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This work presents a new superstructure for refinery hydrogen networks synthesis. The superstructure
eliminates the need to have the pressures of compressors as variables, while both dedicated and shared
compressors can be included. As a result of considering the pressures as the parameters known a-priori,
the constraint of compression power is expressed by using linear equation. Hydrogen networks synthesis
is then formulated as a new mixed integer nonlinear model whose nonlinearities are only attributed to

the bilinear and concave terms. The proposed model is a simple optimization problem that could be
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solved to global optimality. Four literature examples and an industrial case are tested for illustration
purpose. The obtained solution results exhibit 3.1—4.5 % reduction in the total annualized cost compared
with those of literature ones.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

Hydrogen is a renewable energy and resource widely used in
petroleum refineries. Especially due to the limited crude oil supply
and the stricter environmental legislations, more and more
hydrogen gases are consumed to produce light fuel (Elsherif et al.,
2015), electricity (Rezaie et al.,, 2020) and other commodities
(Deng et al., 2019) for sustainable developments in recent decades.
The internal hydrogen sources of refinery, such as continuous and
semi-regenerative catalytic reformers as well as the gas processing
units, are commonly not capable of providing enough fresh
hydrogen gases to meet the requirement of hydrogen consumers
(Lou et al., 2019; Zhang et al., 2020), such as hydro-treaters, hydro-
crackers, olefin saturation, lubricant and isomerization units.
Consequentially, most of refineries depend on onsite generations
and merchant sources which provide approximately pure hydrogen
gases at high prices (Fonseca et al., 2008). Such a serious challenge
highlights the importance of refinery hydrogen networks (HN)
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design wherein hydrogen could be reused among hydrogen source
and sink units, significantly saving fresh hydrogen and expenses.
The two most popular approaches to optimal HN design are
Pinch Technology (PT) and mathematical modeling by using
mathematical programming (MP), although a few attempts to use
metaheuristics/stochastic-based methods exist. The former is an
insight-based tool inspired by heat integration works (Cucek et al.,
2019; Chang et al., 2020) and extended to HN design researches
(Bandyopadhyay et al., 2019; Huang and Liu, 2019). For example,
Towler et al. (1996) pioneered PT to investigate hydrogen gas dis-
tribution using value composite curve. Their analysis exhibited PT
provided clear insights to the economic tradeoff for refinery
hydrogen management. However, they didn’t handle the physically
operational constraints which strongly affected HN designs.
Considering this, Alves and Towler (2002) captured the operation
constraints by cautiously extracting the input data of the sources
and sinks. They utilized hydrogen surplus diagram to estimate the
minimum fresh hydrogen supplied to networks. In addition, several
practical issues such as purifications (Shehata and Shoaib., 2015; Li
et al., 2019), multiple components (Umana et al., 2014; Wei et al.,
2017) and flowrate fluctuations (Wei et al., 2019) were studied
using PT. However, PT is essentially a graphical tool not capable of
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optimizing operation and capital expenses simultaneously (Hong
et al., 2019; Ebrahimi et al., 2020).

On the other hand, MP method sets up an equation-based mixed
integer nonlinear model (MINLM) based on process superstructure.
Such an MINLM solved using mixed integer nonlinear program-
ming (MINLP) procedures can handle the problems in a more
rigorous manner, allowing the introduction of structural and
operational details that PT cannot accommodate (Li et al., 2020). A
seminal attempt to HN design optimization by using MP method
was initiated by Hallale and Liu (2001). They built a comprehensive
superstructure to encompass all possible connections for retrofit-
ting an original network. Afterwards, Liu and Zhang (2004) used
the superstructure of Hallale and Liu (2001) to select purifiers for
HN retrofit design. They established an MINLM and then relaxed it
as a mixed integer linear model, whose solutions later provided the
initial values to the original MINLM. This useful superstructure was
further explored by Kumar et al. (2010) to optimize the flowrate of
recycled hydrogen gas. They compared different models and
concluded MINLP was the most realistic approach. Furthermore,
Elkamel et al. (2011) integrated refineries’ planning models into HN
design to comply with several industrial scenarios. An MINLM was
built to retrofit new compressor and purifier for maximizing the
economic profits of refineries. Birjandi et al. (2014) developed a
global optimization strategy for HN design. The authors convexified
their MINLM through linear relaxation that together with bound
contraction procedures (Faria and Bagajewicz, 2012) was used to
globally solve retrofit design problems. Jagannath et al. (2018)
established a proper superstructure, wherein recycle compressor
(RC) is dedicated to each process unit while makeup compressor
(MC) might be shared by multiple gas streams. A heuristic method
was proposed to manually assign the MCs’ pressures as constant
values, but the authors emphasized and warned their heuristic
method was not rigorous. This is because there are too many
assignment possibilities and some of them might be missed heu-
ristically. Liao et al. (2010) proposed a systematic method for HN
retrofit design that used a state-space superstructure integrating
purifier. All the possible placements of the devices like compressor
and purifier were incorporated in their model. Recently, Rezaie
et al. (2020) examined hydrogen management using MINLP
model whose outcome was retrofitting hydrogen network and
determining hydrogen surplus capacity. Different scenarios were
proposed and analyzed to effectively utilize surplus hydrogen with
an application to an industrial case in Iranian.

The above works using MP methods mostly focused on
hydrogen networks retrofit (HNR), which addresses the redesigns
of an existing HN already present. Besides HNR, the grass-roots
synthesis of hydrogen network is another aspect of HN design,
which is namely hydrogen networks synthesis (HNS) in previous
research (Marques et al., 2017). Note that HNS beforehand syn-
thesizes networks from scratch knowing only the input data of
hydrogen sources and sinks. In HNR problems, however, the ca-
pacities of the existing devices in the original networks like com-
pressors and pipelines are known in advance. Especially, the
suction and discharge pressures of the existing compressor are
typically designed for the specified operation conditions and
cannot be changed during optimization. For instance, Jagannath
et al. (2014) researched HNS using an improved superstructure,
wherein the conditioning devices like heaters, coolers and valves
were embedded. The key feature of their superstructure was the
arrangement of the dedicated compressor on each gas transfer line,
as depicted in Fig. 1a. In their optimized networks, however, many
dedicated compressors were installed, resulting in high capital
expenses. To counter this, Jagannath and Almansoori (2017)
developed a superstructure in which MC was shared by multiple
streams, as shown in Fig. 1b. The RCs in the superstructure were still
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dedicated to process units complying with industry practices. They
modelled an MINLM for HNS to optimize compression costs with
the minimum fresh hydrogen supplies. Kang et al. (2019) had
investigated the impacts of HNS schemes on networks’ flexibilities
and economy according to the connection patterns among
hydrogen sources and sinks. Direct, indirect and hybrid schemes
were researched involving multi-period operations. However, their
MP model was computationally ineffective since it rendered
numerous local solutions.

Thus far, it should be noted that the MCs in the above discussed
superstructures are allocated either in the dedicated form (Fig. 1a)
or the shared form (Fig. 1b). In the former one, there is an available
MC dedicated on every transfer line (Deng et al., 2020). The suction
(discharge) pressure is the pressure of the source (sink) that sends
(receives) gas to (from) MC. Thus, the compression power is
calculated by a linear equation since the pressures of MCs are
known beforehand. Nevertheless, as in this option, MC cannot be
shared by multiple gas streams and there exists a waste of equip-
ment resources. This may result in many dedicated compressors
present in the optimized network, increasing capital investment. In
the latter one (Fig. 1b), shared MCs are allocated among multiple
streams, which was an efficient usage of equipment resource
(Jhaveri et al., 2014). The total number of compressors and capital
expenses are thereby decreased, as illustrated by Jagannath and
Almansoori (2017). Nevertheless, they defined the suction
(discharge) pressure of MC as a variable. Consequentially, the
compression power equation in their MINLM involved highly
nonlinear constraint making HNS into a computationally-hard
model. Hence, the authors employed a time limit (4 h) when
solving case studies, showing their MINLM had convergence
problems. From these above, one can find the model using dedi-
cated form (Fig. 1a) is easy to solve but suffers from limited struc-
ture possibilities while the model using shared form (Fig. 1b) is rich
in structure possibilities but difficult to solve. There lacks a math-
ematical model which can balance the richness of structure pos-
sibilities and the computational difficulties, while this is the goal of
the present work.

To derive such a mathematical model, a new superstructure is
developed for HNS in this study. In this superstructure, there exists
an available compressor (dedicated one) on each gas transfer line
whose inlet and outlet pressures are known beforehand. Hence, the
compressors with different pressure combinations are included in
the superstructure. Besides dedicated compressors, the shared
compressors are also involved by assigning compressor after a set
of mixer-splitter nodes whose pressures are specified as the outlet
pressures of all hydrogen sources. The compression power is
therefore expressed using linear equation. The resulting MINLM
could automatically make choices among these compressors and
only the gas flowrates of compressors demand to be determined.
The nonlinearities of this MINLM are only attributed to the bilinear
terms in concentration (purity) balances and concave terms for the
equipment costs. This paper is constructed as follows. Section 2
states the generic definition for HNS problem with the estab-
lished superstructure. Section 3 presents all constraints and
objective function of the MINLM. Examples are solved in Section 4
and conclusion is summarized finally.

2. Problem statement and superstructure

The problem of HNS in refineries can be generally stated as
follows. Given several hydrogen-producing units (i€IS) namely
hydrogen utility sources which provide fresh hydrogen with con-
stant purity (Y;), outlet pressure (P;) and flowrate bounds (Fmin;
and Fmax;). Given also several hydrogen-consuming units (u < US),
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Fig. 1. Allocation of available compressors: (a) dedicated compressors; (b) shared compressors.

namely process units feeding hydrogen gas with fixed flowrate
(Fim, pressure (Pi") and limited purity (Yi?). After consuming some
pure hydrogen, each process unit gives out off-gas with the fixed
flowrate (FSUt), pressure (P3“t) and purity (Y9*). The off-gases can
be reused between process units, or directed to purifiers (t € TS) for
hydrogen purification, or disposed to fuel gas sinks (j< JS) after the
desulphurization. Here, each purifier is characterized by fixed inlet
pressure (P;), hydrogen recovery ratio (R;), a product stream with
fixed pressure (PP™®) and purity (Y?"®), and a residue stream with
fixed pressure (P}¢). The objective is to synthesis a network with
minimum total annualized cost (TAC) including capital investments
and operational expenses. To simplify the problem under study, the
following assumptions are made.

1. All the gas streams in network are the mixtures of only
hydrogen and methane. The other components in much smaller
proportion, such as ethane, propane, etc., are all ignored and
lumped with methane. The key component of gas is hydrogen
(purity).

2. Because hydrogen has a behavior very close to ideal, the ideal
gas law is used.

3. The given input data of all hydrogen origin and destination
units, such as hydrogen utility sources, process units, purifiers
and fuel gas sinks (FGS) are constants.

4. Each compression process is single-stage and adiabatic with the
fixed index () and efficiency (), while compressors could be
allocated in series.

5. The suction temperature (T) of compressor is 298.15 K (25.0 °C)
and the demanded heating and/or cooling costs are neglected.

6. The pressure drops are zero in pipelines and no phase change
occurs in networks.

7. The manufacturer’s limitations of all devices’ capacities are
given prior to HNS.

In this research, a set of mixer-splitter nodes (me MS) are added
into hydrogen network for establishing the superstructure in Fig. 2.
The pressures (Pp) of these mixer-splitter nodes (MS =

{ISUUSUTS}) are specified as the pressures of hydrogen origin units,
such as utility sources (P;), process units (P9%) and purifiers (PP™
and P{%). In Fig. 2, there are in total seven blocks of units, respec-
tively being utility sources, outlet of process units, outlet of puri-
fiers, mixer-splitter nodes, FGS, inlet of process units and inlet of
purifiers. These blocks are all modelled with mixers or/and splitters
which are connected to each other. Although the compressors are
dedicated on gas transfer line, shared compressor can exist in the
finally optimized networks due to the presences of the added
mixed-splitter nodes, which is different from the previous

researches. For mixer-splitter node m, it only can be connected to
the source (sink), whose pressure is lower (larger) than or equal to
Pp,. The residue gas of purifier is disposed to FGS after desulphu-
rization (Wang et al., 2016), since its purity is relatively low
(Jagannath et al., 2014). The index r (rRS) is used to represent
source units (RS = {ISUUSUMSUTS}) and index k (kKS) to repre-
sent sink units (KS = USUMSUTSUJS). The schematic diagrams of the
above units are depicted in Fig. 3.

3. MINLM formulation

In this section, an MINLM is formulated for HNS based on the
superstructure in Fig. 2. This section is divided into four subsections
namely material balance, connection constraints, compression
constraints, along with cost calculation and objective function.
Their detailed formulations are in the following paragraphs. The
definitions of the used indices, sets, variables and parameters are
listed in Part A of Supplemental Information.

3.1. Material balance

As presented in Fig. 3a, hydrogen utility source i provides fresh
hydrogen (f;) to process units (f;,), mixer-splitter nodes (f; ;), pu-
rifiers (f;;) and FGS (f;;). Hence, the following mass balance and
flowrate limit are demanded for utility source i.

fi= Zfiﬂ+ Z fi,mJFZfi,tJerij vielS (1)

ueUS meMsS teTs JjEJS
Pifpm

Fmin; <f; < Fmax; VielS (2)

Fig. 3b shows that process unit u receives fed hydrogen gas from
hydrogen utility sources, process units (fy ), mixer-splitter nodes
(fmu) and the product of purifiers (ff,”). Its inlet mass and purity/

concentration balances are respectively:

= "fiut D> fuut D fou+ D fAS Vuels  (3)
ielS weUs we&\;{; teTsS

len . YLn < E fiuYi+ qu,_,u.yg,“t + Z Smu*Ym

ielS uwelUs meMS
P <P}
+ > fE0YP® VueUs (4)
teTS

Process unit u also directs its off-gas to process units (fyuw),
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Fig. 2. The proposed superstructure for HNS.

mixer-splitter nodes (fym), purifiers (fur) and FGS (f;), thus its
outlet mass balance is:

F= 3" fuw+ > fam+ > fue+ > fuj VYueUS  (5)

wels meMS teTs jeJs
PouE<p,,

As presented in Fig. 3¢, mixer-splitter node m receives gases
from hydrogen utility sources, process units and the product of
purifiers t”,r,? ), hence its inlet mass and purity balances are the
following ones:

fo= > fim+ > fum+ D AR VvmeMs (6)
ielS ucUS Pﬁfgm
Pi<Py, PoT<p,, <B

fmeym = Z fim*Yi+ Z fum-Yg"

ielS uesUs
PP, PP,
+ > fPReYP? vmeMs (7)
N
P[E’.bc'ng

The mixer-splitter node m also send gas to process units, puri-
fiers (fm,¢) and FGS (f;), and its outlet mass balance is:

fn="Y" fou+ D fue+ Y fmj YMEMS (8)
ueUs teTs IJEJS
Pn <Py Pn<P; < P;

Fig. 3d depicts purifier t receives gas from hydrogen utility
sources, process units, mixer-splitter nodes and other purifiers
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Fig. 3. Schematic diagram of each unit for HNS: (a) utility source; (b) process unit; (c) mixer-splitter node; (d) purifier; (e) fuel gas sink.

(fpm) Its inlet mass and purity balances are:

=3 Tfie+ D fuet D fmet+ DY VEETS (9)

ielS ueUs ITEI\?,% t’t/e;g;s
foove=> fieYi+ D fue Y+ D fneeym
iels ueUs me};ﬁ
PmS t
+ >R VteTs (10)
teTs
vE
fi<ze-f!? VteTs (11)

where y; denotes the purity of the mixed gas to purifier t; z; de-
notes the existence of purifier t. After purification, the product (f7™)
and residue (f/*) gases are produced out of purifier. Like some
contemporary study (Khajehpour et al., 2009), in this research the
hydrogen recovery ratio and the product gas purity of each purifier
are both constant parameters. Thus, purifier t also has the following
outlet mass and purity balances:

fe=fP° + s vteTs (12)
_npr0°Yfr0:Rt'ft'yt vteTS (13)
fres res (1 —Rt) ft YVt vteTS (14)

where yi® represents the purity of residue gas leaving purifier t.
The product of purifier t could be sent to process units, mixer-

splitter nodes, other purifiers (ff;’) and FGS. Hence, the following

mass balance is demanded:

pro __ -pro pro pro pro
ft*E:t.u"'E: +§:tt’ VteTs
ueUs "ﬂr?<’\l",5 t’eTS ]e]S
(15)

The residue gas of purifier t is discharged to FGS after desul-
phurization, since its purity is relatively low, thus,

Tes _ res
t tj
jels

vteTs (16)

Fig. 3e presents each FGS receives gas ( f;) from hydrogen utility
sources, process units, mixer-splitter nodes as well as the product
and residue of purifiers. Its mass and purity balances are written as:

f}: E .)i,j"’ qu,} Z fm]"’ Z pro VjE]S (17)
ielS ueUs geMS teTsS
m<P;j
Goyi=Y fijYi+ D fug Y+ D fnjtym
ielS ueUs meMS
PmSI)]
Z fPre.yPe vjejs (18)
teTsS

where y; denotes the purity of the mixed gas to FGS j.

3.2. Connection constraints

The constraints of the connections among hydrogen utility
sources, process units, mixer-splitters, purifiers and FGS are written
as follows.
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Fig. 4. The optimal network of Jagannath and Almansoori (2017) for example 1.

2o f% <fok < zriefyf VreRS,keks (19)
where f;, represents the gas flowrate of the connection between
each hydrogen source r (r €RS) and hydrogen sink k (k< KS); binary
variable z., denotes the existence of the connection; fr”p repre-

sents the upper bound of f;.  ; fr’f;crepresents the lower bound of the

flowrate if the connection exists. The subscripts r (re RS) and k (ke
KS) are used to respectively represent all the hydrogen sources
(RS = {ISUUSUMSUTS}) and sinks (KS = {USUMSUTSUJS}).

In industrial practice, the recycled hydrogen gases are generally
compressed in the recycle compressors only (Liu et al., 2020). For
this, the following connection constraint is demanded:

Zum+2Zmu <1 VYueUS,meMS (20)

3.3. Compression constraints

For each connection, when the pressure of the source (P;) is
lower than that of the sink (P ), the available compressor on the gas
transfer line exists and the compression power is computed by the
following polytropic equation:

fix-R-T PN\
_JreRT oy [P
pw“r"_3600-17 7—1[(Pr> 1} Vr € RS, keKS (21)

where pw, . represents the power of the compressor between

source r and sink k. Eq. (21) is transformed from the one used by
Jagannath and Almansoori (2017) based on Ideal Gas State Equation
(ideal gas behavior). Note that Eq. (21) is linear constraint since the
pressures are both known a-priori.

In this research, the following bounds are given to the
compression ratio when the compressor exists:

2y Ratio™™ < Tk vre RS, keKs.Pr <Py (22)
FAR I;’: < Ratio™®  VreRS, keKS, Py <P, (23)

where Ratio™" and Ratio™* respectively denote the minimum and
maximum values of the compression ratio.

3.4. Cost calculation and objective function

There are several considerable cost terms in HNS, for example
fresh hydrogen cost (cost™d), profit of FGS (profit/ss), electricity cost
of compressors (coste!e), capital cost of compressors (cost®™m),

piping cost (costP’P) and purifier cost (costP“"). These cost terms are
respectively calculated by:

cost™? = "f;- CH; (24)
ielS
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Fig. 5. The network design of the globally optimal solution for example 1.

Table 1
Solution comparison for example 1.
Item Solution in literature Ref Solution in this work
Hydrogen flowrate (kmol/h) 4710.316 4710.316
Number of compressors 7 9
Compression power (KW) 11,582.5 10,921.9
Electricity cost ($/y) 3,043,882.4 2,870,284.0
Capital cost of compressors ($/y) 589,939.5 651,786.2
Computing time (s) 14,400.0 812.6
TAC ($/y) 3,633,821.9 3,522,070.2

Ref: Jagannath and Almansoori (2017).

TAC (106 $/y) (a) TAC (106 $/y) (b) TAC (10 $/y) (c)
3.80 2.75 2.78
r
75 ! :
37 \ 2.70 \ 2.70 \\
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\
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. 5 2.46 .
3.60 2.55 / -
3.55 / 2.50 — 2.38
e NC - N NC

3.50 NC 45 NC 330 .

5 6 7 8 9 10 11 12 13 4 5 6 7 8 910111213 3 4 56 7 8 9101112

Fig. 6. The sensitivity analysis of the total number of compressors (NC): (a) example 1; (b) example 2; (c) example 3.
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Pib _ AF. L (aPP ez + 8PP f (28)
fos 103 . S CF > fi+[yj - HV™ _y.) . HyCH4 cost [Z > Lk ( Tk rk
profit/®® =10° - Hour - CF 2 i [yj HV™< + (1 y]) HV ] SR
jeJs
(25) ur ur pur
costP'" =AF+> " (aP'" e+ P - fr) (29)
teTsS
ele _ «CE- .
cost™ = Hour-CE Z prrwk (26) where CH; denotes the price of fresh hydrogen; Hour denotes
rERSkeKS annual operation hours; HVH2 and HVCH4 are respectively the
standard heat of burning hydrogen and methane; CE denotes
electricity price; AF denotes the annualized factor of capital ex-
com __ . . . C . .
cost™" = Z Z AF <a Zrk +b pwhk) (27) penses; a, b and c are the cost coefficients of compressors; «PP and

rERSKEKS PP are the cost coefficients of pipeline; L, denotes the distance

between source r and sink k; oP*" and @P*" denote the cost
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Fig. 9. The network design of the globally optimal solution for example 2.
Table 2
Solution comparison for example 2.
Item Solution in literature R Solution in this work
Hydrogen flowrate (kmol/h) 4586.480 4586.480
Number of compressors 8 8
Compression power (kW) 7974.8 7518.5
Electricity cost ($/y) 2,095,776.9 1,975,848.7
Capital cost of compressors ($/y) 494,204.6 498,142.1
Computing time (s) 14,400.0 936.5
TAC ($/y) 2,589,981.5 2,473,990.8

Ref: Jagannath and Almansoori (2017).

coefficients of purifiers. Note that the capital expenses of pipelines
and purifiers are all linearly related to the gas flowrates (Jagannath
et al., 2018).

Based on the above, the objective function of HNS is written as:

Min TAC = cost™? — profit/3 + cost®®® + cost®™ + costP’P
+ costPY"
(30)
The nonlinearities of the MINLM are attributed to the bilinear
terms in Egs. (4), (7), (10), (13), (14), (18) and (25) and the concave
term in Eq. (27).
4. Case studies

In this section, five examples are illustrated in which the former

three are the ones without purifier while the other two integrate
Pressure Swing Adsorption (PSA) unit as the purifier. All parameter
values are provided in Part B of Supplemental Information. The
distances among hydrogen sources and sinks (L, ;) in each example
are all 1000.0 m, and the output data of MCs in the final networks
are listed in Part C of Supplemental Information. The
superstructure-based MINLM is implemented in GAMS (Brooke
et al., 2005), in which BARON is selected as the global solver with
optimality tolerance being 1078 All GAMS computations are
implemented without any initial value using a personal computer
with Intel® Core™ i5-3600U processor that has 3.2 GHz speed and
6 GB memory, running on windows 10 ultimate 64-bit operating
system.
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Fig. 10. The optimal network of Jagannath and Almansoori (2017) for example 3.

4.1. Example 1

The first case is adopted from Alves and Towler (2002). It in-
cludes three hydrogen utility sources HI, SRU and CRU, four process
units HCU, NHT, CNHT and DHT, and one FGS. The sources SRU and
CRU provide auxiliary fresh hydrogen gases with fixed flowrates
and zero costs. Jagannath and Almansoori (2017) had researched
this case to optimize total compression cost under the minimum
fresh hydrogen flowrate (4710.316 kmol/h). Only the capital and
operational expenses of compressors were included in the TAC, not
including fresh hydrogen costs and piping costs. The optimal
network of their solution is depicted in Fig. 4 whose TAC is
3,633,821.9 $/y. This figure shows that there are seven compressors
demanded, three being makeup ones and four being recycle ones.

To be able to compare results, the total flowrate of fresh
hydrogen supply is fixed as the minimum one (4710.316 kmol/h).
The proposed superstructure-based model for this example in-
cludes 436 constraints, 287 continuous variables and 95 binary
variables. After solving in 812.6 s, the globally optimal solution is
obtained and its network design is depicted in Fig. 5 with a TAC of
3,522,070.2 $/y. Table 1 lists the cost-related terms of the solutions
in literature and this work. This table shows the globally optimal
solution requires more compressors (7 vs. 9) which increases cap-
ital cost. However, the total compression power demanded is lower
(11,582.5 vs. 10,921.9 kW), considerably reducing the electricity

10

expenses. As a result, the TAC is decreased by 3.1% from the solution
of Jagannath and Almansoori (2017). Also, the computing time is
significantly decreased and the global optimality of the solution can
be guaranteed. The sensitivity analysis of the total number of
compressors (NC) and the electricity price (CE) for this example are
respectively depicted in Fig. 6a and Fig. 7a. Fig. 6a illustrates that
the TAC decreases from NC = 6 to 9 and increases from NC = 9 to 12.
It clearly shows the TAC of the global optimum is sensitive with the
total number of compressors. Fig. 7a indicates that TAC is almost
linearly related to electricity price and increases monotonically.
This illustrates electricity price is a modeling coefficient that has
great impact on the globally optimal solutions.

4.2. Example 2

The second case study from Elkamel et al. (2011) consists of two
hydrogen utility sources HP and CRU, five process units HCU, GOHT,
RHT, DHT and NHT, and one FGS. CRU is an auxiliary source that
provides fresh hydrogen gases with fixed flowrate and zero cost.
This case study had been studied by Jagannath and Almansoori
(2017) to minimize the total compression expenses under the
minimum fresh flowrate (4586.480 kmol/h). Thus, to be able make
comparison, in this study the flowrate of fresh hydrogen gas is also
fixed as the minimum one, ignoring hydrogen and piping costs. The
optimal network flowsheet provided by Jagannath and Almansoori
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Fig. 11. The network design of the globally optimal solution for example 3.

Table 3
Solution comparison for example 3.

Item Solution in literature R Solution in this work
Hydrogen flowrate (kmol/h) 3387.765 3387.765

Number of compressors 7 7

Compression power (kW) 7742.9 7321.8

Electricity cost ($/y) 2,034,839.1 1,924,169.8

Capital cost of compressors ($/y) 447,253.4 454,565.1
Computing time (s) 14,400.0 1198.6

TAC ($/y) 2,482,092.5 2,378,734.8

Ref: Jagannath and Almansoori (2017).

(2017) is presented in Fig. 8 whose TAC is 2,589,981.5 $/y. This
figure shows that there exist eight compressors in total, four being
makeup ones and four being recycle ones respectively. Each process
unit requires a recycle compressor except NHT whose off-gas is
directly sent to FGS.

The superstructure-based MINLM of this case has 589 con-
straints, 384 continuous variables and 123 binary variables. After
running in 936.5 s, the model converges to the global optimum
with a TAC of 2,473,990.8 $/y, whose network design is depicted in
Fig. 9. For comparison purpose, Table 2 presents the cost break-
downs of the solution obtained in literature and this work. It can be
seen from the table that the capital cost of compressor is increased
slightly while the electricity expense is considerably decreased.
This is because the total compression power is reduced from 7974.8
to 7518.5 kW. The TAC is thereby reduced by 4.5% (2,589,981.5 vs.
2,473,990.8 $/y). More significantly, the global optimality of the

1

solution could be guaranteed while the computing time has been
decreased largely, demonstrating the applicability of the proposed
superstructure-based MINLM. The sensitivity analysis of the total
number of compressors (NC) of this example is depicted in Fig. 6b. It
illustrates that the TAC decreases from NC = 5 to 8 and increases
from NC = 8 to 12. It can be seen from Fig. 6b that TAC is sensitivity
with the total number of compressors. Also, the sensitivity analysis
of the electricity price of this case is depicted in Fig. 7b. This figure
illustrates that the electricity price is a modeling coefficient which
has great impact on the TAC of the global optimum.

4.3. Example 3

The third case study is from Hallale and Liu (2001) including two
hydrogen utility sources HP and CRU, six process units DHT, CNHT,
JHT, NHT, IS4 and HCU, and one FGS. Here, CRU is an auxiliary



C. Chang, Z. Liao and M. Bagajewicz

Journal of Cleaner Production 292 (2021) 126022

HP1 HP2
1593.301 4282.598
5 ) IIE Nic2 (2200198
1992.400
1 1510.536
\ 4 v
2331.213 1593.301 2250.475 1992.400
> i < < <
\ 4 ¢ \ v
[re\ |HCUI DHT | [rc\ HCU2| [rc\ | RHT | [rc)
7'y 7'y 7'y 7y
1863.783 1848.671 1246.210 2359.938 1755.304
\ 4
imcﬂ
789.050 o
A4 1220.481 * 853.743 y
1470.814 PSA
603.411

Fuel gas sink

Fig. 12. The network design of the globally optimal solution for example 4.
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Fig. 13. Cost breakdown of the globally optimal solution for example 4.

source suppling fresh hydrogen gas with fixed flowrate and zero
cost. Jagannath and Almansoori (2017) had researched this problem
as a grass-roots synthesis example to minimize the total
compression expense under the minimum fresh hydrogen supply
(3387.766 kmol/h), regardless of other cost terms. Hence, in this
case the flowrate of fresh hydrogen gas is fixed as 3387.766 kmol/h,
ignoring hydrogen and piping expenses in TAC. The optimal
network of Jagannath and Almansoori (2017) is shown in Fig. 10
with a TAC of 2,482,092.5 $/y. In the figure, there exist four
makeup compressors and three recycle compressors respectively
installed to lift the pressure of fresh hydrogen gases and the off-
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gases out of process units.

The proposed superstructure-based MINLM of this case includes
692 constraints, 452 continuous variables and 148 binary variables.
After solving in 1198.6 s, the MINLM converges to the globally
optimal solution and the network design is depicted in Fig. 11 with
a TAC of 2,378,734.8 $/y. The cost breakdowns of the solutions
obtained in literature and this work are listed in Table 3. Both so-
lutions feature the same number of compressors. However, the
compression power is reduced from 7742.9 to 7321.8 kW. The
electricity expense is therefore decreased while the capital expense
of compressors is increased slightly. As a consequence, the TAC is
decreased by 4.2% (2,482,092.5 vs. 2,378,734.8 $/y). More impor-
tantly, the computing time is largely saved and the global opti-
mality of the solution can be guaranteed. The sensitivity analysis of
the total number of compressors (NC) for this case is depicted in
Fig. 6¢. It depicts that the TAC decreases from NC = 4 to 7 and in-
creases from NC = 7 to 11. This figure clearly shows that the TAC of
the global solution is sensitive with the total number of compres-
sors. Moreover, the sensitivity analysis of the electricity price for
this example is performed and presented in Fig. 7c. This figure
demonstrates that the modeling coefficient (electricity price) has
great impact on the TAC of the global optimum.

4.4. Example 4

The forth case study is a retrofit problem taken from Jagannath
et al. (2018) which is modified as a grass-roots synthesis example in
this research. It includes two hydrogen utility sources HP1 and HP2,
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Fig. 16. The sensitivity analysis of electricity price (CE): (a) example 4; (b) example 5.

four process units HCU1, DHT, HCU2 and RHT, one PSA and one FGS.
In this case, the objective function is to optimize the TAC which
includes hydrogen utility cost, FGS profit, electricity cost and the
capital costs of compressors, pipelines and PSA unit. The proposed
superstructure-based MINLM has 439 constraints, 291 continuous
variables and 95 binary variables. After running in 672.8 s, the
MINLM converges to the globally optimal solution and its network
design is presented in Fig. 12 with a TAC of 82,854,723.8 $/y. Fig. 12
depicts that eleven compressors are demanded to lift the pressures
of the gas streams between hydrogen sources and sinks. Seven of
them are makeup compressors while the other four are recycle
compressors. All the cost-related terms (breakdowns) are respec-
tively shown in Fig. 13. It illustrates that the hydrogen cost is the
highest expense while other cost terms, such as the capital ex-
penses of pipelines and PSA units, are relatively low. The sensitivity

13

analysis of fresh hydrogen flowrate (F) for this case study is pre-
sented in Fig. 14a. It indicates the TAC increases monotonically
along with fresh hydrogen demand. Therefore, it is reasonable to
optimize the total compression expenses under the minimum fresh
hydrogen flowrate, as studied in examples 1—3. In addition, the
sensitivity analysis of fresh hydrogen price and electricity price for
this case study are performed and depicted in Figs. 15a and 16a
respectively. Such two figures both show that modeling coefficients
have great impacts on the TAC of the global optimum.

4.5. Example 5
The last example is a real industrial case adopted from a refinery

that is located at southern China. It includes three hydrogen utility
sources namely HP, SRU and CRU, six process units namely RHT, HC,
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Table 4
Solution comparison for example 5.

Item Original solution Solution in this work
Hydrogen flowrate (kmol/h) 5822.646 5354.984
Number of compressors 11 12
Compression power (kW) 9454.6 92834
Hydrogen cost ($/y) 30,376,063.3 23,522,151.7
FGS profit ($/y) 10,152,411.6 6,762,416.3
Electricity cost ($/y) 2,484,658.3 2,439,667.7
Capital cost of compressors ($/y) 682,723.9 674,969.6
PSA cost ($/y) 546,655.9 857,856.0
Piping cost ($/y) 119,531.6 110,956.5
TAC ($]y) 24,057,221.4 20,843,185.3

GOHT, NHT, CNHT and DHT, one PSA and one FGS. The utility
sources SRU and CRU provide auxiliary fresh hydrogen gas with
fixed flowrates and zero cost. The objective function is to minimize
TAC, including hydrogen utility expense, FGS profit, electricity
expense and the capital investment of compressor, pipeline and
PSA unit. The original network design is shown in Fig. 17 with a TAC
0f 24,057,221.4 $/y. This figure shows the flowrate of fresh hydrogen
supply is 5822.646 kmol/h and the total number of the demanded
compressors is eleven, five being makeup ones and six being
recycle ones respectively. The off-gas from process unit GOHT is
routed to PSA for hydrogen purification. The off-gases of other
process units including RHT, HC, NHT, CNHT and DHT are directly
sent to FGS.

The proposed superstructure-based model for the case includes
651 constraints, 462 continuous variables and 192 binary variables.
It is solved to global optimality in 2136.2 s and the TAC of the
globally optimum is 20,843,185.3 $/y. The corresponding network
design is depicted in Fig. 18. This figure depicts the flowrate of fresh
hydrogen gas supplied to the network is 5354.984 kmol/h. Seven
makeup compressors and five recycle compressors are needed to
lift the pressures of the gas streams among hydrogen sources and
sinks. The off-gases of process units GOHT and NHT are routed to
PSA unit for hydrogen purification. The PSA unit sends its product
gas to process units RHT and DHT. Only the residual gases of PSA
unit are sent to FGS. Note that the inlet pressure of process unit HC
is relatively high (13,789.5 kPa) and thus two makeup compressors
(MC2 and MC3) are installed in series to reduce the compression
ratio and power.

Table 4 lists the cost-related terms of the original solution and
the globally optimal one. It shows that the TAC is reduced by 13.4%
from 24,057,221.4 to 20,843,185.3 $/y. This outcome is mainly
attributed to 8% reduction in fresh hydrogen supply (5822.646 vs.
5354.984 kmol/h). The cost of fresh hydrogen is thereby saved
while the FGS profit is reduced. One more compressor is demanded
(11 vs. 12) while the compression power is saved (9454.6 vs.
9283.4 kW), and hence both the capital and electricity expenses of
compressors are saved. The sensitivity analysis of fresh hydrogen
flowrate (F) is shown in Fig. 14b. It shows TAC is almost linearly
related to hydrogen flowrate F and increases monotonically. Obvi-
ously, the TAC of the global optimum is sensitive with the flowrate
of fresh hydrogen. In fact, the solution results highly depend on the
input parameters of different modeling coefficients, including fresh
hydrogen price, electricity price and so forth. To analyze the im-
pacts of the input parameters, the hydrogen price (CH) and elec-
tricity price (CE) are varied for illustration purposes. The resultant
TACs of the globally optimal solutions using different CH and CE are
respectively presented in Figs. 15b and 16b. Such two figures clearly
illustrate TAC increases monotonically along with the increase of
hydrogen and electricity prices. Therefore, the input parameters of
modeling coefficients have considerable impact on the optimiza-
tion and solution results. All the above demonstrate the capabilities
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of the proposed model.

5. Conclusions

This work presents a new superstructure for the grass-roots
synthesis of hydrogen networks. The corresponding mathematical
model can balance the richness of structure possibilities and the
computational difficulty. This is achieved by assigning compressor
at different positions: after the outlet splitter of hydrogen sources
or after a set of mixer-splitter nodes. In this way, both the dedicated
compressors and shared compressors can exist in the proposed
superstructure while the pressures of these compressors are
known beforehand. Based on this, a new MINLM is modelled for
hydrogen networks synthesis in which the constraint of compres-
sion power is written as linear equation, and thus the nonlinearities
of the MINLM only arise from bilinear and concave terms. Four
literature examples and one industrial case are globally solved
within 40 min to illustrate the applicability of the superstructure-
based MINLM. The solution results of examples 1—3 indicate the
TACs and computing time are decreased significantly. Examples 4
and 5 shows the MINLM can be applied to hydrogen networks
synthesis integrating PSA as purification unit. The sensitive analysis
in each example indicates that the input data of modeling co-
efficients have great impacts on the global optimum.

The sensitive analysis in example 4 and 5 illustrates the solution
result is sensitive with the flowrate of fresh hydrogen supply. Thus,
it is meaningful to consider hydrogen demand fluctuations and
dynamic flows for hydrogen networks synthesis which will be
studied in further. Another further work is to apply the proposed
superstructure-based model to the retrofit design of hydrogen
networks. The mathematical model of retrofit design problem is
considerably different from that of the grass-roots synthesis
problems, due to the existence of the devices which are already
present.
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