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Abstract The demand of hydrogen in oil refinery is increasing as market forces and environmental legislation, so
hydrogen network management is becoming increasingly important in refineries. Most studies focused on single-
objective optimization problem for the hydrogen network, but few account for the multi-objective optimization
problem. This paper presents a novel approach for modeling and multi-objective optimization for hydrogen network
in refineries. An improved multi-objective optimization model is proposed based on the concept of superstructure.
The optimization includes minimization of operating cost and minimization of investment cost of equipment. The
proposed methodology for the multi-objective optimization of hydrogen network takes into account flow rate con-
straints, pressure constraints, purity constraints, impurity constraints, payback period, etc. The method considers all
the feasible connections and subjects this to mixed-integer nonlinear programming (MINLP). A deterministic opti-
mization method is applied to solve this multi-objective optimization problem. Finally, a real case study is intro-

duced to illustrate the applicability of the approach.
Keywords

1 INTRODUCTION

Oil refinery consumes hydrogen in large amounts
for removing sulfur and nitrogen compounds and
producing lighter fuels. During the past decade, crude
oil gets heavier and contains more sulfur and nitrogen.
Hydrogen availability has become an important issue
because refiners are facing challenges of stricter regu-
lation and increasing demand for transportation fuel.
Along with the legislation for environment protection,
tougher gasoline and diesel quality specifications have
been implemented to reduce pollutants from automo-
tive exhausts. Thus the hydrogen supply in many re-
fineries is becoming a critical problem. As the demand
for hydrogen grows, the management and optimization
of hydrogen system in refinery is becoming increas-
ingly important to ensure optimum economics [1-6].

Many investigations focused on the optimization
of hydrogen network in refinery. Graphical based
methods were first used to optimize hydrogen network.
Towler et al. [1] introduced a method to analyze hy-
drogen network using value composite curves. Alves
and Towler [2] proposed hydrogen pinch analysis for
targeting the minimum hydrogen consumption of the
whole hydrogen system. Zhao et al. [3] employed a
non-iterative graphical technique to achieve the utility
target. Zhao et al. [4] developed an iterative targeting
procedure for multiple impurities. Liao et al. [5, 6]
obtained optimal conditions for pinch problems and
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proposed a rigorous targeting approach for hydrogen
minimization. Further, mathematical programming
methods were used to solve these problems. Hallale
and Liu [7] developed an improved superstructure op-
timization method for hydrogen network accounting
for the pressure constraints as well as compressors for
retrofit scenarios. Liu and Zhang [8] provided a de-
tailed model of purification units for selection of puri-
fication processes and their integration in hydrogen
networks. Khajehpour et al. [9] proposed reduced su-
perstructure based on heuristic rules to optimize a re-
finery in Iran and a 22.6% reduction in hydrogen pro-
duction was achieved. Liao et al. [10] considered puri-
fication processes for refinery hydrogen management
and demonstrated the application of superstructure
based approach for retrofit design of an existing refin-
ery. Kumar et al. [11] used mathematical modeling
technique to optimize the hydrogen distribution net-
work in refinery and analyzed the characteristics of
linear programming (LP) model, nonlinear program-
ming (NLP) model and mixed-integer nonlinear pro-
gramming (MINLP) model. Ahmad et al. [12] devel-
oped a novel approach for the design of flexible hy-
drogen networks that can remain optimally operable
under multiple periods of operation.

However, most studies employ single-objective
optimization method to optimize the hydrogen net-
work, few account for multi-objective optimization
techniques. The optimization of hydrogen network
aims at minimizing operating cost and investment cost
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simultaneously. The operating cost may decrease with
the increase of some decision variables, while the in-
vestment cost increases. It is useful and necessary to
find the compromise to balance the two objectives.
Thus the optimization of hydrogen network requires
multi-objective optimization.

In this paper, a novel approach is presented for
modeling and multi-objective optimization of hydro-
gen network in refineries. An improved multi-objective
optimization model for hydrogen network is proposed
based on the concept of superstructure. Minimizing
total operating cost and minimizing investment cost
are the objective functions of the optimization. The
tradeoff between the two costs is explored. The pro-
posed methodology for multi-objective optimization
of hydrogen networks takes into account flow rate con-
straints, pressure constraints, purity constraints, impu-
rity constraints, exiting and new equipment, payback
period, etc. The method is not limited to optimize the
feed routes of hydrogen consumers, but also accounts
for the optimization of feed routes of purifiers. To
make the approach more suitable for real systems, two
different off-gases from hydrogen consumers are con-
sidered. The flow rate and purity of hydrogen con-
sumer are considered as variables, and the minimum
pure hydrogen of hydrogen consumer is regarded as
constant. Then the optimization model is converted
into a MINLP. The final suitable optimization scheme
is determined by an optimization procedure. Finally, a
real case study is introduced to demonstrate the effec-
tiveness of the presented approach.

2 REFINERY HYDROGEN NETWORK

In oil refinery, some processes consume hydro-
gen, such as hydrotreating, hydrocracking, isomeriza-
tion and purification processes, and some produce hy-
drogen, such as the catalytic reforming process. These
processes compose a hydrogen network.

In hydrogen networks, a source is a stream that
makes hydrogen available to the network. Hydrogen
sources are the products of hydrogen-producing proc-

A

esses, off-gases of hydrogen-consuming processes, or
the imported hydrogen (or fresh hydrogen). A sink is a
stream that takes hydrogen from the hydrogen net-
work with fixed flow rate and purity requirements.
Hydrogen sinks are the inlet streams of various
hydrogen-consuming units such as hydrotreaters and
hydrocrackers. In addition, hydrogen sources can be
made more acceptable by using compressors and/or
purifiers. Hydrogen is further supplied by hydrogen
utilities, while the discharge of hydrogen sources is
mixed and sent to the fuel system.

Figure 1 shows a diagram of a typical hydrogen
consumer [13]. A liquid feed stream is mixed with a
gas stream rich in hydrogen and fed into the hydrotreat-
ing or hydrocracking reactor. The reactor effluent is
cooled and sent into a high pressure gas-liquid sepa-
rator. Most of the gas from the separator is recycled to
the reactor inlet after desulfurization. In order to keep
the high purity recycle hydrogen and avoid the accu-
mulation of hydrogen sulfide in the system, a part of
these gases need to discharge outward. The liquid
product from the bottom of high pressure gas-liquid
separator is sent to a low-pressure separator. The low
pressure hydrogen from the low-pressure separator
may be used as hydrogen source directly or sent to
purifiers after desulfurization. The liquid product from
the bottom of low pressure separator is sent to a strip-
per. The dry gas from the top of stripper may be puri-
fied by purifiers after desulfurization or sent to the
fuel gas system. The liquid product from the bottom of
stripper separator is sent to a fractionator. The gas
from the top of fractionator is sent to the fuel gas sys-
tem. Here the mixture of the makeup hydrogen and the
recycle hydrogen is defined as the sink, and the low
pressure hydrogen, dry gas and the recycle hydrogen
are defined as the source.

3 OPTIMIZATION CONSTRAINTS

To develop a multi-objective optimization prob-
lem, many constraints should be considered, such as
hydrogen sink constraints, hydrogen source constraints,
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Figure 1 Atypical process of hydrogen consumption in a refinery
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impurity constraints, compressor constraints and puri-
fier constraints. Integer variables are employed to in-
dicate compressors, purification units and pipelines.
All the possible connections from sources to sinks
should be considered. In a word, hydrogen network is
optimized to effectively use existing equipment, install
additional equipment and restructure process stream
for the minimum total annual cost and maximum hy-
drogen yield of purification system.

3.1 Hydrogen sink constraints

In establishing the connections between hydro-
gen sources and sinks, the constraints imposed by the
sinks cannot be violated and the sources must provide
enough hydrogen to each sink.

D F=F VjeJkek 1)
J

ZF/,k'yk=Fk'yk VielJ kek (2)
J

Every sink needs the minimum pure hydrogen to
maintain its current production, and the hydrogen pu-
rity of every sink has to be greater than or equal to the
minimum requirement purity.

F, -y, =ZF™ vVkek ()

yh <y, <1 Vkek 4)
3.2 Hydrogen source constraints

The amount of gas available from each source
must be greater than or equal to the total amount sent
to the sinks.

D F, <F, VjeJ, kek (5)
k

3.3 Logic constraints

With general binary variable X4, the relation-
ships between X, and F;, are

X, ,=loF,;, >0 V(jkeO (6)
X, =0F,; =0 V(jkeO. (7

Based on the preceding binary variable X, the
flow rate constraint is

FoosX;0Ujy

V(j.k)eO (8)
FopyZXu, V(,k)eO 9)
where U; . and u; . are upper and lower bounds of ;.

3.4 Impurity constraints

Catalyst of hydrogenation has a high requirement

for impurities. It is necessary to analyze the impurities
of sources and their effect on the catalyst. In the opti-
mization, the connections of some equipment should
be limited. Impurity constraints are described as

X, =0 V(&) € Oorpiden - (10)

3.5 Compressors constraints

Here both flow rates and purity in the compres-
sors are considered as variables, and the constraints on
the compressors can be described as follows.

The flow rate of gas entering the compressor
must be equal to the exit flow rate. The balance for the
flow rate is

ZFj,comp = ZE:omp,k VieJ kek . (11)
I %

The amount of pure hydrogen entering the com-
pressor must be equal to the leaving amount. The hy-
drogen balance is

ZFj,comp V= ZFcomp,k " YVeomp.k VieJkek.
I 3

(12)
The amount of gas fed to one compressor never
exceeds its maximum capacity. The capacity limit is

2 Ficomp < Foomp VjeJ. (13)
J

3.6 Purifiers constraints

3.6.1 Mass balance constraints

According to Hallale and Liu [7], purifiers such
as pressure-swing adsorption (PSA) and membrane
separation can be modeled as one sink (inlet stream)
and two sources (the product stream and the residue
stream). The flow rate balance and hydrogen balance
for the purifiers are

F,=F +F} VpeN (14)

Fp’f~yf'R=F,f’.y;’ VpeN (15)

F, ¢ :F; -yg +FpR ~y§ VpeN (16)

ZF”,= i VieM,peN (17)

ZFl.’p~yi=vaf-yf VYieM,peN (18)
i
where F), is the inlet flow rate of purifier p, and F;, is
the flow rate of feed stream from off-gas i to purifier p.
The recovery ratio R can be calculated by the

following correlation:
R=f<Fp,f’yp,fylF;) (19)

The correlation can be obtained by theoretical derivation
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or experimental study. The experimental results are
usually provided by the purifier manufacturer. In this
paper, the correlation is obtained from experimental
results from daily operation in refinery.

3.6.2  Hydrogen purity constraints
The feed purity is between those of product and
residue,

<y <y, (20)

3.6.3 Capacity limits

An existing purifier is designed for a specific
flow rate and there will be a maximum flow rate con-
straint on each purifier.

ZEW<FﬁX‘WeMpeN (21)
Every purifier has a minimum purity requirement
for every feed stream.
iny;“” VieM,pe N (22)
3.6.4 Logic constraints

Considering general binary variable X, the rela-
tionships between X;, and F;,, are expressed as

X,,=1F >0 V(,peo, (23
X,,=0oF,=0 V(ipeo, (24)

Based on the preceding binary variable X;,, the
flow rate constraints are

F,<X ,U, VipeO (25)
v(i,p)eO (26)

where U, and u;,, are upper and lower bounds of F; .

FLPZX. “u

i,p i,p

3.6.5 Special constraints

For some purification processes, due to the spe-
cial requirements for purification technology or proc-
ess convenience, some feed streams must be purified
in some purifiers, while some feed streams can not be
purified in some purifiers.

F ,=F YieM,peN 27)
X, ,=0 VieM,peN (28)

3.7 Adding new equipments to the system

In order to retrofit the refinery hydrogen network
to the utmost extent, new equipment such as com-
pressors, purifiers and pipelines may be added. Incor-
poration of these new facilities can be represented by
binary variables. Therefore, the capital cost has to be
calculated by means of a set of binary variables.

The capital cost of a new compressor is related to
its power consumption and many data are available in
literature [7]. The relationship is a linear one:

C -Power; , ) (29)

comp =(acomp 'X',k +b,

j comp

where Cgomp IS the investment cost of new compres-
sors, and acomp and beomp are the cost coefficients for
COMpressors.

The cost of new pipes in a hydrogen network can
be calculated as follows [7]

C X th

pipe = (apipe 'DZ)'L (30)

pipe
where Cpipe is the investment cost of new pipes, and
apipe aNd byipe are the cost coefficients for pipes.

The most common purifiers in refinery are pres-
sure-swing adsorption (PSA) unit and membrane
separation unit. Their investment costs can be ex-
pressed as [1]

C,psa =apsp *4; ), +bpga - Fy ¢ (31)

b
Cp,mem :(amem + j'Fp,f (32)
Zmem

where C,psa and C,mem are the capital costs of PSA
unit and membrane separation unit, respectively, apsa
and bpsa are the cost coefficients for PSA unit, and
Admems bmem, and zmem are the cost coefficients for
membrane separation unit.

4 FORMULATION OF THE OPTIMIZATION
PROBLEM AND SOLUTION STRATEGY

Minimizing operating cost and minimizing in-
vestment cost are the objective functions of the
multi-objective optimization problem in this paper.
The first objective function for the optimization of
hydrogen network is the operating cost

G = CH2 + Cpower — Cruel (33)

where CHz , Cpower and Cyyel are the cost of hydrogen,

power and fuel per hour, respectively.
The cost of a hydrogen utility is assumed propor-
tional to its flow rate, and is calculated by

Cu, =Z(ZFM, -C, .z_,) VieJkeK  (34)
j o\ k
where C; is the price of hydrogen source j, and ¢ is the

operating hours for hydrogen sink ;.
The compressor power cost is expressed as

Cpower =C, ‘ZZ(POWGI’N{ 'tj,k) ViedJ,kekK
Tk

(35)
where Power;; is the compressor power, C. is the
price of electricity, and ¢ is the operating hours of
COMpressors.

The compressor power can be represented as [7]

c T 2
Power,, =—2 L) 1.2 R (36)
Jik n P D Jik

1
where C, is the heat capacity of the stream at constant
pressure, T is the inlet temperature, # is the efficiency,
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y is the ratio of specific heat of gas at constant pres-
sure to specific heat of gas at constant volume, P, is
the final delivery pressure, P; is the intake pressure, p
is the density of the gas under the design condition, p,
is the density under standard conditions, and Fj is the
mass flow rate of compressor.

The value created by fuel is obtained through
heat value calculation [7]

Criel = Fruer [y ) AH(?HZ +(1-y)- AHcE:cm J “Chear (37)

where AH? is the standard heat of combustion, Fye is
the flow rate of fuel, y is the hydrogen purity of fuel,
and Cheg is the price of fuel.

The second objective function is the annualized
investment cost,

CZZfA'(ZCcomp+ch+chipe) (38)

comp pipe

where fa is the annualizing factor, and C, is the in-
vestment cost of new purifiers.

The variables that affect the hydrogen network
optimization process are the flow rates from hydrogen
sources to hydrogen sinks (Fj, F;,), the flow rates of
compressor (£ comp, Feompx), the flow rates of purifiers

(F[f’), the purities of hydrogen sinks (yx), the hydro-

gen product purities of purifiers (y;), the outlet puri-

ties of compressors (yeomy), and binary variables (X; .
X;,) indicating the hydrogen stream, piping, compres-
sors and purifiers. According to characteristics of
model and the requirement of hydrogen management
in refinery, the flow rates from hydrogen sources to
hydrogen sinks (F F;,) and binary variables (X« X ,)
are selected as the main decision variables for optimi-
zation in this study.

Among process variables selected using mecha-
nism analysis, the sensitivity analysis on each variable
is performed using the optimization model presented
in Section 3 and Section 4 to obtain its relation with
the operating cost and the investment cost. It is shown
that the appropriate set point value of one variable for
minimizing the operating cost may not be suitable for
minimizing the investment cost. Therefore, appropri-
ate tradeoff solutions for the two optimal objectives
should be considered.

Thus, the two objectives, minimization of the
operating cost and minimization of the investment
cost, are formulated as follows

min Cy (Fjx, i Fip, F:, y;’, F,,R, y,Ff)

mln C2 (F‘]’,kv Fi,pl X},ka )(i,p)'

It is suitable for traditional multi-objective evolu-
tionary algorithms to solve the models with a few
variables. However, in this work, the optimization
model involves lots of continuous variables and binary
variables, so it is difficult to solve this multi-objective
optimization problem using those evolutionary algo-
rithms such as the niched Pareto genetic algorithm

(NPGA) [14], the non-dominated sorting genetic algo-
rithm 11 (NSGA 1I) [15], and the neighborhood and
archived genetic algorithm (NAGA) [16]. In this study,
an evaluation function method is employed [17].

To normalize the objective functions [18], the
function is transformed to f1,

G (x) - Clmm
fl = max _ min ° (39)
1 1
Similarly, another function f, may be transformed
to
G (1) -C3"
fz = max __~min (40)
2 2

where C/™ and C]™ are the maximum and minimum

operating cost, C;*™ and Cy™ are the maximum and

minimum investment cost, respectively. In this paper,
the maximum operating cost is the one before optimi-
zation, and the minimum operating cost is the solution
of optimization model under the present constraints.
The maximum investment cost is the solution of opti-
mization model under the present constraints, and the
minimum of the investment cost, which is also the
investment cost under the present circumstances, is zero.

The new objective function is

minf = - fi+o, f, (41)
where coefficients w; and w, in the objective function
are the weight coefficients for the operating cost and
investment cost respectively, with w; + w,=1.

The new normalized objective function is more
sensitive to the weight coefficients w; and w,, and the
influence from the relative size of two original objec-
tive function values becomes smaller. Consequently,
the optimization results are more reasonable and reli-
able. Based on the proposed multi-objective optimiza-
tion strategy, different values of w; and w, will be
selected to compromise the operating and investment
costs, and the Pareto curve for the optimization model
will be obtained.

5 CASE STUDY

The case study is from a refinery in China. The
refinery processes both high-sulfur crude and
low-sulfur crude and produces a full range of fuel
products. Fig. 2 shows the original hydrogen network
in the refinery. Hydrogen sources include two continu-
ous catalytic reforming units (CCR1 and CCR2). The
recycle hydrogen is all recycled to the reactor inlet.
The low pressure hydrogen and dry gas of hydrogen
consumers (off-gases) which could also be treated as
hydrogen sources is released as fuel gas. In addition,
there are four hydrogen utilities: three hydrogen plants
and a fertilizer plant (FER). Two PSA plants are used
to purify the hydrogen product of CCR1 and CCR2 in
the refinery. There are ten hydrogen consumers which
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Figure 2 The original hydrogen network in the case study
are coking diesel hydrotreater (HT1), straight-run die- Table 1 Hydrogen sources in the case stud
g y g yarog y
sel hydrotreater (HT2), straight-run diesel hydrotreater . -
. i : Hyd Fl te/m>h™  Purity/% P /MP
(HT3), diesel hydrotreater (HT4), wax oil hydrotreater YErogen soufees Towreem aiyrn  TresrenT
(HT5), two other hydrotreating units(HT6 and HT7), CCRL 54060 92 12
two hydrocracking units (HC1 and HC2) and p-xylene CCR2 52180 92 12
isomerization (PX). Tables 1-4 give the data of hy- HT1 off-gasl 1125 85 15
dr_o_gen sources, sinks, utilities and purifiers. Thg 1elec— HT1 off-gas2 083 43 0.58
tricity costs ang1 fuel costs are 0.6 CNY"(kW-h) ™ and HT2 off-gasl 1050 68 14
0.03 CNY MJ ™ respectively. The payback period is HT2 off-0as2 750 45 04
two years, with 5% interest rate per year. Considering 9 '
the low purity of low pressure hydrogen of off-gases HTS off-gasl 1980 v 15
and PSA residual, a membrane separation unit is used HT3 off-gas2 1536 45 0.5
as the candidate purifier. HT4 off-gasl 3400 75 1.40
The multi-objective problem and corresponding HT4 off-gas2 2857 47 0.55
solution strategy is applied in the case study. The HTS off-gas1 2395 76 1.40
LINGO [19] (linear interactive general optimizer) sys- HTS off-gas2 1665 50 0.55
tem provides the access to MINLP solvers. The algo- HT6 off-qasi 258 28 L3
rithm and features of solvers can be found at ott-gas '
http://www.lindo.com. This MINLP model involves HT6off-gas2 180 45 052
296 constraints, 205 continuous variables and 97 bi- HT7 off-gasl 1032 79 123
nary variables. _ o HT7 off-gas2 745 45 0.47
~ The optimal solutions of the optimization problem HC1 off-gas 8300 64 155
yields an efficient frontier denoted as the Pareto curve, HC2 off-gas 5500 66 177
as shown in Fig. 3. The conflict between the effects of BX off.qas 250 75 135
the decision variables on the two objective functions 9 '
results in that the optimum is a Pareto set rather than a IPSA off-gas 4000 53 0.77
unique solution. The Pareto set has following property: [IPSA off-gas 5500 52 0.77
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Table 2 Hydrogen sinks in the case study Table 4 Purifiers in the case study
Hydrogen Flow rate Minimum Pressure . . Recovery Maximum throughput
sinks /m*ht purity/% /MPa Purifiers Purity/% ratio /m*ht
HT1 12180 92 7 I PSA 98 0.9 70000
HT2 8260 92 5
11 PSA 98 0.9 70000
HT3 21740 92 7
HT4 32380 96 7
HT5 27940 96 10
HT6 2720 96 1.2
HT7 8200 96 3 ;
HC1 58110 97 20 950k
HC2 44180 97 20 =
X
PX 3500 96 2.3 2
320
5
Table 3 Hydrogen utilities in the case study «E
o
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plan . . ) o
FER 76000 965 7 0.45 Figure 3 Pareto curve for the optimization model
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Table 5 Optimization result (annual cost in the unit of million CNY)

Operating cost  Hydrogen Electricity Investment cost PSA Membrane  Compressor  Piping
new network 887.75 793.2 106.6 -12.05 3.44 — 1.68 1.76 0.19
original network 1019 911.3 132.8 — — — — —

when one point on the set is moved to another, one
objective function is improved, while another function
becomes worse. Hence, within the Pareto set, neither
solution dominates. Both give the optimal solution for
the two objective functions. The decision makers have
to use additional information, such as the market quo-
tation, the financial situation, and the corresponding
decision variable values, to select an operating point
(preferred solution) from the entire Pareto set for op-
eration [20, 21].

With the above multi-objective optimization strat-
egy, one of the optimization results is shown in Fig. 4.
Comparing Fig. 4 with Fig. 2, we have following points.

(1) Because of higher pressure and higher purity,
the amount of hydrogen imported from the FER plant
increases, so two compressors are shut down, greatly
reducing the power cost of compressors.

(2) A new membrane separation unit is added.
The low pressure hydrogen of off-gases and PSA re-
sidual are purified by membrane separation unit. Its
product is mixed with those from other hydrogen
sources and sent to the hydrogen consumers, while the
residue flow is sent to the fuel system.

(3) A part of hydrogen from reforming units is
supplied to the hydrogen consumers, which will re-
duce operating costs of PSA units and make PSA units
have ability to purify the high pressure hydrogen of
off-gases. Therefore, it is suitable for PSA units to
purify the high pressure hydrogen of off-gases and the
hydrogen from reforming units. Since the feed purity
of PSA decreases, the recovery ratio has to increase so
as to maintain the product purity. To make good use of
hydrogen from the FER and all of the off-gases, two
of the hydrogen plants as well as two compressors are
shut down.

Table 5 gives the optimization result. A 14.5%
reduction in the total annual cost is achieved, saving
129.43 million yuan per year.

6 CONCLUSIONS

The present study addresses the challenge of
managing the hydrogen network in refineries. An im-
proved and validated model for hydrogen network is
established to solve the multi-objective optimization
problem: minimization of the operating cost and mini-
mization of the investment cost. With the optimization
based on the evaluation function method, an efficient
frontier denoted as the Pareto curve is obtained. The
relation between operating cost and investment cost is
explored and used for selecting appropriate solution

from the Pareto curve. This multi-objective optimiza-
tion strategy will reduce the plant operation cost, save
the investment cost, and thereby increase the profit.
Moreover, this multi-objective optimization strategy
may be applied to other similar industrial processes.

NOMENCLATURE

a, b capital cost coefficient
C cost, CNY

G, heat capacity at constant pressure, J-kg K™

D pipe diameter, m

F stream flow rate under standard condition, m*h*
Ia annualizing factor

AH® heat of combustion under standard condition, Jm=
J set of hydrogen sources

K set of hydrogen sinks

L pipe length, m

M set of off-gases

N set of purifiers

o set of all possible matches between sources and sinks

P pressure, MPa

Power  power consumption, kW

T temperature, K

t annual operating hours, h

U upper bounds of flow rate under standard condition, m*h™
u lower bounds of flow rate under standard condition, m*h~
X binary variable for a flow between sources and sinks

y hydrogen purity, %

z capital cost coefficient

y ratio of heat capacity at constant pressure to that at constant volume

n compressor efficiency

P) density of gas, kg:m™

Do density of gas under standard conditions, kg-m
Superscripts

max maximum

min minimum

P product

R residual
Subscripts

comp compressor

f feed streams of purifiers

fuel fuel system

i stream of off-gas

j source

k sink

mem membrane

P purifier

pipe pipeline

power compressor power
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