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This work describes the gas cascade analysis (GCA) as an extension to cascade analysis technique for targeting
the minimum flowrates for water and property-based networks. The GCA technique enables quick and accurate
identification of the minimum flowrate targets, pinch-point location(s), and resource allocation targets for a
utility gas network. Multiple-pinch problems and appropriate selection of gas purification techniques were
systematically assessed via the GCA. The GCA technique was successfully used to determine the minimum
flowrate targets for nitrogen, oxygen, and hydrogen utility gas networks prior to detailed design.

Introduction

Process integration emerged as an effective energy-saving
tool during the world energy crisis of the 70s.1-6 Since then, it
has evolved into a generic methodology for resource conserva-
tion and pollution prevention, covering the optimal synthesis
of mass-exchange network,7-16 maximum water-recovery
network,17-31 hydrogen networks,32-41 and property-based
network.42-49

The typical process integration technique for resource con-
servation comprises two steps, i.e., setting the minimum resource
targets followed by design of a resource-conservation network
to achieve the minimum resource targets. Generic targeting
techniques applicable for various types of resource-conservation
networks include graphical composite curves7,17,22,23,26,34,47and
numerical targeting techniques.8-10,24-28,30,49Once the resource
targets are established, the resource-conservation network can
be designed to achieve the minimum targets using various
network design tools.7,10,17,21,22,26,31Recent numerical targeting
methods such as cascade analysis technique have, thus far,
been proven applicable to water and property-based net-
works.24-25,27-29,49This paper describes the gas cascade analysis
(GCA) technique as a numerical tool to establish the minimum
flowrate targets for a utility gas network. GCA is an extension
of the cascade analysis technique for targeting water and
property-based networks. The problem definition for utility gas
network synthesis is given as follows:

GiVen a set of utility gas-using processes, it is desired to
synthesize a network of stream interconnections among the
processes so that the oVerall consumption of fresh utility gas is
minimized.

Despite many similarities, there exist two key differences
between synthesis problems of water and property-based
networks with that of a utility gas network. First, while pure
freshwater feed (zero contaminant load) has always been
assumed to be available for synthesis of water network, it is
quite common to encounter impure fresh feeds for utility gas
networks. Also, there are cases where the fresh feeds may

contain higher levels of impurities compared to the effluent gas
streams or gas sources. This rarely happens in a water network.

Second, a water network may consist of a mix of mass-
transfer-based and nonmass-transfer-based processes. For mass-
transfer operations, water is used to remove impurities from a
set of rich process streams. Note that any flowrate that can
remove impurities from a rich process stream is acceptable.
Hence, the flowrate for water feeds (i.e., water demands) may
not be fixed. However, this is not the case for utility gas
networks. To maintain steady-state operation (e.g., to maintain
the system pressure in a gas-phase hydrotreating reactor), it is
necessary to maintain a uniform inlet mass flowrate and gas
concentration for a gas-consuming process. This means that each
gas sink requires a fixed amount of gas flowrate and inlet
concentration.

This paper describes the GCA as a tool to set the minimum
flowrate targets for utility gas networks. The technique proposed
in this work will address the two previously mentioned key
limitations associated with the current state-of-the-art resource
targeting techniques.24-25,27-29,49 Four industrial case studies
involving the reuse/recycle of nitrogen, oxygen, and hydrogen
gases will demonstrate the extension of cascade analysis
technique to the setting up of the minimum utility targets for a
gas network.

Example 1sNitrogen Integration

Figure 1 shows the process flow diagram of a magnetic-tape
manufacturing process.10 Coating ingredients are dissolved in
an organic solvent and form a slurry mixture. The slurry is then
suspended with resin binders and special additives. Next, the
coating slurry is deposited on a base film. Nitrogen gas is used
to induce evaporation rate of solvent that is proper for
deposition. A small amount of the solvent is decomposed into
other organic species in the coating chamber. The decomposed
organics are then separated from the coating chamber exhaust
gas using a membrane unit. The retentate stream consisting
mainly of nitrogen and laden with 1.9 wt/wt % organic solvent
leaves the membrane unit at a flowrate of 3.0 kg/s.

The coated film undergoes a drying process where nitrogen
gas is used to evaporate the remaining solvent. The dryer exhaust
gas has a flowrate of 5.5 kg/s and a solvent concentration of
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0.4 wt/wt %. The two exhaust gas streams are mixed and
disposed of. To reduce nitrogen consumption, it is proposed to
reuse/recycle the solvent-laden exhaust gas to the coating and
drying processes, subject to the following constraints:

i. Coating
• 3.0 e flowrate of gaseous feed (kg/s)e 3.2
• 0.0 e wt % of solvente 0.2
ii. Drying
• 5.5 e flowrate of gaseous feed (kg/s)e 6.0
• 0.0 e wt % of solvente 0.1
The outlet concentrations for the coating and drying processes

are assumed to be independent of the feed gas concentration.
The constraints listed above require the gaseous flowrate and
its solvent concentration in the units to fall within the given
range. El-Halwagi10 and Foo et al.29 specify two key strategies
to maximize reuse/recycle. First, the maximum permissible inlet
concentration should be assigned as thelimiting concentration,
while the minimum feed flowrate should be assigned as the
limiting flowrate for each process sink. Second, the sources
should be segregated into individual streams, since mixing tends
to degrade the source streams’ qualities. For this example, the
solvent-laden exhaust gas should be segregated into membrane
retentate and dryer exhaust gas streams. Fresh makeup nitrogen

is solvent-free and, hence, has a limiting concentration of 0 wt
%. The limiting data for the gas sinks and sources are listed in
Table 1.

Gas Cascade Analysis (GCA) Technique

The first step in conducting a GCA is to locate the various
gas sinks and sources at their respective concentration levels.
As shown in Table 2, the concentration levels (Ck) are arranged
in an ascending order and the flowrate of each gas sink (Fj)
and source (Fi) is located individually at its respective concen-
tration levelk in columns 3 and 4. Column 5 represents the net
flowrate (ΣiFi - ΣjFj) between gas sources and sinks at each
concentration levelk; positive values indicate a surplus, negative
values indicate a deficit.

The next GCA step is to cascade the net flowrate surplus/
deficit down the concentration levels to yield the cumulative
surplus/deficit flowrate (FC) shown in column 6 of Table 2 and,
ultimately, the overall net surplus/deficit for the network. A zero
fresh nitrogen flowrate is assumed at this stage to facilitate the
search for the minimum utility gas flowrate. The cascade
principle is conceptually explained in Figure 2. In Figure 2a,
50 kg/s of waste gas is available as a gas source at an impurity
concentration of 5%. On the other hand, a gas sink exists at
100 kg/s and can accept up to an impurity concentration of 10%.
Without considering reuse, 50 kg/s of waste gas would have to
be purged, while 100 kg/s of fresh gas would have to be supplied
to satisfy the sink. However, as shown in Figure 2b, by making
use of 50 kg/s of the gas source atC ) 5% to satisfy the gas
sink that can tolerate a higher impurity of 10%, it is possible to
avoid purging the gas source directly as emission. Doing so
reduces not only the waste gas generation but also the fresh
gas intake, in both cases, by 50 kg/s.

The two final steps in getting the minimum utility targets
involve setting up the cumulative impurity load cascade (cum
∆m, column 8), and finally calculating the flowrate of fresh
gas needed at each concentration level, or theinterVal fresh

Figure 1. Process flow diagram of a magnetic tape manufacturing process in Example 1.10

Table 1. Limiting Data for Example 1 (Nitrogen Integration) 10

gas sinks,
SKj flowrate concentration

j stream Fj (kg/s) Cj (wt/wt %)

1 drying 5.5 0.1
2 coating 3.0 0.2

gas sources,
SRi flowrate concentration

i stream Fi (kg/s) Ci (wt/wt %)

1 membrane retentate 3.0 1.9
2 drying 5.5 0.4

fresh supply to be determined 0

Table 2. Infeasible Gas Cascade Table for Example 1 (Nitrogen Integration)

level,
k

concentration
Ck (wt/wt %)

ΣjFj

(kg/s)
ΣiFi

(kg/s)
ΣiFi - ΣjFj

(kg/s)
FC

(kg/s)
∆m

(kg/s)
cum∆m
(kg/s)

FF,k

(kg/s)

0
1 0

0
2 0.1 5.5 -5.5

-5.5 -0.006
3 0.2 3.0 -3.0 -0.006 -2.750

-8.5 -0.017
4 0.4 5.5 5.5 -0.023 -5.625

-3 -0.045
5 1.9 3.0 3.0 -0.068 -3.553

0 0.000
6 100 -0.068 -0.068
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gas flowrate, (FF,k). The largest negativeFF,k, which actually
represents the minimum fresh gas target that cascaded down
the cumulative gas flowrate column (FC), yields the minimum
discharge flowrate.

Note that the impurity load (∆m) shown in Column 7 of Table
2 is obtained from the product of cumulative gas flowrate (FC)
and the concentration difference across two concentration levels
(∆C). Cascading the impurity load down the concentration levels
of column 8 yields the cumulative load (cum∆m). Note that
the (cum∆m) is essentially the numerical equivalent of the
surplus diagram.34 Table 2 is an infeasible gas cascade table
(GCT) since the (cum∆m) value is negative. This means that
there is insufficient utility gas at the respective concentration
level. The amount of interval fresh gas flowrate (FF,k) is obtained
by dividing cum∆mby the difference between the concentration
at levelk (Ck) and the fresh feed concentration (CF), i.e.,

The absolute value of the largest negativeFF,k, i.e., 5.625
kg/s, is essentially the minimum fresh gas flowrate target (FF).
This amount is cascaded down theFC column of the feasible
GCT in Table 3, to produce the minimum nitrogen discharge
flowrates (FD) of 5.625 kg/s. The minimum fresh feed and
discharge flowrates identified by the GCA correspond to a
reduction of 34% from the original feed and discharge flowrates
(sum of the individual process flowrates in Table 1). The pinch
concentration for the gas network exists at 0.4%, where there
is zero cum∆m. From the limiting data in Table 1, emission
from the drying process (SR2) was identified as thepinch-
causing sourcefor this example. To achieve the minimum gas
targets, 2.875 kg/s of SR2, which exists between intervalsk )
3 andk ) 4, should be allocated to the region above the pinch,
while 2.625 kg/s of SR2 betweenk ) 4 and 5 should be allocated
below the pinch. The exact pinch-causing stream distribution
to meet the minimum gas targets is termed as theresource

allocation targets.25,28,49 In the next section, a case study
involving oxygen reuse/recycle will be presented to illustrate
the network-design technique to achieve the various network
targets established.

Example 2sOxygen Integration

Some preliminary work on oxygen integration has focused
on the optimum reuse of oxygen in a wastewater treatment
plant.50-52 The following case study is an attempt to explore
the interactions and possible site-wide integration between
process and utility sections for maximum oxygen recovery.

Figure 3 shows a process plant that consumes a large amount
of high-purity oxygen in its oxidation processes. A relatively
small portion of the oxygen is also fed to enhance the
combustion system as well as for the aerobic section of the
wastewater treatment plant. The sources of oxygen emitted from
the oxygen-consuming processes are still of good quality and
should, therefore, be reused/recycled to reduce the fresh oxygen

Figure 2. Concept of gas cascade: (a) without nitrogen cascading; (b) with nitrogen cascading.

Table 3. Feasible GCT for Example 1 (Nitrogen Integration)

level,
k

concentration
Ck

(wt/wt %)
ΣjFj

(kg/s)
ΣiFi

(kg/s)
ΣiFi - ΣjFj

(kg/s)
FC

(kg/s)
∆m

(kg/s)
cum∆m
(kg/s)

FF ) 5.625
1 0

5.625 0.006
2 0.1 5.5 -5.5 0.006

0.125 0.000
3 0.2 3.0 -3.0 0.006

-2.875 -0.006
4 0.4 5.5 5.5 0

2.625 0.039 (pinch)
5 1.9 3.0 3.0 0.039

FD ) 5.625 5.518
6 100 5.558

FF,k ) cum∆m
Ck - CF

(1)

Figure 3. Process flow diagram for oxygen integration in Example 2.
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intake. Limiting data for all oxygen sinks and sources are given
in Table 4. Note that, since GCA is able to handle impure fresh
feeds, the 5% impurity in fresh oxygen supply should not pose
any problems in getting accurate minimum gas flowrate targets.
The GCT for this case study (Table 5) gives fresh oxygen supply
(FF) and discharge (FD) targets at 30 kg/s and 4 kg/s,
respectively. This corresponds to a fresh oxygen reduction of
27% and a discharge gas reduction of 73%, as compared to the
base-case system shown in Figure 3.

Network Design

This section briefly reviews the design technique for a utility
gas network.35 Note that alternative techniques for water-
network design10,26,31may also be applied in combination with
the flowrate targets and pinch points established using the GCA
technique.

The pinch concentration identified in the targeting stage plays
an important role in designing a network for maximum gas
reuse/recycle. The pinch divides a network into two design
regions, i.e., the regions above the pinch and those below the
pinch, for problems involving a single pinch. It is essential to

observe the pinch division in order to achieve the minimum
flowrates established during the targeting stage. In the region
above the pinch, cumulative impurity load surplus is in mass
balance with load deficit. On the other hand, there is always
excess impurity load in the region below the pinch. The region
above the pinch is, therefore, controlling the overall gas flowrate
balance for the network and, hence, is the most constrained part
of the network.

Following the above observation, in designing a gas network,
a gas source above the pinch (including the external gas supply)
must not be fed to a gas sink below the pinch. Violating this
rule will result in a higher fresh gas flowrate. This rule also
applies during mixing of different gas sources belonging to the
different pinch regions. The pinch-causing stream(s) that exist
at the pinch concentration is, however, an exception to this rule.
Recall that part of the pinch-causing stream(s) belongs to the
region above the pinch, while the remaining belongs to the
region below the pinch.

To maintain steady-state operation of the gas-consuming
processes, we need to maintain a uniform mass flowrate and
concentration at the inlet stream of the gas-consuming process.
The following guidelines can be used to design the network:
10,35

(a) For sinks

whereFi,j is the flowrate between source SRi and sink SKj.

(b) For sources

Equations 2 and 3 are constraints/limits representing the flowrate
and the gas content required by a sink. Equation 4 states that
the flowrate of sourcei to be fed to sinkj is limited by the
availability of sink j. Any gas from a source that is not fed to
a sink will leave as a discharge stream.

The gas network for Examples 1 and 2 designed using the
above formulation is shown in Figures 4 and 5, respectively.
The flowrate targets as well as the gas allocation targets for the
pinch-causing stream identified during the targeting stage are
realized here. Note that, during the design stage, the gas network
should be designed independently for the individual pinch
regions. This is to avoid the gas sources from being fed to the

Table 4. Limiting Data for Example 2 (Oxygen Integration)

gas sinks, SKj flowrate concentration

j stream Fj (kg/s) Cj (wt/wt %)

1 process 1 25 10
2 process 2 10 10
3 combustion 4 65
4 wastewater treatment 2 65

gas sources, SRi flowrate concentration

i stream Fi (kg/s) Ci (wt/wt %)

1 process 1 10 40
2 process 2 5 50

fresh supply to be determined 5

Table 5. GCT for Example 2 (Oxygen Integration)

level,
k

concentration
Ck (wt/wt %)

ΣjFj
(kg/s)

ΣiFi
(kg/s)

ΣiFi - ΣjFj
(kg/s)

FC
(kg/s)

∆m
(kg/s)

cum∆m
(kg/s)

FF ) 30
1 5 0

30 1.50
2 10 35 -35 1.50

-5 -1.50
3 40 10 10 0.00

5 0.50 (pinch)
4 50 5 5 0.50

10 1.50
5 65 6 -6 2.00

FD ) 4 1.40
6 100 0 3.40

Figure 4. Process flow diagram of magnetic tape manufacturing process (Example 1) with exhaust gas reuse and recycling.

Flowrate: ∑
i

FSRi
,SKj

) FSKj
(2)

Gas content: ∑
i

FSRi
,SKj

CSRi
) FSKj

CSKj
(3)

Flowrate: ∑
i

FSRi
,SKj

) FSRi
(4)
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sinks in different design regions as well as any inappropriate
mixing of gas sources between regions, particularly in a
multiple-pinch problem. Note also that many network design
options may result as the number of gas sinks and sources
increase. A designer can always impose other constraints on
network design, such as forbidden or forced connections, due
to safety, operation, or geographical reasons.

Example 3sHydrogen Integration

Since hydrogen is a valuable utility gas in crude oil refineries
and petrochemical plants, hydrogen reuse and recycle has been
the subject of extensive research.32-41 Among the most promis-
ing graphical tools to set the minimum hydrogen targets are
the hydrogen surplus diagram34 and the material reuse/recycle
pinch diagram.23

Figure 6 shows a hydrogen network case study from Alves
and Towler,34 where the existing fresh hydrogen consumption
is reported at 277.2 mol/s. There are four hydrogen-consuming
processes in this case study, which consist of hydrocracker unit
(HCU), naphtha hydrotreater (NHT), cracked naphtha hy-
drotreater (CNHT), and diesel hydrotreater (DHT). There are

two hydrogen-producing facilities in this network, i.e., catalytic-
reforming unit (CRU) and steam-reforming unit (SRU). These
are the internal hydrogen sources for the network, and their use
is to be maximized before considering the purchase of hydrogen.
A fresh hydrogen supply having 5% impurity is available for
this case study. Limiting data for all hydrogen sources and sinks
are shown in Table 6.34 Note that the limiting data for a
hydrogen network cannot be directly extracted from its process
flow diagram such as that in Figure 6; the detailed procedure
to extract the limiting data is presented elsewhere.34

The results of GCA are shown in Table 7. Table 7 shows the
minimum fresh hydrogen target (FF) and discharge flowrate (FD)
at 268.82 mol/s and 102.52 mol/s, respectively. These values
agree with that reported by the graphical targeting tools.23,34

The GCT identifies the CNHT as the pinch-causing stream, from
which 354.88 mol/s must be sent to the region above the pinch
and 102.52 mol/s must be sent to the region below the pinch.

To further reduce fresh hydrogen intake, hydrogen sources
can be partially treated for reuse and recycle in the hydrogen
sinks. The next section demonstrates how GCA can be used to
appropriately place a hydrogen purifier in the context of an
overall process.

Figure 5. Oxygen reuse/recycle network for Example 2.

Figure 6. Refinery hydrogen network in Example 3: numbers represent
the total gas flowrate in mol/s and impurity concentration (mol %).34

Table 6. Limiting Data for Example 3 (Hydrogen Integration)34,23

gas sinks,
SKj flowrate concentration

j stream Fj (mol/s) Cj (mol %)

1 HCU 2495.0 19.39
2 NHT 180.2 21.15
3 CNHT 720.7 24.86
4 DHT 554.4 22.43

gas sources,
SRi flowrate concentration

i stream Fi (mol/s) Ci (mol %)

1 HCU 1801.9 25.00
2 NHT 138.6 25.00
3 CNHT 457.4 30.00
4 DHT 346.5 27.00
5 SRU 623.8 7.00
6 CRU 415.8 20.00

fresh supply to be determined 5.00
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Appropriate Placement of Hydrogen Purifier

Hydrogen purifiers manipulate the properties (e.g., impurity
concentration, flowrate, etc.) of hydrogen streams to match the
desired properties of hydrogen sinks. Common hydrogen
purifiers include pressure swing adsorption (PSA), membrane
separation, and cryogenic separation. In contrast to a water
regeneration unit that normally produces a single product stream,
the hydrogen purification units typically separate single hydro-
gen feed streams into two product streams, i.e., one with a lower
impurity concentration than that of the other. The low-impurity
product stream can either be reused in another hydrogen-
consuming process or recycled to the same process. A high-
impurity byproduct stream is either purged or used as fuel. In
the context of an overall network, a hydrogen purifier may be
placed above, across, and below the pinch, with purification
across the pinch being the best option.37

When dealing with purifier placement, assessment of the
impact of changes involves repetitive revisions of the flowrate
targets and pinch relocation. Such tasks can be quite cumber-
some with the use of graphical tools. The GCA technique, which
is very amenable to computer programming has managed to
overcome this problem.

Given a gas-separation membrane with a hydrogen recovery
of 95%,35 one possible option is to purify the portion of the
pinch-causing stream (CNHT) that lies below the pinch at 30%,
i.e., 102.52 mol/s to a product stream at 2% impurity. From
material-balance calculations, the flowrate of this high-quality
permeate stream is 69.57 mol/s. The flowrate and impurity
concentration for the retentate stream are 32.95 mol/s and
89.11%, respectively. Adding these two new hydrogen sources
at their respective concentration levels yields a new GCT, as
shown in Table 8. Note that the permeate stream from membrane

Table 7. GCT for Example 3 (Hydrogen Integration)

level,
k

concentration
Ck (mol %)

ΣjFj

(mol/s)
ΣiFi

(mol/s)
ΣiFi - ΣjFj

(mol/s)
FC

(mol/s)
∆m

(mol/s)
cum∆m
(mol/s)

FF ) 268.821
1 5.00

268.821 5.3764
2 7.00 623.8 623.8 5.3764

892.621 110.5957
3 19.39 2495.0 -2 495.0 115.9722

-1 602.379 -9.7745
4 20.00 415.8 415.8 106.1977

-1 186.579 -13.6457
5 21.15 180.2 -180.2 92.5520

-1 366.779 -17.4948
6 22.43 554.4 -554.4 75.0572

-1 921.179 -46.6846
7 24.86 720.7 -720.7 28.3726

-2 641.879 -3.6986
8 25.00 1940.5 1 940.5 24.6739

-701.379 -14.0276
9 27.00 346.5 346.5 10.6464

-354.879 -10.6464
10 30.00 457.4 457.4 0.0000

FD ) 102.521 71.7647 (pinch)
11 100.00 71.7647

Table 8. GCT for Example 3 (Regeneration with Membrane)

level,
k

concentration
Ck (mol %)

ΣjFj

(mol/s)
ΣiFi

(mol/s)
ΣiFi - ΣjFj

(mol/s)
FC

(mol/s)
∆m

(mol/s)
cum∆m
(mol/s)

1 2.00 69.6 69.6
(permeate) 69.570 208.71

2 5.00 FF ) 196.8 208.71
266.325 532.65

3 7.00 623.8 623.8 741.36
890.125 11 028.65

4 19.39 2495.0 -2 495.0 11 770.01
-1 604.875 -978.97

5 20.00 415.8 415.8 10 791.03
-1 189.075 -1 367.44

6 21.15 180.2 -180.2 9 423.60
-1 369.275 -1 752.67

7 22.43 554.4 -554.4 7 670.92
-1 923.675 -4 674.53

8 24.86 720.7 -720.7 2 996.39
-2 644.375 -370.21

9 25.00 1940.5 1940.5 2 626.18
-703.875 -1 407.75

10 27.00 346.5 346.5 1 218.43
-357.375 -1 072.13

11 30.00 354.9 354.9 146.31
-2.475 -146.31

12 89.11 33.0 33.0 0.00
(retentate) FD ) 30.475 331.84 (pinch)

13 100.00 331.87
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separation at 2% impurity is now much cleaner than the fresh
hydrogen supply (5% impurity) and is located at the highest
concentration level of the GCT. Hence, the fresh feed and
discharge flowrates of the network are now reduced to 196.8
mol/s and 30.475 mol/s, respectively. Note also that the pinch
concentration increases to the membrane retentate concentration
of 89.11 mol %.

Let us now assess another hydrogen purifier, a PSA unit with
a hydrogen-recovery value of 90% and capability to purify the
hydrogen stream up to 0.10% impurity.35 From material-balance
calculations, one obtains the product and residue flowrates of
64.65 mol/s and 37.87 mol/s, respectively, with the residue-
stream impurity concentration at 81.05%. Resetting targets using
GCA technique gave a reduced fresh hydrogen flowrates of 200
mol/s, which corresponds to a reduced discharge flowrate of
33.711 mol/s. GCT for this option is shown in Table 9. Note
that, in this case, the PSA has also purified the hydrogen source
to a higher level relative to the fresh hydrogen supply.

We can now conclude that a gas-separation membrane plays
a more important role in reducing the fresh hydrogen target in
this hydrogen network, compared to the PSA. This is due to
the fact that a membrane with a higher recovery of 95% (as
compared to PSA with a recovery of 90%) generates an
additional amount of hydrogen from the region of excess
hydrogen below the pinch to the region of hydrogen deficit
above the pinch. However, one should note that a purifier that
gives a higher recovery may not necessarily be better. A purifier
that produces a product stream at higher purity (e.g., PSA in
this case) may sometimes be a better selection in reducing the
overall flowrates of the gas network. We will examine this
situation in the multiple-pinch problem that follows.

Example 4sMultiple-Pinch Problems

Table 10 shows the hydrogen sources and sinks data for
Example 4. There are six hydrogen sinks and seven hydrogen
sources in this network. The fresh hydrogen supply in this case
has an impurity concentration of 0.10%. Using GCA, the
minimum fresh supply and discharge flowrates are found to be

125.21 mol/s and 90.96 mol/s, respectively (Table 11). This is
a typical multiple-pinch problem. Two pinches are observed in
the GCT, i.e., at impurity concentrations of 1.70% and 5.0%.
Following the terminology in the water network,22,25 the pinch
concentration at the lower impurity concentration of 1.70% is
designated as thelimiting pinch, i.e., the pinch that influences
the overall gas flowrates when any process changes take place.

In problems involving multiple pinches, more than two design
regions may exist. For Example 4, three distinct design regions
exist due to the existence of a limiting pinch at 1.70% purity
and a secondary pinch at 5.0%. Utilizing the GCA technique,
one can quickly identify the pinch-causing stream(s) and the
exact hydrogen allocation for the hydrogen source(s) in each
of the design region. This can then be verified using the network-
design procedure described previously. One of the possible
networks that achieves the various established network targets
is shown in Figure 7.

The correct identification of the limiting pinch is crucial in
problems involving multiple pinch points and near pinches.

Table 9. GCT for Example 3 (Regeneration with PSA)

level,
k

concentration
Ck (mol %)

ΣjFj

(mol/s)
ΣiFi

(mol/s)
ΣiFi - ΣjFj

(mol/s)
FC

(mol/s)
∆m

(mol/s)
cum∆m
(mol/s)

1 0.10 64.7 64.7
(product) 64.650 316.785

2 5.00 FF ) 200.0 316.79
264.641 529.28

3 7.00 623.8 623.8 846.07
888.441 11 007.79

4 19.39 2495.0 -2 495.0 11 853.86
-1 606.559 -980.00

5 20.00 415.8 415.8 10 873.86
-1 190.759 -1 369.37

6 21.15 180.2 -180.2 9 504.48
-1 370.959 -1 754.83

7 22.43 554.4 -554.4 7 749.66
-1 925.359 -4 678.62

8 24.86 720.7 -720.7 3 071.04
-2 646.059 -370.45

9 25.00 1940.5 1 940.5 2 700.59
-705.559 -1 411.12

10 27.00 346.5 346.5 1 289.47
-359.059 -1 077.18

11 30.00 354.9 354.9 212.29
-4.159 -212.29

12 81.05 37.9 37.9 0.00
(residue) FD ) 33.711 638.83 (pinch)

13 100.00 638.83

Table 10. Hydrogen Source and Sink Data for Example 4
(multiple-pinch problem)

gas sinks, SKj
flowrate,Fj

(mol/s)
concentration,Cj

(mol %)

1 120.00 0.10
2 27.80 1.40
3 80.00 2.50
4 60.00 2.50
5 100.00 3.00
6 150.00 10.00

gas sources, SRi
flowrate,Fi

(mol/s)
concentration,Ci

(mol %)

1 80.00 1.70
2 75.00 15.00
3 28.55 4.00
4 80.00 5.00
5 120.00 10.00
6 40.00 1.70
7 80.00 2.50

fresh hydrogen supply to be determined 0.10
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Identification of the wrong pinch point will result in missed
opportunities during hydrogen-network debottlenecking. This
is particularly important for problems involving multiple
pinches, where the region above the limiting pinch is the most-
constrained part of the network. Debottlenecking strategy will
only be beneficial when the hydrogen source flowrate is
increased above the limiting pinch. Alternatively, decreasing
the need of a hydrogen sink in the region above the limiting
pinch will also achieve the debottlenecking objective. This is
another area where quick and accurate determination of the true
pinch point and flowrate targets is crucial in gas network
analysis. Here, once again, GCA has an important role to play.

Given the same hydrogen purifiers in Example 3, we can
now determine the appropriate selection of purifier that will
reduce the overall hydrogen flowrates of the network. GCT for
purifying the hydrogen source using a gas-separation membrane
(with a hydrogen recovery of 95% and producing a permeate
stream with 2% impurity) is shown in Table 12. Note that,
though the secondary pinch purity at 5.0% has been removed,

the minimum flowrate targets for this option are the same as
before regeneration (Table 11). In other words, no benefit is
obtained by adding a new membrane-separation unit into the
network. This is due to the fact that the overall hydrogen
flowrate targets are controlled by the most-constrained part of
the network, i.e., the region above the limiting pinch. Hence,
the purified product stream must achieve an impurity concentra-
tion lower than the limiting pinch concentration before the fresh
hydrogen requirement can be reduced.

Another hydrogen purifier in Example 3 that was used for
evaluation was the PSA unit with a hydrogen recovery of 90%,
a resulting residue stream at 52.43% purity, and a product stream
containing 0.10% impurity, which was lower than the limiting
pinch. Resetting targets using GCA gave a reduced fresh
hydrogen target of 54.23 mol/s and a discharge target of 19.98
mol/s (Table 13). Because of the reallocation of hydrogen
sources within the whole network, the original limiting and
secondary pinches disappeared, while a new pinch emerged at
the residue stream concentration of 52.43%. Hence, we can

Figure 7. One possible network design for Example 4: flowrate in mol/s while composition in mol % impurity.

Table 11. GCT for Example 4 (Multiple-Pinch Problem)

level
k

concentration
Ck (mol %)

ΣjFj

(mol/s)
ΣiFi

(mol/s)
ΣiFi - ΣjFj

(mol/s)
FC

(mol/s)
∆m

(mol/s)
cum∆m
(mol/s)

FF ) 125.21
1 0.10 120 -120

5.21 0.068
2 1.40 27.8 -27.8 0.068

-22.59 -0.068
3 1.70 120 120 0.00

97.41 0.779 (limiting pinch)
4 2.50 140 80 -60 0.779

37.41 0.187
5 3.00 100 -100 0.966

-62.59 -0.626
6 4.00 28.55 28.55 0.340

-34.04 -0.340
7 5.00 80 80 0.000

45.96 2.298 (secondary pinch)
8 10.00 150 120 -30 2.298

15.96 0.798
9 15.00 75 75 3.096

FD ) 90.96 77.318
10 100 80.414
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conclude that PSA plays a more important role in reducing the
overall hydrogen targets in this network, as compared to a gas-
separation membrane. By purifying the hydrogen source in the
region of excess hydrogen (below the secondary pinch), PSA
supplies an extra amount of hydrogen to the region of hydrogen
deficit (above the limiting pinch). Finally, note also that all
preliminary screening for appropriate placement of hydrogen
purifier is carried out prior to the detailed design of the network.

Conclusion

The cascade analysis tool for targeting the minimum flowrates
for water and property-based networks has been extended to
utility gas networks. Gas cascade analysis (GCA) enables quick
and accurate identification of the minimum flowrate targets,
pinch point location(s), and resource allocation targets for a
utility gas network. Appropriate selection of gas-purification
techniques can be systematically assessed using the GCA.

Problems involving multiple pinches can now be handled more
efficiently, more accurately, and with much less effort.
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