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ABSTRACT

Goal of work (key words): The main goal of the diploma thesis is the optitneaof a
liquefied natural gas (LNG) process, the PRICO essc The work is divided into two
sections; first, it is taken in account the desfithe process and then the optimal opergtion
in steady state is carried out. In the first secbbthe work, the HYSYS simulator was
used to build nine different design cases of th&CPRprocess and the results were
compared with the data reported. The second sectinsisted of determining the optiml
conditions for the PRICO process in two differertd®s: The production of LNG is a
specification and it is tried to minimize the comgsor work (Mode 1) and when the
compressor work is set and the goal is to maxirtied NG production (Mode II). Once
the optimal conditions for both modes were fourmne disturbances were introduced infto
the system. The process was re-optimized and teeteff the disturbances over the sysiem
was studied.

Conclusions and recommendations (key words): In the design part of the work, t
results matched the data reported in a previou&k.whm interesting taskauld be to us
HYSYS to optimize the process design. In the opangbart, it was found a new value |
heat exchange area. For both Modes | and Il thenapt nominal point wastable fol
natural gas temperature disturbancBse Mode 1l resulted to be stable for composi
refrigerant disturbances. Thus,would be interesting to do all the disturbantedy for
Mode Il but using the MR composition of Mode I.
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of the Norwegian University of Science and Technology

Dateand SIgNatUr € ..............eeveeeeeueenmennnnnenineennnnnninnnns




Acknowledgements

First of all, I would like to thank Prof. Sigurd &jestad who gave me the great opportunity
of working on this thesis which represents the ehcy studies of chemical engineering
and the beginning of new times. Thanks to Ph.Ddesttt Magnus Jacobsen for being so
helpful, patient and for his important guidanceidgithese months of hard work.

I want to thanks my flat mate Matt who helped méhwhe writing of the thesis. | really
appreciate that he accepted to help me withoutamyplain or request. Gracias amigo!

Gracias a Andrea, for her support and good humaiys making me laugh and to get
relax during the hard working days, gracias Che!

I would also like to thank the people in the intgranal office in Venezuela who gave me
the chance to participate in the exchange progratwden my home university and the
NTNU.

My acknowledgement also goes to my parents CandsLaizmila, and to my family for
their incredible support, helping me to walk thead road fill with obstacles and stumbles.
Without them nothing of that would be possible.



Contents

ACKNOWIEAGEMENTS......eiiiie et 2
010011 0] TP PO RPPPO 3
I 01 4 oo ¥ Cox ') SR 4
2 BacKgroUnd........cooiiiiiiie s 6
2.1 Introduction t0 COOlNG CYCIES.......ccciiiiieeeeiiiiiiieeie e 6
2.2 Liquefaction of natural gas .........coooeiii e 8
2.3 Degrees Of fre@UOM .. ......ciiiiiiiiii i e e e 10
2.4 CharacteristiC COMPIrESSOr CUIVES ...........coummmmeeseeenenmnnmenmnnmmnmmnnnnnnnnnnnnnnmnnnns 11
2.5 Introduction to numerical OptimiZation ...............eeevevieivimiiiiiiiii.. 13
2.5.1 Optimization Methods ...........cooviiiiiiiiie s 13
G T B 1= T o o PRSPPI PRSI 15
3.1 ProCesSs UeSCrIPLION .....uuiuiiiiiiiiiierieteeeeeeeeeeeeeeeeseeeeesessesssesessesssenrsssenrenareeeeeees 15
3.2 HYSYS MOAEING oot 16
3.3 ReSUIS fOr deSigN......ccoiiiiiiiiiiee e 18
3.4 CONCIUSIONS ...ttt ettt e e e e e e e e e e e e e e e e s s nmmneeee e e e s eannees 23
3.5 FUINEI WOTK ..ot e e e e 24
4 Optimal OPErALION .......vveeeeiieie e et e e e e en e e ns 25
ot R S (o Yol SIS o (=2 o g o] 1o ] PP 25
4.1.1  Nominal CONTITIONS ......uviiiiiiiiiiiiieeeee e 26
4.1.2 Degrees Of freEUOM .......ccoviiiiiiiiiiiie s st e e e e e aeeas 27
4.2 HYSYS MOAEING .cooeoeiieee et 28
4.2.1  CoMPreSSOr MOUEI ........uuuuiiuiiiiieriises mmmmmmn s eesessessessaasaasaasaaaaaseaaeeeesaenaas 28
4.3 Solving optimization problem ..., 30
4.3.1  Optimization iN HYSYS ...t aeaeeeneaeeevsnennnennnes 31
4.4 NOMINAl OPLIMUIM .. s e eees 32
4.4.1 UA values for optimization ..........ccooiiiiieeeeeiiiiiiiiieiiiiieieenieieeeeeenenenenenene 32
4.4.2 Mode I: Nominal optimum for given production .............ccccevvvvveviveieninnnen. 32
4.4.3 Mode Il: Nominal optimum for given POWET .....cceuiiiiiiiiiiieieeieee e 34
4.4.4 Nominal optimum refrigerant COMPOSIION ... comeeveereereerrerieiieiieririennenenes 35
4.5 Optimal operation with diSturbances ..., 36
A.5. 1 MOAE | oo e e 36
452 MOAE Il .ot 42
4.6 CONCIUSIONS .. ..o e o e e et mmmmssssnssrneees 47
A7 FULUIE WOTK ....iieiitieies e ettt s emmmmme e e e e e e e e et a e e e e e e e eeesesnesaaeeeeaaenes 48
S = = 1 10= ST 49
N[0 T = LU ] = ST 50
N 0 0L o RSP 52
A.1 Refrigerant composition reported by Jensen forfferdint design cases. ............ 52
A.2 Optimal refrigerant compositions reported by Jerfsemperation. .................... 53



1 I ntroduction

It is well known that the worldwide energy demaras mapidly increased during the recent
years and the available resources are becomingfioient. Oil is no longer the preferred
energy resource and other resources have become viaisle as a replacement for it.
Natural gas has become one of the most importants wa obtain energy and its
consumption could increase from 104 trillion cufget in 2005 to 158 trillion cubic feet in
2030 [1]. As natural gas produces less carbon dettan either coal or petroleum when
it is burned, national and regional plans impleradriy governments to reduce greenhouse
gas emissions may encourage its use to displaee fasil fuels as well.

Norway is the second largest exporter of gas tfir only Russia is larger. In 20086,
Norway accounted for 30 percent of all gas producin Western Europe. On a world

basis, Norway ranks as the fifth largest producel the third largest exporter, despite the
fact that it has only 1.6 percent of the world'soywn gas reserves.

As of today, Norway has exported more than 110@hilSn? of gas. Of the total expected

recoverable resources of 6000 billion®sonly about 20 percent has been produced [2].

In situations where the gas market is far away ftbe source of the natural gas, it is a
more economic solution to transport the gas asfigd natural gas (LNG) instead of in a
natural gas pipe line. LNG is natural gas (mainlgtimne) that has been cooled and
condensedo a liquid about -160 °C at atmospheric pressiitee great advantage of

transporting natural gas as LNG is that the natgasl reduces 600 times its volume and
consequently large amounts can be transported.

There are several natural gas liquefaction prosegsed in the industry such as, pure fluid
cascade process, mixed fluid refrigerant and miftedl cascade process. This paper
studies a simple cooling cycle known as #RICO process which uses a mixed fluid
refrigerant. The PRICO process was developed antketel by Black and Veatch
Company, and it has several key advantagee. advantages includde lowest capital
costs of all competing technologies, a simplifiedrigeration system requiring minimal
equipment and simplified control and flexibility feed gas composition [3].

In order to reduce the investment costs of a plemich effort is put to find the optimal
design of the process. This work tries to validhgedata design found in earlier work done
by Jagrgen B. Jensen [4]. The main point is to $dbe previous data found using the
gPROMS software can be reproduced using the HYS8Iator instead. Specifically, it

is compared the area required for NG-HX in nindedént cases. Each case varies the
specifications of the model, such as production flakh gas, compressor power,
compression pressure and so forth.

An extensive study of the steady state operatidheprocess is also included in the thesis.
In this part of the work, it is sought to determitie optimal conditions for the PRICO
process in two different modes:

0 Model: Minimize the compressor work for a given productrate of LNG.
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0 Modell: Maximize production of LNG for a given compressark.

After finding the optimal conditions for both mode®me disturbances (compressor work,
NG pressure, NG and MR temperatures, NG feed wae) introduced and the process was
re-optimized to find new optimal conditions.



2  Background

2.1 Introduction to cooling cycles

A refrigeration system removes thermal energy framlow-temperature region and
transfers heat to a high-temperature region. Thet mommon refrigeration cycle is the
vapor compression cycle, which is used in most &loolsl refrigerators as well as in many
large commercial and industrial refrigeration sgste This process has four principal
components: evaporator, compressor, condensegxgahsion (or throttle) valve.

The simple process is sketched in Fig 2.1 (takemff4]), and also it is represented in a
pressure enthalpy diagram, Fig. 2.2:
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Figure 2.1: Pressure-enthalpy diagram for a simgfiégeration cycle
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Figure 2.2: Simple refrigeration cycle of vapor guession

In step 4 to 1, heat is removed from the systelmeiag refrigerated by the evaporation of
the working fluid at low pressure (P The saturated vapor atiB then compressed to high
pressure (), step 1 to 2. In step 2 to 3, the substance-sugerheated and then condensed
to saturated liquid at constant pressure. Durimng phocess, the working substance rejects
most of its energy to the condenser cooling wakee cycle is closed by an irreversible
throttling process in which the temperature andguee decrease at constant enthalpy.



In order to prevent liquid fed into the compresgbg vapor must be slightly superheated,
ATsyp at the outlet of the evaporator. The degree pedhweatingATsy, Stands for the
temperature difference between the evaporator budenperature and the saturation
temperature at given pressure.

The refrigerant is sub-cooled at the outlet of tbadenser, as we can see in fig 2. The
degree of sub-cooling\Tsuy) represents théemperature difference between the condenser
outlet temperature and the saturation temperaturgigen pressure-However, sub-cooled
liquid is normally unlike [4].

The traditional measure for the refrigeration cyeféciency is the COP, coefficient of

performance, and it is define as:
coP=|Q| (2.1)
W

whereQ, is the heat removed from the system being refaiger and/\; the power required
by the compressor.

The COP is restricted by the efficiency of Carnshich is the theoretical ‘minimum
fraction of the cooling dut®, that must be added as mechanical Wi [4]:

COPeamot = _IQLL: _TL_ (2.2)
W H-To

Since, the Carnot efficiency results from the agsiion of an ideal reversible process
neglecting world items like frictional pressure gran the system or slight internal

irreversibility during the compression of the rgérant vapor a real process, such
efficiency cannot be achieved in a real process.

Some improvement of the cycle efficiency could lzengd by replacing the isenthalpic
throttling step with an isentropic expansion. Wislech an improvement is theoretically
possible and is therefore appealing, usually practonsiderations have to be taken into
account. In the practice, liquids tend to becompovaluring the expansion step, which
affects the safety of the turbine. In order to dveapor formation in the liquid turbine, a
combination of a liquid turbine and a valve is usgthe employed. The difference between
these three expansion ways is shown in a Presstinalpy diagram (taken from [4]), Fig.
2.3
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Figure 2.3: Three different ways for expansiomuid turbine (1), combination of turbine
and valve (2), and expansion only with valve (3).

2.2 Liquefaction of natural gas

Liquefied natural gas (LNG) is natural gas that esn cooled to the point that condenses to
a liquid, which occurs at a temperature of appratety -161 °C, at atmospheric pressure.
The liquefaction process reduces the volume ofbyaapproximately 600 times, thus it is
more economical to store natural gas where othendoof storage do not exist, and to
transport gas over long distances for which pigsliare too expensive or for which other
constraints exist. This last reason is which mdakes_LNG so important. Fig. 2.4 shows the
cost of natural gas transportation for differeminsportation ways [5]. Liquefaction makes
possible to move natural gas between continentgpétially designed ships. Thus, LNG
technology makes natural gas available througtmanvorld.
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Figure 2.4: Natural transportation technology east relative to distance



In order to deliver natural gas from the field be ttostumers, some different stages have to
be done. These stages are known as the gas value ch

» Exploration to find natural gas: Most of the time natural gadiscovered during the
search for oil.

» Liquefaction to convert natural gas into a liquid state so thean be transported in
ships.

» Shipping the LNG in special purpose vessels.

» Storage of LNG in specially made tanks amé-gasification to convert the LNG
from the liquid phase to the gaseous phase, readg thoved to the final destination
through the natural gas pipeline system.

A mechanical refrigeration process is used foritiigefaction of natural gas, where natural
gas is cooled and liquefied by heat exchange witlearate refrigerant. In the last four
decades, several licensed processes have beerommvdbased upon this fundamental
principle.. The main objective of these technolagimnovations (besides reducing unit
investment and operation costs) is to optimizedfiieiency of the refrigeration process
employed in order to, in most cases, increase M@ production. A liquefaction plant may
consist of several parallel units (“trains”).

The indicative cooling curve of a natural gas, shawrig 2.5, profiles two different routes to
liquefaction with pure and mixed refrigerants. Fmmmercial liquefaction processes, the
intent is to minimize the difference between theigerant curve and the natural gas cooling
curve in order to produce higher volumes of LNGirtg into consideration plant availability
and equipment reliability. The different technotgfor LNG can be grouped as:

* Pure Refrigerant Process:

- Cascade process: Uses three refrigerationitsineith propane,
ethylene and (mostly) methane as refrigerant.

* Mixed Refrigerant Processes:

- Single mixed refrigeration process (PRICO): Usas main heat exchanger
where both the natural gas and the mixed refndesge cooled by the cold
refrigerant.

- Dual Mixed Refrigerant process: Employs twogtiat spiral wound
cryogenic heat exchangers.

- Mixed Refrigerant with Propane Pre-cooling afittogen Sub-cooling: the
natural gas and the mixed refrigerant are bathcpoled before going to the
main heat exchanger.
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Figure 2.5: Cooling curves for pure and mixed gefrant.

2.3 Degreesof freedom

One of the central problems in developing a stestdie process flowsheet is finding the
number of variables that must be specified to cetep}t define the process. This number is
called thedesign degrees of freeddiMpor). In principle, the design degrees of freedom are
easily calculated by simply subtracting the numbérequations from the number of
variables:

Bbr = Nwv - Nsv )

Where:
Nmy — are the number of manipulated variables
Nsy are the number of specified variables

Once the design degrees of freedom have been fohmechumber obptimization degrees
of freedomcan be calculated by subtracting all variables #iatset by specifications on
production rate, product qualities, safety constgi etc. Since in optimization some
variables have to be controlled, there will be dution in the degrees of freedom. The
optimization variables are the available degreesfreedom for maximizing some
appropriate measure of profitability. Typical des@ptimization variables are reactor sizes,
number of reactors, number of column trays, recffole rates, etc.
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2.4 Characteristic compressor curves

During operation it is common to model the perfonc® of the equipments like
compressors, turbines, pumps, etc. The performahtteese equipments is likely based by
characteristics curves that link variables likewftate, efficiency, rotational speed and so
on; such curves are generally provided by the ventithe equipment.

Normally the characteristic curves for compressting relate issues like reduce flowrate
(my), reduce rotational speed (Nr), pressure ratip &Rd compressor isentropic efficiency
(I]). We can express the pressure ratio and the caesgrefficiency as functions of the

reduce flowrate and reduce rotational speed. Timesfollowing dependencies can be used
to study the steady state behavior of the comprg¢4so

Pr =f (rh, , Nr) (2.4)
1] =f (i Ny) (2.5)
where:
i — TV RT (2.6)
] R
1 'rj" = ATD 27
N i (2.7)

O

R (R/MW): Specific universal gas constant Kig* - K™
T1: Compressor inlet temperature [K]

P;: Compressor inlet pressure [Km® &7

D: Compressor wheel diameter [m]

N: Rotational speed T3

Jensen (2008) proposes correlations for the funstigven by eq.(2.4) and eq.(2.5):
. 3\ _L(mr_ ) (2.8)
Pr _PJ'.j-I-H(l-I-2 ( - 1) 5 (W 1) )
n=m ((1— (H_H'”)_) - 1000{W—3W}3) (2.9)
Hy

Additionally, it is proposed the following relatiships for the parameteksandW:

H=H,—-1.2 (Hc-—i—@—l) (1—=Nr) (2.10)

W = Wp (Nr) (2.11)
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H andW are known as the semi-height and the semi-widgpectively, of the compressor
characteristic curve. The parametdgsand\Ware constant given constant values; and Pr
is the pressure ratio delivered when the flow td@eero.

Finally, the compressor curves are performed ynged constant maximum efficienay.

The fig. 2.5 shows the compressor curves preseimedensen’s work (2008) with a
rotational speed in the range from 10% to 100%. vidiees for the different parameters are
shown in table 2.1.
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Figure 2.5. Characteristic compressor curves atimalnmlet temperature. The peak

pressure ratio is indicated by the red dots.

Table 2.1. Parameter values used for the compressoes

D 1.7m
MW 0.032 Kg/mol
Pro -29

Ho 18.125
Wo 0.0698
1o 82.2 %
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2.5 Introduction to numerical optimization

The goal of any optimization problem is to find thalues of the process variables that
yield the best value of the performance criterioichsas minimum costs or maximum
production. It is extremely helpful to systematigatientify the objective, constraints, and
degrees of freedom in the process (or plant) thgbing to be studied.

In a typical industrial company there are threasargevels) in which optimization is used:
(1) management, (2) process design and equipmeanifisption, and (3) plant operations.
Process design and equipment specification is lysupérformed prior to the
implementation of the process, and managementidesifo implement designs are usually
made far in advance of the process design stepth®nother hand, optimization of
operating conditions is carried out monthly, weeklgily, hourly, or even at the extreme,
every minute [5].

The solution of optimization problems involves tise of carious features of mathematics.
Consequently, the formulation of an optimizatiorolgem must be carried out via
mathematical expressions, although this does mmssary imply great complexity. Every
optimization problem contains three essential catesg:

1. Atleast one objective function to be optimized.
2. Equality constraints (equations).
3. Inequality constraints (inequalities).

When it is found a set of variables that satisfiegaries 2 and 3, we took about a feasible
solution of the optimization problem. And an optinsalution is a set of values of the
variables that satisfy the components of categdtiesnd 3 and also provides an optimal
value for the function in category 1.

A general optimization problem can be mathematdaltmulated as [5]:

Minimize (or maximize). (x) objective function (2.12)
Subjeztt hk) =0 equality constraints
x)(=0 inequality constants

wherex is a vector of n variables.

25.1 Optimization methods
The different optimization methods are relatedhte mature of the objective function, thus

we can find two principal classifications: Uncoasted and constrained optimization
problems [6].
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Unconstrained optimization problems are those inclwvlwe can neglect the constraints
assuming that do not have effect on the optimaltsmi. Also, unconstrained problems are
a result of replacing the constraints by penalwaterms in the objective function.

Constrained optimization problems are those motkels have explicit constraints on the
variables. The constraints can be linear or noalineequalities. A linear programming
problem is when both the objective function and ¢bestraints are linear functions. If the
objective function is nonlinear or if there is anfinear constraint, the optimization problem
is then a nonlinear programming problem.

Many optimization methods implying complex algonith have been developed to cover all
type of optimization problems. Following, we williéfly describe two important and wide
used optimization methods [7]:

- Box method, is a sequential search technique tbates problems with
nonlinear objective functions, subject to nonlinéaequality constraints. It
handles inequality constraints but not equalityst@ints. This method is not
very efficient in terms of the required number aindétion evaluations. It
generally requires a large number of iterationscoéoverge on the solution.
However, if applicable, this method is very robust.

- The Sequential Quadratic Programming (SQP) mettaotiles inequality and
equality constraints. SQP is considered by marhetthe most efficient method
for minimization with general linear and nonlineeonstraints, provided a
reasonable initial point is used and the numbeariohary variables are small. It
minimizes a quadratic approximation of the Lagrangfunction subjected to
linear approximations of the constraints.

It is necessary to point out that purpose of teigtien is meant to only explain the basic
knowledge of the work done and is not a comprelensiudy on optimization methods.
For further information about optimization methoda&/e recommend Edgar and
Himmelblau (1988); and Nocedal and Wright (1999).
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3  Design

This chapter will describe the work carried outtba design of the PRICO process. There
will be a detailed description of the process idalg the employed specifications and how
the process was modeled in HYSYS. Additionally, enidifferent cases of design are
presented and the results are compared with tlaereported by Jensen [4].

It is important to point out that the obtained fesun this chapter do not represent the
optimal design values of the process due to animigation study was made. What is

attempted is to reproduce the results found inuglhg the same design constraints. For
some of the cases the results reported in [4] sed,un our model, as specifications.

3.1 Processdescription

In the previous chapter, it was mentioned that RR®ICO process is a single mixed
refrigeration cycle which uses a main heat exchaftgecooling the natural gas. The PRICO
process (Fig. 3.1) mainly consists in two partse latural gas cooling and the refrigerant
loop.

Natural gas is fed to the principal heat exchan@¥B-HX) after previous treatment
removing water and impurities like carbon dioxithgdrogen sulphide and mercury. The
inlet conditions of the natural gas depend on #ueived pressure and temperature from the
earlier treatment. In the NG-HX the natural gasadsled, liquefied, and sub-cooled by heat
exchange with the expanded refrigerant. Afterwatks, natural gas is sent to expansion
where the pressure is reduced to the atmospheddtarefore the temperature is taken
slightly down. In the flash drum, the liquid (LN@) separated from the vapor phase (flash
gas) which is also used as fuel. However this issust taken in account in this work.
Finally, the LNG is sent to storage for furthertdimution.

Pre-tr mted NG

C ondense{

B

Refrigerant
COMPIessor

NGHX

{{J
ﬁ*H

LN Flash gas
Figure 3.1. Simple flowsheet for the PRICO process

él"
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After the recompression to high pressurg,(fhe mixed refrigerant (MR) is sent to the sea
water (SW) cooler where it is cooled and parti@gndensed. In the NG-HX, the MR is
then sub-cooled at about the same temperatureeasathral gas. After that, the refrigerant
is expanded to low pressure|)(Pn order to reach the needed cooling temperature.
Following, the refrigerant passes through the NG-Mbere it is superheated by the heat
gained from the two warm streams. The super haafederant is then recompressed thus
closing the loop.

During the study carried out the following data waed as process specifications:
» Natural gas inlet conditions: Pressure 40 bar antperature 30 °C.

« Natural gas molar compositions39.8% methane, 5.5% ethane, 1.8% propane,
0.1% n-butane and 2.8% nitrogen.

» The mixed refrigerant temperature after the SWewoigl 30 °C.
* Thereis a pressure drop of 0.1 bar in the SW coole

* Pressure drops in the NG-HX:
- 5 bar on natural gas side.
- 4 bar on the hot refrigerant side.
- 1 bar for the cold refrigerant side.

* The suction pressure drop in the compressor ib&.3

* The components of the mixed refrigerant are: némpgnmethane, ethane, propone
and n-butane. For the nine different design casesused the same refrigerant
compositions used in [4].

3.2 HYSYSmodeling

The first step of the work was to build the HYSY 8dual of the nominal case following the
data reported in [4]. The flowsheet for the nominake is shown in Fig. 3.2, and the
specifications used are shown in table 3.1. The ¥¥Snodel does not include the
refrigerant flash drum and only one valve with tbial pressure drop is used instead.

Due to how the process was modeled in HYSYS cextaiiables could not be change or

specify directly, instead other variables were gjeahin order to match the desired process
specifications. For this purpose an ‘adjust blogk's used. The ‘adjust’ varies the value of
one stream variable (the independent variable) éetrthe required value or specification

(the dependent variable) in another stream or ¢ipera

Y|t is important to note that the methane fractimigher than the reported in Jensen’s work (89.[2%o)
This is due to the fact that the natural gas coiitipas reported in [4] do not sum one, as they &thbe. In
order to solve that misunderstanding we will us889instead

16



The SW cooler was modeled as a simple cooler watth@at loss and the NG-HX was

modeled as an adiabatic multi-stream heat exchaiigesas considered that the two hot

streams are at the same temperature after the NGFHat is, streams 7 and 8 are at the
same temperature.

The compressor work was specified in all nine casbse the efficiency was calculated by
HYSYS. The suction pressure drop at the inlet ef ¢tbmpressor was modeled using an
isenthalpic valve (VLV-102).

For all the calculations the SRK (Soave-Redlich-iKg)p thermodynamic fluid package
was used.

NG ,—_VQSW Cooler
e
6

NG-HX §§§
Compressor
£

Flash gas

VLV-100

2 yivao1 3

Figure 3.2. HYSYS flowsheet for designing nominase

Table 3.1. Design constraints used to build theinahtase flowsheet

NG temperature after the NG-HX (°C) -144
Degree of super heatingTsup(°C) 10
Compressor workjVs(MW) 77.5
Pressure ratio, Pr 5.5
High pressure, [Rbar) 22
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3.3 Reaultsfor design

In this part of the work we will try to validatedldesign of the NG-HX performed earlier in
Jensen’s work [4]. In particular, we will compahetcomputed process variables for nine
different cases. Each case varies the specifitbthe model such as, production of flash
gas (hrasy, compressor powel(9, compression pressure (high pressurg), (®@mpressor
suction volume (Vsuc) and degree of super heafifig,f).

The obtained results for the nine different caseeesented in Table 3.2. The numbers in
parenthesis are the numbers reported by Jenserarid]the values in boldface are the
values used as active constraints or specificatibng to the HYSYS flowsheet shown in
Fig 3.2 needs a minimum set of inputs in order ¢osblved. For each case the optimal
results are reported in [4] are used in our modeecifications.

Table 3.2Result for the nine different cases of design

Case 3.1 3.2 3.3 3.4 3.5
i (Kg/s) 50.69 (52.2) 45 (45) 453(45.3)  44.8(44.8)  49.23 (49.6)
e (Kg/s) 43.27 (44.6)  41.67 (41.7)  41.97 (42) 41(4T5)  45.90 (46.3)
fras (Kg/S) 7.42 (7.7) 3.33 3.33 3.33 3.33
Mhrer (KG/S) 478 (478) 489.5 (475)  492.8 (472)  424.9 (443)  253F1)2
Tout (°C) -144 -155.9 (-156) -156 (-156)  -155.8 (-156) -157 (-157)
ATy (°C) 10 10 12 (11.6) 25.7 10
Efficiency, (%)  86.64 (82.8) 89.159 (82.8) 90.512(82.8) 83.128982 87.948 (82.8)
Ws (MW) 775 775 775 775 775
P, (bar) 22 22 22 22 50.4 (50.4)
Pr 5.5 55 55 5.5 225 (22.5)
P\ (bar) 4 (4) 4 (4) 4 (4) 4 (4) 2.24 (2.24)
Vsuc (nf/s) 90.77 (84.3)  93.07(83.3)  94.44 (84) 86.669p3. 87.1 (75.1)
UAuor (MW/°C)  31.88 (38.4) 3533 (40.9) 3528 (41.3) 234(39.8) 14.33 (18.7)
UAne (MW/°C) 5.21 (4.8) 5.16 (4.4) 5.14 (4.4) 5.62 4.6 5.36 (5.7)
UAror (MW/°C)  37.09 (43.1)  40.49 (45.3)  40.42 (45.7) &3(44.4) 19.69 (24.4)
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Case 3.6 3.7 3.8 3.9
rine (Kg/s) 49.6 (49.6) 51.4 (51.4) 76.1(76.1) 80.8 (80.8)
e (Kg/s) 46.27 (46.3)  48.07 (48.1) 71.1 (71.1) 7538.8)
st (KO/S) 3.33 3.33 5 5
thger (KQ/S) 295.3 (298) 317.6 (320) 606.7 (611) 615817)
Tout (°C) -157.1 (-157)  -157.5(-157)  -157.3 (-157) -156.4 (-156)
ATgy (°C) 10 10 10 10
Efficiency, (%)  82.33(82.8) 82.31(82.8)  82.23(82.8) 82.47 (82.8)
Ws (MW) 775 775 120 120
P, (bar) 30 37 30 30
Pr 14.35(16.6)  10.73 (11.7) 6.85 (7.3) 6.77 (7.2)
P, (bar) 2.09 (1.81) 3.447 (3.17) 4.38 (4.11) 4.436%
Vsuc (n/s) 106 70 106 106
UAnor (MW/°C) 22.3 (22.9) 25.06 (26.8)  48.69 (51.8) 4B(52.2)
UAns (MW/°C) 7.35 (5.5) 7.33 (5.8) 10.19 (8) 10.48 8.2
UAror (MW/°C) 29.65 (28.4)  32.39(32.6)  58.88 (59.8) ED(60.4)

Boldface numbers indicate specifications or actiorstraints
Numbers in parenthesis are the numbers reportdeisen [4]

Case3.1 Nominal case

In the HYSYS flowsheet we set the same MR flowrg@é8 Kg/s) as was reported by
Jensen (2008), and we let HYSYS compute the fleviat the natural gas. The resulting
natural gas flowrate was 50.69 Kg/s which was lotien the reported data by Jensen
(2008) fhng = 52.2 Kg/s). However, what was important to apalwas the ratio between
the LNG production and the NG fed. We found thatphoduction ratio it was about 85.4%
for both data results. Also, it is important to rien that the obtained total UA value
(UApot = 28.98 MW/°C) is lower than the one obtained bgskn (2008) (Uhot = 28.4
MW/°C).

As we have seen, for the same process specifisatverngot less required heat transfer area
than Jensen did (2008), but still achieved the sproduction ratio. This finding means
that the nominal case simulated in HYSYS seems domore efficient than the one
simulated in gPROMS.

Case3.2 Flash gas flowrate as an active constraint

Here the specification off; is replaced by setting the amount of flash gaaraactive
constraint fhpash = 3.33 Kg/s). In the HYSYS flowsheet, the MR flate was adjusted to
match the flash gas specification. The resulting iR is 489.5 Kg/s (3% higher than the
reported by Jensen). This increment in MR flow fiset by a reduction in the computed

UA¢w: (40.49 MW/°C), which is about 10% lower than theeaeported by Jensen (2008)
(45.3 MW/°C).
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We should note that there is a reduction, respgctiase 3.1, of the outlet NH-HX
temperature (from -144 to -155.9 °C). This is duéhe reduction of flash gas flowrate. The
same phenomenon is found in Jensen’s work.

Case3.3 Unconstrained degree of superheating

In this case we specified the same value for therabgas feed-rate as in Jensen’s work
(2008) fhng = 45.3 Kg/s) and as result we got the same oMi&tHX temperature, & =
- 156 °C.

By leaving free the degree of superheating spetiio ATs,y, it is computed by the
HYSYS flowsheet. The obtained degree of superhgaintreases from 10 to 12°C
compared with case 3.2. This incrementif, increases the LNG production in about
0.7%, which is pretty similar to the one reportgdJensen (2008) (0.8%). This increment
in the LNG production shows to the fact that fayatem with internal heat exchange the
optimalATsypis not zero (Jensen and Skogestad, 2007).

Case 34 Higher degree of superheating

For this case, first we specified the desired degfesuperheating\{Tsyp = 25.7 °C) and we
let HYSYS calculate the ;.

In order to match the flash gas specification, wpisted the MR flowrate. The obtained
MR flow (424.9 Kg/s) is about 13.8% lower than regpd for case 3.3 (492.8 Kg/s), and
the UA,: decreases about 1.5%. Even though these redudtiadhe MR flow and in the
heat transfer area, the LNG production is only ceduto 1.2%. This reaffirms what it is
stated by Jensen, that ‘the optimum is flat in tewwh superheating’. For the same case,
Jensen reports a reduction of 1.3% in LNG productio

Case 3.5 NoO pressure constraints

In this case we set the same pressure ratio arfd gngssure that were found by Jensen
(2008) (Pr = 22.5 and |~ 2.24 bar). Additionally, Jy is set to -157°C and the MR
flowrate is adjusted to match the flash gas spmatiin. We found that there was an
increment in the LNG production of 9.2% respectivease 3.2 (LNG production increases
from 41.67 to 45.90 Kg/s). It is also importantiate that both the refrigerant flowrate and
the total heat transfer area decrease about 48%ndespectively.

As we saw, a high pressure ratio leads to incrdes&NG production. This is also found
and explained by Jensen (2008): The cooling dutyKgeof refrigerant is directly linked to
compressor head. As the compressor head incrdesesadling duty per Kg of refrigerant
increases, and as it is known by increasing thespire ratio, the compressor head is also
increased. Therefore, an increment in the pressii@ indicates that an increment in the
cooling duty per Kg of refrigerant, and consequeidiss UAy is needed. The needed
refrigerant flow is also reduced by this fact.
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Even though high pressure ratio designs increaseNG production, these types of
designs are not common due to more compressorssteggings) thaire needed.

Case 3.6 MCL1800 series compressor

In this case, we work with a centrifugal compregd@1.1800. The following compressor
data is given [4]:

- Diameter: 1800 mm

- Maximum suction volume: 106 s
- Maximum outlet pressure: 30 bar
- Maximum work: 120 MW

For this case the suction volume and the outletsure are set to their maximums, while
the compressor work is kept in 77.5 MW.

In the HSYSYS flowsheet the MR flowrate was agaljusted to match the specified flash
gas flowrate (3.33 Kg/s), and the compressor iptessure (J was adjusted to match the
suction volume of 106 ¥s.

We found that the LNG production is 46.27 Kg/s, ethis 0.8% higher than the one for
case 3.5. This result is important since we arekimgrwith realistic specifications and not
with impractical designs like in case 3.5. Thistfscalso shown and discussed by Jensen
(2008).

Case 3.7 MCL1400 series compressor

The following data is given for the MCL1400 sergesnpressor:
- Diameter: 1400 mm
- Maximum suction volume: 70 s
- Maximum outlet pressure: 37 bar

- Maximum work: 75 MW

Here we use the maximum suction volume and the maxi discharge pressure. The work
is assumed to be 77.5 MW as the previous cases.

In order to match the specifications of flash gad a&olume suction, the same method
describe in case 3.6 was used.

As in Jensen’s work, there is an increment in tiNGLproduction (about 3.7%) respect
case 3.6y ng increases from 46.27 to 48.07 Kg/s.

21



Case 3.8 MCL1800 series compressor at maximum power

As we did in Case 3.6, we needed to adjust the M®Rréte to match the specified flash
gas flowrate (3.33 Kg/s), and to adjust the congmesnlet pressure (Pto match de
suction volume of 106 ¥s. We also set the natural gas feed rate and Y&¥$ to
calculate Ty resulting in Tyt equal to -157.3 °C.

Since an isentropic expansion process provides iwmoeng than an isenthalpic process,
the isenthalpic valve could be totally replaceddasentropic liquid turbine. In theory, the
efficiency of the refrigeration system is improveg applying this change. However,
liquids tend to become vapor during the expanstep,svhich can affect the safety of the
turbine.

In order to avoid vapor formation in the liquid lime, a combination of a liquid turbine
and a valve must be employed. Thus, the expansaresgs is broken down into two steps:
First the turbine reduces the pressure (the regufiressure slightly above the saturation
pressure) and then the two phase expansion is indlde isenthalpic valve.

In the figure below (fig 3.3), a simple flowshegtshown of the PRICO process which uses
liquid turbines for the expansion of the naturad gad the refrigerant.

I—-—

Figure 3.3. Simple flowsheet of the PRICO processgiliquid turbines for the expansion
of the natural and the refrigerant
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Case 39 Liquid turbines for the expansion of the naturas gand refrigerant

There is a LNG production increment of 6.6% witlspect to case 3.8 (same increment
reported by Jensen). Additionally, we found aneancent of 0.25% in the total heat transfer
area compared to case 3.8. ThergdAincrement reported by Jensen is 1%.

This design, as was expected, gives the maximum pM@uction. A design using only a
liquid turbine could be used; however, we alreadgwk that in practice this will not be
possible.

It is important to note that in Jensen’s work (20QBe compressor efficiency is set as a
constant with a maximum value of 82.8%. HoweMeg, results in Table 3.2 show that we
got higher compressor efficiencies for cases 32,34 and 3.5. The reason for the higher
efficiencies in our model is because the compres8miency cannot be set. In order to be
solve the compressor model in HYSYS it needs:

- the inlet and outlet pressures, and other spetiin like compressor
power/efficiency, or

- the compressor power, compressor efficiencyare of the working pressures.

In the HYSYS flowsheet, shown in Fig. 3.2, the ptee of streams 4 and 6 are set
according to the high pressure, low pressure aesispre ratio specifications. Furthermore,
only one more specification can be specified. Asdbmpressor power has to be specified
for all cases, the efficiency is then computedhzyftowsheet.

3.4 Conclusons

The main goal of this chapter was to reproduce désign results reported by Jensen
(2008). We saw throughout the work that all theglesariables were matched properly, so
we can conclude the following:

- The nominal case (3.1) simulated in HYSYS setmiee more efficient than the one
reported by Jensen (2008). Therefore, we got aehigRG production for a lower Ugyr.

- The degree of superheating increased when itumasnstrained, which produced
an increment in the LNG production. This showed fet that for a system with internal
heat exchange, the optimalls,, is not zero (this extensively discussed by Jeresswh
Skogestad, 2007).

- The LNG production is only reduced to 1.2% coregato 3.3, by setting a higher
degree of super heating. This reaffirms what isegtéy Jensen, that ‘the optimum is flat in
terms of superheating’ [4]. For the same case,elereports a reduction of 1.3% in LNG
production.
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- Even though high pressure ratio designs incrédasd. NG production, these types
of designs are not common due to more compresagesicasings) thate needed.

3.5 Further work

In order to be sure that the obtained resultstegeptimum values, it is necessary to carry
out an optimization study. Jensen (2008) providee bbjective function for the
optimization problem. The objective function propdsn Jensen’s work is:

f=-mune+ G (AH0T0'65+ANGO'63 (3-1)
Then the optimization problem for design can berexblby minimizingf with respect to
the design parameters & and A and adjusting gto get the logical values for the
minimum temperature approach.
An interesting task would be to find (using HYSYt8g optimal design variables for the

nine studied cases, and compare and see if thésesvaatch with the results presented in
this paper and in Jensen’s work.

24



4  Optimal operation

The simulation of LNG processes is crucial becausethe only cost-effective method by

which design improvements can be tested. Propodia jplants are simulated, designed,
and then built full-scale. The optimal design ofxed refrigerant systems is extremely
difficult and a lot of work is pointed in that daton. Even though an optimal design does
not necessary imply an optimal operation of thecess, few works are focused in the
optimal operation study.

In this part of the work we will seek the optimé¢ady state operating conditions for the
PRICO process, in two different modes:

0 Model: In this case the production of LNG is a specifmatand we try to
minimize the compressor work.

0 Modell: In this case the compressor work is set and théig@o maximize
the LNG production.

After finding the optimal conditions for both modesme disturbances are introduced to
the system. The process will be re-optimized and wie study the effect of each
disturbance over the system. These disturbancé$evilcompressor work, feed pressure,
natural gas and mixed refrigerant temperaturesiralagas feed rate.

Finally, we will compare the obtained results vitlle ones reported by Jensen [4].

4.1 Processdescription

The PRICO process employed in this part of the wéily. 4.1) is a modification of the
nominal case studied in the chapter before. Spadifi we will work with theninth case
where two liquid turbines are added to expand teral gas and then mixes refrigerant
after being cooled in the main heat exchanger.mbdified process works similarly as the
nominal case:

- Natural gas is fed to the NG-HX where it is cooléduefied and sub-cooled.
After that, it is sent to a liquid turbine to bepexded and therefore its temperature
gets lower. The following isenthalpic valve givéd® tnecessary pressure drop to
reach the necessary outlet pressure (atmospheessyre). Finally, the liquid
(LNG) and the vapor phase (Flash gas) are separatetlash drum.

- The mixed refrigerant is compressed to high presgBy) and afterwards it is
cooled down in the sea water (SW) cooler. Thenrelfrggerant is sub-cooled in the
NG-HX along with the natural gas stream. The resulsub-cooled refrigerant is
then expanded to low pressure)(Rrst in a liquid turbine and secondly by a chok
valve. The given pressure drop produces a two phastire which is vaporized
and slightly superheated in the NG-HX, thus prawgihe necessary cooling duty.
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As a final step, the refrigerant loop is closedhwiihe refrigerant recompression
from R to R,. The PRICO process discussed above is shown irHig.

SW Cooler
NG
; 9
" .
Compressor
f < [
3 B 7 VLV-102
NG-HX gg;
5 VLV-101
T =
VLV-103 4
Flash gas Lig. turbine 2 Lig. turbine 1 I
-l
=] AL

2 wvivioo 3

VLV-104
LNG

Figure 4.1. HYSYS flowsheet for PRICO process usedptimal operation

4.1.1 Nominal conditions
For the nominal operation of the process, the Yalg data was used:
» Natural gas inlet conditions: Pressure 40 bar antperature 30 °C.
» Natural gas feed rate = 74.33 Kg/s.
» The natural gas temperature after the NH-HX is -X57
» The mixed refrigerant temperature after the SWewoigl 30 °C.
* There is a pressure drop of 0.1 bar in the SW coole
* Pressure drops in the NG-HX:
- 5 bar on natural gas side.

- 4 bar on the hot refrigerant side.
- 1 bar for the cold refrigerant side.
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* The suction pressure drop in the compressor amhihes is 0.3 bar.
* The pressure drop in VLV-104 is 3.15 bar.
* The maximum compressor work is 120 MW.
* The heat transfer coefficients (UA) are consideaastants.
« Natural gas molar compositicns89.8% methane, 5.5% ethane, 1.8% propane,
0.1% n-butane and 2.8% nitrogen.
* The used refrigerant compositions are the repdayeiensen [4].
4.1.2 Degrees of freedom
In the PRICO process, shown in Fig. 4.1, therearariables that can be manipulated:
- Compressor speed
- Valve opening (VLV-101)
- Turbine power (Lig. Turbine 1)
- SW flowrate
- NG feed rate
- Mixed refrigerant composition (4 independent possitions)
One degree of freedom is consumed by specifyingtehgerature after the SW cooler
(T, = 30 °C). So, there are 8 remaining degrees @dbyen that can be used to find the
nominal optimal conditions. For this work we wilbindo any optimization or study
involving the mixed refrigerant composition, insleae will use for all cases the same
refrigerant composition reported by Jensen (2088).the mixed refrigerant compositions
are considered constant and that consumes 4 degrzesdom.
So, in principle there are 4 degrees of freedomtéebe used to find the nominal optimum
steady state operating conditions. It is importémt note that since the refrigerant

composition is assumed to be constant for all céses the degrees of freedom for
optimization are the same for operation.

“The issue about the difference between the methacion used and the one reported in Jenses’s
work [4] was already discussed in section 3.1.
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4.2 HYSYSmodeling

Due to the equipment data being fixed during ope@mait is indispensable to modify some
elements of the model when we switch from desigogeration mode. As it was seen in
the chapter before, when we studied nine diffedasign cases of the PRICO process, the
UA values were always results computed by the HY 3'g®&sheet. However, during the
operation mode, the UA values must be set as spaoiins of the model. Another
important issue that has to be taken into accauthe compressor behavior. In operation
mode the performance of the compressor is modedetd) wharacteristic curves that relate
flow, efficiency, pressure ratio and rotational sgpe

The SW cooler was again modeled as a simple codgtarno heat loss and the NG-HX
was modeled as an adiabatic multi-stream heat egena

The suction pressure drops for the compressor hadturbines were modeled using
isenthalpic valves before each one (VLV-100, VL\21VLV-103).

For all the calculations in the model the SRK (Ss&edlich-Kwong) thermodynamic fluid
package was used.

A ‘recycle block’, which uses the MR flowrate ang &s initial guesses, was also included
in the flowsheet. This is due to the refrigerantflis needed to solve the NG-HX andi3
needed to run the compressor. But, since no otieesé variables are known it is necessary
to use the ‘recycle block’. FirajYSYS uses the conditions of the stream 7 and sdive
flowsheet up to the stream IBYSYS then compares the values of the stream Bdsetin

the stream 7. Based on the difference betweenahes, HYSYS modifies the values in
the stream 6 and passes the modified values tsttb@m 7. The calculation process repeats
until the values in the stream 6 match those irstream 7 within specified tolerances.

421 Compressor mode

As we saw in Chapter 2, during operation it is lsoanodel the behavior the compressor
by characteristic curves that link the differeninpryessor variables. The compressor curves
presented in Chapter 2 (Fig. 2.5) express the presatio and the compressor efficiency in
terms of rotational speed and reduced mass flow.

HYSYS allows setting the characteristic curves docompressor in terms of volumetric

flow, compressor head and efficiency for a giveresp Therefore, the used curves were
not exactly the same as those shown in fig 2.5.climees we used (Fig. 4.2) are varieties
which correlate the head, flowrate and efficien€yhe compressor with compressor speed
in the range from 300 to 1200 rpm. HYSYS uses tloseacteristic curves to calculate the
stream outlet conditions and the compressor vasaior a certain flowrate.
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Figure 4.2. Compressor curves for HYSYS model
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4.3 Solving optimization problem

In Chapter 2 we saw that any optimization problemsirbe done using mathematical
expressions; although this does not necessary ignglgt complexity. In a normal design
optimization, the capital and operational costsehty be included into the optimization
problem. For optimal operation it is assumed tHiath@ equipment investment has been
done, thus only the operational costs are takenaotount in the optimization problem.

The objective function for optimal operation is éakfrom [4] and it represents the annual
operating costs ($/year):

f=Pw Ws—Pw W + Psw' Qc - Rne " itinG + P " 7iinG — Priash  fitrlash - (4.1)
In order to simplify the objective function, somesamptions have to be done:

- We consider the same price for natural gas andh ftgs,Png = Priashe This
assumption is understandable because the natwaghthe flash gas can both
be used as fuel gases.

- The profit generated by the turbines is negleckaa, = 0. The advantage of
using liquid turbines is the extra cooling, not gemerated power.

- The cost of cooling in the SW cooler is neglectesl =0. Since we are using
sea water for cooling, this only needs to be pumpghe plant. The power
consumption used to pump the water is much lowan tthe used for the
compressor.

Additionally, the following material balance haste taken in accountiyg = 7t nG + 7itFiash
Finally, the resulting objective function is:
0
f=Ws — PnGg  minG (42)

As f represents the annual operation costs, it shoeldnimimized in order to get the

maximum possible profit. Therefore, the optimal ditions of the process are found by
minimizing eq. (4.2) subject to the different coasits. The process optimization is carried
out in two different operational modes:

- Model: In this mode the natural gas feed rate (or LNG petidn) is specified.
Then the optimization problem results:

minf — minWs (4.3)

subject to: mne = given  (OminG = given)
c >0

30



- Mode Il: With a given compressor work, and considering highG price
(ELNG) the optimization problem turns in:

nfin— max mne (4.4)
subject to: Ws= Ws™
c >0

For both modes¢ > 0 represents the inequality constraints that shdd satisfied to
guarantee a feasible solution.

4.3.1 Optimizationin HYSYS

Once the flowsheet converged, we employed the HYS¥é&dy state optimizer to find the

operating conditions that solved optimization pesblgiven by equations 4.3 and 4.4. The
optimizer has its own spreadsheet where we camealdfie objective function and the

constraint expressions. In order to run the opttnan, the optimizer needs then following

information [7]:

- Objective function

- Primary Variables. Variables whose values are mdaipd in order to minimize
(or maximize) the objective function.

- Constraints. The inequality and equality constrainctions can be also defined
in the optimizer spreadsheet.

It is really important to set appropriate upper &mder variable bounds to prevent bad
flowsheet conditions (e.g., temperature crossowverteat Exchangers).

The optimizer is a powerful tool that allows chawmgibetween different optimization
methods [7]:

- The box, mixed and the Sequential Quadratic Progriag (SQP) methods are
available for constrained optimizations with inelffyaconstraints.

- The Original and Hyprotech SQP methods can hargilalgy constraints.

- The Fletcher-Reeves and Quasi-Newton methods aaiable for unconstrained
optimization problems.

The chosen optimization method was the mixed metwbeth requires the least number of
function evaluations (it is the most efficient).elmixed method takes advantage from the
box method and the SQP method. It starts the ogaimoin with the box method using a
very loose convergence tolerance. After convergetheeSQP method is used to locate the
final solution using the desired tolerance.
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4.4 Nominal optimum
4.4.1 UA valuesfor optimization

As we have said before, during the optimization entite UA values for the NG-HX have
to be set in the HYSYS flowsheet. These UA valuasstmsupply the necessary heat
transferred per unit area to guarantee that altghgerature specifications related to the
NG-HX are matched.

As starting point we tried to use the same UA valoeported by Jensen [4], but the
temperature specifications could not be matcheds ifeans that using those UA values
the outlet temperature of the natural gas was hitites -157 °C, therefore we had to find
out new UA values.

In order to get the new UA values, we specifiednasy temperatures as necessary for the
NG-HX to solve. Trying to get the same results wedithe same temperatures and flows
reported in Jensen’s work [4]. Specifically, thdleutemperature of the warm refrigerant
and natural gas were both set to -157 °C, and WEY&SYS to calculate the UA values.
Even though we used the same data as in Jensenks[#]p different UA values were
found. The table 4.1 shows the new UA values:

Table 4.1. UA values used in optimization

UA for natural gas in NG-HX, UQc 11.86 MW/°C
UA for warm refrigerant in NG-HX, UAot 51.70 MW/°C
UA for cold refrigerant in NG-HX, UAor 63.56 MW/°C

The total UA value that we got is higher than the ceported by Jensen (61.6 MW/°C) [4].
That difference could be due to the way of how H¥S3blve the flowsheet. In any case,
what it is important to remark is that the diffecerbetween the obtained and the expected
total UA value is not that big (about 3.2 %). Hoe further optimization studies we will use
the new UA values.

442 Model: Nominal optimum for given production
In this case, the natural gas feed rate is theevia@ported in section 4.1.1 (74.33 Kg/s) and
the optimal operation conditions are found by sajvihe optimization problem in Eqg. 4.3.

The results are presented in table 4.2.

The optimization problem demands us to identify th@imization variables and the
possible inequality constraints.
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We already saw that there are remaining 4 degreesdms because 4 degrees of freedom
are consumed by specifying the MR composition dmel ather degree of freedom is
consumed by setting the temperature equal to 38t 1Ge outlet of the SW cooler. Since
the NG feed rate is specified another degree adiven is consumed. One of the three
remaining degrees of freedom is consumed by sethegcompressor speed. Another
degree of freedom is consumed by specifying ¥ -157 °C. Thus, only on degree of
freedom left, the low pressure)P

It is important to note that the MR flow rate ist @oreal specification since it is determined
in the ‘stream 7’ at the outlet of the ‘adjust tdocThe MR flow rate is used by the ‘adjust’
as a starting point to solve the flowsheet. Theeefthe ‘adjust’ will calculate the final
flowrate which then matches all the process coimdtra

So, the nominal optimum was solved respect to tptinozation variables: low pressure
and MR flow rate.

According to our model, the pressure drop in VLVEMas computed by HYSYS. During
the optimizations, this valve is used to registegative pressure drop. This negative
pressure drop occurs because the refrigerant teoperat the inlet of the NG-HX ¢
should be as low as possible in order to cool titeral gas and the hot refrigerant. When
Ts is not low enough, the system tries to assignxara@ressure drop to the liquid turbine.
This extra pressure drop is only supported by atneg pressure drop in the valve because
increasing the pressure through the valve allowdurbine to have a bigger pressure drop.
Therefore, the necessary cooling temperature sheshby the extra cooling given by the
turbine.

In order to avoid this behavior, we set an inedquaionstraint for the pressure drop of
VLV-101. Thus, the optimization problem given by.HBg3, is subject to:

APy yv.101 = 0.
After running the optimization case with the alrgadentioned variables and constraints,

we found the operating optimal conditions for Mdd&he results are summarized in Table
4.2.
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Table 4.2. Optimal conditions for operation: Modend mode |I.

Mode | Mode Il Mode II*
MR flowrate mges (Kg/s) 543.7 (54¢ 613.1 (614 612.
LNG flowrate,m g (Kg/s) 69.99 77.88 (76.7 77.8¢
High pressure, , (bar) 26.64 (26.€ 29.51(30 30.9¢
Low pressure, | (bar, 3.998 (3.67 4.5 (4.14 4.2t
NG temperature after cooling, Tout ( -157 -157 -157
Compressor speed, N (rg 1000 1000 1000
Compressor efficienc 5 (%) 81.88 (82.¢ 81.73 (82.€ 82.%
Compressor workWs (MW) 106 (106 120 120

Boldface numbers indicate specifications or actiorstraints
Numbers in parenthesis are the numbers reportdeisen [4]
*Optimized Mode Il using refrigerant compositiohMode |

The optimization study carried out gave an optis@hpressor work of 106 MW, and as
we can see in Table 4.2 the obtained result matobesctly to the one reported by Jensen.
Additionally, the optimal compressor ratio (Pr 6®&) is about 8.8% lower than the one
found by Jensen (2008) (Pr = 7,3).

Since we used the same feed rate (74.33 Kg/s)rendame J;: (we specified §, = -157
°C) reported in [4] we should get the same LNG potidhn. However, the LNG production
reported in [4] fane = 69.8 Kg/s) is slightly lower to the one we ob&d (hyne = 69.99
Kg/s). This difference could be due to not using éixact same natural gas composition as
the one used in Jensen’s work [4].

443 Modell: Nominal optimum for given power

In this mode, the compressor work was set to itsimam value (120 MW) and, as we saw
in section 4.3, the optimal operation is found blymg Eq. 4.4.

Here it is valid the same degrees of freedom arsabaried out in previous section: First
we start with 4 degrees of freedom and one of thentonsumed by specifying the
compressor rotational speed. Another degree ofiftneeis consumed by setting {= -157
°C. And the last one is consumed to match the 8pdotompressor work. So, as in the
previous case, the nominal optimum is found by gidime optimization variables: low
pressure and MR flow rate.

In order to find the nominal optimum, we had to madome changes to the original
flowsheet. First, the compressor work could not dieectly specified because the
compressor curves were entered into the HYSYS fhewts Instead, we had to used an
‘adjust block’ which adjusted the refrigerant floj, in Fig. 4.1) to match the given

compressor work.
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The optimization problem for this mode, as foundnmode |, is also subject to the
constraint: APy v-101 > 0. In order to satisfy this constraint, the lovegsure (Pin Fig 4.1)
was adjusted by using an *adjust block'.

Finally, the optimization problem was solved byraasing the natural gas feed rate until
no feasible solution was found. The obtained resae summarized in Table 4.2.

In Table 4.2 we can see that the obtained LNG proolu is 1.5% higher than the one
reported by Jensen. This means we computed beiteinal conditions then Jensen for the
given compressor work.

4.44 Nominal optimum refrigerant composition

We have mentioned before that the same refrigex@miposition reported in [4] was used
for each case. In other words, we did not do artimopation concerning the refrigeration
composition.

Jensen reports different refrigerant compositiarstiie nominal optimum in Mode | and
Mode II. The reported refrigerant compositions supposed to be the optimal values for
each case. However, we did the optimization of Maédeising the same refrigerant
composition reported for Mode |. For these condsgiave got very similar results (see
Table 4.2). Surprisingly, we managed to obtain same LNG productionrif ng = 77.88
Kg/s) by the given compressor work of 120 MW. It waterasting that we could achieve
all the Mode Il specification and constraints usting refrigerant composition of Mode I.

In Jensen’s work the refrigerant composition wasited as a disturbance. The refrigerant
fractions of methane ( ethane (¢, butane (G) and nitrogen (B were changed and
then were introduced into the system as disturlsariogoking at Jensen’s work we find
that for Mode II, the LNG production first increasand then decreases as a function of the
refrigerant methane fraction (from 28.7 to 35.1%nd the same trend is founded for the
other refrigerant components. This behavior inlth&S production could explain why we
got in Mode Il the same LNG production for two difént sets of refrigerant composition.
That is, while the increment of some component esuthe reduction of the LNG
production, the reduction of other component legadan increase in the LNG production.
Thus, the LNG production is stabilized at its ogtimalue.
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45 Optimal operation with disturbances

Since the rotational speed is not a specificativere is one degree of freedom more.
Therefore the optimization variables are: The fotetl compressor speed, the low pressure
and the MR flow rate. Remember that the MR flowerist not a real specification of the
process. Itis just used by the *adjust’ like atstg guess.

451 Model
- Natural gasfeederate

In table 4.3, we can see the optimal values forpitoeess variables for when the natural
gas flowrate is introduced as a disturbance. Ascae expect, the compressor work
increases by increasing the amount of naturaltggtdias to be liquefied.

Also, we can note that &tyg = 70.61 Kg/s, the flash gas flowrate is 4.12 Kgfs] formng
=70.61 Kg/s it is 4.44 Kg/s (7.2% of increment), Bven though we can increase the NG
feed rate, more NG is going to behave like flash (@éhich is undesired) and not as LNG.
In other words, it is not always optimal to simjhgrease the amount of NG fed; we have
to take care of other issues in this case.

Table 4.3. Mode | optimal conditions with NG floweaas disturbance

NG flow = NG flow = NG flow = NG flow = NG flow =
70.61 Kg/ls 72.47Kg/ls 74.33Kg/ls 76.19Kg/s 78.05Kg/s
mger (KQ/S) 537.7 5325 543.7 565.9 -
my ng (Kg/s) 66.49 68.24 69.99 71.75 -
P, (bar) 24.87 25.74 26.64 27.36 -
P, (bar) 4 3.951 3.998 4.097 -
N (rpm) 941.4 990.5 1000 973.1 -
7 (%) 81.029 81.91 81.884 81.668 -
Ws(MW) 102.713 103.417 106.003 109.361 -
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In the Fig 4.3, it is represented the compressakwas a function of the LNG flowrate. We
can see that the obtained trend is equivalentdmtie presented in Jensen’s work (2008).
Actually, we observe that our curve is always bé&mélae curve reported by Jensen. This
means we obtained more optimal conditions (lessptessor work for the same LNG
production).

—&— Obtained results

s
=
< 110 —#— Results reported by
g Jensen (2008)

100 T T T T T T T
66,49 67,49 68,49 6949 70,49 71,49 72,49

yne (Kg/s)
Figure 4.3. Mode | compressor work as a fumctf LNG flowrate
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- Natural gasfeed temperature (Tng)

In the Table 4.4 and in the Fig.4.4 we can seetb@tompressor work slightly increases as
increasing the NG temperature. It is easy to seethe values for the process variables are
not too different between one another. Specificallg compressor work only increases by
0.5%, from Rc=25°C to e=35°C. This fact suggests that the optimum progasgables
are “flat” in terms of NG temperature.

Table 4.4. Mode | optimal conditions with NG termgaerre as disturbance

Tne=25°C Thg=275°C Tng=30°C Trng=325°C Tneg=35°C

threr (KQ/S) 545.2 545.7 543.7 544.1 544.1
P, (bar) 26.49 26.51 26.64 26.64 26.65
P, (bar) 4 4 3.998 4 4
N (rpm) 987.6 987.3 1000 998.8 999.8
n (%) 81.807 81.906 81.884 81.951 81.994
Ws(MW) 105.745 105.905 106.003 106.132 106.273
120
115
2
2 110 -
(2]
= . . o
105 1 ' -
100 : : :
25 27,5 30 32,5 35
Tne (°C)

Figure 4.4. Mode | compressor work as a functioN@ftemperature
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- Natural gasfeed pressure (Png)

As we can observe in Table 4.5, the needed refigedlecreases by increasing the fed
pressure of the natural gas. Consequently, the cEss@r needs less power to compress the
refrigerant flow from Rto R. The compressor work registers a reduction of abd?o for

all the range of study (from 35 to 45 bar). Thisuge in compressor work is much higher
than the one calculated by NG temperature as tetee (only 0.5%), so we can state that
the system is strongly affected by the natural fg&sl pressure. The effect of the NG
pressure over the compressor is shown in Fig 4.5.

Table 4.5. Mode | optimal conditions with NG pressas disturbance

Pve=35ba Py=37.tbar Py=4Cbar Py=42.tbar Pys=45ba

ret (Kg/s) 563 571 543.7 541 532.3
P, (bar) 28.23 27.17 26.64 25.81 25.36
P, (bar) 4.057 4.115 3.998 4.002 4
N (rpm) 996.3 953.7 1000 974.6 971.3
1 (%) 81.535 81.389 81.884 81.72 81.34
Ws(MW) 110.332 109.388 106.003 104.646 103.181
120
115

—e— Obtained results

—&— Results reported by
Jensen (2008)

100 \ \ |
35 37,5 Puc (bar) 42,5 45

Figure 4.5. Mode | compressor work as a functioN@f pressure

In the Fig. 4.5 shown above, we can see the pediocm of the compressor work as a
function of natural pressure. Note that the curiesented by Jensen (2008) follows the
same trend as our data. Also, Jensen’s curve seers more affected by the natural

pressure (it presents a work reduction of abou¥ed.&lowever, the obtained curve in this

paper, presents lower compressor work for the eptiessure range under study. It means
that for this case we have got more optimal results
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- Mixed refrigerant temper atur e after the SW cooler (T7)

The temperature of the available cooling water easily change with the weather
conditions, so it is important to analyze how tamperature of the SW cooler affects the
system. In table 4.6, the optimal conditions feratting as disturbance are presented. We
can note that the compressor work increases bgasorg T and the total increment in the
compressor work is about 3.8%. No feasible soluti@s found for ¥ = 33 °C, this is
acceptable because a high cooling temperatureves dlesired.

Table 4.6: Mode | optimal conditions with MR temaere as disturbance

T,=27°C T;=28.5( T;=30°C T,=315°C T,=33°C

ret (Kg/s) 560.5 550.6 543.7 563.6 -
P, (bar) 25.71 26.05 26.64 26.92 -
P, (bar) 4.01 3.985 3.998 4.148 -
N (rpm) 906.8 951.3 1000 9725 -
1 (%) 80.992 81.436 81.884 81.613 -
Ws(MW) 104.723 105.351 106.003 108.852 -
120
- 115 4
=
2 110 -
(%]
; %/
105 <«
100 ‘ ‘ ‘
27 28,5 30 31,5 33
T7 (°C)

Figure 4.6. Mode | compressor work as a functioMBf temperature
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- Temperature of natural gasand mixed refrigerant at the inlet of the main heat
exchanger (Tin)

In this casewe consider both the natural gas and refrigemperatures as disturbances.
For this case the compressor work increase (asipected) 15% fromi;I= 25 °Cto T =

35 °C. The obtained compressor work change is itjeebt for the operation in Mode |I.
Therefore, this disturbance is the one which affabe process the most. The optimal
results for this case are presented in the Taldte 4.

Table 4.7. Mode | optimal conditions with NG and N#nperature as disturbances

Tn=25°C Tp=275°C Tp=30°C Tpp=325°C Tin =35 °C

ret (Kg/s) 548 554.2 543.7 573.4 603.4
Ph (bar) 25.22 25.65 26.64 27.36 29.49
P (bar) 3.875 3.965 3.998 4.23 4.5
N (rpm) 902 925.5 1000 973.8 1000
1 (%) 80.838 81.219 81.884 81.641 79.281
Ws(MW) 102.127 104.634 106.003 110.811 120.069
120
115 4
§ —e— Obtained results
é 110 + —=®— Results reported by
%) Jensen (2008)

25 27,5 30 32,5 35
Tin (°C)
Figure 4.7. Mode | compressor work as a functioN@fand MR temperatures

The reported results by Jensen (2008) seem to e amtimal than the ones obtained in
this work (see Fig. 4.7). However, what is impottanhighlight is that both results present
the same trend.
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452 Modell
- M aximum compressor work (Ws™)

In this section, we study how the production of LNKSinfluenced by the maximum
compressor work. The results in Table 4.8 show thatLNG production increases by
increasing the maximum compressor work. This is metely logical since there is more
refrigerant that can be used by the compressoritardfore more NG can be cooled. From
Ws™ =110 MW tows"™ = 130 MW, he LNG production is increased in 15%. Note th# it
always optimal to run the compressors at its makgpaed.

Table 4.8. Mode Il optimal conditions with compraswork as disturbance

W™ = W™ = W™ = W™ = W™ =
110MW  115MW  120MW  125MW 130 MW
threr (Kg/s) 562.2 587.9 613.1 640.3 665.9
i ne (Kg/s) 71.28 74.77 77.88 81.17 84
P, (bar) 26.53 28.07 29.51 31.35 33
P (bar) 4.264 4.388 45 4.627 4.73
N (rpm) 1000 1000 1000 1000 1000
1 (%) 81.775 81.851 81.729 81.981 81.982

The dependence between the maximum compressor amakthe LNG production is
shown in Fig.4.8. In this graphic we can see tleasén’s curve also represents a growing
tendency with a total increment of about 12.9%. iiddally, we have to note that
computed results are more optimal than the onesrtexpby Jensen. This means we obtain
higher LNG production for the same maximum compessrk.

85

80 ~

—&— Obtained results

myne (Ka/s)

—a— Results reported by Jensen
(2008)

65 ‘ ‘ ‘
110 115 120 125 130
We (MW)

Figure 4.8. Mode Il LNG flowrate as a function @ingpressor work
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- Natural gasfeed temperature (Tng)

We can note in the Table 4.9 and in the Fig.4.9ttm&a LNG production slightly decreases
as increasing the NG temperature. As we can netedlues for the process variables are
not too difference between each other and spadifithe LNG production only decreases
in 1%, from Tye =25°C to g =35°C. This fact suggests that the optimum is at™fl

diagram in terms of NG temperature. Note that @lvgays optimal to run the compressors
at maximum speed.

Table 4.9. Mode Il optimal conditions with NG temaieire as disturbance

Tae=25°C Thne=27.E°C Tne=3(°C Tne=32E°C Tyne=35°C
ret (Kg/s) 614.4 614.4 613.1 611.7 612.6
iy ne (Kg/s) 78.55 78.38 77.88 77.83 77.78
P, (bar) 29.8 29.77 29.51 29.78 29.77
P, (bar) 4.5 4.506 4.5 4.53 4.532
N (rpm) 1000 1000 1000 1000 1000
1 (%) 81.996 81.996 81.729 81.603 81.8
85
80
w . . R
B v g
X
— 75 -
S
=
70
65 T T T
25 27,5 30 32,5 35
Tne (°C)
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- Natural gasfeed pressure (Png)

The computed results during the optimization witlg Bs disturbance are shown in Table
4.10. We can note that the LNG production increagei$e increasing the feed pressure.
This is understandable because at high pressurengbessary cooling temperature is
higher, so the natural gas can be cooled easierindnement in LNG production is 6.6%,

from Byg = 35 bar to Rg = 45.

Table 4.10. Mode Il optimal conditions with NG psase as disturbance

Pve=3Ebar Py=37.tbar Py=40ba Pyc=42.Ebai Pyc= 4t bai

ret (Kg/s) 615.3 614.2 613.1 614.6 613.9
i ng (Kg/s) 75.3 76.86 77.88 79.49 80.64
P, (bar) 29.93 29.81 29.51 29.67 29.57
P, (bar) 4.49 4.493 4.5 4.531 4.538
N (rpm) 1000 999.7 1000 1000 1000
n (%) 81.928 81.997 81.729 81.989 81.973

In the results presented by Jensen (2008) we odnafiLNG increment of 6.4%, which is
similar to the value we acquired. In the followikig. 4.10 we can see that the LNG
production curves have the same tendency.

85
) i
> 8
A4
N—r
Q
Z
= ¢
-8 757 —e— Obtained results
—=— Results reported by Jensen
(2008)
70 T T T

35 37,5 40 42,5 45
PNG (bar)

Figure 4.10. Mode Il LNG flowrate as a functionN® pressure
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- Mixed refrigerant temper atur e after the SW cooler (T7)

As we should expect, the LNG production decreasgsnbreasing the SW cooling
temperature. This fact is shown by the computedltesn Table 4.11. The reduction of
LNG production is about 7.4%. Note that it is alwapptimal to run the compressor at its
maximal speed.

Table 4.11: Mode Il optimal conditions with MR teerpture as disturbance

T;=27°C  Tneg=28.L°C Trng=3(°C Tne=31lE°C Tpeg=32°C

rhrer (Kg/s) 614.6 611.9 613.1 612.2 613.4
s (Kg/s) 80.7 78.91 77.88 76.03 74.71
P, (bar) 30.36 29.55 29.51 29.07 29.06
P (bar) 4.392 4.43 4.5 4.55 4.618
N (rpm) 1000 1000 1000 1000 1000
7 (%) 81.998 81.435 81.729 81.503 81.815

Fig. 4.11 shows the relationship between the LNG®Gdpction and the refrigerant
temperature:

85
80
w
(@))
X 75 \
O]
r
g 70
65 T T T
27 28,5 20 31,5 33

T, (°C)
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- Temperature of the natural gas and mixed refrigerant at theinlet of the main

heat exchanger (Tin)

As it is expected, the LNG production decreasedenihcreasing the inlet temperature to
the NG-HE. In this case, the LNG production decedan about 12.6%. This change in the
LNG production is the highest one for mode Il. Tmeans that the optimum value is
strongly affected by the;l In the Table 4.12 we can see the optimal valaeghe process

variables.

Table 4.12: Mode Il optimal conditions with NG alkiR temperature as disturbances

Tin=28°C Tne=27.5°C Tpneg=3C(°C Tne=32.8°C Tpneg=3E°C

ret (Kg/s) 612 614.2 613.1 615.1 611.7
i ng (Kg/s) 82.4 80.51 77.88 75.3 72.04
P, (bar) 30.98 30.28 29.51 29.29 28.93
P (bar) 4.299 4.401 4.5 4.625 4.726
N (rpm) 1000 1000 1000 1000 1000
n (%) 81.675 81.998 81.729 81.955 81.606

In the Figure 4.12 the LNG production is represeénés function of if. The LNG
increment for the Jensen’s results is about 11\8Pich is similar to the one computed in

this paper.

85

80

75 -

my ne (Ka/s)

—e— Obtained results

70 —@— Results reported by
Jensen (2008)
65 T T T
25 27,5 30 32,5 35
Tin (OC)

Figure 4.12. Mode Il LNG flowrate as a functiond® and MR temperatures

While all the optimizations were being found, theimal operation conditions were always
given by a low pressure drop in VLV-101 (see Fid.)4In most of the cases, the resulting
pressure drop was equal to zero or was very clogie That means it would be optimal to
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remove VLV-101, and carry out all the refrigeranpansion in the turbine. This result is
not surprising due to the fact that an isentropipa@sion is more effective than an
isenthalpic one (see section 2.1).

However, only using the liquid turbine is not appble in real processes. If all the
refrigerant expansion is finished in the turbineplies a high pressure drop and
consequently, more vapor could be produced. Thaddrfraction of vapor might affect the
liquid turbine’s performance, even possibly damggith Furthermore, the only using a
liquid turbine is not a common choice.

What is common is the use of a liquid turbine fallog an expansion valve. Thus the
expansion process is made in two steps: firstefrggerant is expanded slightly above the
saturation pressure and then the refrigerant pressueduced at the valve. In this way the
vapor might be formed at the outlet of the valvermt in the liquid turbine.

Some cases were operating at the left side of mawiraurge point (see Fig. 4.2). This
means that even though HYSYS computes the diffgreadess variables, the results could
not be applicable in practice. We tried to incluleonstraint for the compressor surge
margin into the HYSYS ‘optimizer’, but we could nget a feasible solution.

46 Conclusons

By using the values of thtetal heat transfer area reported in Jensen’s \{#¢or = 61.6
MW/°C), the HYSYS model was unable to satisfy tleenmal conditions of the process.
Specifically, the UAor was not high enough to meet the nominal natural @atet
temperature (dut = -157 °C). Therefore, we had to compute a newevathich matched
the temperature specifications. The total obtaihedt transfer area was equal to 63.56
MW/°C. This value was used for all the optimizatgindies.

The process operating in nominal Mode II, with gieen compressor work equal to 120
MW, was optimized using two different refrigerardgngpositions. For both composition

sets we got the same LNG production (77.88 Kg/sjs Tneans that the optimal LNG

production is stable for small refrigerant composit changes, when the process is
operating in nominal Mode II.

The optimum nominal compressor work changed 15%ewhcreasing the NG-HX inlet
temperature (if) from 25 to 35 °C. ThiVsvariation was the highest change reported for
the Mode |. Therefore we can conclude that for MbdE,, is the disturbance that affects
the nominal optimum point the most. The optimum m@&hLNG flowrate changed 12.6%
while increasing the NG-HX inlet temperature,Trom 25 to 35 °C. This variation in the
LNG production was the highest change reportediferMode Il. Thus we can conclude
that for Mode I, T, is the disturbance that affects the nominal optmpoint the most.

The fed natural gas temperaturgdl' was also introduced as a disturbance to the syste

For Mode |, we observed that increasings Trom 25 to 35 °C only changed the optimum
nominal compressor power by 0.5%. In Mode I, thiroum nominal LNG flowrate
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changed 1% over the same temperature range. Tlagskeat the optimum nominal point
is stable for natural gas temperature disturbances.

All the obtained results for the process optimumditions are reasonable and match (at
least in trend) well which the ones reported bys@éan(2008). Actually, in some cases the
computed values in this work seem to provide betgimums: less compressor work for
mode | and higher LNG production for mode II. Fraththis we can conclude that it is
viable and advantageous to make process optimizaiiothe HYSYS simulator.

4.7 Futurework

The process described in this work proved to béalhes for disturbances of;,TThe range
of study for this variable @Tfrom 27.5 to 32.5 °C) was smaller than for theeoth
temperatures because no feasible solutions wergdélioutside this range. It would be
interesting to propose new refrigerant compositiang see if a feasible solution could be
found for a wider temperature range.

The process operating in nhominal Mode Il showetd@cstable for changes of refrigerant
composition. Specifically, we got the same nomo@atimum point using the reported MR
composition for Mode Il as using the same MR contmos reported for Mode II.
However, we do not know if the MR composition food& | could be kept as a constant
for all the Mode Il optimization cases. So, it wblle interesting to do all the disturbance
study for Mode Il but using the MR composition obtie 1.
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Nomenclature

P,
P

T

Th

ATsup
ATsup
COP
CORearnot
Ws

Q

Pr

iy

D
mnG
minG

ri'1Flash

Compression pressure (high pressure)
Expansion pressure (low pressure)
Evaporation temperature (low temperature)
Condensation temperature (high temperature)
Degree of super heating

Degree of sub cooling

Coefficient of performance

Coefficient of performance for ideal cycle (Carogtle)
Shaft compressor work

Evaporation heat

Pressure ratio

Reduced flow rate

Reduced rotational compressor speed
Compressor efficiency

Compressor rotational speed

Compressor diameter

Natural flow rate

LNG flow rate

Flash gas flow rate

Refrigerant flow rate

NG temperature at the outlet of the main heahamger

Compressor suction volume
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UAhor
UAnNG

UAtoT

Hot side heat transfer area

NG side heat transfer area

Total heat transfer area
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Appendix

A.1 Refrigerant composition reported by Jensen for 9 different design cases.

Case 6.1 6.2 6.3 6.4 6.5 6.6 6.7 6.8 6.9

Xcg, [mole-%| 333 323 323 325 31.1 292 319 325 332

XoH, (mole-%] 353 332 334 347 323 329 327 329 335
Xc,H, (mole-%] 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Xn—C,Hy, mole-%| 250 246 243 228 267 303 252 234 235
Xy, [mole-%| 6.4 9.9 10,0 10.0 9.9 7.6 102 112 98
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A.2  Optimal refrigerant compositionsreported by Jensen for operation.

ModeI Modell

xcp, [mole-%| Methane in refrigerant 31.9 32.7
xc,H, [mole-%]  Ethane in refrigerant 352 343
XcyHg [mole-%]  Propane in refrigerant 0.0 0.0

Xn—c,m;0 [mole-%|  nButane in refrigerant 247 233
xn, [mole-%]  Nitrogen in refrigerant 8.2 9.7
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