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Graphical Abstract

The study examines two critical process conditions: pyrolysis at a low temperature of 500°C and gasification at a
high temperature of 900°C. Using a method involving thermal equilibrium calculations and modeling, the analysis

investigates hydrogen production and comprehensively evaluates energy and exergy efficiencies.
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Figure. Analysis of Pyrolysis and Gasification Systems

Aim

This study aims to contribute by examining the performance of thermal conversion methods from biomass for green
hydrogen production.

Design & Methodology

A pilot-scale pyrolysis and gasification reactor has been chemically and thermally compared.

Originality

The novel aspect of this study is the high-temperature analysis of the pyrolysis system for green hydrogen production.
Findings

The research identifies that pyrolysis at 900°C is the optimal model condition due to low energy consumption and
absence of agent materials.

Conclusion
The model resultsg 'caWyrolysis process achieves 60% energy efficiency at 500°C and 94% energy
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ABSTRACT

Biomass pyrolysis and gasification are recognized as effective thermal technologies for producin
thermal conversion from biomass. This research paper presents a comparatmive analysis of thg,
pyrolysis and gasification systems. The study investigates two critical process conditions: low-

and exergy yields of these distinct thermal conversion methods for energy pro‘uct' N
as the optimal model condition due to its lower energy consumption and the alggene€s
are conducted at both 500°C and 900°C for all processes. The model results d¢
and 94% at 900°C. Furthermore, the study reports on the effects of temperat{irs
contributes to the examination of the performance of thermal conversio thod
Keywords: Biomass Gasification, Equilibrium model, Pyrolysis,@

peder delves into the energy
identifies pyrolysis at 900°C

nd exergy analysis, Hydrogen Production.

Yesil Hidrojen Uretiminin Enerji ve Ekserji Analizi

hidrojen firetimi igin etkili termal teknolojilé
sistemlerinin enerji ve ekserji performapgaik

900°C'de pirolizin en iyf
gerceklestirilir. Modg

increasing trends in energy consumption and the gradual
depletion of fossil fuel reserves. Solid waste generation
remains a significant issue worldwide, particularly with
ongoing economic development [1].Inadequate treatment
of solid waste poses a substantial environmental
challenge [2]. Coal, a traditional solid fuel, continues to
play a dominant role in global power generation,
contributing approximately 40% of the total power
generated worldwide [3].
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However, the diminishing reserves of coal have
underscored the urgent need to explore alternative energy
sources [4]. Initiatives such as the Kyoto Protocol have
emphasized the importance of reducing carbon dioxide
emissions, making biomass a particularly attractive
option due to its renewable nature [5]. As the importance
of circular economy principles grows, hydrogen energy
systems are emerging as alternative pathways for
sustainable energy production from solid waste, aiming
to reduce reliance on fossil fuels [6].



Biomass represents the largest sustainable feedstock
globally, accounting for approximately 15% of the
world's primary energy consumption [7]. Utilizing
biomass sources offers the potential to produce carbon-
neutral fuels, mitigating the impacts of greenhouse gas
emissions [8]. Thermochemical conversion technologies,
such as gasification and pyrolysis, have garnered
significant attention as viable alternatives to fossil fuels,
with organic wastes being converted into various
products via highly endothermic processes [9].
Gasification and pyrolysis are widely studied methods
for converting biomass into valuable products, including
syngas, which consists of hydrogen, carbon monoxide,
carbon dioxide, methane, higher hydrocarbons, char, and
liquids (tars) [10]. The efficiency of syngas production
depends on several operational parameters, including
biomass source, gasification agent, retention time, and
temperature. Numerous studies have explored energy and
exergy analyses to enhance hydrogen production from
biomass thermochemical methods [11-25]. Despite
extensive research on thermodynamic equilibrium in
gasification and pyrolysis processes, there remains a gap
in comparing the energy and exergy analyses of these
methods. Therefore, the primary objective of this study is
to investigate and enhance a model for hydrogen
production in a pilot-scale reactor under pyrolysis and
gasification conditions, utilizing exergy and energy
analyses. This research aims to contribute to
advancement of sustainable energy production method
from biomass. In addition to the existing literatu
study aims to fill this gap by conducting a co
analysis of the exergy and energy efficie
pyrolysis and gasification methods. By i
performance of both processes in produch
from biomass, we seek to provide

ne existing
of sustainable

research on
revealing
quality
Fiori dies on downdraft gasification,
and energy analyses to enhance gas
quality in the presence of supercritical water [1]. Lu et al.
evaluated exergy losses occurring due to chemical
reactions [12]. Furthermore, Sharma and Shet developed
a gasification equilibrium model for air/steam
gasification of biomass [13], while Mahishi and
Goswami investigated various operational conditions
such as temperature, biomass ratio, equivalence ratio,
pressure, and temperature [14]. Pellegrini evaluated the
energetic and energy analyses of sugarcane biomass
gasification in the presence of air and steam agents [15].

Studies by Zhang et al. compared the effects of
operational conditions on hydrogen production from
water gasification [16], and Mehrpooya et al. modeled
the efficiency of exergy in steam gasification with
various biomass materials [17]. Additionally, Zhang et al.
conducted a thermodynamic evaluation for autothermal
biomass gasification [18], and Abuadala and Dincer
evaluated the energy and exergy efficiencies of steam
gasification [19]. Eri and coworkers developed a
thermodynamic equilibrium model for air/steam biomass
gasification [20], while Dong et al. investigated solid
waste with increasing moisture content in their research
[21]. Furthermore, Burhenne et al. repogpted the char yield
of wood chips in the pyrolysis process{@
studied the higher yleld of gas productl

ona polygeneranon sys
reported the percentag
biomass [25]. By s
diverse studies and intew
analysis, we ai
performan@e &
pyroly5|s.

prehensive insights into the
of both gasification and
hydrogen production from

3es have been conducted for hydrogen gas
prodfiction, considering the principles of the first and
second laws of thermodynamics [26]. Wood chips have
been selected as the raw material for this study.
Gasification and pyrolysis runs have been performed in a
fixed-bed reactor, as illustrated in Figure 1, under various
conditions.
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Figure 1. Stoichiometric chemical equilibrium model

Pyrolysis

The results of the calculations have been compared with
experimental data based on Gibbs free energy. The
gasification and pyrolysis reactor have been maintained
isothermal, with 25 kg of wood chips introduced into the
reactor and heated to temperatures of 500°C and 900°C
under pyrolysis and gasification conditions, respectively.
All gasification and pyrolysis reactions and assumptions
have been established, including the stoichiometric
balance of carbon, oxygen, hydrogen, sulfur, and
nitrogen, formulated to achieve the operating
temperature.



Gibbs free energy, also known as Gibbs function or free
enthalpy, has been utilized to measure the maximum
amount of work done in a thermodynamic system when
temperature and pressure are held constant [27]. The
thermal system reactor has been simulated using two
different models: gasification and pyrolysis reactor. The
thermal conversion stoichiometric reactor was employed
to convert wood and manure waste into basic components
such as CO2, H2, CH4, and ash, which were measured
through ultimate and proximate analysis [28]. The mole
numbers of compounds were estimated to minimize
Gibbs free energy. Energy efficiency, exergy efficiency,
and carbon conversion have been defined as performance
indicators of thermal conversion systems [15]. The
stoichiometric model has taken into account the
elemental composition and proximate analysis, as shown
in Table 1. The gasification process is defined as the
addition of partial oxygen to the system until all carbon
content in biomass is converted to gaseous products. The
thermal conversion process includes water gas reaction,
boundary reaction, and methane reactions. Unknown
impurities can be calculated from material balance
equations. The main parameters of the gasifier are
defined as the gasifying medium, pressure, and heat gain
or loss of the gasifier. The amount of unconverted solid
carbon is a parameter only in the first part of the model.

When gasification occurs under the operating conditionsg

the amount of unconverted solid carbon equals zero. ®

Table 1. The ultimate and proximate analysis of woo

Parameter Wood chips
C (%) 45
H (%) 5.8
N (%) o3
O (%) ‘\ 4
HHV (kJ/kg) 19632
VOC (%)

+Char is assumed to be solid carbon, and tar is ignored.
*The biomass model only considers C, H, and O content.

2.1.1. Thermodynamic equilibrium of pyrolysis and
gasification process

Biomass sources are converted into combustible gases
consisting of H, and CO through thermal conversion
technologies such as gasification and pyrolysis [15]. The
gasification process involves several steps, as depicted in
Figure 1, including drying, pyrolysis, combustion, and
gasification. Air, steam, and oxygen are utilized as
gasification agents in the process, with the gasification

agent being injected into the system during the drying
phase. The gasification process encompasses the
following reactions:

Water-gas: C + H20 — CO + H2, AH = -131.4 kJ/mol
Boudouard: C + CO2 — 2CO, AH = -172.6 kJ/mol

Methane generation: C + 2H2 — CH4, AH = +75 kJ/mol
Water gas shift: CO + H20 — CO2 + H2, AH = -41.2 kJ/mol

A pilot-scale gasification and pyrolysis reactor has been
examined both chemically and thermally. The energy and
exergy analysis of the system have beeg calculated using
the first and second laws of thermod ics [16]. The
second law of thermodynamics j irreversible
entropy increase to analyge systems,
revealing exergy loss @n saving potential.
lized in thermal
chers J30]. The relationship
is/Oefined by a series of
actions. Two equilibrium
laws Of energy conversion, have
ass gasification and pyrolysis

pichiometric equation of the wood chips. Thermal
omposition occurring during the gasification step will
be discussed separately in the following sections. The
general mass balance equation can be written as follows:

Z Min = Z Mout
Z Min = Mwater + Mwoodchip + Mair

Z Muut = Mgas + Mchar + Mtar + Mother

Wood chips have been utilized as the raw material for the
thermal conversion process in this study. Analysis results
indicate that the moisture content is calculated to be 16%.
The feedstock enters the gasifier to initiate the drying and
pyrolysis processes under environmental conditions and
atmospheric pressure. Partial oxygen is introduced into
the system for the gasification process. The mass balance
of all components is determined at the conclusion of the
thermal conversion [32].

2.1.3. Thermal energy conversion calculations

In this study, the biomass-air gasification and pyrolysis
reactor have been modeled. The results of mass balance
calculations have been utilized to determine the
temperature profile using an analytical model approach.
The system is assumed to operate under adiabatic
conditions in complete isolation.



Experimental results have been compared with estimated
model results to evaluate the temperature. The necessary
information to calculate energy yield and temperature
values is presented in Table 2.

Table 2. The required information to estimate energy yield

Cp LHVgas
T(K) (kifkmolK)  (KJ/kmol)
N 3230 29,2 0,0
Hz 3230 28,9 2418
co 3230 335 282,0
COs 3230 38,1 0,0
CHe 3230 36,9 8013

2.1.4. Energy calculation

The energy balance for the gasifier has been provided
based on the first law of thermodynamics under steady-
state conditions, with physical and kinetic energies
neglected. The energy equilibrium of the system has been
established by isolating the gasifier [19]. The chemical
structure of wood chips has been designed as CH, 30y ;.

Z Eni = z Enout + Qlost
i e

Enbiomass + Enagent + Qheat
= Ensyngas + EnTar + Enbiacha‘r Los

Eni = EnP" + Enct

EnPh = Zni * hi

at gasification
at pyrolysis
the gasifier

higher heating value of materials
EnP" = physical energy
En‘" = chemical energy
Uw = overall heat transfer coefficient,
Tw=gasifier wall temperature
To=environmental temperature

T has called as the gasification temperature. The heat loss
has neglected on the reactor Wall [33]. Two types of
energy efficiencies that called cold gas efficiency and
sensible efficiency respectively have calculated from

below equations. The cold gas efficiency has defined as
the ratio of chemical energy of the product gas to the total
energy of feedstock including biomass and agent. While the
sensible efficiency has described as the ratio of physical energy
of the product gas to the total energy of feedstock [16].

chem
" _ Engas
old gas —
Enbiomass + Enagent
ph
_ Engas
Nsensible =

Enbiomass + Enagent

The identify the energy content for conversion
technology of biomass feedstock haggcalculated using
below equation.

HHVieeastock = 0.3491M¢ +

M¢, My, Mg, Mg, My

= molecular weight of rogen, sulfur, oxygen,

ogen and moisture content
, respectively; hg is the latent heat

and gasification processes can be
under steady-state conditions. Exergy
is has been employed to evaluate the systems based
second law of thermodynamics [34-35]. Exergy
ysis is recognized as more effective and practical
than energy analysis, providing deeper insights into
efficiency assessment. It serves as a criterion for
approaching ideal conditions and determines the types
and values of irreversibilities [36]. Total exergy (EX) is
described as the sum of chemical exergy (Ex,ch) and
physical exergy (Ex,ph). The exergy balance for the
gasifier and pyrolysis can be written as follows,
neglecting Ex,loss and Ex,UC [37]. The specific heat
capacity coefficient has calculated as using a, b, c and d
that shown as Table 3.

EXpiomass + Exagent = Exgas
EX = Exch + E.Xph

L on = (H; — Ho) — To(S; — Sp)

T
(H;—Hy) = | CpdT
TO

Tcp P
(Si _SO) = LO?dT - RIn(ﬁ)
Cp=a+bT +CT? +dT?

Ex,ph = Z yi E)i,ph

14
E —2 [ + RT, Z ; (mbo
x,ch = ' Yi&o,i 0 ‘ yl(POi
L L

)



&o,;= standard chemical potential of a pure chemical

component [38].
ni = molar flow rate of component
exf ho physical exergy of gases
exfM= chemical exergy of gases

The difference in specific enthalpy and entropy of gases
and chemical exergy has been obtained from Table. The
exergy analysis of biomass has been calculated using the
following equations. The lower heating value of solid
waste (biomass), moisture content (MC), chemical
exergy (exg), evaporation enthalpy of water (hg), and
correlation factor (B) have been used to calculate the
biomass exergy.

Table 3. The thermodynamic properties of materials

b ¢ d Y
Component 2 152 455 109 (ky/kmol)
Hz 2911 019 040 087 240420
N 2890 -0.05 081 -2.87 -
co 2816 047 053 222 282800
CO. 2226 598 -35 747 -
CH, 1889 502 127 -1 801280

The difference in specific enthalpy and entropy of gag?
and chemical exergy has been obtained from Table. Th
exergy analysis of biomass has been calculated using th
following equations. The lower heating value gf sOli
waste (biomass), moisture content (MC), i
exergy (exg), evaporation enthalpy of water (
correlation factor () have been used
biomass exergy.

EXpiomass = BLHVpiomas,

Table 4. Thermodynamic jproperties o onent [38].
Species - 0l/K)
H Cp =29.11 — 0.1916x1072T + 0.4003x10~5T2-
2

0.870x10°T?

-1.5

v (N

512 79( r )
' 100
co Cp = 28.16 + 0.1675x1072T + 0.5327x107°T2-

2.22x10°T?
cr_ 22.26 + 5.981x1072T — 3.501x1075T2 +
c0: 7 469x10°T?
CH Cp = 18.89 + 5.024x1072T + 1.269x1075T2 —
4

11.01x10°T3

3. RESULTS and DISCUSSION

The final mass balance results of the pyrolysis and
gasification processes are presented in Table 5. Mass,
enthalpy, temperatures, energy, and exergy values have
been calculated for the composing materials at 0°C and 1
atm. Furthermore, the results have been presented via
graphical representation, comparing differences in
energy and exergy between pyrolysis and gasification.

The stoichiometric model for wood chips' thermal
conversion systems has been compared separately for
gasification and pyrolysis conditions. The calorific
values of syngas have been calculated based on the
Lower Heating Value (LHV) of volatile components in
the syngas. The LHV of components has been obtained
using stoichiometric methods, and the composition of
syngas, syngas calorific value, energy yield, exergy, and
hydrogen yield have been compared between pyrolysis
and gasification processes. According to Table 5, the
gasification process is more effective than the pyrolysis
process at 500°C but similar to the pyrolysis process at
900°C.

Table 5. The results of mass balan rolysis and
gasifier process to calculate ggergy’a nghysis at 500C
and 900C ®
Pyrochts \Ga%cation products
500C 900C 500C 900C
Woodchigs /" Smmp)
CO % 9 11 11 16
CO. %y N4\ 7 15 0,01
CH4+% 1 8 10 2
[0)
Hz0 % \ o) 0,1 0,1 0
N2 % 0 0 20 0,8
2 10 19 10 14
Char % 6.6 59 3.6 2.7

% 4 0 0 0.1 0.4
LHVayngas 194 336
_(MJ/kg)

The input values calculated from proximate and ultimate
analysis are shown in Table 6. These input values have
been used in all calculations in this study. The results
obtained from experiments have been evaluated with
information from the literature, as presented in Table 7
[40].

Table 6. The input data calculated from proximate and ultimate
analysis

Input Data Values
Biomass Type Woodchips
Biomass moisture (%) 16
LHVbiomass (kj/kg) 19128
Gasifier Type Downdraft
Gasifier agent Air
C 44,5
H 5,88
O 47,94
N 0,32
Ash 9,6




Table 7. Comparative results between stoichiometric model
and literature (Gasification at=900C)

Syngas composition This work Ref (1) Ref (2)
CO (%) 16 i3 16,10
CO2(%) 1 16,62 10,31
H2 (%) 14 13,32 13,63
CH4 (%) 2 11,91 12,37

According to the proximate and ultimate analysis
presented in Table 8, wood chips have been chosen as the
raw material over manure. The Lower Heating Value
(LHV) is a crucial measure of the energy potential of the
syngas and serves as an important parameter in selecting
raw materials for high calorific value syngas.

Table 8. Proximate and ultimate analysis result of woodchips
and manure

Ultimate analysis (%) Proximate HHV
analysis (%0) MJ/kg
C H N (0] Ash Vol.
Wood 45 58 03 479 96 8892 19,63
chips
Manure 414 58 26 500 134 86,89 18,6
([

The gasification and pyrolysis processes of the W08
chips have been conducted at 500°C and 900°C
respectively. External heat has been provided to i
by the heating element. Energy and exergy andlyses

the pyrolysis/gasification reactor have been perf@gned to
calculate the change in energy fluxes gf the
volume. The temperature ramps from 25° 500°C and
25°C to 900°C are illustrated i i and 3,
respectively. (\
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S
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Figure 2. Temperature distributions the height of the reactor
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Figure 3. Temperature Mheight of the reactor

perature depends on the
fluctuation can be understood
anisms such as the Boudouard

alters the Gibbs free energy of the
equently influencing the heat of reaction.

cannot fully convert it with enough oxygen.
d, carbon monoxide and hydrogen production

at higher rates at elevated temperatures.
Carbonization occurs homogeneously in both thermal
systems within the reactor. However, at 500°C, pyrolysis
produces a higher level of char. Gas content starts to
increase at higher temperatures. The effect of
temperature differences on thermal efficiency in different
processes is illustrated in Figure 4. The energy yield of

occur

the system changes positively with increasing
temperature.
100
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Figure 4. Thermal efficiency of system with respect to
temperature



In this study, the energy content of wood chips is
measured as 895 MJ/kg, while the exergy content is 343
MJ/kg. The energy and gas content of the pyrolysis and
gasification reactors. In the pyrolysis reactor, hydrogen
content has accounted %10 much more than gasification
system at 900C. Also, the CO, contentin the Gasification
process at 500C has calculated as more than pyrolysis
proses at 500 and 900C due to reaction between carbon
and oxygen. The energy and exergy balances of the
pyrolysis and gasification processes are summarised in
this study based on 25 kg woodchips. The energy yield
of pyrolysis process and gasification process has same
results. This shows that the experiments have carried out
with the pyrolysis process at high temperatures without
the need for gasification process are more effective. The
same energy output has obtained in simpler systems
without the use of energy and gasification agent. In
comparison of the pyrolysis and Gasification process at
high temperature, the exergy yield of pyrolysis and
Gasification has measured %66 and %68 respectively.
The hydrogen content has evaluated as 19% and %15
respectively gasification and pyrolysis process at 900 C.
In this work, difference of energy and exergy yield of
pyrolysis and gasification process have investigated. The
pyrolysis process at high temperature has the effective
potential to significantly enhance the energy efficiency of

wood chips. Y

4. CONCLUSIONS

There are many paper on gasification and
process of woodchips at fixed bed react
comporision of system method has evaluated in t
and the following results have reac
compare pyrolysis process at 500C
have shown the exergy yield
temperature increases. The syngés qualit
measured the highest at 90 i

es the use of exergy analysis to
g and manure at gasification and

evaluat
pryrolysis at different temperature. In
conclusion, study offers a comprehensive

examination of/the gasification and pyrolysis processes
applied to wood chips and manure in fixed-bed reactors.
Through meticulous analysis and comparison, several
key insights have emerged [41]. Firstly, it's evident that
temperature plays a pivotal role in shaping the efficiency
and output of both gasification and pyrolysis processes.
Higher temperatures result in increased exergy yield and
improved syngas quality, emphasizing the significance of
temperature optimization for enhancing process
performance. Moreover, the comparison between
gasification and pyrolysis processes reveals notable
similarities, particularly at elevated temperatures. The
pyrolysis process demonstrates promising energy and

exergy yields comparable to gasification, suggesting its
viability as a viable alternative for biomass energy
conversion. Furthermore, the superior performance of
wood chips over manure underscores the importance of
feedstock selection in achieving optimal process
efficiency and energy production. Overall, the utilization
of exergy analysis provides valuable insights into the
efficiency and quality of thermal conversion processes.
By leveraging these insights, stakeholders can make
informed decisions to advance the development and
implementation of sustainable biomass energy solutions.
Thus, this study contributes to the broader understanding
of biomass conversion technologies apd their potential
role in addressing energy challenge ile promoting
environmental sustainability.
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