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Abstract

The present study proposes a conceptual mobile autothermal methane pyrolysis unit for onsite
hydrogen production. Considering the shortage of hydrogen pipeline infrastructure between
production plants and fuelling stations in most places where hydrogen is required, it is
imperative to create alternative hydrogen production means. The design combines a catalytic
plasma methane pyrolysis unit with a steam char gasification setup, combustion, and
biomethanation unit for hydrogen production. The reactor design includes a Ni - Br in a bubble
column acting as a catalyst. Energy and exergy calculations followed by a comprehensive
economic analysis were appraised to evaluate the efficiency and performance of the integrated
process. The levelized cost of hydrogen (LCOH) from the conceptual design ranged from 1.3
—1.47 U.S.$/kg. While the proposed design's net present value (NPV) was in the range of 3.76
— 4.35 M.U.S.$. Factors such as equipment purchase cost (EPC) and feedstock cost
significantly influenced the NPV and LCOH. In addition, a positive NPV and lower LCOH
outline the proposed design's profitability. Finally, an optimized methane conversion of 76.8%

was obtained from the study.

Keywords: Hydrogen; Methane pyrolysis; Simulation; Techno-economic analysis; Life-

cycle assessment.
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Abbreviations

AEA Aspen Economic analyzer
CapEx Capital expenditure

CCS Carbon capture and storage
EPC Equipment purchase cost
LCOH Levelized cost of hydrogen
NPV Net present value

OpEx Operating expenses

PFR  Plug flow reactor

ROI  Return on investment
SMR Steam methane reforming

TEA Techno-economic analysis
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1. Introduction

The increasing world population, industrialization, and urbanization re are some of the reasons
for the skyrocketing energy demand [1]. Although petroleum-based resources are used to
address the elevating energy demand, their utilization is accompanied by environmental
pollution issues, price fluctuation, and depleting petroleum reserves. As a result, the interest in
alternative energy sources that are cheap and sustainable has increased over the years.
Hydrogen is highly regarded as a versatile energy carrier that can complement fossil fuels and

promote a net-zero economy.

The interest in hydrogen is due to its diverse industrial applications and pollution-free
characteristics. Hydrogen can be used in heavy oil refining, fuel cells, platform chemicals
synthesis, pharmaceuticals, and metallurgical industries. Moreover, hydrogen releases water
during combustion and has a very high calorific value (141.9 kJ/g) when compared to gasoline
(54 kJ/g) [2]. Most countries, businesses, and organizations envision hydrogen playing a major
role in the energy transition. Using clean hydrogen as a substitute for fossil fuels could play a
critical role in the decarbonization of future energy systems and the transition to a CO>
neutrality-based economy [3]. However, it should be noted that most of the hydrogen produced
today is from the steam methane reforming (SMR) of petroleum resources, most commonly
natural gas, a process that releases about 900 Mt CO>—eq per year (equivalent to 2% of the
worldwide CO emissions) [4]. Therefore, it is imperative to produce hydrogen from pathways
that minimize greenhouse gas emissions and net production costs. However, some companies
have started producing commercial-scale blue hydrogen using SMR with carbon capture and
storage (CCS). The challenges of long-term hydrogen storage and transportation remain
unsolved. Currently, onsite hydrogen production is mainly based on water splitting through

electrolysis, which is expensive.
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Methane pyrolysis is a promising pathway for hydrogen production from natural gas. The
reaction involves the decomposition of methane into hydrogen and solid carbon in the absence
of water and oxygen at high temperatures, as shown in reaction 1 [1]. Compared to other
hydrogen production pathways, methane pyrolysis does not produce CO.. Instead, it produces
solid carbon, which has ample industrial applications [5]. Methane pyrolysis-derived carbon
black could be used in synthesizing carbon nanotubes, activated carbon, carbon fibres, and

graphene or as heterogeneous catalyst support [5].

Moreover, the logistics involved in transporting solid carbon are easier than CO2. A recent
study critically discussed the opportunities and progress of methane pyrolysis for hydrogen
production [6]. The authors noted that methane pyrolysis has the potential to act as a bridge

between petroleum resources to renewable energy systems [6].

CH, S C()+ 2Hyg) AH=74.8 KJ/mol (Reaction 1)

Overall, the decomposition of methane to produce carbon black and hydrogen is an
endothermic process requiring considerable energy. Depending on the energy input of the
process, two main methane pyrolysis pathways are often used: thermal and plasma processes
[7]. Thermal processes require a high temperature of more than 1000°C, thereby increasing the
overall processing cost [6]. Although, catalysts are often used to elevate the reaction rate,

improve the methane conversion and lower the reaction temperature [8].

Compared to the thermal processes, plasma pyrolysis improved methane conversion and high
carbon and hydrogen yield [9]. Furthermore, the non-thermal plasma process proceeds at a
lower temperature range [8]. Non-thermal Pyrolysis uses plasma sources such as microwaves,
dielectric barrier discharge, gliding arcs, or electron beams to split methane into carbon black
and hydrogen at higher efficiency [10]. The high-energy electrons produced by the non-thermal

processes enhance the chemical processes leading to hydrocarbon decomposition. Thus, the
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process is characterized by high selectivity and reactivity, low energy consumption at lower

temperatures, and atmospheric pressure [11].

Much research has been carried out in the field of plasma methane pyrolysis for the
decarbonization of natural gas [10,12,13]. Most of the studies pay attention to the chemical
kinetics of plasma pyrolysis [14] or the evaluation of the reaction mechanism and equilibrium
composition [12], or the development of different pyrolysis-modified reactors to overcome the
limitations of sizeable external energy supply resulting from increasing temperature demand
[15-17]. To the best of the authors' knowledge, studies on the design of a mobile autothermal
plasma methane pyrolysis unit have not been reported. Considering the shortage of hydrogen
pipeline infrastructure between production plants and fuelling stations in most places where
hydrogen is required, it is imperative to create alternative hydrogen production means. The
mobile methane pyrolysis unit helps to eliminate the challenges of hydrogen storage and
transportation by producing hydrogen onsite in the desired location. To fulfil the knowledge
gaps, this study presents the design and stochastic economic evaluation of an autothermal
plasma methane pyrolysis unit for onsite hydrogen production. The study aims to demonstrate
the economic competitiveness of the proposed process. Furthermore, Ni - Br in a bubble
column acting as a catalyst will be incorporated as part of the methane pyrolysis reactor. It is
anticipated that the proposed technology could help advance economically feasible hydrogen

production from natural gas.

2. Relevant literature and study novelty

Plasma methane pyrolysis has received significant attention, and the results are documented in
several publications. Kerscher et al.[1] performed a comprehensive techno-economic analysis
(TEA) and carbon footprint assessment of electron beam plasma methane pyrolysis for

hydrogen production. The LCOH from the technology ranged between 2.72 U.S.$/kg H. and
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5.34 U.S.$/kg Hz. Furthermore, the process led to a reduction in greenhouse gas emissions
compared to other hydrogen production pathways. Akande and Lee.[11] developed an
experimental setup for a non-catalytic plasma methane steam reforming process [11]. A

hydrogen production rate of 2247 g(H2)/h was obtained from the process [11].

Recently, a swirl-induced point-plane discharge reactor was developed and tested for the direct
conversion of methane to hydrogen and carbon black [18]. Hydrogen yield and selectivity of
16% and 84%, respectively, were reported. Although, other hydrocarbons, such as ethane and

acetylene, were also detected as part of the products.

Among different plasma sources, microwave plasma is advantageous in terms of its ability to
operate without an electrode and rapid time of response from electricity to torch [11]. Some
researchers studied the methane conversion mechanism for three different plasma sources,
including microwave plasma, gliding arc plasmatron, and dielectric barrier discharge [19]. The
authors noted that thermal conversion plays a significant role in the hydrogen formation

mechanism while vibrational-translational non-equilibrium has a minimal role.

Existing research contributions related to methane pyrolysis for hydrogen production can be
categorized into the optimization of process parameters during microwave plasma pyrolysis or
the evaluation of the reaction mechanism or catalyst development. The main catalysts for
methane pyrolysis include nickel-, iron-, doped noble metal- and carbon-based catalysts. Ni-
based catalysts are preferred due to their low cost and promising hydrogen selectivity [6].
Several authors have reported the use of Ni-based materials for catalysis during methane
pyrolysis. Parmar et al. developed a nickel-based catalyst with an optimal composition of
60%Ni-5%Cu-5%2Zn/Al,0O3 and used the catalyst to achieve a 90% methane conversion under
fluidized bed bubbling conditions [20]. Another study reported an increase in methane

conversion from 28 — 49% with Ni/MgO catalysts under low-temperature Pyrolysis at (600 °C)
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[21]. Recently, some researchers proposed a multi-stage bubble column reactor containing
molten Ni-Bi alloy, zirconia, and molten NaBr as catalysts for efficient hydrogen production
from methane pyrolysis [22]. Considering the previous studies in the literature already

discussed, there are three significant knowledge gaps this study attempts to address:

e High-fidelity process simulation and design of an autothermal mobile microwave
plasma pyrolysis unit that is moveable and can produce hydrogen from natural gas.

e Comprehensive energy and exergy analysis of each process stream.

e Detailed techno-economic and sensitivity analysis of the mobile unit to evaluate the

economic impact.

The results will be helpful for the development of mobile biomass pyrolysis systems, especially

in North America.

3. Methodology

3.1 Process Design and Description

. Detailed information on the process flow diagram simulated in Aspen plus can be found in
figure 1 while Figure 2 illustrates the flow diagram of the mobile unit. The process consists of
a microwave plasma methane pyrolysis reactor unit, gas-solid separation unit, char gasification

and biomethanation unit, and product separation and purification unit.

The process was simulated in Aspen Plus V 9.0 (Aspen Tech, Bedford, USA); the simulation
package was also used to evaluate the mass and energy balances. The Aspen package contains
an inbuilt physical properties database where Peng-Robinson was used as the base method for

robust thermodynamic calculation and implementation of the hydrocarbon system.
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Pure methane feed at ambient temperature and pressure is compressed isentropically to a
reaction pressure of 2.5 bar and preheated to about 400 °C. After which the reactor is preheated
to a temperature of about 600 °C before the methane enters. Preheating the reactor to 600 °C
with air plasma is more beneficial than preheating methane alone. Preheating methane can be
done by passing it through the refractory of the preheated reactor in a reverse direction since
studies have shown that preheating methane to 400 °C enhances conversion [11]. Typically,
methane is supplied in a compressed gas cylinder above 10 bar; a pressure reducer can decrease
the pressure to 2.5 bar. A compressor is needed for the recycling of methane. The methane
compression was performed by incorporating a portable and moveable natural gas compressor
unit at the feed inlet station. The gas is compressed mechanically, in stages, to different
pressurization amounts to meet the desired delivery level. The compressor could be powered

by a portable natural gas tank attached to the unit or a buffer battery.

The methane pyrolysis unit was modelled independently with two different kinds of reactors:
the RGibbs reactor and the plug flow reactor (PFR). The results from PFR were also compared
with the RGibbs reactor and experimental data from the literature. The RGibbs block was
selected because of its ability to accurately estimate the phase equilibrium and chemical
equilibrium of multiphase systems. Furthermore, some researchers have used the RGibbs
reactor to calculate the phase equilibrium reaction for thermochemical processes [23-27]. The
PFR was implemented because of its ability to perform equipment sizing, define the underlying
pyrolysis reactions, and provide catalyst information. The PFR was also able to capture the
complexities related to the liquid metal system. Details of the plug flow reactor design

implemented in Aspen plus and the underlying assumptions are discussed in section 3.2.

It should be mentioned that the high reaction temperature is due to the reaction's endothermicity

and strong C-H bonding. Therefore, increased temperature is required to split the C-H bond

10
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and improve hydrogen yield. The methane pyrolysis reaction products include gaseous

products such as hydrogen, unreacted methane, and solid carbon black.

The solid carbon black was removed from the reaction products in the gas-solid separation unit.
The unit was modelled using the cyclone (B6) in Aspen Plus. The separation was performed
based on the fraction of vapour-to-vapour outlet and the fraction of solid-to-solid outlet with
values 1 and 0.999, respectively. The solid, purely carbon graphite, exited the unit by gravity
at the bottom of the reactor as CHAR, while the gases exited the unit at the top for further
separation. Since the conceptual design is an autothermal process, the reactor and feed
preheater are expected to use the heat generated in situ. Therefore, a carbon gasification unit
was added. This unit was used to generate energy for the overall autothermal process through
steam gasification of the produced char. The carbon gasification unit was modelled with the

RGibbs reactor.

H> was recovered from the product gas with a palladium membrane. The H. separator was
modeled with the design specification of the HYSEP Technology model (HYSEP Modul Type
108, ECN, palladium membrane filter) [28]. This is the smallest HYSEP membrane module
with a total area of 0.04 m?. It is advantageous because of the lower capital and operating cost,
size flexibility, and higher hydrogen separation efficiency [28]. Aspen plus modeling of
HYSEP 108 was performed with a ready-made FORTRAN user model incorporated in Aspen
PLUS. The membrane specifications were defined with an excel sheet integrated into Aspen
Plus. The model's details have been meticulously described elsewhere [29]. Moreover, a 98%

capture efficiency is assumed, typical of the HYSEP 108 membrane separator [28].

The carbon from the gas-solid separator unit was sent to the gasifier alongside steam. It
compressed air as feed in the ratio (1:1:5). The high amount of air used in the simulation is due

to the low fraction of oxygen in the air (i.e., 21%). The carbon was completely combusted,

11
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releasing a significant amount of energy and by-products, including CHa, H2, CO, CO>, H:0,
and N.. The gaseous products were cooled with a heat exchanger (B12) and cooling tower
(CTOWER) to strip the gas from the liquid present. A water gas shift reactor (WGS) was used

to convert the produced CO into hydrogen.

The CO was stripped from the other gases with a membrane separator (B24) and forwarded to
the WGS reactor alongside steam (generated in the heat exchanger B12). The water gas shift

reactor is a system that converts the produced CO into CO2 and H, as shown in reaction 2.

CO+ H,0 & CO,+ H, (Reaction 2)
This reaction was modelled using the equilibrium reactor (B27) to achieve system’s phase and
chemical equilibrium. The CO gas was completely converted to CO; and H, after which the
products were sent to a cooling tower (B31) to strip water from the gas. These gases are then

combined with other gases from various units for further separation.

The gases exiting the top of the gas-solid separator were cooled to 650 °C and separated by a
membrane filter in the CH4 separation unit. The technology proposed for the CH4 separation
unit is a zeolite-based membrane filter, assuming that about 98% of the methane is trapped in
the filter [30]. The membrane filter was simulated in Aspen Plus with the same procedure as
the H2 separation membrane. The retrieved unreacted and produced CHa gas from the carbon
gasification unit were combusted with compressed air (methane to oxygen ratio of 1:2) to

produce water vapour and COg, as shown in reaction 3.

CH,+ 20, - C0O, + 2H,0 (Reaction 3)

12
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The reaction is highly exothermic; thus, the energy released from this unit and the carbon
gasification unit is sufficient to meet the energy requirement for methane pyrolysis and other

heating units.

The products from the methane combustion unit are sent into a membrane separator (B17),
combining the gases from the carbon gasification unit and the water gas shift unit to strip off
the hydrogen produced (from these three-unit processes) with a 99.9% recovery rate. The
hydrogen recovered is then combined with the hydrogen produced from the methane pyrolysis
unit to yield 32.91% hydrogen from the overall system. An additional biomethanation unit was

added for efficient product recovery and utilization.

The biomethane production unit is added as an innovative way of utilizing the produced CO>
to obtain biomethane. Therefore, 30% of the produced hydrogen was used for the

biomethanation process according to the reaction shown in reaction 4.
CO, + 4H, —» CH, + 2H,0 (Reaction 4)

The above reaction was modelled with a stoichiometric reactor (RStoic- BIOMETHA) at a
mesophilic temperature of 70 °C and pressure of 5 bar. The products from the reactor, which
comprised methane, water, and unreacted CO>, were cooled in a flash drum (B22) to strip the
gases from the water. The gases (mainly biomethane and unreacted CO.) were then sent to a
membrane separator modelled as SEP (B23) to completely separate the biomethane gas from

the unreacted CO>. Furthermore, the produced biomethane is recycled as feed.

3.2 Microwave-based plasma torch and reactor concept.

Schematics of the conceptual reactor design are illustrated in Figure 3a. The mobile
microwave-based plasma torch reactor is designed to process 100 kg/hr of methane, equivalent
to 2.65 tons/day. The reactor and other units were positioned in a manner that makes it

convenient to be towed behind existing work vehicles and access remote sites through existing

15
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roads. This places a lot of limitations on the volume, a 1 —ton U.S truck could take between 5-

6 tons towing loads depending on the model and manufacturer [31]. Therefore, a reactor length

of 1.4 m and external diameter of 0.5m was selected. The length limitations and selection are

based on the standard road size in the United States

Moreover, most trailers have size constraints within the following limitations: 2.6 m wide, 4.3

m high, and 12.2 m long [32]. Reactor sizing was modelled with a PFR with all assumptions,

reaction, and kinetic parameters listed in Table 1. It should be mentioned that the simulation of

plasma pyrolysis reactors is highly complex due to the steep gradients and the number of

temporal and spatial ranges of the variables involved. However, the PFR provides a decent

representation of the reactor for preliminary economic evaluation.

Table 1: Assumptions in Aspen PLUS reactor modelling.

Assumptions

Values

Reaction Parameters [33]

Equation: CH, — 2Hy gy + Cs)
Apparent activation energy: 277
kJ/mol

Feed Properties

Pressure: latm.

Temperature: 25°C.

Flowrate: 100 kg/hr.

Fluid Package

Peng Robinson.

Reactor information

Aspen plus modelling block: Plug Flow
Capacity: 100 kg/hr
Length: 1.4 m

External diameter: 0.5 m

16
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The proposed non-electrode microwave plasma torch system is presented in figure 3b. The
system is similar to the design proposed by Akande and Lee.[11] with modifications in reactor
design and the use of a catalyst. Details of the system are described in figure 3a-c. The system
consists of a microwave generator (915 MHz and power capacity up to 0.1 MW), a WR430
rectangular waveguide, optical emission spectroscopy system, a power generator for the
microwave generation unit, a forward and reverse power monitor and flow control devices. It
should be mentioned that the maximum power of a commercially available 2.45 GHz
magnetron is 15 kW (0.015 MW), therefore a 915 MHz Microwave generator with a capacity

of up to 100 kW (0.1 MW) was implemented.

The gas supply in the reactor is consistently monitored and controlled with a digital mass flow
meter. It should be mentioned that the absorbed microwave power, which indicates the amount
of microwave power provided to the discharge area, was determined from the numerical
difference between the reflected and incident power. For plasma generation, a capacitively

coupled system is implemented in connecting the microwave generator to the reactor.

The reactor is designed as a multi-layered liquid metal bubble column. Pure methane flows into
the reactor from the bottom while the pyrolysis products, excluding solid carbon, are removed
from the top section. A molten metal comprising of Ni-Br in a bubble column is used to catalyze
the pyrolysis reaction, while the molten salt helps to separate carbon. It should be noted that
the Ni-Br molten metal catalyst was selected based on experimental results from previous

studies [34].

Catalytic methane pyrolysis leads to the formation of solid carbon that is often entrained in the
gas stream exiting the reactor. Therefore, it is possible to separate the solid carbon from the gas
stream through conventional processes such as cyclones or electrostatic separators. However,

the use of molten salt is more economically feasible. The presence of a supporting layer of

17
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molten salt on the surface of the metal often led to the aggregation and accumulation of
insoluble carbon on the salt surface. Additionally, maintaining a layer of molten salt on a
catalytic molten metal ensures that a liquid heat transfer fluid is efficiently circulated once the
carbonaceous solid leaves the reactor [35]. The carbon floats on top of the molten salt layer
that resides on top of the molten metal since the difference in density between various solids
determine their placement in the reactor. It should be mentioned that the efficient and controlled
transportation of liquid metal throughout the reactor vessel still poses challenges related to
engineering design and construction materials. To address the challenges, some authors have
employed bubble-lift pumps to improve the molten metal circulation [36]. The use of
electromagnetic pumps for continuous molten metal streams has also been proposed in
previous studies [36]. However, the proposed design faces challenges related to the high
density of Ni-Bi, especially for bubble-lift pumps; therefore, extra layers of molten MgCl.-
NaCl salt above the Ni-Bi media have been suggested by another study [35]. The molten salt
layer helps in the continuous removal of the produced carbon from the molten metal reactor,
even at low-concentration slurry. A similar approach was adopted in the conceptual design
proposed in this study. The molten salt comprises Mg-Cl> salt that is insoluble in carbon; that

way, the precipitation of the materials on the heat exchanger walls could be avoided [37].

Aspen Plus simulation results (methane conversion efficiency) for both RGibbs and Plug flow
reactor are compared with experimental values from the literature [38,39]. Since the conceptual
design is novel, there are hardly any studies with similar operating conditions or reactor
configurations. However, comparing the results provides a valid basis for preliminary
economic appraisal. As shown in figure 4, the optimum methane conversion from the PFR and
RGibbs reactor appears similar, with a 2% deviation. Also, the methane conversion reported
herein is similar to those reported in the literature for plasma steam methane reforming [11]

and microwave plasma source-enhanced pyrolysis [39].

18
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3.3 Economic assessment

The capital investment cost of the proposed mobile autothermal plasma methane pyrolysis unit
varies for different locations. Therefore, the techno-economic analysis (TEA) was performed
assuming that the unit is in North America. The equipment purchase cost (EPC) was
determined from a combination of the Aspen Economic analyzer (AEA), literature search [41]
and CAPCOST software by Turton et al. [40]. Moreover, the AEA was also used to appraise
the plant-wide cost of heat exchangers. In some cases where the equipment may have an out-
of-range capacity, a literature search is combined with the scale factor rule to evaluate the EPC

(equation 1).

Ca _ (Aa\"
C_b N (Ab) (1)
Where C, represents the cost of the new plant with capacity Aa. Cy is the cost of the initial plant

with capacity Ao. n is the scale factor, which is assumed to be 0.8 for the proposed design [41].
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All the estimated costs were scaled up to 2022 by applying the chemical engineering plant cost

index.

The capital expenditure (CapEx) was evaluated as a fraction of the EPC. Also, the operating
expenditure (OpEx) was appraised based on the labour cost, production capacity, and feedstock
used. OpEx comprises all costs of production, such as variable (direct) costs, i.e., raw materials
or utilities, and fixed (indirect) costs, including labour and maintenance costs. In contrast,
CapEx comprises investment incurred for the plant construction, also known as inside battery
limits, and investment for connecting the plant to the outside world; these include the roads,
railroads, or general service facilities like power plants (outside battery limits) [42]. The inside
battery limit comprises all the cost items required to build the plant's core production facilities,
and everything required to build the plant facilities, and everything directly needed for
production: A detailed description of the CapEx and OpEx computations has been summarized

in the supplementary information (Table S1 and S2).

Equipment repairs and maintenance are part of the fixed and variable expenses based on yearly
usage. Generally, equipment repairs, and maintenance cost often increases over time. Data for
long-term repairs and maintenance is unavailable for most proposed design equipment.
Therefore, the cost was assumed as a fixed percentage of a straight-line depreciation method
over the lifetime of each piece of process equipment [43]. The frequency of maintenance is
determined based on a 760 days per year maintenance while the plant will be in operation for
8000 hr/yr. The cost incurred during the portable system relocation depends on several factors,
such as plant capacity, relocation distance, and labour cost. The cost of relocation is assumed

to be a part of the yearly operating cost.

Economic indicators such as net present value (NPV) and return on investment (ROI) are used

to measure the economic performance of the conceptual design. NPV is the sum of the present
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values of all cash flow, including the initial investment [44]. In contrast, ROI directly measures
the amount of return on the proposed conceptual design against the investment cost. The NPV

and ROI are estimated from equations 2 and 3, respectively.

Net cash flows
NPV = —TCl + X2 — = (2)

ROI = Annual income x 100% (3)

Capital investment

The Levelized cost of hydrogen produced (LCOH) is used as an economic metric to quantify
the economic feasibility of the conceptual design. It accounts for the capital and operating costs
incurred during hydrogen production. It is a critical metric that enables the comparisons
between different hydrogen production routes. LCOH considers the initial investment due to
plant construction and the management costs over the entire lifetime [45]. It should be
mentioned that the LCOH varies significantly with the size of the plant, the sources of energy,

and the plant configuration.

The LCOH can be estimated from equation 4.

LCOH = Total production cost (4)

Annual hydrogen production

3.4 Exergy analysis

The exergy of a system indicates the amount of useful work it can perform upon the realization
of thermodynamic equilibrium with the environment. It shows the overall totality of the
physical, chemical, potential, and kinetic exergy [47]. The total exergy of a system shows the
direction or flow of work based on the second law of thermodynamics. Exergy analysis is
helpful for the comparative evaluation of systems and components in making a well-informed

design decision. Compared to energy analysis, exergy analysis shows the causes, locations, and
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quantitative description of the system inefficiencies and integrates irreversibility in the

thermodynamic assessment [48].

For a particular system, the exergy balance includes the exergy of input and output, as indicated

in equation 5.
> Eloss =2 El.nput - X Eo;urput (5)

Where ), El,'wut and ) El'nput represents the overall exergy of the input and output stream in
MJ/Kkg, respectively. E; s is the exergy loss in the system in MJ/kg. Considering that the
kinetic and potential energy of the system could be negligible, the exergy of a certain
component stream, i (Es¢reqm, ) in the system would include both the chemical (E.,;) and

physical exergy (Epp; )-

Estream,i = Ech,i + Eph,i (6)
The overall exergy efficiency is estimated from the expressions in equation 7 [49]:

Eoutput
Nexergy = Finpat x 100 (7

where 7ig;r and LHV;yp 445 represent the mole flow rate and lower heating values of

hydrogen.

Although the chemical exergy of several compounds is available in the literature, it is very
difficult to define the chemical exergy of solid chars and gaseous and liquid product streams
obtained during pyrolysis [50]. There are several correlations for estimating the chemical
exergy of solid and liquid fuel components. In the present study, the chemical exergy
proposed by Kaushik and Singh [51] was used to estimate the exergy of solid char with the

assumption that the char contains negligible ash and sulphur contents (equation 8).

Echsoia = LHVgy + Axp). Bap + 9417x s qp (8)
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Where LHV 4, A, and x,, represent the lower heating value of the solid on a dry basis, latent
heat of vaporization of water at room temperature, and mass fraction of moisture,
respectively. B4, and x, 45 represent the ratio of the specific chemical exergy of the

compound to the LHV and mass fraction of sulphur, respectively.

The exergy of the liquid phase mixture (Ech,u-qul-d) is calculated from equation 9 [50,51].

_ 100- Myiquid,i

: Miiquid,i ¢
Ech,liquid - 100 ch,water + 100 Ech,og,i (9)

M ;quia; s the water content mass fraction in a specific flow stream and Ech,og,l- is the

chemical exergy of the representative organic compound in phase i expressed in MJ/kg.

The chemical exergy for the gaseous stream is calculated with the assumption that the gases
behave as an ideal gas. Therefore, the gaseous chemical exergy ('Ech,gas) can be calculated

from equation 10 [47].

. — fi
Ech,gas = ZiyiEochem,i + R, T, Ziyiloge (F) (10)
where yi and E°chem,i represent the mole fraction and molar chemical exergy of component i.

Ro and T, are the universal gas constant and the reference temperature (25 °C), respectively.

The physical exergy represents an expression of the thermomechanical usable exergy of the
system. It is based on the enthalpy, entropy, and pressure. The physical exergy was computed

based on equation 11 [47].
EPhys = (H - Ho) - TO('S_‘_ 5_‘0) (11)

where H and S are the system enthalpy and entropy at a given temperature and pressure. In
contrast, H, and S, represents the values of enthalpy and entropy at the environmental

conditions.
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4 Results and discussions

4.1 Mass and energy flow

The overall mass flow of the proposed methane pyrolysis unit is presented in Figure 5. The
mass balance is used to evaluate the flow of mass in and out of the system, thereby promoting
the practical design of the process. It should be mentioned that the mass balance results were
expressed on a kg/hr basis with 100 kg/hr methane used as input feed. As illustrated in Figure
4, 76.8 % methane conversion is obtained at 800 °C and atmospheric pressure. However,
increasing the temperature led to an elevation in methane conversion to 99.1% at 1000 °C.
Regardless, lower temperature was selected because it is assumed that complete methane
conversion can be attained under experimental conditions with a proper reactor design and a
catalyst. Gaseous and solid carbon masses of 48.2 kg/hr and 74.5 kg/hr were produced per 100

kg/hr of methane field. The produced gases comprise 51% hydrogen and 49 % methane.

It is assumed that all the carbon produced from methane pyrolysis is combustible. In this case,
it corresponds to 74.5kg/hr of carbon per 100 kg/hr of pure methane feed consumed. However,
the combustion characteristics of the produced carbon would be one of the focuses of future
experimental work. The solid char is combusted to produce the heat for the autothermal
methane pyrolysis unit. Combustion of solid carbon produces different gases, including CO,
COg, CH4, and H2. About 98% of the CH4 produced during solid carbon combustion is removed
via a CHg separation unit and sent to the combustion unit. Methane combustion yields about
138.6 kg/hr CO and 12.7 kg/hr Ha. The methane combustion unit provides additional heat for
the pyrolysis unit. The gaseous product from the CHas combustion unit is sent to the

biomethanation unit, were about 22.7 kg/hr of CHg is produced and recycled as feed.

The energy balance of the proposed conceptual design is also presented in Figure 4. The energy
needs of the process are determined as heat and energy requirements in addition to the energy

provided by the feedstock and reaction products. The process is designed as an autothermal
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system that does not require external heat. Therefore, an effective heat integration system is
designed to promote the autothermal system. As shown in Figure 4, 67% of the energy in the
methane feed is recovered by the produced gases, while the remainder is used for char

production.

The energy efficiency of the process was estimated based on the lower heating values of the
feedstock. The methane pyrolysis process operating at atmospheric pressure and 800 °C has an
energy efficiency of 59.9%. Considering 90% combustion efficiency and 80% char gasification
efficiency in the combustion chamber. The process is energy sufficient because enough product
gas is recovered from the separation unit. In addition, applying an effective heat integration

scheme helped lower the energy demand by 40.5%.

4.2 Exergy analysis
The overall exergy of destruction in the proposed mobile pyrolysis unit includes losses from
heat exchangers, reactors, char separation unit, gasification system, and biomethanation unit.

Details of the exergy loss in each processing unit are presented in Figure 6.

As shown in Figure 6a, the heat exchanger and the methane pyrolysis unit had the highest
exergy of destruction. The heat exchanger and reactor accounted for 29% and 27% of the total
exergy of destruction, respectively (figure 6b). During methane pyrolysis, solid carbon and
hydrogen are produced via high-temperature methane decomposition without water and
oxygen. The high-temperature decomposition leads to an increase in the exergy of destruction.
Moreover, higher heating requirements from ambient to temperatures above 1000 °C could also
be responsible for the elevation in the exergy of destruction from the heat exchangers. It should
be mentioned that heat exchangers destroy exergy due to the transfer of heat across a specific
temperature difference. Therefore, the exergy of destruction in heat exchangers is elevated at a

higher temperature difference.
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Figure 5: Overall mass balance and energy flow for the proposed conceptual design of an autothermal mobile pyrolysis unit (results generated
from Aspen Plus simulation). Note that the mass balance results presented are from the PFR at a reaction temperature of 800 °C. Although
increasing temperature could elevate the CH4 conversion, lower temperature was implemented because it is assumed that complete conversion
could occur experimentally with efficient reactor design and a catalyst at similar temperatures.
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The gasification and combustion unit also produced an increased exergy of the destruction of
36.1 KW and 40.5 kW, respectively. Both gasification and combustion units accounted for 15%
and 17% of the total exergy of destruction, respectively (figure 6b). Char gasification consists
of several intermediate reactions in which exergy is destroyed. These reactions include water-
gas shift reactions, steam reforming, combustion, and Boudouard reactions [52]. Similarly, the
combustion process consists of a reaction of methane with oxygen, as illustrated in equation 2.
The reaction is highly exothermic; thus, energy accompanied by an exergy of destruction is

released.

The exergy efficiency of the key processing unit is appraised and presented in Figure 7a. Since
our study is a conceptual design and preliminary economic evaluation, it is important to
determine the efficiency of each processing unit and anticipate the unit with future operational
challenges. Exergy can also be used to compare the efficiency of different energy conversion

technologies.

By knowing the exergy efficiency of a system or process, we can determine how efficiently it
can perform the required task and identify ways to improve its efficiency. This can help to
minimize the use of energy and save production costs. The combustion and biomethanation
units have 98.4%, and 92.5% exergy efficiencies, respectively. In contrast, the exergy
efficiencies of the methane pyrolysis and gasification unit are lower (48% and 43.1%,
respectively). Although higher temperature favours hydrogen production and methane
consumption, as shown in Figure 7b, the exergy efficiency of the methane pyrolysis reactor

could also increase at the optimum temperature.

The findings reported herein are similar to those of the previous study in the literature [53].
With an increase in reactor temperature, an elevation in exergy efficiency was observed for the

hydrothermal gasification process [53]. Our recent study also showed that the exergy efficiency
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of an endothermic process is optimum at elevated temperatures [54]. In another study, Simpson
et al. demonstrated the effectiveness of temperature in increasing the exergy efficiencies of an
endothermic process [55]. Based on the exergy analysis results, it can be deduced that effective
heat exchanger optimization is required to minimize the exergy loss in the heat exchangers and
combustion unit. Also, it is desirable to reduce the reaction temperature to minimize the exergy

of destruction in the pyrolysis reactor.

4.3 Economic analysis

An overall breakdown of the equipment purchase cost is presented in Figure 8. The cost of
the methane pyrolysis reactor unit accounts for almost 28% of the EPC. Similarly, the flash
separators and other auxiliary units such as heat exchangers, solid separators, and
compressors account for 13%, 10%, and 8%, respectively. Methane pyrolysis reactions are
carried out at significantly high temperatures and ambient pressures. Therefore, choosing a
reactor material that could withstand such extreme temperatures is essential. In this case, a
reactor material that can withstand harsh conditions with less susceptibility to corrosion is
chosen, and the cost is used in the EPC appraisal. Inconel material is relatively expensive,
and it is an excellent corrosion resistance compared to stainless steel [41]. Moreover, Inconel
or stainless steel can withstand high temperatures when the refractory is made of ceramic
insulation. The EPC was appraised based on the assumption that the reactor's construction
material is made with Inconel. Microwave plasma reactors are usually made from stainless
steel or Inconel. The quartz tube inside the microwave torch (not the entire reactor) prevents
the flow of reactants via the waveguide to the magnetron because reactant injection is always
perpendicular to the microwave energy. Heat exchangers are required for effective heat
integration and recovery because the process is autothermal. Therefore, a combination of heat
exchangers for heat integration could be responsible for the increased EPC cost relative to a
process without effective heat integration.
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Table 2 provides details of the economic analysis results. It should be mentioned that the
CapEx and OpEx calculations have been meticulously described in the supplementary
materials (Table S1 and S2). Since a mobile pyrolysis plant is considered in this work, the
equipment purchase cost is lower than the typical equivalent cost for a stationary industrial
plant. Furthermore, the cost of hydrogen transportation was not considered, and
accompanying land costs were ignored — indicating the mobility of the proposed design
(Tables S1 & S2 of the supplementary information). The CapEx and OpEX for the mobile
pyrolysis unit are reported as 21.82 M.U.S.$ and 6 M.U.S.$, respectively. It should be noted
that the fixed capital investment, which comprises direct and indirect costs, contributes
significantly towards the CapEx. Similarly, the cost of feedstock and utilities are significant

components of the OpEX.
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Figure 6 (a) An overview of the exergy of destruction for each processing unit in the proposed mobile pyrolysis unit (b) Percentage contribution
of each processing unit to the total exergy of destruction
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Figure 8: Breakdown of the overall cost of equipment purchase, including the installation cost.

Table 2: Summary of the economic analysis results.

Cost components Cost Unit
Equipment purchase cost (EPC) 6.16 | M.U.S.$
Working capital (WC) 273 | MUS$
Fixed capital investment (FCI) 18.19 | M.US$
Capital expenditure (CAPEX) 21.82 | M\US.$
Fixed operating cost (FOC) 1.73 | M.U.S.$ly
Utility cost 0.16 | M.U.S.$ly
Raw material cost (RMC) 412 | MU.S.$ly
Operating expenditure (OPEX) 6.00 | M.U.S.$ly
Net present value 3.76 | M\U.S.$
Return on investment (ROI) 4557 | %
Levelized cost of hydrogen (LCOH) 1.30 | U.S.$/kg

The NPV, which describes the sum of the present values of all cash flow, including the initial

investment, is estimated at 3.76 M.U.S.$. A positive NPV further highlights the profitability

of the mobile pyrolysis unit.

33



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

The ROI is avery useful economic indicator that can be used to assess the efficiency and
profitability of an investment. Compared to NPV, the ROI does not account for the time value
of money. In the present study, the ROI was reported as 45.57%. Compared to the previous
study on an industrial plant for hydrogen production, the capital expenditure of the proposed
mobile pyrolysis unit is lower. A previous study reported a capital expenditure of M.U.S.$ 64.4
for a plant producing 200 kta of hydrogen from 800 kta of methane via methane pyrolysis in

molten metal [56].

The LCOH of the autothermal methane pyrolysis unit obtained in this study is 1.30 U.S.$/kg.
The price is significantly lower than LCOH from other hydrogen production routes, as
illustrated in Table 3. Although all the articles cited in Table 3 adopted different cost estimation
approaches and the price mentioned is mainly associated with the publication date, the cost still
provides a reasonable comparison basis. Lower LCOH for the autothermal mobile methane
pyrolysis unit proposed in this study further indicates that the unit is profitable. Coupling steam
reforming of methane derived from natural gas with CO. capture remains the most
economically competitive hydrogen production route with LCOH of 0.8 U.S.$/kg. If the
process were performed without CO; capture, the LCOH would increase to a range of 1.88 — 2
U.S.$/kg [57,58]. Sorption-enhanced reforming of biomass showed a relatively high LCOH of
10.93 — 11 U.S.$/kg compared to other processes [59]. Although the sorption-enhanced
reforming gasification process produces a nitrogen-free, high calorific product gas containing
hydrogen, the use of limestone as bed material, in situ CO> capture, and the high reaction
temperature is a major reason for the increased process economics. The LCOH produced from
other energy-intensive methods, such as electrolysis, is higher due to the energy requirement

of the process in the form of electricity.
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1 Table 3: Comparative evaluation of the LCOH for different production processes.

Hydrogen production process LCOH/Minimum Ref.
selling price
(U.S.$/kg)

Autothermal mobile methane 1.3 This work

pyrolysis unit

Methane steam reforming with 0.8 Acar and Dincer [58]
carbon capture

Methane steam reforming without 1.88-2 Al-Qabhtani et al. [57]
carbon capture

Sorption-enhanced reforming 10.93-11 Schweitzer et al. [59]
biomass gasification

Fluidized bed gasification 3.1-4.0 Salkuyeh et al. [60]
SCWG integrated with CO, removal | 1.94-1.97 Okolie et al. [41].

unit and energy self-sufficient

Dark fermentation 2.6 Salkuyeh et al. (2018)
Coal gasification with CO, 0.9-1.7 Acar and Dincer [58]
sequestration

Water-driven electrolysis with solar | 2.89 Yates et al. [61]
energy

Pyrolysis 1-2 Acar and Dincer [58]
Coal gasification 0.8-1.3 Acar and Dincer [58]

3 4.4 Sensitivity analysis

4  The economic metrics such as the LCOH and NPV are impacted by several parameters such as
5  cost of feedstock, labour cost, EPC, and tax rate. The impact of these parameters on the NPV
6 and LCOH is presented in Figure 9. The sensitivity analysis appraises the impact of varying
7  these parameters at = 20% on the economic metrics. The tax rate, EPC, and feedstock cost had
8 the greatest impact on the NPV. With a 20% decrease in feedstock cost, the NPV rose from

9 3.76 M.U.S.$1t0 4.35 M.U.S.$. Similarly, a decline in tax rate led to an increase in NPV up to
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4.09 M.U.S.$. In contrast, a 20% increase in the feedstock cost and tax rate led to a decline in

NPV to 3.2 M.U.S.% and 3.44 M.U.S.$, respectively.

A change in the tax rate does not impact the LCOH. Similarly, the labour and utility cost change
had a significantly lower impact on the NPV and LCOH. For instance, Figure 9b shows that a
20% increase in utility cost only produced an NPV value of 3.74 M.U.S.$ and an LCOH value

of 1.31 U.S.$/kg.

Other factors, such as EPC and feedstock cost, significantly influenced the LCOH. The
feedstock used in the present study includes pure methane, compressed air, and water.
However, the cost of pure methane is dependent on the logistics and purification costs. HoS gas
is naturally present in natural gas and requires a higher separation cost to recover pure methane.
This could potentially influence the feedstock cost. The utility cost had little impact on the
LCOH due to the improved energy integration adopted in the proposed technology. In addition,
the introduction of gasification and combustion units to supply heat requirements further

minimizes the utility cost.

4.5 Key issues of the proposed technology and study limitations

The present study proposes a conceptual design that produces hydrogen through catalytic
methane pyrolysis as well as the produced carbon gasification. Although the economic analysis
indicates that the process is profitable based on positive NPV and lower LCOH, the profitability
of the process could also be directly attributed to heat integration via char gasification.

Regardless, there are several study limitations.

36



(a)

H+20% MW-20%

Labour cost [ | |
Utility cost | |
Tax rate N
Feedstock cost I
EPC N

3 3.2 34 36 3.8 4 4.2 4.4 4.6

NPV (M.U.S.S)

(b)

m+20 E-20
Labour cost ..
Utility cost |

Tax rate

Feedstock cost N
epcC .

0.8 1 1.2 14 1.6 1.8

LCOH (U.S.$/kg)
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The methane used in the study is pure methane. In reality, natural gas comprises several
mixtures of gases, including saturated light paraffin such as methane and ethane and non-
hydrocarbon gases. Combustible and non-combustible gases such as nitrogen, carbon dioxide,
hydrogen sulphide, and noble gases are often separated before the pyrolysis reaction. Recovery
of pure methane from natural gas requires processing steps such as gas sweetening and
dehydration. These steps are not accounted for in the process simulation. Although, they are

clearly defined in the economic model via the feedstock cost.

Another limitation is the quality and quantity of carbon products from methane pyrolysis. It
was assumed that all the produced carbon is combustible and sufficient to generate the heat
requirements for the process. While this is not always the case, future studies would focus on
experimental verification, analytical characterization of the carbon product to determine its

combustion characteristics and detailed heat integration.

This study has not accounted for tax exemption, carbon credits, and biofuel subsidy incentives
implemented by several studies. The inclusion of these government incentives could lower the
LCOH presented in the study. However, it should be mentioned that these incentives vary for
different countries and are highly unpredictable. Therefore, it is very difficult to implement

them in the economic model.

The project's scope did not extend to prototyping or a full-scale demonstration of the mobile
pyrolysis unit. Therefore, the experimental data is currently unavailable. Although, plans for
developing a prototype and full-scale demonstration are currently in progress. However, the
simulation results have been verified against published experimental data and are presented in
the study. The authors are aware that there is a risk of projecting performance information to
full scale in the absence of experimental data. Regardless, the model validation presented

herein could help answer certain technical questions and to generate baseline performance
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data. The novel reactor design integrating a microwave-based plasma torch integrated with a
multi-layered liquid metal bubble column reactor is a new concept that has not been
experimentally verified. There could be some challenges during experimental verification
which would be the scope of future studies. Such design could suffer from issues such as

energy efficiency and optimization of product recovery.

Future studies would also focus on a comprehensive energy and exergy analysis of each
processing unit. The relationship between exergy efficiency and efficiency metrics such as
energy efficiency, conversion efficiency, product selectivity, and yield are targeted scope of
future studies. A comprehensive cradle-to-grave lifecycle assessment is also proposed to
appraise the environmental impact of the proposed technology. However, these studies could

only be performed adequately when data from a demonstration plant is available.

Process simulation results shows complete conversion at higher temperatures greater than
1000 °C. However, a temperature of 800 °C was implemented during economic evaluation.
This is due to the assumptions that the use of a catalysts and efficient reactor design
implemented in this study would lead to a complete conversion of methane at 800 °C or lower

temperature.

5 Conclusion

This study presents for the first time the conceptual design of a mobile autothermal plasma
methane pyrolysis unit for onsite hydrogen production. Energy, exergy, and techno-economic
analysis were investigated to evaluate the efficiency and performance of the entire process. The
stochastic method based on Monte Carlo simulation was used to evaluate the techno-economic
analysis and sensitivity analysis of the conceptual design by quantifying the uncertainty and
associated risk of the process. The following key results were reported from the mobile

demonstration unit.

39



10

11

12

13

14

15

16

17

18

19

20
21
22
23

24
25
26

The process is profitable, with a positive net present value (NPV) ranging from 3.76 —
4.35 M.U.S.$. and a lower levelized cost of hydrogen range of 1.3 — 1.47 U.S.$/kg.
The return on investment (ROI) was reported as 45.57%. Compared to the previous
study on an industrial plant for hydrogen production, the capital expenditure of the
proposed mobile pyrolysis unit is lower.

Although there is no available experimental data for model validation, a comparison of
the model results with studies on plasma pyrolysis shows similar methane conversion
with a deviation of less than 2%.

From the sensitivity analysis, the tax rate, EPC, and feedstock cost were found to have
a significant effect on the NPV. In contrast, labor and utility costs had a less significant

impact on the NPV and levelized cost of hydrogen.

In summary, this study has demonstrated that a mobile autothermal plasma pyrolysis unit for

onsite hydrogen production will be useful for the future process development of mobile

biomass pyrolysis systems, especially in North America, and the implementation of sustainable

technologies.
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