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Abstract

Hydrogdgenrieasi ngly recognized as a key- energ

carbon economy. Whedaprdd  soad clesomcoamphbomg
with carbon capture and storage (CCS) techn
emi ssi ons. This teeosneompresemparasoechprpbdbween

technadlPrgesessur e Swing Adsorpti ond 4 pPBIAI) ed ntdo mt
capture of car booo nmhb wsxtiideew if oripdns dag eparme. i Tsh e h
generated via an el ectrical ISYMR3 s spirsotceeds ss tf eea
bi ogas, developed by the company SYPOX. The
of a first PSA unit dedicated«mod /hydvi dadem ICo:
fraction of approxi mately 0. 7.

For the PSA system, a detailed model based
I mpl emented in MATLAB, simulating a vacuum s
13X as the adsodbhlasretd. sYlse eme wlars asatemaatheyg zce d ons d
using a polymeric membrane composed of PEBA)>

operated under vacuum. Both technol ogies wer
0 including CO removal efficiermap,td lmymdlr ogen
economic aspects, such as capital (CAPEX) an
The comparati ve analoyfsfiss bheitgMeleing hgrso ctelses terfe
providing valuable insights into the select

emi ssion hydrogen production.systems based o
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|l ntroducti on

Gl obal warming refers to the increase in glo
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Years to account for natural vari-abdbstyi aTl
evel 19010850t o0 theOoOt®eca®.828WtAI fic assessmerl
urpassing 1.5AC of warming could | ead to
requent heatwaves, rising sea |l evels, biodi
calate significadACy betwateanilngs ACulamedr ab
OsSystems. Limiting war midcdiuced oexoterl omve 1w eaAtCh
sure food and water security, and minimize
al depends on technol ogi cal adv-pokcemeoaabk
ceptance) ilnke@GC,1 926001d8u h e thagr eenhouse gas emi
rimary driver of gl obal war mi ng. These e |
eforestation, agriculture, waste management
mong gre@askeuyusearlogn idi dxhiedel ar@est contrib
hange. 2Whi hat COal |l y exchandgtendr omviu g himl a&rte rcea
ol canic act-avmbyg phamed haumteaenmaa ¢ ti ionist i es hav
i srupted this balance. The combustwbn-l efl &a
se changes, such as deforestation, di mi ni s
t mosphegecormrceQ rati ons and ac(cle.lS.raEnwigr ognl no
ot eAggteinacrny., n. d. )
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1958, Charles Keeling refinedcbeckntiqaéeso
stablishing a continuous monitoring statio
rovided tthea nf idragtasledangf 2r i cso mfgi rammimog pihteg | <t
ue to human activities, particuKeaelyngoc€di
9pCl obakmC®si ons have grown significantly o
mi ssi ons were approximately 6 billion t on
urpassing 20 billi&@embeaesnsAbhaok 2RQE2B8edegld
ndicating a pef(f&istbane GpMWorsekirtirgadtd®e0 )cl i ma
nternational agreements such as the Paris A
AC, preferably -in8A€trcampheedl so Bchieving
nd substanti aloursed gatsi @ams sisn oqirse archr oss al |
act , adopted during COP26 in 2021, reaf fir
eductixemiissi 606s by 2030 (relative to 2010

mi-dentlur y2018 the | ar gemits ciommng iibauttome t®n erOg



ot her i mportant contributors are the agricul
and waste man&f§émeni ve3chbi pt e mitigation st
' t transitions, particularly for marginal.
seqgulelRCes WiBdetgpted appr o@@anh stsa ormnesd U si 1 g
fossil fuels and transition to sustainab
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ctricity production. Advancements in ele
el opment of solearr parnodmiwsiinndg esnoe rugtyi,o nasf ft o
Wwtolwever, it woul d be wngdtealss bwiet t @utt hii mtke
en solution also technol eagies able to cap
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The I PCC highl wghted tbabgchieve the ambition
future temperature increases to 1.5AC, we mu
emi s§wenal so need to depl oyromchhel agmespher
Capture and Sedue tnreatofont h(eGsGS)t echnol ogi es
i mportant role in Q@@ ktle mlgn agll cogpiad s waerrme ngp e ¢
reduce the release of camdowl| dibxildey itha oh e lh
gl obal war mi-aitgep Il prdec eas st,hrierev op rva chigc e dc alpyt up o
generati on or i ndustri al activity, transport
under gRouNnidb | i ts¢ Dyelagres s ns include saline e
and gas reservoirs, kwhioah moy i walAdleya nt desxda girpa L
a storage site for the proposed Zero Carbon
AE n d u ro,al nocceaitne dt he sout hern MKortohf fSbarear écunnad
approxi mamelbh gl dw 6t he seabed and has the pote
CQSimilarly, in the dcalostil€@rse sairceh mawsl ttihpl i
i n Al abama. This saline kmsdaAgpwel i naescCC8n
a related concept, CCUS, Usvdaredh Ssttoarnadgse .f ofrh eCa
i nstead of storciansgedilC@G e riendustri al processes
exampl e, plasti c(sNatcioon2adle5Cr iodr, bi of uel

I n 2022, over 95 Mt o f hydrogen were produc

materi al-i hbenseneegyndustries. Hydrogen deman
its critical role in decar bonicdiurdg nignd wndtursi
commerci al , and residential sectors), fuel C
of hydrogen production i s usedt-inguwimmomri ac eam
and oil refining, witoh &M@ nifataltahe paodawcnt
hydrogen is produced from fossil fuels such
resul ts i n:esnigriifoincamndCOontri butes to risin

mo st common methods for hydrogen producti on
parti al oxidation (POX), and coal ga€CbBicat.



o —“+~ o o 9

~ ~ -

r

P
a

Y
h

S

echnefsoougn d | mpor t amt Sftuenacnt i Mentanhaney Ref or mi ni
ppl i adatliimgoy t he croearthom oydrloogwe n, whi ch ¢
urrent process in the short and;emsa disum ntse ram
an contribute up to 23 % of the tedditi omal
ired Steam Methane Reforming (SMR), only 50
hemi cal reaction thati ndomvhegrad dso greert bhoann e d i (oCxt
emaining 35% to 50% is generated by burning
emperatures required for the reforming reac
he¢embustion step is by electriyamingqoctre@aspn
mportant strategy for |l owering industrial 1
educe reliance on 4 unteascsesefoendothenmi enel
articul ar, the el esMRWHIiehd weesi oasiodt iSYMR
ctively explored as a hi ghtleympeefrfaetcutriev et hmeertnnc
rocesses, such a3héaydHomd P Q@PX oldauxct cbpeat ed
ydrogen decentr al’hoddpHpd camndt iwvitthy 1 &®s & dN mo n
team reforming reactor.

The objective of the thesis is to analyse tw
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oing a rough design with purity and product
xamined is the pressur e s wicnegpta dosfo rpphtyiso nc a(lP
nd desorption that occurs between a solid
perating pressure in a packed bed column. A
olumn sizing have tahé fannalmpdedsiagn. i mpact o

The second techemboagnge cgawsh isafef acirast madif ietiee gty
met hod for bygptswerliecg i €1y all owing carbon
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etaining other gases.






Chapter 1

Backgroldoppad odmcti on
omecent rsaleiazme dnet h a
ref or mi ng

I n this chapter, an overview of decentrali ze
with the centralized model . Hydrogen product
focusing on how the product setmaiam ofiat hotser
usage of the hydrogenr guuoed U c ebde wnx @dme ciesdt t b
environment al Il mpact of those types of plant

1.Central eczeend rvpast odd e d o isb a

In recent years, industrigiroduction has increasingly shifted toward decentralized sites and
locally distributed facilities. This operational model offers greater responsiveness to local
demand, aligns with sustainability goals, and enables the use of technologies suited for smalle
scale, modular production. In this context, it is essential to compare the functioning, strengths,
and weaknesses of centralized and decentralized plants.

A centralized plant is a laregrale facilityy typically comprising one or a few sites
strategically located to serve a wide geographic diteamain features ohéese facilities are

1 They are often situated near raw material sources to reduce supply chain costs and
benefit from integration into established logistics networks. This setup enables
significant economies of scale, allowing for bulk procurement, efficient machinery
usage, ath optimized labour, ultimately reducing pemit costs.

1 Centralized operations facilitate streamlined management and dewialang through
unified oversight, enabling consistent quality control and efficient implementation of
improvements.

1 Resourced such as equipment and skilled persoéinedre concentratedn one
location, avoithg duplication minimizing operational overhead, and imphog
internal communication. This consolidation enhances productivity, simplifies training,



and supports effective risk management. Additionally, scaling production at a single site
is often more costffective than replicating facilities across multiple locations.

1 Centralized logistics reduce supply chain complexity, improving reliability and overall
competitiveness.

Despite these advantages, centralized models have notable limitations

1 Establishingcentralizedfacilities requiresubstantial capital investment and extended
construction timelines, posing barriers for some industries.

1 Centralized production is heavily dependent on extensive logistics networks to
distribute goods, often resulting in longer lead times and increased transportation
cost® particularly for distant markets. This can affect delivery speed and customer
satisfadion.

1 Concentratingproduction in one site introduces strategic risks: operational failures,
natural disasters, or geopolitical instability can disrupt the entire supply chain, leading
to significant losses.

1 Centralizedplants may also be less responsive to local market needs or sudden demand
shifts and tend to have higher environmental impacts due to elevated energy
consumption and emissions from ledigtance transport. These vulnerabilities make
centralized systems de suitable where resilience, sustainability, and flexibility are
priorities.

In contrast, decentralized production involgesallerscale, modular units located closer to the
point of consumptionThe main traits of decentralized plants are:

1 These facilities can quickly respond to local market needs and adapt to changing
conditionsas theycan be constructed near the source of the input materials or process
feedstock.

1 Their proximity to end users reduces transportation costs and emissions, shortens
delivery times, and enhances customer satisfaction.

1 Decentralized systems require lower initial capital investment and can be expanded
incrementally, based on demand.

1 They offer increased operational resilience, as disruptions in one facility do not
compromise the entire production network.

However, decentralized operations also have limitations

1 The lack of economies of scale often results in higheupgmproduction costs.



1 Resource duplicatianin terms of infrastructure, machinery, and workf@rgaises
operational expenditures. Additionally, coordinating multiple sites while maintaining
uniform quality and customer satisfaction poses logistical and managerial challenges.

1 Without robust standardization and communication systems, inconsistencies may arise.

1 Operating across different regions also introduces regulatory complexity, as each
location may require separate compliance with local laws and permitting processes,
adding administrative burdens.

These trad®ffs highlight the importance of careful planning and system integration when
choosing a production model. Table 1.1 summarizes the main features of centralized and
decentralized systems.

Tabl eGeln elr:a l features of centralized and dec
CENTRALI ZED DECENTRALI ZED
PRODUCTI ON SCA Lar—sgoealev,olhur S ma kslcearl e, .Io
productio production
MANAGEMENT Easy to mana Complex coord
COMPLEXI TY from a sing management acrc

Less flexibleHighly flexibl:

FLEXIBILITY
to | ocal mar to | ocal de

Lowerunpietr cos Higher operat.

COST STRUCTURE : .
economi es mul tiple fa:

Hi gher ri sl
RI SK MANAGEMEN di sruption fr
of failur

Reduced ri sk
diversificatio

LOGI STI CS AND Lpnge_tlmea_ad Reduced transp:
di stributio |

DI STRI BUTI ON quicker de
mar ket s.

Al t hough they may not benef it from the same

decentralized model s ar e i neusebadsaingbye cahs
particularly in contexts where adaptability,
are prileorigtinze éhle,t weheono sciemngt r al i zed and decen
depends on a variety of factors, including e

mar ket demand characteristics, groadwsl.atory en



1. @verview on hydrogen production

Hydr @eere riadteicoennt r al i zed 1 s an approach that

I'ts potential to reduce transportation costs
auton@mye.n | ocated cl odseentoatltheegohnptdr ofemnmsy
wel | with renewable energy sources such as

solutions for varieas bsactdit 4 mbtait e fséecd ok 3
heavy i ndu-dtasnyc eantdr alnosnpgoti h,g wisi laem &If S0 cs emy

and balancing €enewyapdl ggeemnetrggyde remai ns mi
consttai ssewdalle, | ocalised transport between
hydrtvogeed products such as ammonia or met ha
Scenario (NZE Scenari o), i nt erbraesge do nfad s Itsr arde

more than 70-eMuival bpthreggemy QRUSEOH represent
of gl océbmils dioovn sl empachdo g @nst tsautc hy, e ehry.dr ogen pl ay
i n decarbonizing thAs gl mndtatlere nefr gfyacsty,streyndr o
best alternative as energy source with resrtg
i ncrease, raising concerns about their depl e
wi nd and ogadtdhealnmrsad ke competitive but suf f
remains the sources thatcaonotriend dwuaan, .okdfgeg sand
advantage ,oft nhsfdcigteni ts oxi dation does not
di oexwhdi e producing energy. | n dreeeadc,t iaocnc:or di n

0 260"00 YO o cymd 006 ¢ & (1
Mor eover, appropriate storage technol ogies n
applications. Despite its advantages, the wi
l i mited due to sever al chal Imenagesm,atprriema rnielcy

its extraction f Fboln lotrheeprr ersaewn tnsa ttehrel anhasi.n  a d
and features of hydrogen.

1. 2Hyldr ogen gl obal demand
According to the I EA, gl obal hydrogen demano

tonnes per year to 800 million tonnes per ye
demand. The devel opment of p ryo diuncftri aosnt rtuecc h
accommodate various feedstocks is progressi
wor | dwibda tor3*6 % e s-r eome wiaobnl e sources such as f
approximately 830 million tnopnanreasb |loef t@O t heemi c

Y



emi ssions of the United Kingdom and I ndones

fuels poses significant environmental <challe
and their contribution to global war ming.
Hydrogen is currently used predominantly 1in
the production of a mirsoend tag r smewhhearneo | i, t amas st
decades. This widespread use urdberigadr esn tthe
the adoption of cl eaner hydrogen alternatiyv
i ndustries, hydrogen adepthoasi heawkirgthalmgcsea p
transport, adrde neanierrsg \d dsnndtrieadpe faccr | ess t han 1
even though this segment grew by 40% compa
concentrated in refining. I n 2023, gl obal h
and is approached 100 Mt in 2024.
f 7 Total demand
= . 22023
mSTEPS
°0 BNZE
40 Demand by sector
30 @ Industry
DO Refining
20 o Transport
10 o Synfuels
g—-—_ @ Power
0 2023 Additional STEPS ~STEPS2030  Additional NZE  NZE 2030 mOther
Figutkeo#mi ssions hydrogen demand by sector in 2023, &
Zero Emissions by IlZEZR50 29@elnari o, 2030
However, this growth is | argely driven by br
i mpl emeAs aanoexemplse, olncw hydrogen demand hac
is a critical component +4z®er ohemnmgowrhiahsitornasn s
hydr opemduced either through electrolysis p
fossil fuels combined with carbon capture an
unl i ke conventional hydrogen producti on froe
significant greentoussigas dwyds ogems oflf @ews a
can substantially reduce the carbontfoocupren
remains significantly higher than that of h
existing users and delaying its uptake i n ne
fuel use. Wit hout taedetedt pbpsi cpsmegapr og
i ncentives, demand is | ikeldoy ytpocmadnmagnnesowf i

0]



ambitious <c¢limate targets or those engaging
technbigg¥$¥.1 showsowami sseonsewydfobgen demand
antdhe needaithiae woul dt he ®Pwetled esf Scenari o an
Emi ssi ons lbtrydie€23015i0n ednamadw fetodi es Isdb w n se vheynd ri d g egir o v
by nearl vy, rledaiims 20el3ow 1 Mt .

Nonetheless, recénhciodgdengmmandatéspnsncent.
devel opnemotultdoalnscr ease demand teaolieeng6alMour
Mt pVdhi | e this mar ks a significant i4npnohemén
the volume required to meet t he Net Zer o Er

accelerate hydrogen adoption incbutie pgbkiega
demand for hydr-bgeed amde Ihysdamihgre h2 @ & Ssfcoasleev e r ¢
| o-evmi ssi ons hydrogendepr of ect srefining, c hel
steel maa&kaonlged final i nvestment decision (FID
produce up t-emilsSi Mns oluyad rbowg ebny a2n0 3 0, tripli
Transport trends vary by subsector: moment ul
vehicleglutty heavwks, whideriiwdderfessal § ni $hyidmorg
and aviati orertelesyswmpgpdrityedwhby policy. Nonet
penetration has | ed t-prohiel easeceppl atpoonj] et s
i mpact of hydrogen dependsdsagqeil yicahel yawnn
energy sopecief,i anAlieahysi ngedhose factors, a
has been considered, attributing a colour t

category.

Tabl2eTylpes of hydrogen classified by col c

Col our FeedstcPrimary en: Technol
Whi t e Natur e Natur al Frackin
Gr ey Fossi l Fossil f Ref or mi
Bl ue Natur al Fossi l f RefCoCrSmln
Gr een Wat er Renewabl e El ectro
Purpl e Wat er Nucl ear e El ectro
Yel |l ow Wat er Grid el ec El ectro
Bl ack/E Coal Fossil f Gasi fi ci

N M



A key distinction in hydfogemewanbldenteoabl i

primary energy sources. Hydrogen can be pro
combination of t hese. Currently, hydrogen p
energy demand. Nat urrad e ,g assu p psl ytihneg daopnpirnoaxnitm a:
million thonmfesddgditdHat ed gl obal hydrogen proc
billion cubic meters of gas annually. Coal f
whil e the r emaheawy «iolnmse,s fapbhatshead, naentdh oedlse ct
figures highlight hydrogenés current relianc

emi ssions: girkdurmdn Gt u€Calt Hgmrem di2l t €Ooduct s
t C BIf rom TchoealMi ddl e Eastti pradkiegspkagyenft al
from unabatievd trhattthrealUngased States and -China
guarkeraddition, more than 15% obyhyduotgenn
refineries and in the petrochemical Wi ndustry

1. 2Hy2dr ogen pfrroodu df toiesass tt o c k

Hydr pgeomucti on methods are a subject of sign

emphasis on gqoseéenghyglioegbypdrogen is stildl d e
t hrougehstvaebllli shed ther mochemical processes.
particularly those wutilizing natural gas, re

due tohtbefrchegcy, -dsecvaellacbpield tiymfwraansltr rwedtl ¢ o0 e
dr awback aclraossesd iad dgtetinaess @it i on o,f eciatrhbeorn ddiiroexcit
the reforming reactions or indirectly throug
hi ghly endothermiccarboesmaes oX Aade i tFporoondauldc ty s
which not only contributes to environment al

in downstream hydrogen purification. To mitd.i
t hwatigas shi ft ( WE&ED)nvree adctmgohnCOe i meaaddi 1 i on .
hydr olgheen .t hree principal reforming S$teedmol o

Met hane RefqgPamihgall SO®R) d aAnudoont hehk @va)l Ref or mi
Each of these technologies offers distinct t
treodd s in terms of hydrogemeyiebkdpnenebhbypao
gasi fremtiaoas a significant hydrogen source,
reserves, although it is increasingly scruti

The following sections examine these major
starti 8geamt Met hane Re ffoorlmidhage d (i IR )Ox i, dat i o1
Aut ot her mal R e faonrdnG bnegh a(GETgR )fvi t At ARohocus on t |
chemical reactions, operational conditions,
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1.Steam met hane riesf oar mihnegr nfoScMiRe)mi c a | proces:

fuels react with steam at el ev®a@d tiempére
presence odftdlercNdlal CoOmmon feedstocks for

NG | ight and heavyNGiaphthlea.prAemenmg edhedo,
hydrogen output and wedbhcdy pfrodmatisorr oonfp a
hydrocarbons. As illustrated in Equation

aigen hydrocarbon with water vapor to pr
primarily compopseanodfcarydomgreandgHHi de ( CO)

- 3 s Cwow . A (1.
00 £€@O¢eo0L ¢ ?O
As already mentioned, t he cpornovdaunciccedd Itatr b o a

be done by the water gas shift reaction (
carbon di)oxwihdd e( GO mMul taneously generating

60 "O0 © 60 O (1.
SMRs strongly endothermic, requiring cont
reaction conditions. For example, the steé
reactgHornr ®f06.. kWatmed gas shift on the ot he
oH 41 k33 @Mhadg al . 2002)
Parti al oxiidsata omr POsX9g i n which hydrocar
l i mi ted amount of oxygen, i PnGsXu fofciccuiresn twifto
a cat dRwMetot0ada nd 4 &blo att . Unlike full combu
oxi dizes the fuel to carbon dioxide and v
syngas: hhydmogermca¢Hon monoxide (CO). The
reaction for any hydrocarbon with a speci

50 Pis 0o:s0 240 (1.

S C
The main advantage of parti al oxidation i
external heat |, as the process S exot he
hydr oguemi tpeaf ff uel compared to steam refo

treatment steps to optTme zepahtyidalogexi g ati
natur al gas as a feedBt86kIhtnsl a heat of

,Aut ot her mal Rerfeoprrimei snegnt § A TtRh) e third maj or
production and combines the principles o
reforming (SR) within a single reactor. I

N =
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hydrocar bon ype e ds$ togacnkthe tah alniemi t ed amount [

partial oxidation reaction, which is exot
drive the endothermic steam reforming rea
undeantroll ed conditions. This integratio
process by eliminating the need for exter
main | imitations of cEognv enlt.i50)n aslh oswse atnh er e
ATR.

p

50 L5 Peaorso Pa Pio (1.
T S S

key distinction between ATR and POX is the

e combustion zone in ATR reactors. This <ca
or i n conpgarmtcitalonoxwiid at itdre, i mproving hyd
i ncorporating steam into a reaction envir

ace, ATR not onl y -shuefnfeifciitesn cfyr obnu tt hael rsnoa | i s
empaced to standal one POX, which typically
arbon ratio. Further mor e, ATR oftfcearrsbomper
noxide ratio in the syngatctcaeaabobegamdnedyb
rbon ratios. Due to its high througulmiptuead an

r d@alge applications such as ammonia or me

st ems.

e second | argest source of hydr olyedr ogemgi v

oduction from unabated coal gasi fi.caltti oins a

ther mochemi cal met hod where coal, is conve
hydrogen andicarchoarsidemexi aen. al t ernati ve

d is especially relevant .iChimagiadmsn ewiatclt o

st of-badvedcloradr ogaen e;mr dodyu cittisonabudnrdant coa
| i ance on naTthuer ag r ogcaess si mpnovrotlsv.es reacting
Pi&8GMA0 Y ,A@n7d0 3wbarh a controlled amount of
ygled i ci ent environment (Ppmeaecati ABhe f gORSIT:
actions ar e:

Combustio 0 0 © 060 (1.

Gasi ficat 0 00960 O (1.
il e it enables the wutilization of c-o al f o
tensive, resudetmimgiiomssiidgninfoitcamtupC@d with

NO



(CCS) t eclh n ogl eongei reast. e s solid and ' i qui d was:
environment alk smapad¢iemeamd dbinmals in Europe and
where environment al regul ations and <carbon
car-bobhensi wd | [ErAE.RDs e

1. Lren hydrogen producti on

The methods discussed so far rely on fossil
to produce dgorreyb lhuyed rtoygkemogen when carbon ca
I mpl ement ed. However, recent decarbodrizat hgn
devel opment of alternative methods ai med at
particular focus on using renewabl e feedstoc

candidate due to its abundapoéeentowl ehorront
renewabl e energy sources. Water splitting pr
chemical reactibased Ay dswgle,n watoelucti on repr

the transition tyowarsd esnmusst agpianrabilceu leare ryg when
hydroelectric energy.

[
|:| Industry

B
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oo\ L X [ ] _
) ,.L J w Mobility
4 //4‘\
of [*]=] |° 3 Power
S| Gt #\ 4 ; generation
Power Electro- Electrolyzer Hydrogen S
supply chemical System Storage o,
Storage T chemical
emicals

Cooling Solutions

—— Electricity
—— Hydrogen

Figurérée@: hydrogen produ¢Biabhi mouee ADREBel e€Complan

Wat er el ectrolysis is currewtmiywysconsiteemnadl
hydrogen producti on, particularly w8kraf ipoewer
2023) . Among the various electrolysis techn
water ebBbemptlt ol y sexscehm nigendmde mmrdane ut for i ts
and abilitypuoipyothyde olgiegh Tahdeameabes, of h e
the absence of pollutantnemiaecmp atnishi lhii tgyh vaiytd
of renewabl eFlemtehegrymornep,utwat er el ectrolysis

settings for many year s, demonstrating its t
cost of green hydrogen via electrolystyg,is h
which remains a key factor i n determining e
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benefits, water el ecsuotegdi sfors i paegratul an

renewabl e sources, enabling flekKebéet haldesl e
process i s not without chall enges. One ma j
consumption in conventiomange $ diuickt.we ekhWha pNorl i
of opHr oduc ®Mdr eover , the requirement for fres
el ectrolyser raises concerns, especially in

bottl eneckscian et Hdee pll marygnent of el Approkymiac eh
40% of the preméecsledmgbebaprbobdwcti on by 2030

watsetrressefiheeglieasrochemi cal decomposition |
to anodic and cathodic evolution T.e&)itions w
Anode: ‘00 © O gﬁ <0 (1.
Cat hode ¢cO ¢Q © 0 (1.
Overall re 05 ° O gl.j (1.

From the data car (ilTatdt neats & ID.ys) trhedt irahidnuiecdineg o f
MATLABprdssents a comparati vepyamaldy ifd i «cfi etnite
t hfel viethgdlr ogen production methods: Steam Ref
Aut ot her mal Reforming (ATR), Coal Gasi ficat.i
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From the graph, it is evident that steam ref
approxi mately 850%, elwatiilwelmaimdaddrmatneg ablsits of
performance underscores why SR is currently
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bal ancing both economiPcaratnidale noexrigdeattiico ne f(fReQX)
n cost (~3.sbhotwskgsIH ghtly | ower efficiency

and simpler reactor design, its hydrogen yie
uni t of hy drAougteont hperrandhd ¢ erde.f or mi ng ( ATR) e mer
option, with productzi omakiosgsi ctl esenomi dals5| %
scale applicati onsi.s Hoovme/velrgt iltesweerf ftilcamre n8R
arounrd5%.0 Thi s r ef | eocftfs itnhhee rtehretr manl A TrRaddse i n't
and endot herCmiad maasctfiemsgi on shows a 2c,0st c.
but with noticedblrpuhdwé0 %ef fThe¢isenccyoanbi ned
emi ssi ons, makes it | ess desirabiled f if ¢ ioen chyc
perspective, particularly Fnnakbyonsel wtct hoklw
n o-iho shsaidlemet hod shown, has 2a.$hkghéeimdpraodedfi @
o f ab@.Dtespite these drawbacks, it remai ns

hydrogen production, pacosttud eaméwalwhe nelpewtr

cost reflects the current expiemtsenoifveteat uro
process.

1.B3l ect tiefaimednes haneSMBRf or mi ng (

Steam met hane reforming is the most common o
met hanerisacti pal component of natur al gas. Wh
ohydrogen per unit ofocaebammpémihtabe d ha smp ampe
hydrogen yield and reducedasbhd bygpbabduet pr e
and soot . The processfifechi gkl ptueéenftieincsiadvieto aa
el i es on the combouspi @wni doef tfhoes sm & c efsusealrsy |
ndot hermici tAs od mnédulrte,lac3I MR Ni.s nempessassobse
roduced during the fuely ctoombpursotviiodne ihne aat ftuor
uring the watner Tdeas egnetkifiisesriigodi®sd mmpmat i bl e wi t
erm decarbonization goals unless coupl ed wi
olds in the following way:

-~

o + O T O

60 06 o606 O YO ¢ MW £ & (1)

I n i ndustri al applefcat miomg ,r sd @taonr snhed hanteypi
fixoeedd systems integrated withi mna afrarraeyd goéfur n
numbererdafi cal |l y or horThzeoyr tadrireli x ad retrdex mi [ epraha tthui e
resimataastthcad b |HK¢M Ovi t h a hi ghCrc oTnhteesne toufb eNsi ar
wi t h abansiecdk eclat al ysi10; aovdhmmadnlifyacNil/i Alates t he
reacti onMi  Roesnn rautp al ., 2002). The radiant s«

N Z



energy needed to sustain the reactiowmsi rogpper a
burners placed above or beside the tubes. Ab

t

NG

o

recover heat from the flue gase@pri whiiclhy i
steam, andodtbloer eby fiemplrwavtiemg t he overall

process (Towl erHeatSirnenpuitr,e d2 0fla3r) .st eam met h
typically supplied by thal c gtasabiula hgdaosne soTfh ras nmi |
combustion must occur at temperatures signif

provide the necessary inward heat flux for t

n

the emissiof omet@rmPipc o kopreart effeyt COc t on of

producedyg t@b téhf t hese emi ssions directly att
(Wi smann eA nmdj.or 200ilmi)t.ati on i n st deamfrdtch aame

h
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at transfer caused by the strongly endot h:
nductivity of both the catalyst and react
adients within the reacytolri nmind ccaabttaaklyybsits obeel
crease the risk of carbon deposition and t
i ndustri al applications, intrinsic cataly
e chasl lienngmailniteai ni ng uni form heat distri bt
d stable reBatmirt ipgatfeoranasepe .t emper ature gr
optimize the reactor design by selecting
wever, even with this optimizati on, |l ess
pical [Wisesmahhzetd al ., 2019)

€ maj or i mpr caviermeedn t a ta ntaeé gfiseesdngn <COand addr
mitations of l ow t her mal conductivity i n
rategi es. These i nclude t he devel opment

nductivity, the desighi mris,alappmaddlves rtea
mperatures by shifting the thermodynamic e
ngth scal es, and the directcthicMlntienrgn adfi vea
ectrical heating of an integrated, cat al
mperatures that surpass those attainabl e
gni ficantly i mproved dyunpaniicmepse rtfoo rjhuasntc ea,
t yolieatl ri cal | yc ohnefaitgeudr arted foonr, metrhe endot her mi
cilitated eitherdowlyeriende xteennell erca gii £t ihweea't
pply heat tdoort hbey rde arcetcotr Jtouublees heat i ng, I n
edtlryi ccaonducti ve reactor components or str.
ndament al arcthedecewoeseo$t ub@wiktedtr ec aftiall lyesd
mi nate the need for a f iJ2eend sfsudromeancheam cti hnegt
ocess C oAt raonl leaxbaimPiY feyXeil n v 20@fat h owtirsuct ur ed
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anSBR rewictorcser ami gudsehtodwlinyadts. react or consi s

filled with 1 nsulloastsieosn, treeneamitonsivimi gmeaxh eate duct
gases fl ow.
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Figu4El ctrified steam reforming reactor configurat:i ¢
right -seeccariosnsal vi ew.

Wit hin this duct , a ootfrnent uirred a ceno-bmk € t ftiac
nf i gursateimpn oy esdt et aom craetfad rymsieng, but saktbo ot
steam rekbommisdgcg arkyy ng,andmamcakiCGrguci al | vy,
uctured cat eahlysdde d elgaid tppiedalwi tdhati ng me.
ul ated el ectrical feeds that pass througt
ernal power supply, ewhgycimeedlkedv eéns helae ¢
red reaction temperaitue et Jdouflset dhee dctiatt eag
wing preaits@®heheemati ve gas mi xture ente
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—
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l yst, and exits the reacA ori gafitfdrc annnd erdg
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trifieidndeactnneusrilfioesn and | ocal i whdclhea
Il y r eduhcoets dstphoat smime® k0 Elserat e dn sfyl satmeems  t
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t

| erate catalyst sintering abdS5tchaeavmal i da
fired reformers require the external wal | t e
tion temperature to ensure adequate heat
Thi |l eads to steep nhkeeamail ng.rrdlkice mn ttgetdbh gt ||
reactors can deliver energy directly at or 1
the desired process temperat Wesamadnt bBusahyvc
This not only i mproves ther mal efficiency Db

safety.
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A  Conventional technology B Electric heating
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Temperature profile
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Characteristic length scales

FigubHedting pA\CanvehebsonalB)f i[Ed ed tmreé aatlactmreas(retaacn oe .
Characteristic radial |l ength scales and etacmhpear avadrl e

(ey), and catalyst materi al (green). I n (B), the
The electrificati on,tohfr osutgeha mu nmeftohramm eh eraetfionrgmi
hi ghly compact reacdiogr udpetsiivgen ss o lruetpiroess etnd st
emi ssi onlsi mintda ttihoens o f current reactor desi ¢
Beyond reducing car bon ehneiastseido nrse a citnotresg riantti on
may enabl e alternative oper-atanfhopoongheroen®,
met hane cdanywercsaildnys constrained by <carbon fc

i mits. Hi gher met hane conversion, combined
al sovipro a | esareaend @GO ot her Thnedustt frii @il e nacp
resi saitemaneae ref ormers and their reduced need
a wide range of scal es, supporting decentral

infrastructure for n aatsu.r ad u rgtahse r anrod e p o tt dreti ir a
enabl es rapid adaptation to fl uct uatpi g nreesne

of j ust a few seconds, ma bk e ngapitetrmah i nde alost
electrified reformers are primarily influenc
taxes. Preli minary analyses suggest t hat [

resi shteamaneae ref or meowmpebiul dv é ewictolstconventi ol
approach wunderscores the transfusrntmatailverpate

With the continuous decline in renewable el e
environnyentnad economically attractive option
endot hermic reactions Iin the transition towa
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ecethudy ( Maporti et al ., 2024) evidence th

nfigur-8MRoweref devel oped. Il n the first on
th a convective SMR, wusing extumpmerateead dtoaa
oiding any wusage of fuel t o plTrhoevi alet etrhnea tt
figiumadrippmcape sir EOYymoas t hwhi ch odeenli gpsitomsr

n

om th8ophocensi geuhatair desl &i ¢ hbewnventional

spectivelrytwictomdutguf ati on) and with (secol
understand the effect of electricity pri

velized cost of Wydrosgmraiatl weiesly c aerrR eNdn o u t

e reportéadcdhdid.figure 1.

045 - —————-— Fired reformer
— — — - Fired reformer + CCS (flue gas)
e-SMR + convective SMR
- e-BMR + convective SMR + CCS (shifted syngas)

LCOH, EUR Nm”™ H,

20 30 40 50 80
NG price, EUR MWh™

guBlemplact of the NG price on the LCN&Hpomtitzhee?2 dalf f er

e graph shows that natur al gas price sign
cusingoohi glhreati on without the CCS and it
mpared it with itsfrespdecefoembenahmbhebsof
EURL MWh

om fébgamebd.sbenlLEOW of the fired refor mer
ectri.ciThmaap dilsge s ot hbepfacesses expoarnt el e
rticular, ftinhedLC@H oofmatphiavr ehdetcr @€@ses st ec
nd, the electrified configuratreaseshowehe
i ces.
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—————— Fired reformer

— — — Fired reformer +CCS (flue gas)

e-SMR + convective SMR

D34 . —— — - €S5SMR + convective SMR + CCS (shifted syngas)

LCOH, EUR Nm™ H,

40 &0 80 100 120
Electricity price, EUR Mwh™

Fi gur®empacteloefc tprhiieciet yn the LCOH in the @Madperentepre
)

2024) .
This data identifies how the electrified re;
dependency on the prices of energy. In that

renewabl e resources get a qur d&KthaadwbamBtyagd .f
usi ngorl ooMardon energy sources sSuMRh caasn spaloadru,
| o-evmi s si on hydrogen <comparable A graemwalnlye
electricity pBocteencoetl iomu és300medMhdRi e € o me s
increasehflegtcoet especially when operated f
prices.

Since the economics of el eSNMR) fara Is¢ &@aim yneit

by electricity prices, particularly from ren
trends i s essenti al f rMRe v AAlcwcaotridé ;h,gt0R®d vi al
electricity market report, EU whol esal e el e

85/ MWh , mar ki-ogear 20®dyetr on, but remaining
COVI D | evel s. Notabl vy, el ectpesttyniEurtbeeN
40/ MWh , thanks to strong hydropower gener at
62/ MWh , aided by recovering nuclear and hydr
were significantly highiBr0,/ MiWhtelm dSFpraeaacs e@far

transmission constraints. Despite the declin
gap with the U.S. remains substantial: EU pr
2024, and futuokslpo®wdinot h@2prSead prices dr
of USD 37/ MWh, driven by fallingalnsad uduad tgoa sl

usagreemdwablansdu(c2 2%)f o¢ 18k el ect rEil csietwh egeen e r.
averaged USD 77/ MWh, Australia saw USD 70/ MW
most regions benefiting from increased renew
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These trends highlighBSMRhaartbhe gompetyt byen
promising-caebBétcatbaoaw el ectriTbet ypyri marmawachabl

electrified steametef wrimhngraditoonal techno
due to the huge barriers. tToh es csaclab Nagb itlhkiethyi oopft
by its substanti al el ectricictoystdemamae,wawhiec |
mai ntain a | ow carkdmnfsoeottphrei niti.g hl nc omanyo fr
undermines the eSMRommakvhngbcbhvenofoaal S MR
mor e conmhpiegh tcapei t al costs for specialized

i ndustcaiSaMRe pl ants further hi n(dHy d riongveens t @ewnrt
20288t rather than being solely a -BEMRi tanhi on
al so be viewed as an opportunity to-sgradmqgt e
modulSaRirei t s of fer distinct advantages: they
capital investment, and can be sited near re
Such modul ar systems can directliygi Mftoggrfdteei
| ooavar bon hydrogen production without the nee

decent rSSMR zuendi tes ar e-spatedchloarliyndwsllri al S i
hydrogen refuellingoduationscawheamrai moeelitrza
reduce carbon footprints. Addi tional l vy, t he
make them i deal for balancing intermittent

economic andbemefirobossment al

This shift from a centralized to a decentral
sector, where distributed renewabl e energy
centralized power pl &SnMRs .t eBEy neoxhioma e in nt ghrechadhd/ o Ir
achieve greater flexibility, resilience, and

reforming without being c esncsatlreaidneepd obyymetnhte. c

1 .Bliogas as a hydrogen producti on

The adoption of renewable energy sources 1in
potential to promote sustainable devel opment
domestic ener gheseownrtietxyt. of hydrogen product
a critical roéemi s genemat gn,g & odvemand t hat
recentltnyedmtte bisogasalid alternative since I
renewaldlEePAffudldl14), i s suitable foBiafdietsctar
fuel originawteiscH riosn tbhe maswsrce of bioenergy
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4Bilo ma s s

osmsa derived from organic materials |ike w
newablseouernceer gwyi t h variable composition and
to lignocell-ul bbspand g@mcdio étiyapreast,e each affe

fi diGemaye et Tarladi t2 0o2nda)l combustion i s i n:¢
l ori fita7veMbukg)l4prompting the devel opment
ochemical c o(nAvnearsstiaosn &meWaBondedr y e 119,98der i ved

e categorized into four geneid@ityomn$ obdsedc
st gen) to GMOisntaemgr ataedbopr capsuexe (4t h ge
guid, and gaseous forms. Liquid biofuels i
ends, while gasgassabdofwywerfasjnptaodecedovi

gasi ficatiidm.% Bned hane)d@®an be upgraded to b

of
cCo
en

1.
Bo
mi
Wi
t h
re
bi

fering a higher ener gy( IlcbA,t.e2dWB )nad Ixril ceccamee
nversion i s dnoreal Iwikdied fyu eald etpyt peeesn tr eagnudi rpeu rpi
sure efficient and.sustainable energy prod

4Bi20gas ref or ming

gas reforming is a critical process for <co
Xt uhryed roofgen and carbon monoxide), which <ca
de range of athemydmrmadge mnalnhdeuméetfhoarnnoilng pr oc

e main components of 4biangda sc a rpbra)nnadiind xyi adree O
action pathways to produce syngas. The thr
ogas conversi ofmedoe mdmrge,froarfrmdinh g ngt. &l ., 20
T Dry reforming of biogas is a progHesws tthhat

carbon di)oxioder@O@@ce syangdasCd)a trmhrxa wghe tohfe
reaction:

60 60 °60 O YH = +247 ki(12
This process is highly endother mic, requ
typically at temperatures ranging from 70

reforming i s Iit€Oabal gtgenlbodseegasy asea
met hod for both energy production and <cal
associated with challenges such as carbor
surface, which ctainvdteiadn toventtail ywsotnReaeca
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devel oping advanced acsaetda Icyasttasl,y sstysc 1% rudpsp onrit

andOAl to enhance the stability and effici
T Bi ref orarhisog known as steam biogas reform
reforming and steam reforming in a singl ¢

CGandOHas oxidants for met hane conversion

Dry reformin 60 60 9060 O ( 13)

Steam met hane 00 00 °060 ¢O ( 14)

By adjusti ng:atn® Hr &o/h@@ BIr atfi €O n t he resul tin
meet specific requirements f o€*rTrdoopwsncsht rseyanmi haep

met hanol Bir ordafcdsribiersgs prone to carbon for mat
the steam present hel ps oxidize carbon depo
conditions are slightly milder than.dry refo

Trrief or miaadgvamsceadn t echni que that combines dr

partial oxidation of methane in a single pro
Dry refor min 60 60 960 O ( 15

Steam met hane 00 00 °060 00O ( 16)

Partial oxidat:i 00 U 960 0O ( 17)

Trrief orming is a highly flexible process, off

overcoming their individual Il i mitatredsceThe

carbon deposition on the catalyst, while par

overall energy input required. ThixC@ethbdoa

making it suitable for various syngas appli

temperatures between 800AC and 900AC.

1. 4Bi3ogas gl obal consumpti on

Bi oenergy 1is the | argest source of renewabl
renewabl e energy consumption. I n 2020, it

consumption worl dwide, encompassi nogalboitnh otprear
fijraensd magped m ciantcilolmdsiod gt el s, bi ogas, and bi on
systems (REN21, 2023) . Despite its significe

bi omet hane currently accoupgt deomanbdeasdt oahy.
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tot al pri@&ladoglyalelnye,r gtyhere are approximately 1
capacity running on biogas, primarily | ocat e
Ki ngdom. From 2010 to 2018, this capacity gr
dedpoyment has sl owed in recent years i n some
mai nly due to changes in policy support. [ n
mar kets such as China and Turkey.

Biogas is predominantly wused for etlheicrtads coft
production dedicédseptiiought yhweswgempluy potnd éysveaennd e
cogeneration facilities. Around 30% is cons
heating, while the remainder is upgraded to
as transpertoftuebf generating electricity fr
type and plant sophisticati on, rfamagirnd MWhQ m
This range is generally hi-gdhaelre tsha@alna rtVheh actosu
pow&hj ch have seen sharp cost reductions in
feed tariffsnedauwtrtaelc hrneoneowgaybl e el ectricity at
agreements) in many count r toend ymalyaaidiassi tfHd Wwev ¢
unli ke wind and solar PV, bi ogasbaglaarcti sn gc aam
ancil |l ardyans eardwiacnetsa g e t hat , i f properly v al
depl oyDmeesmpti.t e t hese chall engetshe bpotgarst iaanld tb
greater role in the energy tradasuthonas F$hey:
flexibili4eympeamadwii¢hhhwetat t he associated ca
characteristic becomesomheseasrngbWwtrealdeaal d
bi ogas provides a sustainable source of heat
l ocal , decentralized energy supplies, and s
counfThieesnvi r ofnimes toafl biecmgeas ext end beyond er
and usi ndga npeatheamte greenhouse gas (GHG) that
decomposi ng 0 wgayrisc swantid i cantl iyt raldsecesu®Bp
waste management, i mproves resource efficien
gas transported over | ong distances. Additio
recycling, rur al j ob fcreatciudra,r a&rcd ntodmgl ypr o m
when developed in partnership with the agric
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FigureAl.Biogas consumption by end use, 2018:18 (B) Bi

Ef fective policies can undiooccrke tthhaen ef,u |l u tp ott heen
depend on the avai l ahairlbiotny gaansde sc. o sStt raoaft etgh ecs e
renewabl e fuels become a vital part of a sus

1.Garbon capture and storage

Currently, Carbon Capture and Storage (CCS)
to capture over 40 2rqiMit BiOoann nmbéatl rligc. ttho nss roefp r G

significant technol ogi cal achievement , it r
emi ssions, which are appheroxpemnaltydayrSBEHEB)odi g:
these facilities have been in operation sinc
processing plants in the Val VYepgéireedgicaptaof
to |l ocal oi |l producers for use in enhanced

ni ti al commer ci al appl EAaZih2h)dep| €L ®entecbh
underpinned by various c-apmbusticembruEsiae pine s ,a

oxfyuel combustion met hods, each tailored to
CQcan then be transported through pipelines
from depl et elddoitlo adhale g assalfiire aqui fers and
and integrity are ensured through continuou
technbgspbste its potential, the adoption of
consumption, and regulatory uncertainties. H
to enhance its-ebféctieanpgsandThiostament alnh w
principles of CCS, its technol ogtieq@y fadrn amlcietl

mitigation.
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1. 5Rolut eGQdapt ur e

CQcapture technologies can be-coabegadrnioned aipt
oxfyuel combusti oRc oandbpptsurn e,n TPt poet These n
underlying principles, technol ogcd¢icall snaaluahbit

1 Prreombusctaipdmur e

Prr-eombustion CO capture is a method that
before the combustion of fossil fuel s. T
reforming of fossil fuel sFoltlyopwicnagl Ityh eussei nr

the resulting gas mixathdr Bhexeittawmsg ps & sna
separated using gas separation technol ogi
membr ane separation, or Cr yxgein ibce ssetpoarreac
utiizled, while the purified hydrogen is us:
gas turbines forcpobes bgtemreed adofi D@ar s Psever
over-cpmbusti omheehhgtser acnadn cpernetsrsautried nod C
syngas stream facilitate mor e efficient
enecg@rysumpti on

Air & Steam

Syngas H.

Fuel Hydrogen

Fuel conversion = capture :>
FiguréeneBalombu€®c¢amture bl ock flow diagram
Studies indopmbusttbatcppetccaptouar aahiesv e)d
90% (US department of energy, 2025). Thi s
power generation facilities, such as | nt
pl aamandé for new hydrogen pl ants, bwahseerde otnh e
infrastructure can be designed to-accomr
combusti ohhe alpydregen produced can be us
i ncluding electricity genéeranspoyPabdosat f
combust:capt €Oe i s associated with high ca
the technologies involtbhwed tandftrihrstmeeduf
requires converting fuels into synthesis

T



i nvol v-ee mmhe rgdt-purrees, s uhrieghequi pment and adva
Addi tional lxpepafrfag¢ctoinveandOhydrogen handl i
that must be integrated from t ke nbeussitg m ns
capture feasible mainly for newly built

often ecombpmbtcal dyeunho the extensive modi

Posgtombustion capture

I n pombusti onzicsapteumoev,edC@f ter the combust
Air

ﬂ N Flue Clean flue
Fuel gases CcO, gases
: combustion : capture ':>
S
ﬂcoz

Figur0e Gedexcambp&€®t amtbdroec k fl ow di agr am.

This method i nvadilwvest cyapftuosgmntghe&€ Oexhaust |
pl ainmdustriocarl chaecmilcdalitepsi ant e most consic
capture because it can be retrofitted to
solution for reducing emissions without

process itself. Ader dtecdhd,0l wigtyh i & Ilwend Hhi

osbmbustion systems i4e.qlui@GJesp erp ptroox i onfate@
n energy penalty that c¢ afni rreedd upcoewielr® ep | naentt
ercentpag nt s. Thi s substanti al parasitic

various industrial sector s, including nat
hydrogen imaghu(f ldecada uele sapli.t,e 2i0t2s3)aperati ona
combustcapt COe faces significant chall enc
pressusgien offl LeO gas, which typically range:
the fuel type. This |l ow driving force, co
fluédmgasnly compodsredac edsintidtregetnhe handl i n
and resulstuvst anti al energy consumption
compressiomprceétmbesnitomascapture deals with
at pressidi0esbaof Whi ch all ows for mor e t
separmddomdi ng to the work of Rochelle (2
Y

a

Y

d

evel oping-emdi ®l ept gy and process integr.
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posbmbustion captHoweveirablcenat nuecal ¢ esear
are driving down costs and-ciombrusctiimg gampft
key component of future carbon management

Oxyuel comhpsuren

This carbon capture technology relies on the complete combustion of fossil fuels in an
oxygenrich environment, rather than in ambient air. By burning fuel in pure oxygen,
the resulting flue gas primarily consists of carbon dioxide and water vApoan
example, he SynCOR Autothermal Reformer (ATR) technology developed by
Haldor Topsoe employs oxyel combustion for carbon capture, using pure oxygen
instead of air to produce a flue gas rich in2@&@d HO, which significantly facilitates
downstream C&separation and capturghis high concentration of GOwith minimal
impurities, signiicantly simplifies the capture process.

Fuel
Air i 0, CO;+ H:0 H:0
= AN . =) Fusl L 1::>| Condensation Jl:}
separation combustion
COz

Figur eGeln.elrld:lu ed x } o@tbcuaspttiwrne bl ock fl ow diagram

After combustion, the flue gas is cooled, allowing water vapor to condense, leaving a
concentrated stream of GGhat can be easily separated and stofdwk high CQ
concentration in oxyuel combustion significantly reduces the energy and cost required
for CO, capture compared to conventional methodsis technology is particularly
well-suited for industrial applications where highur i t y CO i's requir
metallurgical industries and cefiled power plants (Zhang et al., 2018). In these
settings, oxyfuel combustion is used to enhance tharmfficiency while enabling
efficient CQ capture. However, thbroader adoption of oxyel combustion capture

in other industries has been limited. This reluctance is primarily due to the high energy
costs associated with oxygen production. Despite these challenges, ongoing research
aims to optimize oxjuel combusion by developing more efficient air separation
methods, such as membradm@sed oxygen separation and sorilmitanced oxygen

111
©



production.These advancements could make-éxgl combustion a more viable option
for a broader range of applications in the future.

The most suittoabusee afpopt eceaa @&hOdependst be ocpeéetatia
conditions anfd tcheen sptrroacienstss diov errefaltyhheh@oabj ¢
captuifeg odOsour css pweseencent ft awwi ons ,ahd at

technol ogy employed wild/l di ff-pressw@G®;f i ciagh
concentration streams, such as s yFwugratsh efrrnoont eg
the intended usepbédydhe depisred COl e in t
applicationpur e gyuaciOngs htitggh f ood and beverag:¢
capture methods are necessary. l-hi gbnpuouasty
not required, |l esaf sedteict ¢ vmetbhud denpameydichg t e 0
the specific r egcuapteureen ttse ¢ hvnaorli coguisabsE @arrpet i aovna i
adsor pnieimbm aagt ur e, cryogenic separation, cap

| oopTihnegs.e al ternatives provide a twirdee prrancge s
the specific characteristics offorhé hgasi st 0é€

thesis is then fundameobapt un ® itse ddeuiistqaaml de wh
decentralakzleaBreasaeent sTa comparati weepaeatvi emw
me t hhoidgsh| i ght i ng their applicability in decei

with respeci ttyp €@Qpture capacity, energy den
framework to siodent iofnys whliec hmo s-tt oa pnpesda putne at e
modul ar installations.

Tabl eFelat3ures oahpmare €O®chnol ogi es

CQ
Decentr . Energ
Technol : Purity capt.
applic deman
capac
Ami nbs oa p | Not id 989 9 % Hi gh Hi gh
Sel exol / N o 989 9 % Hi gh Me di-Himg
PSA Yes 8 B9 9 % Moder Medi ut
Me mbr an Yes Up to 99% a Scal a Lowmedi
Cryogen N o >99 % Hi gh Very h
Mi cr oal Yes Vari abl Low Low
Chemical N o >9 0% Hi gh Hi gh

Adsorption and membrane separation processe
chapter 2 and 3 since they concerOGn tthhee tneecxht
paragraph, absorption techniqgques are briefly
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1.

| absortpetcihegn @3 sel ectively

5Ab2s or pecbni ques

removed from a

ga

known as the absorbent. T hlei puiodk es @ n tt aypti acra,l
absorber column, where the gas stream itshebro
CQrich gas flows wupward through the <col umn
absorbent. Duringotbédcsl estaracabsorb€® i nto
solvent's chemical or whhy i cdale afefmanintiyn gf ogra
solubl e, cont i nulef tteor etxhiet atbhseor @ li ®imn 9o locersts
directed to a regeneration wunit, such as a
absorhhedTIC®O regenerated solvent i's then rec
continuou3Shepeapitcuaona db eCCOc o nmeptroersesde doranuwt i | i z ec
applications, such oas teireh apnrcoeddu caiilo nrTeoco vvearly!
absorption process offecapsugaficbantcpetien
selectivang swobstCOnt i al absorption capacity,
advanced carbon capture aplri cianpiloennse.nt Md Vv em
i ndustries, including power generation, i's h
energy conspumptiicoun arly during solvent rege:t
potenti al toxicity, el peatf ed manosts sabsgeat atf ¢
mass | oss of the absorbefStucHuki mothht mbhedpob
obstacles to the wi desgpgsetssdd@dopttechob| algs e
“ .
Exhaust gas (N,) Water SO ion b
‘ Makeup €o;,
i Mixer-2 MEA '
: Mixer-1 Makeup | i !
: tacler—zi
' Absorption : Cooler:d Desorption
; O
| W
E Flue gas —= Vent HX-1
| e
E“.. Rich
E ® @ mllu‘urn Leanl i
e solution : Reboiler
Valve
"""""""""""""""""" " Separator T R R S e R S
Fi gur eAbls.orp:bd aamt LCré@é | fyestnr eam ( Khan et al ., 202:
A notable eszmpleeCOf Icapgere via chemical ab
in Texas, USA.-fDpedapedeatphaonobal the system
containing approximately 13%sCO@f, Cdaptpwerri nyge
technology employed i EpFbeocesé&s t@mdbdde bitwesmed VFEG
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system optimombdstfioon posnditions. The energ
process includes a ther mal demand of appr o>
regeneration and an eil0ledt r@Glcapercomesmu,mpimiaoml
compression and( Giodhwemdawicdz,cud®aa)on

Absorpti esapr beessategorized into two main ty

T Chemical Absor ptiisont heThmestmewihaoeael y used
technangedé¢ s es on a chemi caand etahcg n swahluvbeen tgv e
an intermedi £ooenmooml|l edhwelme cal -basednstssel uhrct
such as monoethanol ami newi(  MEAQ rassdiiared h & a o lo
These sol vendito Mfeam awistlabC@ compound, wh
heati ng, r edfeoars icnagp tpuuCeee ath@ at eabeor pti on
empl oyed for separating different gases,

carbonacapteltaei vely | ower values of part.i
T Physical Absorption: Thi s uswist hsooultv ean tcsh etn
reacfthensol vent at | ow temperatures and h
CQt hereby obeying Henryodés | aw, which | inl
presfolriephessur phytsi eains ab 6t ofcopré ncoanpLiusr i ng
for 1 nsscampdea, eC®Omb uvas tpiroen st age of the int

combined cycle (I GCC) ploantssol Héede boh & mi
the materialtodose amporpambobnto distinguish
since in that case the gas. is dissolved i

Absorption is widely regarded as the most versatile and adaptable method.foa@@re,
applicable across various contexts, includingqoebustion, postombustion, and oxfuel
capture systems. Among these, the choice of solvent is paramount, as it directly influences the
selectivity, environmental impact, and overall performaoicéhe process. An ideal solvent
should exhibit high C&selectivity, low toxicity, and strong chemical stabil@®ne of the most
significant barriers to absorption efficignts the substantial energy consumption associated
with solvent regeneration. In chemical absorption, over 60% of the total energy consumed is
typically dedicated to solvent regeneration within the stripper unit. Furthermore, the economic
viability of absaption-based CQ@capture remains a subject of ongoing research. To enhance
the efficiency and sustainability of the absorption process, future research should prioritize the
development of advanced solvents with superior thermal stability apdli30rption capacity.
Addressing these challenges is essential for making abseljzgad CQ capture a viable
solution for largescale industrial applicatior{&han etal., 2023)
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1. 5CO3t ransport and storage

Fol |l avwenpgt ufr@ n be (CCUNI ragpipdusati on. Uti i z;
include its canduderdsipomdiuctt s wallcthe as ur ea, me

ts i ncorporation into constructi eocamatésioal
erve niche roles in industries such as food
pplications r equizrpaurovrdaynygiinngg |Ifervoemt so voefr OOO® %
ynt hesis and95%ofdorusmi, Astroaln80adttieom.ati ve to
aptupieglr LrOsported and then st édmegk htear sewcsr e
ransportation met hods, pipeli-sesaldarmr@atsh e rmc
i pelines offer an efficient, aaddcextéensiowus
|l ready exist globally2f offorv aerxiaompsl eg a stehse, Un
pproxi maQkenofyy B@MPardous | iquid and natural g
mf natural gas distri blktairoen slpience sf,i coafd |wh idceh
ran®Whotte. truck and rail transport are al so
masliclal . ano@@ ment , such as :pis|l or apspjoectes Wwhem
O nearby storage facilities. However ; thes:é
cale CCS deployment due to Amethed i pni aectdi ca
articularly for regionstrwintshp ogxt evnisa vseh icpo. a:
|l ready wused in Eur op-gr aaf(eape rsohxiipmsa tterl ayn slp, oo
rom maj or point sources to coast al di strib
egi otntsouwi direct accestsodki ngi paeHdad,, ntetevo
ransportation infrastructure willsaaleel €COS e

- » T W~ X Y ®» T~O N W

epl oyment. According to estimates consi sten
eaDBt pat hway f-roel ahtacbdni @@i emser gy 2050, t h
ransport capacity is projected to be appr ox

H—Q_f—o-ﬁ

expansion wil|l necessitate supantaincualadr liyviers
with hemhs€0Dons and sTuhist ololaeg,€atno rbaeg ea cshii teevse.d
various metmodt whoemdainlee geollotgilceaV e rsatgoersa gteh «
capacity of the Elaart dgé sv olusbasfael fyafcaaCully oeif  tedcrd ¢ e
i brfexn ended period to pr ewvwdrts siotr ;a gree Icaas & ei Iz

t hr ought evcahrniioquuse s, whi ch can be <c| assstiofriaegde i r
as repordeBashi fidgtnlall.t ypdotzadrna@® process, ca
emi ssions from fixed sources, such as power

into a |liquid or supercritical form before

including sali mel agui fgearss ,f i ckd pllseR cod glerormiomge &
storage, the puyptgadt ycapedsetdoCBe 95% or h
of l mpurities can be tolerated depending on

0)o)



removed to prevent corrosion and hydrate f
contaminants | ike oxygen, nitrogen, sul phur
because they can affect the c¢chemm crails ks,t adori Irie
the density and 2isthj &@tbBiAGHIGy, T®RiOslOmet IC®Od i s

considered the mostt evimeslEl@u esspprracta comn ,f cars lidan g

of captiumtea tClDe at mosphetlkRoutHowievles., inj esctin
of dpireglsur eculnideuigd o@@d can disturb the mech:
potentially causing induced selsamkazgey,Caznrpf
selection, geol ogi cal assessment, and contir
| oherm stor £&Pe ainntaeégmoi by. sequesteredzithrougt
injected directly into the deep oceanmnyesithe
Given the immense volume and depth of the oc

storage capacity.

Production Well

[Poweer Station
1

co, ‘Onshore Injaction
Wells
Offshore Injection Well

*Z»**méé

WY @ /-'

——-l""""

Formation  “—_ oy, | il ’ UC::INSI':::LE
,- oy
Deplated Oil

;’;‘: CDI:jT::tiun

Reservoirs / ;T;"*:‘;Li;d

\v/ Deep Saline

Aguifer
Fi gur3eCQg.e®ot orage options (Bashir et al ., 2
It i's based on the natur al giagmiohi acarctl e¢ a rmb
However, ocean storage is noi nwiot hhbhet oeealnog
| ocali zed seawater acidification, primarily
reacts with water, which can harm marine ecc
in decreased oxygen | evels at the 1 Mhedtei on
both geol ogi cal and ocean st:eeqgesbDféaerosubs
present uni que technical, environmental, an

eval ¢8asthir et al ., 2023)
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1 . SYPOXS MR Dbitotgyadsr @gerc es s

The SYPOX process i s a decentralized system
steam met han®MR)efofr Moinggasxe. Approxi mately 1
from 0.6 Nmj of biogas composed oef( Map®D0:t530 err
al . ,. 2022)

1. 6Prlocess description

Abasic aolbaeme s eiporFEleglithee core process steps
shippingi comhtiadmetrhe core pieces of equi pmen

WATER

e WATER VY
— )

WATER /13\ >—<
DEMINERALIZER > WATER
PUMP

BIOGAS DEMI WATER
PUMF

ACTIVATED

ACTIVATED CARBOM FILTER

'd lCARBDN FILTER
N

¥

P =

FEED
FREHEATER

jz
-2 8| 77

Y
—_— TAIL
GAS
A N b
Mz é_j;_\‘ Py A
‘ { + —
! ONOMIZER >/ @ \% CONDENSER

— EC
i . QUENCH ’—‘ : f

™
o
~ WATER
/1}\ -[ BOILER

WATER GONDENSATE

Fi gur ePFID tldf3eY POX Hiboygdasp fearsted as the case study.

y

BIOGAS
COMPRESSOR

~

ey
NN

E-STEAM
REFORMER

Li ke traditional hy dryadgeomgem!| amind ;i gtulmiag i lmino @ a
sections: r-@d®orsnhinfgtt WWES®E c tBa mody asse ffarroart itchre f

(Stream 1) is first treated with @actdiviladr»eane
VOCs) to <30 pphb. These filters are not sho
(Stream 2) is then compressed to 10 bar (Str

of fers additional cpnbamchanobhs.aghbli hsbgéemaand
connected before and aft erupt/tsihautfdiolwtne aospfearatn

purge gg®asa Hedukampgwatgemt()Stream 12) i S sSupfr
unit, then pressurized to 10 bar (Stream 13)
for guenching and steam generation, respect

economi z&d&t ubseheheat exchanger) using hot ga
TemperShtiufrte (LTS) reactorThe heated water (S
producing saturated steam at 180AC (Stream 1
3) to form Stream 4, then preheatednter 4@ AC

OoP



the&MKRTheSMR is a structured-baatdl gaatal ystactol

inner walls of ceramic channels (diameter o
reformi-ggs wht et , an@&edoavge riablelorem chape Areursmi ¢ p i
bsuppl iThdatviias Jdownmlee heating, as electric cur
wires in direct contact with the gases. The

Hy, CO;, £68asOdi hle riesacftloangewe soenheqeemoh gases
(Stream 6) are cooled to 570AC (Stream 7) us
the hot fluid .Thet kbe ocfoend dnggp sbebhee aft réaSm eractaenrm 8 )

has a t enapbeoBuitD.AClet sfent to the High Temperatt
adi abatbied friexaed or | ocoadhadewi tchat@meélylset i ¢ @

convert CO-gwisa sthh €i tnweartesssaysti enlpd . H The exot her mi c
the outlet temperature to 487AC. This gas (S
wherceoadlsed to 195AC ( St hhevavm TleOnp elr eaft aurr e . eSrhti & rt |
| tadios an adi-baebda trieca cftZavkd dwad d tha IClustgh e pseanieo rrme a ¢ |

further reducing CO concentration. The outl e
160AC (Stream 18) in the economizer. Af ter
approxi mat€®&heg dympada. (Stream 18) is then coo
separator, where water is removed (Stream 21
external pump. The gas, after condenBhaet e r e
PSA achieves a hy&a agnan ar epcuor¥ et yy rotff o9r9 . ®f%. hy
remains ingdashe( PtSrAeaom f22), whi c i HalasdohNcsont ai
stream in the actual PFD is send to a fl are

1. 6CQcaptuunrilebcati on

Thai m of the thesis is to add to t heamptlwmng d
unit and vermpfaynttshlee wlaydi e gen production cha
reforming irse nepmlbil eads rtba oagrace t he hhawsd r agary pr
| omcear bon footprint than .tlHeadoampveursteiocanaagle g r

system were integrated into the SYPOX proces
CQf rom the atmosphere, theredbmgganableiThgdrt bege
feasibility of CO2 capture i mpHeaempeeaetvaeliitome dils

cost of hydrogen (LCOH)Whwint coarsd derfi hgut heh
Carbon Capture and StofSMRep(€6€68) inhtostkebesssM

opti mal | ocati on wirtehmonv atlh e Sprnaccee stsh ef oprr 0Q@Q ¢
subjected to combustion, t h ec ocmabputsutri eo nmussttr an
il lustrated in Figure 1.9, this compteasratarg
Two potenti al captureheopmoscesanflbewidieagin &
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whi ch precedes the PSA ichi tsyagas conixaiume, a
corresponding TabtbelP3SArepottgashe features

Tabl4eStlrream features of the PSA inlet and

Stream 22 23 24
Descript PSA in Pur e Tai l
Temperatur 35 35 35
Pressure [ 10 10 1.03
Mol ar fl ow 8.40 4. 52 3.88
Mass fl ow 134. 81 9.10 125.7
Compositio
CcQ 0. 32 0.00 0.70
co 0.01 0.00 0.03
H> 0. 66 1.00 0. 26
H-20 0.01 0.00 0.01
Partiralsspr e
CcQ 3.2 0.00 0.27
co 0.1 0.00 0.03
H> 6.6 10. 0O 0.72
H-20 0.1 0.00 0.01
Both |l ocations offesepvyaahbhteonpndhobughsther ci
desired capture efficiency, i ntegration <corm
straflregytechnol ogies that must be considered
and membranes. Both technol ogi eparlperta boscucr er
gradient, then the pressure of the analysed
of the FloocaPSAni.t i s ameexlhli bkintoswns ttrhoantg Gt er a
adsor bent s, esvuechh lacsw zpesod @ stleisebe expleyiomaed ai n
certain threshol d, i ncreasing the pressure
adsorbed, as the adsorbent approaches satur a

forocGpture in the SYPOX process is to targe
at mospheric pr edisautrhed euTshel so fa pap rvoaaccuhu m 6 wi ng ¢
to ensure effective r@mgendbdeatoitcrerofhankde & t:
membr ane gas dreepdhrwhemnt hesr d aiv® a signi fican

the feed and permeate sides, as this increas
CQt hrough t hlen meanbtriacmel.ar t he membrane area
reduTkeer efor e, the opti mal configuration wo
upstream of the PSA dmiet ptea meimakel SVPOXKhpnoae:
CQat atmospheric pressure while the retentat

of hydrogen and carbon dioxide (tThats isetg@i ng
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advantage of the elevated pressure of the s
reactor, t her gsbeyp amaaxtiinoinz ienfgf iCcO ency prior to

1. 6Hyd3dr ogen Production Cost and Car bon

The economic analysis wild/l be performed on
cal culating the capital and operating requir
The cost calculation wolfubdament akerpasanet e
assess the efficiencycapt urhee Taapeph fiiccpd & .0 p a rod
considered is the hydrogen production cost (
of the plant comprisi kgl GAFBXyard geReE X hooweairc ¢
in thée@éhpl aable below represents the data use

Tabl eDalt.ab:used for calcul ating the hydrogen

Parameter Val ue
Hydrogen reco 8 2
Hydrogen pr/oh’ 9.1
Skid Iifetime 10
Annualized]CA 246
CAPEBEXmpact on 52
OPEX i mpact o 48
HP Cu [ kdg 7.05
The second factor anal ysed i s dafhoel | mavri hgn tfl

i mpl ement adciagpprdbhetomes t he primaryhe acgebor
foot pavaltudtsed in termmi bf edi pegppimEoagkd@OCD
emi ssions are further categorized into direc
carbon dioxide generated during the chemical
are associated with the oleagat SiMRhtpyr ec@rssu mmit
supporting equi pment

Tabl eDalt.a6:used for calculating the hydrogen

Par ameter Val
Pl ants eberstumptiog [k 180
Di reegeamiCLOsi ons [ kg/ h] 6 2.
Hydrogen prlobctivity 9.1
Average carbon intens
[kgconquh]

Frer 30
Germ: 300
Il te 265
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Three d&durthnrcihes Gerdnamywhinadh Ittallyocate the pl
each with a differentamauhonof nt an)b dehnyidsisdirofnds
produclWh pefr edsedlrti cidgya key indicator of F
country's energy and economic systems are.

Tabl eHyldr7oogen carbon footprint from electrified biog:
plant | ocation (electricity mix).
Pl ant Direct prlndlreCt Tot al el Reducti
locatiemisEkigol ¢ froerhectr[kg:ozkdm] central
[k @¢odk g S MR%]
I'taly 6. 88 5.51 13839 + 3.4
Ger mar 6. 88 6. 214 132 + 4B
France 6. 88 0.6 2 7.5 16

Tabl é7i ghl i ghts how t hedemevntrroaninezngda |l hyi dirpoage n
significantly depeshedcditigpnon nt hwehichuntsryyompar
tot al emi ssions using a decentrailszeddepl adde
The process takelsM&s faredf eaemrdeonsteheace
Whee(leEAGHG,I 20I1t7agl 'y and Ger many, producing

capture |l eads to higher total emissions than
emi ssions associated with their el eatrrbiomni t vy
el eccittryi mi x, achieves | ower emi ssi ons even

production mbhies sdat ai wialbhekeposed &9 assetks
the carbon foed@pptiwnnte awitter ttthe tCWWo di fferent

oo
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Chapter 2

Pressure swing ads:

Thfeirst technol ogy that hassbedy awowabpbyse €O0in
adecentpladmtzée the pressur e sPuwiAnags abdescoanpet i @ np r( @
sor fbearsted technelkovegyabsagpfecaitngognair drying
hydr ogeecoa@ady separationThifs hgldaptar b@gmesent
characteristics of pressure swing adsorption
o f the fundamental s of adsorption and an o
configurations. I n agdiitptoingn aofmatt he m&SiAc alr
including the theoretical framewbh&sandl amsn
form the basimsg fomamnudasirgnrmqrdprocedures appl
of this thesis work.

2. Gener al features of PSA

The first patent omoPSAewaswml|l Sgaedi cat i19@ 3t
technique has beeanti inr w.seSifrooe ntelmed,y mumer ou
applied to this technology, enabling it to &

CQcapture, both from a technical and economi
such as c hemiFdagl. &b slo hiprsdtiomaitceass ami | est one

technol ogancdvwp gttt ,iAo2fOknNda ment al absapseecdd of
separation technologies |lies in the sBplectic
common to al/l adsorption processes. For any
preferentially adsorb one specific component
process may arise from ther moidlyinami «wmf @&icg tom is
species between the gas and solid phases, or
the rates of adsorption among the component
performance of t hies ptrygiesasl,| ya ma dcHeilbedttwieoeen &
ki netsiedelcltyy ve adsorbents. This di,aquinicitbmoinum
sor potri omass tr,zmafsen thiltemt t hegrfaaeAdsori ptitboe
processes typically involve two main stages.
spedabeisng more fadberabkblegchdselpedemoved fro
passes over the adsorbent surface.

MN
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Milestone

First patent on PSA

First research article on principle of PSA
Development of VSA

Development and commercialization of PSA

Application of PSA in air separation

Application of PSA in large scale vsa process
Application of PSA in biogas purification
Development of multi bed PSA

Figur@éhR2odol ogical order he historical dev
is step results in a separation, produci ncg
mponent. Adsorption continues until the ac
e materi al Actathes pat ot atitdre. desor pti on
sorbed species is released from the surfa
mperature, or introducing a purge gas. The
eviaodussolrybed specirese,d ctoomnaosn Ityh er eefxet r act . TAh

e adsorbent, al I'lonwi (nfgi ¢ WZ. Zsgytcdlgee taor er edsetpa rct

e regeneration step donecaMiltend ap ulrbgsep.] pc ame
plications, these-betdepsdsaretdc amr iced uaunts ipra
terial. The feed gas typically enteAs fron
i tical role in deter mihmginvg nt by prhecdd owpadary
cked bed. A good design of the column bec

oces$ opdeRmuwet hvegn, 1984

e defining feature of pressure swing adso
sorbent is achieved by reducing the total
mperature or introducing an liumer,t tpwer gaed s
ecies are desorbed due to a decrease in t
l ecul ar i nteractions bet ween thal tglasugnmo|
sorption is an exother mi approxdass,t eRISA sop e
the good ther mal conductivity of mo st ad
cked bed, and the fast cycle times, whi c

|
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nt aumi nermam temperature throughout the pro

RAFFINATE: PURGE:
PUREB + (A) INERT
[— ] ()
EXTRACT:
~——— PUREA + (B)
FEED: 4
A+B

Figuréhe.2westmgpsr of an adsorptiomdproo@e(somnnitshtes plveafctu)u r
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regeneration step wi(tohn dtihsep lraicgehrie)n.t i nert [
seful adsorption capacity is defined as
g -ptrhees shuirgeh adsorption step and the amo
ssurization. This can bengi shal saemd asds
erm (see Fig. 2.3). One of the principa
ure within the packed bed, enabling sho
nit of adscornbge ntth ev ool vuermea,| |e nehfafni ci ency a

respect to process whishngegemepeati one
ac eamhetnhto uggahs d(ur i nga ddbed erdp tai rurigse cfttegn t
B e nkte)y di sadvantage of pressure swing

erating adsorbents that strongly retair

ption requires the applicationadf omadee
and eneCgwmpazmoeadumpt iodtmer sPpAr dtifdmer s
mgnital that it operates in a cyclic and

ure variations throughout the cycl e.
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FigurcRe®atic isother msamd etwe mgweithgvu e glucialdiibnrg u m
changed.

Whittreadi ti onal sdespuacrha td 0 na lpy wrcpetsisers, di stil |
stridptpymigcal | ystaebehcsendatdyons and can be de
ordinary differenti al equations ( oDHE=*), I RFA

appr daecha.us e-ph deeehgpaval onnrg t he packed bed vari
temporally, PSA systems are goveiimies bycpiact
nosnt esdgebavisoar defining feature of PSA and
mo d e lalnidn gor o c e s sDeospitginmi-azpadt psocna.leed ur es f or PSA
available in the open I|Iiterature. However, t
chemical engineering curricula, and as a 71 e:¢
surdeubhheir praCRutch®le)appl9cati on.

There are five gener al tbet vaeés dot yt andoek f &
proaemase mostly taken as el ements of .compar.

RAFFINATE
Pure B+ (A)

—

EXTRACT
Pure A+ (B)
FEED
A+B
Figureverdll material balance of a PSA wur
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1. Productl puaitypical PSA prdoccoersrse s ptohned irnagf f1
|l ess strongly adsor bed odacaranmdree relcowley edli fi

pure for m. I n ¢ ontwha scth, itnlcd uexetsr & chte mroa deu
or f-chisftfewusi ng speci es, i's generally relea
as a bypevopgecital |y in cases in which in t

purity | evels of t.iPSAweak handboghed ssmocit
economically viablki@bhrriaapfyfliincaattei o nss twhee rdee
Looking at figur e 02.rde stploeb dyr ondod €atrt pfarranctt @i t
present component i.n the raffinate stream

2. Recov@aoiwysi deri ng tfhieg ufrrea c2toifdo ncaolmproem@mu e rBy
raffinate @gebdoed as
. L QaE 0 ROUTMY 0 QQQE we (2.

YQwe L e e 8 0BmMoa 00

I n a PSA process it is generally | ower <co
as distillation, absorption, or extract
Il ncorporating additional steps into the c
besdd these modifications result in higher
for applications in which the feedstock

product yield is not the primary economic

B3.Energy regquhe emexnttestind effif ned emascyt he rati o

to tot al emMeofgya cBB8Aumsed comparable to tt
stillati ¢gRudbhvemHowe®BRAdDrsystems rely on
ergy, which is generally more expensiyv
nsumption represents the matlat ctoynpe ne
eraRSdMnsystems are especially advantage
easily available at high pressure. I
mpr essi on ar e significantly reduced, é
compressl phedpoti tihean t o ¢ omporpeesrsatt ma
pressur e.

O O O O 0O Q
- T O S

_§
® O

4 PressurTder pierdor mance of any PSA process
rati o of ab3bkbusbapeessut bs adsoprrpetsieonn se q
t hef edriefnce béaeweéopaedrianiggdgtow pressures of t
Overall perfor mamaoe piuchand ebseo ir eprt s adrinc esd wap s p h
conditions (VSA).

ne



5.Scaling chalrhaectoepersatiicsg costs of mo s t s
i ncrease approximately |linearly with thro
cost al so scales I|linearly with capacity,
technébkaghesesniccr ydoigwthielr lea tciagpn t al cCosts ex
relationship with throughput. I n such sys
decreases as the scale of operation incre
resul t, whdml bathlkd ®wgperating costs are co
economifaaloluymablleow to moder at e t hroughpt
technol ogies, such as cryogerdifecsepar dtoiro
scale operations.

2. Fundamentals of adsorption

Understanding the design and operation of a
knowl edge of adsorption principles ahhldethe

overall performance of a &dSuA Ipirborcieusns a nsd iknifn
although the relative i mportance of these f a
system. Il n most PSA applicati amrd,vetnhe neracnd eng

selectivity adi sterpncmari hyefuomi brium affi
the various components of the gas mixture. I

has a detrimental effect, reducing perfor man
assumed to beéeloweséeant aheoesare also PSA pro
entireldyhkRtnesicthe separation is governed
than equilibrium capacities. I n these cases,
ad the systembs behaviour cannot be accurate
the kinetic mechanisms involved.

2. 2Adlsor pti on mechani sm

Understanding the fundamentals of adsorption
the two processes are often confused despi
i nvolves the uptake of a substahcanf¢t her amabt
(absorbent) . It describes the ability of a
structure, all owing for the separation of c
di ssolution or di flfnunstiocans ti, n taod stolrep td bosno ri bse nat ..
whichphasedmol ecules adhere to the surface o
entering the interior of the material, the mi
of thd&d&hselisdirface adherence enables the sel

nz



from a gas or | iquid mixtur e b a(sPeodu rohmma ktkddeki r
2021)

™ 4
d“a“‘ Q2 99 0V
CaC XX NEC) "M IPrYT
4 * { 444 .Jt. 44 - “‘““““
T = A v 9 9
Adsorption Absorption

Figur8cBRemati c representati on of( Paodusrohrakt ki a@okn eatn da la.b,s

Duritm@ adsorption mechanism a gas mol ecul e

reduction in potential energy due to interac
result of these attractive forgsesfagas medei
| ocal i ncrease i n mol ecul ar d egnassi t phlradssemp a r
concentration effect i's the fundamewttelerdr i

i mportant distinction withifhriometaeéssctptingn h
i nteractions between the adsorbate and the &
typically involving daan, den Wheal scaiset erfacpa
mol ecul es, suppl emedtoadcedy s at potarso sdiap aluea d 1
i nt erdatcta omrsocess iIis referred to as physical
adsorption is generally reversibhecantdrabar a
t hhenteraction forces are strong and involve a
bonding between the adsorbate and the surfac
chemical adsor ptClhheamiosoremteimi®r ani aati vati on
the bond formation between the gas and the s
temper atTheecipr ofctessrs i rreversible, or at | east
ener gybeicnapuuste q@f cthleani sdant ®@abtoeudnddur i ng the ad:s
Because of the slower kinetics and irreversi
processes, which requiridesappttiandcyeVessdbli
c han(gReust . h vEdichduitshe médeaoao at whi ch pr esesfuerres sivsi
t he physSiisnocrep taidssmo.r pti on forces depend on bot
and the nature of the surfaceiffdedfdrtreat f iswil
selectivity is thlkeasednsapaoatiobnapgsocessesn.
i's to provide the surface area necessary f
adsorbed speciesthA progmasel eegquvrements, bu:
desirabl e, as capancd ttyh usefttetrienei cneedss rotd hbéeinst ia zbée yd <
capital cost (CAPEX) of the application

nT



A key <cl| avshsicfthi dast igoonn ng t o iompadtsoommddhbeas e qu
nat ur suo ff atcded sodr it ehret h hhcactabny dbeeb phi | i ¢ and hydr
surfaces, often resulting from the presence
attract polar mol ecul es. This enhanced sel ec
fid@ligol e -;caunadbrf epet drces, which contri blune to
contrast, on a pohaolandsnonohpokar bmbhecul es
tent . I n such cases, the sel emotrieviblyy di Spree
r,ceass vanidter Mamnh cshy b cpdhsefni ¢ he adsor bent
ntains hydroxyl groups, wtat@emg ciamt ecaatri omn
ndi ng. Her e, selecti vddryd ifsorpnraitmaorni | rya tahtetr
rface polarity. However, in such hydrophi
drogen atoms may eXhikbki tt haadso ropft i noonn paofl fairn |
nnot engage i ®Onhydropdremormwmhrgphhw | i c sel ¢

-~ n O T n T O —™ 0
- T 9 < € O O O X

ecifically from hydrogen bondi ng, only pol
. e, those gapaolgleem dfonds) mwnd | hbe strongl
acking active hydrogens, t herefore, may ex|
sorbates, deslpti ties tihnepiorr tpaonitartiot ynnot e t hat hy«
repel water. Il n practice, water wil/l be adso
the degree dictated by van der Waal s iicnt er a
surfacédandwat ber pPelxahri brndlse crudodrspdti ron g ehra na dv.
expected from van der Waals forces al one, d
electrostatic attraction or hydrogen bonding
The sstfacfeuar adsor beuns ufmial Igorfo feeliptolreers spher i
or irregAd aa sdaplet , the rate of adsorption
di ffusion through the adsorbentdés pore netw
l i mitations must be carefully <considered ir

detr mi nati on of appropProisaet e opasaitfngdcogdi tU
di ffer eyt tstiiziee s

Tabl ePo2r.elss di meAsmsehrong, according to | UPAC c

Mi cr eapo Mesopor Macr opol

Di men(s)i o < 20 2600 > 500
I n micropores, guest molecules remain entire
field, eegedfr atthda hppore. As a result, all/l mol e
in the adsorbed phase. I n contrast, i N mesorf
surface experience significant 1 nt ernaootfi drmhew

ny



pore behave mephaski mel ecekbegasThus ,phtahsees e p
syst ems, consisting of an adsorbed | ayer at
pore vMadcurnreponési bute minimally to the total
adsorptiviehepagpmaryy function i s atso tfleecud i dat
di ffusion pathways, enabling efficient acces
mi cropores, wher e mosThwoafy tthhee apdosroerspta roen dics
adsorbent sogadfafcectsttrluetuagleect i viidieyad®d d6 man ad
processes, separati omadser ptaisen mat edd fif @r lkeerc
equi l i br iTum sa fifsi rkintoywn as kinetic sel &@ctivit)
the ability or inability @é&f wmorecwleés Ko net
requires a very nar,wbwl @eotbeschemidéalt rnbtutr
materi al i s gener al Pryacotfi csaelc oanddsaar ryb & ntpso rct aanmn ck
based on how their pore size and distributdi
activated alumina, and activated carbon exhi

t hat areudmogdkllyy ithnfHd manufacturing process.

(@) S(;“c“ e | Active Carbon
B el
(b)Al203 (e) S5A Slieve
%
>
o
(c) MSC.| (f) 5A Sieve
-
L1 4 piu 41 Jlljjl LA LAl llllllll A1 1)
1 10 100 10 100 10° 104
Pore Diameter (A)
FigurPoRebsize distribution for (a) silica gel; (b)
activated carbon; (e) Da\ifDgaovni s50An nboA encoul | eadr iRIwsdi e weein et vyep
1984)
These materials typically have a range of mi

the breadth of the distri blunt icoonn tbreaisntg, tzuenoalbil:
have micropore sizes precisely defined by t
uni form and exhibit nNo signif-i eaalt wWnist o1 Mmiut
result of t he roarndeemoerdk, ocfr yzsetoalliltiense, fmaki ng t
si-gel ective sepaexattibats meldy pomckisneti c sel e

no



Repeated pressurization and depressurizati on

can | ead to particle attrition, gradually d
Therefore, physical strengtolf iasn adsmwoirthiemal
materi al exhibits favourable kinetic and eqg!l
practical use if it |l acks the mechanical ro
i ndustri al operatl odur Abi buth, mmethhpri consi
performance in the overal |l Teavhalleu a2t.i20 no foffe rasn e
of the today most practical and used commerc

Tabl ePrZ2a.c2 i c atl matsert ihaelhsy @&Rdtthuwreers, 1994)

Adsorp .
Mat e Contr«HydrOph Physical Exampl e
Zeol Equili bDepeonmndsi Crystall CO Cc aAg tr
driver type of microporou separat
Actiy Equilib N o maHtI gbhril(ayAdp ng:(;\?cral
carb drivel © «ry
of pore removal
. . Amor phowus
Si | igd EqU|.I-|b Yes high suyf Gas dry
dri vel . dehydr a
mi cropor ou
CMS K|n§t|< No A formmcartfmp Ni troge
dri vel activat.ed product
Actiy Equildib Yes Highly pc Dehydr at |
al umi drivel granul.ar removal
2. 2ARsorption equilibrium
Since the adsorption mechani sdci stcnocs pbhases
identified: the adsorbed phase, which for ms
frgeas phase, consisting of unb oluhned andadsloer cpu li e
desorption process can be degcrg dbwd)y nead oy
thermodynamic | aws, where equilibrium is rea
of des(ogp.tiZdmn3o)m a dynamic perspective, t his
exchange of mol ecul es between the adsorbed
principles of chemical ki seamaB00A) a homogen
DO 6P DD ( 2.
At equi | i bir i ui (2.
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ea@nalcBepresent free acti vekedm dtellse aandds oorcpctui|
d desorption kinetic <opunmartrantrsaakat tthlee teq
ncenThatebhiciency of the adsorption proce
sorbate retained per unit mass of adsorben
vol ume per TDhanm olf ataidemog tbhiemg) b etnwe @ m et haids o
ncentration QG n atthe fgliwiecdh phearspeer(@t ur e def i
ich descridesquhkei Bystummst ate under const a

n Q6 if T = constar (2.
gas mi xtures, the 1 deal gas assumption i
mponent to be directly related to its par

sorpti oAdeaguipd o tblaa satnme f orldloanmiinogns hi p:

n Qnif T = constar (2.
physisorption, the interaction between t
rough weak dphymbcaly foaoéddaerheMaalt Barf or loec¢
rmation of chemutal bbedsadsAsbate mol ecul e
d remain chemically unchanged. There i s noc
us no alteration in the electronic configu
bat(Rut hvenAs 1®&84ksul t, on a wuniform surf
ncentrations, where adsorbed molecules ar
uilibrium relationship between theThisid p
haviour is described by Henryds Law

n vdédorn ULvVA (2.

e constant of proportionality of the equat

ferred to the Henryds constandoYYFrom t he i

the concengyastpbasefi hbeefises, more sites
becomes harder for newhmo leectuhleeys ctaon fbien
nsequently, the shape of the isotherm devi
ofile, reflecting the nonlinear relationsh
ncentBrraatuinobenrs .has c¢cl assified different type
ape as il |l uBnawallerd, eInd 40i)g. 2. 7
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Moles Adsorbed

o

1/0 1/0 1/0 1/0 10
P/Ps

Figur € as.s7i:f i cat iacrc oafdiing¢ 8 ba Bmsaru netr al . |, 1940)

Type | adsorption isotherm is characterize
e complete filling of mi cropores, and i s
stributions and high surfacle amdall Isuictho tals
served in adsorbents with a wide range of
nol ayer formation to multilayer adsorption
rger pores. A Typermdt itewa doséorrnb esdu glgeeysetrss ,t
thin mesoporous structures or along surfac
ameter. Type V isother ms Taadrseo rabsastoec iianteedr aw
come more prominentr avwharmni roted rwmeeine cauwlsarr baat
mi nant rol e i n Itnhet haed saonrapltyi soins porfo caedsssar pt i
ef ul to classify adsorption equilibria as

epshaf the di mensi onfRaawsablegui $otbheum icsar vh
e di mensi onl cesrrc ardtsyoadboents)ipshtaesret | y exceedi n¢
a(sxe atkawever, for desorption, where the di:
terpretatfiawo wriashidditslperrmever sed.avAnfraarebée he
sorptiamfhlheomumadbdesor pt i olnn, tahnids vtihcees ivse rwsoal
nsidered only adsorption isotherm of type

e simplest theoretical mod el to represent

Langmuir. The model is adopted for monol ayer

Th
fo

Ad

re reported:

.Mol ecul es are adsorbeefanea fioxadi zembeain t
.Each site can hold one adsorbate mol ecul e
Al'l sites are energetically equivalent.

.There is no interaction between mol ecul es

A WODN P

e assumptions of the Langmuir adsorption n
r adsorption equilibrium that captures mon

sorption and desoirpti emmgadcemagarrt bal writte

Rv)
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(2.

i 0— (2.

WherenMi s etxhteent of adsoyfytlkred maoaxiemameadadyodthbi i
f or t hlea kli anyge rb.aacnkd enog.a n2g.adi,t

- 2 O (2
0 — — ah n
WhewmeQFfQis the adsorption equilibrium const
equation:is given by
_h_en (2p
n p wn
The Langmuir isotherm equation exhibits the

Henryds Lawna@adntlroaw i ons and reaches a satur
(Langmuir The9 bdiynanehteerequati on represents an
is directly related to themHermBinde aadmotrdnt

exothermic praoacelWskdebeeasé¢sewiofh increasing
|l ess sharply curved i sotAHearhmaught rel avavedy !
conform exactly to the assusnypsttieonmss eoxfh itbhiet Laay
conformity, particularly in the moderate con
model is that it redweoesendoridemmonds imaw,i ®nts
consica emegessarynyrphygsiioal Ifyorreaal i stic ads
reasons, the Langmuir model i's widely accep:

seiuant i tative analyses of PSA systems.

The Langmuir model can be extended to binar;
competitive behaviour of di fferent Sspeci es
surface

n wn
N p ®n wf E ( 21)
i Sl
n p wf on E ( 22)



At a given temperature andcopmRpdaenant pacscrub e
mul ti component system wcoinp dreenltowseys ttehna nu ni dn

conditions, due to competitive adsorption fo
)il 95
E5F g
E g4r
>4t T=308K = T=315K
o 2l —CO,
33 —CoO, ‘%3 2
© —_H Q —H2
o 2 82
c 2 c
2 S
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FigurkeagBuir i sabhtheHAHmzebl COe 13X at three different
K.

The extended Langmuir model is widely used i

mat hemati cal simplicity, but al so because mz:

| oading condinfi omwy, (wheiealtlhy assumptions

reasonabt hevathhbadte Icsompensate fhaangmaiirndaver

devel oped in the years, as for example the F

2. 2Di3f fusion in porous medi a

The rate of phgesneradl laydspawdarimend itsy di ffusi o
the intrinsic rate of surface equilibration,
t he weakspaercd fnacn natur e ofl pgdireo u satdessalricatii coms ai
desorption rates are gener akhegt wlomhkirso |l d oendv ebny
to consider intraparticle tr akismpetritc adataa diid
a difdesdiwedyin accordance with the Fickbés L

D x ] @

0] OooT—‘

o (23

Pore diffusiowemaly drcther iyt smec ha.nins nisi ndee p
mi cropores, the diffusing molecule remains ¢
force field, and its movemémeaocoagr s hehmotueghb
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ove
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res
I ar
o f
bet
t he
as
t ha
Fou

rcome an energy barrier to move from one
ven by ther mal energy, resembbwsveuyfatert
trictions also play a significant rol e.
gely determined by the size of the diffus

the pore. I n suchcacmeas i peyYysieaaliryoynmeneéeal |
ween mol ecules hdsanlethosetbengpoder wdl " g
pore. Consequently, it is more appropria

bel ongi ng t oDitfhfeu saidosno ribne dl aprhgaesre .p csruecsh ( me
t the diffusing molecukbteesedptes Asomathe
r - types of mectchamispmsncwatropoatest o

Mol edulfdrWwhieemnt he pore diameter is | arge
t he gas mol ecul es, bul k or mo | tercaunl sapro r d i
mechani sm wi fThien pohwi tpyo fiérs sgitho o rctaiseenails t
mol ecul ar di f fruestirviietvye dwhir-®hs kapggeg a Thap man

it varies with the following relationshing
.,Yﬁ
,Oe'?‘ S (2'
UZWY

Mol ecul ar diffusivity has an exponenti al

equal to 1.7, while it is inversely propo
weight of the mixture. The depenedéemnoe @sho
binary gas miextdurfef ushe®me process i s simp
bet ween | ust two types of mol ecul es, an
consistent regardless of whether one com
Thmeol ecul ar diffusivity is then essenti al

not true for multicomponent mixture even
(Yang, 1987)

Knudsen midloemwul ar di ffusion the resistanit
bet ween di f f.usHamvwge vireorl ,e @dundessamta |l Il o w opreess s ur
freeofpatihe gasgater thandthel poseodisamét €h

the pore walls ddhawmr £ ormd rimso foenesyg besst fwlegerno v i
main diffusiohnealonditsi sahaalniceed KHnddshers ftlha
foll owing relationship:
y
08 i — (2.
0
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Where r is the pore radius. Al s o, it cal
mol ecul ar diffusion are significant. I n t
wal I collisions contribute to the diffus
depends on both type of diffusivity:

p P P
O 0 © (2.

T Poiuseél d fflaowressure gradient exists acro
a direct contribution to the adsorption

Howevenmo,sti pmacked bed systems, this effec
across a single particle is typically ver
operating pressure and | arge pore sizes,
Thihsenpomenon is known as Poiseuille f1l ow,
the overall di ffusional flux through the
T Surface diffusion: As adsorption progres:
forms on the macropore surface, potenti al
walls. Although these adsorbed molhegul es
can still mi grate by hopping from one a
thermally activated and occurs along the
hid@meaning many adsor ptihen coincesit amei ogcC
mol edwlcessases, and surface diffusion can
transport. I n such cases, the -hbgctkgebbke
and even though the individual mol ecul es
adseod bphase can be substantial, especi all
phase diffusion is |imited.

2. PSA cycl es: basic principles

The dynamic nature of a PSA process, driven
saturation is reached, entails that a PSA ¢
column undergoes varying oper atdd ntsh ea ntdwa oghdll
macstoeps of adtseocptci en anadd sroergbeérnatrsa tsiecn | mfn tp

more detailed examination of the possible op
how they have &wnygl WweSdAe ccotyacn b e meegar tdtbhdsas a
el ementary steps, t he most common ofPSwWwhi ch
processes differ in the order of the steps a

Pz



Tabl3eSwmmary of the el ement(a&Rruyt hsvteeps 1WOBetd

El ement a

Mode of ope Principal f

Pressuri z

1.Pressurizat Enri chment of 1

from f.eed e adsorbed speci ¢
at the product

.Pressurizat Sharpens theér ol

raffinate f whiimprovesrtiheg
end recovrera fytf do.i a

Hi gphr e s s u
adsorptic

.Raf fwnahdata Raffinate prod:i

costcammn pr.chigh pressure

.The <corleusesnirVery hight heco"

a |l owed twhidl essl ecti ve ads

the af f idiraatwen s peciyé s hmaeved.

frame produbut t hei ealoidwuert
pressur e

Bl owdown

.Count erbd onmmmdUs ed whreanf foind at

t al opor essur eregur ed p@tt iyhi gdr
contatnmot he pr o

with strongly

.Cocumd emwtdtoowUs ed when ek&l:s

amnt er meccisar equi r epdr iitmyah & (
i necarse teaf écowae

Desorptic
pressure

.Count ercaissarel mpr ov etep u rafttf it |

wi phoduc.t pexpehdseecriraseco
pur gseu badalpte mpir @ s
reduaddprnad eGis i
incr easecsosetnser g

.Count etrdeewsror Recovery enhant

wit hexuter nal Mai nt ai ni ngp uhniteg
possoinbilpeer t ai n
separation

.Vacuum evac High puréekyrati

raffgmadwct s; a
overoduct pur gt
adsorbddemplya v,
he | d.

Pressur e
equalizat

Hi gahn d -pl roewsbsesd re

either cthmoegh
procwundtf§@edr an

product kngbes
bed a@aomrenected
r e stipween ¢ § hl eo-w

Comser ves aamrder
separat.ive

pressure b

PT

n
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Some of the m®mbepswvamgherdtrcanal ong with their
summar i ze2d i(MRuTabuletn,i sl 9i8mMporitaa PPtS At oc yncd tee at hra
of two adsoarbenibedildiemrensi s the one to make t
be carried out i n diWhfielree natn emocnoelnutmno fu ntdheer gco
phase, the other can be simultaneously rege
exchange between adsortputi otnhiamddao emgetn eirrad li wah
columns are enough to guar asntteeaed ycsosnwa tnéu. olues lo
explained continuous operatiobns heiblmid!| b g& € mi.

2. 3Thle Skarstrom cycl e

Early PSA processes were developed using equ
to obtain highlylpufiée5siv7vaftSkaaserpmotiuted. a p
Patent Of fice for a method and apparatus de

atmospheric air, thereby increasing the oxy
met hod garead widdespon in the following yee
efficiency, | aying tPBa efcohunnddhaotgiyoamnp pfroora cthh e smaot
advantageous when the feed is supplied at hi
mechani cal energy typically required for col
at mospheric pr esgsutrhee nereed efbyr aywp @lieement ary
with gas Tdep &Srksairent.rom cycle wutilize two pac

ot her and adopts four basic steps:

1. Pressurization

2 .Hi gpr essure. adsorption
3.Bl owdown

4 . Counterpucruge ent

In the cycle, the two columns operate in an
process sTlhesvalnvaurtnhere presented are of t
simply allow or not the passage of thoe fl uic
the only val ve rdeyhrieshe nmad chtwaiitnhbs tah e eratai n pr
During the initial step, the | eft cotlhuinen un
phase, the feed valve remains open while the

column to rapidly reach the desired feed pr¢
the bl owdown phase by openisnug itzlag i v@nt nv dlhw
opposite to t heOnicnec otnhien gc oflevendn frleocanc.hes t he d
step begins with the wofpenhae,gl iefit ttihatdi pnrgo dtuhcet
process. During tlhy sagpdharstkeed tdhempnorsd ntr eiagi s e

PY



the column, allowing for the recovery of a h
of the feed.

RAFFINATE

I

VENT

!

FEED
Figuré@éheé. bPabebkawstrom system.

Simultaneofusdygt i @an sonfaltt he gaseous effluent i

connects the two columns. This purge stream
|l ow pressure followingTheepwprpepasesdi onfg tbhH e wawmw
the void spaces within the béwhane tbeepsode
be withdrawn ducyélbs t bemmlexttellyalffree of t h
compombkbaetdirection of the puhrg efldtesdisasl seov i odpepnat
i ncreasing the purge flow enhances product |
expense of reducddkprotduneamBeryed@mdd ea y cert ai n
i ncrement al gain in product quality becomes
product Ajuentia ycertain period, the | eft co
i ndicating that the aftheomwberit shaonlgd oo mal svatk
to appear i n iomrg eiarsitnlge croanfcfeintatag iproduct ,

regeneration phlasedoand hetoewoit hmatep can t hen
of operation of the previous two with the be

Quaraental ., 2021, shows the four steps two
during each of the phase of the process. Fur
during the time is represented.
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Pressure

Step | Il Il [\

Bed 1 Pressurization Adsorption Blowdown Purge

Bed 2 Blowdown Purge Pressurization Adsorption

Fi gur eSk2a.rlsGt:;r om cycl e steps and( Quearsasrutrae . eti salo.r,y 2d

Skarstrom suggested that, to achieve high pu
i mportant that the volume of pdeger gtAiso ru s e td
measured at thedl dswgreptuemget paestslue evol ume 01

adsommeiacmur ed at the higher feed pressure. °
removed from every part of the bed in each c
I n a Skarstrom cycl e, the effluent released
regarded as waste gas. This stream is enrict

contaimeghdigobl e fraction ofontelmd sl.esTshi st rl ors
i mpacts product recovery and must be account

PSA process, as it rephesealatbveraoaentosbubdf
and purge streanrsaftfoi ntahtee tdoetpaeln dlso sosn afhe sy s
Since the product is withdrawn at high press
the portion of the product stream | ost throu
whenptbasesure ratio is | arge. Conversely, bl c

pressure and become the dominant source of [
performance of more complex PSA cychesei s |
bl owdown | osses.

2. 3Przessure equalization
Since the | oss of raffinate during the bl owd
bet ween the high and | ow operating | evel s,

M



reducing the column pressure Ipmritohri st osemsie it

i nnovation iwhidcuhe ptroo pBbereldi nt he i ntrobduthieon
Skarstrom cycl e: tAfet eprr etshseu rfei resqgtu abl el dz ahtai so nb. e
bed has c¢dmplheetsesdurteheadsor ption step, the tw
product ends to allow for pressure equalizat

in the second bed. During this stepege el feitr
region of tlme tsheacomnmdaybead.e pressure of the t
v a lbueet we @ n-gatnhde-pl roewslseuviFeel | .1 owi ng pressure equall
are disconnected: the fifreshbéeedsghisrt wai |l g
undergoes venting to comel epressbhee béeqwdbiwna

significant advantages. |t conser vepsr eesnseurrgey
bed to partial-pyepsessubede the | ow
RAFFINATE
X T X<
>

FEED
Fi gur eSchelma:ti ¢ diagram of the Skarstrom cycle i

Additional l vy, since this gas is pAstaalbkgubt

the purge step dopesodunect , wastde t \ha&l wadebrea | | S
separatdive Ilworrkel yComasiemguamhégdown | osses ar
approximately half, |l eading to .&rmar kded ipi@
point of view a pipeline which connect the t

for one that regulates the pressure and was
second where switchingf vtaH Briegga g ee gai.l 1az ep rt ehee Iy
of kmr$Strom cycle included of pressure equal.@
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E

RAFFINATE
RAFFINATE

| I

P . Pressure Pressure
Pressurization Adsorption L. Blowdown Purge L
equalization = equalization

Fi gur eSe2q.uleznice of operations in the modified Skar st

Prior to Berlinds modification of the Skars
bl owdown | osses was proposed in a patent ass
i nvolves the use of an empty dt dreage tank in
RAFFINATE
Suny
< l X}
— )
N N N/
VENT
< T <
P I )

FEED

Figur eSc2h.elnBa;iti ¢ diagram of a PSA cycle showing t

At the endgrefssunhe Rhialg@lripthenhorsd elppeakt heewdgl
flow is halted, andptéespredoed iesdcohnnéedbtee d
portion of the compressed gaso thehtankrfdfi
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storagkesequentipyr,esshhee hbgth wunder goes bl owdc

at mospher e-filnow hdei rreecvteirosne.. The stored gas i s
of the bed, followed by a final puagsouosahgd
with this method are generally | ower than th

2. 3MWBl t-bptdesyst ems

Further i mprovements in PSA efficiency are t
combined with a sequence of pressure equali z
bed systems, bl owdown gas frgen amet ke ,u mas p &
pressure | evels where additional equalizatic

enhanced recovery by reducing the amount of
A represent atlilwesnterkadrgepdigel r (eB 120 L4681 V e ,

Hy luct

a H H H H Product Valves
a a a a Repressuring Valves
a a a Purge Valves

’.H P‘H a a Feed Valves
‘{ H ‘{ H Dump Valves

Feed Gas Waste Gas

e

Fi gureSchelmlait i ¢ di aghban F#FSAEFcHPadermel t 2017)

| nihs type ofdimomoflivg inrgeotitcdorinadedomeser bed operat es
adsorption phase, while the others are in va
purging. The system functions across two i ni
feed pressur e sawnrde t(hwes ealhiaw sabhwmasempbdenif c) he a
the column at high pressur es eicso nctiounnmne cttheadt ahta

compl et ed pur gatnngo sapnhde riisc aptr ensesaurr e . Pressure
a afcrt i on of t he trheembfeidrisnty gabséqoentl| y used
reverse fhewleidntedehdesired | ow pressure, it
and vented to atmosphere through its inlet.
fourth column and subsequently repressurized
the skBedndwhich has just compl eted its ads

>0



performed using a portion of the produhcet gas

fibedhe complete cycle cofmfgiRkg3r ati on i s summ
Vessel
number
1 Adsorption PeD1 | CoD | PeD2 | CcD | Purge | PeP2 | PePl Rep
2
2 CcD | Purge el | el BEE Adsorption PeD1 | CoD | PeD2
3 PeD1 | CoD | PeD2 | CcD | Purge PeP2 | PePl Rep Adsorption
4 PeP1 Rep Adsorption PeD1 | CoD | PeD2 | CcD | Purge | PeP2
PeD—Pressure equalization, depressurizing CcD— Countercurrent depressurization
CoD—Cocurrent depressurization Rep—Repressurization

FigureFozbrdd : PSA steps in the cycle

Pressurization with product gas fheeeldp se nddi sopfl &
col umn, thereby I mprAdwii it g ro kbteitdy catr tr prenrgietme n t

continuous product withdrawal and el i minates
A plant that employs three beds arlirnewtotuigh t
bed systems significantly enhance energy eff
the <cost of i ncreased prsaad s hyamplgexi tpyur il
systems, configuoatwelhgei adodbvbeagt ulpeds ar e

perfor mance.

2. 3Va4cuum swing cycl e

I n certain systems, the interactions between
can be highly favourabl e.mAlseaulres ul ¢ maian sa
adsorbent surface even after the pressure 1is
relying solely on a purge stream is not f ea
vol ume of gas t detdhorThhughlcyhadlleanrget tean be ad
the pressure at which the bed iIis regenerated
a valve that vents the column to the at mosp
at mospthlveerlisc IHo wever, atplphd y i h @ wer i vwagc utuhme pr
at mosPpalksocreduces the partial pressure of t

i nteractions between the gas and the adsor be
thset rongly adBlhe beidmplpesti emay t o cAncepipualoinz
(VS@ycl e is as a modi fi ed -pSrkeasrssurreo nt ccwrctl eer d wnr
purge step is replaced by vacuwmudéeésempt iodn

>n



column remains closed, and a vacuum is appli
216 When operated at the same high pressure

typically results in | ower | osses of t he |
compared-basegpurggenerati on. This | eadgsernyy, a
al t howatugthhe cost of additional mechanical ene
Vacuum Repressurization Feed Blowdown
Col. 1
- - Raffinate T
Raffinate _

Col. 2

Feed Blowdown Vacuum Repressurization

Figur eva.ulubm swing cy.cle simplified steps

Significant energy savings are possible if t
at mospheric and a very | omwr edsesswrrept (i loinn epare)s s
adsorption isotheadijatiheri st htahne tphree séstulvraet ut e
governs achievablTeatphugddugseahe pddaaderdge.treatmi
how well the adsorbent .Coassesqaeadt hrg] easeacth
is particularly advantagereas avpoeph&kec ptr oda
is acceptable. However, the operating cost b
expenditures due to Ohe tartgbe egearcpipa.eis Saul g
The concept of vacuum regeneration was ori gi
Domine in a patent (a@®si gnead @eiMo nBAagmi nlei,q ul AU6e4
However, the pressure swing acsyeicasspohhetys dfers @ m
mpl i A iceyddhlvebn | 2. FéDpeupreendi ng on the nature
parated, the Air Liqguide process may vary

S

se
specific cycle steps, andbeodt hweear soipoenr adfi nighic
depicted2.i.ln7l mi d lhbeext slchemd,j rst pressurized t
via compressed feedhegaisnlient.r oQnuceesbdp ptiEehsreonurgshtz e
starts retaining the hAbsér adsad bl & ot d o rse
the firishnl etoliusnng!l os-edrramdl| v he gg@a(s@mdg remrtou
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pressurwizeaahiohg effluent coll ectedbedslraff
aches a predetermined intermediate value,
cated at the centre of the bed hed ®p dreagd nts
pressurization: it grierslsautr eerfck eids sa pemerd wtha
mains closed. A primary drawback of the Ai
saubmospherichpmaysdriani twhites applicability
l'iveryTheessmpreved raV®i matcdseuletcovergmi nw
ctors: vacuumcurgemtraeproeasamdi zati on. The
e rafiwoohtdeothaetwi se be | ost, as it expel s
ss transfer zone while retaining the more
wever, this advaotagenmagepdiremssushzafi oo I
rge regeneration, which can introduce the
pending on the feed composition and compol
y offset the recovery benefit.

| RAFFINATE

T
i3

T FEED

EXTRACT

i gur eSczhelnva:it i ¢ di ebgerdamiocf Lti qeB tddotI iAsonestoamt he | eft

one on the right.

vertheluesentcdepressurization remains val
rongly adsorbegprpscduect adBpepredgolmt gld hee ¢ iea

d approaches equilibrium widtshu cthh ea sh enkeaesrsg at sr
sistance, axi al di 8pbesimass amanshermalbner
gion ahead of it avail-abteehordeprebeuradas
e |lighter componentxpeltbd, vand stpace®snce
sorbed species increases in both the solid

covers this component at hi gehx tpgednrtiatdypsoapd i «
d 0 n stehgeu eardpsthogrsbee dc oncentrati ons ofturmendom

(@]
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depressurization may not sufficiently purif\

systems is to purge the void spaces with the
effluent from t Rhliisk estceopmp ohsa meihognc aannfde fepdreens shue
Ulti mately, the purity of the strowaglryeadso

depressurization or purging with the target
primarily when deal i ncg ewsi tehx hsitbrian gnlgy aa dTsyopreb e
separations involving componenguesalwity matdeir a
extract products can often be obtained by ¢
at mospheric.

2. HDynami cs anadbPYLealad mm n

PSA processescoadectegpi aslnyg packed adsor pt
fundament al understanding of the dynamic be
prerequisite for accur altne ap rpoacceksesd nboedde |Icionlgu na
particles aredexpmonderdt touraf aaciemeconcentrati on

rates of sorption and desorption are influe
temporal varigeaefshaseotonhbhentoatal on
n Q6 N6 Qo ( 27)

The dynamic behavior of an adsorption col umn
kinetics, equilibrium relationships, and flu

2. 4P rle s d uoiprs p acekdesd

Before discussing the inherent bdymda&miyacs bef ia
physical structure. A packed bed typically <c
partdhcdreassct eri zed by a specific size distrib

adsorbent interacts with the fluid phase, fI
Key vari abfllewsi ds uxwehl oacsi t vy, particle size, be
significantl yuirref lduempceactrios sprtéde bed, which

effidivednoywi tytoobet aehsfll tehde) energy requir eme
Pr esdsrusipa | ow tpharckueghthalwed & e en biyn wesvteirggdt eedut hor
carry out correlCuntel oonf ttoh ee smoisnmatwe diehleym.used
pressure drop i n pack(eadg &, e2dnsliiicsh tahcec oEurngtusn feoqr

and inertial contributions to flow resistanc
wbd pu'mp f 5 pPK O p i ( 28)
0 - %0Q - %0
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ewd@lareptbsesuferdouops antdarenghke viscosity
e gasi phae bedQ pbeopiaryiafhdt e adnékedbent .
rtgysidefti medpasti on of the bed volume not oc

L (29
%)

the void fraction increases, mroeg ceu cstpiaacre i
essure drop. Conversely, a |l ower void frac
d significantly .Packeds & dp rveosi sdin r feialfcét € soens
eredveedeneéregenefficiency aRdgadsehoengptairotni cpl
amet eafl fstoeéxst ent of t hSemaplrleesrs upraer tdircolpess. cr e :
annels and a Iliartgeara ad usrofnardeas uarte a nf oar hi ghe
increased flow resistance. I n contrast, |

ower pressure drop, but may reduce adsor
erefore, choosing the appropofifatlkee tpwaeretni cin
ansfer ef ficiencyEsatnidmad n enrgg yt hceo npsruenspst ui roen .
omref essential for achieving an appropriat e
considering the fluid properties, partic
| owabl e pressure drop along t hey ccodn mmne

determined using the Ergun equation. Based ¢

coming fluid, the minimum requiredTlThdisamet

apprwiakch be used in chapter 4 to size the PS

2. 4TNR2adsorfptomomn

In the context of a PSA process, the téromt refers to the adsorption front, which denotes the
region within the adsorbent bed where the adsorption of the target gas is actively occurring. As
the gas mixture flows through the bed, this front advances along the column, separating the
saturated regiah where adsorption has already taken pdat®m the unsaturated region,
where adsorption is ongoing or yet to bedihis dynamic behavior is effectively illustrated
through breakthrough curves, which track the concentration of the target component in the
effluent. These curves can be represented on two different basesasee and spadmsed

(fig. 2.18).In time-based breakthrough curvéfgy. 2.18 a) the effluent concentratioof the

most adsorbable componefX), is representedchs a function of time at a fixed position
(typically the column outlet)The limits of the ordinate axis are written in figure 2.18 as Y

which represerthe minimum concentration tfie highly adsorledcomponent in the gas phase

after the adsorption andr which is the concentration @dhe same component in the feed.
These curves are particularly useful for determining operational parameters such as the
breakthrough pointyhich marks the time when the impurity first appears in the outlet stream

>Y



in significant concentratioand consequently the moméatpply the swingn contrast, space
based breakthrough curvitg). 2.18 b) plot the concentration along the bed length at a specific
time. This spatial representation reveals the location and movement of the adsorption front
within the column at various moments during the cycle. It allows for a more detailed
visualization of how the front propagates through the bed and how far the mass tramsfer zo
extends.Breakthrough curves are crucial for optimizing the PSA cycle. If the column is
operated beyond the breakthrough point, impurities will begin to contaminate the product
stream. Monitoring these curves helps define the optimal switdinme for regeneration,

REEREAR e
| z
|

t,|

Yimr t__i k_.. Yiwuie F—_

“——py —> z “~—at — t

fa) (&)
ensuring efficient use of the adsorbent.

b=
s

Figur e a3pdBaesed breaktbampaghtcanvesont for an adsorp!
coeacuihgéantaneous profil es, as it Tp absesseesd tbhrreocaukgthh raonu
curvemposition front for an adsorpticomsewapabehown

positions within the adsorbent

Furthermore, the shape and slope of the breakthrough curve provide insights into adsorbent
performance. A steep, sharp front indicates high selectivity and effective mass transfer, whereas
a gradual curve may point to adsorbent aging, low diffusivity, amr geparation. Overall,
breakthrough curves reflect the dynamic behavior of the adsorption process, capturing both
temporal and spatial aspects of how the adsorbent interacts with the feed gas and approaches
saturation.

2. 4Ma3t hemati caPSMmobdamhmnof

The famanlaysi s of adsorption column dynamics
equation derived from a transient mass bal e
Considering an el ement of the bed through wi
fl owing, the flow pattern of an adsorbabl e s
plug fl O0%cmomidet ,T h2eiOsbo)d ek ed on t he :foll owing

T On-di mensi ovmali aftlioowmn:s ar e c onsdiideerceick ioamn I{yz a
radi al gradients are neglected.
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T Axi al dismpelrddssh: transfer al anmog et ee da xaina |
axi al di s perOstimna cocewkinfdi ecdi l@m@aftlheew n  (8h ggn o me n
di ffusi on;miexddiges., back

T No radial di spRadi @aln o©oon e mtdn &tniten and t €
assumed negligible.
T ldealbedasvxiTher gas mi xtur e behaves i deal

t her mo dnyondaemilci ng

T Constant or kno@Wht emespueses preofiid eassumed
the column or be calculated from a moment

T No accumul ation i n t herlhseolsiod ipdh gshea skee yi osn d
therebdbs no axi al movement of the adsor ben

1T Gas properties (e.g., viscosity, di ffusi\
size) are often assumed constant

Theons emateagbtailaaance hol d that for m:

S S L N L | (2.
0 Ta T a - 0

—a

Thleefasd de represents the r afen otfh ea cgcausmuplhaatsie
the adsotpisonesmmeps expechhadbeembehaegasi v
adsorbedhehlagleance contains the adsorption 1
which may be written as:

Tié“Qr']Fﬁ) (21
This term represents Motw ptihcea lalnyo uenxdpsidehs isaeodm pi o
the adsorbed phase vary over the ti me. It 1 s
the equilibrium isother@i vaennd tnhaes sc otmpal nesxfietry
kinetics, numerous models have been develope
with increasing accuracy. I'n the simpl est a
transfer resi stamegligi asseuma&Jchdeo bhis assu
considered to exist instantaneously at al/l 0
the adsorption rate iIs thus -mhauenedo rlaheerdterpatn
shapetbhe i sotherms influences the velocity a
the cAl timaugh it serves as a valuable tool f
potenti al and for guiding the initial design
to overesti mate real system perlfnormoasntc ea ddsuoer f
systems, the kinetics are pr edommondaentlhiiynsgc on:
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di ffusion process requires the formulation o
associated boundary conditofontshe whysthemncTe a
analysis while still beaptyudiukaounstireon el sesde nktii nael
often approxi mankbetdedsiLngeaheDsiovi f(RuEdvea, (
1984)The LDF model provides a satisfactory r
wi de range of boundar pr @aotnidc ali obhsa)] amdé ebien
comput affodléhlencnyass transf er |lirradreirsy idhroer cree prraet
expressions

™o (2.

To 2N Mo
Wi toh DF mass transfer coefficient, which refl
to the soGviadl.ueA ilnadrigceat es f ast mass transfer
response, Wahregfelassctas ssmadw mass transfer, sig

transfer and dahdsel apéderespobasas the effecti
iin an adsorbent particle and can be esti mat
rates term thensgohtiahns epresenhe themeghie! |
i sotherm at t he dnmnopowahli ccha s sa aadheee mtcd &ut@dm ntphoen e n
adsorbedIfphaescri bed by the Watnagkmus rt hmeo dfed | It
form:

Lo o
n r]th (bh

(2.

Thteenp( sataonatarpaprigasyegnt s thecampaicmom afl owab
for the Qompememtti on rate term thus serves a
represented by the adsorption isother ms, an
(LDAQdAh.mportant demaidleliisn rnades odregtiindan i on of
UWhen the adsorbed phase concentratlUredfsrar e
specifical-pgrtiocltdeorxim@ardstiani ble keeagpr eesdd
291 This definition is particularly appropri
associated resistance arises from mechani sm
di f fusi esni,deormassosl itdr ansfterc|reg Piesrtragrc@a 1l &l . t e t
this definition,andthetheotadl bedaparcnstkegrdbase
porokity

" - ( 24)

The bed voidage aff &cot® # lmshoi ttbhves choonw etchte vfel ot
moves the compondmt Qlasowgegeh otthhei yshretdegersr it rog t
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superficial velocity, wh-s$ ettt iassrsaulmear dahaof th

available for fluid fIl ow, thereby neglectin
velocity can be related to tghetaect vaol dvelpacie
the particles, known as the interst:itial vel
0 U- ( 25

The interstitial velocitybaenoawifawrbhar &t al g we
column, as it accounts for flow through the

The effects of all mechadssoms zonmoli dadli arg di
di ffusi on, and ofalreew tmeli cciad tlryi bluu mpend I nt o &
di spersionO.co&hf s ciagmtr,oach captdernestitde e@fs
di mensi onal flow without requiring more comp
di spersi on, which are generall YO tubhfldéicessary

represents the spreading of concentration fr
While it can enhances mddenmatktghmnygd vt er vbeat a

domi nant | imiting factor. I n such caGes., th
2.20pi mplifying the mass balance without sig
o 10d -, 10 (2
0 T Q - 0
This assumption i s -smaarltei ciunldaursityr ivad |l iudniitrms ,| aw
column di mensions minimize axi al mi Xi ng. | n
inclusion of axial dispersioenpduei tbeenhaste

di srupts uniform déadaw EnEakdelildewurt oemonl984)

_|
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Chapter 3

Membr ane gas sepa

A membran®eirsneabdemiphysical barrierspgdeaaitf iem a
chemical species, typically driven by gradie
Owing to this selective permeability, me mb r
puri fication processes acr achemnauaaleyr oypseti od
phar maceutical, food, and environment al en
membr anes ofeffdri carendaneamgly compact alternati ve

3. GLGeneral features of membrane s
Theasionmfi gua amé mimr affe separ ats eoma ragtdiudreaused
i's shown in AFifgewrde gaa.sl mi xture 1is introducec
transport occurs across the membrane. The n
per meate through, driven by a partial press.u
mor e meabl e component, exits on one side of

pressure or with a sweep gass pldiremea absli @ uga ssd-
t he oppasdtbsstdéLedereabnta2@07)

0 0 0 Retentate

FEEGO 0000"
OO/CSQ;OQ:

Permselective membrane

o
Y00 &0 <

* Permeate

FiggBrBasic schematic of dLmembr ahme,g29058gpar at

Membr anes used in separation maocee s a¢s compols
structur e, and transport mechani sm. Among
me mbr anesed ffaowo t heir | ow cost, ease of fabri
they often -efxthi bet waen rmaeremeabi |l ity and sel

TO



including those based on zeolites, silica, o
chemical resistance as well as improved sel
fragil e. An emerging category i, Wwhiadh odo mii
the processability of polymers with the enhe:
overcome the | imitati o®tsr wdt upruarlel yp, o | nyemebrri acn e
dense olrn pono dalsl.i ngaltihiddlouganapmembofne, t wo r
are commotnHe fuierpdtr aoee vi-di t hesisomn umeomani s m.
mol ecul es dissolve in the membrane materi al
mechani sm i s predominantandnwgas dbepsrerani om a
paragrhbhphdeadrt sacstwed ymodwe Knudsen diffusion or
are more suited to very Fsomal da smogpodmyam eertsi ool ni
membr anes are the montdeaannheiwse ritkahl ¢l dyiegag pwii leld .
pol ymeric me REBAHKd emalckal. Tvt t bh #Gact eri sti c of
materials will bhea pet xepnloabigraeadn db emit xeed imatcr i x r
under active development and are considered
hi gher selectivity, greater res-i et mnoeéeabiol iht
particul arl ycapmpt eveanttedlmmolCdgi es.

3. Zol udiDhusi on model

The most <critical property of membranes i s

di fferent species. Two primary model s are wus
i1l ustrat3d8d Tihne Fiigrdsrteo w sma chel ,poire whi ch per m
by pr-essuee convective flow through microsco

per meants are excluded from specific pores,

seond is Whé facsli oneonwmdpér mwaetrs di ssol ve in
and subsequently diffuse across it, dri ven b
is achieved due to differences in solubili
membr ane materi al

bl €

O

S g*\\

O

\

FigurBoBeRul ar transport tfhirow grho dnelmdbir tain)e s 5 oBlaukteor Polr e

et al., 2012)
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The key distincti-inf foregdpgvesafreenawt cimee cshaalnu tsinosn | i e
and permanence of the membrane's pores. I n |
sol udtiifofnusi on model , the pores are transient
formed by the t heerrmadhamomtsi.o nT hoefs ep cployrnes app:
ti mescale comparable to the motion of the pe
i nherent ICo ndryemr amil o ., i n membranes -fwhoew emotdreal n,:
t he porreelsatarveel y | arge, per manent , and inter
remain stable over tdirmev,e na lcloonwiercg i ver f p roevs s
observifidngpwp dredhavi our i ncreases WiAsh a& hgee rsdrzeae
guideline, the transi-di ohudbiedwe eanfdlrg@wm)s mazare a
behaviour occurs at pidrOe jdi EDmeteerts mem stulr ee nrea
pore diameter is ofteferchbdllie@adgiregt | yt baste:
per meating molecules or throAbbhhwoudlr michrao @
membr anes remain a subject of active researc
on dense polymer membranes, wieféusepar ameic b

(Baker, 2012).

3. 2Aslsumptions of the model

The mat hemati cal description of di ffusion
thermodynamic principle: tempedatuvieag dcdomcens
el ectrical potenti al are interrelated. The o
i s expressed as a gradient in its chemical p

framework fospmodellhirmg gthTrhanesmb rtahnee sf liug of é
simply described by:

. (3.
Qw

Whe@elQdbs the chemical Opstantobpaeffgradnéenbfapd
l'inks the flux withhethedlcuhteineicanh mpmodeiht i al .
fundamental assumptions:

1. The fluids on either side of the membr ane
membr ane materi al at the interface.

2. The driving force for permeation is entir
the dissolved permeant within the membr al
concentration differences al one.

According to the secord fdausummt imordedf the <
gradient can be fully represented by a conc

TP



separation processes, this concentration di
absolute pressures on either side of the mem
the membrane remains constamdt,upeepBcaéd yt feic
condition, the concentration of a given comp
and consequently, i didhees ciotnx ema rrtaitdlo np mresasu
piapproaches the saturati opsat,alplous priemscrua aes ior
side pressure enhances the concentration gr a
me mbr Alnteer nati vely, the driving force can be
per meap.ef Isai dseuf fi ci ently deep -wviaccas uano r cse mtprpd t
the target component approaches zero, thereb
to the feed side and significantly boosting

Pisgp = = = = = = - oo
sat - pf-sa‘ o
Increasing
feed gas Increasing
pressure feed gas
Pio pressure Low-pressure
% Pi, i permeate gas
High pressure
’ fged Decreasing . _
permeate gas Decreasing
pressure permeate gas
pressure
--0
(o] Z 0 P
(a) Membrane pressure profiles (b) Membrane concentration profiles
FigB8r&hanges in (a) the pressure and peb)metaté omoncer

me mbr ane, accordi fid¢ ut o(oBnahkeeord @dllt@ da lo.n,

|l yas separation therefore, t he mprsd s sfuorl el so wo ni
relationship:

N n Nr Nr ( 2.

3. 2Fl2ux equation

Starting from equation 3.1 and considering t

beewritten in a form equal to the Fickbos | aw
: O A ( 3).
" %96
And integrating through the membrane thickne
o o 2k dhh ( 3)

TX



WheODeées the diffusi o hcgotweafnftiicfiieenst tohfe snpoebciileist
within thmatmedjmaaml@ae e the mol ar concentratio
the permeate sideé&i ft Hdhemenmaimida tea et ook eas s at
be defined by

O Do’ ( 3.

Wi tbhw,” ,®w, mol ecul ar weight, mol ar den®Qi By and
considering thethergad asxcwmpaicthwiid h the mer
(and in tihet paefrenei@ant egqui |l i brium with the gas
the chemical potential of the two phases can
t feemdmbr ane i nterphase can be represented i1

‘ K n . O N Nn ( 3).

~ o z Z &

Whnh T (A)hAQD Yy

(AR Nk
On thé amidegdhell rp i s the ratio of thenameratby
that ntdedfeeomnetboamwpktasned gtalse denomi nator refers t
gas menthreqyfig;. i s the ratio of the absbhete p
saturation vapor QTlessexpomndnnaomoamip cdneemithhe Po

corrégunioalsofw t ot al pressur e infl uences t he
| mpor tainn Ityh,i s context refers nd&tn ttohd hgasnodh
but to its partial mol ar volume in the membr

For most permanent gases, atnhdi st hceo rnmroel catri ofnr afc:
expressed through:

‘ I n . ( 8).
L S
Substituting concentration for nnuay, | e fo
as the pang,Egqluapicéasns ubree rewri tten as
@ f LS § Zf R €9

[ AR Nh

A sorptioncamefbfei diedmtned
o f)(b”‘rﬁ ( 8).

[ AR Nn
Theseorptionisodéfecmeiped ymegrt haentdpgasatit f oas t he
to which a gas dissolves into the mBElbs ane
coefficient I's the one(@dpniesg&edytktdbe t P Hi

concentrations at the membrane side can be t

TT



l

O f 0 zZARN  Gri 0 ZNp (9.

Vcoul d bEbgeassumedf ars modest R0 pwaers)sasr &t t h
pr esssturrcengti noher et ween components ofyddhe mi
|l aw i s Hopudtoiwerd.3. 3 can be then expressed in
t o:
5 oy AN (3P
o}
The piOodwant be wr st hghe,ascotelldd dhée mmtane per mea
measures tmemlbahetywaondéa aqilvemnmn p@mmeramet i atda

for pressure driving force, and membrane t hi
0 0V (31
For two c@am@mnentgsass mi xture, the ratio of th
the membraneds selectivity, which measures i
key performance indicator i n gas sseepaaraatiioonn
achieved by the membrane and, consequently,
0 O ( 32
| 0 [0)

The r@ifOi oepresents the diffusivity selectiuvi

two gas mol ecules and is primarily infl uenc:eée
VU denotes the sorption (or solubility) se
solubilities of the ¢8a8Hrli2n t he membrane ma

3.25@Br ption and diffusion coefficient

The sorptiohocoaf Qi veeangas tends to remain s

range of chemically diverse polymers. This b
mo st pol ymers resembles that in ideal i qui
exhibit similar sorption capacities for the
i nversely proportional t o t heiampr osxatmarba toino n
saturation vapor pressure is the gas boiling
correlate gas sorption behaviour with critic
I n contrast to gas sorption, gas diffusion c
materi al . Foromxamel i, ciderdtfsasi n natur al rubl

within one order of magni tude of those obse
unpl asticizeddagorliygiich,yl kihdlorgldaeess transition
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pol yomgears di f fusi on coefficients can be 5 to ¢

the molecular size of the gas permeant incr
Most polymers exhibit diffusvioorexh eleanwisquirr etph
the typical range observed in practical appl

I n pol ymer iacpemeanbirnagn evsd af ft hei osnol mé¢ ¢ maani s m, |

bet ween two gases is best achieved when the
condensabl epdrhmenattihneg noonrne. A typicabkfrexmmpl e
met haméh.asC@ slightly smaller ki netic diamet

s el e onmhiiwiht y s tdief fruasii oosroafrogifhieg cfireoxh 2 4 o 10.
i's significantly more condensalhlee,colmba dierdg eftf
yields overall selectivity bmatkwenggn i@ darhde 40
per meating species i rHomwoesvte rp oliynmesroince naemph ri acre
and diffusion selectivity may oppose each ¢
hydrogen; faokegZOprocess in hydrwigen ap rbood u d tnic

i56 AC, is much more condens2ab3 eAG)h,anwhiyadh o
sorptiontdoal ed teivolueregn tCOast , hydrogen ,Bas a s
the diffusifwivtowrselhgdtriowgietny transport. Depenc
properties, it is therefore possible to engi
driven by sorptodonmrsebkbacthiyvidtiyl,f adfefv Hb gt wed rte
per meabil it ybeatnwe esneltewa ipvirte gases can be foc
Robeson pl ot. Figure 3.4 represenxti deh.e Robes

100

|

CO3z-
selective
membranes

10
Upper bound (CO,/H;)

Pure-Gas
COz/H; 1
Selectivity

T . H2- selective
Upper bound (H, /CO;) | membranes
0.1

0.01
0.01 0.1 1 10 100 1000 10000

Pure-Gas CO, Permeability (Barrer)
FigurBRoBedon plot f eHmembhmanei ghbBasl€Par&tliom, 2014)

Many matehowy st laegleddbtt he maserpaflf maabheparti
i's of the médstmei ntheaesgdti maElrei als is called
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which no better Umpateer ibaolusn dasr earken oswhnoown f or b
which the separation oce(uBakenr f& vioouw, o020 lhdy)dr

3. Membr ane HY £&8se pfaorat i on

Sever al types of membr anes have been extens
year s. This section briefly summarizes the
di oxi de separation, with the ai mtaefchfnariolgii et
rel evant to this application. Mo st commonl
per meate hydrogepn wWhiwleereret aiimicreg t@@ p tf wrceu,s
particul ar attention 1is givenattee &£Md mbred rme M
hydr ogen.

3. 3Melmbr ane modul es

l ndustrial membrane plants often require hun
surface to achieve the desired separation at
bpackaged efficiently and economicall & into
modul e i s thenotwhki csmatl h e sme mhiitrhd@n @ adtrl @ & sits npee
modul e designs were based on conventional fi
membranes arranged in a structur e-ahfdrkeemea f i
moduMembr anes, feed spacers, and product spa
pl ates in the module asséembfyowTlaer besedt mex
membrane. A portion of the gas permeates thr
and is then directed to a.laeriturbaill ape rmmandtrea n
five to seven smaller tubes are nested with
vessel, allowing for a higher membrane surfa
are mani fol ded i ntesecroilelsectwidt hf rtohne epaecrhmetau b e
headere.edTHd ofws t hrough all connected tubes i
that hel ps mini mBath mmidbtaenee amodulkt ubgl ar modu
but since their cost can be expensive, they
separation membranewoamdbeifpdeké.dnwidrutl @ sspi r a
Thgiral wound modul es desisgh ahomembrané&i gov
spacers and membrane wound around a perforat
inside a tubular pressure vessel. Feed pass:
envel ope. A portiont o mdmbrfazred erveleape,s wn
the centre and exits through the collection

YM



Membrane

(a (b
Permeate Outer
spacer cover
Feed
spacer
<\ - - Perforated Feed
5 e 7
~~~~~ AN 7/ permeate ee
e — collection spacer
pipe
Residue
flow
Permeate
Permeate flow
collection tube s
__ Arrows indicate

permeate flow

envelope

Figur8pBwawlnd modul e. (a) Brmlto d@akveiieevw2 0 X d) Cr os

For many years,-wdtthred smaduwlag dused riam i ndustr
di amete&rmod a I|lenngtHo wet er , recent trends sh
di ameters, owiOt htc omwo dcuolmenso n | y  asdcoapltee dp liann tlsa rtgoe
membr ane area and i mprove process efficiency

Hol l ow fiber membrane modules are typidally
feed asddédofreed dessiigres.f elerd tclhoenfs hlgailrlat i on (
bundle or | oop of fibres is eschoppeédedneater
the shell side, and permeates through the fi
e fibres. - dhfiscdiese gnsuppoonss high membr anc
bust . Due tondhsubeteanttioalwihyhdrntastatic pr
ternal D5d@ma maner $ h{(iz2@dnwalult er( 0@ mat ere) f elen
nfiguration (Figure 3. 680DbJptrheasth ea rfee eodp &l oants

q
O 5 O T =T

Residue

( |
( a : ( b : Permeate
Lo m%;, : m
Feed ", ; / Residue
Hollow
fibers
e '7§ Hollow
@ || | @ fibers
Permeate
Fi gurHoBIifeé6wre module. (a) Shell si d(eBafkeeend d2e0sli2gn.
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To reduce pressure dropsdi amé@bescgpomeary f 8
for-tloowmemriausss ur e gas separations, with oper af

3. 3P2l ymepsel eCO i ve membranes

For polymeric memisrdres i votgxhibitsC@®ssenti
strongly of awhoiulres dCOF fusi vity selgectbsvimi nj mwh

I n all pol ymer s, the diffusion coefficient
per meant, as | arger medgment €£sof ntlee apgol wme h
ones. As a resul t, mobility selectivity 1inh
However, the extent of this selectivity str
operates aboVvesertbahewtjos Bepd onpvetTgmer e chai |
essentially fixed with | imited segmendal mot
tough and i gtihder mfabloveenelr gy al |l ows some r ot a

pol ymeubbery characteristics with drastical/l
Rubbery polymers are particularly suitabl e f
chains, which enhances gas diffusivity. The:
condensabl e, gasganickea@gOuifse, thedahmydobcahbs
must be t hmexmbsreda neec t madtgeabk 0 atehrawnh itchhe Toper at i ve
Common examples incl udeMSp olayndi rpestti Hyyallinse imleo xoaxni ¢
(PEBAX To furthesrelemhaviéie yCOmembranes can

functiodabk §gooaumnpgsin polymers such as dopol yett’
which interact ptolreen swpradhnagn o avBietsh €eC@B el HI i st s

of polymeric mepmdbemaréatoisoent yMooloegc€ud.ar si z e, S
chemical affinity al/l play critical rol es in
separ@Qpeoonmeabil ity and selectivity are highl
At hi ghpar tGQa | pressures, me mbr anes tend t
permeability of all gases, which can reduce
CQsolubility in the membr anxep,erwleiadh | ¢cary laaad
selectivity (Duthie et al., 2007).

_<
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Tab3ldQlOper meability and setftlkrrceughty mwandherefspfeadci lItio

membr.&Ahésdata is based oant stihneglcel tgeads tneenapseurraetnuernet sa
cCQ
Membr an|per mea CQ H Temper Press Referer
sel ec (AC) (atm
(Barr
Pol y ( sctoyr Or me et
but adi ene 15 1.9 30 2 (2003)
Pofey hyl en Lin and
semi crey st L7 9.9 35 14.¢€ (2004)
PEBAX533 20 6.1 25 4 Kim et )a
: . Bondar
Pol vyi(sca psr € 134 2.7 35 5 (2000)
) Fr an zSch
P E B AXG 28 15. 5 35 10 (2010)
PDMS 310 0 43 35 5 Orme et
(2003)
PDMS 1300 3.5 30 2. 04 Orme et
' ' (2003)
The performance of polymeric membranes in ga
gas conditions due plbasbimpiezati ore sofreci ®n A
| ohg@grm separation efficiency is a critical 1
time under operational conditions.
3.3Fa&cilitated transport membranes
Facilitated transport membr anes are an adva
i ncorporating a facilitator specieisngihdhe tumel
me mbr ane, dramatically enhancing sol ubi |l it
absorption, adds an extra sepadatfifasi pat pwa\
Typically, t hese -smmé mibd &n epso | ysne a lsvad reakle, pfool ryn
hydrogel s in the presence Wwhcihhu ntiadni fbiee de ifteheec
site o0dt rmaonbsiploerctrsosGO t he membr ane. Common f &
groups, pol ar pol yhmee spermamadr maommcdec dfi quudls . n
critically on the selettcviiyaaond i1iaeatersichilo
pressure difference across the membrane r ema
membranes opeemebbghi €O and excell eaptargdladct
pressures, v adabkfienrg/ GBdegrar at i on. Compared to r
often exhibit a tenbwkdgerncreass i mpseltaaotit
of these materials decreases marn ety eabk. t h
2010)0Once all carriers ar eproeculpriedno fluarnderr
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facil i

causing permeability and
pressure applications such as
3.2 shows various types of

Tab !l eCa3r.b2o: n

di oxiadmed pee meati Vi #tyh rwiutghh

selectivity
(Taklegr at
tated

GCC

rae srpaencgte toof

t-o drop

trans

H a

transport.Amémbdaamaes s based oant stihhegbdet gmpemabtsueemad:t
ca
Me mbr al] per mea CQ H Temper Press Refere
sel ect (AC) (atm
(Barr ¢
PVBTAF 6.0 8 7 23 0.5 Quiamd
composi Laci ak
[ ( ©4N] Qui nn
E A 404 445 10 50 0.3 1995
Chit os a E1Az z a mi
me mbr an 482 43 110 L Grul R6C
. My er s
[ hmi m] [ 900 7 100 1 (2008
PESPBI Bai an
compos 1262 50 100 2 (20009
Ot her challenges include:
1T Tempersadmnusieti vity, as higher temperatur es
transport.
T Mechani cal i nstability, where the liquid
gradient s.
T Chemical degradation of the facilitator d
H .S
These | imitations have so far prevented <co
membr anes in syngas appisicadti pes fodeamiciee pr
3. £r ocdeesssi gn
This section provides the foundational conc.
membr ane separation system. The key factors
i nclude membrane selectidadogh i@fhews e breateixa
in detail | ater. Beyond these parameters, tw
me mbr ane system:

1. Whet her-saagenglbaefi guratiostiagesugslyfsit@iments,

t o

achi

eve

t he

desi

Y

r ed

separation

perform



2.1 f a-smabei system iisncsoerlpeocrtaetd ,n gwhae trheecry cl e
overall efficiency or recovery.

3. 4Delsi gn factors

The three factors that determine the perfol
antehe membr ane sel ectindistityaa.&8 ehtee ttptrievsistuyr ed erfait|
effect has already been presented in paragra
ot her two parameters affect the separation p
t haeb s op ruet sestulree e eande per meate siffde of the m

d (33

n
A pow of “€aocmpoosnse ntthe membr anéeheapaotdnmltohpec a s
feed side oftpntihse gmeerebtpearn ¢tihaaln "@mrhees hrer @ ead fme at «
of the mgymbianéoll ows that:

Wi, (3p
W

Pressure ratio and selectivity are key parar
factor mo s t strmegbyanenf s$epacasi arheper f or ma

interplay between these two, it Iis possible
is primarily governed by the pressure diffe
di scri mveneart ed ibfefter elhwo glaismistpiencgi esases can be
membr ane selectivity is greater than pressur
. (3%
This operating condit troarl iiiosi tred erragidorn,0 valse rt ¢
performance is dictated solely by the press:i
membr ane selectivity has negligible influenc
| membrane selectivity is smaller than pressu
. (35
This condition i s -skedoeventiirmisttdych er eampimbr ,anwher e
separation performance is governed exclusive
the pressure ratio. Naturall yen tthlee eprea&0sSU ISE

l'i mi ted amdlmrembmvidimeyd extr eme sd p rwehsesruerien rbaottih
me mbr ane 0&scednretcrtiibvuttey t o deter mining t he sy
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erational regi mes are depicted in Figure 3
otted against the pressure ratio for a merm

25

Selectivity-limited — > — — —  _ _
region

20—

15— Pressure-ratio- /
limited region

10

Permeate vapor concentration (%)

1 10 100 1000
Pressure ratio, ¢

FigurPeBm@ate vapor conpxernmeahtlieonme nikorrame vapor
with a vapor/nitrogen selectiBiakegrof 2902)as a f

a pressure ratio of 1, where the feed an
able to induce any separation. As the pres
re permeabl e component in téei peemmadiceatse r
ere both the pressure ratio and membrane s
crease in permeate concentration begins t
essudteypiacd alolsy f outrert ot fanvet te megasrmbgrr &naes t seam
ters t heelmeatbinainteyl | ed r egi on, where furth
el d mini mal I mprovement s, and the separat.i
trinsidnsdlhestirwigtiyoon the permeate . Thhecent |
| ati onshi p rbaettiwe eann dp rneesnsburraene sel ecti vity
mitations of pressure ratios i n -grass swrpaar
toiea s her by compressing the feed stream to
cuumeompet mdhemarsddesubstanti al energy i npt
cuum equi pment . Consequentl vy, i n industr.i
nstrained 720, abalaanngcei nogf t5e chni cal fyeasi bil
ot her key factor influencing membrane syst
most gas separation applications, the obj
re permeabl e component andmpompenimealiewsy e®r
als are inherently conflicting; achieving

pense of permeate puroiftfy beamwdk ewni de ewde rcoanp
d permeate enri chmedttbhyes tdypandtaimed tair v &lny wde
aqe
0 Qi a QGOEY (3y
"OQ W € 0
Y Z




A low stage cut favours the production of a
per meabl e componemdembrparses. tHawewer ,t htehi s con

recovery, which remains | ow due to the | imit
stage cut increases recovery but |l eads to
compositionmibleggitntsatt oofr etslee feed. Additional
the partial pressure driving force across t
efficiency and requiring a | arger membrane a
the stage cubfinbetwesnapuratdeg, recovery, ar
applicatstoamge onaunftigurati ons are employed to

3.4M2l t i srem wayhsdt em desi gn

Due to thHda minkhenemts i n membrane selectivit:
commer ci al me mbr antea ggsey sd eemfsi, g tar astiinogn emay be
desired |l evélh suchepgasasi,omhe stcamamundat go s
second separation step usingThae dwafyf eirre nwh ime
operation is carried out c¢hanlgnesc ebratsaeidn ocna steh
be necessary, following an initremMowmembhr ape
component from the permeate stream to obtain
for discharge, ensuring mini mal c ofmd esn tcroautl ido
be, for example, the case oofl a®rig aaoimmmpgeam dfse e
(VO@ust be removed as shown in figure 3. 8.
0.42% VOC
0.92% 0.1%
1% VOC —AL@& Area 1.16 voc Area 0.98 |— 0.01% VOC
Compressor
power 1.13 ‘
€20 =20 3.9% VOC

Figuré& 3swmdep system to achieve 99% Bapber., r2mb2pnl f

A second membrane stage is ftihestefotrage nstradét
the VOC concentration is further reduced to

in the feed to this second membrane wunit, th
i's recircul at etdr ebaant ko ft ot hteh ef ifreseed sst age, t her

efficiency.

The other situation that can happen is the
separation, the composition of permeate need

YT



exampl e it may be desmurcehd htiog heelrt acioompa sp it 0 @ w

retentate that can be full of nitrogen.
Compressor
power 1.0
1%\/00—»—@ 7y > Area 1.23 [ 0.1% VOC
1% VOC
4.1% VOC
Area 0.16
Compressor
¢ power 0.27
=20 @=20 20.8% VOC

FigurA Bamlage system to produce a hBakhkeérw, cdD2O2Zntr a

Il n asttampe membr ane design, the permeate from
and fed into a second membrane unit, where a
target component. As a resulter thi@ende mtad atpieo
desired gas. |l nstlhgemeshfefgluirat emmnhst wo he r es
stage is reduced to a concentration |ike tha
mi xing it withamheThingtappr daeechl esnhances ov.
while minimizi hdophomdlihteit stl @ e e s erpeaprraetsi eonnt esdy
figure 3.8 andhe3.iNcosppnratsiemnclamf od f eecyyclilge
performance benefits but also introduces add
the I mprovement in overall recovery, as rec
separation of valuablkewtcempberehiostt hédrhdywo e Ind
of membrane wutilization and reduces waste. \
flexibility in achieving specific purity ar
addi ti onal energy 1input for mgectoonphieglsée omnc af
oper at iAn g eccoysctlse. stream inherently requires t
result in matehemamotesstbBe performance gains
particularly wheniamdrdaahitrsg otf hes etplae @arte on.
must be carefully evaluated conefi @®ami red @adt |
2024)
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Chapter 4

PSAnit desighn

This chapter introduces the technical work c
of the WHHIAchuniincl udeswh é@alelc ytcH ee watneag sy swisl | b
schedupedpen way for @wherapplmi oariyosi tEmgnof
per folramekdi ng for the better di ametcamr ragnadulten

CQcapture. Tao doynmaaomi wd es,i mul ati on of t he ads
MATLAB.

4. LQcapture PSA wdrihtiShy & OGp#toi coens s
The stream treated in the PSA unit originat
which is employed for h yt dbryodgreong eme cpol vaenrty di env

SYPOKheonceptuakl atthheeehdt bi on of C@GeaPtSAr eau nii ¢
shown in figure 4. 1.

Pure H,
23
Syngas H; PURIFICATION
yne PSA
Raffinate
H: (+CO»)
Extract
(99 % CO»)
—
CO; CAPTURE

Tail gas \—_/ PSAUNIT
Figur BFDI.wii:t h the i nucnliuts pfooep tod® &€ he PSA

I't was selected ®wotappl|l gashasataEsmmdpeeanstepr e
UsuaGQcyaptwuitéd PSA itrmglhin®d otglye wsva g Fafy cd dvaatc u
reasde, pressure ofdombre qidisgd p & b ® oal | sstoe poveacl auuess

Y ®



to avoid | arge in the swing of préssuretamd
201)he charataiebtg@eamsanpé reported in Table

Tabl eTadi.l1:g adse tsatirlesaman.d composition

Stream 24
Description Tai l
Temperature [ AC] 35
Pressure [bar] 1.03
Mol ar Kimlobd wh | 3.88

Mass flow [ kg/ h] 125. 7
Composmbl f6lmo |

CcQ 0.70
coO 0.03
H2 0. 26
H20 0.01
The objective is to obtain a carbon dioxi de

requirement nofa gahidaBi0 s €Oedaantriyned as:

NODE ¢ ,O"od,é 0 IECATQBMA |1 £ QO OO (4.
WE LV \ e
"O0 £ 0 1ECTQITMOQQQ

I n the same stream there must bxs artda adhyddc galps
requi rAenmkeenyt sassumption made in this study is

o f hydr ogen andhcarompbdi bxcdei on i's justi
concentrations of wat er and carbon monoxi de
significantly affect the separation paOocess.
on the selected adsorbent is comparable to t
this assumption. Theref or e,s ytshtee nmi xctounrsei sitd n
CQretaining the original concedanadt 00 Ho e
econd i mportant assumption made to simplify
e i1 deal. To verify theswvadlydt oyasfeshatt as
onducted and it has been compared with two

nd the SoaveTRedimaeck Hwosgty data were obt
onducting t wa tsye paaradtyes esse.nslint it he first anal
t
n
3
a

n

the feed pressure (1.03 bar), while the t
the second analysi s, the temperature was
5AC) , and the pressu.r edovher svtaan ce dt e odre VIi. &
s assumption, the compressibility factor f

Q —~ — 2 O 959 O T
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(4.

Foeaamallysi sotrespondi Boptpmpl gtr aijphsr sthoiwe \t énch.t

deviate only slightly from the ideal gas as:
corresponding to Z = 1.

@ (b)
N 0.9995 | g;;. N
‘,505 G P:a.s]ya-
% :_-:?0.995'
gO.SB&G P g
30.995/ S
09975 0.996 |
0.997 " . . . 0.995" . IG' . ! ‘

20 25 30 35 40 45 50 55 60 0.2 0.4 06 08 1 1.2 1.4 16 1.8

Temperature [*C] Pressure [bar]
Fi gu2z€ompressibility factor-caftbbohedboRaobe nbBiont @mel gh)

SoaRed IKiwok({gt)e mper at  bpdr evsasruirees .c hanges.
Foll owing those two assumptions a macroscop
considering the requireneesntasblofshpegudr i tTyhea rPdE A
considered as a single block whi3h HxnBl CrOe ac!|
separation the carbon dioxide is generally t
range of ads drorentthimatreerasadnmns,. the target st
requirements is the extractumroedsoctpsiorasmsmte
the adsoromtti ofne edf t@MMper atur e, as wi || be di
raffinate stream, on the other hand, i's prin
recover this hydrogenAftbhe ratbmpatescan, bet
Stream 22 (see Figure 1.15), tamalr edbeyc rieracsrn ea
hydrogen production cost

® N



RAFFINATE = 1.411Kmol/h
xCoz‘p =0.083
XH;_, p=0.917

—

EXTRACT = 2.469 Kmol/h

Xcoz,r=0.99
Xpiz,n = 0.01
FEED = 3.88 Kmol/h
Xcoz,r =0.7
XHZ.F=0'3
Figu3bBadroscopic materi al bal ance performed ov

This balance serves as a starting point for
understood, after the choice of the adsorpti
from the feed stream.

4. Design of the PSA cycl e

This section outlines the scheduling of the
the selection of each step. 't i s important
experi ment al dat a. Rat her, thesobjpoedtirveal is
i ntended operation and suitable as a founda
involved in the process.

4. 2Adlsor ption step ti me

The first and most <critical decision in prop
of the adsorption step. Determining the app
efficient and effective gasofsetplag addomnr bdnt e
both wunderuse and premature saturation that
chosen adsorption time also ensures high pro
avoiding cbhbotemventei whirecdhgi d nfl uences the
the durations of the subsequent steps are ¢

assessment prevents process 1inefficiencies
excessivellyn Isumpgnastyeps.el ecting the correct e
perfor mance, purity, and Semerlgayr ewfofrikcsi2 ecnocnyc ei

capture from a stream containing hydrogen ha
an ionpatl adsor pti onSuthirnmeey elZadl2L1jt th i est wehrukr, a(rRed 28
Far 02000lQusarl,20 gho ad, 208 Bt i's i mportawodor Ko no
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enced refer t-9caltadplkant mevaotivdice ngt rl daaengse
ficantly greater guantities of mater i a
t heless, they provide a solid foundatio
e type oft rsstgptae ampaspriss nvbérnmesi mil ar i n
o me o saintdidesm r bent .nTahtee r 9 ealldescatedpddme ni s t he

ecttlead @aame eofoft hRubarravieclhhleasppdli ed( B he@1l)
twrea fluewhgaéd sbmemmosiCtO on to the one of
hasetrieved the optimal time for eaomosteep of

process variabl es. uTshiinsg tAiswedtn adsor pti on

4 .

Ne a
col
CQa
zeo
To
ach
sec
ful

2St2eps of the cycl e

rol

y all PSA processes involving carbon di

umn regeneration. This approach is pri mar

nd
| i

various adsorbents, owing to the pol a
te as the adsorkhante, retghntdcaemenambunt

weaken these interactions and effectivel)

i e
toi
I

.Ad

pa
hy

Pr

i s
ra
ca
ar

.V a

fr

pr
e X

Pr

co
ca
t o

ve a high degree ofbasediumn {ThesAi a LNViS
on 2.3.4) is selected. Each column of t
cycle. These steps are analysed for a s

(7]

orptiToe styepe begins with the introdu
ked bed. Due to the.pverfehgdtogkn,adac
drogeh raffinate stream i s obtained.

(@]

essure equaliz®nicent heéee pdeowdyerdi, oathied o |
got in contact with another bed that
ffinate coming from tchue rperngviyo usn sttheep sie
using an increase in The fdrreasxduroems odf atd
e then equalized to an intermediate pre

cuum exXtheacobiloamn al most full of adsorbe
om the second column and is get in coni
essure is thentaotmveVedqiumadn d e tOfhld&o5irdedt |
tractvatcuwemmsatre i s obtained.

essure equali z@Gncieont, hepreaswumzatepnend:
mpl etely regenemMactedol ampmehfhsa@® of vac
n be exploited tof etqglwdai crhiethaerdshiet scohu
be reduced while it is going to face a
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5.Repressurization: The connection with the

column but is not delivered as a raffina
steps end when the column reaches the sa
another adsorption step.

The five steps for a sing#fhe column are schem

Adsorption (ADS) Pressure equalization Vacuum extraction
depressurization (PEd) (EVAC)

Pressure equalization
pressurization (PEp)

!

Figuréhd. i ve steps usfedt feorP 8§ Aeh £iOR2] ewmbpltauagleumn i s t he
described steps rieseunsed.f dhei bll wet cati iumedn pur poses t

Re-pressurization (P)

Alternative cycle design choices c¢ dhlod almav e

et Adlsno t heir configuration, a depressurizati
at the end of adsorption. The key difference
t hrough pressure equalizati on; eidn sttoe aad ,b |eoancdh
pump that reduces the i nctuerrrneanlt perxepsasnusrieo.n Tohfi
fluid content, while a significant amount of
present wor k, however ,was prreesfseurree de q ulrahliisz acth
motivated by the mini mal amount of materi al

phakmpl ementing blowdown pumps in this cont
of fering substanti al i nfpurotvheentenmairse ,i nt hper opcreessss

avoids any other creation of further stream
recompressed and recycled to the PSA unit fo
cost s.

oM



4. 2Cy3cl e scheduling
To properly schedule the cycle of a PSA unit

required to complete the process. The system
and extract streams are denldivteiroend, caotn ta nnyu oguis
at | east one col umn must be in the adsorpti
extraction. Therefore, before calculating th

of the five proceBlsteismee posf neuascth bset edpe fiisn ecdh.o s ¢
cited i n sectitdsee 4th anseksd amld oy pe.liiomg t i me

Tabl eTidme2:0f each single step

Step Ti me [ s]
Adsor pti 300
Pressure e 100
Vacueunac ua 1000
Repressuri 50
The pressure equalization step must be accou
onwaen it itshaddeppreasswori zati on of the col umi
whose follow.ti®Oaceathemdautrapi on of each step
columns required floancbetdetteumi apdraffThosas i s

of the todambdt a&iyrrdde a9 mehe sum dft oaltlh e nadd svoi rdp

time and rounding the result up to the neare
. e B0 (4.
) u)QQO(—QcO—Q—

Wheoweis the adsor ptd efni nsetse pE ke hme € taenpd. t obtaine
cal culation indicates that five columns are

With the same principle @hsedeHdetoumbéentafnyv
vacuum extraction can be calculated starting
and the adsoamdilby soempditngneup al so that r at
pumps are needed

. S S (4.
0 wQQa—g}e—Q
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I n some cases, the scheduling of PSA cycle s
exact multiple of the adsorption time. To ad
evacuation phase. This addndesoniad shepbdadelp
ensures that the cycle can be comp(8utkdavata
et al.l,n 2hxAat) case the times of the steps ar ¢
mul tafp laehseor pti on time. The compl ete organi z:
are shownb5in figure 4.

Column ¢, —3005s tpra=1005s tevac = 1000 s trEp=100s tp=50s
number « > < > + >

 J

4

EVAC

4 EVAC

Figub:€ydle schedsuleipnsg foofr tthhee 5f i ve PSA col umr

The presstureendmagniglee ti me for the fir$t colu
hilgihghti ng each step

ADS PEd EVAC PEpP

1.2 T T T

e
@
[

L

—Pressure

Pressure [bar]
o
[=2]
T
1

o
s
T
|

0.2 *

0 | | | | | |
0 200 400 600 800 1000 1200 1400 1600

Time [s]

FigurPrdséure change over thEaclhcsteeptiep delri.mheedi b\

The i mage denotes the various predgser s ellevwdle
pr ocTehses f i nalP $PprDo cods st hies shown in figure 4.7
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FigurPBPFBD. df -ctohleu nipcsa pCtQur e PSA process.

I n addition to the columns and vacuum pumps,
valvesessary to.regulate the cycl e

4. Lol umn si zing

Thmat eri al bal ance 3islelr wetsr aatse dt hien fFiugwurad i 4 n
adsorption col umn. The sizing is based on tF
proced3bhisi ambemer mi ned by considering the du
tot al mol ar fl ow rate of the sgdei segtuewnbhe a
extralcttiiosn.i mportant to emphasize that t he |
accepted procedurreptfioorn tchoel usmnzsi,n ga nodf tahdisso i s
the case of PSA systems. The design present
synt hesi s of I nformati on (Rlerarwn, faatnt)relf ed e

gui ddgdlKinedAdd ®l2)and sel ected resé®@dqalch Abhd2@2B8 ms .

oT



4 . 3Adlsor bent mater i al sel ection

The selection of an appropri at é&PeaAd ssoyssbteeones i s

the Iisotherm data are necessary to understan
amount of mam epratesneesiedi meéd at puri fying
di oxi de, zeolite 13X emerges as one of the
(Park et, xlombi2adhg) high selectivity, adsor p
Zeol i tiem 1s3yx<nt heti ¢ aluminosilicate with rela
particutartgdebpt u®®i s materi al exhibits a s
to the presence of ,wehx acha regiehaabnicee sNa t sc atnitoerrsa
mol ecules | ike carbon dioxideol am amwmdhtvestl,
mol ecul e, is only weakly adsorbed by the zeo
behaviour rlesnul tsselienctg wdadly owdbwgr dy@€0Oogen to
adsorbent bed with mini mal retenti om.acMaryeov

foraC@Ol ow to moder ate pt ledsuryd se,h whhide $cAoinss i cdr
operainoer the feed prAnoudrheri cratmesap hardiva n:
t hatansbmpkegener@anleidk e materials that requirtr
13X can be effectively regenerated through s
technol ogy. Addi tionall vy, the materi al show
theremgt adati orempteoslaeg nuateisngpt to approxi mat el
obustness over extended ¢ Cavatniadn .a&lnnd aman

-~

comparison, other materialorgaahcasramewoatkaea
present important | imitations. Activated car
available at a | ower cost.itbowgwweer netdhemai
physisorption with relatively weak fTheces,

systemhmayuire more cycles or | arger vol ume
perf orQOmantcheee. ot her hand, MOFs offer outstandi
structure and, i nossed neec td avs @ sy,. SHwpmerviear, G ei
still l i mited by high production cost s, p ool
moi stur e, which | eads to rapid degradati on

appl(Kemdar ,2018)ti maetoelliyt,e z13X pr esodrnft sanomey |
perfor mance, cost, availability, and industr

uni tGQdapt ure, especmakilryg iint VBAhicgltlldelr el i al
separManyons.t udi es have been peqguot mbdimregaddrc
materials for wipteltiid ia& tcaoimpeotnteenfttsst udgt bgafar |
the adsorption equi Idiibrcil andao fn g8 CO pzedrdee 2zHaripiotne
13X were measured using the volumetric metho
was analysed by considering their parti al p

oY



measurements conducted up to 30®8Md kPa3 akK. tEB

experi ment al adsorption i sotherms were ther
tempedapendent Bepausndefl sits simplicity the
to calculate the equilThei umoblebdami ouenos$ we
obtained by i mplementing the model par ameter

the resulting curves using MATLAB.

=6- Adsorption Isotherms at 293 K =5 Adsorption Isotherms at 308 K

g g

€ IS

E E

zaf z4f

& —CO, 2 —co,

Q. Q

8 —", 3 —*,

52 52

2o ‘ 2o ]

0 2 4 6 8 10 0 2 4 6 8 10

Pressure (bar) Pressure (bar)

. Adsorption Isotherms at 315 K g Adsorption Isotherms at 323 K

o5 S>5¢

s 3

54’ 547

Saf —co, EEL —C0,

82 —H, 8, —H,

5 5

21 B 1

2 g

2o ‘ 2o J

0 2 4 6 8 10 0 2 4 6 8 10

Pressure (bar) Pressure (bar)

Figu8&keadgmuir i sxatntderAm zfeoorl i @@ 13X at .four differ.
As expected, the equilibrium | oadievendadr ewal
l'i mited Nagai tthheldeedescy erm®ter chmme t han some de
mmo lo/fg |l oading. Thes redshlat svuppobtes malde ans i
to consider thdThreodeasod haeas m pdt tamrmon di oxi c
Type | damdtalelr mi nvest i ¢gdtdaqr rtecamspee rian uar desso r pat i
observed starting from vacuum pressur e. On c ¢
curve startsrteanacumsvesaseanti aéhy constant, e\
presswme.r alst ,c hydrogen exhibits a |Iinear ads
pressurfTdherseangeg.ends highlight the significant
t wo components on this adsorbent. Mor eover,
vacuum conditions to reduceande zebtong i18Ke
enabling effective colu@n tabéeredaBBi ameamaepg

mat er i al €0aopwteur e can be carried out

(ONO)



Tabl eAdMds.03r:bent materials camparigpnt her mafr mst abi ICO

Adsor bent ma C(%ini%?zl ZTzrbrin Cost Referer
Zeolite 13X Hi g hi6)( ~ Good ,(ModerPark(Ze(l).

~550A
Zeolite 5A Mode( &4 g Good Moder Choi . 2¢D
Activated cal Mode( &4 ¢ I(Ezg(e)lo Low W?Znogllet
(C:é'rwg)on mol ec Mode((&@det Excell Low Slr(zlowpalrd
MOF s 1262 Of ten i gh Li e®Onl

(unst ¢
The table gives a r aptiydpecsonpfaradonr bventth hdii g
zeolite 13X gives the bestcocnosmpdreorneids.e bet wee
4. 3C2I umn design steps
Before to start with the design steps, is im
mat erial and the flowing gas mixture. Start:.
the size of the particlty dammetlee ssphéarei ciot y
obtained from the article of Par k et al . (2
Concerning the feed gas mixture the volumetr
starting frome,t hendnorhags fdemwsirtayfx i s obtained
choice the porosity of the bed, typical val L
assumed here A @laoisf it gtahtwifeodte, ruesgta rbdei ng t he
fluid velocity. |l n-b@d ounesses i hvolsvicrognmbinx e
average velocity for the fluid flowing throu
by the fact thaéesmasnyopédr ashexdamndpeatra osnse,adwh e
characteristics reBahmi cdbnspa@a@dbysoved admer pt
processpeosr,ti on of the feedantdheadd wrnled edlo@nd
principle, vary with ti m&@8handolhuumeugrntdeefdl @w
di mini st6®@% @f omlyeHohwee vceorl ,unfnor si mpl i ficati on
to remain constant and equal to the feed ve
accur at e, it |l eads to an overestimation of
thereby comspdrimagt iave desdalgumm.f t he adsorptio
The first step in column sizing iIis to deter
chosen superficial vel ocity. | f the diamet e
channkd | pmgnomenon where the fluid flows pr
"channels," bypassing other areas of the bed

NMM



adsodmawnwtoccur wit hdonn vtehres eplayc,k ead dieadmet er t ha

i n excessive pressure drops, potentially dar
across the bed is typically estimated using
which rekatres dpoe to superficial velocity,
properties. I n this study, the maxi mum al |l oV
However, the total pedssabtterddepi mueyg bbevb:
t humb, It i's generally r ecormmanduenddtd eiletn gtt the
exceed approxama¢(éeéay BPrbédcessors Suppliers A
maxi mum all owabl e superficial velocity is d

requir-edctroeal areaThifstihe tewe by dividing

0 by the calcul atesd.maxi mum velocity

. v ( 4.
(0] S
Ui
The minimum diameter is tkerrtsiomplay e@aalodultah
circul ar:
5 71 (4.

O

The mini mum di ameter obtained serves as a r ¢
i nvolves selecting the appropriate column di
be considered, as they would tasulestiabl hsbhbe
consequently |l eading to excebsivdbbhbecdasport «
the values obtained from the calculation of
features of the asBsarbent and of the gas mi

TabldePadr.amet er sr eatnrdi erveesddittgsp preasilsauuwleat i on

Par ameter Uni | Val ue

Zeol i te 13X

Soldiech ¢ kg /3m 1130
Particl e mm 1, 6
Spher - 0, 9
Feed gas
Vol . F mé¥ s 0,027
Ma x . Y m/ s 0, 393
Mass d kg/3r 12,024
Vi scc Pas 1, 586e¢e
Col umn
Ma x . Pres bar /. 0, 07
Bed po - 0, 4
Mi ni mur m? 0, 068
Mi ni mum ¢ m 0, 295

NMN



The second step cotntertnst dlhevaladma | @aft i @ads @orfb

fixed bed. This begins with an estimation of
of @@ thin the <column. To obtain this val ue
equil i briumzdn atdih engadgdor@ent and the total r
during the adsorption step. The equilibrium
derived from the Langmuir model . At the fee
amountanof ( @0@hkdsk)gpeswhi ch will vary fad |ltohhdenmr es

adsorption step.tohbeet atda b(rmmadiresbefc & lOcul at e
by multiplying the dud abtyi otnh eo fmotlhaer afd sodweprtat
adsor beti edlisroirpplgaisoen t o meet thé proliessvalewali

obtained from the overall bal ance (fig. 4. 2)
€ & o z0 (4.
The mass of the adsorbent is simply calcul at
the total mol es to be adsorbed.
p Erﬁ (4.
Nss o
Taetermine the total volume of the packed be
its bulk density. This density accounts for
and the interstitial voids tkeé¢ weehktdhemsi nhyt
overall packing characteristics of the bed a
volume is thus obtained as foll ows:
a a
d) n ”Z (4.
I B

This relationship holds for any favourabl e i
flow and cons{EnadB®Rhd vel ometgf ot hes adsswor b
given by the product ofsetchda onamtbu mirzélagngt.le.an

The third and Ik asattsht eap doefs itghne cshioziicneg The mi
in step one serves indeed as a starting poir
be greater than or equal to this value. |t
evalwuated

) —O (4.

T

And the | ength of the col ame vVl uUmeabfytbal ¢
the previous -seepiwntarehe cross

NM=



5 ;J_ (4.

It must be ensured a proper ratio bdyweemlth
val uesP3X entdtehamet ¢ aspatnt anmnpd i mgt welRuwmt v eann,d
1994n this study, a ratio of 3 is selected.

that satisfies this cofirtemamwmg@, oasramnmgkbuated0
analysis is performed using MATLAB, where al
resulting rel alfdo omsthiop abnedt weheen steHeect ed di ame
409,

3.5 T

Ratio H/D

0 1 I
0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6

Selected diameter [m]

Figuokedgwh ameter ratio over the range of possible d

the diameter to ocflect to obtain a rati
|t i's i mportant to specify how in the eval
consi dered. To include al-sbbe-skdanteet i [ra leafnfceec t rs
consi dered. I n gas solid adsorptiedh aateish @ ms
occurriadsmwtfi oonhneps bcbesbhocobhnsedamanend frt attelh ® n
adsorbatedcompoheam its i nHuwrtt hveatl nuber e ok anheraor ul

pointhe adsorbate begins to appéaypatctat hg act
thedsekit |l has unusea parptaca f{LWhE dlehtejr tlelsf eodrget,h o f
bedhust be accounted for when sizing the colu
mai ntai ned and t o prevent prematur e breakt
underesti mati ngentghéer raemgluicroenp rtmend Ko mlg & r Micels s
199T7These two factors will .be considered in t
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Tabl5eReds.ul t s(vol usnee g ahauelautiiloinb)ri um | ength cal cul

Parameter Unif Val ue
Step 2
Adsorption ste S 300
FIl owr atcrto odd® k mol 2. 44
Mol es >tod &LdDs or mo | 203. 67
Loadingatoff eCcOd mo |l 44k 4. 614
Adsorbent mass K gds 45
Bul k density k gdsf 678
Bed vol ume m? 0.07
St 8p
Sel eciteerde t er m 0.31
Equilibrium | e m 0. 92
Ratio L/D - 3
Adjusted veloc mé 0. 37
Adj uprteescsur e dr bar /1 0.06
Totamaéspure dro bar /. 0. 06
After the proper di ameter has been selected
di ameter is calculated to get which will be
- - 0O
Un Uh o (4.
And consequently, also the pressure drops ac
Y0 Y0 (VI
et i : (4.
UnR
To conclude this section the overal/l press
mul tiplying the adjusted pr essTuhries dnruonpbse rv ailsu
above the |imit of pressure dropsb5shopackled
results of the calculations performed in ste

4. Dynamic simulation of the adsc

The sizing of the column performed in the pr
provide in a must accurate way the di mension
effects must be considered.i €lsher amqart eg d ratl e d ail
2.19 is the starting point of this discussio
in the previous discussion to simplify the
fl ow model I's t heend clhends i deeg leac tfiomg tadei dli di s |
adsorption step is going to help to underst a
be expressed in ompldndadrsifmaetiimnt teranksor pti on
undergo step changes, it is assumed constant

N MM



—— " T (4.

As the extent of hydrogen adsecrmbddniidgti mixa dm
assumed that only carbon dioxi de iwsi Irle thaa vnee
mi ni mal i mpact on the overall bal ance, as t
smal l er t haams than e LOen in theonseqghemniml y
adsor ptfinomwtoeadd exhi bit only negligible vari

4 . AMalss transfer

I n asogasd separ ati on -bperdo caedssso rwp ttiha nn cao | puanecnk, e dn
to the movement of adsorbate molecules from
efficiency of this mass tr aonrsniaenrc es torfo ntghley sieng

the transfer is slow, the adsorption process
premature breakthrough, and underutilizati or
required to acar etVieenmasdesriaerdf eeprate is di

as shown i1n9 .e gTuhaet inoans s2 .t‘@iasn sa sesru nceode faf si cd cemstt a
written as the prodancd tohe tihret esrpfead if ddg. maug & at
The specific surface quantifies the avail ab
adsoritoeinmnf | uencaedss otrhpet iroant esianfce t he higher t
wi || be the mass transfer and so the adsorpt
particle diameter of the adsorbent:

& ¢
O p - (4.
Regarding the interfacial ma s sf rtorma ntshfee r g acso et
adsorbed phase must be cal bel &€tColltbouhrtn. caanna | boe
Thit ® ol l inks mass transfer to momentum and

devel oped for one typeExfensiawepoatatonphredc
the fl owanodf lgiagsueisds through shallow packed
(Wil l ietmsaoh96B¥adi ng to the devel opment of
correlation

Q cpayQ? mxgrah ( 4.

Andenti cal formul a fafi gati meadk Chtia@dGtedivenr h un
analogy

[oJ) (4.

NMP



The anal ogy has proven to be effective for d
as flow throlge ¢c#fokbdmnbedfsactor can be descr
of di mensionless number as
9 \rn~ (4.
Y QY ®
WhevY®s the Reymhel datnmnwmibér jnertial forces to
anidndi cates whether fMos tbBel menwpondsanmbbg]l

rati o of

momentum diffusivity to
" zQrz0
voq A9
nY'E‘
w ” Z’Oﬁ
~NO Qp 20
0 ;

convective. &nd

tdh  f SIch mied tmas s mbd a ra na
mh ¢ ¢ ed if fofl U Diwi intgy .e qule
(4.

(4.

(4.

O p repreadhentmol ecul arzidi ft hes if Vvilti yb onfiax @W@&kr e s r
via AspreinnaMlluys,. t he mas d htepid@@itred2adt0o2e)f f i ci e nt
o . (4
Q- i .
h Yo T
The parameters of the gas are assumed const a
|l eads to a change in the composition of the
Tabl6eRedssul t s for the calculation of the mass
Parameter Uni Val ue
Particl eOd m 0.0016
Bed Po+ ¢ - 0. 4
Specifi® 1/ m 6250
Gas de€nskghlr 12.02
Viscds Pa 1. 650 e
Aver agéadoi m/ s 0.25
Reynol dsYQ - 301. 3
Mol ecul ar Odigf f m% s 6. 463 e
Schmidt "foun - 0.21
Col burnQf - 0.13
I nterfacial QMT m/ s 9. 843e
OveratbeMiiiQgi e 1/ s 6. 14
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These pdnametgrsdensity, viscoésareyevahdamelde
on the compositi®omi ofchdiec d eied jsugteiafm.ed by
approach a zone of the bed has al ways the ini
is ended the mixture change iIits composition
numbaedstae mass transfer coefficient are rep

With the ceal cnalsast ¢tored fosffcatrenn t al | t he el emen
simulation are obtained. The objective is to
of the mass transfer zone and thus the | engt
di me nosfi otnhe adsorption bed. A firstpdsmpmrul at i
MATLABoO solve the materi al bal ance which is
space. On this fdarrmtassdumgdtaitdamni & hearirsiogad f o

0.7 f
L

06 Breakpoint

05

8

B 04

ED,S

gD‘}I

0.1 Saturation point

: BESSENL . ienRne. /

0.652 0.653 0.654 0.655 0.656 0.65 0.658 0.659
Length [m]

Figut@rhde fracture curve and the manner of mas

I n filg@rpei dt.ur & asfe da blreemmgkttthr ough curve i s sh
behavi ouemmolfan hfer &€dt i ohor nat hoevxekrd utihdempahdassoer p t
I n the first part of the plot the mol ar frac

point, it is reached a zone in the bed in wh
can start todircextiaden prhees ecratr biom t he gas, this
amountionf th@ gtasr tphatse di mi ni sh with a cert
breakt hrough curves of the figure, unt il t h
position, at the specific analysed ti me, al |
retd nBhis point is called the saturation poc
saturation point is called the mass transfer
on€&€his zone is negligiblwmeasmpesoeame mol ¢é qguwmieltir |

of a high value of the mass transfer coeffic
phases occur and so a I|little resistance i s d
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4. 4Le2ngt h of wunused bed

I n t hededsecsriigopned i nt sestcons#é4dere@d the | ength
effect due to thermodynamic effect. Il n the |
mass transfer were considered. Factchemamorf e@,r
portion of the column that r e maloaosk iunngs aa tu rfait
41 hr e shownbashed |bernggakht hr ough curves at si x 1
the |l ast seconds of the adsorption step the

o o
[o)] ~
T
|

e
o

Time
—t1

—t2

—_—td
—15

Molar fraction of 002
o o
w ~
T
1

end

o
N
T
1

o
N
T
1

0 ! ! ! ! !
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Length [m]

Fi gutleLednpased breakt hrough curves with the .Tbagth of

curves are parametrized for sta«mdi FfAeteonhefi xetdtheéei Mme
step.

The meaning is that there must be added a po

of the adsorbent during the adsor pthiacsredst ey

breakt hrough Q2cwheee ffnvei guféedebt point of
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adsorption step. Even in the | ast examined po
fractiomcofeaB®&s showing the achievement of

e
~
T

Length
z1
—z2
z3
—2z4
—z5

o
o
1
|

Q
o

Molar fraction of 002
© o
w ~
: :
|

o
o
\

1

o
-
I
1

0 L L L L L
50 100 150 200 250 300

Time [s]
Figur2eTidhelsed breakthrough curves with the .| elnhget h of
curves are parametrized for six different consecutive
of the col umn.

The system may experience premature breakthr

and process efficiency. To mitigatder eefhersr erdi s
to as the Lengthdios iUmwucrmgoBatded LiiBDNg ¢t he dd
ensures reliable column operation and hel p:

di mensions are sufficient to &chia¢vVeg,thdedded
values that stays between 6PaundhedalQkadZzkOo@fint he
this case are added 75 mm of LUB to the colu

4. ANoFH s ot her mal adsorption step

PSA processes are often modelled as isothernm
that temperature variations during the rapic
this is an approximation, iitlowsgemherfhdotysvha
on the core mechanisms of mass transfer and
variations do influence the separation perfo
adsorbent material aefdfedtt targweitdent eicul telse
four different tempd8aitmncesadacr gpthioovm i 9 &m g
temperature inevitably rises during the ads
capadbtywccount for these ther mal effects, t

equations must be IiEmter@dudead ainrcteo htatse t rhed & lo.l
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w7 P -, Y 1T p - M ( 4.
Wh — th 5 or th p - 30 00
Wheoeis the hattcompaantypressure of the gas

wpt he heat capacity at constant pressure of |

resist temperature changes when it gains or
adsorbent can absorb or rel esesxse ofernt eanpleirat me
This value is obtained by the article of Sub
30is the amount of heat r el eased™Qosr tarbasnosrfbeerd
from the gas phase to the adsorbed phase. Th

and pressure and can be calcul ated with the
the energy balance equabéeen comput dti onoallell y

solution was instead retrieved from the I|ite
bet ween the amount adsorbed and3 the isosterd:i
(-] B0
50 504 N, CO,
\ e
\, "“"*w-z....__ﬁ
404 T 41 T ]
,_D "-.‘_‘. ‘‘‘‘ _ /‘/.' i
?E( 30-"\‘ """""""""""""" N _ -{(-‘0
o I T
i |l = —— co, | 204 oo "
% ~CH,
o7 | w04 T T A
1 ~u, Ar
o T o T
o] 1 2 3 4 5 5] 00 01 02 0.3 0.4 05
Adsorbed amount/mol kg™ Adsorbed amount/mol kg™’
Fi gur3el sdo.slit eric heat of adsorption on pelletized 2z

Looking -tadand hei defdf t he teerent gy abna li a ni cees, htohne
energy i s being stored per unit volume over
solTihde. second ter mati st tdaes gomtvelty itvlee hggas f | o
anids the heat carri edTl hfeo rhwaagrtdt shiyd e hhea sf | oonwliyn go
represents hkekattreleased or absorbed o©ff adso

the miThht sre.erm i ntroduces or removes heat d
adsorbed (exother mic)l nort hdes aralseed o(nd ryd catdhseorr m
so the heat is always released during the pr
adsorbed is carried forward also for this si
rel easedowhhyent ret@dned in the zeolite 13X sur
the trend of the temperature can be obtained
Fi gudiel hudtrates the temperature profiles al
Each curve exhibits a similar trend: t he ten
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| t mu s t be noted how | ittle is the increase

neither one degree of i ncrease i s reached,
assumption in the descri pt idosnoropft itohne sPtSeAp .uni
The results of the simulation can beoveen | o
the time and over the column, which in this

J

e
o

=
o

Time
-1

— 2

—t4
—15

Molar fraction of (.‘,O2
o o
w =

lem:l

o
(S

o

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Length [m]

Fi gureeLednplas ed breakt hrouigbochevmal fadsohpt non sin

By adding a portion to the equilibbased]| en
breakthrough curves also at the end of the a
that the complete saturation of the adsorben

e
~

o
()

|Position
—2z1
—2z2
z3
—2z4
—2z5

g
(3

Zand

Molar fraction of CO2
o o
w B

o
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o
-

O | | |
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Time [s]

Figur7eTid4belsed breakt hrougsothevmal fadsohpt hon sim

I n t hkeagddnebr eakt hrough curves, at thheasout |l e
not yet experienced a steep increase indicat
to adsorb the gas materi al
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The final di mensions of the column are repor

Tabl7eSid4z.i ngofr etshud tasdsorption col umn.

Par ameff erhe ¢ Uni t Val ue
Di amet er m 0304
Tot al | engt h m 09 8
Bed vol ume m? 0,071
L/ D ratio - 3,224

The parameters of the sifzdrhg wtbhobthecveboedbsds
i nh&Lpter 6.
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Chapter 5

Me mbr ane sweméa#aitgmn

This chapter pr easredttshddceep smell thboaroltolgey desi gn
capture technology unbhasedosspareatitoon: Tme mb

t hdeesign is to determine the optimal membrane

performance. I n addition, the possibility o

recycl e wil/l be examined to enhance overall
5. LQcapture membrane unit | ocati

process

The driving force of a membrane gas separat.

the permeabl e component in the two side of t
to perform the separ dtsitorafimr M tolivé ISIPOXKa gpé¢ |t
from the | ow temperature shift reactor.
Pure H2
23
Retentate H: PURIFICATION

Syngas Hz (+COn) PSA

Permeate
(99% COy)

O

Tail gas

Fi gbrBFED with the menntbiruasnieo ntafpt 0de

N NP



I n the actual procdesgssesyrgoksshytdregmnt pprcéaitn
i mpl ement i nlga smancb&@inuer e upstream of the PSA
hydrogen purificat-i mnermsicweneand emaer eneff fgiyci e
CQcontent i nrdadwcifnregedt he <cost associated wi
SYPOX ant .

Tabl dSiyngaspseseam in the SYPOX biogas to hydr

Stream 22
Description Synga
Temperature [ AC] 35
Pressure [ bar] 10
Mol ar [ Kk moWw/ h] 8.40
Mass fl ow [kg/ h] 134. ¢
Compos mb/l ofmo I

cQ 0.32
coO 0.01
H> 0. 66
H20 0.01

As in the PSA modelling, the membrane separa

a binary mixture composed of 68% hydrogen ar
justified by the rel ahetvleery ¢ @mp ocnoennatesh,b nwad fti
monoxi dad all ows for a more straightforward
membrane. A second as g/uCapitx tonmr ¢ sbdhaved haes ba:
assess the validity of tnoids#ldsesRemignson a@wd
SoaRedlKiwohn g e quatdiacgres eafp | otyaetde as was previ
gas stream. Mass density valyuevsarari en go lithai nper
constant f eehde tceommpperreastsuirbe .| ity factor i s cal

1.0005 T

1

0.9995 -

0.999 -

TD model|
—FPR |
—SRK |
0.998 - G|

0.9985 -

Compressibility factor Z

0.9975

0.997

0.9965 !
2 4 6 8 10 12 14

Pressure [bar]

Figu2z€ompressibility factor in functioonawolhomnhei pxiedes L
t he synga&o bfi mrs o e-RaenddiKiBooka g €

NNZ



The resulting plot demonstrates that t he be
thermodynamic model s, closely aligns with t
Specifically, bot Acohee dbp amrdiag b ir mstd tSeoaaWeers g
RedklKiwecohng model s3,i m etsipeecaadnwsildyar ed mtp aiedkhyeur e r
yell owr epumreseent i ng iTdheealb aglaasn cbee htaov i coaurrs.i der i
al ways the same requiremmattbé paecovgrwandsr e
respect to tododtfaliomwrdat e afheC@Per meate stream:
00, € 0 TEXAQAHMN QI 4 Qo6 (5.

00 £ 0 IECTQITMOQQQ

As in the previous case this value ppuusrti thye e
of the permeate stream wil/ be 0.9. Taking
materi al bal anc8& is shown in figure 5.

RETENTATE = 5.956 Kmol/h

Xcoz,r =0.045
Xua,r = 0.955
FEED = 8.4 Kmol/h
Xegz,r =0.32
Xia,¢ = 0.68
PERMEATE = 2.444 Kmol/h
Xcoz,p = 0.99
Xizp=0.01
Figu3©&veératltkr mal bal ance .for the membrane

The balance fixes the basis deopareastiigoin apmpo o

5. Membr ane model

Sever al model s are commonly wused to simulat
complexity.afednacderaaygy a single stage memb
main ways of how the f lauried efxlpolwasid.harcir+o Isfeiavgt uhree
configuration, both the feed and permeate f
along the membra-heoswsurftaeef ekbd eadnper meat e
mai ntaining a higher aneerba e edirliewnign v famrdc e ean
better separation perffloowmacncrefi gumr aoinodomnalsas |

tangentially to the membrane surface, whi |l e
membr ane anat irsi glot | & clgHesel s¢ it @mwvs m@ed €leeids a wi
approach for simulating gas separation in m
such as hol |l ow fwodueed ebnuenndtl se,s whrersepitrhaed f | ow

tangenti al A ak ey ngsshemphtiiss nfoldoegg on t he feed s

NNT



no axi al mi xi ng, and both composition and f|

the continuous | oss Thfi spemmaddteisnd heo mpared ntts
decrease in partial pressures and driving fo
Feed — S » Residue Feed —»——~———<—=——> Residue
o s
Y Y VY VY — » Permeate
Permeate (b) Co-flow

(a) Cross-flow

Feed —»———= » Residue
74

- J J
Permeate () Counter-flow

Figu4a) 5CGr osts) amad (pbwceuohemes in &@Bmkemmbraneamodule

Ont he per meatne xseiddec,onadiweloln i s often assume:q
pressure and composition, t hough more advan
especially in systems witStaggnidBisd @ mtn sSp&mrme
typically descrdibfefdushiyont hnee ch@alnutsimgn wher e f |
parti al pressure difféeankeplaicd loeasf$lddvd emondeenib
bal ances physical accuracyuandg cempentt abne
dynamics without the compluexebhy DODAIIthud hdgh ciod
provides a more detail edf otrbpr @edg retcdat ivvers off
extremely acccaratreqgtoalFeod! atthiiosh r eason iaand f o
hateemosen damodasdhapcth i ncludes wel |l mi xi ng al
me mbr. ane

Permeate/Filtrate

Figub:8cbemetpireesent at isoenp aorfa tneamb rialnoew g(ma biteettl zcarPdds2s1 )

As in a CSTR the composition and properties
i nside the reactor, that Thnstassumpsieomsl!| ¢ &c
t hat dwe mad hemati cal simplicity allows for
straightforward i mpl ementation, making it p
main | imitation of this approach |l iesyin the
|l ead to an underesti maadarea whemnhsi greiqfui c 2t
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composition occwel |l Nmoegehgdfesesrstdepractical

earfsltymge evaluations, representing a reasona
predictivEheapabatli oy . detslceigbaGn g htrtoeu gfthl wax moef
under the assumption of perfect mixing, can
, W FN W N (5.2)
0 0 3

Whebeis the permeabCi@ditsy t hee fmfeimbineamel adfrei c k n e
the pressures omr égshseurfee esdi dsei)d ea n(ghriggshe uper me d
respectiowvegdyd raneé the consta@®i mateteetr eadtei or
per meat e Wetlrl eams& SSienanert hdo9®miOyture i s assu
mo lfalrak hydrogen amcdrossbdmed meembd& nlee expr e
function of themotherfr@aaki og & bfeltald® hryafr eorgeem:

through thlkeanméembmwandten as foll ows:
o O p @ zxN P ® N (5.3)
| o}
Withatio of the permeability coefficients of

of the membrane can iboef tthheen ndoelfairn ecdo nbpyo stihtei orr
in the permeate stream:

i ® R (5.4)

Considering that the flux of both gipecies ca

0 0w
d (5.5)
0 op W j (5.6)
The over all mass bal ance across the membrane
O 0 0 (5.7)

Beilng@ anidt he gas mol ar flowrate respectively
retentate stream. Furthermore, also the sing
of the carbon dioxi de:

0w [ DO 5 0 ® F (5.8

NN®



The same bal ance needs to be satisfied for h

per meate stream is generally expressed as th

reference membrane: area, in the case of CO
0 5 Ow 5 0 O (5.9

To solmae¢ erahl@alnces presented in Equations 5. 8

the retentat & natmred ym d dired idteiso m ® d 2cmorhpaa s if tl ioown
i n the Sientceenttantee .f eed f |l owrate and mol ar fr a
sufficient to find the consequent features ¢

the carbon dioxide in the permeateadst omamnwi
find the0 valTlhe dfot al area necessary to perf
requirements is simply calculated by the rat
. 0 (519
0 ;
0

The value of theequernemest ssaf bbpalyamedaién g nr eocfo

and selectivity. Furthermore, the <calcul ati
speci fi eetliecnsedprdn the calculation there wi
in the retentate and there wild.| be evaluated

retentate fl owrate.

5. Membrane materi al sel ection
SectiB3pmoBided an overview of t he p ebtasretdi al
CQ Hsepar Asi an.preliminary <choice, pol ymeric
facilitated transport membranes, as the | att
currently the subject of(S8ogoli &9 1@msafgr thear
options consider ed,PEaB Ald nebnrdeende wa o np oqpsod dy gd fy ¢ o
(PG) was selected, as thitowaombicrmathiomf dé mhxa n
i s a thermoplastic el ast omer composed of a
polyether (PE) bl ocks. This structure enabl e
and ther mal stability of t he polfyfaim idtey domfma

polyether biocks.dphaue nethihbesre | ger i ved from pol
( PEO)!I ay a <cruci al f wmd remeianb i d n hidy @ cdieuneg it @O r aaccit
bet ween t hmolpeoclualresCanmd chhetédlectoxygmen at oms
Nguyen(kO,P@)BEX657 was identified as the most
CQpermeability of Bampr-er8 :10®i mBiasttPd). These

properties are |inked to its 50/50 PA6/PEO

N=M



sorption capacity (favoured by PEO) and st
mat er i ad royss tsaelmii ne mor phol ogy also plays a
domains are |impermeabl e, the amorphmasnand
transport paths forPEB&)‘hmmbeauéesqustiaomewe
sol udiifofnusi on mechani sarg ol adohilbittyi nagn dhiguhf fC Q@
Mor eov erEc aPnE BbAeX processed into thin fil ms vi
devel opment of scal abl e membrane modul es fo
chemical stability, and ease of suref ggae umpcsdi
make it an adaptable pl abDeepmté ot henefmhvanoea
performandDEEB&,Kfuprurheer enhancement is often
benchmar Ksa,r | garrteigcau di nsge |l teltcd i-pet pne dialdiatdyr e s -
researcher s haVWeE BefXpil tolr eadd chil teindeisngsuch as pol
(PG), cahasihnorMEG derivatihlvar 8&8hteawBEBAWi t hsPGO
i mproves the free volume @and etviee agibmg el he s
i nteracti osm<db dthvee eenr h@® groups in PG. Nguyen
20 wt. % of PEGPE0 meabdi t bty &€fO 128s8anget hes
per f or manRcEeB X 6 5p7u.r eHowever , miscibility and
at higher PG |l oadings, where phase separatic
and membr a.nTeh ei nptreagertiitcy|E BARIGe vieemther amfe s was
val i dat edecionn camitce cshthnwdy by Franz and Scherer
a 50 wt. % blend) as the refosrepracatmembiwandiin
(I ntegrated GasificatiomeCdmhmitrued sCyd| et)h ep on

reported in table 5.1 and will be used as a
ar PEBAKased membranes are cosmsmerly orf mhloé hen
modul e configurations, depending on the appl
excell-eotmifng mproperties andasbmpagtibichntgu:
fdsheet membr aREBAMadd tfsr dbrhends are widely
scale studies and pilot systems. Whoaisnal mae mb
pl atnlr ame modul es, which offer good packing

separation aippidPlEsz/ﬁI&{mms.beAdextrudéd eienff ol misi @
supported on microporous subsftirlamesommaxi iheg
me mbr.anes

Tabl2eFesat ures of bHbheeBEmMANRBERARGe & Scherer, 2010)

Par ameter Unit of Val u

Sel ect # wiHt - 15. 5
Thickness Om 0.5
Permeatd I i kmol bém) 3. 3897




I n TFC configurations, the selective PEBAXE

(e. g., polpyd wlafcaryd omwmirt ri | e) , enhancing gas
mechanical stability. Thi s-wonturndc tmordes | iess ffroeq
applications. I n the reference study by Fran

for the membrane configuration.

5. Membraneonfiguration

Wnce the membrane properties are defined, it
required to achieve the target sepangtaepean. W
configuration, the results indicate that a v
then, the desired separation requirements ar

approach considered ienvol vtée pedwmeiahg sBhdepu
t hat reaches a v(asceueu nfriggruardee 50.f5)0.. 5T hbiasr str at e
across the membrane by | owering the partial
enhancé¢amgbisorkedde fl ux and re@vaihg téas .&hembave

FEED RETENTATE
— —
PERMEATE

Figué6:8i Bgle stage configuration with wvacuu

By i mposing a CO 5imoltéire frred cetnitart eqgf aG. G qui r
it was found that the membrane area needed t
across a range of imposed retentate 2iveow r at
solved using MATLAB)slowi ndhehowstuhe i mgt ehtodt
rates vary with derphbeseat edrd mdBdSngueha Snaly
range hepelC@eati on rate becomes insensitive to
hydrogen permeation continues to rise. Thi s
selectivibty whdawer dald® vesy airtit |toowep e rshuleref tapcleo tasr
clearly indicate thpurathi esviasgge stichoanlf & agrug eatt |
feasThilss.observation is DBurwhieah ciolnlfu stmrealt ebsy

Z
111
1l



CQmol ar fraction in the permeate as a functi
a meltilige separati oAs pmemlkesane sareagquimedeases
per meating material also increases.
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— CO2 permeate
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Figu8Rebemnbatasi anf unhcet imenmborfane surface

Not abhyer @&®©at es more readily than hydrogen,
due to the membranelewd wemnarad!| ebmwteil riceds vi o)
greater amount of hydrogen also begins to pe
a membrane system that producemel ar pfer ametait @n
moderate flow rate. This enables the implem
further purifying the per meat ecpfuromyt he firs

L



0.

CO2 molar fraction [-]

0.

Fig

o
»
5]

0.8

75

——CO,, molar fraction

o
o

0.6

35

0.3 1 1 1
600 700 800 900 1000 1100 1200 1300 1400

Total area [m2]

u9:€Qmol ar fract nohheaapse samefauhnemée mbnanoné &ahea.

The seanleendtr@ach e Hr dne ciasu soef iTher e a dibmremlrderarftr act i

of 2@0u

|l d haoel Thwehetbures of the retentate ai

in table 5.3

Tabl eFebat3ure of the first stage membrane s

First st agha ssspharraanea or

Par ameter Uni t Val ue

Me mbr ane

Ar e a m? 710

Retentat e

Molfaowr at e Kmol . 5.33

COGmol ar fracti - 0. ®4

Homol ar fractio - 0.953

Tot al pressur e bar 10

Per meat e

Molfaowr at e Kmol . 3.03

COGmol ar fracti - 0. 44

Homol ar fractio - 0. B5

Tot al pressur e bar 0.5
Performing a second separation stage in seri
the desispecipriodacitons. After the init- al s e
at mospheric pressure due to the operation of
stage, this stream must be recompr es sed othad i
me mbr ane. I n this design, the pressure is r
empl oyed on the per raetartoes pshiedd ca lpsroeasismtreeh at s
bar This configuration creaé¢mbr and, gthhamelvy n
the separation effilTbeemaygsi hat haecesecdbod shag

are solved by fixing the molar fraction of ¢

N=T1



t hat ofsttalge friet etht.atTehe( it.weo. ,r e0t.eOndt at e strean
directed to the subseqguent hydrogen purifi c:
elimi nates the need to recycle the retentate
i s Vventad dnots@ htelree .

1+t stage
FEED
—
———————————— 1+t stage
RETENTATE
2ndgtage
RETENTATE
S
Itstage @ ——— [T T T T T7T777
PERMEATE 2 stage
FEED
2 gtage
PERMEATE
Figute@Fibnal configuration of the membr anesasreep asrhaotwino n

Basemd the results obtained from the mass bal
in the second separation stage to a63hB&ve th
mj] .

(@) (b)

0.8 '—Tolal retentate

E —l:['_'l2 retentate E 25
g 06 H, retentate g
X = 27 Total parmeate
@ @ —— CO, permeale
b 815
= 0.4 LEL H2 permeate
g E
[14] 5]
o o 1
0.2
05
0 : n ; 0 i I I I
620 640 660 680 700 620 640 660 680 700
Total area [mz] Total area [mz]

Figurlevas.ilati ons of the flowrate wita)ettlebdlt mevfeh)t ane ar
per mehowr at e

As observed in the first separation stage, i
optimal value | eads to a substanti al rise ir
of using the same membrane macwandal COwhi sthi |
hydrogen to pass through at | arger surface

N=P



performance by diluting the CO cont ent i n
system from meeting the required purity sp:
membr ane is cruci al to maintai ni nngd thhyed rdoegseinr
retention. The detailed results of the secon

TabldeFebat ureeobhdéd e membrane separation

Secoendge meémseapar ati o

Par ameter uni t Val ue
Me mbr ane
Ar € m? 630. 88
Retentat e
Mol faowr kmol / 08 0
CQmol ar - 0. ®4
Hmol ar | - 0.%®5
Tot al | bar 10
Per meat e
Mol fabowr kmol / 24 4
CQmol ar - 0.9
Hmol ar | - 0.01
Tot al | bar 0.5

The secomseépatradge omf i s designed to further pu
the first stage. While the quantity of mat e

separation, the performance requir efnreandtsi aamr e
of 0.99 and a recovery of 90 %. To meet thes
relative to the first stage. This reduction
materi al t hroughput but alcomtredbwhti ®«ni mr aml
me mbr aned amo dauslpeect that will be further discu
in the following chapter.
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Chapter 6

Economic anal ysi

i's chapter presents the econo-lmasednplgsess
compr ehenesciovneo mti e&€c henvoal uati on i s essenti al
chnol ogies is more suitable forwaoagydontni ccmy
cus on estimating the capital expenditure
sociated with each process, i ncluding the
mpressors, and valves. AddnttitomaHygdatheded

ProduCastB@gand car boont Henapgdpauisnmtegl y t he PSA a
membr aG@@®esaptercdanolFoignal |y, a compeaamttiive rasst
obtained with wihlel tbweo dcercdhwndtgaue st o support t
thesi s.
6. CAPEX GMEX definition
Regarding capital mdistsildypestdtinimmeBame Erected C
for each piece of equipment. According to NE
equi pment along with the direct and indirect
These cost estiomat @ea olwweampbeeto gped nfy dat a f |
whiicthurn has devel opedda ttahbeatsdesss ft t wna rd @A gspaefric @ gne -
Economic PrdcAdssrArnley Bearre Erected Cost for
must be tcltad canrmdald cost of thisThepemapeétaver
are annualized wusing an amortization functd.i
constant annual payment required to repay th
period. The goal I s utad dceotsetr ntihnaet ,t hweh eunn idfeopron
year, would fully cover both the capital exop
specif i @drdate,nank 0S108 h eerabed e fdiame annual capital
ACCR:s

000 'Y—Qp., 2 1)

pQ p



Wheftes the taxationéerattehe opbebascskumedi addi n

must be depreciated. To find the annuali sed
charge ratio by the total BEC of each proces
60000 00 02¥% 00 (6.2)

Table 6.1 shows the values assumed for t his

Tabl eSpee.cli:fics for the calculation of the

Par amet e Val uc¢

Payback per 10
Il nterest 0.1
ACCR 0. 16:¢

The Tot al Annual i zedf oQast thEBAG)u mc aonf tthheen ane
expenditure (CAPEX) and the oper atail tgolmax pan d
an annual basi s

YOO 60000 0000 (6.3)

Theperating costs considered in this analysi
equi pment such as vacuum pumps and compresso
the design of both the PSATmea dc onetmbao fa neel escetprai
(0.0 &)Wmd the total annual operative hours (¢
out the OPEX and are assumed equal to the on
techno economic anal ysi s.

6. PSA

Theconomic analysis begins by evaluating the
i ncludes adsorption col umns, vacuum pumps,
materi al and it sTopedeivoediocp rtehpel afcuemtetnitons use
Erected Cost (BEC) of each piece of equi pmen
a reference. Their work derived these Ecost f

across a wide range ofgncavsaersi,abcloenss.i deri ng va

6. 2Coll umns

For t heSucborlauvnent i ceotnsald.er(edd0 2106)6 cases encomp:
design characteristics. Economic evaluations



(D) | drdgtahmet er (L/ D) rati os, anBE®pecaiong [
based on thesaaids hpeesenatr &&d:bl esEquation (

6 06 Qopto idjo witd Q (6.4)

Here therpfessedeaissthe operating pressure i
Regarding the OPEX the column do not need a
based on the differences of pressurma BECt he
wi || be multiplied by the number of col umns

I n table 6.2 are presented the regression pa

Tabl eCabp.izi:atl «of the col umns

Par amet e Val uc¢ Uni t
Coefficie 0.%1 -
Coefficie 0.7 -
Coefficie 0.02: -
Coefficie 10.880 -
Column di a 0.30¢ m
L/ D rati 3.22!¢ -
Operating 1.03 bar
Number of 5 -
BEGolumn 72,805 l:l
BEQcolumns 364,02 ﬂ

As wislelenbd ater columns are the major expense

6. 2Va2cuum pumps

For a rel i abbeaer ev acuautm eoditmipmiasteed na f unkéyon b:
design characteristics of the vacuum pump

T Volumetric flow rate
T Suction pressure

Hence, a direct cost fupnéetitdhre wivtdit uwakometst
regressed a6.55hown in EqQ.
600 4 Wil & (6.5)

I n table 6.3 the parametershdwm. the resol uti



Tabl ePabr.aBmet ers for calculating the capital <co

Par amet e Val uc« Uni t
Coefficie 420 -
Coefficie 0653 -
Coefficie 30000 -
Vol umetric 1265. m’/ h
Suction pr 0.05 bar
Nu mb epru nopfs 4 -
BEGac. pump 74, 974 a
BE@aC pumps 299, 89 L,J
Furt hekFarortehe vacuum pump, it |is necessary
cal cul ate the operating costs. The energy <co
process, with the required power <calcul ated

Tabl eEOPBEX of the vacuum pumps

Par amet e Val uc¢ Uni t
Energy con: 0371 k Wh
Evacuatior 1000 S

Power 1. 33¢ k W

OPEWYc. pump 854. 3 Uy ear
OPEXvac pump 3, 417 Uy ear

The operating expenditumal (tOPEX) nigs tthlkee rt ad et
the electricity price and dividing by the to

6. 2SWBi t ching val ves

Due to the cyclic nature of VSA operation,
cycle sequeerce filknViSMecycl e considered, thre
column. The first valve connects the col umn
pump for the evacuation step, and etah@G vtemi r d

t htahe number of col umnsi sebtitehde ttootcaa p tcwrsea tohf e
significantBEChstr edforeeach hwea2l 0@8Busaasaumedat c
The tot al BEC consiB0d,e0r0ionng fi fteen valves is

6. 2Addsor bent

Theare eractsedi avtetd with the adsorbent i ncl
transport and installation cost (TI1C), and w
606 U itw tp - O 006 "YO8 (6.6)

NOM



Wi ttlmumber of total cwlumhe vol utme BSAzwesi ngl

void frddthieomodnzid otl e tnaistilywidcanbepl oyed i1 ndustr|
its pooshasas 8ldt0@Pmat € daneatc,iak0T2h0fe) t ransport
i nstall ation costs associatedcdiwfiiteh cbmemenndisa
adsorbent s, these costs are typically compa
ensures a consistent and realist{iSuabesawviemat et
202AD .i mport antadcomnmpesmenti soft htehmeae plr a @a¢ mewter o
due to ther mal or mechanical degradation. Al
for upebos20a conservative repl ackameaid iailnt er
2020)The adsorbedwhiepml aoemedte scpatr chase, tr e
i's incurred once, -ufpi,vegiyveeanr st haef tpelra nptl'asn ta ssstua
Tabl eCabp.i5t:al Zest i fer l1BKXKepurchase,. installati on
Par amet e Val uc¢ Uni t
PC 1,50C Utonn
TI C 1,50¢C Wt onn
BEGds 25, 170 a
Adsorbent 5 year ¢
BECepiacement 25, 170 a
BECot, ads 50, 34 U
The cost of replacement i s assumed to be equ
6. 2T.dbt al annualised costs

By summing the Bare Erected Costs of the PS
capital i nvest enemit necca.n THlei s value is then m
Charge Rate (ACCR) to calcul affTket hesahhsali 2
in table 6. 6.

Tabl eAnenuwal i sedfoapt hel PSdsusait.

CategoryVal[uyeea

Col umns 59, 243
Vacuum pul 48, 807
Val ves 4, 882.

Adsor bent 16, 385

The i mpact of columns, vacuum pumps, valves
figure 6. 1.

NON



Figurbpacft: t he e®biApmemtl i sedTlhapperacentoszsge of the co
pumps, switching valves andc apictwmaltbe nits wpn s erets@a .C

The | argest sharse aaft rtitheautierdv e sot mmehret adsor pt i

structur al and functional i mportance 1in the
which represent 38% of the capital costs, re
t hestsimh.e overall c osmatoefr itaH es , z eacclciotuenti & X r 1

switcalivwegs vcontribute t htheay maomt mige git%e gt mida
part of t he ¢ amivtdahleel |bprveeasktdmoewnnt hi ghl i ght s t
compodemlt smns and dvaarceu utnh ep upmipismary dri vers of

PSA syByesmmgsmming the annualised capital cost
cal cul ated as reported in table 6. 7.

Tabl eTo6t.a7l: annual i sed costs of PSA unit

Vari abl e Val [Uyee a

CAPEX. 129, 31

OPEX 3,417.

TAC 132, 73
As il lustrated in Figure 6.2, the OBBXI Asso
portion of the total operating costs of the

L
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