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a b s t r a c t

Nitrogen based single and dual expander processes were analyzed for efficiency improvement consid-
ering compression energy minimization as objective. The significant parameters of nitrogen single and
dual expander processes were investigated for their effect on the compression energy requirement.
Thereafter optimization of single expander process was performed using process knowledge and for dual
nitrogen expander process a customized algorithm inspired by the knowledge of design variables process
is devised. The optimization results, in the specific energy requirement of 0.7449 kWh/kg LNG for single
and 0.5007 kWh/kg LNG for dual nitrogen expander processes. The optimization results comparison with
previous published studies show a significant energy savings. Furthermore, the proposed optimization
methodology is flexible to be extended for any kind of single and dual expander process.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

The World's liquefied natural gas (LNG) industry is changing
constantly. Growing environmental concern and the constant oil
price hike coupled with enhance energy security has led to a sub-
stantial increase in LNG volume trade. From 2006 to 2011, the
volume of the LNG trade showed a growth rate of 52%
(International Gas Union, 2011). The LNG demand is expected to
remain strong over the next several years (Kumar et al., 2011;
Roszak and Chorowski, 2013) as evidenced by the advancing
plans for LNG-receiving terminals by a number of countries
(Bloomberg, December, 2012). During this fluctuating scenario in
traditional patterns of the LNG business, the surge in the supply of
LNG from a range of sources paves the way for a variety of market
participants and leads to the development of the spot LNG market
(The US, June, 2010). The spot LNG market is driven by the possi-
bility of the economic development of remote stranded offshore gas
fields. The advances in offshore technology and favorable market
conditions have promoted the evolution of floating production
storage and offloading (FPSO) LNG facilities in many countries
(Bloomberg, December, 2012), particularly on the Korean peninsula
(Lee et al., November 14e17, 2010). FPSO avoids the major infra-
structure cost associated with onshore plants and offers a number
of benefits (Yan and Gu, 2010), such as elimination of the platform,
pipelines and harbor jetty, and reduces the facility's environmental
impact (Naklie, May 4e7, 1998) that leads to significantly reduced
LNG production costs (Kerbers & Hartnell, October (2009) 5e9).

The design criterion of an offshore plant is quite different from
an onshore plant in terms of the process safety, storage, compact-
ness, flexibility and simplicity of operation (Barclay et al., May
2006). Offshore plants must also consider deployment and opera-
tion in marine environments where vessel motion, ease of opera-
tion, and quick start-up is of prime importance (Waldie, September,
2002). The selection of the best liquefaction technology and use of
well-proven, low capital cost equipment has been central to
offshore design projects (Finn, 10th to 13th March 2002). LNG
turbo-expander technologies are challenging the requirements of
offshore projects and can satisfy the offshore LNG requirements
(Foglietta, January 2004). An evaluation of major project criteria
that influence the commercial acceptance of offshore plants ac-
cording to many analysts of the LNG industry (Finn et al., March
2000) led to the selection of nitrogen-based turbo-expander
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technology (Yuan et al., 2014) as the outstanding candidate for
offshore LNG projects (Finn, July, 2009). Nitrogen-based expander
processes has attracted recent attention for the following reasons:

� Inherent safety in avoiding a hazardous hydrocarbon inventory
adjacent to or within the processing plant facility and over-
coming the need for hydrocarbon flaring if the refrigerant
compressor trips.

� The single train nitrogen expander cycle requires less equip-
ment and is flexible to changes in the feed gas conditions and
ease of operation due to process simplicity (Finn, July, 2009).
Nevertheless single train expander process is limited to the
lower production rate.

� Nitrogen is maintained in the gaseous phase at all points of the
refrigeration cycle, which eliminates the issue of the refrigerant
distribution in the heat exchanger (Finn, 10th to 13th March
2002).

� Heat transfer occurs in the dense gas phase that simplifies the
construction of heat exchangers and helps reduce the size of
exchanger (Foglietta, January 2004).

� Modularized design that remains indifferent to orientation is
possible (Barclay et al., May 2006).

� Rapid startup and shutdown in a safe and controlled manner
with a low auxiliary equipment count (Finn, July, 2009).

� Low space requirements compared to other refrigeration cycles
by avoiding refrigerant storage, making them suitable for ma-
rine environments (Finn, July, 2009).

The partial use of nitrogen based expander technology has been
around for a while but in combination with flammable refrigerant
(Gao et al., 2010) and is not fulfilling the safety requirement of
offshore plant. Hence, the nitrogen-based expander technologywas
proposed and attracted continued interest in meeting the growing
demand of LNG from offshore fields. On the other hand, the high
energy demand compared to the mixed refrigerant system (Chang
et al., 2012; Khan et al., 2013; Xu et al., 2013) is a usual concern of
expander technologies (Barclay& Denton, Oct, 2005). Optimization
can be an effective solution for making nitrogen-based expander
technologies competitive with traditional technologies (Li et al.,
2012). In this paper, nitrogen expander technologies were opti-
mized by in-depth thermodynamic analysis. The significant pa-
rameters of both processes were analyzed and their effects on the
energy requirement were determined. A rigorous optimization
model was developed and solved for the maximum exergy effi-
ciency of the liquefaction processes. Based on the optimization
results, a general guideline regarding performance improvement of
nitrogen expander processes was proposed.

The novelty of the optimization approach presented in the
manuscript cannot be scaled by the exhaustive search for all
possible options of feasible solution which apparently has not been
considered in this study. Rather the study proposes process
knowledge based search algorithms that is inspired not to look at
every single point instead utilize the process knowledge to narrow
down the search space. Once the potential search space is obtained
the proposed knowledge based algorithm is iterated several times
for every single variable (in dual expander process, because the
single expander cycle optimization is relatively straight forward)
while taking care to optimize every single variable up to a sufficient
rigorous level.

In view of the qualitative analysis of process model during
optimization, the propose optimization methodology utilizes the
process knowledge which is further strengthened by Section 6.2,
and by Figs. 5 and 6. Moreover the usefulness of knowledge based
optimization results can still be compared with exhaustive search
methods (Table 4, results comparison).
Considering above discussion the use of optimization is still
plausible in the manuscript not as a meaning of “global optimiza-
tion” but one effective way of steering towards optimal solution by
avoiding unfeasible and sup-optimal solutions which is further
explained in the subsequent sections.

2. Turbo-expansion devices

Before the development of expander technology, the Joule
Thompson (JT) valve was the only way to cool gas plant streams by
a pressure drop (Arthur and William, 2006). These valves expand
the liquid stream to a two-phase stream under reduced pressure
and temperature. During the expansion process, the availability of
pressure exergy is destroyed through viscous dissipation and tur-
bulent frictional losses, which could have otherwise been utilized,
and makes the expansion through the JT valve highly irreversible
(Mortazavi et al., 2012). The losses associated with the JT valve led
to the development of the first turbo-expander apparatus (Herrin,
1966), which is used in liquefying natural gas by expanding the
sub-cooled high-pressure liquid refrigerant and the work of
expansion used to drive a compressor shaft. Since its introduction,
turbo-expanders have found wide applications in cryogenic pro-
cessing plants, air separation, purification of gases, such as
hydrogen and helium, NG liquefaction (Cao et al., 2006) and retrofit
of existing LNG facilities (MLNG Dua Malaysia 1996). The use of
turbo-expanders in offshore LNG plants has attracted recent
attention. This is because in offshore NG liquefaction plants, the
inlet pressure received at the gas well is quite high. Moreover, using
a turbo-expander in pressure letdown to provide refrigeration and
power generation is a dual benefit and a winewin situation in
places where the recovery of power and space is at premium. The
use of a turbo-expander in doing work at very low temperatures
makes it the most efficient way of rejecting heat from NG in
offshore platforms.

Thermodynamic expansion efficiencies of 87% for the expander
and 78% for the booster compressor have been achieved (Finn, July,
2009) which gives turbo-expanders a competitive edge over other
offshore NG liquefaction technologies. Although the thermody-
namic efficiency of mixed refrigerant based process are higher than
gas-expander processes, when other process selection criterion like
safety, ease of start-up and shut down are considered turbo-
expander are competitive with other NG liquefaction technolo-
gies (Liang et al., 2007). The recent developments of two-phase or
flashing expanders further promised to maximize the reversibility
of expansion by operating near the isentropic point. This enables a
further decrease in enthalpy across the pressure reduction process
and increases power generation (Finley, 2004). Two phase ex-
panders can also provide the economic removal of non-
hydrocarbons present in low-quality NG, e.g. nitrogen, carbon di-
oxide and hydrogen sulphide (Kimmel, 2010, December). Therefore,
two-phase expanders can provide an economic alternative for the
exploitation of offshore fields with low quality NG.

Fig. 1 shows an active magnetic bearing type turbo-expander
compressor assembly (by courtesy of GE Oil & Gas Co). The
compressor unit and expander unit is on the left and right,
respectively. Gas enters the expander through the pipe on the top
right and is guided onto the wheel by an aerodynamically-shaped
adjustable guide vane that surrounds the expander wheel. The
swirling high velocity gas turns the expander wheel and transfers a
part of its kinetic energy to the shaft directly coupled to the
compressor wheel providing the necessary work to drive the cen-
trifugal compressor on the left, which sucks the inlet gas from the
left bottom inlet and discharge from the top left pipe. The lost
component of kinetic energy leaves the gas exit from the expander
at lower temperatures. The efficiency of the expander-compressor



Fig. 1. Turbo-expander with an active magnetic bearing (courtesy of GE oil & gas Co).
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increases with decreasing drag force between the shaft and its
support. The fluid-film bearing that supports the shaft connecting
the compressor and expander are used traditionally. On the other
hand, the recent developments in expander technology use mag-
netic bearings that minimize the drag force and reduce the
expander footprint and weight, as well as ensure that the working
gas cannot be contaminated with lube oil (Herrin, 1966).

3. Expander cycle fundamentals

The use of a turbo-expander cycle in NG liquefaction has long
been introduced (Finn, July, 2009) along with the apparatus for gas
liquefaction (U.S. Patent 3677019) and refrigeration (U.S. Patent
4638639). Basically, the technology remains the same over time,
and the improvement in themachinery efficiency has increased the
expander cycle usage dramatically (Lillard & Dirlam, March 14e17,
2004). In the expander-based process, a high pressure gas is
expanded isentropically to a lower pressure. The power is gener-
ated from the decrease in enthalpy of the expanded stream, and the
work and refrigeration are extracted. Refrigeration is used in the
liquefaction process and the work is used to partially recompress
the refrigerant gas. Fig. 2 shows the arrangement of a turbo-
expander system functioning as a refrigeration machine. The
turbo-expander system consists primarily of conventional
compressor, intercooler, heat exchanger and expander coupled
with the compressor shaft. The energy recovered from the
Fig. 2. Turbo-expander based refrigeration system.
expander drives the compressor shaft. Consider that the
compressor and aftercooler are operating isothermally at T2 tem-
perature with an efficiency hc. A negligible pressure drop was
assumed across the heat exchanger (evaporator) along with the
perfect gas as a working fluid. Further considered the Qe (refriger-
ation load) amount of heat was removed by the expander operating
at average low temperatureT1. From the ideal gas assumption, the
shaft work delivered by the expander is equivalent to Qe. If the
expander efficiency is considered to be he, then the ideal work
obtained from the expander would be

We ¼ Qe

he
(1)

The theoretical (isothermal) compression work is represented
by

Qe

he
� T2
T1

(2)

The actual compressor work Wc with an efficiency hc would be
then be calculated by Eq. (3) as

Wc ¼
�

Qe

hehc
� T2
T1

�
(3)

The mechanical work equivalent to Qe is returned to the
compressor, then the net work to compressor is given by Eq. 6

W ¼ Wc � Qe (4)

W ¼ Qe

�
T2

T1hehc
� 1

�
(5)

W ¼ Qe
T2 � hehcT1

hehcT1
(6)

From the definition of the second law, the theoretical work for
the expander system can be calculated using Eq. (7).
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Wtheor ¼ Qe
T2 � T1

T1
(7)

Combining Eqs. (6) and (7), the second law efficiency (g) for the
expander-based refrigeration system was obtained in Eq. (8) and
used in the simulation.

g ¼ Wtheor
W

¼ 1� T2ð1� hehcÞ
T2 � hehcT1

(8)

The Eqs. (1)e(8) are adapted for the current system from Bloch
and Soares (2001) and can be referred to for detail explanations.

Owing to the developments in expander technologies, the
expander isentropic efficiencies approached 90% and the
compressor (skid mounted on the brake-end of the turbo
expander) polytropic efficiency approached approximately 85%
(Wang et al., 2012). On the other hand, in this study, the compressor
and expander isentropic and mechanical efficiency were assumed
to be 75% and 100%, respectively although much higher value of
90% for expanders and 85% for compressors are reported in refer-
ence (Wang et al., 2012). This conservative figure (75% isentropic
efficiency) was adopted so that the optimization results not rep-
resents the over generous value of compression energy demand.
The adoption of magnetic bearing system in turbo-expander sys-
tem reduces the drag force between shaft and casing to almost zero.
Thus the assumption of 100% mechanical efficiency of turbo-
expander is based on normal industrial experiences. The work
extracted by the expander is assumed to be transferred completely
to a compressor without loss. This assumption is based on the no
drag force presumption between the expander shaft and its casing.
The energy recovered by the expander is used totally in partially
recompressing the nitrogen refrigerant and is not considered
separately in plant compression energy calculations.

4. Simulation basis

The Aspen Hysys steady-simulation software was used to model
the nitrogen single and dual expander process. Hysys extensive
Fig. 3. Process flow diagram of sin
thermodynamic libraries including a wide range of property
calculation methods impart robustness to the property calculation.
User friendly interface, integrated steady state and dynamic
modeling capabilities are motivations for using Aspen Hysys. The
Peng-Robinson equation of state was used to calculate the ther-
modynamic states of the process streams, whereas the Lee-Kesler
equation was used for the enthalpy and entropy calculations
because of their better estimation ability for the hydrocarbon sys-
tem (Lee and Kesler, 1975). The convergence tolerance for the
developed model was set to 10�4. The feed conditions and com-
positions were adapted from Khan et al. (2012). To make process
flow schemes more informative the Microsoft Visio was utilized for
illustrating process flow schemes instead of using actual Hysys
flowsheet. Nevertheless all the modeling assumptions, stream
properties, material balances are provided in the manuscript
(within Figs. 3 and 4 and Table 1). Exploiting that entire informa-
tion, rigorous models can be retrieved for all the discussed inte-
grated schemes in the manuscript.
4.1. Modeling assumptions

Table 1 lists the other assumptions made during simulations
along with a short commentary. For example, the NG feed flow rate
was assumed to be 1 kg/h. This small flow rate was assumed out of
convenience for calculating the specific power requirement of the
process plant. The same simulation conditions were used for both
single and dual nitrogen expander processes to make a fair com-
parison and unify the format of the optimization results.
5. Process description of single nitrogen expander

The nitrogen single expander cycle uses only one loop for the
liquefaction of NG. The compression and work expansion of nitro-
gen generate refrigeration at high isentropic efficiency (Chang et al.,
2014). The refrigeration is used to assist in the liquefaction of NG
and the extracted work is used for the partial recompression of
nitrogen. Nitrogen maintained in the gaseous phase at all points of
gle nitrogen expander cycle.



Fig. 4. Process flow diagram of dual nitrogen expander cycle.

Table 1
Simulation basis and modeling assumptions.

Property Condition Comments

NG temperature 30 �C
NG pressure 50 bar
NG flow rate 1.0 kg/hr Considered for convenience

because the unit flow rate
always corresponds to
the specific power consumption

NG composition (mole fraction) (Khan et al., 2012)
C1 91.30
C2 5.40
C3 2.10
iC4 0.50
nC4 0.50
iC5 0.01
nC5 0.01
N2 0.20

LNG Production condition
Temperature �158.5 �C Temperature needed for NG

to be liquefied at ambient
pressure

LNG Tank Pressure 1.209 bar
Boil-off gas vapor fraction 8% Amount of vapor generated

when LNG is flashed to
the storage tank pressure

Compressor isentropic efficiency 0.75 (Wang et al., 2012)
Expander isentropic efficiency 0.75 (Chang et al., 2011)
Intercooler outlet temperature 30 �C
MITA 3 �C (Hasan et al., 2009;

Xu et al., 2014)

Pressure drop
LNG exchanger hot stream 1 bar (Khan et al., 2012)
LNG exchanger cold stream 1 bar (Khan et al., 2012)
Intercooler 0.25 bar (Khan et al., 2012)
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the expander cycle overcomes the distribution concerns in the heat
exchanger. Fig. 3 shows a schematic diagram of the N2 single
expander process. The treated and dehydrated natural gas feed
enters the LNG exchanger at a compressed state of 50 bar (Table 1).
If the gas consists of heavier components and other impurities
(mercury, acid gases, sulfur components, water drops) theymust be
removed before being sent to the cryogenic assembly for safe
operation and maintaining product specification. The heavier
components (ethane, propane and butaneþ) are removed to
maintain the product dew points and yield a source of revenue.
Heavier components have significantly greater value as separate
products in their own right. Thus with these benefits it is assumed
that the heavy components are stripped off from feed NG and lean
methane composition (91% see Table 1) NG is used as feed to the
liquefaction plant. The typical feed specifications of a LNG plant
were reported by Foglietta (Foglietta, January 2004). The impurity
removal and dehydration steps are obviated from Fig. 3, and the
pressurized NG feed after being sub-cooled exits the LNG
exchanger in liquefied form at �149 �C. The sub-cooled NG is then
expanded to atmospheric pressure of 1.2 bar before going to the
storage tank where approximately 8% vapor (boil-off-gas) are
formed at �158.5 �C. Boil-off gas is normally utilized in NG plant at
several places like as rectifying agent in de-methanizer column,
generating utilities for plant operation. In some FLNG designs, it is
proposed to generate 8% boil-off gas because this value would be
sufficient for satisfying LNG plant utility requirement (Khan et al.,
2014a).

In the refrigerant cycle (shown with blue (in web version) color
in Fig. 3), the high pressure nitrogen refrigerant (100 bar) enters the
LNG exchanger and is self-refrigerated from ambient temperature
of 30 �C to �38.08 �C. The nitrogen gas is then expanded to 7 bar in
an expander. This expansion reduces the temperature of already



Fig. 5. Composite curves for single nitrogen expander process.

M.S. Khan et al. / Journal of Natural Gas Science and Engineering 23 (2015) 324e337 329
cooled gas to �153 �C. The cold nitrogen gas re-enters the lique-
faction box providing refrigeration and exits in the warm state at
27 �C. The warm gas is taken to the compressor cooler assembly,
where the nitrogen is recompressed in a staged compression with
intermediate cooling, to be expanded again. The energy obtained
from the expander is used to partially recompress the nitrogen. The
system requires a small nitrogen generation unit to provide the
nitrogen needed to maintain the losses through the compressor
seals. The distinctive shortcoming of single N2 expander process is
that the entire refrigerant is expanded to the lowest temperature,
even though most is required at a higher temperature. This in-
troduces significant irreversibility to heat exchanger because of the
large temperature difference and causes the high compression
energy requirement. To overcome the large associated irrevers-
ibility the dual expander process is introduced.

6. Overview of the available dual nitrogen expander processes

The dual N2 expander technology has attracted significant in-
terest since the 1980s when it was advocated for the offshore fields
of Papua New Guinea (Finn, July, 2009). Since then, several studies
for the selection of offshore NG liquefaction technology have
concluded that the N2 dual expander technology is the optimal for
offshore process (Li and Ju, 2010; Neeraas and Sandvik, 2011) in the
production range of 1e2MTPA (Sheffield&Mayer,16th to 18thMay
2001; True, 9th April 2001). These optimal production ranges are
safely within the limits of the recently proposed conceptual studies
for FPSO (production range of 0.5e1.5 MTPA) that could be used for
developing South East Asia and West African offshore fields
(Foglietta, January 2004). However for the production range of
above 1 MTPA multiple trains are needed and several studies also
proposed FLNG for the production capacity of more than 2 MTPA.
Thus there is continued interest in N2 dual expander. The config-
uration of the dual nitrogen expander process is more or less same
in all published studies. Foglietta, January (2004) proposed nitro-
gen and methane based dual nitrogen expander process. The
combination of these two refrigerants was used to achieve lower
specific energy consumption. Mahabadipour and Ghaebi (2013) use
different refrigerant based expander process for olefin refrigeration
plant and show that nitrogen is the best option among different
refrigerants used. Finn, July (2009) gives the basic flow sheet of dual
nitrogen expander process and illustrates that the use of two ex-
panders enable the NG to be cooled and condensed at small tem-
perature difference. Hamworthy Gas Systems proposed FLNG
process design based on nitrogen based expander process and they
claim their designs are approaching the efficiencies of mixed
refrigerant systems (Thorsager, March 2009). Bjørn and Gundersen
(2014) studied the single expander process and based on the pro-
cess thermodynamic knowledge the optimization methodology is
proposed which can be extended to the dual expander process as
well.

6.1. Process description of dual nitrogen expander

To achieve a low temperature with less compression work and
to circumvent the heat exchanger constraints, it is important to
cascade the expanders (Yumrutas et al., 2002). The other way to
overcome the shortcomings of single N2 expander process is to
introduce another expander. Through this, much of the refrigerant
is expanded at warmer temperatures, and only the required
amount of refrigerant is expanded to the lowest temperature in the
sub-cooling part. The same concept was applied to the dual nitro-
gen expander cycle where expansion is performed at two different
pressure levels by splitting the nitrogen at low and high pressures.
In this way, the two stages of work-expansion are utilized. The
power consumption is excessive if only one stage expansion is used,
which is only justifiable for small plant capacities. Both expanders
in the dual nitrogen cycle can operate over the same pressure ratio
but at different temperatures, or the cold end expander operates at
a higher pressure ratio. Two expanders enable the natural gas to be
cooled and condensed at small temperature differences. Fig. 4
presents a schematic diagram of the N2 dual expander. Like the
single N2 expander process, the gas treatment and dehydration
sections are precluded and the NG feed with the given composition
(shown in Table 1) enters the cryogenic facility under high pressure
(50 bar, 30 �C). After exchanging sensible heat with the refrigerant,
the NG feed leaves the heat exchanger at �149 �C, and is flashed to
atmospheric pressure and finally sent to the storage facility
at �158 �C. The nitrogen flows into two different cycles at two
different temperature levels. The first cycle with a small pressure
drop (99 bar / 31 bar) and with a large nitrogen flow rate
(approximately 80%) is used for the pre-cooling (at �85 �C) of NG,
whereas the second cycle with a low refrigerant flow rate
(remaining 20%) operating with a high pressure drop
(99 bar / 15 bar) at �153 �C is used for sub-cooling. The splitting
of nitrogen at two different pressure levels incurs a small capital
cost in terms of the extra expander but the energy savings due to
near reversible operation can justify the additional expander cap-
ital cost.

6.2. Thermodynamic superiority of dual expander over single
expander process

The single nitrogen expander process involve one expander,
which expands all the involved nitrogen refrigerant from high-
pressured state of 100 bar to low pressure of about 4 bar (opti-
mized case) for achieving refrigeration through cooling effect of gas
expansion. This causes significant irreversibility in heat exchanger
and higher compression energy demand because the heat transfer
temperature difference and heat transfer driving force is set higher
than what is needed. This irreversibility is represented as the gap
between hot and cold composite curves and Fig. 5 shows the
temperature difference that are related to irreversibility in single
expander process. It can be seen that the temperature difference
between composite curves vary along the length of the heat
exchanger. The minimum internal temperature approach (MITA)
which is the minimum value of temperature difference needed for
given heat transfer area is only satisfied at the ends of exchanger
where composite curves are only MITA apart. While in the middle
part of the exchanger approach temperature value is way higher



Fig. 7. Variation of the compression energy requirement with nitrogen low pressure in
the nitrogen single expander cycle.
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then what is needed. This higher value of approach temperature
between composite curves cannot be avoided in single expander
thus dual expander process is introduced. In the dual expander
process, the compressed refrigerant is divided and only a portion is
expanded to lowest possible pressure while the other portion is
expanded to higher pressure. This minimizes the process irre-
versibility caused by large temperature difference that occur in
single expander process. Fig. 6 represents the composite curves in
dual expander process and it can be seen that the approach tem-
perature (represented by the gap between cold and hot composite)
along the length of exchanger from cold end to hot end follow near
minimum value. There is still some gap between composite curves
in Fig. 6 at the temperature range of�40 �C to�25 �C which cannot
be avoided unless the cooling curve of NG (which is a mixture of
low and higher boiling HC components) is closely followed by
successive boiling refrigerant that need a mixer HC refrigerant (Xu
et al., 2013). Conclusively, the clear benefit of dual expander is the
near reversible operation which cannot be achieved in single
expander process.

7. Analysis of the opportunities for energy efficiency
improvement

Thermodynamic analysis of the nitrogen expander cycles leads
to the selection of various design variables that assists in near
reversible operation of the process plant. These design variables are
generally selected from the degree of freedom analysis (sensitivity
analysis) or by the prior knowledge of the designer. Some degrees
of freedom are fixed through the constraints posed by the process
and must be satisfied. When attention is paid, these MITAs open a
window of opportunity for making possible improvements in the
thermodynamic efficiency of the expander cycles. The design var-
iables for both single and dual nitrogen expander cycles were
identified and optimized for the compression energy requirement.
The key design variables for both processes are described in the
following sections.

7.1. Design variables in a single nitrogen expander process

The nitrogen single expander process consists of three main
design variables; operating pressures (compressor suction and
discharge pressure) and flow rate of nitrogen. The nitrogen refrig-
erant releases the enthalpy available to natural gas to the ambient
with the aid of intercoolers. By increasing the difference between
Fig. 6. Composite curves for dual nitrogen expander process.
the operating pressures of the nitrogen refrigerant, the heat
transfer driving force increases and prevents the formation of a
pinch zone in the LNG exchanger but at the expense of the
compression energy requirement. Fig. 7 shows that there is an
optimal pressure difference for the nitrogen refrigerant that mini-
mizes the compression energy when MITA is maintained at 3 �C
(Hasan et al., 2009; Xu et al., 2014). As the low pressure of nitrogen
refrigerant in the cycle is increased, the overall pressure difference
on which the compressors are operating is decreased. To carry out
the same refrigeration task, the amount of refrigerant circulated
must be increased. Therefore, the overall compression energy
required increases drastically after the optimum point, as shown in
Fig. 7. A higher nitrogen flow rate also increases the gap between
composite curves which in results increases the process irrevers-
ibility and the compression work. Similarly, there is also an opti-
mum nitrogen flow rate for the given operating pressure difference
that corresponds to the minimum compression work needed, as
shown in Fig. 8. The optimization problem from Figs. 7 and 8 ap-
pears to be simple convex but in reality these figures just show the
case when the system high pressure is 100 bar and there are many
possible combinations leading to sub-optimal solutions. Indeed,
Fig. 8. Variation of the compression energy requirement with the nitrogen flow rate in
the nitrogen single expander cycle.



Fig. 9. Composite curves in the step optimization of the nitrogen single expander process.
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maintaining the approach temperature constraint in the LNG
exchanger makes a simple optimization problemmore challenging.
Hence, a clever approach is needed to make single nitrogen
expander process energy efficient. To solve this problem, a sys-
tematic knowledge-based optimization approach was employed
and is described in the subsequent sections.

7.2. Design variables in a dual nitrogen expander process

The introduction of an extra expander introduces several de-
grees of freedom that can be manipulated to optimize the nitrogen
dual expander process operation. Unlike the nitrogen single
expander process, there are two separate nitrogen streams in a dual
expander process exiting from the LNG exchanger at different
pressures (stream 50 and 1, Fig. 4) that are mixed again to be
compressed at the same pressure (stream 10, Fig. 4). Therefore,
there are three different pressure levels of nitrogen that can be
manipulated: i) suction pressure of nitrogen stream exiting the LNG
exchanger expanded to low pressure (stream 1, Fig. 4); ii) inter-
mediate pressure of nitrogen (stream 6) created by mixing of
stream 5 and 50 and iii) discharge pressure of nitrogen stream from
the compressor (stream 10, Fig. 4). Similarly, in the nitrogen single
expander process, the discharge pressure is fixed to 100 bar, and is
not considered an optimizing variable. The split fraction of nitrogen
(stream 11 and 110) expanded to low and high pressure is also an
important design variable. If a large amount of nitrogen is
expanded to a lower pressure, then restoring it to a high pressure
would require considerable compression energy. Alternately, when
a greater portion of nitrogen is expanded to a relatively high
pressure, the available pressure exergy that could have been used in
providing refrigeration remains unused and decreases the cooling
potential of the refrigerant. Considering the above discussion, the
optimum nitrogen split ratio would make the entire process more
energy efficient. Similarly, the optimum nitrogen mass flow rate
would also contribute tomaking the expander process more energy
efficient. The after expansion temperatures (AET) of nitrogen
stream-130 also influence the system feasibility besides affecting
the energy duty and are treated as free variables during optimiza-
tion. Table 2 lists the design variables described above with the
applicable upper and lower bounds.

Nitrogen split fraction (see Figs. 10 and 11) used in above
explanation is the fraction of nitrogen flow rate (expanded to mid
pressure) used for warm temperature cooling while the rest of the
nitrogen flow rate (expander to low pressure) used for sub-cooling
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of feed Natural gas.

Nitrogen split fraction

¼ flowrate of nitrogen used for warm temp cooling
total nitrogen flow rate

(9)

The terminology nitrogen split fraction used in themanuscript is
the fraction of nitrogen (from the total nitrogen flow rate used)
expanded to mid pressure that provide pre-cooling to the feed NG
and sensible cooling to the other fraction of nitrogen. If this fraction
(0.78, see Fig. 10) is low then much of the refrigerant is directed for
sub-cooling section of heat exchanger which expands the refrig-
erant to low pressure and restoring it to the high pressure need
high compression energy. Similarity if split fraction in higher than
0.78 value, there is no adequate amount of refrigerant for NG sub-
cooling which in turns limits the heat transfer ability. Thus the load
of sub-cooling has to be shared by pre-cooling fraction of refrig-
erant which eventually causes the increase in compression energy
requirement.
Fig. 10. Low pressure optimization in the dual nitrogen expander process.

8. Knowledge inspired investigation of selected parameters
on energy consumption

The optimization of single and dual nitrogen expander process
using process knowledge is described in Section 8.1 and 8.2
respectively.
8.1. Knowledge inspired investigation of selected parameters on
energy consumption in single nitrogen expander process

The single nitrogen expander process was optimized in terms of
the compression energy requirement by varying the operating low
pressure (LP) and nitrogen flow rate. The optimization process
began by fixing the high pressure or exit pressure of the nitrogen
stream from the compressor-cooler assembly to a reasonably high
value. The value of 100 bar is a practical approximation dictated by
the compressor hardware and a generally used value for a refrig-
erant that remains in the gas phase only. The nitrogen high pressure
(compressor discharge pressure) and nitrogen flow rate are
dependent and have the same counter effect on the compression
energy demandwhile their valuesmostly affect the cooling curve at
the hot end of heat exchanger. When one is reduced, the othermust
increase to counter the effect. To explain this argument nitrogen
high pressure let us say 90 bar is assumed (decreased from 100 bar)
then to validate heat transfer (at the warm end of heat exchanger)
we need 5% higher nitrogen flow rate which eventually increases
the compression power about 2%. On contrary, when higher value
of nitrogen high pressure (compressor discharge) is assumed then
Table 2
Design variable bounds and constraints in the dual and single nitrogen expander
processes.

Property Lower
bound

Upper
bound

Design constraints

Dual nitrogen expander process
N2 low pressure (bar) 1 35 MITA � 3 �C
N2 mid pressure (bar) 15 45
N2 split fraction 0.5 0.85
N2 flow rate (kg/h) 8.00 25.00
After expansion temperature of

HP expander (�C)
�70 �105

Single nitrogen expander process
N2 low pressure (bar) 1 25 MITA � 3 �C
N2 flow rate (kg/h) 5 20 AET of

expander ¼ �153 �C
we have over specified value of nitrogen flow rate which when
reduced, decreases the compression energy demand but increases
the compression ratio which is not desirable. Thus, after this
analysis the nitrogen high pressure value of 100 bar is assumed as
the optimum for the given feed conditions. Because the operating
high pressure is fixed (100 bar), the manipulation of the overall
expander cycle pressure can be obtained by varying the low pres-
sure of the nitrogen stream that enters the compressor-cooler as-
sembly (stream-3 Fig. 3). Note that the task of compression is
performed in four stages along with water intercooling. The
compression ratio for individual compressor is the same and fixed
based on the overall system pressure. The overall changing pres-
sure is distributed evenly using the same compression ratio hence
the individual compression ratio was not treated as an optimizing
variable.

Starting from the lowest possible pressure of a 1 bar suction
pressure, the nitrogen flow rate that produced a MITA value of 3 �C
was examined. Once the defined approach temperature was ob-
tained, the corresponding nitrogen flow rate was selected.
Following the above procedure, the operating LP of the nitrogen
Fig. 11. Mid pressure optimization in the dual nitrogen expander process.
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refrigerant cycle was varied and the nitrogen flow rate was ob-
tained. Similarly, several operating pressures and nitrogen flow
rates were obtained, and the composite curves were plotted for the
selected variations, as shown in Fig. 9. Among the considered cases,
the optimum compression energy of 0.7449 kW/kg-LNG was ob-
tained in case-4 (in Fig. 9) at a nitrogen LP value and nitrogen flow
rate of 5 bar and 8.257 kg/h respectively. The other cases of the
composite curves in Fig. 9 show that the energy consumption in-
creases with decreasing overall system pressure beyond 5 bar.
Therefore, the investigative procedure was terminated at a LP value
and nitrogen flow rate of 25 bar and 41.08 kg/h, respectively. The
optimized values of design variables involved in single and dual
expander process are listed in Table 3.

8.2. Knowledge inspired investigation of selected parameters on
energy consumption in dual nitrogen expander process

The selected parameters investigative optimization of the dual
nitrogen expander process was pursed in two steps: i) optimization
of the pressure levels along with the nitrogen split fraction; ii)
optimization of the post expansion temperatures and flow rate of
nitrogen refrigerant corresponding to the minimum energy con-
sumption. For simplicity, the high pressure of nitrogen stream was
assumed to be constant (see Section 8.1 for explanation) and the
overall pressure difference between the high (discharge) and low
pressure (suction) was treated as an independent variable. There-
fore, the overall pressure of the nitrogen stream can be varied by
changing the low pressure. Optimization of N2 LP begins from any
feasible case, Fig. 10 shows the trend for the decrease in compres-
sion energy with the variation in N2 low pressure (N2 LP). Note that
the N2 high pressure and mid pressure were kept constant during
optimization of the N2 LP, and the MITA value of 3 �C was achieved
in each case. For the N2 split fraction value of 0.78, the minimum
compression energy was obtained, which was centered at 14 bar.
The interaction of N2 LP with other variables is nominal and can be
ignored. Using Fig. 10, the value of N2 LP was obtained, an attempt
to find the N2 mid pressure was pursued by fixing the N2 LP at
14 bar. Whilst maintaining the N2 LP and HP at 100 and 14 bar,
respectively, the N2 mid pressure was varied to obtain the mini-
mum compression energy, as seen in Fig. 11, for different split
fractions of nitrogen. Similar to the N2 LP case, the N2 split fraction
of 0.78 corresponds to the minimum energy requirement, which is
centered on a 30 bar N2 mid pressure. Until this point, the optimum
operating pressures of nitrogen along with the optimum nitrogen
split fraction was obtained and their values are listed in the opti-
mum case in Table 3. Fig. 10 shows that the compression energy
requirements at the extreme points are quite high. The is due to the
fact that, if a small nitrogen suction or low pressure is selected, then
restoring the nitrogen to the same high pressure state requires a
high compression duty. On the other hand, when nitrogen exits
Table 3
Optimized value of design variables in dual and single expander processes.

Property Optimized values
of design variables

Dual nitrogen expander process
N2 low pressure (bar) 14
N2 mid pressure (bar) 30
N2 split fraction 0.78
N2 flow rate (kg/h) 13.81
After expansion temperature of HP expander (�C) �85.00
Single nitrogen expander process
N2 low pressure (bar) 5.0
N2 flow rate (kg/h) 8.257
from the LNG exchanger in a high pressured state or higher value of
N2 LP is selected, then restoring nitrogen refrigerant from already
high pressure state demands less compression energy however, a
higher nitrogen flow ratemust be selected to meet the refrigeration
requirement. This conflicting effect causes higher compression
energy at extreme end. To overcome this problem, the suction
pressure must be optimized.

It is to be noted that the reason for using two different low
pressures levels (31 bar and 15 bar) in expanders rather than one is
to obtain high process efficiency. Two different pressure levels
configuration were chosen to make sure the gap between com-
posite curves which represents exergy loss due to heat transfer
temperature difference (exergy loss in compression cooling as-
sembly also contribute the exergy loss) is minimum that leads to
lower compression energy demand and higher thermodynamic
efficiency.

In commercial designs the compressor and expanders are skid-
mounted on the same platform and their shafts are connected
which restricts the operation at different pressure levels. This study
is advocating the use of different expander pressures which is
indeed possible under the rapid development scenario of NG
liquefaction business.

In the second optimization step, the AET (After expansion
temperature) from the HP expander (see Fig. 4) and nitrogen flow
rate were optimized for the compression energy. The other vari-
ables were kept constant for the optimum values obtained previ-
ously. When the AET from the HP expander was fixed, e.g. at�70 �C
(case-1 Fig. 12), there is only one N2 flow rate that corresponds to a
MITA value of 3 �C. Similarly, the optimum AET and N2 flow rate
were found by varying the AET and finding the N2 flow rate that
corresponds to a MITA value of 3 �C, which in return gives the
minimum compression power. Fig. 12 shows the different ar-
rangements of the composite curves for the different AET and N2
flow rates. The initial optimizing variables, �70 �C and 24.53 kg/h,
gives two pockets of space between the composite curves in the
warm and cold section. The space between the composite curves
(represents exergy loss due to heat transfer temperature difference)
indicates the oversetting of the heat transfer driving force (Khan
and Lee, 2013) that must be reduced.

A further decrease in the AET reduces the space between the
compressor curves and the amount of refrigerant needed for the
liquefaction of NG. At a temperature and N2 flow rate of�85 �C and
13.81 kg/h, respectively, a minimum compression power of
0.5007 kW/kg-LNG was achieved. A further decrease in the AET
(case 5,6,7,8 in Fig. 12) increases the space between the composite
curves which conclusively increases the compression energy
requirement. Fig. 13 presents the optimization procedure used
above in algorithmic form.

9. Exergy efficiency analysis

Exergy is the potential of a system to dowork when it is brought
to equilibrium with its environment through reversible process
(Remeljej and Hoadley, 2006). In the absence of nuclear effects,
magnetism, electricity and surface tension, exergy and change in
exergy can be calculated by Eq. (11) and Eq. (12) (Khan and Lee,
2013).

E ¼ Ek þ Ep þ Ephy þ Echem (10)

DE ¼ ðH � HoÞ � ToðS � SoÞ þ Vel2 � Vel2o
2

þmgðZ1 � Z2Þ
(11)



Fig. 12. Optimization of the after expansion temperature using the LP nitrogen expander and nitrogen flow rate.
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Fig. 13. Knowledge inspired algorithm for optimization of dual nitrogen expander
process.
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where Ek,Ep,Ephy and Echem are kinetic exergy, potential exergy,
physical exergy and chemical exergy respectively. The system un-
der study does not include chemical reactions, thus the exergy or
the system under consideration is calculated by following equation
(Tuo and Yanzhong, 2014)

DE ¼ ðH � HoÞ � ToðS � SoÞ (12)

The exergy efficiency of the in individual component is calcu-
lated by the following equation (Tuo, 2013).
Table 4
Optimization results comparison.

Property Single N2

expander
Dual N2

expander
N2eCO2 expa
Khan et al. (2

Compressor Power (kW/kg LNG) 0.7449 0.5007 0.4945
Exergy efficiency of refrigerator (%) 33.24 40.05 e

Refrigerator coefficient of performance 1.853 3.093 e

MITA (�C) 3.003 3.001 3.013
hex ¼ 1�
P

exergy destructed in each component
actual power supplied

(13)

In this study the exergy efficiency of whole refrigerator is
considered which include the effect of individual unit operation all
together. The exergy efficiency of dual expander process is higher
the single expander process by about 7% (Table 4). The use of extra
expander results in close to reversible operation in the heat
exchanger that results in lower system irreversibility in dual
expander process.

10. Results and discussion

Optimization of the single and dual nitrogen expander processes
were carried out using variable knowledge and composite curves
are reported in Table 4. Optimization of the single nitrogen
expander was relatively straightforward compared to the dual
expander process because of a few optimizing parameters. The
maximum operating pressure limit of 100 bar was used as a
reasonable approximate to reduce the size of the optimizing vari-
ables, which simplified the optimization problem. The final opti-
mizing variables were selected after tracing several cases of
composite cures and selecting one for the minimum energy
requirement. The physical meaning of the optimization results can
be explained by observing the changes in the composite curves. The
warm composite curve in a single expander process was formed by
two warm streams (feed NG, pass 0e1 and warm refrigerant, pass
11e12, Fig. 3). An increase in LP or a decrease in the system pressure
decreases the temperature of stream-12, which helps widen the
gap between the composite curves. Although the gap between the
composite curves increases, the energy requirement of the process
decreases until 4 bar because the expander is returning a large
portion of energy as it is operating at a high pressure difference. The
temperature of stream-13 was constrained at �153 �C and its
pressure was back calculated by stream-3. The small suction pres-
sure gives a low pressure to stream-13, which in turns gives a high
pressure difference for the expander operation. Although, the in-
teractions of streams (3, 13 and 12) increases the nitrogen flow rate,
the overall energy requirement of the process decreases, as shown
in Figs. 8 and 9. Table 3 presents the optimized value of design
variables for the single and dual nitrogen expander processes. The
N2 LP affects the middle of the composite curves, whereas the N2
mid pressure affects the warm end of the composite curve. The
effects of the operating pressure are not presented using the
composite curves and their full description is omitted. Fig.12 shows
the effects of AET, where the arrow indicates the AET from the HP
expander. The minimum gap (minimum irreversibility) between
the composite curves was obtained at �85 �C and a N2 flow rate of
13.81 kg/h. Two cold streams exist in the dual expander process
operating at different temperatures. One is constrained to �153 �C
(stream-13), whereas the other stream-130 is left as a manipulated
stream and the bends visible in all cold composite curves are
introduced by stream-130. The �70 �C value of the AET has the
nder
014b)

Coal bed methane
expander Gao et al.
(Finn, July, 2009)

Single N2 expander
Du et al. (2010)

Hamworthy No
Flare/QG N2 expander
process (Thorsager,
March 2009)

0.7500 (kW/Nm3) 0.9480 (kWh/m3) 0.5500
e e e

e e e

e e e
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largest gap between the composite curves as observed by the
compression energy requirement of 0.8107 kW. The gap decreases
until �85 �C and increases with further decreases in the AET
temperature with increasing compression energy requirement.

The liquefaction work can be reduced if the heat transfer in
cryogenic exchanger takes place at small temperature difference
between feed NG and refrigerant. However small temperature
difference incurs higher heat transfer area thus optimization is
needed to minimize the entropy generation in liquefaction system.
An excellent example of optimal temperature difference in heat
exchanger for any given design is given by Chang et al. (2011) and
can be referred to for details. Finally, the optimization results ob-
tained in this study are compared with the results obtained in
previous studies for expander processes and illustrated in Table 4.
The results are in agreement with the previous published studies
and shows signs of improved efficiency. When the specific
compressor power of dual expander process in this study is
compared with the Hamworthy N2 dual expander process (Austbø
and Gundersen, 2014) it shows an efficiency improvement of 9%
while the N2 single expander also shows improved efficiency. An
alternative approach for optimization of single expander system is
given by Bjørn and Gundersen (2014) and can be referred as sup-
plemental material. Further supplementary material for expander
process can be found in reference (Maråk and Neeraas, 2014).

11. Conclusions

The nitrogen-based turbo-expander technologies of NG lique-
faction satisfy the offshore LNG project requirements, and can serve
as safe alternatives for the economic development of stranded NG
fields. To make nitrogen-based turbo-expander technologies more
competitive with traditional technologies, knowledge inspired
parameter investigative optimization was performed to minimize
the compression energy requirement of the process. Two nitrogen
refrigerant based, single and dual expander processes were
considered. In the single nitrogen expander process, after enforcing
the 3 �C minimum approach temperature limit, the optimized
specific energy requirement value of 0.7449 kW/kg-LNG was ob-
tained at 5 bar LP and 100 bar HP of the expander cycle. From
optimization results it was concluded that the main irreversibility
in the single expander process was introduced by the suction
pressure and increased with the low overall operating pressure. In
the dual nitrogen expander process, the optimized specific power
requirement of 0.5007 kW/kg-LNG was obtained at an approach
temperature of 3 �C. The specific power requirement showed a
strong dependence on the low operating pressure of the nitrogen
cycle and the after-expansion temperature from the LP expander. In
addition, the suboptimum values of these variables bring the dual
expander cycle to an irreversible operation more quickly by
expending too much compression work. Considering the charac-
teristics of the dual nitrogen expander process, an optimization
algorithm was also developed to simplify the optimization proce-
dure. The strong point of the developed algorithm lies in its
simplicity of implementation and ability to begin optimization
from any suboptimal point and is independent of a good initial
estimate while it provides many useful insights into the optimizing
the design variables associated with the nitrogen expander cycles.
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Glossary

NG: Natural gas
LNG: Liquefied natural gas
kWh: Kilo watt hour
N2: Nitrogen
JT: Joule Thompson
T1: Average low temperature
T2: After-cooler temperature
Vel: Velocity
hc: Compressor efficiency
he: Expander efficiency
hex: Exergy efficiency
Ek: Kinetic exergy
Ep: Potential exergy
Ephy: Physical exergy
Echem: Chemical exergy
Qe: Refrigeration load
We: Work obtained from expander
Wc: Work done by compressor
Wtheor: Theoretical work of the expander
W: Net work of the compressor
g: Second law efficiency
mg: Gravitational mass
MITA: Minimum internal temperature approach
FLNG: Floating liquefied natural gas
AET: After expansion temperature
LP: Low pressure
HP: High pressure
H: System enthalpy
S: System entropy
Z: Height
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