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Hydrogen, as a resource is widely used in refineries in hydrocracking and hydrotreating processes. As hydrogen
demand in the refineries is increasing, hydrogen management strategies are of great interest to the refineries.
Hydrogen management deals with the optimal distribution or allocation of hydrogen gas within a refinery linking
the hydrogen internal sources, and external sources to demand units. Generally, it comprises multiple zones of
demands with a dedicated resource for each zone and sources shared by all zones i.e. segregated targeting.
The flow is supplied for satisfying the demand via compression. The compression procedures involve huge
amounts of investment and also the compression energy. So energy management and investment management
in hydrogen allocation networks (HANSs) is a very important aspect. To reduce investment and save energy for
the petrochemical industry, the hydrogen system in a refinery should be operated under the optimal scheme to
meet the varying hydrogen demands of hydrogen consumers. In this paper, a mathematical formulation based
on the Pinch Analysis approach is presented to address such problems. The applicability of the proposed
methodology is explained via an illustrated example which helps to optimize HAN with multiple zones. The result
shows that there is an almost 18% decrease in resource requirement while almost the same energy is utilized.
When the next highest CBN is added then there 10% decrease in resource requirement but at the same time a
slight increase in energy requirement. It can be concluded from the example that the result allows the decision-
maker to utilize in such a way that the common resources can minimize the compression energy in all the zones
while satisfying the demand.

1. Introduction

Hydrogen is used in huge amounts in the oil refining business. Demand will continue to be largely focused on
industry sectors, either expanding in existing sectors, such as fertilizers and refineries or growing into new
sectors, such as steel. Because hydrogen demand in refineries is continually increasing, refinery hydrogen
management capabilities are of major importance. These supplies should be used in such a way that they meet
current demands without affecting future needs. Hydrogen Allocation Network (HAN) is associated with the
transportation, effective supply, and flow distribution of hydrogen within a refinery, which combines the source
and demand stations. Apart from reducing the amount of fresh hydrogen required, it is important to limit the
amount of compression energy requirement in any HAN (Birjandi et al. 2014). Supplying the flow via
compression procedures involves a huge amount of energy often provided by compressors. Because of the
increased sensitivity to global warming and the use of renewable energy sources, every region must energy
efficient.

Segregated targeting issues were first discovered as a result of a planning issue in the carbon-constrained
energy sector (Lee et al., 2009). The economic side of the segregated targeted problem was introduced by
Chandrayan and Bandyopadhyay (2014). This work is characterized by each resource by the quality and per-
unit cost. The objective of the problem has been modified to minimization of the total cost. Yang et al. (2014)
used pinch technology to find the best filtration technique for hydrogen networks that saves the most hydrogen
as a resource. According to Tan et al. (2015), it is critical to examine several objectives to make better and more
informed decisions. This is very crucial to achieving long-term development. Considering the dedicated sources
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in segregated targeting problems that can use only in particular zones, Jain and Bandyopadhyay (2017)
developed a methodology for segregated targeting in resource allocation network with an objective to minimize
external resource requirements in zones. Kang et al. (2019) look at how the synthesis affects hydrogen networks
in terms of fuel, network sophistication, total annual cost, and increased efficiencies in single and multiple-period
operations. For the dual aims of chemical production planning for the methanol sector in China, Qin et al. (2018)
proposed a sequential graphical as well as statistical Pinch Analysis (PA) based approach. Liu et al (2019)
proposed a fuzzy optimization model for the design of a multi-component hydrogen network with parametric
uncertainties is developed. Chaturvedi (2020) utilized the PA approach to compute the power rating of resources
necessary in a hybrid power system to reduce the total cost of electricity. Recently Shukla and Chaturvedi
(2021a) proposed the PA approach for minimizing compression energy requirements in batch gas allocation
networks. Haider and Chaturvedi (2021) developed segregated targeting for resource conservation with
dedicated sources for the batch process.

It can be established, from the above literature review that researchers have proposed several graphical and
mathematical programming-based works on segregated targeting for batch processes and also for the
continuous process. However, a key domain of the HAN, that has been comprehensively researched for
continuous processes is not focused on segregated targeting. The objective of this study is to develop an
algorithm for segregated targeting problems with dedicated source stations and common internal stations in
HANSs. In segregated targeting, there are various zones. In each zone, there are several internal source
compressor stations (CSs), resources CSs, dedicated sources CSs, and demand stations available. The
objective of this study is to provide a result to the decision-maker to allow in such a way that the common
resources can minimize the compression energy in all the zones while satisfying the demand. The remainder of
this paper is organized as follows. Section 2 describes the problem statement of this work. In Section 3, the
mathematical background and targeting algorithm is presented. An illustrative example is performed to
demonstrate the proposed framework in Section 4. Section 5 concludes the finding of this study.

2. Problem Statement

The overall problem for segregated targeting for minimizing compression work with dedicated internal source
CSs and a set of common internal source CSs associated with multiple zones in the HAN may be mathematically
stated as follows.

Each zone consists of a set of demand CSs, a resource CS, and a set of dedicated source CSs. Dedicated CSs
are those that can exclusively transfer flow to the demands of the zone in which they have located i.e. the flow
from specific sources in one zone cannot be transferred to the requirements of other zones. The objective of
the problem is to minimize the compression energy in the HAN. The numerical description of the aforementioned
problem is as follows.

A set of N internal sources CSs is given. Each source station (i = 1, 2, ..., Ns) a flow Fg; with quality qs. A set of
zones (k=1, 2, ..., N,) is also given. Each zone consists of a set of dedicated sources, a resource, and a set of
demands. Each dedicated source station (/ = 7, 2, ..., Nys«) of the ki zone supplies flow Fys with quality qgsi.
The resource station has no supply limitations and each resource station corresponding to zone k has a quality
g« associated with it. Each demand station (j = 1, 2, ..., Ng) of k" zone accepts a flow Fg with maximum
allowable quality of g4 from an internal source, dedicated source, and resource stations.

3. Mathematical Background and Targeting Algorithm

The flow balance for each source CSs, resource station, to demand station may be addressed as follow. Let
fijk be the flow transferred from internal source i to demand j of zone k. Where fwflow is transferred from source
CSs to waste. (Eq. 1)

Tnin T ik + fuw = Fi Vi€ 1,2,.Ns (1)
Similarly, xix is the flow transferred from dedicated source CSs to demand j of the zone k. (Eq. 2)

S i+ X = Fasie VIE{12, .Ngu} k €{12,.N} )
Where Xk flow is transferred from dedicated source CSs [ to waste.

The flow balance for demand (j) at zone (k) can be expressed as Eq. 3.

P fijre t sk xyje t frik = Fajk VJj€{12,.Ngy}k€{12,..N} (3)

Where, [+« is the flow transferred from resource to demand j of zone k.



639

The quality load balance for any internal demand station may be mathematically expressed as Eq (4)
frikQric + 2?1:51 fijkdsi t Z?]:D{"‘ Xijkqasik < FajkQaji Vji€{1,2,.Ny} k€{1,2,.N,} 4)
The compression energy requirement is directed by the initial and final states along with the volumetric flow. For

isothermal compression, the energy requirement (E) can be expressed as Eq (5): (Shukla and Chaturvedi,
2021b)

Net Energy, E = FB[(PO]I’I(%)) — (Poln(;;;))] For isothermal process ©
JE= - et
(ni 1)P§) P; "1F5[(§:) — 1] For polytropic process

Where Fj represents the volumetric flow rate at atmospheric conditions, Py is the atmospheric pressure, P;
and P; are the demand and supply pressures while 1 is the polytropic index.

The Energy Index (El) can be estimated utilizing Eq (6).

_ Poln(P“;‘/r/‘)) For isothermal process , ,
Ha/ifemy = , O - Vi€ {1'2r --NS}‘J € {1;2;-Ndk}(6)
n @i/j) n .
(Q)Poln(p_o]) For polytropic process

Where Ui/t shows the energy index for the compressor station.

The quantity (4; — ;) can be stated as the compression energy index, 4;; (CEIl) and expressed as Eq (7);
Asriny = (W — Beiyrn) Vie{12,..Ns},j € {12,.Ny} (7)

Hence, the compression energy requirement (Ej) can be calculated as Eq (8);

Fritdej + 201 Funchiy + Bk xyjacy; = Eji (8)

There are two objectives resource requirements and compression work which are minimized sequentially.
Initially, the resource requirement is minimized then compression work is minimized.

Based on the model, mathematical analysis can be proposed for segregated targeting of HAN using PA. Initially,
each zone is solved to determine resource requirements without the use of internal source CSs. Resource
requirements can be calculated via well-established techniques based on PA i.e. Source Composite Curve, and
Limiting Composite Curve. Segregated all sources CS and demand CSs according to their pressure level. The
CEl can be calculated by utilizing Eq (7) and then required energy can be calculated for all the zones (Eq 8).
Sequencing of the internal sources can be determined by the dimensionless number called Compressor Benefit
Number (CBN) based on the pinch analysis. Based on the pinch point, CBN can be calculated via Eq (9) in each
zone.

(9p — 9s1)

>
BN ((qrs_qp)) qrs = Qqp
= dp — 4si < 9
(@ —ars) rs = p ®)

If an internal source has zero or negative values of CBN at all the zones, then the flow from such internal sources
station is neglected. Introducing the higher CBN, lower the fresh hydrogen requirement. Based on this result
compression energy requirement can be calculated. If all internal sources CSs have been exhausted through
sequencing of CBN, the algorithm will come to end. The CBN provides the direction in which internal source
stations can be added for minimizing the fresh hydrogen requirement. Now decision-makers can utilize these
results according to their requirement. Figure 1 shows the flow chart of the proposed algorithm.
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Figure 1: Flow chart showing a proposed algorithm for Segregated Targeting of HAN

4. lllustrative Example

An illustrative example is used to demonstrate the application of the proposed framework. Consider a scenario
with two zones in which there are two internal CSs, three dedicated CSs, and a different resource CS is available
for supplying the flow to the demand. The data for Zone 1 and Zone 2 is presented in Table 1 and Table 2. Data
for internal CSs represents in Table 3.

Table 1: Data for Hydrogen Allocation Network for Zone 1

Dedicated Compressor Quality Pressure Flow
Station (%) (kPa) (Sm?/s)
Ny 0.20 180 150
N, 0.23 175 180
N3 0.19 200 220
Demand Quality Pressure Required Flow
(%) (kPa) (Sm?/s)
D, 0.10 240 180
D, 0.22 220 230
D4 0.18 230 200

Resource R4 0.05 110




Table 2: Data for Hydrogen Allocation Network for Zone 2
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Dedicated Compressor Quality Pressure Flow
Station (%) (kPa) (Sm3/s)

Ny 0.25 180 400

Ns 0.17 175 300

N¢ 0.30 200 380

Demand Quality Pressure Required Flow

(%) (kPa) (Smd/s)

Dy 0.09 240 230

Ds 0.07 220 250

D¢ 0.20 230 250

Resource R, 0.02 120
Table 3: Data for internal compressor station

Internal Compressor Quality Pressure Flow
Station (%) (kPa) (Sm?/s)

A 0.15 140 2000

Z, 0.13 150 2000

From Table 1, it may be noted that for zone 1, there is three dedicated source station (N;, N,, N3) and three
demand station (D+. D, D3), and one resource (R;). Following the source composite curve application based on
the PA approach, 132 Smd/s fresh hydrogen is required the satisfy the demand. For satisfying the demand,
there is an 18,480.86 kJ need for energy. The pinch point is found at quality of 0.20%. So utilizing this point
CBN can be calculated by using Eq 10. The CBN for Z; and Z, of zone 1 is 0.25 and 0.35. So introducing the
highest CBN which belongs to Z,, reduces the fresh hydrogen requires 132 Sm3/s to 107.5 Sm?/s and energy
from 18,480.86 kJ to 18,444.07 kJ. Now introducing the second-highest CBN which is Z;, reduces the fresh
hydrogen required 118 Sm?s while the increase in compression energy. So it may be highlighted that the
reduction in resource requirement does not guarantee a decrease in the compression energy.

Z1 (0.15%) Z,(0.13%)
Zone 1 Ry (0.05%) Zone 2 R, (0.22%)
220 kPa
D N \ o5
3 3 0,
Ns A , . (0.09%)
) S B (0.18%) (0.19%)
(0.19%) ) SK 200 kPa 220 kPa 200 kPa
220 kPa %&é\\i
D
D, N, 2
N2 . . (0.07%)
(0.22%) (0.23%)
(0.23%) 220 kPa
©25%) W 220 kPa 180 kPa
\ N
o D D; (0.21%) ™ D;
(0.2%) 150 (0.10%) 150 kPa L (0.20%)
kPa 180 kPa I 220 kPa
| |
81 332/ l 100 Sm¥/s l
m°/s
\ 4 \ 4
| Waste

Figure 2: Optimal HAN for minimum compression work for all three scenarios
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Similarly, the minimum resource and energy requirement for Zone 2 can be calculated. The optimal HAN for
both zones is shown in Figure 2 with their corresponding quality and pressure.

5. Conclusions

Segregated targeting problems (STP) have been identified as an important class where zonal restrictions are
addressed. This paper develops methodology for STP in HAN with emphasis on minimization of resource
requirement and compression work. Effectiveness of the developed methodology is illustrated via an example.
The proposed methodology can be used to solve the situation in HAN where internal source stations are
available for several zones while dedicated source stations are only supplied to particular zones. In the
illustrative example, it is identified that there is around an 18% decrease in resource requirement while almost
the same energy is utilized. Further in addition to the next highest CBN there 10% decrease in resource
requirement but at the same time a slight increase in energy requirement for zone 1. Similarly, for zone 2, there
is a almost 14% decrease in resource requirement in addition to the highest CBN. A trade-off between the
resource and the energy requirement can be carried out which is helpful to the decision-maker to choose suitable
operational conditions which minimize energy and resource requirements. In the future, this work can be
extended by including more financial aspects of HAN along with prioritization.

Nomenclature

Ejx= Energy requirement, (kJ/s) Fpsik = flow of Ith dedicated source present in zone

P;, Pi= Demand and supply pressure, (kPa) k (Sm¥/s)
n= Polytropic index gpsik = quality of Ith dedicated source present in

F4; = Flow requirement of demand, (Sm?/s) zon_e K litv of  demand
Fgi= Maximum limit of supply flow from CS, (Sm?3/s) Gai B qua I yolj” dema
. g = quality of resource at zone k
F; = flow of ith internal source (Sm?%/s) — quality of i source
Fi = flow of jth demand of zone k (Sm?/s) qsi= qually

. gsm = quality of mth internal source
CBN = Compressor Benefit Number _ .
PA= Pinch Analysis HAN= Hydrogen Allocation Network

CS = Compressor station
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