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Abstract: Liquid products obtained by the fast pyrolysis process applied to biomass can be used
as chemical raw materials and liquid fuels. In this study, tea bush, walnut shell, and pine cone
samples selected as biomass samples were obtained from Trabzon and Rize provinces in the Eastern
Black Sea Region and used. When considered in terms of our region, the available biomass waste
samples are easy to access and have a high potential in quantity. To employ them in the experimental
investigation, these biomass samples were first ground, sieved to a particle size of 1.0 mm, and mixed.
A fast pyrolysis process was applied to this obtained biomass mixture in a fixed-bed pyrolysis reactor.
The effects of temperature, heating rate, and nitrogen flow rate on the product yields of the fast
pyrolysis technique used on the biomass mixture are examined. A constant particle size of 1.0 mm,
temperatures of 300, 400, 500, 600, and 750 °C, heating rates of 100, 250, 400, and 600 °C.min—},
and flow rates of 50, 100, 200, and 300 cm?.min~! were used in tests on fast pyrolysis. The studies
showed the 500 °C pyrolysis temperature, 100 °C min—1! heating rate, and 50 cm3.min~! nitrogen
flow rate gave the maximum liquid product yield. The liquid product generated under the most
compelling circumstances is analyzed to determine moisture, calorific value, fixed carbon, ash, raw
coke, and volatile matter. Additionally, the crude bio-oil heating value, measured at 5900 cal/g and
produced under the most favorable pyrolysis circumstances, rose by around 40% compared to its
starting material. The liquid product obtained from rapid pyrolysis experiments can be used as
liquid fuel. The evaluation of the potential of chemical raw materials can be a subject of research in a
different discipline since there are many chemical raw materials (glycerine, furfurals, cellulose and
derivatives, carbonaceous materials, and so forth) in fast pyrolysis liquids.
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1. Introduction

In addition to the technological developments that arose from the increase in the
population and facilitate people’s lives, the increment in the energy consumption of the
products has brought the search for new energy sources [1]. These increases in consump-
tion have an adverse impact on some outputs, particularly the CO, emissions of primary
energy sources often known as fossil fuels, like coal and oil. When these unfavorable effects
have substantial side effects and repercussions that are difficult or expensive to reverse,
the need for environmentally friendly, economically viable, and sustainable new energy
sources has grown. The fact that energy consumption, which has a vital role in both social
and economic terms, especially in modern industrial society, causes some environmental
problems, especially the greenhouse effect, has increased the transfer to renewable and
environmentally friendly alternative energy sources [2]. In this acceleration towards re-
newable energy sources, the increase in the cost of producing energy obtained by fossil
sources is also of great importance. Energy expenditures, which have an essential place in
our country’s current account deficit, slow the pace of economic, cultural, technological,
and social developments. When considering all these situations and developments, it is
apparent that it is crucial to use the riches of our country, especially our renewable and
domestic energy resources, consciously, with an ecological, environmentally friendly, and
sustainable approach at the maximum level. Any non-fossil organic mass of biological
origin that can renew itself in less than 20-30 years is referred to as biomass. In other words,
biomass is the collective term for all biological elements that are not petrified and come from
live or recently expired organisms. In this context, all organic materials of plant and animal
origin, whose primary building blocks are carbohydrate molecules, are considered biomass
energy sources. Biomass energy is the term used to describe the energy derived from
these sources [3]. However, the biomass energy potential does not consider conventional
forests, food, or agricultural products. In its natural state, biomass can be burned as fuel or
transformed into various solid, gaseous, or liquid biofuels [4]. These fuels can be utilized
for various industrial activities, including producing electricity, transportation, heating,
and cooling. Therefore, essential solid biofuels, liquid biofuels, biogas, and municipal
and industrial wastes are the typical classifications for biomass energy sources [5]. To
understand the importance of biomass and biomass energy, it is necessary to look at the
global warming and environmental pollution facing our world.

Average GHG emissions in the last ten years are the highest ever recorded, even
though the increase in GHG emissions has been mitigated during the previous decade.
Compared to the 2.6% growth each year between 2000 and 2009, the average yearly growth
between 2010 and 2019 was 1.1%. The global decline in new coal capacity additions
(especially in China), the continuous replacement of coal by gas in industrialized nations’
power sectors, and the accelerating rate of renewable energy installations globally are
all contributing factors to this decadal downturn [6,7]. The study of total world GHG
emissions for 2021 is limited since estimates of land use, land-utilization modification,
and forestry (LULUCF) are only currently available up to 2020. However, preliminary
estimates of global GHG emissions for 2021, excluding LULUCEF, are 52.8 GtCO;e, a slight
rise over 2019. This indicates that total global GHG emissions in 2021 will be comparable
to or potentially above the record 2019 levels. This supports past results showing that the
COVID-19 pandemic reaction resulted in an exceptional but transient decrease in world
emissions. Global GHG emissions diminished by 4.7% between 2019 and 2020. This fall
gave rise to a significant 5.6% decrease in CO, emissions from industry and fossil fuels
in 2020. Global coal emissions surpassed 2019 levels in 2021, although CO, emissions
bounced back to 2019 levels. Between 2019 and 2021, fluorinated gas emissions increased
while methane and nitrous oxide remained stable [8].

Regarding biomass production, Turkey has favorable sunlight, access to agricultural
areas, water resources, and climatic conditions. Additionally, the country has a structure
that may offer abundant resources for biomass energy. Although installed power has
changed over time and Turkey’s share of total installed power has increased, installed



Sustainability 2023, 15, 13718

30f19

power based on biomass and waste heat energy was only 2172 MW as of the end of June
2022 [9], and its share of total installed power was 2.14%. As a result, this potential can
only be utilized partly effectively. The primary energy sources that come from biomass are
heat and electricity. Even today, wood and other biomass wastes are used for cooking and
heating, particularly in rural regions. However, the steam produced by biomass combustion
boilers is utilized in industry for single or double heating [10].

Additionally, pressed cylindrical particles (pellets) made from wood sawdust have
been burned in household stoves more and more recently for cooking or heating rea-
sons [11]. Once more, electricity is generated, and the need for electricity is satisfied with
less air pollution and more domestic resources by burning wood and coal in thermal power
plants. Thus, it is feasible to generate power locally while utilizing less-polluting techniques
by combining fossil fuel coal with renewable and cleaner biomass [12,13].

In contrast to combustion, pyrolysis occurs in the absence of oxygen, although partial
combustion is used to generate the heat needed for this process to continue. By quickly
heating the biomass at temperatures exceeding 300-400 °C, the biomass is converted into
gas, liquid, and solid products [14]. As previously noted, pyrolysis entails the disintegration
of big, complicated molecules into several smaller compounds. The item is divided into
three primary categories:

e Liquid (water, tar, and heavier hydrocarbons;
e  Solid (carbon-rich or primarily carbon-rich;
e  Gases, such as Hy, CO,, CO, C,H,, CoHy, CoHg,

Two crucial factors that determine the relative amounts of these products are the rate
of heating and the maximum temperature that the biomass achieves. The volatile matter
of the fuel should not be confused with the pyrolysis product. The pyrolysis temperature
impacts the product’s composition and yield [15]. Different product gases change at
various temperatures during the pyrolysis of biomass. As a result, the emission rates
for the various gas constituents vary greatly. The pyrolysis temperature also affects how
much carbonized solid is generated [16,17]. Higher temperatures cause less char to form,
while lower temperatures bring about more char. The temperature increase causes the
organics to break down into smaller units. The biomass particle heating rate significantly
influences the yield and content of the product. Slower heating results in more char,
whereas rapid heating to moderate temperatures (400-600 °C) for quick pyrolysis yields
greater condensing volatiles and, hence, more liquid output [18]. Debdoubi and colleagues
observed a significant increase in liquid yield during Esparto’s pyrolysis at 550 °C, with
heating rates increasing from 50 °C.min~ to 250 °C.min ! [19]. However, heating rate and
temperature alone do not define product yield and composition. Another crucial factor
is the product’s residence time in the reactor [20]. When volatiles are slowly or gradually
removed from the reactor during slow heating, a secondary reaction occurs between the
char particles and the volatiles, producing a secondary charred solid. To fulfill the needs of
each final product, the pyrolysis device’s operating settings are modified. The entraining
gas flow rate is an essential factor for fast pyrolysis.

The pyrolysis vapors can be swiftly evacuated from the environment thanks to the fast
flow rate of the entraining gas, preventing secondary reactions and increasing the yield of
the liquid product. The environment’s vapors are swiftly transported to the cooling system
if the flow rate of the entraining gas is too high, making it difficult for the steam to condense.
Several studies have been published in the literature to measure the entraining gas flow
rate during rapid pyrolysis at various temperatures [21-26]. Turkey can be considered
quite rich regarding the raw material waste resources used in this study. According to
FAO 2022 data, Turkey ranks fourth in walnut production after China, the USA, and Iran,
with its output approaching 300,000 tons [27]. In addition, when the current situation for
the tea bush, which is another raw material used in this study, is evaluated, as of 2022,
791,287 decares [28] of tea area are pruned with the 1/7 pruning law every year, which
constitutes a substantial potential in terms of biomass waste. Considering the pine cone,
the third waste biomass used in this study, in Turkey, according to OGM (Turkey General
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Directorate of Forestry) 2023 data, with the existence of approximately 11 million hectares of
coniferous trees [29], cones provide an important biomass waste source. This investigation
subjects these three distinct current waste biomasses to fast pyrolysis, and the quantities of
liquid, solid, and gas generated are determined. The characteristics influencing product
quantities are assessed, and the liquid product’s energy content is compared to its raw
material. Tea bushes, walnut shells, and pine cones are biomass raw materials used as
waste in our country and are abundantly available. We think these materials, which are
used directly as fuel, will be important sources of raw material for the fast pyrolysis of
liquid fuel and for a biomass plant to be implemented in the future. This first-time, study
examines the pyrolysis of these three biomass types together and the effects of pyrolysis
parameters on product amounts. It will make essential contributions to the preliminary
studies of the facilities to be established to evaluate their current potential.

2. Materials

Tea bush, walnut shell, and pine cone are utilized as raw materials in rapid pyrolysis
studies. There are 830 thousand decares of tea area in Turkey’s Eastern Black Sea Region.
These tea garden bushes, which are cut every year, are burned using traditional methods
and used for heating. With around 80 million hectares, Turkey offers a diverse mountainous
and ecogeographic landscape. In addition to this biological complexity, its forests are
highly diverse in terms of species and composition. As a result, there are no barriers to the
availability of raw material wastes employed in quick pyrolysis investigations.

2.1. Preparation of Biomass Samples Used as Raw Material

All biomass samples utilized are first cut into 1-2 cm spalls, and each biomass sample
is ground in a mill. Afterward, the samples are passed through appropriate sieves to
separate the ground samples into the predetermined particle size.

When agricultural products are placed in a particular environment, they exchange
moisture with their environment. If the vapor pressure of the water in the product is greater
than the partial vapor pressure of the water vapor in the ambient air, water vapor is released
from the product into the environment. Conversely, water vapor transfers from the ambient
air to the product. These moisture transitions continue until the vapor pressures of both
environments equalize. When the equilibrium condition occurs, changes in the moisture
value of the product cease. For this purpose, biomass sample mixtures were mixed in equal
proportions, and spread in a thin layer on a flat, clean surface for ten days to equilibrate
with the humidity in the laboratory environment.

2.2. Proximate Analysis of Biomass Samples

Analyses of moisture, calorific value, fixed carbon, ash, raw coke, and volatile matter
were carried out on a biomass mixture of three distinct raw materials (tea bush, walnut
shell, and pine cone).

2.2.1. Determination of Moisture

The samples were kept in contact with air for ten days before the moisture content was
determined. The moisture percentage was calculated by a predetermined 1 mm particle
size sample of the biomass mixture. One gram samples of the tea bush, walnut shell, and
pine cone were weighed at 0.1% sensitivity and maintained in an oven at 103 % 2 °C until
they attained a consistent weight. The oven samples were cooled in a desiccator, weighed,
and the moisture content was calculated, as shown below.

Moisture (%): [(wy — wy)lw1] x 100

wy: Initial weight of the sample (g).
wy: Weighing of the sample after drying (g).
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2.2.2. Determination of Volatile Matter

The biomass sample was heated in a platinum crucible for 10 min and then weighed
after cooling in a desiccator. In this process, the remaining substance in the crucible is the
volatile and dehumidified residue of the biomass sample, which is called raw coke.

Components other than raw coke are volatile and moisture components. The fallowing
equation substitutes moisture content values, calculating volatile matter (wt%) and deter-
mining the corresponding percentage. The following equation shows the ratio calculation
by weight of the raw coke amount:

Volatile substance amount (%) = 100 — (raw coke (%) + moisture (%))

Raw coke amount (%) = [(w1 — wo)lwg] x 100

wy: The sum of the weights of the platinum crucible and the residue in it after heating (g)
wy: Weight of empty platinum crucible (tare) (g)
wp: Weight of the biomass sample initially placed in the platinum crucible (g).

2.2.3. Ash Content Determination

The sample taken from the biomass mixture was placed in a platinum crucible as a
1 g sample weighed with 0.1 mg precision and kept in an oven heated to 600 °C for three
hours. Then, the samples kept in the desiccator were weighed, and the ash amounts were
calculated as in below:

Ash amount (%): [(w1 — wy)/wp] x 100

wy: Sum of the platinum crucible and residual ash weight (g)
wy: Weight of empty platinum crucible (tare) (g)
wo: Weight of the biomass sample initially placed in the platinum crucible (g).

2.2.4. Determination of Fixed Carbon Amount

The following equation shows that the fixed carbon amounts are determined after
calculating the biomass combination’s moisture, ash, and volatile matter quantities:

Fixed carbon (%) = 100 — (ash + moisture + volatile matter)

2.2.5. Heating Value of Bio-Oil and Biomass Mixture

The heating values of bio-oil and the biomass mixture were measured in cal/g with
the measurements made on the calorimeter device of IKA C 200.

2.3. Pyrolysis of Biomass Mixture

The pyrolysis studies were carried out in a 70 cm?® fixed-bed tubular reactor built
of stainless steel pipe and put in an insulated ceramic pipe. While Figure 1 shows the
raw materials and mixtures used in fast pyrolysis experiments, Figure 2 depicts the fast
pyrolysis reactor.

Nitrogen tube

Nitrogen flow line from tube to flow meter
Flow meter

Flow line of nitrogen gas from the flow meter to the reactor
Sample filling inlet

Temperature meter

Pyrolysis Reactor

Digital temperature and pressure gauge
Solid product discharge section

Pyrolysis vapors flow line

Liquid product collection unit

PN

—_ = O
_ o
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12.  Cooler unit

13.  Power supply

14. Coolant inlet connection
15. Coolant outlet connection

Figure 1. The appearance of biomass samples and combinations (1—mixed biomass samples
2—walnut shell 3—tea bush 4—pine cone).

Figure 2. Shape and connected parts of the pyrolysis reactor.
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Reactor: It has an instrument panel, a power system where temperature and heating
rate can be controlled, and a thermocouple for temperature measurement. A flow meter
coupled to a nitrogen cylinder regulated the nitrogen gas flow, which provided an inert
atmosphere in the reactor and pushed the released gases from the reactor to the cooler.
Liquid gaskets and clamps seal the nitrogen flow connections to the reactor. In addition,
thin plastic hoses with constantly circulating tap water were wrapped around the reactor
connections to minimize the damage to the reactor connections due to overheating. A
Labo PL400-H22 refrigerated circulator device, which can cool down to —45 °C, condensed
the pyrolysis vapors. A collection vessel where the pyrolysis vapors were condensed was
placed in a circulator containing an antifreeze-water mixture reduced to —45 °C.

The pyrolysis vapors were connected to the inlet part of the collection vessel in
the cooler utilizing a hose connected to the outlet of the reactor, and another hose was
connected to the outlet part of the collection vessel to discharge non-condensable gases.
The solid matter remaining in the reactor was weighed, and the amount of solid matter
was determined as wt%. The sum of liquid, solid, and gaseous products was considered
as one hundred percent and the amount of gaseous product was found by subtracting the
total percent amount of liquid and solid products from the total percentage. The entraining
nitrogen gas flow rates in the experiments were 50, 100, 200, and 300 cm3.min~!, the
temperatures were 300, 400, 500, 600, and 750 °C and the heating rates were 100, 250, 400,
and 600 °C.min~!. For current fast pyrolysis experiments, 1 g of samples were loaded into
the reactor and arranged in a 1:1:1 ratio with constant particle size. In other words, tea
bush, walnut shell, and pine cone, which constitute 1 g of biomass, were taken in equal
proportions. In the experimental study, the studies were carried out to investigate three
key parameters that influence the efficiency of the fast pyrolysis product. First, the impact
of temperature on the efficiency of pyrolysis products was explored. Experiments were
carried out at 300, 400, 500, 600, and 750 °C with 1 g of biomass mixture placed in a reactor
of constant particle size (1 mm) (Figure 2).

Second, the influence of heating rate on the efficiency of pyrolysis products was
explored. Again, a 1 g biomass mixture with a particle size of <1 mm was placed in the
reactor, and tests were performed at heating rates of 100, 250, 400, and 600 °C.min~—! and
temperatures of 300, 400, 500, 600, and 750 °C. Third, the influence of nitrogen flow rate
on the efficiency of pyrolysis products was explored. In the reactor, the <1 mm particle
size biomass mixture was placed, and tests were performed at 300, 400, 500, 600, and
750 °C at 100, 250, 400, and 600 °C.min ! heating rates with a nitrogen flow of 50, 100, 200,
and 300 cm®.min~!. The percentages of liquid, solid, gaseous, and pyrolysis conversions
were computed as a consequence of the trials. All of the experiments in the research were
repeated twice to obtain the findings.

3. Results and Discussion

The proximate analysis findings of the employed biomass mixture (pine cone, tea
bush, walnut shell) are provided in this section. The findings of the experimental tests
using the fast pyrolysis method are then presented in tables and graphics. The results for
product efficiency are presented in graphs depicting the impacts of temperature, heating
rate, and entraining nitrogen flow rate on product yields.

3.1. Proximate Analysis Results Applied to the Biomass Sample Mixture

Table 1 shows the moisture, calorific value, fixed carbon, ash, raw coke, and volatile
matter analytical findings of a biomass combination of three distinct raw materials (tea
bush, walnut shell, and pine cone).

According to Table 1, as a result of the analyses applied to the biomass mixture used in
this study, the amount of moisture is calculated as 13.04 wt%, the amount of volatile matter
61.26 wt%, the amount of ash 1.02 wt% and the amount of fixed carbon 24.68 wt%.
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Table 1. Proximate analysis of the biomass mixture.

Analysis Biomass Mixture
a Moisture (wt%) 13.04
b Volatile matter (wt%) 61.26
b Ash (wt%) 1.02
b Fixed carbon (wt%) 24.68
b Calorific value (MJ kg_l) 17.67

2 as received. ® weight percentage on dry basis.

The heating value of a raw material mixture of tea bush, walnut shell, and pine cone
in equal quantities and subjected to fast pyrolysis is 17.67 MJ kg~!. The heating value of
the raw bio-oil generated by fast pyrolysis is determined to be 24.66 MJ kg ! under the
most efficient circumstances (50 cm®.min~! nitrogen flow rate, 100 °C.min~! heating rate,
and 500 °C pyrolysis temperature).

3.2. Experimental Results from Fast Pyrolysis

Fast pyrolysis experiments were prepared by weighing fixed particle size (1 mm) pine
cones, tea bushes, and walnut shells at a ratio of 1:1:1, respectively, to form a mixture of 1 g.
The experiments were performed by applying fast pyrolysis with entraining nitrogen flow
rates at 50, 100, 200, and 300 cm®.min—1, temperatures at 300, 400, 500, 600, and 750 °C and
heating rates of 100, 250, 400, and 600 °C.min 1.

3.3. Effect of Temperature on Pyrolysis Product Yields

The temperature parameter used in the pyrolysis experiments of biomass significantly
affects the yield and amount of the product formed as a result of pyrolysis. The bio-oil
yields typically reach their highest concentrations between 400 and 550 °C and then start to
fall as the heating process continues. The dominating secondary cracking reactions cause
the bio-oil sand char products to turn into gas at temperatures greater than 600 °C [30].
The bio-oil polar, aliphatic, and aromatic fractions are enhanced by raising the temperature
from 300 to 500 °C to 600 to 800 °C [31]. The decarboxylation and dehydration processes
at temperatures above 700 °C often increase the carbon content of bio-oils in the form of
polycyclic aromatic hydrocarbons like pyrene and phenanthrene. Considering the literature
mentioned earlier, the temperatures selected in this study are also within the temperature
range used for fast pyrolysis. Increasing the pyrolysis temperature generally increases
gas product production while decreasing solid product yield. While the liquid product
efficiency increases at medium temperatures (400-500 °C), it declines as the temperature
rises due to secondary processes that favor vapor breakdown [32]. The figures show the
influence of pyrolysis temperature on product efficiency at dissimilar heating rates of the
biomass combination employed at 300, 400, 500, 600, and 750 °C, as well as at 50 cm3.min~!,
where the maximum liquid production is obtained.

Figure 3 shows the maximum liquid yield is obtained at 500 °C, with a value of
69.77 wt%. Though the liquid product changes with the heating rate, it is noted that
the maximum liquid product efficiency is achieved at 500 °C in Figures 3-6. The max-
imum value is shown in Figure 3, where the greatest liquid product is acquired at a
heating rate of 100 °C.min~!. The pyrolysis conversion in the experiment performed under
these conditions is 78.73 wt%. The highest pyrolysis conversion percentage is 82.74 wt%.
Figures 5 and 6 show pyrolysis conversion increases with temperature, attributed to in-
creased liquid product yield up to 500 °C and gaseous product yield after 500 °C. This
variability in pyrolysis product efficiency is consistent with the literature [33]. The efficiency
of the liquid product is similarly poor at low temperatures, as shown in Figures 3—-6.
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Figure 3. The effect of pyrolysis temperature on the product yield of 50 cm3.min~! nitrogen flow rate
and 100 °C.min~! heating rate on biomass mixture pyrolysis.
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Figure 4. The effect of pyrolysis temperature on the product yield of 50 cm3.min~! nitrogen flow rate
and 250 °C.min~! heating rate on biomass mixture pyrolysis.

Figure 3 shows the lowest liquid product yield at 100 °C.min~! and a pyrolysis
temperature of 300 °C. Figures 3-6 indicate decreased liquid product efficiency at tem-
peratures above 500 °C due to increased gas product efficiency. Again, when the graphs
in Figures 3-6 are examined, it is observed that the solid product productivity decreases
with the increase in temperature. Figure 4 demonstrates the minimum solid product at
300 °C and 400 °C.min~!. The maximum solid product yield is obtained at 600 °C.min !
at 300 °C. The efficiency of gas products rises with temperature, although the lowest values
are obtained at 500 °C. Temperature is responsible for the abrupt rise in liquid product
efficiency. Figure 6 shows the maximum gas product yield at 750 °C and a 600 °C.min !
heating rate, while the minimum yield is at 500 °C with a 100 °C.min ! heating rate. In
Figure 3, a temporary decrease in gas product yield was observed due to the sharp increase
in liquid product yield when the temperature increased from 400 °C to 500 °C. Here, it is
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thought that the sharp increase in the liquid product is due to the increase in the amount
of condensable gases condensed in the cooler. When it increased from 500 °C to 600 °C,
as expected, there was a decrease in the liquid product yield in parallel with the increase
in gas product yield. Similar reasons can explain this imbalance in Figure 4. In addition,
the decrease in solid and gas product yields approximately corresponds to the increase in
liquid product yield when it is increased from 400 °C to 500 °C.

exgmmPyrolysis conversion e iquid @l Solid apEnGas
90 -
82
78.41 80.58 84.2
80 -
70 64.32
— . 54.46 .
S 0 ss 55.22 .
S .
s 50 46.87
=
S 40 -
>~
30 1 29.07
20 A
15.8
10 A
O 7.17 T T T T 1
300 400 500 600 750
Temperature (°C)
Figure 5. The effect of pyrolysis temperature on the product yield of 50 cm3.min~! nitrogen flow rate
and 400 °C.min ! heating rate on biomass mixture pyrolysis.
e=gmmPyrolysis conversion e quid e Solid e (Gas
%0 81.38 81.54
80 - 75.95 82.74
70 -
Q 60 -
E 50.5
= 50 -
= 495 49.25
2]
= 4073817
33.49
30 -
20 17.26
1 .
0 11.33
0 T T T T 1
300 400 500 600 750

Temperature (°C)

Figure 6. The effect of pyrolysis temperature on the product yield of 50 cm3.min~! nitrogen flow rate
and 600 °C.min~! heating rate on biomass mixture pyrolysis.
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3.4. The Effect of Heating Rate on the Yields of Pyrolysis Products

The heating rate is a critical characteristic that determines the type of biomass py-
rolysis, which includes flash, rapid, and slow pyrolysis. Fast heating rates promote fast
fragmentation of the biomass, resulting in more gases and less char. Because of the re-
duction in mass and heat transfer constraints and the short time available for secondary
reactions, bio-oil production is also increased at high heating rates [34]. The heating rates
selected in this study were determined by considering the literature [18,35-37]. The effect
of different heating rates on pyrolysis conversion, liquid product yield, solid product yield,
and gas product efficiency at a nitrogen flow rate of 50 cm3.min !, where the maximum
liquid product yield is obtained, is shown in Figures 7-10.

Pyrolysis conversion (wt%)

90

80

70

60

50

40

e300 °C afi=400 °C @500 °C @600 °C ani@m750 °C
1 84.2
82.28 8.2 82.74
81.54
4 79.07 81.38
78.73
75.95
69.82
7 64.32
57.22
47.84 A
100 250 400 600
Heating rate (°C.min!)

Figure 7. The effect of heating rate on pyrolysis conversion at different temperatures from the biomass
mixture fast pyrolysis at a constant nitrogen flow rate (50 cm3.min~1).

Figure 7 shows that this conversion value of 84.2 wt%, when maximal pyrolysis
conversion efficiency occurs, is obtained at 400 °C.min~!. Pyrolysis conversion efficiencies
increase with heating rate from 100 °C.min~! to 400 °C.min !, while significantly reduced
at 600 °C.min~!. In experiments exploring the effect of heating rate on product yields,
coking at a low temperature and a fast heating rate boosted solid product efficiency while
decreasing liquid and gas product yields. This result is consistent with the findings of
the literature [38]. The optimal heating rate for the liquid yield has been established to
be 100 °C.min~!. Since the sum of liquid and gaseous products do not alter much in
pyrolysis conversion efficiencies at 500 °C, no crucial measurable change is noticed in these
conversion efficiencies when the heating rate is varied from 100 °C.min~! to 600 °C.min"!.
Figure 8 indicates the greatest liquid product at 500 °C and 100 °C.min~!. At 300 °C
with a nitrogen flow rate of 100 °C.min !, the lowest value is 37.90 wt%. The rise in gas
product yield is assumed to decrease liquid product yield at 500 °C and 400 °C.min"'.
Additionally, it is noted that at high pyrolysis temperatures, the liquid product values
at 400 °C.min ! are relatively near to one another. Figure 9 represents the relationship
between heating rate and solid product. The maximum solid product efficiency is found
at 300 °C and 100 °C.min~!, while the minimum solid product efficiency is at 750 °C
and 400 °C.min~!. Higher temperatures improve the production of liquid and gaseous
products while decreasing the efficiency of solid products. Additionally, the solid product
yield increases at heating rates of 300 °C.min~! and 600 °C.min!; this is because the solids
agglomerate due to the high heating rate’s impact on the biomass mixture in the reactor.
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Figure 10 demonstrates the relationship between heating rate and gas product yield, with
the maximum gas product efficiency occurring at 250 °C.min ! and 400 °C. At a heating
rate of 100 °C.min~! and 500 °C, the lowest value is 8.96 wt%. The lowest gas product
efficiency value of 8.96 wt% is observed when the liquid product is the maximum.

@300 °C =400 °C @iy 500 °C @nen 600 °C ei@n750 °C
69.77
70 -
- 59.05
S 60 -
£ 55.63
s 52.2 52.46
2 50 - '
=
= 49.25
e 46.41
— 40 -
37.9 38.17
30 T T T 1
100 250 400 600
Heating rate (°C.min™!)
Figure 8. The effect of heating rate on the liquid product at different temperatures from the biomass
mixture fast pyrolysis at a constant nitrogen flow rate (50 cm3.min~1).
@300 °C eli=400 °C @iy 500 °C @@ 6500 °C eiem750 °C
60 -
52.16 505
50 A
§ 40 -
E
S 30 -
<
g 21.27
- 20 4 20.93
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10 -
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Figure 9. The effect of heating rate on the solid product at different temperatures from biomass
mixture pyrolysis at a constant nitrogen flow rate (50 cm®.min~1).
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Figure 10. The effect of heating rate on the gas product at different temperatures from biomass
mixture pyrolysis at a constant nitrogen flow rate (50 cm®.min~1).
3.5. Nitrogen Flow Rate Influence on Pyrolysis Product Yields
One of this study’s characteristics is the nitrogen flow velocity at a heating temper-
ature 100 °C.min~! at distinct fast pyrolysis temperatures. Using the graphic data in
Figures 11-15, the impacts of pyrolysis conversion, liquid efficiency, solid efficiency, and
gas efficiency are assessed.
e=gmmPyrolysis conversion  esflilsliquid product
20 e Solid product e Gas product
57.9
60 -
52.16 50.62 51.1 .
50 -
Q
< 40 -
=
2
- 30 -
20 -
10 A
O T T T 1

50 100 200 300

Nitrogen flow rate (cm3.min™1)

Figure 11. The impact of nitrogen flow rate on product efficiency at 300 °C and 100 °C.min~".
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Figure 12. The impact of nitrogen flow rate on product yields at 400 °C and 100 °C.min~!.
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Figure 13. The impact of nitrogen flow rate on product efficiency at 500 °C and 100 °C.min 1.
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Figure 14. The impact of nitrogen flow rate on product efficiency at 600 °C temperature and
100 °C.min~! heating rate.
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Figure 15. The impact of nitrogen flow rate on product efficiency at 750 °C and 100 °C.min 1.

The highest value in Figure 11 is 57.9 wt% at 300 cm3.min—!, while the lowest is
47.84 wt% at 50 cm3.min~! at 300 °C and 100 °C.min~!. It has been found that the nitrogen
flow rate has less impact on pyrolysis conversion at middle speeds (100-200 cm3.min1).



Sustainability 2023, 15, 13718

16 of 19

In contrast, pyrolysis conversion increases to its highest value at 300 cm®.min~! due to
increased gas product yield. Once more, when Figure 11 is reviewed, it is clear that the
highest liquid product yield value is 41.8 wt% at a nitrogen flow rate of 100 cm®.min~!, and
the lowest value is 29.52 wt% at 300 cm3.min~!. It is thought that the rise in the gas product
yield caused the reduction in the liquid product yield with the increase at 300 cm3.min .
The maximum value in solid product yield is 52.16 wt% at 50 cm®.min~?!, while the lowest
value is 42.06 wt% at a 300 cm®.min~!. When comparing the change in gas production, it
can be noted that the best efficiency is 28.42 wt% at 300 cm®.min~—1, and the lowest efficiency
is 8.82 wt% at 100 cm3.min~1. It is also determined, based on the data shown in Figure 11,
that the decline in the efficiency of the liquid and solid is responsible for the rise in the gas
product yield at 300 cm®.min~!.

Figure 12 shows that at 100 °C.min~! and 400 °C, the best pyrolysis conversion value
is 78.49 wt% at 300 cm3.min—!, and the lowest value is 69.82 wt% at 50 cm®.min—!. The
efficiency of producing liquid products ranges from 46.41 wt% at 50 cm3.min ! to 50.5 wt%
at 300 cm>.min~!. Considering the effect of nitrogen flow rate on solid product yield, it
is seen that the highest yield value is 30.18 wt% at 100 cm3.min !, and the lowest yield
value is 21.52 wt% at 300 cm®.min~!. The efficiency is observed between 23.41 wt% at
a nitrogen flow rate of 50 cm®.min~! to 27.99 wt% at 300 cm®.min~! for producing gas
products. The maximum pyrolysis conversion efficiency is 81.84 wt% at 300 cm®.min~?,
while the lowest efficiency is 78.73 wt% at 50 cm®.min~!, according to Figure 13. This is at
a 500 °C fast pyrolysis temperature and a 100 °C.min~! heating rate. The greatest value
for liquid product efficiency is 69.77 wt% at 50 cm3.min~!* whereas the lowest value is
58.24 wt% at 100 cm®.min .

When considering how nitrogen flow rate affects solid product output, it can be noted
that the greatest value is 21.27 wt% at a nitrogen flow rate of 50 cm3.min~!, and the lowest
value is 18.16 wt% at 300 cm®.min~!. It can be seen that the gas product yield is shown
between 8.96 wt% at 50 cm®.min~! nitrogen flow rate to 23.38 wt% at 100 cm®.min~!. In
Figure 14, the greatest value in the pyrolysis conversion is 82.28 wt% at 50 cm®.min~!, and
the lowest value is 78.23 wt% at 200 cm®.min~!. This is at a 600 °C pyrolysis temperature
and a 100 °C.min~! heating temperature. The greatest value for liquid product efficiency
is 57.51 wt% at 100 cm3.min—!, while the lowest value is discovered to be 47.83 wt%
at 200 cm®.min~!. The greatest value is 21.77 wt% at 200 cm®.min !, and the lowest is
17.72 wt% at 50 cm®.min !, following the research on the impact of nitrogen flow rate on
solid product output. It can be noticed that the gas product yield ranges from 21.02 wt%
at 100 cm3.min~"! to 30.4 wt% at 200 cm3.min~!'. When Figure 15 is inspected, it can be
observed that the maximum pyrolysis conversion efficiency is 85.14 wt% at 300 cm®.min~!,
and the lowest efficiency is 79.07 wt% at 100 cm®.min~!. This is at 750 °C and a 100 °C.min !
heating rate. A nitrogen flow rate of 300 cm3.min~! produces the best liquid efficiency,
while a nitrogen flow rate of 200 cm®.min~! generates the lowest. The maximum yield is
obtained at 100 cm3.min~!, and the lowest yield is recorded at 300 cm?®.min~! when the
impact of nitrogen flow rate on solid product efficiency is investigated. A nitrogen flow
rate of 200 cm®.min~! generates the greatest value in gas product production.

4. Conclusions

The information gained indicates that the current biomass mixture possesses the
qualities necessary for biomass samples that may be used to produce biofuels, considering
the findings of a proximate analysis and the heating value of the biomass mixture utilized
in the pyrolysis tests. After the proximate analysis procedures and the calorific value of the
combination are determined, the heating value of the bio-oil acquired from the fast pyrolysis
experiments under the most efficient circumstances (50 cm3.min~1, 500 °C, 100 °C.min~ 1)
is 5900 cal/gr. When the heating value of the raw material mixture is compared with the
heating value of the bio-o0il obtained as a result of fast pyrolysis, it is seen that the heating
value of the raw bio-oil is practically 39.91% higher than the raw material mixture. This
increment in energy content is suitable for converting biomass directly used as fuel into
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liquid products with a higher energy content by fast pyrolysis. The solid product yield is
typically high in this study’s experiments conducted between 300 and 400 °C; the liquid
product yield generally rises at 500 and 600 °C, which are considered medium temperatures
for fast pyrolysis, and at high temperatures (600-750 °C). The influence of the solid and
gas product yields reduces the liquid product yield. It is established in this investigation
that the pyrolysis temperature of 500 °C produced the maximum liquid product yield
value of 69.77 wt%. Coking at a low temperature and high heating rate increased solid
product efficiency while decreasing liquid and gas product yields in studies examining the
influence of heating rate on product yields. It has been determined that 100 °C.min " is the
optimum heating rate for the liquid yield. According to the results acquired, in Figure 10,
it is noted that the liquid yield decreases due to the increase in gas yield at very high
heating rates (400-600 °C.min ') and the increase in solid yield due to coking. The value of
15.80 wt% obtained as the lowest solid product yield at a heating rate of 400 °C.min~! and
a temperature of 300 °C indicates this situation. It is discovered through the fast pyrolysis
carried out in this research that the liquid yield is at its highest at 500 °C and 50 cm3.min~1.

This is likely because condensable gases leave the refrigerant more quickly, and the
gases produced during pyrolysis are swiftly entrained when the nitrogen flow rate for
entraining is high. Due to this, when the flow rate is increased from 50 to 300 cm®.min~ !, a
general increase in the yield of non-condensable gases and a general decrease in the yield
of liquid products are seen.

A biomass power plant generates energy using the steam produced while burning
plant or animal materials in a combustion chamber. This procedure is carried out in various
steps. In a combustion chamber, the biomass is burned.

The biomass produces heat, which warms water in a boiler. The water is converted
into steam, which is then pushed through turbines. The steam turns into a turbine, which
powers an alternator. The alternator generates alternating electric current using the energy
supplied by the turbine. A transformer enhances the voltage of the electric current produced
by the alternator, allowing it to be transmitted more readily on medium and high-voltage
lines. Some of the steam is collected and reused at the turbine’s outlet for heating. The
liquid product for mixing with diesel fuel in diesel engines and biomass plants contains a
very high potential. As it is known, bio-oil is used in diesel engines by mixing it with diesel
fuels. The heat release profiles of bio-oils mixed with diesel fuel are consistent with slow
burning chemistry and fast mixing compared to diesel fuel; longer ignition delays of bio-
oils are due to slow chemistry compared to diesel fuel, and as a result, diesel combustion
is mainly limited to the mixing ratio. At the same time, the combustion of pyrolysis oil
indicates that the process is mainly limited by its chemical structure. Considering the
industrial applications mentioned above, if the potential of the current study is evaluated,
Turkey can be considered quite rich regarding raw material waste resources used in this
study. Turkey ranks fourth in walnut production after China, the USA, and Iran, with its
output approaching 300,000 tons. In addition, when the current situation for the tea bush,
which is another raw material used, is evaluated, as of 2022, 791,287 decares of tea area are
pruned with the 1/7 pruning law every year, which constitutes a substantial potential in
terms of biomass waste potential. Considering that the highest liquid product yield of this
pyrolysis study was 69.77% by weight, it can be thought that approximately 70% of this
biomass potential can be converted into a liquid product.

Considering the availability and amount of the biomass raw materials used, the
efficiency of the obtained liquid product, and the calorific value of the obtained bio-oil,
the existing biomass mixture can be used as a renewable energy source. In particular,
the exceptionally high efficiency of the raw bio-oil obtained is an essential advantage in
obtaining liquid fuel from biomass. In addition, the thermal value of the produced raw
bio-oil is relatively high compared to its raw material and can be considered one of the
beneficial results of this study in terms of energy efficiency.
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