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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: 

 Hydrogen Fuels 

 Hydrogen and Fuel Cell 

 Hydrogen Economic 

 Biomass 

 Solar PV Technology 

 Solar Thermal Applications 

 Wind Energy 

 Materials for Energy 

 Drones and Energy Applications 

 Nuclear Energy and Applications 

 Hydro Power 

 Fuel Technologies (CNG, LNG, LPG, Diesel, Gasoline, Ethanol, etc.) 

 Numerical Modelling 

 Energy Storage and Systems 

 Battery Technologies 

 Energy Management 

 Heat and Mass Transfer 

 Aerodynamics 

 Aerospace and Energy Applications 

 Combustion 

 Electric Vehicle Transportation 

 Off-grid Energy Systems 

 Environment Management 

 Air Pollution 

 Water and Wastewater Pollution 

 Water and Wastewater Management 

 Waste Management 

 Global Warming and Climate Change 

 Environmental Ecosystem 

 Environmental System Modelling and Optimization 

 Ecological Applications or Conservation 
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Carbon Black Production from Various Sources by Thermal Cracking 
Method 

 

Achal Pandeya, Srinivasarao Naik Bac,Shishir Sinhaab, B. Prasada 

a
 Chemical Engineering Department, Indian Institute of Technology Roorkee,Roorkee-247667, Uttarakhand 

b
Central Institute of Petrochemicals Engineering & Technology, Chennai-600032, Tamil Nadu  

c
Innovative Building Materials Group, CSIR-Central Building Research Institute, Roorkee-247667, Uttarakhand 

ABSTRACT: Petroleum-based feedstock (PBFS) and Coaltar-based feedstock (CTBFS) were used for the synthesis of 

carbon black (CB) via thermal cracking method named as Petroleum-based feedstock carbon black (PBFS-CB) and Coal 

tar-based feedstock carbon black (CTBFS-CB) in a furnace reactor at a temperature of 1800 °C, for utilizing industrial 

waste products. The obtained distinguish carbon black samples are characterized for determining functional groups, 

morphology, and surface area using advanced instruments. Further, investigated physical and mechanical properties of 

obtained different CB samples mixed into the natural rubber. The small clusters morphology is observed in CBs. There are 

slight changes in spectra peaks and thereno significant new peaks areobserved. The same minerals observed at same theta 

values in XRD pattern corresponding to PBFS-CB and CTBFS-CB. The tensile strength, modulus 300% and abrasion loss 

of samples into rubberwere determined as per international ASTM standards. The results revealed that, there are negotiable 

values observed in both samples due to minimal changes observed in surface area of the CB samples. These samples can be 

usedfor various applications viz rubber reinforcement, conductivity agent, colouring agent, and ultraviolet screening agent 

etc. 

Keywords: Carbon black, thermal cracking, Petroleum-based feed stock, Coal-based feedstock, ASTM -CB standard 
Doi: https://doi.org/10.52924/ NSVQ3567

1. INTRODUCTION 

Carbon blacks (CBs) are produced by partial combustion 

or thermal cracking of hydrocarbons such as petroleum-

based feedstocks, coal tar-based feedstocks and spent 

tyre oil etc. under delimited conditions (Okoye et 

al.,2021). Approximately 90% to 95% of CBs are 

produced globally in furnaces using renewable and non-

renewable feedstocks. Aromatic oil is produced as a by-

product of natural gas and acetylene manufacturing 

(Cheng et al., 2020). The cost of feedstock accounts for 

roughly 60% of the entire cost of CB manufacture. 

Carbon particles are produced in a variety of ways such 

as AC thermal plasma, vapor thermolysis, pyrolysis, 

hydrolysis and carbonization (ICBA, 2016). CB is made 

up of more than 90% of untainted carbon in total 

composition and generally spherical carbon atoms of 

colloidal size that fuse together in aggregates (Ciobanu et 

al., 2016). CBs are produced in agglomerates form by 

above mentioned methods, which disintegrate during the 

rubber-stirring procedure (Ikram and Hashin, 2002). In 

ordinary parameters, the tiniest dispersible unit in the 

rubber matrix is the tiny cluster. Hence, clusters are 

frequently perceived as the emphasizing items 

themselves (Shah et al., 2013). This carbon black is used 

as an agent such as thermal conductivity agent, colouring 

agent, an infraredairing agent and extensively used in 

printing as coatings, inks, plastics and others (Donnet et 

al., 2018). Particularly, 89.5% of CB goes into rubber 

industries, for production of tires (Wang and Yan, 2011). 

The physical qualities such as tear strength and tensile 

strength can be improved by incorporation of carbon 

blackin rubber.CB improves viscidness and the rigidity 

of rubber and is one of most excellent filler substances 

commercially available in the market (Chandrasekaran, 

2010). CBs are manufactured commercially using a 

variety of technologies. These are available in the form 

of various black names such as furnace, lamp, 

thermal,acetylene and channel black,which were given 

names based on according their manufacturing 

procedures (Kato et al., 2018). Thermal black and 

channel black come in a variety of grades, including 

N880 and N990, and are utilized in a variety of rubber 

compounds. Acetyleneblacks (ABs) and lamp blacks 

(LBs) were developed by the Chinese for use synthetic 

substances and black ink. AB is a thermal conductive 

agent using in rubber substances (Bansal et al., 1993). 

The CB cluster morphology, surface functional groups 

and particle size distribution of CBs can be tailored 

during manufacturing methods (IEA, 2007). The particle 
Corresponding author: shishir@ch.iitr.ac.in 
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size in micro/nanometres increases outside or exterior 

surface area and develops crystalline dendritic structure, 

enhances the reinforcing performance in rubber. The 

reinforcing performance is generally better when particle 

size distribution isbelow micro/nanosize (Wang et al., 

2003). For large-scale production, selectivity in carbon 

black qualities has been developed by controlling 

temperature, residence time, and feedstock-to-air ratio, in 

certain cases with the addition of coagulation suppressor 

(Mark et al., 2005). Due to serious environmental 

consequences such as global warming and crisis in 

climate, international societies are gradually challenging 

rubber industries for utilization of renewable resources 

for carbon black production (Park and Kim, 2000). 

Therefore, CB production derived from alternative 

feedstocks such as renewable resources and recycling of 

waste materials. The industrial process, 

productiontechniques and composition of renewable 

feedstock are impacts on the yield, physical 

characteristics, and chemical properties of CBs (Quan et 

al., 2018). CB has excellent thermal stability in inert 

environments, as well as mechanical and electrical 

conductivity. It is a biocompatible substance that is 

chemically stable in non-oxidizing environments 

(Snowdon et al., 2014). Year-over-year rise in global 

demand for new automobiles has resulted in an increase 

in tyre manufacturing and tyres destined for waste. The 

rubber tyre's service life is finite, and is possible to re-

treat them to extend their life (Rodgers, 2015). A few 

research articles related to the manufacturing of CBs 

from various petroleum feedstocks are briefly discussed. 

Rubel (1970) prepared amorphous form of carbon black 

from petroleum oil for automotive tires using combustion 

method. Kaminsky et al. (2019) used synthetic and 

natural rubber as a feedstock for production of aromatic 

oil and carbon black. The pyrolysis temperature, 

fluidizing gas type, and gas residence duration in the 

pyrolysis reactor were all tuned during main products. 

Pyrolysis tars, clarified oils, aromatic extracts, and 

vacuum residue were examined by Srivastava et al. 

(1990) Pyrolysis tar is one of the feedstocks that can be 

used to make carbon black. The aromatic extract comes 

next. Roy et al. (1994) prepared oil and carbon black 

under vacuum pyrolysis method using tyres as 

feedstocks. Zhou et al. (2018) used leftover tea to make 

carbon black by physically activating it with steam. The 

effects of activated carbon yield and pore properties on 

activation temperature were examined. Due to the 

breakdown of cellulose and hemicellulose, the yield 

dropped as the activation temperature was raised. The 

BET method,temperature plot method and Langmuir 

equationwere exploited to calculate volume of pore and 

surface area of CB. As activation temperature rose, more 

volatile components were released, increasing the 

specific surface area and micro-pore volume. According 

to Khalil et al. (2010), CBs were made from organic 

substances such as Coconut shells (CNS), Bamboo stem 

(BS), and oil palm (OP). These organic substances were 

by pyrolysis at 700 ℃.The synthesisedCB had porosities 

that are well-developed and was primarily composed of 

micro-pores. Lee et al. (2017) exploited thermal 

treatment with CB in order to make a petroleum-based 

binder pitch to enhancepercentage of coking yield and 

tensile strength of carbon discs. 

The goal of this research is to produce CBs from 

petroleum-based feedstock (PBFS) and coal tar-based 

feedstock (CTBFS) by thermal cracking method. The 

impact of feedstock type on Chemical Properties of 

carbon black and Mechanical Properties of Rubber 

compound (Natural Rubber Filled with carbon black) are 

examined. It would be interesting to know how changes 

in feedstock affect the vulcanizate's physical properties. 

 

2. RAW MATERIALS ANDPREPARATIONMETHOD 

2.1 Raw Materials 

Petroleum-based feedstock (PBFS) taken from Reliance 

Industries Limited, Jamnagar, Gujrat, India and Coal tar-

based feedstock (CTBFS) taken from Epsilon Carbon, 

Karnataka, India. These two feedstocks were used for the 

production of CBs.natural rubber (ISNR 3 CV), zinc 

oxide (ZnO), stearic acid, carbon black, and MBTS were 

used for rubber formulations. The characteristics of 

PBFS and CTBFS feedstocks are provided in Table 1.  

Table 1 Characteristics of different Feedstocks 

Characteristics  Value 

 Test Method PBFS CTBFS 

Specific Gravity 

@15.56°C (gm/cc) 

ASTM D 

1298 
 1.08  1.14 

API Gravity 
ASTM D 

1298 
 0.99  -7.3 

Viscosity@ 98.9°C 

(SUS) 

ASTM D 88 
 89  56 

BMCI 
Phillips 7317 

 126  167 

Sulphur Content 

(%) 

ASTM D 7679 
 0.80  0.49 

Water Content 

(%) 

ASTM D 95 
 0.2  0.5 

*PBFS: Petroleum based feedstock; CTBFS: Coaltar-

based feedstock; API Gravity: American Petroleum 

Institute gravity, is a measure of how heavy or light a 

petroleum liquid is compared to water; BMCI: Bureau of 

Mines Co-relation Index, effectively measures the degree 

yield of Carbon Black 

 

The viscosity of these two feedstocks performed 

usingSaybolt viscosity bath for Automatic viscosity 

timing (Make: Koehler instruments company, inc. USA 

and Model: SV4000)at different temperature for 

determining the flow properties for atomization in 

furnace reactor. It is key parameter for weather 

feedstocks can easily inject in reactor or not. As 

temperature is increased, the flow properties of PBFS 

and CTBFS are improved as shown in Fig.1. It means 

these two feedstocks easily atomize in furnace reactor. 

The rheometer, Moving Die Rheometer C (Make Alpha 

Technologies Hudson Ohio, USA), a convenient 

instrument was used to evaluate the effects of carbon 

black rubber interactions on rate of cure, was employed 

for the purpose of characterizing critical parameters 
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related to the vulcanization process. The rheological 

parameters are provided in Table 2 

 

 
Fig.1 Viscosity in SUS of different feedstocks at various 

temperature 

*SUS: Saybolt Universal Seconds 

 

Table 2:  Rheometric data of different CBs 

Parameters  
PBFS-

CB 

CTBFS-

CB 

ML(lbf-in) 3.06 3.43 

MH (lbf-in) 15.88 16.52 

TC90 (mm: mm) 20.70 19.33 

TS2 (mm: mm) 2.71 2.51 

MH-ML (∆M) 

(lbf-in) 
12.82 13.09 

*ML: Minimum torque is a measure of the extent of 

mastication; MH: Maximum torque is an indication of 

the cross-linking density of the fully vulcanized rubber: 

TC90:  the time required for the torque to reach 90% of 

the maximum: TS2: the time from start of the test to the 

moment when the torque value increases for 2 lbf-in 

above the ML value; MH-ML(∆M): range of torque 

change 

 

2.2 Preparation Of Different Cbs From Different Sources 

The Petroleum-based feedstock was preheated at 

temperature of 210 °C and it injects into furnace reactor 

through a fine orifice nozzle to atomizer PBFS and in 

simultaneously of preheated atmospheric air blowing at 

the temperature 750 °C to facilitate the combustion of 

PBFS.  The ample amount of heat is being liberated due 

to exothermic nature of reaction and raising the furnace 

reactor inside temperature up to 1800 °C.  At this high 

temperature, the thermal cracking of hydrocarbons in 

PBFS occurs and produces carbon black along with high 

calorific value flue gases (CB-HCVFG).  The produced 

CB-HCVFG used as a source of heat, is recirculating in 

counter flow direction of PBFS and atmospheric air to 

increase the initial temperature of inlet PBFS and 

atmospheric air through heat exchange equipment’s, 

known as Oil pre heater (OPH) &Air pre heater (APH) 

respectively. In this continuous process, thermal cracking 

of PBFS in furnace reactor is slowing down by 

sprinkling of water at the end of furnace reactor to 

obstruct complete combustion of PBFS and to facilitate 

of carbon black generation. After recovery of heat from 

CB-HCVFG via preheating the inlet PBFS and 

atmospheric air, the CB-HCVFG passes through 

filtration process to separate the carbon black (CB) from 

HCVFG (Fig.1). The obtained carbon black is 

characterizing with help of sophisticated further 

processes, i.e., binder addition, palletization, drying etc. 

The sameprocedures were repeated with CTBFS to 

produce another type of carbon black. 

 

2.2.1 Preparation of Rubber with Different Cbs 

The obtained CBs samples were dried at 125 °C for 1 

hour and cooled till ambient temperature was reached. 

Until ready to mix, stored the CBs in an airtight, 

moisture-proof container. Natural rubber (ISNR 3 CV), 

zinc oxide (ZnO), stearic acid, carbon black, and MBTS 

were fed into an open mill machine after heating at 70 °C 

and set the mill opening at 1.4 mm to start the mixing in 

sequence of ASTM D 3192.  The obtained rubber sheet 

is conditioned at 23 °C for one hours before bringing the 

mould to the curing temperature in closed press. Placed 

70 gm of rubber compound in the mould cavity and 

vulcanised for 30 minutes at 145 °C and 135 MPa 

pressure for the fabrication of rubber sheets (Farida et al., 

2019). The raw material composition in parts per 100 

parts of rubber (PHR) has been carried out as per ASTM 

D 3192 (Table 3). 

Table 3 Preparation of rubber compound with different CBs 

 Ingredients for rubber sheet 

PBFS 

( PHR) 

CTBFS 

(PHR) 

Natural Rubber (ISNR 3 CV) 100.0 100.0 

Carbon Black 50.0 50.0 

ZnO 5.0 5.0 

Stearic Acid 3.0 3.0 

MBTS 0.60 0.60 

Sulphur  2.5 2.5 

*PHR: Parts per 100 parts of Rubber(weight of 

ingredients are in gram w.r.t. 100 gram of rubber) 

 

2.3 Characterization of CB samples 

2.3.1 Morphology of CB samples 

The collected CBs were taped to the sample holder with 

carbon tape. A gold sputter coater was used to coat the 

CBs for conductivity. The samples were placed in 

FESEM (Make: TESCAN, Model: MIRA 3).Examined 

the morphology of various CBs at 20 kV. 

 

2.3.2 Fourier Transform Infrared spectroscopy (FTIR) 

The CBs were mixed with KBr. Prepared CBs sample 

pellet using pelletizer. The prepared pellet was placed in 

FTIR (Make: PerkinElmer, Model: spectrum 2). 

Operated FTIR from 450 to 4000 cm-1and examined 

functional groups contained in various CBs. 
 

2.3.3 X-ray diffraction of CB samples 

The CBs were powdered, and the powdered samples 

were poured onto a glass slide. After flattening the 

powdered samples with the help of spatula, the glass 
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slide was placed in X-ray diffraction (Make: Rigaku 

Model: DMAX2200). The XRD operated at a rate of 3 

theta/min within the functioning range 2Ɵ: 0-70. 

(Srinivasaraonaik et al., (2021). Investigated the 

mineralogical properties of CBs samples with existing d-

values in the system. Figure 2 gives preparation of 

carbon black flow diagram. 

 
Fig.2 Flow diagram for preparation of various carbon 

black 

2.3.4 Particle size distribution of CB samples 

The CB samples were dispersed in Isopropanol as 

solvent. The dispersed samples were taken into Particle 

Size Analyzer (Make: Horiba, Model: LA-950). The 

particle size distribution curve of various CBs   was 

observed at refractive index of 0.5. 

2.3.5 BET analysis of CB samples 

 BET method was used as per the ASTM D6556. The 

surface area is determined by N2adsorption and 

desorption at 77K and partial pressure (Lippens and 

Boer, 1965). The BET Equation is used to calculate the 

filler's surface area: 

SBET  = Vm   x N x am  x 10−18   

Here, Vm is Monolayer adsorbed volume; N is Avogadro 

constant (6.02 x 1023  1/mol), am is 0.16 i.e., N2 

molecular surface area. 

2.3.6Colloidal Properties of different CB samples 

Oil absorption number, Iodine adsorption number, and 

compressed oil absorption number were determined 

according to ASTM D 2414, ASTM D 1510, and ASTM 

D3493. 

2.3.7 Proximate analysis of CBs 

Proximate analysis is widely used to determine moisture, 

volatile matter (VM), fixed carbon (FC) and ash content 

of CBs. The proximate analysis was done as per ASTM 

D 162-84 method 

2.3.8 Determination of tensile strength  

Conditioned the cure rubber sheet for an hour at room 

temperature and cut the dumbbell from it.  Determined 

the thickness of the thin portion of dumbbell and marked 

it. Set the tensile tester machine parameter for Test speed 

and Gauge length at 500 mm/min and 25 mm 

respectively. The tensile strength and modulus 300 

percent of CBs in rubber were evaluated using a Tensile 

Testing Machine -Zwick 1435 (ZwickRoellPvt. Limited 

Germany) in accordance with ASTM D412. 
 

2.3.9 Dynamic properties of CB samples in rubber 

ASTM D5963 and ASTM D 623 methods were used to 

investigate the dynamic parameters of CB samples into 

the rubber, i.e., abrasion loss and heat buildup (HBU). 

The rubber sheet was cured at 145 °C for 30 mins. The 

abrasion loss of rubber sheets was measured at vertical 

force load 10N. As well as heat buildup of rubber sheet 

was measured for 30 minutes at set temperature 100 ℃ 

conditioned for 30 minutes. 
 

2.3.10 Rheological properties of CB samples in rubber 

Moving Die Rheometer C (Make: Alpha Technologies 

Hudson Ohio, USA) used for determination of 

rheological properties of CBs in rubber.It is an expedient 

instrument was used to evaluate the effects of carbon 

black rubber interactions on rate of cure of rubber. It was 

employed for characterizing critical parameters of CBs in 

rubber which is related to the vulcanization process.  

 

3. RESULTS AND DISCUSSIONS 

3.1 Morphology of CBs 

The morphology of various samples PBFS-CB and 

CTBFS-CB are from PBFS and CTBFS shown in Fig.3 

The majority of CB particles form a cluster aggregate, 

while aninsignificant percentage of CBs aggregate closer 

together to form a bigger CB block (Fig.3 (a) and (b).  

 
 

 
 

Fig.3 Morphology of different carbon black (a) PBFS-

CB (b) CTBFS-CB 

These CB micro particles, on the other hand, are 

approximately ring-shaped and are practically linearly 

connected. The aggregate's total size is slightly lower.It 

has a more developed spatial structure and is improving, 

implying that the reinforcing performance will improve. 

 

3.2 X-ray diffraction analysis of CBs 

Fig.4 shows the XRD analysis of various CBs generated 

at 1800 °C. Both diffractograms exhibit two broad peaks, 

showing that the two samples are amorphous carbon 

materials with limited crystallinity areas Fig. 4(a) and 

(b). The planes of graphitic structures are represented by 

the peaks at 25.9° in both samples, and the graphitic 

structure planes are represented by the second intensity 

peak at about 44.7° in the samples. Both of these peaks 

confirm that the CBs were successfully transformed into 

(a) 

(b) 
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graphitic nanostructures at high temperatures. 

Furthermore, there is no significant a prominent peak 

observed. Due to impurities, the XRD patterns indicate 

that the purity of the CBs produced in this experiment is 

higher, which is consistent with the results given in Fig. 

4 (a) and (b). 

 
2 theta (degree) 

Fig.4 XRD analysis of different carbon black samples (a) 

PBFS-CB (b) CTBFS-CB 

 

3.3 FTIR analysis of CBs 

FTIR analysis of various CBs functional groups are 

shown in Fig. 5. Nonbonded hydrogen group, OH 

stretching, Methane (=CH-) C–H stretching, and 

Methylene (=CH2) C–H stretching were identified in the 

spectra of PBFS-CB peaks 3595 cm-1 and 2875 cm-1, 

respectively. Alkenyl C=C stretching and Skeletal C–C 

stretching have absorption maxima of 2085-1489 cm-1. 

Stretching vibrations peaks at 965-854 cm-1 and 694 cm-

1 are observed corresponding to trans C–H out-of-plane 

bend and cis C–H out-of-plane bend in Fig. 5(a). The 

FTIR analysis of CB functional groups of CTBFS-CB 

has shown in Fig.5 (b). Nonbonded hydrogen group, OH 

stretching, Methane (=CH-) C–H stretching, and 

Methylene (=CH2) C–H stretching were identified in the 

spectra of CTBFS-CB peaks 3597 cm-1 and 2870 cm-1, 

respectively. The absorption maxima for Alkenyl C=C 

stretching and Skeletal C–C stretching are 2089-1493 

cm-1 and 2089-1493 cm-1, respectively. Stretching 

vibrations of the functional groups such as trans C–H 

out-of-plane bend and cis C–H out-of-plane bend are 

seen at 962-859 cm-1 and 697 cm-1, respectively (Fig. 

5(b)). 

 
Wavenumber (cm-1) 

Fig.5 FTIR analysis of different carbon black samples (a) 

PBFS-CB (b) CTBFS-CB 

The PBFS-CBand CTBFS-CB products obtained from 

the furnacereactor at 1800 °C revealed there is no 

significant differences observed. In both cases, changes 

in carbon percent had little effect on the spectra peaks, as 

seen in Table 4 (Wibawa et al., 2020). 

Table 4 Proximate Analysis of different carbon black 

samples 

Parameters  

Content (%) 

Test Method  PBFS-CB CTBFS-CB 

Moisture  ASTM D 1509 1.6 1.5 

Ash  ASTM D 1506 0.18 0.26 

Volatile  ASTM D 1620 4.6 4.7 

Fixed carbon  ASTM D 7679 93.02 91.2 

*PBFS-CB: Petroleum based feedstock carbon black;  

CTBFS-CB: Coal tar-based feedstock carbon black 

Note – ASTM D 1620 ―Method of test for volatile 

content of carbon black‖ was discarded in 1972 

 

3.4 Particle size distribution of CBs 

The particle size analysis of the various CBs is displayed 

in PSA with a poly-dispersion index of 0.5, and their 

pattern is shown in Fig. 6. The statistical computation of 

the created curve pattern of the particles size distribution 

of the CBs material is shown in this figure. A mean 

diameter of 1305 nm (1.3 µm) (PBFS-CB)) and 1360 nm 

(1.36 µm) (CTBFS-CB)) with a standard deviation (SD) 

of 1245 nm (1.24 µm) (PBFS-CB) and 1246 nm (1.24 

µm) (CTBFS-CB) can be noticed, with a standard 

deviation (SD) of 1245 nm (1.24 µm) (CTBFS-CB). 

Various CBs modes are 548 nm (0.54 µm) and 624 nm 

(0.62 µm), which correspond to PBFS-CB and CTBFS-

CB, respectively. CB particle populations in PBFS-CB 

range from 907 nm (0.9 µm) to 1305 nm, while CB 

particle sizes in CTBFS-CB range from 966 nm (0.9 µm) 

to 1361 nm (1.36 µm) (Fig.6). The poly dispersion (PI) 

index of CBs is 0.5, which explains the undersize 

proportion. However, the smaller the particles, the better 

the surface area characteristics, and the produced CBs 

were then studied further. 

(b) 

(a) 
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Fig. 6 Particle size distribution of different samples (a) 

PBFS-CB (b) CTBFS-CB 

3.5 Surface area of various CBs 

BET surface area of CBs manufactured at 1800°C 

utilizing the same procedures from various sources, 

namely PBFS and CTBFS. The surface area of several 

CBs was determined using BET. Because it indicates the 

extent of the interface, such as the availability of the 

surface for crosslinking between rubber chains and 

carbon black, surface area is an important morphological 

parameter for carbon black reinforcing capability.The 

surface area result could help determine not only how 

much of the area that rubber can absorb into the carbon 

black, but also how much of the area that rubber can 

absorb into the carbon black. CBs produced from PBFS 

and CTBFS had surface areas of 112.6 m2/g and 111.06 

m2/g, respectively(Fig.7).PBFS-CB and CTBFS-CB 

have not changed much as a result of nuclei at high 

temperatures enlarging due to the adhesion of 

intermediate products. Due to uneven adherence in both 

cases, additional micro-pores generated throughout the 

adhesion process, resulting in a nearly constant BET 

surface area. The BET surface area constant of the 

thermal degradation process at 1800 °C was likewise 

consistent with XRD analyses (Fig.4). 

 
Fig.7 Surface area of various carbon black samples 

 

3.6 Proximate analysis of CBs 

The proximate analysis of PBFS-CB and CTBFS-CB are 

given in Table 4. The mass fraction of moisture content 

and volatile matter are same observed in both samples. 

The ash and fixed carbon are 0.18 wt.% and 93.02 wt.%, 

0.26 wt.% and 91.2 wt.% corresponding to PBFS-CB 

and CTBFS-CB respectively. The ash content and fixed 

carbon differed due to slightly change in volatile matter 

(Table 4.). 
 

 

3.7 Colloidal properties of various CBs incorporated 

the natural rubber 

The colloidal characteristics of different CBs were 

determined using ASTM D 2414, ASTM D 1510, and 

ASTM D 3493, which stand for Oil absorption number, 

Iodine adsorption number, and compressed oil absorption 

number, respectively. Table 5 shows their respective 

values. The results of the iodine adsorption method have 

been confirmed to be favourably linked with the BET 

method. CB is first mixedin an iodine solution. The 

excessive amount of iodine is titrated using a normal 

sodium thiosulfate solution. The carbon black surface 

area determines the eventual adsorption number (AN). 

The iodine adsorption values of PBFS-CBand CTBFS-

CB are 121.5 mg/g and 120.8 mg/g, respectively. 

Moisture absorbed, Pores, volatiles, and sometimes 

ageing can affect the surface area of the filler (Mark et 

al., 2013). Furthermore, the DBP absorption of these 

CBs is 114.2 and 113.6 cc/100 gm for PBFS-CBand 

CTBFS-CB, respectively. These are high values (Table 

5), showing that the quantity of assemblages formed by 

these CB nanoparticles is bigger and that a large number 

of void spaces are developed, implying that the 

aggregate's spatial arrangement is better overall.  
 

Table 5 Colloidal Properties of different carbon black 

samples 
Parameters  Test Method PBFS-CB CTBFS-CB 

Fines (%) 
ASTM D 1508 4.6 5.2 

Sieve residue  

(#35) (%) 

ASTM D 1514 0.0005 0.0001 

Pellet hardness  

(25%) (Gf) 

ASTM D 3493 24.3 22.4 

CDBP (CC/100gm) 
ASTM D5230 92.4 91.5 

Sulphur Content 

(%) 

ASTM D 7679 0.97 0.54 

Pour density 

(kg/m3) 

ASTM D 1513 364 358 

 

 

3.8 Mechanical properties of Various CBs incorporated 

the natural rubber 

The rubber sheets were prepared as per standard ASTM 

D 3192 composition. ASTM D412 was used to 

determine the tensile strength and modulus 300 percent 

of various CBs. PBFS-CB and CTBFS-CB have tensile 

strengths of 18.4 MPa and 18.0 MPa, respectively 

(Fig.8). The 300 % modulus of various CBs such PBFS-

CB and CTBFS-CB is 487 MPa and 484 MPa, 

respectively (Fig.8). Due to the nearly identical BET 

surface area (Fig.7) and particle size distribution (Fig. 

6)in PBFS-CB and CTBFS-CB, the tensile strength and 

modulus 300 % (Fig.9) are not different. However, 

minimal difference is observed due to the change in 

compactness during the preparation process. 
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Fig.8 Tensile strength of various carbon black samples 

mixed in rubber 

 
Fig.9 Modulus of various carbon black samples mixed 

into natural rubber 

 

3.9 Dynamic properties of various CBs incorporated the 

natural rubber 

The dynamic properties of various CBs such as PBFS-

CB and CTBFS-CB i.e., abrasion loss and heat build-up 

(HBU) have been determined in accordance with ASTM 

D5963 and ASTM D623.PBFS-CB and CTBFS-CB have 

the abrasion loss of 134 mm
3
 and 131mm

3
, respectively 

(Fig.10).The HBU of various CBs such as PBFS-CB and 

CTBFS-CB is 24 ℃and 26 ℃, respectively.The abrasion 

loss and heat build-up (HBU) are not differed due to the 

approximately identical tensile strength (Fig.8) and 

Modulus 300%(Fig. 9) in CB samples. 

 

 
Fig.10 Abrasion loss of various carbon black samples 

mixed into natural rubber 

3.10 Rheological properties of various CBs 

incorporated the natural rubber 

The rheological properties of various CBs,incorporated 

in natural rubber, such as minimum torque, maximum 

torque and change in cure rate were examined at 145 

℃.The obtained results are illustrated in Table 2. The 

CTBFS-CB shows slightly fast cure nature than PTBFS-

CB due to PBFS has higher percentage of sulphur 

content and which retards the vulcanization. 

4. CONCLUSION 

The Physio-chemical Properties of CBs such as PBFS-

CB and CTBFS-CB Produced from two different 

feedstocks, PBFS and CTBFS were successfully 

examined in this work. Both the CBs chemical and 

mechanical qualities were tested. The experimental 

findings demonstrated that good co-relation in aggregate 

particle size distribution of samples produced with 

CTBFS and PBFS as feedstock. There are no significant 

changes observed in surface area of the various CBs. The 

particle size of different CBs observed 1.30 µm and 1.36 

µm. The tensile strength and Modulus 300% are almost 

same values observed in CBs. The abrasion loss and heat 

build-up (HBU) are not differed due to the nearly 

identical tensile strength and Modulus 300% in PBFS-

CB and CTBFS-CB. 

The eventualAN is relative to surface area of CB. The 

PBFS-CB and CTBFS-CB have iodine adsorption values 

of 121.5 mg/g and 120.8 mg/g, respectively whereasthe 

DBP absorption of these CBs is 114.6 and 113.2 cc/100 

gm, respectively. The obtained results are comparable for 

PBFS-CB and CTBFS-CB. The results of the 

investigation reveal that the influence of different 

feedstock types can be mitigated technically by 

enhancing the control of the Carbon black production 

process. It also proves that technological advancements 

in the carbon black business may give consistent results 

regardless of the input material. 
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ABSTRACT. The aim of the present work was to the preparation of biodiesel from sunflower oil and methanol by the 

transesterification reaction in the presence of the KOH. The conversion was 95% using a 1:3 molar ratio of oil to alcohol at 

65°C. Important fuel physical properties of B10 and B20 fuel blends with (or without) oxygenated additivities by the 

ASTM standards had been investigated. Based on the obtained results is noted that the fuel blend B10 and B20 with 

oxygenated additivities has greater potential for diesel engines than, B100 and fossil diesel. The best result was 

demonstrated B10+1.4-dioxane fuel blend among the studied fuels.  

Keywords: transesterification, biofuel, biodiesel, ketal, oxygenated additivities 
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1. INTRODUCTION 

Today one of the most important key factors to affect the 

world economy and politics is the petroleum and gas 

resources which are the main sources of world energy 

supply. In the modern world to meet the needs of energy 

different resources have been developed. But our planet 

has a lot of environmental problems with the exhaust toxic 

emission from the usage of fossil fuels. Another problem 

is the exhaustion of petroleum, natural gas, etc. resources. 

Therefore, alternative energy sources mostly biofuels are 

receiving more attention [1-4]. 

From the alternative type of fuels, biodiesel is a renewable 

resource consisting of fatty acid alkyl monoesters derived 

from vegetable oil, waste animal fats, or waste cooking 

oil. Important is need to note, at the combustion of 

biodiesel does not emit toxic substances that cause 

environmental problems due to the absence of aromatic, 

nitrogen and sulfur compounds [5-8].  

In comparison with conventional diesel fuels, the oxygen 

in biodiesel may promote more complete combustion and 

thus reduce particulate matter, carbon monoxide and total 

hydrocarbons in ignition engines. According to a review 

of emission data for heavy-duty engines published by EPA 

(Environmental Protection Agency of USA 2002), from 

diesel to B20, carbon monoxide, toxic hydrocarbons and 

particle matters decreased by 13, 20 and 20 % respectively 

[9-11].  

Considering the above, in the presented work, the 

transesterification reaction of sunflower oil with methanol 

in the presence of KOH was carried out. The important 

operational properties of B10 and B20 fuel blends on the 

basis of FAME were tested in the presence (or absence) of 

ethylene glycol ketal (EGK), 1.4-dioxane (DO) and 

cyclopentanone (CP). The oxidation properties of B10 and 

B20 fuel blends were estimated by using NMR data. 

2. EXPERIMENTAL MATERIALS AND 

INSTRUMENTATION 

All the chemicals for the synthesis of ethylene glycol ketal 

and dioxane were obtained from commercial sources 

(Aldrich) and used as received (Figure 1, 2).  

Samples of diesel fuel, sunflower oil were purchased at a 

fuel station and markets in Baku, Azerbaijan. The B10 and 

B20 fuel blends with (or without) oxygenated additivities 

were prepared by mixing diesel and biodiesel. 

 

NMR experiments have been performed on a BRUKER 

FT NMR spectrometer (UltraShieldTM Magnet) 

AVANCE 300 (300.130 MHz for 1H and 75.468 MHz for 

13C) with a BVT 3200 variable temperature unit in 5 mm 

sample tubes using Bruker Standard software (TopSpin 

3.1). The 1H and 13C chemical shifts were referenced to 

internal tetramethylsilane (TMS); the experimental para-

meters for 1H: digital resolution = 0.23 Hz, SWH = 7530 

Hz, TD = 32 K, SI = 16 K, 900 pulse-length = 10 μs, PL1 

= 3 dB, ns-= 1, ds= 0, d1 =1 s; for 13C: digital resolution 

= 0.27 Hz, SWH = 17985 Hz, TD = 64 K, SI = 32 K, 900 

pulse-length = 9 μs, PL1 = 1.5 dB, ns= 100, ds= 2, d1= 3 

s. NMR-grade CDCl3 was used for the analysis of 

ethylene glycol ketal and fuel blends. 

The purity of the synthesized ethylene glycol ketal 

confirmed by thin-layer chromatography (TLC) on 

commercial aluminum-backed plates of silica gel (60 

F254), iodine vapor was used as a visualizing agent, 

eluent- 5:2 hexane/ethyl acetate. 

Corresponding author: bsu.nmrlab@gmail.com 
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Figure 1. Dioxane and ethylene glycol ketal 

 

 
 

Figure 2. The preparation of the ethylene glycol 

ketal 

 

The procedure for preparation of biodiesel 

Sunflower biodiesel (B100) was obtained by dissolving 0.69 g 

KOH in 37.5 ml of methanol (CH3OH) without heating (at 

room temperature). After complete dissolution, 50 g of oil 

was added to this mixture. The reaction was carried out in a 

conical flask equipped with a reverse refrigerator and 

magnetic stirrer for 6 hours at 65 ºC (rotation speed was 

maintained at 1000 rpm). After stirring, the reaction mass was 

aged for at least 12 hours in a dividing funnel. The reaction 

mass was divided into 2 layers using a dividing funnel: the 

upper layer contained biodiesel, the lower layer-glycerine. 

Untreated biodiesel was repeatedly washed with water in 

order to remove catalysts. The conversion rate was 95% when 

using the molar ratio of oil to methanol 1:3 (Figure 3). 

 

 

 
 

Figure 3. The preparation of the biodiesel 
 

 
 

Figure 4. Biodiesel synthesized from sunflower oil 

and its blends were characterized in accordance with the 

American Standard of Testing and Materials (ASTM) 

methods. 

 
The procedure for preparation of ethylene glycol ketal 

A mixture of 30 g of pure ethylene glycol, 100 ml of 

cyclopentanone (in Figure 5), 0.75 g of p-toluene sulfonic 

acid (PTSA) was placed in a 500 ml conic flask fitted a 

reflux condenser and magnetic stirrer. The reaction mixture 

was stirred under 100°C for 5 working days. After the 

completion of the reaction mixture was neutralized with 0.5 

g sodium acetate. In the next stage filtration and evaporation 

of the cyclopentanone had been carried out. The ketal was 

obtained by vacuum distillation, yield 65% (Figure 2). 
 

 
Figure 5. Mixture of hydroxyl and cyclopentanone 
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3. RESULTS AND DISCUSSION 
 

In our previous works [12-14], the preparation of 

methanol, ethanol biodiesels catalyzed by a new ionic 

liquid system (or KOH) and testing of their operational 

properties had been informed. This work is devoted to the 

preparation of methanol biodiesel from the sunflower oil, 

testing their different exploitation properties with (or 

without) the ETG, DO and CP additivities. 

As known from the literature oxygenated compounds, 

such as glycerol ketals, pine oil (PO), essential oils, etc. 

can be used as a fuel additive to reduce particulate 

emission and to improve the cold flow properties of liquid 

transportation fuels. It helps to reduce gum formation, 

improves oxidation stability, etc. [15, 16]. 

The used feedstock sunflower physicochemical properties 

are shown in Table 1.   

 

Table 1. Major fatty acids and physical properties of the 

refined sunflower oil 

 

Fatty acid composition 

(wt.%) 

16:0  18:0 18:1 18:2 

3.5–

7.6  

1.3–

6.5 

14–

43 

44–

74 

Acid value (mg of KOH/g) 0.28±0.5 

Saponification value (mg 

KOH/g) 

193.3±0.5 

Iodine value (g I2 per 100 g) 121.4±0.5 

Viscosity (cP) 34.1±0.5 

Flash point (°C) 265 

Pour point (°C) +12 

Density (g/cm3) 0.9186 

 

Considering the above indicated, the properties B10 and 

B20 blends in presence of EGK, DO and CP was studied. 

The physical properties of the diesel, sunflower biodiesel 

(B100), B10 and B20 blends with (or without) oxygenated 

additivities were investigated and the results are shown in 

Tables 2, 3.

  

 

Table 2. The physical properties of B10, B20, B100 and diesel fuels

 

 

 

As seen in Tables 2 and 3 density decreased for all B10 

and B20 fuel blends. The density is a factor governing the 

quality of crude petroleum, it is an uncertain indication of 

petroleum product quality unless correlated with other 

properties. But, kinematic viscosity significantly decreases 

for all fuel blends in the presence of 5% oxygenated 

compounds in the blends. Minimal kinematic viscosity has 

the B10+DO fuel blend (3.13 mm
2
/s). The significantly 

decreasing viscosity positively influences the flow and 

sprays characteristics in the engine [2, 4]. 

The flashpoints are decreased for the biodiesel blends than 

for pure biodiesel (B100). The best flashpoint was 

demonstrated B10+DO fuel blend with the 78
º
C. The clo-

ud and pour points for fuel blends at the presence of 

oxygenated additivities were decreased. The best cloud 

and pour points were typical for the B10+DO blend. 

The amount of sulfur significantly decreased as the 

percentage of biodiesel and oxygenated compounds in 

blends from 50 up to 33 ppm, which is very important for 

the environment and human health. As shown in our 

experimental results, water, sediment, also copper 

corrosion parameters are excellent [8]. 

The oxidation stability of diesel and B10 and B20 blends 

before and after oxidation was estimated by the ratio of 

NMR integral intensity of the naphthenic-paraffinic region 

at 0.5-4.5 ppm. to the olefinic-aromatic region at 4.5-6.0 

ppm. and 6.6-9.0 ppm. accordingly (Table 4).

 

 

 

 

 

 

Properties ASTM 

Methods 

ASTM diesel B10 B20 B100 

diesel biodiesel     

Relative density at 20°C, g/cm3 D1298 0.8-0.84 0.86-0.9 0.837 0.848 0.855 0.88 

Viscosity at 40°C, mm2/s, min-max. D445 2-5 3.5-5.0 3.44 3.54 3.60 4.1 

Flash point, °C, min. D93 65 ˃120 70 114 105 174 

Cloud point (°C)  D2500 -12 ˂20 7 3 5 +12 

Pour point (0C) D2500 -15 ˂15 0 -7 -5 +6 

Iodine value g (l2)/100 g - 60-135 ˂120 1.58 44.5 45.7 110.5 

Sulfur, ppm, max. D 975-14 15 15 50 35 33 0 

Water and sediment, vol%, max.  D 975-14 0.05 0.05 0 0 0 0 

Copper corrosion, 3 hr at 50°C, max. D 975-14 №3 №3 №2 №1 №1 №1 

Cetane number, min. D 975-14 40 47 43 43.7 44.1 48.5 
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Table 4. The oxidation stability of diesel and B10 and B20 blends 
 

 diesel B10 B10 B20 B10 B20 B10 B20 

  FAME FAME+EGK 

(5%) 

FAME+EGK 

(5%) 

FAME+DO 

(5%) 

FAME+DO 

(5%) 

FAME+CP 

(5%) 

FAME+CP 

(5%) 

Before (OSNMR) 9.89 11.28 8.95 8.21 15.71 13.32 11.6 10.31 

After (OSNMR) 5.88 5.31 6.59 5.41 8.39 7.59 6.15 5.78 

 

 

As seen in Table 4, high oxidation stability has the B10+DO 

fuel blend. The oxidation stability of other oxygenated fuel 

blends also is more than that of diesel and B100 fuel blends 

during the oxidations at 16 hours, at 95°C. This is due to the 

fact that oxygenated additivities protect the fuel from 

oxidation.  

Considering the above indicated, we note that the B10+DO 

fuel blend has low kinematic viscosity (3.13 mm2/s), 

flashpoints temperature (78
º
C), high oxidation stability and 

best exploitation properties demonstrated. 

 

4. CONCLUSIONS  

The properties of diesel, B10, B20, B100 fuel blends with (or 

without) oxygenated additivities were investigated on the 

ASTM (Figure 4) standards. 

Obtained results have demonstrated improvements of the 

important physical properties- such as density, viscosity, 

amount of sulfur, copper corrosion, flash-, pour- and cloud 

points for B10, B20 fuel with oxygenated compounds. 

Summarizing the obtained data, we can note that the fuel 

blends B10, B20 with oxygenated compounds have greater 

potential for diesel engines than pure biodiesel (B100) and 

commercial diesel fuel. The best result was demonstrated 

B10+DO fuel blend among the studied fuels.  
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ABSTRACT. In this study, Savonius type wind turbine rotors with the same front view area were produced with 3D 

printers by changing their aspect ratios, and then both experimental and numerical analyzes were carried out according to 

them attaching end plate and without end plate situations. The wind tunnel in the university was used in the experimental 

analysis. For numerical analysis, rotors and wind tunnels modeled in SolidWorks CAD program were analyzed in Ansys 

Fluent program. The analyzes made are for imaging purposes only, and the results in the experimental analyzes are 

accepted as correct. The reduction of aspect ratios in the uncapped analyzes decreased the overall efficiency, but the 

opposite effect was observed when the analyzes were repeated with the end plate. In addition, while negative pressure was 

observed in the rotors made without end plate (bare case) in the digital images, this situation was not seen in the analyzes 

made with the end plate. 

Keywords: Wind Turbines, Savonius, Tip Speed Ratio, Power Factor, Pressure 
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1. INTRODUCTION 

Humanity has needed energy to live for generations. Some 

attempts have been made to do this, both from the 

nutrients they get for survival and to make their daily life 

comfortable. Especially after the industrial revolution, to 

meet the rapidly increasing energy need, this need has 

been tried to be met by first using water vapor and then 

fossil fuels. However, as a result of this, the rapid 

deterioration of the world ecosystem has made it possible 

to switch to alternative energy production methods. The 

reason for this is the emergence of gases that disrupt the 

ecosystem and pollute the atmosphere while obtaining 

energy from fossil fuels. The electrical energy that we use 

frequently today can be obtained through various 

transformations, even if it is not found directly in nature. 

In electricity generation, natural resources are always 

produced by using a turbine or turbine group with 

subsequent generators [1-2]. 

Due to the increasing energy demand and climate change 

based energy crises recently, electricity generation from 

other natural sources has become increasingly 

common.But still, fossil fuels are widely useddue to the 

need of improvement of renewable energy implication [3]. 

Although each of the researched subjects in this study are 

included in the literature studies separately.Akkuş et al. 

[4] experimentally and numerically examined the 

performance that can occur by adding caps of different 

diameters to Savonius rotors with different blade 

structures with approximately the same area and observed 

that caps with a larger rotor diameter increase the 

performance significantly. Ali [5] conducted a study 

experimentally comparing Savonius rotors at low speeds 

according to the number of blades. In theexperimental 

study, 2- and 3-bladed rotors were produced withincertain 

calculations, their performances were compared under the 

same test conditions, and it was decided that 2-bladed 

rotors were more efficient. Altan et al. [6] produced the 

Savonius wind turbine rotors using 3D printers and then 

investigated the effect of the change on the performance of 

the change, which is caused by adding plates of specified 

dimensions to their blades, both experimentally and 

numerically. According to the results obtained from the 

experiments, it was concluded that the compression of the 

flow in the blades decreased, and the performance of the 

rotor increased. It was observed that the power coefficient 

in the rotor increased by 20 percent when the (1/r) ratio 

was adjusted to 0.3, the (s/r) ratio to 1, and the added plate 

angle as 135 degrees.Zhao et al. [7] aimed to increase the 
*
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power coefficient with the helical Savonius rotors they 

designed, although the power coefficient of the classical 

Savonius rotor is about 0.15. In this development, aspect 

ratio (H/DRotor), overlap ratio, and helix angle were used 

as variables. As a result of the study, while the aspect ratio 

was 6, the overlap ratio was 0.3 and the helix angle was 

180 degrees, the optimum power coefficient increased to 

0.2 (the tip speed ratio was 0.75 at this time). In addition, 

the starting torque value was better than the conventional 

rotor. Kharade et al. [8] tried to explain experimentally 

and theoretically the methods of increasing the overall 

efficiency of the rotors of vertical axis wind turbines by 

optimizing them. For Savonius turbines, although not 

much different from the above-mentioned efficiency-

increasing methods, the performance of Savonius rotors 

with helical blade structures formed by the change of twist 

angles, according to the number of blades, was examined. 

As a result of this study, the power coefficient of 2-bladed 

rotors (Cp = 0.53) was found to be greater than that of 3-

bladed rotors (Cp = 0.36). Zemamou et al. [9] carried out 

studies to increase the power coefficient of the classical 

savonius rotor (classic savonius Cp range varies between 

0.1 and 0.25) and because of the geometric improvements 

they made, they increased the power coefficient to 0.273. 

Gül and Kolip [10] achieved better results with the split 

blade designs of the Savonius rotor that they designed, 

which open and close according to the wind direction, 

compared to the power coefficient of the classical 

Savonius rotor (Cp = 0.38) and an improvement of 40 

percent was observed compared to the other designed 

models. Jeon et al. [11] investigated the performance 

change in the wind tunnel by adding caps in different 

shapes (4 types) to savonius rotors with helical blade 

structure and changing the diameters of these end plates. 

In addition, they examined the rotor performance in the 

without end plate state. According to the results obtained, 

while the power coefficient values of all of them up to 0.2 

are close to each other, after 0.2 it is concluded that the 

rotor with the end plate is higher in terms of power 

coefficients than the case without the end plate. In this 

result, it can easily be seen that it is more than double if 

the rotor, which is in the full-circle capped state, is 

compared according to the highest values of the power 

coefficients compared to its without end plate state. 

Although the subjects investigated in this study are 

separately included in the literature studies, for example, 

Zhao et. get. [7], the performance changes of the rotors 

formed by the change of the H/DRotor ratios have been 

examined, and the examination of the produced rotors 

without end plate condition according to their with end 

plate condition is given in Akkuş [4] and Jeon [11]. No 

study was found in which the investigated parameters 

were compared together. Accordingly, they evaluated the 

results by comparing their studies according to the data 

they obtained. 

2. MATERIALS AND METHODS 

2.1 Method 

All of the produced savonius rotors were created by 3D 

printers. 3D printers have become frequently used in daily 

life due to their outstanding performance in various 

industries [12]. Theproduced rotors were investigated 

experimentally and numerically. Experimentally, it was 

carried out in the wind tunnel in the Aerodynamics 

Laboratory of the Faculty of Aeronautics and Astronautics 

of Erciyes University. As a result of numerical analysis, 

the experimental setup designed in the cad program was 

created in the Fluent program. The numerical analysis part 

was carried out with the data taken from the experimental 

analysis. More detailed information is given in the 

numerical analysis section below. 

2.2 Material 

The infill ratio is low so that the rotors are not heavy in 

terms of aerodynamics. Production was carried out by 

adhering to the production tolerances of the rotor, 

depending on the calibration of the printer used.In 

addition, the end plates are made of medium-density 

fiberboard material with laser cutting. 

 

Table 1. Printing Parameters of 3D Printed Rotors. 

 

 

(a)                                         (b) 

Figure 1. (a) Without endplate and (b) With endplate of 

the designed rotors (Schematic representation) 

 

Figure 2. Height of designed rotors (Schematic 

representation) 
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Table 2. Geometric parameters of 3D printedrotors. 

 
 

Table 3. Geometric parameters of 3D printedrotors 

(Continued) 

 

Front view area, 

𝑨𝒇𝒓𝒐𝒏𝒕 𝒗𝒊𝒆𝒘  =  𝑯 ∗ 𝒅𝒓𝒐𝒕𝒐𝒓    (1) 

where H is the turbine height. 

Mechanical power, 

 

𝑷 𝒕𝒖𝒓𝒃𝒊𝒏𝒆 =  (𝑻 ∗  𝝎𝒕𝒖𝒓𝒃𝒊𝒏𝒆)   (2) 

where T is the torque and ω is the Turbine angular 

velocity. 

 

Wind power, 

𝑷𝒘𝒊𝒏𝒅 =  (𝝆 𝑨𝒇𝒓𝒐𝒏𝒕 𝒗𝒊𝒆𝒘𝑽𝒘𝒊𝒏𝒅
𝟑) / 𝟐  (3) 

where ρ is the density and Vwind is wind speed. 

 

Tip speed ratio, 

𝑻𝑺𝑹 = (𝝎𝒕𝒖𝒓𝒃𝒊𝒏𝒆 ∗ ( 𝒅𝒓𝒐𝒕𝒐𝒓/𝟐) /𝑽𝒘𝒊𝒏𝒅)  (4) 

 

Power coefficient, 

𝑪𝒑 =  (𝑷𝒕𝒖𝒓𝒃𝒊𝒏𝒆/𝑷𝒘𝒊𝒏𝒅)    (5) 

 

The values obtained by analyzing the produced rotors in 

the experimental environment will be displayed in the 

graph called TSR/Cp. Above are the theoretical equations 

related to this subject. The TSR is also known as the tip 

speed ratio and is the ratio of the linear speed of the 

turbine to the speed of the wind. Cp is known as the 

performance or power coefficient and is the ratio of the 

mechanical power produced by the turbine to the flow 

power in the wind. The optimum design point is 

equivalent to the maximum value of the coefficient of 

performance. produced above the front view area of all the 

rotors was determined as 330 cm
2
 (0.033 m

2
). The main 

purpose of this study is to examine the performance 

changes in the rotors produced by changing the aspect 

ratios, both with their end plates (the ratio of the end 

plates of all rotors is determined as DRotor /D0 =1) and 

without the end plate. The fact that all the blades in the 

produced rotors are straight blades is due to the poor 

calibration of the 3D printer. Therefore, the resulting Cp 

values may be lower than those in the literature. In the 

same way, since the problem of the 3D printer not pulling 

the filament on time, there were problems in the integrity 

of the structure, but in general, the structures are suitable 

for aerodynamic analysis. 

3. RESULTS 

3.1 Experimental Analysis 

As mentioned before, the experimental analysis part was 

carried out in the wind tunnel at the Laboratory ofErciyes 

University. The dimensions of the tunnel are in meters 

known as 2.3 m x 1.71 m x 10.6 m, respectively. In 

addition, the inlet and outlet cross-sections of test section 

in meters are given as 0.57 m x 0.57 m and 0.59 m x 0.59 

m, respectively. This wind tunnel can operate in the range 

of 3-33 m/s. There is a 15-kW fan in the tunnel. The 

general view and cad view are given below. 

 

Figure 3. Wind tunnel main view (Erciyes University 

Faculty of Aeronautics and Astronautics Aerodynamics 

Laboratory) 

 

Figure 4. Wind tunnel street view [13] 

The laboratory temperature was 15 °C, the density of the 

air was 1.089 kg/m
3
, and the kinematic viscosity value 

was 1.78 × 10 −5 kg/m∙s. The wind speed for the 

experiments conducted at a constant 10 m/s. 

The experimental procedure can be listed as given the 

rotors were first attached to a carbon-made rod without 

end plates, and then one end was mounted in the torque 

meter slot below and the other end was mounted on the 
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top cover of the tunnel. Then the tunnel was started and 

waited until the fan reached 10 m/s wind speed. When it 

reached sufficient speed, the rotors were first intervened 

manually and then rotated by the wind. Then, the free load 

of each of them was calculated and the torque (in Nm unit) 

and angular velocity (in rpm unit) provided by the rotor 

was read from the torque meter by descending from that 

load at certain intervals. The rotors that were tested 

without the end plate were then re-tuned with the end 

plates attached (the diameter of the caps is equal to the 

diameter of the rotor). TSR/Cp graphics were obtained 

when the values obtained in the table prepared on the 

computer were entered. The test results for the rotors in 

the wind tunnel, both with and without the end plate, are 

shown below. 

 

(a)                                          (b) 

Figure 5. Rotor with 1.5 aspect ratio (a- Without end plate, 

b- With end plate) 

 

(a)                                          (b) 

Figure 6. Rotor with 1.25 aspect ratio (a- Without end 

plate, b- With end plate) 

 

(a)                                             (b) 

Figure 7. Rotor with 1 aspect ratio (a- Without end plate, 

b- With end plate) 

 

(a)                                       (b) 

Figure 8. Rotor with 0.25 aspect ratio (a- without end 

plate, b- With end plate) 

 

Figure 9. TSR/Cp graph of rotors (Without end plate) 

As can be seen from here, the power coefficients increase 

significantly as the aspect ratio (H/D) of the rotors 

increases. In particular, rotors with ratios of 1.25 and 1.5 

showed outstanding performance compared to rotors with 

ratios of 0.75 and 1. Their production challenges and the 

ensuing weight disparities in performance may also have 

an impact on how well they perform due to the inferior 

quality of the filament used to manufacture that rotor 

compared to the others. In addition, the rotor with a ratio 

of 1.25 in terms of print quality is better than the others. 

However, since its compatibility with the 3D printer being 

printed is better than the others, it is possible to print more 

smoothly and have better power coefficients accordingly. 

Another factor affecting their overall performance is that 

rotors with a ratio of 1.5 and 1.25 have more torque than 

rotors with a ratio of 0.75 and 1. at the same speed. For 

example, if the rotors with 1.25, 1.5, and 1 ratio according 

to their performance are compared for approximately 420 

rpm, the rotor with the lowest ratio of 1 followed by 1.5 

and the rotor with the highest torque value was 1.25. In 

addition, the high torque also affected the pressure values 

that the rotors met due to air at the same rate. This can be 

given to the relationship between the magnitude of the 

thrust in the torque equation and the radius of the rotors. 

In addition, the increase in this pressure caused an 

increase in the power coefficient. This can be seen in the 

pressure graphs in the numerical analysis below. 
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Figure 10. Variation of TSR/ Cp (With end plate) 

At this time, as the aspect ratio of the rotors becomes 

smaller, the difference between the power coefficients was 

small compared to bare case, but it still increased the 

power coefficients. Here, rotors with a ratio of 0.75 to 1 

performed exceptionally well compared to rotors with a 

ratio of 1.25 to 1.5. Although all rotors have increased 

their performance compared to their uncapped condition, 

especially the rotors with the ratios of 1.5 and 1.25 could 

not increase as much as the rotors with the ratios of 0.75 

and 1. The feature that increases the torque in their general 

performance is the increase in torque and the increase in 

pressure due to the addition of the effect of the cap on the 

rotors to the relationship between the thrust force and the 

radius. A point that should be noted here is that when their 

performance is compared to their uncapped situation, a 

torque increase of almost 3 times has been observed for 

their graphics, especially in the rotors with the ratios of 1 

and 0.75, both in the without end plate and with end plate 

conditions at similar revolutions. 

3.2 Numerical Analysis 

Numerical analysis was carried out in the ANSYS 

FLUENT program, as mentioned before. The relevant 

models were modeled in an external CAD program and 

transferred to the Ansys program and then to the Fluent 

part. Since the deviation in the dimensions of the wind 

tunnel will disrupt the mesh layout, the average of both the 

entrance and the exit of the tunnel is modeled as 0.58 m x 

0.58 m in meters. The total length of the tunnel is 2.7 

meters, and the modeled area (rod) is positioned at a 

distance of 0.9 meters from the entrance part so that the 

rotors can rotate. In addition, the dimensions of the part 

called the rod are a cylinder with a radius of 0.15 meters 

and a height of 0.3 meters, and it is modeled in such a way 

that it can be placed easily in all rods. The initial layout of 

the rotor blades is shown below, with the rotor with an 

aspect ratio of 1.5 as an example model, without end plate. 

In addition, the hole part, which is suitable for connecting 

the rotors with a rod as in the experimental analysis, was 

filled with the extrusion command while creating the cad 

model of the rotors. Otherwise, it affects the analysis 

result, and it is modeled in this way since it is seen as if 

the fluid is passing through the hole in the display of the 

flow profiles. 

 

Figure 11. Representation of the model to be used in the 

analysis (Rotor with 1.5 aspect ratio) 

 

If the analysis will be made here and which parameters 

will be taken as a basis in such analyzes, the first two 

rotors with the best TSR/Cp points -the aspect ratios of 1.5 

and 1.25 for the ones without end plate, the rotors with the 

aspect ratio of 0.75 and 1 for the end plates- steady were 

analyzed. In addition, additional steady analyzes were 

created for flow monitoring purposes to examine the 

performance of the rotors at the same angular velocities in 

terms of comparing each other (with and without end plate 

in their groups) according to the differences in the 

experimental results. It is determined that these rotors are 

588 rpm in their capped condition and 420 rpm in their 

uncapped condition. However, the point to be noted here 

is that the rotor, which has a 0.75 ratio in uncapped 

situations, performs worse than the others, so it will not be 

displayed in a capless state. The velocity and pressure 

contour images taken in each of these analyzes are given 

below. It is not possible to carry out the analysis within 

the scope of the assignment, as the validation processes 

will be quite long. In addition, this method was used 

because the validations should have reached the 

appropriate mesh structure and mesh independence, and 

the results should be as close to the data obtained from the 

experiments as possible. 

Required meshstructures, name definitions, and required 

values are shown in the meshtable below. Since the 

reduction of meshes increases both the time and the 

overall number in the analysis, the smallest possible 

meshes were discarded and corrected in the polyhedral 

mesh part in a fluent environment. Also meshes Ansys 

fluent It was made following the quality values found in 

the [14] guideline, and the quality values were created 

close to the limits in this guide. 

 

Figure 12. Naming the model to be used in the analysis 

(Rotor with 1.5 aspect ratio) 
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The nomenclature with an asterisk on them represents the 

geometric names, and the rest represent the nomenclature 

to be used in the analysis. Interface definitions are named 

between the rod and tunnel surfaces. It has been said 

before that after the required mesh quality values are 

provided, pressure-based steady analyzes are made in the 

Ansys /Fluent program. Since there will be airflow inside 

the modeled tunnel, the gravitational acceleration is not 

that effective. Therefore, the gravitational acceleration part 

remained closed. The input values of the analyzes to be 

performed at a steady state were taken from the 

experimental data. 

SST k-ω model, which can solve aerodynamic analyzes 

better than other models based on recent academic studies 

[15]. When the necessary data were entered on the rod 

(available in the mesh table), the element that will rotate 

as intended, the entrance and sections of the tunnel, the 

analyzes were started and according to the result, both the 

velocity and pressure contours of the analyzes were taken 

and transferred here. 

 

 

Table 4. Mesh parameters of rotors prepared for numerical 

analysis (All mesh commands not mentioned here are left 

in standard settings in the program). 

 

 

Table 5. Mesh quality values of rotors (Ansys according to 

fluent guide) – Without end plane. 

 

 

Table 6. Mesh quality values of rotors (Ansys according to 

the fluent guide) - With end plane. 

 

 

 

Figure 13. Solution method and parameters to be used in 

analysis 

 

In the analysis program, the solution methods were 

applied as shown in the above figure in all of the analyzes 

performed as steady on the flow images. In the analyzes 

performed in steady-state, the analysis was completed 

with 2000 iterations. 

 

As mentioned before, the inconsistency of numerical 

analyzes with experimental analyzes is not due to the input 

values written in the program, but to the appropriate mesh 

number and the inability to reach a solution independent 

of this mesh number. The data obtained from the 

numerical analyzes were used only to compare the data 

obtained from the experimental analyzes with each other. 
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Figure 14. Pressure distribution on XZ plane of rotorswith 

aspect ratio of a-0.75(With end planeand n = 546 rpm), b-

1(With end plane and n = 516 rpm), c-1.5(Without end 

plateand n = 534 rpm) and d-1.25 (Without end plateand n 

= 558 rpm) 

 

Figure 15. Pressure distribution on the YZ plane of rotors 

with aspect ratio of a-0.75 (With end plane and n = 546 

rpm), b-1 (With End Plane and n = 516 rpm), c-1.5 

(Without end plate and n = 534 rpm) and d-1.25 (Without 

end plate and n = 558 rpm) 

The representations in the XZ and YZ planes in figures 14 

and 15, with the angular velocity values corresponding to 

the values in the maximum power coefficient obtained 

from the experimental analysis of the rotors with aspect 

ratio 0.75 (without end plate), 1 (without end plate), 1.25 

(with end plate) and 1.5 (with end plate). The pressure 

distribution obtained from the numerical analyzes made is 

observed. As observed, negative pressure was observed in 

the rotors without end plate. However, this was not 

observed in rotors with end plates. This is also observed in 

the case of the rotors with and without the end plate, 

which have the same aspect ratio. In other words, in the 

case of uncapped rotors with end plates, this negative 

pressure disappears and it is observed that the torque 

values increase when compared with the ensuing torque 

increase at the same angular speeds. This is basically what 

is meant here. 

 

Figure 16. Velocitydistribution on the XZ plane of rotors 

with aspect ratio of a-0.75 (With end plane and n = 546 

rpm), b-1 (With End Plane and n = 516 rpm), c-1.5 

(Without end plate and n = 534 rpm) and d-1.25 (Without 

end plate and n = 558 rpm) 

 

Figure 17. Speed distribution on the YZ Plane of rotors 

with aspect ratio of a-0.75 (With end plane and n = 546 

rpm), b-1 (With End Plane and n = 516 rpm), c-1.5 

(Without end plate and n = 534 rpm) and d-1.25 (Without 

end plate and n = 558 rpm) 

The representations in the XZ and YZ planes in figures 16 

and 17, with the angular velocity values corresponding to 

the values in the maximum power coefficient obtained 

from the experimental analysis of the rotors with aspect 

ratio 1.25 (without end plate), 1.5 (without end plate), 1 

(with end plate) and 0.75 (with end plate). The velocity 

distribution obtained from the numerical analyzes made is 

observed. As observed, speed drops due to negative 

pressure were observed in rotors without end plate. 

However, this was not observed in rotors with end plates. 

This is also observed in the case of the rotors with and 

without the end plate, which have the same aspect ratio. In 

other words, when the rotors without end plate are end 

plates, this negative pressure disappears and it is observed 

that the torque values increase when compared with the 

subsequent torque increase at the same angular speeds. It 

can be said that a stable flow opportunity is also offered 
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Table 7. Torque values from analyzes 

 

Table 7 above shows the rotational numbers of the first 

two rotors with the maximum power coefficients 

according to the results of the experimental analyzes of the 

rotors (with/without end plate) and the experimental and 

numerical values of the torque values according to these 

revolutions. In addition, the pressure and velocity 

indications of the analyzes made for flow monitoring 

against these numerical values are shown above. Although 

the numerical data in Table 7 do not agree with the 

experimental data, the imagines made support the 

inferences made from the experimental analysis. In 

addition to this, additional numerical analyzes (steady) 

were made to compare the rotors with and without the end 

plate themselves. In addition to displaying the pressure 

and velocity distributions from these analyses, vectorial 

velocity distributions were taken to examine how the air 

behaves during the movement of the rotors. In Table 7, in 

order to reduce the difference between the torque values 

obtained from numerical analyzes and experimental 

analyzes, even though it is tried to approach realistic 

results by entering the roughness values in the wall 

definition in the rotor part in the numerical analysis, there 

is not much difference in the results obtained. 

 

 

Figure 18. Pressure and velocitydistribution on XZ and 

YZplanes of a rotor with aspect ratio of 0.75(With end 

plate) (n = 588 rpm) 

 

 

Figure 19. Pressure and velocity distribution on XZ and 

YZ planes of a rotor with aspect ratio of 1 (With end 

plate) (n = 588 rpm) 

 

 

Figure 20. Pressure and velocity distribution on XZ and 

YZ planes of a rotor with aspect ratio of 1.25 (With end 

plate) (n = 588 rpm) 

 

Figure 21. Pressure and velocity distribution on XZ and 

YZ planes of a rotor with aspect ratio of 1.5 (With end 

plate) (n = 588 rpm) 
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Figure 23. Pressure and velocity distribution on XZ and 

YZ planes of a rotor with aspect ratio of 1 (Without end 

plate) (n = 420 rpm) 

 

 

Figure 24. Pressure and velocity distribution on XZ and 

YZ planes of a rotor with aspect ratio of 1.25 (Without 

end plate) (n = 420 rpm) 

 

Figure 25. Pressure and velocity distribution on XZ and 

YZ planes of a rotor with aspect ratio of 1.5 (Without end 

plate) (n = 420 rpm) 

 

4. DISCUSSION AND CONCLUSION 

4.1 Discussion 

The pressure-velocity distributions of capped rotors at 

588rpm (fig. 18-21) and the pressure-velocity distribution 

of uncapped rotors at 420rpm (fig. 23-25) are shown 

above. While the aspect ratios of 0.75, 1, 1.25, and 1.5 

were examined respectively in capped cases, rotors with 1, 

1.25, and 1.5 ratios were examined in caseless ones, 

respectively. The rotor with end plates aspect ratio of 0.75 

was not included in the comparison since the desired rpm 

speeds were not achieved experimentally. Looking at the 

inside of the blade that meets the air of the covered rotors, 

it is smooth and the maximum pressure value of 0.75 is 

read, respectively, and the smallest pressure value is seen 

at 1.5 (Figures 18-21). Although the values shown in the 

pressure distribution seem close to each other, they differ 

in terms of the penetration of the pressures and support the 

experimental studies. Negative pressure was observed 

Figure 22. Vectorial velocity distribution on XY plane of rotors with aspect ratio of a-1 (With end plateand n = 588 rpm), 

b- 1.25(With end plateand n = 588 rpm), c- 1.5(With end plate and n = 588 rpm), d- 1 (Without end plate and n = 420 

rpm), e-1.25 (Without end plate and n = 420 rpm) and f- 1.5 (Without end plate and n = 420 rpm). 
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inside the blade that meets the air in the flow imaging of 

the rotors without end plate (Figures 23-25). The reason 

for this is that the air cannot be trapped inside the blade in 

rotors without end plate. In addition, the pressure drops 

due to the eddy flow in the blade and around the rotor 

caused a decrease in the torque and power coefficient. The 

vectorial movements of the pair shown in Figures 22, also 

support this situation. In the experimental study, it has 

been observed that 1.25 has higher efficiency than 1.5 in 

the rotors without end plate. The reason for this is that in 

the numerical study, higher negative pressure was 

observed in the rotor blade with a ratio of 1.5, seen in 

figures 23 and 24, compared to 1.25. 

 

In general, when the rotors are compared with and without 

the end plate, according to the results obtained from the 

experimental analysis, it has been observed that the torque 

(power) produced in the closed cases at the same rpm 

values is higher than the torque produced without the end 

plate. Due to the numerical imaging made earlier, the 

efficiency decrease due to the negative pressure in the 

capless ones was not observed in the capped state, and it 

caused an abnormal increase in efficiency in some rotors 

(example 0.75). 

 

4.2 Conclusion and Suggestions 

According to the results obtained from the analysis, rotors 

with small aspect ratios in the case of the rotors without 

end plate have lower power coefficients and their overall 

performances have increased with the increase in aspect 

ratios. It has been concluded that the pressure values 

encountered by the rotors are directly related to the power 

coefficients they produce. However, the opposite effect 

was observed this time in the analysis of the rotors with 

the end plate. Here, the low aspect ratios caused the power 

coefficients to increase more than the others. The 

numerical analyzes performed for flow monitoring to 

compare the rotors with each other in both without the end 

plate and with the end plate states at equal revolutions also 

agree with the results obtained from the experimental 

analyzes. 
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ABSTRACT: Energy demand in the building particularly insummer during peak hours due to outdoor climate and lack of 

sufficient high thermal mass construction materials. Advanced materials are required to reduce the recurring energy 

demand of buildings. This peak hour energy demand can be significantly reduced by using phase change materials (PCM). 

These PCMs are being incorporated into building components/ products in various ways. In this overview, the recent 

advances in the field of using different types of PCMs, parameters to be consider for building components, encapsulation of 

PCMs and influence of PCMs on thermal and mechanical properties of construction materials are briefly discussed. 

Importantly, behaviour of MPCM in building components is concisely elaborated in effective way. 
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1. INTRODUCTION 

In India currently energy consumption in residential and 

commercial building accounts for 30% of total energy 

use and this consumption in raising 8% annually. Energy 

consumption in buildings is dependent on outdoor 

climate, building construction materials, naturally 

ventilated or air-conditioned, occupancy hours, thermal 

comfort expectations of occupants, office equipment and 

home appliances [1].Energy demand in the buildings can 

be accomplished either by using sensible heat or  latent 

heat materials.Sensible heat materials have been used for 

centuries by builders to store/ release passively thermal 

energy, but larger volume of material is required in 

comparison of  latent heati.e. phase change materials 

(PCMs) [2]. PCMs are commercially available in the 

market from -3 °C to 850 °C [3]. Day time, when the 

temperature above the melting point,the PCM absorbs 

heat during the material changes phase from solid to 

liquid. Atnight, when the temperature below the melting 

point,the PCM desorbs heat to ambient, during the 

material changes phase from liquid to solid. The PCMs 

are being successfully used as energy storage devices in 

heat pumps, solar engineering, space craft etc. The use of 

PCMs into the buildings is the incorporation of PCMs 

into the building components as these PCMs undergo 

phase transformation process and therefore, suffer from 

the problems of leakages.Most of the researchers have 

been working in the direction of micro/nano-PCM 

capsules to overcome these difficulties[4].Particularly in 

building, these PCMs are integrating in walls, mortar, 

concrete and paints for delay the heat transfer, peak load 

shifting, reduction of temperature fluctuation and 

enhancement of thermal properties of cementitious 

materials. In this report, information provided 

aboutPCMs which were used in the buildings by possible 

ways. 

The importance of this study is highlighted for a better 

understanding of how phase change materials 

affect cementitious materials, as well as the mechanisms 

that cause mechanical qualities to be reduced and 

thermal properties to be increased. In addition, what 

factors need to be taken into account and offered should 

be evaluated before incorporating into any system. 

2.HOW TO SELECT THE PCMS? 

Before incorporating into buildings or thermal energy 

storage systems, PCMs should be select based on 

thermal, physical, kinetic and chemical properties  

2.1 Thermal point of view: 
PCM Thermal conductivity should be either high or 

low,which is depends on applications (buildings/thermal 

energy storage systems), thermal stability, and a high 

heat of fusion (H.F kJ/kg) of PCM should be high. 

2.2 Physical point of view: 
High energy density during phase transition and small 

volume change. 

2.3 Kinetic Point of view: 
No super cooling during PCM changes from liquid to 

solid. 

Corresponding author: srinivas@cbri.res.in 

Review Article 



Agarwal et al.                    Energy, Environment and Storage (2022)02-03:23-29 

 

2.4 Chemical point of view: 
Along-term chemical stability of PCM (functional 

contained in PCMs should not be react with other 

materials), non-toxicity and no fire hazard. 

2.5 Economic Point of view:Cost effective and PCM 

should be easily available. 

3. TYPES OF PCMS 

Phase change materials are divided into three categories 

(i) Organic (ii) Inorganic (iii) Eutectic mixture 

3.1 Organic PCMs 

The organic phase change compounds are chemically 

stable, no super cooling, non-corrosiveand 

nontoxic.Organic PCMs are subdivided in two groups (i) 

Paraffins (ii) Non paraffins. Paraffins are chemically 

inert,have low thermal conductivity and large volume 

change. The non-paraffins such as fatty acids have high 

heat of fusion than paraffins and have small volume 

change.  

3.2 Inorganic PCMs 

Inorganic PCMs have high heat of fusion,good thermal 

conductivity, are cheap and nonflammable.Most of them 

are corrosive to metals. Most inorganic PCMs are 

hydrated salt. Hydrated salts have a high energy density 

and high thermal conductivity.Disadvantage is that 

undergoes super cooling. 

3.3 Eutectic Mixture 

Eutectic mixture is a mixing of more than one PCM 

material. Eutectic mixtures have sharp melting point and 

energy density is slightly higher than that of organic 

PCMs. Eutectics  are divided in three groups (i) Organic 

– Organic (ii) Inorganic – Inorganic (iii) Organic – 

Inorganic [1, 5].The desired temperature range of 

eutectic mixture can be designed according to Schroder’s 

equation (1) [6] 

ln ᵡA = 
∆𝐻𝐴

𝑅
  (

1

𝑇
− 

1

𝑇𝑓
)   (1) 

where ᵡA and ∆HA are the molar fraction and latent heat 

of fusion kJ/kg of compound A, respectively. T and Tf 

are the melting temperature °C of the mixture and 

compound A. R is gas factor 0.8314 kJ/ K. mol. 

3.4 Commercial availability of PCMs 

In the market, the companies/industries such as BASF, 

Microtek and Rubitherm are commercializing the 

encapsulated PCMs (EPCMs/MPCMs) with the name of 

DS5001X, RT 5, and RT 25 etc. within temperature 

range of below ambient to above 100ºC (Table 1)[3, 7-

11]. 

Table 1Commercially Available MPCM companies 

Company Name 
Commercial name of 

PCM 
Website 

Microteck BASF, 

Dayton 
Micronal and MPCM 

Product Data Sheets -

Microtek Labs[11] 

RAL quality 
association PCM, 

Germany 

Rubitherm GmbH 
rubitherm technologies 
gmbh-PCM-Phase change 

Material (pcm-ral.org)[10] 

PCM energy, UK ------- 

PCM Products | Phase 

Energy Ltd (phase-

energy.com)[12] 

Climator, Sweden ClimSel 
PCM-ClimSel 

(climator.com)[9] 

Thermofin ------ 

CRISTOPIA : Thermal 

energy storage solution - 

THERMOFIN[7] 

4. INCORPORATION OF PHASE CHANGE 

MATERIALS INTO BUILDING COMPONENTS 

The PCMs are incorporated in construction materials by, 

immersion and encapsulation methods 

4.1 Immersion  

In the immersion technique, the construction elements 

(concrete, brick blocks, and wallboards), which are 

dipped into the liquid PCM (at above melting point), 

absorbs the PCM in the pores contained in the building 

materials by capillary actionunder the vacuum pressure 

Fig. 1[13]. It is reported that PCM may leak [14-16] 

especially after subjected to many thermal cycles. Also, 

it may affect the mechanical and durability properties of 

the construction elements. These essentials points need 

to be considered for building components. 

 

Fig.1 Immersion method  

4.2. Encapsulation  

In this technique, PCMs are encapsulated in either 

polymer shell or inorganic shell before incorporation into 

construction materials. PCM encapsulation should (a) 

meet the requirement of strength, durability, thermal 

stability of polymer/shell (b) it protects the PCM as a 

barrier, from destructive interactions with the 

surrounding (c) have enhance surface area for heat 

transfer. There are two types of encapsulation methods 

one is microencapsulation, and another is macro-

encapsulation [3, 17, 18].  

4.2.1. Microencapsulation  

Encapsulation is a tiny particle where in PCM as a core 

material which is surrounded by polymer as a shell 

(Fig.2)[17]. The phase change temperatures in between 

ambient to 80 
0
C can be prepared with this technique. 

There are two methods of micro-encapsulation: Physical 

and Chemical methods [19]. Thephysical method 

includes Fluidized bed process and spray drying (SD) 

while the chemical methods include In Situ 

Polymerization (ISP), Complex Coacervation (CC), 

Phase Separation (PS) and Suspension- Polymerization 

(SP). Preparation methods of encapsulated techniques 

and PCMs by literature givenin Table2[20].Borreguero et 

al. (2011)[21] developed encapsulations of paraffin 

(RT27) with and without carbon nanofibers (CNFs) 

utilising the spray process and a coated shell made of 

polyethylene-ethylvinylcetate (LDPE-EVA). The 

smooth, sphere-shaped microcapsules have a particle size 

range of 0.1 to 5.0 m. Latent heat of fusion (LHF) and 

https://www.climator.com/en/applications-climator/room
https://www.climator.com/en/applications-climator/room
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encapsulation efficiency (EE) were 80% and 92 J/g, 

respectively (Fei et al., 2008) [22]. Using sophisticated 

coacervation, Xiao et al. (2014) [23] created 

microcapsules with a lavender oil core and a gelatin 

exterior, as well as gum. On the appearance, average 

particle size, yield, and EE, several values including pH 

value, C/S ratio, shell concentration, agitator speed, 

cross-linkers, and homogenization rate were studied. pH 

3.5, C/S 3:2, 1% shell concentration, 450 rpm speed, and 

glutaraldehyde as a cross-linker were the ideal conditions 

for creating the microcapsules. The EF, loading capacity, 

and yield were each 65.8 1.0%, 66.0 0.3%, and 61.3 

7.0%, respectively. Phase change material (PCM) 

microcapsules were created by Deveci and Basal in 2009 

[24] using n-Eicosan as the core and silk fibroin (SF) and 

chitosan (CHI) as the shell. For the coacervation 

procedure used by Butstraen and Salaün (2014)[25] to 

encapsulate coloured oil, the following parameters were 

optimised: pH 3.6, weight ratio of chitosan to acacia gum 

combination of 0.25, C/S 0.1, and emulsion period of 15 

min at 11,000 rpm. In-situ polymerization was used by 

Hong and Park (1999) [26]to successfully create 

microcapsules using aromatic Margin oil as the core 

material and melamine formaldehyde as the shell 

material. They found that the microencapsulation 

effectiveness was about 87% and that the particle size 

was below 10 µm. The capsules were created by Liang et 

al. (2015) [27]using n-octadecane and SiO2, with a latent 

heat of silica PCM of 109.5 kJ/kg.Tris (hydroxyethyl) 

methyl amino methane, SiO2, and its latent heat of about 

146 kJ/kg were combined to create capsules by Wu et al. 

in 2015[28]. 

Table2. Micro-encapsulation Techniques 

Method Particle size (µm) 

Spray Drying 0.1 - 5000 

Coacervation 2-1200 

Sol-Gel 0.2 to 20 

Interfacial Polymerization 0.5 - 1000 

Suspension Polymerization 2-2000 

In situ-Polymerization 5-300 nm 

 

The most used polymers are Melamine – formaldehyde 

(MF), Urea Formaldehyde (UF), Poly styrene (PS), Poly 

methyl methacrylate (PMME), Melamine-urea 

formaldehyde (MUF), Silica oxide (SiO2), Titanium 

oxide (TiO2) etc. 

 

Fig.2 Behaviour of MPCM into different applications 

4.2.2 Macro-encapsulation  

In this technique, a significant quantity of PCM can be 

packed in a container such as tubes, spheres and panels 

for subsequent used in construction elements [29]. The 

macro-encapsulation is available in various 

configurations like flat plate, cylinder shell, tube and 

spherical (Fig.3)Also, it may affect the mechanical and 

durability properties of the construction elements. Shin et 

al.2015 [30], sodium acetate trihydrate containing 2.5 

wt% expanded graphite had a thermal conductivity of 

1.85 W m-1 K-1, which was much greater than Ffor pure 

samples, 0.3 W m
-1

 K
-1

. 

According to Jin et al. [31], the best place for PCM 

pouch systems was 1/5 L away from the internal surface 

of walls (where L was the wall thickness). According to 

Fang [32], PCM tube systems positioned at a distance of 

(3/16)L from the inner surface would result in significant 

peak reductions. The various ideal positions discovered 

through these investigations suggest that various factors 

can affect such a site. To learn more about the impact of 

various variables, including wall orientations, PCM 

system thicknesses, and PCM thermal characteristics, 

some researches were carried out. 

 

Fig 3Macro-encapsulation materials for PCM 

4.2.3Shape-stabilized PCM 

In this technique, shape stabilization supports polymers 

such as high- density polyethylene (HDPE), Styrene and 

Different molecular weight of Polymers etc. The PCM 

and supporting material is melted and mixed with each 

other at high temperature and poured into ant three-

dimensional mould.The supporting material is cooled to 

below the glass transition temperature until it becomes 

solid (Fig.4). The mass of the PCM can be incorporate 

up to 80%. These panels can be used as retrofitted to the 

building [29, 33, 34]. 

 

Fig 4.Shape stabilized PCM 
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Shape-stabilized PCM is being prepared by researchers 

according to their specifications (Fig.4). There are 

certain key dimensions that have not yet been 

investigated. 

5. EFFECTS OF PCM ON THERMAL 

PROPERTIES OF BUILDING COMPONENTS 

Thermal conductivity and specific heat are considering 

parameters for building component Micro-PCMs 

(melting point 23ºC and heat fusion 100 kJ/kg) were 

mixed into the concrete. Thermal conductivity of the 

concrete is reduced as the percentage of PCM increased 

[35]. Eutectic mixture (melting point 21 ºC and heat of 

fusion 126.652 kJ/kg) was incorporated into the gypsum 

by immersion method.Specific heatof phase change 

wallboards increasedas compared with specific heat 

value of gypsum.According to research by Jayalath et al. 

(2016) [36], cementitious materials' thermal conductivity 

decreased by 37% when 5% microcapsules were 

added.Using 30% microcapsules, according to Xu and Li 

(2013)[37], increased thermal energy storage capacity by 

up to 5.438 kJ/kg.Gypsum thermal conductivity was 

examined by Jaworski and Abeid in 2011 [38]. 100% 

gypsum's thermal conductivity dropped from 0.35 W/ 

m.K to 0.25 W/ (m.K). Gypsum's 0.1 W/m thermal 

conductivity was discovered at a PCM concentration of 

30%. Using microcapsules, K. Zhang et al., 2020 [39] 

studied thermal conductivity. Gypsum materials' test 

results are 0.4707 W/ m.K, 0.3361 W/ m.K, 0.3011 W/ 

m.K, and 0.2537 W/ m.K, respectively, and these values 

correspond to microcapsule contents of 0, 5 wt.%, 10 

wt.%, and 20 wt.%.It was thoroughly examined how M-

PCM integration affected important characteristics as 

compressive strength, flexural strength, apparent density, 

porosity, and thermal behaviour. The apparent density 

and thermal conductivity of GC decrease with M-PCM 

incorporation (5 and 10%), but GC porosity rises with 

increasing M-PCM dose [40]. 

The thermal conductivity of incorporated MPCM into 

building materials were calculated theoretically by using 

the Maxwell eq. (2) which describes about the thermal 

conductivity of MPCM in building materials. Based on 

this model, the MPCM particles were unreacted with 

binding material and dispersion of MPCM in binding 

material homogeneously (Lecompte et al., 2015)[41]. 

keff=kbm

kMPCM +2kbm +2Ø(kMPCM −kbm )

kMPCM +2kbm −Ø(kMPCM −kbm )
(2) 

keff Effective thermal conductivity of incorporated 

MPCM into building material (W/m.K), kMPCM   thermal 

conductivity of MPCM (W/m.K), kCP  thermal 

conductivity of building material, Ø is the volume 

fraction of MPCM. The specific heat of inclusion of 

MPCM building material was determined using the 

following eq. (3) and enthalpy of incorporated MPCM1 

into the cement paste at phase transition temperature was 

determined using eq. (4) [42]. 

Cpeff  = (1 − ØMPCM )Cpbm  + ØMPCM  CpMPCM (3) 

Henthalpy  of    MPCM  into  bm   

at phase transition temperature =  Cpeff
Tmp

0
ΔT   (4) 

Cpeff  Specific heat of incorporated MPCM into building 

material(J/kg.K), Cpcp  specific heat of building material 

(J/kg.K), CpMPCM     specific heat of MPCM 

(J/g.K),ØMPCM volume fraction of MPCM. Tmp melting 

point of MPCM (K), H enthalpy of MPCM into building 

material (
o
C) 

The thermal diffusivity of building material with MPCM 

was calculated using the following eq. (5)  

∝=
k

ρCp
                      (5) 

Where, ∝ is thermal diffusivity (m
2
/sec), ρ is the actual 

density of building material with MPCM samples and Cp  

specific heat of building material sample, J/kg.K. 

6. MECHANICAL AND PHYSICAL PROPERTIES 

OF PCMS INTO BUILDING COMPONENT 

Researchers have been studied mechanical properties of 

micro-PCMs into the concrete, cement, gypsum and 

brick. Compressive strength of building component 

decreased with addition of micro-PCMs.  Compressive 

strength of concrete has been studied at 28 days by 

increasing micro-PCMs. Compressive strength of 

concrete significantly decreased while micro-PCMs 

dosage increased.  

To enhance compressive strength of buildings 

components, nano materials are adding such as nano-

SiO2, TiO2 and Carbon nano tubes (CNTs).Two kinds of 

dissimilar nano materials were used, one was nano silica 

(NS) which was in colloidal state and another one was 

nano titanium, (NT) in amorphous state, in mortars. The 

influence of nano materials NS and NT on the fresh and 

hardened state properties of these self-compacting 

mortars was studied. They concluded that the use of nano 

materials in repair and rehabilitation mortars has 

significant potential but still needs to be optimized [43]. 

Microcapsules were introduced to the cement-based 

system by Zhu et al. in 2021[44]. Porosity and density 

were assessed. As the microcapsule concentration was 

raised, the density decreased and the porosity rose. This 

effect can be explained by the fact that the LWA's pore 

structure is altered by the presence of microcapsules, 

which causes a drop in density as porosity rises. In place 

of PCM, Sukontasukkul et al. 2019 [45]investigated 

water absorption using light-weight aggregates (LWA). 

The density of the cement-based system (CBS) increases 

when LWA is substituted with PCM-LWA, and the 

absorption reduces.  The density rises from 1747 kg/m3 

to 1903 kg/m3 as the LWA is replaced by the PCM-

LWA up to 100% by volume. The absorption decreases 

by 2.20-1.75% when the PCM-LWA totally replaces the 

LWA. In order to increase density and reduce absorption, 

denser aggregates (PCM-LWA) must be used in place of 

porous aggregates. Eddhahak-Ouni et al. (2014) [46] 

looked at the mechanical properties of PCC with micro-

encapsulated paraffin PCM (Micronal DS 5001X). The 

samples containing 1%, 3%, and 5% microencapsulated 

PCM by volume, respectively, had compressive strengths 

that were 16%, 24%, and 32% lower than the reference 

sample (without PCM). A concrete tile system with 

microencapsulated paraffin was devised and tested by 
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Narain et al. in 2016 [47]. (Micronal DS 5008). 

Compressive strength was reduced by 25% when 

cement-based system (CBS) was used with 20% PCM 

per volume. 

7. BASIC PARAMETERS FOR APPLICATION OF 

PCM IN DISTINGUISH APPLICATIONS 

Based on overview, the following flowchart is drawn 

(Fig.5) for application of PCM in thermal energy storage 

system and building applications for reduction of energy 

demand [48]and it will be helpful to reduce burden on 

natural resources depletion  

8.BEHAVIOUR OF MPCM IN BUILDING 

COMPONENTS 

As the dosage of MPCM (shell : polymer)  is increased, 

in cementitious material, thermal properties such as 

thermal conductivity  and specific heat may be varied 

and also effects on  mechanical properties such as 

compressive strength and flexural strength. In Fig.6, the 

briefly explained for above properties. 

 

Fig.6 PCM plays in cementitious materials[49, 

50]MPCM has a low thermal conductivity and high 

specific heatas compared to the building component. its 

effective total thermal conductivity is lowered than the 

control sample and higher specific heat. Themechanical 

properties are reduced.MPCM partially counterattacks 

the obligatory of water, therefore essential hydration 

products such as C-S-H is reduced as well as CH is 

increased. The C-S-H is principal product for improving 

the mechanical properties whichcanbe improved by 

incorporating inorganic shell (Fig. 6). 

 

Fig.5 Flow chart for PCM design in different 

application9. Conclusion 

9. CONCLUSION 

When selecting PCMs, their phase change temperature 

should be close to the average room temperature and 

comparison of thermal properties of PCMs at the average 

temperature, in that high latent heat of fusion, energy 

density must be select for the buildings. Otherproperties 

such as long-term thermal and chemical stability of 

PCMs considered.  Successfully, polymers were used as 

shell to PCMs by different encapsulation methods, but 

their physic-thermal properties should be considered 

during selection of polymers. Shape stabilized PCM can 

be incorporate into interior of the building by retrofitting, 

it can enhance overall heat transfer coefficient. Thermal 

conductivity is decreasing, and specific heat is 

increasing, so PCMs may incorporate outside of building 

component. For this purpose, need to be analyze which 

temperature is suitable to the building component. 

Researchers have been studied mechanical properties of 

micro-PCMs into the concrete, cement, gypsum and 

brick. Whereas compressive strength is decreasing, while 

PCMS dosage increased. Compressive strength of PCMs 

building component can be enhance by adding nano 

materials 
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ABSTRACT: Hydroelectric power together with other renewables already accounts for about 50% of electricity demand, 

and there is much additional potential for growth. Turkey is rapidly growing in terms of both its economy and its 

population. In parallel, its demand for energy, particularly for electricity, is increasing fast. Turkey’s electric power demand 

has been developing steadily, averaging 8-10 % annual growth over the past 20 years. Turkey’s hydraulic potential is 

55,000 MW, and the share of hydraulic installed power has reached 31,647 MW from 11,175 MW in 2000 as of 31 

December 2021. According to the Strategic Plan of the Ministry of Energy and Natural Resources for 2019-2023, while the 

total installed capacity will be about 32.9% in 2023, but this figure has already been reached.In cooperation with the public 

- private sector, 743 Hydroelectric Power Plants (public +private) with an installed capacity of 31,647 MW and a power 

generation potential of 108,932 GWh/year have been completed and put into service. Construction of those made by the 

public from these facilities is carried out by the DSI (State Hydraulic Works) and their operation is transferred to EUAS 

(Electricity Generation Corporation), while those made by the private sector, except for the EMRA license, other (water 

Use agreement, project, construction, water structures acceptance, etc.) operations are performed by DSI. From 743 

facilities, 68 plants with an installed power of 13,766 MW with a power generation potential of 49 GWh/year by DSI, 675 

plants with an installed power of 17,881 MW and a power generation potential of 60 GWh/year were built by the private 

sector and put into operation. This study aims to overview the status of hydropower in 2021 data of Turkey. 
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1. INTRODUCTION 

Water is a valuable resource that is gradually decreasing. 

Population growth, industrialization and urbanization 

have led to a significant increase in water consumption in 

the world. Contrary to the general perception, Turkey is 

neither a country rich in freshwater resources nor the 

richest country in its region [1,2].On the other hand, 

energy,especially renewables, means development, 

prosperity, stability and quality of life for every country. 

Turkey's electricity consumption increased by 7.7% 

compared to the year 2020 to 329.6 billion kWh in 2021, 

while electricity generation increased by 8.1% compared 

to the year 2020 to 331.5 billion kWh. The provision of 

energy on site, on time and at reasonable prices is 

indispensable for development. The development status 

of countries is gaining value with the presence of 

sustainable energy sources. Sustainable energy is to be 

able to meet the needs of today without jeopardizing the 

resources necessary to meet the needs of future 

generations [3-7].  

In parallel with the significant development of the 

Turkish economy in recent years, it is observed that the 

consumption of electrical energy has also increased.The 

biggest obstacle to growth for the Turkish economy is 

the excessive need for import-dependent energy. 

Especially in recent years, with the widespread use of 

natural gas in Turkey, natural gas consumption has 

increased both for household and in industrial usages. 

Especially considering the decrease and disruptions in 

energy supply security after the Russian-Ukrainian war, 

it has become very important to use the renewable 

energy potential, which is our country's own resources, 

to the maximum extent. Since Turkey lacks important 

energy sources such as natural gas and oil, it has to 

endure a large current account deficit, especially in 

energy expenses. To meet this increasing demand for 

electrical energy and to minimize the current account 

deficit, Turkey has to commission all the renewables.In 

this context, the development of hydroelectric potential 

and its presentation for the benefit of the country's 

economy will be possible by increasing the share of 
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hydroelectric energy in total energy generation along 

with other renewable energy sources [8-10]. 

The annual electricity consumption per capita in Turkey 

is at the level of 3.300 kWh, and this amount remains 

below the average electricity energy consumption of 

European countries. Since industrialization is a goal for 

ensuring the economic and social development of our 

country, it is of great importance that the energy needed 

by this industry and other users is met on the spot, on 

time and reliably. In this term, if economic recessions are 

not taken into account, electricity consumption in Turkey 

increases by 4-10% every year. In order to meet this 

demand, Turkey has to separate to spend 4 billion US 

dollars every year for new energy generation projects 

[6,11,12]. 

Since to have self-sufficient, continuous, reliable and 

economic electric power is a vital issue for Turkey as in 

the entire world, Turkey has to be definitely taken 

account of hydropower and other renewable energy 

alternatives which are local, independent and domestic 

energy sources in the form of being maximum benefit. 

In addition, Turkey has to build more dams and 

hydroelectric power plants than other countries because 

it is not a country that receives rainfall every season due 

to its geographical location. Hydroelectric power plants 

are important due to their advantages such as 

environmental friendliness, revitalization of the 

economic and social structure in rural areas, low 

potential risk and the ability to respond to sudden 

changes in demand. 

This article aims to consider hydropower as a whole and 

evaluate the data for the year 2021. In this context, first 

of all, Turkey's 2021 energy data are reviewed, and then 

hydropower is investigated in detail. 

2. ENERGY IN TURKEY : SUMMARY DATA OF 

2021 

Structural arrangements made in recent years to 

encourage the use of renewable energy sources instead of 

imported sources in electricity generation continued to 

show their results despite the developments experienced 

during and as a result of the Covid-19 pandemic in the 

markets. In this context, the share of renewable energy 

sources, which was 51.4 % in 2020, including unlicensed 

electricity, increased to 53.34% in 2021. In addition, 

despite the pandemic conditions, two new products were 

put into service in Turkey’s electricity market in 2021, 

namely the Forward Electricity Market (VEP) and the 

Renewable Energy Source Guarantee (YEK-G) System 

and the Organized YEK-G Market[13, 14]. 

Turkey is a country where the resources and ability to 

fully provide its own generated energy. While total 

installed capacity was 69.516 MW in 2014, this capacity 

reached 99.819 MW as of 31 December 2021.The 

installed capacity has increased thanks to the installation 

of new natural gas, solar power, and hydropower and 

wind power plants. Within the energy mix, hydropower 

has become the primary source of energy, accounting for 

31.55 % of the installed capacity[13-16]. 

From the other energy sources, 26.01 % can be attributed 

to gas fired power plants, 19.99 % to coal (coal+lignite), 

almost 10.63 % to wind, 7.83 % to solar power, 1.68 % 

to other renewable sources (geothermal and waste heat), 

1.66 % to biomass and 0.26 % to other fuels (oil, diesel, 

naphtha) (Table 1, Figure 1). 

In 2021, the actual consumption amount increased by 

7.73% compared to 2020 and reached 328,405 GWh. In 

2021, electricity imports increased by 23.34% compared 

to last year and amounted to 2.33 TWh. In 2021, 

electricity exports increased by 68.56% compared to last 

year and amounted to 4.19 TWh.The share of renewable 

energy sources including hydraulics in total installed 

power increased from 48% by the end of 2020 to 50.02% 

in 2021. The proportion of total thermal power installed 

decreased from 52% in 2020 to 49.98% in 2021 [13-16]. 

The share of hydropower in electricity generation was 

around 16.80% in 2021, while the share of renewable 

energy including hydropower remained around 

35.75%(Table 1,Figure 1) 

Table 1. Breakdown of Installed Capacity and 

Generation by Sources in 2021 [13] 

Fuel/Source 

Type 

Total 

InstalledCapacity* 

(MW) 

Ratio 

 (%) 

Total 

Generation* 

(MWh) 

Ratio 

 (%) 

Hydraulic 31,492.58 31.55 55,695,231.65 16.80 

Natural 

Gas 
25,964.56 26.01 108,438,726.84 32.71 

Wind 10,606.98 10.63 31,137,427.23 9.39 

Lignite 10,119.92 10.14 43,400,430.26 13.09 

ImportCoal 8,993.80 9.01 54,888,840.62 16.56 

Solar 7,815.63 7.83 13,294,280.97 4.01 

Geothermal 1,676.17 1.68 10,770,879.81 3.25 

Biomass 1,644.52 1.65 7,616,648.91 2.30 

Coal 840.77 0.84 3,539,791.50 1.07 

Asphaltite 405.00 0.41 2,372,954.47 0.72 

FuelOil 251.93 0.25 336,644.04 0.10 

Naphta 4.74 0.00 0.00 0.00 

LNG 1.95 0.00 0.00 0.00 

Diesel 1.04 0.00 78.33 0.00 

Total 99,819.57 100.00 331,491,934.64 100.00 
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* Licensed and unlicensed power plants are included. 

Figure 1. Breakdown of Total Installed Capacity(left) 

and Generation(right) by Sources in 2021[13] 

While the share of natural gas power plants (including liquid 

and natural gas fired power plants) within the licensed 

installed capacity was 28.80% at the end of 2020, it 

decreased to 27.64% in 2021, the share of dam-hydroelectric 

power plants decreased from 25.74% to 25.23%. The share 

of river-hydroelectric power plants decreased from 9.04% to 

8.88%. Also, while the share of power plants based on 

import coal decreased from 10.09% to 9.75%, the share of 

lignite power plants decreased from 11.36 % to 10.97%. In 

2021, the licensed installed capacity increased by 3.60% 

compared to last year and reached 92.272,58 MW.Between 

2020 and 2021 the installed capacity has developed on the 

basis of renewable energy(Table 2, Figure 2).On the other 

hand, the share of wind power plants, which was 9.80% in 

licensed installed capacity, increased to 11.42% and the 

share of geothermal power plants increased from 1.80% to 

1.82% in 2021[13-16] 

 

Figure 2. Distribution of Licensed Installed Capacity by 

Energy Sources in 2021[13] 

Table 2.Changes in Licensed Installed Capacity by 

Sourcesbetween 2020 and 2021 [13-16] 

Fuel/Source 

Type 

2020         

(MW) 

Ratio      

(%) 

2021        

(MW) 

Ratio 

(%) 
Change(%) 

Natural Gas 25,639.26 28.80 25,501.51 27.64 -0.54 

Hydraulic(Dam) 22,925.03 25.70 23,280.37 25.23 1.55 

Wind 8,761.57 9.80 10,533.90 11.42 20.23 

Lignite 10,119.92 11.40 10,119.92 10.97 0.00 

ImportCoal 8,986.85 10.10 8,993.80 9.75 0.08 

Hydraulic(River) 8,050.23 9.00 8,198.23 8.88 1.84 

Geothermal 1,613.19 1.80 1,676.17 1.82 3.90 

Biomass 1,031.88 1.20 1,555.41 1.68 50.74 

Solar 409.80 0.50 907.85 0.98 121.53 

Coal 810.77 0.90 840.77 0.91 3.70 

Asphaltite 405.00 0.50 405.00 0.44 0.00 

FuelOil 305.93 0.30 251.93 0.27 -17.65 

Naphta 4.74 0.00 4.74 0.01 0.00 

LNG 1.95 0.00 1.95 0.00 0.00 

Diesel 1.04 0.00 1.04 0.00 0.00 

Total 89.067.13 100.00 92.272.58 100.00 3.60 

 

The share of renewables such as geothermal, wind, solar 

and biomass resources in installed capacity has increased 

every year (Figure 3).The share of EÜAŞ power plants in 

total installed capacity, 24.05% in 2020, decreased to 

23.10%. Also, the share of power plants operating under 

existing contracts in total installed capacity decreased 

from 4.21% to 3.33% compared to the previous year. On 

the other hand, while the share of independent companies 

operating under free market conditions was 72.62% in 

2020, it increased to 73.57% in 2021 (Figure 4). 

 

 

Figure 3. The Development of Licensed Installed 

Capacity by Source over the Years (MW) [13] 
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Figure 4. Breakdown of Licensed Installed Capacity by 

Operators in 2021 [13-16] 

The share of licensed electricity generation in 2021 

increased by 8.57% compared to 2020 and reached 

319.275,22 GWh. While the generation from licensed 

renewable sources decreased between 2020 and 2021 

electricity generation from fossil fuel sources 

increased(Table 3, Figure 5). 

Table 3.Changes in Licensed Electricity Generation by 

Energy Sources between 2020 and 2021[13] 

Fuel/Source 

Type 

2020             

(GWh) 

Ratio 

(%) 

2021    

(GWh) 

Ratio 

(%) 
Change(%) 

Natural Gas 69,277.54 23.60 108,394.45 33.95 56.46 

Hydraulic 78,087.88 26.60 55,656.34 17.43 -28.73 

ImportadCoal 62,466.47 21.20 54,888.84 17.19 -12.13 

Lignite 38,163.85 13.00 43,400.43 13.59 13.72 

Wind 24,561.36 8.40 30,990.13 9.71 26.17 

Geothermal 9,929.41 3.40 10,770.88 3.37 8.47 

Biomass 5,228.50 1.80 7,371.77 2.31 40.99 

Cola 3,415.83 1.20 3,539.79 1.11 3.63 

Asphaltite 2,222.88 0.80 2,372.95 0.74 6.75 

Solar 416.98 0.10 1,552.91 0.49 272.42 

FuelOil 313.04 0.10 336.64 0.11 7.54 

Diesel 1.00 0.00 0.08 0.00 -92.17 

Total 294,084.73 100.00 319,275.22 100.00 8.57 

 

 

Figure 5. Breakdown of Licensed Electricity Generation 

by Sources in 2021[13-16] 

In 2021, the unlicensed installed capacity increased by 

10.60% compared to the previous year and became 

7,546.99 MWe. 91.53% of this amount is based on solar 

energy. The amount of capacity that entered the facility, 

which was 6,823.47 MWe at the end of 2020, increased 

by 10.6%.  As in 2020, the highest share belongs to solar 

power plants with 91.53% in 2021, followed by natural 

gas with 6.14% and biomass with 1.18% (Table 4, Figure 

6). 

Table 4.Changesin Unlicensed Installed Capacity by 

Energy Sources between 2020 and 2021 [13] 

Fuel/Source 

Type 

2020 2021 

Change 

 (%) 
Installed 

Capacity 

(MWe) 

Ratio 

(%) 

Installed 

Capacity 

(MWe) 

Ratio 

(%) 

Solar 6,257.61 91.71 6,907.78 91.53 10.39 

Natural Gas 402.67 5.90 463.05 6.14 14.99 

Biomass 83.71 1.23 89,11 1.18 6.45 

Wind 70.83 1.04 73.08 0.97 3.17 

Hydraulic 8.65 0.13 13.98 0.19 61.64 

Total 6,823.47 100.00 7.546.99 100.00 10.60 

 

 

Figure 6. Breakdownof Unlicensed Installed Capacity by 

Sources in 2021 [13-16] 

In 2021, the amount of unlicensed generation increased 

by 6.27% compared to 2020. While the amount of energy 

supplied to the grid within the scope of unlicensed 

electricity generation was 11,245.48 GWh in 2020, it 

increased by 6.27% to 11,950.26 GWh in 2021. Of this 

96.62% was produced from the sun, 2.10% from 

biomass, and 1.29% from wind and hydraulics.In 2021, 

the share of hydraulic and solar energy in unlicensed 

electricity generation increased by 26.03% and 6.66%, 

respectively, while the share of biomass and wind 

decreased by 8.26% and 0.44%, respectively(Table 5, 

Figure 7). 

Therefore, it can be predicted that renewable energy 

generation will take an important place in unlicensed 

electricity generation in the future. 
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Table 5.Changes in Unlicensed Electricity Generation by 

Energy Sources between 2020 and 2021[13] 

Fuel/Source 

Type 

2020 2021 

Change 

(%) 

The amount 

of extra 

energy 

supplied to 

the system 

(GWh) 

Ratio 

(%) 

The amount 

of extra 

energy 

supplied to 

the system 

(GWh) 

Ratio 

(%) 

Solar 10,825.50 96.27 11,546.36 96.62 6.66 

Biomass 273.45 2.43 250.86 2.10 -8.26 

Wind 119.47 1.06 118.94 1.00 -0.44 

Hyraulic 2,707 0.24 34.11 0.29 26.03 

Total 11,245.48 100.00 11,950.26 100.00 6.27 

 

 

Figure 7. Breakdown of Unlicensed Electricity 

Generation by Resources in 2021 

3. HYDROPOWER POTENTIAL IN TURKEY: 

DATA OF 2021 

The theoretical hydroelectric potential in Turkey is 

calculated as 433 billion kWh/year, and the technically 

evaluable potential is calculated as 216 billion kWh/year. 

The technical hydropower potential of Turkey 

corresponds to 1.5% of the world's technical hydropower 

potential and 18% of the European technical hydropower 

potential. The USA has developed 86% of its technical 

hydropower potential, Japan 78%, Norway 72%, Canada 

56%, and Turkey 50% [12,13]. 

Turkey’s hydraulic potential is 55.000 MW, and the 

share of hydraulic installed power has reached 31.647 

MW from 11.175 MW in 2000 as of 31 December 2021, 

in total installed power is 32.9 % hydraulic installed 

capacity will be about 32 GW in 2023 according to 

MENR's Strategic Plan 2019-2023[17].In cooperation 

with the public - private sector 743 Hydroelectric Power 

Plants have completed and commissioned with an 

installed capacity of 31.647 MW and an energy 

generation potential of approximately 109 Billion kWh 

in cooperation with the Public-Private sector as of 

31.12.2021(Table 6). 

 

Table 6. Hydropower Potential of Turkey [6] 

 

From 743 facilities, 68 facilities with an installed 

capacity of 13,766 MW and an energy generation 

potential of 49 Billion kWh were established by DSI; 

646 facilities with an installedcapacity of 17,881 MW 

and an energy generation potential of 60 Billion kWh 

have been built and put into operation by the private 

sector (Table 7). 

The construction of those built by the Public from these 

facilities is carried out by DSI and the operation is 

transferred to EUAS, while those built by the private 

sector, except for the EMRA license, are other (water use 

right agreement, project, construction, acceptance of 

water structures, etc.) operations are performed by DSI. 

Turkey is very rich in hydroelectric, geothermal, solar 

and wind energy sources and has a very high potential to 

develop these resources. Accordingly, development of 

renewable energy sector in Turkey is highly encouraged. 

At the end of December 2021, share of renewable energy 

in total installed capacity exceeded 50%. 

Electricity demand, which is one of the most important 

indicators of economic growth, has experienced great 

fluctuations on a global scale due 

to the measures implemented to prevent the Covid-19 

pandemic. The effect of the slowdown in economic 

activity of the measures taken in this context was also 

seen in the electricity demand as of the end of the year. 

Turkey has been among the least affected countries by 

the epidemic with an increase of 7.89 % in electricity 

demand in December 2021. 

The structural arrangements made in recent years to 

encourage the use of renewable energy sources instead of 

imported sources in electricity generation have continued 

to show their results despite the developments 

experienced and resulting from the Covid-19 pandemic 

in the markets. In this context, the share of renewable 

energy sources, which was 51.4% in the total installed 

electricity capacity in 2020, including unlicensed ones, 

increased to 53.34% in 2021. In addition, despite the 

pandemic conditions, two new products put into service 

in the electricity market of our country in 2021, namely 

the Term Electricity Market (VEP), the Renewable 

Energy Resource Guarantee (YEK-G) System and the 

Organized YEK-G Market [13]. 

 

 

 

 

 

 

Potential Number 
Total Installed 

Capacity (MW) 

Generation 

(GWh/Year) 

Ratio 

(%) 

In operation 743  31,647 108,932  68.8 

Under 

construction 
26  1,141 4,090 2.6 

Project 469  15,143 45,379  28.6 

Total 1,238  47,931 158,401 100 
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Table 7.  Hydroelectric Potential Development of 

Turkey as of 31 December 2021 [6] 

 

4. CONCLUSION AND RECOMMEDATIONS 

Though hydraulic installed capacity will be about 32 GW 

in 2023 according to Strategic Plan 2019-2023 of 

Ministry of Energy and Natural Resources, this 

prediction seems to have come true from today. The 

share of hydroelectric installed capacity and power 

generation has increased around 1 % from last year in 

2021.However, this increase is insufficient compared to 

increase in other energy sources. 

Especially with the widespread distribution of natural gas 

in recent years, the use of natural gas in both homes and 

industry has increased, and “Natural Gas Cycle Power 

Plants” have been established to meet the increasing 

energy needs. As a result, the share of energy produced 

from hydropower has decreased in recent years, and the 

share of thermal energy generation has increased. The 

European Union has adopted on supporting green energy 

(hydropower, wind, solar and biomass) in its energy 

policies. In this case, the energy policies in force in 

Turkey and the related it has become mandatory to 

decouple the differences between the legal legislation 

and the legislation of the European Union. In this 

context, it is very important to use the renewable energy 

potential, which is the natural resources of a country, to 

the maximum extent, and this should be a state policy. 

As a result, it is necessary to increase the share of 

hydroelectric energy in the total energy generation in 

Turkey by improving the hydroelectric potential and 

making it available for the benefit of the country's 

economy. 

Turkey consists of 25 hydrological basins, and the water 

that forms the basis of these basins is a vital and socially 

important resource. In terms of water resources, the 

precipitation regime of our country, which is located in a 

semi-arid region of the world, varies greatly according to 

the seasons and regions, and it is observed that water 

needs in some basins have exceeded the potential of 

resources. Therefore Turkey is vulnerable to climate 

change and it causes additional stress to water 

availability in Turkey. This situation may significantly 

jeopardize the use of both water resources and hydraulic 

energy in the future. Therefore, in addition to 

diversifying energy, it is necessary to take the path of 

benefiting from water resources by providing maximum 

efficiency. Moreover dam and canal type HEPP projects 

abandoned by the investor for various reasons should be 

re-evaluated and their construction should be started after 

they are made efficient. Some hydro projects should be 

included in the investment program by DSI considering 

environmental, social and cultural sensitivities [18]and 

the hydroelectric energy to be obtained from these 

facilities should be brought to the economy. On the other 

hand, the necessary security measures should be taken at 

the border dams to ensure that the investor companies 

start working and the facilities should be completed and 

put into service as soon as possible.  
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