water two (2) times to dissolve
any remaining species prior to the next run. During the preliminary tests, no filter inspection was performed.
However, a pressure increase in the range of 0.2-0.3 bar was monitored at the start of the following test, caused
by deposits probably due to aerosol entrainment.
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Table 5-6: Test matrix for the absorption of CsHs/CO- and C7Hs/CO- mixtures into pure and MEA-promoted
K,CQOj solutions.

Test K,COj3 concentration MEA concentration Temperature Tar type/
No. (wt.%) (Wt.%) (°C)  concentration (ppmv)
1 25 - 60 -
2 25 - 70 -
3 25 - 60 CesHs/1000
4 25 - 60 CsHs/2000
5 25 - 70 CsHs/1000
6 25 - 70 CsHs/2000
7 25 - 60 C7He/1000
8 25 - 60 C7Hs/2000
9 25 - 70 C7He/1000
10 25 - 70 C7Hs/2000
11 25 1 60 -
12 25 1 70 -
13 25 5 60 -
14 25 5 70 -
15 25 1 60 CsHs/1000
16 25 1 60 CesHs/2000
17 25 1 70 CsHe/1000
18 25 1 70 CesHs/2000
19 25 1 60 C7Hs/1000
20 25 1 60 C7He/2000
21 25 1 70 C7Hs/1000
22 25 1 70 C7He/2000
23 25 5 60 CesHs/1000
24 25 5 60 CsHs/2000
25 25 5 70 CesHs/1000
26 25 5 70 CsHs/2000
27 25 5 60 C7Hs/1000
28 25 5 60 C7Hs/2000
29 25 5 70 C7Hs/1000
30 25 5 70 C7Hs/2000

Since such an issue affects the partial pressure of the gaseous components, cleaning of the particulate filter with
hot water was performed after each test followed by mild heating inside a furnace. Four parameters were varied
in this study, particularly the solution composition (MEA concentration), the type of tar species, the
concentration of tar species and the solution temperature. A lower temperature (60-70 °C) was applied compared
to the batch experiments, due to ambient pressure conditions. Herein, it has been assumed that the removal of
CH, at low partial pressures is negligible. Paolini et al. [253] demonstrated that the CH4 slip during CO-
absorption from biogas with K,CO3 solutions is < 0.1%, which is in line with the assumption. For this reason,
the CH,4 concentration in the reactor outlet gas was used to quantify the solubility of CO,, CsHs and C;Hs in this
study. However, it is suggested that a mass flow measurement device would be required for more precise
estimation. The solubility (mol kg?) of a species i was calculated from the difference of reactor inlet and outlet
concentration curves for that species according to Equation 5-10.

. =j— N out (k) + 1 oue (k + 1)
ni,intexp - ’Iz=]1 ! Atm Lout Zl,out ]
solubility = Equation 5-10

Msol,in

In this equation, 1; ;; (Mol min) denotes the molar flow rate of species i measured prior to the absorption test,
1 oyt (k) is the molar flow rate for the k measurement, At,, is the analysis step (1-min measurements), ty,, is
the total saturation time (min) and mg,,; ;, is the initial solution mass (kg) in the sparged reactor.
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5.3 Results and discussion

5.3.1 CO; solubility and absorption rate results

The experimental results for CO; solubility under different conditions of temperature, tar concentration and
additive content are shown in Figure 5-8. In this experimental campaign, the CO, partial pressure was around
22 kPafor all tests. It can be noted that within the ranges that the parameters varied, CO- solubilities at saturation
were found in the range 1.02-1.43 mol kg solvent. Temperature has a detrimental effect on CO, solubility,
however, its effect seems to be rather negligible when no MEA is added into the solution. When the MEA
content increases though, the effect of temperature is more important, which can be attributed to the increased
heat of absorption due to carbamate formation. At 70 °C, higher solubilities were found in certain cases for the
pure K,CQOj3 solution compared to that promoted by 1 wt.% MEA. This outcome can be partially be attributed
to MEA losses which were found to occur even at this temperature range. Increasing the MEA concentration in
the promoted K,CQOj; solution to 5 wt.%, significantly improved CO; solubility yielding the highest capacity
values measured during the tests.

1.6

14
1.2

1.0
m 0% MEA

m 1% MEA
m 5% MEA

0.8
0.6

CO, solubility (mol/kg)

0.4
0.2

0.0
60 °C 70°C  60°C- 70°C- 60°C- 70°C-

1000 ppm 1000 ppm 2000 ppm 2000 ppm

16

1.4 -

m 0% MEA
m 1% MEA
m 5% MEA

0.8 A1
0.6 A1
0.4 1

CO, solubility (mol/kg)

60 °C 70°C 60°C- 70°C- 60°C- 70°C-
1000 ppm 1000 ppm 2000 ppm 2000 ppm

Figure 5-8: Effect of MEA additive concentration on CO; solubility in the case of CO./CsHs/CH4 mixtures
(top) and CO,/C7Hs/CH. gas mixtures (bottom).Concentrations of light tar species denoted in ppm.
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No statistically important effect of the tar content on CO- solubility was found since similar or even higher
solvent capacities were measured when CsHg and C7Hs were added in the gas mixture. It can thus be concluded
that the process can sufficiently handle light tar species without penalizing the AGR process performance. Of
course, the rich solvent may require some treatment process if condensable tars are present in syngas.

The effect of MEA addition on the CO, absorption rate under constant stirring speed is shown in Figure 5-9.
The addition of MEA increases the concentration of reactive species in the solution and improves the reaction
rate with CO. Increasing temperature from 60 to 70 °C improves the absorption rate, which can be clearly noted
from the 5 wt.% MEA curve. Adding a slight amount of MEA (1 wt.%) has almost no effect on the slope of the
saturation curve, in contrast to the 5 wt.% case. In general, the effect of promoter addition became evident when
the liquid-phase concentration increased to values higher than 0.8 mol kg. This value corresponds to a loading
of 0.44 mol CO; mol* K,CO; for the pure K,CO3 aqueous solution.
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Figure 5-9: Effect of MEA concentration on CO; absorption (no BTX in inlet gas) rate into promoted K,COs
solutions at 60 °C (left) and 70 °C (right) and comparison with 25 wt.% pure K,CQOz aqueous solution.

5.3.2 Light tar absorption results

Results for CsHs and C7Hs solubility in pure K,CO3; and MEA-promoted solutions are shown in Table 5-7. It
can be noted that very low solubility values were found for both compounds, with the highest values at 1.65 and
1.72 mmol kg for CsHs and C;Hs, respectively. Tar solubility values were thus three orders of magnitude lower
than the amount of CO; in the liquid phase. The limited C¢Hs and C;Hs affinity of the K,COs aqueous solutions
demonstrates that their application in AGR processes at high temperatures will enable the recovery of those
species downstream. On the other hand, when the elimination of those species is desired, an alternative solvent
must be used. Polyethylene glycols, phthalates, adipates and silicon oils have been considered as suitable for
the absorption of C7Hs by Heymes et al. [254]. Properties that affect the absorption of light tar species are liquid
density, liquid viscosity and polarity of solvent and organic compounds, as described in [255]. The high polarity
of aqueous solutions is a factor that contributes to the results reported in the present work. Ozturk and Yilmaz
[255] found that very small BTX removal efficiencies were feasible in absorption experiments in a lab-scale
bubble column when water was used as the solvent, which is line with the results in the present study for the
aqueous solutions.
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Table 5-7: CsHs and C;Hsg solubility in pure and MEA-promoted K>COj3 agueous solutions.
Solution concentration

o Tar content C7Hg solubility CeHes solubility
mccg 7\’/\%5’3 T (0 (ppmv) (mmol kg™ (mmol kgt
25/— 60 1000 1.40 1.01
25/— 60 2000 1.72 1.65
25/— 70 1000 1.13 0.52
25/— 70 2000 1.25 1.24
25/1 60 1000 0.78 0.35
25/5 60 1000 1.26 0.80
25/1 60 2000 1.00 1.01
25/5 60 2000 1.59 1.50
25/1 70 1000 0.53 0.77
25/5 70 1000 0.31 0.60
25/1 70 2000 0.77 0.82
25/5 70 2000 0.52 1.14

5.4 Conclusions

In this chapter, an extension of the work carried out in Chapter 4 was presented. The focus was on the
investigation of the performance of aqueous K>COj3 solutions (without promoters and promoted by MEA)
towards the simultaneous absorption of CO; and light tar species which are present in syngas. Two model
compounds were studied, particularly C¢Hs and C7Hs. The tests were carried out in a semi-continuous absorption
apparatus with gas-phase analysis through FTIR spectroscopy. The effect of temperature, MEA concentration
and tar content on the absorption of gas mixtures was investigated.

The study revealed that the addition of a small concentration of MEA in the range of 1 wt.% has no notable
impact on CO; solubility compared to the case pure K>COs is added exclusively in the aqueous solution.
Temperature deteriorates the solubility of CO; in all solvents, however, a more evident effect was found for the
5 wt.% MEA promoted solution. On the other hand, a temperature increase by 10 °C has a very small impact
on the solution capacity for smaller promoter concentrations or only K,COs. In Chapter 4, it was shown that
MEA addition can improve the absorption rate of CO; into aqueous solutions of K,CO3 at elevated temperatures
(> 100 °C). In this chapter, it was shown that MEA added at 5 wt.% in the solution can improve the CO
absorption rate especially when the liquid-phase CO, concentration increases above ~ 0.8 mol kg*. On the other
hand, very low CsHs and C;Hs capacities (< 2 mmol kg) were measured. This was attributed to the discrepancy
between VOC and solvent polarities. Nevertheless, this outcome can be considered desirable when downstream
utilization of light tar species is intended (such as tar reforming downstream of the AGR process e.g. over Ni
catalysts). Finally, no significant impact on CO- solubility was observed when tar species were added in the gas
mixture.
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6 Thermodynamic and process modeling study of AGR based on hot
potassium carbonate solutions

6.1 Literature review of thermodynamic and process modeling of AGR by aqueous K2CO3

solutions and scope of the present study

In Chapter 4, the fundamentals of CO- absorption into hot K,COj3 solutions have been analyzed especially
regarding the reaction mechanisms of pure K,COs or promoted aqueous solutions with different additives. In
this chapter, the focus is on the thermodynamic and process modeling of CO, and H.S absorption into aqueous
K>COs solutions as an important aspect of process design and optimization. In order to achieve this goal, the
study was carried out in two steps. Firstly, thermodynamic models were developed with parameters
representative of the systems under study. Subsequently, rate-based models with kinetic and mass transfer
expressions were implemented for the absorption/desorption process in order to investigate the performance of
the AGR unit. In this section, a literature review regarding the theoretical background of thermodynamic and
process modeling is given.

6.1.1 Literature review: thermodynamic modeling of CO, absorption into K.COjz solutions

One of the early attempts for modeling the VLE of an electrolyte system was the single-equation model of
McCoy for the CO»-Na,COs-H,0 system [256]. Over the course of the last 50 years, significant research has
been carried out in developing accurate thermodynamic models for electrolyte systems. Particularly, semi-
empirical Gibbs energy expressions have been suggested, which model the system through two contribution
terms. The first term describes long-range interactions caused by electrostatic forces between ions in the solution
and it is usually based on the Debye-Hiickel theory. The second term describes short-range or local interactions
of different types and it is based on expressions for non-electrolyte systems. Among the models which have
been proposed, the model of Pitzer [257] and the electrolyte-NRTL model of Chen et al. [258] have been widely
used in research studies and industrial practice [240]. Both models generally provide a thermodynamic
framework for the calculation of properties of electrolyte solutions (e.g. mean ionic activity coefficients,
fugacities etc.), as well as for estimating vapor-liquid equilibrium (VLE), liquid-liquid equilibrium (LLE) and
salt solubility. The Pitzer model is mostly used for modeling dilute aqueous electrolyte solutions, while on the
other hand, the electrolyte-NRTL model has been used for both aqueous and mixed-solvent electrolyte systems
and over a much more wide concentration range. Various applications of the electrolyte-NRTL model are given
in the study of Chen and Song [240], such as calculations of phase behavior and ionic activity coefficients of
strong and weak electrolyte systems, aqueous or organic, etc. The Pitzer and electrolyte-NRTL models, as well
as their extensions, have been used for modeling the CO,-K,CO3-H,O system (with promoters or not) as
discussed next. Other models have also been used, such as the extended-UNIQUAC model in the study of
Fosbel et al. [259]. However, this review will only focus on the two most common thermodynamic models.

An extended Pitzer model applicable in the temperature range of 70-140 °C and K,COj3 concentration up to
40 wt.% was developed to describe the CO,-K,CO3-H0 ternary system by Chen et al. [260]. A good agreement
with experimental VLE data was reported. More recent studies applying the Pitzer model are in chronological
order those of Kamps et al. [261], Imle et al. [262] and Bohloul et al. [263]. Kamps et al. [261] studied the VLE
prediction capability of the Pitzer model through comparison with in-house experimental measurements within
a temperature range of 40-120 °C, pressures of 2.7-92 bar, CO; loadings in the range 0.7-3.6 and K,COs3
concentrations (molality) between 0.43 and 1.7 m. In addition, the authors compared the deviation of their model
with experimental studies from the literature covering a wider range of conditions (e.g. temperature, K,CO3
concentrations etc.). While a small deviation was found compared to their experimental results (4p/p = 7%),
higher deviations were found for more relevant K,CO3 concentrations to the Benfield process (~ 28%). From a
comparison of the model results with experimental measurements from 8 different studies, deviations in the
range of 6-65% were reported. An extended Pitzer equation was used by Imle et al. [262] to model CO;
solubility in K,COs solutions activated by boron and vanadium. The authors carried out measurements at two
temperatures (70 and 110 °C), a single K,CO3 concentration of 26 wt.%, CO; loading range of 0.4-1.0 and
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various additive concentrations. The deviations between the Pitzer model and the experimental results were
found to be in the range 5-19%. Moreover, the Pitzer model of Bohloul et al. was evaluated by comparison with
experimental data in a temperature range of 40-60 °C, K,CO; concentrations of 15, 20 and 30 wt.%, CO;
loadings in the range of 0.4-1.25 and pressures up to 12 bar [263]. The authors found a consistency between
the VLE measurements and the thermodynamic model. For the optimized model parameters, the average
absolute relative deviation (AARD) between the experimental and the predicted values of the Pitzer model were
reported to be < 3%.

Significant work has been carried out on the thermodynamic modeling of the CO,-K,C0O3-H,0 system through
the electrolyte-NRTL model. The work of Hilliard [242] has been one of the most comprehensive studies on
the field of thermodynamic modeling of K,COs solutions through the aforementioned model. The author
developed a regressed electrolyte-NRTL model based on experimental data from various sources and CO;
solubility from Tosh et al. [204]. The model applicability covers a temperature range of 40-130 °C and the
K2CO; concentrations tested in [204], i.e. 20, 30 and 40 wt.%. Hilliard reported that the overall AARD for the
properties of the H,O-K,CO3/H,O-KHCO; systems and the CO; solubility of the CO,-K;COs-H,0 was < 4%.
Particularly for CO; solubility, a relative error of = 11% was found for the optimum model with a maximum
AARD value of 33%. Additionally, thermodynamic modeling with MEA and PZ as promoters was applied in
the same study, extending also previous work from Cullinane and Rochelle [216]. In the latter study, the authors
implemented the electrolyte-NRTL model for the CO,-K>CO3-H,0-PZ system for CO, loadings of 0.3-0.7,
temperatures in the range 40-110 °C, PZ and K>COs solution concentrations in the range 0.6-2.6 m and 2.5-6.2
m, respectively. An overall AARD of 15.5% was reported in [242] for the thermodynamic model of the CO,-
K2COs-H,0-PZ system. Following those studies, Endo et al. [264] evaluated the accuracy of the electrolyte-
NRTL models of Hilliard and Cullinane and Rochelle for predicting the VLE of the boron-promoted CO,-
K2COs-H-0 system and reported a better accuracy of the regressed models compared to the default electrolyte-
NRTL parameters of Aspen Plus™ software. Complementary to the work of Hilliard, Thee et al. [244] published
a thermodynamic and process modeling study for the system CO,-K,CO3;-H,O-MEA in a temperature range of
40-80 °C and various MEA concentrations in a 30 wt.% K,COj; solution. The authors used a combination of the
default parameters of Aspen Plus™ and the binary parameters from [216] for their electrolyte-NRTL model.
Moreover, Lee et al. [229] reported that a regressed electrolyte-NRTL model can sufficiently describe the
thermodynamics of a Gly-promoted K,COj3 solution. Recently, Kaur and Chen [265] used the electrolyte-NRTL
model to simulate a wide range of operational conditions of CO; capture (absorption and desorption) by K,COs;
solutions. The model is valid in a temperature of 0-200 °C, K,COs concentrations up to saturation and CO,
loadings in a range of 0-3.6. Average relative deviation values for osmotic coefficients, mean ionic activity
coefficients, salt solubility and heat capacity were within = 10% for the systems K>COs-H,0 and KHCO3-H,O.
The CO; solubility predictions of the model were found to be accurate with an error in the range + 5.7-33.9%,
depending on the experimental datasets that were used for the VLE of the CO»-K,CO3-H,0 system. Overall,
the results published by Kaur and Chen demonstrated that the electrolyte-NRTL model can accurately describe
the thermodynamics of the CO,-K,CO3-H,0 ternary system and K,CO3-H,O and KHCO3-H,O binary systems.
Based on its proven suitability for the thermodynamic modeling of promoted and unpromoted K,CQOj solutions,
the electrolyte-NRTL model was also chosen in this work.

6.1.2 Literature review: process modeling of CO; absorption/desorption by K,COj3 solutions

A summary of selected modeling studies found in the literature employing CO: capture systems with K,COg3
solvents is given in Table 6-1. It can be noted that the technology has drawn particular interest and studies either
focusing on its core components, particularly the absorber and the desorber, or the overall capture process have
been published. A great deal of work has been done regarding the modeling, design and optimization of various
absorber types operating with promoted or pure K,COj3 aqueous solutions, while fewer studies are available
regarding stripper configurations and their optimization. Concerning the integration of the process to other
facilities, a number of studies have focused on the application of the Benfield process for post-combustion CO,
capture especially with promoted solutions. However, other modeling studies have dealt with pre-combustion
CO; capture from various sources. For example, Borhani et al. [234] and Berrouk et al. [266] modelled an
industrial absorber and a CO, capture plant for NG sweetening based on the Benfield process, respectively.
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Table 6-1: Process and/or component modeling studies involving CO, absorption into K,COs solutions.

Model type System(s) Process description Source
i A Industrial packed absorber modeling for

EQM (FORTRAN) CO-KLOsHO-DEA () capture in ammonia plants [267]
e-NRTL/RBM i ) Sieve-tray absorber modeling for CO:
(FORTRAN) COrKLOH-0 capture [268]
RBM CO2-KoC0s-H,0-DEA Split-flow absorber tower modeling with
(FORTRAN) CO2-KzC0s-H,0-MEA packing for CO, capture [269]

C02-K,C03-H,0-MAE
conccono Yool
(FORTRAN/ChemCAD) CO,-KOH-H:0 . 9

cleaning

e-NRTL/EQM CO2-K,CO3-H20 Absorption/desorption process modeling [271]
(Aspen Plus™) C0O2-K,CO3-H,0-PZ for post-combustion CO; capture
RBM Industrial packed absorber modeling for
(Aspen Plus™) CO-KLO:-H0-BA CO, capture [272]
e-NRTL/RBM Modeling of packed vacuum- and
(Aspen Plus™ and Aspen  CO2-K,COs3-H,0-PZ normal-pressure stripper for CO capture [273]
Custom Modeler) plants
Unit activity coefficient i e Modeling of rotating packed bed for CO;
numerical model (Matlab) CO2-KzL0x-H,0-DEA capture [274]
e-NRTL/RBM i i Absorption/desorption process modeling
(Aspen Plus™) COKLO:-H-0 for post-combustion CO; capture [275]
2D-RBM Modeling of CO; and H,S absorption

H>S-C0O,-K>,C0O3-H0 through hollow fiber membrane [276]
(COMSOL)

contactor

e-NRTL/RBM CO»-K,COs-H,0 Absorption/desorption process modeling
(Aspen Plus™) CO,-K,COs-H,0-BA i?/;g;i-combustlon CO;, capture from [277]
KLG i A Absorption/desorption process modeling
numerical model COKzCO:-H,0-PZ for CO, capture [278]
e-NRTL/RBM i A Absorption/desorption process modeling
(Aspen Plus™) COrKLO-HO-MEA ¢, post-combustion CO, capture [207]
e-NRTL/RBM Modeling of absorber for NG
(Aspen Plus™) CO2-KaLOs-H0-DEA sweetening [234]
n.a./MOQO i ) Absorption/desorption process modeling
(Aspen Plus™) COKoLO:-H-0 for post-combustion CO; capture [279]
EQM/Electrolytic ELR- i A Absorption/desorption process modeling
PR (ProMax™) COrKoLO-H0-DEA £ NG sweetening (Benfield-HiPure) [266]

EQM: equilibrium model, RBM: rate-based model, MAE: methyl amino ethanol, BA: boric acid, KLG: Karhunen—
Lo¢ve Galerkin, MOO: multi-objective optimization
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According to Honeywell UOP, which provides the Benfield technology on the market, NG sweetening is one
of its main applications along with syngas cleaning in ammonia plants, coke oven gas treatment (steel industry)
and recycle gas purification in ethylene oxide units [280]. However, very few studies have been dedicated on
modeling the overall absorption/desorption process into K,COs-based solvents with CO, capture from syngas
[277].

Modeling of the absorber and desorber columns is a crucial part during the process model development. Two
main approaches exist for modeling a reactive absorption (or desorption) column: the equilibrium-stage and
non-equilibrium-stage models. Those approaches are schematically depicted in Figure 6-1, where a stage
corresponds to a tray in a tray column or a packing section in a packed column.

Equilibrium stage Non-equilibrium stage
Lyt

Xij-1
H./',G' Hj—J.L
Y}ZG 7}-1,L
£ Feed 0 L
- ee ;
ﬁ:l \ 5 Liguid feed Fis
7}.F G/,” . ]{] GF . Y ) [_[j,I,F
\ ‘ T ’ 3 ! T IF
yi,_.’"*'l xl] L GF [ j \g i i
[_Ij+ 1.G [‘[] i h E f
T Tivic T;

7}+i,6‘

Figure 6-1: Schematic depictions of equilibrium (left) and non-equilibrium (right) stages (reproduced from
[234]).

In the equilibrium-stage approach, vapor and liquid phases enter the stage and they exit the stage under
equilibrium conditions after exchanging energy and matter between them. Thermodynamic equilibrium is
assumed to exist at the outlet of the stage and balance equations can be written for the overall stage. Those
equations are described with the abbreviation MESH i.e. Mass balance, Equilibrium, Summation and
enthalpy/Heat balance equations. When modeling distillation or absorption processes, a stage efficiency is
introduced (tray efficiency or height equivalent to a theoretical plate, HETP) to increase the accuracy of the
model. An equilibrium-stage model is generally suitable for non-reactive systems and in this case, a decent
accuracy be achieved [203]. However, for units where reactive distillation or absorption, multicomponent mass
transfer, etc. occur, a more detailed model is generally required.

For reactive systems with mass transfer constraints, a more accurate representation can be achieved through the
implementation of a rate-based, non-equilibrium approach. In a non-equilibrium stage, vapor and liquid enter a
tray or packed section and material and energy transfer occurs between the two across a fluid-fluid interface
layer. In such a rate-based model, mass transfer resistance is considered for each phase, while chemical and
thermodynamic equilibrium is assumed only at the interface between the phases. In this case, separate balance
equations are written for each phase. No resistance for heat or mass transfer is assigned to the interface but a
comprehensive description of rates of mass transfer, heat transfer and chemical reactions in each phase is
included in the model. Compared to the equilibrium-stage model, the rate-based approach equation set is defined
as MERQ i.e. Mass balance, Energy (or heat) balance, Rate (or transfer) and eQuilibrium equations. It can be
considered an extension of the MESH equations including additional expressions for material/heat transfer,
chemical reaction rates, column hydrodynamics and phase equilibria. Since they are more detailed and include
equipment design parameters, non-equilibrium models can be applied for optimizing the design and operating
conditions of reactive absorption or desorption columns.
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Due to their higher accuracy, rate-based models have been used to simulate the operation of pilot or industrial
facilities with K,COs solutions and are herein adopted for modeling absorption and desorption components as
well. The CO2CRC Research Center (Australia) has developed non-equilibrium models to simulate a post-
combustion capture pilot plant with K.COs3 coupled to a 1600 MW brown-coal-fired power station [275] and a
pilot pre-combustion capture plant operating with CO2-K,COs-H,0-BA mixtures [277]. In addition, a multi-
objective optimization (MOO) study on the optimal integration of a K,CO; absorption/desorption process in a
coal-fired plant was been published by the same institute in [279], aiming to define the optimal selection of
plant and CCS unit operating conditions to minimize the reboiler heat duty and increase the power plant energy
efficiency. In addition to the studies mentioned, Oexmann et al. [271] published a techno-economic study aided
by process modeling in Aspen Plus™ and EbsilonProfessional™ for the integration of chemical absorption into
a coal-fired combustion plant. The authors reported that a chemical absorption unit based on the CO,-K;COs-
H.0-PZ system has energetic and economic benefits compared to a reference MEA-based CO; capture unit.
Studies for the integration of the K,CO3 absorption/desorption process for pre-combustion CO; capture from
NG (NGCC plant) and syngas (coal-fired IGCC plant) have been published by Lambert et al. [281] and Li et al.
[282], respectively.

6.1.3  Scope of the absorption/desorption process modeling study

Isa et al. have noted in their review paper [283] that there is a need for comparative process modeling studies
that will address the effect of various operating parameters on the heat and electricity demand of CO; capture
units with promoted-K,COs solutions. In fact, while some work is available in the literature as case studies for
post-combustion CO, capture as already presented, further work is required for pre-combustion capture from
syngas. To the author’s knowledge, no process modeling study is available on the effect of operating parameters
on the energy (reboiler, condenser, electricity consumption) and AGR efficiency (H.S and CO,) of PZ-promoted
K>COs solutions for a high-temperature capture unit fed with syngas. In addition, it is important to note that the
study conducted herein has another feature in the fact that H,S is considered as a species for removal along with
CO,. Two modeling studies were found dealing with H,S absorption into K,.COj3 solutions, those of Dindore et
al. [284] and Faiz and Al-Marzougi [276]. The following contribution is further provided in the present work
compared to the aforementioned studies:

1. Process modeling of the overall absorption/desorption process was carried out and not limited to the
absorption device. The process energetic efficiency (mainly, reboiler duty) is of particular interest in this
study.

2. A detailed electrolyte-NRTL model with regressed parameters is developed for liquid phase modeling in
contrast to the more simplified models for calculating CO; and H-S solubility.

The aim of the present chapter is to implement modified/regressed electrolyte-NRTL thermodynamic models
for all promoted or pure K,CO3 aqueous solutions and combine them with absorber/desorber models with
detailed rate expressions. Based on those models, the components of the carbon capture unit can be accurately
simulated. In a next step, case studies for different solvents are investigated and sensitivity analyses of the effect
of operating conditions on system performance are presented. This study is performed in the framework of pre-
combustion AGR, therefore aspects related to the process integration into gasification-based plants are also
discussed.
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6.2 Thermodynamic modeling and system chemistry
6.2.1 Electrolyte-NRTL model

The electrolyte-NRTL model is suitable for the calculation of activity coefficients of low to high-concentration
solutions. The model implements binary molecular interaction parameters and electrolyte-electrolyte or
molecule-electrolyte interaction parameters (pair parameters) to model electrolyte systems. When the electrolyte
concentrations are zero, the model is converted to the Non-Random Two-Liquid (NRTL) activity-coefficient
model. The infinite dilution aqueous solution is used as the asymmetric reference state of the ions. Water must
be contained in the electrolytic system for the conversion to the ion reference state. In this study, Aspen Plus™
is used for the implementation of the electrolyte-NRTL model due to the advantage of extensive property
databanks for liquid and vapor mixtures in the software.

The model is based on two fundamental assumptions:

i. Like-ion repulsion assumption: The local concentration of cations around cations (or anions around anions)
is zero due to strong repulsive forces between ions of the same charge.

ii. Local electro-neutrality assumption: The distribution of cations and anions in the region around a central
solvent molecule is such that the net local charge is zero.

The asymmetric Pitzer-Debye-Hiickel model is used for describing long-range interactions between ions and
the NRTL model is used to express local interactions. The model of local interactions is symmetric and is based
on pure solvent and pure dissolved liquid electrolyte reference states. This model is normalized through infinite
dilution activity coefficients and converted to asymmetric. As a result, the overall combination of those
equations leads to the formulation of the excess Gibbs energy expression shown in Equation 6-1.

G;;lE G;;IE,PDH G;;IE,Born G;lE'lC
—_ = + + i -
RT RT RT RT Equation 6-1

where G;E, G.EPPH G*EBOT™ and GEIC are the total excess Gibbs energy and the terms related to the
contribution of long-range interactions, Born correction and local interactions attributed to Van der Waals
forces. The star (*) symbol denotes the asymmetric reference state. Equation 6-1 can be converted to an
expression with activity coefficients as in Equation 6-2.

. G [a(n- G
Inyi = - on;
L

i = RT T Equation 6-2

Particularly, the Pitzer-Debye-Hiickel contribution term, expressed through molar fractions, is given in Equation
6-3.

1
G *EPDH 100\2 (44,1, 1
m - Zk:(xk) (M—B) ( ; )in <1 + p1§> Equation 6-3

where x;, is the molar fraction of a species k, My is the molecular weight of solvent B, p is the closest-approach
parameter, A, is the Debye-Hiickel parameter and I, is the ionic strength on a molar fraction basis. The latter

two parameters are given by the following equations

A, = 1 (27TNAds>1/2 0.2 \"* .
¢ =3\ 1000 e kpT Equation 6-4
L= o ?
x = Ez(xizi ) Equation 6-5
l
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where N, is the Avogadro number, d; is the solvent density, Q, is the electron charge, ¢,, is the water dielectric
constant, kg is the Boltzmann constant and z; is the charge of the ion i.

The Born equation is used for Gibbs free energy with respect to the conversion of ions from the infinite dilution
state of a solvent mixture to the infinite dilution state of aqueous phase. In Equation 6-6, r; is the Born radius.

G Q2 /1 Tiazd)\ _
= ( ) 10 Equation 6-6

RT  2kgT\e; ¢, T,
For the local interactions, the NRTL model is employed as mentioned already. Its basic assumption is that the
non-ideal entropy of mixing is negligible compared to the enthalpy of mixing. The effective local mole fractions
of i and j species in the vicinity of i are correlated with Equation 6-7.

Xji Xj
Z =(2Z])¢G. .
Xii (Xi) Jt Equation 6-7

where X; = x;C; with C; = z; for ions and C; =1 for molecules. In this equation, G;; = e~%!%i and
gji—gii

Tj; = , Where q;; is the non-randomness factor and the symbols g;; and g;; denote the interaction energy

between two species j — i or i — i. Similarly to the symmetric convention of the NRTL model, the values of a;;
and g;; are symmetric regarding i and j, therefore a;; = a;; and g;; = g;;. The 7;; denotes a binary interaction
parameter for the species pair j — i.

The contribution of local interactions on the excess Gibbs energy is given in Equation 6-8.
GT%IC:ZX Z](X G]BT]B) Z Z( Xa )Z](X jca'cTjc,a ’e)
RT = Tk (XkGrp) Ya"Xa))  XkKXiGrea'e)
+ ZX z ( X1 )ZJ(X] G}a,c a ja,c’a)
- “ o Zc”(Xc”) Zk(Xkaa,c’a)

where j and k may be any species such as cation (c), anion (a) or solvent molecule (B).

Equation 6-8

In electrolyte-NRTL, adjustable parameters are the dielectric constants of pure compounds (non-agueous
solvent), the Born ion radius and the interaction parameters. The interaction parameters in electrolyte-NRTL
comprise the non-randomness factor a;; and the energy interaction parameters z;;. The parameters t;; can be of
three (3) types, particularly molecule-molecule (z,, ,,,» and 7,/ ,,), molecule-electrolyte (7, ¢, and tc, ) and
electrolyte-electrolyte (z., .o and 747 o). In the electrolyte-electrolyte pair, there must be a common ion,
whether it is anion or cation. The non-randomness factors are symmetric, while the binary energy interaction
parameters are asymmetric.

It should be noted that energy interaction parameters are temperature-dependent and their dependence with
temperature is given below, from Equation 6-9 to Equation 6-13, where T7¢/ is taken as 298.15 K.

molecule- Bgp
molecule ' = App t “+ Fpg'In(T) + Gpg' T Equation 6-9
electrolyte- Dcq TTef — T
molecule Teap = Ceap + =5 T =+ Ecap [ T Tref Equation 6-10
T‘ref _
TBca = CB cat—— T + EB ca [ T Tref ] Equation 6-11
electrolyte- Dergerrg TS — T .
electrolyte Te'aca = Ceraca ¥ —p — T Ecacra [ In (Tref Equation 6-12
Dca',ca” Tref - T
Tea' ca = Cca’,ca” + T + Eca’,ca' + n (Tref Equation 6-13
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6.2.2  Gas phase model, Henry components and reaction chemistry

For gas-phase modeling, various equations of state (EOS) can be considered. In Aspen Plus, the default vapor
EOS to be coupled with the electrolyte-NRTL model is the Redlich-Kwong equation. However, this EOS is
more accurate at low pressure (< 10 bar), where non-ideality effects are negligible for the vapor phase, as also
suggested by AspenTech. On the other hand, the hot potassium carbonate process operates at pressures above
the suggested limit for the application of Redlich-Kwong EOS. Therefore, in the present study the Redlich-
Kwong-Soave (RKS) EOS was applied for the vapor phase with the general form given in Equation 6-14. In
this equation, a is a function of temperature (T) and molecule sphericity represented by the acentric factor (w).

RT aa(T, w)

P= - -
Vo—b Vn(V, +b) Equation 6-14

Supercritical gases and non-condensable species are defined as Henry components in the model. The reference
state of a Henry component is calculated at infinite dilution as x; — 0. The liquid-phase fugacity coefficient f;.”

becomes the Henry coefficient H; and the activity coefficient y; is converted to an infinite dilution reference
state according to Equation 6-15.

« _ (Vi 1—
Vi = (VTO) fori=h Equation 6-15

L

where y;° is the activity coefficient of the Henry component at infinite dilution. The phase equilibrium
expression is written as

H:

ffyip=xviHi=xv <y—02> Equation 6-16
l

In Aspen Plus™, the solubility of a Henry component is calculated through a volume-weighted mixing rule. For

molecular solutes, infinite dilution in a mixed or aqueous solvent can be selected. The former option which is

the default Aspen Plus setting was used in the present work.

Equilibrium constants K for the system reactions were calculated in Aspen Plus according to Equation 6-17

K = (opyw)™ H(Xiﬁ)”" Equation 6-17
i

where x,, is the water mole fraction, y,, is the water activity coefficient, x; is the mole fraction of a non-water
component, y;" is the activity coefficient of a non-water component and v; is the stoichiometric coefficient. The
reactions for the most complicated H,S-CO,-K,COs-H,0-PZ system are shown next. It was assumed that K,CO3
completely dissociates resulting in the formation of two potassium ions (K*) and one carbonate ion (CO3?).
When the solution is not promoted by PZ, reactions R 6-4 to R 6-7 can be omitted.

2 H,0 & H;0% + OH™ R 6-1

CO, + 2H,0 < H30" + HCO3 R 6-2
HCO3 + H,0 & H30% + C03~ R 6-3
PZH" + H,0 < PZgy + H30* R 6-4
PZgy + HCO3 < PZCOO™ + H,0 R 6-5
PZCOO~ + HCO3 < PZ(CO07), + H,0 R 6-6
H*PZCOO™ + PZqy & PZCOO™ + PZH* R 6-7
H,0 + H,S < H;0% + HS™ R 6-8

H,0 + HS™ & H30% + S2~ R 6-9
K,CO; - 2K* + CO3~ R 6-10
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In addition, the temperature dependence is included in Aspen Plus for the equilibrium constants as shown in
Equation 6-18

b
In(K) =a+ T +cIn(T) + dT Equation 6-18

where a, b, ¢ and d are coefficients. Default values were used for all chemical reactions except for those
involving PZ species. For those reactions, the coefficients from [285] were used and which are shown in Table
6-2. Moreover, power-law expressions for kinetically-controlled reactions (forward and reverse) are required in
Aspen Plus, which were taken from [286] and [287].

Table 6-2: Temperature-dependence coefficients for equilibrium constants of reactions involving PZ species
used in this work [285].

Reaction a b c d
R 6-4 481.945 -33448.7 -69.783 0
R 6-5 -609.969 36511.7 87.075 0
R 6-6 -251.395 14080.2 36.782 0
R 6-7 -488.753 27752.8 69.783 0

6.2.3  Thermodynamic modeling of pure and PZ-promoted K,COj3 solvents

All missing thermodynamic and physicochemical properties of piperazine ions (PZH*, PZCOO-, PZ(COO),
and H*PZCOQ") which are not included in the Aspen Plus databanks were retrieved from [285]. For the
thermodynamic modeling of aqueous K>COs solutions through the electrolyte-NRTL model, the default Aspen
Plus™ pair parameters can be implemented. However, a more accurate system representation can be achieved
through experimental data regression. Regressed electrolyte-NRTL models for the systems CO,-K,CO3-H,0O
and CO,-PZ-K,COs-H,0 were published in [285]. The Hilliard’s data regression analysis focused on adjusting
the values of electrolyte-molecule interaction parameters C, D and E (see also Section 6.2.1). This regressed
model was used as a basis for the electrolyte-NRTL models of the present work. Electrolyte-electrolyte pair
parameters can be important when dealing with salt precipitation, however, the salt concentrations considered
in this work did not necessitate the inclusion of the respective salt precipitation equilibrium reactions. Thus, the
electrolyte-electrolyte interactions were ignored and the corresponding parameters were assumed to be zero. A
list of all experimental data introduced for data regression analysis is given in Table 6-3. While CO, solubility
data from Tosh et al. [204] were regressed in [285], data regression considering the experimental results of this
thesis (see Chapter 4) for the CO»-K,CO3-H,0 and CO,-PZ-K,COs-H,0 systems can also be carried out.

The parameters C, D, E and the non-randomness factor are represented in the electrolyte-NRTL model of Aspen
Plus as GMELCC, GMELCD, GMELCE and GMELCN, respectively, and the values for the cases where only
CO; absorption is considered can be found in [285]. However, the regressed model in [285] did not take into
account the simultaneous absorption of CO; and H.S, basically due to the fact that it was developed for CO;
capture from flue gas. This work extends that model to include the adjustment of the H-S solubility in K,CO3
solutions. By correcting the VVLE curves for both acidic gases (CO2, H»S), the model can be applied for syngas
cleaning. Equilibrium pressures of CO, and H,S over solutions of K,CO3; were measured in [288]. Experimental
data from that study were used for data regression. The specific experimental data are referring to H-O-K;COs-
CO2-H,S system and include the partial pressure of H,S and CO; over aqueous K,CO3;-KHCOj3 solutions as a
function of the equivalent H,S content, fractional conversion of K,CO3 to KHCO; and KHS, equivalent K;CO3
concentration and temperature. The ranges of the experimental data for the regression analysis are as follows:

temperature range of 70-130 °C,

equivalent K,COs content in a range 20—40 wt. %,

fractional conversion of K,CQOj at equilibrium due to H,S and CO; in a range 7-68% and
equivalent H,S content in a range 10-1500 mol m3.

The term “equivalent H>S content” describes the number of H>S moles which react with a unit solution volume
to form KHCO3z and KHS.
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Table 6-3: Experimental data for the development of regressed electrolyte-NRTL models for CO,-K,COs-
H,0 and CO,-PZ-K,COj3-H,0O mixtures.

System Data type

Data Temperature and
points concentration ranges
K2COs-H0 Mean ionic activity coefficient 53 25 °C [289]
0.014-50 wt.% K,COs

Vapor pressure depression 543 25-130 °C [290]
2-50 wt.% K,COs

Vapor pressure depression 42 25-90 °C [291]
0.048-0.51 wt.% K,COs

Heat capacity of solution 298 25-130 °C [289]
2-50 wt.% K,CO;

KHCO;-H,0 Vapor pressure depression 10 25 °C [290]
2-25 wt.% K,COs

Heat capacity of solution 214 5-130 °C [289]
4-20 wt.% K,COs3

C0O2-K>CO3-H,0 CO solubility 113 70-140 °C [204]
20, 30, 40 wt.% K,COs

CO;-PZ- H,0O Total pressure 30 60-120 °C [292]
2-4mPZ
Loading 0.5-1.0

CO: solubility 14 40-70 °C [293]
0.62 mPZ
Loading 0.2-1.0

'H NMR 101 10-60°C [294]
0.1-1.5mPz
Loading 0.15-0.97

C02-PZ-K,CO3-H:0 CO: solubility 38 39-110 °C [216]
2.5-6.2 mK*
0.6-3.6 mPZ
Loading 0.37-0.74

'H NMR 41 27-70 °C [216]
3.4-6.2 mK*
0.6-3.6 mPZ
Loading 0.38-0.65

Source

In this work, the pure component dielectric constant coefficients of non-aqueous solvents and the Born radius
of ionic species were left as default since their modification is required only for mixed-solvent electrolyte
systems. The adjustable NRTL parameters were determined by the Data Regression System (DRS) of Aspen
Plus using the maximum likelihood principle of Britt and Luecke [295]. The objective function f shown in
Equation 6-19 is minimized through the use of Lagrange multipliers to adjust the measurable variables and the
model parameters within vapor-liquid equilibrium constraints and parameter bounds

n n
f = Z WUk + Z ka
k=1 k=1

where U}, denotes state variables and P, denotes property variables.

(Ukaaj — Uk,obs)2

2
O-Uk

2
(Praaj —ZPk,obs) Equation 6-19

The key interaction molecule-electrolyte pairs affecting the H.S VLE are the H,O—(K*,HS") and H,O—(K*,5%).
For these pairs the GMELCC, GMELCD and GMELCE parameters were adjusted during the regression. The
ions H3;O* and OH- were not taken into consideration, since their concentration is negligible compared to other
ions. Also, the H,S concentration is insignificant in relation to the concentration of H>O. During the regression
procedure, 94 data points were used, while the number of regressed parameters ranged from 0 to 12, depending
on the parameter set. Before introducing the experimental data to the software, conversions to liquid mole
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fractions were necessary. For instance, the H,S equivalent concentrations were given in grains gal™ of solution
in [288]. The resulting data points were entered in Aspen Plus applying the constraint by which the vapor phase
contains only H-S, similarly to the methodology followed in the literature [296]. In Aspen Plus DRS, standard
errors associated with the temperature, pressure and liquid component mole fractions were set to 0.1 °C, 5%
and 0.1%, respectively. Standard errors for the mole fractions of the other vapor components apart from H.S
were set to zero.

A series of regression runs was performed resulting in the optimum set of adjustable parameter values. Initially,
the investigated parameters were set to Aspen Plus databank values, if available, otherwise they are set to the
default values. By regressing the full set of adjustable parameters (12 in this case), the “full set” of parameters
is recorded. The regression analysis procedure which was carried out in this work to derive the different models
and ultimately determine the optimum set of binary interaction parameters is described in steps. For simplicity,
GMELCC, GMELCD and GMELCE pair parameters are herein referred to as ¢, D and E.

1. Initially, a regression analysis of all system parameters was carried out resulting in the full model.

2. One E parameter was excluded from the regression procedure and its value was set to its default in Aspen
Plus. The new submodel that did not include the first E parameter was named “E1”. Then, another E
parameter was excluded from the regression in a similar manner and the new model was called “E2”. The
procedure continues until all single E parameters have been excluded from the regression.

3. Inathird step, the first two E parameters are simultaneously excluded from the regression analysis and this
results in a submodel named “E12”. The procedure continues until all possible combinations have been
excluded.

4. Subsequently, a progressive exclusion of three E parameters is carried out for all possible combinations.

5. A submodel named “E” was obtained by excluding all four parameters.

6. While all E parameters are excluded, steps 2-5 are repeated for the four D parameters.

7. While all E and D parameters are excluded, steps 2-5 are repeated for the four C parameters.

After obtaining all the submodels, the optimum set is determined through an F-test which compares the
reliability of the simplified set against the full. The corresponding one-tail p-value was calculated to determine
the probability of observing the F-test value if the null hypothesis was true. The null hypothesis assumes that
the simplified set fits better the data than the full, where F~1 and p > 0.05. The probability value was calculated
through the function “FDIST” in Excel. The functions for the F-test are shown in the following equations.

WSSQSimpl - WSSqull
dfsimpl - dffu”

F =

WSSQruu Equation 6-20
dffun
df = Naata — Nparam Equation 6-21
p = f(F,dfsimp1 — dfpur, dfun) Equation 6-22

where WSS Qg is the weighted sum of squares for the full model (all parameters included), WSS Qgjmp, is the
weighted sum of squares of the submodel under study, dfs,;; and df;;mp; denote the degrees of freedom of the

full and submodel respectively, N4+, is the number of experimental data points that were used in the analysis
and Npgram IS the number of regressed parameters.

The simplified sets that passed the F-test were sorted according to their calculated WSSQ value and a logic test
was performed in order to tabulate the number of parameters in each set with a standard deviation greater than
the estimated value. Finally the set with the lowest logic-test result and WWSQ value was labeled as the optimum
set resulting in the final regressed electrolyte-NRTL model. The full set had 7 out of the 12 estimates lower than
their standard deviation. However, the optimum set had all estimates larger than their standard deviation. The
calculated parameters for the interactions of HS ions in the liquid mixture are shown in Table 6-4. Standard
deviations as calculated by Aspen Plus DRS have been included.
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Table 6-4: Optimum H,S-related interaction parameters of the regressed electrolyte-NRTL model.

Interaction parameter Interaction pair Estimate g
Cm,ca H.0 (K+,HS') 9.90 1.28
Cca,m (K+,HS') H,O -4.65 0.41
Cm,ca H.0 (K+,SZ') 4.39 1.01
Ceam (K*,$%) H.0 -5.36 0.20
Dm,ca Hzo (K+,HS') -494.66 323.05
Dm,ca H.0 (K+,SZ') 3138.90 288.57

WSSQ:1666.2 RRMSQE ':4.38
'RRMSQE: residual root mean square error

The regressed electrolyte-NRTL model estimations est; are compared to the experimental data points exp; by
means of AARD, as defined in Equation 6-23.

100 < |exp; — est;]

AARD (%) = N exp, Equation 6-23
1

i

6.3 Process modeling methodology

A model was developed in Aspen Plus™ software for the AGR process fed with syngas. The regressed
electrolyte-NRTL model as described in Section 6.2.3 and coupled with the RKS EOS was the applied method
for the simulation. The syngas is assumed to be derived from coal allothermal gasification [134], produced in a
50 MW, coal-to-SNG plant. The characteristics of the utilized coal and the composition of the syngas, which
was used in this work, are shown in Table 6-5. Herein, two important points regarding the fuel and the
gasification technology should be discussed.

1. Coal was considered as the gasification feedstock, as coal-derived syngas has typically a higher H2S content.
It can be seen that the product gas, which was assumed in this process modeling study, has a sulfur
concentration > 500 ppmv. It is considered that the application of a hot potassium carbonate process for the
bulk removal of both acid gases is particularly relevant for such an SNG plant.

2. With an allothermal Heat-pipe gasification technology, the H,/CO molar ratio in syngas is favorable for
subsequent methanation. Therefore, in this study it is assumed that no WGS reactor is required prior to the
AGR unit and only contaminant removal and cooling take place.

Table 6-5: Coal composition (proximate/ultimate analyses) and syngas properties.
Coal composition

Proximate analysis (as received) Ultimate analysis (as received)

Volatiles (wt.%) 42.0 C (wt.%) 53.6

Fixed carbon (wt.%) 355 H (wt.%) 3.9

Ash (wt.%) 3.5 O (wt.%) 19.2

Moisture (wt.%) 19.0 N (wt.%) 0.6

Heating value (MJ kg?)  19.8 S (wt.%) 0.35
Syngas properties

H20 (mole %) 36.39 Pressure (bar) 20

CO2 (mole %) 12.66 Temperature (°C) 800

H2 (mole %) 34.85 Mass flow rate (kg s) 3.5

N2 (mole %) 0.13

CH, (mole %) 3.29

CO (mole %) 11.62

H2S (mole %) 0.06

A simplified process configuration was investigated with the absorber and stripper at a similar temperature. The
advantage of this configuration is the reduced capital investment since the heat exchanger for heating the rich
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solvent and cooling the lean solvent is eliminated. The process layout is depicted in Figure 6-2. Of course,
various alternative configurations are available for the hot potassium carbonate process aiming to decrease the
regeneration heat duty and/or increase the product purity. Such processes are the Benfield LoHeat with internal
steam generation or steam ejectors and mechanical vapor compression, Benfield Hi-pure, the split-flow
absorption and two-pressure level regeneration Giammarco-Vetrocoke process, the Catacarb process and its
modifications, etc. A detailed presentation of those configurations and processes can be found in [163].

Acid

Condenser Eas08
Clean syngas

i Lean Expansion /-I:

Absorber ~solvent RP
Raw syngas
Desorber
Heat
R Heat source
] M Ll Reboiler
T T | O~ |
i LP2 .
Condensate Rich solvent v
i
Q Solvent

make-up

Figure 6-2: Configuration of the hot potassium carbonate process modeled in Aspen Plus.

Hot syngas with high water content is cooled down through a Heater block and is adiabatically flashed to
separate the condensate. If other contaminants have been captured upstream of the AGR, this condensate stream
which comprises almost entirely H-O and it is available at high temperature, can be used to replenish solvent
losses. Water removal from the syngas stream is advantageous, because the CO, and H.S partial pressures
increase, enhancing the absorption driving force. The mole fractions of CO; and H.S both increase by ~50%
downstream of the Flash model, while the mass flow rate of the stream decreases due to condensation. The
“warm” syngas enters from the lower part of the absorber with a temperature of 100 °C and pressure of 19.5
bar. In the absorber, CO; and H>S are absorbed into the liquid solvent, which flows counter-currently. The clean
gas exits at the top of the absorber and the solvent which is loaded with the acid gases (rich solvent) leaves at
the bottom. The rich solvent leaving the absorber is regenerated in the desorber column, where the acidic gases
are stripped due to a lower pressure (atmospheric in this work) and countercurrent contact and heating with
steam produced in the reboiler. A heat source supplies the thermal energy which is necessary for solvent
regeneration. Although the heat exchange was not explicitly modeled in this study, saturated steam at low
pressure (< 10 bar) is typically used. The regenerated, lean solvent is pumped at 18 bar through LP1 (70% pump
efficiency) and it enters at the upper part of the absorber near its boiling temperature at ambient pressure
conditions. The CO»-rich gas stream leaving at the top of the stripper is cooled at 50 °C in the condenser and
the condensate is recirculated to the washing section at the top of the column through the reflux pump (RP).
Compression of CO; and off-gas treatment were not included in the model.

Absorption and desorption columns were modeled with rate-based RadFrac modules in Aspen Plus with five
(5) and six (6) stages, respectively, and a fixed packing height of 1.5 m for every stage. The absorber was
modeled as a column without reboiler and condenser components, while the stripper column was modeled with
an integrated reboiler (corresponding to the 6™ stage) and an external condenser. Random packing of 1-inch
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INTALOX Metal Tower Packing (IMTP) type was used and the pressure drop was estimated by the correlation
of Stichlmair et al [297]. The column diameter was sized according to the theoretical stage that shows the largest
gas and liquid mass flow values having 75% fractional approach to flood. The Onda et al. and Chilton and
Colburn correlations were used for calculating the mass and heat transfer coefficients [298]. The flowsheet
model was built as an “open-loop” for achieving a better convergence and decreasing the computational time.
In order to model the “closed-loop” operation of the real process, the implementation of various design
specifications in Aspen Plus was necessary. The “closed-loop” condition is fulfilled when the solvent stream
downstream of the desorber has the same temperature, pressure, mass flow rate and composition with the inlet
absorber stream. This input stream was specified prior to the simulation in a stream block (base-case model)
and case studies for the sensitivity analyses were defined in a “Sensitivity” operation block in Aspen Plus. A
summary of the design specifications that were integrated in the process flowsheet of Aspen Plus is given in
Table 6-6 (for the names of streams and blocks, see also the Appendix of the present thesis). The equations were
provided to the software through FORTRAN expressions.

Table 6-6: Design specifications for the “open-loop” modeling of the hot potassium carbonate process.
Design Varying

A Target variable  Expression Description
specification parameter
. _ Defines the CO>
Nco2,4Bs-G-0UT = capture rate which in

ABSORBER  1iyps_1pan  "c02,4BS-G-oUT this work was kept

(1 = 0.95)7co2,485-6-our constant at 95%.

0 . Defines the stripped
) ) €02,02-2 = CO yield and
STRIP QrepoiLer  Mc02,c02-2 : : therefore the CO,
Nc02,4BS~G-IN ~ NC02,ABS—G-0UT  |aan loading.

A heat exchanger “T-
REGUL” is used to

T-BALANC  Qr_rgcur.  Tieans Tieans = TLEAN investigate the effect
of lean solvent
cooling.

The W1 stream
coming from the
M-BALANC  my, MigaN2 Migan2 = MABS—LEAN moisture removal
flash unit is used for
solvent make-up.

The HS mass
. _ balance in the system
"H2s,ABS—G-0UT = was defined by
varying the H,S
molar flow of the
lean solvent.

H2S Np2s,H2S NH25,ABS—G-0UT ) )
Ny25,ABS—-G-IN — NH2S,c02-2

The solvent mass balance is maintained by the implementation of a design specification (M-BALANC) by
which the solvent mass loss is replenished from the condensate stream, which is available upstream of the
absorber. The solvent mass loss was mainly attributed to the water entrained at the gas outlet streams of the two
columns. The solvent loss is mainly water, since K,CQs is not volatile and PZ losses were considered minimal.
This latter assumption will be further discussed in the results section and values for PZ losses will be presented.
A second design specification (T-BALANC) varies the heat duty of the heater block which adjusts the lean
solvent temperature and is active during sensitivity analyses of lean solvent cooling. Regarding the solvent
composition, this is adjusted by two design specs, named “STRIP” and “H2S”, which define the CO; and H>S
lean loadings respectively. Although the composition concerns the liquid streams, the design specs were applied
to the inlet and outlet gas streams of the overall absorption/desorption, due to the difficulty in expressing the
mole flows of CO; and H:S in the liquid phase. The reason for this is that the “true-component” approach of
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electrolyte-NRTL used in this work calculates and expresses the liquid phase in molecules and ions based on
the system chemistry. As a result, the CO, and H,S absorption into aqueous potassium carbonate solution
involves five molecular “apparent” components (CO., H,S, KoCOs, H,O and PZ) from which 9 ions and one
zwitterion are produced. Eventually, if the CO. and H2S mass balances are fulfilled in the inlet and outlet gas
streams of the overall absorption/desorption process, then the same applies to the recirculated solvent. The
design specification “STRIP” tracks the user’s input at the lean stream regarding the CO; loading and varies the
reboiler duty so as to meet this loading value downstream of the solvent pump. However, the design spec “H2S”
acts backward: it exploits the H,S loading results from the desorber outlet as input for varying the H>S mole
flow of a “pseudo-stream”, which is mixed with the lean solvent entering the packed absorber. For all the
simulated cases, a carbon capture rate of 95% was considered. An overview of the base-case modeling
assumptions and parameters is provided in Table 6-7 (see also Appendix for stream names).

Table 6-7: Base-case modeling assumptions for the hot potassium carbonate process.

Stream (S) / Block model (B) Parameter Value
FEED (S: raw syngas) Pressure (bar) 20
Temperature (°C) 100
Composition (mole%) (see Table 6-5)
ABS-LEAN (S: lean solvent) Pressure (bar) 18
Temperature (°C) 102
Composition 30 wt.% K2CO3
Lean loading (-) 0.3/0.4

FLASH (B: condensate removal)

Pressure (bar)

19.5 bar (before absorber)
1 bar (after desorber)

Heat duty (kW) Adiabatic
ABS (B: absorber) Number of stages (-) 5
Pressure (bar) 17
Packing material 1-inch IMTP
Packed height per stage (m) 15
Fractional approach to flood 0.75
STR (B: desorber) Number of stages (-) 6
Pressure (bar) 1
Packing material 1-inch IMTP
Packed height per stage (m) 15
Fractional approach to flood 0.75
Reboiler type Kettle
CNDSR (B: stripped gas condenser) Pressure (bar) 1
Outlet temperature (°C) 50
PUMP (B: lean solvent pump) Pressure (bar) 18
Pump efficiency (%) 70
Driver efficiency (%) 96
MX1 and MX2 (B: mixers) Pressure drop (bar) 0
SPLIT (B: condensate splitter) Pressure drop (bar) 0
Split fraction (-) Design spec M-BALANC
T-REGUL (B: lean solvent heater/cooler)  Pressure (bar) 18

Heat duty (kW)

Design spec T-BALANC

For the column simulation with the RadFrac models of Aspen Plus, the film diffusion resistance was accounted
for through the “Discrxn” and “Film” models for the liquid and gas phases, respectively. For both phases, the
film non-ideality was taken into account through the implementation of fugacity coefficient corrections.
Concerning the composition of the K,CO; solutions, a few general remarks for the equivalent K,COs3
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concentration range have already been made previously. In this work, the equivalent K.CO3 concentration was
assumed to be 30 wt.%, which is in agreement with the suggestions in [163] as a measure to eliminate erosion
problems in impellers and other components. According to the findings from the batch experiments (see Section
4.4), PZ is an effective promoter for increasing the solvent capacity and absorption rate compared to the pure
K2CO; aqueous solution. Three promoter concentration values were investigated (given as molality below),
resulting in three different promoter/K>CO3 molar ratios:

e 6.5m K*/0.65 m PZ with a PZ/K* molar ratio of 0.1 (named “PZ0.1”),
e 6.5mK*1.3mPZ with a PZ/K* molar ratio of 0.2 (named “PZ0.2”") and
e 6.5mK*1.95 mPZ with a PZ/K* molar ratio of 0.3 (hamed “PZ0.3”).

The 6.5 m K* concentration roughly corresponds to a 30 wt.% K,CQOs; solution. It must be emphasized that the
molar ratio values refer to the ratio of PZ to the potassium ions in the liquid phase. When the equivalent K.CO3
amount is considered, the molar ratio values change to 0.2, 0.4 and 0.6, respectively. Those values are
comparable to the PZ concentration range studied in Chapter 4 (0.32-0.64 molar ratio).

Furthermore, a few definitions regarding certain parameters are given here. The capture rates CR for CO and
H,S are given in Equation 6-24 and Equation 6-25, respectively

n
CRco, (%) =

C0,,in — Ncoy,out

- 100% Equation 6-24
Nco,,in

Ny,sin — N
CRHZS(%) — st,l‘rr, Hz.s,Out

100% Equation 6-25
Ny,s,in

where the symbol 7; ;,, /,,c describes the inlet or outlet molar flow rate (mol s™) of the species j (CO2 or H,S)

in the absorber.

The ratio of the liquid solvent to the syngas flow rate (L/G) in the absorber is another important parameter for
the column sizing and operation. In this thesis, it is calculated on a mass basis and defined in Equation 6-26

m .
L/G = tventin Equation 6-26

msyngas,in
Where Mo pent in @Nd Mgyngas,in denote the mass flow rate (kg s™) of the solvent and syngas in the absorber
column, respectively. Definitions for the loading (a) of the liquid phase have been previously given in Chapter
4. However, the “true-component” approach used in Aspen Plus necessitated a different definition for the
loading calculation. For the CO,-K,CO3-H,0 system, loading was defined according to Equation 6-27

- _ K*
[CO,] + [CO3™] + [HCO3] — L > ] Equation 6-27
a =
[K*]
2

while for the CO»-PZ-K,COs-H,0 system, loading was defined according to Equation 6-28.

[€0,] + [COZ7] + [HCO3] + [HPZCOO] + [PZC00"] + 2[PZ(C007),] - ]
a= [K¥] Equation 6-28
5+ [PZ] + [PZH*] + [HPZCOO] + [PZCOO-] + [PZ(CO0™),]
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6.4 Results and discussion

6.4.1

Figure 6-3 compares experimental VLE data with electrolyte-NRTL estimations for the CO>-K,COs-H,0O
system. VLE curves were obtained in Aspen Plus through a simplified model with a Flash2 module. The liquid
composition at a specific a value was defined at the inlet stream and under the flash options, the option “liquid-

Thermodynamic modeling results for pure and PZ-promoted K>COs solutions

only” was specified.
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Figure 6-3: CO, partial pressure estimations (solid and dashed lines) over 20 wt.% (top) and 30 wt.%
equivalent K,COjz aqueous solutions (bottom) at 70, 90, 110 and 130 °C with default Aspen Plus (left column)
and regressed electrolyte-NRTL (right column) interaction parameters. Markers represent experimental data
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In the Flash2 module, temperature and a small vapor fraction (0.0001) were defined, so that the compositions
of the inlet and outlet liquid streams remain unaffected. The partial pressure of a component could be
subsequently calculated based on the available results for the pressure and vapor stream composition. It can be
seen that a moderate deviation between the experimental data and “default” electrolyte-NRTL estimations exists
for the pure Ko.COj3 aqueous solution. AARD exceeded 40% in the case of the most concentrated solution studied
in [204] (not shown is Figure 6-3). It can be confirmed that the electrolyte-NRTL model can sufficiently
reproduce the trend of the VLE curves across a wide temperature and concentration range for this particular
system. A better agreement with experimental data was found for the regressed model used in this study. In
addition, a validation of the regressed electrolyte-NRTL model with the experimental data of the present work
for the CO,-K,CO3-H;0 system was presented in Section 4.4.1. Figure 6-4 compares experimental VLE data
with electrolyte-NRTL estimations for the H,S-CO,-K,CO3-H,0 system regarding the H,S partial pressure.

T(°C) T(°0)
o 70 o 90 A 110 o 70 o 90 A 110
o 130 def 70 def 90 ¢ 130 reg_70 reg_90
- — —def 110 def 130 - = =reg_110 reg_130
1.0000 1 1.0000 1
0.1000 — 0.1000 3
] f B ]
2 0.0100 3 ~ 0.0100 3
I 3] Y 3
ol 3 D:'—- E
0.0010 1 0.0010 3
0.0001 . . . . . 0.0001 . . . . .
00 04 08 12 16 20 00 04 08 12 16 20
Equivalent H,S (mol/L) Equivalent H,S (mol/L)
T(°C) T (°C)
o 70 o 90 A 110 o 70 o 90 A 110
¢ 130 def_70 def_90 ¢ 130 reg_70 reg_90
- — —def_110 def 130 - - -reg_110 reg_130
0.100 3 0.100 3
— 0.010 ; < 0.010 4
8 = 5
& S
0.001 1 0.001 3
0.000 T T T T T 1 0-000 T T T T T 1
00 01 02 03 04 05 06 00 01 02 03 04 05 06
Equivalent H,S (mol/L) Equivalent H,S (mol/L)

116



Chapter 6: Thermodynamic and process modeling study of AGR based on hot potassium carbonate solutions

T(°O) T(°C)
o 70 o 90 A 110 o 70 o 90 A 110
¢ 130 def_70 def_90 o 130 reg_70 reg_90
- — —def_110 def_130 - - -reg_110 reg_130
1.000 3 1.000 5
fgj 0.100E ’g? 0'100§
2 £ ]
o o -
0.010 7 0.010 {
1 10
0-001 T T T T T 1 0_001 T T T T T 1
00 01 02 03 04 05 06 00 01 02 03 04 05 06
Equivalent H,S (mol/L) Equivalent H,S (mol/L)

Figure 6-4: H,S partial pressure estimations (solid and dashed lines) over 30 wt.% equivalent K,COs;
aqueous solutions at 70, 90, 110 and 130 °C with default Aspen Plus (left column) and regressed electrolyte-
NRTL (right column) interaction parameters. Upper row: conversion occurs exclusively due to H»S. Middle
row: 33% conversion to (KHCO3+KHS) due to CO, and H,S. Bottom row: 66% conversion to
(KHCO3+KHS) due to COz and H,S. Markers represent experimental data from [288].

From the figures above, it is clear that the default interaction parameters of the electrolyte-NRTL model
significantly underestimate the H,S partial pressure in a 30 wt.% K>COj; agueous solution. The AARD of H.S
partial pressures compared to the experimental data was found to exceed 80%. It is interesting to note that the
selected conversions in the experimental study of Tosh et al. [288] correspond to representative solution
compositions in a hot potassium carbonate plant. Apart from the first case, in which it was assumed that all the
conversion of K,COs is due to the presence of H.S, the two other cases represent a lean (33% conversion) and
a rich solution (66% conversion) at the inlet and outlet of the absorber, respectively. The regressed electrolyte-
NRTL model was in better agreement with the experimental results. Regression analysis can, therefore, be
important when mixtures of CO and H,S are treated in the process. The regression procedure also included a
concentration of 40 wt.% K,COj3 (not shown in Figure 6-4). However, results regarding the deviation of
experimental data [288] from the default and regressed electrolyte-NRTL model are presented for both K,COs
concentrations next.

In addition, the validation of the regressed electrolyte NRTL model with experimental data for the solutions
containing PZ is presented in Figure 6-5 and Figure 6-6. Particularly, a comparison regarding the model
estimations for the solubility of CO, and the speciation of PZ species in the liquid phase is depicted. In Figure
6-5, VLE estimations (regressed model) for a 0.625 m PZ solution at 2 temperatures (left) and 5 m K*/2.5 m PZ
solution at 5 temperatures (right) are compared to experimental data. In Figure 6-6, PZ speciation estimations
are compared for two aqueous solutions, one with a concentration of 1 m PZ at 25 °C (top) and one with a
concentration of 5 m K*/2.5 m PZ at 60 °C (bottom). While for the agqueous PZ solution, the regressed
electrolyte-NRTL model seems to capture the *H NMR results accurately, a greater deviation regarding the
estimation of PZ species in the PZ/K,COj3 aqueous solution can be observed. In the latter case, the AARD values
for the PZ species varied in a range of 9-20%. From Figure 6-6, it can be noted that with an increase of the
quantity of CO,, PZ is consumed and converted to PZCOO~ and PZ(COO"),. According to [216], the reactive
PZ concentration increases with total PZ for a constant K* amount, which is investigated in the process model
by varying the promoter composition.
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Figure 6-5: CO; solubility in aqueous PZ (left) and aqueous PZ/K,COs (right) solutions as predicted through
the regressed electrolyte-NRTL versus experimental data from [293] and [216].
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Figure 6-6: PZ speciation as predicted through the regressed electrolyte-NRTL model versus experimental
data from [294] (top, aqueous PZ) and [216] (bottom, PZ/K,CO3; mixture).
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A summary of the average absolute relative deviations between the default or regressed electrolyte-NRTL and
the experimental data for the solutions without promoter is given in Table 6-8. In addition, a summary of the
average absolute relative deviations between the regressed electrolyte-NRTL compared and the experimental
data for the solutions promoted by PZ is given in Table 6-9. Due to fact that the regressed electrolyte-NRTL
model had significantly lower AARD values, the process modeling study was carried out with this model.

Table 6-8: Average absolute relative deviation values between experimental data and estimations of default
and regressed electrolyte-NRTL models (only K*).

Source Data type Composition Data points Default eNRTL Regressed eNRTL

(Wt.%) AARD (%) AARD (%)
[204] CO: solubility 20 31 339 9.6
[204] CO: solubility 30 26 24.2 9.2
[204] CO: solubility 40 67 41.6 14.7
Total 124 35.3 11.9
[288] H.S solubility 30 63 82.8 20.0
[288] H.S solubility 40 31 86.8 15.9
Total 94 84.1 18.6

Table 6-9: Average absolute relative deviation values between experimental data and estimations of
regressed electrolyte-NRTL model (PZ/K* solutions).

. . Regressed eNRTL

Source Data type/species Data points AARD (%)
CO: solubility 38 13.9

[216] 'H NMR for PZ/PZH* 12.0
'H NMR for PZCOO/H*PZCOO~ 41 9.2

'H NMR for PZ(COO"), 19.7

Total 130* 12.9*

*Total number of data points and total AARD are reported including the experimental results for aqueous PZ solutions.

6.4.2 Process modeling results for CO» and H2S capture from coal-derived syngas

Initially, preliminary sensitivity analyses were carried out for the pure K,COs3 aqueous solution in order to
determine fundamental parameters of the process modeling study. As a next step, the performance of the
processes involving PZ-promoted solutions was compared to that of a “reference” hot potassium carbonate pre-
combustion capture plant with a 30 wt.% K,COs solution. The aim of this section is not to present an
optimization of the process parameters, but rather explore their effect on the process performance. However,
the findings of this work can be useful for specifying the basis for a multi-objective optimization study of a PZ-
promoted, hot potassium carbonate process for pre-combustion AGR.

The comparison of the 4 solutions was performed through the variation of 3 process parameters and their effect
regarding the L /G ratio, specific reboiler heat duty and H,S removal efficiency for a constant 95% CO, capture.
Those parameters are discussed below.

e Absorber pressure: Values in a range of 10-18 bar were studied in this work. The range was chosen
according to the features of the coal-to-SNG plant, in which gasification was assumed to take place in a
fluidized bed heat-pipe reformer, which operates up to 20 bar. In Chapter 6, an absorption pressure above
20 bar is considered for a hot potassium carbonate process integrated to a BIGCC plant for power and
MeOH cogeneration.

e Desorber pressure: Values in a range of 0.4-5.3 bar were studied in this work. Vacuum strippers have been
proposed for the promoted hot potassium process, in which desorption takes place at lower temperatures
[273]. The desorption process usually operates at pressures close to ambient. Of course, this results in higher
power consumption of the CO, compressors downstream of the stripper.
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e Lean solvent loading: Values in a range of 0.24-0.44 were studied in this work. In the hot potassium
carbonate process, the rich solvent is not completely regenerated and the lean solvent enters the absorber
with a loading of 0.2 or above [288, 299].

For the selection of absorber and stripper stages, sensitivity analyses were carried out to determine optimum
values based on the reboiler duty and L/G requirements. For the absorber, a fixed number of stripper stages was
set (N=6) and all other parameters were defined according to Table 6-7. The sensitivity analysis results are
shown in Figure 6-7.
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Figure 6-7: Effect of absorber stages on specific reboiler duty and L/G ratio.

It can be seen that an increase of absorber stages has a great impact on the liquid circulation rate and reboiler
duty. This is attributed to the fact that a shorter residence time in the absorber necessitates a higher liquid flow
rate to achieve the same CO; capture level. Of course, it must be noted here that a higher number of stages
increases the capital and maintenance cost, while a shorter column will increase the operational expenditure due
to the higher energy consumption and liquid circulation rate. An increase of absorber stages from 2 to 5 resulted
in a decrease of reboiler duty and L/G by 41% and 54%, respectively. A further increase from 5 to 6 stages
resulted in a minor further decline by 2% and 3%, respectively. Almost no change was observed for a number
of absorber stages exceeding 7 and eventually, 5 absorber stages were selected for all subsequent simulations.
The diameter of the desorber was found to be more sensitive to the number of absorber stages compared to the
absorber. An increase of absorber stages from 2 to 5 stages resulted in a decrease of absorber diameter by only
5%, while it caused a decrease in the desorber diameter by around 22%. This difference can be justified by the
nature of the desorption process. A significant increase in the liquid circulation rate means that a larger amount
of solvent will have to be evaporated in the reboiler to supply steam for the desorption process. The increasing
volume of vapor phase in the desorber results in a larger column diameter. Finally, a similar analysis for the
stripper column maintaining a fixed number of absorber stages (N=5) indicated that 6 stages will result in an
acceptable compromise between the desorber size and the energy consumption for solvent regeneration.

A comparison regarding the effect of absorber pressure on L/G and reboiler duty for the pure K.CO3 and PZ-
promoted aqueous solutions is shown in Figure 6-8. In these diagrams, a similar lean loading of 0.4 has been
considered for all solvents, while the inlet temperature of syngas to the column was constant at 100 °C.
Minimum reboiler duties in the range of 1.85-2.0 MJw kg CO; captured were calculated at the highest absorber
pressure investigated in this study (18 bar). It can be observed that an increase in the absorber pressure results
in the simultaneous decrease of reboiler heat duty and L/G for all solvents. A higher PZ content shifts the
pressure range of this decrease to lower values. Particularly, when the process operates with the solvents PZ0.2
and PZ0.3, reboiler duty values of around 2.5 MJ kg™ CO; can be achieved at absorber pressures of 11-12 bar.
On the contrary, such values can be achieved by the pure K,COj3 aqueous solvent when the pressure increases
to ca. 15 bar. As the pressure increases at values higher than 15 bar, the promoted solutions become less
favorable. In this case, the energy consumption, as well as the liquid circulation rate of the K,CO3 aqueous
solvent substantially decrease. At 18 bar, L/G approaches values of 15-16 (mass basis) for all 4 solvents. The
PZ0.3 solvent results in lower reboiler duty and L/G ratios for the pressure range covered in this sensitivity
analysis, which can be attributed to a higher solvent capacity and a higher concentration of reactive species,
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thus an improved absorption rate. This outcome is in agreement with the results of the batch experiments
presented in Chapter 4.
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Figure 6-8: Effect of absorber pressure on specific reboiler heat duty (left) and L/G ratio (right).

The H,S removal rate, CRy, s, with varying absorption pressure for a fixed CR(,=95% is shown in Figure 6-9.
In general, the capture efficiency of H,S was found to be slightly better than that of CO; (in a range of 95-97%).
Particularly, it can be observed that an increase in absorption pressure resulted in an improvement of removal
efficiency attributed to the increase of H.S partial pressure. However, this increase was almost negligible, a fact
which can be attributed to small L /G values at higher pressures. This factor seems to counterbalance the pressure
increase as the reduction in liquid circulation affects the H>S hydrolysis in the column. Moreover, CRy, s values
that correspond to 50, 20 and 1 ppmv H.S concentration in the clean syngas have been drawn in Figure 6-9.
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Figure 6-9: Effect of absorber pressure on the capture rate of H,S from syngas.
It is evident from this figure that the process can efficiently remove the bulk of H.S along with CO.. The H,S

concentration decreases from around 900 ppmv in the raw syngas stream to values below 50 ppmv in the clean
gas. However, it can be noted that such a configuration is not effective for completely eliminating the sulfur
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content in syngas, as 1 ppmv or below is needed for certain catalysts. Field et al. [300] reported CRy, s values
of around 97% during the combined absorption of CO, and HS in a pilot plant, which is close to the estimated
values of the rate-based model. Using a cooled (10-30 °C lower temperature than the main lean solvent flow)
split lean stream entering at a higher section of the absorber combined with 2-stage regeneration was found to
improve CRy,s. Particularly, values up to 99% were reported for split stream temperatures of around 70 °C. In
any case, it is expected that a polishing step for capturing organic sulfur and remaining sulfur-containing acid
gases would be necessary upstream of reactors with non-tolerant catalysts e.g. for SNG synthesis. On the other
hand, the achieved degree of H,S capture by the hot potassium carbonate process alone can be adequate for
syngas utilization for power generation.

The effect of lean solvent loading on specific reboiler duty and L/G is shown in Figure 6-10 for a constant
absorber pressure of 17 bar and solvent regeneration at ambient conditions. It can be observed that an increase
of lean solvent loading decreases the reboiler duty, while on the other hand, this causes an increase in L/G
ratios. A higher CO; concentration in the liquid phase facilitates stripping in the desorber due to its elevated
partial pressure over the liquid solution. On the other hand, this benefit is accompanied by a higher liquid flow
rate demand to achieve 95% CO, removal in the absorber. For most solvents, minimum heat duties close to 2
MJ kg* CO, were estimated at a = 0.4. Of course, those values consider only the process heat of desorption
without taking into account heat losses in columns and pipes, as well as heat transfer losses in the reboiler. At
low loading values (a < 0.36) and elevated absorber pressure, it seems that the pure K,CO3 aqueous solution
is advantageous with reboiler duties below 3 MJ kg CO; captured. On the other hand, the PZ-promoted solvents
exhibit higher heat duties, a fact that can be attributed to a higher heat of absorption 4H ;. For a low fraction
of PZ, AH, is almost constant however while a higher amount is added in the solution (or similarly, more
reactive PZ species are present), 4H,;,, increases sharply and it is representative of aqueous amine solutions
[216]. As the lean loading is increased above 0.36, the reboiler heat duties of the PZ-promoted cases approach
the values of the pure K,COj3 aqueous solution Ultimately, reboiler duties for PZ-promoted solvents become
equal or lower than that of the reference solvent when a > 0.4. Particularly when a > 0.42, PZ0.3 results in
the lowest reboiler duty and L/G. From Figure 6-10 (right), it seems that thermodynamic and kinetic limitations
become important when loading exceeds 0.36, resulting in a larger slope of L/G values in the order PZ0.3 <
PZ0.2 <PZ0.1 < K,COs.
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Figure 6-10: Effect of lean loading on specific reboiler heat duty (left) and L/G ratio (right).

Moreover, the effect of lean solvent loading on CRy, s is depicted in Figure 6-11 (left). It would be expected
that the increase of L/G would result in a higher CRy, s. However, the loading increase from 0.24 to 0.44 slightly
deteriorates the capture efficiency by ca. 1 percentage point as the H.S solubility is affected by the K.COs3
conversion degree according to the overall reaction R 6-11.
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H,S + CO5~ & HS™ + HCO3 R 6-11

Thus, in terms of maximizing CRy, s, a lower lean solvent loading can be advantageous. A sensitivity analysis
for the effect of lean solvent temperature on CRy, s is also shown in Figure 6-11 (right). In this case, higher L/G
values as temperature increased resulted in an improvement of H,S purification efficiency for a constant loading
of a = 0.4. This effect can be attributed to the enhanced hydrolysis of H,S, which is separated from the syngas
mixture. Moreover, the desorber operation pressure is another process parameter which is of major importance.
In Figure 6-12, the effect of desorption pressure on reboiler heat duty is shown.
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Figure 6-11: (Left) Effect of lean loading on the capture rate of H,S from syngas. (right) Effect of lean solvent
inlet temperature on the capture rate of H,S from syngas (pure K,CO3 aqueous solution).
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Figure 6-12: (Left) Effect of desorption pressure on specific reboiler duty and desorber diameter for aqueous
K2>COs3 solvent with a=0.3 and constant L/G in the absorber. (Right) Effect of desorption pressure on specific
reboiler duty for PZ0.1, PZ0.2 and PZ0.3 solvents with a=0.4 and constant L/G in the absorber. Temperature
values denote solvent boiling points at the indicated pressure.
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On the left side, the effect of desorption pressure on reboiler duty and desorber diameter is depicted for the
reference case where no promoter is used. For this analysis, the heater block coupled with the “T-BALANC”
design specification in Aspen Plus was used to adjust the lean solvent temperature at a constant value of 100
°C. An increase of desorption pressure increases the specific reboiler duty, which approximately doubles for an
increase of desorber pressure by a factor of 5. Operation under vacuum conditions seems to be beneficial for
the hot potassium carbonate process, as the reboiler duty falls sharply between 1 bara and 400 mbara. At the
same time, the column diameter increases significantly due to the increased volume of the vapor phase.
Operation under vacuum has also a positive effect on reducing the specific reboiler duty of PZ0.1, PZ0.2 and
PZ0.3 solvents. It was found that vacuum operation is preferable when the solvent contains a small concentration
of PZ. For a pressure reduction from 1 bara to 400 mbara, the specific reboiler duty decreases by 36%, 30% and
23% for PZ0.1, PZ0.2 and PZ0.3 solvents, respectively. Vacuum stripping has advantages for solvents with a
low heat of desorption due to a smaller production of water vapor relative to ambient pressure operation [271].
On the contrary, solvents with higher heat of desorption benefit when the desorber operates at higher pressure,
a strategy to increase the partial pressure of CO- relative to the partial pressure of H,O in the vapor phase. This
can be noted in Figure 6-12 (right), where the PZ0.3 solvent exhibits lower specific reboiler duty compared to
PZ0.1 and PZ0.2 as the pressure increases from ambient to 5 bar. In this diagram, the solvent boiling points at
different pressure levels of the desorber are also given. It is interesting to note that for typical desorber pressure
(up to 2 bar), low-pressure steam at a pressure of 2-3 bar can be extracted to supply heat for regeneration.
Increasing the desorber pressure at 5 bar would require higher quality steam to be extracted from the plant
turbine. When operating under vacuum conditions, on the other hand, waste heat (< 100 °C) can be exploited to
drive the regeneration process.

Finally, amine losses is an important issue when operating the AGR process at elevated temperatures. Based on
data from pilot-scale plants, amine emissions have been measured as vapor and aerosols at the absorber outlet,
with concentrations even exceeding 1000 ppmv in a few cases [301]. Akinpelumi et al. [301] reported PZ
emissions from a pilot-scale plant with concentrated PZ for post-combustion CO, capture. For absorber
operation with a lean solvent at 43-54 °C, PZ emissions varied between 12-66 ppmv. Those values are in
agreement with the findings of Freeman et al. [236], who quantified PZ volatility from concentrated aqueous
PZ solutions at ambient pressure and 40 °C to be in a range of 10-21 ppmv. Significant reductions were achieved
by upstream control of SO3 and a two-stage water wash at the absorber exit. Particularly for PZ/K,CO3 mixtures,
Hilliard reported that the volatility of PZ varied between 4 and 54 ppmv at 40 °C, while an increase of
temperature from 40 to 80 °C was found to increase the PZ partial pressure by an order of magnitude [242]. The
results for PZ emissions as estimated in the present study are shown in Figure 6-13.
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Figure 6-13: Effect of absorption pressure on PZ emissions from the absorber (no water wash section).
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PZ losses are expressed as the molar ratio of PZ in the outlet vapor to the total PZ entering the absorber, while
the concentration of PZ in the clean gas for all PZ-promoted solvents is given in the figure (at a pressure of 17
bar). Operation at higher absorption pressure leads to a decrease of amine losses while increasing the PZ fraction
in the solvent has an adverse effect on emissions (an increase from 39 to 205 ppmv). Based on the estimated
losses, it is suggested that PZ make-up and emission control would be required in the case of integration into a
gasification plant for SNG synthesis. PZ emission control could be accomplished through a washing section or
selective sorption of PZ volatile species downstream of the absorber. In addition, an investigation on possible
interactions of the PZ vapor with methanation catalysts would be necessary.

6.5 Conclusions

In this chapter, an Aspen Plus™ model for the hot potassium carbonate process aiming at the simultaneous
capture of CO and H,S from coal-derived syngas (coal-to-SNG plant) was developed in order to investigate
the effect of additives and operating parameters on process efficiency. Particularly, pure K,COs; and PZ-
promoted aqueous solutions with varying PZ fractions were evaluated as promising solvents. While process
modeling studies on post-combustion CO; capture with PZ/K,COs mixtures are available in the literature, the
present study focused on the pre-combustion capture at elevated temperature and pressure. Adjustment of
electrolyte-NRTL parameters was performed through experimental data regression as default Aspen Plus™
parameters did not accurately model the thermodynamics of the liquid solution. A regressed thermodynamic
model with experimental data for mean ionic activity coefficients, vapor pressure depression, solution heat
capacity, CO2 and H.S solubility and PZ speciation can result in a more accurate system description compared
to the default electrolyte-NRTL parameters in Aspen Plus. Average relative deviation for the pure K,COs
aqueous solutions was found to be less than 12% when only CO; is the absorbate, while it increased to 18.6%
for the H,S-CO»-K,COs-H>0 system. The average relative deviation during the prediction of CO; solubility and
PZ speciation in PZ-promoted solutions is found to be between those two extremes.

The regressed thermodynamic model was implemented in detailed rate-based models in Aspen Plus to describe
the absorption and desorption columns. The variation of absorption pressure, desorption pressure and lean
solvent loading affected the process performance and in particular, the liquid-to-gas ratio, the heat consumption
of the reboiler and the purification efficiency of H,S. It was found that when the process operates with PZ-
promoted solutions, similar reboiler duties to the pure K,COs3 solvents can be achieved at lower absorber
pressure. The operation of the absorber at higher pressure generally benefits both promoted and pure K,COs3
aqueous solutions, which indicates its particular suitability as pre-combustion CO; capture technology. A higher
lean solvent loading is required when PZ is used as additive to the process, attributed to a higher heat of
desorption. PZ volatility in the promoted solutions was found to be higher compared to emissions reported for
concentrated aqueous PZ at ambient conditions. Thus, PZ interactions with catalysts downstream of the AGR
process should be taken into account. It was found that when the lean loading exceeds values of ca. 0.42, the
required L/G values sharply increased for most solvents. Furthermore, operation of the desorber column at
elevated pressure was found to benefit solvents with a higher PZ fraction. Finally, H.S removal efficiency was
consistently above the CO; capture level (set to 95% in all cases). Strategies for further reducing the H.S content
in clean syngas were also discussed, especially in the case in which the AGR process is located upstream of a
reactor with a catalyst that can be poisoned by sulfur compounds.
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7 Energy and exergy analyses of a gasification plant for power/MeOH
cogeneration with CCS

In the previous chapters, experimental and modeling work regarding syngas cleaning by K>COj; solutions has
been included. Particularly, a modeling study of the AGR process alone for the investigation of operation
parameters on process efficiency was presented in Chapter 6. In Chapter 7, the integration of the hot potassium
carbonate process in two different biomass IGCC (BIGCC) plant configurations is analyzed (electricity-only
and electricity/MeOH cogeneration). In the next section, a brief literature review on the background and the
scope of the study are described.

7.1 Literature review and scope of study

As already discussed in Chapter 1, the gasification process provides a major benefit compared to solid fuel
combustion, which is the potential to produce energy (electricity, heat), fuels and chemicals from the same
intermediate process stream (i.e. syngas). Regarding electricity generation, IGCC plants are of particular
interest, since syngas is utilized in a highly efficient combined-cycle increasing the overall plant efficiency. In
an IGCC plant, gasification can be carried out at elevated pressure for supplying syngas to the GT combustor.
Pressurized gasification can be coupled with pre-combustion AGR in the context of CCS/CCUS systems. Bhave
et al. [302] presented a screening and techno-economic assessment of biomass power generation technologies
with CCS. A time horizon from 2010’s until 2050 was considered. In that study, various research organizations
and companies were involved in the framework of TESBIC project. It was concluded that BIGCC-CCS plants
can achieve higher energy efficiencies compared to alternative power generation technologies such as biomass
oxy-fuel combustion, biomass chemical looping combustion and biomass combustion with amine-based CO;
capture. At the same time, the levelised cost of electricity (LCOE) for the different technologies was reported
for the 2010-2050 timeframe and for a reference plant capacity of 50 MW.. Lower LCOE values were predicted
for the BIGCC-CCS technology compared to oxy-fuel combustion and biomass combustion with amine-based
CO; capture. Apart from energy efficiency and cost-related benefits, application of CCS in biomass gasification
plants has the feature that it can achieve negative CO, emissions per unit energy delivered. Oreggioni et al.
[303] reported that the climate change potential of power generation via biomass gasification plants with CCS
varies between -151 g CO;¢q kWhg!and -340 g CO3,eq kWhg! depending on the CCS technology and CO
capture rate. Consequently, BIGCC-CCS plants are expected to be a competitive future technology for power
generation and polygeneration, considering that decarbonization of the energy mix will take place.

Studies on the thermodynamic and economic performance of BIGCC-CCS plants can be found in the literature.
Rhodes and Keith [114] published a techno-economic assessment of a large-scale BIGCC plant with glycol-
based CO; capture. The system featured the BCL/FERCO indirect gasifier and net plant efficiencies in the range
25-28% (HHYV basis) were reported. Erlach et al. [304] studied a BIGCC-CCS configuration based on a wood-
fuelled, steam/O, blown fluidized-bed gasifier with hot gas desulfurization and low-temperature CO; capture
by Rectisol AGR. This configuration was compared to the case of a BIGCC-CCS plant fuelled with biomass
treated by hydrothermal carbonization (HTC). It was concluded that the case of bio-coal leads to a lower overall
process efficiency due to losses and auxiliary energy consumption during the HTC pretreatment step. Recent
studies on BIGCC-CCS plants are those of Dinca et al. [305] and Zang et al. [306]. Dinca et al. [305] investigated
the performance of a BIGCC-CCS plant with chemical absorption into an aqueous MEA solution. The authors
reported net efficiencies between 25 and 32% depending on the steam extraction pressure for covering the
regeneration heat duty. Zang et al. [306] compared various configurations of BIGCC and BIGCC-CCS plants
with steam/O- mixtures and either post-combustion (MEA) or pre-combustion CO, capture (Selexol™) in terms
of exergetic efficiency. It was found that BIGCC plants with pre-combustion CO, capture with Selexol coupled
to steam/O, gasification can achieve improved efficiency compared to the MEA case. Although most studies
have focused on physical solvents, pre-combustion chemical absorption at elevated pressure can be a viable
alternative. Urech et al. [299] reported that the integration of MDEA-CCS results in similar energy efficiency
with a Selexol-CCS unit in a coal IGCC plant. Moreover, the authors reported that a CCS unit based on aqueous
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K>CQs solutions operating at high pressure and temperature can increase the energy efficiency by 1-3 percentage
points. A major part of the investigation in this chapter aims to investigate this coupling in a BIGCC plant.

MeOH (CHsOH) is among the most widely traded chemicals globally and it is used for energy (internal
combustion engines, fuel cells, etc.), adhesives, pharmaceuticals, silicones, paints, screens and in many other
applications [307]. For this reason, a great deal of work has been lately dedicated to the production of MeOH
from captured CO [308, 309], which can be carried out with electrolysis-derived H,. Such a conversion requires
a higher stoichiometric amount of H, compared to the more efficient pathway of syngas catalytic conversion.
Ptasinski et al. [310] presented a process for MeOH production based on sewage sludge gasification through
the catalytic reaction of CO and CO; with H; in syngas and selective sulfur removal prior to the synthesis
reactor. Inarecent publication, Puig-Gamero et al. [311] presented an Aspen Plus model of an integrated process
for MeOH production from wood gasification and evaluated the effect of different process parameters. In
addition, studies on the production of gasoline and olefins from biomass-derived MeOH through gasification
are those of Phillips et al. [312] and Xiang et al. [313], respectively.

Apart from stand-alone plants, MeOH can be co-produced with electricity in a BIGCC plant. Mass and energy
integration between the BIGCC plant and a synthesis process can allow improved energy efficiency and
reductions on equipment investment and CO- capture cost [314]. As an example of polygeneration in IGCC
plants, Cormos et al. [315] investigated the co-production of power, Hz, SNG and FT-fuels through coal/biomass
co-firing from a techno-economic perspective. Liu et al. [314] and Heinze et al. [316] investigated the possibility
of integrating MeOH synthesis in a coal-fuelled IGCC plant. In the former study, stand-alone and integrated
configurations were compared. They reported that when the same output of electricity and methanol is
considered for the stand-alone and cogeneration configurations, a fuel exergy saving ratio of around 7% can be
achieved with an integrated system. In the study of Heinze et al. [316], different operation modes of a coal
IGCC-CCS plant producing MeOH independently from electricity were evaluated.

In this chapter, the impact of K,COs-based CCS integration on the energy and exergy efficiency of BIGCC
plants with and without MeOH cogeneration is investigated. Case studies with varying parameters such as
gasification agent, CO, capture rate and MeOH cogeneration rate were evaluated. One of the particular
contributions of this work is to identify the efficiency penalty of a future BIGCC-CCS plant with hot gas
cleaning and AGR at “warm” gas cleaning conditions of elevated pressure and temperature. Since differences
between the configurations of coal-fired IGCC and BIGCC plants can be significant (e.g. different gasification
technology, syngas composition, GT and steam cycle specifications, etc.), differences are also expected on the
obtained results. The second contribution of this study is to investigate potential benefits in terms of
energy/exergy efficiency in the case when MeOH cogeneration is carried out in parallel with power generation
in an integrated system. The scope of the study additionally includes a comprehensive analysis and comparison
of the exergy destruction rates among the plant components. The obtained results can provide useful information
for further optimizing the process design.
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7.2 System configuration and process modeling methodology

7.2.1  Description of BIGCC-CCS configurations and Aspen Plus modeling

The BIGCC configurations considered in this study were modeled in Aspen Plus™ software and all include the

following sections: biomass drying, air separation unit (ASU), gasification, syngas cleaning and conditioning,

gas turbine (GT) and a Rankine steam cycle (SC). In each configuration, a network of heat exchangers for heat

recovery has been integrated. The scenarios with CCS additionally include WGS reactors and a hot potassium

carbonate AGR unit (see also Chapter 6) with compressors for CO, transportation and storage. Moreover, in the

cogeneration flowsheets, a MeOH-synthesis process has been integrated into the flowsheet. Other variations

among the different configurations studied in this work do exist and they are discussed next. The three BIGCC
configurations that were studied in this work are shown in Figure 7-1. Simplified layouts are depicted in this
figure. For instance, the heat exchanger network, multiple turbine stages, sub-process configurations, etc. are

not shown. However, detailed flowsheets for the three scenarios can be found in the Appendix of this thesis.
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Figure 7-1: BIGCC configurations modelled in this study. (Top) Reference electricity-only BIGCC plant w/o
CCS (Scenario 1), (middle) electricity-only BIGCC plant with CCS (Scenario II), (bottom) MeOH and
electricity cogeneration BIGCC plant with CCS (Scenario IlI).

For all scenarios, the biomass thermal input to the BIGCC plant was assumed equal to 126 MW, (LHV). Taking
into account issues of biomass supply and logistics, this is considered a realistic plant size. This capacity is
within the range considered by Difs et al. [116] for a BIGCC plant (20-300 MW). Wood residues were
considered as a fuel for the BIGCC plant and composition data regarding the proximate and ultimate analyses
were retrieved from Vassilev et al. [77]. The biomass moisture at the plant gate was assumed at 30 wt.%. No
biomass comminution was considered to occur within the BIGCC plant and any power consumption related to
it has been excluded from the analysis. Nevertheless, this could be necessary depending on the size of raw
biomass which is delivered. Biomass is dried to 10 wt.% moisture by flue gas in a rotary dryer [317]. Modeling
of the drying operation is carried out through a pseudo-stoichiometric reactor and a flash block in Aspen Plus.

Gasification takes place at 900 °C and 29 bar in a fluidized-bed gasifier, with O, entering at 200 °C and HO at
350 °C. The technology design and performance were presented in [318] by the Institute of Gas Technology
(IGT). The gasifier is O2/H,0O blown and it has been operated up to approximately 1000 °C. In the present work,
a more moderate gasification temperature was considered to avoid any agglomeration potential. The utilization
of a non-woody fuel with a lower ash-melting temperature would necessitate a further decrease of gasification
temperature. In Aspen Plus, the gasifier model was based on the steady-state, Gibbs free energy minimization
model presented in Chapter 2 with a few modifications. A restricted-equilibrium approach was set in the Gibbs
minimization module with the reactions specified in [146]. Further modifications are summarized below.

o HC formation and CCE: In the stoichiometric reactor prior to the RGibbs module, fractions of solid carbon
are converted to CH4 (0.2), C2Hg (0.02), CsHs (0.0028) and CioHs (0.0061) to account for the formation of
HCs and tar. Fraction values were based on syngas measurements from [318] and on the assumption that
catalytic gasification with olivine/dolomite is carried out to reduce the tar content [304, 319]. In a separator
block, 2% of C(s) bypasses the RGibbs reactor (CCE=98%).

o In-bed desulfurization and other contaminants: For simplification, all S in fuel is assumed to be converted
to H.S, all N to NH; and all Cl to HCI. In bed desulfurization (Ca-based sorbent) takes place in order to
capture 60% of S prior to the stoichiometric reactor, which is modeled in Aspen Plus according to Hannula
and Kurkela [320].

e Heat losses: Heat losses in the gasifier were simulated as 1% of biomass HHV input to the process.
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Table 7-1: Proximate and ultimate analyses of wood residue fuel.

Proximate analysis Ultimate analysis (d.b.)

Volatile matter (wt.%, d.b.) 78.0 C (wt.%) 48.62

Fixed carbon (wt.%, d.b.) 16.6 H (wt.%) 5.77

Ash (wt.%, d.b.) 54 O (wt.%) 39.64

Moisture (wt.%, a.r.) 30 N (wt.%) 0.47

HHV (MJ kg1, d.b.) 19.32 S (Wt.%) 0.08
Cl (wt.%) 0.02

The ASU unit was based on the cryogenic distillation technology [321, 322] and it is depicted in Figure 7-2.
Ambient air is filtered and compressed in a two-stage compressor with intercooling slightly above the pressure
of the high-pressure (HP) distillation column. A minor air flow (20% of total) is further compressed to 30 bar,
cooled and expanded before sent to the distillation columns (RadFrac distillation models). The HP distillation
column operating at 5.5 bar achieves a first separation of the air stream, which has been cooled and partially
liguefied through heat exchange with the products of the process (AMHX). The O-rich bottom product and the
N2-rich product from the top of the HP column are expanded and sent to a low-pressure (LP) distillation column
operating at 1.6 bar. An O purity of at least 95% vol.% is achieved in the LP-column bottom product, which is
considered acceptable in the context of O,/H,O blown gasification. In the two-column distillation process, the
heat duty in the LP column reboiler is covered by the condenser duty in the HP column. The two distillation
columns are thus under tight heat integration (2-5 K). The liquid, O, product of the LP column is pumped to 30
bar to be fed to the gasifier, while the gaseous N2-rich product is compressed to various pressure levels
depending on its downstream utilization. Part of N is used for the pressurization of biomass hoppers, while the
major flow is utilized for the dilution of syngas in the GT combustor (H. content < 50 vol.%) in the CCS
scenarios. The Nz-rich stream that is not exploited is released in the atmosphere. Nevertheless, it can be sold as
a valuable by-product of the plant.
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Figure 7-2: ASU model based on cryogenic air distillation with HP/LP column configuration.

An autothermal catalytic reformer downstream of the gasifier is adopted for the reforming of HCs and NH3 in
raw syngas. Catalysts based on Ni/Al,O3 or modified catalysts with precious metals are known to be active for
steam reforming. The reformer concept is based on [323] and the model is based on Gibbs free energy
minimization, similarly to [320]. Instead of the temperature-dependent conversion expressions, fixed values for
the extent of reforming were given. Conversions of 99% for C,Hs, CsHs and CioHg, 90% for NH3; and 70% for
CH.4 were defined based on the studies [320, 324, 325]. Oxygen from the ASU is supplied to the autothermal
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reformer, the flow rate of which is regulated to maintain a reforming temperature of 910 °C at the reactor outlet.
The reactions occurring during tar steam reforming are given inR 7-1, R 7-2 and R 7-3.

m
CoHun +nH,0 & nCO + (n + 3) H, R 7-1
CO + H20 4 C02 + HZ R 7_2
CO + 3H, & CH, + H,0 R 7-3

After heat is recovered by cooling to 420 °C, particulate matter is removed from syngas with a high-temperature
filter. At this temperature, it is expected that alkali species also condense and collected along with the solid
matter. The particulate-free syngas enters a fixed-bed reactor, in which HCI is removed by a low-cost, dry
Na>CO3 sorbent according to the reaction R 7-4, as proposed in [70].

2HCl + N32C03 < 2NaCl + COZ + HzO R7-4

Syngas is further cooled at 350 °C and desulfurization is achieved in a single ZnO sorbent bed, so that the sulfur-
tolerance specifications of GT are fulfilled. Higher temperatures were found to deteriorate the H.S removal
efficiency, a phenomenon which depends on the moisture content of syngas. The chemical reaction for H,S
removal is given in R 7-5. Both HCI and HS removal were modelled with adiabatic, equilibrium reactors in
Aspen Plus software. It should be noted HCI can interact with ZnO sorbents, so its removal must precede syngas
desulfurization [326].

Zn0 + H,S & ZnS + H,0 R7.5

Clean syngas at a temperature of 200 °C is delivered to the GT combustor, which operates with a pressure ratio
of 15. In Aspen Plus, the GT is modelled as a combination of compressor/turbine blocks, RGibbs reactor and
splitters/mixers to model the cooling of turbine blades. In the GT combustor, 4% pressure losses are assumed.
The GT sub-model is coupled to an optimization block in Aspen Plus in order to maximize the net power by
varying the air flow rate and the by-pass split ratio. In the optimization model, two constraints that apply are
that the turbine inlet temperature (TIT) must not exceed 1230 °C and the flue gas outlet temperature must be up
to 550 °C. The flue gas stream is then sent to the heat recovery steam generator (HRSG), where heat is recovered
through a Rankine steam cycle. The HRSG has HP/LP levels of 110/4.2 bar and a live steam temperature of
520 °C entering the high pressure turbine (HPT). Steam is extracted at 30 bar: a fraction of it is reheated to 350
°C and supplied as agent to the gasifier and the rest is reheated to 520 °C and expanded in a medium pressure
turbine (MPT). The exiting steam flow is expanded until a pressure of 0.06 bar in the low pressure turbine
(LPT), unless a fraction is extracted at 2.5 bar and sent to the reboilers of AGR and MeOH units. Flue gas is
also extracted from the HRSG at a temperature of 220 °C for biomass drying. The flue gas stream at the exit of
the HRSG has a temperature of 75 °C. The flue gas stream from the dryer exits at 95 °C and no further heat
recovery was considered.

In Scenario Il (BIGCC-CCS), it is assumed that the ZnO reactor is eliminated and H,S is captured along with
CO: in the AGR unit. After HCI removal, two WGS reactors at high (WGSHT) and low temperature (WGSLT)
increase the CO; partial pressure upstream of the AGR process. The reactors were modelled in Aspen Plus as
adiabatic equilibrium reactors operating at inlet temperatures of 350 and 200 °C, respectively. The reactions are
exothermic, so excess heat was recovered in the WGS section for steam generation. No process steam injection
was required upstream of the reactors, as excess steam was provided in the gasifier (H.O/CO > 2). In the case
that sulfur is removed in the AGR unit, Cu-based WGSLT catalysts must be excluded, since they are prone to
deactivation at sulfur contents < 0.1 ppmv [327]. According to Haldor Topsee [328], a combination of sulfur-
resistant MoS; (WGSLT) and Fe-based catalysts (WGSHT) would be more appropriate for the proposed
configuration. A variation in Scenario 111 regarding the WGS configuration can be noted in Figure 7-1. A single
WGSHT reactor is employed in this case, while a fraction of the total syngas flow rate completely bypasses the
unit. The reason for this change is the fact that only a minor adjustment of syngas composition is necessary in
order to meet the specifications of the MeOH synthesis process.
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The AGR unit has the same configuration as the process layout studied in Chapter 6. In order to reduce the
computational time and improve flowsheet convergence, equilibrium models were used for the absorber and
desorber columns in the plant process model (instead of rate-based models in Chapter 6). A 30 wt.% aqueous
K>COs solution without promoters was assumed for the chemical absorption process. Syngas enters the hot
potassium carbonate process with a temperature of 122 °C. A design specification regulates L/G for a constant
lean loading value of 0.3, so that a certain CO, capture rate can be achieved. For Scenario 11, the base-case CO;
capture rate was assumed to be 90%, while for Scenario 111, CO, capture was fixed at 95%. The effect of CO,
capture rate on process performance was also investigated through sensitivity analysis. Absorber and desorber
columns operate at 25 and 1.5 bar, respectively. The reboiler heat duty is supplied by low-pressure saturated
steam extracted from the steam turbine island at a pressure of 2.5 bar. The desorber off-gas, which is CO2-rich,
is cooled and compressed to 100 bar via a 3-stage intercooled compressor for storage [299].

The configuration of the MeOH synthesis unit is shown in Figure 7-3. The core of the process is a Cu/ZnO/Al;03
catalytic reactor which operates at moderate pressure and temperature (52.5 bar/234 °C). A fraction of the
purified syngas from the AGR unit is completely purified from sulfur species and any remaining contaminants
in a guard bed (e.g. activated carbon, see Chapter 3) downstream of the AGR unit. It is cooled, compressed and
heated to the reactor temperature, where MeOH synthesis occurs. For synthesis, a ratio of H,/CO ~ 2.5 was
adjusted, while further constraints for the molar ratios between H,, CO and CO; were considered according to
[311].
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Figure 7-3: MeOH synthesis unit layout (incl. compressors, catalytic reactor, heat exchange equipment and
product recovery equipment).

A reaction model describing the kinetics of synthesis was implemented in Aspen Plus RPlug according to the
generalized Langmuir-Hinshelwood-Hougen-Watson (LHHW) model. The system is described through the
reactions for hydrogenation of CO, hydrogenation of CO; and reverse WGS, while the process is exothermic.

All three reactions are not independent and in this work, the conversion is described based on the latter two, as
showninR 7-6 and R 7-7.

CO, + 3H, & MeOH + H,0 R 7-6

COZ + H2 < CO + Hzo R 7-7
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Their Kinetic expressions are given in Equation 7-1 and Equation 7-2

ki Pco, Py, — ke Py o P Py, 2 r kmol | :

Fenson = 1 Fco, FH, 6 I'H,0 £'cH;0H T'H, . mo Equation 7-1
(1 + kz PHzO PH2_1 + k3 PHZO'S + k4_ PHzO) -kgCatS-

. _ ks Pco, — k7 Pu,o Pco PHZ_l " kmol | _

RWGS =77 ks Pro PH2—1 + ks PHZO'S + k4 Puyo kg carS) Equation 7-2
where the Kkinetic constants k; are expressed according to Equation 7-3.

B; .

Ink; = A; + = Equation 7-3

T

Temperature is handled in Aspen Plus in K, while partial pressures in Pa. This issue necessitates a conversion
before kinetic expressions are implemented in the software, when constants are available with different units.
In this work, the modified constants from the study of Van-Dal and Bouallou were used [329] and they are
given in Table 7-2.

Table 7-2: A; and B; parameters of the rearranged kinetic model [329].

l Ai Bi
1 -29.87 4811.2
2 8.147 0
3 -6.452 2068.4
4 -34.95 14928.9
5 4.804 -11797.5
6 17.55 -2249.8
7 0.1310 -7023.5

The Lurgi-type reactor was assumed to operate isothermally: saturated water (30 bar) is evaporated for
maintaining the temperature at a constant level. This steam flow is then superheated in the HRSG and supplied
to the gasifier. The reactor is considered as a tubular-type, where the catalyst is placed inside multiple tubes and
the boiling water surrounds the tubes in the reactor shell. The MeOH reactor contains tubes with a length of 10
m and a diameter of 0.05 m. The number of reactor tubes was specified based on a constant GHSV value of
4000 h according to experimental results from Yang et al. [330]. An equilibrium model reactor was modelled
in parallel to the RPlug model (through stream duplication) to obtain the maximum potential MeOH yield under
chemical equilibrium conditions at the specified temperature and pressure of the synthesis process. Downstream
of the reactor, the product is cooled through heat exchange with the syngas feed stream and flashed in an
adiabatic separator. A fraction of the gas by-product (60% of unreacted syngas) is recompressed and mixed with
the syngas feed, while the rest of it is partially expanded and mixed with the syngas flow which is supplied to
the GT combustor. The liquid, crude-MeOH stream is reheated to 80 °C and sent to a distillation column to
recover the purified MeOH product (with purity > 99.0 wt.%). The distillation column has 50 theoretical stages,
a reflux ratio equal to 1.4 and a condenser pressure of 1.2 bar. Heat for the distillation reboiler is supplied by
saturated steam of the same quality (2.5 bar) as the steam supplied to the desorber column reboiler of the AGR
process.

In contrast to Scenarios | and 11, a steam reheat was not applied in the SC of Scenario 11l due to the smaller
thermal input to the HRSG. In all scenarios, heat recovery in the BIGCC plant is carried out through a heat
exchanger network for recovering heat in the SC and exchanging heat between process streams (e.g. gasification
agent preheating). Heat exchangers along the syngas cleaning and conditioning path were modelled for
evaporating saturated water from the SC at two HRSG pressure levels. A minor flow of water at 2.5 bar is also
recirculated and evaporated in a syngas cooler to supply latent heat to the plant reboilers as in [282]. Minimum
temperature approach and all other major process modeling assumptions are summarized in Table 7-3.
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Table 7-3: Summary of main process modeling assumptions of the present study.

Component Process parameter Value
ASU HP column/LP column/booster pressure (bar) 5.5/1.6/30
Booster split fraction (—) 0.2
O3 product specification (vol.%) >95.0
HP/LP distillation column stages (—) 30/35
Biomass dryer Inlet/outlet flue gas temperature (°C) 220/95
Gasifier Temperature/pressure (°C/bar) 900/29
O3 inlet temperature (°C) 200
Steam inlet temperature (°C) 350
Carbon conversion efficiency (%) 98
In-bed desulfurization (as % of fuel S) 60
Heat losses (% of input biomass HHV) 1
Autothermal catalytic reformer ~ Outlet syngas temperature (°C) 910
Tar and C»- conversion (%) 99
CHg4 conversion (%) 70
NH; conversion (%) 90
HCI removal (Na.COs sorbent)  Inlet syngas temperature (°C) 420
H2S removal (ZnO sorbent) Inlet syngas temperature (°C) 350
WGS reactors WGSHT inlet temperature (°C) 350
WGSLT inlet temperature (°C) 200
AGR unit K2COj3 concentration (wt.%) 30
Absorber pressure (bar) 25
Desorber pressure (bar) 15
Lean solvent loading (—) 0.3
Syngas inlet temperature (°C) 122
CO; storage Compressor type, storage pressure (bar) 3-stage, 100 bar
Gas turbine Pressure ratio 15
Combustor pressure loss (% of inlet) 4
TITmax (°C) 1230
Compressor polytropic efficiency (—) 0.90
Turbine isentropic efficiency (—) 0.88
Flue gas temperature at the GT exit (°C) 550
HRSG Flue gas temperature to the stack (°C) 75
HP/RH/LP levels (bar) 110/30/4.2
HP turbine inlet temperature (°C) 520
Minimum temperature approach in HRSG (°C) 20
Steam turbine Isentropic efficiency, all stages (—) 0.82
Condenser pressure (bar) 0.06
MeOH synthesis MeOH synthesis temperature/pressure (°C/bar) 234/52.5
Unreacted syngas recirculation rate (%) 60
H2/CO ratio at reactor inlet (—) 25
GHSV (h) 4000
MeOH product purity (wt.%) >99.0
Heat exchangers Minimum temperature approach, gas/liquid (K) 10
Minimum temperature approach, gas/gas (K) 20
Compressors Polytropic efficiency (—) 0.8
Intercooling temperature (°C) 35
Pumps Pump efficiency (-) 0.78
Expanders Isentropic efficiency () 0.88
Other Pressure drop* (as % of inlet pressure) 1
Mechanical efficiency for compressors, pumps etc. (-) 0.99
Generator efficiency (—) 0.98

*considered for all heat exchangers and reactors
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Different thermodynamic property methods were used for the process simulation in Aspen Plus. The general
property method applied was Peng-Robinson with Boston—Mathias alpha function (PR-BM), while MeOH
synthesis was modelled with RKS method. In addition, STEAMNBS was used for the water/steam properties.
Furthermore, the electrolyte-NRTL model with the SRK EOS was applied for modeling the hot potassium
carbonate process. Finally, the effect of the following parameters was investigated in the context of the present
investigation:

e STBR: In Scenario I, the steam-to-biomass ratio defined as the ratio between the total H,O (steam and
biomass moisture) mass flow rate to the mass flow rate of dry biomass into the gasifier was adjusted to
values of 0.60, 0.87 (base-case Scenario I) and 1.09. Those values cover the wide operation range of the
IGT pressurized gasifier [318]. In the section of results, these are described as Scenarios I-LS, I-MS and I-
HS, respectively. An STBR value of 0.87 was kept constant in Scenarios Il and IlI.

e COg; capture rate: In Scenario 1, the CO; capture rate was varied with values of 50, 70 and 90% (base-case
Scenario I1). In the section of results, these are described as Scenarios 11-50%, 11-70% and 11-90%,
respectively.

e Syngas split to MeOH synthesis: In Scenario 111, the split fraction of syngas flow rate for MeOH synthesis
to the syngas flow rate to the GT combustor downstream of the AGR unit was varied with values of 25%
and 50%. In the section of results, these are described as Scenarios 111-25% MeOH and 111-50% MeOH
(base-case Scenario I1), respectively.

7.2.2  Performance indices and exergy analysis methodology

Regarding gasification performance and operation, definitions for the main indices, namely STBR, /, CGE and
CCE have been presented in Chapter 1. In this study, the energy efficiency of the BIGCC configurations is
calculated on a LHV basis as shown in Equation 7-4

_ MyeonLHVieon + Peinet

- Equation 7-4
mbiomLHVbiom

n

where Py ¢ 1S the net electric power (MW), 1,0, is the biomass mass flow rate (kg s?), LHVy;om, the LHV
of biomass (MJ kg?), 105 the mass flow rate of CH3OH product (kg st) and LHVy,op is the LHV of CH;OH
(MJ kg?). The net electric power is calculated as

Pel,net = Pel,net,GT + Pel,SC + Pel,ex - Pel,comp - Pel,pumps Equation 7-3

However, energy balances do not provide information about the internal losses of a process. In addition, they
treat all forms of energy as equal without differentiating the quality of different energy flows which are
exchanged across the system boundaries. In order to achieve this differentiation, it is necessary to include the
2" Law of Thermodynamics in the analysis and introduce the term “exergy”. Exergy is the maximum work that
can be produced when a material or heat stream is brought to equilibrium relatively to a reference environment.
This reference environment is made of specific chemical species and it has constant temperature and pressure
(reference conditions). An exergy balance for a single process or a whole plant shows us how much of the usable
work input (exergy) provided to the process is consumed by the process itself. This “consumed exergy” is
described as irreversibility (I).

The exergy of a material stream, E; (W), comprises four (4) terms and it is defined as
Ei = Ei,k + Ei,p + Ei,ph + Ei,ch Equation 7-6

where E . is the kinetic exergy, E;, the dynamic exergy, E;,, the physical exergy and E; o, the chemical
exergy. In the framework of this investigation, the kinetic and dynamic exergy terms are considered negligible
and exergy is calculated as the sum of physical and chemical exergy terms as in Equation 7-7
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E; = Ni(eipn + €icn) Equation 7-7

where e; ,, is the specific physical exergy (J mol?), e; ., the specific chemical exergy (J mol™) and N is the
total molar flow rate (mol s2).

The specific (molar) physical exergy e; ,, of a material stream is calculated with respect to the reference
conditions as

eipn = (hi —ho) — To(s; — so) Equation 7-8

In Equation 7-8, h; is the enthalpy (J mol?) and s; the entropy (J mol! K*) of a stream i at the current
thermodynamic state, while h, and s, are the enthalpy and entropy at reference conditions. In this work, the
reference conditions for exergy calculations were defined as (T,, Py)=(298 K, 1 bar). Moreover, the specific
chemical exergy e; ., of a gas stream equals the sum of the exergy of its k components reduced by the
compression work as shown in Equation 7-9

€ich = Z Xreor + RTo Z xpIn(xy) Equation 7-9
k k

where x;, is the mole fraction and e, the specific chemical exergy of a species k in the mixture at reference
conditions (J mol?), while R denotes the ideal gas constant (8.314 J mol* K). The second term of the right-
hand part in Equation 7-9 is always a negative number, which means that the chemical exergy of a
multicomponent mixture is always smaller than the sum of exergy values of its individual species at the specified
temperature and pressure. For the same reference conditions as those used in this work, the values of e, ; were
taken from tables available in [331]. Moreover, it has been assumed that the ambient temperature is the same as
the reference temperature for the exergy calculations. Thus, no correction of chemical exergy values is
necessary.

For liquid mixtures, chemical exergy is calculated according to the generalized Equation 7-10.

€ich = Z Xreor + RTo Z xpeIn(yixy) Equation 7-10
k k
The activity coefficients y,, are generally different than unity for real solutions, while they are always equal to
unity in an ideal solution. In the latter case, Equation 7-10 can be simplified and converted to Equation 7-9,
which has been also adopted in this study.

The values required to calculate the exergy of each material stream (enthalpy, entropy, molar fraction and molar
flow) are calculated within the model developed in Aspen Plus. To calculate the reference enthalpy and entropy,
transfer blocks were used to reproduce all process streams and their copies were linked to “heater” modules
adjusted for the reference conditions (T,, Py). Nevertheless, the calculation of solid fuel exergy (biomass)
requires a different methodology as discussed next. According to Szargut et al. [332, 333], the specific chemical
exergy of biomass &.p, piom (MJ kg™) can be calculated as

ecnpiom = B(LHVpiom + winhy) Equation 7-11

where LHV};,,, is the lower heating value of biomass (MJ kg), w,,, is the biomass moisture content (wt.%) and
h,, is the enthalpy of water evaporation (2.442 MJ kg?). The coefficient B is derived through statistical
correlations and it depends on biomass composition. For woody biomass, which was the case in this
investigation, it is calculated according to Equation 7-12.

H 0 H N
;- 1.0412 +0.216 7 — 0.2499 = (1 + 0.7884 ) + 0.045 = Equation 7-12
1030352
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The terms (%) (%) and (%) describe the mass ratios of H, C, O and N in biomass. A review of available
correlations for the calculation of biomass chemical exergy can be found in [334].

The exergy balance equation for a process is given in Equation 7-13 and it was applied to calculate process
irreversibilities I.

z E] + Z E’?m + Z EY = Z Er + Z Egout + Z EY +1 Equation 7-13
in in in

out out out

The terms ¥, E; and ¥, Ej, denote the total exergy flow of inlet and outlet material streams in the process,

respectively. The terms Y,;,, EY and )., EY express the exergy of mechanical power supplied and produced in
the process, respectively (equal to the mechanical power itself). The total exergy flow of inlet and outlet heat

stream to the process are described as Y, E?in and Yot E;?O " respectively. Particularly, the exergy of a heat
stream Q to or from the process is calculated according to Equation 7-14 [335]
To

E=Q (1 - ?) Equation 7-14

where T is the temperature that the heat stream is available (K).

The exergy efficiency ¢ of the BIGCC plant is described by Equation 7-15

m e +P i
e = MeOH€MeOH el,net Equation 7-15

mbiomech,biom + Eair,ASU + Eair,GT + Ew

where ey is the specific chemical exergy of CHsOH (MJ kg?), Eg;r sy 1S the exergy flow of air supplied to
the ASU (MW), E;, g7 is the exergy flow of air supplied to the GT (MW) and E,,, is the exergy flow of make-
up water to the plant (MW).

Finally, the exergy efficiency of a subsystem k of the plant is defined as

I .
fe=1-— Equation 7-16
E

where I, is the irreversibility of the process and E}" is the total exergy flow into the process.

7.3 Results and discussion

7.3.1 Gasification performance, syngas composition and conditioning

As the thermochemical conversion step is a core part of the process, the gasification results, as derived by the
Aspen Plus simulation, are firstly discussed. The variations of STBR in Scenarios I-LS and I-HS corresponded
to a change of the base-case value by -25% and +25%, respectively. It was found that the STBR reduction
decreases the H,, CO, and CH, concentration in syngas, while it causes an increase in the CO concentration.
From Figure 7-4, it can be seen that the STBR change has a more notable effect on CO and CO, rather than Ha.
On the other hand, it was found that the CH,4 content is weakly correlated with STBR. Its high composition in
syngas (> 10 vol.%) can be attributed to the high gasification pressure of the IGT fluidized-bed gasifier.
According to the experimental measurements of Evans et al. [318], an increase in STBR within a range of 0.69
to 1.44 led to an increase in the percentages of H, and CO,, while the levels of CO and CH. were reduced.
During their original campaigns, it was suggested that the WGS reaction is favored under conditions of excess
H.0 in the gasifier, resulting in a simultaneous increase in CO; and a decrease in CO concentration. In all cases,
there was still an increase in the H.O content in syngas due to incomplete consumption of the gasification agent,
leading to an accumulation in the raw product gas. The composition values for the CO, Hz, CO; and CH,
constituents as predicted by the Aspen Plus model are in agreement with the values in [318] for the gasification
of woody biomass with H,O/O, mixtures (CO: 10-20 vol.%, H.: 15-35 vol.%, CO,: 35-40 vol.%, CH4: 13-18
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vol.%). The trends are also in agreement with the experimental data published by Turn et al. [336], who
attributed the effects of higher STBR values to the WGS and steam reforming reactions. Differences compared
to the latter study (e.g. increased CO, concentration in syngas) can be attributed to the presence of the oxidative
agent in the present work for autothermal gasification.

STBR @0.65 m0.87 ©1.09 a] m
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S 80 -
g 0.25
S & 75 1 ~
2 ul 020 =
s O 70 -
8
g 65 | 0.15

: 60 0.10
H, co co, CH, H,0 I-LS I-MS I-HS

Figure 7-4: (Left) Effect of STBR on raw syngas composition (db apart from H>O) and (Right) effect of STBR
on A and CGE for Scenarios I-LS (low STBR), I-MS (medium STBR) and I-HS (high STBR).

At this point, it is worth commenting on some parameters related to the downstream treatment and utilization
of the syngas produced. At temperatures above 800 °C, the following four reactions can lead to carbon
deposition and catalyst deactivation.

C,H,, = nC(s) + %HZ R7-8
CnH;, — olefins — char R7-9
CH, © C(s) + 2H, R 7-10
CH, < C(s) + 2H, R7-11

The ratio H,0/C,.r expresses the ratio of HO molar flow rate to the molar flow rate of C in the carbon-
containing compounds in syngas, which are subject to steam reforming reactions. Particularly, it may be
expressed for the compounds CH., C2Ha, C2Hg, CsHs and C1oHs of the present model as

H,0 NH,0

Cref  Tich, + 2nig,n, + 2c,n, + 67ic 1, + 10n¢, 1y R7-12
Protection of the catalyst downstream of the gasifier requires a ratio of H,0/C,.r > 4, according to experimental
tests by Kaisalo et al. [323]. As noted in that work, the formation and deposition of carbon depends on additional
factors such as the ratio of oxygen-to-carbon, the composition of hydrocarbons in syngas and the type of catalyst.
For Scenarios I-LS (STBR = 0.65), I-MS (STBR = 0.87) and I-HS (STBR = 1.09) of the present work, the ratio
H,0/Cyer in the synthesis gas was found to be 3.4, 4.8 and 5.9, respectively. Although in no case did
thermodynamically solid C(s) formation occur within the model reforming unit, the STBR parameter was fixed
at 0.87 in all cases of Scenarios Il and Ill. In addition, for scenarios considering cogeneration of MeOH
(Scenarios 111-25% MeOH and 111-50% MeOH), the H,/CO ratio is required to be greater than 2. When
increasing the STBR parameter from the minimum (I-LS) to the maximum value (I-HS), the ratio increases
from 1.25 to 1.84. These values are particularly high compared to gasification solely with O,. Thus, this
technology is appropriate in cases where syngas utilization for catalytic synthesis through hydrogenation
reactions is foreseen. The minimum H,O/CO molar ratio for the WGS section is required to be greater than 2
and it is typically recommended to operate with a ratio even 50% higher than the minimum value [337]. The
gasification parameters selected in this work lead to a H,O/CO ratio of 2.4 upstream of the WGSHT reactor in
all cases of Scenarios Il and I1l.
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Furthermore, the effect of STBR on gasification efficiency and O, consumption can also be observed in Figure
7-4. For all scenarios, high CGE values over 75% were calculated and a maximum value of 79.9%. However,
an increase in STBR causes a decrease in CGE. This outcome indicates that operation of H,O/O, gasification
with reduced H2O supply is beneficial in terms of energy conversion efficiency. This is similar to the outcome
of operating allothermal gasification at higher STBR values [70]. An explanation is that as the steam ratio
increases, so does the thermal energy requirement to maintain the gasification temperature. During conditions
of high STBR operation, heat is consumed to heat the inert steam which is not consumed in the process. This
can be verified by the A increase as the steam flow rate increases: the necessary amount of O, agent increases
to maintain gasification temperature at 900 °C.

7.3.2 Comparative energetic assessment of BIGCC configurations

The basis for the energetic and exergetic assessment was the detailed simulation of BIGCC configurations.
Based on the simulation results, it was possible to obtain mass and energy balances and determine process
stream properties. Selected results illustrating the thermodynamic state and composition of syngas, flue gas and
other process streams are presented in Table 7-4, Table 7-5 and Table 7-6. Mass flow rates of all process streams
are given divided by the mass flow of dry biomass (DB) entering the process.

Table 7-4: Selected process stream results of Scenario | (LS, MS and HS denote low, medium and high STBR
cases, respectively).
m

i T P H: CcO CO2 CHs4 H2O (OF) N2 C2+ HCs
(-) (°C)  (bar) Concentration (mol.%)

A I-LS 2.04 900 29.00 16.28 13.01 20.69 9.07 35.07 0.00 4.97 0.50
I-MS 2.27 900 29.00 15.23 9.83 1992 7.95 41.87 0.00 441 0.44
I-HS 2.50 900 29.00 14.03 7.61 19.02 7.09 4758 0.00 3.97 0.39

B I-LS 2.16 909 2871 2596 1947 16.69 234 30.88 0.00 4.61 0.00
I-MS 2.39 909 28.71 2447 1556 16.87 2.09 36.81 0.00 4.15 0.00
I-HS 2.63 909 2871 2291 1268 16.72 1.89 41.97 0.00 3.79 0.00

C I-LS 2.16 200 21.00 2596 1947 16.69 234 30.89 0.00 4.61 0.00
I-MS 2.39 200 21.00 2447 1556 16.87 2.09 36.82 0.00 4.15 0.00
I-HS 2.63 200 21.00 2291 1268 16.73 1.89 41.97 0.00 3.79 0.00

D I-LS 8.57 75 1.01 0.00 0.00 7.34 0.00 12.63 1247 66.70 0.00
I-MS 8.38 75 1.01 0.00 0.00 7.57 0.00 1520 11.82 64.59 0.00

I-HS 8.18 75 1.01 0.00 0.00 7.80 0.00 1793 11.13 62.34 0.00
A: Gasifier outlet, B: Catalytic autothermal reformer outlet, C: Syngas inlet to GT, D: Flue gas from HRSG

Figure 7-5 depicts the electric power balance considering the GT, steam turbine island and total electric power
consumption of plant components, while in Figure 7-6, the breakdown of the electricity self-consumption of
each scenario is analyzed. Firstly, Scenario | variants show a slight increase in GT power generation (including
upstream syngas expansion) due to the increased syngas flow rate as STBR increases (see Table 7-4). On the
other hand, the generated electric power in the SC decreases, since as STBR increases, so does the demand of
steam from the gasifier, which is provided through extraction from an intermediate steam turbine pressure level.
Moreover, the total power consumption within the BIGCC plant increases from Scenario 1-LS to Scenario I-
HS. As the demand for O in the gasifier increases (higher A value), so does the ASU consumption, as well as
the pumps’ power consumption in the SC. ASU occupies the largest share of total power consumption in
Scenario | by far, accounting for a share of 85%. The specific power consumption to produce pure O in the
present work was found to be 1.14 MW, (kg-O2 s*). This value is slightly higher than the reference cryogenic
air distillation units, which is ca. 1.0 MW, (kg-O s*)* [338]. Reductions in ASU power consumption can occur
through optimization of operating conditions and extraction of compressed air from the GT (ASU-GT
integration), as described by Jones et al. [322]. In addition, the low-enthalpy heat discharged through
intercooling between the ASU compressors in the present model can be recovered. In this case, an ORC unit
can convert part of the recovered heat into electric power, thereby reducing ASU consumption by an estimated
10% [321].
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Table 7-5: Selected process stream results of Scenario Il (percentages in different cases denote the CO;
capture rate).

m T P H, CO CO: CHs HO 02 N2
/Mpg
(=) (°C) (bar) Concentration (mol.%)

A 11-50% 2.39 909 28.71 24.47 15.56 16.87 2.09 36.81 0.00 4.15
11-70% 2.39 909 28.71 24.47 15.56 16.87 2.09 36.81 0.00 4.15
11-90% 2.39 909 28.71 24.47 15.56 16.87 2.09 36.81 0.00 4.15

B 11-50% 2.39 350 27.58 24.47 15.56 16.87 2.09 36.82 0.00 4.15
11-70% 2.39 350 27.58 24.47 15.56 16.87 2.09 36.82 0.00 4,15
11-90% 2.39 350 27.58 24.47 15.56 16.87 2.09 36.82 0.00 4.15

C 11-50% 2.39 200 26.76 34.81 5.22 27.21 2.09 26.47 0.00 4.15
11-70% 2.39 200 26.76 34.81 5.22 27.21 2.09 26.47 0.00 4.15
11-90% 2.39 200 26.76 34.81 5.22 27.21 2.09 26.47 0.00 4.15

D 11-50% 2.09 122 25.45 45.91 0.80 37.05 2.44 8.92 0.00 4.85
11-70% 2.09 122 25.45 45.91 0.80 37.05 2.44 8.92 0.00 4.85
11-90% 2.09 122 25.45 45.91 0.80 37.05 2.44 8.92 0.00 4.85

E 11-50% 1.25 134 25.00 57.16 0.97 23.09 2.47 10.27 0.00 6.04
11-70% 0.90 133 25.00 64.29 1.08 15.59 2.53 9.72 0.00 6.79
11-90% 0.54 163 25.00 73.84 1.24 5.97 2.62 8.52 0.00 7.80

F 11-50% 1.58 200 21.00 50.00 0.85 20.19 2.16 8.92 0.04 17.83
11-70% 1.47 200 21.00 50.00 0.84 12.12 1.97 7.48 0.07 27.52
11-90% 1.37 200 21.00 50.00 0.84 4.04 1.78 5.67 0.10 37.57

G 11-50% 8.60 75 1.01 0.00 0.00 4.27 0.00 12.52 12.46 69.89
11-70% 7.92 75 1.01 0.00 0.00 2.79 0.00 12.28 12.46 71.61
11-90% 7.38 75 1.01 0.00 0.00 1.27 0.00 11.97 12.46 73.43

A: Catalytic autothermal reformer outlet, B: WGSHT reactor inlet, C: WGSLT reactor inlet, D: Absorber column inlet
(syngas), E: Absorber column outlet (syngas), F: Syngas inlet to GT, G: Flue gas from HRSG

Table 7-6: Selected process stream results of Scenario 111 (percentages in different cases denote the syngas
split for MeOH cogeneration).

m
/mpg T P H2 co CO; CHs4 H0 O, N2 CH3OH
(=) (°C)  (bar) Concentration (mol.%)

A 111-25% 239 909 28.71 2447 1556 1687 2.09 36.81 0.00 4.15 0.00
111-50% 239 909 2871 2447 1556 1687 2.09 36.81 0.00 4.15 0.00

B 111-25% 072 350 2758 2447 1556 16.87 2.09 36.82 0.00 4.15 0.00
111-50% 0.72 350 2758 2447 1556 1687 2.09 36.82 0.00 4.15 0.00
C 111-25% 168 350 2758 2447 1556 16.87 2.09 36.82 0.00 4.15 0.00
111-50% 1.68 350 2758 2447 1556 16.87 2.09 36.82 0.00 4.15 0.00
D 11-25% 1.82 122 2545 3790 1713 2745  2.87 8.89 0.00 5.71 0.00
111-50% 182 122 2545 3790 1713 2745 2.87 8.89 0.00 5.71 0.00
E 111-25% 0.76 124 25.00 55.04 24.15 2.00 2.95 7.56 0.00 8.30 0.00
111-50% 0.76 124 25.00 55.04 24.15 2.00 2.95 7.56 0.00 8.30 0.00
F 111-25% 0.77 200 2100 50.00 2131 2.11 3.22 6.20 0.03 17.06 0.07
111-50% 0.62 200 21.00 50.00 20.37 2.56 4.02 5.19 0.02 17.65 0.19
G 11-25% 029 234 5250 5549 2201 3.12 4.97 0.09 0.00 14.05 0.27
111-50% 0.58 234 5250 5549 22.02 3.12 4.97 0.09 0.00 14.04 0.27
H 111-25% 029 234 5250 4043 1250 4.18 6.66 0.12 0.00 18.82 17.37

111-50% 058 234 5250 4037 1252 @ 4.17 6.66  0.15 0.00 18.81 17.34
I 111-25% 029 40 1.20 0.00 0.00 0.53 0.02 0.00 0.00 0.01 99.43
111-50% 0.17 40 1.20 0.00 0.00 0.53 0.02 0.00 0.00 0.01 99.43
J 111-25% 560 75 1.01 0.00 0.00 3.29 0.00 8.66 13.95 73.17 0.00
111-50% 400 75 1.01 0.00 0.00 3.27 0.0 8.59 13.92 73.28 0.00
A: Catalytic autothermal reformer outlet B: WGSHT reactor inlet, C: Bypass syngas stream of WGSHT, D: Absorber
column inlet (syngas), E: Absorber column outlet (syngas), F: Syngas inlet to GT, G: MeOH reactor inlet, H: MeOH
reactor outlet, I: MeOH product stream, J: Flue gas from HRSG
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Figure 7-5: Electric power generation and consumption balance of Scenarios | (gasification steam amount
variation), Il (CO; capture rate variation) and Il (MeOH cogeneration rate variation).

The variants of Scenario Il show a decrease in the power output of the GT, which is due to a reduction in the
syngas supply to the combustor (see Table 7-5). In addition, the power in the SC is significantly reduced, as the
CO; desorption reboiler requires a significant amount of thermal power in the form of saturated steam. By
increasing the CO, capture rate from 50% to 70% and then 90%, the heat duty requirement for solvent
regeneration accordingly increases. Moreover, the total electricity consumption increases with increasing the
CO; capture rate. As CO; capture increases, the product gas becomes richer in H, (even > 70 vol.% Hy). In order
to respect the maximum allowable H; content upstream of the GT, an increased N, supply for syngas dilution
is necessary. This limitation increases the power consumption of N> compressors downstream of the ASU.
Furthermore, an increase in the CO- capture rate also results in an increase in the desorber off-gas flow rate for
storage, which induces a higher power consumption of the CO, compressors. For a fairer comparison between
different BIGCC-CCS scenarios in the present work, it was assumed that the lean loading into the absorption
column was constant in each case (a = 0.3), as were the column stages. Therefore, as the required CO- capture
rate increases, so does the ratio of the liquid solvent to the syngas flow rate (L/G). Thus, there is also an increase
in the required pump power, as it is necessary to circulate a higher flow rate of the K,CO; aqueous solution
from the desorber to the absorber. Finally, the ASU's electricity consumption, as a share of the total plant power
consumption, ranges from 33 to 48%, from 15 to 23% for N> compressors and from 28 to 35% for the CO;
compressors (CCS unit).

From Figure 7-6 it can be observed that the CCS power consumption for the case 11-90% is greater than that of
Scenario 111 (both cases), in which CO; capture is fixed at 95%. In Scenario 11, there is a two-stage WGS process
upstream of the absorption column with the aim of increasing the carbon capture in the BIGCC plant. In Scenario
111 though, a single WGSHT reactor is implemented to adjust the ratio between H, and CO, so that syngas can
be converted to MeOH. Based on this criterion, the mass flow rate to the WGS unit is also adjusted, while the
remaining syngas flow bypasses the WGS reactor. As a result, the total CO, mass flow at the absorber inlet
significantly varies between the two cases.

142



Chapter 7: Energy and exergy analyses of a gasification plant for power/MeOH cogeneration with CCS

ASU @ N, compression & CO, capture

B CO, storage SC pumps m MeOH synthesis
14

12

2z

10

\
\
\

B

8 P2

Electric power (MW)

I-LS I-MS I-HS 11-50% 11-70% 11-90% 11-25%  111-50%
MeOH MeOH
Figure 7-6: Electricity consumption per process of Scenarios I (gasification steam amount variation), 11 (CO-

capture rate variation) and 111 (MeOH cogeneration rate variation).
The energy efficiency of the various BIGCC configurations is shown in Figure 7-7. The results indicate that

achieving high energy efficiency is feasible in BIGCC plants integrated with a hot gas cleanup system and
biomass drying. As expected, Scenario | has the highest energy efficiency due to the lack of a CCS unit.
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Figure 7-7: Energy efficiency comparison for BIGCC configurations of Scenarios | (gasification steam
amount variation), Il (CO; capture rate variation) and Il (MeOH cogeneration rate variation).
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The gradual increase in STBR reduces the plant efficiency by 1.8 percentage points, while a significantly lower
energy efficiency compared to the reference non-CCS scenario can be noted for Scenarios 11-50%, 11-70% and
11-90%. For CO; capture of 50, 70 and 90%, the energy efficiency declines by 6.5, 9.0 and 11.5 percentage
points, respectively. In the case of electricity and MeOH cogeneration, energy efficiency is improved compared
to Scenario Il. As the syngas split ratio for MeOH synthesis increases from 25% to 50%, the BIGCC plant
energy efficiency increases by 3.5 percentage points, only slightly below the values of Scenario 1. Power and
methanol energy efficiencies are 29.91% and 10.02% for Scenario Illa, respectively, and for 1llb 23.33% and
20.04%.
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Regarding the MeOH synthesis unit, the CO conversion in the catalytic reactor was found to be 57.5%. On the
other hand, the equilibrium MeOH reactor predicted a theoretical maximum CO conversion for the given
conditions at about 65.8%. Experimental measurements for the conversion of CO-rich syngas to MeOH over a
Cu/ZnO catalyst have been published by Inui et al. [339] and Yang et al. [330]. Inui et al. [339] found that the
conversion efficiency of CO can reach up to 60% at 80 bar, GHSV values in the range 18,000-38,000 h?
(significantly higher compared to the present work) and a temperature of about 250 °C. Yang et al. [330] reported
that the maximum CO conversion (~ 50%) occurs at temperatures between 240-250 °C for GHSV = 4000 h,
Differences between tests influence the final results, such as the H,/CO and CO/CO; ratios in each study and
the specific catalyst type. The kinetic model used in this work can be considered reliable under the specified
operating conditions in the context of a process modeling study. However, a sensitivity analysis would be useful
in order to verify its accuracy for variable process conditions (syngas composition, temperature, pressure, GHSV
etc.).

7.3.3 Comparative exergetic assessment of BIGCC configurations

Figure 7-8 shows a comparison of exergy efficiency among the BIGCC configurations. The highest exergy
efficiency was found for Scenario I-LS (38.35%). In Scenario I, exergy efficiency decreases with increasing
the CO, capture rate. Between the base-case Scenarios 1-MS and 11-90%, an exergy efficiency decline by 9.4
percentage points was found. It is worth noting that the integration of the hot potassium carbonate process seems
to marginally mitigate the exergy efficiency reduction of the BIGCC-CCS configuration compared to Selexol
technology (reduction 9.6 percentage points) and more significantly compared to the integration of post-
combustion chemical absorption with MEA (13 percentage points) [306]. Moreover, it must be noted that in the
present work, a simplified CO, absorption process was modelled.
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Figure 7-8: Exergy efficiency comparison for BIGCC configurations of Scenarios | (gasification steam
amount variation), 1l (CO; capture rate variation) and 111 (MeOH cogeneration rate variation).

The model comprised an absorption column, desorption column and pump for solvent circulation, and it was
assumed that the total flow is regenerated in the desorber before it is pumped to the absorber. Optimization of
operating conditions or alternative configurations (e.g. UOP LoHeat™ technology for Benfield units) can
induce further reduction in reboiler heat consumption. Implementing innovative desorption processes, such as
crystallization, can greatly reduce the specificity heat consumption required for solvent regeneration even below
1.5 MJ kg* CO; according to Zhang et al. [340]. Moreover, as shown in Chapter 6, operation of desorber under
vacuum conditions (400 mbar) or the utilization of PZ as a promoter can further reduce the specific heat
consumption calculated here (~ 2.25 MJ kg CO,) by approximately 20%. Finally, in contrast with the energy
efficiency results, Scenario 111-50% MeOH achieves higher exergy efficiency compared to the reference
Scenario 1-MS.

In order to identify the processes that contribute more to the total exergy destruction (as well as exergy losses
with waste streams) of the BIGCC plants, detailed exergy balances for all components and scenarios were
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carried out. Figure 7-9 presents the exergy balance results for the base-case Scenarios I, 11 and I11, as well as the
distribution of the total exergy destruction to the plant components/processes. It can be observed that the
cogeneration of MeOH decreases the share of exergy destruction in the BIGCC plant. This is expected because
the exergy efficiency of a biomass-to-MeOH process exceeds the exergy efficiency of an electricity-only
BIGCC plant [314]. It is therefore possible to achieve a reduction of the exergy destruction share by ca. 9
percentage points compared to the base-case Scenario 11-90%. Moreover, it can also be noted that the major
exergy losses from the plant are due to flue gas emissions, CO- effluent to storage (accounted as product in
certain studies) and the waste Ny-rich stream from the ASU.

As seen in the exergy destruction diagrams, a grouping of certain processes has been performed to simplify the
presentation of the results and comparisons among them. The largest exergy destruction is located in the GT of
the BIGCC plant for Scenarios | and Il, with shares of 45% and 40% of total exergy destruction, respectively.
The significant contribution of the GT is mainly caused by the combustion process, since the efficiency of the
compression and expansion components is significantly higher [341]. A reduction of the exergy destruction
penalty in the GT can be achieved by increasing the maximum TIT, which was considered low (1230 °C) in the
present study. This decision was based on the fuel nature and in line with values from [306] for an SGT-600
gas turbine. The gasification unit is the second largest source of exergy destruction for the electricity-only
BIGCC configurations, while it becomes the major one when electricity and MeOH are cogenerated. For the
BIGCC plants without CCS technology, the steam turbine island and the hot gas purification and heat recovery
system along the syngas path account for about 5% each of the total exergy destruction in the plant. Their
contribution decreases in the variants of Scenario |1, since CO- capture induces a more significant penalty in the
CCS unit. The exergy destruction share for the baseline BIGCC plant with 90% CO capture is in the order of
10%, while taking into account the exergy losses with the CO, stream to storage, the overall exergy destruction
percentage on the basis of incoming exergy is 14%, a value slightly lower than CO, absorption by Selexol
process [306].

When comparing Scenarios I-LS, I-MS and I-HS, it can be concluded that an increase in the value of STBR
leads to an increase in exergy destruction of the gasifier and the hot syngas cleanup system. This higher exergy
destruction at the gasification stage is associated with the dilution of the product gas with the H.O agent and
with the increased exergy input required to complete the gasification process. A significant exergy destruction
(2.5-3.2 MW) was calculated for the high-temperature heat exchanger downstream of the reforming unit.
Among Scenarios 11-50%, 11-70% and 11-90%, it can be noted that increasing the CO- capture rate from 50% to
90% causes a two-fold increase of the exergy destruction ratio of the CCS unit. Interestingly, the exergy
destruction ratios in the HRSG and ASU are relatively small (< 5% of total). The highest exergy destruction
ratio of ASU for Scenario Il compared to Scenario | can be attributed to the relatively smaller thermal power
transferred to the bottoming cycle and the increased power consumption of N> compression unit. Particularly,
large exergy efficiency values exceeding 97% were calculated for the HRSG. This is consistent with the HRSG
efficiency reported by Atsonios et al. for a combined-cycle plant fuelled with H, [342]. On the other hand, the
exergy efficiency of the ASU was found to be low (ca. 58%). The exergy destruction in the MeOH synthesis
unitwas equal to 0.7 MW (Scenario 111-50% MeOH), which is much smaller compared to the exergy destruction
in the gasification section (29.4 MW). In Scenario 111-50% MeOH, the exergy destruction values for the AGR
and CO. compression sections of the CCS unit are 4.9 and 1.3 MW, respectively. The exergy efficiency of the
gasifier in this work was ca. 82%, slightly lower than that of allothermal gasification at ambient pressure and
low-to-moderate STBR [343].
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Figure 7-9: (Left column) Overall exergy balance of BIGCC base-case Scenarios I-MS (top/left), 11-90%
(middle/left) and 111-50 % MeOH (bottom/left) with respect to the total exergy input. (Right column) Exergy
destruction distribution per process for Scenarios I-LS, I-MS, I-HS (top/right), Scenarios 11-50%, 11-70%, I1-
90% (middle/right) and Scenario I11-50% MeOH (bottom/right).
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7.3.4 CO; purity aspects for CCS application

An important aspect related to the transportation of the off gas from the AGR unit through pipelines (as part of
a CCS system) is the composition of the CO; stream. Its quality and specifications are associated with technical
and economic implications as noted in [344]. Therefore, it is considered useful to identify the feasibility to
integrate the proposed AGR unit with a broad CCS scheme/network. The Dynamis study has provided allowable
specifications for the CO2-rich off gas, taking into account various constraints such as safety and toxicity limits,
infrastructure durability and transport efficiency [345]. A comparison of the off gas quality as derived from the
present study (Scenario 11-90%) and the Dynamis study pipeline specifications is shown in Table 7-7.

Table 7-7: CO, stream composition compared to specifications from the Dynamis study [345].

Component Simulation results Dynamis specification
CO2 96.9 vol.% > 95.5 vol.%
H20 3000 ppmv < 500 ppmv
H.S 25 ppmv < 200 ppmv
CoO 816 ppmv < 2000 ppmv
CH4 2.3 vol.% < 4.0 vol.%
Non-condensable gases <3vol.% <4.0vol.%

It can be noted that the compressed CO, stream satisfies the pipeline specifications apart from the moisture
content, which was found to exceed the Dynamis limit. Therefore, further cooling of the desorber effluent prior
to the compressors could be a solution to reduce the H,O content. In addition, the low H,S content can be
attributed to the in-bed desulfurization and the low sulfur content in wood. However, it is expected that further
off gas treatment may be necessary for high-sulfur biomass, when no desulfurization occurs upstream of the
AGR unit (either in-bed or through guard bed system downstream of the gasifier).

7.4 Conclusions

In this chapter, energy and exergy analyses of various biomass-fuelled IGCC configurations were presented,
aided by process modeling in Aspen Plus software. Emphasis was put on the integration of hot syngas cleanup
processes and CO, capture at high temperature and pressure conditions via aqueous K,COjs solutions (pre-
combustion capture). For the BIGCC-CCS plant and in the direction of partial independence from electricity
price fluctuations, MeOH cogeneration by using up to and 50% of the product gas was investigated. Regarding
the gasification process, a higher STBR value decreased the gasification efficiency and increased the required 4
for the autothermal process due to steam dilution of the syngas mixture. Although the lowest STBR value is
preferable in terms of process efficiency, a compromise is necessary in order to ensure the required excess steam
in syngas. This is necessary for the operation of the downstream catalytic tar reformer and WGS reactors in the
IGCC-CCS scenarios. For the cases without CCS application, it was found that the combination of biomass
gasification with O./H,O mixtures, hot gas purification and biomass drying can provide a high energy efficiency
for power generation (> 46%).

An overwhelming share of the total electric consumption within the plant is occupied by the ASU, which
significantly declines though when CCS is applied. In the latter case, the shares of N> compression for syngas
dilution and CO, compression for storage become comparable to that of ASU for 90% CO. capture. Pre-
combustion chemical absorption technology via K,COjz solutions induces an energy efficiency penalty in the
range of 6.5-11.5 pct. points, depending on the CO- capture rate. This exergy efficiency penalty is found to be
similar and slightly lower than physical absorption through Selexol technology and significantly lower
compared to BIGCC-CCS plants with post-combustion capture with MEA. For the BIGCC-CCS cases where
MeOH and power are cogenerated, the overall energy efficiency approached the efficiency results of the
electricity-only BIGCC configurations without CCS. A substantial decrease of exergy destruction was found
for the MeOH/electricity cogeneration scenarios in the order of 9 pct. points compared to the reference BIGCC-
CCS configuration. The GT and gasifier contribute to the greatest extent to the total exergy destruction in the
BIGCC configurations. For the electricity-only BIGCC-CCS scenarios, it was found that the CCS unit is
responsible for 5-10% of the total exergy destruction depending on the capture rate, while it is ca. 8% for the
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base MeOH/electricity cogeneration scenario. The steam turbine island and syngas cleanup (including heat
recovery) of syngas follow the aforementioned processes in terms of irreversibility.
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8 Conclusions and future work

In the first section of this chapter, the main conclusions of the present thesis are summarized, followed by its
innovative aspects. In the third section, recommendations for future work are provided.

8.1 Main conclusions of the thesis

The research was carried out in two major directions in the present thesis. The first direction comprised the
experimental investigation of K,CO3 aqueous solutions and AC sorbents regarding their application for CO,
H,S, OSCs and light tar removal from syngas. The second direction comprised the thermodynamic and process
modeling of K,COs-based AGR process and its integration into an IGCC plant for power/MeOH cogeneration.
The major conclusions are summarized below.

8.1.1 Conclusions from experimental tests of solvents and sorbents

The adsorption of organic (single-OSC tests with balance gas) and inorganic sulfur (real syngas tests) onto
physically-activated carbon at elevated temperature conditions were experimentally investigated in Chapter 3,
as a mitigation measure to decrease the sulfur content in syngas when downstream catalytic synthesis takes
place. Within the investigated parameter ranges of the single-OSC adsorption tests, temperature has the most
pronounced effect on the reduction of breakthrough capacity of the model OSC (CsH4S). At the highest
temperature under study (200 °C), the AC material sustains less than 10% of its capacity measured at 100 °C.
The variation of inlet OSC concentration was also found to affect the sorbent capacity, being the second most
important parameter after temperature. Breakthrough curve steepening was also noted, attributed to higher
volume flow rate through the bed, less favorable isotherms and enhanced pore diffusion (for temperature
increase), as well as improvement of adsorption driving force (for a concentration increase). The adsorption of
the model OSC species at high-temperature conditions was found to be inhibited by the presence of moisture
even at low concentration (3 vol.%) in the gas mixture. This moisture content in the simulated gas mixture
during the lab-scale experiments resulted in a decrease of breakthrough time and capacity. This can be of major
importance when the AC guard bed is installed as a polishing step downstream of a pre-combustion AGR
process since the product gas exiting the AGR unit will not be moisture-free. The role of moisture on OSC
adsorption can be downplayed when operating at higher temperature, however, the impact of this strategy on
the OSC capacity should also be considered. On the other hand, the GHSV effect on sorbent capacity was found
to be negligible and it only affects the measured breakthrough time, which seems to agree with observations
regarding the sorption of OSCs other than C4H.S in the literature. Moreover, a statistical analysis dictated that
a Langmuir-type isotherm model describes adequately the equilibrium capacity of C4H4S.

In order to investigate the efficiency of the sorbent for sulfur removal from real syngas, pilot-scale tests were
carried out in a biomass-fuelled 1 MW EFG unit. The major contaminants in syngas were H,S and CgHs, while
organic compounds with larger molecules were almost eliminated due to the high gasification temperature
exceeding 1250 °C. The content of light hydrocarbons and tars (mainly C¢He) was found to be correlated with
the CH4 content in syngas. While direct adsorption from quenched syngas was carried out, the low sulfur content
in wood pellets can justify that only slightly lower sulfur concentrations would be measured downstream of an
AGR process. A difficulty that was encountered during the tests under real syngas produced on-site was the fact
that syngas composition variation was measured despite the replication of gasification conditions in each test.
Therefore, the utilization of a preheated buffer tank (or another solution that will avoid contaminant losses)
could be suggested to reproduce experiments with a consistent syngas composition. The tests indicated that the
sulfur capacity declined due to co-sorption effects with CgHg in syngas, particularly when the CgHs
concentration in syngas far exceeds the sulfur content. On the other hand, the specific sulfur uptake dramatically
increased when the volume ratio of H,S and CgsHs in syngas was approximately 1:1 even at high adsorption
temperatures. Overall, it can be concluded that AC materials can be utilized for syngas desulfurization from
H:S and OSCs at “warm” gas cleaning conditions downstream of an AGR process. Nevertheless, the effect of
syngas matrix and particularly, light tar species not captured in the AGR step and moisture, should be taken into
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account during process design. In the specific case that light tar species are to be converted in downstream
processes, alternative sulfur-selective materials need to be evaluated.

The absorption of CO; into aqueous K,COs solutions at high-temperature conditions was studied through
experimental tests in Chapter 4, as the (promoted—) hot potassium carbonate process was acknowledged as a
process suitable for pre-combustion AGR in gasification plants. The experimental investigation focused on pure
and promoted K,CQOj3 solvents. The first part of the study concerned CO; absorption into pure K.CO3 aqueous
solutions without promoters in a batch-type stirred reactor and the experimental data were used to successfully
validate the measurement procedure with simulation-derived results. For this comparison, a thermodynamic
model based on the electrolyte-NRTL theory was used (its development was analyzed in Chapter 6). As far as
K2COs solvents are concerned, solubility increases with a decrease in temperature or with a denser solvent. Four
different promoters glycine, MDEA, MEA and PZ were tested as additives at high-temperature conditions.
Regarding the addition of promoters, the use of PZ was found to simultaneously improve CO, solubility and
absorption rate. The use of MEA indicated benefits for both solubility and absorption rate as well, but to a lesser
extent compared to PZ. On the contrary to the former promoters, MDEA can potentially improve solubility
results when added in lower quantities, but it lowers CO; solubility at high concentration in the solution.
Considering the performance of MDEA and pure glycine addition in aqueous K>CO3 solutions, those additives
are not recommended as absorption promoters. Instead, based on the solvent screening study, the best
performing promoters during those high-temperature absorption tests, i.e. PZ and MEA, were considered for
further investigation in the framework of this dissertation.

As a next step, the absorption of CO- and light tar mixtures into pure K.CO3; and MEA-promoted K,COj3 aqueous
solutions was experimentally investigated as a follow-up study in Chapter 5. In that study, CsHs and C7Hgs were
used as model compounds. The tests were carried out in a semi-continuous absorption apparatus with gas-phase
analysis through FTIR spectroscopy. The study revealed that the addition of a small concentration of MEA in
the range of 1 wt.% has no notable impact on CO; solubility compared to the case pure K,CO; is added
exclusively in the aqueous solution. Temperature deteriorates the solubility of CO; in all solvents, however, a
more evident effect was found when increasing the MEA concentration in the promoted solution. On the other
hand, a temperature increase by 10 °C has a very small impact on the solution capacity for smaller promoter
concentrations or only K,COs;. MEA added at 5 wt.% in the solution can improve the CO; absorption rate
especially when the liquid-phase CO, concentration increases above ~0.8 mol kg. On the other hand, very low
CsHs and C7Hs capacities were measured, which can be attributed to the difference between VOC and solvent
polarities. Nevertheless, this outcome can be considered desirable when valorization of light tar species is
intended. Finally, no impact on CO; solubility was observed when tar species were added in the gas mixture.

8.1.2  Conclusions from thermodynamic and process modeling studies

Starting with the equilibrium gasification modeling (Chapter 2), a Gibbs minimization model was developed in
Aspen Plus and experimental measurements were carried out in an air-blown, wood-fuelled 3 MWy BFB
gasifier for its validation. The use of a WGS model reactor contributed to achieving a better agreement with the
experimental data, indicating that the reaction can be still active during syngas cooling. Considering only CH4
as a non-equilibrium product originating from the biomass pyrolysis step seems to be inappropriate, as the
simulation results and the experimental data were not in agreement. A modified model including C,H. formation
and the effect of WGS reaction during cooling successfully estimated the main product gas components.
Deviations when operating conditions, such as fuel and oxidant feed rates changed were also noted, which
indicates that the model cannot simulate the complex hydrodynamics of a fluidized bed gasifier. More semi-
empirical correlations involving the fuel type and gasification parameters on syngas quality need to be
implemented in order to improve the model accuracy. However, the semi-empirical equilibrium model
developed in Chapter 2 can be considered as a flexible tool for process modeling and flowsheet development.
Based on the reported results, the equilibrium model was further modified to account for the content of various
contaminants in syngas for the process modeling task of Chapter 7.

In Chapter 6, a process model for the hot potassium carbonate process was developed in Aspen Plus targeting
the simultaneous capture of CO- and H,S from coal-derived syngas (applicable to a coal-to-SNG process). The
investigation focused on the effect of additives and operating parameters on process efficiency. Particularly,
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pure Ko.CO3 and PZ-promoted aqueous solutions with varying PZ fractions were evaluated, based on the results
derived from the solvent screening tests in Chapter 4. It was shown that significant deviations between
experimental data and default electrolyte-NRTL model estimations can be expected. Thus, the adjustment of
electrolyte-NRTL parameters through experimental data regression is necessary. A regressed thermodynamic
model with experimental data for mean ionic coefficients, vapor pressure depression, solution heat capacity,
CO; and H,S solubility and PZ speciation resulted in a more accurate system description compared to the default
electrolyte-NRTL parameters in Aspen Plus. Average relative deviation for the pure K.COj3 aqueous solutions
was found to be less than 12% when only CO: is the absorbate, increasing to + 19 % for the H,S-CO,-K,COs-
H>O system (to be compared to + 84 % with default binary interaction parameters). Moreover, the average
relative deviation during the prediction of CO> solubility and PZ speciation in PZ-promoted solutions is found
to be £ 13 %. Nevertheless, further improvement of the developed model is necessary to decrease deviations to
a suggested = 10 %. The regressed electrolyte-NRTL model was implemented in detailed rate-based models
(mass/heat transfer and kinetics) in Aspen Plus to simulate the AGR process. When the process operates with
PZ-promoted solutions, similar reboiler duties to the pure K2COj3 solvents can be achieved at lower pressure of
the absorber. Increasing absorption pressure was advantageous for both promoted and pure K,CO; aqueous
solutions, which indicates its particular suitability as pre-combustion CO, capture technology. A higher lean
solvent loading for PZ-promoted solutions can counterbalance a higher heat of desorption. However, when the
lean loading exceeded values of ~ 0.42, the required L/G values sharply increased for most solvents. The
investigation of desorber pressure effect on process efficiency concluded than an elevated desorption pressure
can benefit processes with solvents with a higher PZ fraction (smaller reboiler duty increase with pressure). On
the other hand, near-ambient or even vacuum stripping is preferable for K,COj3 solutions with low heat of
desorption. Despite the fact that the H,S removal efficiency was consistently above the CO; capture level (which
was set to 95% in all cases), the sulfur content in the purified gas could not meet the requirements for catalytic
synthesis. This issue further highlights the need for a polishing process (e.g. AC in this thesis) when low sulfur
levels are to be achieved.

In Chapter 7, the AGR process of Chapter 6 was integrated in BIGCC configurations with hot gas cleaning.
Cases of power generation and power/MeOH cogeneration with CCS were evaluated and BIGCC configurations
were modeled in Aspen Plus. The simulation results were used to assess the energy and exergy efficiency, as
well as exergy destruction in different process steps. Regarding the gasification process, a higher STBR value
during O2/H,0 gasification decreases gasification efficiency and increases the required A for the autothermal
process. Although the lowest STBR value is preferable in terms of process efficiency, a compromise must be
considered as necessary in order to ensure the required excess steam in syngas for the downstream catalytic tar
reformer and WGS reactors (BIGCC-CCS scenarios). Reference BIGCC efficiencies without CCS application
exceeded 46%, with the main share of the total electric consumption within the plant occupied by the ASU. On
the other hand, when the K,CO3; AGR process is installed upstream of the GT (90% CO; capture), electric
consumption shares of N, compressors for syngas dilution and CO, compressors for storage become comparable
to that of ASU. The thermodynamic assessment concluded that, depending on the CO, capture level (50 to
90%), pre-combustion chemical absorption technology via hot KoCOs; solutions induces an energy efficiency
penalty in the range of 6.5-11.5 pct. points. In addition, the exergy efficiency penalty is similar and slightly
lower than physical absorption through Selexol technology and significantly lower compared to BIGCC-CCS
plants with MEA-based chemical absorption. A significant decrease in total exergy destruction was found for
the MeOH/electricity cogeneration scenarios in the order of 9 pct. points compared to the reference BIGCC-
CCS configuration. The greatest part of the total exergy destruction occurs within the GT and gasifier. For the
electricity-only BIGCC-CCS scenarios, it was found that the K»COs-based CCS unit (including CO:
compression) is responsible for 5-10% of the total exergy destruction depending on the capture rate, while it is
ca. 8% for the MeOH/electricity cogeneration scenario.

8.2 Innovative aspects

The aspects of the thesis that contribute to knowledge are summarized below.
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Gasification tests in medium-scale gasification plants with woody biomass: in a 3 MWy, BFB gasifier and
a 1 MW, EFG gasifier. Those scales far exceed capacities of current laboratory and pilot installations,
which are typically limited to 500 kWi.

Investigation of the effect of C, hydrocarbon formation and WGS reaction (and their combination) on the
capability of a simplified gasification model to estimate syngas composition.

Experimental data for CO, solubility were reported for promoted K.COjs solutions (4 promoters) at
conditions relevant to high-temperature pre-combustion CO- capture (CO; partial pressure up to 100 kPa
and temperatures up to 120 °C).

Experimental study of AC performance towards OSC and H,S adsorption from syngas at “warm” gas
cleaning conditions. Apart from common adsorption parameters (e.g. temperature, partial pressure), the
effect of H>O and light tar (in simulated and real syngas, respectively) on the adsorption efficiency was
reported.

A study on the combined removal of COy/light tar mixtures by K,COs solutions was presented. This
demonstrates a new possible direction for solvent screening studies (when pre-combustion AGR processes
are considered).

AGR process modeling based on a regressed electrolyte-NRTL model for aqueous K,CO3 and K;COs/PZ
mixtures for integration in a coal-to-SNG plant. Process performance study (e.g. reboiler duty), not limited
to absorption column performance.

Development of process models with integrated K,COs-based AGR in BIGCC plants with hot gas cleaning.
Evaluation of energy/exergy efficiency of configurations with K>COz-based CCS and MeOH cogeneration.

8.3 Future work

Based on the conclusions of the present thesis, indicative suggestions for future work are given below.

1.

AGR process modeling: In this PhD thesis, a simplified solvent regeneration scheme was modeled and
emphasis was given on the effect of promoted solvent type on process performance. Alternative AGR
process configurations operating with improved K,COs-based solvents can lead to further efficiency
improvements. Such improved solvents comprise, for example, amino acid salts which are currently
investigated at laboratory and pilot scale.

Process modeling and techno-economics/thermo-economics: In the present thesis, energy and exergy
analyses of a cogeneration plant based on biomass gasification with hot gas cleaning and K,COj3; pre-
combustion AGR process were presented. As a follow-up, a thermo-economic optimization of the proposed
layouts can be carried out including also promoted solvents. In such a way, the impact of the optimized
AGR process on electricity and MeOH costs can be identified and minimized.

Solvent screening studies: As future work, solubility studies with CO./H.S mixtures could be carried out.
Most studies have focused so far solely on CO; absorption. This is of particular importance when promoted
solutions are considered for CO,/H.,S absorption. The obtained results can be used to develop regressed
thermodynamic models to accurately describe VLE behavior.

AC sorbent studies: Experimental efforts can be allocated to the improvement of solid sorbent selectivity
towards OSCs and H.S, when light tar species are present in syngas. This aspect is important when light tar
species (e.g. benzene, toluene) can be utilized downstream of the AGR process. Chemical modification and
pore network optimization can be applied to seek such favorable characteristics. In addition, a minimized
effect of the H,O content is required, as it was found to affect OSC adsorption even at high-temperature
conditions in the present thesis.

Life Cycle Assessment (LCA): The environmental impact of the K,COs3 process as part of a pre-combustion
CCS scheme can be evaluated through combining mass and energy balance results from Aspen Plus,
inventory databases from commercial software (e.g. ecoinvent in SimaPro™ software) and other relevant
data from the literature and industry experts. A comparison of environmental indices with other major pre-
combustion capture technologies can also be suggested. A study on the LCA impact of K,CO3; AGR process
for post-combustion CO- capture can be found in [346] and it could be used as a guide to the proposed task.
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1 Ewoayoynq kot 0copntiko vaofadpo epyoaciog

1.1 To evepyelakd piypo kor 0 pOAOG TOV CTEPEDMV KAVGIN®MV Y10 TNV TOPAYOYY] EVEPYELNG,

KOVGIPLOV KO Y1 UIK®OV

H evépysia amotelel kivnmipla SVvapn yio TRV OIKOVOULKT avartuén kat T Peitioon tov Plotikov enumédov,
Kupiog and v emoyn g Blounyovikng Emavéotoong kot péypt onuepa. Zoppove pe v €kbeon g
ExxonMobil ya to evepysiakd tomio [1], N katd kePaAV KOTOVAA®ON NAEKTPIKNG EVEPYELNG GE LU0, YDPO.
Qoivetol va givol EVOPUOVIGUEVT] LE TO KOTA KEQOANV €160dNUa. XTo TAaiclo ovtd, n {\tnomn evépyelog
avoapévetol vo avéndel cuveydg Tig emdpeveg dekaetieg, Aoym ¢ TAnbvoaxng avénong (9.2 dioekatoppipia
mAnBuopoc péypt o 2040). Tavtdypova, Exelon onuetmOel avENoN NG KATOVAAMOKOLEVNG EVEPYELNS GE YDPES
ue tayeig puOpove avamtuéng, onmg 1 Kiva, n Ivdio ko dAreg ydpeg exktog OOZA. To 2017, n maykdouo
avENON NG KATAVAL®DONG TPOTOYEVOVG EVEPYELNG NTAV KOTA PEGO Opo 2.2%, vynAdtepn amd Tov péco 6po 10
etav, pe avénon 1.7% emoiong [2].

To 2015, ta opuktd Kedoo ovTimpoc®drevay 1o 78.4% g moykoOo g TeAKNG Kataviiwong evépyetag [3].
Zoueova ue v nyn [2], 10 1060616 ToV 0PLKTOV AVOPUKO GTHV TAYKOGHLY TOPAYWYT MAEKTPIKAG EVEPYELNG
napépeve oxedov otabepd petaln 1985 kot 2017 pe tipég xovtd oto 40% (38.1% 10 2017), axorovBodpuevn
and 10 euokd aéplo pe mocooto 23.2% 1o 2017. To T0G06Td TOL METPEANIOV GTNV TAYKOGULN TOPOYWYN
NAEKTPIKNG EVEPYELNG LEIDVETAL GUVEXDG Kot vart kKdtw amd 5% Katd v televtain mevtaetio. H tdon avt
avtiotadpiletal amo to LeyaADTEPO HEPIOIO TOV GTNV TAYKOGLLN KOTAVAAWDGT) TPOTOYEVOLS EVEPYELNG (TEPITOV
35%). EmmAéov, 1 ypnon tov puoikod aepiov avéavetar cuveyds ta tehevtaia xpovia kat Dewpeitar o éva
KATOAANAO «UETAROTIKO» KOVGIHO Y10, TNV peiwon teov ekmounmv CO2. Opéin ommg 1 a&loroinon Tov o ToAD
OTOJOTIKOVG KOl EDEAIKTOVG KUKAOVS TOPAy®YNG NAEKTPIKNG 10006, KOOGS Kot 1 S1fEGILOTNTO AVETTUYUEVOL
SIKTVOV LETOPOPAS KO T VITAPYOVGH VITOSOUN Yol TN SOYEIPIOT TOV YEVIKOTEPO EKTIUATOL TG B0 cupPdiovy
otV TEpatép® dddoon tov. O Adyog amobépatog mpog mapaywyn (R/P) anotehel éva ypriciuo dgiktn mov
umopel va mapdoyel evoeigelg yio Ty whovi peAlovtikn eEdptnon omd cvykekpiuéve Kavotpo. [Ipdoceoteg
extyunoelg (2017) yia tovg deikteg R/P metpedaiov, puoucod aepiov kot dvBpaka tapovoidotnkay and tnv BP
[2] ne Tyég 50.2, 52.6 kan 134 €1, avtiotorya. Epgvovntikég pedéteg mov eotidlovy oto {ftnua g e&viAnong
TOV 0PUKTOV TOPOV £xovv eniong dnpootevtei. Ot Maggio kai Cacciola [4] ektipnoav 6Tt 0 0puktdg AvBpoKog
K01l TO QUGIKO 0EPLO OVOUEVETOL VO TOPOVGLAGOLV TNV aryun T {NTnong toug peta&y 2042-2062 kon 2024-
2046, avtictorya. Me Bdon T oevapila avapopdic, 0 0pLKTOC AvOPAKAC OVOLEVETOL VO OLOOPOLOTICEL OT|LAVTIKO
POLO OTNV TAYKOCULO TOLPALYMYT EVEPYELNS KATE TIG EMOUEVES OEKAETIES, KVUPLOG OE avVASVOMEVES KO TaYEMG
avamtuoooueveg yopeg (.. omv Acin). H ExxonMobil ektipd mmg 10 1060610 T0V 0pLKTOD GvOpaka otny
TPOTOYEVH KOTOVAA®OT evépyelag Katd to 2040 Ba eivar g ta&ems Tov 20% [1]. [TAgovekthpata 6nmg 0
YOUNAO KOGTOG, 1 LVYNAY SaBecIUOTNTO TOV GTAOUDV TOPOYWYNE EVEPYELNG KOL 1] VYNAT TUKVOTNTO 10Y(00C OE
oOyKplon Ue Texvoroyieg avavedoiumy Tnymv evépyelog (AIIE) evioyvouv mepottépm ovTh TV TPOOTTIKT.

DVo1Kd, TO TOGOGTO TV OPVKTMOV KAVGILL®Y GTNV TOYKOGHLO Topayw®yn evEpYElog Ba etnpeactel Giyovpa amd
€Bvikovg kan debveilg oTOYOVG Kol TOMTIKES Yio TNV KAWMOTIKY oAAayn], ot omoiol £xovv )N viobBetbei 1
Bpiokovtor vid enefepyacio omd Kpdtn Kot cvvacTicpovs Kpatdv. To 2015, ta copPailopeve pépn tov
Opyaviopod Hvepéveov EBvav yio mv apatiky odiayn (UNFCCC) cvppdvnoav ce dpdoelg oty
KaTELOLVGT TNG KATOMOAEUNONG TNG KAHOTIKNG OAANYNG KOl GE EVIOTIKOTOINOT TV enevOhoE®V Yol €va
Buoowo péliov pe youniég exmouméc dvBpoka («Zvpeovia tov Ilapioiov»). Bacwd onueio avagopdg
opioTnKe 0 TEPOPIGUOC TNG avENONG TNG Beprokpaciag Tov mAavitn Katw and 1.5 °C oe oyxéon He ta Tpo-
Bropnyovikd eminedo. Lto TAGIGI0 QVTO EMYEPEITOL 1| LETAPOOT OO TO TAPUSOCLOKE OPLUKTA KOVGLUO GTIG
AIIE. H Evponaikr ‘Evoon (EE) onpocievoe évav 0dwko yaptn yuo ) peioon tov ekmopndv CO2 dvo tov
80% péypt to 2050 oe cvykpion pe to 1990 [6], n omoio cuvdéetan Gueca pe vynmidtepo mocootd AITE.
Qo1660, UEYPL OTIYUNG, O LVYNAGS puBudg olokinpwong vémv épymv AIIE (kuping eotofoltaikdv kot
OLOAIKOV TAPK®V) SeV EYEL LETOPPAOCTEL GE L0 OTLLAVTIKY UETAPOAN TOV TOGOGTOD TOVG OGOV APOPE TI OAIKT
TeMKN Kotavalmon evépyelog. To yeyovog avtd umopei va omodobel oty €viovn avénom g GUVOMKNG

{nong evépyelog.
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Eivan emopévag cagég mmg 1 xp1omn 0puKTOV KOUGIoV COPTEPIAAUPOVOUEVOL TOV 0pLKTOV dvOpaKa Oa Tpémet
VO GUVOVOGTEL E OTOOOTIKOTEPEG TEXVOAOYIEG evepyelakng a&lomoinong Kabmg Kat TexvoAoyieg dEouevog,
a&omoinong kot amobrkevong CO (Carbon Capture, Utilization and Storage-CCUS). O Awebviigc Opyoviopog
v T Avavenotpeg [Inyég Evépyetag (IRENA) onpocicvoe Evav odnyo e kateubuvinpieg Ypoupég, 0 0moiog
ektipd oo, Ba givon n peAhovtiky coppetoyn deopov ATTE kot opuktdv mnydv evépyelag émg to 2050 [8].
H ovykexpipévn perétn tov IRENA eivar cOupmvn pe to facikcd onpeio me Zopeaviag tov [Tapiciov (cevdaplo
REmap). Zuykekpéva, n perétn kabopiler katevbivoelg yio 1éo60epig facikods Topels: TG HETAPOPES, Ta.
Kmpw, ™ Prounyovie kot tov Topuéo NG mMAekTpomopaywyng. H onuovikotepn ektipnon eivor 1
NAEKTPOSOTNOT TOV TEPIGGATEPMOV TOPEDV TPOKELLEVOL VO 0pOpot®Oel TO VYNAO TOGOGTO GLUUETOYNG TNG
OLOAIKNG Kot MAIKAG eVEpYElg oTo evepyelaxd piypa. H Bropdala avayvopiletor g (o onuovtikn wnyn
evépyewag mpog tnv kotevbouvon g ameEdptnong amd ta opuktd kKavowwa ot perétn tov IRENA.
YUYKEKPIUEVO, GTOV TOUEN TOV LETOPOPDY EKTILATAL ADENCT TOL TOGOGTOD GUUUETOYNS TOV Ploogpiov kot TV
VYPAOV PLOKOVGIHOV GTNV TEMKT KOTOVAA®ON gvépyelag amd 3% onuepa og 22% péypt to 2050. Xtov kTnpod
TOUEN, OVOUEVETOL avTioTOYN 0OENGT TOL TOG0GTOL TG Proevépyetag and 4% oe 14%, eved oto Propnyovikd
TOMED OVOLPEVETOL TPITANGLUOUOG TOV TOGOGTOV GUUUETOYNS TS Propdlos (19% oty telkn| koTovalmon
evépyelog to 2050). Téhog, otov Topén TNG NAEKTPOTAPAYWYNG AVOLEVETAL CXETIKA MKpdTEPN aVENOM TOL
TOGOGTOV GLUUETOYNG TG Propalag, M omoio MOTOCO GLVOEETAL UE ONUOVTIKA aOENCT TNG GLVOAIKA
EYKATESTNUEVNG 1oYvog TV otabumv Popdlog (amd 119 GW 10 2015 o 384 GW 10 2050). To péyioto
Stabéotpo duvapukd avapévetar vo, kabopicel To0 TEMKO TOG0GTO GUUUETOYNG, VD 1 PelTioTomoinon TV
oAvcidv petagopds Kot 1 adENCT TOV TOGOGTOL TV AEOTOVUEVOV PlOoYeEVdV TOPUTPOIOVI®OV (T.Y.
VIOAEWUUATOV TNG 0YPOTIKNG TOPOYOYNS, AWMV OIOPPIUUGT®V KAT.) amotelolv Pacikéc Katevbiveelg yia
™V gvtatikotepn a&omoinon tov tnydv Propdlas. To Zynpa 1 mapovsidletl S16popeg EKTIUNCELS CYETIKA LE
TNV GLUUETOYN TOV OPLKT®V Kavoipwy, aAdd kal tov AIIE, péypt to 2050.

mOil mGas mCoal @Nuclear mHydro @Renewables O Electricity (RES) @ Hydrogen
20000 1 i i ioi
@ Biofuels/biogas ] El_ectr|c|ty (non-RES)
| Gas mOil

=
o
o

15000

[ec]
o
1

Primary energy demand (Mtoe)

S
P
o
2
10000 @
= 60 -
£
= 40
5000 3
w
& 20 4
|_
0 0 - . .
1970 1980 1990 2000 2010 2020 2030 2040 2015 2050 REmap
O District heat (RES) O Electricity (RES) O Others m Geothermal BWind
B Geothermal m Solar thermal ;
) S ] o 5]
@ Biomass m District heat (non-RES) cSP Solar PV Bioenergy
D Electricity ("on-RES)  m Gas @ Hydropower @ Nuclear @ Natural gas
EQil = Coal @Oil @ Coal
~ 100 - 100 -
O\O —
Z 80 - S 80 A
5] <
3 60 - ‘€ 60 -
= > [E—
£ g
= i = i
> 40 & 40
(%] —
3 20 1 w20 -
=]
0 - 0 -
2015 2050 REmap 2015 2050 REmap

2yiua L:(Ave opiotepd) Tpwtoyeviie kotavilwon evépyeiog ova anyy obupwve. ue ™y [9]. (Ave detia ko
kdtw) Telikl KaTOVOADON EVEPYELOS OTIC UETAPOPES KL OTO BLOUIYOVIKO KGO0 KO UIYLO. NAEKTPOTLOPOY YRS
obupwva ue o Xevipio REmap tov IRENA [8].
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[dwaitepo onpeio avapopds amoterel n duvatdtnTo aglomoinong Propdlog yio TV Tapaymyn aepimV Kol VYpmOV
Brokovoipmy, aALG Kot YKoV, Zyetikd pe tn ynukn fopnyovie, ot Sanders et al. [18] extipuncav mmg péypt
10 2050, tovAdyotov 30% K.B. tov Packodv ynukdv ovcidv Ba mapdyovior and Popalo. Ewdud yo tig
opyavikéG Bootkéc ynukég ovoieg extymbnke mmg pmopel vo emitevybel HeiON TOV EIGPOMY OPLKTOV
KOUGTH@V Yo TpAdTeG DAEG Kot gvépyela katd 50% a&lomoidvtag Tic 1010TNTEG SLUPOPETIKOY €100V Propalac.
Emumdéov, pa perétn tov wvotitovtov NREL katd to 2016 [19] diepedvnoe v mapoayoyn Stapdpov ynukov
ovoldv pe Paon t Popdlo pécom Beppoynuikdv kol Poynuikdv diepyocidv petatpomng. H peiém
ocounepilaufove po ogpd kprmpiov afloAdynong kot KatéAnée o€ o AMota yNUIK®OV GtV omoid
ovumepiapfPavovtay to EvAdAlo, (1, 3-) Povtadiévio, yorakTikd o&D, 1oompévio K.o. Emumiéov, dmwmg M0m
nepleypdonke, n {fnon ya frokavoyo o avénbdel kabmg 1 e€dpon and Ta 0PLKTA KOVGLULO UETAPOPAS
petovetot. Opoimg pe TIg yNKéG o0voies, Ta Prokavota Lropovv niong vo ANedody Ecw Bepoyn KOV Kot
Broynuikav diepyacidv petatpomns. To Prokadoiue propodv vao dakpiBovv oe 4 katnyopieg 1| yeviég: 1 1N
vevid TeptlapPdvet Ta Plokadoipa Tov TapdyovToL AEGH Amd GAKYAPA, ALVAO KAT. OTmg HeBOVOAN, abavorn
KA, 1 2" yevid flokadotpa Tov TapdyovTot ond Ayvokuttapvikn] fropdada, eve to frokavotpo 31 kot 4" yevidg
oyetilovron pe v aglomoinomn eukdv.

1.2 Buoynukéc ko Ogppoympikég o1epyacisg HETATPOTNG YL EVEPYELN, KOVGLILO KOL YT ULKE

Onwc oM avapepnke, Proympukég kot Oeppoynukég 0doi Lmopovv va ypnotHonotnfovy Yo TV Tapaymyn
EVEPYELNG, KAVGIU®MV Kol ¥NUK®V 0md opuktd avOpaka kot Popdlo. XTig froynuikés diepyacieg LETATPOTNG,
10, pokpopopla g Propdlog daomdvral og pkpoTepa pécm Paktnpiov 1 evidoumv. H {iumon (fermentation)
Kot 1 ovaepoPio ydvevon (anaerobic digestion) sivar 600 amd Tig KOplEg depyacieg OV AVAKOLY GTNV
Kkatnyopia avt (Uropet eniong va copreptinedet n eviopotikn petatpony]). Mo onpovtiky S10popd e oyéon
ue T1g Beppoynikéc depyacieg LETATPOTNG Elval TOo YEYOVOG OTL 1 Ploynpikn UETATPOT] AQUPBAVEL XDPO GE
onuavtikd younAotepeg Beppoxpaciec. Ta kOpla otddio pag depyaciog Ploynukng HeTatTpomig eivar n
GLAAOYN Ko TPOUNOELD TPDTO®V VADV, 1 TPOKATEPYAGIQ, 1) VOIPOAVOT, 1] BIOAOYIKT LETATPOT KOL 1) OVAKTNON
tov mpoidovimv. Ot diepyacieg Beppoynuikng petatponr|g yopoktnpilovtar and vynAdtepes amoddcel; oe
obvykpion pe tig proynukés. H Ayvivn, n omoia amotelel amd 15% éwg meprocdtepo amd 50% tov Bapovg (daf)
™m¢ Propdlog [31], umopel vo amocvvtebel péow Bepuoynukav diepyoacidv. Ot Ogppoynukés diepyoocisg
UETOTPOTNG TPOYUOTOTOOVVTOL GE VYNAOTEPEG Oeppokpaciec kol ot ¥povol UETATPOMNG Elval TOAD
YOUNAOTEPOL AOY® TNG PEATIOUEVNC KIVITIKNG TOV avTOpAce®V. Q¢ TN peyéBoug, 1 BepLoyn UK LETATPOTY|
g Propadag mpaypatomoteital péca o Alyo dEVTEPOLENTA 1] AENTA, EVA 1 PLOYNLIKT UETATPOTN UTOPEL VA
oAOKAN POl uetd and apretég nuépec N efdonadeg [32]. Eva axdun yopaxmmpiotikd gival 6t anddoon tov
aeplmv, VYPMV 1] OTEPEDV TEMKAOV TPOTOVTIOV unopel va mowkilel avdioya pe tn Oeppoxpacio tng diepyacioc.
To Oepuoxpacioxd gopog TV Oepuoynikdv diepyacudy givor iaitepa gvpld Kabdg ot Bepuokpacieg
Aertovpyiag pmopet va kopaivovron peta&d 200 °C ko 1400 °C. 'Eva oynuotikd dtéypappo Tov 1e600pmv
KOPLOV OEpUOYN UKDV SlEPYOICIDOV PETATPOTNG TOPOVGSLALETOL GTO ZyNpa 2.

Biomass

Thermochemical
CONVersion processes

Y VL VL

Liquefaction Pyrolysis Combustion Gasification
y ] ¥
Fast Intermediate Slow

' !

Steam/
Oxygen

Air/Oxygen Steam

Zynuo. 2 Kopiotepes Oepuoynuines dipyooies petatponns e fropalag.
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H aeplonoinom elvar o evpéwg e€etaldpevn teyvoloyia o¢ TpmTO Priol Yol TN UETOTPOTH TOV GTEPEDV
KOoipOV o€ aéplo Kol vypd Prokavcipo, Kabdg Kol yioo v mopaymyn evépyswog. Ilpokerton yo pa
Beppoyn k| diepyacio mov petatpénel To avlpakotya VAKE o€ Kowoipo aépto (aéplo cuvheong 1 syngas), To
omoio amoteAeitan Kupimg omd povo&eidio tov dvBpaka (CO) ko vdpoydvo (Hz). H diepyacio mpayuatoroteiton
og VYNAEG Beppokpacies, cuvibwg peta&d 800-1500 °C avaroya pe Ty Tegvoroyia aepromoinong [57]. Aépag,
kaBapd o&uyovo, atpds, CO2 kot LelyaTa aVTOV TPOPOSOTOVVTOL GTOV OVTIOPUGTIPO OG LEGO OEPLOTOINONC.
H depyacia mapovoidlel opodtnteg pe v kavomn, kabdg yio mopddetypa Kot ot dVo Agttovpyolhv evtdg
TOPOTANCIOV €VPOVg Beprokpacidv Kot guPavifovv KOWoUG HUNYOVICHOVG KATH TO TPAOTO GTAdO TNG
LETOTPOTNG TOV o6TeEPE0D Kavoipov [58]. EmmAéov, apedtepeg umopodv vo dieoybodv 6e avtidpactipeg
TOPOTANOLOV GYESIAGLOD (T.). OVTIOPUCTNPES PEVCTOTOMNIEVIG KATVIG).

Evtovtoig, pmopovv va tapatnpnfodv onpovtikég S10popés HETOED TV dVO JEPYUCIOV:

e H xavomn otepedV KOVGIU®MV GTOXEVEL OTN TOPAy®YN Oeplukng evEPYEWNG Yo TV OTHOTOINGM Kot
vrepBépuaven tov gpyaldpevov pevotod omontdvtog mepicoeid Oz Avtibeta, otnv oegpromoinon pe
0&edmTIKO TapdyovTa, T0 KAOGIHO 0EEWBDVETAL PEPIKMG MoTe va mopaydel emapkng Oepudtnta yio Tig
evoobepukés avidpacelc g aeplomoinong. EmmAéov, n diepyacio umopel va mpaypoatomomel ywpig
pepkn 0&eld®on Tov Kavoipov eviog Tov aeplomoint Tapéyovtag Bepuotnta emtepikd otn depyacio
(aAroBepuikn aeplomoinon).

o H agpromoinom mpoypotonoteital oo aTHuocealptkéc cuvinkes Emg vyniég méoelg (uéypt 70 bar) [59], evd
1N KadoT OTEPEDV KOLGIL®V Tparypatonoteitol cuvnlmg o€ atpoceaipikn mieon. O KOpLog AOYoS yuo )
Aertovpyia o€ vynAoTEPN Tieon givon ) amaitnon ¥PNoNG Tov aepiov GVVHESN S KOTAVTN TOV 0EPIOTOINTY|
Y10 KOTAAVTIKT 6UVOEST ] Y10 Kawwom o€ 0eplooTpOPiro. H amobrievuon tov telMiob aepiov Tpoidovtoc oAl
KOt 0 S0 @p1opog dtapdpmv mapanpoidviev (.. CO2) anotelovv emmpdcheto kivitpo Yo Aettovpyia o€
ovénuévn mieon.

e H ovotoom T0v agpiov mPoidvTog TNG 0EPLOTOINoNG Elval SIOPOPETIKN GE GYECT LE TO KAVGUEPLY TOL
TPOEPYOVTOL OO TNV KOVON 0TEPEDY Kawoipmy. H dtapoporoinon dev mepropiletarl pdévo ota khpilo aépia
GLGTATIKA, GAAG KOl GTOVG LOADCUATIKOVS TapAyovTeg 6To aéplo ovvBeons. To yeyovog awtd omattel tnv
EPAPLOYN SLOPOPETIKMV TEYVOLOYIDV KABUPIGHOL TOV TapayOUEVOD OEPIOV.

1.3 Agpromoinon: pnyovicpog EPyaciog, TEYVOLOYIES HETATPOTNG KU TOLOTNTO. 0.EPiIOV

Mo tomikn] diepyocio agplomoinong okolovbei Evav pnyoviopd mwov amoteleitol omd To OTASIO TNG
mpoBépuavong kol ENPOVONG TOV KALGIHOV, TLPOAVOTG Kol UePIKNG 0&eldmong Kol aeplomoinomng Tov
e&avOpaxmpoTog kol Tov avTdpdoemv petad Tov agpimv tpotdviav. Ta otddla g aeploroinong eaivoviot
ot1o Zynua 3. Onwg eaivetal 610 oyua, Katd 1o 6Tdd1o e mupoivong, N Propdla dtucmdtol oe aépla, VYpA
Kol oteped mpoiovto (e&avOpdkopa). AkolovBoby ot GLVEXEWD AVTIOPAGELS UETAED TOV GUGTATIK®V TNG
aéplog eaonc 1 Hetad TV aepleVv GLOTATIKOV KOl TOV oTepeoy e&avBpakmdpatos. I po HeTaTpony g
Bropdalog katd 85% og aéplo ovvheong (k.B.), mepimov 10% kot 5% petatpénetor o€ oteped e&avOpdrmpo Kot
GUUTVKVAGULO 0PYAVIKG TPOIOVTO (OPOUATIKEG KOl TOAVOPMUOTIKES EVDCELS, PUVOLEG KAT.), avTtiototya [56].

Gases
(CO, H,, CH4...) Gas phase reactions
(cracktl)ngi_reforrr]r_lfltng, CO. Hy, CH,,
Liquids combustion, shift) H,O, CO,,

Biomass @ (tar, oil,naptha)/ cracking products

Oxygenated compounds

(phenols etc.) Char gas reactions

(gasification, combustion, shift)  CO, Hz, CH,,
Solid char > H,0, CO,,
unconverted char

Zynua 3: Xraoio. Oepuoynuuric uetozponng g froualas péow oepromoinong [24].
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AQOopeTIKEG TEYVOAOYiEG ElvaL SINOECIIES Y10 TNV EPLOTTOINGCT) TOV CTEPEDV KAVGIL®OV, OTMG PEVGTOTOUUEVEG
N otabepéc KAlveg, aePOTOMTEG KOVIOTOMUEVOL Kavoipov k.a. [57]. Avo onupoviikoi dgikteg mov
yapoktnpilovv v motdtto g agpromoinong sivar  anddoon petotporng dvbpoko (CCE) kot o Babuog
amoddoomng youyxpov agpiov (CGE). O mpmdrtog deiktng Aaufdvet tipég ouvnbog mévo and 80%, evd o dedtepog
pmopel va AdPet Tipég oto €6poc 40-90% avaroya LE TO YOPAKTNPIOTIKA KoL TNV TEXVOAOYIN TNG 0EPLOTOINGNG.
Ta kOplo cvotatikd Tov agpiov ovvleong eivan ta CO, Hz, COz, CH4 ka1 H20, evd 610 aépro cuvbeong
neptlopfavovrol emmAéov S14pOopes TPOSIEELS.

Ot Ttioogg amoTEAOVV TIC TPOGLUEEIC TOV CLVAVTMVTAL GTO A.EPLO0 GVVOESTC e TNV VYNAGTEPT cLyKEVTpwon. O
Op0og TEPILUUPAVEL OPYUVIKEG EVAOELS LE Loplokd Bapog ico 1 peyalutepo Tov Pevioriov cuppva e TNy TINyn
[78]. Z1ig micoeg meprhapPavetal £1ol pia gvpeio ykapo evdcemv, Onmg evidoelg pue vynid onueio Bpacuov
nov oyetiCovtor pe mpoPfAnuate emkadicemv Ady®m cuumdkvmong og Beppokpacieg g tééng Tov 300 °C,
Kabmdg kot ghappotepeg evaoelg (my. BTX), ov omoiec pmopodv vo. aflomombodv oe KoToAvTIKODG
OVTIOPACTHPEG KATAVTN TOV CLEPLOTOUTN Kol OEV GUUTVKVMVOVTOL Tpd HOVOV 6€ TOAD yaunAn Oeppokpacio

[80, 81].

To Bgio (S) ocvvavtdtar oto aépro chvBeong oe avdpyoveg kol opyovikég Belodyeg evaooeic. Katd v
aeptomoinon tov dvBpaka kot TS Propdlag, To HEYOAVTEPO HEPOG TOVL S EKTEUTETAL [LE TN LOPPT VOPOBELOV
(H2S), evéd ovvavtdrar emiong o¢ xapPfovvrocovieidio (COS) kot dicovieidio tov dvBpaxo (CSz) oe
xaunAotepeg cuykevipooelg [82-84]. Axoun, avdioya pe TIc cLUVONKEG Kol TV TEXVOAOYIQL agplomoinong,
opyavikég Betovyeg evaoelg (OSCS) ouvavtdvtor 610 aéplo ommg Betdreg, Beropaivio (C4HaS) khr. Topemva
ue Toug Woolcock et al. [79], n cvykévipwon tov B0V evdcemv propei va kouaivetor and 0.1 mL L*?
uéypt ko méveo and 30 mL L1, avdloyo pe to mocootd Beiov oto kavowo. Emmiéov, mpoopiels dnwmg
ooUaTiOw, al®TOVYEC EVAOOELS, OAKAALN, EVOGELS YAMPIOD K.0L GUVOVIOVTOL GTO 0EP0 GUVOEGNC.

1.4 Xvuvovaopdc agpromoinong pe Katavy depyacies: kadapiopog agpiov ovHvOeong

O KaBopiopdc Kot 1 TPOETOAGiD TOL agpiov GVUVOESTC TPOG YPNON OTOTEAOVV AMAPAITTO GTASLO YOl TIG
HOVAOEG OEPLOTTOINGNC TTOV £YOVV GYESINOTEL VIOl TOPOYWYN NAEKTPIKNG EVEPYELONS, KAVGIUMY KOl YNUIKOV 1
TOALTTAPAY®OYN. ZTOLS OTAOUOVG TUpAY®YNG MAEKTPIKNG EVEPYELNG KOL GULUTOPAY®YNG MAEKTPIGHOD Kot
OeppotTog HéEcw aeplomoinong, onuavtikoi Adyot yio tov kabapiopd tov aepiov cdvleong eivan {ntpata
INYovikng eBopdg kat S1afpwong, 1 GLUTVKVOGT TOV TCCMV GE GYETIKE VYNAN Beplokpacio Kot Ol EKTOUTEG
eleyyouevov pomev omwg NOx kot SOx. Ou diepyaociec xatoAvtikng ovvbeong yopoktnpilovrol amod
oVGTNPATEPEG TPOSLOYPUPES KaBaPIGHOV, 01 omoieg opeihovtal e S0 emmAéov Adyoug:

o. TToAlol kataAdteg sivon eEarpetikd evaicOntor o dnAnmpiacn amd poAvouatikovs mopdyovies. [a
nopaderypa, ot karorvteg Ni/Al,O3 mov ypnopomoodvtar 6t pebavomoinon yo v napaymyr SNG anotrtodv
ovYKEVIp®GON eviyoemv Beiov (4Opotoua HaS + COS + CS; + OSCs) kdtm oand 1 ppmyv [130].

B. To cvotatikd Tov ogpiov cVVOEONC amOLTEITAL CLYVE VO €YOVV IO CLYKEKPIUEVT avaAoyia, 1 omoio
VILOJEIKVVETAL OTO T GTOLYELOUETPIO TOV AVTIOPAGE®MY cVUVOESTG. OempmvTog EavE MG Tapadeya T cvvheoT
SNG, n depyaoio amortei popraxn avoroyio Ho/CO oto aépio chvleong ion pe 3 (vroBétoviag 6Tt vdpyovv
uévo Hp kar CO). Emutdéov, o oynuatiopog kot 1 evarddeon avBpaka eivatl mbava tpoPAnpata wov uropel va
amortovy pObuon ¢ ovotaong (m.y. dathpron vypaciog oe cuykekpléva enineda). Emumhéov, n Bepuikn
dlayeipion Twv avTIdpacTHp®V oTafepng KAIVNG amattel cuyva ovakOKAmoN Yo apoimon).

¥m obvbeon FT, m ovotaon kol m wowdtnTo TOL 0gpiov ovvBeong mailel emiong onuavtikd polro.
XOpOKTNPIOTIKE, U0 YEVIKY] OVOOKOTNOT SapOpOv pnyovicudy arnevepyornoinong kotoivtav Co kot Fe
umopei va Bpebdel otig myég [124] kou [125]. Ot evdroeig Beiov kot yropiov amotehodv mpocui&elg mov 0dnyovv
oe dnintnpioon Tov katarvtdv Fe, evd n evandbeon eEavBpokdpatog anoterel Evav emmpdobeto pnyoviopd
amevepyomoinong. Emopévmg, cuvorikd, didpopa otddia kabapiopod yio v décpevon dEwvov aepiov (AGR),
TIOoAV, AOUAV EVOGEMV 0pyaviKoD Kot avopyavov Belov, evdoemv yhopiov, copaTdiov KAT. amoitovtol
Katdvn g povadag aeplomoinong. Zrov Iivaxa 1 gaivovratl ot arortoelg kabapiopod ard Tpocuicelc yio
TIG KUPLOTEPEG EPAPLOYES aEl0moinong aepiov cvvBeong.
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Hivaxoag 1: Kdpies epapuoyés aiomoinong aepiov odovleons kot oyetikés amouthoels kabopiouov (o€ avvOnkes
STP extoc av avagpépetar diapopetird) [79]. Or tiués mov avapépoviar yio tp oovleon SNG fociloviar oe
uetpnoels tov ECN ard v mnyn [129].

Tomog Egoppoyig
Tpocuitemv . , XvvOeon XOvOeon XOvOeon
Agpropnyoviy  Agprootpofirriog MeOH FT SNG
, <50 mg m?3 <30 mg m3 3 a
Sopatiow (PM10) (PM5) <0.02 mgm n.d. n.d.
-3
ITicoeg <100 mg m? <01lmgm3 <d.pP (<d5p01nlgog]°C)
gs,po‘“g““ <00l uLL?  BTX:
aong 2, 1 —~ EQ
BTX <luLL 250 ppmv
Oe100yeg
evooeig (H2S, <20 pL L? <lmgm?3 <0.0l uL LT <200 ppbv
COS)
Alwtodyeg
EVOOELG <50 puL L <0lmgm? <0.02pLL! <1000 ppmv
(NHs, HCN)
Alxdho <0.024 uL L1 <0.0lpL Lt -
Ahoyovoiya luL L? <0.1mgm?3 <0.01 pL Lt <100 ppbv

(kvpiong HCI)
an.d.=un avigvevoo, °d.p.= onueio Spdcov

1.5 Awepyoaociec kaBapiopov agpiov: CO2, B100yec evaroels kot Ticoeg

Oocov agopd 115 diepyacieg AGR yuo amopdkpoven tov CO2 kot HaS, avtéc dtakpivovtar kuping og diepyacieg
(QUOIKNG KO YNUKNG amoppdenong o dtarvteg. Kdpieg diepyacieg puotkng amoppoenong eivar ot Rectisol ™
kot Selexol™., Ot diepyacieg GUGIKNE amoppOPNoNE AEITOVPYOVV TUTKG 6 YounAéc Oeprokpaciec Kot VYMAR
mieon. Xe tétoleg ovvinkeg, ol cvvieheotéc Henry tov dtodvtdv yo Tig evcelg evdtapépovrtog (.y. COz,
Be100yec evaoetg, Ca+ k.0.) AapPdvovv peydieg Tipéc Ko givar dvvatdv va emtyovv mAnpn amobeimon tov
aepiov ovvheonc [134]. Avayévvnon emTuy OVETOL TPOTIOTOG UE TN PEimON TG Tieong Kot 0KoAoVBmE pe v
npdcooon Bepudtntog. Ot diepyaciec yNUIKNAG ATOpPOENONG SAPEPOVY GTO YEYOVOS OTL EUTAEKOVY YNUIKES
avtdpdoeic. v mpaén, avtd petappdletor oe Asttovpyia o yaunAotepn mieon (~ uéypr 30 bar) ko
Oepuoxpaciec petal&d cuvOnkav meptPdiiovtog émg kot tave arnd 100 °C. H déopevon CO; amd ta dStoddpota
povoarBavorapivng (MEA) oe mieon won Oepuokpocio mepifdAioviog amoteAel teyvoroyio aiyung yuo
déopevon CO; amd kovcoépla (nh. og younAn pepiky micon CO2). Q¢ mpwrtotayng auivr, 1 MEA givat
e&apeTikd avtidpactikn g tpog to CO2. Ta CO2 xar HoS pmopovv va amopoxpuvBodv oe vynin wicon (AGR
TPO-KaHONC) HECH YNUIKNG amoppdenong oe daAadpato MDEA 1 avOpokucod koariov (KoCO3). e avtifeon
pe ™ MEA, n MDEA yopaktnpiletatl and Ppaddteprn Kivntikn ovTidpaons, 0AAG Kot TonTOXpove. YounAotepn
evépyela, avayévvnong o€ oxéon pe ™ MEA. Extdg and ) déopevon COz kot B0V v evOoemv, SLOADTES
(ovvnBwg opyavikol) pmopovv va ypnoiporondovv yia T dECUEVON TGOV amd TO aéPlo cvvheons. Xtnv
Katnyopio ouTh, o EVPEMS YOG T dlepyacia déopevong miocav givailn texvoroyia OLGA mov avoarntoydnke
and 10 ECN ka1 1 omoia emituyydvel Beppokpacio GOUTOIKVEOGNG TV TGoHV Kato omd -15 °C [135].

Extog amod tic digpyaocieg kabapiopov pe Paomn dtadvteg, n amopdikpouven CO2, Oe100ymv EVOGEDY KOl TIGCOV
umopel vo emtevyfel pe poENoTN G€ GTEPEN VAKE 1] G€ KATOAVTIKOVG OVTIOPAGTIPEG LE GTEPEOVS KATAAVTEG,
Xoapaxtnplotikd mopadeiypato oe kdbe mepintwon gival 1 depyacio tpoopdenong CO2 pe evariayn mieong
(PSA) [136], n déopevon Beiovymv evdcemv o€ kKAiv and ZnO [84] kot 1 petatpony moodv pe olpPivn,
doopitn, kataivteg Ni k.o. [137].
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1.6 IMlaicwo ko dopr) S1daKkTOPIKNG SraTPLPig

H déopevon 6&vav agpiov péom Soivpdtov KoCOs amotedel pio moAAd vmooyopevn texvoloyia yio Tig
povadec agpromoinong &ite kotd v a&lomoinon tov aegpiov cOvBeong Yo Topaymyn evépyelog (MAeKTpIKn
woyoc 1 CHP) eite yio katodvtikny ovvBeon. H diepyoasio eivar gpuktr| o vymir Bepuokpacio kot mwieon,
KableTOVTAG dSuvaTH TN AEITOVPYiR TOL 6TASIOV ATOPPOPTGNG Kot EKPOPTONG G€ TTopOpOota Beppokpacia (kovtd
070 OTHOGPAPIKO onueio Ppacpol Tov SloAdHaTog). AVTd OmoTeEAEl TAEOVEKTNUO GE GUYKPION WUE TIC
depyaocieg puong amoppdenong (m.y., Rectisol) otic omoieg 10 aéplo yoyetar o yapnAég Bepuokpacieg,
av&avovtag v Kataotpodn g e&épyetag. Emumiéov, 1o KoCOs dev givar mntikd, £vag GAAOC TapayovTog mov
npénel va ANeOel vtoy” TPV amd TV Katdvrn a&lomoinomn Tov Kabapov aepiov. QoTd00, SAPOPESG TPOKANCELS
TPETEL VO AVTILETOTIGTOVY AOY® TOV YOPUKTNPLOTIKOV TNG OlEPYACiag.

Hpdéxkinon 1: H depyacia amoppoenong pe Pdon dwAidpato KoCOsz yapoaktnpiletor amd apyf KwvnTiky
avtidpaong pe 1o CO2. Ewdiwkd og cuvBnkeg micong < 20 bar sivarl anapaitmteg onuoviikéc Pertidoelg tav
SADTOV Y10 VO EIVOL OVTOY®VIGTIKY UE SEPYACIES apvaV 1 dlepyacieg GLOIKNG amoppopnong. EmimAiéov, 1
Beltimon ¢ yopNTIKOTNTOG TOL OLOADTH TOPOVSIALEL WLiTEPO EVOLOPEPOV.

Hpdkinon 2: Eved ta CO; kot HeS pmopodv apedtepa va. amoppoenBodv amnd vdatikd dwivpata KoCOs, n
depyacio eivor yevikd un emhextikn mpog v amopdkpvven HoS [134]. To yeyovdg avtd dmpovpysel
TpofApota 0tav 1oYHoVY AVoTNPES TPOdYPUPES amobeimang yia T Asrtovpyio TOV KOTAVTH €EO0MTAGLOV.
Emmiéov, n diepyacio dev pmopei va eEoketyet Tig opyavikég Osiovyes eviraeis (OSCs) amd to aépto chvheonc.

[péxinon 3: Emunpdobeteg npoopuei&elc avapuévovtol oto aépto ouvheong mpty amd ) diepyasio AGR, dnwg
EVDGELG TIOGOV Yoot onueiov Bpacuod (w.y. BTX). Eivat 1dlaitepa onpoavtikd 1o nodg avipetonilovio
OVTEG 01 EVAGELS 0O TN OlEPYUCIN KoL TOL0 EVOALAKTIKG LETPO TPEMEL VO, EQAPLOTTOVV Yol TNV EEAAELYT] TOVG,
€POCOV KATL TETOL0 OTONTEITAL.

Hpdéxinon 4: Tlapd 10 yeyovog 6t 1 Beppotnta ekpoenong CO2 tov vootikdv dwivpdtov KoCOs sivar
YOUNAOTEPT] GE GVYKPLON LE TO SLHADLOTO OULVAOV, ] OlEPYACIO AmolTEl 68 KAOE TEPITTM®GT GNUAVTIKT OgpUIKN
WYL kATl 1o oTAd TG ovayévvnong. H emidpaon tov mopapétpov tomv dlgpyaciag Kot 1 xpnom
0TOd0TIKOTEP®OV SOAVTOV TTpémel vo. a&loroyndel mpog avty v Katevbuven. Ocov apopd Tn GLVOALKN
amddoon g depyaciog pe evioyvuéva dolvpota KoCOsz, dedopéva and eykataotdoels déopevong CO2 petd
v kavon eivatl kupiog dabéciua (GNUAVTIKT J1popoToincT cuVONK®Y Agttovpyiag Kot cOoTOCNG aepion).

Hpdéxinon 5: Kpivetar amapaitntn 1 aloddynon aovav opehdv oV TPOKOTTOVY KATH TNV EQOPLOYN TNG
dlepyaciog oe Lovades Tapaywync NAEKTPIG OV KoM dlepyacieg cOvOEoN g KALGIH®Y Kot ynuK®v 1e faon tnv
aeplomoinon. 'Etot, evod n teyvoloyia £xel 10N epapuoctel oto TapeAbov og povddeg emeEepyaciog eLOKOD
aepiov, HoVAdES AUU®VIOG KAT., TOpOVCLALel EMTAEOV EVOLAPEPOV Y10 EVOALAKTIKEG EQUPLOYEG Le Pdon TV
aeplomoinom.

H mopovca d1daxtopikn dwotpifny otoyedel o apketég omd Tig mpoavapepbeices mpokAnocelg pécw &vog
OULVOLAGHOV TEPUUATIKNAG UEAETNG, Oeppoduvvopkng povielomoinong, oAAG Kol HOVIELOTOINONG Kot
evepyelakng/egepyslakng aEloAdynong diepyacidv. 'Eva anlomompévo oy (og Lovadog aeploroinong te
Oeppo6 kaboapiopod aepiov ocvvBeong kan povada AGR pe KoCOsz mapovcidletor oto Zynua 4. £to oyfuo avtod
EMIONLOIVOVTOL TO. OMUEID OTO OTTOL0L EMIKEVIPMOVETOL 1) SOOKTOPIKN daTpIPn] 010 €Minedo TOV KaOAPIGHOV,
0ALG Kol 6T0 eminEdO £vOG OAOKANP®UEVOL oTafUoy e Bdon TV agplomoinon. Xtov Tupnvae e StpiPng
Bpicketor 0 cuvOLACUOS TOV TEXVOAOYIOV déapevong O&vav agpimv amd drorvpata KoCOs kot mpospdenong
npocuitemv og evepyd avBpaka yio TNV TANPN omobeimon Tov agpiov cuvbeonc.
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Colours = Experimental Modeling --

Zynuo 4 Aoun d1atpific kot Katavoun TEPoUaTIKRG EPYACLOS KOl HOVIEAOTOINONGS VD, KEPAAOLO.
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2 Movtelomoino1 Kol TEPURATIKY] OLEPEVLVIOT TS GVGTUGS U.EPLOV
ovvleong ano agpromoinon Propalog

2.1  Biphoypa@ikn avackonno Kol TAAIGL0 avaTTLENS TOV HOVTELOD AEPLOTTOINGNG

Onmg avaibinke Kot 6TV eloaymyn g epyaciag, N aeplomoinor amoterel pa xproiun 036 yua v aglomoinon
OTEPEDMV KOVGIU®Y Yo TNV Topaymyn aepiov ovvBeong, to omoio ot cuvéyelo pmopel vo, a&lomoinbdei oe
UNYOVEG LYNANG amddoong N va petatpomnel og ynukd tpoidvta. H cuotaon tov agpiov ovvheong mapovstalet
ueyddo evolapépov yio, diepyosieg mov Pacilovrar oy aeplomoinon. Katapyds n odotacn tov agpiov
ovvBeong mailel onuovtikd poAo Yo TV €nakoAovO a&lomoinceT TOV GE KATAUALTIKOVG OVILOPUGTHPES MOV
ATOLTOVY GUYKEKPIUEVEG OVAAOYIEG GVOTATIKMV GTO PEVUN TPOPOdOGing, dnmg M avaroyio twv Hy ko CO [139].
AvTtéc o1 avaroyieg emnpedlovtol amd TV TEYVOAOYin aePLOTOINGNG, TIG GLVONKEG AEITOVPYIOG KOl TOV TUTO TG
KOUGIHOV, EVD 1) ETAOYN TNG TEYVOAOYIOG GLEPLOTTOINOTG VITOJEIKVVEL TIG OMAPAiTNTES dEpyacieg Kabapiopuov
Kot avafaduiong tov agpiov (). déopgvon dEwvov agpiov, aviidpaotipeg WGS k.An.). H yvdon ¢ ovotaong
o0V axdBoptov aepiov chvBeong Tapéyel YPNOIUN TANPOPOPIL Yio TO GXESUCUO HOVAd®Y KABapIoHoD Yo
oteped copatiow (eCavBpakopa, TEEPO) KOl TPOCUIEEIS TOV UTOPOLV VO ATOTEAEGOLV TOPAYOVTIES
dnAnmpiaong xataivtov [57, 140]. EmmAéov, yo ta didpopo Epya oeplomoinong mov £xovv mopadodel
npodGPaTa, OTOS 0 6TAbNOS aeplomoinong Propdlag yio v mapaywyr SNG oto I'kéteumopyk g Zovndiag (20
MW bio-SNG) [141], 10 kO6GTOG AEITOVPYIOG KOL Ol OGOUPOPES, YPOVOPOPEG TEPUUATIKEG OOKIUEG Yol TN
dtepedvnon g Aewrtovpyiog Tovg oamoteAobV éva akOpn onpoviikd mmua. v kotevbovon g
QVTLULETMOTIONG TETOLWV TPOPANUATOV UTOPOVV VO GLVIPALOVV OEIOTOTO HOOTNUOTIKAE LLOVTELD TOV VOL EKTILOVV
TN choTaoT TOL aepiov ovvleong Vo petaforiopevec cuvinkeg aeplonoinong. Ta povtéda avTd uTopovV va
BonBnoovy kaTd TIg EAcELS TNG LEAETNG KAMUAK®ONG Kot £vapéng Aettovpyiag, 0ALG Kot Katd TNV aAAoyn NG
KaTdoToomng Asttovpyiog g povadag, fonddvtag Toug XEIPLOTEG VO TPOPAEYOVVY T1 GUUTEPLPOPA TNG.

Alwpopo  povtéda  oeplomoinong Exovv avomtuyxbel mov ovikovv oe dlopopeTikég katnyopies. o
OVTIOPUCTHPES OEPLOTOINGNG PEVOTOMOMUEVNG KATVIG, TO KLpldTEPO HOVTEAD Olaxkpivoviol o HOVTIEAQ
VIoAOYIoTIKNG pevotoduvapukng (CFD), noviéha pevotomoinong Kot amAomompuéva BepuoduvapKd HovTEAn
[142]. To poviéha CFD mapéyovv v mAEOV OVAALTIKY Teptypapn ¢ depyaciog kabdg Pacilovial og
oolvyla TuKvOTNTOG, OpUNG Kol EVBOATIOG TOGO Yo TNV aépla OGO KOl Y10, TN OTEPEN QAoT. TNV TEPInTOOoT
TOV LOVTEA®MV PEVOTOTOINONG, EQUPUOlOVTOL AmAOVGTEVCELS OTIG EEloMGEIC ToV emAbovToL ota povtéda CFD
kot 1 e€lowon g oppng dev emdvetat. Ta cuykekpuéva LOVTEAD EVOOUOTMVOLV MUL-EUTEIPIKES TYECELS Y10l
TNV TEPLYPAPT TOV VIPOSVVAUIKOY Qavouévemy oty KAtvn. To v mepattépo amiomoinon kot peimon tov
VTOAOYIGTIKOV YPOVOL YPNOLUOTOI00VTOL PovTéAa Beproduvaukng tooppomiag, ta onoia Pacifovrol gite oe

otabepéc 1ooppomiog avidphoemy gite otV gpapuoyn uebddmv erayiotomoinong g erevbepng evépyelag
Gibbs.

Ta nepiocdtepa amod o drabéoiua Beppodvvapukd povtéda ot Bipioypaeia £xovv avamtuydei 6to Loyioukd
Aspen Plus ki éyouv emikvpobel pe SoKIIEG 0EPIOTOINONG GE EPYAGTNPLOKT Kot TAOTIKN KAipoko (éwg 500
KWi). Q61660, UEAETEG GYETIKA UE TNV KATAAANAGTNTA TOVG Yo TV TpdPAeyn ¢ choTaong Tov agpiov
oUVOEON G O OEPLOTOMTES PEVCTOTOMUEVNG KAIVIG HeyoluTepN G KAlakaG lval EAAYIOTES KOl OTOLTOVVTOL
TEPLOGATEPEG EPYNTieg TPOG TNV KATEHOLVGT VTN TPOKEWEVOL Vo dikatoAoynBel 1 epapuoyr Tovg. X10
KEPAAOI0 aVTO, TAPOLCIALETOL £vol LOVTELD agplomoinong Paciopévo oty ghoyloTomoinon g eAevBepng
evépyeag Gibbs, 10 omoio avamtdhyOnke oto Aoyloukd Aspen Plus. T v emukvpwon tov poviéiov,
TpaypoTomomdnkay Sokipég aeplomoinong ELAOV GE 0EPLOTOTH PEVGTOTOMUEVNG KAIVIG pucaridwv (BFBG)
woyvoc 3 MWy ot0 wvoetitovto Fundacion Ciudad de la Energia (CIUDEN) omv Ilomavio. H oOykpion
EMKEVIPAOVETOAL GTO. KUPLOL GVGTATIKA ToV agpiov ovvbeong (CO, Ha, CO2 kot CHa) kon v mepiektikdmtal
avBpoka oV Ittduevn téepa. ‘Eva amd ta onpeio kavotopiog Tov mpoavapepbEvtog LovTELOL eival 1 HEAETT
g emidpaong g avtidpacns WGS ot cvotacn tov tedikol aegpiov TpoidvTog, Le 6TdYo T S1EPELVNON TG
SUVNTIKNG EMTTOONG TG Katd TN didpkela g WOENG Tov ovvheong. Akoun, peetdtor 1 ocOyKAon HETOED
TEWPAUATIKOV Kot OempnTIKOV amotelespdTmv 0TV cupreptiapfdvetal o oynuatiopog Co vopoyovavdpikwov
(oBvAévio otV TaPovoO, HEAETN) GTO HOVTEAD OEPLOTTOINONG, MGTE Vo avTIGTAOUIOTOOY ATOKMGEIS 0o TIC
ouvOnKeg BEPLOSVVALIKNG 1GOPPOTIAG.
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2.2 Aoxipéc agpromoinong kar pe@odoroyia povreromoinong

Ot mepapatikég dokipég delnydnoav oe évav aeplomomt) woyvog 3 MW teyvoloyiag pevstomompévng
KAIvng puooridmv mov Bpioketal oto tvotitovto CIUDEN 1ng lomaviag kot o omoiog pmopel va Agitovpynoet
LE TPELG OLOPOPETIKOVE TOTOVE KOVGIHOV, GUYKEKPIUEVO TOUT, KOKKMOT Kot tehetomotnpévn Popdlo. o o
OKOTO ALTO, V0 SOPOPETIKEG YPOUUES TPOPOJOGING KAVGIHOV GUVOEOVTOL LUE TOV OLEPLOTTONTY, Hid Yo TNV
eneEepyacspévn Propdlo (KoKKmON Kol TEAETOTOUEVT]) Kol o Y10 Ta Tout. To Kadoo TopEyeTot LEG® KoyAln
TPoP0od0Ging péca otov avipactipa. [a v mapoyn Propdlog ypnoponoteitol po teplioTpoPiky Paifida
o€ Tieon, n omoia Tpopodotel Propdlo oe 500 drapopeTikd enineda TOLV PPIGKOVTOL GTNV KOPLPT KO GTO KATW®
uépog tng kAivng. I'a v mepintmon eneepyacuévng Propdlog, Kot to 600 ENIMESN TPOPOSOGING UTOPOVY VO
AELTOLPYOVV TOVTOYPOVO, EVM YLOL TO TOLT Agttovpyel povo €va eminedo kdbe @opd. I'io v amoeuyn g
avTioTPoPNG S10OPOUNG COUATIOIMV Kal aepiov, TO0 6TEPEO KAVGIHO TpoPodoteitar pall He pio pukpr| mopoyn
COo,. Tt ovveyn Aettovpyio Tov aeplomomt, KAOe ypauun TpoPodocioe KAVGIHoy anoteAeital omd dVo
o1\0 tpopodociag. H edptmon evog olhd pe KaOoo Tpaypatomotleital dtav 1 YpOoUU Tpo@odociog gival
OTOCLVOESEUEVT] KOl GUVETMG, o1 00 de&apevég Aettovpyovv aveEdpmra. Emumiéov, o n mapoyn ualog g
TPpoPodoTovpevnS Popdlag peTpdTol e aeONTipeg fAPOVE, Ol 0mOiol KATAYPAPOLY GLVEXMDG TO PAPOS TOV
G0 TPOPOSOGIOC GUVAPTHOEL TOV YPOVOV.

Mio, oynpotiky arotonmon tng eykotdotoong tov CIUDEN nopovsialetat oto Zynua 5. O agplomomig gépet
EMEVOLOTN AT TLPIUOYO VAIKO Kol £XEl E0®TEPIKT d1dpeTpo 1.3 m Kot GLVOAIKO VYOC 5.5 m, EVM TO TUAUA TNG
erebepnc emoedavelng Eyel ecmtepikn dtapeTpo 2 M. e v ekkivon tov aepromomt, N Oéppavon tov
OVTIOPUCTHPO TPOYUATOTOMONKE LLE Kowoaépla amd TV KoOGT pUGIKoy agpiov oe Eexmplotd BAAmpo Kadong.
Katd v exkivnon g aeplonoinong Propalag, Evag puontpos aépo YPNOLLOTOLEITOL Y10, T PEVCTOTOINON
g KAIvng. O aepromommc e&omAiletan pe 19 Beppootoryeia, 6 peTpnTiKd dlapopikng mieong kot 4 Bvpeg Yo
Aheg ovokevég pétpnong N derypatoAnyia. Katd tn didpkeia tov dokipdv aeplomoinong, n Oeppoxpacio kot
N TTOON TEGNC 6TO TUNUA aTOoOKEVONE KOl TPOPOSOGING KOVGILOV, GTOV AVTIOPAGTHPA KOl GTO GUGTNU
KaBapiopoy TapakoAoVBOVVIOY CUVEXDG KOl KOTUYPAPOVIOV HECH GCUGTAHOTOS GUAAOYNG OedoUévmv.
Kotavtn tov ogpromointi, 10 6Teped cMUOTION GLAAEYOVTOL GE 000 KUKADVEG DYNANG OmOd00NG Kol OTN
OCULVEYELD LETAPEPOVTAL GE GILO amoffkevoNg Ta omoia eivar cuvdedeéva e GVOKEVEG LETPN oS PApovg. Avo
ave&apTnTo GLGTHLOTO PN CIUOTOMONKAY KATA T1 S1APKELN TOV SOKIUMY Y10, TN GLAAOYY TNG TEPPAG OO TOV
mobuéva Tov aVTIOPUCTNPO KOl TNG WTTAUEVNS TEPPAS, avtioTolyd. Ocov apopd TiG HETPNOES GVGTACTNS TOV
aepiov, po cvokevn TDL Kt évag aéplog ypouUaToYpapOg XPTOLLOTOI0VVTOL Y10 TH LETPNOT TOL T060GToV O)
Kol TOV KOPL®mV GLOTOTIKOV TV aegpiov ovvbeong (Hz, CO2, CO kot CHy), avtictoya. Iévte (5) mepapatikig
SOKIHEG TpaypaToToONnKay GuVoAKd ypnoiporoldvtag SuAmon Popdlo, Beppoxpacio agplomoinong ~ 890
°C kot Aoyo aépa kavong A oto evpog 0.28-0.29. H cotacm tov kavoipov divetar otov [ivaka 2.

To povtélo yw v mpodPreyn ™G c0oTAONC TOV aepiov oOvBeonc elval Pacicpévo otn Beppoduvapuxn
ooppomia HEcw eAayloToTOiNoNG TG EAeVBePN G evépyetag Gibbs. I'a Tic Tpocopo1doels Tov Tapovoidlovtal
01N GUVEEL, Ol EVAGELS ToL opioTtnkav fTav ot Nz, Oz, C(S), S, Hz, CO, CO2, CH4, H20, H2S, SO2, SO3, COS,
HCN, CoHa, CoHe, CeHs, C1oHs, xaBdc kot 1 Propdlo kot 1 téppa og pUn cvpfotikd oteped. ZuyKEKPIUEVA, TO
oteped e&avOpaxopa C(S) mov TPOKVLATEL KATA TO 6TASI0 TNG TVPOAVETS poviehomombnke g ypapitng. Ot
widtteg g Propdlog exppastnray péo® Tov poviéhov evBouimiog kot mokvomroc HCOALGEN kot
DCOALIGT, avtiotoyo. Emedn] to Aspen Plus dev pmopei vo. xeipiotel un ovpPartikd oteped, mpo g
elayrotonmoinong g ehevBepng evépyetag Gibbs 1 Bropdlo amocuVTIOETAL EWKOVIKA» GE EVOV aVTIOPACTIHPO
RYield oe C(s), H2, N2, S, Oz, H20 xot téppa. To 1coloyo paleg dwatnpeitor HEcw €VOG VTOAOYIGTIKOD
gpyareiov og yYhwooa FORTRAN, 1o 0moio tpo@odoteital amd TV TPOGEYYIGTIKT KOl GTOLYELNKT 0vAAVLGT TG
Bopdaloc. EmmAéov, mpaypotomotleital 1coloyiopog evloAmiog otov avtidpactipo RYield, o omoiog
a&romoteitor yuo vo kataoTpmbel 1o oAk 160l0y10 evépyelag g depyaciag. Avavtn tov avtidpactipa RGibbs
oTOV 07oi0 Tpoypatomoteitan elayiotomoinomn g evépyelag Gibbs vrdpyel GTOLYEIOUETPIKOG OVTIOPACTIPOG
RStoich, otov omoio éva pépog tov otepeov dvBpaka (12%) avtdpd pe to Ho mpog oynuationd CHa. H
ot SopHdvetal PACEL TOV TEWPOUOTIKAOV UETPTCEMV OO TO GUGTNUO OEPLOG YPOUATOYPUPIag UEGH EVOG
umhok «Design specification» oto Aspen Plus. H evompudtoon 100 GUYKEKPLUEVOD OVTIBPOOTHPO KpiveTat
onuovtikny kafmg etvor yvootd nog to CHs oto aéplo ouvBeong mpoépyetor kupiwg and 10 6TAd0 NG
TUPOAVOTG Kol OeV TPOPAETETOL OTIG CUVONKES YNLUKNG KOl BEPLOSVVOUIKNG 100ppOoTiaG €VOG OEPLOTOINTY.
Axoun, éva Aok S1o(@PLIGHOD XPTCILOTOIELTOL Yo T LOVIEAOTOINGT] TG POTG TOV GTEPEOD £E0VOPAKDUATOG
TIOV 0&V UETEXEL GE AVTIOPACELS E UEPLEC EVAGELS GTO UIYLLOL KO GUAAEYETAL LLE TNV WTTAUEVT] TEPPO.
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2yiua 5: Zynuatikn oxetovion tov agpromomth 1oyvos 3 MW teyvoloyiag BFB (CIUDEN).

Hivaxog 2: Ipooeyyionikny kai otoryeioxy avétoan Eolwdovg Proudloag.

IpooeyyioTiky avaivon

Yypooia (x.p. %, eni vypng Bdong) 6.06
Téppa (k.B. %, eni Enpov) 1.31
IImrwd (x.p. %, eni Enpod) 79.03
Moéviuog dvBpaxog (k.B. %, eni Enpod) 19.66
2Tor EL0K] avdivon (k.B. %, emi&npo?)
C 49.30
H 6.71
N 0.11
S 0.01
O] 42.57

H ol evépyeia Gibbs exppaletal coppova pe v EE. 1a

N N
G*°t = ) niAGY + ) mi RTIn(y) EE la
i=1 i=1
6mov A(fj‘c’, ; elvon 1 edevBepn evépyewa Gibbs oynpatiopnod tov evocewv i, R kot T n otabepd 6ovikdv agpimv

Kot 1 Ogppoxpacio avtiotola Kot y; €ival T0 YPOUUOMOPLoKd KAAGWHO TOV cvotatiko | oto piyua. H
S10d1KaGi0 VTOAOYIGUOD TN GVGTACNS TV TPOIOVIMV BocileTol 6TO UNOEVIGUO TOV UEPIKOV TAPAYDYMYV TNG
ocuvaptnong Lagrange L, n omoia diveron otnv EE. 10.

k N
L:GtOt—ZAj (Zaijni—Aj) Eéf 1[3
j=1 i=1
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Q¢ Beppokpacio aeplomoinong opiotnke o HEGOG Opog TV HeETprioewV 4 Beppoctoryeivv og Hyog 375 mm ond
TO JLOCKOPTIOTH, EVAO MG TLECT] TOV 0EPLOTOMNTH OPIGTNKE 0 UEGOG OPOG TOV TIUDV TNG TECT|G TOL HETPHON KOV
070 0100KOPTIGTH. O TIHES AVTEC OPICTNKAV GE OAEG TIG GUVIGTMOGEG TOV BEPLOSVVOUIKOD LOVTEAOV CLVAVTY TOV
dopbotikod avtidpaotipa (REquil) petatdomiong WGS, n omoia gaiveton oty avtidpaon Al.

H Ogppokpacio tov avidpactipo REquil opiotnke Pdoer uiag apykng avdivong svoicdnociog 60 °C
YOUNAOTEPO GE GYECT LE TO UTAOK TOV BOGIKOD LOVTEAOV ALEPLOTTOINCT|G, EVO 1) TTieoT) OpioTNKE 10N UE TNV TTiEoN
otV é£060 Tov agplomomth. H 10éa micw amd ) S0pbwon g aviidpaong WGS éykettor oty mbavn
GUUUETOYN TNG 0TOV KaBopioud TG TEAMKNG cVOTACNS TOV aepiov cuvBeons Katd to otddlo TG YHENG otV
£€0d0 t0V agpromomnth. Téhog, To evepyelaxd 160L0YI0 TG diepyaciag TPokHTTEL GLVOVALOVTG OAEG TIG POEG
Beppukng 1oy10oG TG EYKATAGTAGNG 6€ PTAOK avaéng 6to Aoytopkod Aspen Plus.

2.3 Amnoteléopato kKo cvinTnon

Y10 apykd poviédo mov avomtuydnke mpayupotomomOnke n Osdpnon ot oynuatileton pwovo CH4 g
OVIUIPOCOTEVTIKY £VOOT] VOPOYOVOVOPAK®V GTO 0éPlo cHVOEST|G 0dNYDVTOG GE ONUOVTIKES OTOKAGELS Yol TOL
CO, Hz ko1 CO; cuykpitikd [e To TEPAUOTIKE dedopéva, OT®S PaiveTol Kot 6To Zynua 6. Yo v mapadoyn
avt, 10 aéplo ovvheong mepiéyel CO, Ha, CO2, CHa kot N2 (emti Enpng Paong), ta omoia eivar Kot To aépia
GULGTATIKA TOV OVEAVOVTOL GTO GUGTIUA 0EPLUG YPDUOTOYPOPIOGC.
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Zynua 6: Amoteléouata povTEAOTOINONG Yio. TH oDOTACH TOL 0EPIOL TOVOEOHS Y10, ODO OlOPOPETIKES
TPOCEYYIOEIS O TYETN UE TO. TEIPOUATIKG. 0douéva. aro ) Aokiun 1. [lpoaeyyion a: ywpic d1opOwan WGS, ue
oynuoziond CoHa. [lpocéyyion b: ywpic 616pOwan WGS, ywpic oynuatioué CoHa.

Qo610600, 0v Kot 6T0 TANIG0 TV dokiudv ov mpaypatonomdnkav oto CIUDEN dev petpnOnkov Aowrég
EVOGELS VOPOYOVAVOPGK®Y 6TO PO GVUVOEGNC, 1| TAPOLGIL AAAMY EVOGE®Y OTMG VOPOoYovavOpakwv Co+ 6TO
aéPLo TPOioV eVOC aePLOTOINTY PELOTOTOMUEVT G KAIVIG Bewpeitar dedopévn. Xapoktnpiotikd, ot Rechulski et
al. [88] katr Mun et al. [151] avépepav mmg 600 amd TIg KOPLEG EVDOELS TOV EVIOTIOTNKOY GTO 0.£plo chHVOEONC
and v agpronoinon Popalag givor ot CoHa ko CoHs pe ovykévipoon oto aéplo oto gvpog 0.2-1.1 vol.%.
Emopévog, mpaypotomomdnke tpomomoinon tov Ogpuoduvvopikod HOVIEAOL ®C TPOG TO GYNUOTIGUO
vdpoyovavlpdrmv, poviehonoimdvrag to oynpatiopd CoHa otov 110 GTOXEOUETPIKO aVTIOPUCTIPU GTOV 0010
npoyuoartonoteitoan 1 ekovikny ovvleon tov CHa, to omoio dev mpoPAémetol amd ™ ¥NUIKY 1Goppomio. LECH
elayrotomoinong g erevbepnc evépyetog Gibbs.
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Katd ) povtehomoinon ympig d10pbwon WGS, 1 nepiekticomra o CO2 Ppébnke va vroektipdtol, evod M
neplektikdOTN T CO Vo VITEpekTIATAL 68 GUYKPIoN WE TIG TEWPOUaTIKEG uetpnoels. Ot amokMoelg NTov mo
ONUOVTIKEG KOTA TN poviehomoinon yopic oynuotiopd CoHa. Ao v GAAn mievpd, 0Tov cupmepAnednke o
oynuoticpog CoHs, m obykhion Pertiobnke ko n wo aéloonueiom dwopd NTav oty TPOPAEYN TNg
neplektikotntag tov CO; (~ 1 vol.% andhion).

Y€ eMOLEVO GTASI0 EEETAGTNKE M EMIOpaoT TNG 010pBwang ¢ avtidpacng WGS oty mpdieyn T c0oTOoNS
TOV agpiov cuvheonc kot Ta amoteAéspato eaivovtal ato Xynua 7. H Bedpnon 816pbwong e WGS ywpig t0
oynuotiopd CoHa eaiveton va odnyel ek véov oe peydn amdkAon HeTa&d Oe@pnTik®V Kol TEWPOUATIKOY
armotereopdrov (TIpocéyyion a). Qot6c0, Bpédnie TG 0 cVVILAGHOG TG d10pBonc WGS e oTotygloueTpid
oymuaticpd CoHa (ot08epd mocootd oynpotiopov C og CoHg ico pe 7%) pmopei va PEATIOGEL TEPOUTEP® TN
CUHEOVID HETOED TOV OTOTEAEGUATMV HOVTEAOTOINGTG KOl TV TEPUUATIKMOV OTOTELECUATOV.
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Zynuo. 1 Amoteléouoto povielomoinons yio. ) o0OTOON TOL GEPIov oOVOsonS yio. 00 OlOPOPETIKES
TPOCEYYIGELS OE GYETN UE TO TEIPOUATIKG, dedouéve, omo T Aowyun 1. Ilpocéyyion a. ue o1opBwaon WGS, ywpic
oxnuatioud CoHa. Hpoaéyyion b: pe d1opfwan WGS kou aynpotious CoHa.

EmnAéov, 10 poviého mapovctdlel KovomomTiky mpoctyyion tov Tdv tov eéavipaxodpatog C(S) mov
SPEVYEL e TNV WTAUEVT TEQPQ, OTTMG doKpiveTal kon 6to Zynuo 8. Qo1000, amokiicels Ppédnkav eniong
1060 G TTPOg TNV eKTiunoT oV e£avOpaKkdOUATOg OGO KOl TNG GVOTACNG TOV KUPLOV 0EPI®V TOV 0agPiov
ovvBeong katd tn Agttovpyia Tov oTaBUov o dlapopetikéc cuvinkeg (.. Aoxun 3).
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0 - 1.10
Test 1 mod. Test2 mod. Test3 mod. Test4 mod. Test5 mod. Test 1 Test 2 Test 3 Test 4 Test 5
(@) (b)

2yniua 8: (a) Zbykpion mepouatikdy kol omoTeAEGUATMV povielomoinons yia v wapoyxh udlog C(s) otnv
wmrdpevy eppo. kot (D) obdoraon CoHa oo aépio oivleong (Vol.%) adupwva ue to Beprodvvopuro poviélo.
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To yeyovog awtd pmopet vo amodobel o€ SLOPOPETIKES VOPOSVVALIKEG CLUVONKEG EVTOG TOV (LEPLOTTONTH TTOV
opeidovtal e PETAPOAN TOV TOPAUETPOY AEITOLPYING, OTTMG TNG TaPoYNG MALag KovGitov. XyeTikd pue v
ektipunomn tov Tosoctov Tov CoHy 610 0ép1o, o1 ETINMUEVEG THEG BPIoKOVTOL EVTOG TOV UVOLEVOLEVOL E£DPOVG
Bacel g Piprloypagioc. H cuykévipmon tov HoS oto aépro Bpébnke va givar tng 1aEng Tmv 25 ppmyv, evé M
petatpomn tov gloepyopevov S oe HoS avtictoyel og mepinov 93%. H tun avtr| Ppioketol oe cupowvia pe
extunoelg tov Kuramochi et al. [154]. "Evag onuavtikdg meploptopds tov poviéhov Ppébnke va givar m
extipmon tov oynuoticpod OSCs kot mocdv, KabBmG Yy To TPOIOVIO ALTA OTOITEITOL 1) EVOOUATOON
TEPICCOTEPDV NUL-EUTEIPIKDOV CYEGEDY GTO LOVTELO EEUPTOUEV®V OO TOPAUETPOVG TNG SlEPYATING.

24 ZXopmephopata

e auTd TO KEPAAOLO TOPOVGIACTNKE Eva LOVTELO 6TafepN KaTdoTOoNS Yot TV TPOPAEYN TNG TOLOTNTAS TOV
aepiov chvleong katd v agpronoinon EuAmdovg Propdlog, To omoio avartuydnKe 610 Aoyiopkd Aspen Plus.
210 GUYKEKPIWEVO HovTELO ANeOnke vtoyn o oynuotiopds vépoyovavBpdakmy (CHs ko Cz), kabdg kot n
ey Hépog tov otepeol eEavlpakopatog pali pe v wmrdpevn téepa. To povtédo Paciotnke otnv
elaylotomoinon ¢ eievbepng evépyelag Gibbs yio TV exTiumon TOV KUPIOV GLUGTATIKOV TOL OEPiov
TPoidvTog, v akoun a&toroynnke n enidpacn g wooppomiog g avridpacns WGS ot ovykiion petad
TEPOUOTIKDY OTOTEAEGUATOV Kol povieAomoinong. Ot mepapatikés dokipég delnynoav ce ogplomomy
teyvoroyiag BFB 1oy00c 3 MWy e Héco aepromoinomg aépa, v o1 AEITOVPYIKEG TAPAUETPOL TOV JOKLUMV
¥pnoomoinkay mg €16poég 6to povtéro eoppomioc. H evooudtoon gvog poviédov d10pbwong tng WGS
oLVEPOAE OTNV EMITEVEYN KAAVTEPTG CUUPMOVING LE TO TELPAUATIKA OEGOUEVE, VITOJEIKVDOVTOS OTL 1] AvTiOpOoN
umopel va. mopapeivel gvepyn kotd v wokn tov oepiov obvvleong. Otav efetdotnke AmOKAEIGTIKG O
oynuoticpos CHs (avtimpoconentiky] £€vact t@v vdpoyovavipdkoyv Tov TPoKOTTOVV Katd To 6TAd0 NG
TVUPOAVLGTG GTOV OEPLOTOMTY]), TO, ATOTEAEGUATO, TG TPOGOUOIMOT G AMEKAIVOY GTLOVTIKA 0T TO. TEPOUATIKG
oedopéva. T to Adyo ovtd, evoopatdbnke emmiéov o oynuotiopdg wov CoHs oto poviého og
OVTITPOCHOTEVTIKN £VoT eAOPP®V vIpoyovavOpdkwv o6to aéplo ovvBeong. To tpomomomuévo povtéAo
KatopOmoe va TPoPAEYEL EMOPKMOG TO KVUPL GLOTOTIKG Tov agpiov ovvBeons. Evrovtolg, onpeimbnkav
OTOKAIGELS e OALOYT] TOV GLVONK®OV AEITOVPYING, OTIMG TOV TAPOYDY TPOPOSOGING KOLGIHOV Kol 0EE0MTIKOV.
YVGYETIGELG TOV TEPLYPAPOLV TNV TUPAYMYT] VOPOYOVOVOPAK®V GE GYEGT LLE TIC TOPAUETPOVS TG OEPLOTOINGNG
UmopohV vo. BEATIOGOVV TNV KOVOTNTO TOV HOVTEAOL Vo TPOPAEWYEL TN GUGTAGT] TOVL TAPAYOUEVOL OEPIOL,
KaBmg 010 TOPOV HOVTEAD, YpNoIoTOmONnKaY dedouéva Yoo éva povo Bepuokpactokod eminedo. Emumiéov,
OYECELS Y10l TN LETOTPOTI TOV OTEPEOD £EAVOPOUKMDUATOG UTOPOLV VO PEATIOCOVV TEPAITEP® TIG EMOOGELG TOV
HOVTELOV, KOODC M TEPLEKTIKOTTA TOV KUPL®V GLOTOTIKOV TOV TOPOYOUEVOL agpiov emmpedaletarl omd
avtdpdoelg otepemv/aepiov (my. avtiopaon Boudouard). Ov vmoloywopol Oeppodvvapukng 1coppomiog
UTOPOVV VO TPOPAEYOVY 1IKAVOTOMTIKE T GVYKEVTP®GT Tov H2S, n omoia eivar 1 kOpla Eveon Beiov 610 aéplo
ovvleong. Tlapdha avtd, €va T€T010 amAomompéVO HOVTELD dev €lval KOTAAANAO Yoo TNV EKTIUNOT TOL
oynuoticpov tov OSCs. ‘Etol, 6cov agopd tnv katavoun Oeiov ota 0épla GVGTOTIKE, TPOTEIVETAL MG
LEAAOVTIKT] epyocios 1 EVOOUATMOON MU-EUTEPIKOV OCYECEDV OV TPOPOOOTOVVIOL UE TIC KUPLOTEPEG
TOPOUETPOVE TTOL EXNPEALOVY TNV TEPLEKTIKOTNTO, KOt TOV TOTTO TV OSCs (71.y,. Oeppokpacia, 1, meplextikdTnTa
Blopdlag og Beio K.AT.).

2UVOMKA, TO NUL-EUTEIPIKO LOVTEAO 1GOPPOTIOG TOV TOPOVGLAGTNKE GTO TAPOV KEPAANLO pmopel va BewpnBel
®G KATAAANA0 epyaieio yio T poviglomoinon tng agpromoinong Propalag, Kabmg kot to cuvheTmVy diepyacidv
nov Pacifovtar o avtyv. Qotdco, yopaktnpiletal and menepacuévn okpifela OTav AVIIKEIUEVIKOG OKOTOG
gtvar n akpiPng Swotacioldynon eEomhopon, 6mov amottovvtor Kot Aentopepéotepa povtéha (m.y. CFD). To
GLYKEKPIUEVO LOVTELD 160ppoTiag TportortoOnke mepattépm (PA. Kepdiaio 7) yia vo cupmepiinebei o€ avtod
1 GLYKEVIPMOOT] SLOPOP®V PUTMV GTO 0EPL0 cVVOECG. £T0 TAAIG10 0V TO BEPNONKE O OYNUOTIGUOG TCCHV KO
EMPPOV VOpOYOVAVOPhK®Y, KOOGS Kol amdAELEC OEpUOTNTAC KOTA TN dlEpyaoia.
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3 Ilepopatikny owgpevivion TS 0écuevong 000V evOcemv Kol
ELTPPOV TGOV OTT0 EVEPYO AVOpaKQ

3.1 Biphoypo@ikn avackonnon Kol TACIGL0 PEAETIG

210 mhaiclo G epyaciag, diepevvavtar texvoroyieg AGR mov Bacifovial og voatcd dtoivpata avOpoKikcon
kaAiov (K2CO3) eéantiog TV mAEOVEKTNUATOV TOVG, OTMC 1 UELMUEVT BEPUIKT KATAVAA®OT) avoyEvvnong Kot
N pewwpévn daPpmon oe oxéon pe Tic apiveg [162]. Qotdco, 1o kabapd aépo ovvbeong eEakorovbel va
nepiEyet Ogio [163], kabdg 1 diepyacio dev eivar 1d1aitepo EMAEKTIKY EVAVTLTOV EVOOE®Y Bgiov. Tuykekpiuéva,
OSCs o0mmg 10 Beto@aivio, To BevioBeloaivio K.a. SV amopaKpHVOVTOL amoTELEcHTIKG pe dtaAvpota KoCOs
[163]. Emopévamg, N ovlevén tav diepyaciov AGR pe kiiveg o&gidiov tov yevdapyvdpov (ZnO) kai/f evepyd
avBpoka (AC) pmopel vo, copPdiel oy mepartépw décpevon tav Beodywv evocewv. Ot ACS amotehovv
VTOGYOUEVE DALKA Y10, TNV TPOCPOPNOT TPOGSUIEEDV 0o TO 0éP1o oHVOESTG AOY® TNG LEYAANG ETLPAVELNG TOVG,
TOV AENUEVOL OYKOL TTOPMV KOl TOV VTAYOVIGTIKOD ToVg KOoTovg [164-166]. H empaveiokn encéepyacio tav
ACs umopel va BEATIOOEL TNV EMAEKTIKOTITO TOVG Y10 GUYKEKPLUEVEG EVAGELG GTO AEPLO GVVOESNC KoL EmTiong
Vo EVIGYDGEL TV YOPNTIKOTNTA Toug [167]. Metd tn pdenon, 1o VAIKO givol epiktod va avayevvndei péom
evaAloyng mieong M va ToAndel g Kovolo (amoTeleitor oVGLHOTIKA amd AvOpoKa) o€ PEYAANG KAIHOKOG
povadeg kavong eEomhopéveg pe cvotmue DeSOx. Avth gival pio amoTeAEGHOTIKY ADOT YioL LOVADES UIKPNG
€mG Héomg KAILAKOG, 1o TIg 0Toleg Lo emAEKTIKY dlepyacio amopdikpuveng tov Bgiov pe faon vypovg S1aAHTES
umopet va unv etvan owovopukd Prooun. HopdAinia pe tig Be100yeg evmoel, didpopa 10N TGOV propoHv
va ouAleyxBolv. Extog and ta didpopa mpoPAnpoata mov anodidovion oTic Tiooes, mBave oQEAn unopel va
TpokOYouv o0tav dev eEalelpOobv TANPWC amd To aéplo cOvheomng. Xe kb mepintwon, 1 dlepebvnon g
TPOCPOPNONG TMGCHV, KAODS KAl 1] GUVOVAGUEVT] TPOGPOPN oY EVOcE®VY Bgiov kot Tocdv and ACs, pmopel va
TPOCPEPEL YPNOUYEG TANPOPOPIEG GYETIKA UE TNV EPOAPUOYN TETOL®Y VAIKOV Yo, kabapiopd tov aepiov
ovvBeong oe suvovaouo e diepyasieg AGR mov ypnoyomolovv dwodvpata KoCOs.

Ot akdhovBeg Tapatnpioelg pmopotv va yivoov pe Bdon v avackdnnon g Piioypaeiog:

o Av KOl OpKETEC MEPAPATIKEG LEAETEG EYOVV OLEPEVVGEL TNV TPOGPOPNCN avOpyaveV evdcewv Belov
(xvpimg H,S) oe ACs [166], o1 oyetikég epyacieg pe v mpoopoenon tov OSCS amd v aéplo. edon 6€
GUYKEVIPMGELS OV OVTIGTOLYOVUV GTNV OEPLOTOINCT] GTEPEMV KOLGIN®V gival moAld omavidtepes. Ot
EPIOCOTEPEG OO OVTEG EMKEVIPOVOVTOL GINV TPOSPOPNON UEPKOTTOVAV KOl COVAPWII®MV GE un
enelepyacuévoug 1 tpomomomuévoug ACs [172] kou Oy og Arydtepo mntikég Belodyeg evaoelg mov
mePLEYOVTAL 6T0 0€Plo ovvleomg, Onwg to Bsopaivio (C4HsS). H amobeimwon vypov kavsipov pécm ACs
&Y€l TPOGEAKDOEL TO EPEVLVNTIKO EVOLOQEPOV KOl EVAOGELS e Paomn To Betopdivio (m.y. Beropaivio, BT kau/m
DBT) ypnowomotodvtor wg poviéda [179]. Xe avt v katevbovon, ot dwabéoipec peléteg Exovv dieEaybel
o€ YounAég Beppokpaciec, mov dev vrepPaivovy Tovg 60 °C.

o YTapyovv Alyeg LEAETEG OYETIKA LLE TNV TALTOYPOV TPOGPOPN O eEVee®V Belov kot oy oe ACS 6tav
0l EVACELS TEPLEYOVTIOL GE TPUAYUATIKO a€plo cVVOEONS. ZVYKEKPIUEVO GLGTATIKG TOV OEPIOL UiYHOTOG
UTOPOVV va. ETNPedoovY TV amddoon g 6éopevong eite Betikd gite apvntikd (m.y. CO2 kou H20).

g auTd T0 TANIG10, 1 TAPOVCO TEIPUUATIKY LEAETN apykd depeuva Vv amddoon Tov AC ®¢ LAKOD Yo TNV
déopevon tov CaH4S amd éva pépov aépio oe vymAn Bepuokpacio wov aviictolyel oe cuvOnkeg Oeppod (warm)
kaBapiopov Tov aepiov cvuvheonc. Te eNOUEVO GTASIO TAPOVGLALETAL 1] TOLTOYPOVT TPOGPOPN T Beiov (Kupimg
H2S) kot ghappov micomv (kuping CsHs) mov mepiéyovial oto aéplo cOvleong agplomointy teyvoloyiog
KOVIOTIOINUEVOD KOVGIHoL 100G 1 MW tpog@odotovuevov and Proudla.
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3.2 Ilewpapotiki) digpevvnon g Tpocspoenong Bsroparviov o€ epyacTnpLokl] KAMpoka
3.21 Yhika, meipouotixy eykotaotoon kai uefodoloyio uetpnoewy

Ta yapaxtnpiotikd tov AC Tov ypnoyoromnke Katd ™ d1dpKelo TV Sokiumv eaivovtat otov [livaka 3. To
VMKO VTECTN OPYIKA KOVIOToinon Kot emAEyOnKe To KAAGHA e €0POg SLOUETPOV COUATIOIOV peTalld 125 ko
160 pm. Emumtdéov, mpocdiopiotnioy 1010tnteg Omme 1 €101k empaveila (pebodoroyio BET), 1 katavoun tov
nopov (uebodoroyic BTH) kot 1 mukvoTnTe TOL VAIKOD HEG® avOAVTIKGV 0pyavmv dtabicipumy oto PSI. Télog,
TP omd KAbe dokiur to VAIKO vePAnon oe Bépuavon yia 3 h otovg 150 °C. TN T1¢ mepapotikég SoKIUEG
ypnowomotonke vrepkdbapo Ar (> 99.998 %) kar 500 ppmv CsH4S o He.

Hivaxag 3: 1010tyTes evepyod dvBpaka Tov ypnoyorToionke oTic TEWPOUATIKES OOKIUEG.

HapéapeTpog Twn
Tomog AC (apyikd VAIKO) CECA ACM40-4WA
Ap1Budg CeHs 40+2
Ap1Ouog CCly >80
Méon diGpetpog copatidiov, d, (um) 138
X0dnv mokvotnta (kg m=) 497
[Mokvomra (kg m3) 2,450
Edwn emoaveia, BET (m? g?) 991
Axtiva Topwv (M) 13-1010

H newpapotikn dudtaén (wvoetitovro PSI, EABetia) otnv onoia mporypatonotOnkay ot Telpapotikég S0KIUES TG
npoopoenong CsHaS eaivetar oto Zynua 9. To Tpuqua avipuéng aepiov teptiappdvel Eva chvVoro ELEYKTOV
pong nalag (MFC, Bronkhorst EL-FLOW) ywa v mapoyn kabopiopévev nocotntov aepiov. Ta Ar, C4HsS
ka1 vepd avauiydnikav og éva Oeppotvopevo BAapo ovapéng yio Ty Topoymyn TPOGOUOIOUEVOVY EPIOV LE
OLYKEKPLUEVES oLYKEVTPMGELS. H mposbnkn vypaciag 6to piyua mpaypotorodnke pe Tpo@odocio vepov oe
éva, Bepuavopevo koppo péow aviriog ovpryyag (Harvard Apparatus PHD 2000). O yvdivog avtidpactipag
GTOV 0010 TOTOOETEITOL TO TPOCPOPNTIKO VAIKO £XEL KLALVOPIKY| LOPOPY| LE ECOTEPIKN JAUETPO 2 mm Kot
tonobeteitan og katakdpven didtaln eviog evog Beppootatovpevov kKhpavov (Carbolite MTF 12/25A). Abdo
avtoporeg puooTikég Paveg 4 Bupmv (SV1 kar SV2) ypnotpomotovval yio tnv pvduion tng katedboveng g
pong Tov aepiov. H avdivon g aéplag epdong mpaypatonoteital pécw gaouotockomniog palog (Extrel Mass
Spectrometer MAX300-LG). Okeg ot peTOAMKES COANVAOOCEIS TOV EPYOVINL GE ETOPT LE TN PO TOV OePiov
emkaAvnTovtol pe SiO2 (SilcoNert® 2000) oote vo amopevydei n Tpocpdenon OBeiov oty emMEAveD TOL
petdddov. H ntigon g npocspdenong eréyyeton péowm tav pubuotdv BPR1 kot BPR2 (BA. Zynqua 9).

Ye ke doxyn, 20 mg AC Quyiotnkav kot tomofethfnkov 6Tov YUdAIvO avTIOPOGTHPO. XTN GUVEXELD,
TPOYLATOTOWONKE ELEYXOG SlappodV e o pkp wapoyn agpiov ion ue 3 NmL min? ko wigon ion pe v
nieon Tov nepapotikov dokumv (0.5 barg). Katdémv pvBuiletar n mapoyn tov aepiov kot eEakpiBdvetol 1
GUGTOGCT TOL HYHOTOG GTOV avaALTH TTpv 0dnynOBel otnv KAivn mpocpogpnone. EmmAov, o por| Ar mepvaet
07O TOV aVTIOPACTHPO TPV TN SOKIUN TPOopOPN oG Kot emmAéov pubuiletal n Oeppokpacio oty embounty
. To wépag kdbe doxung opiletor amd Tov Kopeoud 10V TPOSPOENTIKOD VAWKV ue CsH4S, evd o ypodvog
SLOPPONG KOl 1) YOPTTIKOTNTO TOV DAIKOD DTOAOYIGTNKOV UE avVapOPE TO GNUEID KOTA TO 0TTO{0 1) GUYKEVIPMOOT)
e£odov avtotoyel oto 90% g ovykévipoong tov CsHsS omv eicodo g Kkhivig. Axoriobbwmg, M
YOPNTIKOTNTO TOV VAIKOV 670 orueio dappong vroroyiletol 0nwg paivetal otnyv EE. 2

MW;hionnCoV [t C
_ thioph“0 f (1 t) dt
0

1000m, G

EE 2

0oV MWypiopn T0 popilakd Bapog tov CsH4S (84 g mol?), Cp n cuykévipoon €16680v tov C4H4S (Mol m3), ¢,
1 ovykévipoon e£080v Tov CaHaS ™) xpovik otyun t (Mol m3), V i mopoyn dykov tov agpiov (M3 mind), t,
0 GLVOAIKOG XpOVOG Kopeopot (Min) kot mye 1 palo g KAivng Tov evepyod avBpoka (g).
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2ynuo. 9. Zynuotikn omeIkOvion TS TEWOUOTIKAGS O16Talns yia tpy mpoopdenon tov CsHaS.

Ytov Ilivaxa 4 @aivovtal ot SoKIHEG TPOopOPN oG Tov TpaypatoroOnkoy. Téooepic (4) mapaueTpotl g
depyaociog petaANOnKay Katd T SAPKELR TNG CVYKEKPIUEVNG HEAETNG Kat cuykekpiuéva 1 Beppokpacio (100-
200 °C), n mapoyn tov agpiov (30-55 NmL min?) kot n ovykévipoon twv CsHsS (8.5-30 ppmv) kot H20 (0, 3
vol.%).

Hivoxog 4: ITivoxog doxiumv npoopopnons CaHaS ae AC.

Ao Mala AC Oeppoxkpacio  Ilapoyn as;_)ion 2oYKEVTPOOT 2oYKEVTPOOT

(mg) (°C) (NmL min™) C:sH.S (ppmv) H.0 (vol.%)
1 19.50 100 30.0 15 0
2 20.63 150 30.0 15 0
3 20.00 200 30.0 15 0
4 20.00 100 30.0 15 3
5 20.30 150 30.0 15 3
6 20.27 150 42.5 15 0
7 19.65 150 55.0 15 0
8 20.29 150 30.0 8.5 0
9 20.31 150 30.0 23 0
10 20.11 150 30.0 30 0
11 20.46 100 30.0 8.5 0
12 20.26 100 30.0 30 0
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3.2.2  Amoteréauoza mpoopopnons CaHaS oe AC

Mo, ochvoyn TV amoTeEAEGUAT®V ¥POVOL Slappong Kol x®PNTIKOTNTAG TOL VAIKOD AC Y10 OAEG TIG SOKIUES
wpocspdenong divetan otov [ivaka 5. tn cvvéxeto avaldeTal 1) EXIOPACT] TOV TOPAUETPMOV TNG OlEPYACTAG Yia
OT0 OMOTEAEGHOTO, EVA EMTAEOV O1vovTal Ol KOUTOAES dappong yia Ty Ttpocpdenon tov CaH4S. H péyiot
YOPNTIKOTNTO TOL VLAKOV petpnbnke oe Beppokpocic 100 °C (eldyiom Oeppokpacio dokiung) Kot
ovykévipmon 30 ppmv C4HaS (Léyrotn cvyKévipmon SoKIUNG), EVG 1 EAALOTN YOPNTIKOTNTO, LETPONKE 01N
uéyrom Bepuoxpacio twv 200 °C.

Iivoxog 5: Aroteléauaro ypovoo diappons ko ywpntixotnrag AC yia dieg tig doxiués mpoopopnons CaHaS.

Aoy Xpovog 5“19[301']@,_'[90 Xopnrkétnta S Xopnrikotnta CsH4S, oo

(min) (mg SgtAQC) (mg C4sHsS gt AC)
1 108 3.10 8.15
2 26 0.64 1.68
3 10 0.22 0.59
4 83 2.45 6.44
5 24 0.60 1.57
6 20 0.64 1.68
7 14 0.67 1.76
8 39 0.42 1.09
9 24 0.76 2.00
10 18 1.09 2.86
11 152 2.11 5.54
12 73 4.42 11.59

H enidpoon g Oeppokpaciog Kot Tng Topoyng oepiov oTn HOPOT TOV KAUTLAMY S10pPOnG Y10 TV TPOSPOPNoN
tov C4HisS @aiveron oto Zynua 10. H avénon g Oepuoxpaciog £xet tn ONUAVTIKOTEPY EMIOPOCT TN
yopntikomta tov AC, a@od 10 VAIKO otovg 200 °C dwatnpel povo 10 7% g apyikng YOPNTIKOTNTOG TOV
petpnOnke otovg 100 °C. EmumAéov, mapatnpeital pio o amdtopun kKAMon e KOpmouAng stppong He avénon
g Oepuokpoaciog n onoio amwodidetar ot peyaAhtepn Tapoyn OYKov oty KAivn Kot 6t BeAtiopévn dudyvon
6T0VGg TOPOVG TOL VAKOV. To amotélecpa TG TopPOVGag LEAETNG PaiveTal va. PpickeTal oe CLUE®VIN UE TIG
petpnoeilg towv Xiao et al. yuao AC gpnotiopévo pe Na,COs [166]. H enidpaon g Oepuokpaciog sivar dueoa
ovvoedepévn e tov eEMOEPIO YOPUKTNPA TNG PLGIKNG TPOGPOPNONG, EVD 1| ETAOYT EVOG POPTTIKOD LALKOD
oV €104yeL evOODepUES OVTIOPAGELS LE TNV £VAOCT] TOV TPOGPOPATOL UTOPEL VO AVTIGTPEYEL TNV TACT TOV
Bpédnke yuo tov AC [170].
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02+ * ° 150 °C 02 | 0 42 NmL min’!
01 - & o :
4200 °C 0.1 55 NmL min-!

0.0
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2ynua 10: (Apiotepd) Koumdles diappons yia v mpoopopnon CsHaS oe AC arovg 100, 150 xar 200 °C

(ovyrévipwon eioédov CaHaS: 15 ppmv, mapoy aspiov: 30 NmL min, ywpic npoctixy H20) ko (0elid)

koumbleg drappong yio v mpoopdpnon CisHaS oe AC yia mapoyii agpiov 30.0, 42.5 kou 55.0 NmL min‘?

(ovykévipawon c1o6dov CaHaS: 15 ppmv, Oepuorpacio: 150 °C, ywpic npoodixny H>0).

0 20 40 60 80 100 120
time (min)
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AT v GAAN Thevpd, N LeTaPOAT TG TapoyNG TOL aepiov emnpedlel TNV avotnTa anoppdenong tov AC og
ToAD ikpd Pabud, epodcov dev vapyet petafoin ot uepikn wieon tov CsHaS. ‘Etol, mopd 10 yeyovog oti
petpnnke o avenaicOntn adénomn e yopNTIKOTNTAS TOV VAIKOD oTny vynAdtepn Ty GHSV, o petafoirég
Nrav < 3% 7y T0 g0POg NG TOPOYNG OV HEAETHONKE GtV Tapovoa gpyacia. Daivetar emopuévmg mmg M
petafoin tng moapoyng tov aepiov emmpedlel v mpospoenon tov CsHiS xatd avtictoyo tpoémo pe NV
npocpdenon tov DMS cduewvo. pe toug Barelli et al. [183].

H enidpaon tng pepwng nieong tov CaH4S o11c kapmoreg diappong g mpoopodenong eaivetol oto Zynua 11.
AvEnon g pepikng mieong odnyel o€ peiwon Tov ¥povov dappong Kot avénen g xopnTikoTnTog tov AC.
AvrtioTolyo, N enidpacn ¢ Tpoctnkng vypaciog og cuataon 3 vol.% eaivetarl oto Zynpa 12, 6mov dtokpiveton
OGS M TOPoLGio vypoaciog odnyel o€ peiwon TOV YPOVOL JlPPONG, eV UeTpNONKe emiong peiwon g
yopntikdmrog tov AC. Iapd to yeyovog 6t tpocspoenon tov H20 (decpoi vdpoydvov) givar S10popeTiKnig
QVoNG og oyéon pe v mpoopognon tov CsHiS [187], dvoyepaivel v mTpospoENon TOV HOPIOY TOV
Beropaviov oty emedvelo tov AC.
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time (min) time (min)

Zynuo 112 (Aprotepa) Koumddeg dwoppornic yia v mpoopopnon CsHaS oe AC yia 8.5, 15 xou 30 ppmv
ovykévipwon e1oédov (Pepuorpacia: 100 °C, wapoyi aspiov: 30 NmL min, ywpic mpoabtixn H20) ko (deéicr)
Koumoles owappons yia v mpoopopnon CsHaS oe AC yia 8.5, 15 xou 30 ppmv ovyxévipwon eigodov
(Peprorpaaia: 150 °C, wapoyi aepiov: 30 NmL mint, ywpic npocbiikn H,0).
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2yiua 12: (Apiotepa) Koumdleg diapponc yio v mpoopopnon CaHaS oe AC yia Enpd pépov aépio kar yio 3.0
vol.% H>0 arovg 100 °C (ovyrévipwan eioédov CaHaS: 15 ppmv, mapoyi aepiov: 30 NmL mint) ko (decicr)
KourvAes otapponc yia v mpocpopnan CaHaS ae AC yia Enpo pépov aépro kar yia 3.0 vol.% H,0 orovg 150
°C (ovyrévipwan igédov CsHaS: 15 ppmv, mapoyii agpiov: 30 NmL min).

193



Me Bdon to mepapoatikd omoteAéopato e£eTAoTNKAY VO HOVTEAD 1G00EpU®V Ylo. TNV TEPLYPOAON TNG
TPOGPOPNTIKNG IKAVOTNTOG TOV evepyod GvOpaka, éva povomapapetpikd poviédo (Henry) ko éva poviédo 2
nopopétpov (Langmuir). H avdivon éde1&e nog pe éva povtédo tomov Langmuir propei va enitevydel capodg
KOAOTEPN GUYKAIOT TOV TEPUUATIKOV ATOTEAEGUATOV Kol OempnTikdv ektipnoemy (£ 20% kot R? > 0.99). T
povtéha Henry kot Langmuir mov ypnoponombnkav yio v povielomoinon eaivovtor otig EE. 3 kau EE. 4,
avtiotorya. Ot otabepég TV 1060eppmV OTTMOG TPOEKLYAY GTNV Tapovca epyacia divovtor otov [livaka 6, evd
Ol LOPPES TOVG GE GYECT LLE TO TEPAUOTIKG dedopéva paivovtal oto Zynpa 13.

de = KyCe EC 3
_ K1 qmiCe
e =1¥K.C, ES 4
ITivoxag 6: Xt00cpég noviélwv Henry kou Langmuir xai aroteAéouota ototiotikig ovaloong.
Movtého 1060gpung Hoapaperpog Twn
Ky rep (M* kg) 2186
AHy (3 mol?) -2.58-10%
Henr H
y RMSE (mol kg) 0.016
R? 0.90
Ky rer (M° mol) 3.484-10°
AH; (3 mol?t) -5.02-10%
Langmuir qmz (Mol kgt 0.242
RMSE (mol kg?) 0.002
R? 0.99
0.16 T'(°C)/Type
----- 100/H
—100/L
0.12
----- 150/H
;; — 150/L
g%~ e 200/H
= ——200/L
0.04 O 100/Exp
O 150/Exp
0.00 . ] | | | . & 200Exp

2 4 6 8 10 12 14 16
¢, (mol m?)

2yiua 13: Io60spucc mpoopdpnone tov CaHaS yia ta poviéda Henry xkoa Langmuir (H: Henry, L: Langmuir,
Exp: mepopatixd aroreléouaro pelétng).
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3.3 Ilewpapotiki depevviion TS TPocpoPnons Oeiov kKo MOoAOV 0wd TPAYNOTIKO 0EPLO
ovvOeog

3.3.1 Yhka, meipouatiky eykotaotoon kot ueBodoloyio uetproewy

O1 TelpapoTIKEG OOKLUES 0.EPLOTTOINGNG KOl TPOGPOPNONG LE TPAYUATIKO 0€pto ovvBeoN mpayLaTomotOnKay
o710 wotttovto ETC ot Zoundia. H mihotikn didtaén aeplonoinong eaivetar oto Zynua 14. Anoteheiton amd
TO GUOTILO KOVIOTOINGNG Kt TPOPodociog Kavsipov/o&edmtikov, tov avtdpactipa (ID=0.52 m, vyoc=1.67
M, KEPOUIKY EXIGTP®ON), TO GVOTNIO KATAKPATNONG CUUTVKVOGCIUOV Kot couatidiov (quench), Evav puBuiot
Yo T daThpnon g wieong aeplomoinong avaven, to Adyiotpo (flare) yio v kavon Tov mpoidvtog, Kabng
Kot eE0TAIGUO Y10l T UETPNOT AELTOVPYIKDV TTopoauéTpmv (Bepuokpacia, wicon, tapoyn nalag k.a.). Ot doxipég
aeplomoinong mpaypaTomodnkay pe Kavolo neréteg EOAoV, eV MG VAIKO TPoopOENong YPNOOTO01Ke
T0 1010 UE TIC EPYOOTNPLOKEG OOKIUEG OV TpaypatortomOnkoayv oto PSI. H avdivon tov kKavoipov yio Tig
OLYKEKPIUEVEG dOKIPES diveTon otov TTivaka 7.

MFC .
N, Exhaust
Fuel Fuel MFC
hopper 1 hopper 2
Flare
Fuel feeder
Camera Gas
analysis
EFG _®
reactor
Quench spray BPR
registers Syngas _® | i
Ol \= T
L > T
Cooling “oo068 n Quench water
| ench > ‘
water O X ‘ outlet
CWP

2ynua 14: Zynuotiky arsiovion tov aeproromnti woyvog L MW ato ETC (ue Paon v [190]).

Iivaxog T: llpoceyyiotixn ko1 otoryeloxn avalvon meletv Edlov amd tn Zovndia.
IIpoceyyioTikn avdivon

Yypaoia (Wt. %, vypn Baon) 4.7
Téppa (Wt. %, eni Enpov) 0.4
ITtmrtkd (Wt. %, eni Enpov) 80.5
Moévyog avBpaxog (Wt. %, eni Enpov) 144
Trovyswekn avaiven (wWt.%, exi Enpiig Baong)
C 50.6
H 6.3
N 0.10
S 0.006
Cl 0.02
O 42.4
LHV (MJ kg Enpnig Bropdlog) 19.6
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"Eva pedpa agpiov ohvleong daympiletor Tpv TV KoHoT 6TO0 PAGYIOTPO TNG EYKOTAGTACTG KOt 0dnyeital gite
v avdivon eite yia aglomoinon G o epyactnploky eykotaotact cuvleonc MeOH, n onoia gaivetol 6to
Zyquo 15. H d1dtaén anoteAeiton amd €va cOoTuo avaéng aepiov pe eAeyktég mapoyns palog, wo oepd
0o OVTIOPUCTAPES Vil TOV KaBopioud Tov aepiov amd TPOooUIEEIS Kol VOV KATOAVTIKO avTIOPAGTHPO Y10, TN
ovvleon MeOH. Znv mapodoo perétn, Tpaypatomomnke TpOTOTOiNGn TG TEWPAUATIKNG d1dTaéng, KTl TNV
omoio, TopokAuPOnKay ot avtidpaotipeg kobapiopod Tov agpiov ovvbeong (FB1 ko FB2) «ou
ypnowomodnke o Bepuovopevoc avidpactipag FB3 ya tig dokipég mpospdenomng.

MFCs/Mixing station

MFC 1

MFC 2

MFC 3

MFC 4

T

MFC 5

Kotd ) didpkeia kabe doxiung mpaypoatomrombnkay cuveyeic avaivoelg Tov agpiov ovvleong pécm avalv
micro-GC (Varian 490 GC), evd ot avaAdoelg Tov BE100)®mV EVOGEDY Kol TOV TIECOV OVAVTN Kot KATAVTI TNG
KAivng FB3 mpaypotomomdnkav pécw GC-PFPD kot GC-FID avolvtov (Varian CP-3800), avrtictoyya. Ot
ouvOnkeg Agrtovpyiog TOGO TNG EYKOTAGTACNG 0EPLOTOINCONG 060 Kol Tng KAvng mpocspoenong eaivovrol
avaAvTikotepa otov [ivaka 8.

Iivaxag 8: Xoviikeg Aertovpyiag aepromonty], kKAIVIG TPOGPOPHOHS KOl TOPGUETPOL OELYUATOANYING.

Agpromoinon

Mapapetpog Aok 1 Aok 2
Tomog Bropalag Youndikég meréteg EOAOL
O¢gppokpacio agpromoinong (°C) 1274 1282
[Tieon aepromoinomg (barg) 6.0 6.0
IMapoyn Propdlac (kg ht) 120.0 120.0
2 (=) 0.40 0.39
ITapoyn vepov 6to cvoTUa YHENG 255 23.0
(L min't) ' '
"E&od0og agpiov and tov agpromomtn (°C) 96.3 107.6
MAdpxeia otobepng katdotaong (min) 170 90
Ap1Budg derypdtov agpiov amd SP1 3 3

Awbtaén tpocpognong oe AC

Hapaperpog Aoxipn 1 Aok 2
Tomog AC CECA ACM40-4WA

Mala AC (g) 5.013 5.065
O¢ppokpacio FB3-TC (°C) 100 150
ITigon npoopdenong (bar) 1.1 1.1
IMapoyn aepiov (NL min?) 4.0 4.0
A1apketa Sokung (min) 110 60
Ap1Budg derypdrtov aepiov amd SP2 6 8
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3.3.2  Amoteléouara ogpromoinons kai mpoopopnons Oeiov kol moowV oo 0épio cOvOeans

H Aertovpyia Tov agpromomty] koviomomnpévoy kavaipov oyvog 1 MWy axoiovdnce tpelg pacelg, 1o 6Tad0
™G TPOoOEPUOVONG E AVTIOTACELS, TO OTAGLO TG KOVOTG Yo TNV TEPULTEP® avENoT NG Beprokpaciog Kot

TeEMKA TO 6TAd10 TNG agpromoinong. H Beprokpacio Tov avTidpactipo Kot 1 TEPLoYT TIDY TOV A KaTd To oTdd0
ot eoaivetot 6to Zyfua 16.

—-Treact —©o—Tcone —©—Tquench —4ER 2
1400
Reactor 1
preheating phase
1200 1 - 2.0
Steady-state
gasification
1000 ¢
s - 15
g
£ 800 7 Y T
g ﬁ =
W
=N =
E, 600 1 e - 10
Combustion
400 +
- 0.5
h
200
L 000000004
R II333333331333330aagy . e . . 0.0
0 50 100 150 200 250 300 350 400 450 500
time (min)

Zynuo. 163 Ospuokpocio kot A 0EPLOTOINONG WS TUVAPTHON TOD YPOVOL KOTG THV EKKIVHON KOL TH AEITOVPYIO.
oe a100epi katdotaon (Aokyn 2).

Onwc eaiveton otov Ilivaka 9, ta CO kot Hz ftav to kdpla svotatikd tov agpiov cuvBeong. Kat otic 600
doKIUES LeTprONKe YOUNAT CLYKEVTP®OT TV VOpOoYovavOpdKwV, 0Tws Tmv CHa kot CoHa, yeyovog mov pmopel
va omodo0el oty vymAn Bepuokpacio g Tevoroyiag agplomoinong. EmmAiéov, otov [livaka 10 gaivovtol ta
OTOTEAECLOTO TOV OVOADCE®MV XPOUATOYPAPiaG Yo evdoelg Beiov Kot micoes. Ot 600 AVTITPOCHOTEVLTIKES
EVOOELS TOV pUeTpnOnKav oto aéplo ovvieong frav ot HaS kot CeHs. Mia, evdiagépovoa Topatipnon ivor n
advvapio vo emitevyBel mANPNG emavaANYILOTNTO OGOV aPOPE TN GVGTAGT TOV agpiov cuvBeonc, aKkoOpa Kot
VIO movopoldTLTeG cuvOnKkeg agplomoinong pe To 1010 kovowo. Emmdéov, Ppébnke ocvoyétion tov
ovykevipmoewv CHa, CoHa kou CeHg 610 aépro obhvheonc oe cupemvio pe mponyodueva omoteAéopoto [156].

ITivoxag 9: Xvoraon acpiov ovvleons (uéon i kar o yio. ta kopia. aépia) twv Aoxiudv 1 kot 2.

Aoxipn 1 Aoxipn 2
"Evoon Tuykévipoon o (vol.%0) Tuykévipoon o (vol.%)
(vol.%, emi Enpov) (vol.%, emi Enpov)
(6{0) 49.02 0.40 47.38 0.85
H: 28.98 0.34 28.15 0.59
CO; 13.98 0.32 15.50 0.21
CHs 1.83 0.25 1.25 0.10
CoHa 0.04 0.01 0.02 ~0.00
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Iivoxog 10: Zvyrévipwon HaS kot CeHs aro aépio abvBeanc ratavry tov agpromointy.

Aoxuun 1/Ap. dsiypatog H.S (ppmv) CeHs (ppmv)
1 3.8 146.8
2 5.8 186.1
3 5.6 176.5
Méon tun 51 169.8
o 0.9 16.7
Aoxuun 2/Ap. deiypatog H.S (ppmv) CeHs (ppmv)
1 785 62.8
2 76.7 87.6
3 85.7 80.2
Méon Tipun 80.3 76.9
o 3.9 104

Ot kopmOreg dtappong Yo Tnv mpocpdenomn tv HoS kot CsHes gaivovtol ota Zynpata 17 ko 18, avtictoyo.

1.0 4
0.9 A
0.8 +

A

0.6
0.5 4

C/C, B8 (-)

0.4
0.3 A
0.2 A
0.1

0.0

Breakthrough point

T (°C)
o100
—0-150
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time (min)

2ynua 17: Koumoies drapporng yia v mpoopopnon HaS oe AC arovg 100 xoz 150 °C.

C/Cy CeHs (-)

0.0

Breakthrough point

T (°C)
—3-100
—0-150

0 10 20 30 40 50 60 70 80

Zynuo. 18: Kaurdles drappong yia v mpoopopnon CeHs oe AC arovg 100 war 150 °C.

N} T T T T T T T T T 1

90 100 110 120
time (min)
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Emunpdcbeta, ta omoteAéopato TV SOKIU®MY TPOSPOPNONG LE TPAYUATIKO aéplo ovvBeong cuvoyilovial oTov
Iivaxa 11.

IHivoxog 11: Xdvoyn anoteleoudrwv npoopopnons twv HaS kar CeHe o AC.

Hapéaperpog Aoxipn 1 2

"‘Evoon H.S CeHs H.S CeHs
[Mapadoyn dwapponrc C/Co (-) 0.70 0.70 0.70 0.70
Xpovog dwappong (min) 76 63 55 27
Xopnromro AC (mg g?) 0.57 18.76 3.14 9.18
Xopntikotro tov S (Mg S gt) 0.53 - 2.95 -

Ye kabe mepintwon, Ppébnke mog n mapovcio CsHs 010 0épro cuvbeong €xel apvntikn emidpacn otnv
TpocspoPnTIKn kavdtnto tov AC. H mapatipnon Ntav eviovotepn oty mepintoon g Aoxiung 1, xotd v
omoia petpnonke emmAéov TOAD younAn cvykévipmon tov HoS. H avénon g Beppokpaciog peiowoe to ypdvo
SLoPPONG Kot Y TIG OV0 EVGELS, EVA 1] AKOVOVIGTY KAIOT TOV KOUTLVADV dtoppong Hmopel va amodobel ot
SLOKOUOVOT TNG GVYKEVTIPMOTG TOV AEPIV KATA T JdpKELD KAOE SOKIUNG,.

3.4 Xuoprmepaocporta

Y70 KEQAAOO OVTO SIEPEVVNONKE TEPAUOTIKG 1| TPOGPOPNON 0pYaVIKOD Kol avopyavov Ogiov 6g QuoIK®g
evepyomomuévo  Gvbpaka (AC) oe ocvvnkeg vyniov Beppokpocidv. Apyikd, mpoypotomotonkoy
gpyactnplokés dokuég pe ypnon tov CsHiS wc yapaxtmpiotiky OSC. MeletnOnke n enidpaorn T1e000pmv
napapétpov (Beppoxpacio, GHSV, cuykévipmon Evoong Kot TePEKTIKOTNTA GE LYPAGIN) TNV YOPNTIKOTNTA
TOV DAIKOV KOl GTIG KOUTOAEG SlapponG. AlTIoT®ONKE OTL EVTOG TOV EVPOVE TOV LUEAETOUEVOV TOPAUETPOV, 1|
Oepoxpacio £el TNV EVIOVOTEPT ENIOPOCT) GTN UEIWMOT TG TPOCSPOPNTIKNG IKAVOTNTAS TOV DAKOV, SEG0UEVOD
ot1 o€ Beppokpacio 200 ° C to vikd dwatnpel Aydtepo and 0 10% g yopntikdtnTdg Tov 6tovg 100 ° C. Mia
avénon otv ovykévipoon CaHaS Bpébnke emiong vo emnpedlel Ty TPoGPOPNTIKY 1KAVOTNTO TOV VAKOD (N
de0TEPN O ONUOVTIKN TAPAUETPOG HETE TN Bepuokpocic). Xe vynAotepeg BepUoKPAGIEG Kol GUYKEVTIPDOGELS
amoppdenong, 1 Kiion g KaumrvAng dtappong frav peyorvtepn. Otav avEdvetar ) Beppoxpacia, avtn 1 téon
umopel va, 0modo0el 6NV vYNAOTEPT TAPOYN OYKOL Sl LEGOL TNG KAVNG, OTIG AYOTEPO EVVOTKEG 1000ep e Kot
o1V oENLEVN 1YL GTOVE TOPOVE TOV VAIKOD, EVA L OENGT TN CUYKEVTPOONG PEATIDOVEL TV KiynThiplol
dvvaun mpoopéenong. M pikpny postnkn H20 oto pevpa tov aepiov (3 vol.%) Bpébnke va peidverl
YOPNTIKOTNTA KAl TO YPOVO SL0PPONG, YEYOVOS TOV DITOOMAMDVEL OTL EIVOL OTOPATTN T L0l TEPALTEP® SIEPEVVTON)
™G tavtdypovng mpocpoenong HO/CsHsS. Mo tétota pedétn Bewpeitor Witepa onpovtikn 6tav 1 kAivn
AC emitedel poro maryidag Oel00ymv evGE®Y 01 0Toieg dev decpedTNKaY Kot T0 6TAd10 TG dlepyaciog AGR,
dedopévng g mapovaciog HoO oto kabapd aépro cuvbeonc 6tav n diepyasioo AGR mpaypotonoleital o€ vynin
Oepuoxpacio. ExumAéov, oty mopovca pekét epapudotnikay vyniés tipéc tov GHSV kot damiotmdnie ot
petafoin g mapoyng aepiov dev emnpedletl TV Y®PNTIKOTNTO TOV LAKOD, Tapd HOVOV TPOKaAEl Heiwon TOV
XPOVOL dloppong mpwv tov Kopeopd. Daivetar Aowdv o6tL 1 poéenon tov CiHaS mapovoialer mapopola
YOPOKTNPIGTIKG O TPOG TN CLYKEKPLUEVT] TOPAUETPO UE ONUOGLEVUEVE OTOTEAEGLOTO Y10 TV TPOGPOPTON
DMS oce ACs. To povtého 1660gpung tomov Langmuir pmopel vo meprypayel EXapK®MG TV EMIOPAC NG
Beppokpociog Kot g GLYKEVTP®ONG ot X@PNTIKOTTA Tov VAKoD (R? > 0.99). Ao TV GAAN Thevpd, TO
LOVOTTOPAUETPIKO HOVTEAO TOTOVL Henry pmopel va ypnotpomombel povov yio pio TpaT EKTIUNON TOV TIUOV
YOPNTIKOTNTOG.

e ovvéyela NG TpoavapepOeicag LEAETNC, TO 1010 VAIKO SOKILAGTNKE Y10, TNV TOVTOYPOVI TPOoSpOenon Beiov
Kol TOoMV amd Tpaypatikd aépro ovvleong. Ot dokiés oagplomoinong de&nydnoov oe aeplomomt
teyvoroyiag EFG mov tpopodotnOnke pe Euimdn Propala. To aépro ovveong ftav mhovaio g CO kot Ho, evd
petpnonke yopmAn meEPEKTIKOTNTA o€ vLOpoyovavOpokec. To yeyovdg avtd amodidetal oTig LYNAEG
Bepurokpacieg Aettovpyiag Tov agpromomtiy (> 1200 °C). Ot avarvcelg GC-FID kot GC-PFPD tov detypdrov
tov agpiov édegav OtL T CeHs ko HaS Mtav o1 kdpieg evioelg mocodv kot Bgiov, avtictorya. Mia and Tig
WBUTEPOTNTEG AVTAOV TOV SOKIUDV NTAV 1 LETOPOAN TV GVYKEVIPOGEMY TOV TPOCSUIEEDY, TApPE TV GUVER
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OVATOPOY®YN TOV TOPAUETPOV AElTovpyiog Tov agplomonth. [lapddo mov avty N mapaTpnon KaboTd To
SVGKOAN TNV AUEST] GVYKPLOT), UTOPOLV VoL AN@BOVV ¥pGULEG TANPOPOPIEC GYETIKG, LE TIG EMOOCELS TOV VAIKOV
VIO AVTITPOCMOTELTIKEG GuVONKeg Aertovpyiag. Ot dokipuég £det&av OTL 1 yopnTikdTTe Tov Bgiov pmopel va
pelmbei Aoym ¢ TPoSpOPNONG EAAPPDV TIGGHV, 131aitepa 6Tav 1) cLYKEVTP®SN ToL CsHe 610 0épro ohvheomng
Eemépaoe Ta 150 ppmv (avaroyia dykov HaS:CeHe = 1:30). Ao tnv dAAN mAevpd, 1 €101k yopntikdtTa Bgiov
avéndnke onuavtikd 6tav n avaroyia dykov tov HaS kot CsHs 610 0éplo cuvbeong frtav mepinov 1:1 (80 ppmv
ék0o10) otovg 150 ° C. Yrd avtés T ouvOnkeg, petpndnkav vyniotepeg THEG TG YOPNTIKOTNTOS Bglov o€
ovykpion pe 11§ dokipég CaHaS pe mpocopotwpévo aéplo (ota 30 ppmv cuYKEVTP®GT €V TOVTOLG), TO OTOIO0
petaepdletal oe avTioTolyr GLVOAKN TPOSANYN LALAG Kat Yo TIG 600 evmoelg Oeiov.

Yvvoikd, umopei va e€aydei To cuumépacpa 6Tt ot ACS pmopovv vo ypnotpomombovy yio, v anobsimon tov
aepiov ouvleong amd HaS kot OSCs og ouvOnkeg "Oeppod” kabapiopov aepiov katdvn pog diepyaciog AGR.
[Mop’ 6ha avtd, Tpémel vo, AapPavetat veoyn 1 ETidPACT TG GVGTUCNG TOV aePiov GVVOESC Kt EOIKOTEPQ
TOV EVOOEMV EAUPPOV TIGCMV oV dgv £xovv cvuAdeyBel otn diepyacio AGR, evd emiong onpaviucd poro
nailel ko t0 wocootd HoO oto aéplo. Eviovtolg, katd v €dikn mepimtmon Omov ot eAapplég miooeg
a&lomoobvTot 1 LETOTPETOVTOL KATHAVTIKG OE KATAVTY SlEPYATIiES, DVAKE TO EMAEKTIKA MG TPOG TIG EVAOOCELS
Ogiov Oa wpémel va a&loroynbovv.
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4  Amoppoonon CO2 o€ koBapd Kol evicyvpéva oteivpata ovlpaKkikoH
KOALOV

4.1 Biloypoa@iki ovooKOTNon Kol TACic10 peEAETNG

2116 Sepyacieg ynukng omoppdeNons, 600 GTHAES dLOPIGHOV Elval OTOPAITNTEG: 1] TPATN GUVEIGOEPEL GTO
Stoy@plopd TV 6Evev agpimv amd To aéplo uiypo pEcm amoppodPNoNng 6ToV LYPO SLHADTY, EVE 6N OeVTEPN
oTNAn, Ta 6&va aépla dwywpilovrar and 1o vypo ddAvpa (avayévvnon). H perétn katdAiniov stedlvtdy yio
N dlepyacio gival 10104TEPA ONUAVTIKY, EVD Ol O10ADTEG a&loAoyobvTal e Paon dudpopo Kprtipla OTwe M
BepuotnTa avayévvnong, n xopntikdtnto o 6&iva aépia, o puOUOC amoppdenong, 1 ToEIKOTNTO, 1 SPPOTIKN
CLUTEPLPOPAE, TO KOGTOG Ko 1) Beppoymukn otabepotnta [198]. Atdpopot tomot apvadv e€etalovial AOym g
Bertiopévne dtodvtdtnrag tov CO2 kot TG PelTimpévng Kivntikig Tmv ovidpaosnv [199]. Qotdoo, n yprion
dwdvpdtov pe Paon oapiveg oyetiletar pe opwopéva mpoPAnuata, O6mwg M vynAn €wdikn Oepudtnta
avayévvnong, 1 StaPpmon Tov eE0MAIoHOD Kol (NTAKATO ATOdOUNONG KOl OTOAELDY 0€ VYNAES BEPLOKPUGIES
Aertovpyiag. Ta véatucd Swwdivpata KoCOsz mpoomepvoiv dudpopo and to epumddie avtd. H Aettovpyia g
amoppoOeNoNG o€ VYNAN Beprokpacia (KOVTE 0TO ATUOGPULPIKO CNUEID KOPEGHOV) VAL EVEPYETIKN MG TPOC
™ ueioon g Bepudmrog avayévvnong [200], eved to KoCOs givan Oeppoyniukd otabepd ko pn mentiko [201].
Emnpocheta, éva amd ta Pacikd pelovektiuota mov yopoaktnpifovuv to cvykekpiuéva daAvpato gival o
YoAog pubudc amoppdenong oe oxéon pe Tig mpototayeic apiveg [203]. T o Adyo avtod, 1diaitepo
EVOLOQEPOV LITAPYEL YO TV PEATIOOT TOV 1010THTMV TOV OLOAVUATOV LEGH TOPUCKEVNC UIYUATOV e TPOGOETOL
apives, apvoEéa K.o.

210 KePAAoto ovTO Tapovstaletol N emidpacr 1eccipwv (4) mpocHitwv ot SAVTOTNTO Kol TO PLOUO
amoppoéenong tov CO2 oe voatikd oSwAdpate KoCOz. M mpdtn ogpd doxydv amoppoenong CO:
npaypoTomomdnke pe 600 dtapopetikés ovuykevipmoelg KoCOs (1.81 M kar 2.53 M) ywpig ) xprion mpocbitov
o€ VOV OVAOEVOLEVO OVTIOPOCTNPO KOl TO OTOTEAECUOTO YXPNOLLOTOWONKay yioo TV emainbevon g
TEPOUOTIKNG peBodoAOYING LEG® GVYKPLONG e TIG BempnTiKéC eKTIUNoELS TOL povtélov electrolyte-NRTL oto
Aspen Plus™, Metd Tig oVYKEKPIUEVEG SOKIUES Ol OTOleC YpMolomofnKay Kol ¢ SOKIHEG OvapOpdg,
e€etdotnke 1 enidpaon g TPoodnkng wag Tpwtotayode anivng (MEA), wog tprrotayode apiving (MDEA),
wog Srapivng (Iwwepalivn) kot evog apvoééog (IAvkivn) ot dwAvtotra tov CO2 6g vynAn Beppokpacia
(100 ko 120 °C). Eved ot mepiocotepeg peAéteg eotialovv ot Aettovpyion o yaumAn Oeppoxpacio
armoppoéenong [202, 207, 214, 215, 217, 221, 228, 229], n mopovca epyacio eotiace o€ VYNAES Oeprokpocieg
oTIg omoiec vmapyovy Alya dedouéva daAvtotntag [216]. Emmiéov, ot0 ke@dAao avtd mapoveialoviot
TEPAUATIKA omoterécpata Yo T dtwdvtotnta Tov CO2 o Swdvpata KoCOs gvicyvpéva pe yAvkivn yua ta
omoia eAdyloteg pedéteg eivan dtabéoueg [230].

4.2  Mnyovicpoi aviidpacemv

H ovvolikn avtidpaon peta&d CO; kot vootikdv dteivpdtov KoCOs divetar omd v A2

K3CO3qy + H20(1y + COz(aq) = 2KHCO3(4q) A2

EVD OVOAVTIKOTEPO TO GUOTNUA TOV YNUIK®OV ovTdpdoemv divetor atov [livaxa 12. Tha tywég pH > 9, n A7
elvau  avtidpaocm mov kabopilel Tnv KvnTIKN TG 0moppodPNoNe. Atdpopot unyavicpol BeATioong TG KIvITIKNG
™mG anoppoPnong omodidoviar oto evicyvpéva dtaAadpota [231, 232]. O Boaowkdtepog unyaviopdg eivor o
OYNUATIOUOG EVOC EVOIAUEGOL auPLTEPIOVTOC (ZWitterion) mov émetta yhvel £va TPOTOVIO TPOG GYNUATIGHO
KapPapdiov, OTOS GTNV TEPIMTTOOT TOV TPOTOTOYOV apvedv (BA. MEA).
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Iivoxog 12: Xnuurés avudpaoeig yro w ynuixy amoppopnan tov CO; ge diodvparo H,0-K2COs.
Avnidpdosig

COy(g) = COzaq) A3
COz(aq) + 2H20(1) = HCO3(aqy + H300,q) A4
K3CO03(5) = 2K{aq) + CO5ag) A5
CO3(aq) + H20q) = HCO3(,q) + OHgyg A6
OH{,q) + CO2(aq) = HCOZ ) A7
2H,0(1y = H30(,q) + OHgyg A8

Ot avtwpdoelg mov oyetilovior pe v mpoodnkn MEA ocOupove pe TOV PNYOVIGUO GYNUOTICHOD
aueTepLovTog givan ot A9-All.

CO, + RNH, = RNH;COO" A9
RNHCOO~ + H,0 = RNH, + HCO3 A10
RNHZ + H,0 = RNH, + H;0* Al1

[eprocdTEPEG AEMTOUEPELEG Y10L TOVG UNYAVIGHOVG TV avTdpdcoewy tov CO2 pe Tig evioeis MEA, PZ, yhvkivn
(Gly) ka1 MDEA vrépyovv otig epyacicg [207], [228], [229] kot [234], avticTtoryo.

4.3  Yhkd, mewpopotikn owdraln ko pebodoroyio

INoa g mewpapatikég doxipéc, ta KoCO3, MEA, MDEA, PZ kot Gly mov ypnooromdniay giyav kabopotnta
>99.0 %, ev®d Y10 TNV TOPOCKELT TV OLHAVUAT®V ¥PNGILOTOMONKE amOVIGHEVO vEPH. AKOUN, 01 KOBapOTNTE
v aepiov No kot CO2 ftav 99.8% kar 99.7%, avtictorya. e kdbe mepapatikny SOk Xpnoiponomonke
otafepdc apykdc oykog dodvpatog (400 mL). To 6UVOLO TOV TEPAUNTIKOV SOKIUMV TOPOLGLALETOL GTOV
ITivaxa 13.

Iivoxog 13: ivaxag doxyuwv amoppopnans CO, ge kabBapa kai eviayvuévo vootixd oraivuota KoCOs.

Yvotaon K,CO3 IMpocOeTo/ Mpo60eTo/KL.CO3 ypappop. Ogppoxkpacio
(M) cvykévrpoon (M) KAdopa (-) (°C)
1.81 xopic/- - 80, 100, 120
2.53 xopig/- - 80, 100, 120
1.81 PZ/0.58 0.32 100, 120
1.81 PZ/1.16 0.64 100, 120
1.81 MEA/0.82 0.45 100, 120
1.81 MDEA/0.25 0.14 100
1.81 MDEA/0.84 0.46 100
1.81 Gly/0.67 0.37 100

Mo aneidvion TG TEPOUATIKNG EYKOTAGTOCNG TOV KOTAGKEVACTNKE KOl XPNCIULOTOMONKE POiVETAL GTO
Yyquo. 19. H dudtaén omoteleiton amd 600 doyeio micong oamd avoieidwto ydivPa 316L mov @épovv
Bepuroavopevn emévovon eEmteptkd ylo T pvbon g Beppokpacioc. To TpmdTo doyeio ypnoloToIEiTOL Yol
mv mpobépuaven tov aepiov (30 CO2) mpwv owtd 0dnynbodv 610 doyeio amoppdENoNG, T0 OTOl0 PEPEL
HOyVNTIKO  avadeLTPO Yo TV PeATioon Tov Qaivopévov HETOQOPAS GTOV OVTIOPOSTHPO. XTO O0YEl0
amoppoPnong torobeteitan 0 Vo e€ftacn SwAvTNg otV apyn KAbe dokiung, evd o avtAiia kevod (KNF
Laboport N86 KT.18) ypnowomolgitar yioo v omopdkpouvern agpiov mpoouifewv omd 10 odoTua
colnvocemv. H didtaén pépetl Oeppoctoryeia Tomov K yia t pétpnon g Oepuokpaciog otny vypn Kot aépia
@aon, kabohg kot petadoteg micong (WIKA S-10, 0-6 bar abs, axpipeio. = 0.03 bar) yia v pérpnon g misongc.
O petpnoelg amonkedovtal cuveYmS amd £V GUGTNLO KATAYPAPNG OESOUEVOV.

202



Pressure
Transducer
To preheater

Pressure
Transducer

Power
Distribution
Board

Equilibrium
Cell

Preheater

Magnetic
Stirrer

2ynua 19: Hepopotikn eykordoroon UETPRONS THS OLOAVTOTHTOS aEPLV e 0.oVVEXH 1EB0O.

Ta otdd10 TG TEWapaTIKNG pebodoroyiog paivoviat kaAvtepa oto Zynua 20. H pebodoroyio yopiletor ota
oTAd NG EKKEVMOONG TOV d0YElOV amoppoOPNoNS, TPoBEPLAVENS TOV LYPOY SAVTN GTOo doYElD ATOPPOPNONG
kat tov CO2 670 doyelo TpoBEppavons HExpt TNV eLTEVEN 1G0PPOTING PATEMV EVTOG TOL d0YEIOV ATOPPOPNONC,
axolovBovueva amd dadoykég eyyvoelc CO2 oto doyeio woppomiag péxpt vo, Kahvedel £va cuyKekpluévo
€0pOG LEPIKAOV TEGEWDY TOL aepiov (Kot avtioTorya, véa onpeio i1coppomniog pdoemv). H kdbe £yyvon CO2 oto
doyeio amoppdbenong mpayuatonoleitan oyedov axkapiaio (~ 1 S), evd n mapadoyr g 1woppomiag viobeteital
otav Yo ypovikd dtdotnuae 40 min 1 petofoin g mieong oo doyeio amoppdenong sival pukpotepn omd 0.01
bar.

5.0 -
CO, injections

ol

Equil.
state

Cell pressure

Cell heating

rises
151 ¢ :
10 <:I Nitrogen pressurization
a5 | (::I Vacuuming
00 T T T T T 1
0 200 400 600 800 1000 1200

Time (min)

2ynuo. 20: Ipoeid micons eviog Tov doxeiov amoppoPnons Kol aTdolo, TEPOUATIKNG uedodoloyiog.
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H Swoivtéomra tov CO; koté Ty éyxvon j cvpPolriletar g Cep, (MOI/L) ko opiletar wg 0 Adyog twv moles
tov CO2 6NV VYPN PAGT TPOG TOV APYLKO GYKO TOL dAvTn ovupwva pe v EE. 5

C _ nCOZ,j,sol
Co, = T EE S

eve emiong ypnopomoteitat o Aoyog avBpdxkwong (loading) a wg o Adyog twv moles tov CO, oty vypn Pdon
npog 10 abpoispo tov moles tov KoCOs kot tov mpocshitmv oty vypn @don katd tnv Evapén g SOKUNG
ovppova pe v EE. 6

nCOZ, j,sol

nKz CO3 + npromoter

EC 6

H apepardotnta g petpoduevng dtaAvtotntog tpocdiopiotnke amd ) oyéon g EE. 7 [238]

1

N 2\2
aCCOZ
SCCOZ = {Z( aui 6ul‘> } Eﬁf 7

i=1

omov N givat o aplfudc OA®V TV U; HETAPANTOV TOL VIOKEWVTOL GE HETPNOELG Kot SU; glvar 1 afefardtTnTa TG
pétpnong v v kaOe petafinti ko fpédnke va etvon g tdENG Tov + 4 %.

4.4 Amoteiéopata
441 Ermalnbevon mepouotixic ueboooloyiog uéow adykpions ue to poviéio electrolyte-NRTL

IMa v eraAnBevon ¢ melpapatikig peBodoroyiag TpayUaToTomOnKe CUYKPLIOT TOV ATOTEAEGUATOV LE TIG
npoPAéyelg tov Beppoduvapkod poviédov electrolyte-NRTL. Avo Siapopetikd Oeppodvvopicd HovtéA
KOTOOTPOONKAV: TO TPMTO HOVTEAD TEPIAAUPOVE TIG TPOETIAEYUEVEC TOPAUETPOVS OAANAETIOPOCN S OV
opifovtat 6to Aoyiopiko Aspen Plus, evd 1o 6e0tepO TPOLKLYE HECH AVAAVOTG TAALVOPOUNONG LLE TEPUUOTIKA
dedopéva, amd t Piploypario (PA. Kepdiawo 6), dnwg cvyvd epapudletal yio. ™ Pertiotonoinon tov
Beproduvokdv povtédov mov meptypdpovy dwAvpata K,COsz [234]. H olykpion TV TEPAPOTIKOV
OTOTELECUATOV TNG TOPOVGAS EPYOCTNG Yio To VOATIKA dtaAdpaTo Kabapod KoCOs og oyéon pe T1g eKTunoelg
TV 000 Beprodvvapukdy HovtEA®Y gaivovior ot Xynpota 21 ko 22.

1000.0 3 100.0 4
1000 = ]
T 7 “10.0 3 0
$ 0 g
= 100 4 = ]
9 ] o ] Default ENRTL
S —&-Default ENRTL 8 10 A-Defa
a 1
1.0 3 ]
] D .
] O Experimental ] Experimental
01 T T T T T T T T 1 01 T T T T T T 1
0 01 02 03 04 05 06 07 08 09 0 01 02 03 04 05 06 07
o (mol CO,/mol K,CO,) a (mol CO,/mol K,CO;)
(@) (b)

Zynuo 21 Iewpopatika amotedéouato kor extynjoeisc tov poviédov electrolyte-NRTL we mpoemideyuéves
ToPoUETPOVS ornlemiopoong yia to vootiko oidlopa 1.81 M KaCOs arovg () 80 °C kou (b) 120 °C.
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=
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a (mol CO,/mol K;,CO,)
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0.1

—a— Default ENRTL
O Experimental

- ¢ - Regressed ENRTL

0

02 03 04 05 06 07

0.1
a (mol CO,/mol K,CO,)
(b)

2ynua 22 Hepouatid aroteléouota ko extiunoeis tov poviéloo electrolyte-NRTL mov mpoékvye amd
TAAVOPOUNON TEEPOUATIKDY 0e00usvmv (amo T fifAioypagia) yio to vdotiké oidlvua 2.53 M KoCO3 orovg
(a) 80 °C kau (b) 120 °C.

Eivat povepod Tog to Telpapotikd aroteléouata Bpiockoviol 6€ KA CUUE®VIN UE TIG EKTIUNGELG TOV LOVTEAOV
electrolyte-NRTL. H neipapotikny pebodoroyio pmopei va xopoaktnplotel ETopEVms a&lomotn yio Ty HeAét
TOV SLPOPETIKAV S10ALTOV NG Tapovoag epyaciog. A&ilel va onuelndel Tmg evod Yo TIC SOKIUES e YOUNAN
ovykévipmon KoCOsz oto didhvua 1 cvueovio pe 1o povtédo electrolyte-NRTL pe tic mpoemheyuéveg
TOPOUETPOVE NTAV 1WOLHTEPO KOAT, GE LYNA cuykEvipmaon Ppébnke Tmg 1 xpon €vOg HOVIEAOL TOL EYEL
TPOKVYEL A0 AVAAVOT| TAALVIPOUNONG EMTUYYXAVEL KAADTEPT CUUPOVICL.

4.4.2  Ilepouotixd aroteréouora owolvrotnrag CO;

O1 xapmores 1ooppomiog yio T Stwdvtotnta Tov CO2 o€ daddpata pe Ko yopic Tpodcbeta otovg 100 ko 120
°C divovton oto Xynpota 23 o 24.

100.0 |

Pco, (kPa)

10.0 1

1.0
0.00

0.20 0.40 0.60 0.80

1.00

1.20

CCoz (mol CO,/L solvent)

¢ 0 4
s
&’
1.81 M K,CO,
O 253 MK,CO,
A 1.81MK,CO40.58 M PZ
A 1.81 MK,CO4/1.16 M PZ
- o 1.81 MK,C0,/0.82 M MEA
e 1.81MK,CO,0.25M MDEA
©  1.81 M K,CO,/0.84 M MDEA
- @  1.81 MK,CO40.67 M Gly
140 160

2ynua 23 Emiopoon twv xpocbétwv atn drotvtotya tov CO2 e didlouo 1.81 M K2COs arovg 100 °C.
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\
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1.81 MK,CO;
2.53 M K,CO4
1.81 M K,CO,/0.58 M PZ
1.81 M K,CO,/1.16 M PZ
1.81 M K,C04/0.82 M MEA
1.0 ‘ . . ‘ ‘ . ‘ ‘

0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60

Ccoz (mol CO,/L solvent)

2ynuo. 24: Emidpaon twv mpoclétwv oty diotvtotnra tov CO» ge didlopa 1.81 M KoCO3 orovg 120 °C.

Bpénke mog 1 ovykévipwon tov KCOs, 0 t0moc twv mpochétav kot 1 Oepuokpacio emnpedlovv
dtdvtotnta tov CO2. Kot yio ta dvo Bepuokpaciokd eninedo mov peletnonkav, n yprion npodcbemc PZ oe
VYNAOTEPT] GLYKEVIPMOT| EMEQEPE TN CNUAVTIKOTEPN Helwon TG peptkng mieong Tov CO2 e oyéon pe o
draivparta yopic tpocheta (1.81 M kot 2.53 M K2COz). Ta dtodvpata pe tpdcsbetn MEA kot PZ yapnidtepng
GLYKEVIPOONG LWITOPOVV VO BEATIOVOLV TN S10AVTOTNTO OE GYECN LE TO SWAVUATO AVAPOPUC EMIONG, EVD GE
Beppoxpacio 120 °C mapovsidfovv StoivtdtTnTa avticToyn e To didAvpa cvykévipwong 2.53 M. H mpocsbnkn
MDEA kot Gly and tnv GAAn mhevpd paiveton va avEavel v pepikn mtieor tov CO2 méve amd to didAvpa.

443  [lepaouortixd amoteAéouara poOuod aroppopnons CO;

H enidpaon tov dapdpov tpocsbitmv oto pubud aroppdenong tov CO2 paivetor oto Zynuota 25 Kot 26.

0.16 - =181 MK,CO; —a—1.81 M K,CO4/0 58 M PZ
2181 MK,COs/1.16 M PZ -o—1.81 M K,CO4/0.84 M MDEA
0.14 - & 1.81 M K,CO4/0.67 M Gly ——1.81 M K,C04/0.82 M MEA

0.12 -

0.10

0.08

0.06

a (mol CO,/mol blend )

0.04

0.02

0.00 & T T T T T T T T T T )
0 2 4 6 8 10 12 14 16 18 20 22

time (min)
Zynuoa 25: Enidpacn twv mpoctitwy otov pooud amoppdpnons tov CO:2 yia ppéoroug dradites (Peo,,gs=180
kPa yia evigyvuéva droidpata, Peo, gs=200 kPa yio kabapd véomixd diadbuora K,COs, T=100 °C).

206



0.08 - = 1.81 M K;CO; —— 1.81 M K;CO3/0.58 M PZ

0.07 - —— 1.81 M K;CO5/1.16 M PZ —— 1.81 M K>C0O4/0.82 M MEA

0.06 -

0.05 -

0.04

0.03

a (mol CO,/mol blend)

0.02

0.01

0 é lll €I‘> Eli 1I0 ll2 1I4 1I6

time (min)
2ynua 26: Emidpacn twv npocbétwy atov polud amoppopnons tov CO; yia ppéokovg dialdtes (Peg, gs=80
kPa yia evigyvuéve dradbuota, Peo, gs=90 kKPa yia kabopd véarixé dradiuora KoCOs, T=120 °C).

To amoteléopata oTo GUYKEKPIUEVE S10YPAUUATE avapPEPOVTAL oTNV 0moppoenon Tov CO2 6 PpésKo S10ADTN
(1° onueio 1ooppomiog petd v apykn £yyvon CO2 oto doyeio amoppdenong). I'evikd Ppébnke mwg 1
npoctnkn PZ kot MEA cg dwodvpata KoCOs Bedtidvel onpovticd 1o pubud amoppoenong o oyéon Ue To
dtlvpa avapopds, waitepa oe Beppoxpacio 100 °C. Xt Beppokpacio avt, eoivetal Tmg To AV TOV
mepiéyel 1.16 M PZ yopoktnpileton omd to péyioto pubud amoppoonong. Eviovtowg, m avénon g
Bepurokpaciog PeATimoe TNV KIVITIKT TNG OTOPPOPNONG LE ATOTEAEGLOL OPYLKE TN LEIWGT TOV ¥POVOL KOPEGHOV
tov dwdvpotog KoCOz ywpig mpdcobeta, kou emmhéov emépepe MOPOTANCLO OmOTEAECUATO  PLOUOD
amoppoeNnoNg Yo ta dStaAvpata pe MEA katl PZ.

45 ZXopunepaopata

Ye outd TO KEPAAOLO TOPOVCIACTNKE M0 TEPOAUATIKY OlEPELVION NG SAVTOTNTAS KOl TOL pLOpon
amoppdenonc tov CO2 og kabapd Kot evioyvuéva, Stadduate (Le tpocbeta) KoCOs. ol to vdatikd dtodlvpota
K2COs yopig mpdobeta, deEnydnoav doxyég otovg 80 °C, 100 °C ko 120 °C pe dVvo dopopetikég
ovykevipmoelg KoCOs kot T TEWPAUOTIKG ATOTEAEGLOTO EXKVPOONKAV ETITLYDOS EVOVTL TOV ATOTELECUATOV
mpocopoimong mov enebnoav pe 10 Beppodvvopikd povtéro electrolyte-NRTL pe mposmideypéveg
napapétpoug Levyovg aAiniemidpoaong (Biprobrkec Aspen Plus™), kobdc Kol UE TPOTOTOMUEVEG
TOPALETPOVE TOV TPOEKLYOV HECH OVAAVONG TAAVOPOUNGTG LE TEPALOTIKA dedopéva amd ™ BifAtoypapia.
Ta npdobeta Gly, MDEA, MEA «ot PZ doxipdotnkay otovg 100 °C, eved ta televtaio 600 S0KIUAGTNKOV
eniong otovg 120 °C. Ocov agopd ta kabapd vooatikd dadduate Ko:COs, ) dtadvtdmta tov CO; avédvetal pe
ueimon g Bepuokpociog | pe mokvotepo ddivua. Ocov apopd T ypron apochitwv, n mpocsbnkn PZ
Beltiovel onpavtikd 1 dteAvtdTTa Kot 1o puBpd amoppoéenone tov COz. H mpocsOnkn MEA éyel emiong
OeTikd avtikTumo 6N S1HALTOTNTA Kot 6T0 PLOUO aTOPPOPNONG, CALY G HiKpOTEPO PabUd GE GOYKPIoT UE TNV
PZ. A6 v A mievpd, 1 MDEA umopet duvntikd vo BEATIOCEL TO 0MOTEAEGLATO TG O10AVTOTNTAG OTOV
TPooTiOETOL GE LKPOTEPEG TOGOTNTEG, MOTOGO, OTAV YPNCIUOTOLEITAL GE VYNAOTEPEG CVYKEVIPMGELS PELDVEL
™ oAvtémra tov CO2. Aapfdvovtag vedyn o0tL dev petprinke aoonueint enidpacn oto pvbuod
amoppdenone, N MDEA dgv cuvictdtor og tpdcsbeto yio voatikd soidpato KoCOs. Téhog, n mpooOnkm
kaBapng kot un eneéepyoocuévng Gly, akoun kot o€ yaunAn cuykévipmaon, meplopilel  oAvtdtTa Tov CO2.

Me Baon v epyactnplokn UEAETN SIAVTMOV TOV TOPOVCIAGTNKE GTO KEPAANLO 0VTO, TA TPOGOETH UE TIC
KOAOTEPES EMOOGELG 6€ LVYNAES Beplokpacies amoppopnongs, oni. ot PZ kot MEA, e€etdomray Tepattépm og
BepnTucd Kot mepapaTiKd eninedo. Xto Kepdiaio 5 digpguvatal mepapatikd 1 axoppoéenon pypdtov CO;
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Kol EA0PPOV TIoo®V o€ Kabapd vootikd drddpate KoCOs kot og vdatikd dredvpata MEA-K2COs, kabmg 1
napovoio, Tétowwv mpocuifemv 610 aéplo ohvOeong amd TNV 0EPLOTOINGT OTEPEDYV KOVGIU®Y  gival
avapevouevn. Xto Kepdiowo 6, mpaypatonoteiton povielomoinon g diepyasiog AGR pe kot yopig tpoécheta
010 d1dvpo K2CO3 610 Aoyiopkd Aspen Plus™,

208



5 Amoppoégnen mypdtov 010EEdiov Tov GvOPOKA/ELAPPOV TIGGOV
a0 dreAvpaTe avlpuKIKoy KaAiiov

5.1 TIThoiocwo peréTng

H dwtpnon tov moecmv oto 0épto oivBeong g aeplomoinong pUropet vo etvat Euvoikn Katd tnv mepintmon
7OV aVTEG Eivar a&lOTOGILEG KATAVT TV dlepyactdv Kabapiopov. ['a mapdderyua, 6tav ot EAapPIég Ticoeg
dlTNPOVVTAL GTO AEPLO0 GVVOESNG UTOPOLV VO LETOTPATOVV GE LT CUUTVKVAOOCLUO 0EPLYL TT.). TO TOAOVOALO
umopei vo, petatpanel og CO kar CHy mapovoio kataivtdv NiO/MgO/AILO5 [245]. Edika ya ti¢ evdoeig BTX,
ot Coll et al. svpnépavay twg Tapovsidlovy peyolvtepo Babud UeTOTPOTNC TAPOVGio KOTAAVTOV pe Bdon To
Ni 6 60yKpLoT HE AAAEC OPOUATIKEG EVOGELG TOL GLVAVTAOVTOL 6TO aEPLo oVvOeong [246]. Kabott o1 evidoelg
OVTEG OEV GLUTVKVOVOVTAL TOPE LOVO G€ TOAD YaUNAEG Beppokpacies, mapovstdlel EvOlOQEPOV N EMIdpaoT
mov &yovv ot diepyacieg AGR oty amopdkpoven tovg amd to aépro cvvheong. o mapddetypna, opyavikol
SlaAOTEG o8 YauUNAOTEPT Bepprokpacio amoppoPnong oxetilovtot pe VYNAOGTEPO TOGOGTA dEGUEVONC ELOPPLDY
micomv [134].

X710 mhoiclo avtd, 6T0 TOPOV KEPAANO peletdtal 1 TowTOYXPOVI TPocspoPnon CO2 Kol EANPPLOV TIGCHV and
Srodvpata KoCOs. H pedétn otoyedel otny T060TIKOTOINGN TG YOPNTIKOTN TS TV d1oAvTdV Yo ta CO2, CeHe
kot C7Hg (ta BeviOoAo kot ToAovoAo oG 600 mtd TIG KUPLEG EVAGELG TOV UTOPOVY VO LETATPATOVV KOTAVTN TNG
depyaoiag AGR og o povado odvBeong SNG). Emmdéov, digpevvatar n enidpacn ¢ TEPIEKTIKOTNTOG
npocBetng MEA o1 diepyacia anoppdenong.

5.2  Yhkd, merpapotiki eykatdotoon ko pedodoroyio petpfiicev

Ta xaBapd aépra mov ypnoponoOnkav frav o N2, CO2 ko CHa pe kaBapdmteg 99.8%, 99.7% war 99.995%,
avtiotorya (99.999% yio vrepkdBapo Na yio fabpovounon tov avaivtn) Kot 1 tpounBeld toug €yve amd v
Air Liquide Hellas. Ta vmorowma ynukd ayopdotnkav and tig Fisher Chemical, Lach-Ner (Tech-Line) kot
Merck Hellas pe tig axdérovbeg kabapdtnteg: KoCO3 99.6%, MEA 99.5 %, CsHs 99.9% kat C7Hg 99.9%. OAa
T0 SIHADLOTO TOPACKEVAGTN KAV LLE OMLOVIGUEVO VEPD, EVA € KAOE doKIUn YpNoILoToOnke dtdAvpo otabepng
uélog 500 g.

H didtaén mov avorvdnke oto KepdAiaio 4 tpomonotOnke yio Tig SOKIUES TNG GVVIVUCUEVIC OTOPPOPTONG
moodv Kot CO2. Mo oYNUOTIKY OEKOVION TNG €YKOTAGTAONG @aivetor oto XZynuo 27. H véa dudtaén
amoteleitol amd 3 Paoikd VTOGLGTHLOT: TO GUGTNIA OVAENS OEPIMY KO TIGCMV, TOV AVTIOPUGTHPA KOl TO
oLOTNUO dELYHOTOANYiaG Kol avaivong g aéplag edong. To chomua avapéng aepiov EVOOUATMOVEL TPELS
(3) eheyktéc mapoync nalag yio m pvbuon mg pong (Omega FMA 5400 gbpovg mapoyng 0-2000 NmL min-?
yio 70 N2, Tylan FC-280s gvpovg mapoyng 0-700 NmL min? yia to CO; kot Aalborg GFC 17 hpovg mopoyfic
0-200 NmL min yia to CHa). Ot micoeg (o€ vypn popen ot Oeppokpocio tepipdiiovtog) droyetedoviat oe
Oepuotvopevong ouvoécpovg avaéne péow avtiiwv ovpryyas (New Era NE-300 kou NE-1000), ot omoieg
umopovv vo, Aertovpyncovy ave&aptnta petasd toug. Oheg 0l COANVOGELS KATAVTT TOV GUGTILOTOS AVAUIENS
@épovv Beppavtikn Towvio pe puuion Beppokpaciog pécm ereyktav PID. To piypo tov aepiov kotevdovertal
OTOV OVTOPACTAPO, O OTOI0g Elval aVOIELOUEVOG KOl GTOV 0moio TomobeTeiton 0 TTPog UEAETN SLOADTNG.
[Ipéxertar yio 10 10 doyelo mieong amd ydAvPa 316L mov ypnoyomomdnke ot SOKIHES AoLVEXOVS
amoppOPNoNG, UE TN SPopd OTL PEPEL GUCTNUO SLOCKOPTIGHOD TOV aepiov otnv vypn @don. Katdvtn tov
avtdpactipo akoAovlel o Oepuovouevn ypouun vyning Oepuokpociog (180 °C). To aéplo piypa
tpopodoteitar otov avorvt Gasmet DX4000 FTIR, émov mpaypoatonoteitar avdivon tng cvotaons Paoet
eoaopatookomiog FTIR. Axoun, n duwitaén eivar e€omhiouévn pe Oeppootoryeion Kot HETPNTIKG TiEoT
(avtioToryo pe avtd mov meprypdpovot 6to Kepdlato 4). AkOun, Hia ypapup] COANVOGE®DVY Y10 TNV TOPAKaLym
TOV OVTIOPUCTIHPA YPNOUEDEL OTNV amevbeing cVVIEST TOL GVGTANATOS avauENg pe Tov avalvt) FTIR.
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IHeated section

Condenser

EI Vent

2yniua 27: Tporomomuevn didtaln amoppopnons ogpiov pe ovalvon aépiog pdons (RM: wapoyduetpo, MFC:
eleyreric mapoyns uoalag, MT: odvdeouog avopulng, SP: avtdia odpryyag, MS: uoyvnrixog avadevtipog, BPR:
poluiotic ovavey micong, PMF: giltpo cwuotidiov, SU: uovddo derypuotolnyiog).

To cOvoro TV TEPUUATIKOV doKudV @aivetar otov Ilivakae 14. Olec ot dokipéc Tpaypatortomdnkay o€
aTHoo@alptk mieon ko meplektikotnTo Twv CO2 kou CHs 610 aépro 15 vol.% kot 3 vol.%, avtictouyo.
Id1aitepn onuacio d60NKe GTNV AVTIHETOMION O10POPOV TPOPANUAT®V TOV 0popodGaV Tr AELTovpYio TNG
owtaéne. To mpdTo amd avTd MTAY 1 OVIHETOMION TOANVIOTIKOV QUIVOUEVOV TOV OVIAMV GUPLYYOS. XTO
Yynuo. 28 eaivovtoat 00 eVOALKTIKEG TOL EEETAGTNKOY Yo TN PEATIOTOTTOINGN TG O1ATAENS £YXVOTG TIGGMV.
H peiwon tov peyébouvg g ocvpryyog amd 5 mL ce 1 mL Ppébnke va peudver v tomikny amodKMonN NG
TEPLEKTIKOTNTOG TNG EVOOT|G (€00 vepd) katd mepinov 65%, evd 1 xpnon eLacTIKNg coinvoong PVC odnynoce
oe peloon g Tumikng amdkMong katd mepimov 50%. ‘Eva devtepo {ftnpa NTov 1 TEPLOPIGUEVT] LETOPOPA
palag evtog Tov avadeLOUEVOD OvVTIOPACTHPA. AOKIHAGTNKOY SlOPOPETIKOL TUTOL SLOCKOPTICTMY Kol TO
amoteAéopato eaivovtol oto Zynua 29. 'Etot, viofet)Onke 1 emAoyn ToL TopdO0VG LETAAMKOD SLUGKOPTICTN
2 pm mov e£00PAAIGE CNUAVTIKY PEIMGT TOL ATOITOVUEVOD XPOVOL Y10 TOV KOPEGUO TOV SOAVUATOV.

15 ~

10 A

5 mL syringe

H,0 concentration (vol. %o)

1 mL syringe

2 5 mL syringe with
8 elastic PVC dampener

1 mL syringe 5 mL syringe

30 40 50 60 70 80

time (min)

2ynuo. 28: Xrabepotnra Eyyvons aviiimv alpryyog: emiopacn tov ueyéBovg e ovPIyyag kol THS YPHONG
elaotikod owlnve popodociog.
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= if i —O— 1/4 in. tube
i I:’;I ‘ ----Ring diffiiser
24 "‘ -4+ Porous sparger
0 T T T T 1
0 50 100 150 200 250

time (min)

2ynua 29 Zvoraon COz oto aépro elodov (VOL.Y%) aovaptiioer tov ypovov yio 010popeTikods TOTOvS
O100KOPTIOTMDV.

ITivokag 14: ITivaxog doxycdrv amoppopnons pyudzwv CeHe/CO2 kar C7Hs/CO; o drodvuaro KoCO3 ue 1
xwpic tpoadnrn MEA.

HeprektikoTnTo Neprexktikotnto  Ogppokpocio Tomog/
CO.M%)  MEA (W () T
1 25 - 60 -
2 25 - 70 _
3 25 - 60 CsHs/1000
4 25 - 60 CsHs/2000
> 25 - 70 CsHs/1000
6 25 - 70 CsHs/2000
! 25 - 60 C7Hs/1000
8 25 - 60 C7Hs/2000
J 25 - 70 C7Hs/1000
10 25 - 70 C7Hs/2000
12 25 1 70 _
14 25 5 70 _
15 25 1 60 CsHs/1000
16 25 1 60 CsHe/2000
17 25 1 70 CsHs/1000
18 25 1 70 CsHe/2000
19 25 1 60 C7Hs/1000
20 25 1 60 C7H3/2000
21 25 1 70 C7Hs/1000
22 25 1 70 C7H3/2000
23 25 5 60 CsHs/1000
24 25 5 60 CsHs/2000
25 25 5 70 CsHs/1000
26 25 5 70 CsHs/2000
21 25 5 60 C7Hs/1000
28 25 5 60 C7Hs/2000
29 25 5 70 C7Hs/1000
30 25 5 70 C7Hs/2000

211



To tpito {RTnpa rav n erapkng faduovouncn tov avaivti FTIR. Z1o mhaiclo avtd mpaypatomrombnke pedén
YL TNV €TI0V TOV BEATIOTOV TTEPLOYDV OVAALGNC Y10 OAEC TIG EVGELG EVOLUPEPOVTOS, EVD EMAEXONKE Vol
yivel avafabuovouncn Tev TEPIGGOTEPMY EVAOGEMY Y10 TIG OTOIEG OEV VINPYOV EMAPKY| PAGLOTO OLVOPOPAS.

5.3 Amnoterhéopato

Ta anoteléopata g dtoAvtdomTos Tov CO2 Y10 TIG SL0POPETIKES TEPAUATIKEG OOKILES PAIVOVTOL GTO XyLa
30.

1.6
2
Is)
E
2 m 0% MEA
5 B 1% MEA
8N m5% MEA
O
@)

60 °C 70°C 60°C- 70°C- 60°C- 70°C-
1000 ppm 1000 ppm 2000 ppm 2000 ppm

1.6

14 4
2 12 -
2 10
< ' m0% MEA
= 0.8 A
IS E 1% MEA
>
S 06 E5% MEA
o 04
O

0.2 1

0.0 -

60 °C 70°C  60°C- 70°C- 60°C- 70°C-
1000 ppm 1000 ppm 2000 ppm 2000 ppm

2yiua 30: Exidpaon e mpoolixne MEA ot dialotétnra tov CO; yia piyuota CO2/CeHe/CH4 (ravew) ko
COz/C7Hg/CH4 (}CO'C’[C!)).

Kotd ) didpketa g perémng, n pepikn mieon tov CO; ftav mepimov 22 kPa yia dieg Tig dokipég. Mmopel va
onuelmdel OTL EVTOG TOV TEPLOYDY UETABOANC TV TOPAUETPOV, O1 TIEC SIUAVTOTNTOC O KATAGTACT KOPEGIO
Ntav oto evpog 1.02-1.43 mol kg? dwadvtn. H Oeppokpacio £xet apvntikf enidpacn otn dtodvtdmta tov COo,
®GTOGO, TO OTOTEAECUE TG aiveTol va lval HAAAoV apeAnTéo Otav dev mpootiBeton MEA oto didivpa. Otav
avéaveral n weplektikotnto o MEA avtifétog, n enidpaon tng Oeppokpaciog yiveTar onuavTike, Yeyovog Tov
umopel va, omodolel onv avénuévn Beppdmra amoppdenong Adym oynuoticpod Koppapidiov. Extog amd
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Beltimon g daAvtotnTag tov CO2, 1 ypnon npdchetnc MEA og mepiektikdmta 5 wt.%. Bedtiooe onpovtucd
70 pLOUO amoppPOPNONC OTTMC PaiveTar oto Tynua 31. Avtibeta, n TpocOnkn 1 wt.% MEA cto didhvua Ppébnke
Vo EMPEPEL OO LAV LETAPOAT GE oYEon Ue TO un evicyvpévo didivpa KoCOs.

1.6 - 1.6 -
1.4 - 1.4
xa 1.2 - § 1.2
E 1.0 ?3/1.0 1
2 08 1 208 4
S 06 1 S 06 -
3 2
S 04 1 00 wt.% MEA S 0.4 - 00 wt.% MEA
© ol ©1wt.% MEA © 0o ©1wt.% MEA
' A5 wt.% MEA ' A5 wt.% MEA
0-0 T T T T T T T 1 0.0 T T T T T T T 1
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 8
t (min) t (min)

2ynuo. 31: Eriopaon the MEA ato pvlué aroppopnong tov CO2 oe evigyvuéva dralduara KoCO3 arovg 60 °C
(apiotepa) kar 70 °C (0ec1d) kou odykpion ue 1o voatikd oidlouo 25 wt.% KoCOs.

Axopn, uropel va onueiwbel 6tL TOAD yopmAés Tipég dtolvtotnTog PpébnKay Kot yia T 600 EVOGELS TIOoHV,
ue T vymAdTepeg TEG ota 1.65 ko 1.72 mmol kg? yua ta CeHe kot C7Hs, avtictoryo. Avtd ogeileton oTnv
drapopd morkotrag peta&d VOC kat dtadvtmv [255], kabdg kat otny vymAn bepuokpacio. ITapoia avtd, To
CULYKEKPIUEVO OmoTEAES U Pmtopel va, BempnBel emBuuntd 0Tov EMSIOKETOL KATAVTN 0&10T0INoT TOV EVAOCEDY
(6w N AVOUOPP®OT TIOCMV e KATAAVTEG Ni).

54 ZXuprmepdopota

e avTd T0 KEPAANL0 TOPOVCIACTNKE LU0 EMEKTACT) TG EPYUCING TOV TOPOLGLAGTNKE 6T0 KepdAaio 4. H pedétn
aeopovoE TN diepevvnon ™G amddoong TV VIATIKOV dtudivudtav KoCOs (yopic mpdcobeta kot pe mpocstnkm
MEA) pog tnv tawtdypovn amoppdenorn CO2 Kot EAPPOV TGGHY TOV GLVAVIMVTIL GTO 0€PLo 6VVOESNC. AVO
YOPAKTNPLOTIKEG EVOOELS peAeTONKaY, cuykekpiuéva, ta Pevioio (CeHs) kot Ttodovdiio (C7Hg).

H pelétn ovumépave 611 n mpocOnkn pkpng mocomtog MEA e tagewc 1 wt.% dev €xer a&oonpein
enidpacn omv Swdvtomta tov CO2 e oOykplon pe v zmepintwon mov kabapd KoCOsz mpootifeton
OTOKAEIOTIKG 0TO LOOTIKO OdAvpa. H Beppoxpacio emdevavel ) dwAvtotnta tov CO2 6e dAoVg TOLG
SLOATEG, 0TOGO, JAMICTOONKE TMG 1 ENIOPACT £Vl GNUAVTIKOTEPT Yo TO dldALUE TOV TTpodyeTal e MEA
mePlekTIKOTTOG 5 Wt.%. Ao Vv dAAN mhevpd, n avénon g Beppoxpaciog katd 10 °C €xel moAd pukpn
emidpacn otnv dwAvtotnta Tov CO:2 o pikpotepeg ouykevipmoelg MEA 1 kabopd KCOs. 1o Kepdiaio 4
e&MyOn to cvumépacpa twg N tpochnkn MEA pmopel va Bektidoet To puBud amoppdenong tov CO2 og voOTIKA
draddpata K,COs3 og vyniég Bepuokpacieg (> 100 °C). Tto mapdv kepdroto eavnke nwg 1 tpocdnkn MEA (5
wt.%) oto didlvpa propei va Bedtinoet to pubud amoppoenong CO: Wiaitepa dtav 1 cvykévipwon CO2 oty
vypy edon avéavetar mive oamd ~ 0.8 mol kgt. Amd v GAAN mhevpd, petpndnkoy ToAD YouUNAES TES
Sodvtotnrog Twv CeHs kar CzHg (< 2 mmol kg?). Téhog, dev mapatnprifnke onuaviiky enidpacn o
dtedvtotnta Tov CO; 6tav Tpootédnkay evcelg BTX ato piypa tov agpiov.
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6 Oeppodvvapikn povreromoinon ko povreronoinon oepyosiog AGR
HEG® OLAVNATOV aVOPUKIKOD KaAlOV

6.1 IThaicwo perétng

Onwg emonuavoy kat ot Isa et al. og o Ttpdc@atn dnpocicvon PiProypaeiknig avaokdnnong [283], vrdapyet
avayKn Yo LEAETEG GUYKPITIKNG a&l0AOYNONE G TPOG TNV EMIOPUCT] SLAPOPOV TAPUUETPOV AELTOVPYING GTNV
KatavdAwon Beppotntog Yoo avayévvnon kol MAEKTPIoHOD Tov povadmv décpevong CO2 pe evioyopéva
dtdvpata KoCOs. v mpdén, evd opiopéveg epyacieg sival dtobéotueg o Piproypapia yio ) décugvon
CO; amd kavoaépia, omarteiton meputtépm dlepedvnon yia tn décpevon CO2 mpo-kadong. ZOUQ®VO HE TIG
YVOGELC TOL CLYYPOQPED, OEV DTLAPYEL S1OOESIUN LEAET TOV VO LEAETA TNV EMLOPAOT] AELTOVPYIKDV TOPAUETPOV
OTNV EVEPYELNKT KATAVAAMON Kol amodoTikOTNT pidg depyasioc AGR (Tpopodotodpevig e aépto cuvheoNg)
ue doeavpato KoCO3 mov evioyvovtar pe PZ kon  onoia Agttovpyet oe vynAn Oeppoxpacio. EmmAéov, etvar
ONUOVTIKO va onpelmBel 6Tt n pueAétn mov TopovcldleTol oTo ToPOV KEQPAAMIO €xel €va axoun daitepo
YOPOKTNPIOTIKO, TO Yeyovog 0Tt T0 HaS Bewpeitar wg €idog mpog déopevon pali pe to CO2. Ao peAéteg
povtehomoinong Ppédnkay oyetikd pe v amoppoenon tov HzS oe dtodvpata KoCOs, exeiveg twv Dindore et
al. [284] xou Faiz ka1 Al-Marzougi [276]. Ztv mapovca epyacia Tapéyxetor n axdlovdn cupPoln e chykpion
ue Tig mpoavapepdeioeg perétec:

o. IlpaypotomomOnke pHOVTEAOTOINGT TNG GUVOMKNG OlEPYACiag amoppOPNoNG/EKPOPNONG 7OV  OgV
TEPLOPIOTNKE OTN GTNAN ATOPPOPNGTG.

B. KataotpmOnke éva Aemtopepéc Oepuoduvapkod poviédo electrolyte-NRTL pe tpomtonompéveg mopapétpovg
aAdnienidpaong o€ avtifeon e To TO ATAOTOUNUEVO LOVTELD Y10 TOV VITOAOYIGHO TG dtadvtotnTog tev CO;
kot HS.

6.2 Movtelomoinon

6.2.1  MeOodoloyia uovrsiomoinons

To povtéro electrolyte-NRTL 1o omoio ypnowomombnke Paciletar og 600 kOpieg mopadoyss, v dmmon
peta&d Opotmv 1OVIOV Kot TNV VTOHEST TOTIKNG NAEKTPOOVIETEPOTNTOG 0TO dtdAvpa. H ékppacn tov povtédov
v v ehevbepn evépyeln Gibbs mepilapfaver tpelg 6povg, 0mmg gaivetar oty EE. 8, cuykekpyéva Tig
aAnlemdpdoels peyding amodotacng kotd Pitzer-Debye-Hiickel, ) 816pbwon Born kot aiiniemdpdoeilg
KovTivig amdotoong (uoviého NRTL).

*E «E,PDH *E,Born *E,lc
G Gy G G

RT  RT + RT +RT Ec.8

O1 Topduetpot evepyslakng oAnienidpaong oto povtédo electrolyte-NRTL e€aptdvrarl amd ) Bepuokpacio
Kot €yovv T popen| g EE. 9 (edd yio aAAnAemidpdoeic nAeKTpoADTN -Lopiov)

Tref —T T
+ Ecqp [T +In (W)] EE9

Ot napdpetpot C, D kot E exppalovrar oto Aspen Plus og GMELCC, GMELCD, GMELCE ko1 GMELCN,
avtioToyyo Kot Tpocsdopictnkay copemve pe ) pebodoroyia tov Hilliard [285]. Ta mepapotikd dedopéva
OV YPTNGILOTOONKOV Yio TNV AVAALCT) TOAVIpOUNoNg aivoval otov [livaka 15.

Dca,B

TcaB = Cca,B +
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ITivaxag 15: Hewpouotixd dedouévo. yra v avaivon moaivdpounons tov poviédoo electrolyte-NRTL yia ta
ovotiuota CO2-K,CO3-H20 ko CO»-PZ-K,COs-H0.

Ogppoxkpacio Kot

Yvotnpa Tomog dedopévov  Xnueio cvyKivipoon nyM
K>COs3-H.0 ME£60G 10VTIKOG GUVTELECTIG 53 25 °C [289]
gvepyoTOg 0.014-50 wt.% K>COs
Eldttmon tdong atudv 543 25-130 °C [290]
2-50 wt.% K>COs
EXdttmon tdong atudv 42 25-90 °C [291]
0.048-0.51 wt.% K,COs
OeproY®PNTIKOTNTO. 298 25-130 °C [289]
2-50 wt.% K,CO;
KHCO;-H,0 EXdttmon tdong atudv 10 25 °C [290]
2-25 wt.% K>COs
OgeppoympnTiKdTNTO 214 5-130 °C [289]
4-20 wt.% K,COs3
C0,-K>CO3-H,0 Awivtotnta CO2 113 70-140 °C [204]
20, 30, 40 wt.% K,COs
CO2-PZ- H,0O OMkn tigon 30 60-120 °C [292]
2-4mPZ
AvOpdaxwon 0.5-1.0
Aohvtoémro CO» 14 40-70 °C [293]
0.62 mPZ
AvOpdaxwon 0.2-1.0
'H NMR 101 10-60°C [294]
0.1-1.5mPz
AvBpakwon 0.15-0.97
C0O,-PZ-K,CO3-H,0 Atodvtémta CO: 38 39-110 °C [216]
2.5-6.2 mK*
0.6-3.6 mPZ
AvOpdxwon 0.37-0.74
'H NMR 41 27-70 °C [216]
3.4-6.2 mK*
0.6-3.6 m PZ

AvBpdkmon 0.38-0.65

Qo1660, 10 povtéro tov Hilliard dev Elafe vtoyn tqv tavtdypovn anoppodenot twv CO; kot HaS, kupiong Aoywm
TOL YeYOVOTOG OTL avamtvyOnke yio déopevon CO2 amd kavoaépa. H mapovoa epyacio emekteivel avtd to
HOVTELO OGTE Vo cupmePLaPel TV Ttpocappoyn ¢ divtotntog HaS og dtodvpata KoCOs. Me ) d1opbmaon
Tov KopmvA®v VLE yio ta 6&iva aépla, To povtého pumopel vo paplooTel yio Tn d1epeuvnotn Tov Kabapiopo
aepimv ovvBeong. O mécelg isopponiog pacemv tov CO, kot HaS g daidpata KoCOs dnpociedtkay otnv
myn [288]. Ta mepopoatikd dedopéva amd T peAétn avth ypnopomomdnkav yioo v Stadikoocio
naAvopdunone. H avalvon moalvopdunong mpayuatonomdnke oto epyaieio Data Regression System (DRS)
10V Aoytopkod Aspen Plus. H katactotikn eéicwon g aépla edaong ftav n Redlich-Kwong-Soave (RKS),
eV 01 6TOOEPES YN KNG 160ppoTtiag vVoAoyioTKay ato Aspen PIUs yio to cuotua avtidpdcemy pe to K2COs.
Ot cuvteleotés Beppokpaciakng eEApTNong TV oTabepmdV YNUKNG 1GoPPOTiag Yo TG avidpdoelg g PZ
eMetnooy amo v anyn [285], evd o1 kivntikég otabepéc umopovv va Bpebodv otig mnyég [286] kot [287]. T
TN HOVTEAOTTOINGN T®V GTNAGV UE TANPOTIKO VAIKO YPNGILOTOMONKOV 0VOAVTIKA LOVTELD TTOV EVOOUATOVOLY
elomwoelg petagopdg (rate-based) oto Aoyiopikd Aspen Plus.

To aéplo oOvBeong mpoépyetar amd aAloBeplikn aeplomoinon opukTov AvOpoka Kot mpoopiletar yio TV

napayey SNG. H cbotoon tov kavcipov kot tov agpiov ovvbeong éxovv Anedei amo v epyacio [134] kot
eaivovtar otov [livaxa 16.
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Iivoxog 16: Xdotaon kavoiiov kot yopoxtnplotika ogpiov advleorg.
2061001 0PVKTOV AvOpaKa,

Ipoosyyistiky avaloon (as received) Yroygwoki) avaiven (as received)

IMmikd (wt.%) 42.0 C (wt.%) 53.6

Moéviuog avBpaxog (Wt.%) 355 H (wt.%) 3.9

Téppa. (Wt.%) 35 O (wt.%) 19.2

Yypooio (Wt.%) 19.0 N (wt.%) 0.6

Oepuoyovog dovaun (MJI kgt) 19.8 S (Wt.%) 0.35
XopoaKTNPLoTIKG 0Epiov oOvOESN S

H20 (mole %) 36.39 ITieon (bar) 20

CO; (mole %) 12.66 Ogppoxpacia (°C) 800

H> (mole %) 34.85 [Mopoyn paceg (kg s?) 3.5

N2 (mole %) 0.13

CH, (mole %) 3.29

CO (mole %) 11.62

HS (mole %) 0.06

H depyacio AGR divetan oto Zynpa 32. Ipdketton yo o omhorompévn dtataln amoppoenonc/ekpoenong
7ov povielomombnke oto Aspen Plus péow mpocopoimong avoikton Bpdyyov (open loop). Ilpokeévou va
dwwopoiotel 1 Swtipnon tov ooluyiov palog Kot evépyslng, TPootédnke oTo HOVTEAO d oelpd
wpodiaypapav oxedtoouov (design specifications). Kdamoieg faoikéc mapadoyéc tng poviehomoinong divoviot
otov [livaxa 17.

Acid

Clean syngas Condenser gases

i Lean Expansion

Absorber solvent RP
* — k>
Raw syngas
Desorber
Heat
SeRORRL = Heat source
A LP1 B E;EReboiler
i LP2 :
Condensate Rich solvent \J
Solvent
make-up

2ynua 32: Aéraln e digpyaciog amoppopnonclekpdpnone orwe owt wovielomoiOnke oto Aspen Plus.

IMo ™ pekém g enidpaong Tv mopopuéTpmv Asttovpyiog g depyaciag, HeTaPAndnkay ot Tiuég ¢ mieong
ot oAn arnoppdenong (10-18 bar), g nicong ot othAn exkpdenong (0.4-5.3 bar) kot tov Adyov avBpdrwong
Y00 doAvtn (0.24-0.44). Axoun, peretnOnkoy 3 dta@opetikol S10A0TEC TAEOV TOV SLHAVUATOS OVOPOPAC
30 wt.% K,COs:

e  6.5m K*/0.65 m PZ pe ypappopopioxd Adyo PZ/K* ico pe 0.1 (“PZ0.17),

e 6.5m K*/1.3 mPZ pe ypappopopiaxd Adoyo PZ/K* ico pe 0.2 (“PZ0.2”) ko
e 6.5mK*1.95 mPZ ue ypappopopiokd Aoyo PZ/K* ico pe 0.3 (“PZ0.3”).
To mocooto déopevong tov CO2 ftav otabepod (95%) o OAES TIC TEPIMTMOCELG.
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Iivaxag 17: Baoikég mopadoyés uovielomoinons yio tn oepyoacio. AGR ue KoCOs (BA. kar Hopdptnua

ayyAikod keyuévon).

Pon palag (S)/Xrovysio povrélov (B) IMopapeTpog Ty
FEED (S: aépio ovvbeong, £i6060¢) ITieon (bar) 20
Oeppokpacia (°C) 100
Yvotaor (mole%) (PAéme TTivaxa 16)
ABS-LEAN (S: ttoyog dtoivtng) [Tieon (bar) 18
O¢ppokpacio, (°C) 102
XHotaon 30 wt.% K>CO3
Aobyog avBpakmwong (-) 0.3/0.4
FLASH (B: anoudkpoven ITicon (bar) 19.5 bar (gicodog oTAANG
GUUTTVKVAUOTOC) amoppOPNoNG)
1 bar (¢€0d0¢ otiAng
eKpOPNONG)
Evepyelokn kataviiworn (KW) Adafatikog
ABS (B: otAn amoppdenong) Ap1Bpog Bobuidwv (-) 5
ITieon (bar) 17
IMinpoticd vio 1-inch IMTP
[TAnpopévo vyoc ava Baduida 15

(m)
[Ipocéyyion otV TANUUVPION 0.75
STR (B: ot)An ekpoenong) Ap1Bpog Boduidwv (-) 6
I[lieon (bar) 1
IMnpotikd vAKO 1-inch IMTP
[TAnpopévo Hyog ava Pabpioa (M) 15
[Ipocéyyion oy TANUUVpIoN 0.75
Tomog avappactipa Kettle
CNDSR (B: cvumukvemg 6thing ITieon (bar) 1

EKPOPNONG)

Oepuokpacio e£600v agpiov (°C) 50
PUMP (B: avtiio dtahvTn) ITieon (bar) 18
Amddoon avtiiog (%) 70
HMumyavucog B.o. (%) 96
MX1 and MX2 (B: ctoygio avauéng) IMtwon wieong (bar) 0
SPLIT (B: diaywpiotc copnvkvoudtov) Itoon mieong (bar) 0
Abyog doywpiopod () Design spec M-BALANC
T-REGUL (B: povtého yoEng/Bépuovong Ilicon (bar) 18

TTOYOV S10ADTn )

Evepyesiaxn kotovalwon (KW)

Design spec T-BALANC

6.2.2 [lapduetpor ka1 ocikteg amoooons

O Babuog déopgvong twv CO2 ko HoS diveton and tig EE. 10 ko EE. 11, 0mov 10 7 i, /0yr SUMBOACOVY T
ypappopoptokt mapoyn (Mol s?) g éveong j otn othin aroppoenong.

7;lCOZ,in - hcoz,out
CRCOZ (%) = .

100%

EE 10
Nco,,in ¢
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n
CRy,s(%) =

H,S,in — NH,S,out

: 100% Be 11
nHzS,in

O Aoyog vypov-agpiov L/IG ot othAn anoppdenong divetor pe fdon mv mopoyn Halag Tov pevudtoy, evod o
Aoyog avBpdxmong yuo ta cuotipate CO2-KoCO3-Ho0 ko CO2-PZ-KoCO3-H20 divetan amd tig EE. 12 ko 13,
avTicTotya.

_ [CO,] + [CO37]+ [HCO3] — [K;]
a= ] EE 12
2
(0,1 + [COZ7] + [HCO3] + [HPZCOO] + [PZC00"] + 2[PZ(C00"),] - ]
a= - E¢S 13
K711 [pz] + [PZH*] + [HPZCOO] + [PZCOO] + [PZ(CO07),]

6.3 Amoterléopata

Ot ITivakeg 18 xat 19 mapovstdlovv ) cOyKpion TV eKTiuncemv Tov Ogppoduvapukod poviélov electrolyte-
NRTL pe to mepapoatid dedopéva, Tov ypnoitomotidnkay yio tnv aviivor teivdpdunons. Onwg eaiveta,
OV KOl 01 OTOKAMGELS TAPEUEIVAY VYNAEG GE KATOLEC TEPUTTMOGELS, TO LOVTELO TAAVOPOUNGTG TETVYE VA, LEIDGEL
onuavtikd T tiwég AARD oe oyéon pe TO HOVTEAO TOV YPTCLLOTOLEL TPOEMAEYUEVEG TOPAUETPOVG
aAnienidpaong oto Aspen Plus. Kdati této10 pmopei va yiver o gdkolo avtiAnmtd kot amd to Zynuo 33, o1o
omoio gaivovtal o1 kapmvAeg 16oppomiog yio To HaS oto vdatid didivpo KoCOs.

ITivaxog 18: Twéc AARD uetald meipopotikay dedouévav ko extiuioemy tov uovtédoo electrolyte-NRTL ue
TPOETIAEYUEVES KL TPOTOTOINUEVES TToPauéTpovg aAlnlemiopaons (uovo K*).

Tooracn Default Regressed

Iy Tvmog dedopévav (Wt.%) Xnpeio eNRTL eNRTL
' AARD (%) AARD (%)

[204] AwAivtomta CO; 20 31 33.9 9.6
[204] Awivtotnta CO» 30 26 24.2 9.2
[204] Awhvtomro CO2 40 67 41.6 14.7
Xovoro 124 35.3 11.9
[288] Awivtomta HaS 30 63 82.8 20.0
[288] Awhotémta HoS 40 31 86.8 15.9
Xovoro 94 84.1 18.6

ITivaxag 19: Tyéc AARD uetald meipouatikaoy dedopsvav ko extiurioemy tov uoviédov electrolyte-NRTL ue
TPOTOTOINUEVES ToPoETPOvS aAlnleriopaons (uiyuora PZIKY).

Regressed eNRTL

Iy TOmog dedopsévov/evireelg Inueia AARD (%)
Awdvtomta CO; 38 13.9

[216] H NMR vy PZ/PZH* 12.0
H NMR y1a PZCOO/H*PZCOO~ 41 9.2

'H NMR yw0. PZ(COO"), 19.7

Xvvolro 130* 12.9*

*Zuvolkog aplOpudc onueiov kot AARD nov mephapuBavel meipapatikd anotedécpato yio vdotikd d/ta PZ.
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T(°0)
o 90 A 110

def 70
def_130

o 70
o 130

- - —def 110
0.100 -

def 90

0.010

Pp,s (bar)

0.001 5

0.000

00 01 02 03 04 05 06
Equivalent H,S (mol/L)

T(°0O)
o 70 o 90 A 110
o 130 def 70 def 90
- — —def 110 def 130
1.000 1
E 0.1002
S
a
0.010 {
0.001 .

00 01 02 03 04 05 06
Equivalent H,S (mol/L)

T(°C)
o 70 o 90 A 110
& 130 reg_70 reg_90
- - -reg_110 reg_130
0.100 5
S 0.010 4
2 ]
;:‘34 4
I~ _
0.001 §
0.000 T T T T T 1
00 01 02 03 04 05 06
Equivalent H,S (mol/L)
T(°0)
o 70 o 90 A 110
¢ 130 reg_70 reg_90
- - -reg 110 reg_130
1.000 3
S 0.100 3
= ]
S ]
o 4
0.010 -
i 0O
0.001

00 01 02 03 04 05 06
Equivalent H,S (mol/L)

2ynua 33: Extumoeis uepins micong tov HoS (ovveyeis kot drarexopuéves ypouiés) mavw amd 16000voio
ogAvua 30 wt.% K,COs orovg 70, 90, 110 xaz 130 °C pe mpoemideyuéves (opiotepri otiin) kot Tpomomoinuéves
ropouétpovg alinlemiopaons tov electrolyte-NRTL (delid otiidn). Emdve ypouun: 33% uetazponsy oe
(KHCO3+KHS) eloutiag tawv CO2 kot HaS. Kdatw: 66% uetatporsy oe (KHCOs+KHS) eCauitiog twv CO; kau
H2S. Ta onueio avurpoowreovy mewpauatika dedouéva amo v mnyn [288].

H enidpaon g wieong amoppdenong eaivetar oto Zynue 34. H advénon g mieong ot otqin amoppdenong
oLVTEAEL 0T pei®oN TG e01KNG DEPLOTNTOC YO TV aVOYEVYNGT TV SHAVTAOV, EVD TOVTOYPOVE UELDVEL TNV
OTOLTOVLEVT] OVOKVKAOQOpia SohvTn ot depyacia. H avénon g mepiektikdtntog Tou dtodvpatog oe PZ
glvat 101aitepa euvoikn 6Tav 1 aTopPOPNCT| TPAYHOTOTOLEITAL GE TIESELS Oyt PEYaAVTEPEC TV 15 bar.



-3--PZ01  --©--PZ0.2 -3--PZ0.1 @+ PZ0.2

—A—PZ.03 =% - K,CO,4 ——PZ.0.3 - % - K,COj,
3.0 - : : 29 -
2.8
X 20 -
8 2.6 A §
2 E;
g 2.4 - o 18 -
= 3
o 2.2 A
16 -
2.0 -
18 14 T T T T 1

10 11 12 13 14 15 16 17 18 10 11 12 13 14 15 16 17 1
Pabs (bar) Pabs (bar)

2ynuo 34 Enidpaon tng mieons amoppopnons atny e10ikn kataviiwaon Oepuotnrag yio. avayévwnon (apiotepd)
kot oto L0yo LIG (dec1d).

H enidpaon tov Adyov avBpdrmong tov trtwyov dtadvtn otn depyacio paivetar 6to Zynpa 35. [Na tipéc tov
o < 0.40, n ypron mpoécbetng PZ dev paivetan va mpoopépel mAeovékTa. QoT000, He 0vENon Tov AGYoL
avOpaKkmong Tov TtV SoAVT aVEAVETOL GNUAVTIKG 1 amoltovpevn Tiun tov Adyov L/G kabiotdvrag
€VVOiKN T xpNon TPochHéTov G6To dStdAvpa.

--@--PZ.0.1 @+ PZ.0.2 --3--PZ.0.1 @+ PZ.0.2
——PZ.0.3 - % K,CO, —&—PZ203 =% KyCO,4
5.5 - : 22 -
5.0 20
i
= 45 18
O 40 D
o > 16
=< V4
S 35 =3
2 O 14
8 3.0 —
o
25 12
2.0 10 @
1.5 8

024 028 032 036 040 044 024 028 032 036 040 044
a (mol/mol) a (mol/mol)

2ynuo. 35: Enidpoon tov Adyov avBpdrwons tov mrwyod o1oldty othv €101KY Kotoviiwon Oepuotnrag yio,

avayévwnon (opiotepd) kot oto Aoyo LIG (deid).

H enidpaon g mieong otn oAn ekpoepnong ot depyacio paiveror oto Xynqua 36. H Asttovpyio g otming
VIO KEVO UELMVEL TNV EWIKN KOTAVOA®ON OeppoTnTog Yo avayévvnon OA®V TV SAVTOV, ®GTOGO EVVOEL
TEPLEGOTEPO TO. SLoAVpOTA Yopig PZ 1 pe moAd pikpn meplextikdtto o€ PZ. MAMota otV GUYKEKPLLEVN
nepinton vadpyel to mAgovEKTNHO OTL 1 BgppommTa avayévvnong umopei va mpocdobel oe yopmin
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Beppokpacio (< 100°C) kabotdvrag epkti v a&omoinon amoppuntopevns Oeppotnrag. Avtifeto, 1
npocinkn PZ ce peyohdtepn meplekTikOTT EXLTPEMEL T AELTOVPYIC TG OTNANG EKPOPNONG GE HEYOADTEPN
mieon, Kabmg 1 KAion Tng KOUTOANG TG €01KNG BEpUOTNTOC avayEvvnong LELOVETAL Le aHENOT] TG CVGTOCNG
ce PZ.

--8--Qreb —&—D_stripper -B8-P20.1 @~ PZ0.2 —A—PZ0.3
45 - - 1.8 5.5 - i
,\ £0 - i 158°C
- 4.0 L 16 % 45 i 144°C
3 35 g2 G40l !
2 (145 2g35.
2 3.0 T 2 30 -
~ F128 T
o 25 2 o 25
2.0 - 10 8 201 i
15 4 !
15 0.8 1.0 —
6 o 1 2 3 4 5 &6
Pdes (bar) Pdes (bar)

2yiua 36: (Aprotepd) Eriopaon )¢ wieons ekpopnons otny 101kl Kotaviiwon Oepuotntag yia avayévvion
KOl 0T OLGUETPO THG TTHAES ekpoPnong 1o, vdotikd oralopo KoCOs ue a=0.3 kar otalbepn tyun LIG. (4eéic)
Ernidpoon tne nicong expopnons otny g10ikh koatavalwaon Oepuotntag yia avayévvnon yio. tovg oalotes PZ0.1,
PZ0.2 xou PZ0.3 pe a=0.4 kau orabepn tun LIG. Or tiués g Oepuorpacios exppalovv to anueio fpacuod
70V O10ADUATOC OTH CUYKEKPIUEVY TTIETT].

Axopn, Ta Zynuota 37 Kot 38 detyvouv v amddoon décpevong tov HaS kar ) dtapuyn PZ pe to kabapd aépio
ovvbeonc, avticTorya.

--3--PZ.0.1 @+ PZ.0.2
—A—PZ.0.3 -» - K,CO
100 - 2 96.0 -
99 -
95.8 -
$ 95.6 -
5 95.4 -
95.2 -
94 -
93 T T T T 1 95.0 T T T 1
024 028 032 036 040 0.44 90 94 98 102 106
a (mol/mol) Tsolv,lean (OC)

2yiua 37 (Apiotepa) Emidpacn tov Adyov avlOpaxwmons tov mtwyod ety ato fobud axoppdenone tov HaS
ano 1o aépio ovvleons kou (0e€18) emidpaon ¢ Oepuokpocios Tov Trwyov o1aloTy oto folué omoppoPnong
o0 H2S (vdatind didlopa kabapod KoCOs).
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-3--PZ0.1 --0©--PZ02 —A—PZ03

0.08 y
0.07
0.06

0.05

(szapor)/PZtot (mOI-%)

0.04

0.03 T T T T
10 11 12 13 14 15 16 17 18
Pabs (bar)

2ynuo. 38: Enidpoon g mieons amoppopnons kol te meplektikotntas oe PZ otig exmounes PZ amo t otiiny
amoppoPnone.

To mocootd déopgvong tov HaS éptace péypr mepimov 97%, evd ntov otabepd méve and 10 mOGOGTO
déopevong tov CO2. Qotd60, av Kot eoivetaln dlepyacio va eivatl oplakd o exiiektikn yio o HaS, dev pmopel
va eE0CPUAGEL TO TOGOOTO OECLEVONG TOL ATALTEITOL OO KATOAVTEG TOV Eival ETPPENEIS G€ SNANTNPilaoT OO
Be100yec evaroelc. H avénon g mieong amoppoenong kot g Beppokpaciog Tov Ttmyod SoAdTn BeATIdVEL TV
arodoon Kabapiopov tov HoS, eved avénomn tov Adyov avBpdkmong duoyepaivel v amobeimon tov agpiov
ovvbeonc. H dtapuyn g PZ Bpébnke va vrepPaiverl ta 200 ppmyv dlaitepa yio peyolvtepn meplektikdtnto PZ
07O Uiypa, T apKeTE vYNAOTEPT GE OXECT e dNUOCIEVUEVESG TIHEG Yia amoppopnon CO2 amd Kavcaépio e
voatikd dakvpoto PZ og younin Beppokpacio (10-66 ppmv) [236, 301].

6.4 ZXopmepdopota

e vt 10 KeQAowo avartoyOnke éva poviédo g depyaciog AGR pe draivpota KoCO3z 610 Aoyiopuxd Aspen
Plus™ pe 6160 T déopevon CO2 kot HoS amd aépro oivbeons mov mpoépyetan amd agpronoinomn dvbpaka kot
npoopiletar yia ™ cvvbeon SNG. Xkomdc NTav 1 d1epehivion ¢ EMLOPoNC TNG YPNONGS TPOSHETOV, KaBMDC Kot
TOV TAPAUETPOV AELITOVPYING GTNV 0dS00T TG dlEPYASiag. ZVYKEKPIUEVA, aE10A0YNONKaY VAATIKE dStoAvUoT
kaBapod KoCO3; kat Sodvpoto pe mpdécbetn PZ (ue Saopetikéc meplektikotnteg PZ oto didhlvpa) og
vEoynPot dtoAvteg Yo ta 0Eva aépia. [lapd to yeyovog OtL peréteg poviehomoinong g diepyociog yo
déopevon CO2 and kowcoépro pe piypato PZ/KoCOs gival dobéoueg otn Pifloypapio, n mopodcoo pelé
emkevipoinke ot déopevon mpo-kavong oe avénuévn Oeppoxpacioc ko migon. Ilpaypatomornfnie
TPOGOUPUOYN TOV TOPAUETPOV SVAOKNG aAANAETidpacnc Tov poviéhov electrolyte-NRTL péocw oavéivong
TOAVOPOUNONG TEPAUATIKAOV dESOUEVMV, KOOMG 01 TpoemAeyéves Tapduetpot Tov Aspen Plus™ guoavifovv
OMNUOVTIKEG OMOKAMGOEI 68 OYEoMN UE TIC TEWPAUUTIKEG TIuéS. Bpébnke mwg to Bepuoduvvapuxd poviélo mov
KataoTpodnke pe Pdon mEPANATIKE dESOUEVA Y10l TOVG HEGOVG GUVIEAECTEG EVEPYOTNTUG, TNV EAATTOOT TNG
TAONMG ATU®V, TN OepproympnTIKOTNTO TOV StoAvudtev, T dtedvtotnta T@v CO; kot HaS kot tnv katavoun tov
ewdv PZ pmopel vo efacparicel por okpiféctepn mEPLYPOEN TOV GCULGTAUOTOS GE OCUYKPION UE TIG
TPOEMAEYUEVEG TTopapéETPOVg ToL Aspen Plus. H oyetikr andkiion yio to vdotikd dradduata KoCOs Bpébnke
va gtvor pikpotepn omd 12% otav amoppoedrar poévo to CO2, eved avEndnke oe 18.6% yio 1o cuotnua HoS-
C0O,-K>CO3-H-0.

To BeppoduvopiKod HOVTELD OV TPOEKVYE GO TV OVIAVGT TOAVOPOUN OGS GLVIVAGTNKE LE LOVTEAL PLOLOD

(netagopdg Beppotnroc Ko pndloc, Kwvntikng KAn.) oto Aspen Plus ywo v poviehomoinon g depyociog
AGR. H petafoin g migong anoppodpnong, g mieong ekpoenong kot Tov Adyov avlpdkmong tov Ttmyoh
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SLOADTN EMNpENCE TNV ATOd00T TG dlepyaciog Kot eKOTEPE TNV ovadoyio Lalog vYpov TPOg AéPLo, TNV EOIKN
Katavaiwon Oeppotntog Tov avappactpa kot Ty arddoon kabapicpov tov HoS. Alomiotddnke 611 6tav 1
depyacio Agtrtovpyel pe dtohdpata mwov mpodyoviar pe PZ, mapodpoa e katovéioon Beppotnrog yio
avayévvnorn pe to voatikd dwAvpata kabapod KCOs eival gpiety oe youniotepn mieon g omAng
aroppdenonc. H Aetrtovpyla tng otAng anoppdenong oe vyniotepn mieon oweerel 1660 Ta EVIGKLUEVO OGO
kot to vootkd Swivuate KoCOsz ywpic mpdcbeta, yeyovog mov LAOONAMVEL TNV KOTOAANAOTNTO TNG
teyvoroyiag yia déopevorn CO2 mpwv v kavon. Eniong, amoteiton peyaddtepog Adyog avOpdkwong @tawyov
dtoAvTn o0tav 1 PZ ypnoyomoteiton ¢ mpdcbeto 6to StdAVU0, OTOTEAEGO TOV OTOdIdETAL OTNY VYNADTEPT
Bepuotnta ekpoenons. Oteknounés PZ ota evicyvuéva dtaddpota Bpébnkay va sivan vymAdtepeg 6 cOYKPLOT
LE TIC EKTOUTEG TOV GUUTVKVOUEVOVY DIATIKOV SloAvpdTov PZ yio aroppoepnon CO; and kavcsoépia. 'Etot, Oa
npénel va. AneBodv vmdyn ot aAiniemdpdoelg ¢ PZ pe xotaddteg katdvin g oepyociag AGR.
Awmotodnke 6t 6tav 0 Aoyog avOpdkmong vrepPoaivet Tipég g TaEng Tov 0.42, o1 amotovpeveg Tuég LIG
av&avovrtar andtopo. Emmpocheta, n Aettovpyio g oTHANG ekpoPNong oe avEnuévn mtieon Ppébrnice va weeiet
OlADTEG e LVYNAOTEPO Ypappopoplokd KAGopo PZ. Télog, m amddoon déoupevong H.S Mtav otabepd
vynmAdTEPTN 0o 10 eminedo déopevong tov CO2 and T diepyacia.
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7 Evepyeroxkn kou g€gpyetaxn avaivon gvog otabpov agpromoinong yo
ocvpunapayoyn niektpiopov/MeOH pe CCS

7.1 TIThoiocw peréTng

Y10 Kepdhawo 6 g dwaktopikng StatpiPrig mapovstdotnke 1 povtedomoinorn tng oepyociog AGR pe
dwdvpata KoCOs ko pedemnke m enidpacn T@V KLPIOV TAPOUETPOV AETOLPYIOG GTNV EVEPYELNKN
KaTavaA®on tng oTANG ekpoPNong Kot o Pabud kabapiopot tov HoS. Qotdco, evdiapépov Tapovotalet 1
EMMTOON TG EVOMUATOONG TNng Olepyociag amoppoenong/ekpoéenong oe  otabuodg aeplomoinomg.
SVYKEKPLUEVQ, OTO TAPOV KEQAANLO LEAETATOL 1) EVO®UAT®ON NG dtepyacioc AGR og otabuoic agplonoinong
Bropaloc pe cvvovacpévo kokAo (BIGCC) yia amokAelotik NAEKTPOTOpay®YT, OAAG Kol GUUTOPOY®YN
nAextpiopov kot MeOH. H a&loddynomn moapovotdletor and gvepyelokn kat eEgpystokn oxomd. H avayvopion
TOV KOPL®V OlEPYOCIDV TOV GUVEICPEPOLY OTNV EEEPYEINKT KOTAGTPOPN GTO GTAOUO amoTelel TO TPMTO
ONUAVTIKO GTASL0 Yo TNV TEPAUTEP® PEATIOTONTOINGN TNG OlEPYATTIOC.

7.2  Awrdaéeg oevapiov BIGCC kar pedodoroyia povreromoinong

Ta tpia cevapla to, onoia povteromomnkav 6to Aoyiopkd Aspen Plus mapovoidlovior oto Zyniua 39. H
povtelomoinomn ¢ diepyaciog agplomoinong Pacioctnke oTov agplomomty] pevotomompuévig kAivng tov IGT
[318], ewodyovtag nu-eumelpikéc cvoyetioelg yio ™ Bedpnon KatahvTikng aeplonoinong [304, 319] xai
déopevon Oegiov evtog g khivig [320]. Q¢ KOOGIHO Y10 TOV GEPLOTOMNTH ¥PNGILOTOIOVVTIOL VITOAEIUOTO
EuAelag pe apyikn vypacio 30 wt.%, ta omoio Enpaivovion pe kovcoépia and 1o AéPnto Avdktnong
Bepuomrog (AAG®) tov tabpov. To Oz tpopodoteital amd o Lovadae kpuoyovikol dwympiopod aépa (ASU),
N omoia povieromomOnke oto Aspen Plus g diepyacio dtoaywpiopod pe cuvoLAcHd andcTAENG VYNANG KoL
yoaunAng micong [321, 322]. Axolovbei Bepudc kobapioudc tov agpiov civleong yio micoeg (KoToAvTiKdg
avtdpactipog), copatiow, HCl kot HaS. Znv nepintoon tov cevapiov mov eveopatdvouy T dlepyacia
AGR, éva 1 600 otdda Yo v avtidpaon WGS axorlovBodv to cuotnpa Oeppod kabapiopod tov aepiov
(avavn g AGR). H diepyacia AGR ypnopomoret didivpa 30 wt.% KoCOs kat to aépio ovvOeong eleépyetan
v koBapiopd pe Beppoxpacio 122 °C. Ta amoaépro omd ) 6THAN €kpoenomng mov gival TAovolo og CO2
yoyovtal kot copmiElovton péypt ta 100 bar yio amobnkevon. To aépro oOvBeong kaiyetal otov aeploctpdfirlo
eite omevbeiog eite apotov avouydel pe ocvopmespévo No amd ) povada ASU, dote vo TEPLOPLOTEL 1|
neplekTikOTNTA TOL H) 6¢ emineda < 50 vol.%. O AA® ¢ eykoTdoToong Tapdyel OTUO Yo NAEKTPOTOPAYMYN,
OALG KOl TKOVOTTOIN oM TV ovayk®dv TG dtepyosiog (LEco agptomoinong, Oepuikn Katavilmon K.o.).

Raw biomass

Raw syngas Clean
o syngas  (Combustion
Flue gas | ROtary drum Flu1dlz.e~d-bed chamber
g dl'VEl' gasltlcl‘ --------- HC Gas turbine
Dried reformer
Bi ! biomass
flo:;fass > Particle
ceding - .
system Additives [ Na,CO, filter Air To stack To gasifier
‘ o} HCI
Nz 2 [Steam removal
ﬂ" ASU USRS S ZnO Flue gas Ste*{m
H,S to dryer turbine
| removal

&
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Raw biomass
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Gas turbine

To gasifier

McOH -
. i ue gas
L synthesis t0 dryer Stearn
\ ’ turbine
Q
Guard bed ?
Desorber N CO, to
Q storage To MeOH
distillation
T Y
—To SC

2ynua 39: Maralas orabuov BIGCC tye mopodoag uerétng. ([lavw) Zrabuos BIGCC avapopag yia
nlextpomapoywyn yawpic CCS (Zevipio 1), (uéon) orabuds BIGCC yia niextpomopaywyn ue CCS (Zevdpio 1),
(kdrw) orabuog BIGCC yia ovumapaywyn MeOH kou niextpiopod ue CCS (Zevapio 111).

e v mnepintowon tov Xevapiov
ypnoipomomdnke €va  Kwntikd  HovTELO

OOV TWPAYUATOTOlEITOL  cvuTopay®yn] mMAekTplopov/MeOH,
Langmuir-Hinshelwood-Hougen-Watson (LHHW) vy 1

povtelomoinor tov avTdopactipo cOvheong. Ot TapAUETPOL Yio TO KIVNTIKO HOVTEAO eAnebncav amd Tnv
gpyooia tov Van-Dal kot Bouallou [329]. H digpyacio obvOeong Aettovpyei pe £va mocooTtd avakvklopopiog
oV agpiov ovvheong kot 60%, evd 1 VIOAOWTN TOGOTNTA KOIYETAL GTOV AEPLOGTPOPIA0 Tov otalfpov. O
[Tivaxog 20 cvvoyilet Tig facikés TapadoyEg mov £xovv ypnoiponombet o6t poviehomoinon.
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Livaxag 20: Hopadoyés povielomoinons twv aevopiowv BIGCC.

Ynocvotnpo Hopaperpog Twég
ASU [Tieon HP omAng/LP oting/booster (bar) 5.5/1.6/30
AOY0¢ dloympiopod aépa yo booster (—) 0.2
Kabapdmra O, (vol.%) >95.0
Babpideg otniav doyopiopod HP/LP (-) 30/35
Enpavtipag Oeppokpacio Kavcaepiov e166d0v/eE6d0v (°C) 220/95
Agpromomtng Ogppokpacial/ricon (°C/bar) 900/29
Ogppokpacio Oz (°C) 200
Ogppokpacio. atpov (°C) 350
Amnddoon petatponnic dvOpaka (%) 98
Babuodg amobeimong (% tov S) 60
Anmieieg Oeppomrog (% eni HHV) 1
AVTIOpOacTHPOG OVOUOPP®ONS Ogppoxpacio e£6d0v (°C) 910
Metatponn moodv kot Co+ (%) 99
Metatponr) CHs (%) 70
Meratponr; NHz (%) 90
Aéopevon HCI (Na,COs) Ogppokpacio 16650V agpiov (°C) 420
Aéopgvon HzS (ZnO) Oeppokpascio 16680V agpiov (°C) 350
Avtidpactipeg WGS Oeppokpacio e.6660v WGSHT (°C) 350
Ogppokpacio .66d0v WGSLT (°C) 200
Movada AGR IMepektikdm o KoCO3 (Wt.%) 30
ITicong otAng anoppdenong (bar) 25
[Tigong otAng expognong (bar) 1.5
AOY0oc avOpdkmong TToyod dtaAvtn () 0.3
Oeppokpacio 16660V agpiov (°C) 122
Amobnkevon CO; Youmieotg, mtieon amobnkevong (bar) 3-stage, 100 bar
Agprootpdfirog Aobyog mieong 15
IMtwon migong (% g €16650v) 4
TITmax (°C) 1230
[MoAvtpomikdg .o cvumiestn (—) 0.90
Ioevtpomikdg B.o. otpofitov (—) 0.88
"E&€odog xavcaepiov (°C) 550
AA® Ogppoxpacio e£6d0v (°C) 75
I[Tieon HP/RH/LP (bar) 110/30/4.2
Ogppokpacio e166d0v Pabuidac HP (°C) 520
EXdyotn Oepuokpaciokn tpocéyyion oto AAG® (°C) 20
Atpootpopirog Ioevtpomikdg B.a., OAeg o1 Pabuidec (—) 0.82
ITieon cvumdvkvoong(bar) 0.06
YHvBeon MeOH Ogppokpacia/ricon ovvBeong (°Clbar) 234/52.5
Avoxvikhogopia syngas (%) 60
Adyog Ho/CO oy eicodo (—) 25
GHSV (h) 4000
KaBapdtmra MeOH (wt.%) >99.0
Evaildxreg Beppdtnrog EMGyotn Oeppokpaciak Tpocsyyion, aéptofuypd kot 10/20
aépro/agpro (K)
YUUTIECTEG [HoAvtpomukog P.a. (—) 0.8
AvtMec B.a. avtiiog (—) 0.78
Extovmtég Ioevtpomikde B.a. (—) 0.88
Aowtd IMtwon mieong™ (% g micong 16660v) 1
Mnyavikog B.a. Y10 GLUTIESTEG, avTAieg KAT. (—) 0.99
B.a. yevvitpiag (—) 0.98

*Y10 TOLG EVOAAAKTEG BEPUOTNTAG KL TOVG OVTIOPACTIPES
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INo ké0e oevapio e€etdotniay mapodiayéc o €ENG:

o X¥t0 Xevapro I, ot vmomepumtwoeig I-LS, I-MS o I-HS avagépovtar oe Adyo pdlog atpov mpog Popala
otov agploromnrn 0.60, 0.87 (Bacikn nepintwon) ko 1.09, avtictouya.

o Y70 Xevapro 11, ov vronepimtoelg [1-50%, 11-70% xai 11-90% vmodeikvhovy T0 T0G0GTO SEGUELONG TOV
CO:..

e Xto Zevapio III, ot vromepmtmoeig 11-25% MeOH kar I111-50% MeOH avo@épovial 6T0 T0G06TO TNG
GUVOAIKTG TapOyNG aepiov ovuvheong Katdvn g depyaciog AGR mov odnyeitat yio ovvOeon MeOH.

O1 Babpoi evepyelaxng kot e&gpyelakng amodoons Tov cevapiov divovrar otig EE. 14 kot EE. 15

_ ThMeOHLHVMeOH + Pel,net
mbiomLHVbiom

E¢S 14

e = MpyreoH€MeOH + Pel,net Ef /5
Mpiom€ch,biom + Eair,ASU + Eair,GT + Ew '

OMOV Py e etvar 1 kabapi niektpikn wydg (MW), my;om 1 mopoxn Propdlas (K9 st), LHVpigm N Katdtepn
Beppoydvog dvvaun g Bropatag (MJI Kgt), muyeon M mapoyf nélog me MeOH (kg 1), LHVyeon N KoTOTEPN
Beppoyovog ddvapn e MeOH (MJ kg), epeon 1 €01k ynuikh e&épyeta g MeOH (MJ kg?), Egir asu M
g&épyeta Tov aépa mov mapéyetar oty ASU (MW), Egir o1 1 €€€pyeta Tov agpa mov mapéyetat 6to GT (MW)
kat Ey, 1 e€€pyeta Tov vepob cuuminpmong oto otabud (MW).

7.3 Amoteréopatoa

To Zynua 40 mapovctdlel TV EnidPUOT TG EIGEPYOUEVNC TOGOTITAS OTHOD GTOV O.EPLOTONTI GTNV TOOTITO.
g agplomoinong. H avénon tov STBR avédver tv mepiektikdtnta tov Ho ko to Adyo Ho/CO, yeyovog mov
elvar emBountd v diepyoocieg ocvvbeone ue Paon 1o Ho. Qotdoo, mapotmpeital tovtdypova, GNUOVTIKH
apaioon Tov agpiov ovvheong pe atud (uéxpt oxeddv 50 vol.%), aeov &vo onupoavtikd pEPOS TOv Ogv
KATOVOADVETOL GE avTIdpacelg agplomtoinong. [apdiinia, n avénon tov STBR avédvel Tov amattoduevo Adyo
aépa kaong Yo tn dwtpnon otabepic Bepprokpaciog agpromoinong.

STBR ®@0.65 m0.87 B31.09 OCGE @)

50 85 0.30
S 80 |
\c>i 0.25
S & 75 1 ~
2 ul 020 *
g O 70 A
S 0.15
k¢ 65 - '
60 0.10
H, co co, CH, H,0 I-LS I-MS I-HS

2ynua 40: (Apiotepd) Emiopoon tov STBR oty abotaony tov aepiov avvheong (eni Enpod extoc tov Ho0) kou
(0e&16) emiopaon tov STBR ota A kou CGE yio a0 Zevépia 1-LS, 1-MS kau 1-HS.

O evepyelokdg Pabpog anddoong Ppédnke va vepPaivel o 45% yio Tig TepitTOoELS TV dotdéenvy ympic CCS,
amotédeopa mov Uropel va amodobel 6to cvotnua Beppod kabapiouov tov aepiov cdvleons. H evooudtoon
g depyaciog AGR pe dadduata KoCOs (Zevapio IT) mpokdieoe peimon tov evepyelokod Babuod amddoong
Kot 6.5, 9.0 kou 11.5 mocootiaieg povadeg (50, 70 ko 90% déopevon CO2). Zyetikd pe tov e&epyetaxod Pabud
amodooNG, EVOLPEPOV TapovGtialel To Yeyovog 6t o Zevapio 111-50% MeOH mapovoialerl peyadvtepn tiun o
oyéon Ue 1o Xevapio avagopds I-MS, yeyovog mov opeiietal otnv avénpévn e€epyetakn amddoomn g ohvheong

228



™ MeOH and aépro ouvleong. Ot péyroteg Tinég tov e€gpystakon Pabrov amddoong Kupdvinkay kovid 6to
38%.

To Zynua 41 mopovctdlel TIC MAEKTPIKES 1O10KATAVOADGES TOV oTafuov yioo kabe oevaplo. o Tic
TMEPLOGOTEPEG VITOMEPUTTAOGELS, 1| LOVAdQ Oloympiopod oépa givar vmedbBovvn yia ™ HeyoAOTEPT MAEKTPIKN
KATOVAA®GOT 6T0 oTofUd, €101IKA KOTO TIC TEPMTMGES MAeKTpomapaywyng xopic CCS. Me avénon tov
10600100 déopevong tov COz mopatnpeitor otadakny ovéNcn TOV MAEKTPIKMOV 1010KATAVOADCE®DY Y10,
amobfkevon tov CO,, aAld Kot Yo TNV apaiworn tov agpiov cvvBeong Tov odnyeitan 610 BAAALO KAVONG TOL
aeplootpoPirov pe Na. H niextpikn] kataviiwon e povadag AGR dev vrepPaivel 10 5% tv cuvolikdv
NAEKTPIKOV 1O10KOTOVIADGEDV.

ASU @ N, compression & CO, capture
B CO, storage SC pumps m MeOH synthesis
14
12
Pz
S
:{ 8 I, I/I/I/I/I/IJJ/IJIJ
=
o
o
L 6
g
E [z zzz2]
4 [ BEBEE
2
0
I-LS I-MS I-HS 11-50% 11-70% 11-90% 11-25%  111-50%
MeOH MeOH
2ynuo. 41 Hiexrpikég 1dtoxarovalmoeis ova diepyooio yio o Levapio |, 1l kou 111,

Axoun, to Zynuo 42 mapovoildlel 1o eEepyetokd 160L0YI0 Kol TV KOTOVOUN TNG KOTOGTPOPNS EEEPYELNG avdl
dtepyasia tov Xevapiov |, 11 kot . Onwg sivor avtiinmtd, 1 kotaotpoen| e&épyelog Katolapupdvel 1060t
peyaivtepo tov 50% emi g ewoepyouevng e&épyelag oto otabud. Ia 1o Zevapo I, n Asrtovpyia TOL
OEPLOTOM T HE HeYUAN Tepicoetla atpol avEdvel TV KATAGTPOEY| EEPYELOG TNG AEPLOTOINGTG. ZVVOVACTIK,
10 GOpoicua TNG CLVEICPOPAG TOV aePLOGTPOPilov KoL Tov agptomointy viepPaivouy 10 75% Tng GUVOMKNG
KATAOTPOONG EEEPYELNG 6TO 0TAONS, akoAoVOOVLEVE OO TN LOVAdA TOL atHocTpofilov Kot n dtdtasn Beppov
kaBapiopov Tov agpiov ovvleong (~ 5% éxaoto). Amo 1o Zevapio Il gaiveral mtwg n povada CCS guhiveton
Y éva T0600TO eEEPYEINKNG KATAGTPOPNC TG TaEEMG Tov 5-10%, avaloya pe ) déopevorn CO, oto 6Tabud
BIGCC. Té og, n cvpmapoywy MeOH kot nAextpiopod 6to 6Tafud HEI®VEL TNV KATAGTPOPT eEEPYELNG KATA
nepinov 9 mocooTinieg povadeg oe oyéon pe o Zevdpro 11-90% kot 6 mocooTinieg povadeg oe oyéomn Le TO
Yevapio I-MS.
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m[-LS ®I-MS OI-HS

50
45 4
Other Scenario I-MS 40
Electric
Power 35 -
37%
30 A
g
= 25
Exergy 20 1
Destruction 15 |
Flue gas 55%
and N, 10 A
7%
] mmm
0 |
GT Gasifier ST Syngas  HRSG ASU  Condenser Reformer  Dryer
Cleaning
& Cooling
m|[-50% ®mI1-70% O11-90%
45
40 +
CO, to Other Scenario 11-90%
storage 2% 35
8%
30 1
Electric sz 25 4
Power Exergy <
28% Destruction 20
58%
15 4
Flue gas 101
and N, 5 |
4% .] .] D
0 il

GT Gasifier  CCS ST Syngas  WGS ASU HRSG Reformer Condenser Dryer
Cleaning Reactors
& Cooling

45
MeOH Scenario 111-50% MeOH 2
product
Other 35
Exergy 30 |
Destruction
€O, to 49% g |
storage <
7% = 20 |
Electric Power 15 §
19%
10 4
Flue gas
and N, 5 -
3% 0
Gasifier GT CCS  Syngas ST HRSG ASU WGS Reformer Dryer  MeOH Condenser
cleaning reactors synthesis
& cooling

2yniua 42: (Apiotepy otijln) Elepyeiorxd 1ooldyio twv cevapiov BIGCC I-MS (ravwlapiotepd), 11-90%
(uéonlapiotepd) wor 111-50 % MeOH (karwlapiotepd) ws mpog v elépysio eobéoov. (decia otiln)
Kazoaotpopi eképysiog ava diepyaoia yra ta Zevipia I-LS, I-MS, I-HS (ravw/deé1d), Zevapio 11-50%, 11-70%,
11-90% (uéon/oet1d) ko to Zevipio 111-50% MeOH (kdrw/0e1d).
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74 ZXopmepdopota

210 mapov kepdiaio Ppébnke Tog o povada IGCC pe Proudla kot Oeppd kobopiopot agpiov cuvheong eivar
EPIKTO Vo emTOYEL VYNAO Pabud anddoong mov vrepPaivel to 46%. H evoopdtoon diepyaciov AGR pe
amoffkevon CO, empépel peimon tov gvepyelakov Pabpov anddoone péxpt 11.5 mocootiaieg povadeg kotd
uéyoto, otav 1 depyacic AGR Baciletor og voatikd dodvpata KoCOs. H peimon tov e€epyetaxod fabuon
amOd00NG KATH TNV EVOOUAT®ON TG oLYKEKPEVNS TeXvoroyiag yio déopevon CO:2 eivar avtiotoyn kot
EAOLPPADC LEIMWIEVT] GE OYECT LE TN dlepyacia Lok g amoppopnong Selexol ko onpovtikd pkpdtepn oe oyéon
ue TN olepyacio ynuikng amoppoenong e MEA. Téhog, n epapuoyn copmapayoyng niektpiopod ko MeOH
amotelel KaTOAANAN emloyn yw TV vPpidomoinon evog otabpov mAeKTpomOpAY®YNG He Pdon v
0EPLOTOIN G, TOPEYOVTOG OPEAT OC TTPOG TNV 0&loToINGN TG E1IGEPYXOUEVNG EEEPYELNG OTO GUGTILLAL.
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8 ZXvumepdopato dSruTpipnc

2V TpMTN EVOTNTO AVTOV TOL KEPOANiOV GuvoyilovTol To KUPLO GUUTEPAGIOTO TNG TAPOVOUG EPYUCING, EVHD
axolovbei Tapdbeon KATOIWYV KAVOTOU®MY GTOLYEIDV TNG S0 TPIPNG.

8.1 Kipwo ovunepaocpato g owotpifig

H £épevva oty Tapodoa epyasio Paciotnke mwdvo og 000 katevBuvtipieg ypouués. H npdtn tepiiapufave v
TMEWPAPOTIKT dlEPEbVNION VOUTIK®V dtoAvpdtov avipakikod kaiiov (KoCOz) kol TpospoenTik®@y VAIK®V
gvepyov avbpaxo yio epapuoyéc kobopiopod aepiov ovvlBeong ko omoudkpovong COz, HaS, opyoavikodv
Bel00y0V evdoemv Kot Ehappdv Tochv. H devtepn katevBuviipio ypopupun apopovse T LOVTEAOTOINGT TNG
depyacioag AGR pe Bdon dwwadpato KoCOs, ) Ogpuodvvapikng tng avdivon Kol TV EVGOUATOON NG O
povada aeplomoinong cvvovacuévov kikiov (IGCC) ywo cvprapaymyn niektpiopod ko MeOH. Ta kopua
cuunepacpate cuvoyilovtol TopaKATo.

8.1.1 Xvumepdouota omo melpauoTiKeS OOKIUES OIOADTWOV KAL TPOGPOPHTIKDV DAIKWDV

H mpocpdéenon opyavikdv kot avopyovev evoocenv Ogiov (Sokiuég v opyovikéc Ogio0yeg evooelg pe
EPYAOTNPLOKA aEPLO Kot OOKIUEG GE TPAYUATIKO 0Pl cHVOESTG, AVTIOTOLO) GE PUOIKMG EVEPYOTOUUEVO
gvepyo avBpaka vd cuvinkes vyning Bepuokpaciog diepeuvninke TePAPATIKG ®G PETPO Yo TN pelmon Tng
TEPLEKTIKOTNTOG TOV Ol00y®mV EVOCE®V KOl EWOIKA Y100 EQOUPHOYEC KOTAVIN KATAALTIKNG ovvBeons. Ta
amoteléopata mopovolaotnkay oto Kepdiowo 3. Metd omd petaforés TV TOPAUETPOV TV OOKIUDV
TPOGPOPNONG OPYOVIKMDY BE100y®mV EVOGEMV GE VPV PAGLN TIH®V, dmioT®ONKe 6Tl 1 Beprokpacio Exet ™
UEYIoTN emidpacn ot peimon g yopntikotntog Tov C4H4S, o omoio ypnoyomombnke @wg avtimpocomeLTIKI
évaon. Zmnv vyniotepn Beppokpacio dtevépyelag tov nepapdtov (200 °C), o evepydc GvBpakag datnpet
AMyotepo and 10 10% g yopNnTIKOTNTAG 6€ GYE0N UE TIS HETPNOELG TOV TTparypatonomOnkav otovg 100 °C.
Erniong dwomotdbnke 6t 1 petafoln g GLYKEVIPMOONG TWV OPYOVIK®Y BE0VY®V EVOGEMY GTNV €(6000
emNpedlel TV TPOCPOPNTIKN KAVOTNTO TOL VAIKOV, £YOVTOG TN OEVLTEPT WEYUAVTEPT EMPPON HETA TN
Bepurokpacio. Emmpdcheta onpeimdnke Eviova amdTopun KAon g KOWTOANG TPocpoenone. Avti arodidetal
o€ VYNAOTEPO OYKOUETPIKY TOPOYN OTNV KAIVI, AlYOTEPO €LVOTKEG 1000eppeg Kot auEnuévn i von GTovG
nopovg (v avénom g Bepuokpaciog), kabhg kot Pertioon e kvntiplag dVvaung tpocpoenong (yo
avénon g ovykévipwong). H mpospdenon tov poviéhov opyavik®dv Bel00ymv evOGE®Y 6€ GUVOTKES VYNANG
Oepuoxpaciog Ppédnke vo avactéAdeTar amd TNV TapOoLGia VYPAGiog, akOUN Kol o€ YaunAn cvykévipwon (3
vol.%) oto piypa aepimv. Amotélespa NTav N HEI®ON TOGO TOL ¥POVOL dappong OG0 Kot TG XOPNTIKOTNTAG
tov C4H4S. To ocvykekpuévo yeyovog umopel va givar peyiotg onpaciog 0tav 1 KAivn evepyod avipaxo givort
EYKATESTNUEVN ®OG OTAO0 TEPALTEP® amobeimong petd amod depyaciec AGR mpo-kavong, dedopévov Ot 10
aépilo mov e&€pyetar and ) povada AGR dev Oa givorl amodiayuévo amd vypacio. O pdhog g vypaciog oTnv
TPOGPOPNOT 0PYOVIKOV B100Y0V EVOGE®Y UTopel vo, vtoPablicTel 0Tav To cVLGTN A AsLToVPYEL € VYNAOTEPN
Oeppoxpacio, ®GTOGO, N EXIOPACT] AVTAG TNG CTPATIYIKNG OTN YOPNTIKOTNTO TOL VAIKOV B Tpémel emiong va
Model voyn. Amo v GAAN mhevpd, dSwomotddnke Ot 1 emidpacn mov £xel M mapduetpog GHSV oty
TPOGPOPNTIKN KOVOTNTA Eivol apeAnTéd Kot ennpedlel puovo to ypdvo dappons. Emmpocherta, n otatiotikn
avdivon £€0eiEe Ot éva pHoviého 1600epung tOmov Langmuir meptypdeel mopK®G TNV YOPNTIKOTNTO TOL
evepyov avBpaka yio To CsHa4S.

AxolovBwg deEnydnocav mepopatikés SoKEG pe TPayHaTikd aéplo amd MAOTIKNG KAipakog Bopalikn
povada aeplomoinong 1 MW, Ot xdprot pumavtég 610 aéptlo NTov ot evacelg HaS kot CsHs, evd ot opyavikég
eVOoEg pe peyaAdtepa poplo oxeddv efaieipnkov Adym g vyming Oeppoxpaciog aepromoinong mov
vrepPaivel Tovg 1250 °C. Mia dvokorio katd Tn SdpKelo TV SOKIU®Y VITd GLVONKEG aeplomoinong gival To
YEYOVOG TG dtokOpaveng cvoTaong Tov aepiov chvBeong. Ot dokipég E0e1&av OTL 1| TPOGPOPTTIKN IKAVOTNTA
oe Oeio pedbnke Aoy tov emdpdoemv g mopdAANnAng mpocspoenong pe CsHe kot diaitepa otov 1
ovykévipwon tov CsHs 610 0€pro vrepPaivet kot mold v weplektikdtnTo o€ Beio. Ao v GAAN TAELPA, M
xopnTikoTTo o Ogio avéndnie dpapatikd otov 1 avaroyio oykov peta&d tov HaS kot CsHs oto aépro ftav
nepimov 1:1, axoun Kot 6 vYNAEg Beppokpacieg TpoopdENoNG. LVVOAIKA, propel va, eEayBel To cvumépacuo
OTL Ta VAIKG gvepyol GvOpaka pmopoldv va ypnoiporombodv yio v amobeinon tov aepiov cbvbeong amd
VOPOOELO Kal opyaviKEC Belovyeg evdoelg VIO «Bepurécy cuvinkeg Kabapicov agpiov Katdvin g dlepyasiog
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AGR. ITap '0la avtd, 1 enidpacn Tng 6VGTACNG TOV 0EPIOL GVVHESN KAl EIOIKA TNG VYPOAGING KOl TOV EVHOGEWDY
eEMPPOV TIeo®V Ba Tpémet vo AneOovv vdyn Kotd T0 oYedooud g diepyociag.

H oamoppogpnon tov CO2 oand voatikd Swiduate KoCOsz oe vynAn Oepuokpocio perethnke péom
TEPOUATIK®OV doKIUDY oto Kepdlawo 4. To mpdto pépog ¢ €peuvag apopovoe v amoppdenon CO2 og
kaBapd vootucd drodvpato KoCOs ympic tpodcheta o avadevdpevo avTIdpacTipo 0GLUVEXOVG AELTOVPYING KOt
TO TEPOUOTIKA OEGOUEVO YPNGLULOTOMONKAV EMLTUYMS YO TNV EXIKVPWOOTN TNG TEPAUATIKNG peBodoroyiog
UEG® cVYKPLONG LE TO amoTELEcUATA BEppoduVaKNG Tposopoimong. o vt T 6vyKpion Xp1oILoToonke
éva. Begppoduvapkd poviého Poaociopévo otn Bewpio electrolyte-NRTL (n avantoén tov oavaidbnke oto
Kepdrawo 6). Oco avapopd ta dtoaddpate yopig tpocheta, 1 dtoivtotnta tov CO;z avédvetan pe peioon g
Bepuokpaciog N pe mokvotepo daAnTn. Téooepa drapopetikd tpocheta dokipdotniay (yYAvkiv, MDEA, MEA
kat PZ) o ouvOfkeg vynAng Beppoxpaciog. Ocov apopd ta tpdcheta mov digpsuvhdnkav, damotmbnke 6Tt
n xpnon g PZ Bertiwver tavtdoypova m dwwdvtdémra tov CO2, 0Ald Kot to puBud amoppoenong tov. H
npocHnkn MEA £dg1&e opéln 1060 yio Tn SoAVTOTNTO OG0 KAt Yol TO puOUd amoppoOenong, OAAL o PIKPOTEPO
Babuo oe oxéon ue v PZ. Xe avtibeon pe ta dAla mpodcbeta, 1 MDEA pmopei duvnrikd va fertidcel
SAVTOTNTA OTAY TPOGTIOEVTOL GE LIKPATEPES TOGOTNTES, OAAA pELdVEL T dtoAvtotnTa Tov CO2 og vynin
OLYKEVTP®ON 610 dtddvpa. Aappdvoviog vaoyn tic emdocelg e mpoctnkng MDEA kot g kaBaprg
yYAvkivng og voatikd dtoedvpata KoCOs, avtd to mpdcheta dev cuviotdviol o¢ tpdcheta amoppdenong. Me
Baon ™ perétn Swhoyng, to mpdcsbeto pe TNV KAADTEPT] EMIO0GN KOTA TN SLOPKEINL OUTOV TOV JOKIUMV
amoppdenons vyning Bepuokpaciog, Sni. ot PZ kot MEA, e€etdotnkay mepattépm 610 TAAIGLO TNG TOPOVGAG

dtaTpiPne.

Q¢ emduevo oTdd10, EEETACTNKE 1 ATOPPOPNTIKY KOVOTNTA TOGO ToL Kabapov vdatkol dtoivpatog KoCOs
660 Kat 1oV evioyvpévoy pe MEA yia tov kabapiopd puypdtov CO: kat ehagpdv mocdv (Kepdrowo 5). H
pelén amoxkdAvye OtL | Tpoohnkn poag pkpng tocodmtog MEA oto g0pog tov 1% katd Pdpoc dev €xet
afloonpeiot emidpacn oy dwAivtétmta tov CO2 o€ GUYKPION HE TNV TEPITTOON TOL TPOGTIBETOL
arokAglotikd KoCOs ato dtdivpa. H avénon tng Bepuokpaciog emdevavel tn dtodvtotnta tov CO2 o€ dAovg
TOVG SLOAVTEG, WOTOCO, O EUPAVNS emidpacn domictadnke o6tav avéndnke 1 ovykévipmon MEA octov
EVIGYLUEVO OLOADTY. ATO TV GAAAN TAELPA, 1 avENoT TG Bepurokpaciog katd 10 °C €xel ToAD pikpn emidopaon
GTNV OTOPPOPNTIKN IKAVOTNTO TOV SIHAVLOTOG Y10, LK POTEPES GVYKEVIPMGELS TPOGHETMV 1 Yl S10AVTN HOVO
pe KoCOs. H mpoctnkn MEA 5% katd Bapog oto didAvpa propet va Pertidoet To puBud amoppdenong tov
CO,, &8kl 6tav 1 cvykévipwon Tov CO; oty vypn edon avénbel tive and ~ 0.8 mol kgt . And v GAkn
mAgvpd peTpnniov moAd youniés cuykevrpmoels CeHs kot C7Hg 6to didhvpa, yeyovog mov pmopei vo omodobel
oTN 010pOPA HETAED TOAIKOTNTUG TOV TTNTIKMY OPYOVIK®V EVOGE®V Kot Tov dtodvt. Télog, dev mapatnpndnke
emidpaon otn daAvtotnTa tov CO; 6Tav TposTédnKay miccsec 6To pelypa aeplwy.

8.1.2 Xvumepdouata omo ) Gsprodvoveuixn aveivon Kai LOVIEAOTOINCY OIEPYO.TIOV

Y10 Kepdhowo 2, avamtdydnke éva poviélo wooppomiag pécw g ehayiotonoinong g evépyswog Gibbs oto
Moyiopukd Aspen Plus xor ov mepapotikég perpnoels, mov deEfydnoav oe po povada avoafpalovcog
peveTOTOMUEVTG KAMVNG agpromoinong tov 3 MW pe E0Mo kot aépo g 0EEI00TIKO PEGO, XPTGIULOTOIONKaY
Y v emkOpmon Tov. H yprion dopbwong ywa v avtidpacn WGS cvvéfare oy emitevén kaAdtepng
CULPOVING TOV OTOTEAECUATOV TOV HOVTEAOD UE TO TEPAPATIKO OEGOUEVE, VTOSEIKVDOVTAG OTL 1] AVTIOpaCT)
umopel vo. glvar egvepyn katd n OSdpkel g wobng tov agpiov. H emroyn tov CHs wg povadikod
VIPOYOVAVOPAIKO TOV TPOKVTTEL KATH TO GTASIO TNG TVPOAVONG GTO LOVTELO PAIVETOL VO, UV Elval KATAAANAN,
KaOADC TO OMOTEAEGUOTO TPOCOUOIMONG KOl TO TEPOUATIKE dedopéva dgv oupemvoly. Avtibeta, €va
TPOTOTOMNUEVO LOVTEAO 7oV TtepiiapPavel emmAéov to oynuatiopd CHs kan ™ dwpbmweon g avtidpaong
WGS «katd 1t dwpkeln g WOENG EKTHE 1IKOVOTOMTIKG To KOPLL GLGTATIKG TOV 0gPiov TPOIOVTOG.
[pokeévov va Pertindel n axpifeto Tov poviédov ypeldlovtol TEPIGGOTEPOL NUL-EUTEIPIKOT GUGYETIGLOT TOV
POPOVY TNV EMIOPUCT TOL TUOL KOVGILOV KOl TOV TOPUUETPOV OEPLOTOINCTG GTIV TOWOTNTOA TOV 0EPIOV
ovvbeone. Qot0G0, TO MU-EUTEPIKO POVTELO 1o0ppoTiag mov ovartdydnke oto Kepdioo 2 pmopel va
BeopnBel ¢ éva evéhkto gpyareio yioo T povielomoinon g aepromoinone Evimdovg Propdlog Kot v
avantuén HovtéA@V o€ enimedo oTafov mov o evompaT®vouy Katdvtn diepyocieg a&lomoinong Tov agpiov
cvvleong.
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Y10 Kepdhowo 6, avortoydnke éva poviého oto Aoyiopkd Aspen Plus yio v mpocopoinon tng diepyociog
Oeppov avOpaktkov KaAiov pe otodyo TV TaTOYpovn décpevon CO2 kot HaS amd aéplo obhvheong npoepydevo
and ogplomoinon GvOpaka (katdAinio yio ) depyacio mapaywyns SNG). H pedét emkevipddnke otnv
eMidpacn TV TPOGHETOV Kol TOV TOPAUETPOV AEITOVPYIOG TNV 0mddocn TG dlepyaciog. AlOADUOTO [E KoL
xopis mpocOnkn PZ afioloynnkav pe BAom 10 amoTEAEGUATO TOV TPOEKLYAY OO TG TEPUAUATIKES SOKIUEG
dwwAvtov oto Kepdlato 4. Amodeiynie 0tL vanpyov SNUOVTIKEG OmoKAlce HeTad TOV TEPAUATIKMV
dedopévmv Kal TV eKToE®V Tov povtédov electrolyte-NRTL dtav avtd evoopatdvel Tig TposmAEYUEVES
TIWES TV TOPAUETp®V oAANAenidpacng. H mpocapuoyn tov Beppodvvapikod HOVTEAOL HE TEPOUOATIKA
dgdopéva Yoo TOVG WEGOVG LOVTIKOVS OUVTEAECTEC EVEPYOTNTOG, TNV EANTTOGYN NG TAONG ATU®V, TN
BeproyopnTikdTTa Stodvpatog, T SwwAvtémto CO2 ko HaS, addd kol v katovopn tov €ddv PZ oto0
SldAvpo odnynoav oe akplPEcTePN MPOGOUOimon Tov cvoTiuatog oto Aspen Plus. Tlap '0la avtd, sivon
amopaitnTn 1 TEPATEP® PEATIOON TOL HOVTELOV, TPOKEWEVOL Vi LEIMBOVY 01 ATOKAIGELS GE £VOL TPOTEWVOUEVO
gvpog amodxMong = 10%. H depyosio pe evioyvpévo dtoAdpoate pumopel vo emTHYEL OVTIOTOLYN EVEPYELOKN
KatavéAwon (otov avafpactipa Tng oTANG ekpoéenong) pe ta kabapd vdotwkd dwwivpota KoCOsz og
YOUNAOTEPT TTieoN TNG GTAANG amoppdenons. H advénon g mtieong amoppoenong ftav enMEEANC TOGO Yol Ta.
evioyvpéva 060 kot yio kabopd voatikd daadpate KoCOs, yeyovdg mov vrodnimvel Ty KATOAANAOTNTA TG
dtepyaciag g teyvoroyiag décuevong CO2 mpo-Kavone. Mia vynAdtepn T Tov AOYoL avOpdKm®ong Tov
TTOYOV SWAVTN Yot o SrAdpata oL £xovv evioyvbel pe PZ pmopet va avtiotofpicet v avénuévn Beppotnta
ekpopnong mov ta yapoktnpilel. H diepedvnon yio v enidpaocr g mieong ekpognong 6€ oyéon Ue v
amodoon g depyaciog katéAnée oto copmépacua 0t 1 auénuévn Tieon Pnopel va @A ceL T diepyocio L
OloAvTeg ov €youv peyoAvtepn mepiektikotTa. PZ (ukpdtepn avénom tov Oepuikod @optiov GTov
avafpactipa). ATO v GAAN TAELPA, 1 EKPOPNON GE OTUOCOOLPIKY| TECN 1 OKOUO Kot VIO KeEVO givar
npoTinoTepn yuo dSrodvpata KoCOs pe yaunin Oeppotto exkpdéenonc. Télog, mapd to yeyovog OTL 1 déouevon
oV H2S fitav otabepd vymrotepn omd to eminedo décpevong tov CO2, 1 mepiekTikOTNTA 6€ BEl0 6TO KABAPO
aéplo Oev Bo UTOPOLCE VO IKAVOTOUCEL TIG GMTOITIOELS YIo KOTAALTIKY ovvleon e katoAvteg mov gival
emppeneilc og dMAnnpiacn ond Beovyeg evooels. To CRnua avtd Tovilel mTepattép® TNV AVAYKN Yol pio
katdvn depyacia (m.y. AC o€ avtiv TV gpyacio) yio va emttevyfoidv younid exinedo Ogiov.

Y10 Kepdiowo 7, n depyacioc AGR mov poviehomomfnie oto Kepdrawo 6 svoopotodnke oe datdielg
Bropalikdv povadmv aeplomoinong pe cvvovacuévo kokio (BIGCC) kot kabapiopd aepiov cvvbeong vmd
Beppég ovvinkec. Ot TEPIMTMOGEIS TOPAYWYNG NAEKTPIKNG EVEPYELNG KOl CUUTAPOYWDYNG NAEKTPIKNG EVEPYELNG
ka1t MeOH pe déopevon kat amodnievon tov droéetdiov tov dvBpaka (CCS) povielomothOnkay 6to AoylGUIKO
Aspen Plus. Ta amoteléopata tng mpocopoinong ypnoLHoTomOnKay yio TNy eKTIUNoN NG EVEPYELNKNG Kol
e€epyelaKkng amodoons, OTMS Kl TNV KOTAGTPOPT TG EEEPYELNG GE SLOPOPETIKA GTAGLO KOl VTOGVGTHOTO TOV
o10fpov. Ocov apopd tn diepyacia aeplomoinong, VYNAGTEPT T TOV AOYOL TOL TAPEXOUEVOL ATUOV TPOG
mv etogpyopevn Propalo (STBR), yia agpronoinon pe peiypo O2/H20, peidverl ty amddoon g aeplonoinong
KoL VEAVEL TOV AOLTOVUEVO AOYO aiEPa KOOONG Yo TNV avToBepIKT diepyacio. Av KoL 1 YoUNAOTEPT TN TOV
AOyov STBR &ivotl mpoTipdtepn amd v Aroyn Tng amddoong TG dlepyaciog, TPEmel va yivel cupPifacuog yio
va eEAGPOUMGTEL 1] OTALTOOUEVT) TEPIGTELN ATUOV Y10, TIG OLEPYACIES KOTAVTN, ONAAIN TNV KATAAVTIKY dlepyacia
aVOPOPPMOONG TIGoMV Kal Tn depyacio g aviidpaong petatomiong WGS (oevapio BIGCC-CCS). Ou
vroAoyilopeveg amodocelc yopic spapuoyn CCS vrepéfnoav to 46%, pe TO KOPLO TOGOGTO TNG GUVOMKNG
NAEKTPIKNG 1O10KOTOVIAMGNG GTO GUGTIO VO KOTAVOADVETOL OTd Tr HovAada dtowpiopol aépa. Avtibeta,
otav 1 oepyacio AGR pe KoCOs givar eykatestnuévn avavtn tov aeplootpofitov (déopgvon CO: ion pe
90%), 10 pePidlo TNG NAEKTPIKNG KATOVAA®ONG TV GuUMIEST®V N2 Yo apaimon tov aepiov chvleong kat To
uepidio tov ocvumieot@v CO2 yio amobnkevon eival cuYKPIoIUO PE aVTO TG MOVAdAG dlaympiopod aépa. H
Beppoduvopkn a&ordynon katéinée oto cupmépacua Ot avaioya pe to eminedo déopevong CO2 (50 €mg
90%), M TeXVOAOYiD YNUIKNE AmoppOENoNG TPo-Kavong Hécw Oepumv voatikmv dtoivpdtov Ko.COsz empépet
peimon otV evepyslokn amodoon g tééng tov 6.5-11.5 mocootwniov povadwv. Emmiéov, n peimon oty
e€epyelaxn amdooon eival TaPOUOLN Kol ELOPPA YAUNAOTEPT] OO AVTN TG JEPYACING LLE PLGIKT ATTOPPOPNGN
péom g texvoroyiog Selexol kol onuoviikd yopnAdtepn o€ GUYKPLON HE YNUWKN omoppdenon pe MEA.
Hopotnpnonie emmAéov onUOVTIKY HEI®GT GTNV OMKT KATAGTPOOT TNG EEEPYELNG GTA GEVAPLY, GUUTUPOYDYNG
MeOH kot niextpikng evépyelag g TéEems TV 9 TocOGTINI®MY LOVASI®V GE GUYKPLON LLE TO GEVAPLO OVOPOPAg
v nAektpomapaywyn ue CCS. To peyardtepo UEPOC TG EEPYELOKNG KATOOTPOPNS ApPavel ydpa oTov
0EPLOoTPOPIA0 KoL oTov aeptomom . ['a v Zepintwon amokAeloTikng niektpomapoaywyns pe CCS,
domot@bnke 6t1 M povada CCS (cupmepiropfoavopévov tov copmiestdv CO») etvar vtevbuvn yuo to 5-10%
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™G GVVOMKNG €EEPYELNKNG KOTAGTPOPNG OVIAOYO LE TO TOGOGTO OEGLEVOTG, EVOD YO TNV TEPITTOON TNG
oupmapayoyNg niektpicpov kot MeOH 1o 060610 avtictoyel e mepimov 8%.

8.2 Kamvotépa otoryeia swotpifig

O mruyég g STpiPng mov cvuPfdiiovy 6T Yv@cn cuvoyilovtol mapuKaTo.

[Mepopatikég Sokipég agplomoinong oe povadeg pecaiog kAipakog pe Euimon Propdalo: og agplomom
avafpalovoag pevctomoinuévng khiviig BFB 1oybog 3 MW kot o€ agplomomt tomov EFG oyvog 1
MWi.

Atgpgovnon g enidpaong tov oynuaticpov Cz vdpoyovoavOpdkov ko e ddpbwong g avtidpaong
petatémiong WGS (ko Tov GuVELAGHOD TOVS) TNV IKAVOTNTO TPOPAEYNG TS CVLOTACNC 0Epiov GVuVOEGNC
omd Propala pe €vo amAomonpévo LovtéAo agplomoinong.

epapoatikd dedopéva yio T dedvtotta ov CO2 og evicyvpéva daidpata Ko.COs (4 mpdoheta) oe
ouvOnkeg oyeTikég pe T déopevon CO2 mpo g kavong oe vyniég Oepuokpacieg (Lepikn mieon CO2 péypt
100 kPa ka1 Ogppokpooisg £wg 120 °C).

[Mepopatikny pekét g anddoong evepyol AvOpaka 6e GYECN LE TNV TPOGPOPNON OPYOVIK®DY BE0V) MOV
evooemv kol HpS amd aépio ovvbeong vmd Oepuéc ocuvvbnkeg kabapiopov. Extdg amd Tic Kowvég
TOPOUETPOVS OLEPEVVIIONG TOV PEAETOV TTPpospoeNnong (w.y. Bepuokpacio, pepikn mieon), peAethonie n
enidpaon tov H20 katl tov ehagpladv Tecdv otny onddoon Kabapioov.

IMapovoidotnke perétn ywo ) cvvovacuévn déouevon perypdtov CO/eha@pdv TocOV 0md VOAUTIKG,
dwivpata KoCOs. Avtn eivar por véa miBovi katevBovon yuo Tig peAéteg emA0YNG SoAvTdv (0ToV
depyaoieg amopdkpuvenc 0Evav agpimv Tpo-kadong Aapupdvovior vadym).

Movrtelomoinon ¢ depyociog AGR Poaciopévn ce Bepuodvvouikd povtého electrolyte-NRTL pe
TPOTOTONUEVES TTAPAUETPOVG OAANAETdpaonG Yo dtodvpata KoCOs pe ko yopig mpocOkn PZ. Melém
g dlEPYaciog GUVOALKE, 1) omoio eV TePlopioTNKE 0TV AOS06T KOHOPIGHOD TNG GTHANG OTOpPPOPNOT|G.
Avamtuén poviédmv otabumv aeplomoinong Propdlog, ot omoiol pépovv cvotnua Bepuov kabapiopon
agpiov kot depyacio AGR pe voatikd dtodvpata KoCOs.

A&loloynon g evepyeslakng/eepyelakng amddoong otabudv BIGCC pe CCS (diaivpoto KrCOs) yia
NAEKTPOTAPOYWYN KOl GUUTOPOY@YN NAEKTPIoUOD Ko MeOH.
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