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AIM AND SCOPE

Energy, Environment and Storage papers consider the prospects of energy technologies,
environment, materials, process control and industrial systems. The Energy, Environment and
Storage will be published 3 times per year.

Contributions describe novel and significant applications to the fields of:

e Hydrogen Fuels

e Hydrogen and Fuel Cell

e Hydrogen Economic

e Biomass

e Solar PV Technology

e Solar Thermal Applications

e Wind Energy

e Materials for Energy

e Drones and Energy Applications

e Nuclear Energy and Applications

e Hydro Power

e Fuel Technologies (CNG, LNG, LPG, Diesel, Gasoline, Ethanol, etc.)
e Numerical Modelling

e Energy Storage and Systems

e Battery Technologies

e Energy Management

e Heat and Mass Transfer

e Aerodynamics

e Aerospace and Energy Applications

e Combustion

e Electric Vehicle Transportation

e Off-grid Energy Systems

e Environment Management

e Air Pollution

e Water and Wastewater Pollution

e Water and Wastewater Management
e Waste Management

e Global Warming and Climate Change
e Environmental Ecosystem

e Environmental System Modelling and Optimization
e Ecological Applications or Conservation
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ABSTRACT. Biogas and biomethane are renewable gases that should be strongly considered to accelerate decarbonization
and reduce greenhouse gas emissions in many sectors. In addition, biomethane is important to provide renewable and more
economical energy to consumers using the existing gas infrastructure. Moreover, biomethane can be easily stored and can be
used as a balancer for intermittent renewable energy sources such as solar and wind. The EU considers bio-CNG
(compressed), bio-LNG (liquefied) fuels to be an effective method in reducing emissions. Therefore, Europe leads the world
in biogas and biomethane production. In this study, evaluations and general views were made about the definition of biogas
and biomethane, production amounts in the world and purification methods (treatment) of biogas. The main purpose of the
current study is to emphasize that biogas provides an important solution for decarbonization and that its usage areas can be

expanded by purifying it as biomethane.
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1. INTRODUCTION

Increasing global energy demand and the rise of global
warming have increased the importance of renewable
energy sources. According to the “BP World Energy
Statistical Review 2022, 71st edition” report, while total
world energy consumption was 587 EJ in 2019, it decreased
to 564 EJ in 2020 due to the COVID-19 pandemic, which
had a global impact. However, with the global recovery
from the pandemic, total world energy consumption
increased to 595 EJ in 2021, exceeding the consumption of
2019 [1]. According to the "Energy Institute Statistical
Review of World Energy 2024, 73rd edition" report, total
world energy consumption continued to rise. According to
this report, total world energy consumption was 607 and
620 EJ in 2022 and 2023, respectively [2]. In these reports,
the sources that meet the world's energy needs in all years
are oil, coal and natural gas, respectively. On the other
hand, when comparing the data of 2019 and 2023, the
change in the resources that meet the world's energy needs
is seen as nuclear energy, hydroelectricity, oil, natural gas,
coal, renewables energy -3.5, -1.2, 2.2, 2.7% 4.3% 59.4%,
respectively. Despite the decrease in hydroelectricity and
nuclear energy, the rates of hydroelectricity, oil, natural
gas, coal, and renewable energy resources in meeting the
world's energy needs have increased. The increase rate of
renewable energy sources is striking (Table 1 and Figure
1.a) [1].

* volkanskul@gmail.com@gmail.com
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Table 1. Primary energy consumption

i Energy
Exajoules consumption
(108 2019 | 2020 | 2021 | 2022 | 2023 |growth rate
Joule) between
2019-2023
Nuclear
Energy 255 244 253 241 246 -3.5%
Hydro
Electricity |40.2 411 403 [406 [39.7 |-12%
Qil 1921 1742 |1842 |191.6 |1964 |2.2%
Natural Gas | 140.6 [ 1384 |1454 |1443 [1444 |2.7%
Coal 157.3 [151.1 |160.1 |161.5 |164.0 |4.3%
Renewables | 31.7 348 [39.9 452 |50.6 |59.4%
Total 587.43 |564.01 | 595.14 | 607.35| 619.63 | 5.48%
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Fig. 1.a. Energy consumption growth rate between 2019-
2023

The percentage change of the resources that meet the annual
energy consumption by years is presented in Figlb.
According to this figure, it is clearly seen that while the
rates of other energy resources other than renewable energy
resources fluctuate over the years and can be considered
relatively constant, renewable energy resources increase
their place in annual energy consumption linearly.

Percentage of each energy source in total annual energy
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Fig. 1.b. Energy consumption growth rate between 2019-
2023

Another report supporting these results, “U.S. According to
the Energy Information Administration (EIA), the
International Energy Outlook 2019 report, it is predicted
that the world energy need will increase by 50% in 2050,
and the Asian continent will have the largest share in this
increase. According to the same report, it is emphasized that
renewable energy sources will be the primary energy source
in 2050 [3] (Fig.2).
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Fig. 2. Global primary energy consumption by energy
source 2010-2050 (Source: U.S. Energy Information
Administration, International Energy Outlook 2019

Reference case) [3]

Solar and wind energy are the leading sources of renewable
energy. However, the production of biofuels as another
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renewable energy source is increasing rapidly. While the
total production of bio gasoline and bio diesel was 1174
tboe/d in 2011, it increased to 1747 tboe/d (Thousand
barrels of oil equivalent per day) in 2021 [1]. The amount
of energy produced from biogas in the world (electricity
production capacity) increased from 9.3 GW in 2010 to
17.7 GW in 2018. According to the IEA (2018) report,
biogas production today is approximately 35 Mtoe. 3.5
Mtoe of the biogas production amount is converted into
biomethane (Mtoe=11.63 TWh) [4].

As can be understood from the reports, the world attaches
great importance to renewable energy sources. In addition,
in 2015, in the Paris Agreement at COP21, it was decided
to reduce greenhouse gas emissions and keep global
warming below 1.5 degrees Celsius compared to pre-
industrial levels. This decision increases the importance of
renewable energy sources [5].

In this report, Biogas and Biomethane, one of the renewable
energy sources whose importance is increasing rapidly, will
be discussed. Biogas is the first product of an anaerobic
digestion plant. It consists primarily of methane and can be
used to generate heat or electricity. Biogas generally
contains 45% - 85% methane (CH4) and 25% - 50% carbon
dioxide (CO2). After biogas is purified (explained in detail
in section 4) from other compounds such as nitrogen
dioxide (CO2), oxygen dioxide (02), hydrogen sulfide
(H2S) or water vapour (H20), it turns into biomethane,
which consists almost entirely of methane, between 95% -
99%. As mentioned above, the main difference between
biogas and biomethane is related to the amount of methane
it contains. The main purpose of the current study is to
emphasize that biogas provides an important solution for
decarbonization and that its usage areas can be expanded by
purifying it as biomethane.

2. BIOGAS AND BIOMETHANE

Biogas is formed by the biodegradation of organic wastes
in an oxygen-free environment. Potential feedstocks to
produce biogas are biological waste materials, agricultural
residues from some plants, grains and crops, animal
manure, algae biomass, food waste, municipal waste, fruit
and vegetable waste, and raw materials such as cellulose-
containing substrates (Fig. 3) [6].

Copyright © and. Published by Erciyes Energy Association
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Fig. 3. Biogas raw materials [6]
The feedstock types actually used for biogas production in
the worldwide are shown in Fig. 4. According to the IEA's
report (2018), biogas currently production is about 35 Mtoe
(Mtoe=11,63 TWh). Europe takes the first place in biogas
production and the most frequently used feedstocks are
Crops, Animal manure and municipal waste [4].

0 2 4 6 8 10 12 14 16 18

Europe 8 Mtoe l
China

United States

Rest of the world 4 Mtoe

Crops @ Animal manure Municipal solid waste ~ ® Municipal wastewater

Fig. 4. Biogas production by region and by feedstock type,
2018 [4]

The substances in the biogas may differ according to the
raw material used during anaerobic digestion. The main
components of biogas are 55-70% methane and 30-40%
carbon dioxide. In addition, biogas contains pollutants such
as moisture (H20), siloxanes, VOC (volatile organic
compounds), NH3, 02, N2, and CO. The ratio of these
ingredients may vary depending on the type of raw material.
For example, while the ratio of H2S and NH3 is high in
biogas produced from farm waste, siloxanes are high in
biogas produced from sewage waste [7,8]. The lower heat
value of methane gas (LHVmethane) is 49.93 kJ/kg. The
biogas lower heat value can be calculated according to this

89

equation 1, [9]. The LHV value of biogas with 70%
methane content can be calculated as 34.95 kJ/kg.

LHVbiogas:LHVmethane X%CHa4 (1)

Biomethane can be obtained by applying various
purification and upgrading techniques to Biogas. After
these processes, Biomethane containing 95-97% methane
can be obtained [8, 10]. Fig. 5 shows the usage areas of
biogas and Biomethane. While biogas generally can be used
for heating and electricity generation without enrichment,
for vehicles and natural gas pipelines have to be use
Biomethane.

Heat Electricity

y @
3 = Fuel

11 s,
— i

A
« Fertilizer

l Digestate ' * Soil
amendments
* Livestock
bedding

” p—
$ Crops

e

Water
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=

Biogas
Anaerobic
Digester

Gas Grid

Fig. 5. Biogas and Biomethane usage areas [11]

3. FORMATION OF BIOGAS

Anaerobic digestion consists of three main processes (Fig.
6). These are Hydrolysis, Acidification and methanogenic
processes. These three processes occur simultaneously in
the digestion reactor. But these biochemical processes
develop in conjunction with each other. Because the
substrate of one process is the food of another process.
Methane is produced in large quantities in the last phase.
The first process of anaerobic digestion is hydrolysis. In this
process, carbohydrates, fats, and proteins are converted into
long-chain sugars, fatty acids, and amino acids. The second
process, the acidification phase, can be examined in two
separate groups as acidogenesis and acetogenesis.
Acidogenesis bacteria convert the long sugar chains, amino
acids and fatty acids formed in the hydrolysis process into
alcohols, CO2, H2, VFA (Volatile Fatty Acid), Propionic,
acetic and butyric acids. Acetogenesis bacteria convert
acetogenesis products to acetates, CO2 and H2. In the last
process, methanogenesis, methanogenic bacteria produce
70% of methane from acetate and the rest from H2- CO2
conversion. The most sensitive process is methanogenesis
because methanogenic bacteria are very sensitive to
parameters such as temperature, pH value and feeding rate.
In this way, biogas is produced, all these processes take
place at the same time during biogas production, so process
monitoring should be done very well in the facilities [12,
13, 14].
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Fig. 6. Formation of Biogas [12]

4. Biogas Purification and Upgrading Methods to
Convert to Biomethane

There are basically two ways to produce Biomethane,
upgrading biogas and Biomass gasification [15]. Biomass
gasification is a process applied to produce Biomethane
from dry woody biomass. It consists of stages such as
drying, pyrolysis and gasification. There are two equal
gasification management. High temperature gasification is
done above 1300 degrees Celsius, while low temperature
gasification is not done at 800 - 1000 degrees Celsius. Low-
temperature gasification is more efficient [16, 17].
Upgrading biogas is the process of removing carbon
dioxide and other pollutants from biogas containing around
60% methane and bringing the methane ratio to 95% and
above [18]. Currently, 3.5 Mtoe (Mtoe=11.63 TWh)
Biomethane is produced worldwide. 90% of this
Biomethane produced was obtained by upgrading Biogas

[4] (Fig. 7).

-

1 1,95 Mtoe

0,05 Mtoe

0.67 Mtoe

0,37 Mtoe
0,21 Mtoe

I 1
Central and South

America

I
Europe North America Asia Pacific

Upgrading biogas ~ ® Biomass gasification

Fig. 7. Biomethane production that is upgraded in selected
regions, 2018 [4]

Before biogas can be used, it must be cleaned to protect
equipment such as engines, storage tanks and pipelines. We
can divide this cleaning process into two main groups as
purification and upgrading. Purification is done to remove
various pollutants such as Sulphur, while upgrading is done
to increase methane content. After upgrading, the biogas
converts to Biomethane. Since Biomethane is rich in

Energy, Environment and Storage, (2025) 05-03: 87-95
methane content, it is a gas that can be used in natural gas
pipeline [19].

According to the IEA Bioenergy Technology Collaboration
Program - Upgrading Plant List 2019 report, there are 673
upgrading plants that produce biomethane by increasing the
methane concentration of the biogas to 96% by using
various upgrading methods (Fig. 8). Germany ranks first in
the world in terms of the number of plants that produce
biomethane by upgrading biogas [20].

Biogas Upgrading/Biomethane Plants
204
9668

5350474534
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Fig. 8. Biogas Upgrading/Biomethane Plants

Of the 673 plants cited in the report, the upgrading methods
601 used to produce biomethane were cited. Considering
these 601 facilities, it is seen that the most used upgrading
methods to produce biomethane are water scrubbing (32%),
membrane separation (30%), chemical/amine scrubbing
(18%), pressure swing adsorption (PSA, 14%), organic
physical scrubbing (3%) and cryogenic upgrading (2%),
(Fig. 9). Most of the biomethane produced by different
upgrading methods is used in natural gas grid. In addition,
11% of the biomethane produced is used as vehicle fuel

(Fig. 10), [20].

u Membrane
® Chemical scrubber
PSA
= Water scrubber
= Cryogenic
Organic physical scrubber

Fig. 9. Upgrading methods used in the world

= Gas Grid
= Vechile Fuel
Heat and Power Generation

u LBG -Liquefied biogas

Fig. 10. Utilizations of Biomethane

4.1. Biogas Purification

Copyright © and. Published by Erciyes Energy Association
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4.1.1  Desulphurization (Removal of H2S)

H2S is a very harmful and toxic gas for human health. May
cause damage to the blood, nervous and respiratory
systems. It is colorless and has a rotten egg odor. It is
explosive when reacted with oxygen. When burned, it
produces corrosive and environmentally harmful emissions
[21]. According to EN 16723-1:2016 and EN16723-2:2017
standards, a maximum of 20 and 5 mg/m3 of sulfur is
allowed in the biogas content, respectively. Techniques
such as microaeration, adsorption, absorption and
biofiltration are used to purify H2S.

l. Microaeration

The purification of H2S is an effective and simple method
in the production of biogas by anaerobic digestion. In this
method, it is aimed to oxidize sulfur and turn it into
elemental base by giving oxygen to the digester in a
controlled manner. Elemental sulfur can then be taken from
the digester along with the sludge [22].

5000 °

i ‘ . -
X T 3000 .
1 E * ; ;
o0 s -. microaeration
.
E 2000 & o
- 2 .
T 1000 ° '$o -
) °%® So o
» -~
04
2010 2011 2012 2013 2014 2015
Year

Fig. 11. Microaeration, 2018 [22]

1. Adsorption Method for Removal H2S

It is the collection of one or more substances on a surface
to form a film layer and bonding with van der Waals forces.
It can occur at gas/solid, liquid/solid, or immiscible
liquid/liquid interfaces. The presence of any substance on a
liquid or solid surface in a higher concentration than the
main phase is called adsorption. The substance whose
concentration increases on the liquid or solid surface is
called adsorbate, and the substance that adsorbs is called
adsorbent [23]. Activated carbon and sodium hydroxide
washing are the methods used for adsorption [18]. Fig. 12
shows the application of microaeration and adsorption
methods together.

——————>T1:8 fiee biogas
- Absorption of HaS8 using
3 absorption column

Biogas

Bioreactor containing

sulphur oxidizing

Aur supply [

nucrobes

Solution contamning

absortbed HoS

Intemuttent waste

shidge removal

Fig. 12. Application of microaeration and adsorption
methods together [24]

1. Absorption Method for Removal H2S
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Removal of H,S with this method is based on the direct
washing of biogas with water or its interaction with suitable
organic solvents. H,S is absorbed by water and converted
to elemental sulfur. This method is also called the water
scrubbing method [24].

V. Bio filters

The biofilter consists of filtered microorganisms in the form
of a film. Mixtures of substances such as soil, peat and
manure form the content of the biofilter. By biofiltration,
H2S in biogas is converted into oxygen and biomass, carbon
dioxide, metabolic by-products and sulfur monoxide with
the help of microbes in the biofilter [25].

It is very important to remove H,S from Biogas. However,
other pollutants that must be removed from biogas include
halogens, oxygen, nitrogen and siloxanes.

Cleaned biogas

Humidification

Biofilter
inlet

Fig. 13. Representation of a biofilter [26]

412 Water Removal

The removal of water is important in terms of preventing
corrosion at the gas usage points. The water removal
method can be considered in two ways as physical and
chemical drying. The physical drying method is based on
the logic of cooling and condensation. Condensed water
droplets are collected and removed. It can be used in
cyclone separators by making use of centrifugal force. In
addition, the condensed water from the taps in the biogas
pipes can be collected and removed. Chemically drying is
done by adsorption and absorption methods. Silica,
activated carbon, aluminum oxide or magnesium oxide can
be used for drying in the absorption method. In the
absorption method, water is removed by using triethylene
glycol and hygroscopic salts [8]. Biogas purification
methods are shown in Table 2 comparatively.

Table 2. Comparison of biogas purification methods [19]
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4.2.1. Water Scrubbing

This method takes advantage of the solubility difference of
methane and carbon dioxide in water. According to Henry's
law, the solubility of carbon dioxide in water at 25 degrees
Celsius is 0.034 M/atm, while the solubility of methane is
0.0013 M/atm. In other words, carbon dioxide is much more
water-soluble than methane. Since this solubility difference
will be better at low temperature and high pressure, this
environment should be tried to be provided in the water
scrubbing method. In this method, biogas is compressed
around 6 bars after H2S removal. While the biogas is
supplied to the absorption tank from the bottom side, the
water is sprayed from the top side. Thus, while carbon
dioxide dissolves in water, methane can be taken from the
top of the tank. The methane from the top of the tank can
be compressed into gas line pressure with a methane ratio
of around 98% after drying and purification from Volatile
Organic Compounds. During washing, about 5% methane
and carbon dioxide can be dissolved in water. For this
reason, this water is taken into a flash tank with 2-4 bar
pressure. In this flash tank, methane is separated and
circulated. The water saturated with the remaining carbon
dioxide is taken into a desorption tank. Here, carbon
dioxide is separated from the water and the water is sent
back to reuse. About 3% of methane may be lost in the
result of this method [27-29].

Air with

Upgraded gas desorbed CO,
S——

Raw biogas Flash

column

F’@

Make-up water

Water bleed
stream

Compressor

Fig. 14. Water Scrubbing [30]
4.2.2. Organic Physical Scrubbing

Organic physical scrubbing method is very similar to water
scrubbing method. Organic solvents such as polyethylene
glycol are used in this method. Because carbon dioxide is
more soluble in these solvents than water. In this method,
the flash tank used in the water scrubbing method is not
used. Commercial liquids with names such as Selexol and
Gensorb are used in biogas upgrading plants [18, 29].

4.2.3. Chemical/Amine Scrubbing

The amine scrubbing method is similar to the water
scrubbing method in terms of operation. However, in this
method, organic amines such as diethanolamine,
diglycolamine, monoethanolamine and
ethyldiethanolamine are used as solvents instead of water.
These amines absorb more carbon dioxide than water and
can work efficiently even at atmospheric pressure.
Therefore, in this method, the biogas may not be
compressed before scrubbing [27, 29].

Copyright © and. Published by Erciyes Energy Association
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Fig. 15. Chemical/Amine Scrubbing [30]
4.2.4. Pressure Swing Adsorption (PSA)

In this method, adsorbing materials such as silica gels,
activated carbon and zeolites are used at high pressure.
When the adsorbing material becomes saturated in a tank,
the raw gas is sequentially taken to another tank where the
adsorber is regenerated, and the pressure is sequentially
reduced. In this way, carbon dioxide is removal from the
biogas [18, 31, 32].

Raw biogas

l Compressor
- Upgraded gas
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i urge gas
;‘ g Ly Ly I
HS | | | PSA

removal ‘ ‘ columns

I l" i ! ' i | T Waste gas

. P | | L l L IR

conditioning

L4

N/

» Condensate

Fig. 16. Pressure Swing Adsorption [29]

4.2.5. Membrane Separation

In this method, different chemical structures are separated
along a membrane according to their velocity. Before the
raw biogas enters the membrane, the water and H2S in it
are removed. Carbon dioxide separation is made in the
membrane to a large extent. Unlike other upgrading
methods, higher pressure is used in the membrane method.
The pressure used is at the level of 9-19 bars [29].

Gas cleanlng

Upgraded gas
I

Raw biogas
9 Water H.S
removal removal

—= CO,

\;[’

~Compressor

biogas. There are two different application methods. The
first is based on a gradual reduction in temperature, keeping
the pressure constant at 10 bars. First, the biogas is cooled
to -25 degrees Celsius. At this temperature, water, H2S and
siloxanes are separated. Afterwards, it is cooled to -55
degrees Celsius and carbon dioxide decomposition begins.
By reaching -85 degrees, almost all of the carbon dioxide is
decomposed [33]. The second method is again based on the
liquefaction of gases at different pressures and
temperatures. With this method, in order to remove carbon
dioxide from the biogas, the gas is cooled down to -75, -85
degrees Celsius and compressed to a pressure of 80, 110 bar
at the same time. Since this process is done gradually,
carbon dioxide and methane can be easily separated from
each other because they have different liquefaction
conditions. Biomethane containing 99% pure methane can
be produced by cryogenic upgrading method. Methane loss
during upgrading is less than other methods, but requires
more equipment [33-35].
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Fig. 18. Cryogenic Upgrading [29]
Table 3 shows the parameters of biogas upgrading methods
comparatively. This table also indicates the requirements,
efficiency and operating conditions of the upgrading
methods.
Table 3. Comparison of biogas upgrading methods [18, 19]

Parameters | PSA | Water| Organic | Chemical/ | Membrane | Cryogenic

Scrubb| Physical Amine | Separation | Upgrading
ing | Scrubbing | Scrubbing

Pre-cleaning | Yes | No No Yes Possible No
/H2S removal

Working 4-714-7 4-7 No 9-19 80 - 110
pressure (bar) pressure
Methane loss | <3% | <2% <4% <0.5% <5% <0.1%
Heat No | No 55-80 160 (-75) / (-80)
requirement
(&S]

CO, and CH,

Fig. 17. The Membrane Separation [29]

4.2.6. Cryogenic Upgrading

Cryogenic upgrading is the separation process by utilizing
different liquefaction temperatures of the components in the

Methane 96 - | 95-
contentin | 98% | 98%

93 - 98% 99% 90 - 99% 99%

upgraded gas

Electricity | 0.25 | <0.25| 0.24-0.33| <0.15
consumption

0.18-0.35{0.18 - 0.25

(KWh/Nm?)

5. CONCLUSION
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In this study, the change in world energy consumption, the
place of renewable energy in world annual energy
consumption and biogas and biomethane, which are
increasingly important renewable energy sources, were
examined.

1- While the world's annual energy consumption was
587.43 EJ in 2019 (before the Covid 19 pandemic), it
increased by 5.48% and reached 619.63 EJ in 2023.

2- The amount of renewable energy resources in the
world's annual energy consumption increased from 31.7 EJ
in 2019 to 50.6 EJ in 2023, an increase of 59.4%.

3- The electricity generation capacity from biogas,
which is among the renewable energy sources, was
increased from 9.3 GW in 2010 to 17.7 GW in 2018.

4- Approximately 35 Mtoe of Biogas was produced
in the world in 2018. Some of this amount was upgraded to
3.5 Mtoe of biomethane (1 Mtoe = 11.63 Twh).

5- Biogas is mostly produced in Europe. Following
Europe, China and the USA come respectively. Germany
has the most facilities in the world that upgrade and convert
biogas into biomethane.

6- The methods used in the world to upgrade biogas
to biomethane are water scrubber, membrane, chemical
scrubber, PSA, organic physical scrubber and cryogenic,
respectively.

7- Biogas and biomethane production, which are
among the renewable energy sources, are promising for the
future according to published international reports.
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Abstract. Globally, buildings consume nearly 40% of total energy, with heating, ventilation, and air conditioning (HVAC)
systems contributing a significant share. As urbanization accelerates and energy insecurity intensifies, integrating
renewable energy technologies into building systems has become essential for achieving sustainability, energy
independence, and carbon neutrality. Among these technologies, Stirling engines coupled with concentrated solar thermal
collectors demonstrate high efficiency, fuel flexibility, and the capacity for tri-generation, enabling the combined supply of
electricity, heating, and cooling. This review synthesizes global research on solar-powered Stirling engines integrated with
HVAC systems, emphasizing their relevance for sustainable building applications. The discussion covers four main
domains: (i) solar-powered HVAC technologies for reducing building energy demand, (ii) Stirling engines in combined
heat and power (CHP) and combined cooling, heating, and power (CCHP) applications, (iii) advances in modelling,
simulation, and experimental development of dish/Stirling systems, and (iv) multi-energy applications and optimization
strategies. Special attention is given to solar-rich yet underexplored regions such as Afghanistan, where high HVAC
demand and frequent electricity shortages coincide with abundant solar potential. The review identifies research gaps,
including the need for localized climate based studies, long term operational data, and system level integration strategies.
Overall, findings suggest that Solar Stirling HVAC systems offer a viable pathway for sustainable buildings in high-solar
regions, supporting both environmental goals and energy security.
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1. INTRODUCTION electricity is imported from neighboring states such as
Uzbekistan, Tajikistan, and Turkmenistan [1], yet the
supply remains insufficient to meet demand. This reliance
on imports makes Afghanistan highly wvulnerable to
disruptions and rising costs. In contrast, the country
benefits from over 300 sunny days annually and high
direct normal irradiance (DNI) levels [5], making it one of
the most promising regions for solar energy exploitation in
Central Asia. Harnessing this solar potential is essential to
reduce dependency on imports, enhance energy
independence, and support sustainable urban development.
Stirling engines provide a promising route for integrating
solar energy into building energy systems. Originally
developed in the 19th century, Stirling engines are
external combustion engines that convert heat into
mechanical work with high theoretical efficiency, often
exceeding that of internal combustion engines [6]. When
coupled with parabolic dish collectors, Stirling engines
can achieve solar-to-electric efficiencies of 25-32% [18],

The building sector remains one of the most critical
barriers to achieving global sustainability goals due to its
high energy demand. Reports from the International
Energy Agency (IEA) indicate that buildings account for
nearly 40% of worldwide energy consumption and about
one-third of greenhouse gas emissions (IEA) Within this
sector, heating, ventilation, and air conditioning (HVAC)
systems contribute significantly to energy use due to
increasing urbanization, lifestyle changes, and the need for
indoor comfort across varying climates. Reducing HVAC
related energy consumption through renewable energy
integration has therefore become a critical priority for both
developed and developing countries.

In developing regions such as Afghanistan, the challenge
is particularly acute. Kabul experiences extreme seasonal
temperature variations with hot summers and cold winters
resulting in substantial demand for both heating and
cooling. At the same time, more than 70% of the country’s
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while their ability to operate in tri-generation mode allows
simultaneous supply of electricity, heating, and cooling
[7]. This makes them particularly suitable for HVAC
applications in buildings. Compared to PV panels or
internal combustion technologies, dish/Stirling systems
typically deliver higher thermodynamic efficiency, require
less maintenance, and produce no direct emissions [4,17].

In recent years, research on solar-Stirling-HVAC
integration has expanded, covering areas such as system
modeling, exergy analysis, design optimization, and
hybrid configurations [9,12,19]. However, most studies
have been conducted in Europe, the Middle East, or East
Asia, with limited focus on Central and South Asia. For
Afghanistan, despite its exceptional solar resources and
urgent energy challenges, specific research remains scarce
[1,5]. This review addresses this gap by synthesizing
global advances in solar-powered Stirling engines and
HVAC integration while highlighting their potential for
Kabul’s unique climatic conditions.

2. Solar-Powered HVAC Systems in Buildings

Heating, ventilation, and air conditioning (HVAC)
systems are among the most energy-intensive components
of buildings, often accounting for more than 50% of total
energy consumption in hot—cold climates [2]. With urban
loads climbing, coupling HVAC with solar resources is
widely explored to reduce fossil fuel use, lower emissions,
and improve building sustainability. Solar-assisted HVAC
generally falls into three groups: (i) solar-thermal heating,
(i)  solar-driven  cooling, and (iii) combined
heating/cooling hybrids [2,3].

2.1 Solar Heating Systems

Solar thermal energy has long been employed for
domestic hot water (DHW) and space heating. In
Afghanistan, Rahmany and Patmal [1] demonstrated that
solar heating systems in Kabul can reduce greenhouse gas
emissions while improving indoor comfort during winter.
Fabrizio et al. [2] reviewed integrated solar thermal
solutions for nearly zero-energy buildings (nZEB) in
Europe, highlighting their role in meeting energy
performance standards. These findings confirm that in
regions with high solar irradiance, solar heating can
substantially reduce reliance on fossil-based electricity.

2.2 Solar Cooling Systems

Cooling demand in buildings is rapidly increasing due to
urban heat island effects and lifestyle changes. Solar
driven cooling systems, particularly absorption and
adsorption chillers, provide environmentally friendly
alternatives to conventional vapor compression systems.
Farzan [3], for example, conducted a TRNSYS based
simulation of a solar powered absorption cooling system
for an office building in Kerman, Iran. The results showed
significant  reductions in electricity consumption,
demonstrating that solar cooling can effectively address
peak electricity demand in sunny climates. Similarly,
Allouhi et al. [4] emphasized that solar cooling is
especially advantageous in regions where cooling demand
coincides with peak solar availability.

2.3 Hybrid Solar Heating and Cooling Systems
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Hybrid systems that combine solar heating and cooling
allow year round utilization of solar energy.
Karimi et al. [5] assessed solar heating and cooling
strategies for Afghanistan and found that building
orientation and passive design strongly influence
efficiency. Fabrizio et al. [2] also highlighted that
combining solar heating/cooling with optimized building
envelopes is crucial for achieving nearly zero-energy
performance.

2.4 Advantages and Limitations
The literature indicates that solar assisted HVAC systems
can reduce building energy demand by 30-60%,
depending on technology type (solar heating, solar
cooling, or hybrid), location, and building design [2-5].
These systems also contribute to carbon mitigation and
improved indoor comfort. However, challenges remain:

» Intermittency of solar resources limits

system reliability without backup or storage,
» High initial investment costs hinder adoption

in developing countries.
» System complexity

control strategies

requires advanced

2.5 Relevance for Afghanistan

Afghanistan presents strong opportunities for solar HYAC
deployment because of high solar potential and seasonal
demand for both heating and cooling. However, studies
remain limited. The few available works [1,5] emphasize
solar heating but lack detailed techno-economic
assessments of year round HVAC integration. This
underscores the need for simulation based studies that use
high resolution hourly climate data to evaluate
performance, reliability, and economic feasibility a gap
directly addressed by the ongoing thesis research
associated with this review.

3. Stirling Engines in CHP and CCHP Applications

The Stirling engine, invented in the early 19th century, is
an external combustion engine operating on the Stirling
thermodynamic cycle. Its ability to utilize diverse heat
sources including biomass, natural gas, geothermal, and
concentrated solar thermal energy makes it highly
versatile for combined heat and power (CHP) and
combined cooling, heating, and power (CCHP)
applications. Compared to conventional internal
combustion engines, Stirling engines offer several
advantages, including high theoretical efficiency, low
noise, long service life, and zero direct emissions when
powered by renewable heat.

3.1 Stirling Engines in Combined Heat and Power
(CHP)

Early applications of Stirling engines focused primarily on
CHP, where waste heat is recovered for space or water
heating. Moghadam et al. [6] developed an energy—
exergy—economic (3E) methodology for optimal sizing of
solar dish Stirling micro-CHP systems across different
climates. Their results confirmed that Stirling-based CHP
systems can achieve high overall efficiencies, especially in
solar rich regions.
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3.2 Stirling Engines in Combined Cooling, Heating,
and Power (CCHP)

More recent research expanded to CCHP, where recovered
thermal energy also drives absorption or adsorption
chillers to provide cooling. Cheng and Huang [7] designed
and simulated a Stirling-based tri-generation system that
achieved an overall efficiency of 91%. Importantly, this
figure refers to the combined utilization of electricity,
heating, and cooling outputs, not just solar-to-electric
efficiency. This distinction explains why system-level
efficiency values are higher than the 25-32% solar-to-
electric efficiencies typically reported for dish/Stirling
systems [18].

3.3 Hybrid Stirling Systems

Hybridization strategies have been proposed to improve
performance and reduce payback time. Sheykhi et al. [19]
proposed a hybrid system combining a Stirling engine
with an internal combustion engine, achieving a 12%
increase in overall efficiency compared to stand-alone
Stirling configurations. Such hybrid systems reduce
economic risk by ensuring reliable operation during
periods of low solar availability.

3.4 Advantages of Stirling Based CCHP Systems
Stirling engines present several advantages for CHP and
CCHP:

» High efficiency across a wide range of operating

temperatures.

» Fuel and heat-source flexibility (solar, biomass,
hybrid).

» Scalability, from residential micro-CHP to

district-scale tri-generation.
» Low maintenance and long service life due to
external combustion.

They also provide important environmental benefits (see
Sec. 5.3).

3.5 Limitations and Challenges
Despite these benefits, challenges hinder large-scale
commercialization:
» High capital costs of solar concentrators and
Stirling engines.
» Solar intermittency, requiring hybridization or
storage solutions.
» Limited market penetration, as most studies
remain at the simulation or pilot-project level.
» Ongoing technical challenges related to working
fluid selection and regenerator optimization.

3.6 Relevance for Building Applications

For buildings, Stirling engines in CHP or CCHP systems
can address simultaneous heating, cooling, and electricity
demands (tri-generation). When integrated with HVAC,
these engines serve as decentralized energy hubs,
enhancing reliability and reducing dependence on
imported electricity. For Afghanistan where grid supply is
unreliable and HVAC loads are significant Stirling-based
CCHP systems could transform building energy
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management when powered by the country’s abundant
solar thermal resources.

4. Solar Dish/Stirling Systems: Modelling,
Simulation, and Experiments

Dish/Stirling systems are considered the most efficient
solar thermal power technology, converting concentrated
solar radiation into mechanical work via the Stirling
engine. The modularity of dish/Stirling units makes them
particularly suitable for decentralized building scale
applications, where electricity, heating, and cooling can all
be derived from a single solar collector.

4.1 Performance Characteristics

Hafez et al. [18] reviewed the state of dish/Stirling
technology and reported solar-to-electric efficiencies of
25-32% under optimal conditions. These values are
among the highest of any solar power conversion
technology. However, overall performance depends
strongly on solar irradiance, optical accuracy of the dish,
and thermal losses at the receiver.

4.2 Simulation and Modelling Approaches

Numerical simulations are widely used to analyze and
optimize dish/Stirling systems. Sandoval et al. [12]
modeled a solar-powered Stirling engine using
MATLAB/Simulink, demonstrating how regenerator
effectiveness strongly influences thermal efficiency.
Karimi et al. [5] carried out a techno-economic analysis of
solar-powered HVAC systems in Afghanistan, showing
that optimized collector orientation and insulation can
reduce system costs while increasing output stability.

4.3 Experimental Studies

Experimental research has validated simulation results.
For instance, Hossain et al. [17] tested a parabolic dish—
Stirling prototype in Bangladesh and confirmed that
thermal efficiency exceeded 30% under peak irradiance. In
North Africa, Allouhi et al. [4] demonstrated that
integrating dish/Stirling systems into hybrid micro-grids
can reduce dependency on diesel by more than 40%.

4.4 System-Level Applications

Studies consistently report that solar-assisted HVAC
systems integrated with dish/Stirling engines can reduce
building energy demand by 30-60% [2-5]. As discussed
in Sec. 2.4, these savings depend on the type of HVAC
integration (heating only, cooling only, or hybrid) and on
climatic conditions.

4.5 Relevance for Kabul, Afghanistan

Kabul presents favourable conditions for dish/Stirling
deployment due to its high DNI (6-7 kWh/m?day) and
over 300 sunny days annually [5]. At the same time, the
city’s dual heating and cooling demand highlights the
importance of year round system applicability. Simulation
studies suggest that Stirling-based HVAC systems could
substantially reduce import dependency, but localized
performance validation is still lacking. Therefore, future
work should focus on site-specific simulations using
Kabul’s climatic data to quantify seasonal reliability and
cost-effectiveness.
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5. Applications in Sustainable Buildings and Multi-
Energy Systems

Stirling engines can be configured for diverse energy
services beyond electricity generation. Their ability to
harness waste heat makes them ideal for multi-energy
applications, particularly in the context of sustainable
buildings.

5.1 Combined Heat and Power (CHP) Applications

In CHP mode, Stirling engines generate electricity while
simultaneously recovering waste heat for space heating or
domestic hot water. Moghadam et al. [6] applied an
energy—exergy—economic optimization approach to solar-
powered micro-CHP systems and demonstrated that
Stirling engines could provide competitive performance
compared to conventional CHP technologies. Their
findings suggest that Stirling-based CHP is especially
attractive in climates with high winter heating demand.

5.2 Tri-Generation (Electricity, Heating, and Cooling)

CCHP, or tri-generation, extends the CHP concept by
using waste heat to drive absorption or adsorption chillers,
enabling cooling alongside heating and electricity. Cheng
and Huang [7] reported a Stirling-based tri-generation
system achieving an overall efficiency of 91%, when
electricity, heating, and cooling were all utilized. This
high system-level efficiency highlights the potential of tri-
generation for buildings, although it is not directly
comparable to the 25-32% solar-to-electric efficiency
typically reported for dish/Stirling systems [18].

5.3 Environmental Benefits

The environmental benefits of Stirling-based multi-energy
systems are substantial. When powered by solar heat,
these systems operate with zero direct emissions,
eliminating CO, , NO,, and particulate matter. They also
displace multiple fossil-based technologies, which reduces
the overall carbon footprint of buildings. Studies in
regions with high solar potential, such as North Africa and
South Asia, report significant reductions in greenhouse
gas emissions when dish/Stirling units are used in building
applications [4,17]. These findings confirm that Stirling-
HVAC integration supports net-zero energy building
(nZEB) targets while improving urban air quality.

5.4 Economic Considerations

Economic analyses show that while Stirling engines have
higher upfront costs than conventional HVAC and power
systems, their multi-energy functionality improves cost
effectiveness. For example, Sheykhi and Mehregan [9]
demonstrated that hybrid Solar-Stirling systems reduce
payback periods by ensuring continuous operation under
variable solar conditions. Similarly, Karimi et al. [5]
highlighted that system level design optimization in
Afghanistan can significantly lower costs by maximizing
year-round utilization.

5.5 Implications for Building Applications

For buildings, multi-energy Stirling systems offer unique
advantages by addressing simultaneous demand for
electricity, heating, and cooling. Their modular nature
allows scaling from single family houses to district level
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applications. Importantly, as discussed in Sec. 5.3, their
environmental benefits strengthen their role in sustainable
building transitions. For Afghanistan, where both heating
and cooling demands are significant, tri-generation
systems present a particularly suitable pathway toward
low carbon, resilient building energy solutions.

6. Hybridization and Optimization Strategies

To overcome the limitations of solar intermittency and
high capital costs, researchers have explored hybridization
and optimization strategies for Stirling-based energy
systems. These strategies combine Stirling engines with
other energy sources or apply advanced modeling methods
to improve efficiency, cost-effectiveness, and reliability.

6.1 Hybrid Solar Fossil Configurations

Sheykhi et al. [19] proposed a hybrid system integrating a
Stirling engine with an internal combustion engine,
achieving a 12% increase in overall efficiency compared
to stand alone Stirling engines. The hybrid approach
ensures continuous operation during cloudy periods or at
night, while also reducing the economic risks associated
with solar only systems. Although fossil fuel backup
reduces the environmental benefits, hybridization remains
an important transitional pathway in regions with
unreliable solar availability.

6.2 Hybrid Solar Storage Systems

Energy storage integration is another important strategy.
Hossain et al. [17] demonstrated that thermal storage
combined with dish/Stirling engines can significantly
smooth output fluctuations, thereby improving system
stability. Similarly, Allouhi et al. [4] highlighted that
hybridization with storage in North Africa reduced
reliance on diesel by more than 40%, while maintaining
high reliability.

6.3 Multi-Objective Optimization

Multi-objective optimization methods have been widely
applied to Stirling systems. Sheykhi and Mehregan [9]
developed a multi-criteria framework that optimized
system performance by balancing energy efficiency,
exergy losses, and economic payback. Their results
indicated that system level trade-offs, rather than single
parameter optimization, provide more realistic pathways
for deployment.

6.4 Relevance to Kabul, Afghanistan

For Kabul, hybridization and optimization are particularly
relevant. On one hand, hybrid Stirling fossil systems can
guarantee reliability during winter or prolonged cloudy
periods. On the other hand, hybrid Stirling storage
configurations are more aligned with Afghanistan’s long
term sustainability goals. The 12% efficiency gain from
hybrid solar fossil systems [19] must therefore be viewed
as transitional, while future designs should prioritize
renewable only or storage supported systems.
Optimization frameworks similar to those presented by
Sheykhi and Mehregan [9] could be adapted to Kabul’s
climate to identify cost-effective and reliable system
configurations.

Table 2: Solar potential and Stirling system
performance (Afghanistan and other regions)
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Region

Key References

Solar Potential
(DNI)

Reported
Efficiency

Environmental/Economic Findings

Afghanistan

Rahmany & Patmal
(2021); Karimi et al.
(2024)

6—7 kWh/m?/day
DNI; >300 sunny
days

30-60% HVAC
demand reduction

CO, reduction, reduced import
dependency

Morocco Allouhi et al. (2022) 5-6 kWh/m?/day 25-30% electric 4E analysis shows strong
DNI efficiency sustainability

Bangladesh Hossain et al. (2023) 4.5-5 kWh/m?*day | 24-28% electric Prototype successful for off-grid
DNI efficiency

Brazil Sandoval et al. (2019) 5-5.5 kWh/m?*/day | =25% electric Validated in Natal (case study)

DNI

efficiency

7. Research Gaps

Despite extensive global research, several critical gaps
remain in the study of solar-powered Stirling engines
integrated with HVAC systems. Addressing these gaps is
necessary for wider adoption, especially in developing
countries such as Afghanistan.

7.1 Limited Long Term Operational Data

Most existing studies are based on simulations or small
scale prototypes [6,12,17]. Long term operational data on
reliability, maintenance, and seasonal performance are
scarce, making it difficult to validate models or predict
lifecycle performance. Pilot projects in diverse climates,
including Central and South Asia, are urgently needed.

7.2 Inconsistent Metrics and Comparisons

Reported performance metrics vary widely. For instance,
tri-generation systems often cite overall efficiency above
90% [7], while dish/Stirling systems typically report solar-
to-electric efficiencies of 25-32% [18]. Hybrid systems
report additional gains of 10-15% [19]. Without clear
distinctions, these numbers appear contradictory. Future
work must standardize metrics (electric efficiency, thermal
efficiency, overall utilization) to ensure fair comparisons.

7.3 Lack of Climate-Specific Studies for Afghanistan
Afghanistan receives over 300 sunny days per year, with
direct normal irradiance (DNI) averaging 6—7 kWh/m?/day
[5]. Yet, only a handful of studies [1,5] have explored
solar heating, and virtually none have modelled Stirling-
based tri-generation for year-round HVAC. Kabul’s dual
heating and cooling demands make it an ideal case for
such studies, but simulation-based evaluations using high
resolution hourly climate data are missing.

7.4 Economic and Policy Dimensions

The economics of Stirling-HVAC integration remain
underexplored in Afghanistan. Regional studies in Iran
and Morocco suggest that the levelized cost of electricity
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(LCOE) for dish/Stirling systems ranges from 0.10-0.15
USD/kWh [4,17]. Although this is higher than
Afghanistan’s subsidized electricity imports, it becomes
competitive when considering (i) the added value of on-
site heating and cooling, (ii) reduced dependence on
imported electricity (currently >70% [1]), and (iii)
avoidance of diesel backup during outages. Future
research should therefore combine energy—exergy
modelling with techno-economic and policy analysis to
quantify these trade-offs.

7.5 Integration with Storage and Hybrid Systems
Hybridization with fossil backup offers transitional
reliability [19], but future systems for Afghanistan should
prioritize renewable based hybrids (dish/Stirling +
storage). Optimization methods such as those proposed by
Sheykhi and Mehregan [9] could be adapted to Kabul’s
context, balancing energy efficiency, exergy performance,
cost, and reliability.

8. Conclusion

This review synthesized global advances in solar-powered
Stirling engines integrated with HVAC systems, with a
focus on their potential role in sustainable building
applications. Four main themes were covered: (1) solar-
assisted HVAC technologies, (2) Stirling engines in CHP
and CCHP systems, (3) modeling, simulation, and
experimental developments of dish/Stirling units, and (4)
hybridization and optimization strategies. Collectively,
these studies highlight the technical promise of Stirling-
based multi-energy systems in reducing building energy
demand, mitigating emissions, and enhancing energy
resilience.

For Afghanistan, where electricity imports account for
more than 70% of supply [1] and HVAC loads dominate
building demand, Stirling-HVAC integration presents a
particularly relevant pathway. With more than 300 sunny
days annually and high direct normal irradiance [5], Kabul
and other Afghan cities represent prime locations for
deploying such systems. However, localized studies
remain limited, especially regarding techno-economic
feasibility, seasonal reliability, and integration with
storage.
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The key contribution of this review lies in consolidating
global findings, clarifying performance differences across
system configurations, and contextualizing them for
infrastructural
conditions. Rather than reporting new simulation or

Afghanistan’s

unique

climatic

and

exergy analyses, this work identifies priority research gaps
and directions for future studies. These include conducting
detailed exergy and 4E analyses, developing simulation-
based optimization frameworks, testing hybridization
strategies (solar + storage), and linking technical results

with policy and planning considerations.

Table 2: Summary of the reviewed studies.
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1. INTRODUCTION

The ever-increasing demand for energy, the risk of
depletion, and the environmental damage caused by fossil
fuel resources have made it necessary to turn to alternative
energy sources. Today, a large portion of global energy
needs are met through fossil fuels, leading to serious
problems in terms of environmental pollution, greenhouse
gas emissions, and energy security. Furthermore, the
limited reserves of these resources directly impact energy
costs and increase foreign dependency in national
economies.

In this context, biofuels are considered a significant
alternative due to their sustainability, renewable nature, and
low environmental impact. Biofuels can be obtained from
vegetable or animal oils, agricultural waste, and other
organic materials. Their compatibility with diesel engines,
in particular, makes them suitable for use without requiring
additional modifications to engine technology, making
them even more attractive.

There are many studies in the literature regarding additives
mixed into diesel fuel [1-20]. Sel, 2013 [4] investigated the
effects of blending biodiesel and Eurodiesel fuels at
different ratios on engine performance and exhaust
emissions. As the biodiesel ratio increased, a decrease in

*volkanskul@gmail.com

engine power and an increase in specific fuel consumption
were observed. Additionally, an increase in NOx emissions
and a decrease in CO, HC, and soot emissions were
observed. In the second stage, nano-hydro borazine additive
was added to the fuel blends, and it was reported that this
new fuel increased its viscosity but improved engine
performance and reduced specific fuel consumption.
However, an increase in CO, and NOx and a decrease in
CO and soot emissions were observed. Hacikadiroglu, 2007
[5] tested blends of 100% diesel (D100), 90% diesel - 10%
biodiesel (B10), 80% diesel - 20% biodiesel (B20), and
50% diesel - 50% biodiesel (B50) in a four-stroke, air-
cooled, single-cylinder diesel engine. Engine speed,
internal pressure, exhaust temperature, and emission values
were systematically measured, and the consumption time of
a specific volume of fuel was calculated. Experimental data
revealed that biodiesel addition positively affects emission
parameters. Kumar and Kaya, 2006 [6] produced biodiesel
from crude and waste vegetable oils using the
transesterification method, determining the optimum
temperature, appropriate reactants, and purification
methods to achieve high-quality biodiesel production.
Basic physical properties of the resulting biodiesels, such
as viscosity, density, cetane number, and flash point, were
characterized. Raheman et al. (2022) [19] stated that the use
of cerium oxide solid particulate additives in 20% biodiesel
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blended diesel fuel increased BTE by 7-13.3% compared to
pure diesel fuel. Brake specific energy consumption
decreased by 6.7-11.7%. Reductions in HC, CO and NOx
emissions were reported by 19.4-55.6%, 6.5-52.8% and
23.2-41.5%, respectively. Vellaiyan et al. (2019) [20] used
100 ppm Titanium oxide (TiO2) solid particulate additive
in diesel fuel with the addition of 10% water. They reported
reductions in NOx, HC, CO and soot emissions by 21%,
40.1%, 21%, 40.1% and 10.7%, respectively, compared to
fuel without TiO2 additive. Ors, 2016 [7] investigated the
performance and emission effects of biodiesel-butanol
blends on a direct-injection diesel engine. Butanol ratios of
5%, 10%, and 15% were used in blends. With 15% butanol
addition, significant reductions in NOx and CO emissions
were achieved, but an increase in HC emissions was
observed. An approximately 10% improvement in specific
fuel consumption was also reported. Aydogan, 2008 [9]
produced biodiesel at a laboratory scale using oils from
various sources and tested them under different engine
speeds and full-load conditions by blending them with
diesel in specific ratios. Engine performance was also
evaluated, along with NOx, CO, SO, , and soot emissions.
Research was also conducted on methods for reducing NOx
emissions in compression-ignition engines. Nisanci, 2007
[9] conducted engine tests by blending biodiesels obtained
from different plants (soybean, sunflower, and canola) at
various ratios. The mixtures were tested in direct-injection
diesel engines, and emissions and performance parameters
were analyzed. Kaya, 2010 [10] investigated the effect of
injection pressure on engine performance using biodiesel-
diesel fuel blends. In experiments conducted with canola-
derived biodiesel, CO, and NOXx increased as the biodiesel
ratio increased, while CO, HC, and soot emissions
decreased. Specific fuel consumption increased and
efficiency decreased at different injection pressures. Ilgazli,
2010 [11] evaluated the effects of different biodiesel ratios
(B20, B50, and B100) on engine performance and
emissions in a four-stroke diesel engine with variable
compression ratios. During the experiments, engine power,
emissions data, and in-cylinder pressure changes were
measured. Peker, 2009 [12] produced biodiesel from non-
food grade waste olive oil and obtained a product with
97.6% ester content. The density of the product was
measured as 878.6 kg/m3, viscosity as 4.82 mm?/s, flash
point as 122°C, and water content as 156 mg/kg.

This study aims to produce biofuels from olive seeds, a
widely produced resource in Turkey and a high potential
waste stream. Olive seeds are a lignocellulosic agricultural
waste with a high energy content. This characteristic makes
it both an economically valuable biomass source and, if left
unused, creates environmental waste. In the study, olive
stones were dried, ground into powder, and then oil was
obtained through solvent extraction. Acetone was used as
the solvent in the extraction process, and parameters such
as temperature and time were controlled throughout the
experimental process.

The resulting biofuel was subjected to performance tests on
a diesel engine test system in the university's engine test
laboratory. The tests were conducted under constant torque
and speed conditions, and comparatively evaluated not only
olive stone biofuel but also safflower oil, waste oil, their
20% blends, and versions containing 50% titanium dioxide
and activated carbon. During the tests, parameters such as
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engine oil temperature, exhaust temperature, inlet and
outlet water temperatures, intake air temperature, and fuel
temperature were recorded, and performance analyses were
conducted for each fuel type.

The environmental impacts of fossil fuel use have
highlighted biofuel alternatives for diesel engines.
Biodiesels (especially from non-food sources) reduce
CO/HC/smoke in most studies, but exhibit complex effects
on BTE/BSFC and NOx due to calorific value and fluidity.
Metal oxide nanoparticle additives (AlO; , TiO, , etc.) can
reduce BSFC and CO/HC by improving atomization and
combustion through oxygen transport and catalytic
oxidation in the fuel, however, NOx generally tends to
increase [1-3]. This study evaluates olive stone-derived
B20 blends (B20D80) and its field-derived TiO, /activated
carbon-added derivatives against a D100 reference using
real-world engine test data.

These comprehensive analyses evaluated the technical
applicability, combustion efficiency, and thermal behavior
of olive stone-based biofuel in diesel engines. In addition,
in the light of the data obtained, the potential of biofuels as
an alternative to traditional fossil fuels was examined and
their contribution to environmental sustainability was
discussed.

2. MATERIALS AND METHODS
2.1 Test Fuels

2.1.1 Diesel

The diesel fuel used in the experiments was commercially
available diesel. It was obtained from a local gas station,
and its characteristics are presented in Table 1.

Table 1. Diesel [13]

Properties Diesel

Density 820-845 kg/m3

Stoichiometric ratio 14,92 (app.)

Flash point 55°C

ignition Temperature Auto-186-230 °C

Higher Heating Value 45.6 MJ/kg

Low heat Value 42.7 MJ/kg

Cetane Number 51

Viscosity 2.0-45mm?/s
2.1.2 Biodiesel

I General properties of biodiesel and Standards

To determine the suitability of the produced biodiesel as a
fuel, its compliance with the European Union's TS EN
14214 standard and the American ASTM D6751 standard
must be assessed. These standards define the fundamental
physical and chemical properties of biodiesel that directly
affect engine performance, safety, and environmental
impacts. The literature reports that the vast majority of
biodiesel samples derived from olive stones meet the limit
values set by these standards for key parameters such as
density, viscosity, flash point, cetane number, acid value,
and ester content. This suggests that olive stone-based
biodiesel could be a suitable and sustainable alternative fuel
for diesel engines.
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Table 2. General properties of biodiesel obtained from
olive seeds

Properties Typical Value Range
Density (15°C) 860-880 kg/m?>[13]
Viscosity (40°C) 4,2-5,0 mm?/s [6, 9]
Cetane Number 51-56 [14]

Flash Point 120-130°C [4]
Cloud Point -2ila 0°C [13]

Pour Point -15ila-18°C

Heating value 39.96 Mj/kg [15]

1. Biodiesel production equipment and production
stages from olive seeds

Olive Stone

In this study, olive stones, agricultural waste obtained from
the olive processing industry, were used as the primary raw
material. The stones, procured from local producers, were
air-dried under ambient conditions and then dried in a
constant-temperature industrial oven to reduce moisture
content. This brought the stones into a physical form and
low moisture content suitable for pyrolysis, solvent
extraction, and transesterification processes.

Fig.1 Olive Seeds

Drying Process

The olive pits were first pretreated using a natural shade
drying method, then dried in a constant-temperature
industrial oven at 105°C for approximately 24 hours. This
process reduced the moisture content of the biomass to
below 10%, eliminating moisture that could reduce reaction
efficiency in subsequent chemical processes (especially
solvent extraction and pyrolysis).

Raw Material Preparation

The dried stones were homogenized using grinders to a
particle size of approximately 1-2 mm. This process was
performed to increase both solvent extraction efficiency
and pyrolysis reaction efficiency by increasing surface area.
The resulting powdered samples were stored in airtight
containers at room temperature before starting the
reactions.

Methanol (CH; OH)

High-purity methanol (99%) was chosen as the alcohol
component in the transesterification reaction. Methanol
served as the primary reactant, enabling the conversion of
triglyceride-like fats to methyl esters. Methanol's short-
chain, polar structure facilitates the high efficiency of the
reaction and facilitates the separation of the methyl ester
and glycerin phases.

Sodium Hydroxide (NaOH)

Sodium hydroxide (NaOH), used as a base catalyst to form
sodium methoxide solution, played an active role in
initiating the transesterification reaction. A homogeneous
catalyst solution was prepared by mixing it with high-purity
methanol at a predetermined ratio before the reaction. The
use of this solution accelerates the conversion of oil to
methyl ester and helps maintain chemical stability in the
reaction medium. Furthermore, NaOH contributed to
maintaining chemical stability in the solution throughout
the reaction, increased esterification efficiency, and
facilitated the effective separation of the glycerin and
biodiesel phases. NaOH, preferred due to its low cost,
widespread availability, and high catalytic activity, was
used as the base catalyst in biodiesel production in this
study in accordance with standards.

Acetone (CHz; COCH3 )

In the post-transesterification product purification phase,
acetone was used as a solvent to remove methanol, soap
residues, and other byproducts remaining in the reaction
mixture. Acetone's low boiling point (56°C) allowed for
rapid and energy-efficient evaporation. This facilitated easy
separation of the solvent from the biodiesel phase,
increased fuel purity, and resulted in a product more
compliant with TS EN 14214. Evaporation and separation
were carried out using a laboratory-grade HAHN SHIN
HS-2005V-N vacuum evaporator. This device enabled
controlled solvent removal and prevented degradation of
the biodiesel composition. Consequently, this step plays a
critical role in improving the fuel properties of biodiesel
and reducing negative emissions that may occur during
combustion.

Density Measuring Device — Kriiss Optronic (Germany)

This device was used to determine the density values of
biodiesel samples with high precision. This measurement
provided a detailed characterization of the fuel's physical
properties and played a critical role in assessing its
compliance with international fuel standards such as TS EN
14214 and ASTM D6751. Density is one of the key
parameters affecting the combustion characteristics, spray
behavior, and energy content of biodiesel. Therefore,
density measurement is an important assessment step in the
quality control process of the resulting biofuel.
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Fig. 2 Density Measuring Device — Kriiss Optronic
(Germany)

The Cloud and Pour Point Device — Normalab NTE-450

was used to determine the low-temperature performance of
produced biodiesel samples. Measurements using this
device determined the cloud point (Cloud Point) and pour
point (Pour Point) temperatures of biodiesel. These two
parameters determine the fuel's ability to maintain fluidity
at low temperatures and are critical in preventing problems
such as freezing, clogging, and interrupted fuel flow in
engine systems, especially in winter conditions. The
obtained values contributed to the evaluation of biodiesel's
suitability for use in cold climates.

Fig. 3 Normalab NTE-450

The Cold Filter Plugging Point Device — Normalab
NTL-450

was used to determine the permeability of a biodiesel
sample through the filter surface at low temperatures. This
test evaluated whether the fuel could flow into the engine
system without clogging the filters in cold weather
conditions. The CFPP value is a key parameter that directly

106

Energy, Environment and Storage, (2025) 05-03: 103-111
affects the fuel's fluidity limit and system safety in diesel
engines, especially during winter. The test results were
considered a key criterion in evaluating the performance of
biodiesel for its usability in cold climates.

e
-

Fig. 4 Normalab NTL-450
Fuel-Acetone Separator — HAHN SHIN HS-2005V-N

After  transesterification and subsequent  solvent
purification, evaporation was used to remove residual
acetone from the biofuel mixture. This process effectively
separated the volatile solvent phase from the biofuel,
resulting in a biodiesel with higher purity and stable
components. The evaporation process is based on the
principle of removing acetone, which has a low boiling
point, from the environment under controlled temperatures.
The resulting fuel, obtained through this method, better
complies with TS EN 14214 and ASTM D6751 standards
in terms of both chemical purity and performance.

o

Fig. 5 Fuel-Acetone Separator
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Heated Magnetic Stirrer — DLAB MS-H340-S4

A heated magnetic stirrer was used during the
transesterification process to maintain a constant
temperature and achieve a homogeneous solution. This
device facilitated both thermal equilibrium of the reaction
medium and effective mixing of the chemical components,
contributing to the controlled and efficient reaction.
Continuous stirring prevented phase separation and
optimized methyl ester formation.

>

oy
20,
Fig. 6 Heated Magnetic Stirrer —- DLAB MS-H340-54

Mechanical Stirrer — JSR Brand

A heated magnetic stirrer was used effectively to
homogenize highly viscous reaction mixtures. The device
maintained the integrity and stability of the reaction
solution by ensuring a continuous and even distribution of
the components within the solution. This increased
transesterification efficiency and positively impacted
product quality.

Fig. 7 Mechanical Stirrer

Industrial Oven

Pre-drying of olive pits was carried out in a laboratory-type
controlled-temperature oven. The oven operated at a
temperature between 105-110°C to remove free and bound
moisture from the pits. This drying process was considered
a critical preparatory step in the oil extraction process
because it directly impacts the efficiency of the pyrolysis
process.

Fig. 8 Industrial Oven
Cooling Device — Thomson PMT TLC60

A cooling bath was used for samples requiring rapid
cooling following the reaction process, particularly during
the precipitation of the biodiesel phase and the separation
of solvents. By providing a temperature-controlled
environment, the device supported post-reaction product
stabilization and increased the efficiency of phase
separation.
J

Fig. 9 Cooling Device — Thomson PMT TLC60
1. Biodiesel production Stages

Drying of Olive Stones

The olive stones used as raw materials in this study were
first stored in natural conditions to reduce free moisture
content. Then, they were dried in an industrial oven at
105°C for 24 hours. This pre-drying process was performed
to increase reaction efficiency in both the pyrolysis and
solvent extraction oil extraction stages and to prevent the
formation of undesirable byproducts.

Grinding and Cartridge Filling Process
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Once the dried olive stones were processed in a suitable
mechanical grinder to break them into small pieces to make
them more digestible. The resulting ground stones were
placed in specially designed cartridges, prepared for solvent
extraction. These cartridges were designed to ensure
effective solvent contact and maximize oil solubility. The
cartridge design is shown in Figure 10.

Fig.10 Cartridge Filling

Oil Extraction with Acetone in a Reflux System

The prepared cartridges were placed in a laboratory-type
reflux system for the oil extraction process. Acetone
(CH3; COCH3; ) was added to the cartridges as a solvent,
and the system was positioned on a DLAB brand magnetic
stirrer heater. The reflux process was initiated, allowing the
solvent to continuously evaporate and condense, bringing it
into contact with the raw material. After approximately 6—
7 cycles, the majority of the oils in the olive pits were
converted into acetone. This process was repeated multiple
times, resulting in a total volume of 1 liter of acetone-oil
mixture. The applied extraction system is shown in Figure
11.

Jumn e

e ,
lo, W~
—0e, &= il -
Fig.11 Reflux System
Separation of Acetone from Oil

The acetone-oil mixture obtained through the reflux process
was transferred to a HAHN SHIN HS-2005V-N model
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separation device for solvent removal. Acetone's low
boiling point (56°C) was utilized to remove it by
evaporation. Thus, the solvent phase was completely
removed, yielding approximately 1 liter of pure olive kernel
oil. The purification process is presented in Figure 5.

Transesterification Reaction

Methanol (250 mL) at a volumetric ratio of 25% by volume
and sodium hydroxide (NaOH) at a weight of 1% by weight
of the oil were added to purified olive kernel oil. This
mixture was stirred for 1 hour at 60°C using a JSR brand
mechanical stirrer and a DLAB MS-H340-S4 model
magnetic stirrer with heating. The transesterification
process resulted in the formation of two distinct phases—
biodiesel (upper phase) and glycerin (lower phase). This
process is shown in Figure 7.

Precipitation Process

Following the transesterification process, the resulting
mixture was left at room temperature for 72 hours (3 days)
to allow phase separation to occur naturally. During this
time, due to the density difference, glycerin accumulated in
the lower phase and biodiesel in the upper phase. The
glycerin collected in the lower phase was carefully
removed, leaving only the upper biodiesel phase ready for
purification.

Fig.12 Sedimentation Process (in the separatory funnel)

Washing Biodiesel with Pure Water

The biodiesel obtained after transesterification was washed
with pure water to remove any remaining soap, methanol,
and other residue. The washing process was carried out by
adding an equal volume of pure water to the biodiesel
phase, and the mixture was gently agitated to achieve
homogeneity. Then, due to the density difference, the water
layer that accumulated in the lower phase was carefully
removed. This process was repeated multiple times to
minimize impurities in the biodiesel and improve the fuel's
usability.
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Table 4. Activated Carbon (AC) specifications [16]

Properties AC
Specific surface area (m2/g) 962.5
Porous volume (cm3/g) 0.312
Carbon (%) 52.49
Oxygen (%) 31.3
Potassium (%) 0.432
Si (%) 1.739
Ash content (%) 4.8
lodine number (mg/g) 815.525

2.2 Preparation of fuel mixtures

Fuel samples (D100, B20D80, B20D80-Safflower, B20D80-

Waste Oil, B20D80-Olive Stone, and versions with

additives) were prepared in volumetric quantities and

i » subjected to standard filtration to remove impurities before

S testing. They were mixed in a magnetic stirrer until

Fig.13 Washing Biodiesel with Pure Water homogeneous. After the nanoparticles were added to the
liquid fuels, they were mixed for a sufficient time.

In the present study, the workflow schematically shown in
Figure A was followed. A six-cylinder compression
ignition engine was used in the experiments. 50 mg and 100
mg TiO2 were added for every 1000 g of diesel fuel.
Titanium dioxide (TiO2) with a particle size of 21 nm was
used as nanoparticle. The mixtures were mixed with a
mechanical stirrer at 1000 RPM for one hour. The fuels
were coded as D for diesel, D_50ppm + 50 ppm TiO2 for
diesel, and D_100ppm + 100 ppm TiO2 for diesel.
Neodymium magnets were placed around the diesel fuel
line to create a magnetic field of 1 tesla. In the experiments
conducted with a magnetic field, the label "Magnetic" was
added to the fuel codes to indicate the type of experiment.
These three fuel types were tested in a compression ignition
engine with and without a magnetic field. The experimental
results are discussed in Section 3. A balance with a
sensitivity of 0.5 g was used for fuel consumption

measurement. Exhaust emissions were measured using a Fig.14 Preparation of fuel mixtures

Bosch BEA 60 analyzer. Recording of engine performance After adding the nanoparticles, the mixture was mixed at
data was facilitated by the PCS engine performance 800 rpm for 30 minutes. To avoid sedimentation and ensure
measurement system. homogeneous use of the mixture, the fuel was used

2.1.3 Nanoparticles immediately after mixing.

TiO2 and activated carbon were used as nanoparticles in the Table 5. Fuel mixtures
experiments. Their properties are given in Table 3 and 4. Fuel Type
Table 3. TiO, specifications D100 Pure Diesel
Properties TiO, Activated D100_50T Pure Diesel + 50 ppm TiO2
__ . Carbon D100 50T 50AC Pure Diesel + 50 ppm TiO2+50 ppm
Boiling point 1600 °C - Activated Carbon
o (1013 hPa) BOS20D80 %200il Seeds Biodiesel+%80
Particle size 21 nanometer - Diesel
Density 4,500 kg/cm3 820-845 kg/m3 BOS20D80_50T 9%200il Seeds Biodiesel+%80
(25°0C) Diesel + 50ppm TiO2
Molar mass 233.38 g/mol - BWO20D80 %20Wate Oil Biodiesel+%80 Diesel
Melting Point 1560 °C - BWO20D80_50T_50AC  %20Wate Oil Biodiesel+%80

Diesel+ 50 ppm TiO2+50 ppm
Activated Carbon
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2.3 Engine Test System Setup

The engine system used in the tests was a multi-cylinder,
turbocharged, electronically controlled diesel engine,
connected to a dynamometer to control load and speed.

Fig.15 The Test Englne
Table 6. The Test Engine Properties

Bore and Stroke 133 mm, 140 mm

Number of cylinders 6
Displaced volume 11,670 cc
Compression ratio 16.5
Injection timing 16 'BTDC

2.3 Performance Data

Load and Speed Adjustment; For each test fuel, the engine
was operated at constant speeds under low, medium, and
full load. This allowed the fuel performance to be evaluated
under both partial and full combustion conditions. Brake
Thermal Efficiency; The mechanical power generated by
the engine was calculated by dividing it by the chemical
energy provided by the fuel. This calculation was based on
instantaneous fuel flow, calorific value, and output power
parameters. Brake Specific Fuel Consumption; The amount
of fuel delivered to the engine was continuously recorded
using a fuel consumption meter. Specific fuel consumption
(9/kWh) was calculated by dividing the obtained values by
the unit power produced.

2.4 Exhaust Gas Temperature Measurement

Flg 16 Bosch BEA Exhaust Analyzer

For each test point, instantaneous temperature values were
recorded using temperature sensors at the exhaust outlet.
This data was evaluated to analyze combustion efficiency
and engine load levels. Exhaust Emission Analysis:
Emission levels were determined using a gas analyzer
attached to the exhaust outlet. Data from each test were
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analyzed to compare environmental performance between
different fuels.

3. RESULTS AND DISCUSSION
3.1 Engine Performance

In internal combustion engines, brake thermal efficiency
(BTE) is the ratio of the brake power generated to the
chemical energy of the fuel. This value (BTE) is an
indicator of how much of the fuel's chemical energy is used
usefully [17].

Py
mgXLHV

Nin = (1)
P,: braking power,
mg: fuel mass flow rate,

LHV: the lower heating value of the fuel [17]

In this study, the D100_50T fuel was observed to have the
highest thermal efficiency (BTE). The second-highest
thermal efficiency was observed for the BOS20D80_50T
fuel. Consequently, the addition of TiO2 nanoparticles to
both the D100 and BOS20D80 fuels was found to increase
thermal efficiency. In contrast, the addition of nanoparticles
to the BWO20D80 fuel did not significantly improve
thermal efficiency.

BTE under 200 Nm Load
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Fig.17 Brake Thermal Efficiency — under 200 Nm Load

The NO emission rates obtained in the experiments are
given in Figure 18. The NO emission value of BOS20D80
fuel was dramatically higher than that of the other fuels.
The addition of nanoparticles to D100 fuel caused an
increase in NO emissions.
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NO under 200 Nm Load
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Fig.18 NO emission — under 200 Nm Load (Torque)
4.CONCLUSION& SUGGESTIONS

In this study, biodiesel was produced from olive pits.
Experiments were also conducted using diesel, biodiesel
(produced from olive pit oil and waste oil), TiO2, and
activated carbon nanoparticles. The main results obtained
from the experiments are presented below.

1- The addition of TiO2 nanoparticles to both the D100
and BOS20D80 fuels was found to increase thermal
efficiency.

2- The addition of nanoparticles to D100 fuel caused an
increase in NO emissions.

3- The use of agricultural wastes such as olive pits in
biodiesel production should be encouraged for both
economic and environmental sustainability.

4- While TiO, and activated carbon additives improve
combustion quality in certain biodiesel types, optimization
based on blend characteristics is recommended.

5- Engine tests should be expanded to include long-term
performance and emissions measurements.

6- CFPP and pour point tests should be repeated in different
environments to further examine fuel behavior in cold
weather conditions.

7- In the future, the effects of biofuels should be
investigated  more  thoroughly  using  advanced
characterization methods such as particulate emissions,
engine sludge formation, and combustion analysis.
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ABSTRACT. Surface modification approaches can improve the adsorbent's physicochemical characteristics, which are
crucial to the adsorption process's effectiveness. In this study, the effects of chemical modification on the structural and
chemical properties of four different powdered activated carbon (AC) samples were investigated. Surface modifications
were performed using nitric acid and chlorosulfonic acid. The modified adsorbents were comprehensively characterized by
Brunauer—Emmett-Teller (BET) surface area analysis, Scanning Electron Microscopy (SEM), Fourier Transform Infrared
Spectroscopy (FTIR), and Dynamic Light Scattering (DLS). Additionally, the Boehm titration method was employed to
evaluate the surface acidity and functional group composition. According to the research results, nitric acid modification
led to a smoother and more uniform surface morphology, along with a more consistent pore size distribution, compared to
chlorosulfonic acid treatment. Nitric acid introduced functional groups such as —OH, —COOH, and C=C=C, while
chlorosulfonic acid resulted in the incorporation of sulfonic groups (S=0 and SO; H). Among the modified samples, AC4S
exhibited the highest surface area (868.48 m?/g) and pore volume (0.88 cm?/g). The largest average particle size (1419.44
nm) was observed in the ACLS sample. While double modification increased particle size distribution, it negatively
affected surface area and pore volume. Overall, the findings indicate that both nitric acid and chlorosulfonic acid
modifications are effective in tailoring the chemical and structural features of activated carbon, offering promising potential
for adsorption-based applications.
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1. INTRODUCTION considering this situation, adsorbent selection is an
important factor in pollutant removal [3]. In the interest of
environmental sustainability, high-performance materials
like activated carbon are now needed for the adsorption of
persistent organic and inorganic chemicals from water
sources. In general, activated carbon (AC) is an
amorphous type of carbon that can be produced from
various carbon sources employing one of the two
fundamental activation techniques chemical or physical.
[5-7]. The material has several uses in a variety of sectors
due to its high surface area, porosity, advanced internal
pore structure with micro, meso, and macro pores, and a
large number of functional groups on its surface [8].

Restoring ecosystem balance and ensuring a more
sustainable future need study on the removal of
micropollutants from water at low concentrations (pg/I-
ng/l), such as pesticides, drugs, and personal care
products. Conventional treatment methods are not efficient
enough to remove these pollutants from water [1].
Adsorption is one of the most promising advanced
treatment technologies, especially for the removal of
micropollutants, due to its high removal capacity, ease of
application and no toxic by-products [2]. The biggest
disadvantage of the adsorption process is the need for
regeneration [4]. At this point, this problem can be
eliminated by using commercial powdered activated

carbon (PAC) in the adsorption process. The addition of different functional groups and/or

Adsorption performance is generally evaluated according structural modifications to ACs improves their
to the capacity and selectivity of adsorbents and characteristics by increasing their selectivity and capacity
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for adsorption of contaminants. In particular, recent
studies on modifying adsorbents to increase their capacity
present an innovative adsorption approach to the literature.
Numerous methods have been examined in the literature,
including chemical, biological, and physical change [9-
13]. It is well known that these modified ACs enhance the
adsorbent structure and boost the adsorption capacity [14-
16].

Differences in the modification procedure and the type of
modifying agent used have a direct impact on how the AC
adsorbs pollutants and how it works [17]. Therefore,
choosing the right modification technique is very
important on the physicochemical structure of the AC. The
specific surface area of the adsorbent can be increased,
surface functional groups, pore structures and particle size
distributions can be changed by AC maodification. In
particular, chemical modification techniques that use
organic acids, hydrogen peroxide, and inorganic acids
(such as hydrochloric, sulfuric, and nitric acids) are
successful in boosting the quantity of surface functional
groups [13, 18, 19].

Modification of AC with nitric acid resulted in the
formation of functional groups with a high amount of
accessible oxygen on the adsorbent surface in the studies
conducted by Gokge and Aktag [20] and Valentin-Reyes
et al. [21]. Following modification, Li et al. [22] found
that groups like lactone and carboxyl enhanced the
number of oxygen-containing groups on the AC's surface
while also making the surface more hydrophilic. Wolak
and Orzechowska-Zigba [13] claimed in their study that
when polar adsorbates are adsorbed, the presence of
oxygen groups on the carbon surface is evident. In many
studies using nitric acid as oxidizer, it was observed that
the modification had a positive effect on the micropore
and mesopore volume, increasing the adsorption capacity
of pollutants [23-25]. Liu et al. [26] observed that the
adsorption capacity of Cr (VI) increased from 7.61 mg/g
to 13.74 mg/g as a result of AC modification with nitric
acid. In another study, the increase in adsorption capacity
from 24.86 mg/g with the original AC to 54.74 mg/g as a
result of modification with nitric acid is an important
result [27].

Recently, it has been thought that sulfonic acid
modification, another technique that may raise surface
acidity, has a lot of promise [28]. Alvear-Daza et al. [29]
reported that very strong acid sites were formed as a result
of the effective incorporation of SOzH compound into the
structure by chlorosulfonic acid modification. When
Goswami and Phukan [30] used sulfonic acid modification

to remove dyes (RhB and Orange G), they found that the
adsorption capacity rose from 318.5 mg/g to 757.6 mg/g.

Characterization of the adsorbent's properties is necessary
to assess the effectiveness of the adsorption process and
get a better understanding of it [31].

Various methods have been developed to characterize
structural and physicochemical properties such as pore
volumes, surface area, thermal stability, hydrophilicity,
surface chemistry, functional groups of surfaces, pH,
elemental analysis, water vapor adsorption, nitrogen
adsorption, moisture content [32]. Scanning electron
microscopy (SEM), Transmission electron microscopy
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(TEM), N, adsorption/desorption isotherm, Fourier
transform  infrared  spectroscopy (FTIR), X-Ray
photoelectron spectroscopy (XPS), Boehm titration,
Potentiometric titration, Zero charge point are some of the
commonly used characterization techniques for adsorbents
[33, 34].

In this paper, commercial powdered activated carbons,
which are preferred for obtaining adsorption modified
adsorbents, were modified with nitric acid and
chlorosulfonic acid. In the literature searches, no recent
study comparing the modification of commercial
powdered AC with nitric acid and sulfonic acid was
found. The effect of double modification (steam+nitric
acid, steam+sulfonic acid, chemical treatment+nitric acid,
chemical treatment+sulfonic acid) was also investigated in
this study. The effect of modification on adsorbent
structures was elucidated by SEM, Brunauer, Emmet and
Teller (BET), FTIR and dynamic light scattering (DLS)
analysis. At the same time, the changes in surface
chemistry were investigated by pHezc and surface acidic
and basic groups experiments.

2. MATERIALS AND METHODS
2.1 Materials and chemicals

In the modification studies, four commercial powder ACs
were used: Norit CA1 (Cat. No. 97876), Norit SX F Cat
(Cat. No. 901933), AC Puriss (Cat. No. 31616), and Norit
SX ULTRA (Cat. No. 53663). Chemical modification was
done to Norit CA1, and steam modification was done to
Norit SX ULTRA. The two additional ACs are original,
untreated activated carbons that were acquired from
Sigma-Aldrich. The general characteristics of the ACs are
presented in Table 1. The concentrated nitric acid (specific
gravity 1.43 g/m®, 65% purity) used for modification was
of high purity and was supplied by Merck. Purchased from
Sigma-Aldrich were hydrochloric acid (specific gravity
1.19 g/m3, 37% purity) and chlorosulfonic acid (CISO3H),
with a specific gravity of 1.48 g/m3, 99% purity.

Table 1. Properties of commercial adsorbents used in
modification experiments

Surface . Density
Adsorbents Pore size
Area (m’/g) (g/ml)
Norit CA1 1400 Macro/Meso 0.9
Norit SX 1200 Micro/Meso | 0743
ULTRA '
Norg astx F 750 Micro/Meso | 18-2.1
AC Puriss 300 Micro/Meso 18-21

2.1.1 Nitric acid modification of activated carbons

In the nitric acid modification of PACs, the method of
Guha et al. [35] was modified and applied. Prior to
modification, the adsorbents were cleaned with deionized
and distilled water and dried at 105 °C in an oven.

Five steps were used to modify the dried activated
carbons. Summary of the five-step modification process:

1. HCI Pre-treatment: The activated carbon is treated
with 2.5 M HCI at 120 °C for 18 hours to remove
impurities.

Copyright © and. Published by Erciyes Energy Association




Energy, Environment and Storage (2025) 05-03: 113-127

2. Boiling in Water: The sample is boiled in pure water at
the same temperature for 8 hours to further purify it.

3. Nitric Acid Modification: The AC is treated with 7 M
HNO3; at 120 °C for 16 hours to introduce functional
groups that can enhance adsorption.

4. Washing: The modified AC is washed with distilled
and deionized water until a constant pH of ~5-6 is
achieved.

5. Drying: Ultimately, a vacuum oven is used to dry the
AC at 60-70 °C for about 48 hours until a constant weight
is reached, indicating complete drying.

The 40% weight loss during washing is significant, as it
reflects the removal of soluble impurities and possibly
some of the carbon structure. The resulting modified
activated carbons are labeled as ACN (Table 2).

2.1.2 Chlorosulfonic acid modification of activated
carbons

The technique used by Goswami and Phukan [30] in their
study was adapted and used to modify activated carbons
using sulfonic acid. It was carried out in 5 step. Each step
of the method is clearly summarized below.

1. Preparation of Activated Carbon:

Washing: Water that was deionized and distilled was used
to wash the activated carbons.

Drying: 105 °C in an oven to dry.
2. Dichloromethane Treatment:
Weighing: 30 grams of activated carbon were weighed.

Solution Preparation: 900 mL of dichloromethane

(CH, ClI; ) was added.

Ultrasonic Bath: Stirred for 45 minutes.
Cooling: Cooled using ice molds.

3. Chlorosulfonic Acid Addition:

Dropwise Addition: 30 mL of chlorosulfonic acid was
added dropwise over 30 minutes at room temperature.

Shaking: The mixture was agitated for an additional 3
hours to ensure complete dispersion of the acid.

4. Filtration and Washing:

Filtration: The final product was filtered.
Washing: Washed with ethanol and water.
5. Final Drying:

Drying: Dried at 80 °C until a constant weight was
achieved.

Storage: The dried activated carbons were stored in a
desiccator.

Final Product:The modified activated carbons were
labeled as ACS (Table 2).

Table 2. Properties and codes of original and modified

adsorbents
Adsorbents Codes Properties
. Original steam
Norit SX ULTRA AC1 modification
Norit CA1 AC2 Original chemical
modification
Norit SX F Cat AC3 Original
AC Puriss AC4 Original
Norit SX ULTRA | ACIN | Steam+ Nitric acid
modification
Norit CAL AC2N Chemlcal_+_ N|_tr|c acid
modification
Norit SX ULTRA | Acls | Steam + Sulfonic acid
modification
Norit CA1 Ac2s | Chemical + Sulfonic
acid modification
Norit SXFCat | AC3N Nitric acid
modification
Norit SXF Cat | AC3S Sulfonic acid
modification
AC Puriss ACAN Nitric acid
modification
AC Puriss ACA4S Sulfonic acid
modification
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2.2 Characterization techniques
2.2.1 pHezc analysis

The neutral charge point (pHezc, the pH value at which the
total net surface charge is zero) and the ability to
neutralize acids and bases are qualities that define the
surface chemistry of adsorbents. The pHpzc values of
activated carbon samples were determined by pH
equilibration method [36]. By adding 0.5 M HCI and/or
0.5 M NaOH, the pH values of the 0.1 M NaCl solution
produced in distilled water were brought within the range
of 2 and 12. From these solutions, 20 ml of samples were
taken in 25 ml amber sample bottles and 100 mg of
adsorbent was added to each. Adsorbent-free control
samples were also made for every pH level. The prepared
samples were shaken for 48 hours at 20+£5 0C and 100
rpom. Following the mixing time, the samples were
allowed to settle for an hour before their pH levels were
determined. The pHpzc value is the same pH value that
does not change after 48 hours of contact. Nonetheless, in
order to determine the pHpzc value precisely, interpolation
is typically necessary. The effect of acid modification on
the adsorbent's net surface charge was ascertained by
noting the pHpzc values of the original and modified
activated carbons that remained consistent over a 48-hour
period.

2.2.2 Total surface acidic and basic values of adsorbents

The Boehm technique (alkalimetric titration) was used,
with some slight adjustments, to quantify the total surface
acidic groups (NaOH adsorption) and total surface basic
groups (HCI adsorption) [36]. 20 ml of 0.05 N NaOH or
0.05 N HCI solution was added to 25 ml bottles containing
200 mg of adsorbent each. Control samples without
adsorbent were also prepared with the samples. For 48
hours at room temperature, the prepared samples were
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agitated at 100 rpm. After the specified period of time, the
samples were left for an hour to allow the adsorbents to
settle before being filtered. Taking into account pH
variations, ten milliliters of the filtered samples were used
in the titration procedure. The final stage was titrating the
solution with 0.05 N HCI using 0.05 N NaOH. The total
number of surface basic groups was determined by
comparing the quantity of NaOH absorbed by the control
sample with the sample that included the adsorbent. To
find the total number of acidic groups on the surface, 0.05
N HCI was used to titrate the sample that contained 0.05 N
NaOH. The amount of total surface acidic groups was
calculated by using the amount of HCI consumed for the
sample containing adsorbent and the control sample.

2.2.3 Surface area measurement (BET) analysis

The Micromeritics Gemini VII Surface Area and Porosity
Surface Analyser was used to measure the adsorbents'
surface areas and total pore volumes. N adsorption-
desorption isotherms were used to determine the surface
area of adsorbents. BET analyses were carried out at
Erciyes University Technology Research and Application
Centre.

2.2.4 Scanning electron microscope (SEM) analysis

SEM analyses of the original and modified adsorbents
were carried out at Erciyes University Nanotechnology
Research Centre. Using a Zeiss Evo LS10 scanning
electron microscope (SEM), the surface morphology of
the adsorbents was reviewed.

2.2.5 Fourier transform infrared spectrometry (FTIR-
ATR) analysis

FTIR analyses provide information at the molecular level
about new functional groups added to the surface or
changes on the surface as a result of surface modification
processes. FTIR analyses of the original and modified
adsorbents were measured in the wavelength range of 400-
4000 cm™ by Perkin Elmer 400 Ft-IR/FT-FIR device at
Erciyes University Technology Research and Application
Centre.

2.2.6 Particle size distribution analysis

The dynamic light scattering (DLS) technique was used to
determine the particle size distribution of the original and
modified activated carbons. A Malvern NanoZS90 device
with a 633 nm laser was used to perform DLS
measurements at room temperature. A scattering angle of
173° was used to acquire the data.

Dimensional analyses were performed at Erciyes
University Nanotechnology Research Centre on a retainer
basis.

3. RESULTS AND DISCUSSIONS
3.1 SEM Analyses

SEM analysis is a method for figuring out the physical
characteristics and surface morphology of the materials
being studied. The adsorbents modified by nitric acid and
sulfonic acid are shown in Figure 1 as SEM images with a
size of 2 pm and a magnification scale of 500 KX. Upon
examining the ACl1 and AC2 adsorbents prior to
modification, they exhibit a very wide particle size
distribution, containing very small, activated carbon
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granules within their structure. Post nitric acid
modification, both adsorbents (AC1N, AC2N) appear
more homogeneous in terms of size. During the nitric acid
modification, repeated washing of activated carbon with
acid and pure water results in the removal of the smaller
activated carbon particles.

Consequently, as evidenced by the SEM images of AC1N
and AC2N adsorbents, larger and cleaner activated carbon
granules remain. This characteristic is attributed to the
modification process's cleansing impact. A similar
observation was reported by Ge et al. [37], who noted that
the surface of the modified adsorbent was cleaner and the
surrounding pores smoother. Additionally, literature
reports indicate that post nitric acid modification,
activated carbon forms a smoother, more uniform, and
narrow-pored structure, supported by a reduction in BET
surface area [25, 38, 39].The SEM images of AC1IN and
AC2N adsorbents also corroborate the low surface area
obtained from BET analysis results. Moreover, a humber
of investigations in the literature have documented that the
physical shape of activated carbon may be considerably
impacted by nitric acid treatment [40-42].

Upon examining the SEM images of the AC3N and AC4N
adsorbents, it is observed that a clean and smooth structure
similar to that of other adsorbents has formed. Lu et al.
[14] noted that the surface morphology of adsorbents
activated with coconut exhibited a clean and eroded
appearance due to the oxidation by nitric acid. Unlike the
other adsorbents, the AC3 and AC4 adsorbents showed a
significant increase in surface area as a result of nitric acid
modification. This is attributed to the fact that AC3 and
AC4 are original (untreated) adsorbents, while AC1 and
AC?2 are pre-treated adsorbents. It was concluded that the
modification of untreated adsorbents with nitric acid
positively impacts the surface area. According to Su et al.
[25], mass transfer during adsorption was facilitated by the
creation of new pores following nitric acid modification,
which expanded the contact area.

Copyright © and. Published by Erciyes Energy Association
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Figure 1. SEM images of original and modified ACs (2 um mag: 500 KX)
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3.2 FTIR Analyses

Figure 2 shows the FTIR spectra of the original and
modified AC1 and AC2 adsorbents. In the FTIR spectrum
of the AC1 adsorbent, bands observed at 2987.3 cm™ ! and
2899.6 c¢cm~ ! are attributed to the aliphatic v(C-H)
stretching in the —CH- bond found in the aromatic
methoxyl group and the side chains of methyl and
methylene groups [43]. Both symmetric and asymmetric
C-H vibrations are linked to bands seen roughly between
2950 and 2800 cm™ !, suggesting the existence of aliphatic
compounds [44]. The band in the range of 1800-1300
cm™ ' is characteristic of highly conjugated C=0O
stretching and C-O structures [45]. The peak at 1407.2
cm™ ! is attributed to the C=O stretching vibration of
carboxylic acid or ketone. The presence of peaks at 1080
and 1300 cm™ ! in the ACI spectrum can be associated
with the C-O stretching vibrations of carboxylic acids,
phenols, alcohols, or esters [30]. The FTIR spectra for
AC1 reveal that the modification with HNO3 resulted in
significant chemical changes in the structure of ACLN,
with the disappearance of many bands. There are just two
large peaks in the modified ACLN spectrum, and these
may be linked to the allen (C=C=C) group. Another band
around 2100 cm™ !, which is relatively broad, is also
attributed to the allen (C=C=C) group [46-47].

In the FTIR spectrum of the AC2 carbon, the peaks at
2986.9 cm™ ! and 1987.6 cm™ ! disappeared after nitric
acid modification. The 2099.2 cm™ ! band in the AC2
sample slightly increased after modification, forming the
21115 cm™ ! band. This relatively broad peak around
2100 cm™ ! is attributed to the allen (C=C=C) group [46-
Figure 3 presents the FTIR spectra of original and
modified AC3 and AC4 activated carbons. The original
AC3 carbon structure includes bands at 2314, 2103, 2000,
and 585.44 cm™ ! Nitric acid modification caused the
bands at 2103 and 2314 cm™ ! to widen, and peaks at 2355
and 2116 cm™ ! to emerge. The 585.4 cm~ ' band
decreased after nitric acid modification, with a peak
observed at 576.8 cm™ . Upon examining the FTIR
spectrum of AC4 and nitric acid-modified AC4N carbon,
it was observed that the band at 3793 cm™ ! disappeared
after nitric acid modification, replaced by a peak at 3564
cm” '. Peaks in the range of approximately 3700-3500
cm” ! are attributed to —OH groups [30].

The broad and strong band observed between 3655-3000
cm~ ! after both modifications is attributed to the
stretching vibration of v(O-H) from adsorbed water or
functional groups on the surface [43]. The sulfonic acid
madification of the original AC3 carbon resulted in a peak
at 1058.4 cm™ ! corresponding to the S=O structure in
AC3S carbon. Similarly, Huang et al. [54] associated
peaks between 1030-1100 cm™ ! with sulfonic structures.
Following sulfonic acid modification, the band at 3793
cm™ ! in the spectra of AC4 carbon vanished, and this was
replaced by a band at 3560.3 cm™ ! in the spectrum of
ACA4S carbon. Additionally, a new band at 1993.6 cm™ !
was observed in AC4S, indicating functionalization of the
adsorbent surface with S=O and SO3H groups. In a
similar vein Kamari et al. [55] associated peaks with the
S=0 groups and SO3H group OH stretching absorption
roughly between 1649 and 2900 cm™ '. Double-bonded
C=0 groups are responsible for the peaks in the AC4S
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47]. The presence of carboxyl groups produced by nitric
acid is shown by the signal in the AC2N sample at 1707
cm™ ' [8]. Similarly, Schepetkin et al. [48] observed a
strong absorbance in the 1650-1720 cm™ ! band, which
they attributed to —COOH group vibrations. Another study
associated the peak at 1729 cm™ ! with the specific peak of
the C=0 bond stretching vibrations in the carboxylic acid
functional group [49]. Shim et al. [50] reported an increase
in adsorption bands in the 1750-1400 cm™ ! range for
carboxylic acid and quinone groups when comparing the
spectra of activated carbon fibers modified with HNO3 to
general spectra.

The bands observed between 1500-1600 cm™ ! in both
spectra of AC2N and AC2S originate from C=C stretching
vibrations in the aromatic rings of quinone and keto-enol
[51]. According to the FTIR data, oxidation with HNO3
produces a number of surface functional groups, including
quinone, carboxyl, and carbonyl. Following activated
carbon activation, certain functional groups persisted
while others were destroyed or new functional groups
were created, according to an analysis of the FTIR
spectrum. This observation aligns with the literature,
confirming the presence of observed functional groups for
AC2N in our experiments [52]. New peaks appeared at
3791 cm™ ' and 3483 cm™ ! in ACIS carbon, and at
3289.8 cm™ ! in AC2S carbon. These peaks around 3300
cm™ ! correspond to the —OH group [53]. New peaks
observed at 611.24 cm™ ! and 530.62 cm™ ! in AC2S
adsorbent are attributed to S-O stretching vibrations [30].

carbon spectrum that are seen between 2100 and 2400
cm™ ! [41]. At some point the findings show that,
depending on the properties of the targeted contaminants,
activated carbon functionalized with sulfonic acid can be
employed in adsorption investigations with good results.

Copyright © and. Published by Erciyes Energy Association
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Figure 2. FTIR spectra of original and modified AC1 and AC2 activated carbons
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3.3 BET Surface Area, Pore Volume, and Pore Size
Analysis Results

N2 adsorption-desorption isotherms were used to explain
how modifications affected surface area and pore
characteristics. The pore structure properties obtained
from these isotherms are provided in Table 3. Table 2
makes it abundantly obvious how the structural properties
of the activated carbon samples were affected by nitric
acid and sulfonic acid modifications. Each modification
agent can cause significant and distinct changes in the
adsorbent structure, underscoring the importance of
understanding the behavior of each agent (nitric and
sulfonic acid). BET analysis based on nitrogen gas
adsorption at 77 K revealed changes in surface area and
porosity measurements as a result of both modifications.
Nitric acid modification caused to a decrease of 39% and
76% in surface areas of AC1l and AC2 adsorbents,
respectively. There are two potential implications that
many researchers attribute to this observation: The first is
the partial breakdown of microporous walls [10, 56, 57],
and the second is the obstruction of pore entrances as a
result of the development of oxygen functional groups
[58]. Conversely, other studies interpret the increase in
surface area after nitric acid treatment as dissolution of ash
and opening of some blocked pores in activated carbon
ShamsiJazeyi and Kaghazchi [49], which was observed as
a 30% increase only in AC3N adsorbent. In contrast, after
sulfonic acid modification, AC3 showed a slight decrease
in surface area, whereas AC4 exhibited a significant
increase from 273.56 m?/g to 868.48 m?/g.

Table 3. Pore structure characterization of original and
modified activated carbon samples

SErE;:e Total Pore Pore
Adsorbent Area volum? (cm®g | Diameter

(m%gL) ) (nm)
AC1 1200 0.95 3.16
AC2 1161 1.12 3.85
AC3 656.6 0.78 4,74
AC4 274 0.22 3.24
ACI1IN 732 0.52 2.85
AC2N 273.56 0.22 3.24
AC3N 855.05 0.85 3.98
AC4N 822,48 0.76 3.71
AC1S 929.93 0.61 2.62
AC2S 500.59 0.48 3.81
AC3S 635.61 0.78 4,91
ACAS 868.48 0.88 4.18

SBET: Surface area calculated using the Brunauer-Emmett-Teller (BET)
theory, Pore diameter: adsorption average pore width (BET 4V/A)

Total pore volume is another significant characterization
outcome. Nitric acid modification resulted in a trend of
pore loss in all adsorbents except AC3N and AC4N.
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The decrease in pore volume, similar to the decrease in
surface area, has been attributed to the blocking of pores
by oxygen functional groups due to chemical modification
[59]. Yu et al. [60] investigated changes in carbon
structure after oxidation with HNO3 at different
temperatures. They reported significant destruction of pore
structure in commercially modified activated carbon
samples compared to other AC samples, which they
associated with the strong oxidative power of concentrated
HNOj3 at 120°C. In our study, the modification with HNO3
was also conducted at 120°C, aligning our results with
findings in the literature. The decreasing trend in nitric
acid modification was followed by an increasing trend in
sulfonic acid modification. The overall pore volume of
AC4 in the AC4S sample rose significantly, from 0.22
cm?®/g to 0.88 cm?/g. Due to sulfonic acid modification, the
adsorbents AC1S and AC2S saw a reduction in total pore
volume. Specifically, the reduction from 1.12 cm?/g to
0.48 cm?/g in AC2S is notable, indicating that repeated
sulfonic acid modification may lead to structural
degradation, resulting in a decrease in surface area and
pore volume.

Pore diameters can improve the removal capacity for
pollutants that notably target pore sizes, and they are a
greater driver of activated carbon performance than total
surface area alone [61]. Typically, activated carbons have
three pore classifications: macropores larger than 50 nm,
mesopores ranging from 2 to 50 nm, and micropores
smaller than 2 nm. Both original and modified adsorbents
in this study exhibit mesoporous structures ranging from 2
to 5 nm. Following nitric acid modification, the pore sizes
in all samples decreased. During nitric acid modification,
some mesopores were blocked, leading to a reduction in
mesopore volume as shown in Table 3. Numerous
research investigations have documented that the addition
of HNO; to activated carbon decreases its BET surface
area, pore volume, and pore [20, 43, 62]. In contrast,
sulfonic acid modification increased pore sizes. For
instance, the original AC4 adsorbent had a pore width of
3.24 nm, which increased to 4.18 nm after modification.
These results indicate that nitric acid and sulfonic acid
modifications alter the surface properties of activated
carbons, affecting pore sizes in particular.

3.4 pHpzc, Surface Acidity and Basicity

Surface acidity or basicity is an important criterion
defining the surface chemistry of activated carbon
adsorbents.  Carboxyl, lactone, phenolic hydroxyl,
quinone, and carboxylic anhydride groups are common
oxygen-containing functional groups found on the surface.
It has been noted that the higher the oxygen content, the
more acidic the surface [20]. Surface basicity, on the other
hand, is associated with oxygen-free Lewis sites at the
edges of carbon layers, carbonyls, pyrone, and chromene-
type structures [37]. The pHPZC findings and Boehm
titration total acidic-basic groups are displayed in Table 4.
Titration results indicate an increase in the total acidity of
the activated carbon surface after nitric acid and sulfonic
acid modifications. Particularly, an increase in total acid
groups (meg/g) was observed for AC2 and AC4
adsorbents after nitric acid modification.
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Gokce and Aktas [20] noted that higher initial
concentrations of HNO3 lead to increased formation of
carboxylic groups on the surface, promoting the likelihood
of carboxylic and phenolic groups co-locating and
supporting lactonic group formation. However, at high
concentrations, some basic surface functional groups can
be removed from the structure. These changes are typical
outcomes of oxidative modifications observed frequently
in previous studies [50, 63], where oxidative effects of
HNO3 during modification result in reductions of basic
surface functional groups as well.

Table 4. Data obtained from the Boehm method and zero
point of charge

Total Acidic Total Basic
Adsorbent | pHpzc Groups Groups
(megf | (meq/ (meg/g) | (meg/m?)
9) m?)

AC1 8.11 3.6 0.003 3.33 0.003
AC2 2.53 4.0 0.003 3.03 0.003
AC3 7.8 3.5 0.005 3.80 0.006
AC4 7.09 3.8 0.014 3.90 0.014
ACIN 2.08 4.1 0.006 3.00 0.004
AC2N 2.01 4.9 0.018 2.90 0.011
AC3N 2.88 | 3.950 | 0.005 | 3.725 0.004
AC4N 292 | 4775 | 0.006 | 3.675 0.004
AC1S 4.98 3.05 | 0.0033 | 4.50 0.0048
AC2S 2.90 3.35 | 0.0067 | 4.30 0.0085
AC3S 2.9 3.950 | 0.006 | 3.650 0.006
AC4S 2.95 | 3.900 | 0.004 | 3.725 0.004

The number of basic sites generally decreases as a result
of HNO3 maodification. This can be attributed to nitric
acid's ability to neutralize or even eliminate basic sites
[64]. In the case of sulfonic acid modification, as observed
in Table 4, there is a slight increase in total acid groups
while a decrease in basic groups occurs. The most notable
decrease was measured in AC4 adsorbent, where it
decreased from 0.014 meq/m? to 0.004 meq/m? in AC4S
adsorbent. The adsorption capacity of contaminants in
aqueous solutions is influenced by the pH at which the
surface of the adsorbent becomes positively or negatively
charged, as shown by measurements of pHpzc [65]. The
pH equilibrium technique was used to determine the
adsorbents' pHpzc values [36]. All modified carbons were
observed to have lower PZC values compared to the
original carbon samples. This indicates that acidic
properties are dominant as a result of the modification
process and that there are more weak acidic functional
groups compared to others.

The adsorbent with the least change in pHPZC value is
AC2, which decreased from 253 to 201 after
madification to AC2N. On the other hand, despite a slight
decrease in pHpzc value after modification for AC2, a
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significant increase in total acidic groups was observed.
This phenomenon is associated with the strong oxidative
effect of nitric acid modification. For AC3, AC4, and AC1
samples modified with sulfonic acid, a decreasing trend in
pHpzc values was observed. However, for AC2, sulfonic
acid modification resulted in a small increase in pHpzc
value from 2.53 to 2.90. Similarly, in a dye adsorption
study by Goswami and Phukan [30], the pHpzc values
were reported as 5.18 for activated carbon (MTLAC) and
2.4 for sulfonic acid-modified activated carbon (MTLAC-
SA).

3.5 DLS Analyses

Based on the DLS histograms, the changes in particle size
distributions of original and modified adsorbents were
determined using the weight average calculation method.
Particle size analysis graphs of original and modified AC1
and AC2 adsorbents are presented in Figure 4. The x-axis
in the graphs represents the particle size diameter in nm,
and the y-axis indicates the percentage of particles by
number. Upon examining the DLS histogram of AC1
sample, it is observed to have a wide particle distribution
ranging from 190.1 nm to 1718 nm. According to the
weight average calculation method, the majority of AC1
carbon is sized at 377.52 nm. After nitric acid
modification, the particle size distribution of ACILN
adsorbent reduced, with an average size of 241.23 nm.
The ACLS sample has an average particle size distribution
calculated as 1419.44 nm. This suggests that the
modification significantly increased particle size for AC1S
carbon. Similarly, the average size distribution of AC2
adsorbent is 685.37 nm, whereas after nitric acid
modification, AC2N adsorbent showed a significant
decrease with an average size distribution of 259.66 nm.
However, as compared to AC1S, the average particle size
distribution of the AC2S adsorbent decreased after
sulfonic acid alteration, measuring 428.42 nm.

Particle size analysis graphs of original and modified AC3
and AC4 adsorbents are presented in Figure 5. The
average particle size distributions of AC3 and AC4
adsorbents are calculated as 939.94 nm and 313.32 nm,
respectively. These results demonstrate that nitric acid
modification led to a reduction in the average particle size
distribution of both adsorbents. The values for AC3N and
AC4N were found to be 279.04 and 252.81 nm,
respectively. The originally calculated particle size
distribution for AC3 at 939.94 nm increased to 992.81 nm
in AC3S sample due to the effect of sulfonic acid
modification. Additionally, approximately 70% of AC3S
particle sizes fall within the range of 825-1106 nm. AC4S
sample also showed a similar increase of 34%, calculated
as 417.64 nm. Sulfonic acid modification had a positive
influence on particle size distribution, whereas nitric acid
modification often had a negative effect.
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4. CONCLUSIONS

In the Altinapa Dam Watershed, Activated carbons
specific surface area and active sites, two crucial
characteristics that significantly impact its adsorption
capacity, may be adjusted through the use of chemical
modification techniques. The current investigation
evaluated and conducted characterization assessments on
commercial powdered AC, nitric acid, chlorosulfonic acid,
and double chemical modification. The key points are
summarized below:

e Scanning Electron Microscopy (SEM) analysis
demonstrated that nitric acid modification resulted in
a smoother, cleaner, and more uniform surface
morphology, whereas chlorosulfonic acid treatment
did not induce significant morphological alterations.

e Fourier-transform infrared spectroscopy (FTIR)
revealed the formation of oxygen-containing
functional groups such as carboxyl, carbonyl, and
quinone upon nitric acid modification. A new peak at
1993.6 cm™ ! observed in the AC4S sample
confirmed the presence of sulfonic groups (S=0O and
SO; H), indicating successful sulfonation via
chlorosulfonic acid.

e A substantial increase in surface area was achieved
with nitric acid treatment, with the highest
enhancement (200%) observed in AC4N. A
comparable increase was also noted in ACA4S,
indicating the effectiveness of both acid treatments in
enhancing porosity.

e Double acid modification had a detrimental effect on
the porous structure, causing surface area reductions
of 39% and 76% in AC1 and AC2, respectively. This
decrease is attributed to micropore wall degradation
or pore blockage due to the formation of surface
oxygenated groups.

e All acid-modified samples exhibited a decrease in
pHpzc values, reflecting an increase in surface
acidity. Surface acid group concentrations increased
up to 0.97 meg/g following nitric acid treatment.

e Chlorosulfonic acid maodification significantly
broadened the particle size distribution, potentially
affecting the adsorptive behavior.

e Overall, the findings suggest that nitric acid and
chlorosulfonic acid surface modifications are
effective  techniques  for  enhancing  the
physicochemical properties of activated carbon.
When choosing a modification method for adsorption
applications, the unique properties of the target
pollutants should be taken into consideration.
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Abstract. This study presents a comprehensive experimental investigation into the aerodynamic performance of six
Savonius wind turbine blade profiles with distinct geometries, tested systematically in an open wind tunnel facility. The
motivation behind this research stems from the need to optimize small-scale wind turbines for efficient operation under
low-wind-speed conditions, which are commonly encountered in urban and decentralized energy applications. To achieve
this, six different blade configurations—including classical semi-cylindrical, helical, and hybrid/optimized models—were
designed, fabricated, and subjected to rigorous testing. Each prototype shared identical rotor dimensions in terms of
diameter and blade height, ensuring that observed differences in performance could be attributed solely to blade geometry
rather than scaling effects. The experimental campaign was conducted under controlled wind conditions, with a constant
free-stream wind speed, allowing for repeatability and reliability of results. Key aerodynamic performance parameters,
including torque generation, rotational speed, tip speed ratio, and power coefficient, were systematically measured and
analyzed. The findings clearly demonstrate that blade geometry plays a critical role in determining the overall
performance of Savonius turbines. The comparative results highlight the inherent trade-offs between achieving strong
initial torque and maximizing aerodynamic efficiency. These insights are particularly valuable for guiding future
design improvements aimed at small-scale renewable energy systems. By demonstrating the advantages of hybrid blade
designs, this study contributes to the ongoing development of compact, efficient, and reliable wind energy
solutions suitable for applications in low-wind-speed regions, such as urban rooftops, agricultural fields, and off-grid
installations. Ultimately, this research provides not only an experimental benchmark for Savonius turbine geometries but
also practical design guidance that can inform engineers and developers in the renewable energy sector. The results serve
as a foundation for further optimization studies and future innovations in the design of vertical-axis wind turbines.
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1. INTRODUCTION applications. There are very application and manuscript in

The global demand for clean and sustainable energy is literature [1-20].

increasing rapidly due to climate change concerns and the
depletion of fossil fuel resources. Wind energy, as a
renewable and environmentally friendly option, plays a
critical role in achieving carbon-neutral energy goals.

Wind energy has become one of the most prominent and
rapidly growing renewable energy sources due to
increasing energy demand and environmental concerns.
Among the various wind turbine types, Savonius wind
turbines are widely recognized for their simplicity,low-cost
construction, and ability to operate at low wind speeds.
These characteristics make them particularly suitable for
small-scale and decentralized energy generation

The performance of a Savonius turbine is strongly
influenced by blade geometry, including the shape, number
of blades, and tip configuration. While the classical semi-
cylindrical design is known for its high starting torque,
modifications such as helical and spiral-tipped blades have
been proposed to improve aerodynamic efficiency and
rotational speed. Despite several studies on Savonius
turbines, comparative experimental investigations of
different blade geometries under controlled wind tunnel
conditions remain limited.
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This study aims to fill this gap by experimentally evaluating
six different Savonius blade profiles in an open wind tunnel.
The research focuses on key performance parameters
including torque, rotational speed, and aerodynamic
efficiency. This study provides a detailed experimental
evaluation of six different Savonius turbine geometries
under the same laboratory conditions, offering new insights
into the optimization potential of blade configurations for
efficient small-scale wind energy harvesting.

The results are expected to provide valuable insights for the
design and optimization of small-scale wind energy
systems, particularly in low-wind-speed regions, and to
guide future developments in efficient and compact
renewable energy solutions. Due to their ability to operate
under low wind speeds, Savonius turbines are especially
suitable for small-scale power generation in urban
environments, agricultural irrigation, and decentralized off-
grid applications.

2. MATERIALS AND METHODS
2.1 Format

The experimental study was conducted using six different
Savonius wind turbine blade models, all having the same
rotor diameter and blade length. The tests were performed
in an open wind tunnel laboratory setup located at the
Motor Laboratory of Erciyes University, Kayseri,
Turkey. The wind tunnel used in this study is equipped
with six fans, which can be operated manually to
generate the desired wind flow. The fan motors were
operated individually in sequence to prevent overloading
and potential power interruptions. An emergency stop
button was also available to ensure safety in case of
unexpected situations.

unnel Used in The Experiment-1

S

LT e
Fig. 1. The Wind T

During the experiments, a wind speed of 5.7 m/s was
maintained, and the ambient temperature was 24.0 °C.
The wind speed was measured using an anemometer, and
the torque generated by the turbine was recorded with a
torque meter. The turbine models were placed on a
vertical axis configuration, and all measurements were
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conducted under controlled conditions to ensure
repeatability and accuracy.

This experimental setup allowed for a detailed evaluation
of the aerodynamic performance of the different Savonius
blade geometries under consistent laboratory conditions.

)

Fig. 2. The Wind nnI Used in The Experiment-2

2.2 Turbine Specifications and Operating Conditions

The Savonius wind turbine prototypes used in this study
had a rotor diameter of 150 mm and a blade height of 200

mm. All six blade models shared these dimensions to
ensure consistency in the comparative analysis. During the
experiments, a wind speed of 5.7 m/s was maintained in the
open wind tunnel.

ANEMOMETER

Fig. 3. The Anemometer
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Based on the observed operating conditions and typical tip
speed ratios for Savonius turbines (approximately 0.4), the
rotational speed of the turbine was estimated to be around
290 revolutions per minute (RPM). These specifications and
conditions provided a controlled environment to accurately
evaluate the aerodynamic performance of each blade
geometry.

Test Section:

Dimensions: 0.5 m x 0.5 m cross-section, 2 m length .

The section houses the wind turbine models and
instrumentation.

Fan System: Six variable-speed axial fans are installed at the
inlet to generate controlled airflow.

Fans can be operated manually to adjust wind speed in the
range of 2-10 m/s

Instrumentation Ports: Equipped with access points for
voltage sensors, torque sensors, and anemometers.

Rotor Diameter: 150 mm
Blade Height: 200 mm

Number of Models Tested: 6 (Models 1-6, including
classical, helical, and hybrid/optimized configurations)

Mounting System:

Turbines are mounted on a low-friction vertical shaft
connected to a torque sensor.

Bearings are used to reduce mechanical losses and ensure
free rotation.

Measurement Devices

Voltage Measurement: Digital voltmeter (accuracy +0.01
V) connected to the rotor output.

Torque Measurement: Torque transducer (accuracy £0.02
Nm) installed on the rotor shaft.

Data Acquisition: All sensors are connected to a DAQ
system for continuous recording.

Experimental Procedure

Turbine model is mounted and aligned vertically.
Fans are operated to reach the desired wind speed.

Voltage and torque readings are recorded for 3-5
repetitions per condition.

Environmental parameters such as temperature and air
density are noted for correction.

2.3 Experimental Savonius Wind Turbine Models

In this study, a total of six different Savonius wind turbine
models were subjected to performance analysis in an open
wind tunnel. The models were selected based on their distinct
geometric features and blade designs. During the
experiments, the models were designated as Model 1 through
Model 6, and the aerodynamic behavior of each was
examined. Model 1 and Model 2: These were produced with
a classical half-cylinder blade design, representing the
fundamental Savonius turbine geometry. Similarly, the
double-step Savonius rotor proposed by Menet (2004) and

the curtain arrangements investigated by Altan & Atilgan
(2008) present different approaches to improving the
efficiency of classical designs. [11,12]

£ =
Fig. 4. Model 1 - The experimental view of the classical,
blade models in front of the wind turbine

S ey =N\- =
Fig. 5. Model 2- The experimental view of the
classical, blade models in front of the wind turbine
Model 3 and Model 4: These featured helical
(screw-shaped) blade designs, expected to exhibit
differences in torque and rotational speed compared to
the classical models.

These findings are also consistent with the study
conducted by Saha et al. (2008), which indicated that
helical blades guide the flow more smoothly and improve
load distribution. [10]
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Fig. 6. Model 3 - The experimental view of the helical,
models in front of the wind turbine.

- b & ;! \
B R T

Fig. 7. Model 4 - The expérimental view of the helical,
blade models in front of the wind turbine

Model 5 and Model 6: These were modified hybrid
models, offering potential for optimization in terms of
both torque and aerodynamic efficiency.

These results support the performance improvements
achieved with new blade geometries by Kacprzak et al.
(2013) and the aerodynamic enhancements identified in
Darrieus—Savonius hybrid turbines by Islam et al. [9,13].

The experimental appearances of the models are
presented. The dimensions of each model, blade widths,
and placement details within the wind tunnel were
tabulated to ensure the reproducibility of the experiments.
The performance data obtained from these models are
discussed in detail in the subsequent sections.

Energy, Environment and Storage, (2025) 05-03: 128-136

Fig. 8. Model 5 - The ‘experimental‘view of the
hybrid/optimized blade models in front of the wind
turbine

Fig. 9. Model 6 - The experimental view of the
hybrid/optimized blade models in front of the wind
turbine

3. FIGURESAND TABLES
3.1 Figures and Tables

The experimental results for the six Savonius wind
turbine models are presented in Figures and Tables. The
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turbines were grouped as Model 1-2, Model 3-4, and 1,5 0,0045 0,0056
Model 5-6 according to their blade geometry.
2 0,0040 0,0051
Table 1 Voltage and Torque Measurements for
Savonius Wind Turbine Model 1 - Model 2 2,5 0,0034 0,0047
Cv Model 1-Torque Model 2-Torque 3 0,0039 0,0043
(Nm) (Nm) 35 0,0022 0,0038
0,1 0,0075 0,0080 2 0,0034
0,5 0,0073 0,0078
1 0,0069 0,0075 45 0,0030
1,5 0,0063 0,0071 5 0,0026
2 0,0057 0,0066 55 0.0022
2,5 0,0049 0,0058
3 0,0040 0,0055 Table 1, Table 2, and Table 3 correspond to the
35 0,0032 0,0049 experimental data of Model 1-2, Model 3-4, and Model 5—
4 0,0024 0,0043 6, respectively, summarizing the measured parameters for
4,5 - 0,0038 easy comparison. The presented data serve as the basis for
5 - 0,0032 evaluating the aerodynamic efficiency and operational
55 : 0,0025 behavior of the different Savonius turbine designs.
- 1
° 0,0015 4. EQUATION

Each table provides key performance parameters,
including torque (Nm), rotational speed (RPM and
rad/s), tip speed ratio (TSR), and power coefficient (Cp)
under a constant wind speed of 5.7 m/s.

Table 2 Volt%ge and Torgue Measurements for Savonius
WISR — ‘*’7Model 3 - Model 4
[ Cv Model 3-Torque Model 3-Torque
(Nm) (Nm)

0,1 0,0054 0,0050

0,5 0,0051 0,0047

1 0,0047 0,0046

1,5 0,0041 0,0043

2 0,0037 0,0039

2,5 0,0031 0,0036

3 0,0026 0,0032

3,5 0,0020 0,0028

4 - 0,0022

Figures illustrate the variation of torque, TSR, and Cp
with  respect to differentblade  models.
These visualizations highlight the aerodynamic
performance differences among the six blade geometries,
providing insights into the efficiency and rotational
characteristics of each configuration.

Table 3 Voltage and Torque Measurements for Savonius
Wind Turbine Model 5 - Model 6

Cv Model 5-Torque Model 6-Torque
(Nm) (Nm)
0,1 0,0058 0,0070
0,5 0,0054 0,0066
1 0,0049 0,0061
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In this study, the aerodynamic performance of Savonius
wind turbines was evaluated using the following equations:

Tip Speed Ratio (TSR) — the ratio of the tangential speed
of the rotor tip to the free-stream wind speed:,
wR (1)

TSR = —
SR v

Where:
o = rotational speed of the rotor (rad/s)
R = rotor radius (m)

V = wind speed (m/s)

Rotor Rotational Speed (RPM) - conversion from
angular velocity to revolutions per minute:

60
RPM =w- __ @)

Power Coefficient (Cp) — The power coefficient represents

the efficiency of the wind turbine in converting the wind’s

kinetic energy into mechanical power:
P

G, = ToAVS ©)

where:

p = air density [kg/m?],
A=D-H rotor frontal area [m?],
D = rotor diameter [m],

H = rotor height [m],

V = wind speed [m/s].

Torque Coefficient (CT) — The torque coefficient is a non-
dimensional parameter representing the torque relative to
the wind dynamic pressure and rotor area:

T

Cr=1—>
" 1,ARV?

(4)

where all symbols are as defined above.
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4.1 Correction Factors

Air Density, Sensor Calibration and Mechanical Loss
Factor

The turbine output power is directly proportional to air
density:

Pref
Pactual (5)

B, corrected — -Pmeasured :

where:
pref: Reference air density (1.225 kg/m?)
pacwal - Actual air density during the experiment

V::orrected = Ks * V;neasured (6)

Ks: Sensor Calibration Factor

’Tmeasm‘ed

’I:.".orrected = Tm 7)

Km : Mechanical loss factor
To correct for bearing and shaft friction in torque
measurements.

5. RESULTS

In this study, the aerodynamic performances of six
Savonius wind turbine models with different geometric
designs were compared through open wind tunnel
experiments. All models were tested under constant wind
speed (5.7 m/s), fixed rotor diameter (150 mm), and blade
height (200 mm) conditions. The experimental findings
were evaluated based on torque—Cv (moment coefficient)
curves.

TORQUE - Cv CURVES

0,009
0,008

— 0,007

£

= 0,006

w 0,005

3 0,004

-4

£ 0,003

= 0,002
0,001

Cv

—&— TORQUE CURVE OF CLASSICAL BLADE

—8— TORQUE CURVE OF CLASSICAL BLADE WITH PLATE

Fig. 10. Voltage Values and Torque Variations Model 1 and
Model 2

In the graph comparing Model 1 and Model 2, it was
observed that both designs produced similar torque at low
Cv values, whereas Model 2 maintained higher torque
values as Cv increased. This indicates that Model 2
managed flow separation more effectively and operated
more efficiently under load. This trend is consistent with
the pioneering study of Sheldahl and Klimas [1].

Fig. 11. Voltage Values and Torque Variation Model 3 and
Model 4

Models 3 and 4 are turbines with helical (screw-shaped)
blade geometries. The graphs show that both models
exhibited similar behavior at low Cv values, whereas Model
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TORQUE - Cv CURVES

0,006
0,005
0,004
0,003
£ 0,002

QUE (Nm)

TO

0,001

0 0,5 1 15 2 2,5 3 35 4 4,5
Cv

—8—TORQUE CURVE OF HELICAL BLADE
—&—TORQUE CURVE OF HELICAL BLADE WITH PLATE

4 generated higher torque compared to Model 3 in the
medium and high Cv regions. This result is supported by
the fact that helical structures guide the flow more smoothly
and improve load distribution on the blade surface.

The introduction of helical blade geometry in Models 3 and
4 resulted in smoother torque curves and reduced torque
fluctuations. These outcomes agree with the results of
Hosseini Rad et al. [4], who showed that helical Savonius
turbines provide superior aerodynamic stability and
improved performance over classical straight-blade
designs. Similarly, Liu et al. [5] and Eftekhari et al. [8]
confirmed that the helical configuration increases power
output and efficiency due to better flow attachment along
the blade surface.

TORQUE - Cv CURVES

0,008

0,007
— 0,006
Z 0,005
= 0,004
g 0,003
= 0,002

0,001

Cv

—@— TORQUE CURVE OF HYBRID/OPTIMIZED BLADE
—@— TORQUE CURVE OF HYBRID/OPTIMIZED BLADE WITH PLATE

Fig. 12. Voltage Values and Torque Variations Model 5 and
Model 6

Models 5 and 6 consist of hybrid designs. According to the
obtained results, Model 6 provided higher torque values
than Model 5 across all Cv ranges. This indicates that
hybrid designs offer advantages in terms of aerodynamic
efficiency compared to classical Savonius blades, and
particularly that the design of Model 6 has optimization
potential.

These findings align with the work of Ghafoorian et al. [3],
who demonstrated that hybrid Darrieus—Savonius turbines
benefit from combined self-starting capability and higher
efficiency. In addition, the optimized hybrid blade
geometries investigated by Ghosh et al. [6] and Bakirc1 [7]
reported similar improvements in torque performance and
energy capture efficiency.
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—— v ——

Fig. 13. Torque-Cv Curve Graph for All Tested Blade
Models

Model 1 and Model 2: At the initial Cv = 0, Model 1
produced approximately 0.0075 Nm of torque, while Model
2 generated 0.008 Nm. At Cv = 4, the torque of

Model 1 decreased to 0.0025 Nm, whereas Model 2
maintained a torque of 0.0045 Nm at the same point. This
difference indicates that Model 2 can produce
approximately 80% higher torque under high load
conditions. [1,2]

Model 3 and Model 4: At the initial Cv = 0, Model 3
produced 0.0055 Nm, and Model 4 generated 0.005 Nm of
torque. At Cv = 3.5, the torque of Model 3 dropped to 0.002
Nm, while Model 4 maintained a torque of 0.0028 Nm. This
demonstrates that Model 4 can generate approximately 40%
higher torque than Model 3 at high Cv values. [3,4]

Model 5 and Model 6: At Cv = 0, Model 5 produced
approximately 0.006 Nm, and Model 6 produced 0.007 Nm
of torque. At Cv = 3, the torque of Model 5 was 0.0025 Nm,
while Model 6 measured 0.0038 Nm. Under maximum load
conditions, the torque values of Model 6 were found to be
nearly 50% higher than those of Model 6 [5,6].

Summary of Comparative Findings:

Classical Designs (Models 1-2): Model 2 displayed higher
and more stable torque than Model 1, emphasizing the
impact of small geometric adjustments even within
traditional designs.

Helical Designs (Models 3-4): Showed balanced
performance, with Model 4 outperforming Model 3 under
higher Cv values due to better flow control characteristics.

Hybrid/Optimized Designs (Models 5-6): Model 6
emerged as the most efficient among all tested models,
maintaining superior torque output across all tested Cv
values [7,8].

The increases in power coefficient (Cp) obtained by raising
the aspect ratio reached higher levels compared to similar
designs in the literature [20]. This indicates that our designs
have improved aerodynamic efficiency and that the
performance of Savonius turbines can be optimized.
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The literature indicates that solar assisted HVAC systems
can reduce building energy demand by 30-60%, depending
on technology type (solar heating, solar cooling, or hybrid),
location, and building design [2-5]. These systems also
contribute to carbon mitigation and improved indoor
comfort. However, challenges remain:

» Intermittency of solar resources limits system
reliability without backup or storage,
High initial investment costs hinder adoption
in developing countries.
System complexity requires advanced control

strategies

>

>

2.5 Relevance for Afghanistan

Afghanistan presents strong opportunities for solar HVAC
deployment because of high solar potential and seasonal
demand for both heating and cooling. However, studies
remain limited. The few available works [1,5] emphasize
solar heating but lack detailed techno-economic
assessments of year round HVAC integration. This
underscores the need for simulation based studies that use
high resolution hourly climate data to evaluate
performance, reliability, and economic feasibility a gap
directly addressed by the ongoing thesis research associated
with this review.

6. Stirling Engines in CHP and CCHP Applications

The Stirling engine, invented in the early 19th century, is
an external combustion engine operating on the Stirling
thermodynamic cycle. Its ability to utilize diverse heat
sources including biomass, natural gas, geothermal, and
concentrated solar thermal energy makes it highly versatile
for combined heat and power (CHP) and combined cooling,
heating, and power (CCHP) applications. Compared to
conventional internal combustion engines, Stirling engines
offer several advantages, including high theoretical
efficiency, low noise, long service life, and zero direct
emissions when powered by renewable heat.

3.1 Stirling Engines in Combined Heat and Power
(CHP)

Early applications of Stirling engines focused primarily on
CHP, where waste heat is recovered for space or water
heating. Moghadam et al. [6] developed an energy—exergy—
economic (3E) methodology for optimal sizing of solar dish
Stirling micro-CHP systems across different climates. Their
results confirmed that Stirling-based CHP systems can
achieve high overall efficiencies, especially in solar rich
regions.

3.2 Stirling Engines in Combined Cooling, Heating, and
Power (CCHP)

More recent research expanded to CCHP, where recovered
thermal energy also drives absorption or adsorption chillers
to provide cooling. Cheng and Huang [7] designed and
simulated a Stirling-based tri-generation system that
achieved an overall efficiency of 91%. Importantly, this
figure refers to the combined utilization of electricity,
heating, and cooling outputs, not just solar-to-electric
efficiency. This distinction explains why system-level
efficiency values are higher than the 25-32% solar-to-
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electric efficiencies typically reported for dish/Stirling
systems [18].

3.3 Hybrid Stirling Systems

Hybridization strategies have been proposed to improve
performance and reduce payback time. Sheykhi et al. [19]
proposed a hybrid system combining a Stirling engine with
an internal combustion engine, achieving a 12% increase in
overall efficiency compared to stand-alone Stirling
configurations. Such hybrid systems reduce economic risk
by ensuring reliable operation during periods of low solar
availability.

3.4 Advantages of Stirling Based CCHP Systems
Stirling engines present several advantages for CHP and
CCHP:
» High efficiency across a wide range of operating
temperatures.
» Fuel and heat-source flexibility (solar, biomass,
hybrid).
» Scalability, from residential micro-CHP to
district-scale tri-generation.
» Low maintenance and long service life due to
external combustion.
They also provide important environmental benefits (see
Sec. 5.3).

3.5 Limitations and Challenges
Despite these benefits, challenges hinder large-scale
commercialization:
» High capital costs of solar concentrators and
Stirling engines.
» Solar intermittency, requiring hybridization or
storage solutions.
» Limited market penetration, as most studies
remain at the simulation or pilot-project level.
» Ongoing technical challenges related to working
fluid selection and regenerator optimization.

3.6 Relevance for Building Applications

For buildings, Stirling engines in CHP or CCHP systems
can address simultaneous heating, cooling, and electricity
demands (tri-generation). When integrated with HVAC,
these engines serve as decentralized energy hubs,
enhancing reliability and reducing dependence on imported
electricity. For Afghanistan where grid supply is unreliable
and HVAC loads are significant Stirling-based CCHP
systems could transform building energy management
when powered by the country’s abundant solar thermal
resources.

7. Solar Dish/Stirling Systems: Modelling,
Simulation, and Experiments

Dish/Stirling systems are considered the most efficient
solar thermal power technology, converting concentrated
solar radiation into mechanical work via the Stirling engine.
The modularity of dish/Stirling units makes them
particularly suitable for decentralized building scale
applications, where electricity, heating, and cooling can all
be derived from a single solar collector.
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In conclusion, this study emphasizes the importance of
optimizing the aspect ratio to enhance Savonius turbine
performance and provides a valuable contribution to the
existing literature. The findings, supported by experimental
data, also serve as a foundation for future research in this
field.

These results demonstrate that blade geometry significantly
influences torque performance in Savonius turbines. While
classical designs provide a foundational benchmark, both
helical and especially optimized hybrid configurations offer
notable improvements in aerodynamic efficiency. Future
research may focus on further refining hybrid blade
geometries and testing them under variable wind speeds
and turbulence intensities to determine their applicability in
real-world environments.

ABBREVIATIONS

TSR - Tip Speed Ratio

Cp - Power Coefficient

Ct - Torque Coefficient

RPM - -Revolutions Per Minute
Nm - Newton meter

Cv - Moment coefficient

A- Front View Area of Turbine
D-Diameter of Turbine
H-Height of Turbine

p = air density

V = wind speed

o = rotational speed of the rotor
R = rotor radius
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