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Abstract: The oxidative coupling of methane (OCM) process is considered an intriguing route for the
production of ethylene, one of the most demanded petrochemical products on the market. Ethylene
can be produced by various methods, but the most widely used is the steam cracking process.
However, due to the current instability of the crude oil market and the shale gas revolution, the
production of olefins from natural gas has opened a new path for companies to mitigate the high
demand for crude oil while utilizing an abundant amount of natural gas. In this work, the OCM
process was compared with other existing processes, and the process was simulated using Aspen
HYSYS. The flowsheet was divided into four sections, namely (i) the reaction section, (ii) the water
removal section, (iii) the carbon dioxide capture section, and (iv) the ethylene purification section.
Each section was thoroughly discussed, and the heat integration of the process was performed to
ensure maximum energy utilization. The heat exchanger network was constructed, and the results
show that the heating utility can be reduced by more than 95% (from 76567 kW to 2107.5 kW) and the
cooling utility can be reduced by more than 60% (from 116398 kW to 41939.2 kW) at an optimum
minimum temperature difference of 25 ◦C. In addition, a case study on the recovery of the high
exothermic heat of reaction for power production shows that 16.68 MW can be produced through the
cycle, which can cover the total cost of compression.

Keywords: natural gas; ethylene; OCM process; process simulation; heat integration

1. Introduction

Ethylene is used throughout the world as an intermediate in the production of plastics
and other liquid hydrocarbons such as alpha-olefins [1,2]. These carbon-rich olefins can
then be converted to paraffins, resulting in energy-rich liquid fuels [3,4]. Ethylene accounts
for a large share of petrochemical production. The global ethylene market was estimated
at USD 101.1 billion in 2020 and is expected to grow at a 5.5% compound annual growth
rate by 2029 [5]. The last decade has witnessed huge consumption of ethylene. This
consumption has been led by the high demand for ethylene derivatives, which are easy
to process, lightweight, inexpensive, and of high quality. The consumption of ethylene by
application is depicted in Figure S1 in the Supplementary Materials.

In recent years, the price of oil has increased more than the price of natural gas,
and forecasts indicate that this trend will continue in the coming years [6]. The “fuel
switch” scenario is the result of these forecasts, which drive research efforts towards
diversification of feedstocks used for the synthesis of olefins [7,8]. Natural gas is one of
the key possibilities for replacing oil at least partially in the production of hydrocarbons,
as natural gas deposits are considered more abundant than oil resources. Since it is used
as a feedstock to produce many plastics, ethylene is the most widely produced light
hydrocarbon in the world, with an annual production of 140–160 million tons [9]. Huge
shale gas deposits and the emergence of biogas sources have facilitated access to natural
gas, which has increased interest in using methane as a feedstock for the production of
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chemicals [10,11]. Furthermore, according to the U.S. Energy Information Administration,
coal generates about 200 pounds of CO2/MMBtu, while crude oil generates 160 pounds of
CO2/MMBtu, a 20% reduction. Methane, on the other hand, produces only 117 pounds of
CO2/MMBtu, which is 41.5% less than coal and 27% less than crude oil [12].

The conventional methods for producing ethylene are the steam and thermal cracking
processes. These processes account for most of the world’s ethylene production [13].
However, the energy intensity (up to 40 GJ of heat per ton of ethylene) and the lack of
sustainability for the environment are two important problems addressed here [13–15].
These methods require high temperatures (>1200 ◦C) to break the C-H bond (bond energy,
440 kJ/mol), and about three tons of CO2 are emitted per ton of ethylene produced [11].
Therefore, indirect routes, such as catalytic Fischer–Tropsch synthesis of syngas (CO/H2),
are another way to produce ethylene from natural gas [16,17]. This whole process requires
a considerable amount of energy, since in the first phase of this pathway, all four strong
C-H bonds in CH4 are broken without producing free radicals CH2 or CH3, which are
needed for the direct synthesis of C2+ species [6].

For these reasons, efforts have been made in the last three decades to develop a simpler,
less expensive, and more sustainable alternative for ethylene production [18]. One of these
technologies is the production of ethylene by oxidative coupling of methane (OCM). Direct
conversion of CH4 to ethane and ethylene has the potential to be less harmful to the
environment and more economically viable [19]. The OCM process consists of the catalytic
oxidation of methane, which has been studied since the 1980s [20] as a promising way to
utilize natural gas and, more recently, shale gas as a feedstock for chemical building blocks
such as ethylene.

As for the OCM catalyst, several options have been discussed by various researchers.
Ito and Lunsford [21], Hinsen and Baerns [22], Keller and Bhasin [20], and Driscoll et al. [23]
were the first to attempt to convert methane directly to ethylene and other hydrocarbons.
These early studies showed that methane could be effectively converted to ethylene and
other hydrocarbons such as ethane and benzene using metal oxide catalysts, albeit at
a modest conversion rate and occasionally with low yields. For example, Hinsen and
Baerns [22] reported a 5% methane conversion with a 58% ethylene selectivity using a
PbO/Al2O3 catalyst, while Ito and Lunsford [21] reported a 28% methane conversion with
a 50% ethylene selectivity. As a result, most research conducted after these studies focused
on the effects of catalyst compositions, modifications, and reaction conditions to achieve
high conversion and selectivity. Doping of CaO with alkali metals has been shown to
increase catalytic activity towards C2 compounds (including Li-CaO, Na-CaO, K-CaO,
Rb-CaO, Cs-CaO) compared to single oxides [24]. Among CaO doped with alkali metals,
Li-CaO, Na-CaO, and K-CaO exhibited better catalytic performance [25]. However, due to
the volatility of Li, its stability was found to be limited [24].

A few authors [26,27] have developed two types of metal oxide catalysts, Li-doped
TbOx and Sm2O3 on MgO support. The Li-Tb2O3/n-MgO catalyst showed high activity
and selectivity for the desired products at a low reaction temperature. In addition, the
catalyst exhibited greater stability and a lower deactivation rate after 30 h of operation
because the addition of Li induced the reduction of TbOx to Tb2O3 and shifted the electrons
of the Tb 3d core level to a higher binding energy, resulting in strong Li-TbOx interactions
that made the catalyst more active for the formation of C2 products than SmOx. Due to its
high selectivity, temperature, and reaction stability, the Mn-Na2WO4/SiO2 catalyst is also
considered a good choice for the OCM process. Mn-Na2WO4/SiO2 has been shown to be
stable over long periods of time, resulting in methane conversion of 20–30% and combined
ethane and ethylene yields of 70–80% [28–30]. Table 1 reports the different available choices
of catalysts for the OCM process.
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Table 1. Various catalysts used for the OCM process.

Catalyst Operating Conditions CH4 Conversion Selectivity Ref.

Na-CaO T = 750 ◦C, CH4/O2 = 4
WHSV = 5140 cm3g−1h−1

24.7 68.8
[25]K-CaO 25.2 58.9

Mn/Na2WO4/SiO2 T = 775 ◦C, CH4/air = 7.5 20 80 [29]
Li-TbOx/n-MgO T = 700 ◦C, CH4/O2 = 4

GHSV = 2400 h−1
24.9 63.6

[27]Li-Sm2O3/n-MgO 24.4 62.5
Ce-Mn-Na2WO4/SiO2 T = 800 ◦C, CH4/air = 1 21 84 [31]

Mn-Na2WO4/SiO2 T = 800 ◦C, CH4/air = 2 45.4 41.4 [30]
Mn-Na2WO4/n-SiO2 T = 800 ◦C, CH4/O2 = 4 25.2 73.3 [32]

MnxOy-Na2WO4/SiO2-rutile T = 750 ◦C, CH4/O2 = 4 6.5 58.6 [33]

The OMC process is still more attractive to the industry. Various reaction pathways
have been proposed, but it is generally accepted that the desired selective oxidation path-
way results in methane adsorbing on the catalyst surface and being converted to the
intermediate ethane [34]. The ethane reacts further, either on the catalyst surface or in the
gas phase, to form the main product, ethylene. Since the discovery of OCM in 1982, it has
been extensively studied, and several reviews have been published [35–38].

In recent decades, several studies have shown that the OCM process is a promising
alternative to steam cracking, but it has not gained acceptance in the industrial market
for several reasons. First, OCM has a relatively low ethylene concentration in the product
stream compared to the amount of reactant fed. It is difficult to use OCM widely without de-
tailed chemical data on the C2 yields of the most promising catalysts, which are not widely
available. Second, because the OCM reaction is only effective at very high temperatures
with hydrocarbons that require very low temperatures for separation, heat integration and
efficient operation are critical to a profitable process. According to Vandewalle et al. [39], it
appears to be a lack of accurate and up-to-date information on the overall performance of
OCM, which is essential for evaluating the process as a viable alternative for industrial-scale
C2H4 production. Despite decades of efforts to maximize C2 production in a single OCM
reactor, the reactor parameters that would help OCM drive down ethylene prices have yet
to be determined. A comprehensive characterization of this process, as well as the selection
of the best reactor conditions, would help situate the current state of the art in the context
of global ethylene production.

This research focused on the application of the OCM process in a commercial-scale
plant, which has the potential for significant gains due to the low cost of natural gas and
rising oil prices impacting traditional ethylene production methods. Our main objective
was to develop and optimize the process flow diagram by considering each area of the
process individually and mentioning the main techniques that can be applied, in addition to
improving the heat utilization in the process. To achieve this objective, a pinch analysis was
conducted to maximize the heat utilization in the process by determining the minimum
heating and cooling utilities that are required as well as identifying the possible heat
exchanger network.

2. Comparison between Various Processes to Produce Ethylene

Ethylene is produced in the petrochemical industry in several ways. It is produced
primarily by steam cracking of hydrocarbons, converting large hydrocarbons into smaller
chains. Ethylene can also be produced by dehydration of ethanol or by oxidative coupling
of methane OCM, which is a chemical reaction discovered in the 1980s for the direct
conversion of methane into value-added chemicals. These three technologies are presented
hereafter.

2.1. Steam Cracking

Currently, the most important technical process for the production of ethylene is
the hydrocarbon cracking process. Nearly 99% of the global ethylene is synthesized
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by this method because it offers high conversion and selectivity to ethylene [40], but
more byproducts can be produced in this process. Hydrocarbon cracking uses petro-
hydrocarbon or natural gas, such as naphtha, liquefied petroleum gas, ethane, or propane,
as feedstock. Hydrocarbon compounds with a large number of carbon atoms can be
cracked into smaller hydrocarbon compounds such as ethylene and propylene at high
temperatures [41]. Figure 1 depicts the block flow diagram (BFD) of ethylene production
by steam cracking. The main disadvantages of this process are the dependence on fossil
fuels for feedstock supply, the huge energy required, and other pollution concerns.
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2.2. Dehydration of Ethanol

Catalytic dehydration of ethanol to ethylene was the earliest used process in the
industry [43]. Considering the establishment of the industrial production facilities [44],
the process of dehydrating ethanol to ethylene typically consists of two parts: the ethanol
dehydration reaction and the purification of ethylene products, as depicted in Figure 2 [45].
This process is based on three reactions [46]:

C2H5OH � C2H4 + H2O (1)

C2H5OH→ CH3CHO + H2 (2)

2C2H5OH→ (C2H5)2O + H2O (3)
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In addition, this process provides high conversion and selectivity to ethylene, making
it competitive with the steam cracking process. Nevertheless, with the situation of fossil
resources becoming increasingly sparse, the use of biomass ethanol catalytic dehydration to
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ethylene has greater development potential and broader application prospects. However,
the operating costs are much higher.

2.3. Oxidative Coupling of Methane “OCM”

The OCM is another intriguing route to produce ethylene. It was discovered by Keller
and Bhasin in 1982 [20] and has gained attracted much attention from researchers wanting
to develop it further and gain a deeper understanding of its nature to make the OCM
process highly viable for commercialization. Although OCM can be an attractive method in
the ethylene market due to its low cost and wide availability of feedstock, its low selectivity
to ethylene due to the high exothermicity [47] has limited its application. Furthermore, a
large number of research papers have been published since 1982 detailing how to maxi-
mize ethylene yield. Most of the published research focused on the improvement of the
catalyst, reactor design, downstream purification techniques, environmental assessment,
and economic evaluation [24]. In comparison with the other mentioned processes, OCM is
distinguished by the low price of feedstock and its abundance, as countries have a great
interest in converting their natural gas into value-added products [48]. Moreover, it does
not need any intermediate process as in the dehydration of the ethanol process.

Although there are various methods to perform the partial oxidation of methane, they
all consist of four sections, which are: (i) reaction section, (ii) water removal section, (iii)
CO2 capture section, and (iv) ethylene purification section. As shown in Figure 3, firstly,
methane and oxygen will be fed into the reactor, and the reaction is exothermic with several
side reactions and byproducts. Consequently, rigorous separation processes should be
used to purify the product stream from impurities. Therefore, the main challenge in this
process is optimizing the reaction to convert more methane into the desired product. The
various undesirable reactions that occur in the process have led to more concern about the
purification section and how to consume less energy while achieving high product purity.
Table 2 shows the main advantages and disadvantages of the OCM process.
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Table 2. The main advantages and disadvantages of the OCM process.

Advantages Disadvantages

Utilizes an abundant amount of natural gas Very stable raw material (low reactivity)
Low cost of raw material Low conversion and selectivity

No need for intermediate processes to obtain the
feedstock High energy consumption

Preserves crude oil from scarcity and depletion
Further issues could be resolved with the OCM

process, such as utilizing the released methane from
biodegradable waste (biogas).

3. Flowsheet Development of the OCM Process

As mentioned earlier, the OCM process consists of four main sections. In each section,
there are different techniques that can be applied, and the choice of the right technique
is crucial and has a decisive impact on the profitability of the process. In this part of the
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work, each section of the plant will be explained individually before being integrated into a
complete process.

3.1. Reaction Section

The feed to the reactor consists of methane and oxygen, and this feed is partially
oxidized to produce ethylene, but there will be multiple side products formed, such
as C2H6, CO2, CO, H2, and H2O. The feed ratio plays an essential role in the reaction
conversion and selectivity, where a high CH4/O2 ratio leads to high selectivity but low
conversion and vice versa [49]. Additionally, the reaction is carried out isothermally with
the presence of a catalyst because the hydrocarbon–oxygen mixture tends to be combusted.
Many catalysts have been developed and tested for this reaction, but the Li/MgO catalyst
has been selected for this work because it is well-studied, and an accurate mathematical
model is available [50]. As mentioned earlier, the OCM process confronts many undesired
reactions that reduce the yield of the reaction. Table 3 lists the main reactions and side
reactions [51].

Table 3. The main and side reactions of the OCM process.

Steps Reactions Main/Side

1 CH4 + 2O2 → CO2 + 2H2O Side
2 2CH4 + 0.5O2 → C2H6 + H2O Main
3 CH4 + O2 → CO + H2O + H2 Side
4 CO + 0.5O2 → CO2 Side
5 C2H6 + 0.5O2 → C2H4 + H2O Main
6 C2H4 + 2O2 → 2CO + 2H2O Side
7 C2H6 → C2H4 + H2 Side
8 C2H4 + 2H2O→ 2CO + 4H2 Side
9 CO + H2O→ CO2 + H2 Side
10 CO2 + H2 → CO + H2O Side

Indeed, the process of producing ethylene from methane is involved in a gas-phase
reaction known as the OCM reaction. However, eight side reactions will take place. Fig-
ure S2 shows the reaction scheme. Methane will initially be converted into three parallel
reactions, including the formation of ethane by the OCM reaction (step 2), non-selective
total oxidation of methane into carbon dioxide (step 1), and partial oxidation of methane to
carbon monoxide (step 3). In consecutive steps, ethane proceeds in two parallel reactions,
which are heterogeneous catalytic oxidative dehydrogenation of ethane (step 5) and thermal
gas-phase dehydrogenation of ethane (step 7). Moreover, carbon monoxide reacts with
oxygen to produce carbon dioxide (step 4). It further reacts with steam in a water–gas shift
reaction that proceeds in two directions, which are shown in (steps 9 and 10).

3.2. Water Removal Section

Water is one of the byproducts produced in the OCM reactions. It should be adequately
removed before the other components are separated because it is the only condensable
compound; it can be separated in a cascade of flash drums. If it remains later on in
the process, many formidable issues could occur, such as the freezing of water since the
separation of non-condensable compounds requires extremely low temperatures.

3.3. Carbon Dioxide Removal Section

The carbon dioxide section is one of the most critical parts of the plant. It has a
significant impact on energy consumption, the environment, and product purity. Therefore,
the right choice of technique plays a crucial role in the success of the process. There are
several techniques that can be applied here, but the most commonly used method is the
absorption of CO2 into the liquid phase by means of a solvent. The choice of solvent is
critical in any absorption process, but amine-based solvents are well-known and well-
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researched for the absorption of CO2, and they are well-studied. A mono-ethanolamine
(MEA) aqueous solution is the most commonly used solvent for this purpose [52]. MEA
usually consists of 30 wt% MEA, the balance being water. The operating pressure in this
process is relatively high and requires an efficient compression system [25]. Recent studies
have shown that 37% methyl diethanolamine (MDEA) with activated piperazine (PZ)
aqueous solutions can lower the absorber pressure [53]. Nevertheless, research studies
have proven that the MEA solvent is better than MDEA in terms of absorption efficiency [29].
However, solvent degradation and corrosion are major disadvantages of this absorption
method [27].

Additionally, there are other promising processes that could be applied, such as
adsorption, which uses solid particles, such as zeolite or activated carbon, that can adsorb
CO2 from the gas phase on the surface of the solid. The adsorption process can reduce
the energy consumption significantly by averting using the heating and cooling units
for regenerating solvent as in the absorption process [31]. Nevertheless, this process is
less effective at removing CO2 and should be applied in a cascade manner. Moreover,
the solid particles need to be replaced after a certain period of time after deactivation.
Another promising process is a hybrid system (membrane/absorption process). Although
this process offers a reduction in energy consumption costs by about 45%, it results in
significant ethylene losses of 15% percent, which is not acceptable [30].

3.4. Ethylene Purification Section

After removing the carbon dioxide, the product stream is purified from the undesired
compounds. First, C2 hydrocarbons (C2H4 and C2H6) are separated from methane and
other light components (CO and H2). Then, ethylene is separated from ethane, while
methane is separated from the other components before being recycled. Figure S3 depicts
the product purification section. Normally, three distillation columns are used for this
purpose. Nevertheless, adsorption could also be used as it consumes less energy, but there
are hidden costs as the product purity will be relatively low, and more stages are required
to achieve the same purity, in addition to the large scale that hinders the separation by
adsorbers.

3.5. Process Description

The process flow diagram of the OCM process is shown in Figure 4. The numbers
from 1-38 indicate the stream numbers. Methane and oxygen are both fed into furnaces to
heat up the feed stream before it is fed to the reactor at 810 ◦C. The effluent from the reactor
is cooled to 40 ◦C before entering the flash drum cascade to separate the non-condensable
gasses from the water. The overhead stream from the flash drum, which contains the
non-condensable gasses, is fed into the absorber A-101 at a pressure of 12 bar, where almost
96% of the carbon dioxide is removed into the bottom stream by means of MEA–water
solvent. The bottom stream from the absorber is heated to 150 ◦C prior to the stripper,
where CO2 is removed from the solvent and leaves from the top stream while the solvent is
purely regenerated to be returned to the absorber after being cooled to 46.5 ◦C and mixed
with a fresh solvent to recover the solvent losses. The overhead stream from the absorber is
sent to a caustic wash to remove traces of CO2. This stream is then compressed to 30 bar
and cooled to −25 ◦C before being fed to the distillation column (T-101), where ethylene
and ethane are separated from methane, oxygen, carbon monoxide, and hydrogen. The
bottom stream from the previous stage is sent to the distillation column (T-102) to separate
ethylene from ethane, with a purity of 99.95%. The overhead stream from (T-101) is sent to
the distillation column (T-103) to separate CO and H2 (syngas) from methane. The bottom
stream of (T-103), containing methane, is recycled and mixed with the fresh feed after being
expanded to 3 bar.
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4. Heat Integration

The OCM process requires a significant amount of energy, which currently makes it
an undesirable process for many chemical companies. It has a wide temperature range,
requiring a high temperature of about 800 ◦C in the reaction section and about −170 ◦C
in the separation section of the plant. This requires huge external heating and cooling
utilities associated with huge costs every year. However, these energies could be seen as an
advantage if they are well-integrated. Therefore, pinch analysis was used to construct a
network of heat exchangers to minimize the cooling and heating utilities to the threshold
values. First, the process streams were identified, and then the temperature interval
diagram were plotted to identify the intervals in which exchanging heat between process
streams is permissible. An algebraic method was used through the cascade diagrams, in
which the minimum heating and cooling utilities were determined. Eventually, a heat
exchanger network was constructed to achieve the minimum heating and cooling utilities.

4.1. Stream Identification

The first step in heat integration is to identify the hot and cold streams with their
supplied and the target temperatures. In addition, this analysis pertains only to the heat
exchangers in the main process stream. Table 4 shows the hot and cold streams that need to
be exchanged in the OCM plant.
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Table 4. Stream identification of the OCM plant.

Stream FCp (kJ/K) TSupplied (◦C) TTarget (◦C)

2 10.2 25.0 810.0

3 74.1 58.2 810.0

35 75.6 −96.5 73.1

6 87.6 810.0 85.2

10
352.8 * 85.2 40.0

54.3 120.0 57.8

14
103.4 * 57.8 40.0

52.6 79.8 48.4

24 254.7 132.2 46.5

29 49.2 129.3 −25.0
* Refers to streams that undergo phase change.

4.2. Determination of the Optimum Value of ∆Tmin

Heat transfer is restricted by thermal equilibrium. The optimal value of the minimum
heat transfer temperature difference ∆Tmin plays a crucial role in the success of heat inte-
gration since a reduction in this value reduces the utility demand at the expense of higher
capital costs, and vice versa. Therefore, for the current study on the OCM plant, the Aspen
Energy Analyzer v11 was used for the trade-off between the capital and operating costs for
different values of ∆Tmin. Figure S4 shows that for a ∆Tmin of 25 ◦C, the total annualized
cost reaches the threshold value. Therefore, the pinch analysis in this study was based on
∆Tmin = 25 ◦C.

4.3. Temperature–Interval Diagram (TID)

The temperature–interval diagram was drawn, including all the identified streams.
The diagram ensures the thermodynamic feasibility of transferring energy between process
streams by identifying the exchangeable heat load in each interval, where heat can only be
exchanged within the same interval, and the surplus heat is transferred as heat residual
to the next interval. The diagram contains two temperature scales for the hot and cold
streams. Each stream is represented by an arrow, with the tail representing its supplied
temperature and the head representing its target temperature.

Next, the horizontal lines were drawn at the heads and tails of the arrows, where they
define the temperature intervals. In addition, each stream was drawn with its correspond-
ing FCp either above it or below it. Figure 5 shows the temperature interval diagram of the
OCM plant.
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4.4. Exchangeable Heat Load

The exchangeable heat load for each interval determines the amount of energy that
is thermodynamically feasible to exchange with another stream; therefore, the intervals
represent the boundaries of the heat transfer. Table 5 represents the exchangeable heat load
of the hot and cold streams. It shows that the largest amount of energy is in interval 2
because the temperature gradient is relatively higher than the other intervals. Fortunately,
a similar amount of energy from the cold streams is in the same interval, allowing the
streams to be integrated.

Table 5. The exchangeable heat loads of the process streams for each interval.

Interval Total Load of the Hot
Streams (kW)

Total Load of the Cold
Streams (kW)

1 - 2107.5
2 59,375.3 57,138.5
3 992.7 244.5
4 3641.0 784.0
5 9763.0 1846.2
6 5750.8 2062.7
7 1422.0 319.8
8 2488.5 291.7
9 16,722.8 1887.6
10 6339.1 669.2
11 1300.3 121.0
12 1590.3 143.6
13 3785 491.4
14 3198 4914.0
15 - 3515.4
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4.5. Cascade and Reversed Cascade Diagrams

The cascade diagram was used to transfer heat between intervals, where the minimum
heating and cooling utilities can eventually be determined. The horizontal line represents
the hot stream that is thermodynamically feasible to transfer to the cold stream within
the same interval. In addition, it is also thermodynamically feasible to transfer the heat
in interval z to any cold stream located below it since its temperature is still higher than
that of the cold stream. However, transferring heat from interval z to an upper interval is
thermodynamically infeasible and is rejected because the temperature of the cold stream
will be higher than that of the hot stream.

In the cascade diagram, the minimum heating utility was determined by selecting the
most negative value in the train. This value represents the heat deficit after the implementa-
tion of heat integration, which must be covered by an external heating utility. On the other
hand, the reverse cascade diagram was used to determine the minimum cooling utility,
where the remaining value at the end of the train represents the cooling deficit that must be
covered by an external cooling utility.

Equation (4) was used to find the remaining energy from each interval [33]. Figure S5
shows the heat balance around a temperature interval.

rz = HHTotal
z − HCTotal

z + rz−1 (4)

The cascade diagram was first implemented to determine the minimum heating utility,
in which each stream was separated into intervals representing the exchangeable heat load.
The left side of Figure 6 shows the cascade diagram (all the values are in kW).
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The same procedure for the reversed cascade diagram, except for the minimum
heating utility, was introduced into the system to find the minimum cooling utility. Figure 6
(right side) represents the reversed cascade diagram (all the values are in kW). As seen
in the cascade diagrams, the minimum heating and cooling utilities were 2107.5 kW and
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41,939.2 kW, respectively. This highlights that the OCM process confronts cooling deficiency,
where a large amount of external cooling utility is required. Nevertheless, the pinch analysis
also showed that the implementation of heat integration could add great value to the process
by saving a large amount of heating and cooling utilities, which were 76,567.15 kW and
116,397.84 kW before the implementation of heat integration.

4.6. Composite Curves

The pinch analysis was also performed by constructing the composite curve of the hot
and cold streams, in which their temperature change was plotted against their enthalpy
change. Consequently, the pinch point was identified at the point where the hot and cold
stream curves intersect, which is at 800 ◦C. The minimum heating utility is represented
by any cold fluid above the pinch point that can no longer exchange heat with the hot
fluid. Likewise, the minimum cooling utility is any hot fluid below the pinch that can
no longer exchange heat with the cold fluid. It is worth noting that at ∆Tmin = 25 ◦C,
the same amount of heating and cooling utilities was obtained. Again, the same results
were obtained from this method, where the minimum heating and cooling utilities were
2107.5 kW and 41,939.2 kW, respectively, indicating a more than 95% reduction in the
heating utility (from 76,567 kW to 2109 kW) and a more than 60% reduction in cooling
utility (from 116,398 kW to 41,939 kW). Consequently, this result shows that the OCM
process confronts a cooling deficiency, which requires a huge amount of cooling utility to
accomplish the process. Figure 7 represents the thermal pinch diagram of the process.
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4.7. Heat Exchanger Network (HEN)

In order to achieve this reduction, a heat exchanger network was constructed to
find a suitable network that can be implemented in the current OCM plant. Moreover,
to implement the heat exchanger network, the intervals must be split into two sections
to avoid crossing the pinch point. Figure 8a shows the heat exchanger network above
the pinch. There are no hot streams existing above the pinch; therefore, there is no heat
integration for these intervals, and only an external heating utility can perform the job.
Figure 8b, on the other hand, represents the heat exchanger network below the pinch. It
shows that the reactor effluent must be split because the number of cold streams in the
interval is greater than of hot streams. In addition, stream 35 can be used to cool streams
29 and 10. This configuration could achieve the minimum heating and cooling utilities
obtained through the pinch analysis.
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4.8. The Developed Process Flow Diagram

After conducting the pinch analysis, the bottom stream of T-103 leaving the column
at a temperature of −96 ◦C was used as a coolant for the stream preceding the distillation
column T-101 in the heat exchanger E-109. The temperature of stream 37 decreased from
130 ◦C to −25 ◦C. Then, the cold stream leaving the heat exchanger E-109 expanded from
30 bar to 4 bar. After being expanded, the stream entered the heat exchanger E-105, which
was used in the water removal section to reduce the temperature of the main stream from
120 ◦C to 40 ◦C. As a result, the temperature of the cold stream increased to 73 ◦C before
it was mixed with fresh methane. In addition, the reactor effluent with a temperature of
810 ◦C was split into two streams; each one of them heated each feed stream. Figure 9
shows the process flow diagram after pinch analysis. The numbers from 1-48 indicate the
stream numbers.
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5. Process Simulation after Heat Integration

A process simulation of the OCM plant with a production rate of 80,000 metric tons of
ethylene annually was performed by using Aspen HYSYS v11, as shown in Figure S6. In
addition, the process simulation was implemented using the network of heat exchangers
obtained from the pinch analysis. The Soave–Redlich–Kwong (SRK) cubic equation of
state was selected to describe the non-ideality of the light hydrocarbons in the gas phase.
However, for the CO2-capturing section, an acid–amine gas–chemical solvent fluid package
was selected in order to predict all possible reactions between the amine solvent and
other components. The kinetics of all reactions and their parameters were taken from [50],
achieving a conversion and a selectivity of 31% and 58%, respectively. Figure S7 depicts
the molar compositions of the inlet and outlet streams from the reactor, where the left
axis refers to the inlet stream and the right axis refers to the outlet stream. The kinetics
equations and parameters are provided as supporting information. Although new catalysts
may reach higher values for conversion and selectivity, as can be seen in Table 3, there is
no validated mathematical model available that could be used in a simulation package.
On the other hand, after the water removal stage, the simulation used the acid–amine
gas–chemical solvent fluid package for the CO2-capturing system. The solvent was able to
capture 98% of the CO2 into stream 22. After that, the overhead stream from the absorber
A-101 was sent to a caustic wash to remove the traces of CO2. However, in this part of
the simulation, a component separator was used instead because the caustic wash is not
available in HYSYS. After that, the simulator was turned into SRK fluid package for the last
three distillation columns that were used for the purification of the product and recycling
of the unreacted materials. The result of the overhead stream from the distillation column
T-102 shows that the ethylene reached a polymer-grade purity of 99.95% [54]. Table S1
shows the results of the main streams obtained from the simulation. The executable Aspen
HYSYS file for the process after heat integration is provided as Supplementary Materials.

Converting the High Exothermic Reaction Heat into Power Production

The OCM reactor comprises highly exothermic reactions that release 96.5 MW of heat.
In order to operate the reactor isothermally, this large amount of heat must be removed
through a cooling system, resulting in huge utility cost. However, an analog to the power
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production cycle could be implemented in this process coupled with the cooling jacket
side to produce electricity. A similar idea has been suggested for other processes by Greef
et al. [55] and Li et al. [56] to recover exothermic reaction heat using turbine expanders.
In fact, the power production cycle usually consists of four main components: (1) pump,
(2) boiler, (3) turbine, and (4) condenser. A schematic representation of this power plant is
depicted in Figure 10.
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The source of the heat in the boiler is the main concern in such a cycle. However, since
the OCM reactor releases a large amount of heat due to the highly exothermic reactions, the
reactor can play the role of a boiler. The 96.5 MW of heat added to the cooling system will
deliver a net shaft work of 16.68 MW at an efficiency of 75%. The generated electricity can
then be utilized to deliver the process compressors, which require total power of 10.1 MW.
The main outcome of the cycle is a complete elimination of all the compressors power,
resulting in large savings in the utility cost. The Aspen HYSYS executable file for this
power plant is provided as Supplementary Materials.

6. Conclusions

Due to the expedited production of natural gas, many researchers are working to find
new routes for the conversion of methane into highly valuable petrochemical products.
The OCM process is considered one of the most intriguing routes of the conversion of
methane into ethylene, a key building block product of the petrochemical industry. Indeed,
ethylene consumption is continuously growing to meet the global demand for its versatile
derivatives, such as polyethylene, polystyrene, and ethylene glycol. Nevertheless, the OCM
process suffers from many drawbacks, such as requiring a very high temperature for the
reaction, therefore competing with the combustion reactions. The process also requires
very low temperatures for the separation of the light hydrocarbons, increasing the necessity
for heat integration. Heat integration based on pinch analysis was implemented for the
main process streams, indicating that the heating and cooling utilities can be reduced from
76,567 kW and 116,398 kW to 2107.5 kW and 41,939 kW, respectively, at an optimum ∆Tmin
of 25 ◦C obtained by compromising between the capital and operating costs using Aspen
Energy Analyzer v11. The results emphasize that the OCM process can compete with
other exiting processes. In addition, the process was simulated using Aspen HYSYS v11,
verifying the obtained results.

Finally, the OCM reactor involves highly exothermic reactions that release 96.5 MW of
heat. Consequently, a further enhancement of the process has been proposed in this work
by recovering the high exothermic reaction heat through a steam power plant coupled with
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the reactor jacket. It was found that the generated electricity can be used to cover the huge
energy demand for the process compressors.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pr10061085/s1. Figure S1: Ethylene consumption by applica-
tion; Figure S2: Reaction scheme; Figure S3: Ethylene purification section breakdown; Figure S4:
Temperature–interval diagram of the process; Figure S5: Heat balance around a temperature interval;
Figure S6: Process simulation of the OCM plant; Figure S7: Molar composition profile for the inlet
and outlet streams of the reactor; Table S1: Key streams results obtained from the simulation.
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