Figure 1. Optimized Cascade plant, Darwin, Australia.
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T

he natural gas liquefaction industry has
sufficiently matured such that further
modifications to the process configurations
have a limited effect on plant efficiency.
The underlying process efficiency is
approaching its practical limits. As new processes have
been developed, various attempts have been made to
compare, among other things, the process efficiency
of the available LNG technologies1. The results of
these studies have been published and presented
in various forums, but the ConocoPhillips Optimized
CascadeSM* process has always been excluded
from these analyses. The processes evaluated came
from the group of propane mixed refrigerant (C3MR), single mixed refrigerant, dual mixed refrigerant,
IFP/Axens Liquefin™, Linde MFC®, and others. In
a few cases, a process simply called cascade has
been included. Unfortunately, this process has been
incorrectly assumed by many to be the Optimized
Cascade process offered by ConocoPhillips, whereas
in fact the process generally included represents a
classical cascade.
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These studies have used the classical cascade,
rather than the Optimized Cascade process, because
information is not generally available regarding the
process configuration and design methods employed
by ConocoPhillips. The company limits distribution and
access to these technical details because the process is
simple, easy to operate, and is assembled from equipment
provided by multiple suppliers. While these are positive
attributes for the end user, they require a level of secrecy
regarding the technology that prevents others from being
able to simulate the process. Comparisons of liquefaction
technologies are likely to accurately reflect the performance
of a classical cascade and other processes, but will not
reflect ConocoPhillips’ know-how or the features of the
Optimized Cascade process.
LNG process efficiency is defined as the heating value
of the feed gas minus the heating value of the fuel (i.e.
heating value of the products) divided by the heating value
of the feed gas. For a comparison study, the feed gas
composition and local environmental conditions should
be fixed. The efficiency of a LNG process is dependent
on many features. The two most important ones are the
efficiency of heat exchange and the efficiency of the
turbomachinery. The heat exchange efficiency is a function
of the process configuration and selection of the individual
heat exchangers, which sets temperature approaches. The
second main item depends on the compressor and turbine
efficiencies. This article will describe these factors.

Figure 2. Feed gas only composite curve for a
classical cascade liquefaction process.

Figure 3. Complete composite curve for a classical
cascade process.

The duty curve

An effective tool commonly used to analyse heat exchange
trains is a temperature versus duty graph (‘duty curve’).
This plot depicts the temperature change of the heat sink
and the heat source as a function of the heat transferred.
The heat source in a LNG plant is primarily the cooling
and condensing of the inlet gas and the refrigerants. The
heat sink is principally the vaporising refrigerant. The
ultimate heat sink is water or air, but those elements will be
ignored for the purposes of this article. As the temperature
difference between the heat sink and the heat source
nears zero, the process approaches thermodynamic
reversibility, which would require infinite heat transfer area
and the corresponding infinite capital cost.
Frequently, the only heat source shown in duty curves is
that of the feed gas. Then the curves are used as a means
to compare different liquefaction processes. However, this
leads to incorrect conclusions. Duty curves should include
all duty that is transferred at a given temperature, which
includes cooling and condensing of the refrigerants as well
as the feed gas.
The duty curve should be used as a design optimisation
tool. It provides an understanding of the heat exchange
efficiency with respect to changes in process variables,
such as refrigerant pressure levels. It thereby allows the
process designer to optimise the process and equipment
configuration. For the mixed refrigerant process, the duty
curve can identify the impact of variations in the refrigerant
composition from the optimal one.
The composite duty curve analysis seeks to optimise
the area or temperature difference between the heat
source and the heat sink in a cost effective manner.
Each of the available liquefaction processes attempts to
optimise this temperature difference in a different way.
The single mixed refrigerant process tries to match
the duty curve of the feed gas with a multi-component
refrigerant. Multiple mixed refrigerant processes attempt
to achieve a tight approach by using two or three mixed
refrigerant cycles that match the duty curve of the feed gas
as well as the condensing curve of the lower temperature
refrigerants. The propane mixed refrigerant processes
reduce the temperature difference through a multicomponent refrigerant to condense and subcool the feed,
while using a propane refrigeration system to precool the
feed and partially condense the mixed refrigerant.
The pure component cascade processes minimise the
overall source to sink temperature difference associated
with refrigerant condensing by condensing a pure
component refrigerant with another pure component
refrigerant. The Optimized Cascade process incorporates
optimised heat recovery schemes along with the use of
pure refrigerants. It also conditions the multi-component
feed gas to behave like a multi-component refrigerant via
an open loop methane refrigeration system.
All process designers of base load liquefaction plants
using proven technologies face the same challenge:
to efficiently cool and condense a mixture with a pure
refrigerant. In the Optimized Cascade process, the
mixture to be cooled and condensed is the feed gas. In
the propane mixed refrigerant processes, the two mixtures
requiring cooling and condensing are the feed gas and the
mixed refrigerant. For both processes, this requirement
(cooling and condensing a mixture with a pure refrigerant)
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is the chief source of inefficiency in the heat exchange
train.
A simplified method of comparing the efficiency of one
process with another is to calculate an average temperature
approach. The graph of this average approach would be
a smooth curve with the same area beneath it as the
area below the temperature sink curve. The temperature
difference between this curve and the temperature source
curve is constant throughout the temperature range and is
the basis of comparison.
The typical representation of a cascade process is shown
in Figure 2. This duty curve shows a wide temperature
approach averaging 24 ˚F. However, as discussed above,
this is an incomplete picture of the process heat exchange
efficiency. To evaluate the entire process, heat transfer
associated with the cooling and condensing of refrigerants
must be included. Specifically, the propane refrigeration
loads necessary to cool and condense ethylene, as well
as the ethylene refrigeration loads necessary to cool and
condense methane flash vapours, must be included in the
duty curve.
The complete duty curve is shown in Figure 3. The
average temperature approach for the complete process
is approximately 16 ˚F. The closer average approach
indicates that this cascade process is more efficient at
preparing refrigerants than extracting heat from the feed
gas. The efficient preparation of refrigerants is an inherent
benefit to the pure component cascade processes. It
is easy to understand that the efficient preparation of
refrigerants will be somewhat independent of feed gas
composition or changes in ambient conditions.
The ConocoPhillips Optimized Cascade process
addresses the shortcoming of the classical cascade with
two major enhancements. The first is the addition and
optimisation of heat recovery schemes. The second is
the conversion of the traditional closed loop methane
refrigeration system to an open loop system. These
modifications result in the duty curve depicted in Figure
4. It is useful to compare the average temperature
approach of the classical cascade (16 ˚F) in Figure 3 with
that of the Optimized Cascade (12 ˚F) in Figure 4. The
approach is reduced by approximately 25%, representing
a 10 - 15% reduction in power from the classical cascade
process. It is also worth noting that the incomplete duty
curve for the cascade process in Figure 2 produces an
average temperature approach twice as large as the
complete duty curve for the Optimized Cascade process
in Figure 4.
The classical use of the duty curve is to optimise
the levels of refrigeration. In the Optimized Cascade
process, the typical configuration consists of three
stages of propane refrigeration and two stages of
ethylene refrigeration (Figure 4). The additions of a
fourth stage of propane refrigeration and a third stage
of ethylene refrigeration have been evaluated for
these specific circumstances. Figure 5 shows the duty
curve for the Optimized Cascade process, containing
four stages of propane refrigeration and two stages of
ethylene refrigeration. The addition of the fourth stage
of propane refrigeration results in a reduction of the
average approach temperature of approximately 1 ˚F
and a reduction in the required power of approximately
1%. To achieve this, additional heat exchangers, vessels,

piping and instrumentation, and modifying compressor
casings is required. The economics do not justify the
increased cost of this additional stage of refrigeration
and the associated equipment.
A similar analysis has been conducted for the ethylene
system. Figure 6 is a duty curve for an Optimized
Cascade process containing three stages of ethylene
refrigeration. The addition of the third stage of ethylene
refrigeration reduces the average temperature approach
by approximately 2 ˚F with a 2 - 3% reduction in power.

Figure 4. Complete composite curve for the Optimized
Cascade process.

Figure 5. Complete composite curve for the Optimized
Cascade process with one additional level of propane
refrigeration.

Figure 6. Complete composite curve for the
ConocoPhillips Optimized Cascade process with one
additional level of ethylene refrigeration.
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This improvement is approaching a significant level and
may be a viable alternative for enhancing the underlying
process efficiency. As is the case for any efficiency
improving project, the economic benefit of the process
upgrade must be weighed against the increased cost of
the facility.
In the region of the curve where the refrigeration
stages have been added, the temperature of the cooled
stream drops significantly per unit of energy removed.
This indicates that little or no condensing is occurring
for the feed gas composition simulated. In those areas

Figure 7. Complete composite curve for the
propane mixed refrigerant process with three
levels of propane refrigeration.

Figure 8. Complete composite curve for the
propane mixed refrigerant process with four levels of
propane refrigeration.

where partial condensing of either the feed stream or
a mixed refrigerant is occurring, additional levels of
refrigeration are more easily justified. The propane
mixed refrigerant process provides an example. In many
plants, a fourth stage of propane refrigeration is used
to enhance process efficiency of the mixed refrigerant
condensing.
Figure 7 is the duty curve of a propane mixed refrigerant
process with three stages of propane refrigeration. The plot
shows considerable temperature difference in the propane
refrigeration portion of the curve as the mixed refrigerant
is condensed along with the feed gas.
Figure 8 illustrates a propane mixed refrigerant
process with a four-stage propane system. The average
temperature approach is reduced by 3 ˚F with an
accompanying reduction in overall power of 2 - 3%. This
opportunity for optimisation is evident only by producing
the complete duty curve showing not only the refrigeration
loads necessary to cool and condense the feed gas,
but also the loads needed to cool and condense the
refrigerants.
Figure 9 depicts the propane mixed refrigerant
process with the refrigeration loads necessary to cool the
inlet gas only. The load to cool and partially condense the
mixed refrigerant is omitted. In this Figure, the propane
system duty is approximately 20% of the total process
duty, which is inconsistent with the actual distribution of
power consumed by the process. It is also important to
distinguish between the technique implemented by the
Optimized Cascade process using a pure refrigerant
to condense a pure refrigerant and that of the propane
mixed refrigerant process to cool and partially condense
a multi-component refrigerant mixture with a pure
component refrigerant.
The changes discussed in the preceding paragraphs
represent step changes in capital cost with marginal changes
in the process efficiency and power requirement. Additional
process configurations have been developed in an attempt
to further reduce the average temperature approach, but
the successful operation of these facilities has not yet been
demonstrated. The liquefaction industry has matured to a
point where changes in the duty curve no longer represent
the greatest impact.
A process designer can effectively use this duty curve
to assist in developing a particular process scheme;
however, it should not be used in isolation. There are
significant technological developments in other areas that
have influenced the inherent efficiency of the process.
New technology for drivers, compressors and exchangers
have impacted the effective facility efficiency more in
the last 20 years than improvements in the liquefaction
process configuration.

New equipment technology

Figure 9. Feed gas only curve for the propane mixed
refrigerant process with three levels of propane
refrigeration.

As recently as 30 - 40 years ago, polytropic efficiency
for centrifugal compressors ranged from 60 - 75%
depending on the service. Current efficiencies for
centrifugal compression in liquefaction service are in
excess of 80%. This advancement represents an average
efficiency increase of 13% points or a relative increase
in efficiency of 19%. A liquefaction facility built 30 - 40
years ago would require 15 - 20% more power than
the same facility constructed with today’s compression
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technology. A duty curve can capture this effect, but
range of operating conditions. This demonstrates stability in
only if final heat rejection to the environment is included,
the underlying process efficiency.
which is not typically the case. All the above discussions
Facility D highlights the flexibility of the Optimized
concerning process configuration have resulted in a
Cascade process to operate with stable thermal efficiency
10 - 13% reduction in power, approximately 50 - 70% of
at three different ambient temperatures, a different
the improvement demonstrated by the enhancements in
feed composition, and with three different scenarios of
compressor efficiency alone.
refrigeration units offline. This consistency of thermal
During the same period, the simple cycle efficiency
efficiency is little known to non-licensees, but is a very
of gas turbines has increased from approximately 28%
attractive feature to the operator.
to 40%. This represents a 12% point improvement in
Table 1 also compares facilities A - C using high
efficiency or a relative increase of approximately 43%. A
efficiency aero-derivative gas turbines rather than the
duty curve for the liquefaction process is not the correct
actually installed industrial gas turbine drivers. This change
tool to analyse this improvement. This improvement has
results in an increase in gas turbine efficiency from 28% to
no impact on the power required to liquefy gas; however,
37% for facilities A and C. Facility B improves from 31% to
the fuel consumption necessary to do so is 60 - 70% of
37%. The average increase in facility thermal efficiency is
what it would have been 30 - 40 years
ago. Improved turbine efficiency provides
three to four times the reduction in fuel
consumption than that provided by
process improvements.
The performance of any liquefaction
facility is not only important at the design
point, but also at off design conditions.
These circumstances could be different
ambient temperatures, LNG heating
values, or feed gas compositions or
operation with a turbine driver shutdown for
maintenance. Table 1 shows the average
approach temperature and the thermal
efficiency of four facilities utilising the
Optimized Cascade process. The Table
also shows alternate operating conditions
for each. The average temperature
approach is relatively constant, as is the
thermal efficiency of each facility over the
Figure 10. Optimized Cascade process flow diagram.
Table 1. Comparison of the Optimized Cascade process at varying operating conditions
Facility
A

B

C

D

Condition

Average approach (˚F)

Design thermal
efficiency (%)

Aero derivative thermal
efficiency (%)

T1*

13

91

93

T2

12

92

93

T3

13

91

93

T1

14

92

93

T2

13

93

94

T3

13

92

93

T1- rich Gas

13

93

94

T1

12

90

93

T2

12

91

93

T3

12

90

92

T1- rich gas

12

90

93

T1- ship loading

12

89

92

T1

15

93

93

T2

14

93

93

T3

14

93

93

1 methane unit down

13

92

92

1 ethylene unit down

13

92

92

1 propane unit down

12

92

92

T1- lean

15

93

93

*T1 represents ambient temperature 1, T2 represents ambient temperature 2, etc.
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approximately 2% points for facilities A and C and 1% point
for facility B. LNG production could increase by 1 - 2% over
the life of the plant due to this improvement.
To put this in perspective, it would be necessary to
reduce the overall power requirement of the process by
25 - 30% to achieve the same results. Assuming a constant
facility feed gas rate, the 2 - 3% reduction in overall power
demonstrated by the addition of refrigeration stages in both
the propane mixed refrigerant process and the Optimized
Cascade process would result in a 0.1 - 0.2% increase in
LNG production.
The availability of high efficiency gas turbines in sizes
that are compatible with proven liquefaction technologies
shifts the focus of optimisation efforts away from the
thermodynamic efficiency of the process to maximising
the total value of the liquefaction business.
Process selection for a given project must include
the analysis of the heat transfer characteristics of the
process via the duty curve, the operating scenarios, and
the availability of reliable, high efficiency compressors,
and turbines in the size range appropriate for the facility.
The best process for a given liquefaction project will
incorporate ‘best in class’ equipment such that the whole
project produces maximum value for the project owner.
Technology selection should not be isolated to one aspect
of the technology, whether it be efficiency of the underlying
process or optimisation of a specific piece of equipment.
Any optimisation must be evaluated for the entire facility
to provide maximum value for the owner. One must also
consider and successfully manage conditions that differ

from the design premise while maintaining thermal efficiency
and ultimately honouring commitments to shareholders,
senior management, the financial community, and other
stakeholders. The ConocoPhillips Optimized Cascade
process is well positioned to optimise the incorporation of
technological advancements while delivering dependable
and predictable liquefaction business performance. _____n

Note
*Optimized Cascade services are provided by ConocoPhillips Company,
Phillips LNG Technology Services Company, and Bechtel Corporation via a
collaborative relationship with ConocoPhillips Company. Optimized Cascade,
the Optimized Cascade logo, ConocoPhillips, and its logo are trademarks of
ConocoPhillips Company. Bechtel and its logos are trademarks of Bechtel
Group Inc.
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