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The  production  of  liquefied  natural  gas  (LNG)  is  a  highly  energy  intensive  process,  as  required  liquefaction
temperature  is  approximately  −160 ◦C at  atmospheric  pressure.  In  this  study,  we  propose  a  novel bi-level
optimizing  operation  system  for an  LNG  process,  which  consists  of a  real-time  steady-state  optimizer
(RTSSO)  and  a decentralized  control  system.  The  RTSSO  computes  the  optimal  operating  conditions  such
that  the  compressor  power  is  minimized,  while  the  decentralized  control  system  performs  real-time
eywords:
atural gas
iquefaction
efrigeration
NG
ptimizing control

feedback  actions  to attain  the  target  operating  points  against  various  disturbances.  Special  attention  was
given to the decentralized  control  system  so  that  i) the  process  operation  can  be  rapidly  stabilized,  and  ii)
the  developed  system  can  be  seamlessly  applied  to an  actual  process.  The  performance  of the  proposed
operation  system  was  validated  in  a numerical  LNG  plant  that  precisely  replicates  an  actual  plant  that
produces  100  t of  LNG  per  day.

© 2016  Elsevier  Ltd. All  rights  reserved.
. Introduction

Natural gas (NG) is the fastest growing fossil fuel. Worldwide,
he total consumption of NG is anticipated to increase by nearly 70%
etween 2002 and 2025 (EIA, 2005). There are several stimulators
or this growth that mainly originate from its clean properties, i.e.
pproximately half of the CO2 emissions of conventional coal power
eneration, minimal SOx and NOx emissions, and the introduction
f carbon price policies (Gómez et al., 2014; Kumar et al., 2011;
aylor et al., 2012). Large amounts of NG are found in remote loca-
ions where pipeline transportation in gaseous phase is infeasible
r uneconomical (Lee et al., 2012; Moein et al., 2015). Thus, in many
ases, transporting liquefied NG (LNG) by ships is preferred (Park
t al., 2016; Won  et al., 2014). The liquefaction of NG facilitates the
hipment as the volume is reduced by a factor of 600 (Kumar et al.,
011).

The LNG production process (hereafter, referred as LNG pro-
ess for simplicity) consists of expensive and delicate pieces of
quipment, such as compressor and cold box, and so stabilizing

rocess operation is an important issue in real industrial plants
Jensen and Skogestad, 2009). In addition, because the required
iquefaction temperature is approximately −160 ◦C at atmospheric

∗ Corresponding author.
E-mail address: jykim77@incheon.ac.kr (J. Kim).

1 Current address: Department of Chemical and Biological Engineering, University
f  Wisconsin-Madison, Madison, WI  53706, USA.

ttp://dx.doi.org/10.1016/j.compchemeng.2016.10.009
098-1354/© 2016 Elsevier Ltd. All rights reserved.
pressure (Mortazavi et al., 2012), utility management such as heat
and electricity is also a crucial issue for LNG producers to secure
competitiveness (EIA, 2003).

Similarly to other chemical processes such as distillation (Lei
et al., 2013; Mizoguchi et al., 1995; Rewagad and Kiss, 2012), crys-
tallization (Aamir et al., 2010; Ma  et al., 2002; Nagy and Braatz,
2012), simulated moving bed (Abel et al., 2005; Natarajan and Lee,
2000; Klatt et al., 2002), and batch-wise reactors (Kiparissides et al.,
2002; Lee et al., 1999; Seo et al., 2007; Won  et al., 2009, 2010), the
stability and economics of the LNG process can be greatly improved
by introducing an optimal operation system. However, published
works on this subject appear to be limited. The majority of studies
reported to-date has focused on the design issues, including energy
analysis (Kanoğlu, 2002; Li and Ju, 2010; Morosuk et al., 2015;
Remeljej and Hoadley, 2006; Vatani et al., 2014), alternative process
configuration (Chang et al., 2011; Kikkawa et al., 1997; Lee et al.,
2012; Wang et al., 2012), heat exchanger design including refriger-
ant type optimization (Aspelund et al., 2010; He and Ju, 2014; Khan
et al., 2013; Khan and Lee, 2013; Lee et al., 2002; Nogal et al., 2008;
Xu et al., 2013), and dynamic modeling of cryogenic systems (He
and Ju, 2016; Rodríguez and Diaz, 2007; Singh and Hovd, 2007).
Only few groups have aimed at developing energy-thrifty opera-
tion system for a simple refrigeration cycle (Jensen and Skogestad,
2007a,b) and simplified commercial LNG processes (Husnil et al.,

2014; Michelsen et al., 2010) focusing on the decentralized con-
trol technique. No published literatures have demonstrated efforts
towards optimizing control of a realistic industrial LNG plant.

dx.doi.org/10.1016/j.compchemeng.2016.10.009
http://www.sciencedirect.com/science/journal/00981354
http://www.elsevier.com/locate/compchemeng
http://crossmark.crossref.org/dialog/?doi=10.1016/j.compchemeng.2016.10.009&domain=pdf
mailto:jykim77@incheon.ac.kr
dx.doi.org/10.1016/j.compchemeng.2016.10.009
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Nomenclature

d Disturbance
E Compressor power consumption
g Constraint

Abbreviation
CV Controlled variable
DOF Degree of freedom
HMR Heavy-key mixed refrigerant
IMC  Internal model controller
JT Joule-Thomson
LMR  Light-key mixed refrigerant
LNG Liquefied natural gas
MCHE Main cryogenic heat exchanger
MR  Mixed refrigerant
MV Manipulated variable
NG Natural gas
PID Proportional-integral-derivative
RNGA Relative normalized gas array
RTSSO Real-time steady-state optimization
WEDT Warm end delta temperature

Symbols in control structure
FC Flow controller
FFC Flow fraction controller
HC Hand controller
LC Level controller
LS Low selector
PC Pressure controller
PPC Compression ratio controller
SC Speed controller
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Table 1
Design conditions for the LNG process.

Condition Value

LNG temperature at the exit of MCHE (◦C) −150.7
Feed gas temperature (◦C) 12.1
Feed gas pressure (bar) 63.4
Feed
gas
com-
po-
si-
tion

Nitrogen 0.0496
Methane 0.8690
Ethane 0.0510
Propane 0.0213
i-Butane 0.0044
n-Butane 0.0045
i-Pentane 0.0001
n-Pentane 0.0001
TC Temperature controller
TDC Temperature difference controller

Accordingly, the objective of this study is to propose a novel
i-level optimizing operation system for the LNG process. The oper-
tion system consists of two major parts: the real-time steady-state
ptimizer (RTSSO) and the decentralized control system composed
f multiple PID controllers. The RTSSO, whenever invoked, deter-
ines new optimum operating points. Special attention is paid to

evelop the sophisticated decentralized control system that runs
ontinuously and conducts the regulation of process. We  develop
wo separate control systems, where each is dedicated to liquefac-
ion and refrigeration units, in addition to the integrated control
ystem that can solve the energy imbalance issues that arise when
ontrolling the liquefaction and refrigeration units independently.

The performance of the proposed operation system is validated
n a numerical 100 ton-per-day LNG plant, which is delicately
eveloped to replicate an actual plant in Incheon, Korea. It serves
s not only an operating training system but also as the testing site
or the new operation system so that it can be seamlessly imple-

ented to the actual plant. Therefore, all detailed features of the
ctual plant, such as safety interlock logics and operational con-
traints of equipment and instrument, are precisely reflected in the
umerical plant.

. Process description

Fig. 1 shows the process flow diagram of the 100 ton-per-day

NG plant being constructed in Incheon, Korea. In this plant, the
orea Single Mixed Refrigerant (KSMR) cycle which was developed
nd patented by Korea Gas Corporation (KOGAS) was adopted as

 liquefaction process (Lee et al., 2013). Among the process sec-
tions, the liquefaction and refrigeration units to cool and liquefy
NG require the largest amount of energy.

As illustrated in Fig. 1, there are two  major process circuits in liq-
uefaction and refrigeration units: NG circuit and mixed refrigerant
(MR) circuit. Each is described separately.

The pre-treated NG from feed gas intake facility is a mixture
of nitrogen, methane, ethane, propane, butane, and pentane at
approximately 63.4 bar and 12.1 ◦C as given in Table 1. It is cooled
to −16.3 ◦C as it passes through the top bundles of main cryogenic
heat exchanger (MCHE). The scrub distillation (SD) column per-
forms two  main functions: (i) the removal of heavy hydrocarbons
to avoid freezing at the cold end of the MCHE and (ii) the recovery of
ethane and propane for refrigerant make-up. The bottom product
of SD is routed to the fractionation section for further separation
into ethane, propane, butane, and heavier hydrocarbons. The vapor
overhead from SD is partially condensed at the middle bundle of
MCHE before being fed to scrub distillation reflux drum (SDRD),
where vapor and liquid are separated. The vapor is then sent to the
bottom section of MCHE and is reduced at a temperature below
−150 ◦C, which causes the NG to be liquefied. The LNG is then sent
to separator SR3 through the control valve V3. The bottom liquid of
the separator SR3 is pumped to LNG storage tank, while the boil-
off gas from the top is used as a fuel or otherwise routed to flare
header.

The MR  circuit is a closed refrigeration loop that supplies the
cooling demands to MCHE. The MR  is composed of nitrogen,
methane, ethane, and propane. It is pressurized by a series of com-
pressors that are driven by independent motors and operate at
different speed. The pressure of MR  reaches approximately 52.5 bar
inside separator SR2. The liquid and vapor from SR2 consist mainly
of heavy and light components, respectively. The heavy-key MR
(HMR) is sub-cooled through the top bundle of MCHE and then is
let down in pressure through Joule-Thomson (JT) valve V1. This low
pressure stream reenters MCHE as a cooling medium and provides
the cooling demand to pre-cool feed gas and light-key MR  (LMR)
from SR2. In addition, this stream sub-cools the HMR  from SR2 and
is finally superheated at the end of the MCHE. The fully vaporized
MR is then recycled to the compressor CP5. The LMR from SR2 is
condensed and sub-cooled in MCHE. It exits at the cold end of MCHE
and is reduced in pressure across the JT valve V2. This low pressure
stream is then completely vaporized and superheated by exchang-
ing heat with the NG streams and with LMR  and HMR  from SR2.
Finally, it is returned to the compressor CP1.

Two independent temperature controllers that manipulate the
bypass valves V4 and V5 are installed to adjust the degrees of feed
gas pre-cooling and SD condenser cooling. All the compressors are
centrifugal types and are equipped with the anti-surge recycle line
(dashed lines in Fig. 1), suction drum, and fan-type discharge cooler.

The anti-surge valves are manipulated by independent safety con-
trol logic. A distributed control system from Yokogawa Co. is used
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MR
ig. 1. A process flow diagram of the key process units in the LNG plant. CP: comp
crub  distillation reflux drum, and SR: separator.

or receiving and transmitting field signals, safety interlock logics,
nd local controllers.

The operation system should be developed in a feasible form
nder the environment described above. The key design conditions
re summarized in Table 1.

. Process model development

Rigorous steady-state and dynamic models are developed using
spen HYSYS. The entire design data of actual plant, such as pip-

ng and instrument diagram, cause and effect diagram, plot plan,
atasheet for equipment and instruments, and various vendor
rints, are all reflected in these models. The key parameters includ-

ng compressor performance curves are corrected using shop test
ata supplied by manufacturers.

. Optimizing operation system

.1. Overall structure

Fig. 2 shows the overall structure of the proposed bi-level opti-
izing operation system. The operation system consists of two
ajor parts: the real-time steady-state optimization system and

he decentralized control system. The optimization system com-
utes the optimum compression ratio for compressors CP2, CP3,
nd CP4 and the optimum warm end delta temperature (WEDT)
sing process measurements and process model such that the cost

unction is minimized. The optimum values are provided to the
ecentralized control system as target values and are pursued by

ocal controllers. Each part of the optimizing control system will be
escribed in more detail.
Continuous signal Intermittent signalMaterial flow

Fig. 2. Overall structure of the bi-level optimizing control system.

4.2. Decentralized control
4.2.1. Design philosophy and degrees of freedom analysis
The primary purpose of refrigeration unit is to provide constant

compression energy to MR,  while the primary goal of liquefaction
unit is to produce LNG at desired flow rate and temperature by using
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he energy supplied from refrigeration unit. To achieve these aims
hile stabilizing the process against various disturbances, we first
eveloped two independent control systems that are dedicated to
he liquefaction and refrigeration units, respectively, using multiple
ID controllers. Then, we developed the integrated control system
hat balances energy supply and demand of the above two units,
o that the energy loss can be minimized and uncontrollable status
an be avoided.

Following the rules suggested by Jensen and Skogestad (2009),
he degree of freedom (DOF) for liquefaction and refrigeration units
s analyzed. The results are summarized in Table 2. The anti-surge
alves and the suction drums for compressors CP1, CP2, CP3, and
P5 are not considered in this analysis because they are introduced

or abnormal conditions. In contrast, the level of two flash drums
R1 and SR2 have steady-state effects. In other words, we  can uti-
ize the MR  composition and active charge as DOF by controlling
he levels, and hence we count them in actual steady-state DOF.
ere, the active charge is defined as the total mass of refrigerant
ccumulated in the MR  circuit, i.e. mainly in the heat exchangers.
n the considered units, the number of DOF with no steady-state
ffect is zero, as marked by asterisk in Table 2.

The liquefaction and refrigeration units have three and eleven
ctual steady-state DOFs, respectively. These DOFs can be exploited
o obtain better process performance or to stabilize the operation
gainst disturbances and set point changes.

.2.2. Control of liquefaction unit
Three DOFs listed in Table 2 for liquefaction unit can be used

o control three controlled variables (CVs). The LNG flow rate and
emperature should be selected as CV by pairing with V1, V2, or V3
ecause they are directly related to the specification of LNG product
LNG production rate and heating values). The remaining one DOF

ay  be directly used for operation optimization. However, better
trategy is to form a control loop with WEDT, which is defined as
emperature difference between HMR  from SR2 and HMR  to CP5,
n order to improve the process responses.

Fig. 3 illustrates the proposed control system for liquefaction
nit. Particularly, flow fraction control (FFC) is adopted to enhance
he dynamic characteristics of closed loop, and in addition, override
ontrol is employed to produce LNG that meets product spec for
he insufficient cooling duty. The details are described below in a
tep-by-step manner.

.2.2.1. Input-output pairing. The control system for liquefaction
nit consists of three parallel PID controllers working together.
ach controller can manipulate one of the manipulated variables
MVs) to control one of the CVs. However, since multiple streams
xchange heat simultaneously in a cold box, the interaction among
Vs and CVs is very complicated, and the pertinent relationships

etween variables are unclear.
In order to determine the most appropriate input-output pairs,

e employed relative normalized gain array (RNGA) method that
onsiders not only the process steady-state information but also
he transient information (Hu et al., 2010). For this, we  first con-
ucted step response experiments in the dynamic model described

n Section 3 and then approximated each input-output pairs with
 first-order plus dead time (FOPDT) model by using area-based
ethod (Åström and Hägglund, 1995; Bi et al., 1999) such that

(s) =

⎡
⎢⎢⎢⎢

0.074
151.5s + 1

0.040
262.7s + 1

−0.022e−9.2s

414.6s + 1

−5.88  · 10−5 · e−76.9s

28.7s + 1
−4.84 · 10−5e−83.3s

35.8s + 1
0.350

10.5s + 1

⎤
⎥⎥⎥⎥ (1)
⎣
−0.012e−119.5s

4918.4s + 1
−0.029e−90.3s

4607.7s + 1
0.109e−33.6s

388.7s + 1

⎦

In Eq. (1), the columns of the matrix represent the outputs:
EDT, LNG flow, and LNG temperature, sequentially; the rows indi-
al Engineering 96 (2017) 87–102

cate the inputs: valve positions of V1, V2, and V3, in order. Based
on this model, the RNGA, �N , is computed as

�N = KN ⊗ K−T
N =

⎡
⎣

1.137 −0.137 −ε

ε −ε 1.000

−0.137 1.137 −ε

⎤
⎦ (2)

where ⊗ denotes the element-by-element multiplication, and ε
represents a very small number. KN indicates a normalized gain
array, which elements are calculated by dividing steady-state gain
by average residual time. The steady-state gain and average resid-
ual time are obtained from the transfer function matrix in Eq. (1).
Here, the average residual time is defined as the sum of time con-
stant and dead time of the FOPDT model.

Seborg et al. (2010) recommends that the CVs and MVs be paired,
so that all paired RNGA elements are positive and are closest to
one. Therefore, we  select V1 to control the WEDT, V2 to control the
LNG temperature, and V3 to control LNG flow. The performance
of controllers designed based on the FOPDT model in Eq. (1) is
demonstrated in the result section in detail.

4.2.2.2. Flow fraction control. One of the features of the proposed
control system is the replacement of an ordinary flow controller
(FC) by a flow fraction controller (FFC) in a cascade control loop.

Fig. 4 compares the information flow of the two control sys-
tems, where the one adopts an FC and the other one employs an
FFC. It is expected that any changes in LNG flow will ultimately
cause changes in the refrigerant flow as long as LNG temperature is
maintained constant. In the control system presented in Fig. 4(a),
this manipulation of refrigerant flow rate is accomplished by a feed-
back controller TC that manipulates the set points of the inner-loop
FC. Under this control system, relatively long transient response of
LNG temperature before stabilized is not unavoidable due to slow
dynamics of heat exchanging process between MR  and LNG. On the
other hand, the control system in Fig. 4(b) is capable of immedi-
ately adjusting the refrigerant flow rate against the variation of LNG
flow rate; FFC increase or decrease the refrigerant flow rate propor-
tionally to the LNG flow rate. This instantaneous feedforward-like
action reduces the effect of changes in LNG flow rate on the LNG
temperature. As a result, the LNG temperature can be stabilized
more quickly than the case with FC.

In practical implementation, the denominator of the flow ratio
is amended as max  (LNG flow, ı) for small number ı, as shown in
Fig. 3, in order to avoid numerical errors.

The FFC for the HMR  flow was designed in a similar manner.

4.2.2.3. Override control. Sudden increase in LNG flow may cause
the severe increase in LNG temperature, which may result in the
failure to meet the product spec and excessive generation of boil-
off gas from SR3. To avoid such issues, we  introduced a low selector
LS01 and a temperature controller TC01 that overrides the output
of hand controller HC01 when the LNG temperature approaches its
upper bound. The maximum allowable temperature of LNG is given
to TC01 as set point.

It should be noted that the primary purpose of override control
is to produce on-spec LNG in any cases, particularly when the MR
cold duty is insufficient to cool and liquefy the entire NG. In nor-
mal  operation, i.e. the case that sufficient cold duty is supplied and
LNG temperature is kept closely to the desired target value, HC01
overrides the output of TC01 through LS01 and dominates the flow
control loop of FC01 such that the LNG is produced at a target flow
rate.
4.2.3. Control of refrigeration unit
A compressor is an expensive and delicate piece of equipment,

so the stability of the process operation should be the highest pri-



W.  Won, J. Kim / Computers and Chemical Engineering 96 (2017) 87–102 91

Fig. 3. Control system for liquefaction unit. The filled circles indicate relevant measurement.

Fig. 4. Comparison between (a) flow control and (b) flow fraction control.
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Table 2
Degrees of freedom analysis.

Liquefaction unit Refrigeration unit

Compressor power (CP1-CP5) 5
LNG  valve position (V3) 1 Pump power (Pump) 1

+  Choke valve position (V1, V2) 2 + Discharge-cooler power (CL1-CL5) 5
MVs  3 MVs  11

−  MVs  with no steady-state effect 0a − MVs  with no steady-state effect 0a
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= Actual steady-state degrees of freedom 3 

a The number of degrees of freedom (level tanks) with no steady-state effect is ze

rity in controller design. This is in accordance with the industrial
ractice. The control loop using eleven DOFs in Table 2 is deter-
ined in this manner. The control system for refrigeration unit will

e described in more detail according to the types of DOF.

.2.3.1. Five compressor powers. Each of the five compressor pow-
rs can be paired with three alternative CVs: suction pressure,
ischarge pressure, and compression ratio between inlet and out-

et streams. Because all the compressors are interconnected in a
losed circuit, their operation affects one another. In this circum-
tance, controllers may  be in conflict with each other, depending on
he selection of CVs and their set values. For instance, one controller
hat controls the discharge pressure of a compressor may  be failed
o achieve its set point if the preceding compressor is operated at
ery low speed (by other controller) and so the inlet pressure is
ot maintained high enough. To avoid these problems, we decided
o use CP1 and CP5 powers to control CP1 and CP5 suction pres-
ures, respectively, and to use CP2, CP3, and CP4 powers to control
he compression ratio of corresponding compressors, respectively.
he detailed control scheme is illustrated in Fig. 5. In this figure,
nti-surge recycle lines, compressor suction drums, and fan-type
ischarge coolers that were introduced in Fig. 1 are omitted for
implicity.

Another alternative is to use CP4 power to control CP4 discharge
ressure and to use remaining compressor powers to control their
espective compression ratios. In this design, the pressure at the
nlet of choke valves are maintained constant while the pressure
ownstream of the choke valves may  vary depending on the control
ctions of TDC01 and TC02. However, we could find that pressure
t the outlet of the choke valves has more significant effect on the
T effect than the inlet pressure, for the given MR  composition and
he pressure drop across the valves; in order to obtain sufficient
ooling of MR  via JT expansion, the outlet pressure of choke valves
hould be kept at a low level. Therefore, we selected to control the
uction pressure of CP1 and CP5, which are closely related to the
utlet pressure of choke valves V1 and V2.

Pressure controller, PC02, and two low selectors, LS02 and LS03,
re introduced to protect the downstream vessel and pipe lines
rom being subjected to pressures that exceed their design limits.
C02 overrides the output of PPC01 and PPC02 when the outlet
ressure of CP3 approaches its design limit. The control output of
C02 is multiplied by �, which is defined as the speed ratio of CP2
o CP3, before transferred to LS02 so that the compressor loads are
istributed evenly between CP2 and CP3. Similarly, the override
ontrol loop for CP4 is provided with PC03 and LS04.

In order to enhance the process response, the speed controllers,
C01 to SC05, that are cascaded from each pressure controllers are
mployed.
.2.3.2. Five discharge-cooler powers. The remaining five fan-type
eat exchangers in Table 2 are used to regulate the outlet tem-
erature of each compressor. This is to reduce drift caused by
emperature changes and let subsequent equipment operate in a
= Actual steady-state degrees of freedom 11

benign environment. The suggested design of these controllers is
provided in Appendix A.

4.2.3.3. One pump. There are two  adjustable holdups, i.e. SR1 and
SR2, in closed MR  cycle. Thus, one of them must be controlled to
avoid overfilling or emptying of tanks. We  decided to use the pump
downstream of SR1 to control the liquid level of SR1. In addition,
flow controller is introduced as an inner loop control to prevent
the process from drifting away from its desired operating point on
the short time scale. The detailed design of these control loops is
presented in Appendix A.

4.2.4. Integrated control of liquefaction and refrigeration units
In this section, we first describe the motivation for develop-

ing integrated controller and then present the specific strategy and
algorithms.

4.2.4.1. Necessity of integrated control. The position of choke valves
V1 and V2 are determined by the feedback controllers in Fig. 3,
on the way to trace the target values of WEDT and LNG temper-
ature, respectively. However, more radically, the valve positions
are determined by the energy balance between refrigeration and
liquefaction units. This is because the energy supplied to refriger-
ation unit is used to liquefy NG in liquefaction unit. For example,
if small compression energy is supplied to the refrigeration unit,
TDC01 and TC02 would increase the MR  flow rate by more opening
JT valves, so that sufficient cooling duty can be provided to MCHE
and LNG can be produced at correct quality and conditions. On the
other hand, if large amount of energy is supplied to refrigeration
unit and therefore MR is highly compressed, the controllers would
open less the choke valves since a small amount of MR is enough
to cool and liquefy NG.

If energy supply and demand are severely imbalanced between
these two  units, JT valves become almost fully open or close. This
may  cause the instability of process operation as follows:

• Case 1: less energy is provided to compressors than required in
MCHE. In this case, choke valves become fully open. However, as
shown in Fig. 6, the MR  cold duty rather decreases with increased
valve opening beyond a certain point. This is because the absolute
changes in flow rate and the MR  temperature via JT expansion
decrease as the choke valve position increases. The controller will
fail if the sign of process gain changes with operating condition,
as observed in this case.

Here, the cold duty is a cooling demand that can potentially be
used for NG cooling via heat exchange in MCHE. The cold duty is
proportional to MR  flow rate and temperature difference across JT
valves.

• Case 2: more energy is provided to compressors than consumed

in MCHE. In this case, choke valve positions approach zero. This
causes the reduction of MR  flow that returns to CP1 and CP5, and
as a result, the compressors fall into unstable surge condition,
which may  cause mechanical damage (#1 in Fig. 7).
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Fig. 5. Control system for refrigeration unit. The filled circles indicate relevant measurement.
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tem. This system balances the energy between refrigeration and
ig. 7. Movement of operating point on a compressor performance map when more
nergy is supplied to the system than required. Filled circles indicate operating
oints.

Anti-surge valves may  open to protect the compressors (#2 in
ig. 7). However, the opening of anti-surge valves is the process to
issipate the surplus energy through throttling loss, which appar-

ntly means energy-waste.

In short, there exists a stable operation range of JT valve that is
esired to be kept in during operation.
Fig. 8. Refrigerant cold duties according to the compressor powers and choke valve
position. Hollow and filled circles indicate present and target operating points,
respectively, and percentages represent compressor powers.

The stable range of JT valve can be considered as constraints dur-
ing steady-state optimization. However, in actual plant, this may  be
easily violated due to disturbances. Therefore, it is needed to devise
a control system that can continuously draw JT valves into stable
range via coupled operation of two  systems, i.e. liquefaction and
refrigeration units.

4.2.4.2. Operational strategy and principle. Fig. 8 shows the MR  cold
duties according to the compressor powers and choke valve posi-
tion. The required cold duty is determined by feed gas conditions,
such as flow rate, pressure, and temperature. As illustrated in this
figure, choke valve position can be indirectly adjusted by manipu-
lating compressor power. This is because the feedback controllers,
TDC01 and TC02, modify the choke valve positions such that equal
amount of cold duties can be provided to MCHE against changes in
compression energy.

Based on this principle, we  developed the integrated control sys-
liquefaction units. If the choke valve position is in the prescribed
stable range, the integrated controller does not take any actions.
However, if the choke valve position drifts away from the stable
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Fig. 9. Integrated control system for liquefaction and refrigeration units.

egion, it starts to manipulate the compressors. During the control,
he upper bound (Case 1) or lower bound (Case 2) of the stable
ange is used as a target value, so that the operating point is not too
uch drifted apart from the conditions computed by optimizer by

he action of integrated controller.

.2.4.3. Control structure and implementation procedure. Fig. 9
hows the detailed structure of the integrated control system. Based
n the choke valve positions computed by FFC01 and FFC02, the
ontrol system corrects the set points of PPC01, PPC02, and PPC03,
hich were calculated by RTSSO. Because it is important to main-

ain the pressure downstream of choke valves below an adequately
ow level to secure sufficient JT cooling of MR,  the set points of PC01
nd PC04 are not utilized as MVs  for this control system.

Fig. 10 explains the implementation procedure of integrated
ontrol system. Steps 1 to 3 are conducted by VPY01, and step 4
s carried out by VPC01 in Fig. 9. The last step 5 is taken by three
alculation blocks, VPY02 to VPY04 in Fig. 9.

First, the positions of two choke valves, V1 and V2, are obtained.
econd, control errors are calculated by using the lower or upper
ound of the stable region as set point. In this step, control errors
re set to zero if the choke valve is in the predefined stable range.
hird, based on the absolute control errors, one of two  choke valves
s selected to be controlled. In the fourth step, control output of
ntegrated controller is computed. Since excessive movement of
ompressor set points will likely upset the process too much, only
he I-controller, i.e. integral action of PID controller, is used for this
alculation. Based on the control output, the compression ratio set
oints provided by RTSSO are updated in the final step. In this step,
he current operating speed of compressors is multiplied to the con-
rol output, so that the compressor load can be distributed evenly
mong compressors during manipulation.

It is noteworthy that we revised the set points offered by RTSSO
y adding appropriate correction factors, as shown in step 5 in
ig. 10, rather than replacing them with completely new values.
y doing this, we can move the compressor operations, which are
riven by independent motors and run at different speed, all in a
niform direction when adjusting them by integrated controller, so
hat the control effects do not cancel each other out.

It is also noteworthy that the integrated controller does not con-
ume any DOFs since it uses the identical DOFs to the pressure ratio
ontrollers PPC01, PPC02, and PPC03.

.3. Real-time steady-state optimization
In the previous section, we proposed a decentralized control
ystem that regulates the process using the DOFs listed in Table 2.
t should be noted that no DOFs are lost by the decentralized con-
Fig. 10. Implementation procedure of integrated control system.

trollers since their set points replace the manipulated inputs as
DOF; the set points of stabilizing level loops remain DOF for the
upper layer. In this paper, we  utilized these set points for the oper-
ation optimization to improve the process performance.

Table 3 summarizes the primitive DOFs and their substitutes
under proposed decentralized control system. The set points of
PC01 and PC04 are fixed at a predefined value rather than being
re-optimized, in order to secure sufficient cooling of refrigerant
through JT expansion. The set points of TC03 to TC07 and LC01
are also fixed during operation so that subsequent rotating equip-
ment can operate in a constant condition. Because the LNG flow
rate and temperature are generally determined by market condi-
tion and price, e.g. changes in the required LNG heating value, the
set points of HC01 and TC02 are not used for operation optimiza-
tion as decision variables. The remaining set points of PPC01, PPC02,
PPC03, and TDC01 are optimized by RTSSO in Fig. 2.

The optimizer, whenever invoked, computes the optimum oper-
ating condition for a given disturbance d such that

min
ϕ

J =
∑

j=CP1-CP5

Ej(ϕ, d) subject to g(ϕ, d) ≤ 0 (3)

where E denotes the operational energy consumed by the com-
pressors CP1 to CP5, and ϕ indicates the decision variables that
consist of set points of PPC01, PPC02, PPC03, and TDC01. The
constraints function g defines the safety and operational limits
of equipment/instruments as well as the interlock logics, such as

emergency shutdown, process shutdown, and compressor vendor
shutdown, considered in the actual plant. Particularly, the stable
operational range of choke valves, discussed in Section 4.2.4, is also
reflected as constraints during optimization.
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Table 3
Degrees of freedom under proposed control system.

Section Primitive manipulated inputs Substitute Status

Refrigeration CP1 power Set point of PC01 Fixed
CP2  power Set point of PPC01 Need to be optimizeda

CP3 power Set point of PPC02 Need to be optimizeda

CP4 power Set point of PPC03 Need to be optimizeda

CP5 power Set point of PC04 Fixed
CL1  fan power Set point of TC03 Fixed
CL2  fan power Set point of TC04 Fixed
CL3  fan power Set point of TC05 Fixed
CL4  fan power Set point of TC06 Fixed
CL5 fan power Set point of TC07 Fixed
Pump power Set point of LC01 Fixed

Liquefaction V1 valve position Set point of TDC01 Need to be optimizeda

V2 valve position Set point of TC02 User-definedb

V3 valve position Set point of HC01 User-definedb

a It will be determined through real-time steady-state optimization.
b It will be provided by operator.
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ig. 13. Results of control against set point change in LNG flow rate; (a) controlled
ontrolled response of LNG temperature (TC02), and (d) control signal to low select

In the implementation, a sequential quadratic programming
ethod was used to solve the above constrained optimization in

q. (3). The gradient (∇J) and hessian (∇2J) are evaluated using the
urrogate model, while the objective function is measured from the
NG process as shown in Fig. 2. The surrogate model is derived from

 rigorous steady-state process model as a nonlinear regression
odel using the principal component analysis and neural network

Lang et al., 2009). MATLAB with ActiveX objects is used to build
p this model. This implementation using surrogate model allows
s to curtail the computational burden by preventing frequent

ecourse to original complex model and also enables us to find
orrect descent direction by avoiding numerical errors incurred by
nconsistent convergence of iterative modules in process simulator.
nse of LNG flow rate (FC01), (b) controlled response of LMR  flow rate (FFC02), (c)
1.

5. Results and discussion

In this section, we first investigate the performance of the pro-
posed operation system in a numerical LNG plant, which precisely
replicates an actual plant that produces 100 t of LNG per day, focus-
ing on the effectiveness of featured techniques against various
disturbance and set point change scenarios. Then, we  compared
the performance of the suggested operation system with that of an
alternative scheme, which is a slight modification of control scheme
suggested by Mandler (2000).
In all simulations, standard PID algorithm, apart from the deriva-
tive kick, with IMC  tuning is used for decentralized controllers
(Skogestad, 2003).
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ig. 14. Performance of integrated control of liquefaction and refrigeration units; (a
emperature (TDC01), (d) choke valve positions (FFC01 and FFC02), (e) anti-surge v

.1. Performance of decentralized control system

.1.1. Control of refrigeration unit
Fig. 11 illustrates the performance of the proposed control sys-

em for refrigeration unit. The set points of PC01 (CP1 suction
ressure) is changed from 1.3 bar to 1.4 bar at 100 s and then is
urned to 1.3 bar after 300 s. The valve position of choke valve V2 is
hanged from 26.1% to 22.9% at 660 s and is then changed back to
6.1% at 960 s, as a disturbance.

In Fig. 11(b), it is shown that CP1 suction pressure deviates from
ts set points for a while when the set point change starts, but the
ontroller recovers the suction pressure rapidly after a short tran-
ient. In the meantime, the CP3 compression ratio undergoes some
eviation from its set points due to the PC01 control action but com-

letely returns to the set point in approximately 100 s of transient,
s shown in Fig. 11(c).

It is also observed that CP1 suction pressure, CP3 compression
atio, and CP5 suction pressure show deviations from their set
 flow rate, (b) response of LNG temperature (TC02), (c) response of warm end delta
osition (anti-surge controller), and (f) compressor power (integrated controller).

points around 660 s and 960 s due to the changes in V2 valve posi-
tion but satisfactorily well-settled on the respective set points in a
short transient.

It should be noted that the proposed control system stabilized
the refrigeration process rapidly without any conflictions between
controller constituents.

5.1.2. Control of liquefaction unit: flow fraction control versus
flow control

Fig. 12 shows the results of the two different control systems,
where each adopts FC and FFC as a lower-layer controller, respec-
tively, for both TDC01 and TC02 cascade control loop. In order to
investigate the superiority of FFC over FC, the LNG flow that has
significant effect on the WEDT and LNG temperature, which are

the CVs of the master control loops (TDC01 and TC02 in Fig. 3),
was changed from 4450 kg/h to 4100 kg/h as disturbance. The step
change in the LNG flow is determined such that the control perfor-
mance of FC and FFC is distinct and in addition the interlock logics
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ig. 15. Results of real-time steady-state optimization; (a) mole fraction of methan
TDC01), (d) LNG temperature (TC02), (e) LNG flow rate (FC01), and (f) energy cons

onsidered in the numerical plant are not activated during the per-
ormance test. In this simulation, the integrated controller was  set
o manual mode (no control).

In Fig. 12(a), it is shown that HMR  flow under FFC is immediately
educed as LNG flow rate decreases. This is because the set point
f the FFC is given as a ratio of HMR  flow to LNG flow, as described
n Section 4.2.2. Since the refrigerant flow rate is instantaneously

anipulated in proportion to the LNG flow rate, the deviation of
NG temperature and WEDT from their set points is alleviated,
nd only minor feedback correction is considered as observed in
ig. 12(b).

In contrast, however, the HMR  flow decreases with relatively
ong dynamics when FC is employed. This is because the refrigerant

ow rates in this case are ultimately adjusted by the FC’s upper

ayer feedback controllers, i.e. TDC01 and TC02. As a result, WEDT
nd LNG temperature exhibit considerably long transient response
efore stabilized, as depicted in Fig. 12(c) and (d), respectively. In
ed natural gas, (b) CP2 compression ratio (PPC01), (c) warm end delta temperature
on. The dotted lines indicate set points.

addition, in this case, the upper layer controllers are required to
take larger feedback control action than the case with FFC, as shown
in Fig. 12(b).

5.1.3. Control of liquefaction unit: override control
Fig. 13 shows the performance of the proposed control system

for liquefaction unit against the sudden increase in LNG flow rate. As
the LNG flow rate increases from 4450 kg/h to 5500 kg/h, the LMR
flow is also sharply increased by the flow rate controller FFC02,
as shown in Fig. 13(b). However, due to the lack of refrigerant cold
duty, LNG temperature continuously increases. As the LNG temper-
ature approaches its prescribed upper bound, −149 ◦C, the control
output of TC01 is decreased and eventually become smaller that of

the HC01 around 500 s, as observed in Fig. 13(d). As a result, the
TC01 overrides the HC01 via low selector LS01, and the lower-layer
flow control loop FC01 is utilized as a mean to control LNG tempera-
ture rather than tracing the target LNG production rate. In Fig. 13(a)
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ig. 16. Performance comparison between the proposed and alternative control 

emperature, and (d) LNG flow rate. The dotted lines indicate set points.

nd (c), it can be seen that LNG flow rate is reduced so that the LNG
emperature does not violate its maximum allowable limit. In the

eanwhile, the LMR  flow rate is steadily increased by a feedback
ontroller TC01.

At 6600 s, the set point of LNG flow rate is changed once more
o 4800 kg/h. Because the refrigerant cold duty is sufficient to cool
nd liquefy the NG in this case, the LNG temperature is recovered
o its target value provided to TC02, and LNG flow rate returns to
arget production rate given to HC01.

.1.4. Integrated control of liquefaction and refrigeration units
Fig. 14 displays the performance of the integrated control sys-

em for liquefaction and refrigeration units. In order to test the
erformance of designed controller, we changed the set point of
NG flow rate from 4450 kg/h to 3800 kg/h.

In Fig. 14(a)–(c), it is shown that LNG temperature and WEDT
eviate from their respective set points when LNG flow rate starts to
ecrease. The temperature controllers, TDC01 and TC02, and their

ower-layer controllers, FFC01 and FFC02, take an action to stabi-
ize the process, and this leads to a decrease in refrigerant flow rate

ith decreasing choke valve positions, as observed in Fig. 14(d). The
eduction of MR  flow rate moves the compressor operations into
n unstable surge region, and as a result, anti-surge valves become
pen, as depicted in Fig. 14(e). In this situation, the integrated con-
roller reduces the set points of pressure ratio controllers to steer
he choke valve positions above the predefined lower bounds. This
esults in a decrease in compressor powers, as shown in Fig. 14(f).
s the compressor power decreases, the TDC01 and TC02 gradu-
lly increase the refrigerant flow rate to obtain sufficient cold duty

ith decreasing MR  pressure, and this leads to increases in choke

alve positions and decreases in anti-surge valves, as observed in
ig. 14(d) and (e), respectively. The decrease in compressor pow-
rs continues until all choke valve positions are placed above their
es; (a) feed pre-cooling temperature, (b) LNG temperature, (c) warm end delta

lower bounds. Here, the lower bounds of the choke valve positions
are determined such that anti-surge valves are completely closed.

It should be noted that the control action of integrated controller
consequently restricts the compressor duty to match the reduced
inflow of NG.

5.2. Performance of real-time steady-state optimization

Fig. 15 demonstrates the performance of the bi-level optimizing
operation system, shown in Fig. 2.

As the CH4 mole fraction in feed gas drifts apart from its initial
value for the first 4500 s, the energy consumption in compres-
sors gradually increases. This is shown in Fig. 15(f). After 8000 s is
elapsed, the RTSSO is executed, and the set points for PPC01, PPC02,
PPC03, and TDC01 are updated to the optimized values based on the
new feed gas composition values. Fig. 15(b) and (c) shows exem-
plary cases on how CP2 compression ratio and WEDT respond to
the new set points, respectively. The developed operation system
stabilizes the process quickly against the initial changes in feed gas
composition and also against the set points changes by RTSSO exe-
cution. As the process operating conditions move to the optimized
points, the energy consumption decreases.

5.3. Performance comparison with alternative control system

Fig. 16 compares the performance between proposed and alter-
native control systems. In order to investigate the disturbance
rejection and set point tracking performance, the set point of feed
pre-cooling temperature is changed from −16.7 ◦C to −12 ◦C at 0 s,

and the set point of LNG temperature is changed from −151.7 ◦C to
−150 ◦C at 9000 s and is then changed back to −151.7 ◦C at 14,400 s.
For the operation of refrigeration unit, the control system presented
in Fig. 5 is used for both cases.
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Detailed structure of the alternative control system is presented
n Appendix B. The main idea for the design of alternative control
ystem is borrowed from Mandler (2000). One feature of this con-
rol system is the use of LMR  flow rate to control LNG production
ate. The change in LMR  flow rate causes the change in LNG temper-
ture, which in turn causes the change in LNG flow rate via feedback
ontrol loop for LNG temperature. The advantage of this mechanism
s that refrigerant flow rate is always adjusted in advance before
NG flow rate is manipulated. This enables us to naturally restrict
he LNG production rate to meet the target LNG temperature as the
rst priority.

However, despite the structural advantage described above, the
lternative control system exhibits slower responses to disturbance
nd set point changes than the proposed control system in Fig. 3,
hich is delicately designed based on the process steady-state and
ynamic characteristics, as shown in Fig. 16.

. Conclusions

In this study, we proposed a novel bi-level optimizing operation
ystem for an LNG process. The proposed structure is composed
f an RTSSO that determines the optimal compression ratio and
arm end delta temperature and a decentralized control system

hat conducts the regulation of the process.
Numerical studies showed that the proposed decentralized con-

rol systems for liquefaction and refrigeration units cope well with
arious disturbances and successfully fulfilled the tracking of large
et point changes. The processes were stabilized in a relatively short
ransient for different scenarios in the process changes, and the
roduct specification represented by the LNG temperature was met
t all times, especially even in the case that refrigerant cold duty
s not sufficient to cool and liquefy the entire feed NG. The supe-
iority of the proposed control system was also demonstrated via
omparison with alternative control scheme.

A special feature of the LNG process is that refrigeration and liq-
efaction units are closely related to each other in energy balance,
hile each is operated under separately-designed local controllers.

o accommodate these features, the integrated control system that

alances the energy supply and demand between the two units was
eveloped. Numerical studies showed that the proposed integrated
ontrol system works quite satisfactorily, steering the process oper-
tions into the prescribed stable region.

Fig. A1. Control of temperature downstream of each compres
al Engineering 96 (2017) 87–102

The RTSSO was  designed to minimize an objective function that
consists of power consumptions in compressors. The appropriate
decision variables were selected among the set points of stabilizing
level loops according to the operational requirement. The objective
function decreased noticeably as the optimizer updates the target
operating points for the changes in disturbance value.

It is believed that the proposed optimizing control scheme has
advantages over the existing ones in terms of both the optimizer
and the controller performances and also the way it is imple-
mented, real-time control and steady-state optimization. In future
works, the proposed scheme will be tested on an actual 100 ton-
per-day LNG plant being constructed in Incheon, Korea.
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Appendix A. Control of refrigeration unit

Figs. A1 and A2 show the controllers that utilize the DOFs of five
discharge-cooler powers and one pump power in refrigeration unit,
respectively. In Fig. A1, the controller tag numbers are sequentially
increased.
Fig. A2. Control of liquid holdup in SR1. The filled circles represent relevant mea-
surement.

sor. The filled circles represent relevant measurement.
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ppendix B. Alternative control system for liquefaction
nit

See Fig. B1.

Fig. B1. Alternative control system for liquefaction unit. The filled circles represent relevant measurement.
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