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ABSTRACT

Handling Editor: Huihe Qiu The emergence of significant environmental problems, the depletion of fossil fuel reserves, and

the anticipation of price hikes have driven researchers to explore and adopt renewable fuels

Keywords:

Biomass derived from biological sources. Such renewable energy sources include biomass, biodiesel (BD),
Biodiesel ethanol, bioethanol (BE), among others. Biomass is a form of energy that can be obtained from
Temperature waste or the cultivation of specific plants. Notably, BD fuel can be produced from organic sources,

Pressure such as animal fats or waste oil from restaurants, which is a considerable advantage of BD.

Molecular dynamics simulation Moreover, BE is a non-toxic, safe, and biodegradable fuel, and ethanol produced biologically is
referred to as BE, which represents a renewable fuel with a non-fossil origin. Against this back-
drop, the upcoming research employs two types of alcoholic fuel, ethanol and BD, as biomass
structures. Using molecular dynamics (MD) simulation, the study evaluated the effects of tem-
perature (Temp), pressure (Press), and external heat flux (EHF) on thermal parameters, such as
HF and thermal conductivity (TC). The evaluation results indicated that an increase in the initial
temperature from 1800 to 2000 K led to higher mobility of the samples, resulting in an increase in
the values of HF and TC from 488 to 551 W/m? and 0.26-0.32 W/m.K, respectively. Similarly,
raising the initial Press from 1 to 5 bar increased the number of oscillations and mobility of the
structures, leading to increased HF and TC values from 488 to 551 W/m? and 0.26-0.32 W/m.K,
respectively. Notably, the EHF changes exhibited similar behavior. Additionally, a significant
outcome was observed when the EHF rose from 1 to 5 W/m?2. This increase in EHF led to a
corresponding rise in the number of reactions occurring in the studied structure. As a result, the
released heat intensified, leading to increased HF and TC values. Specifically, HF values rose from
503 to 538 W/m?2, and TC increases from 0.28 to 0.31 W/m.K.

1. Introduction

Similar to how petroleum was processed in a refinery to produce fuel, plastics, and chemical-petroleum compounds, a biorefinery
used agricultural raw materials, secondary products, and bio-wastes to create a range of products, including food compounds,
pharmaceutical compounds, and biofuels. However, many biomass-derived fuels were economically feasible only when a valuable by-
product can be recycled during processing and efficient energy control was used. Biomass was the oldest source of energy for humans,
and this energy-carrying product stores the sun’s energy continuously (renewable) and can be converted directly or indirectly into
liquid fuels [1-3]. Biomass can be converted into various forms of fuel, such as alcohol-based fuels and BD, which were suitable
substitutes for gasoline, gaseous fuels like biogas and bio-hydrogen (Hy), or solid fuel, such as burning wood. Hence, there was a high
diversity in production, storage, and consumption [4,5]. Additionally, biomass can be utilized to generate electrical energy, either
directly or indirectly. The derivatization of biomass into biofuel can be achieved using both edible and non-edible biomass. Some
biofuels, such as oil extracted from plants and algae, were a direct product of photosynthesis. Some, such as ethanol produced by yeasts
and bacteria, result from biomass derivatization and conversion, and others, like Hy, can be produced both ways [3]. Ethanol, or ethyl
alcohol, was one of the promising alternative sources of fossil fuels that received much attention [6-8]. This substance is one of the
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most common alcohols. It can be easily produced during the fermentation of grains (starch), fruit juices, and any other source that can
provide sugar to the fermenting microorganism [9-12]. Ethanol, also known as the “fuel of the future” according to Henry Ford,
emerged as the most commonly used alcoholic fuel due to several factors. Compared to other alcohols, its toxicity was lower, and the
secondary products resulting from the incomplete oxidation of ethanol, such as acetic acid and acetaldehyde, were less toxic than those
resulting from other alcohols. Additionally, ethanol dissolves in water at any concentration and can be produced from renewable
agricultural products, such as sugar, corn, lignocellulose, among others. This made it a more sustainable option compared to
non-renewable petroleum products. The significance of utilizing ethanol and biodiesel as biomass stems from their potential as
renewable and eco-friendly biofuels that decrease greenhouse gas emissions and enhance energy security. Furthermore, exploring the
thermal properties of diesel, ethanol, biodiesel, zero-carbon fuel and other fuels was crucial for optimizing combustion processes,
comprehending their performance under diverse conditions, and ensuring their efficient utilization across various applications
[13-16].

Exploration in this field facilitated the advancement of biofuels with reduced carbon footprint and supported the worldwide shift
towards cleaner and more sustainable energy alternatives. Various experimental and simulation techniques, such as molecular dy-
namics (MD) and machine learning (ML), were used to study the thermal behavior of ethanol and biodiesel as biomass. The following
section highlights some of these approaches. Do et al. [17] conducted a thorough investigation into the effect of external heating flux
(EHF) and different initial temperatures (Temps) in the presence of a 10% platinum nanocatalyst on various combustion
process-related parameters. The study revealed interesting trends in the number of H2 molecules across different temperature ranges,
with higher EHF leading to a downward trend and a decrease in Hy molecules from 603 to 589. Meanwhile, Falani Ozbas et al. [18]
offered valuable insights into Hy production from biomass gas conversion. This study used supervised machine learning algorithms and
proposed model structures as a sturdy approach for precise Hy concentration prediction. The research results contribute to the
advancement of H, production technologies, which played a crucial role in sustainable energy and environmental conservation. Zhang
et al. [19] conducted a comprehensive investigation into the effect of temperature on the biomass gasification process using MD
simulation. The researchers aimed to comprehend the effect of various temperatures on chemical reactions and gas production during
biomass gasification. The research findings suggest that significant changes occur in the gasification process with increasing tem-
perature. Notably, higher temperatures result in increased production of Hy and hydroxide radicals (OH). These reactive species played
a crucial role in gasification reactions and contribute to overall gas production. In particular, elevated temperatures led to an increase
in the production of CO and Hs. This implies that higher temperatures promoted the decomposition of biomass molecules and yielded
higher amounts of CO and Hj gases. Esawi et al. [20] analyzed the effect of biodiesel (BD) fuel on ethanol/diesel blends. The research
findings revealed that a blend of 15% BD, 5% ethanol, and 80% diesel fuel caused minor changes in droplet lifetime, cetane number
(CN), viscosity, and calorific value of pure diesel, with less than 1.2 %, 0.2 %, and 2 %, and 2.2 % reduction in the mentioned values,
respectively. Meanwhile, Celebi et al. [21] investigated the effects of adding butanol to safflower BD fuel consumption in a diesel
engine. The butanol-BD blends and diesel-BD-butanol blends contained 5 %, 10 %, and 20 % butanol by volume. Qi et al. [22]
examined the effect of adding methanol to BD-diesel blends on a diesel engine’s combustion characteristics and engine treatment. The
base fuel used in their research was BD50, which contains 50 % BD. Methanol was incorporated into BD50 as an additive at volume
percentages of 5 % (BDM5) and 10 % (BDM10). Meanwhile, An et al. [23] investigated the combustion treatment and emission at-
tributes of a diesel engine using BD fuel under partial load conditions. The research findings demonstrated that BD fuels had a sig-
nificant effect on brake thermal efficiency (TE).

This research mainly focused on understanding the effect of factors, such as temperature, Press, and EHF on important thermal
parameters, including HF and thermal conductivity (TC) in the presence of 10% platinum catalyst. Platinum’s exceptional catalytic
activity, stability, compatibility with biomass structures, nanoscale properties, and versatility made it an excellent choice for simu-
lation research aimed at comprehending the thermal behavior and reactivity of ethanol and biodiesel as promising biomass-based
fuels. To achieve this, advanced MD simulations were used, providing a detailed and atomistic understanding of the underlying
phenomena. The findings obtained from the simulation of the fundamental structure of biomass in this study can be highly useful in
assessing the experimental conversion of biomass to gas. While these two methods of simulation and experimentation differ in
approach, they complement each other, and combining them can offer a unique perspective on the behavior of biomass during the
conversion process. Therefore, the combination of simulation and experimental techniques can serve as a valuable tool in evaluating
experimental biomass-to-gas conversion and enable researchers to make informed decisions for practical applications in the field of
biomass conversion. At first, the researchers focused on assessing the intricate interplay of changes in critical physical parameters, such
as kinetic energy (KE) and thermal energy (TE), within the target structures over a 2 ns timescale. This duration was selected to ensure
the collection of meaningful data, capturing the dynamic behavior of the system being studied. Subsequently, the investigation delved
into a more thorough analysis of heat treatment. This involved a systematic exploration of the effects induced by various temperature
values, Press conditions, EHF, HF within the system, and the TC of the materials. The objective here was to elucidate the thermal
behavior and intricate molecular-level interactions occurring under various experimental conditions. Through this comprehensive
study, the researchers aimed to facilitate a deeper understanding of the thermal properties and behavior of the selected biomass
structures under different external influences. The findings of this research are expected to contribute significantly to advancing
renewable energy applications, and further optimize the utilization of alcoholic fuels in energy production and conservation.

2. The MD simulation approach

Computer simulation is a highly effective approach for studying material treatment. The primary goal of MD simulation is to
compute the macroscopic behavior of a system using a microscopic model that incorporates interactions among particles. By analyzing
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the behavior of these components, macroscopic and microscopic quantities can be obtained. Since molecular systems typically
comprise numerous particles, it is impractical to determine the attributes of complex structures analytically. Therefore, the MD
simulation untangles this issue by utilizing computational procedures. The basic equation on which the MD method was developed is
expressed using following equation [19,24,25]:

dUu
Fi=mja, = -V,U= ~r (@D)
d*r;
a; :W 2

Using the equations given above, an equation that calculated the position of the particles in terms of the potential function was
obtained:
du d*r;
I
dr; b dr

3

In MD simulation, Eq. (3) is utilized to solve various problems, where the force on particles depends on their relative positions to each
other. Analytically solving these problems involved numerous complexities; hence, numerical methods were used to address them.
Using this integral, the total force applied to each particle in the configuration at time t was computed as the sum of its interactions
with other particles. Moreover, the particle acceleration was calculated from the resultant forces applied to each particle. The
formulation of this method is as follows [26,27]:

ri (t+At) =2 ri(1) —ri(t — Af) + ((ZZ’) (Ar)? (©)]

At (a; (t) + ai(t + Ar))
2

The designation of the potential function and interparticle forces was a crucial parameter in MD simulation. In conventional MD
simulation, interatomic interactions were defined using a force field. The potential energy of a system comprising particles was
computed using the potential and interparticle force functions in MD simulation. Therefore, their precise selection was critical, and
various researchers developed their own types. Lennard Jones (LJ), EAM, and Coulomb’s potential functions were used for the
interaction among particles in the simulation of biomass structure [28-30]. The most common potential used in a computer simulation
was the LJ potential. In non-bonded interactions, all pairs of particles i and j that were located at a ridge distance from each other
interact with each other in terms of LJ force, which is obtained as follows [31]:

6 \2  /5\6
Uy = 4e {(r—”> — (r—”> ] i < T 6)
ij ij

Using the data given in Table 1, as well as Egs. (7) and (8), the values of ¢ and € of each of reactions among the particles are
calculated as follows [32-34]:

vi(t+ At) = vi(t) + At vi(2) + 5)

Eij = \/Ei€j (7)
o; + 0
=" ®

EAM potential function described the reactions among metal particles of matrix, expressed by the following equations [28].
-1 N

U= o(r) + > Flp) ©

i=1 j=itl i=1

N
Pi= Zl[/(r,]) 10

Table 1

LJ potential parameters of present particles [31,32].
Atom &; (kcal/mol) ojj @A)
H 0.044 2.886
o 0.06 3.500
Pt 0.080 2.754
Cl 0.227 3.947
C 0.105 3.851
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where i and j are the atoms present in the interaction process among N atoms with the distance rjj. ®(r;) represents the interatomic
energy, and F (p;) is the potential embedding function. Finally, the electrostatic potential energy is obtained from the constant
Coulomb forces [30]:

Uy(r) = ﬁ % an

It is worth noting that r;; in interatomic potential functions, such as embedded atom method (EAM) and Coulomb potential in-

dicates the distance between two atoms i and j in a polyatomic system. However, the physical meaning, and mathematical expressions

in these potentials differed in terms of the nature of interactions they described. rjj in the EAM potential represents the interatomic

distance between two atoms in a metal system, which calculated short-range repulsive and long-range embedded interactions among

atoms. But, in Coulomb potential, r;j; represents the distance between two charged particles, usually ions or point charges, and
described the Coulomb potential, known as the electrostatic potential.

2.1. Simulation details in the current study

This study uses MD simulation to investigate the effect of EHF, initial temperature, and initial pressure (Press) on the thermal
properties of a biomass structure comprising ethanol/BD. Initially, the biomass structure was situated in a simulation box with di-
mensions of 100 x 100 x 100 A%, The particle structure was modeled separately using Avogadro software and then simulated using
LAMMPS software. The reaction temperature for simulation was adjusted at 1800 K utilizing a Nose-Hoover thermostat. The changes
in KE and total energy (TE) were evaluated to check the balance in the simulated structure. Then, to create the combustion process and
reach the T=1800 K, considered ensemble was changed from NVT to NPT. The effects of initial temperature changes (1800, 1850,
1900, and 2000 K), initial Press changes (1, 2, 3, and 5 bar), as well as EHF (1, 2, 3, and 5 W/m?) on thermal parameters such as HF, TC,
was studied using the MD simulation and LAMMPS software. Fig. 1 illustrates the overview of atomic structure containing ethanol, BD,
oxygen, Hy, and CO samples inside the simulation box at the EHF of 1 and 5 W/m? and T=1800 K.

3. Results and discussion

At the beginning of this section, the equilibrium of simulated atomic sample, including the simulated sample, was verified. This
sample was equilibrated under standard conditions. Subsequently, thermal quantities, including HF and TC, were examined to assess
the reaction and thermal treatment of the structure.

3.1. Equilibrium process

In this section, the chnages in physical components, such as kinetic energy (KE) and thermal energy (TE), of the simulated structure
were examined to ensure its stability. The changes in KE after 2 ns are illustrated in Fig. 2, and it is evident that KE converged to 72.89
eV. All particles in the simulation box oscillated using the suitable potential to the structure under study. In the early times, the
fluctuations were more, and over time the particles are coupled with the applied potential function, and the particles were placed in the
right place. Because of this, fluctuations were reduced, and balance was established in the system. Therefore, with the convergence of
KE, the temperature of the atomic structure approached. The observed KE changes and the KE convergence to a certain number
indicated the reliable choice of atomic structures and interatomic potential.

The convergence of TE to —7002.204 eV in desired structure after 2 ns can be seen in the obtained results (See Fig. 3). The negative
TE means the gravitational energy exceeds the atomic vibrational motions. When the energy of attraction among the particles was
higher, the particles were closer to each other, and the oscillations were reduced, which led to the stability of the whole structure under
study.

3.2. The initial temperature effect on the thermal treatment of the desired structure

The initial temperature plays a significant role in driving the desired structural evolution. At the atomic level, an increase in

e C Particles

e (I Particles

e Pt Particles

e O Particles

a)

Fig. 1. Atomic arrangement of the simulated sample from a) perspective and b) side view.
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Fig. 3. The changes of TE of simulated atomic samples during 2 ns.

temperature led to enhanced mobility in the samples, ultimately resulting in higher kinetic energy (KE) and thermal energy (TE) values
[35,36]. To examine the effect of initial temperature on the thermal behaviour of studied samples, T=1800, 1850, 1900, and 2000 K
were selected. In this section, the changes of HF and TC based on the increase in the initial temperature of the samples were studied.
The increase in temperature in the structures corresponding to the atomic transformation was more intense, and more HF is expected
from the samples. Furthermore, with the initial temperature increasing from 1800 to 2000 K, the HF inside the structure increases from
260 to 551 W/m?*(See Fig. 4).

An increase in the HF of the samples led to an increase in the TC in the atomic structure. Also, the increase in HF led to a decrease in
the energy of interatomic attraction and an increase in the oscillation range of the samples (See Fig. 5).

The numerical results of changes in HF and TC for initial temperature changes in ethanol/BD structure and in the presence of 10%
platinum nanocatalyst are presented in Table 2.

In general, increasing the initial temperature in atomic structures resulted in higher HF due to the increased kinetic energy,
vibrational motion, and accelerated diffusion. Additionally, elevating the initial temperature in atomic structures led to greater
phonon transport, longer mean free paths, increased phonon-phonon interactions, faster energy release, higher vibrational fre-
quencies, and thermally activated carriers. These physical mechanisms collectively contributed to observed increase in TC, allowing
materials to conduct heat more effectively by increasing temperature. This physical behavior was essential for understanding HT and
thermal properties in various materials and played an important role in applications. It played different roles, from material science to
energy systems (see Fig. 5).
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Fig. 4. The changes in HF per initial temperature for 10% platinum catalyst.

Table 2
The results of the performed simulation at different initial temperature.
Initial temperature (K) HF (W/m?) TC (W/m.K)
1800 488 0.26
1850 496 0.28
1900 502 0.31
2000 551 0.32

3.3. The effect of initial press on the thermal treatment of the desired structure

To investigate the effect of initial Press on the thermal treatment of the models, initial Press of 1, 2, 3, and 5 bars were considered.
Fig. 6 illustrates the changes in heat flux (HF) of the simulated samples as the initial Press increased. Elevating the initial Press in the
desired structures increased the number of oscillations and, consequently, the mobility of structures. Therefore, an increase in initial
Press is expected to lead to higher HF values. In other words, the number of reactions in the structure increased in terms of the lowering
of activation energy. Consequently, reducing the distance among atoms in the simulated samples was a more important factor than the
mobility of atoms. As a result, chemical reactions with higher intensity were observed by increasing Press. This caused an increase in
the HF flowing in studied structure. Atomically, by increasing the Press in the desired structure to 5 bar, the HF increases to 496 W/m?.

0.36

o o
) o w
~ w @
T T T

Thermal Conductivity (W/m.K)

©
[N
~

T

1700

|
1800

L1
1900
Initial Temperature (K)

|
2000

|
2100

Fig. 5. The changes in TC per initial temperature in the presence of 10 % platinum catalyst.
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As mentioned before, by increasing initial Press, the mobility of atoms increases, and consequently, chemical reactions with higher
intensity were observed. Atomically, by increasing the Press in the structures to 5 bar, the TC of the samples increases to 0.28 W/m.K.
The outcomes illustrate that, at P = 1, 3, and 5 bar, the values of TC equal to 0.26, 0.27, and 0.28 W/m.K, respectively (See Fig. 7).

The numerical results of changes in HF and TC for initial Press changes in ethanol/BD structure and in the presence of 10%
platinum nanocatalyst are listed in Table 3.

In general, increasing the initial Press in atomic structures led to a higher frequency of atomic collisions, which increased particle
density and improves energy transfer paths, vibrational motion, and diffusion (see Table 4). These physical mechanisms collectively
enhanced heat flux (HF) and enabled materials to conduct heat more efficiently at higher Press. Conversely, increasing the initial Press
in atomic structures led to increased phonon transport, which reduced mean free paths. Elevating the initial Press in atomic structures
increased particle density, altered network dynamics, created new energy transfer pathways, accelerated diffusion, and led to faster
attainment of thermodynamic equilibrium. These physical mechanisms collectively contributed to the observed increase in TC,
enabling the material to conduct heat more efficiently as Press increases. Understanding these behaviors was crucial for various ap-
plications, including materials science, thermodynamics, and high-temperature engineering.

3.4. The effect of EHF on the thermal treatment of the desired structure

In the final part of this research, the effect of EHF on the thermal treatment of ethanol, BD, oxygen, hydrogen, and CO samples
simulated was studied. Therefore, HF in the models was considered equal to 1, 2, 3, and 5 W/m?2. F ig. 8 illustrates the changes in the HF
in terms of the increase in the EHF applied to the atomic models. Increasing the number of reactions created caused an increase in the
heat released in the defined samples. According to the obtained results , HF increases to 538 W/m? after 2 ns and using the initial heat
flux with the intensity of 5 W/m?.

Fig. 9 illustrates the changes in TC obtained by increasing the EHF applied to the desired models. Therefore, the heat released in the
defined models increased. According to the results obtained in this part, the TC value of the samples increased to 0.31 W/m.K after 2 ns
and using the initial HF with an intensity of 5 W/m?2. The numerical results showed that in the HF applied with 1, 2, 3, and 5 W/m?
values, the TC in the samples reached the values of 0.28, 0.28, 0.29, and 0.31 W/m.K.

Elevating EHF generally provided additional thermal energy to the atomic structure, leading to increased phonon transport,
accelerated vibrational motion, higher temperature gradients, increased TC, and faster, more efficient diffusion. These physical
mechanisms collectively enhanced heat flux (HF) and enabled materials to conduct heat more efficiently as EHF increased. On the
other hand, the increase of EHF did not change the TC atomic structures by itself. Instead, it affected the rate of HT and temperature
distribution within the material, which may lead to temperature-dependent effects that should be considered when studying thermal
behavior. TC remains a constant material property that characterized the ability of materials to conduct heat under certain conditions.
Understanding these behaviors was important for applications, including HT engineering, material processing, and thermal man-
agement systems. Finally, it was determined that the results obtained from this study could correctly explain the studied sample’s
thermal behavior under different temperatures, Press, and EHF conditions. These findings provided valuable insights into the dynamic
properties of energy and HT, enabling a better understanding of thermal response of materials, and their potential applications in
relevant industries.

4. Conclusion

Biomass is one of the types of energy that can be obtained from waste or the cultivation of special plants. Production of BD fuel from
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Table 3
The results of the performed simulation at a different initial Press.
Initial Press (bar) HF (W/m?) TC (W/m.K)
1 488 0.26
2 491 0.27
3 493 0.28
5 496 0.28
Table 4
The results of the performed simulation at a different initial Press.
EHF (W/m?) HF (W/m?) TC (W/m.K)
1 503 0.28
2 514 0.28
3 522 0.29
5 538 0.31

organic sources, such as vegetable oils, animal fats, or waste oil from restaurants was the main advantage of BD. BE was a non-toxic,
safe, and biodegradable fuel. Ethanol that was produced biologically is called BE, which was a renewable fuel with a non-fossil source.
The effects of temperature, Press, and EHF on thermal parameters such as HF and TC were evaluated using the MD simulation. At first,
the balance of changes in physical parameters, such as KE and the TE of desired structure was studied after 2 ns. Then, to analyze the
thermal treatment, the effects of the quantities of temperature, Press, and EHF on HF and TC were studied. The results are as follows:

o The studied structure reached thermal equilibrium after 2 ns, and the value of KE and TE in this structure approached 72.89 and

—7002.204 eV, respectively.

e Anincrease in temperature from 1800 K to 2000 K led to a corresponding increase in HF from 488 to 551 W/m?. This change in HF
can be attributed to the greater number of collisions and oscillations that occurred in response to high temperature.

e As the temperature continuously increases and reaches to 2000 K, the TC of the material increaseds from 0.26 to 0.32 W/m-K.

e Increasing the Press from 1 to 5 bar led to a corresponding increase in HF from 488 to 496 W/m?2. This change in HF can be
attributed to the number of oscillations and, thus, the mobility of the structures.

e An increase in EHF from 1 to 5 W/m? led to a corresponding increase in HF from 503 to 538 W/m?. This change in HF can be
attributed to a corresponding increase in the number of reactions occurring in the studied structure.

e With the continuous increase of Press and reaching to 5 bar, the TC of the material increases and reveales a transition from 0.26 to

0.28 W/m-K.

e By continuous increase of EHF and reaching 5 W/m?, TC of the material increases and reveales a transition from 0.28 to 0.31 W/

m-K.
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