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This paper addresses the mass load cascade analysis (MLCA) for
reuse/recycle and regeneration of hydrogen and water networks as an
extension to the mass problem table for targeting the minimum water

Published: April 2019 flowrate in reuse/recycle water network. The MLCA technique gives

the pinch concentration and accurate identification of minimum fresh
hydrogen and water flowrates required for utility network after source-
sink allocation targets. Additionally, selection of hydrogen purification
unit was accessed via MLCA. All these targets are determined ahead of
detailed design of utility network. Different hydrogen and water
network case studies from literature are solved to illustrate the
proposed approach.
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Introduction:-

As a result of restrictive environmental regulations, the world tends to reduce waste and prevent pollution. Process
integration is considered as an effective tool for saving the energy and the mass in industry in recent decades. It is
used in heat integration to reduce power consumption and maximize heat recovery [1], [2], [3]. In addition, it is used
in mass exchange networks [4], [5], [6], [7], [8], [9], water networks [10], [11], [12], [13], [14] and material recycle
[15], [16]. In recent years, process integration is used in hydrogen networks to minimize hydrogen supply in
refineries [17], [18], [19], [20], [21]. That helps refineries in minimizing the operating cost of fresh hydrogen
supply. There are two approaches in process integration. The first approach is based on the pinch analysis approach
[12], [13], [14], [15], [16], [18], [19], [22], [23] and the second is based on the mathematical programming approach
[24], [25], [26], [27], [28]. The pinch analysis approach exists in two techniques, graphical targeting technique [12],
[15], [16], [18] and numerical targeting technique [13], [14], [19], [22], [23].

This paper presents the numerical mass load cascade analysis (MLCA) technique based on pinch analysis approach
to obtain the minimum flowrate of fresh source and minimum waste flowrate in hydrogen and water networks.
MLCA is an extension of the mass problem table technique [14] to target water networks.

The mass problem table technique cannot deal with an impure fresh source of reuse/recycle of water networks. In
addition, the new fresh source may have a higher impurity concentration than the process sources, especially in the
hydrogen network. In the hydrogen network, the source of fresh hydrogen is rarely pure. Also, the mass problem
table technique does not deal with the regeneration process when it is included in the overall water network.
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In this work, the mass problem table technique was modified to the MLCA technique to address the previous
limitations. MLCA can be used as a general tool to obtain a minimum of both fresh source flowrate and waste
disposal flowrate for hydrogen and water networks. In addition, it is used in reuse//recycle for different impurity
concentrations of fresh utility and in the regeneration process.

Problem Statement

For a given process there are

1. Set of process hydrogen and water sources: SOURCES ={ili=1, 2, ..., Nsources} Each source with flow rate, Fsg, i,
and a given composition, Csr i

2. Set of process hydrogen/water sinks: SINKS = {j 1j=1, 2, ...,Nsins}. Each sink with flowrate, Fsy j, and
composition Cgk

3. A fresh (external) source with impurity concentration Cg can be purchased to supplement the use of process
sources.

4. Single - pass or partitioning regeneration unit that is used to reduce the targeted species from the sources

The overall objective of this work is solving the problem by MLCA technique to allocate sources to sinks in
reuse/recycle integration system, and then it is expanded to the regeneration process to satisfy the demands of the
sinks.

Mass Load Cascade Analysis Technique (MLCA)
The mass load cascade analysis technique includes two steps to be applicable for all impurity concentration types of

fresh utility. The first step is the construction of the sources and sinks cumulative loads table. The second step is the
construction of the mass load cascade analysis table.

Step 1: Sources and Sinks Cumulative Loads Table
The first step in conducting MLCA is the construction of the sources and the sinks cumulative loads table (Table 1).

As illustrated in Table 1, the source load is obtained from the product of source flowrate (FSR, i) and the difference
between the source concentration (Csg, i) and the concentration of fresh hydrogen/water source (Cg). By the same
way, the sink load is obtained from the product of sink flowrate (Fsk, j) and the difference between the sink
concentration (Csk, j) and the concentration of fresh hydrogen/water source (Cr).

Table 1:-Sources and Sinks cumulative loads

Source Source Source Cumulative Sink Sink Sink . Cumulative
Source load Sink load
streams | flowrate Conc. (Msw.1) load streams | flowrate | Conc. (Msk.)) load
(SR,) (Fsr,i) (Csr,i) SR (Cum Msg, ) (SK.j) (Fsk.j) (Csk.j) SK (Cum Msk, )
SR 1 Fsr, 1 Csr1 Fsr,1* (Csr, 1- CF) 0+ Msg, 1 SK 1 Fsk, 1 Csk1 | Fsk 1* (Csk 1- Cr) 0+ Msk, 1
SR Fsr, 2 Csr,2 Fsr, 2* (Csr, 2- CF) CT&Z:T' ! SK 2 Fsk 2 Csk.2 | Fsk 2* (Csk 2- Cr) Clirp/lls\ﬂs: !
| | | | | [ | | | |
I | | I I | I I I I
| I | | | I | I | I
Cum Msg, n-1 Fsk, m* (Csk, m- Cum Msk, m-1
* ) : ' ' '
SR n Fsr,n Csr.n Fsr,n* (Csr, n- Cr) +Mssn SK'm Fsk, m Csk,m C) +Msic

The second step in adapting the MLCA is the construction of mass load cascade table for reuse/recycle integration
system to determine the minimum fresh and discharge utility flowrates target for the hydrogen and water networks
and the location of the pinch point. Step 2 can be extended to be used for regeneration system with some different
constraint.

Step 2: Mass Load Cascade Analysis Table for Reuse/recycle Hydrogen and Water Utility Networks

As illustrated in Table 2, the mass load cascade table composes of 12 columns. Column 1 presents the number of
cumulative loads intervals. Column 2 (My) is the ascending order of the cumulative loads of sources and sinks
described in Table 1. The cascade order in this column starts with zero cumulative load. Column 3 represents the net
cumulative loads (AMy) within the intervals. In columns 4 and 6, sources and sinks cumulative loads are arranged in
an ascending order at their respective cumulative load interval. Where each source/sink starts at its cumulative load
and ends at the cumulative load of the next source/sink. Columns 5 and 7 represent the concentration of the sources
and the sinks corresponding to the sources and the sinks types in columns 4 and 6, respectively. The interval source
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flowrate (AMgg ) in column 8 is obtained by dividing the net interval load (AMg) at level k by the difference
between the source concentration at that level and the fresh feed concentration (Cg). The same procedure applied in
column 8 is repeated in column 9 for interval sink flowrate (AMgk k). The net flowrate between the source and the
sink (ASy) in column 10 is calculated as the difference between the source flowrate ( AMsrk, column 8) and the sink
flowrate (AMskk, column 9) at each net interval cumulative load. The negative sign in this column indicates that
there is a deficit but the positive sign indicates that there is a surplus.

The two last columns in MLCA table indicate the minimum fresh and discharge utility flowrate and the pinch point
concentration. The net flowrate between sources and sinks (ASk, column 10) is cascaded down from top to bottom in
columns 11 (Cum ASy) and 12 (Cum AQy). The start of the cascade analysis in column 11 begins with zero fresh
hydrogen/water flowrate to facilitate the search for the minimum fresh utility flowrate. The absolute value of the
largest negative value obtained in column 11 represents the minimum fresh utility flowrate target. The procedure
applied in column 11 is repeated in column 12 but with starting the cascade analysis with the absolute value of the
largest negative value obtained in column 11. This value cascaded down the net flowrate (ASk, column 10) yields
the minimum discharge utility flowrate target (last value in column 12). The pinch point location and concentration
of the hydrogen/water network exists at the zero value of the cascade net flowrate in column 12.

Table 2:-General mass load cascade analysis

Interval Cumulative Net interval Process Source Process Sink Interval Source Interval Net Cascade net Cascade net
k load (M) cumulative sources conc. Sinks conc. flowrate Sink flowrate flowrate flowrate
Loads SR« Csrk SKk Csk, k AMsr K flowrate ASk Cum ASk Cum AQx
AMk AMisk k
Fresh
source
flowrate =
0 min cum
ASk
k My=0
mincum
Mii1-0 SR Csri1 SK1 Csk,1 AM «/ (Csr,1-CF) AM «/ (Csk,1-CF) AMSsR k- AMsk, k 0+ ASk .
ASi+ ASk
K+1 Must SR Csr1 SKy Csk,1
C ASi+ C AQx+
Misz Mioy SR: Csr2 SKi Cs.1 AMic1/ (Csr2-Cr) AMia/ (Csk,1-Cr) AMSsR k1~ AMisk ks1 um ASK um AQx
ASk+1 ASks1
K+2 Mus2 SR: Csr2 SKi Csk,1
Cum ASyer+ cum
Musz- M2 SR3 Csr.3 SKz Csk,2 AMi2/ (Csr3-Cr) AMi:2/ (Csk.2-Cr) AMsR k2~ AMsk ks2 ASk Zkﬂ AQu:1+
ok ASis2
K+3 Muis SR3 Csr,3 SKz Csk,2
Cum
+ - w2t
Mos Moz | SR Coe | SKa Cos | AMud CorwCa) | MO AMGr AMgcs | A2 AQut
Cr) ASki3 ASies
K+4 Muia SR4 Csra SK3 Cska
Cum
+ - ot
Miss- Miea SRs Csrs SKa Csk AMyeal (Csrs-Cr) AM il (Corc s AMsgis- AMscjs | CUM ASkes AQieat
Cr) ASkss ASes
K+5 \v SRs Csrs SKa4 Cska
I | | I | I | | | | I I
| | | | | | | | | | | |
| | | | | | | | | | | |
n-1 Mo SRn1 Csr.n1 SKn1 Csk,n1
AM 1/ (Csr, na- AM 1.1/ (Csk, n1- C ASn2t C AQn-
My —Mha SRn1 Csr.n1 SK 1 Csk,n1 " 1C£) SRt " 1C£) St AMsR n-1- AMsk -1 “?SH" z ::ZSS"
n M, SRn Csr.n SKn Csk,n

Network design

In this work the network design technique based on pinch point calculations presented by El Halwagi [6], Prakash
and Shenoy [23], Aly et al. [14] and Foo and Manan [29] is applied. In this technique, network design depends on
the concentration at the pinch point. Where the design of the network is divided into two regions. The first region is
the area above pinch concentration while the second region is the area below pinch concentration. In the region
above the pinch, fresh water is used while below the pinch, wastewater is discharged. Also, cumulative load surplus
is in load balance with load deficit above the pinch. But in the region below the pinch, there is always excess
impurity load. The fresh utility source and the other sources above the pinch must not supplied to the sinks below
the pinch. The source located at the pinch is divided by the pinch into two parts. The first part belongs the region
above the pinch and the second part belongs the region below the pinch. If there is part of any source is not supplied
to any sink, it is discharged to the waste. For each sink j, its flowrate is the summation of all sources (¥; F; ;)
supplied to it at its cumulative interval load. If the sink demand is not completed by the sources located in the same
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cumulative interval load, it completes its demand from the sources residual from the above cumulative intervals and
the fresh source. The overall flowrate and impurity concentration balance for sink j are applied as described in
Equations 1 and 2, respectively. For each source i, the overall flowrate balance is applied as illustrated in Equation
3.

FSK,j = ZFi'j +fT'eShj (1)
i

Fog j Csg,j = ZFi,j Csgi + fresh; Cp 2)

L
Fsp; = Z F; 3)

i
Where F; ; is the flowrate from source i to sink j. fresh; is the hydrogen flowrate from fresh hydrogen source to sink
j.
Case study 1: Hydrogen network (fresh hydrogen source has impurity concentration lower than all sources)

This case study of the hydrogen utility network was presented in this work to apply the MLCA to the gas utility
networks. Table 3 presents the hydrogen network composed of 6 hydrogen sources and 4 hydrogen sinks [18]. The
fresh hydrogen source is impure and has impurity concentration lower than the impurity concentration of all sources.
It is supplied to this network at impurity concentration of 5% and flowrate of 277.2 mol/s.

Table 3:-Sources and sinks data for case study 1

Sources Flowrate Concentration Sinks Flowrate Concentration
(mol/s) (mol%) (mol/s) (mol%)
HCU (Hydrocraking unit) 1801.9 25 HCU 2495 19.39
NHT (Naphtha hydrotreating) 138.6 25 NHT 180.2 21.15
CNHT (Cracked naphtha hydrotreating) 457.4 30 CNHT 720.7 24.86
DHT (Diesel hydrotreating) 346.5 27 DHT 554.4 22.43
SRU (Steam reforming unit) 623.8 7
CRU (Catalytic reforming unit) 415.8 20
Fresh Hydrogen utility To be determined 5

The first step to get the minimum fresh hydrogen and hydrogen discharge targets for this case study is to construct
the sources and sinks cumulative loads table as presented in Table 4. The cumulative loads of sources and sinks
obtained from Table 4 are arranged in ascending order in Table 5 (step 2 in construction of MLCA).

Table 4:- Sources and sinks cumulative loads for reuse/recycle for case study 1

Sources Flowrate Conc. Load Cum loads Sinks Flowrate Conc. Load Cum
(mol/s) (moll/s) (moll/s) (mol/s) (moll/s) (mol/s) loads
SR1 (SRU) 623.8 7 12.476 12.476 SKi1 (HCU) 2495 19.39 359.0305 359.0305
SRz (CRU) 415.8 20 62.37 74.846 SK2 (NHT) 180.2 21.15 29.1023 388.1328
SR3(HCU) 1801.9 25 360.38 435.226 SK3 (DHT) 554.4 22.43 96.63192 484.7647
SR4(NHT) 138.6 25 27.72 462.946 SK4 (CNHT) 720.7 24.86 143.13102 627.8957
SRs (DHT) 346.5 27 76.23 539.176
SRe (CNHT) 457.4 30 114.35 653.526

As illustrated in Table 5, the absolute value of the largest negative value of the cascade net flowrate in column 11 is
268.821 mol/s. This value is equivalent to the minimum fresh hydrogen target for the studied hydrogen network.
Note that the negative value in the cascade net flowrate in column 11 indicates insufficient fresh hydrogen in the
cumulative loads interval and the positive value indicates excessive fresh hydrogen. The minimum fresh hydrogen
268.821 mole/s is cascaded down the net flowrate column (ASk, column 10) in Table 5, to yield the minimum
discharge hydrogen flowrate of 102.521 mol/s (column 12, row 21). As illustrated in column 12. The pinch
concentration for the hydrogen network at which the cascade net flowrate Cum AQx (column 12) is zero exists at 30
mol% (concentration of source 6). These results agree with the results obtained by previous works [19], [18], [29],
[30].

In designing the hydrogen network above the pinch concentration, the sink located at cumulative loads interval k

takes its demand from sources located at the same cumulative loads interval and completes its demand from any
sources residual from the above cumulative loads interval and the fresh hydrogen source. As illustrated in Table 5,

1226



ISSN: 2320-5407 Int. J. Adv. Res. 7(4), 1223-1237

sink 1 locates in cumulative loads intervals 2, 3 and 4. It takes its demand from sources 1, 2 and 3 and completes its
demand from fresh hydrogen source. These sources are located at the same cumulative load intervals. It takes 623.8
mol/s from source 1, 415.8 mol/s from source 2, 1420.9225 mol/s from source 3 and 34.4775 mol/s from the fresh
hydrogen source. Sink 2 locates in cumulative loads interval 5 and takes 145.5115 mol/s from source 3 and 34.6885
mol/s from the fresh source. Sink 3 locates in cumulative loads intervals 6, 7 and 8. It takes 235.366 mol/s from
source 3, 138.6 mol/s from source 4, 99.176 mol/s from source 5 and 81.158 mol/s from the fresh source. Sink 4
locates in cumulative loads intervals 9 and 10. It takes 247.324 mol/s from source 5, 354.8789 mol/s from source 6
and 118.497 mol/s from the fresh source. In the region below the pinch concentration, there is 102.521 mol/s from
source 6 and there are not any sinks. Thus this amount of source 6 is discharged. The hydrogen network design for

case study 1 is shown in Figure 1.

Table 5:-Mass load cascade analysis for reuse/recycle of case study 1

(25 mol%)

SR 4
138.6 mol/s
(25 mol%)

138.6

SRS
346.5 mol/s
(27 mol%)

99.176

247.324

SR 6
457.4 mol/s
(30 mol%)

354.879

102.521
discharge

Figure 1:- Hydrogen network design for case study 1

Interval Cumulative Net Process Source Process Sink Interval Interval Net Cascade Cascade
k load interval sources conc. Sinks conc. Source Sink flowrate net net
(My) Load SRk Csrk SKk Csk, k flowrate flowrate ASk flowrate flowrate
(mol/s) AMxk AMsR AMsK K (mol/s) Cum ASk Cum AQk
(mol/s) (mol/s) (mol/s)
0 268.82104
1 0
12.476 | source 1 7 sink 1 19.39 623.8 86.6991 537.1009 | 537.1009 805.9219
2 12.476 source 1 7 sink 1 19.39
62.37 source 2 20 sink 1 19.39 415.8 433.426 -17.626 519.4749 788.296
3 74.846 source 2 20 sink 1 19.39
284.185 | source 3 25 sink 1 19.39 1420.923 1974.875 -553.952 -34.4775 234.3435
4 359.0305 source 3 25 sink 1 19.39
29.1023 | source 3 25 sink 2 21.15 | 145.5115 180.2 -34.6885 -69.166 199.655
5 388.1328 source 3 25 sink 2 21.15
47.0932 | source 3 25 sink 3 22.43 235.466 270.1847 | -34.7187 | -103.885 164.9363
6 435.226 source 3 25 sink 3 22.43
27.72 source 4 25 sink 3 22.43 138.6 159.0361 -20.4361 -124.321 144.5002
7 462.946 source 4 25 sink 3 22.43
21.8187 | source 5 27 sink 3 22.43 99.176 125.1791 | -26.0031 | -150.324 118.497
8 484.7647 source 5 27 sink 3 22.43
54.4113 | source 5 27 sink 4 24.86 247.324 273.9742 | -26.6502 | -176.974 91.84682
9 539.176 source 5 27 sink 4 24.86
88.7197 | source6 | 30 sink4 | 2486 | 354879 | 4467258 | -91.8468 | -268.821 | 1AE-14
(Pinch point)
10 627.8957 source 6 30 sink 4 24.86
25.6303 | source 6 30 102.521 102.521 -166.3 102.521
11 653.526 source 6 30
SK1 SK2 SK3 SK 4
2495 mol/s 180.2 mol/s 554.4 mol/s 720.7 mol/s
(19.39 mol%) (21.15 mol%) (22.43 mol%) (24.86 mol%)
A A A A A Y A A A
Fresh hydrogen 34.4775 34,6885 81.158 118.497
268.821 mol/s
(5 mol%)
SR1 623.8
623.8 mol/s
(7 mol%)
SR2
415.8 mol/s 4158
(20 mol%)
SR 3 1420.923 145.5115 235.466
1801.9 mol/s
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Case study 2: water network (Fresh water source has impurity concentration higher than some water
sources)

This case study is taken from the water minimization in a pulp and paper mill presented by Parthasarathy and
Krishnagopalan [31]. It involves 4 water sources and five water sinks with flowrates and concentrations as
illustrated in Table 6. The available fresh water source has impurity concentration (4.2 ppm) higher than the water
source W13 (0 ppm). In this case study, MLCA will be applied if one or more sources are more pure than the fresh

source. Where source 1 is cleaner than the fresh water source.

Table 6:-Sources and Sinks data for case study 2

Sinks Flowrate, (ton/day) Concentration, (ppm) Sources Flowrate, (ton/day) Concentration, (ppm)
w7 7000 110 W13 7971 0

W18 4200 5.5 W8hb 945 275

w27 2000 38.5 W38 14520 235

W37 12000 38.5 W42 13750 504

W41 11200 13.2 Fresh water source 4.2

The sources and sinks cumulative loads table is presented in Table 7. As illustrated in Table 7, the first cumulative
loads value in column 10 (first row) is negative value. This result came because the fresh source has higher impurity
concentration than the first source W13. The cumulative loads of sources and sinks obtained are arranged ascending
order in Table 8 (step 2 in construction of MLCA).

Table 7:-Sources and sinks cumulative loads for case study 2

Sinks Flowrate Concentration Load Cum load Sourcs Flowrate Concentration Load Cum load

(SK.j) | (ton/day) (ppm) (kg/day) | (kg/day) (SR,) | (ton/day) (ppm) (kg/day) (kg/day)
w18 4200 5.5 5.46 5.46 W13 7971 0 -33.4782 -33.4782
W37 12000 10.12 71.04 76.5 W38 14520 235 3351.216 3317.738
W41 11200 13.2 100.8 177.3 W8h 945 275 255.906 3573.644
w27 2000 38.5 68.6 245.9 W42 13750 504 6872.25 10445.89
W7 7000 110 740.6 986.5

As illustrated in Table 8, the minimum fresh water flowrate target is 24009.68 ton/day (column 11, row 13) and the
discharge flowrate is 24795.68 ton /day (column 12, row 19). The pinch is located at concentration 235 ppm
(concentration of source 2). These results are similar to those obtained by Foo [32]. Note that, in this network, the
fresh water source has impurity concentration (4.2 ppm) higher than one of the sources (W13). In designing the
network above the pinch concentration, each sink will take its demand from the sources located at its cumulative
load interval and sources residual from the above cumulative load intervals. If the sources and the sources residual
are less than the sink demand, the sink will complete its demand from the fresh water source. After consuming of the
fresh water target, sinks completes their demand from source 1 which is more pure (0 ppm) than the fresh water
source.

As described in Table 8, sink 1 locates in cumulative load intervals 2 and 3. It takes 23.657 ton/day from source 2
and 4176.343 ton/day from fresh water source. Note that, if sink 1 took 168.7097 ton/day (column 8, row 5) from
source 2 and the remainder 4031.9 ton/day from fresh water, the impurity balance as presented in Equation 2 will
not be achieved. Thus, we can conclude that there is an excess impurity load from sources located at the sink
cumulative loads interval. To determine the actual amount of source 2 and the amount of fresh water added to sink
1, it is assumed that x amount of source 2 and y amount of fresh water are added to sink 1. The summation of the
two amounts is 4200 ton/day according to the flowrate balance of sink 1 (Equation 1). Using equation 1 and 2, sink
1 takes 23.657 mol/s from source 2 and 4176.343 ton/day from fresh water source. Note also that sink 1 completes
its demand from the fresh water source rather than source 1. Because the fresh water source contains a higher
impurity concentration than source 1.

Sink 2 takes 307.8 ton/day from source 2 and completes its demand from the fresh water source (11692.2 ton/day).
The last amount of fresh water is 8141.137 ton/day. This amount is sent to sink 3. If sink 3 took this amount and
436.7418 ton/day from source 2 (column 8 and row 9 in Table 8) and completes its demand from source 1, the
impurity concentration balance of sink 3 according to Equation 2 is not achieved. To achieve the impurity
concentration balance, x amount of source 2 and y amount of source 1 are assumed to be supplied to sink 3. Using
Equations 1 and 2, it is found that, 483.605 ton/day from source 2 and 2575.258 ton/day from source 1 are sent to
sink 3. The fresh water target is consumed, so sinks 4 and 5 take their demands from the sources located at their
cumulative load intervals and source 1. 327.66 ton/day and 3276.6 ton/day from source 2 are sent to sink 4 and sink
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5, respectively, and each of them completes its demand from source 1. The pinch point divided source 2 to tow
flowrates 4419.317 ton/day from source 2 is reuse/recycled in the region above the pinch and 10100.68 ton/day is
discharged as wastewater below the pinch point concentration. Below the pinch point, there are not any sinks, so the
flowrates of source 3 and 4 are discharged. Figure 2 is the network design of case study 2.

Table 8:-Mass load cascade analysis for case study 2

Interval Cumulative Net Process | Source | Process Sink Interval Interval Net Cascade Cascade
k load (Mx) interval sources conc. Sinks conc. Source Sink flowrate net net
(kg/day) Load SR« Csr, k SKk Csk, k flowrate flowrate ASk flowrate flowrate
AMk AMsR, k AMsk, k (ton/day) Cum ASk Cum AQx
(kg/day) (ton/day) | (ton/day)
0 24009.68
1 0
-33.4782 | source 1 0 sink 1 5.5 7971 -25752.5 | 33723.46 33723.46 57733.15
2 -33.4782 source 1 0 sink 1 55
38.9382 | source 2 235 sink 1 55 168.7097 | 29952.46 | -29783.8 3939.71 27949.39
3 5.46 source 2 235 sink 1 55
71.04 source 2 235 sink 2 10.12 307.799 12000 -11692.2 -7752.49 16257.19
4 76.5 source 2 235 sink 2 10.12
100.8 source 2 235 sink 3 13.2 436.7418 11200 -10763.3 -18515.7 5493.934
5 177.3 source 2 235 sink 3 13.2
68.6 source 2 235 sink 4 38.5 297.227 2000 -1702.77 -20218.5 3791.161
6 245.9 source 2 235 sink 4 38.5
7406 | source2 | 235 | sink5 | 110 | 3208.839 | 7000 | -3791.16 | -24009.68 (Zi-nﬁ'i;ilﬁ)
7 986.5 source 2 235 sink 5 110
2331.238 | source 2 235 10100.68 10100.68 -13909 10100.68
8 3317.738 source 2 235
255.906 | source 3 275 945 945 -12964 11045.68
9 3573.644 source 3 275
6872.25 | source 4 504 13750 13750 786 24795.68
10 10445.89 source 4 504
SK1 SK 2 SK3 SK4 SK5
4200 ton/day 12000 ton/day 11200 ton/day 2000 ton/day 7000 ton/day
(5.5 ppm) (10.12 ppm) (13.2 ppm) (385 ppm) (110 ppm)
4 4 Ar A AL A y
Fresh water 4176.343 11692.2 8141.137
24009.68 ton/day
(4.2 ppm)
2575.258 1672.34 3723.404
SR1
7971 ton/da
(0 ppm)
2 23.657 307.8 483.605 327.66 3276.6 10100.68 to
14520 ton/day >
(235 ppm) wastewater

SR3
945 ton/day 945 to wastewater R

(275 ppm)

SR 4 13750 to wastewater

4200 ton/day >
(504 ppm)

Figure 2:- Water network design for case study 2

Mass Load Cascade Analysis for Regeneration of Hydrogen and Water Networks

The regeneration system for hydrogen and water networks is another tool used to reduce the fresh utility flowrate
after exhaustion of material recovery through reuse/recycle. It is modelled as single-pass regeneration system with
single input feed stream and single product stream or partitioning regeneration system with single input feed stream
and two product streams [32].

This section demonstrates how the MLCA technique is used to place a single-pass or partitioning regeneration
system with pure or impure fresh utility in the context of the overall process. The MLCA for reuse/recycle is
extended to determine the targets for hydrogen and water networks with regeneration system. As illustrated
previously, minimum fresh utility flowrate, minimum discharge flowrate and pinch point location are the results of
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the mass load cascade analysis table for reuse/recycle integration system. To represent the problem as process

regeneration a new mass load cascade analysis table is constructed. A regeneration unit at the pinch point [29, 33] is

added to the hydrogen/water network. The following properties of the regeneration unit are used:

e It is assumed that the regeneration unit is located at the pinch point determined previously from the mass load
cascade analysis table for reuse/recycle.

e The number of sinks is the same as used in recycle/reuse system.

e The number of sources is increased by one new source in case of single - pass regenerator (Figure 3, a) or by two
new sources in case of partitioning regenerator (Figure 3, b).

e The regeneration flowrate is taken from the source located at the pinch point.

As shown in Figure 3 (a), the single-pass regeneration system has single inlet stream (Fregen) and single outlet stream
(Four). The flowrate is assumed to be the same before and after the regeneration unit [10] as the water enters the unit
with a high concentration of impurities (Ci,) and exits at a lower impurity concentration (Cout). On the other hand, in
the partitioning regeneration system (Figure 3, b), there are single input stream (Fregen) and two output streams of
different quality, called a high quality top product stream (Ft) at concentration C; and a lower quality bottom product
stream (Fp) at concentration Cp. The partitioning regeneration systems can be seen in pressure swing adsorption,
membranes, filtration systems and gravitational settling systems, etc [10], [32].

Fl ’ C(
Fregen » Cin Slngle-pa_ss Fout » Cout Fregen + Cin Partltlonlﬂg —>
Regeneration —> —_— Regeneration E C
System System R
(@) (b)

Figure 3:- (a) Single-pass regeneration system and (b) Partitioning regeneration system

In order to obtain the top flowrate, the bottom flowrate and the bottom concentration of the partitioning regenerator,
Equations 4, 5 and 6 are applied to water network and Equations 4, 5 and 7 are applied to hydrogen network. Note
that Equations 4 and 5 are the overall material balance and the overall impurity balance, respectively, while
Equations 6 and 7 are associated with known fluid recovery factor (a).

Fregen = Fy + Fp C)
Fregen Cin = FtCe + Fy G )
Fregen @ (10° = Cyy) = F (10° = C;) (6)
Fregen @ (100 = Cip) = F; (100 = C,) Q)

Case study 3 : regeneration of water network (single-pass regeneration)

This case study is taken from Agrawal and Shenoy [33]. It involves 4 water sources and four water sinks as
described in Table 9. The fresh source is supplied at zero impurity concentration. The MLCA tables for
reuse/recycle are illustrated in Tables 10 and 11.

Table 9:-Sources and Sinks data for case study 3

Sources Flowrate, (ton/h) Concentration, (ppm) Sinks Flowrate, (ton/h) Conc.,(ppm)
1 50 50 1 50 20
2 100 100 2 100 50
3 70 150 3 80 100
4 60 250 4 70 200
Table 10:-Sources and sinks cumulative loads (reuse/recycle) for case study 3
Sourcs Flowrate Concentration Load Cum load Sinks Flowrate | Concentration Load Cum load
(SR.) (ton/h) (ppm) (kgrh) (kg/h) (SK.) (ton/h) (ppm) (kg/h) (kg/h)
SR1 50 50 25 25 SK1 50 20 1 1
SR2 100 100 10 125 SKz 100 50 5 6
SR3 70 150 10.5 23 SK3 80 100 8 14
SR4 60 250 15 38 SKa 70 200 14 28
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As described in Table 11, the minimum fresh water and the wastewater targets are 70 ton/h and 50 ton/h,
respectively. The pinch point is located at the concentration of source 3 (150 ppm) [33].

Table 11:-Mass load cascade analysis for reuse/recycle of case study 3

Interval Cumulative Net Process Source | Process Sink Interval Interval Net Cascade Cascade
k load (Mk) interval sources conc. Sinks conc. Source Sink flowrate net net
(kg/h) Load SRk Csrk SKk Csk, k flowrate flowrate ASk flowrate flowrate
AMk AMsR k AMsk k (ton/h) Cum ASk | Cum AQk
(kg/h) (ton/h) (ton/h)
0 70
1 0
1 source 1 50 sink 1 20 20 50 -30 -30 40
2 1 source 1 50 sink 1 20
15 source 1 50 sink 2 50 30 30 0 -30 40
3 2.5 source 1 50 sink 2 50
3.5 source 2 100 sink 2 50 35 70 -35 -65 5
4 6 source 2 100 sink 2 50
6.5 source 2 100 sink 3 100 65 65 0 -65 5
5 12.5 source 2 100 sink 3 100
15 source 3 150 sink 3 100 10 15 -5 -70 0
6 14 source 3 150 sink 3 100
9 source 3 150 sink 4 200 60 45 15 -55 15
7 23 source 3 150 sink 4 200
5 source 4 250 sink 4 200 20 25 -5 -60 10
8 28 source 4 250 sink 4 200
10 source 4 250 40 40 50
9 38 source 4 250

To incorporate a single-pass regeneration system of fixed outlet concentration at 20 ppm (Cou=20 ppm) in the
MLCA, it is assumed that the wastewater from reuse/recycle which is 50 ton/h is regenerated at the pinch
concentration. Thus, this flowrate is included in the network as a new source and source 3 is decreased by an amount
equals the wastewater flowrate. The MLCA tables are constructed as described in Tables 12 and 13.

Table 12:-Sources and Sinks cumulative loads (regeneration)

Sourcs Flowrate Conc. Load Cum load Sinks Flowrate Conc. Load Cum load
(SR.) (ton/h) (ppm) (kgrh) (kg/h) (SK.) (ton/h) (ppm) (kgrh) (kg/h)
Out of regen. 50 20 1 1 SK1 50 20 1 1
SR: 50 50 25 3.5 SK» 100 50 5 6
SR2 100 100 10 135 SKs 80 100 8 14
SR3 20 150 3 16.5 SK4 70 200 14 28
SRs 60 250 15 315
Table 13:-Mass load cascade analysis for case study 3 (regeneration with Fregen= Fuwastertweter)
Interval Cumulative Net Process Source | Process Sink Interval Interval Net Cascade Cascade
k load (M) interval sources conc. Sinks conc. Source Sink flowrate net net
(kg/h) Load SRk Csrk SKk Csk, k flowrate flowrate ASk flowrate flowrate
AMk AMsr k AMsk k (ton/h) Cum ASk | Cum AQx
(kg/h) (ton/h) (ton/h)
0 34
1 0
1 Out of 20 sink 1 20 50 50 0 0 34
regeneration
2 1 Out of 20 sink 1 20
regeneration
2.5 source 1 50 sink 2 50 50 50 0 0 34
3 3.5 source 1 50 sink 2 50
25 source 2 100 sink 2 50 25 50 -25 -25 9
4 6 source 2 100 sink 2 50
7.5 source 2 100 sink 3 100 75 75 0 -25 9
5 135 source 2 100 sink 3 100
0.5 source 3 150 sink 3 100 3.3333 5 -1.6667 | -26.6667 7.3333
6 14 source 3 150 sink 3 100
2.5 source 3 150 sink 4 200 16.6667 12.5 4.16666 -22.5 115
7 16.5 source 3 150 sink 4 200
115 source 4 250 sink 4 200 46 57.5 -11.5 -34 0
8 28 source 4 250 sink 4 200
3.5 source 4 250 14 14 14
9 315 source 4 250
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As shown in Table 13, the minimum fresh water and wastewater discharge are decreased to 34 and 14 ton/h
respectively. Table 14 is another MLCA when all the flowrate of source 3 at the pinch concentration is regenerated.
It is noted that 23.6 ton/h fresh water is required, whereas 3.6 ton/h of wastewater is discharged. The high reduction
in the fresh water required and the wastewater discharge is based on the regenerated flowrate. Choice between
regeneration an amount equals the wastewater or increasing this amount to be all the source at the pinch depends on
the cost of the fresh water when compared to the cost of the regenerated flowrate. Another regeneration system
assumed by Agrawal and Shenoy [33] is presented in MLCA Table 15. They assume that 28.856 ton/h from source 3
is regenerated. The minimum fresh water and wastewater calculated by MLCA are identical to their results. The
water optimum network design is described in Figure 3.

Table 14:-Mass load cascade analysis for case study 3 (regeneration with Fregen= total flowrate of Fsg 3)

) - Net ) Interval Interval Net Cars]zi\de Ca;g?de
Interval Cumulative interval Process Source Process | Sink Source Sink flowrate flowrate flowrate
K load (M) Load sources conc. Sinks conc. | flowrate flowrate ASk Cum AS, | Cum AQ«
(kg/h) ﬁl\;[r: SRk Csrk SKk Csk, k AMs/;;] K AMS/T] I3 (ton/h)
(kg/h) (ton/h) (ton/h) 0 236
1 0
1 . egg:’et r‘;{i on 20 sink 1 20 50 50 0 0 236
Out of .
2 1 regeneration 20 sink 1 20
0.4 regg#etrg; o 20 sink2 | 50 20 8 12 12 35.6
Out of .
3 1.4 regeneration 20 sink 2 50
2.5 source 1 50 sink 2 50 50 50 0 12 35.6
4 3.9 source 1 50 sink 2 50
2.1 source 2 100 sink 2 50 21 42 -21 -9 14.6
5 6 source 2 100 sink 2 50
7.9 source 2 100 sink 3 100 79 79 0 -9 14.6
6 13.9 source 2 100 sink 3 100
0.1 source 4 250 sink 3 100 0.4 1 -0.6 -9.6 14
7 14 source 4 250 sink 3 100
14 source 4 250 sink 4 200 56 70 -14 -23.6 0
8 28 source 4 250 sink 4 200
0.9 source 4 250 3.6 3.6 -20 3.6
9 28.9 source 4 250
Table 15:-Mass load cascade analysis for case study 3 (regeneration with Freqen=28.846 t/h of Fsr3)
Inter Cumulative Net Process Source Process Sink Interval Interval Net Cascade Cascade
val load interval sources conc. Sinks conc. Source Sink flowrate Net net
k (My) Load SRk Csrk SKk Csk, k flowrate flowrate ASk flowrate flowrate
(kg/h) AMk AMsR k AMsk k (ton/h) Cum ASk Cum AQk
(kg/h) (ton/h) (ton/h)
0 45.0001
1 0
0.57692 Out of 20 sink 1 20 28.846 28.846 0 0 45.0001
regeneration
Out of .
2 0.57692 regeneration 20 sink 1 20
0.42308 source 1 50 sink 1 20 8.4616 21.154 -12.6924 -12.6924 32.30768
3 1 source 1 50 sink 1 20
2.07692 source 1 50 sink 2 50 41,5384 41,5384 0 -12.6924 32.30768
4 3.07692 source 1 50 sink 2 50
2.92308 source 2 100 sink 2 50 29.2308 58.4616 -29.2308 -41.9232 3.07688
5 6 source 2 100 sink 2 50
7.07692 source 2 100 sink 3 100 70.7692 70.7692 0 -41.9232 3.07688
6 13.07692 source 2 100 sink 3 100
0.92308 source 3 150 sink 3 100 6.153867 9.2308 -3.07693 | -45.0001 -5.3E-05
7 14 source 3 150 sink 3 100
5.25002 source 3 150 sink 4 200 35.00013 26.2501 8.750033 -36.2501 8.74998
8 19.25002 source 3 150 sink 4 200
8.74998 source 4 250 34.99992 43.7499 -8.74998 -45.0001 0
9 28 source 4 250
6.25002 source 4 250 25.00008 25.00008 -20 25.00008
34.25002 source 4 250
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Figure 4:- Water network design for case study 3 with single-pass regeneration system

Case study 4: regeneration of hydrogen network (partitioning regeneration)

The same example for hydrogen network presented in case study 1 is resolved to further reduce the fresh hydrogen
by using a gas separation membrane with hydrogen recovery of 95% (o)) and a product stream at 2% (C:) impurity
concentration [29], [32, [34]. By using equations 4, 5 and 7, the top product flowrate, the bottom product flowrate
and the bottom impurity concentration of the membrane separation system are 69.57 mol/s, 32.95 mol/s and 89.11
mol%, respectively. The two output streams of the membrane separation system are used in the MLCA as two new
sources. In addition, the source flowrate at the pinch concentration is reduced to 354.879 mol/s. The MLCA tables
are presented in Tables 16, and 17.

Table 16:-Sources and sinks cumulative loads for partitioning regeneration for case study 4 using membrane

separation system

Sources Flowrate Conc. Load Cum load Sinks Flowrate Conc. Load Cum load
(SR.) (mol/s) (mol%) (mol/s) (mol/s) (SK.j) (mol/s) (mol%) (mol/s) (mol/s)
Membrane top 69.57 2 -2.0871 -2.0871 HCU 2495 19.39 359.0305 359.0305
SRU 623.8 7 12.476 10.3889 NHT 180.2 21.15 29.1023 388.1328
CRU 415.8 20 62.37 72.7589 DHT 554.4 22.43 96.63192 484.7647
HCU 1801.9 25 360.38 433.1389 CNHT 720.7 24.86 143.131 627.8957
NHT 138.6 25 271.72 460.8589
DHT 346.5 27 76.23 537.0889
CNHT 354.879 30 88.71975 | 625.80865
Membrane bottom 32.95 89.11 27.71425 | 653.5229

As presented in Table 17, the fresh and discharge hydrogen flowrates are reduced to 196.77 mol/s and 30.4686
mol/s, respectively. A new location of pinch exists at the bottom membrane concentration (89.11 mol%). Another
option for this hydrogen network is to use a pressure swing adsorption (PSA) as a regenerator instead of the
membrane separation. PSA is used at hydrogen recovery of 90% and a top product stream at 0.1 mol% impurity
concentration [29], [34]. Using the material balance for the partitioning regeneration system, it is found that, the top
product flowrate is 64.65 mol/s and the bottom product flowrate and its impurity concentration are calculated as
37.87 mol/s and 81.01 mol%, respectively. MLCA tables are reconstructed for this hydrogen network using the PSA
as a regenerator and the results are illustrated in Tables 18. The fresh hydrogen is reduced from 268.821 mol/s in
case of reuse/recycle to 200.005 mol/s in the regeneration by using the PSA. Also, the hydrogen discharge is
reduced from 102.521 mol/s to 33.705 mol/s and the pinch point is increased to the bottom concentration of the PSA
at 81.05 mol%.

From the above results, we conclude that regeneration using membrane is more useful than regeneration using PSA.
These results are agreed with those presented in literature [29]. The network design with membrane separation is
shown in Figure 4. Note that, in this network, the fresh hydrogen source has impurity concentration (5 mol%) higher
than one of the sources (top product of the membrane regeneration system). In designing the network, each sink will
take its demand from the sources located at its cumulative loads interval and sources residual from the above
cumulative loads intervals. If the sources and the sources residual are less than the sink demand, the sink completes
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its demand from the fresh hydrogen source. After consuming of the fresh hydrogen target, sinks will complete their
demand from the top product of the membrane which is more pure (2 mol% impurity concentration)) than the fresh
hydrogen source.

Table 17:-Mass load cascade analysis for case study 4 with regeneration by using membrane separation system

Interval Cumulative Net Process Source | Process Sink Interval Interval Net Cascade Cascade
k load interval sources conc. Sinks conc. Source Sink flowrate net net
(My) Load SRk Csrk SKk Csk,k | flowrate flowrate ASk flowrate flowrate
(mol/s) AMk AMsR k AMsk k (mol/s) | Cum ASk | Cum AQk
(mol/s) (mol/s) (moll/s)
0 196.77
1 0
-2.087 Memb. top 2 sink 1 19.39 69.57 -14.5 84.0738 84.0738 280.843
2 -2.0871 Memb. top 2 sink 1 19.39
12.476 source 1 7 sink 1 19.39 623.8 86.699 537.101 621.175 817.944
3 10.3889 source 1 7 sink 1 19.39
62.37 source 2 20 sink 1 19.39 415.8 433.43 -17.626 603.549 800.318
4 72.7589 source 2 20 sink 1 19.39
286.27 source 3 25 sink 1 19.39 1431.4 1989.4 -558.02 45528 242.298
5 359.031 source 3 25 sink 1 19.39
29.102 source 3 25 sink 2 21.15 145.51 180.2 -34.689 10.8395 207.609
6 388.133 source 3 25 sink 2 21.15
45.006 source 3 25 sink 3 22.43 225.03 258.21 -33.18 -22.341 174.429
7 433.139 source 3 25 sink 3 22.43 0
27.72 source 4 25 sink 3 22.43 138.6 159.04 -20.436 -42.777 153.993
8 460.859 source 4 25 sink 3 22.43
23.906 source 5 27 sink 3 22.43 108.66 137.15 -28.49 -71.267 125.502
9 484.765 source 5 27 sink 3 22.43
52.324 source 5 27 sink 4 24.86 237.84 263.47 -25.628 -96.895 99.8745
10 537.089 source 5 27 sink 4 24.86
88.72 source 6 30 sink 4 24.86 354.88 446.73 -91.847 -188.74 8.02767
11 625.809 source 6 30 sink 4 24.86
2.0871 Memb. bottom 89.11 sink 4 24.86 2.4814 10.509 -8.0277 -196.77 -9E-14
12 627.896 Memb. bottom 89.11 sink 4 24.86
25.627 Memb. bottom 89.11 30.469 30.4686 -166.3 30.4686
13 653.523 Memb. bottom 89.11
Table 18:-Mass load cascade analysis for case study 4 with regeneration by using PSA
Interval Cumulative Net Process Sourc Process Sink Interval Interval Net Cascade Cascade
k load interval sources e Sinks conc. Source Sink flowrate net net
(Mk) Load SRk conc. SKk Csk,k | flowrate | flowrate ASk flowrate flowrate
(mol/s) AMk Csrk AMSsR K AMsk k (mol/s) Cum ASk | Cum AQk
(mol/s) (mol/s) (mol/s)
0 200.005
1 0
-3.16785 PSA top 0.1 sink 1 19.39 64.65 -22.0142 86.6643 86.66425 | 286.6698
2 -3.16785 PSA top 0.1 sink 1 19.39
12.476 source 1 7 sink 1 19.39 623.8 86.6991 537.1009 | 623.7651 | 823.7707
3 9.30815 source 1 7 sink 1 19.39
62.37 source 2 20 sink 1 19.39 415.8 433.426 -17.626 606.1392 | 806.1447
4 71.67815 source 2 20 sink 1 19.39
287.3524 source 3 25 sink 1 19.39 | 1436.76 | 1996.889 | -560.127 | 46.01175 | 246.0173
5 359.0305 source 3 25 sink 1 19.39
29.1023 source 3 25 sink 2 21.15 | 145511 180.2 -34.6885 | 11.32325 | 211.3288
6 388.1328 source 3 25 sink 2 21.15
43.92535 source 3 25 sink 3 22.43 | 219.626 252.01 -32.3833 -21.06 178.9455
7 432.0582 source 3 25 sink 3 22.43
27.72 source 4 25 sink 3 22.43 138.6 159.0361 | -20.4361 -41.4962 | 158.5094
8 459.7782 source 4 25 sink 3 22.43
24.98657 source 5 27 sink 3 22.43 | 113575 | 143.3538 | -29.7785 -71.2747 | 128.7309
9 484.7647 source 5 27 sink 3 22.43
51.24343 source 5 27 sink 4 24.86 | 232.924 | 258.0233 | -25.0986 -96.3733 | 103.6322
10 536.0082 source 5 27 sink 4 24.86
88.71974 source 6 30 sink 4 24.86 | 354.878 | 446.7258 | -91.8468 -188.22 11.78542
11 624.7279 source 6 30 sink 4 24.86
3.16785 PSA bottom 81.05 sink 4 24.86 | 4.16548 | 15.95091 | -11.7854 -200.006 | 5.51E-14
12 627.8957 0 PSA bottom 81.05 sink 4 24.86
25.63228 PSA bottom 81.05 33.7045 33.70452 | -166.301 | 33.70452
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In case of there is excess load for sink j, it is assumed that, the sink takes its demand from the sources located at its
cumulative load intervals with the highest impurity concentration and followed by the water source of the second
highest impurity concentration, and so on [32]. As shown in Figure 4, sink 1 takes 1431.4 mol/s from source 3,
415.8 mol/s from source 2 and completes its demand from source 1 and the fresh hydrogen. Note that, if sink 1 took
623.8 mol/s from source 1 and the remainder 24 mol/s from fresh hydrogen, the impurity balance as presented in
Equation 2 will not be achieved. Thus, we conclude that there is an excess impurity load from sources located at the
sink cumulative load intervals. In this network design it is assumed that there is an excess load from source 1 (lowest
impurity concentration). To determine the actual amount of source 1 and the amount of fresh hydrogen added to sink
1 it is assumed that x amount of source 1 and y amount of fresh hydrogen are added to sink 1. The summation of the
two amounts is 647.8 mol/s according to the flowrate balance of sink 1 (Equation 1). Using equation 1 and 2, sink 1
takes 519.025 mol/s from source 1 and 128.775 mol/s from fresh hydrogen source. Note also that, for sink 1, the
excess load can be assumed to be from source 2 or from source 3. The excess load can be removed from any source
located at the sink cumulative load.

Sink 2 takes 145.51 mol/s from source 3 and completes its demand from source 1 residual and from the fresh
hydrogen. Using Equations 1 and 2 for sink 2, it is noted that sink 2 completes its demand from fresh hydrogen
(34.69 mol/s) and no amount added from source 1 residual.

Sink 3 takes 138.6 mol/s from source 4 and 108.66 mol/s from source 5 and completes its demand from source 1
residual and the fresh hydrogen. The last amount of fresh hydrogen is 33.305 mol/s. If sink 3 took this amount and
48.81 mol/s from source 1 residual, impurity concentration balance of sink 3 according to equation 2 is not achieved.
If sink 3 completes its demand from source 1 residual only, impurity concentration in this case also is failed. We
conclude that there is excess load from sources located at sink 3 cumulative load intervals. To achieve the impurity
concentration balance, x amount of source 1 residual and y amount of source 3 are assumed to be supplied to sink 3.
Using Equations 1 and 2, it is found that, 91.23 mol/s from source 1 residual and 215.91 mol/s from source 3 are
supplied to sink 3.

Sink 4 takes its demand from all sources residual from the above cumulative loads intervals, 237.84 mol/s from
source 5, 354.88 mol/s from source 6, 2.4814 mol/s from the membrane bottom product, 33.305 mol/s from fresh
hydrogen source and all the flowrate of the top product of the membrane (69.57 mol/s).

SK1 SK 2 SK 3 SK 4
2495 mole/s 180.2 mol/s 554.4 mol/s 720.7 mol/s
(19.39 mol%) (21.15 mol%) (22.43 mol% (24.86 mol%)

X 33 3 [y X 7 W Y IYYY YY)
69.57

Top membrane
69.57 mol/s
(2 mol%)

Fresh water 128.775 34.69 33.305

196.77 mol/s
(5 mol%)

SR1 519.025 91.23
623.8 mol/s
(7 mol%)

13.545

SR2
415.8 mol/s
(20 mol%)

415.8

SR3 14314 1455115 21591 9.08
1801.9 mol/s
(25 mol%)

SR4 1386
138.6 mol/s

(25 mol%)
SRS 108.66 237.84
346.5 mol/s
(27 mol%)

354.88
SR 6 >
457.4 mol/s >

(30 mol%)
< Membrane 2.4814

< 102.52 mol/s
30 mol%

Bott. membrane 30.469 disc=harge

32. 95 mol/s
89.11 mol%

Figure 5:- One of the suggested hydrogen network design for case study 4 with membrane regeneration
system
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Conclusion:-

The work presented in this paper extended the mass problem table to mass load cascade analysis (MLCA) technique.
MLCA can be used for water and hydrogen networks with pure and impure fresh utilities. It enables getting the
minimum fresh flowrate and discharge flowrate targets and the location of the pinch concentration accurately. In
addition, it can be used to regenerate water and hydrogen networks with different types of regeneration systems, i.e
single-pass and partitioning regeneration systems. Different case studies of water and hydrogen networks were used
to illustrate the MLCA technique. All results obtained are agreed with those presented in the literature.
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