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Eatdlel a7t A 1 87 29SS 4T ¢ e EHEE DA R
A7 BT A 83 AEL PAste 2 g HA FAke ot 53] oy
2 oh4Hly 3 Aol o]t Wa ol vl HAs AR FHol i A,
Mek e 71E FFo] NA Sol Al olFoAn e, F3HFH(pervaporation) 4|2

He ol o] AR 1980 RH FAstE ] AR MR g2 FF Tk

dA £33 Vo]l HEHE Boke IA f71E 5F Bof mleoAY 7718 AA

Bok 2 fU]ERE R 2okE YE 4 At #71E 5F Zoke A AAA

50017 2HEVE AFEE 23HT flod, s A U f71ERE B2E A% =4

Z Hg Rok:e AF, Y DAE AV BAL FHrie A% ddR AE Fol Aok

718 5% 2oklA Fa5He 71E9 FIuERF, FF S wlaste] ofx £

o] mf-¢ Aol Hr 50% ol4e] &Xu M7 EFE Holn glow, FulFFo AEH
1A 53 22 F5T BHE AMEEA] gol B3 Jer dHAL ATk

H$Ege gy s sur U5y sejoday Fol o e g EF
27k g4 B3 B2 A 7718 abolel 3ta; zslxof 28 o]Fojxy] W
of EFEZY 5A A2 uist MEYTI} &L HthEAy TEA Evdo] AbgHTH
E33udy 3o 1EYe 53 AR TFE(activity) AR o] RE ZVIUYAE F
Az, o] TEHE =o]7] YA feed siderw T2 FAE Y3 A2 ¥I7F Bo s
permeate sidet= Z-Z3toA 7ol 23t Frdo R AL o|FA A o]F WA &
E3te] A& F3ut dold 4+ A gk (Z2F 1.

Mo o o

utetA] FaSdke] Y vled REEIA e B dEyd 2 FIAMER
(permselectivity) & e FHEUe] AR Jgoldw, AMzE wg A2 HE3r] 9
2 2E A, AFR Jedt olF AladEste] AFER Scalewpd ¢ A= Ala® AA
7e%® A83E YA RIS A o]F oMo it}

FEEr T 1984 ASOFR e E4E % A EHES A, 45
Al Z2RE 24 Ades F33go] TnEH 53 vlzste FAAHo] 4T oy
Al Ago] tE HAEE ASEAT I olFE A FuFYe oEtE, o=z g
T & (Isopropylalcohol: IPA), Z Ao ®”(Ethyl Acetate: EA), AIEHF T s {718 €+
ZHo] HExT o ZWE FRE HHY 10m’, £ 05 kl/day o] & FEAAMFE
2100 m?, 150 ki/day®] Wit ofetE " Fof o212 Utk AdsdE Fa5d AlaH
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Y sk Foll gwd FEFS daA E@?i =] 3y /7182 (VoC)E AA, 3
= 2ol E%%EP YWP 7o) ZH7 Relstr] JEIL oluA ARERFo] B2
%AP AAE 2t frlEdEe] 2 EOI:.QI A &2 71%%/‘14 E3dke] HE vt
LT 2ty ow, A Ma3te U FF ZWE oM #HeES Methyl Tertial
Butyl Ether (MTBE)2] 28] 2 of&t2 3} Ethyl Tertial Butyl Ether (ETBE)®] 28] S& A%
Eg2ut A AE sfdbo] Xayso] wrdE Alo] Ho]EL T paraffinjolefin ], &
Fea EEE R WS e I ARl mie =Tk

2. 37 A4

=z 2y AYstEA 10d FToln I WREo §IE ¥eol HEFHL e
o A 24 AA 9 AAAol B By @ FwE AFZEC] A e AA el
AarbA EREw DUE AAE OyE EaEd 29 g H4F skdmount
3 EHE': MA. Azpate] 232 gkow 2 tEH 3AF 5L DC/GFTARIth wheh

HEd 37 ’574]“ A8 22 FAb7 AAHoR B8 BAFAA sofiwareoll
3“ o]Fo] How ole AAH ulet HepA|A Hch

A__t

=524 Aade] 598 U scaleup THE THEE FHRC wzH sty AE4
Jde AHBE E 4 Yo, Aa® AHA softwares 71 BY, T 2 a
2|7 vlg #™E AAH B4 & 2w

718 e " 3. $7ETER R £ 2HM FRFY JEs HEEI]
MAE WA AA ZAHANA Sampled 3T F o]E ZI Bench scale testE +83teo] 7=
2ol Bl S ARSI o test2 RE 9 A5e Algsty AFE Al2®e] Design scope
of T3t HRE2 AZ3th Bench scale test FHFAE A Y& o] TS o
ZYPEE MAsty APaAA T3 data’} Field H5& F&sA d&ste=A2] ARE
A al7] gle A AHe AAsich wst o] Yo R AFE AAH dA] 4
Q% 100l FEo] rhseitt w3k gy Aoz HE A Feldol B/EEC] AAE W
g He A ®n Fo eX W Ay JNIw 5& 2A £ Aok FIH AE
2 Feed $%5, Feed €% ¥ permeate 98 59 &4 274G WshstHA o] Fojxn 24
Z Ao izt A¥ FA3E D/BEETE

-

Adst TS ZWE] HiRES permcate—e— Z7)5bsl7] 9sle] zlof XBHZE
AF-83FL 'r'i’Jr 2712 $ZAH FE permeate YH FA L o] AF ALK FI A
Y& AFstr] fste] A2 L§7—1’7]E Apgsteh & YA AE] 2HoME WTHE
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At AT
= He WAt
2 Qlsto} Fabu]

o] gL permeated] A= B JIHE AA, EF Y &&=
T M permeates A GO R FABE FEE 7|4 permeateE SFAIT]
gstA "ok oebs ded AFgHEzo 432 F "ot gleH o
2 oA 4&rlgE Aot

Eypzdre stelodntet 45w Re|g g F3 fluwvt Fn AHESE 7] w2
feedoI A 9] 5 B2 Aol ¢l T FaZUNME AA feed’t FE FISIHA
71gkely] mlEY &5 BZo] 2Afst rizte] Lo d"uE feed?t AFTIFTE 7
E g5 2AHAME permeated] F AEL Zolw Eo 7|3t FYPL 70-100 °C HSlolA
560-535 kcallkgo] B2 o8 Q3 feed 2% A3t FAY + glov A FHAA= &S
R ES Y AFslel 2 Abolof Interstage heaterS A A Ft] feed EEEF Z7hA70
ARFH 0 2 feed 257F =242 53 fluxyt kY] ol o3 RE 252 7
Z9 23 gANME Fa35 T Eojof stk oA E feed EFEAA TS FEE
YollMe] 25 7ele o At thg 4 og ALkETh

ar=282
Q-k
where, AH=C?-AH, +(1-C}!)-AH, (1)

k=Cl k,+(1-C.) -k,

gurd o g wURE TR FUHE feedd 2EE Eoled o oA 90% ol
€ product &, FEEIAH vIE5E retentate A ZEE FJ¢F = 7] o AA F
28 ZHNAM BWeF AuAE ©e] grEALo|o Artde] o] &FHTH o] TEF
Aol LT 2 Ho) |5°C Zol=] Yot AYPE 2F2] 14 bar steam > B FE3] 75
=

Fisd 24 A4 3E JHER TEHe 9A ERE FAM 5F EE diEl
Fe3t AEEE Ze vivEd FRSUws S 2 HRE FEEk dA el
z2AE WFATe Aadold, {UE/EY ol4dR EFEM fHrlEe]l FHAIFHE

1

Namol elsl s3se A A4 2He BAs: BA 2 odA Sx4e
FrEe] gt 4 2 AEo 55 U Feddo 25 W3E Uit ten 2
yoz mAATH
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¢l =c/ at A=0 (5)

Wwo

=1 at A=0

ol A& nld¥ A" AmE YHYor £xHow HEFO AHMHL o] A =y
A AH F3} flux 2 permeate SE0f 3 feed 35 L 4 ZHO] Agke] Tat
Data’} g sttt & Fat3% ZHo] ALEE i} A feed A O] Fold W Fob
A FQ parameter?! 3 flux L permeate 2L 7] feed EEOIA 23T A =
HE 5% HS UM A¥Hez e F4 A 2 L35 59 daaS o] gste 1

E 59 geometryol Wet F3b fluxE liquid flow pathS Avhs Sk WY ¢ glow, o
e BEY REAMED UEF, 224 ZEA dAse o] 3L Bas 44
Adtol g stch wek £33} fluxs permeate flowo] WHE £AR QA8 permeate 4 =}

ool oate] Mg 4 gl

dutqo g FaZde orE 9 e ol HE) feed 2] B A5l A FFFo]
Ao ol& feed sideolA el B BTo] Ao ¢lv] mjRolch thR o] Ezzur HA
ANM HEE WHolMel feed H452 FFol sgsby o] wist T JFge A} 1
Hub LA loadingo] 2T A Fol TA7F AAEE AAHME foulingo] TAY S
ek Fake] 3 2 dg zdsle §7 &40 B#42 5 4 Qv & 2xv) g4y
A ol e &ElE ot Faste] A4 YHol BA Il AgZo] FAH)

FHTLE o83 ofehg Y TAHS 129 ZoH feds AYVE AV IRER
TYUEE A4 Moz oot B EIE permeates L] e S T el
2/oletE EREIH oe &3 Feuo AMeP v Hedh FArPE=E 2 AR
22 Fol &Fulof dE v F AHE AAsE o AeEY S£EU]= 2T A
S FAAA 4 AE] 23] A% o] FolxA ot

IH-H32 AA oetg geg F33Y 242 Bo v En2d ZAHS ZH|[ZHo|

ot oflekg Ha TAH L oidsted Hitsly ofElg/E EFEL ofEkE 9

HHe FFEE dutdor Sn3dte]l HgEE HA 55 feed?t 104 % E

product”F 0.5-0.05 % Eolv} FaZetebg & Mefstw 0% o]Are] B E¥sts
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I-4E 19843 olF HAEA] AdstE oEtg €48 F3FY EHEE vEhL 3
on, dRH o7 340 Hax FrE HAY 2AHIL YT HREL £7FE EHE
ol ZlTt 1989W tEol AFE WEAEE B FWEE 955 vol% AREEFE 2000
ppm E9 TE% ogh&E 3000 kghrE *M}EP YFEg2 SHFHo] 2100 molt} EF
o] ZWEE 1 BFHE 40% HaAA TR FHARE(500 ppm B)S AT + 3l

of . A 0] A £2 3ol 4 AT + Aok

=

EaEd A AHES 7]& ZA-E Debottleneckdt”] $3 EX o2 HEd 4 glon F
Y 37 28T &5 9\}7‘“ FAUA 2AFE + X V29 FRYE A%
A= Aol "o Qluk oleldt H S+ predistillation column} FHZFH *}Oloﬂ 5
mit-Z  BiAFE A7F dRFHotE & 957 vol% olErES AYAFSE beer column
(predistllation)3} ©]& 100 ppm E7HA] 2000 hl/dav gaste 3 T SFH Abolol 95
vol. %04 96.5 vol %7kA] s&3te FHFHE TYste WA 27X 2% A& dY
4 ZHIEF &% 10% —7} ] 598 B # 21‘3}(1"%’—_15).
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olgst H3F AlAH <) *@Ei E3Zeatg £33 permeates TS 557 W
/ErE EjtEoln EReeg £¥HEY o] Alagof oJF 99.9% o] FHogkE
AL ¢ glom, o] FHL ofuiz]l AFEEFo] vil® H1 Hert YAHA e HHE
™ ZH|2FHo] AFEEE FET entrainerE AR LA kol TAHRHoT) ek of
T ;FL@?‘S]'{% mash column. °IEHE = EH5F% S35 Aa® 59 ZF unitollA Ab
£ 9% a84or A% o/&3td ofyA AEEE ©S 24 + do FasY
AN 2EE whg Tt 4gF0] ot g sl4, Aoty wEol 3 uolA odErE &
AL zerodt & 4 Ue HHH ZH|ERF = FHa 4% ot &«4o] WAyt
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H732d AF2E DC/GFTS] PVATE o|&3te oete ¥48 Fi5d TIdd A3
2 A% oM ZJE‘?—JE U*LHOiI AAxE A5 A5 S FeodeE AL gy £
EoA £yt 217 SFHO o3 5F5E 93%] WEOEIEES FEYSE
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of ute} of&tgo] w&FEE e At

FSd Zgod et ofufxe] YREL feed?t permeaterlole] T3t AE2 F7¢
AE 2o4M T3 LEYE SUtstEd AR EY &, feed 228 =9 F7] Y% steam,
permeate & W3 F7] 3t permeate §F \_E—— F2A7l= ol 8% cooling
power 5 ©| —1—42‘?—-_}0*]/\‘1 2HEE ouAojtt Z12 AHE ouHE ¥ FHA HE&
He FaEY 34 29uE $HEHE Y & 5 H]—”‘]‘ Heg Tl —?—7‘4‘1]
HeF g7t 7MY =52 ¢ & Atk ol 2Rl T3] elgAFRT} oz &
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Table 1. Comparison of options for Ethanol dehydration process.
Steam Electricity | Membrane |Molecular sievej Cooling Total
Process required required |replacement | replacement water operating costs
(kg/HL) | (kWh/HL) ($/HL) ($/HL) (m*/HL) ($/HL)
Pervaporation +
permeate redistillation 13.1 6.8 0.2 - - 0.95
Azeotropic distillation 110 0.13 - - 6.4 2.4
PSA + redistillation of
regeneration stream 30 0.3 - 0.04 3.5 1.13

Notes:
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Operating costs based on steam $20/ton. electricity 75 € /kwh, cooling water $0.04/m’,
membrane lifetime 4 yvears.
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Table 2 Effect of module cost on plant costs

Plant size, kg/h product at 99.8% ethanol 100-200 3000-5000

Cost in % of total

- modules 15% 45%

- vessels, pumps, heat exchangers 25% 15%

- chilling unit 10% 10%

- instruments. controls 20% 10%

- piping, assembly 20% 15%

- engineering 15% 5%
F7184 g Bokolr FaEd AL o] Z—i%% AE FHL URE FU18AF
sjpste] Aabgstr] Adteld, 1¥oe B A ¥ FiEEY & ©AE dEhL
Atk &, &A7F TEE F718 A% Sol ¥ 7UIE FALE FUE AL

g3 ol BEE B/l EHES

33T 2843
Fo1400 E3k8 B THZY A2Wg ol gsio] AAUT ¥+

} oo R ARER ¥
I1e=9] F7] &

Ae Aegdch FA £l o8 g4, Fe=Ee FUIES B3 Yo,
HAAFE o] 55+ F2 ZAAAL vaste dF Ak
Table 3. Solvents dehydrated by pervaporation.
Concentration

Solvent Feed Product
Isopropylalcohol (IPA) 15 wt.% 0.5 wt.%
n-Butanol 54wt% 800 ppm
t-Butanol 10.4 wt.% 581 ppm
Methylethylketone (MEK) 7 wt.% 03 wt.%
Acctone 6 wt.% I wt.%
Methylisobutylketone(MIBK) - -
Tetrahydrofuran (THF) 10 wt.% 1.5 wt.%
Ethylene dichloride (EDC) 0.22 wt.% 10 ppm
Methylene chloride 0.2 wt.% 140 ppm
Ethyl acetate 3.5wt.% 0.2 wt.%
Ethylene Glycol - -
Acetonitrile - -
Amines - -

UREH © 2 product®] E-2 10-20 ppm TEL
Me B2 do] dosty & &%
permeate HE S #HA ]74‘* Eig= =
0.1-15 wt.% EBolH, B %7} o|Bt} =
E 557t olRY; & oToﬂ“ F3o] &
=]

=}

PHoR EFE wrlECl HE £

al
()
=
A=)
= O
-

S =t AFEE ol

2 AA=Y, | ppm o387k Helstr] Slsh
HzE Agsty Y7 258 wlf w3
g=dbof] Hdt FAAHE AE feed 5
ALode 2%, 322 59 bk €8 7leol,
Aol At oletat el fI1EE 2
EA wEol ot
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gHT T 22 B3 fux ¥ HYEE AW £ Ao

Aoz &4 B3 A% FASwo] AYsts Fobx Rokg Uk 4 gtk
D Aok, Bdstsh, Aak Aol &AE g4 Alefets Hokg YuHe 4= of
A€, IPA, Tetrahydrofuran(THF). M€tg A3} 4712 Sojt} o] AL FaF o] Alg x|
= HH2 Rk T tE 2 BAZRE g4 2HE B AASL €57} 2}
B 8AHE g, AMeBer] ddoln Helge ooy A4 me B4 FHPoz T
dETh o] e &4 A8 §%o] wel £57} AAFHDE olefd £x Wt T3
T AR HHA 5g HAdo g FdsA Ued ¢ Yok

2) ot s 3ok ol A gx5l= A IPA. Ethylene Glycol(EG), Methyl Ethyl Ketone(MEK),
EA 50l I F/FZ o8t o Ffole we 4o 248 HelstA o go] Mug
Hobe 73 #8E Eole Aol Fosty 7494 s 4AS g7 Huh o] HEof
o RHFH AFE EHe Mg sEo 28 Tak 2o Debottlenecking®] 2= & E}-Z 7%
B ¥ FAsA "ot

TS AT 7V Pre FHIEYEN BHEMAM 1) FHEFE Bl 2) v)euE

= w2l 3) Fuld wae ArARE U gk AWM 39 g5g oadE,

AE Fol ool MYEY FaEde Fulya T wEY 2y ssolr] mro &

A dgstd RSy ERES YREo] ofo HFHCE 53] o] FLE ofuke Yool
[}

dol FHFWo| FHIEFYES 2 T ueno §7182 HAsls urpx] ojgHTh
FRA Bee 9ohA dEe RO RBo] Blalas 9 QoA wEE A So] o
of sYEE ol FrEe et 2RI stssty] wlRo] AAA ZHolA Ay
= 7FA ok sk ool Utk MW AL ofvixm Qi carboxylic acid”7} o]ofl 3T g]
FHSEL 3 retofitol] F2 BEEHY FapSuke] o3 Tu|HL AT oA 28
e 34 23E AAA "t

|

#7180 g4 I3 FHEY 342 B §/1% B Anol wlet FrAAE
ATk FF AEo] sl E3E £ b A9 A% MoE LB UE 4 9
ol F A BE Ensgo) digol @ £ vk dale] A9ols YL nwdy e
s % =2 gd%ol oF BET A4st wol B

drols T flux ¥ AEEsF 22 AHe oy
permeate”} O] JE LR o]Folx] o]F thA Resof = 5 AABe] B ©HS

1102 S35 o] 23 Ethylene Dichloride(EDC:1,2-Dichlorocthane) H 4] 2R o2 o] =2
Folls AT 3T o3t o] A Rel7]E T st w4 ZHolh 1989 TAH A
¥ dataoll ©J3H 02 wt% 2ol £FH %3 EDC £4S dlgste] pvAT Aol =
HSEHEEE B B SHAFH 10 ppm o3t 2ol TH 1459 EDCE A
1L Permeate= 45-55 % =9 R4& %= B/EDC T3 VaporZ ©)E &3t AEEs}
dofut organic-rich phase(0.15 wt.% E)$} water-rich phase(99.19% 2, 0.81% EDC)E Lo
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21t} organic-rich phaset F#HEUE A< BEH T water-rich phase= steam stripper 51 ¢]
3t eldTt permeateoﬂ/ﬂ 2|5+ water-rich phase?] & E°l1 718 3+E v
tho] 7] §lstel T olAte] AREVE T £5 slov, YREY HF £
I ujEo] $53tA G52 2R3 HEu EDC €5 T2 AAHS AYHeE W
o] kg5 f7] A4 Hele] HYPH o= & + SUrh

T3] o3t [PA "HaEe 71Ee Tekx IPA AL THE retofitdted H8&8EH <+
ATHZHI11). &, TF/ZHEFE o|Fojx FAHAA SFE 47 E/MPA Fu|ETHE
(85% IPA)S T3|sto] 95%7FA] =&8t7] 913 FREw AlAHE =olste Zu|EH
o] g8 2o o3t FAHIS AFsHA A &3 FUFANE & ow ojmf A}
25l EgEy AAYHL AFEE JHsely Zu|ESRY feed?] B 52U HAE]
E‘oﬂ benzene©]$] 2] entrainer® AHEE & Ue olHE Fevh B2 4o feed® AHE[SH
= AFole permeateol Mol £A £AE 4*35]'@' a7t e, dE E¢o permeate
%‘Ea 5% IPA ©]&tE fFAstey & wle HdgErt £ =g Abgstook it} ol
3 MElE = Feed 259 Z2 24 Ao HF5 UYutAH o7 Feed 2571 W&
HElZ7F 2o 1} Floxe 2318 #Zastr] mlgol o] Z¢ A4S "‘—‘45]'04 4
<8 2o AAFofof st}

ﬂl
x\,x

¢

50% IPA/E ETEZRE 995% IPAS 47 % IPA 55 332 2A4 1) FHFE
SE A AH 2) 2H/ZHEZF 3) EH/FEHREY BF Ao MUHAR Yro] 47 F
Ak 2 X E 23 A3 SF/FH5E B3 2o s 7321]7:1%1 S ¢+ k=
4). &, 7129 ZNEE F35L ALHE A Retrofitdh= 7 o‘r‘ Sam A% ¢
o dxl HeF 24 2 912 wrijy] ZH|ZHFo] AHEEHE F53 entrainer® Ak
£3lA] ool AT ZUEE HAHAT 4+ A Aok

o

L 4

Table 4 Economics of [PA concentration process
(Basis: Initial concentration 50% water/IPA, Final concentration 99.5% IPA)

pervaporation entrained hybrid process
distillation
500 kg/h Investment cost” 639.8 591 532.6
($ thousands/month)
Operating cost™ 13 12.7 95
($/month per 100 kg product)
2.000 kg/h Investment cost” 980.8 852.2 656.7
($ thousands/month)
Operating cost™ 8.8 8.8 4.9
($/month per 100 kg product)

" Investment costs based on manufacturers' prices for skid-mounted units, including piping, process
control cooling units and start up.

" Operating costs based on 8,000 operating hours per year, linear depremahon over 5 years, heating
vapor $19.50/unit, electricity 6 ¢ /kwh, membrane lifetime 3 years
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FE oA F7ES AYHor Estes SaI3UT 9 T2 198990 o]28 A4
Hog 2go] F7 A on, ol f7]5o MHYEE Zrs YRR &4y I A
o] gAof o3t sty G HY Aol QFE I wFolth ofe] FkA| " A o] A
gl 7 ot A HEEHT e T Silicone rubber7t & o] FH. o] AE T} ¢
AT E FAo TH A7 F7] wfEeltt

£33 F7)1E AH 2HNAe BEFozRE Y TERZ FEHWE 1 580 37
sto] HI-8& 30% olA H7Ae 4 Utk DC/GFTAMSH 37 MTRAKEI=HE dd EER
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(VOO)S 3| 43t= MTR AAE HA8l9 ™. transverse hollow-fiber HEES AFEEH
Zenons A 9FAFJof 4] Z Ao ®l Methylene chloride®} #-2 £#|E pharmaceutical tank
bottom wash-downC 2R E 3z 43t T4 o AsteolA jet fuel @ HLaA 718 AA
ol A&t At
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Table 5. Estimated pervaporation system economic benefits for Isobutanol and n-Propanol removal

Annual Annual
Annual Recovered Waste
Relative Operating Costs| Product Value Reduction Payback
System Capital Cost | (% of Capital) | (% of Capital) | (% of Capital) (vears)
Isobutanol 1.00 0.12 0.15 0.25 3.6
n-Propanol 1.05 0.06 0.06 0.40 2.6

Basis: 1) 95% removal of organics by pervaporation unit.

2) Waste reduction costs assume incineration of sludge.

3) Payback based on operating cost savings relative to pervaporation system capital cost.
Credit has not been taken for reduced capital cost of biological treatment plant due to
reduced organic load.

4) Pervaporation svstem capital costs do not include installation.

5) Pervaporation operating costs include membrane element replacement, power and
maintenance charges.
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Nomenclature

A: Membrane area [m"]

(7 Feed concentration of water [w / w]

(/- Feed concentration of water at membrane module inlet [w/ w]
(’?: Permeate concentration of water [w/ w]

AH: Latent heat of vaporization of permeate [kcal / kg]
AH . Latent heat of vaporization of water [kcal / kg]

AH . Latent heat of vaporization of organics [kcal / kg]

j.- Total permeation flux [kg/m" - h]

k: Liquid heat capacity of feed [kcal / kg- K]

k,: Liquid heat capacity of water [kcal / kg- K]

k. Liquid heat capacity of organics [kcal / kg- K]

Q: Feed flow rate [kg / h]

0, Feed flow rate at membrane module inlet [kg / h]

AT: Temperature drop at feed side of membrane module [K]
1’ Feed temperature at membrane module inlet [K}]
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