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ABSTRACT

Reduction of carbon emissions from conventional gray Hydrogen (H,) production is a promising option in moving towards
much greener H, generation. To minimise carbon emissions and improve plants’ efficiencies of conventional gray
H, production, this study focused on process simulation of hybrid CSP, catalytic Methane (CH,) and biomass pyrolysis and
Water (H,0) electrolysis plants with 1000°C HTF output temperature. This integrated system differs from current pyrolysis
and electrolysis technologies for H, production because of the involvement of CSP as a thermal energy source; the use of part
of recovered heat from the reactor to power downstream units including thermolysis of Sulphuric Acid (H,S0,) and steam
generation for both H,0 electrolysis and Rankine cycle; the use of H,0 as a reaction media and carbon looping to promote
biomass decompaosition; anodic oxidation of SO, in AEC to promote hydrogen evolution reaction. In that regard, CSP systems
were modelled and simulated in SAM and MATLAB software. The output result of the simulated CSP system got exported to
the Simulink to feed simulated CH, and biomass pyrolysis coupled with TES and Rankine cycle from Aspen plus. In addition,
simulated thermal disassociation of H,S0,, electrolysis of H,0 with SOEC and AEC from Aspen plus was also exported to the
Simulink to feed the CSP system. Both integrated systems were fed with CH, as the working fluid of the solar furnace. About
$1.7/kg is estimated to be a H, selling price for simulated pyrolysis of CH, and biomass plant which is cheaper than SMR with
a CCS system. While between 4.6 - 10.48 is also estimated to be a H, selling price for another simulated CH, pyrolysis and
H, 0 electrolysis. Just like existing CSP systems for electricity generation, both simulated hybrid systems generate electricity
for up to 200 minutes in the absence of the Sun. Similar to SMR with a CCS system, C 0, by-product from biomass pyrolysis
was captured. Due to coking issues related to catalytic pyrolysis, noncatalytic pyrolysis of CH, was investigated. Results of the
research work show that a return on investment within a period of 6 years is possible with the adoption of these new innovative
technologies while reducing carbon footprints in H, generation plants.

1.0 Introduction

An increase in energy demand has increased carbon emissions into the atmosphere because of the utilisation of fossil fuels in
an absence of carbon capture and storage (CCS). In addition, the amount of solid waste disposed into the environment has
increased due to rapid urbanisation. Thus, energy transition from fossil fuels to eco-friendly fuels, and recycling of biomass
and other environmental wastes to produce energy is necessary to limit temperature rise above 2°C (degrees Celsius) as set by
IPCC [1]. Hydrogen (H,) fuel from renewable and fossil fuels resources equipped with carbon capture, utilisation and storage
(CCUS) can be considered as the primary energy carrier of the future to supplement fossil fuels as such that water (H,0) is one
of the by-products via a fuel cell application [2]. Unlike fossil fuels that occur in nature, Hydrogen (H,) is a flammable,
odourless and non-toxic substance that can be found on the earth with other elements such as organic compounds and H,0.
Molecular hydrogen [H,(g)] was first discovered by Paracelsus in 1493-1541. While well-known H, gas was discovered by
Henry Cavendish in 1766 [3]. Reforming, pyrolysis, gasification, water (H,0) splitting, biological and thermochemical
processes are well-established and emerging technologies for extracting molecular H, from other elements. Despite the Global
share of hydrocarbon reforming methods of producing H,, methane (CH,) and biomass pyrolysis offer several advantages like
absences of €0, by-product in CH, pyrolysis, reduction of environmental waste and generation of other valuable products in
biomass pyrolysis. Nonetheless, thermochemical and photochemical H,O splitting processes of H, generation are considered
more eco-friendly methods of H, production [4]. Although, pyrolysis and renewable sources like electrolysis methods of
producing H, are effective steps forward towards net-zero carbon emissions for sustainable development.

Pyrolysis involves the use of a high-temperature thermal energy source (>500°C) to transform liquid gas and solid fuel into
synthetic gas or gaseous fuels in the absence of partial oxidation. Many researchers have reported that a temperature of
approximately 1200°C is required for C H, decomposition without a catalyst present in the reactor [5]. A study by Riley, et al.
[6] reported that hydrocarbon pyrolysis (HP) requires a catalyst for continuous steady-state operation in the fluidised bed
decomposer to decrease the activation energy and mitigate Kinetic limitations associated with noncatalytic pyrolysis. It was
found that the aforementioned technology (HP) requires less activation energy and is cheaper than reforming processes of H,
generation because of the absence of water gas shift (WGS) units and selling off another end product like carbon [6].
Nonetheless, Msheik, et al. [7] mentioned that a catalyst with less coke formation because of carbon deposition on the active
site and a desulphurisation unit is very important to reduce early catalyst deactivation. Thus, Geng, et al. [5] maintained that
the use of metallic catalysts such as nickel (Ni), iron (Fe) and Cobalt (Co) supports offers several advantages like less activation
energy. For example, >58% of CH, conversion efficiency can be achieved with the use of a Ni-based catalyst compared with
Fe and Co with an operating temperature below 750°C [5]. Nevertheless, fast catalyst deactivation and toxicity are drawbacks
of such catalysts. Despite the benefits of both Fe and Co over Ni catalysts, coking remains one of the drawbacks of all the
above-mentioned catalysts as catalyst deformation occurs in every complete cycle [8]. Not long ago, an effort to mitigate coking
issues related to catalytic methane decomposition (CMD) was investigated by Abanades, et al. [8]. From the investigated work,



it was found that carbon deposited on the metal catalyst active site can be removed by the integration of both steam and oxygen
(0,) cycles to produce carbon monoxide (CO), €0, and more H, at moderate operating temperatures. Coke removal from
steam regeneration with Ni/S0, catalyst was lower but more effective than air regeneration. Despite the removal of coking
from the catalyst, C0O, by-products and coking over a long period remain another disadvantage of such mitigation approaches.
The use of carbonaceous catalysts to minimise coking issues and eliminate C0O, by-products has also been studied for CH,
pyrolysis. Nonetheless, Ni/Al,0; catalyst has been widely recognised for greater thermal stability, resistance to carbon
deposition of the active site and high conversion and reduction temperature of 700°C in methane pyrolysis and dry reforming
of methane [9]. Despite lower conversion efficiency in comparison with metallic catalysts because of morphology modification,
tolerance to impurities, absence of C0O, by-products, contamination and regeneration were found to be advantages of such
catalysts [10]. Therefore, to mitigate catalytic CH, pyrolysis limitations and drawbacks like carbon emission, noncatalytic CH,
pyrolysis is needed with the integration of solar energy to provide the required thermal energy for CH, decomposition [7]. CH,
pyrolysis which differs from the gasification process is displayed in Fig. 1. While Eqgs 1 and 2 represent the desulphurisation
and CH, cracking process of H, and carbon production.
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Figure 1: A schematic flow diagram of catalytic (A) pyrolysis and (B) gasification processes for H, production

Pyrolysis and gasification are the 2 main thermochemical processes of transforming biomass into syngas. Bio-crude, solid
charcoal and synthetic gases as by-products can be produced by heating biomass feed between 500 — 1400°C, with the presence
and absence of oxidising agents as displayed in Fig. 2 [11]. Biomass pyrolysis differs from biomass gasification in that syngas
and other by-products as mentioned are produced in a non-oxidising environment except H,0. Uddin, et al. [12] stated that
biomass pyrolysis of producing syngas includes drying to remove moisture, grinding, decomposition in the pyrolysis first
reactor and thermal reduction. While Nikolaidis & Poullikkas. [13] maintained that a higher biomass conversion rate can be
achieved in biomass catalytic pyrolysis at 527°C temperature and 5 bar pressure. Unlike coal gasification to produce H,,
biomass is renewable as its sources such as crops can be grown after each harvest. In addition, pyrolysis is regarded as a
promising pathway for the treatment of hazardous waste like sewage sludge [14]. In contrast, exergy losses in biomass
gasification are much greater compared to coal gasification because of a high 0, content (about 40 wt.%). Nonetheless, the use
of feedstocks with less acidity, high volatile matter (a mixture of CO, CO,, H,044,,CH,, and H,) and less ash content; good
oxidising stability and deoxygenation promoted catalyst with up to 30wt.% catalyst concentration has been widely studied as a
possible approach to mitigate the aforementioned drawbacks of biomass pyrolysis. For instance, Luna-Murillo, et al. [15]
reported that the use of a well-known petroleum catalyst (zeolite socony mobil-5 (ZSM-5)) in biomass pyrolysis has shown
tremendous performance improvement in deoxygenation. Yet, low carbon yield and deactivation of catalysts because of coking
remain a major challenge. Most recently, Ellison & Boldor. [16] carried out a study by impregnating a montmorillonite K10
with 10% Fe loadings to reduce catalyst degradation and reported less coke formation with the absence of long-term
performance analysis of the stability and degradation after regeneration. Nevertheless, a drop in liquid syngas concentration
because of the instability of carboxylic acids and aldehydes was also recorded [16]. Findings show that catalytic biomass
pyrolysis drawbacks do follow the same mitigation trend mentioned in catalytic CH, pyrolysis. Thus, the incorporation of non-
polluting thermal energy sources, catalysts with less deactivation and the absence of catalysts are required to overcome the



aforementioned limitations and drawbacks. Ash (inorganic), carbon (C), hydrogen (H,), methane (CH,), olefin (ethene
(ethylene “C,H,”) and propene (propylene “C;Hg”)), nitrogen (N,), chlorine (CL,), sulphur (S), oxygen (0,) and alkali metal
content are the ultimate composition of biomass. While fixed carbon, volatile matters, ash and H,O are the proximate and
biochemical composition of biomass. Equations for calculating and estimating CH, conversion, H, yield (%) and CO, capture
efficiencies are represented in Eqs 3 — 5.
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Figure 2: A schematic flow diagram of noncatalytic (A) pyrolysis and (B) gasification processes for H, production

Electrolysis of H,0 generate H, in the cathode side and O, in the anode side as by-products through the electrochemical
splitting of H,0 by the passage of electricity between 2 separated electrodes. This process is endothermic because of the
involvement of ohmic heating (joule heating) [17]. Alkaline electrolyser cell (AEC), solid oxide electrolyser cell (SOEC) and
proton exchange membrane electrolyser cell (PEMEC) are the 3 main types of electrolysis of H,0 technologies. Each of these
technologies for the production of H, has different and related limitations and utilises different operating temperatures,
electrolytes and ionic agents (OH~, H*,02?7). For instance, electrolyte resistance and electrode surface damage resulting in
large ohmic loss was reported as one of the major impacts of H, and 0, bubbles deposit on the electrodes during the electrolysis
of H,0 molecule in AEC [17]. Thus, the transition to zero-gap cell configuration (bipolar with less ohmic loss) and kinetics
performance analysis of the electrodes in H, and O, evolution reactions to minimise carbonation performance can enhance
AEC efficiency and service life [17]. In addition, the use of alloy metals with good hydrophilicity, microstructure, surface area
and large surface roughness to accelerate the speed of 0, generation can also enhance AEC efficiency [17]. For example, the
use of porous Raney Ni-based electrode impregnated with Fe and cobalt oxide (Co;0,) powder support; synthetic Ni-Mo with
NiMoO, powder support; transition to noble metal-based electrodes; use of an impregnated alkali organic separator with
electrode embedded onto it in a zero-gap assembly [18]. However, Bodner, et al. [19] assumed that such mitigation approaches
like a complex configuration design of bipolar may lead to leakage and other issues in the AEC stack. Rather than the need for
a complex bipolar design of AEC, Diaz-Abad, et al. [20] review shows that the application of the Westinghouse cycle with
transitional or noble metals electrodes as represented in Eqs 11-13 can improve the efficiency and service life of AEC. For
instance, Zhao, et al. [21] investigated Fe—N-doped carbon cladding catalyst for the improvement of anodic oxidation. It was
found that excellent sulphur dioxide (S0,) electrochemical oxidation is possible because of good stability and fast transport
substrates in the electrolysis of H,0. The Westinghouse cycle involves the thermal decomposition of sulphuric acid (H,S0,)
and the electrolysis of SO,.

Unlike AEC, SOEC consists of oxygen — ion (0 — ion) and hydrogen (H — ion) conducting SOECs and uses steam as
substrate. In the O — ion SOECs, the infeed (H,0,,,) take place in the anode side to produce O,, proton (H*) and electron
(e7). In proton —ion SOECs, another infeed takes place in the cathode side to generate H, and O — ion during the
electrochemical reactions. O, combines with O — ion after oxidation as it travels through the electrolyte in proton — ion
SOECs. Process simulation of both O — ion and H — ion SOECs shows that higher selectivity occurs at operating temperatures
lower than 776.85°C in H — ion SOECs. Whereas high pressure and temperature greater than 776.85°C favours O — ion



SOECs. However, a reduction in ohmic overpotential is expected with more temperature increase [22]. Electrodes and
electrolyte degradation as a result of poor mechanical strength, thermal and chemical stabilities and polarisation resistance are
reported as drawbacks of the SOEC system [23]. Nonetheless, hybridisation that allows the use of Ni-based yttria-stabilized
zirconia (YSZ) electrode for the anode, fabricated materials like La Sr FeO5 (LSCF) for cathode and gadolinium-doped ceria
(CGO/GDOC) electrolyte have been viewed as a possible approach to mitigate such drawbacks. Although, thinning of Ni-YSZ
electrode of the SOEC system because of the porosity increase in the inside active layers remains an unsolved issue [24]. A
short while ago, Im-orb, et al. [25] study illustrated that a mixture of H,0,,, and part of H, (10 Vol%) from H, separator as
the reactant feed to the cathode cells; feeding of minimal volume of 0, from 0, separator to the anode cells to maintain good
thermal management of the cells can reduce the oxidation of Ni-YSZ electrode. Still, lanthanum strontium manganite (LSM)
is regarded as the reference material for the configuration of SOECs because it exhibits good stability at an elevated operating
temperature despite electrodes and electrolyte degradation issues [23]. Electricity dependant, high cost due to the use of steam
as substrate feed and short service life are still drawbacks of H, 0 electrolysis. Therefore, the use of recovered thermal energy
in existing H, generation plants to produce steam and denoised H, 0 for SOEC and AEC can alleviate the overall cost as Nami,
et al. [26] mentioned that the use of free steam will make SOEC cheaper in the future. In addition, oxidation of SO, in anode
chamber can also improve the overall efficiency of AEC. Eqgs 6 and 7 are chemical reactions of H, conducting SOECs. While
the overall reaction of electrolysis of H,0 for H, and O, generation is represented in Eq 8.

2H* + 2e~ & 0% + H, (Cathode) (6)
1

H,0 < 2H++EOZ + 2e” (Anode) ™)

H,0 + electricity < H, + 0.50, ®

Thermolysis of H, O that uses direct solar thermal energy to disassociate H, O molecule into H, and O, gases at a temperature
between 500 — 2000°C have been suggested as an alternative to both fossil fuels and electrolysis methods of H, generation.
Zn/ZnO redox reactions through endothermic and exothermic hydrolysis reactions have been proposed for the design of H,0
thermolysis of H, generation system [27]. However, the use of extreme temperature to generate H, limit the widespread of H,0
thermolysis through ZnO redox reaction because of difficulties in material selection for the system design. Thus, thermolysis
of H,S0, has attracted attention as such that at a reaction temperature of 850°C, H,S0, can be disassociated into H,0, SO, and
0.50,. Followed by the application of H,O electrolysis to oxidise SO, in anode chamber and generate H, in the cathode side
at cell voltage and temperature of 0.158V and 100°C [28]. Recovered heat from advanced nuclear reactors and concentrating
sunlight to split H,S0, for H,0 electrolysis has been viewed as promising option for AEC. Eqgs 9 and 10 represent chemical
reactions of H,0 thermolysis with the use of ZnO and H, 0 as substrates. While Eqs 11-13 are chemical reactions of H,S0,
process for H, generation.

1
Zn0 < ZIn+ 502 9
Zn+ H,0 < Zn0 + H, (10)
1
HyS0; = Hy0 + S0, + 50, (11)
S0, + 2H,0 + electricity —» H,SO, + 2H*+2e~ (12)
2H*+2e™ - H, (13)

Concentrating solar power (CSP) which differs from Photovoltaic (PV) technology converts solar energy from the sun to
thermal and electrical energy. CSP technologies include four main types: parabolic dishes (PD), power tower (PT), parabolic
trough collectors (PTC) and linear Fresnel collectors (LFC). In a CSP system, a receiver which has the same working principle
as the heat exchanger absorbs reflected solar energy from mirrors and exchanges it with the working fluid to generate thermal
energy. Despite the high cost of CSP systems, energy generation during peak periods by the use of thermal energy storage
(TES) is one of the greatest advantages compared to PV systems in large-scale plants [29]. Thus, CSP installation in MENA
(the Middle East and North Africa) regions that experiences more sunshine during the day has been reported as the best approach
for efficiency improvement [30]. For instance, Azouzoute, et al. [30] reported high electricity output and lower electricity cost
of CSP systems located in MENA regions in contrast to the one installed in Spain. Nonetheless, Labordena, et al. [31]
maintained that a good transmission line is required in developing countries to achieve fossil fuels energy transition to
renewable through CSP systems. Considering the limitations of pyrolysis cracking of liquid and solid fuels, thermolysis of
H,S0, and electrolysis of SO, to produce H,, incorporation of CSP system and improvement of electricity transmission lines
to minimise losses have been viewed as the way forward to alleviate some of these aforementioned drawbacks.

Due to greenhouse gas emissions related to conventional fossil fuels processes of H, production in referenced to the above
literature studies, eco-friendly pyrolysis and electrolysis technologies are urgently needed for substitutes. Indeed, fossil fuels
are burnt in conventional plants to provide the required thermal energy for the endothermic cracking of CH, and biomass,
generation of steam and electricity; consequently, releasing C 0, into the atmosphere as a by-product. In that regard, researchers
must overcome unaddressed limitations and restrictions reported in the literature and promote the use of non-polluting thermal
energy sources and the improvement of H, plants’ efficiencies. Thus, this work aimed to develop integrated H, generation
technologies that use a CSP system as an energy source for feedstocks decomposition; application of waste energy recovering



to power downstream units of the same integrated system; capture of CO, by-product from biomass pyrolysis of the integrated
system; enhancement of catalytic activities in both hydrogen and oxygen evolution reactions of the integrated system to address
some of the reported drawbacks of current H, production processes. This study investigates and implements the below points
in a process simulation to promote the feasibility of carbon neutrality and efficiency improvement in both fossil fuels and
renewable sources of H, production:

i) integration of catalytic pyrolysis of CH, and biomass pyrolysis coupled with carbon capture for efficiency improvement;

ii) carbon looping in biomass pyrolysis to promote fast decomposition of biomass feed without the need for catalysts;

iii) integration of catalytic CH, pyrolysis, thermolysis of H,S0, and electrolysis of H,0 (AEC with anodic oxidation of SO,
and SOEC) for efficiency improvement;

iv) utilising concentrating solar power (CSP) to drive the endothermic cracking of CH,, biomass wood and H,S0, feeds with
CH, as the working fluid,;

v) utilising recovered thermal energy to heat a molten salt and incorporating thermal energy storage (TES) in a Rankine cycle;
vi) hybrid noncatalytic CH, pyrolysis, thermolysis of H,S0, and H,0 electrolysis (AEC with anodic oxidation of SO, and
SOEC) to eliminate catalyst deactivation associated with catalytic CH, pyrolysis over a while.

The scope of this study is divided into two separate parts: 1) Integration of biomass pyrolysis into CH, pyrolysis and
Rankine cycle; 2) Integration of H, O electrolysis into CH, pyrolysis and Rankine cycle. Both hybrid systems use a CSP system
as a thermal energy source for feedstock decomposition. Simplified block flow diagrams of both integrated models are
displayed in Fig. 3. In Fig. 3, the first integrated plant comprise of C H, pyrolysis (A), biomass pyrolysis (B) and Rankine cycle
(D). While the second hybrid plant include CH, pyrolysis (A), thermolysis of H,S0,, and H,0 electrolysis (C) and Rankine
cycle (D).

(A) CHs f __5. Pure hot CH,
Pyrolysis

Separator

17. Electric Generator

g
£
v
<
o

(D) Rankine Cvcle

17. Turbine

18. Cold salt

16. Steam
19. H,O back to 15 (feed)

— e — — i —

8. Decomposer
- 10. Pyrolysis

Recovered heat

Recovered heat
14. Hot salt

(C) H20 Electrolysis

14. Storage

9. Steam

9. Separator
b,
9. 50,, 0, & Hy0 10. SOy, O; & Hy0 11. 80, ——

8. Decomposer

12. SaltFeed HX 13 Preheated

Figure 3: Catalytic pyrolysis of CH,, biomass pyrolysis, H,O electrolysis and Rankine cycle for H, and electricity generation.



2.0 Material and Simulation Method

In this study, CH,, biomass (wood), H,S0,, and H,0 were selected materials used to study pyrolysis, thermolysis and
electrochemical splitting of H,O processes to generate H, and other valuable products. Ni 4+ dolomite was reduced to 330
microns (um) mean size and mixed with CH, feedstock in the FBR to investigate catalytic and noncatalytic CH, pyrolysis
mechanisms of both simulated systems. This approach substitutes adding about 5gy — Al,0; into dissolved 15wt%
Ni(NOs),.6H,0 loading in a distilled H,0 to form Ni/Al,05, then followed by drying and thermal calcination [9].
Ni/dolomite was considered over Ni/Al,04 catalyst for these integrated simulated plants because of the absence of sulphur
deposit on the catalyst active site with desulphurised feedstock [32]. On conventional inert (CI) substream, Rosin—-Rammler—
Sperling—Bennet (RRSB) distribution function type with the upper and lower limit of 1 — 35 microns (um) of logarithmic mesh
particle size distribution (PSD) were applied during the preparation of the Ni/dolomite catalyst feed.
For the analysis of the process simulation of the integrated H, generation technologies, two simulation case scenarios are
involved. While reaction parameters of biomass feed taken from published data are represented in Table 1.
e Case 1 is modelling and simulating CSP plants as a crucial step in generating the required thermal energy to drive
endothermic cracking of CH,, biomass and H,S0, for H, generation.
e  Case 2 is modelling and simulating hybrid catalytic methane (C H,) and biomass pyrolysis (CMBP); catalytic C H, pyrolysis
and electrolysis processes and noncatalytic methane (CH,) and water electrolysis (NCMWE) of H, generation coupled
with TES in a Rankine cycle. Two of these hybrid plants are then incorporated into the CSP system.

Table 1: Reaction parameters considered for the process simulation of lignocellulose biomass pyrolysis

Proximate analysis (Wt%) Reaction parameters taken from [33] [34] (wt%)
Moisture | Fixed Volatile | Ash Carbon Hydrogen Carbon Methane Tar Chlorine | Ash
carbon monoxide | (Hz) dioxide (CHy) (C4HgO0g) | (H,0)
(Co) (COy)
0 0.34 0.75 1.0 0.099 0.08 0.077 0.004 0.3931 0.26 0.0869

2.1 Concentrating Solar Power System (CSPS) Modelling and Simulation

SAM-NREL (System Advisory Model-National Renewable Energy Laboratory) tool along with MATLAB software were
used for modelling and simulating parabolic trough collectors (PTC) CSP system. In the SAM environment, the listed input
parameters in Table 2 were considered for purpose of modelling. As the project focuses on having a CSP system that operates
at a higher temperature and the integrated system in one environment, the algorithm of the CSP system from SAM was exported
to MATLAB for modification and inclusion of some useful parameters. Simulation of solar field parameters, collector and
receiver orientation of the CSP was carried out in MATLAB and the result which is input to Simulink was saved in the

MATLAB workspace.
Table 2: CSP plant specifications and configurations

Parameters Value Parameters Value
Solar Field Parameters Solar Field Design Point and Land
Solar multiple 2.6 Actual number of loop 235-271
Design point DNI 950 W /m? Total aperture reflective area 1233280 m
Row spacing 15m Solar field area 762 acres
Wind stow speed 25m/s Total land area 10687 acres
HTP pump efficiency 0.85 Non-solar field land area multiplier 14
Number of field subsection 2 Collector and Receiver
Heat Transfer Fluid and Collector Orientation Reflective aperture area 656 m2
Loop intake HTF temperature 350°C Aperture width, total structure 6m
Loop exit HTF temperature 958 —1000°C | Length of collector assembly 115m
Freeze protection temperature 150°C Number of modules per assembly 8
Min and max single flowrates land 12 kg/s | Average surface-to-focus path length 2.15m
Design min header flow velocity 2m/s Piping distance between assemblies 1m
Design max header flow velocity 3m/s Absorber tube inner and outer diameters 0.076 and 0.08 m
Stow and deploy angles 170 and 10° Glass envelope inner and outer diameters 0.115 and 0.12

Design min and max header flow velocities | 2 and 3 m/s




2.2 Modelling and Simulating Solar-Driven Pyrolysis, Thermolysis and Electrolysis Processes of H, Generation Coupled
with Thermal Energy Storage (TES) and Rankine Cycle.

Modelling of these integrated H, generation systems was conducted in Aspen Plus with the application of Peng-Robinson and
Non-Random Two-Liquid (NRTL) equation of states. Peng-Robinson equation of state allows the prediction of thermodynamic
properties of some streams, while the involvement of NRTL equation of state was due to the presence of charged species. To
accommodate moderate and minimal pressure deviation, the Ideal gas property is used. Mixed, conventional inert (CI) and non-
conventional (NC) solids are substreams of the system. Both integrated H, generation technologies do follow the below
assumptions.

. All processes are in steady state condition.

° Heat and pressure losses are neglected.

. Feeds operating temperature and pressure are ambient and atmospheric.

. Reformer and combustor input variables are taken from literature and result of parametric sensitivity analysis.
o Heat exchanger for biomass and H,O decomposer.

. Absence of tar in the biomass decomposer because of the involvement of H,0 as a reaction media.
. Decomposition and volatilisation of biomass in the second phase and cracking in the last phase.

° 10 and 1 bar pressures for fluidised bed reactor (FBR) and electrolyte stack cell.

. Sulphur content in CH, gas is approximately 5% [35].

o Metal catalysts (Ni-based) undergone a regeneration process.

. Use of heater blocks for storage of hot and cold molten salt.

. Molten salt composed of 50wt% NaN 05 and 50wt% KN O,

. S0, for alkaline electrolysis of H,0.

. Splitter for molten salt flowrate control.

. Absence of deactivation during multiple desorption-reduction cycles.

A detailed process simulation of integrated methane and biomass pyrolysis (IMBP) coupled with thermal energy storage
(TED) and a steam cycle is shown in Fig. 4. The hybrid system consists of heat exchangers (HX), reactors, separators, mixers,
splitters and hierarchy blocks. CH — 1 to CH — 3, and CH, — F represent CH, flow streams. While H,0 — 1 to H,0 — 10
describe the flow of H,0 and steam. Hot-SA, M-SALT, SALT-F and Re-SALT represent a flow of molten salt. In the simulated
model, the feed (CH,) under ambient and atmospheric conditions exchanges heat with hot CH, from the high-temperature
furnace to 350°C prior entering the desulphurisation zone where portion of H, was used to absorb the sulphur. CH, gas leaving
the desulphurisation unit flows into the furnace to raise the temperature to 958°C and dropped to 703°C at the exit of HX-1.
The hot feed (pure CH,) enters the fluidised bed reactor (FBR) where CH, cracking in the presence of a Ni-based catalyst
occurred. Cyclone and separator blocks separate solid from gas and H, from other end products. Unreacted CH, from the gas
separator mix with CH, in the fifth mixer. While by—C 0, product is captured by the exothermic reaction of CaO to produce
CaC04. Heat recovered from FBR through the application of heat exchangers was utilised for heating the molten salt, biomass
decomposition and pyrolysis. The first splitter controls the flowrate of hot molten salt at a fraction of 0.3/hour. While cold
molten salt from the cold storage furnace is part of the feed after the first complete cycle of the integrated system. A fraction
of 0.3/hour of hot molten salt is then used to transform H, 0 into steam for a Rankine cycle with turbine intake and discharge
pressure of 41 and 1 bar. Logarithmic mesh particle size distribution (PSD) with the upper and lower limit of 1 — 35 microns
(um) was considered during the process modelling. The fluidised bed reactor catalyst is Ni-based and exposed to a reaction
temperature and pressure of 700°C and 10 bar to limit the amount of carbon deposition. Thermal energy needed for endothermic
cracking of both CH, and biomass feedstocks is provided by the CSP system, and the heater block is assumed to be the CSP
furnace in Aspen plus environment for adjustment of both activation energy and reaction temperature.
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Figure 4: ASPEN Plus flow diagram for catalytic pyrolysis of CH, and biomass (CPMB).

To make use of thermal energy from the CSP system, the Aspen model of CH, and biomass pyrolysis coupled with TES
and steam cycle was then transformed into a flow-driven dynamic Aspen model and called from the Simulink. The result of the
simulated CSP system saved in the MATLAB workspace such as exit HTF intake and exit temperatures are used as input
parameters to the Simulink model. In the Simulink environment, HTF intake and exit temperatures were connected to CH, and
biomass pyrolysis furnace. Produced H, gas is assumed to be used to generate the heat required to raise the temperature of the
CH, gas entering the sulphur removal unit to 350°C during the system start-up (first cycle). While another portion of H, by-
product replaces fossil fuel backup during the initialisation of the CSP system. Process flowchart and flow diagram of the CSP-
Aspen model of CH, and biomass pyrolysis coupled with TES and steam cycle are displayed in Fig. 5 and 6 with CH, gas as

the working fluid.
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The working principle of the CSP-Pyrolysis of methane and electrolysis of water (PMEW) coupled with TES and Rankine
cycle is very similar to the CSP-CPMB (catalytic pyrolysis of methane and biomass) except for thermolysis of H,S0, and
electrochemical reaction to generate H, and O,. The integrated technology consists of heat exchangers (HX), reactors for CH,
pyrolysis, separators, mixers, splitters, electrolyte stacks and hierarchy blocks. The representation of CH,, H,0 and molten salt
flow streams are the same as that of the CPMB system. As the alkaline electrolyser cell (AEC) requires distilled H, O to generate
H,, part of the exit heat from the sulphuric acid (H,S0,) reactor is used to achieve that through the application of HX. Thus,
allowing H, O to pass through HX-7 prior entering the AEC stack. Thermolysis of H,SO, to generate sulphur dioxide (SO,)
prior entering the stack was also achieved by the recycling of wasted heat from FBR. Thermolysis of H,S0, generated O, as
one of the valuable by-products. While H, gas and regenerated H,SO, from the AEC stack after the electrochemical reaction
was separated and H,S0, flows back to the thermolysis reactor as described in Eq 11. Recovered heat from thermal
decomposition of H,S0, is then used to generate supercritical steam for electrochemical splitting of H,0 through the
application of SOEC. The supercritical steam enters the SOEC stack where electrolysis of H,0 as described in Eqs 6 — 8 occurs
to generate both H, and 0,. H, generated from CH, pyrolysis and electrolysis of H,0 combined and stored. The process of
incorporating the CSP system to provide the required thermal energy for CH, decomposition and thermolysis of H,SO, as
shown in Fig. 8 is the same as the integrated system displayed in Fig. 6. Process flowchart of the CSP-Aspen model of CH,
pyrolysis and electrolysis of H,0 coupled with TES and steam cycle is displayed in Fig. 7.
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As mentioned by Msheik, et al. [7], noncatalytic CH, pyrolysis with an application of solar energy is needed to mitigate a
drawback related to coking on the catalyst active site of catalytic CH, pyrolysis. Thus, a noncatalytic pyrolysis of CH, and H,0
electrolysis coupled with TES and Rankine cycle is modelled and simulated with the reactor operating temperature and pressure
of 952°C and 1 bar. The operational principle is the same as CMPWE coupled with TES and Rankine cycle except for the



absence of Ni-based catalyst, the use of a different reactor for CH, cracking and recycling of H,S. The modified system uses a
conventional reactor and part of reactor exit heat to raise the feed (CH,) temperature to 350°C prior entering the desulphurisation
zone. The Aspen process flow diagram for a noncatalytic CH, pyrolysis and electrolysis of H, O is depicted in Fig. 9.

Not long ago, Sorption Enhanced—Chemical Looping (SE-CL) which involves oxidation and reduction of oxygen carriers
to produce syngas has been viewed as a promising option for CO, reuse and recycling. SE-CL include a reaction of hydrocarbon
with oxygen carrier species and another reaction of CO, with solid specie like Nickel (Ni) to produce synthetic gas [36]. While
the last step of SE-CL is a capture of unreacted by-C0,. This work further investigate SE-CL using Ni-based oxygen carrier as
an effort to recycle by-C0, and increase H, concentration as represented in Eqs 14 - 16. Fig. 10 displays the process simulation
described in Equation 14 - 16 for reuse of both CH, and by-C0O, by-products from biomass pyrolysis to generate more syngas

before CO, capture.
0

CHy + Ni0 < €O + 2Hy +Ni AH,, g = 203k] /mol (14)
€0, + Ni & Ni0 + CO AHzg8 = 43KkJ/mol (15)
Ca0 + €0, < CaCo0, AHzgs = —179.8kJ/mol (16)
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Figure 10: By-product CO, reuse and capture through SE-CL



3.0 Results and Discussions

The simulated result of the concentrating solar power (CSP) shows that increasing the outlet loop heat transfer fluid (HTF)
decreases the flowrate of the working fluid. While maintaining the same flowrate of the CSP system with optimum operating
temperature requires an increase in solar multiple which increases overall investment cost. Thus, incorporating MATLAB
software into the SAM model made it possible for the simulation of the CSP system with exit HTF >800°C. The outcome of
the simulated CSP result indicated that downsizing of the furnace and modification of the current systems are needed to maintain
the aforementioned exit loop HTF temperature. By allowing 129.35kmol/hr H, flowrate which is 5% of 2579.5kmol/hr CH,
gas present in the sulphur absorber, 99.99% of H,S removal was recorded. This was crucial to minimise sulphur deposition on
the Ni/dolomite catalyst present in the FBR despite Ni/dolomite catalyst resistance to sulphur deposition on its active site.
About 7.7x1078kg/hr of sulphur content was estimated to be present in the CH, gas entering the FBR. Table 3 reports the
feed, product, energy input (EI), power output (PO) and amount of carbon emission (C0O,e) of the simulated models. From the
result Table, it can be seen that H, yield from integrated pyrolysis of C H, and biomass is lower in comparison with hybrid CH,
pyrolysis and electrolysis of both alkaline and solid oxide. However, other valuable by-products like synthetic CH, gas was
also produced. This was possible by the use of biomass feed with less ash content and both H, 0 and carbon as reaction media
to promote the rate of syngas formation at moderate operating temperatures. It can be observed that a small fraction of 0, was
present from the biomass pyrolysis by-products because of the formation of C0,. Feeding part of produced carbon from CH,
pyrolysis promoted fast biomass decomposition and full conversion of 0, to €0, without the need for a catalyst in the reactor.
Catalytic CH, pyrolysis and electrolysis of both alkaline and solid oxide show that carbon emissions can be prevented by the
use of solar energy through the CSP plant to provide the required thermal energy for the endothermic decomposition of CH,
feed. Thus, making the system more eco-friendly than integrated pyrolysis of CH, and biomass. However, integrated catalytic
pyrolysis of CH, and biomass plant with a CSP system indicates that the need for cell stacks and electricity for electrochemical
splitting of substrates can be avoided making it more energy efficient. Although, noncatalytic CH, pyrolysis and electrolysis
of H,0 with recycled H,S achieved lower H, concentration and higher H,0 formation with absence of 0, by-product at the
exit of H,50, reactor. As the reaction of H,S0, with H,S decrease syngas formation, the need for recycling H,S in any of the
integrated systems is unnecessary to maximise their efficiencies. Polygeneration pyrolysis of CH, and the electrolysis of
H, 0 process of extracting H, from other elements means that catalyst deactivation because of coking without efficiency drop
is feasible by the use of a CSP system with an exit HTF of 1000°C; use of molten salt for syngas cooling to generate the required
electricity for electrically power devices like pumps. Just like the current CSP system that uses molten salt as the working fluid
and electricity generation in a Rankine cycle, both simulated technologies can generate more electricity during peak periods
and at night with the use of CH, gas as the CSP working fluid. The introduction of thermal energy storage (TES) into both
systems also shows that electricity production for up to 200 minutes during the shutdown of the CSP system and without an
increase of H,0 flow volume is possible just like in existing CSP plants. This was possible by allowing an exit flowrate of 25
— 30% of molten salt from the TES tank per hour. Thermolysis of H,S0, and electrolysis of H,0 with anodic oxidation of SO,
shows higher H, yield and lower stack activation energy compared with SOEC. Thus, making the electrolysis system efficient
enough for commercialisation. Due to the high greenhouse emissions associated with coal plants, an increase in the application
of integrated CH, and biomass pyrolysis systems can eliminate the need for coal cracking for carbon production as one of the
feedstocks for steel and cement production. Furthermore, pyrolysis of both CH, and biomass can reduce H, selling price when
carbon as one of the by-products is sold. The integration of the SE-CL system into the hybrid pyrolysis of CH, and biomass
plant has shown that the reuse and capture of CO, by-product and regeneration of sorbent (NiO) for more H, yield are possible.
Thus, making the simulated technologies a promising one to substitute existing ones for efficiency improvement and reduction
of carbon footprints in H, generation plants.

Table 3: Feed, product, El, PO and CO,e results of solar-driven pyrolysis and electrolysis processes of H, generation.

Streams CPMB CMPWE NCMPWE
Feed Product Feed Product Feed Product
CH, (kmol/hr) 2579.5 260.2 2579.5 2579.5
(kg/hr)
Catalyst (kmol/hr) 11 11 11 11 11 11
(kg/hr)
Biomass (kmol/hr) 1037
(kg/hr) 78078
H,S0,  (kmol/hr) 339.9 339.9 339.9 339.9
(kg/hr) 33337.2 33337.2 33337.2 33337.2
H,0 (kmol/hr) 4698.3 640 339.9 688.7 299.3
(kg/hr) 84642 11529.8 6124 12407.1 5391.9
Ca0  (kmol/hr) 439.4




(kg/hr) 24642.7
H, (kmol/hr) 129.3 Pyrolysis: 5172 129.3 Pyrolysis: 5172 129.3 Pyrolysis: 5172
Biomass: 179 AEC: 340 AEC: 190.3
SOEC: 300 SOEC: 308
Total 5351 5812 5670.3
Carbon (kmol/hr) 517.2 2068.7 2586 2586
0, (kmol/hr) 1.54x10720 Thermal: 170 Thermal: 0
SOEC: 150 SOEC: 154
Total 320 154
H,S (kmol/hr) 129.3 129.3
(kg/hr) 4406.8 4406.8
Sulphur (kmol/hr) 108.95
(kg/hr) 3493.6
Molten S (kmol/hr) 787.3 787.3 1893 1893 2326 2326
(kg/hr) 14184.1 14184.1 174822 174822 214810.3 214810.3
CaC03; (kmol/hr) 442.1
(kg/hr) 442444
Ash (kg/hr) 5414.5
Energy input (EI), power output (PO) and amount CPMB CMPWE NCMPWE
of carbon emission
Activation energy for furnace (MW) 30.2 32.1 32.6
Electricity output of turbine (MW) 4.4 2.8 6.3
Total energy requirement (MW) before loss 25.8 29.3 55.04
Carbon dioxide equivalent (CO,e) in kg/min) Captured

As the heat transfer coefficient of the CH, pyrolysis feedstock is different from downstream units like biomass pyrolysis,
thermolysis of H,50, and H, O electrolysis, the total thermal energies required to operate both integrated systems under actual
ideal reaction conditions are given in Table 4. The data in Table 4 was calculated by Aspen plus to estimate the required thermal
energy to operate both simulated systems under design conditions. Nonetheless, both integrated systems can still operate under
non-actual reaction conditions. However, the syngas (H,) concentration rate will decrease in a scenario where the operating
temperatures fall below, or the operating pressures go above designed operating conditions because of the endothermicity of

both systems.

Table 4: Required thermal energy because of specific losses of different operating units and reaction parameters.

Catalytic pyrolysis of CH, and biomass (CPMB) couple with
Rankine cycle with furnace input thermal energy of 30.2MW.

Catalytic CH, pyrolysis, thermolysis of H,S0, and H,0
electrolysis couple with Rankine cycle with furnace input
thermal energy of 30.2MW.

Units Required thermal Tem | Pressure Units Required thermal Tem | Pressure
energy (MW) (°C) (bar) energy (MW) (°C) (bar)
Biomass pyrolysis 16.1 695 10 Thermolysis of 175 850 3
reactor H,50, reactor
Biomass dryer and 16.8 100 10 AEC stack 133 80 1
decomposer -
695
Heat exchanges 28.6 SOEC stack 20.6 750 8
(HE)
TES 0.01 420 10 Heat exchanges 54.6
(HE)
Total Energy 61.51 Total Energy 106
Loss/required required
Total thermal 87.31 (61.51+ 25.8) Total thermal 135.3 (106+29.3)
energy required energy required




Kinetic and fluidised bed reactor (FBR) governing pyrolysis of methane (CH,)

The power law Kinetic reaction for CH, cracking to generate H, and carbon as end products were based on the Arrhenius
equation expressed in Eq 14.

KT = Ae~ R (14)
Where k(T),E,A,T,and R represent temperature function, activation energy (kJ/mol), pre-exponential factor per min, the
absolute temperature in Kelvin, and universal gas constant (8.314 J/mol/K). While the specific fluidised bed mass is dictated
by hydrodynamics reaction kinetics. Although, a bed mass of 6087kg was utilised. The activation energy for any given reaction
is influenced by the type of catalyst used during the decomposition phase. For instance, Ashik, et al. [37] mentioned that between
50 — 90 kJ /mol are activation energy for both Ni-based and carbon catalysts respectively. While Geng, et al. [5] assumed that
the initial thermal decomposition of CH, gas over an Fe, 0 catalyst to generate H, can be represented as

Ten,o = Ae R PZZ7 = 10605207« PZ (15)
K =80734,n = 0and E = 5100k//mol were kinetic parameters utilised for each of the simulated plants. The unit of the fluidised
bed reactor (FBR) is made up of solid and liquid phases. Thus, utilising 0.1m/sec specific velocity and 3 decay constant of
Elutriation model; 6000 and 0.02m orifices number and diameter, while keeping the particle size distribution (PSD). The height
and constant diameter of the discharge phase of the FBR were kept at 4 and 5 with 0 for the solid discharge location for adequate
disengagement of the catalyst. Keeping FBR solid discharge location at zero (0) allows a small fraction of catalyst and carbon
discharge at a solid weir. 10 bar operating pressure was kept for FBR due to the minimal pressure impact on the reactor,
eliminating the need for pressure optimisation and minimising coke formation.

Temperature and pressure effect on methane (CH,) decomposition.

The need for the pressure effect on the catalyst is disregarded as it has been reported that any pressure increase accelerates the
catalyst feed rate by reducing solid hold-up [6]. In this work, parametric sensitivity analyses were performed to study the effects
of temperature and pressure in noncatalytic CH, pyrolysis reactors on product formation and purity as displayed in Fig. 11 and
12. Reaction pressure and temperature between 1-30 bars and from 400-1500°C were utilised during the analyses for variation
study of syngas composition. It found that an increase in reaction temperature increases the rate of syngas concentration. In
contrast, pressure increase decreases syngas formation which opposes temperature increase. The result of these analyses
indicates that syngas composition and concentration under endothermic reaction conditions are favourable to high reaction
temperature and low pressure [38]. Both operating reaction parameters of a noncatalytic methane decomposition reactor
(temperature and pressure) were kept at 952°C and 10 bars by taking the advantage of recycling unreacted feedstock. The result
of noncatalytic CH, pyrolysis operating at the aforesaid temperature and pressure shows less than 5% syngas concentration
without undecomposed feedstock recycling. Thus, re-entering unreacted CH, feed from the separator unit to the noncatalytic
reactor achieved nearly the same syngas formation with higher activation energy in comparison with catalytic methane
decomposition. As the feed is just CH,, the study of carbon ratio was neglected. Nonetheless, the use of equilibrium reactors
eliminates the need for the study of steam to carbon ratio (S/C) of biomass pyrolysis.

(A)  Temperature Analysis of Pyrolysis Reactor (B)  Pressure Analysis of Pyrolysis Reactor
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Figure 11: (A) Temperature and (B) pressure effects on CH, conversion to H, and Carbon.
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Tables 4 represent model validation with published data. The validated model was carried out on CH, pyrolysis, biomass
pyrolysis and electrolysis of H,0. Validated biomass pyrolysis and electrolysis of H,0 have different intake flowrates because
both downstream subsystems are dependent on the amount of recovered thermal energy from CH, pyrolysis reactor. It can be
seen from the validation Table that the present study agrees with the published data with marginal differences. In addition, it
can be observed that both simulated hybrid models have the capacity to achieve carbon neutrality upon the modification and
upgrading of the existing CSP plants to accommodate CH, as the working fluid with an exit HTF temperature up to 1000°C.

Table 5: Model validation

CH, pyrolysis

Biomass pyrolysis

Operating parameters This work Riley, et al. [6] Operating parameters This work [39]
CH, Feed flowrate (kmol/hr) 2579.5 2586 Biomass feed rate 78078 kg/hr 10 - 100 kg/hr
Catalyst feed flowrate (kg/hr) 11 11 H, 0 feed rate 84642 kg/hr
Pyrolysis operating temperature 700°C 700°C Biomass operating 695°C 350 - 750°C
temperature
Reformer operating pressure 10 bar 9.2 - 10 bar Biomass operating 10 bar 1-10 bar
pressure
H, yield (kmol/hr) 5172 5173 H, yield (wt.%) >8 6.86
Carbon yield (kmol/hr) 2586 2587 Carbon yield (wt.%) 47.67
H, to carbon ratio 2:1 2:1
Biomass pyrolysis extended H,0 This work This SOE [40] PEM AEL [41]
electrolysis (AEC with work [41]
H,S0,) (SOEC)
Feedstock Temperature H, yield H, 0 flowrate 12248 5404.6 110,326 109,435 108,443
°C (Wt.%) (kg/hr)
Hemicellulose 900 8.8 [42] H, yield 685.3 5404.6 12,122 12,122 12,122
(kg/hr)
Cellulose 900 5.5 [42] 0, yield 5438.7 4799.8 96,213 97,179 96,212
(kg/hr)




Lignin 900 20.8 [42] | Activation 30.8 20.6 416 642 590
energy (MW) (17.5 +13.3)

Sludge from the 500 11.6 [43]

biogas plant

Cow manure 550 25 [44]

Oat straw 600 10 [45]

Economic analysis

Unlike one of the cheapest and most used technology (steam methane reforming (SMR)) for H, production which generates
11.5 tonnes of CO, for every tonne of H,, this integrated system captures €0, by-product and utilises CSP as an energy source
[46]. The simulated model result shows that pyrolysis of CH, requires less thermal energy and more CH, feed due to the
absence of shift reactions compared to SMR. As reported by Parkinson, et al. [46], for 200kta of H, output by SMR at 80%
conversion efficiency, a total of 500kta of CH, is consumed and $219M per year is estimated to be a total production cost
(TPC) at $1.10/kg of H, selling price. In contrast, CH, pyrolysis requires an additional 300kta of CH, feedstock and costs
$64.4M for TPC because of the removal of downstream units. Between $1.18/kg to $1.89/kg is reported as H, selling price of
CH, pyrolysis [46]. While 77% TPC of CH, pyrolysis was attributed to utility with the use of an electric arc heater (EAH) for
endothermic cracking of the CH, feed. Nevertheless, the fixed capital investment of CH, pyrolysis operating with EAH is
estimated to reach $643M with a land factor of 10. While an additional 129M is required to cover working capital and start-up
cost [46]. Due to the decrease in capital cost of CSP systems, replacing EAH with CSP with TES unit can reduce H, selling
price of CH, pyrolysis. For example, it was mentioned that as of 2020, CSP systems will experience a capital cost reduction
between 28% to 40% because of an increase in competitive supply chains [47]. In addition, an increase in CSP installation
capacity and choosing a location with high solar direct normal irradiance (DNI) will further reduce the Levelised cost of
electricity (LCOE) [47]. As reported by Wright, et al. [48], utilities cost around $9.1M for biomass fast pyrolysis with 2000Mta
of H, output at 1.50/kg of H, selling price. H, selling price for both CH, and biomass pyrolysis are expected to decrease further
as both plants can potentially replace coal plants to produce carbon by-products. At the moment, the Global carbon market
(carbon black and graphitic) is growing, and carbon selling price is expected to reach $10/kg [6]. While H,0O desalination
(production of distilled H,0) cost $0.084/kg H., at $3.89/kg of H,, selling price. Nevertheless, it was reported that the electrolysis
process of H, product from renewable pathways cost between $5.10/kg to 10.3/kg [49]. The high cost of H, production from
renewable sources like electrolysis is expected to decrease with the transition to cheaper electrodes and membranes, and
integration into other processes [50]. Currently, between $2.2/kg to $2.9/kg are H, selling price for SMR with a carbon capture
and storage (CCS) system [6]. While the simulated system (CH, and biomass pyrolysis) can achieve H, selling price below
$2.94/kg when other valuable by-products like carbon (C) and ethene (C,H,) are sold. In addition, more reduction of H, selling
price of both integrated systems will be expected during the rainy season because of low ambient and module temperatures.
For example, Singh, et al. [51] analysis of solar power variation in different seasons maintained that dust on solar panels/mirrors,
low solar insolation and small solar window in summer and winter seasons decrease the efficiency of solar panels/mirrors
despite high solar insolation in the summer period. Furthermore, CSP improvement by installing it in MENA (the Middle East
and North Africa) regions that experience more sunshine during the day has also been suggested [30]. For instance, Lilliestam
& Pitz-Paal. [52] reported $0.07/kWh cost of electricity from CSP systems operating in Dubai (DEWA V) in contrast to
$0.14/kWh in China [53] and concluded that further electricity cost reduction is expected. Therefore, efficiencies of both
integrated systems of H, and other valuable by-products production are predicted to be higher during the rainy season regardless
of the installed region. Table 6 compares existing and simulated H, production processes. While Table 7 illustrates Aspen
economic and energy analysers.

Table 6: Comparison of current and simulated hydrogen production technologies.

Hydrogen production Advantages Disadvantages Cost Efficiency | References
methods (H,) ($/kg) (%)
SMR with CCS Low cost and high efficiency. High carbon emissions. 2.27-2.9 74-85 [13] [49]
Gasification Low cost and high efficiency. High carbon emissions. 1.91 35 [13] [49]
Pyrolysis Cost less than SMR and minimal Catalyst deactivation and 1.77-2.05 425 [13] [49]
carbon footprints. carbon emissions.
Thermolysis Chemical reuse within cycles and High carbon footprints 231 52 [13] [49]
cost effective. because of high operating
temperature.




Electrolysis from High efficiency, carbon neutral and | Hight cost and energy 5.10-10.3 70 [13] [49]
renewable sources substrates availabilities. intensive.
Photocatalyst Cost effective and less energy Poor efficiency because of 9 0.06 [13] [49]
requirement. low substrate conversion and
impurities.
Photo-fermentation Cost effective and less energy Poor efficiency because of 2.83 0.1 [13] [49]
requirement. low substrate conversion and
impurities.
Dark fermentation Cost effective and absence of light. | Poor efficiency because of 2.57 10.14 [54]
low substrate conversion and
impurities.
Simulated pyrolysis Absence of carbon emission. High energy requirement and 1.7 35-50 This work
of CH, and biomass Carbon capture. Use of renewable coking.
energy source. Production of other
valuable by-products.
Electricity generation through
recovered heat.
Cost effective and Good efficiency.
Simulated CH, Absence of carbon emission. High energy requirement and 4.6-10.49 60-63 This work
pyrolysis and Use of renewable energy source. coking.
electrolysis of H,0 Production of other valuable by-
products. Chemical reuse within
cycles. Electricity generation
through recovered heat.
Cost effective and Good efficiency.

Table 7: Aspen economic and energy analysers for (A) pyrolysis of CH, and biomass and (B) CH, pyrolysis and H,0 electrolysis

Total Utilities

Heating Utilities

Cooling Utilities Carbon Emissions

[cal/sec] [calfsec] [cal/sec] [kg/hr]
3.103E+07
(A) Pyrolysis of CH, and biomass EFHEAT ST
1.947E+07
Total Capital Cost [USD] 76,365,900
Total Operating Cost [USD/Year] 2,534,130 L0 02
Total Raw Materials Cost [USD/Year] 0
Total Preduct Sales [USD/ Vear] 0 0 0 0
Actual Target Actual Target Actual Target Actual Target
Total Utilities Cost [USD/ Vear] £96,219 ctee =& cree =5 = b =
Desired Rate of Return [Percent/"Year] 20 Actual Target Available Savings % of Actual
- Total Utilities [cal/sec] 3.103E+07 2.58E+07 5.23E6 16.84
P.C. Period [Year] 0 . .
Heating Utilities [cal/sec] 1.947E+07 2.58E+07 -6330000.00 -32.54
Equipment Cost [USD] 24,770,700 Cooling Utilities [cal/sec] 1,156E+07 0 1,156E7 100.00
Total Installed Cost [USD] 60,243,400 Carbon Emissions [kg/hr] 0 0 0.00 0.00
Total Utilities Heating Utilities Cooling Utilities Carbon Emissions
[Watt] [Watt] [Watt] [kg/hr]
1.063E+08
(B) CH, pyrolysis and H, O electrolysis
BAATE+OT 8.347E+07
7.275E-07
Total Capital Cost [USD] 124,952,000
Total Operating Cost [USD/Year] 2 426,950
2.285E+07
Total Raw Materials Cost [USD/ Vear] 0 1.172E+07
Total Product Sales [USD/Year] 0 0 0
Actuzl Target Actual Target Actual Target Actual  Target
Total Utilities Cost [USD/ Vear] 315,913
Actual Target Available Savings % of Actual
Desired Rate of Return [Percent/Year] 20 .
Total Utilities [Watt] 1.063E+08 8.447E+07 2.186ET7 20.56
e Benodfiear] g Heating Utilities [Watt] 8.347E+07  T.2TSE+07 1.072E7 12.85
Equipment Cost [USD] 39,077,000 Cooling Utilities [Watt] 2.386E+07 1.172E+07 1.114E7 48.73
Total Installed Cost [USD] 97,833,800 Carbon Emissiens [kg/hr] [1] 0 0.00 0.00




Equivalent annual operating costs (EAOC) for each of the integrated systems are expected to exceed $3000M/year as [6]
reported $188M/year EAOC from investigated work (methane pyrolysis) with feed and catalyst flowrates of 2586kmol/hr and
11kg/hr. Furthermore, Riley, et al. [6] investigated work put H, selling price between 2.94/kg - $3.1/kg and concluded that
between 60.7% - 66.6% of EAOC comes from CH, feedstock. With the estimated cost of $178/m? for parabolic trough
collectors (PTC) CSP system reported in 2014 by Kurup & Turchi. [55], the total cost of the simulated plant (PT) is assumed
to be $549M/year. Nonetheless, $329.4M/year is estimated to be the final cost of the simulated CSP (PT) system at a 40% cost
reduction. While Aspen process economic analyser estimated $76.4M/year for pyrolysis of both CH, and biomass, and
$125M/year for CH, pyrolysis and H,0 electrolysis. However, further cost reduction is expected when generated electricity
through the Rankine cycle application substitute Aspen calculated cost of utilities. Between 5-6 years is estimated to be the
desired rate of investment cost return. Therefore, simulated integrated plants not only can eliminate carbon emissions into the
environment but can also reduce H, selling price in CH, and biomass pyrolysis, and electrolysis of H,0. In a scenario where
the operating temperature of the simulated innovative system furnace is unachievable in a modified existing CSP plant, a portion
of produced H, can be burned to meet the desired operating temperature.

i) Use of CSP as a thermal energy source to eliminate the burning of fossil fuels in reactors’ furnaces. ii) Application of
thermal energy recovery to power downstream units such as thermolysis cracking of H,S0O, and steam generation for H,0
electrolysis of high and low temperatures. iii) Electricity generation through recovered thermal energy. iv) Enhancement of
biomass decomposition through carbon looping and use of H, 0 as a reaction media. v) Oxidation of SO, in the anode chamber
of AEC to promote hydrogen evolution reaction are advantages of the simulated plants over current pyrolysis and electrolysis
systems for H, production. In addition, TES application to generate high-temperature steam for H, O electrolysis and a Rankine
cycle; by-product CO0, reuse for more H, production and by-product €0, capture are benefits of simulated plants over similar
solar-driven pyrolysis. If followed up, this new approach will promote net-zero greenhouse emissions in integrated H, and
electricity generation plants and substitute coal plants for carbon production.

Conclusion

Solar-driven pyrolysis and electrolysis processes have been reviewed, modelled and simulated as an alternative system to
replace existing conventional ones for eco-friendly means of H, polygeneration methods. The result of noncatalytic pyrolysis
of CH, showed that coking due to carbon deposition on the active site of the catalyst can be prevented with the use of a higher
operating temperature. Nonetheless, catalytic pyrolysis of CH, with less coke formation is essential to reduce the activation
energy required for feedstock decomposition. The simulated hybrid C H, and biomass pyrolysis achieved about a 10% reduction
of H, selling price with the absence of carbon emission into the environment compared to the existing one. In addition, CH,
and biomass pyrolysis has shown that it can substitute coal plants to produce carbon for steel and cement manufacturing. While
CH, pyrolysis and H, O electricity with anodic oxidation of SO, showed improvement in the hydrogen evolution reaction which
increase the overall stack efficiency. Both simulated systems have illustrated that a portion of produced H, can substitute fossil
fuels burning in a situation where the desired operating temperature of the CSP system is not being met. Between 5 - 6 years is
estimated for return on investment for both simulated plants. The use of a non-polluting thermal energy source, the absence of
carbon emission by capturing by-product C0,, thermal energy storage for later use and electricity generation are advantages of
both simulated systems.
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