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Abstract

Natural gas is saturated with water at reservoir conditions. For this reason it is
necessary to remove it to avoid operational problems, such as corrosion, hydrate
formation or slug flow, during the transportation or processing of natural gas. This is
usually obtained by dehydration, which is a process thanks to which water is removed
from the gas to prevent its condensation under high pressure or low temperature
conditions. Typically, in offshore units, dehydration by some glycol desiccant, usually

triethylene glycol (TEG), occurs.

Although it is a generally used procedure in industrial practice, several parameters
affect its efficiency, such as the glycol circulation rate, the operating conditions of the
columns, the way by which the purity of the glycol is enhanced during regeneration
etc. In particular, since it is not possible to work close to TEG boiling point, the lean
TEG purity required by the absorption process is obtained in the regeneration section
with enhanced methods, as the addition of stripping gas or setting vacuum conditions
in the distillation column. For this reason, in this work, a sensitivity analysis of several
operating variables of the process has been conducted. Namely, the effect of the
temperature and pressure of the glycol contactor and regenerator, the temperature
obtained after the heat exchangers and the stripping gas rate. This has been achieved
by simulating a typical dehydration unit, based on conditions taken from the literature,
in the Aspen HYSYS vs 8.8. environment. For the simulation two different
thermodynamic models have been considered. That is the proposed by HYSY'S for the
use in dehydration TST-NRTL model and the UMR-PRU model which has been
developed in the thermodynamics and transport phenomena laboratory and is known to
yield satisfactory results for natural gas mixtures and it is implemented into HYSYS
through the CAPE-OPEN 1.1 protocol.

From the sensitivity analysis, it has been established that an increase of the flash
drum temperature and of the temperature of the stream which enters at the regenerator
leads to a lower water content, with decrease of the required duties at the same time.

For that reason, an optimization of the process in terms of required duties has been
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conducted. The optimization occurred on the basis of a 30 ppm water content in the dry
gas, as the required specification, which occurred using the stripping gas rate as
independent variable. It is resulted that by increasing the temperature of the stream
entering the regenerator to 137°C and the flash drum temperature to 100°C for the
TST-NRTL or 90°C for the UMR-PRU, there is an 9% decrease to the required reboiler
duty for the first and a 8.2% decrease for the latter. This is also reflected to a 21%
decrease in the stripping gas rate for the first and a 26% for the second. The cooler duty
decreases as well at the optimized conditions, with a difference of 17% for TST-NRTL
model and 14% with UMR-PRU. Instead, the duties of the two pumps are almost the

same for both operating conditions.

Following the results of the sensitivity analysis, a preliminary economic evaluation
of the unit is conducted in terms of installed and operating cost. The economic
evaluation occurs for both the initial considered case and the optimized one, for each
of the examined thermodynamic models. It is concluded that there is an about 5%
difference between the obtained by HYSY'S capital cost and the cost calculated through
generalized correlations for each part of the equipment, while no significant difference
is observed between base and optimized conditions. All obtained values are considered
inside the uncertainty of the calculations and in good accordance with the available
literature data, since the deviation in the case of the optimized simulation with UMR-
PRU model is about 15 %, from the latter. Considering the operational costs, instead,
a 8% decrease is obtained for the optimized conditions for the TST-NRTL model and
7% for the UMR-PRU, which corresponds to a saving of about 15700%/year.

Finally, the simulation of the dehydration of a real gas mixture occurred. It is
concluded that both models are able to meet the required specification of 30 ppm of
water content in the dry gas, yielding similar results with those observed in the synthetic
gas case. The models differ in the calculated stripping gas rate. Actually, TST-NRTL
results in higher stripping gas rate compared to UMR-PRU. The models differ, also, in
the heavier components distribution in the glycol-rich streams, with UMR-PRU to
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result generally in higher hydrocarbon loss. The same is valid for the calculated TEG

loss.

From all the examined cases, it has been shown that the difference between the
models is more profound in the calculated duties, where UMR-PRU systematically
yields lower duty compared to TST-NRTL. Due to the better prediction of the aqueous
TEG mixture heat capacity with the UMR-PRU maodel, its predictions in terms of duties
are expected to be closer to the actual process data. Furthermore, UMR-PRU results in
higher hydrocarbon loss in glycol-rich streams and higher TEG loss in the vapor stream

which are closer to the corresponding phase equilibrium data.

Overall, it is concluded that the UMR-PRU model yields better results than the
proposed by HYSYS TST-NRTL model in the simulation of a TEG dehydration unit.
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Iepiinyn

To @uokd 0éplo mepiéyel ek EHOEMG VOPATHOVS o€ cvvOnKkeg Toevtypa. H
OTOUAKPVVGT] TOL VEPOL OO TO OEPLO Elval OmOPOITNT MOTE VO AmoQEVYHovV
Aertovpykd TpoPAnaTa KAt TIG dlepyacieg HETaPOPAS Kot eneEepyasiog Tov agpiov.
H Yvmapén tov vepoo, yia mapddetypa oe cuvOnkeg youning Beppokpociog Kot VYNANg
TeoNG, OMWG OVTEC TOV EMKPATOVY GTOVE LITOHAAAGTIOVE YW YOV LETAPOPAS, UTOPET
Vo 0OOMYNOEL GE GYNUOTIOCUO VOPLIT®V, €V Topovsio GEvov aeplwv, pmopel va
odnynoet og daPpwtikég cuvinkes. o v amopvyn TV Topardve, otn Blopnyavio
TOV QULOIKOV ogpiov eivar obvnbeg va mponyeitar pio depyacio aELIATOONG
(dehydration). Xtig vrepdkrtieg TAATPOPUEG TAPAYMYNG 0EPIOV, OVTO EMTVYYXAVETOL
HEG® QULOIKNG OmOPPOPNONG HE YPNON €VOG OWAVUATOS YAVKOANG, cvvnBmg
tpratfvievoyivkoing (TEG).

Av ka1 1 depyacio TS apuddT®ong xpnoonoteitat kKatd kdpov ot Propnyavia,
APKETEG TAPAUETPOL EXNPEALOVY TNV OLOAN AgtTovpyia KO THV QmOSOTIKOTNTA TNG,
Ommg givat 0 pLOUOS KLKAOPOPTNG TOV SLHADLATOS YAVKOANG, 01 AELTOVPYIKEG GUVONKES
(mieom, Oeppokpocio) TV TOPYOV amOPPOPNONG Kol avOyEVVNONG, OVTIGTOL O, Ol
Beppokpacieg €10000V 610 d0YEI0 EKTOVMOONG 1| GTOV TOPYO AVAYEVVNONG K.0L.. TNV
TapoHGO SIMAMUOTIKY €pyAcia TpaypoTonomdnke aviilvorn evacnciog opiouévmv
Aertovpyikadv  petafAntov mov emmpedlovv m depyocic. [T ovykekpyéva,
peremOnke n emidopaon g Oepurokpaciog kol TG mieong Asttovpyiog TV TOPYWOV
aToPPOPNONG KO avayEvvnong g YAVKOANG,  Beppokpacia Asttovpyiog Tov doyeiov
extévoong kol 1 OBeppokpacio 16000V TOL PEVUATOS TNG YAVKOANG GTOV TLPYO
avayEvynong, kamg kat 1 exidpact) Thg mapoyng Tov agpiov amoyduvmeng (Stripping
gas). T v emitevén g mopomTave oviAlvone, pio TUTIKY HOVASH aPLIATMOONG
QLoKOL aegpiov, Paciopévn o€ AETOVPYIKA Ogdopéva Tov ANEOMKav amd 1N
Broypapia, TpocopoimOnke oto tepfaiiov tov Aspen HYSYS vs 8.8, faciopévo
oe Povtédo tooppomiag. o v meptypaen tov OepLOSLVOUIKOV 1O10THTOV TOL
GLOTHHOTOG, LEAETNONKAY 0VO S1POPETIKA BEPLOSVVAUIKA LOVTEAD: TO TPOTEWVOUEVO

a6 o HYSY'S yua yprion oe tétoteg diepyaciec TST-NRTL kot éva povtédo mov £xet
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avantvyel 6To epyaoTtplo BEPLOOVLVOLIKNG Kot ovOUEV®VY PETapopds Tov EMIT ko
dtvel KaAd amoteléopata o€ piypato puotkav aepiov, 10 UMR-PRU. To televtaio,

dgv givol eVOOUOTOUEVO GE EUTOPIKOVS TPOGOUOIMTES, OMOTE EICAYETAL GE OVTOVG

pécsm tov mpwtokdAlov CAPE OPEN 1.1.

ATO 1o AmOTEAECUATO TOV OVOADGE®V gvoucOnoiag mposkuye OTL 11 avENoN NG
Beppokpaciag 16060V 610 d0YEl0 EKTOVMOTG KOOMDC Kot 1 Beppokpacio 16030V TOL
PEVLLOTOG YAVKOANG GTOV aVayEVVNTY, UTOPEL Vo PEATIOCEL TNV OTOUAKPVLVGT) TOL
VEPOD MO TO AEPLO LLE TOVTOYPOVT UEIMON TOV ATOUTOVUEVOL BEPUIKOD POPTION GTOV
avafpactipa g GTHANG avayévvnonc. Bdogl tov mopamdve, mpoypoatoromdnke
apPIGTOTOINGT NG dlEPYATiag [LE GTOYO TN UEIMOT TV OMOITOVUEVOV QOPTIMV KOl MG
€K TOUTOV, EUUECHOG TOL AETOVPYIKOL KOGTOVG TNG Hovadas. o to okomd g
aplotonoinong Bewpndnke pio mpodiaypaen 30 ppm vepod 610 pevdua Tov ENPOv
aeplov, Tov emTevLYONKE LE TN YPNON TNG PONG BEPIOL ATOYVUVOGNS OG AVEEAPTNTNG
petafAnts. Ta amotedéopota g Pertictomoinong &deiEav 61t M adénon g
Beppokpaciog e0ddov otov avoayevwnty otovg 137°C wor tng Oeppoxpociog
Aertovpyiag Tov doyeiov ektovmong otovg 100°C yio to TST-NRTL kat otovg 90°C
v to UMR-PRU, odnyet og 9% peimon Beppikod @optiov tov avafpactipa g
oTNANG avayévvnong yo to Tpdto kot 8.2% ywo to devtepo. Avti N pelwon, odnyet
Kol o€ ovTiotoyn Lelwon Tov anartoduevoy aepiov amoydvmong, mov givar 21% vy
TO TPMOTO Ko 26% oV mepintmon tov devtepov. EmmAéov, mapatnpeiton peimon tov
QITOLTOVLEVOL POPTIOV GTOV YuKTHpa YALKOANG katd 17% yio 1o TST-NRTL ko 21%

v o UMR-PRU, xatd t1g aprotomompéveg cuvOnkeg Aettovpyiag.

2N OLVEYELD, TPAYUATOTOMONKE TPOKATOPKTIKY] OIWKOVOMIKY] OVAALGN  TNG
depyaociag, ypnoet kot Tov dvo Beppodvvoptkdv HoviEAwy, oe cuvOnkeg Pdomng Kot
aptotonoinong. H avdivon Paciomnke ota mdywn kOGTN €YKOTAGTOONG KOl GTO
AeLTOVPYIKO KOGTOG, OTMG AVTO TPOKVTTEL OO TIG OMOLTOVUEVES TAPOYES o€ BEPLOVOT,
Yoén kot nAektpiopd. Avo pébodot ypnoipomomdnkay yioo TNV EmITELEN AVTOV TOV
OKOTOV: 1] OIKOVOULKT avaAivon omd to meptPdilov tov HYSY'S kabmg kot avaivtikdc

VROAOYIOUOG TOV KOGTOVG KAOE TUNHOTOS EE0MTAMGHOD PACIGUEVO GE GLGYETIGELS TNG
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Biproypapiag. To omoteAéopoata NG OVAALONG ®G TPOG TO TAYO KOGTOG
€YKaTAoTooNg £0€1E0V OTL OEV LITAPYEL CNUAVTIKT 10 (pOPOTOINoT LETAED TOV PACIK®V
cuvinkov Asttovpyiog Ko TV Pertiotomompuévov. Metalld, OU®s, TOV TIUOV TOL
vroroyiotnkav amd 10 Aoyioputkd HYSYS ICARUS kot T1g yevikevpéveg GuoyETIoEL
TpokLITEL pio dtapopd ion pe mepimov 5% oe OAec T1g pedetodueveg mepimtdaoels. Ot
SlapopéC aTEC BemPoVVTOL AOYIKEG OEOOUEVOD TOV TPOKATOPKTIKOD GYEOACUOD Kot
TOV OTAOTOMTIKOV TOPAd0Y®OV OV Tpaypatomomonkay. Emmiéov, ot vtoloyiopuéveg
TIWEG etvan ouykpioleg pe Tipég mov divovian ot BirpAoypaeio Yo T0 KOGTOG piag
tétolag povadoag. ITo cuykekpyiéva, to VTOAOYICUEVE KOGT Y10l TIG OPICTOTONIEVES
cuvinkeg Aettovpyiag pe to UMR-PRU povtélo amokAivovv katd mepimov 15% and
T1G BPAoypaikég TipéG. Ocov apopd GTOV VTTOAOYIGIO TOV AEITOVPYIKOD KOGTOVS TG
povédag, moapatnpeitor pio onUOVTIKY HElWON TOL KOGTOLG GTNV TEPITTMOT TV
APIGTOTOMUEVOY GUVONKOV Kot pe o 000 peretodpeva povtéda. Ewdwotepa, oy
nepintoon tov TST-NRTL 10 Asttovpyikd koot0g petdverar katd 8%, evd o ot
tov UMR-PRU «atd 7%. Avti n peimon aviiotouyel o meptdmplo k€pdovg e ETNOL0L

Bdon koatd mepinov 157008.

Téhog, mpoypatomomOnke mpocopoimon piog HOVAdONS AQLIATMONG OV
TPOPOJOTEITOL HE TPAYUATIKO 0€pto Kot pe ta dvo eEetalopeva Bepproduvaptkd
povtéda. H avdivon £yve kot o€ aut TNV mepintmon ot BAom g Tpodiaypapg Tomv
30 ppm vepov oto mapayduevo Enpd aéplo, TOV KoL TO VO HOVTEAN TPOGOUOIMGOY
emtuy®s. Ta omoteAéopata mov mapatnpnOnkav eivor mopdpol pe oVTE TOL
cuvBetikov agpiov. Ewdwdtepa, ta poviéla amartovv Tov 1010 pubpd avakvukAoeopiog
YALKOANG Kot TV 101 kaBopdtnTo YALKOANG Yo TNV €mitELEN TG TPOOIAYPUPTG.
Qotoco, ko og avt TV mepintwon to UMR-PRU amottetl pikpdtepn pon agpiov
amoydpvoong, ocvykpwopevo pe to TST-NRTL. Onwg kot ommv mepimtoon Ttov
ocuvletikov agpiov, to UMR-PRU povtého odnyel oe xatd mepimov 19% pikpotepo
eoptio. Emmiéov, ta poviéha dapépovv G mpog TNV KoTavoun tov Bopdtepmv
oVoTaTIKOV ota molkd peopoata, pe 10 UMR-PRU va odnyel oe vymAdtepeg
SLAVTOTNTEG Kot Apa Kot LeYOADTEPN andAEl VOpoyovavOpdkwy. To 310 1oydeL Kot

v 116 andreeg ¢ TEG oto pedpa Tov aepiov.
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Téhog, oe OAeG TIC TTPONYOVUEVEG AVOADGELS Omodeiydnke 6Tl 1 onuavtikdTEPN
dtpopomoinon oty TPOPAEYN TOV HOVIEA®V £YKELTOL GTOV VLITOAOYICUO TMV
amottovpevov Bepuikdv  eoptiov, 6mov 10 UMR-PRU ocvotuatikd mpoPAiénet
UIKPOTEPEG TIHEC. AVTO amodideTon 6TV TPOPAEYN TNG EOIKNG Beproy®pNTIKOTNTAG
oL €iva cLGTNUATIKA LKPOTEPN otnV Tepintwon Tov UMR-PRU cg oyéon pe oot
mov voloyiletar pécsm tov TST-NRTL. Enedn n npdpreymn oo UMR-PRU eivan
KOAOTEPT OTNV TEPIMTMOOT TNG EOIKNG BEPLOYOPNTIKOTNTAG TOV VIAUTIKOD UiYHOTOS
TEG, Bewpeitan 6Tt T0, 0MOTEAEGHATA TOV WG TPOS TNV TPOPAEYT TOV ATALTOOUEVDV
@optiov Ba glvol Mo Kovid oTIg TpayHatikeés Tés. EmmAéov, or mpoPAréyelc twv
HOVTEA®V S10pOPOTOLOVVTOL OC TPOS TIS OTMOAEEG VOPOYOVOVOPAK®Y GTO pPevUA
yAwkong ko TEG ota aépia pevpata, émov 1o UMR-PRU cvetnpatikd katoinyet o€
peyolvtepeg TéS. Adym g KoAvTepng mPOPAEYNG TG 1GOPPOTIOS PACEDY TV
avTioTOY(®V dVASIK®OV HypdTov, Ta anoteiéspoto 1ov UMR-PRU Bewpovvrat 611 Oa

€lvol o KOVTA GTIG TPOLYHOTIKES TULEC.

Yvvoyilovtag, oty mapovoo epyoacio amodeiyOnke 6t to povrého UMR-PRU
Umopel vo. TPOCOUOIDCEL EMTVYOG Mia depyacio apLIdT®OoNS QLGIKOV ogpPiov,
00MNYOVTOS O TOPOUOL KOl GE OPICUEVES TEPUTTMOELS KOADTEPO, OMOTEAEGLOTO
cuykpwopevo pe avtd mov vmoAoyilovtar pécw tov poviédov TST-NRTL movu

npoteivetotl amd o HYSYS yia v npocopoimon T€Toiwv diepyasimy.
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1. Scope

Natural gas is a combustible mixture of hydrocarbon gases, mostly methane, ethane,
propane, butane and pentane [1], but it also is saturated with water at reservoir
conditions. A necessary step to avoid operational problems during its transportation or

processing is its dehydration. [2]

Although the dehydration procedure is generally used in industrial practice, several
parameters affect its efficiency, such as the glycol circulation rate, the operating
conditions of the columns, the way by which the purity of the glycol is enhanced during
regeneration etc. To that purpose, in this work, a sensitivity analysis of several
operating variables of the process has been conducted. The sensitivity analysis aims
also at the establishing of optimised operational conditions in terms of reducing the
required thermal duties. For this reason, a specification of 30 ppm water content in the
dry gas has been set, while the independent variable is the stripping gas rate. Following
the optimisation of the operating conditions, a preliminary economic evaluation of the
unit in terms of installed and operating cost occurs. Finally, in contradiction to the

synthetic gas used for the sensitivity analysis, a real gas is examined.

The simulations have been conducted through the Aspen HYSY'S vs 8.8 software,
with the use of two different thermodynamic models. The models considered are the
built-in TST-NRTL model [3] [4] which is proposed by HYSYS to be used in
simulating the dehydration process and the UMR-PRU model [5] [6] which has been
shown to yield good results in natural gas mixtures. [7] The latter is implemented into
HYSYS through the CAPE-OPEN 1.1 protocol.
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2. Theoretical background

2.1 Operational problems due to the presence of water in naturals

gas

Natural gas (NG) is saturated with water at reservoir conditions. Since water vapor
could condense under high pressure and low temperature, it is necessary to remove it
to avoid some operating issues during natural gas transportation and processing. Such

issues include:

e Hydrate formation: liquid water and light hydrocarbons may form hydrates,
which lead to the partial or complete blocking of pipes and downstream
equipment, fouling, plugging of heat exchangers and erosion of many
processing equipment.

e Corrosion: in the presence of water, hydrogen sulfide and carbon dioxide form
weak corrosive acids.

e Slug flow: liquid water may cause slugging which lead to the damage of

downstream equipment. [1]

To avoid such operational points, water has to be removed from the gas to meet
some established specifications. In terms of industrial practice this is usually
established as water dew point temperature, which actually can be translated to ppm of
water content. The specification to be met in this work is the water dew point
temperature of -18 °C, which is the usual specification for transportation pipelines in
Northern Europe and corresponds to a dry gas water content of about 30 ppm. [2]
Offshore, this specification is typically obtained by absorption of water in some glycol
desiccant. In most cases, triethylene glycol (TEG) is used, which yields the best

combination in terms of cost and efficiency. [3]
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2.2 Absorption of water from NG using TEG

A typical offshore processing plant for natural gas is shown in Figure 2.1 [2].

Tail gas
treatment
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‘ Condensate Acid .
- A N cid gas : ercu
3 and | — remogval [———>{ Dehydration —> l'\:
water removal remova

|

] 1
Sweetening Fractionation Nitrogen
: ening | ) le——— NLGrecovery |& P
units train rejection

Sales gas product

Figure 2. 1 Typical processing plant for natural gas [2]

Due to lack of space in offshore units, only the basic processing to meet the
specifications of the transportation pipelines is used. As it is shown in Figure 2.1, this
typically involves the removal of water, mercury and acid gases (H2S, CO.). The latter
appears only where high concentrations of acid gases are involved, while in other cases the
processing occurs onshore. In case that a sweetening unit exists, this should always be

placed before dehydration, since it typically uses a mixture of water and amines.

The most commonly used method for natural gas dehydration offshore is an

absorption process. The solvent should have the following properties:

e Strong affinity to water and low affinity for hydrocarbons
e Low volatility

e Low cost

e Low viscosity

e Low tendency to form foams or emulsions

e Low potential for corrosion

e Large difference in boiling point compared to water [2]
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Four glycols are used for dehydration process:

e Monoethylene glycol (MEG)

e Diethylene glycol (DEG)

e Triethylene glycol (TEG)

e Tetraethylene glycol (TeEG) [4]

TEG is the most commonly used glycol for gas dehydration, because it gives the
best combination of dew point depression, operating cost and reliability. In
particular, this thesis focuses on natural gas dehydration with TEG as absorbent.
TEG has a boiling point (287.8°C) at atmospheric pressure that is much higher than
the one of water (100°C). This difference comes handy in order to ensure easy
separation of the rich TEG stream, just by increasing the temperature in the

regenerator. [4]

2.3 Thermodynamic models

For the simulation of the typical TEG dehydration unit in HYSYS, the equilibrium
approach is followed. So, important role plays the selected thermodynamic model. In
this work, two models are examined which belong to the so-called class of the EoS/GE
class, namely the Twu-Sim-Tassone Non Random Twu Liquid (TST-NRTL) [5] [6]
which is proposed by HYSYS for use in the dehydration process and the Universal
Mixing Rule Peng — Robinson UNIFAC [7] [8] (UMR-PRU) which has been shown to
yield very satisfactory results in the prediction of natural gas mixtures[9]. The latter is
implemented into HYSY'S through the CAPE OPEN 1.1 protocol.

2.3.1 TST-NRTL model

The cubic EoS/AE mixing rule combines the Twu —Sim-Tassone (TST) EoS
[10] with the NRTL[11] model through zero-pressure mixing rules. The TST cubic

equation of state is represented by the following expression [12]:
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RT a

P T w3 hw-05-b) Eq. (21)

a = aca(T) Eq. (2.2)
RT,)?
a. = 0.470507( ) Eq. (2.3)
c
a(T) = TN~ DL~ Eq. (2.4)
RT,
b = 0.0740740—= Eq. (2.5)

Cc

where T¢ and P. are the compound critical temperature and pressure, and L, M and

N are compound specific pure component parameters fitted to vapor pressure data.

The zero pressure mixing rules are expressed by Error! Reference source not
found.egs. 2.6 - 2.11. The TST zero-pressure mixing rules assume that the excess
Helmholtz energy of the van der Waals fluid at zero pressure, A§ 4, , can be
approximated by the excess Helmholtz energy of the van der Waals fluid at infinite

ressure, AZ . asineq.2.9.
,vdw

a* — b* a':dW 1 ﬁ _ Ag,UdW Eq (26)
b:,, —0.518850\RT  RT
o Fa Eq. (2.7)
(RT)?
y_ Pb Eq. (2.8)
RT

24



Ag,vdw _ Ago,vdw — _0.59413 - a,";dw + z ., a_:‘ Eq. (2.9)
RT~ " RT by 4]

b; + b; Eqg. (2.10
b=bvdw=22xixj bl] with bljz% q ( )
i

Aydaw = ZZ xixjaij with al-j = ,/aiaj(l - kU) Eq (211)
i J

Since AoF in eq. 2.6Error! Reference source not found. is at zero-pressure, its
value is identical to the excess Gibbs free energy GF at zero-pressure. Twu et al. [11]
proposed a multicomponent equation for GE that has the same structural form with the
NRTL activity coefficient model, as shown in 2.12 - 2.14.

G_E= § x_Z?ijﬁGﬁ Eq. (2.12)
RT £ YR X G

Aji Eg. (2.13)
ji
bi = + Bji
Gji = exp(—aﬁrji) Eq (214)

where Aj;;, Bj; and aj; are the NRTL interaction parameters. The pure component and

binary interaction parameters for the TEG/water binary mixture are taken from Twu et
al. [11] while for the rest from the HYSYS vs 8.8 database.

2.3.2 UMR-PRU model

The UMR-PRU model, combines the Peng-Robinson Equation of State with the
UNIFAC activity coefficient model, through the Universal Mixing Rules [7 - 8]. The
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model has been shown to be applicable to all types of system asymmetries and to yield

good results for natural gas mixtures [9 - 13].

The Peng-Robinson EoS in terms of pressure is given by the following expression:

p RT a
“(w—-b) v(w+b)+bw-—Dbh) Eq. (2.15)
a=aca(T) Eqg. (2.16)

2

a. = 0.45724 (RTc) Eq. (2.17)
a(T) = [1+m(1 — T5)]? Eqg. (2.18)
m = 0.37464 + 1.54226w — 0.26992w? Eq. (2.19)

RT,
b =0.07780—< Eq. (2.20)

c

where Tc and P are the compound critical temperature and pressure respectively and o

is the acentric factor.

For extension to mixtures the following Universal Mixing Rules (UMR) proposed
by Voutsas et al are applied [8]:

E,SG E,res

DRT  —053 RT L SbRT Eq. (2.21)
2
b* + b2
i
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2.4 Process Description

For simulation purposes Aspen HYSY'S software has been used. The flowsheet of a
typical dehydration unit, as simulated on HYSYSS, is shown in Figure 2.2.
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Figure 2. 2 Flowsheet of a dehydration unit as simulated on HYSYS.
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The dehydration unit is composed of two parts: an absorption section, where
dehydration takes place, and a regeneration section, where water is separated from
TEG. In the absorption section the actual dehydration occurs. At the top exits the final
product of the unit, which is actually the dry gas stream, and at the bottom the rich (in
water) TEG stream, which is then routed for regeneration. The regeneration is actually
a stripping process, where by attributing heat, water is separated from the rich TEG
stream. The produced lean (in water) TEG stream, is then recycled as an input at the
top of the absorber [2]. For the base condition case, from where the sensitivity analysis
occurred, the input and operating conditions have been taken from the work of dos
Santos et al.[14]. The detailed composition of the input wet gas stream is given in Table
2.1. The base conditions are described in the following, while any difference which
may occur during the sensitivity analysis is discussed in section 3.

Table 2.1: Wet gas composition (molar)

Wet gas Stripping gas Make-up

CO; 1.39 E-02 1.82 E-01 -
Methane 8.99 E-01 7.27 E-01 -
Ethane 6.54 E-02 9.1 E-02 -
Propane 1.75 E-02 - -
n-Butane 2.44 E-03 - -
n-Pentane 7.24 E-04 - -
n-Hexane 5.51 E-04 - -
H,O 3.94 E-04 - 5.00 E-03
TEG - - 9.95 E-01

29



2.4.1 Absorption section

An absorber unit (Contactor), which consists of three ideal trays, operates at high
pressure and low temperature conditions, in this case about 52 bar and 27°C [7], and it
is essentially isothermal. Since the mass of the lean TEG which enters at the top of the
contactor is small compared to that of the wet gas which enters at the bottom, with a
flowrate equal to 1904 kmol/h, the absorber temperature is controlled by the wet gas
one. From the top of the contactor exits the dry gas which is the final product of the
unit and, from the bottom, exits the rich TEG stream which is then routed into the

regeneration section.

2.4.2 Regeneration section

The rich TEG stream from the contactor is depressurized in a Joule-Thomson valve
from 51.65 bar to 5.15 bar, since the regenerator works close to the atmospheric
pressure. For simulation purposes, a heater is added next to the valve, and its duty is
set equal to that of the condenser, to account for the passing of the rich TEG stream
from the condenser of the Regenerator. The rich TEG is then preheated through the
first glycol/glycol heat exchanger (HX-1) by the lean TEG stream and it is then routed
to a flash drum to remove the diluted hydrocarbons, in order to pretreat it before the
regeneration. The liquid outlet stream (S4) enters the second glycol/glycol heat
exchanger (HX-2), with a specified temperature equal to 130°C, before it enters the

bottom of the Regenerator.

The latter is simulated by a distillation column subflowsheet which operates at close
to atmospheric pressure (1.27 bar) and high temperature conditions, due to the high
TEG boiling point (285°C). For the condenser the “full reflux” option has been chosen,
so that all the condensed liquid is sent back to the top of the regenerator. The number
of stages has been set to three without accounting for the reboiler and the condenser.
The operating conditions of the regenerator have been defined by the glycol
degradation temperature, so the specifications for the column are set to the reboiler and

condenser temperature. For this reason, the condenser temperature is set to 100°C,
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which is close to the pure water boiling point, while for the reboiler one it is set to
204.6°C, which is the best compromise between increasing the lean TEG purity and
avoiding the TEG degradation. [4] Since this temperature corresponds to a lean TEG
purity of about 98.5% wt. [4], in the typical case, where a specific water content in the
dry gas is required and corresponds to higher TEG purity (about 99.5% wt. [4]), this is
obtained with the use of a stripping gas. Although several approaches can be used for
the stripping gas, such as some of the produced dry natural gas, pure methane, pure
COz etc., in this work a stripping gas composition taken from the work of dos Santos

et al.[14] is used, as it is presented in Table 2.1.

To account for the TEG losses encountered at the dry gas, the flash gas and the
vapor, streams, a make-up stream of aqueous TEG is added with a wt. composition
equal to 0.995 in TEG (Table 2.1). The conditions of the lean TEG stream are set to
those required in the Contactor through the use of auxiliary units, which are actually,

two glycol pumps (pump-1, pump-2) and a glycol cooler (cooler).
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3. Sensitivity analysis

The scope of the sensitivity analysis is to evaluate the influence of the operating
parameters such as temperature, pressure and stripping gas rate on the whole process.
The abovementioned analysis aims to an optimization from an energetic point of view,
the latter on the basis of the specification of dry gas water content at approximately 30

ppm molar.

A base case, as it is described in Section 2.4, has been considered, with the operating

conditions presented on Table 3.1 [1].

Table 3 .1 Base operating conditions inserted as input for the simulation of the base case with TST-
NRTL and UMR-PRU models[1]

Contactor temperature [°C] 26.67
Contactor pressure [bar] 51.65
Wet gas molar flow [kmol/h] 1904
S1 pressure [bar] 5.15
Flash drum temperature [°C] 75
Flash drum pressure [bar] 3.15
Input regenerator temperature [°C] 130
S8 pressure [bar] 3.77
Stripping gas temperature [°C] 80
Stripping gas pressure [bar] 2
Stripping gas molar flow [kmol/h] 7
S11 temperature [°C] 55
S12 pressure [bar] 52
Make-up temperature [°C] 15
Make-up pressure [bar] 2
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The effect of the operational variables has been analyzed, by varying the specific
parameter, while all the rest have been kept constant to the value of the base conditions.
Exception is encountered in the case of the variation of the Regenerator pressure, where
no stripping gas is considered. Although the scope of the sensitivity analysis is to study
the effect of each operating parameter on the process, particular emphasis has been
given in checking the conditions where the specification of the about 30 ppm water in

the dry gas is satisfied.

3.1 Variation of the stripping gas molar flow

Stripping gas has been used in the regeneration section to increase the lean TEG
purity, since it is not possible to work close to TEG boiling point due to its degradation
temperature being lower to its boiling point. The effect of the variation of the stripping

gas rate has been analyzed in this section.

Figure 3.1 shows the trend of the lean TEG purity after variations of the stripping
gas molar flow. As it has been expected, there is an increase of the lean TEG purity
with the increase of stripping gas rate with both the models. A slight difference in the
lean TEG purity is observed between UMR-PRU and TST-NRTL, which is more
apparent in the lower stripping gas rate. This is attributed to the different performance
of the two models in the vapor — liquid equilibrium (VLE) of natural gas components
with water and TEG.

Figure 3.2 shows the trend of the dry gas water content after variations of the
stripping gas molar flow. As expected from the results in the purity of the lean TEG,
the dry gas water content decreases with the increase of stripping gas, due to the higher
absorbing capacity of the solvent. If the performance of the models in meeting the
required specification of 30 ppm of water in the dry gas is examined, it is observed that
UMR-PRU requires slightly lower rate compared to TST-NRTL.

34



0.996

0.993
—— TST-NRTL
H
= —— UMR-PRU
2 099
=}
o
&}
e
— 0987
(3]
9
0.984

0 5 10 15
sg molar flow [kmol/h]

Figure 3.1 Effect of the stripping gas rate on the lean TEG purity with the TST-NRTL and the
UMR-PRU models.
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Figure 3.2 Effect of the stripping gas rate on the dry gas water content with the UMR-PRU and
TST-NRTL models.
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The decrease of the dry gas water content with the increase of the stripping gas rate

can be explained as follows.

If a pseudo-binary ideal solution is assumed, then the water content is related to its
partial pressure through eq. 3.1.

P
Xwater = y}i}{zoo (Eg. 3.1)
2
P~%yi P = YreP) + Wu,oP) (Eq. 3.2)

The term (yrgeP) is negligible compared to the other term of eq.3.2, due to the
extremely low volatility of TEG. So, the insertion of stripping gas, results in the
relationship presented in eg. 3.3.

P~%iyi P = Yu,oP) +(sgP) (Eq. 3.3)

Since the pressure (P) of the column is constant, the partial pressure of water
decreases, with the insertion of stripping gas. This corresponds to lower water content
in the gas, as it is shown by eq. 3.1.

In figure 3.3 the trend of the lean TEG molar flow with the stripping gas rate is
presented. Both models predict a descending trend of the lean TEG circulation rate with
the increase of stripping gas rate and actually similar, with the exception of the very
low values of the latter. Actually, this is the expected trend, since the lean TEG purity
increases and thus the absorbing ability increases, leading to a decrease in the required
amount of TEG.

Another parameter of importance to check during the sensitivity analysis is the effect
on the required duties. As it is explained in section 2.4 where the simulation
environment has been described, in the specific simulation, we considered two
glycol/glycol heat exchangers, two glycol pumps and the glycol cooler. In addition to
the abovementioned units, we should also considered the condenser and reboiler duties

required in the distillation column, which has been used to simulate the Regenerator.
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Figure 3.4 shows the effect of the stripping gas rate on the reboiler duty. Small
differences have been observed with both considered models, for all the duties with the
increase of stripping gas rate. It has been, also, observed that there is a difference
between the duties calculated with TST-NRTL and UMR-PRU, which is attributed to
the different pure TEG heat capacity calculated with the two models as it will be shown
in section 3.5. Actually, UMR-PRU better predicts the aqueous TEG heat capacity
compared to TST-NRTL and as such, the duties calculated with the first are considered
closer to the actual case. [2] In the case of the reboiler duty, the increase in stripping
gas rate, results in higher quantities needed to be heated up in the bottom of the column
and thus increased reboiler duty. From the results of Tables 3.2 and 3.3 it is also
observed that UMR-PRU systematically yields higher TEG loss compared to TST-
NRTL. This is actually an outcome of the solubility of TEG in methane, which is higher
for UMR-PRU and closer to the experimental data. [2]
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Figure 3. 3 Effect of the stripping gas rate on the lean TEG molar flow with the TST-NRTL and
the UMR-PRU models.
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Figure 3.4 Effect of the stripping gas rate on the reboiler duty with the TST-NRTL and the UMR-
PRU models.

Table 3 .2 Results of the analysis after variations of the stripping gas molar flow (TST/NRTL model)

sg molar| lean lean | dry gas [TEG loss| heater |reboiler | cooler |pump 1l | pump 2
flow TEG TEG water |[kmol/h]| duty duty duty duty duty
[kmol/h]| purity | molar | content [kwW] [kw] [kw] [kw] [kw]
[wi] flow | [ppm]
[kmol/h]
1 0.9879 | 37.0 58 0.0003 | 0.91 332 209 0.53 9.3
3 0.9883 | 36.9 56 0.0011 | 1.47 333 209 0.53 9.3
5 0.9903 | 36.3 47 0.0019 | 2.08 333 209 0.53 9.3
7 0.9923 | 35.7 37 0.0026 | 2.76 335 209 0.53 9.3
8 0.9930 | 355 34 0.0030 | 3.10 335 209 0.53 9.2
9 0.9936 | 35.3 31 0.0034 | 3.43 335 209 0.52 9.2
9.5 0.9939 | 35.2 29 0.0036 | 3.59 335 210 0.52 9.2
10 0.9941 | 35.2 28 0.0038 | 3.76 335 210 0.52 9.2
11 0.9945 | 35.0 26 0.0042 | 4.08 336 210 0.52 9.2
13 0.9952 | 34.9 23 0.0050 | 4.72 336 210 0.52 9.2
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Table 3. 3 Results of the analysis after variations of the stripping gas molar flow (UMR-PRU model)

sg lean lean | drygas | TEG heater | reboiler | cooler | pump | pump
molar | TEG TEG water loss duty duty duty | 1duty | 2duty
flow purity | molar | content | [kmol/ | [kW] [kW] [KW] | [kW] | [kW]
[kmol/ | [wit] flow [ppm] h]
h] [kmol/
h]

1 0.9868 | 37.4 62 0.0014 | 0.96 293 209 0.54 9.7

3 0.9877 | 37.2 58 0.0026 | 1.48 293 209 0.54 9.7

5 0.9904 | 36.4 45 0.0039 | 211 293 209 0.54 9.7

7 0.9924 | 35.8 35 0.0051 | 2.77 293 209 0.54 9.7

8 0.9932 | 35.6 32 0.0057 | 3.10 293 209 0.54 9.7

9 0.9938 | 354 29 0.0064 | 3.43 293 209 0.54 9.7

9.5 0.9940 | 35.3 28 0.0067 | 3.59 294 209 0.54 9.7

10 0.9942 | 35.3 27 0.0070 | 3.75 294 209 0.54 9.7

11 0.9947 | 35.1 25 0.0076 | 4.06 294 209 0.54 9.7

13 0.9953 | 35.0 21 0.0088 | 4.68 295 209 054 |97

3.2 Variation of the reboiler temperature

Next the variation of the reboiler temperature is examined. In particular, since the
range of temperature considered to do the analysis is small, no significant effects have
been expected. The reason why this small range of temperature has been analyzed is
the limitation of the TEG degradation temperature. Since there is a range of temperature
in the literature for this property, ranging from about 202 to 206°C, this analysis is

performed in a temperature range starting at about 200°C.

Figure 3.5 shows the trend of the lean TEG purity after variations of the reboiler
temperature. As it has been expected, there is an increase of the lean TEG purity with

the increase of reboiler temperature with both the models. A slight difference in the
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lean TEG purity is observed between UMR-PRU and TST-NRTL. This is attributed to
the different performance of the two models in the vapor — liquid equilibrium of natural

gas components with water and TEG, as mentioned in the previous case.
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Figure 3.5 Effect of the reboiler temperature on the lean TEG purity with the TST-NRTL
and the UMR-PRU models.

Figure 3.6 shows the trend of the dry gas water content after variations of the reboiler
temperature. As expected from the results in the purity of the lean TEG, the dry gas
water content decreases with the increase of the reboiler temperature, due to the higher
absorbing capacity of the solvent. If the performance of the models in meeting the
required specification of 30 ppm of water in the dry gas is examined, it is observed that
this specification has been met for the whole analysis with both the models. In
particular, UMR-PRU model leads to a lower water content in the dry gas stream due

to the higher purity of the recycled lean TEG, compared to TST-NRTL model.

Another parameter of importance to check during the sensitivity analysis is the effect
on the required duties. Figure 3.7 shows the effect of the reboiler temperature on the
reboiler duty. Great differences have been observed with both considered models, for
the reboiler and cooler duties with the increase of reboiler temperature, while the

influence of the parameter under consideration on the other duties is quite negligible.
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It has been also observed that there is a difference between the duties calculated with
TST-NRTL and UMR-PRU, which is attributed to the different pure TEG heat capacity
calculated with the two models as mentioned in the previous section. In the case of the
reboiler duty which trend is shown in Figure 3.7, the increase in reboiler temperature,
results in higher quantity of energy needed to reach these temperatures in the bottom
of the distillation column and thus increased reboiler duty. For what concerns the cooler
duty, since the AT between contactor and regenerator increases due to the increase of
the reboiler temperature, higher amounts of energy are required from the recycled lean

TEG stream to reach the contactor operating conditions, as it is shown in Figure 3.8.
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Figure 3.6 Effect of the reboiler temperature on the dry gas water content with the TST-
NRTL and the UMR-PRU models.

The detailed results of the sensitivity analysis in terms of reboiler temperature are
given in Tables A.1 and A.2 in the Appendix.
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Figure 3.7 Effect of the reboiler temperature on the reboiler duty with the TST-NRTL and the
UMR-PRU models.
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Figure 3.8 Effect of the reboiler temperature on the cooler duty with the TST-NRTL and the UMR-
PRU models.

3.3 Variation of the reboiler pressure

The sensitivity analysis which concerns the variation of the reboiler pressure has
been made without the use of stripping gas, since operation under vacuum conditions
is an alternative procedure of increasing lean TEG purity compared to stripping gas.

Furthermore, since the operating pressure changes, the specified condenser temperature
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should also change accordingly, in order to satisfy the equilibrium conditions. The

specified temperatures for each case are presented in Tables A.3 and A.4 in Appendix.

Figure 3.9 shows the trend of the lean TEG purity after variations of the reboiler
pressure. In particular, there is a decrease of the lean TEG purity with the increase of
reboiler pressure with both the models, as expected since the analysis has been
conducted under vacuum conditions. A slight difference in the lean TEG purity is
observed for pressures close to the atmospheric one between UMR-PRU and TST-
NRTL. This is attributed to the different performance of the two models in the vapor —

liquid equilibrium of natural gas components with water and TEG.
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Figure 3. 9 Effect of the reboiler pressure on the lean TEG purity with the TST-NRTL and
the UMR-PRU models.

Figure 3.10 shows the trend of the dry gas water content after variations of the
reboiler pressure. As expected from the results in the purity of the lean TEG, the dry
gas water content increases with the increase of the reboiler pressure, due to the lower
absorbing capacity of the solvent. If the performance of the models in meeting the
required specification of 30 ppm of water in the dry gas is examined, it is observed that
this specification is met for pressures under approximately 0.75 bar with both models.
In particular, UMR-PRU model leads to a lower water content in the dry gas stream for
the same pressure, due to the higher purity of the recycled lean TEG, compared to TST-
NRTL model.
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Figure 3.10 Effect of the reboiler pressure on the dry gas water content with the TST-NRTL
and the UMR-PRU models.

Another parameter checked during the sensitivity analysis is the effect on the
required duties. Slight differences have been observed with both considered models,
for the duties required by the process. The highest effect is observed on the reboiler
duty, as it is shown in Figure 3.11. As in the previous cases, there is a difference
between the duties calculated with TST-NRTL and UMR-PRU, which is attributed to
the different pure TEG heat capacity calculated with the two models. The increase in
reboiler pressure results in lower reboiler duty, since the separation is enhanced at lower
pressure. The detailed results of the sensitivity analysis in terms of reboiler pressure
are given in Tables A.3 and A.4 in Appendix.
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Figure 3.11 Effect of the reboiler pressure on the reboiler duty with the TST-NRTL and the
UMR-PRU models.

3.4 Variation of the flash drum temperature

The following sensitivity analysis concerns the variation of the flash drum
temperature. The scope of inserting this piece of equipment is to remove the diluted
hydrocarbons in the rich TEG stream prior to the Regeneration.

Figure 3.12 shows the trend of the lean TEG purity after variations of the flash drum
temperature. As it has been expected there is an increase of the lean TEG purity with
the increase of flash drum temperature with both the models, due to the removal of
some water in the flash along with the hydrocarbons. A slight difference in the lean
TEG purity is observed between UMR-PRU and TST-NRTL, as defined by their

respective VLE results.

Figure 3.13 shows the trend of the dry gas water content after variations of the flash
drum temperature. As expected from the results in the purity of the lean TEG, the dry
gas water content decreases with the increase of the flash drum temperature, due to the
higher amount of water which exits the plant with the flash gas. If the performance of
the models in meeting the required specification of about 30 ppm of water in the dry
gas is examined, it is observed that this specification has been met for the whole
analysis with both examined models. In particular, UMR-PRU model leads to a lower
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water content in the dry gas stream due to the higher purity of the recycled lean TEG,
compared to TST-NRTL model.
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Figure 3.12 Effect of the flash drum temperature on the lean TEG purity with the TST-NRTL
and the UMR-PRU models.
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Figure 3.13 Effect of the flash drum temperature on the dry gas water content with the TST-
NRTL and the UMR-PRU models.

Not significant differences have been observed with both considered models, for the
duties required by the process with the increase of flash drum temperature. Figure 3.14
shows the effect of the flash drum temperature on the reboiler duty. Since the influence

of the parameter analyzed is negligible, the trend is almost constant.
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Figure 3.14 Effect of the flash drum temperature on the reboiler duty with the TST-NRTL and
the UMR-PRU models.

Figure 3.15 shows an almost constant trend for the flash gas hydrocarbons content.
However, there is a difference on this content between the two models, since a higher
amount of hydrocarbons is vented off with UMR-PRU, due to a higher solubility of
hydrocarbons in the gas phase calculated with UMR-PRU model compared to TST-
NRTL. [2] For what concerns water and TEG content of the flash gas, as shown in
Figure 3.16 and Figure 3.17 respectively, there is an increase of both these contents,
which means higher purities of the recycled lean TEG, but also higher amount of TEG
loss.

The detailed results of the sensitivity analysis in terms of flash drum temperature
are given in Tables A.5 and A.6.
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Figure 3 .15 Effect of the flash drum temperature on the flash gas hydrocarbons content with
the TST-NRTL and the UMR-PRU models.
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Figure 3 .16 Effect of the flash drum temperature on the flash gas water content with the TST-
NRTL and the UMR-PRU models.

48



0.0006

<

< 0.0005

&

=

+— 0.0004

C

(]

1=

o 0.0003

o

U]

w

= 0.0002

o TST/NRTL
E 0.0001 UMR-PRU
ey

50 90 110

70
flash drum temperature [°C]

Figure 3 .17 Effect of the flash drum temperature on the flash gas TEG content with the TST-
NRTL and the UMR-PRU models.

3.5 Variation of the input regenerator temperature

The following sensitivity analysis concerns the variation of the temperature of the
rich TEG stream entering the distillation column. This parameter has been varied to

evaluate its impact on the whole process and, especially, on the regeneration section.

Figure 3.18 shows the trend of the lean TEG purity after variations of the input
regenerator temperature. As it has been expected, there is an increase of the lean TEG
purity with the increase of flash drum temperature with both models. A slight difference
in the lean TEG purity is observed between UMR-PRU and TST-NRTL, due to their
difference in VLE.

Figure 3.19 shows the trend of the dry gas water content after variations of the flash
drum temperature. As expected from the results in the purity of the lean TEG, the dry
gas water content decreases with the increase of the flash drum temperature, due to the
higher amount of water which exits the plant with the flash gas. If the performance of
the models in meeting the required specification of about 30 ppm of water in the dry

gas is examined, it is observed that this specification has been met for temperatures
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higher than 127°C for UMR-PRU model and for temperatures higher than 140°C for
TST-NRTL.
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Figure 3.18 Effect of the input temperature of the rich TEG stream entering the regenerator
on the lean TEG purity with the TST-NRTL and the UMR-PRU models.
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Figure 3.19 Effect of the input temperature of the rich TEG stream entering the regenerator
on the dry gas water content with the TST-NRTL and the UMR-PRU models.

Another parameter of importance during the sensitivity analysis is the effect on the
required duties. Figure 3.20 shows the effect of the input regenerator temperature on
the reboiler duty. Great differences has been observed with the both considered models,

for all the duties with the increase of stripping rate. The increase of the temperature of
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the rich TEG stream entering the regenerator leads to a significant decrease of the
reboiler duty.
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Figure 3 .20 Effect of the input temperature of the rich TEG stream entering the regenerator
on the reboiler duty with the TST-NRTL and the UMR-PRU models.

It has been also observed that there is a difference between the duties calculated with
TST-NRTL and UMR-PRU, which is attributed to the different pure TEG heat
capacity calculated with the two models. In particular, Figure 3.21 shows the trend of
the heat required by the stream entering the reboiler in order to reach the saturation
conditions. Since UMR-PRU model predicts lower heat capacities compared to TST-
NRTL, as it is shown in Figure 3.21, the reboiler duty required by the simulation with
this model is lower. Actually, as it has been shown in Ref. [2] the heat capacity of
aqueous TEG mixture with UMR-PRU is better compared to TST-NRTL and as such,
it is expected that the calculations will be closer to the actual process data.
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Figure 3.21: Effect of the temperature on the heat capacity for TST-NRTL and UMR-PRU models

An increase of the input regenerator temperature leads also to a decrease of the cooler
duty, as it is shown in Figure 3.22. In fact, since a higher amount of heat passes from
the lean TEG stream to the rich TEG into the glycol/glycol heat exchanger with the
increase of the temperature, higher cooler duties are required by the recycled TEG in

order to reach the contactor operating conditions.

The total TEG loss and the amount of TEG vented off with the dry gas, flash gas and
vapor streams have been also analyzed. Figure 3.23 shows that the highest amount of
glycol exits the plant with the vapor stream out of the regenerator but, no significant

variations occur due to the increase of the input temperature to the regenerator.

The detailed results of the sensitivity analysis in terms of input this variable are

given in Tables A.7 and A.8.
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Figure 3.22 Effect of the input temperature of the rich TEG stream entering the regenerator
on the cooler duty with the TST-NRTL and the UMR-PRU models.
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Figure 3.23 Effect of the input temperature of the rich TEG stream entering the regenerator
on the TEG loss with the TST-NRTL and the UMR-PRU models.

3.6 Variation of the contactor temperature

The lowest contactor temperature examined in this analysis, is limited by the
hydrates formation. To this purpose, the hydrate analysis method of van der Waals and
Platteux which is incorporated in HYSYS is used to define the lowest temperature at

the examined pressure and wet gas stream where hydrates would not form. Based on
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the previous, a temperature of about 12°C has been calculated. As a result, temperature

higher than 12°C has been considered for the contactor temperature.

Figure 3.24 shows the trend of the lean TEG purity after variations of the contactor
temperature. There is a slight increase of the lean TEG purity with the increase of
contactor temperature with both the models. This result occurs because, since a lower
amount of water exits the bottom of the contactor due to a worst absorption process
which occurs with higher temperatures, this lower water content is found again in the
recycled lean TEG stream.
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Figure 3 .24 Effect of the contactor temperature on the lean TEG purity with the TST-NRTL
and the UMR-PRU models.

Figure 3.25 shows the trend of the dry gas water content after variations of the
contactor temperature. The dry gas water content increases with the increase of the
contactor temperature, due to the worst absorption process which occurs at higher
temperatures. If the performance of the models in meeting the required specification of
about 30 ppm of water in the dry gas is examined, it is observed that this specification
has been met for temperatures lower that 27°C with both models. Actually, with the
increase of temperature, increases the water solubility in vapor phase and as such, the

water content is increased.
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Figure 3.25 Effect of the contactor temperature on the dry gas water content with the TST-
NRTL and the UMR-PRU models.

For what concerns the effect on the required duties, the variation of the contactor
temperature has a great influence only on the cooler duty, as presented in Figure 3.26.
Instead, the reboiler duty, shown in Figure 3.27, is almost constant for both models.
The trend of the cooler duty can be explained by considering that the lean TEG stream
transfers a lower amount of heat to the rich TEG stream in the glycol/glycol heat
exchanger due to the higher temperature of the liquid stream exiting the contactor. For
this reason, the recycled lean TEG needs a higher amount of energy to reach the

contactor operating conditions.

A difference between the two models occurs in the rich TEG hydrocarbons content,
as it is shown in Figure 3.28. Actually, the UMR-PRU model results to a higher amount
of hydrocarbons in the glycol-rich stream exiting the contactor. The increase of
temperature, leads to a decrease of the hydrocarbon content for the UMR-PRU model.
For the TST-NRTL, on the other hand, there is no remarkable difference, probably due

to the very low solubilities encountered.
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Figure 3.26 Effect of the contactor temperature on the cooler duty with the TST-NRTL and
the UMR-PRU models.
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Figure 3.27 Effect of the contactor temperature on the reboiler duty with the TST-NRTL and
the UMR-PRU models.
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Figure 3. 28 Effect of the contactor temperature on the rich TEG hydrocarbons content with
the TST-NRTL and the UMR-PRU models.

Furthermore, there is an increase of the TEG loss in the dry gas stream, with the
increase of the contactor temperature. In particular, most of TEG is vented off with the
vapor stream out of the regenerator, but the highest influence of the variation of the

contactor temperature is on the dry gas TEG content, as it shown in Figure 3.29.
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Figure 3.29 Effect of the contactor temperature on the TEG loss with the TST-NRTL and the
UMR-PRU models.

57



The detailed results of the sensitivity analysis in terms of contactor temperature are
given in Tables A.9 and A.10.

3.7 Variation of the contactor pressure

In this sensitivity analysis, the effect of the variation of the contactor pressure has
been analyzed. Figure 3.30 shows the trend of the dry gas water content after variations
of the contactor pressure. The dry gas water content increases with the increase of the
flash drum pressure due to two different reasons: one is that at higher pressures the
solubility of water in the gas phase increases; the second is that the contactor pressure
influences the absorption capacity of TEG. Therefore, the increase of contactor
pressure leads to a lower solubility of water in the gas phase. If the performance of the
models in meeting the required specification of about 30 ppm of water in the dry gas is
examined, it is observed that UMR-PRU model requires slight higher pressures
compared to TST-NRTL.
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Figure 3. 30 Effect of the contactor pressure on the dry gas water content with the TST-
NRTL and the UMR-PRU models.

58



For what concerns the effect on the required duties, the variation of the contactor
temperature has a great influence only on the cooler duty shown in Figure 3.31, instead

the reboiler duty shown in Figure 3.32 is almost constant for both models.

Figure 3.33 shows the effect of the contactor pressure on the rich TEG hydrocarbons
content. An increase of the contactor pressure leads to an increase of this content for
both models. However, there is a difference between the two trends due to the different
solubility of hydrocarbons in the rich TEG stream. In particular, a higher amount of
these components exits the bottom of the contactor with UMR-PRU model due to their
higher solubility in the rich TEG, compared to TST-NRTL, as shown in Figure 3.33.
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Figure 3 .31 Effect of the contactor pressure on the cooler duty with the TST-NRTL and the
UMR-PRU models.

The detailed results of the sensitivity analysis in terms of contactor pressure are
given in Tables A.11 and A.12.
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Figure 3.33 Effect of the contactor pressure on the rich TEG hydrocarbons content with the

TST-NRTL and the UMR-PRU models.
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3.8 Results of the sensitivity analysis

From the previous sensitivity analysis it possible to sum up the following results:

« the increase of the stripping gas molar flow leads to an increase of the lean TEG

purity and a decrease of the lean TEG molar flow and of the dry gas water content.

» the increase of the reboiler temperature leads to an increase of both reboiler and

cooler duties.

» the increase of the reboiler pressure leads to a decrease of both the lean TEG purity

and the reboiler duty, and to an increase of the dry gas water content.

 the increase of the flash drum temperature leads to a decrease of the dry gas water

content, with no significant impact on the required duties.

» the increase of the temperature of the stream entering the regenerator leads to a

decrease of the dry gas water content, as well as to the reboiler and cooler duties.

» the increase of the contactor temperature leads to an increase of the dry gas water
content and of the cooler duty.

» the increase of the contactor pressure leads to an increase of dry gas water content
and of the cooler duty.

Following these results, an optimization of the operating variables of the process
occurs, in terms of the required duties, by simultaneously changing the flash drum
temperature and the temperature of the rich TEG stream entering the regenerator. A
slight modification has been done also to the contactor pressure, since from the
sensitivity analysis the result has been that lowering this pressure would result to a
lower dry gas water content. To this purpose, the specification of 30 ppm as dry gas

water content is considered, using the stripping gas rate as the independent variable.
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The results of the optimized parameters for both models are reported on Table 3.4.
In order to improve the whole process, the temperatures of the flash drum and of the
stream entering the regenerator have been increased for both models, while the other
parameters have been kept at the same values as in the base conditions.

Table 3. 4 Base and optimized operating conditions for TST-NRTL and UMR-PRU model

base conditions optimized optimized
(TST-NRTL and | conditions conditions
UMR-PRU) (TST-NRTL) (UMR-PRU)
reboiler temperature [°C] 204.6 204.6 204.6
reboiler pressure [bar] 1.27 1.27 1.27
flash drum temperature [°C] 75 100 90
input regenerator temperature [°C] 130 137 137
contactor temperature [°C] 27 27 27
contactor pressure [bar] 51.65 50 50

Table 3.5 shows the results of the simulation with base and optimized operating
conditions for both models. The reported results show that in the optimized conditions a
decrease of both reboiler and cooler duties is obtained with both examined models.
Furthermore, this is achieved with the use of a lower amount of stripping gas rate. Actually,
this corresponds to a 9% decrease for the required duties of TST-NRTL between the base
and optimized conditions, while in the case of UMR-PRU this is about 8.2%. In terms of
stripping gas rate, in the case of TST-NRTL a reduction of about 21% in stripping gas rate
is obtained, while for UMR-PRU this equals 26%. If the results of the two different models
in the same conditions (e.g. base scenario) are considered, UMR-PRU requires
systematically lower reboiler duty compared to TST-NRTL. As it has been described in
Section 3.5, this is attributed to the different calculation of the heat capacity of TEG.
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Table 3.5 Simulation results with base and optimized operating conditions with TST-NRTL and UMR-PRU
models

base conditions optimized conditions
TST/NRTL | UMR-PRU TST/NRTL | UMR-PRU
stripping gas molar flow [kmol/h] 9.5 9.5 7.5 7
lean TEG purity [mol] 0.9517 0.9509 0.9523 0.9506
lean TEG purity [wt] 0.9939 0.9938 0.9940 0.9937
lean TEG molar flow [kmol/h] 35.1 35.3 35.2 35.5
dry gas water content [ppm] 29.93 29.52 29.54 29.8
dry gas TEG content [ppm] 1.65 3.60 1.65 3.40
TEG loss [kmol/h] 0.0040 0.0036 0.0033 0.0052
duty of heater [kKW] 3.59 3.43 3.75 3.57
duty of reboiler [kW] 335 293 305 269
duty of cooler [kW] 211 208 181 182
duty of pump 1 [KW] 0.52 0.55 0.52 0.55
duty of pump 2 [kW] 9.2 9.7 9.2 9.7
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4. Economic evaluation

Following the optimization of the process in terms of energy requirements, a
preliminary economic evaluation of the unit has taken place. To this purpose, the Aspen
ICARUS Economic evaluator has been used with the parameters as presented in Table
4.1. In order to evaluate the results of the Aspen HYSYSS, the required installation costs
calculated through generalized correlations taken from the literature have been also
conducted. [1-3]

Before starting the HYSYS economic evaluation, some changes have been made to

the simulation environment:

1) The start date for the simulation has been set to January 2017
2) The operating hours has been set to 8000 h/year
3) The equipment material has been set to stainless steel 304

The use of stainless steel is justified according to Campbell [4] especially in the
parts that get into contact with the rich TEG stream. The latter is a precaution, in order
to avoid corrosion of the equipment, especially in case of sour gases. It should be noted
that for the calculation of the capital cost with HYSY'S, the same correlation used in
the detailed analysis is considered in order to avoid the use of assumptions for labor
hours, shifts etc. that are not necessary in this preliminary analysis. However, the values
calculated in this way, are compared with the detailed value calculated through
HYSYS.

Fixed capital cost (C) is based on an estimate of the purchase cost of the major piece
of equipment required by the process (Ce), and of other costs as: equipment erection,
piping, electrical power and lighting, instruments and automatic process control
systems, process buildings and structures, offices, laboratory buildings, storage for raw
materials, site preparation. These additional costs have been estimated as factors of

each equipment cost (F).[2]
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The fixed capital cost of a plant (C) has been estimated as a function of the total

purchased equipment cost by eq. 4.1 [1]:
C=XEV(F=C) (Eq. 4.1)
Where:

e Cis total capital cost of the plant
e Ceisthe purchased cost of each major equipment item

e Fisan installation factor specified for each major piece of equipment.
The equipment cost Ce has been estimated by eq. 4.2 [1]:
Co=a+bx*S" (Eq. 4.2)
Where:

e Ceisthe purchased equipment cost
e aand b are cost constants taken from Towler and Sinnott [2]
e S isthe size parameter

e nisan exponent for that type of equipment, taken from Towler and Sinnott [2].

The specific size parameter for each piece of equipment, and the values of a, b and n
constants, which correspond to cost at year 2006, are taken by Towler and Sinnott and are
reported in Table 4.1 [2] .

Table 4.1 Size parameter and values of a, b, n and F constants corresponding to year 2006 [2]

Units for Size, S  a b n F
Vessels Vertical, carbon steel shell mass, kg 400 230 0.6 4
condenser area, m? 500 1100 1
Trays Sieve diameter, m 100 120 2 2.5
Heat exchangers U-tube, shell & tube area, m? 10000 88 1 3.5
thermosiphon reboiler area, m? 13000 95 1
Pumps Single-stage centrifugal ~ flow Liters/s 3300 48 1.2 4
Explosion-proof motor power, KW 920 600 0.7
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The purchased equipment cost has been then corrected with a material factor (fn=1.3
for stainless steel), as per eq. 4.3, since stainless steel has been used instead of carbon
steel to avoid corrosion, especially in the presence of hydrogen sulfide. For what
concerns the pressure, the only equipment in which there was a deviation from the base
conditions was the contactor. However, since the size parameter used to estimate the
purchased cost was the shell mass, it took into account the higher wall thickness
required due to the higher pressure. For this reason, also in the work of Neagu et al. [1],
there is not a corrective factor for the pressure.

Cess = Ce fim Eq. (4.3)

Then, the equipment cost estimated has been updated to the year 2017 with the
Chemical Engineering Plant Cost Index (CEPCI) with the relationship of Eq. 4.4: [1]
The cost obtained using the correlations of the literature is referenced as “ours” in the
following results, while the one calculated through Aspen ICARUS software as
“HYSYS”.

Ce,2017 = Ce2006 * m Eq. (4.4)

Where:

® CEPClyp0s = 478.6 [1]
e CEPClyy,, = 567.5 [1]

The main units of the equipment which have been considered for the calculation of
the capital cost of plant are: the contactor, the regenerator, the flash drum, the glycol

cooler, the glycol/glycol heat exchangers and the glycol pumps.

The sizing of the equipment is taken from Aspen HYSYS. In the case of heat

exchangers, though, a direct calculation of the size parameter, which is the heat transfer
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area, occurs as per eq 4.5, by considering a design heat transfer coefficient equal to 0.3
kW/m?2°C [2]

Q =UxAxATy, Eq. (4.5)

Where:

e Q isthe heat transferred per unit time (kW)
e U is the overall heat transfer coefficient (kW/m?°C)
e Ais the heat transfer area (m?)

e ATy, is the mean logarithmic temperature difference (°C)

The duty is the one calculated through the HYSY'S simulations, while the ATy, has
been calculated in detail. With the multiplication of a corrective factor (¢) this value
was the same of that given by HYSYS. The heat transfer area calculated with equation

4.5 is close to that estimated through the economic evaluation of HYSYS.

4.1 Estimation of the total equipment and capital costs

In order to make a comparison between our calculations and the results of Aspen
economic evaluation, the capital cost of HYSYS has been obtained by multiplying the
equipment cost given by HYSYS for the same F factor mentioned above. The results

are also compared with those calculated directly through Aspen ICARUS software.

Tables 4.2 and 4.3 show the equipment and installed costs given by Aspen HYSYS
and those calculated with the formulas mentioned above for the simulation with TST-
NRTL model for base and optimized operating conditions respectively.
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Table 4.2 Equipment and capital costs for base operating conditions with TST-NRTL model with two different

ways of calculation, ours and HYSYS

c©) c®
equipment type S E)eu(rt; (HC\:;S(?()S) C ($) (ours) (HYiYS) é::j;gc)i
(Ce*F) by software
heat exchanger 1 9.07 16645 10900 58258 38150 65200
heat exchanger 2 11.26 16943 11000 59299 38500 66400
cooler 8.28 16538 10900 57882 38150 62300
Reboiler 11.22 21682 15100 75887 52850 72200
contactor 5579 63366 40500 253462 162000 188200
sieve trays 1.5 1711 - 4278 - -
total contactor - 65077 - 257740 - -
flash drum 1361 27528 17800 110112 71200 107400
regenerator 1089 24156 18900 96623 75600 142400
sieve trays 15 1711 - 4278 - -
total regenerator - 25867 - 100900 - -
pump 1 1.23 5182 3900 20728 15600 32700
pump 1, motor 0.52 2000 - 4999 - -
total pump 1 - 7182 - 25728 - -
pump 2 1.23 5182 - 20728 - -
pump 2, motor 9.15 5773 - 14433 - -
total pump 2 - 10955 52700 35161 210800 87900
total - 208416 181700 780967 702850 824700
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Table 4.3 Equipment and capital costs for optimized operating conditions with TST-NRTL model with

two different ways of calculation, ours and HYSYS

C (%)
. C($) (HYSYS)
equipment S Ce ($) (ours) C. (%) C (%) (ours) (HYSYS) calculated
type (HYSYS) -
(Ce*F) by
software
heat
18.67 17947 12500 62814 43750 53900
exchanger 1
heat
8.03 16504 10400 57766 36400 52800
exchanger 2
cooler 8.66 16589 10800 58063 37800 55800
Reboiler 11.47 21719 11500 76015 40250 49800
contactor 5534 63059 39400 252236 157600 174800
sieve trays 1.5 1711 - 4278 - -
Lol : 64770 i 256513 i i
contactor
flash drum 1361 27528 17100 110112 68400 99500
regenerator 1089 24156 17800 96623 71200 141100
sieve trays 15 1711 - 4278 - -
Lol 25867 . 100900 . .
regenerator
pump 1 1.24 5183 3900 20730 15600 32700
pump 1, 0.52 2000 - 4999 - -
motor
total pump 1 - 7182 - 25729 - -
pump 2 1.24 5183 51800 20730 207200 84700
pump 2, 9.16 5779 - 14447 - -
motor
total pump 2 - 10961 - 35177 - -
total - 209068 175200 783090 678200 745100

It is observed that according to the calculations based on the generalized formulas, a higher
by 0.3% equipment cost is required for TST-NRTL model for the optimized conditions,
which corresponds to about 650$. This is attributed to the higher heat exchange area
required at the first glycol/glycol heat exchanger. Actually, the required area is double
compared to the base conditions. Although in a first glance the cost seems higher, this leads
to sufficient savings at operating cost due to the better use of the available heat of the hot
streams, as it is shown in Section 4.2, while its amount is actually insignificant compared

to the total equipment cost. The calculations by HYSYS instead, result to a 3.6% decrease
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of the equipment cost. This reduced cost is based on significant reduction of the regenerator
and flash drum costs. Instead, in the case of our calculations, the size parameters used for
the estimation of the equipment costs have been actually constant and the difference was
based mostly on the heat exchanger calculations.

For both considered cases, the equipment costs calculated based on our calculations and
the HYSYS ones are about 50%. Exception is the duty of the pump-2, where HYSYS
calculates an order of magnitude value higher compared to our calculations. Yet, as a total,
the equipment cost as calculated through correlations is about 15% higher compared to that
of HYSYS for base conditions and 19% higher for optimized conditions, using the TST-
NRTL model.

In terms of capital cost, a difference of about 23% is observed when the capital cost of
HYSYS is calculated with the appliance of the F factor to the equipment cost. This is
actually rational, since the difference of the equipment cost is directly reflected on the
capital one. Instead, if the values directly calculated by Aspen ICARUS software for the
capital cost, a 5% difference is observed. The latter is valid for both base and optimized
conditions with the TST-NRTL model.

In the case of UMR-PRU model, the equipment cost for the optimized conditions is very
similar to that obtained for the base ones. The calculated costs differ by 0.03%, which
corresponds to a reduction by 50$, which is trivial if the overall cost of the process and the
uncertainty of the calculations are considered. Since UMR-PRU yields systematically
lower duties compared to TST-NRTL, due to the lower calculated heat capacity for TEG-
rich streams, the required area for the heat exchangers in both conditions is lower.
Although, again, in optimized conditions higher exchange area is required, this is about
1.6% of a lower value, which corresponds to lower increase of the equipment costs. As it
was the case for TST-NRTL, the size parameters calculated by HYSYS for most of the
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units, with the exception of heat exchangers, are again the same and thus the equipment

cost is similar to that of the base conditions (Tables 4.4 — 4.5).

Table 4.4 Equipment and capital costs for optimized operating conditions with UMR-PRU model: comparison

with HYSYS
%) 9 (vSvs)
equipment Ce HYSYS
type S Ce (%) (ours) (HYSYS) i) ) (HYEYS) calculated
(Ce*F)
by software
heat
8.25 16534 10300 57868 36050 51600
exchanger 1
heat
7.96 16494 10200 57729 35700 52800
exchanger 2
cooler 7.93 16490 10200 57716 35700 53900
Reboiler 10.30 21547 11300 75414 39550 50800
contactor 5534 63059 47400 252236 189600 184300
sieve trays 1.5 1711 - 4278 - -
total : 64770 i 256514 i i
contactor
flash drum 1361 27528 16800 110112 67200 100900
regenerator 1089 24156 18100 96623 72400 142400
sieve trays 15 1711 - 4278 - -
Ll : 25867 : 100900 . .
regenerator
pump 1 1.26 5184 4500 20736 18000 33400
pump 1, 0.55 2025 - 5063 - -
motor
total pump 1 - 7209 - 25800 - -
pump 2 1.26 5184 53200 20736 212800 86300
pump 2, 9.73 5066 - 14915 - -
motor
total pump 2 - 11150 - 35651 - -
total - 207589 182000 777704 707000 756400

If the results between our calculations and those of HYSY'S are considered, we result

at the same observations as it was for TST-NRTL. That is, an about 50% higher

equipment cost for all units, apart from the pump-1, where a reduced cost of 70% is
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calculated through HYSYS. Again, in the total equipment cost a 18% higher is

calculated by the correlation compared to that of HYSYS. This is actually reflected on

the capital cost as it is calculated through the F factors. Instead, if the capital cost

obtained by HYSYS is considered, an about 3% deviation is observed between our and

HYSYS calculations. The same observations are valid for the optimized conditions as

well. So, it is concluded that the total equipment and capital costs calculated through

our calculations and HYSYS are overall in good agreement.

Table 4.5 summarizes the total equipment and capital costs calculated with both

considerations, as well as the corresponding deviations.

Table 4.5 Comparison between the total equipment and capital costs

%

% deviation

Ce ($) C (%) % deviation from

deviation* © HYSYS

of Ce (C)

HYSYS from HYSYS

ours HYSYS | ours HYSYS calculated | HYSYS HYSYS | calculated

(Ce*F) by (Ce*F) by

software software

TSURRTL | 208416 | 181700 | 780967 | 702850 | 824700 15 23 5
TST-NRTL

optimized 209068 | 175200 | 783090 678200 745100 19 15 5

UMR-PRU base | 207638 177200 778041 687400 749700 17 13 4
UMR-PRU

optimized 207589 182000 777704 707000 756400 14 10 3

N . Cours—C :
* deviation is calculated as: %deviation = ~2=—HYS¥S. 100, where stands for equipment or

capital cost

CHysys

As it has been mentioned in section 2.4, the simulation is based on a synthetic wet gas

with composition and flow taken from the literature. Since for the calculation of the cost

the capacity of the unit should be taken into consideration, the previous results are reduced

to costs per standard cubic meters of treated gas (scm) in order to be compared with

literature values. [3] Table 4.6 presents the reduced equipment and installed cost per

standard cubic meter of treated wet gas. The wet gas rate in MMscmd (millions of standard

cubic meter per day) is reported in the first column, since it is different between the two
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models due to the different density that they calculate and is approximately equal to 38.2
MMscfd for both models.

Table 4.6 Comparison between the total equipment and capital costs for standard cubic meter of dry gas

Dry gas
molar flow | Ce ($/scm) | Ce ($/scm) | C ($/scm) C ($/scm)
(MMscmd) (ours) (HYSYS) (ours) (HYSYS)
TST-NRTL base 38.194 0.00546 0.00476 0.02045 0.01840
TST-NRTL
optimized 38.195 0.00547 0.00459 0.02050 0.01776
UMR-PRU base 38.188 0.00544 0.00464 0.02037 0.01800
UMR-PRU
optimized 38.188 0.00544 0.00477 0.02036 0.01851

The costs estimated from the economic evaluation have been compared with some
values extracted from two graphs [3,5]. These two graphs report the total capital cost of
the dehydration unit on the vertical axes, and the plant capacity on the horizontal axis. The
first graph analyzed is reported in Figure 4.1 [3]. The value extrapolated for 1999 has been
updated to 2017 through the index CEPCI. For a plant capacity of 38.2 MMscmd the total
capital cost is about 400000%$ for year 1999 and is updated to 580000$ for the year 2017.

Following the similar procedure, from Figure 4.2 [5] it is extracted a capital cost of
600000$ for year 2008 which, updated to 2017, corresponds to 680000$.

The deviation from the costs calculated and those given by HYSYS, in the case of
optimized operating conditions with UMR-PRU model, is 34 % compared to ours
calculations, and of 22% compared with the results of HYSYS (the total equipment cost of

HYSYS has been calculated as C=Ce*F as mentioned at the beginning of this section).

The capital cost extrapolated from this graph is closer to the results of HYSYS. In
estimating the capital cost through the graph in Figure 4.1, some assumption has been done.
The cost does not include some costs which could range from 25% to 40% of the plant cost
(miscellaneous equipment associated with grassroots plant site and site preparation cost,
home office cost, interest on investment during construction, construction insurance or

bond cost) [3]. The percentage of the costs which are not included is closer to the percentage
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of deviation from our calculations and the results of the HYSYS economic evaluation in
the case of optimized operating conditions with UMR-PRU model. If the UMR-PRU
optimized conditions is considered, a 35% deviation from the value of the graph based on
1999 is observed through our calculations. Instead, the deviation from HYSY'S using the F
factors approach is 22% while from HYSYS by software 30%. According to Carrol [6] a
30% uncertainty is expected from the values presented on this graph, so our calculations
are in general good agreement and rational. The deviation from the results of 2008, is lower
in all considered cases, since the estimated value from the graph is higher compared to
1999. Actually, it is 15% based on “our” calculations, 4% based on HYSYS with the F

factors approach and 11% as calculated directly from HYSYS software.

Figure 1
Natural Gas Dehydration with TEG

Capital Cost (1999)
{Hote: Please see "Assumptions™ table)

10.0
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Figure 4 .1 Capital cost of natural gas TEG dehydration unit for year 1999 [3]
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Figure 1
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Figure 4 .2 Capital cost of natural gas TEG dehydration unit for year 2008 [5]

4.2 Estimation of the utilities cost

In this section an estimation of the utilities cost needed by the process has been done,
in order to compare both the difference between the operating conditions and the
performances of the two thermodynamic models. The utilities considered in this work

are:

e High pressure saturated steam, for the reboiler, due to its high temperature

requirement.
e Cooling water, for the cooler.

e Electricity, for the pumps.
For the above mentioned utilities, some costs have been found from different

sources. The values are reported in Table 4.7 where, in the first row, the reference
number has been reported.
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Table 4.7 Utilities cost taken from different literature sources

Utilities [5] [7] [2] [8] [1] HYSYS

High Pressure steam [$/ton] 4.4 7.95 - 30 - 5.09
Cooling Water [$/ton] 0.08 0.26 0.005 - 0.135 0.0044
Electricity [$/kwWh] 0.045 0.07 0.06 - 0.1 0.077

In order to do a preliminary estimation, the most reasonable values have been chosen. In

particular, for the high pressure steam the cost is of 30 $/ton [8], which includes the cost

for its production, the cooling water costs 0.08 $/ton [5] and the price for electricity is 0.07

$/kWh [7].

Eq. 4.6 has been used to estimate the utilities cost. [1]

utility_cost [i] = rate * utility_cost [i]
year ton

(Eq. 4.6)

Tables 4.8 and 4.9 show respectively the utilities rate and cost, expressed in dollars

per year, for the base and optimized simulations with TST-NRTL and UMR-PRU

models.

Table 4 8: Utilities rate for base and optimized conditions with TST-NRTL and UMR-PRU models.

Rate (TST- Rate (UMR-
Rate (TST- NRTL Rate (UMR- PRU
Utility NRTL base) optimized) PRU base) optimized)
High Pressure steam 701 kg/h 637 kg/h 619 kg/h 568 kg/h
Cooling Water 35710 kg/h 30189 kg/h 35850 kg/h 31472 kg/h
Electricity 106 kW 106 kW 106 kW 106 kW
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Table 4.9: Utilities cost for base and optimized conditions with TST-NRTL and UMR-PRU models.

Cost ($/year) | Cost ($/year) | Cost ($/year) Cost ($/year)
(TST-NRTL (TST-NRTL (UMR-PRU (UMR-PRU
Utility Utility Cost base) optimized) base) optimized)
High Pressure
steam 30 $/ton 168318 153093 148659 136502
Cooling Water 0.08 $/ton 22855 19322 22944 20142
Electricity 0.07 $/kWh 59503 59503 59503 59503
Total cost ] 250676 231918 231107 216148

From the results shown in the tables below, we can conclude that the optimized simulation
required lower utilities rates compared to the base, as it was expected. In particular, TST-
NRTL model requires 10% lower high pressure steam and 18% lower cooling water,
instead the percentages for UMR-PRU model are 9% and 14% respectively. This
percentage of difference between base and optimized conditions has been calculated as:

ratépgse — rateoptimized "

%dif ference = 100

Tateoptimized

The abovementioned results lead to a decrease of the utilities cost for both the models. In
particular, a great difference occurs between the optimized conditions of the two models,
since UMR-PRU needs a smaller amount of high pressure steam for the reboiler due to its
lower duty. Actually, for TST-NRTL a decrease of 8% is obtained between base and
optimised conditions, while for UMR-PRU this corresponds to 7%. Although this
difference seems relative small, if the total cost values are considered they correspond to a
saving of about 19000$ annually for TST-NRTL model and 15000 $ annually for UMR-
PRU. This difference seems rather small for an industrial procedure, but since the
considered capacity is relatively small, this corresponds to about 7% of the annual
operating cost. Furthermore, if the results of the optimized processes are compared, UMR-
PRU model leads to 15000 $ annually saving compared to TST-NRTL.
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Figure 4.3 shows the comparison between the total utilities cost, estimated with our
calculations, of the simulation with base and the optimized operating conditions of the
two thermodynamic models.

260000 250,676

— 250000
8 B UMR-PRU base
< 240000 231,107 231,918
i ® UMR-PRU optimized
B 230000
8 216,148 = TST-NRTL base
2 22
Z*QE’ 0000 TST-NRTL optimized
= 210000
=)
200000
190000

Figure 4.3 Comparison between the utilities cost of base and optimized conditions of the two models
(our calculations)

Since the main difference between the four cases is on the high pressure steam
required, in Figure 4.4 are reported the costs of this specific utility in $/year.

168,318 =
153,093

180000
160000
140000
120000
100000
80000
60000
40000
20000

148,659
136,502

B UMR-PRU base

® UMR-PRU optimized

[ TST-NRTL base
TST-NRTL optimized

HP steam cost [$/year]

Figure 4. 4 Comparison between the HP steam cost of base and optimized conditions of the two models

(our calculations)
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[1]

[2]

[3]

[4]

[5]

Following the results of the calculation made, we can sum up the following

conclusions:

e 8% lower utilities cost for the optimized operating conditions with TST-

NRTL model, compared to the base conditions.

e 7% lower utilities cost for the optimized operating conditions with

UMR-PRU model, compared to the base conditions.

e 7% lower utilities cost for the simulation with UMR-PRU compared to
TST-NRTL, both for optimized operating conditions. This difference is
due to the lower amount of HP steam required by the simulation with

UMR model, since the reboiler duty required is lower.

e 12% lower amount of HP steam required by UMR-PRU, compared to
TST-NRTL, both for optimized conditions.
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5. Real gas

In this chapter the performance of the two models has been compared in a
simulation with a real gas stream as input. The difference is in the composition of the
wet gas stream is on the presence of pseudo-components to account for the undefined
compounds of high molecular weight, which are less than 1% of the total gas, as well
as in the capacity of the considered unit. The composition of the wet gas stream is

reported in Table A.13 in Appendix.

The flowsheet of the dehydration unit, as simulated on HYSYSS, is reported in Figure
5.1. There is a difference in the pre-treatment for the wet gas stream than the previous
flowsheet. In particular, an inlet cooler and valve have been added in order to reach the
contactor operating conditions. The inlet cooler reduces the wet gas temperature from
85°C so the temperature of the inlet scrubber is set to 27°C. Additionally, a JT-valve
reduces the pressure from 87 bar to 52 bar. The inlet scrubber has been considered to
avoid the presence of a liquid phase entering the contactor along with the gas stream.

Thus it is ensured that only saturated wet gas enters as input to the contactor.
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Figure 5.1 Flowsheet of natural gas TEG dehydration unit for a real stream.
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The operating conditions set for the simulations with the two models are reported in
Table 6.2. In order to compare this simulation with the other results of the work, the
specification to be met is the same (30 ppm as dry gas water content). There is a great
difference between the simulations with the two models, due to a higher amount of lean
TEG rate required by TST-NRTL model to meet the specification of 30 ppm as dry gas
water content. The other operating parameters set were the same for both the

simulations, as it is shown in Table 5.1.

Table 5.1 Operating conditions set for simulations with a real gas for TST-NRTL and UMR-PRU models.

OPERATING CONDITIONS TST-NRTL UMR-PRU
reboiler temperature [°C] 204.6 204.6
reboiler pressure [bar] 1.27 1.27

flash drum temperature [°C] 75 75
regenerator temperature [°C] 130 130
contactor temperature [°C] 27 27

contactor pressure [bar] 51.65 51.65

The results obtained with the simulations with the two models are reported in Table

5.2.
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Table 5.2 Simulations results with for a real gas stream with TST-NRTL and UMR-PRU models.

TST-NRTL UMR-PRU
stripping gas molar flow
[kmol/h] 482 394
lean TEG purity [mol] 0.962 0.955
lean TEG molar flow [kmol/h] 2100 2100
dry gas water content [ppm] 30.7 30.9
dry gas TEG content [ppm] 0.35 0.65
TEG loss [kmol/h] 0.236 0.273
duty of heater [kW] 283 169
duty of reboiler [kW] 20616 17343
duty of cooler [kW] 16384 14909
duty of pump 1 [KW] 32 33
duty of pump 2 [KW] 560 577

As it is reported in Table 5.2, the results of this comparison between the two models
are in good agreement with those obtained with the previous analysis with the synthetic
gas. The main difference between the two thermodynamic models is on the calculated
duties, where, as it was in the previous case UMR-PRU model yields lower values
compared to TST-NRTL. This is more apparent in the case of the reboiler and cooler

duties, since the difference on the values required by the two models is very marked.
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Actually it is about 19% in the reboiler case and 10% for the cooler. As observed in
the synthetic gas case, the models differ also in the calculated stripping gas rate, which
in this case is more profound due to the higher rates considered. In particular, TST-
NRTL model requires a higher amount of stripping gas rate to reach the specification
of 30 ppm as dry gas water content, which is 22% higher than that required by UMR-
PRU model. Yet, both models result in similar lean TEG purity. However, a slight
difference is observed for the calculated TEG loss, which is higher in the case of the
UMR-PRU model. As it has been stated in Section 3, the TEG loss calculated with the
UMR-PRU model is expected to be closer to the actual process data due to better
prediction of the TEG solubility in methane. [1] Furthermore, it is resulted that the
molar flow of the three streams which exit the three flash separator is almost the same
for the two models.

The distribution of pseudo-components in the three gas streams vented off the unit
is presented in Figures 5.2 — 5.4. The analysis was done at a basis of 100 kmol/h as

mole flow in order to have a good comparison between the compositions of the streams.

In Figure 5.2 the dry gas pseudo-component content is shown for both the models.
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Figure 5. 2 Distribution of pseudo-components in dry gas

In Figure 5.3 the flash gas pseudo-components content is reported. In this case, these
components have higher solubility in the gas phase with UMR-PRU model, resulting
thus in higher hydrocarbon loss, except for the heaviest component. The phase
equilibria of aqueous-hydrocarbon and TEG-hydrocarbon mixtures are better predicted
with UMR-PRU, in both polar and hydrocarbon-rich phase. Actually, UMR-PRU
yields higher hydrocarbon solubility in aqueous phase compared to TST-NRTL,
especially for the heavier hydrocarbons. [1] It is thus, concluded that the hydrocarbon
loss calculated with UMR-PRU should be closer to the actual process data.
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Figure 5 3 Distribution of pseudo-components in flash gas

In Figure 5.4 the vapor stream pseudo-components content is reported. Also in this
case, higher solubility in the gas phase is observed with UMR-PRU model, especially

for the heaviest component.
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Figure 5. 4 Distribution of pseudo-components in vapor stream exiting the regenerator
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To conclude, the results obtained by the simulation with a real gas stream are in
agreement with those obtained previously with the simulation of a synthetic natural
gas. In particular, the simulation with UMR-PRU model requires lower duties
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compared to those of the simulation with TST-NRTL model, as effect of the different
performances of the two thermodynamic models in the prediction of the heat capacities.
Overall, both models yield similar results in terms of lean TEG purity, but in
contradiction to the previous simulation this is obtained by slightly different
requirements in terms of TEG circulation rate and stripping gas rate. Furthermore, from
the analysis of the distribution of pseudo-components in the gaseous streams, it can be
concluded that generally these components have higher solubility in the gas phase with
the UMR-PRU model.
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6. Conclusions

In this work Aspen HYSYS simulation software has been used, in order to do a
sensitivity analysis and to compare the performances of two thermodynamics models
in the simulation of a natural gas dehydration plant using TEG absorption. Namely, the
TST-NRTL which is a built-in HYSYS model and the UMR-PRU added into HYSY'S
through the CAPE-OPEN 1.1 protocol have been considered.

The following operating variables have been considered for the sensitivity analysis:
the operating temperature and pressure of contactor and regenerator, the stripping gas
rate, the flash drum temperature, the temperature of the rich TEG stream entering the
regenerator. It is concluded that both models yield similar results regarding the effect

of the parameters in the total process.

Following the results of the sensitivity analysis, an optimization of the process in
terms of the required duties has been conducted by increasing the flash drum
temperature and the temperature of the rich TEG stream which enters at the bottom of
the regenerator. The optimized conditions have been compared to the base ones, in
terms of calculated duties, for a process with the specification of about 30 ppm molar
of water in the dry gas stream. To this purpose, the stripping gas rate has been used as
the independent variable. The simulation results showed reduced duties with both
models, namely 9% for TST-NRTL and 8.2% for UMR-PRU.

Furthermore, a preliminary economic evaluation of the unit has been considered,
by calculating the capital and the operational cost. To this purpose the Aspen ICARUS
software implemented in the HYSYS environment is considered and the obtained
results are compared with results based on correlations from the literature. Actually the
latter are based on relationships based on previously installed units, using the sizing of
the equipment. It is concluded that the capital cost calculated by HYSYS and through
the correlations is very similar, deviating at about 5% in all examined cases. The costs
calculated by both models do not substantially differ between the base and optimized

conditions. The obtained results have been also compared with literature values for
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dehydration units and they are shown to be in good agreement, with an about 15%
obtained with UMR-PRU at optimized conditions. In terms of the operating cost, an
8% decrease has been obtained in the optimized simulation for the TST-NRTL model
and a 7% for the UMR-PRU. This corresponds to a saving of about 15700% in annual

basis, which is about 7% of the total operational cost.

Finally, the performance of the models has been evaluated in the simulation of the
TEG dehydration plant using as input a real rather than a synthetic natural gas. The
difference from the previous case, is apart from the heavier and actually undefined
components included in the gas, also to the considered plant capacity. Both models
result in similar performance in terms of lean TEG purity in the case where they result
in a water content of 30ppm in the dry gas. Nevertheless, they differ in the calculated
stripping gas rate. Overall, the results are considered successful in both examined cases
and similar to those obtained for the synthetic gas stream. The difference of the models
is more apparent in this case, where higher molecular components are considered, in
the distribution of the heavier hydrocarbons in glycol-rich streams. UMR-PRU yields
systematically higher hydrocarbon loss compared to TST-NRTL, which is considered
closer to the actual process data due to better prediction of the corresponding phase
equilibrium of aqueous-hydrocarbon mixtures. UMR-PRU vyields higher TEG loss
compared to TST-NRTL and in the this case. Instead, the duties calculated with UMR-
PRU are lower, as a result of the lower calculated heat capacity, as it was expected

based on the simulation of the synthetic gas.

To conclude, the UMR-PRU model can accurately simulate the dehydration of
natural gas by absorption with TEG. The models yield similar results in terms of TEG
circulation rate, TEG purity and the parametric analysis of the variables which affect
the process efficiency. Instead, they differ in the calculated duties, hydrocarbon and
TEG loss. Due to better prediction of the respective properties with the UMR-PRU
model, it is considered that its simulation results should better meet the actual process
data.
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Overall, the UMR-PRU model yields better results in the simulation of a natural gas
dehydration unit than the proposed by HYSYS, TST-NRTL model and it is considered
a robust and accurate model to be used for such simulation.
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7. Future work

Although, many studies have been conducted for the natural gas TEG dehydration
process, several questions remain unanswered. Future work on the field can consider

the following:

e To obtain field data, so that the simulations can be compared to the actual results.
This could be of special interest for the parameters where the model performance
differs, such as the calculated duties.

e Other variables of the sensitivity analysis can be also considered, such as the
number of trays in contactor or regenerator.

e To evaluate the contemporary influence of two or more parameters on the whole
process.

e To make an economic evaluation of the simulation with a real gas, in order to have
a better comparison with the reality.

e To make a comparison of both performances and costs, between the process with
stripping gas and other processes such as vacuum distillation, since the obtained
results are primarily dependent on the lean TEG purity.

e To evaluate the addition of another heat exchanger to obtain more efficient
exchanger of heat between the lean and rich TEG streams.

93



Appendix

Table A. 1 Results of the analysis after variations of the reboiler temperature (TST-NRTL model)

lean
TEG
lean molar | dry gas
reboiler TEG flow water heater | reboile | cooler | pump1 | pump
temperatur | purity | [kmol/h | content duty r duty duty duty 2 duty
e [°C] [wi] ] [ppm] | [KW] | [kKW] | [kW] | [kW] | [kW]
200 0.994 35.7 30.13 3.58 317 191 0.52 9.2
202 0.994 35.6 30.1 3.58 325 201 0.52 9.2
204 0.994 35.5 29.99 3.59 335 210 0.52 9.2
204.5 0.994 35.3 29.98 3.59 338 212 0.52 9.2
205 0.994 35.3 29.96 3.59 340 214 0.52 9.2
206 0.994 35.3 29.94 3.59 344 219 0.52 9.2
Table A 2 Results of the analysis after variations of the reboiler temperature (UMR-PRU model)
lean
TEG | dry gas
lean molar water
reboiler TEG flow conten | heater | reboile | cooler | pump 1 pump
temperatur | purity | [kmol/h t duty r duty duty duty 2 duty
e [°C] [wi] ] [ppm] | [KW] | [KW] | [kW] [kW] [kW]
200 0.994 35.3 28.36 3.58 275 190 0.54 9.7
202 0.994 35.3 28.33 3.58 283 198 0.54 9.7
204 0.994 35.3 28.3 3.58 291 206 0.54 9.7
204.5 0.994 35.3 28.29 3.58 294 209 0.54 9.7
205 0.994 35.3 28.28 3.58 295 210 0.54 9.7
206 0.994 35.3 28.26 3.58 299 214 0.54 9.7
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Table A .3 Results of the analysis after variations of the reboiler pressure (TST-NRTL model)

lean
lean TEG dry gas
Condenser | reboiler | TEG molar water | TEG loss | heater | reboiler | cooler | pump | pump
temperature | pressure | purity | flow content | [kmol/h] | duty | duty duty 1duty | 2duty
[°C] [bar] [wi] [kmol/h] | [ppm] | E-04 [kW] | [kKW] [kW] [kW] | [kW]
70 0.1 0.99 33.6 0.7 8.51 10.13 368 208 0.76 9.1
70 0.2 0.99 33.9 4.7 5.26 3.85 356 202 0.74 9.1
70 0.3 0.98 34.2 7.5 451 3.08 352 203 0.72 9.1
80 0.4 0.97 34.4 10.0 4.48 2.39 349 203 0.70 9.2
80 0.5 0.96 34.7 12.4 4.36 2.10 346 203 0.68 9.2
85 0.6 0.95 35.0 14.8 4.36 1.74 343 204 0.66 9.2
90 0.7 0.95 35.3 17.2 4.43 1.41 340 205 0.64 9.2
95 0.8 0.94 35.6 19.5 4.47 1.11 337 205 0.62 9.2
95 0.9 0.93 35.9 21.8 4.25 0.89 334 206 0.60 9.2
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Table A. 4 Results of the analysis after variations of the reboiler pressure (UMR-PRU model)

lean
lean TEG dry gas | TEG
Condenser | reboiler | TEG | molar water | loss heater | reboiler | cooler | pump | pump
temperature | pressure | purity | flow content | [kmol/h] | duty duty duty 1 duty | 2 duty
[°C] [bar] [wi] [kmol/h] | [ppm] | E-04 [kW] | [kW] [kW] | [kW] | [KW]
70 0.1 0.999 33.3 0.52 38.8 3.03 308 207 0.79 | 9.64
70 0.2 0.998 33.6 5.79 13.8 2.55 298 200 0.77 | 9.63
70 0.3 0.997 34.9 11.07 9.89 2.04 295 201 0.75 | 9.63
80 0.4 0.996 34.2 16.29 9.78 1.61 292 201 0.73 | 9.63
80 0.5 0.995 34.5 21.69 9.42 1.26 289 202 0.70 | 9.62
85 0.6 0.994 34.9 27.04 9.62 0.89 286 203 0.68 | 9.62
90 0.7 0.993 35.2 32.39 9.85 0.56 283 205 0.66 | 9.62
95 0.8 0.992 35.5 37.77 1.02 0.26 280 206 0.64 | 9.62
95 0.9 0.991 35.8 43.17 1.00 0.11 279 206 0.62 | 9.62
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Table A. 5 Results of the analysis after variations of the flash drum temperature (TST-NRTL model)

dry gas
temperature water heater cooler pumpl | pump2
of the flash lean TEG content duty reboiler duty duty duty
drum [°C] | purity [wt] [ppm] [kW] | duty [KW] [kW] [kW] [kW]
50 0.993 30.5 3.6 334 209 0.52 9.2
55 0.993 305 3.6 334 209 0.52 9.2
65 0.993 30.02 3.6 334 209 0.52 9.2
75 0.993 29.97 3.6 334 208 0.52 9.2
80 0.993 29.94 3.6 334 208 0.52 9.2
85 0.993 29.89 3.6 333 208 0.52 9.2
90 0.993 29.82 3.6 333 208 0.52 9.2
95 0.993 29.75 3.6 333 208 0.52 9.2
100 0.993 29.65 3.6 333 207 0.51 9.2
110 0.993 29.43 3.6 332 207 0.51 9.2
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Table A. 6 Results of the analysis after variations of the flash drum temperature (UMR-PRU model)

dry gas
temperature | lean TEG water heater cooler pumpl | pump 2
of the flash purity content duty reboiler duty duty duty
drum [°C] [wi] [ppm] [kW] | duty [kW] | [KW] [kwW] [kW]
50 0.994 28.40 3.60 294 209 0.55 9.7
55 0.994 28.39 3.60 294 209 0.55 9.7
65 0.994 28.36 3.59 294 209 0.55 9.7
75 0.994 28.29 3.59 294 209 0.55 9.7
80 0.994 28.23 3.58 294 208 0.55 9.7
85 0.994 28.17 3.58 294 208 0.55 9.7
90 0.994 28.09 3.58 294 208 0.55 9.7
95 0.994 28.00 3.58 293 208 0.55 9.7

Table A 7 Results of the analysis after variations of the input regenerator temperature (TST-NRTL model)

lean
input lean TEG dry gas
regenerator | TEG molar water heater | reboiler | cooler | pumpl | pump 2
temperature | purity flow content duty duty duty duty duty
[°C] [wt] | [kmol/h] | [ppm] | [kW] [kwW] [kwW] [kW] | [kW]
110 0.990 36.3 50 1.0 419 294 0.52 9.2
115 0.991 35.9 44 1.6 398 273 0.52 9.2
120 0.992 35.6 32 2.2 377 252 0.52 9.2
125 0.993 35.3 34 2.9 356 231 0.51 9.2
130 0.994 35.0 29 3.5 335 210 0.51 9.1
135 0.995 34.8 26 4.3 314 190 0.51 9.1
140 0.995 34.6 22 5.0 294 169 0.51 9.1
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Table A. 8 Results of the analysis after variations of the input regenerator temperature (UMR-PRU model)

lean
input lean TEG dry gas
regenerator | TEG molar water heater reboiler | cooler pump 1 | pump 2
temperature | purity | flow content | duty duty duty duty duty
[°C] [wi] [kmol/h] | [ppm] | [kW] | [kW] [kW] [kW] | [kW]
110 0.990 36.5 48 0.9 362 277 0.55 9.7
115 0.991 36.2 42 15 345 260 0.55 9.7
120 0.992 35.8 37 2.2 328 243 0.55 9.7
125 0.993 35.6 32 2.8 311 226 0.55 9.7
130 0.994 35.3 28 35 294 209 0.55 9.7
135 0.995 35.1 24 4.3 277 192 0.55 9.7
140 0.995 35.0 21 5.1 259 174 0.55 9.7
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Table A 9 Results of the analysis after variations of the contactor temperature (TST-NRTL model)

dry gas | dry gas

Contactor lean TEG | water TEG cooler pumpl | pump 2

temperature | purity content | content | reboiler duty duty duty

[*C] [wi] [ppm] | [ppm] | duty [KW] | [KW] [kwW] [kwW]
13 0.9936 15.32 0.06 420 234 0.52 9.25
16 0.9937 17.91 0.08 419 248 0.52 9.24
20 0.9937 21.85 0.11 419 265 0.52 9.24
25 0.9938 27.69 0.17 419 287 0.52 9.24
27 0.9939 30.32 0.20 418 295 0.52 9.23
30 0.9939 34.71 0.26 418 308 0.52 9.23
35 0.9941 43.01 0.37 417 329 0.52 9.21
40 0.9942 52.72 0.54 416 350 0.52 9.20
45 0.9944 63.93 0.77 415 370 0.51 9.18
50 0.9946 76.69 1.10 413 390 0.51 9.15
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Table A 10 Results of the analysis after variations of the contactor temperature (UMR-PRU model)

dry gas | dry gas

contactor lean TEG | water TEG Cooler pump 1 |pump 2
temperature | purity content | content | reboiler duty duty duty
[*C] [wi] [ppm] | [ppm] | duty [KW] | [KW] [kW] [kW]
13 0.9938 13.35 1.49 294 172 0.54 9.73
16 0.9938 15.92 1.82 294 180 0.54 9.73
20 0.9939 19.91 2.37 294 191 0.54 9.73
25 0.9940 25.97 3.25 294 204 0.54 9.73
27 0.9940 28.77 3.68 294 210 0.54 9.73
30 0.9941 33.38 4.43 294 218 0.54 9.73
35 0.9942 42.26 5.98 293 232 0.54 9.73
40 0.9944 52.74 8.02 293 246 0.54 9.73
45 0.9946 64.88 10.66 293 260 0.54 9.73
50 0.9948 76.68 14.07 292 274 0.54 9.73
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Table A .11 Results of the analysis after variations of the contactor pressure (TST/NRTL model)

dry gas dry gas
contactor | lean TEG water TEG reboile | cooler | pump1l | pump 2
pressure purity content content r duty duty duty duty
[bar] [wi] [ppm] [ppm] (kW] | [kW] | [kW] [kW]
50 0.993 29.62 0.18 332 205 0.51 9.1
52 0.993 29.71 0.20 332 209 0.51 9.1
55 0.993 30.35 0.25 332 216 0.51 9.1
57 0.993 30.84 0.28 332 220 0.51 9.1
60 0.993 31.45 0.34 332 226 0.51 9.1
62 0.993 31.86 0.38 332 230 0.51 9.1
65 0.993 32.50 0.46 331 236 0.51 9.0
67 0.993 32.94 0.52 331 240 0.51 9.0
70 0.993 33.62 0.62 331 245 0.51 9.0
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Table A .12 Results of the analysis after variations of the contactor pressure (UMR-PRU model)

lean dry gas dry gas

contactor | TEG water TEG reboiler | cooler pump 1 | pump 2

pressure purity content content | duty duty duty duty

[oar] [wi] [ppm] [epm] | [kW] | [kW] [kW] | kW]
50 0.994 27.9 3.33 294 206 0.55 9.7
52 0.994 28.37 3.67 294 209 0.55 9.7
55 0.994 29.12 4.22 294 213 0.55 9.7
o7 0.994 29.64 4.63 294 216 0.55 9.7
60 0.994 30.44 5.3 294 220 0.55 9.7
62 0.994 31.00 5.79 294 223 0.55 9.7
65 0.994 31.85 6.58 294 227 0.55 9.7
67 0.994 32.43 7.16 294 230 0.55 9.7
70 0.994 33.32 8.09 294 234 0.55 9.7
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Table A 13 Real gas composition (wet gas based)

Component list kmol/h
Nitrogen 115
CO; 1260
Methane 26200
Ethane 3340
Propane 1610
i-Butane 288.3
n-Butane 469.1
i-Pentane 127.3
n-Pentane 122
GIC6* 115
GIC7* 127
GIC8* 84.6
GIC9* 30.6
GIC10-C14* 14.6
GIC15-C24* 0.269
GIC25* 5.77E-05
H20 257.7
Total molar flow 34196
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