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Enhancing Composite Performance: Hydrothermally Treated 
Wood Reinforcement in Recycled Polypropylene 

By Andressa dos Santos, Raphael Leonardo Bulla, Laís Weber Aguiar,     
Murilo Pereira Moises, Eduardo Radovanovic & Silvia Luciana Favaro      

 Universidade Estadual de Maringá  
Abstract- The low thermal stability of cellulose presents unique technological challenges to the 
formulation of wood and plastic composites that are compatible and processable. For this, 
hydrothermal modification is a well-established technology for improving dimensional stability 
and durability of wood's components, in addition to providing better interaction with the polymer. 
This study produced polymer composites in which hydrothermally treated wood waste fibers 
(WT) reinforce a recycled polypropylene (RPP) matrix. Wood waste fibers were selected by grain 
size and distribution, treated hydrothermally, and characterized by SEM, ATR-FTIR, and water 
sorption. Composites were produced varying the reaction time of treatment hydrothermal (from 
30 to 180 minutes), granulometric size (from 425 to 1400 μm) and percentage of WT (from 10 to 
20%), following a 2³ full-factorial experimental design, by extrusion with internal recirculation and 
the mechanical test specimens were modulated by injection. Tensile, flexion, IZOD impact and 
water sorption tests were statistically analyzed. Reaction time was the most statistically 
significant factor. 

Keywords: fibers, mechanical properties, polymer, plastic composite, statistics. 
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Enhancing Composite Performance: 
Hydrothermally Treated Wood Reinforcement in 

Recycled Polypropylene
Andressa dos Santos α, Raphael Leonardo Bulla σ, Laís Weber Aguiar ρ, Murilo Pereira Moises Ѡ,   

Eduardo Radovanovic ¥ & Silvia Luciana Favaro §

Abstract- The low thermal stability of cellulose presents unique 
technological challenges to the formulation of wood and 
plastic composites that are compatible and processable. For 
this, hydrothermal modification is a well-established 
technology for improving dimensional stability and durability of 
wood's components, in addition to providing better interaction 
with the polymer. This study produced polymer composites in 
which hydrothermally treated wood waste fibers (WT) reinforce 
a recycled polypropylene (RPP) matrix. Wood waste fibers 
were selected by grain size and distribution, treated 
hydrothermally, and characterized by SEM, ATR-FTIR, and 
water sorption. Composites were produced varying the 
reaction time of treatment hydrothermal (from 30 to 180 
minutes), granulometric size (from 425 to 1400 μm) and 
percentage of WT (from 10 to 20%), following a 2³ full-factorial 
experimental design, by extrusion with internal recirculation 
and the mechanical test specimens were modulated by 
injection. Tensile, flexion, IZOD impact and water sorption 
tests were statistically analyzed. Reaction time was the most 
statistically significant factor. Composites of wood waste fibers 
treated for 30 min and containing 20% of WT presented better 
mechanical properties than expected. However, the 
preservation of the lamellar fibers during the reaction time 
allowed for better adherence to the polymer, and the insertion 
of a greater quantity of fibers in the material provided greater 
rigidity in the composite. In general, the results obtained gives 
properties of stability and resistance to damage of composites 
containing hydrothermally treated wood fibers. 
Keywords: fibers, mechanical properties, polymer, plastic 
composite, statistics. 

I. Introduction 

nvironmental preservation is a crucial area in 
academia and industry, as both sectors can 
benefit from processes that recycle and reuse 

waste. [1,2]. Proper management of waste disposal and 
reuse protects the environment and allows sustainable 
product development [3]. In accordance with Abiplast, 
the global average consumption of plastics has reached 

  
 
Author α σ ρ §: Departamento de Engenharia Mecânica, Universidade 
Estadual de Maringá, Maringá, Paraná, Brazil. 
e-mail: dossantos.andressa@hotmail.com 
Author Ѡ: Departamento de Química, Universidade Tecnológica 
Federal do Paraná, Apucarana, Paraná, Brazil. 
Author ¥: Laboratório de Química de Materiais e Sensores, 
Departamento de Química, Universidade Estadual de Maringá, 
Maringá, Paraná, Brazil. 

plastic consumption creates a significant challenge for 
proper waste disposal. 

Most plastics are non-biodegradable polymers. 
Because of their low cost and versatility, plastics are 
consumed increasingly in urban areas. Plastic materials 
used in food packaging have specific thermophysical 
characteristics and are classified as thermoplastics or 
thermosetting polymers [5,6]. 

Thermoplastic materials are usually to form 
composites; each polymer has unique advantages and 
disadvantages. Polypropylene (PP) is a versatile semi-
crystalline thermoplastic for general use. Its principal 
characteristics are high resistance to flexural ruptures, 
high resistance to chemicals and solvents, good 
electrical properties, good thermal stability, a low 
specific weight (0,905 g/cm³), and low cost [5,7]. 
Thermoplastic polymers are fused via heating and 
solidified by cooling in a reversibly process. They are 
soft and pliable due to weak van der Waals forces, 
allowing reversibility [8]. 

Polymeric materials are prized as matrices that 
conform at low temperatures and pressure; however, 
they possess lower mechanical resistance than metallic 
and ceramic materials [9]. In the face of the global 
environmental scenario, the appeal for alternative 
reinforcement fibers has been growing. Natural fibers 
have revealed several economic and sustainable 
development advantages, mainly due to their 
characteristics, which include excellent mechanical 
properties, low cost, low density, low abrasiveness, ease 
of processing, abundance and biodegradability[10]. 
Fibers obtained from Agave sisalana (Sisal)[11], 
Sansevieria cylindrica (Saint George’s Spear)[12], Agave 
tequilana (Blue Agave)[13], rice husk [14], sugarcane 
bagasse [15] and wood fiber[16] have shown promising 
results as reinforcement in composites, motivating the 
search for new species that show high potential as 
reinforcement. 

Wooden residues, especially powder and bran, 
are primarily transported to rural areas, where they are 
used as ground cover or animal bedding. However, the 
storage and transportation of these materials is 
dangerous, as they are highly flammable and explosive 
[17]. Wood comprises cellulose, hemicellulose, lignin, 
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and extractives in various proportions. The cellulose and 
hemicellulose components contain hydroxyl groups, 
making wood a hygroscopic material, which can expand 
the cellular wall and cause dimensional swelling [18]. 
Efforts have been made to improve the dimensional 
stability of wood and, consequently, that of the final 
products. However, is that the compounding of polymer 
matrix with the wood fiber often leads to weak 
mechanical properties of the composites, which are 
tensile, impact strengths and elongation at break. The 
poor mechanical properties of composites can be 
attributed to the low compatibility between the polar 
hydrophilic wood fiber and the non-polar hydrophobic 
polypropylene, with weak interfacial adhesion and the 
low dispersion of wood fiber in the polypropylene matrix 
due to strong interactions between of the fiber, resulting 
from hydrogen bonding [16]. 

In industry, thermal treatment is used most 
often to modify the characteristics of wood in order to 
improve dimensional stability [15]. This technique involves 
exposing wood to different factors, such as temperature, 
time, pressure, and work conditions, enhance the quality 
of wood for specific applications. Thermal treatment 
changes wood's physical, chemical, and mechanical 
properties due to the degradation of its principal 
chemical components [20]. 

CARVALHO (2015) studied the hydrothermal 
treatment of wood panels and observed the degradation 
of some chemical constituents, specifically mannans, 
xylans, and arabinanas, which caused acidification and 
loss of mass; this resulted in a consequent decrease in 
swelling, but did not negatively influence the quality of 
the panel [18]. Hydrothermal treatment stands out 
among the various treatments for fiber surfaces since it 
does not modify the chemical composition of the fibers. 
Hydrothermal treatment employs different reactions 
(extraction, hydrolysis, carbonization, liquefaction) at 
various temperatures, between 100–374°C [21]. 
Hydrothermal treatments do not require acid; 
consequently, reactors are not required to be highly 
resistant to corrosion, reducing the cost of this 
process[22]. 

Herein, we describe the incorporation of 
hydrothermally treated wood fiber into wood and plastic 
composites. The treated wood fibers replace polymer 
matrices in recycled polypropylene to improve the 
composites' mechanical properties for their use in 
residential and commercial construction. 

II. Experimental 

a) Materials 
Solid wood waste shavings (WW) extracted 

from Pinus and Eucalyptus woods, provided by 
Madereira Altônia located in Maringá, Paraná, Brazil, 
were collected, dried in an oven at 60ᵒC for 24 hours, 
and triturated in a TROPP electric crusher (model TRF 

750) with motor speed of 60Hz/3600rpm, equipped with 
20 hammers and 2 knives. For the matrix phase, 
recycled polypropylene (RPP) was supplied by Plaspet 
Reciclagem Maringa LTDA ME from Maringá, Paraná, 
Brazil. 

b) Characterization of Recycled Polypropylene 
Recycled polypropylene sample, compression 

molding to 350mm diameter and 190mm thickness, was 
characterized by X-ray diffraction (XRD) using a 
Shimadzu XRD-7000 X-ray diffractometer equipped with 
a Cu Kα radiation source (λ = 1.5406 Å) over the 2θ 
range 5–60° at a scan rate of 1°/min. Differential 
Scanning Calorimetry (DSC) was recorded on a DSC 
Q20 thermal analyzer from TA Instruments under a 
nitrogen flow atmosphere at 50 mL/min, with a heating 
rate of 10ºC/min, over the range 40–220ºC, used 
approximately 10 mg of the rPP slivers. 

c) Hydrothermal Treatment and Characterization of 
Wood Waste 

Wood waste was hydrothermally treated (WT) at 
180°C in a Teflon-coated stainless steel autoclave (100 
mL) using 3g of WW and 80 mL of deionized water. After 
the reaction time (30, 60, 120, 180, and 240 minutes) 
elapsed, the sample was dried at 100°C for 24h. 

Wood waste was analyzed before and after 
hydrothermal treatment by Scanning Electron 
Microscopy (SEM) using an FEI QUANTA 250 with 
5000x magnification. Attenuated Total Reflectance - 
Fourier Transform Infrared Spectroscopy (ATR-FTIR) 
was performed on a Bruker Vertex 70v FTIR 
spectrometer fitted with a Platinum ATR single reflection 
diamond ATR module. Spectra were collected from 
4000 to 600 cm-1, with 4 cm-1 resolution and 32 scans. 
Free hydroxyl groups (Free-OH) and lignin degradation 
were determined for the peak ratios I3340/1029 and 
I1734/1029, respectively [23]. Water Sorption (WS) was 
performed at 75.3 ± 0.2% relative humidity with sodium 
chloride, following the ASTM-E-104 standard, for 78h at 
25°C. Tangential swelling (SW) measurements were 
obtained with an electronic digital caliper to within 300 
mm; the tangential thickness of the WS test specimens 
was measured before and after treatment. The statistical 
influences of Free-OH, lignin degradation, WA, and TS in 
wood wastes before and after hydrothermal treatment 
were analyzed using one-way analysis of variance 
(ANOVA), followed by Tukey's test at a significance level 
5%. 

d) Composite RPP/WT Experiments 
Treated wood waste was mixed with a recycled 

polypropylene matrix according to the compositions in 
23 full-factorial experimental designs with a central point 
(Table 1); reaction time, granulometric size distribution, 
and WT percentage were varied. All tests were 
performed in duplicate, and the response variance of 
each assay was used to estimate the overall variance of 

Enhancing Composite Performance: Hydrothermally Treated Wood Reinforcement in Recycled
Polypropylene
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individual responses. The statistical data used in 
response to the mechanical properties were obtained 

from IZOD traction and impact tests using the Design-
Expert® software. 

Table 1: Factors and levels used in 23 full-factorial experimental designs with a central point 

 
 
 
 
 
 
 
 
 

e)

 

Preparation of Composites

 
The samples were processed in a Thermo 

Scientific HAAKE MiniLab II Rheomex CTM 5 twin-screw

 
extruder at 190°C at 60 rpm for 5 min with internal 
recirculation. Mechanical test specimens were

 
processed in an injection machine (Thermo Scientific 
HAAKE MiniJet II) with a cannon temperature of

 

210°C, 
mold temperature of 40°C, injection pressure of 450 bar, 
injection time of 15s, repression

 

pressure of 300 bar, 
repression time of 30s.

 f)

 

Characterization of Composites

 
Tensile strength tests were conducted following 

ASTM D638 using an EMIC DL10000 machine

 

at 
20mm/min crosshead speed, using specimens 
(dogbone shape) with dimensions 16.15 mm x 3.25

 

mm 
x 3.25 mm. Flexural strength was measured according 
to ASTM D790 -

 

00 on a universal Lloyd

 

machine 
(Instruments LR 10K plus model) using a crosshead 
speed of 20 mm/min. Specimens were

 

prepared with 
dimensions of 84.00 mm x 12.66 mm x 3.25 mm. Izod 
impact strength measurements

 

were conducted 
according to ASTM D256 -

 

02A using CEAST equipment 
(Resil Impactor Junior) with

 

rectangular samples 
measuring 84.00 mm x 12.65 mm x 3.25 mm that were 
fractured by a test pendulum

 

with

 

a load

 

(impact action) 
of 2.75 J. Water absorption was measured following 
ASTM D570; before

 

testing, the specimens (20.00 mm 

diameter and 5.00 mm thickness) were dried at 60°C for 
24h, then

 

immersed in distilled water for three weeks at 
23 ± 2°C. All properties were tested using five samples

 
for each group.

 III.

 

Results

 

and

 

Discussion

 a)

 

Characterization of Recycled Polypropylene

 
The X-ray diffraction patterns obtained for RPP 

are shown in Figure 1a. Peaks observed at 2θ

 

= 14.1, 
16.8, 18.5, and 21.4° correspond to the (110), (040), 
(130), and (131) planes of isotactic

 

polypropylene, 
respectively [24–26]. A peak confirms the presence of 
syndiotactic polypropylene at

 

25.4°[24]. High-density 
polyethylene (HDPE) exhibits lower intensity peaks at 
23.7, 29.4, and 36.1°, which

 

correspond to the (200), 
(210), and (020) reflection planes in the typical 
orthorhombic unit cell structure

 

[27,28]. Compatibility of the 
recycled polymers increases the amorphous halo, 
indicating good dispersion

 

of the components 
throughout the amorphous

 

phase and decreasing the 
crystallinity [25]. Polypropylene

 

and high-density 
polyethylene are considered semi-crystalline 
thermoplastics, as they have crystalline

 

(ordered) and 
amorphous (disordered) domains. The recycled 
polymers tend to become fragile

 

materials, reducing 
their deformation at rupture and impact resistance [29].

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1:
 
(a) X-ray diffractogram (b) DSC curve of the RPP

Factor Name Units Type Level (-1) Level (0) Level (+1)

A Reaction time minutes Numeric 30 105 180
B Granulometric µm Numeric 425–610 710-850 850–1400
C WT percentage % Numeric 10 15 20
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The DSC curve of RPP, shown in Figure 1b, 
exhibits two melting temperature (Tm) peaks at 
approximately 127°C and 164°C, corresponding to high-
density polyethylene and polypropylene, respectively; 
and one exothermic transition at approximately 202°C, 
related to recycling additive compounds [24,28,30,31]. 
Generally, post-consumer polypropylene contains 
contaminants; in this case, the sample contains 
polyethylene [2]. Contamination is a byproduct of 
density-based separation used at recycling facilities 
since polypropylene and polyethylene have very similar 
densities [24]. The two endothermic transitions on the 
thermograph indicate that PP and HDPE co-exist and 
imply decreased compatibility between the polymers [31]. 
The exothermic event suggests the presence of a 
recycling additive, a compatibilizer agent, which serves 
as a polymer surfactant with low surface tension that 
promotes interfacial adhesion between different phases 
in a polyblend [32]. Polymers when melted, peak 
endothermic, in the manufacture of composites directly 
affect crystallinity, as a consequence of their 
mechanical, thermal and optical properties[33]. This first-
order thermal event is necessary for the fusion and 
incorporation of reinforcement, such as fibers. The 
exothermic peak is the thermal event in which 
recrystallization or curing of the polymer occurs, 

promoting the formation of a crystalline nucleus in the 
sample[33]. 

b) Characterization of Wood Waste 
Scanning electron micrographs of the untreated 

and hydrothermally treated wood waste fibers are 
presented in Figure 2. The control fiber demonstrates a 
well-defined wood structure, with continuous fibers 
exhibiting a large, ordered surface along its length. 
During hydrothermal treatment, the surface area 
increases due to gaps formed in the lignocellulose 
structure on the surface of the fibers. This results in a 
vitreous and brittle appearance with depolymerization 
and solubilization from lignin and hemicellulose [31,32,34]. 
Throughout the reaction, sample deformation becomes 
visible with the formation of small holes in the surface 
[32]. The ray cells along the tangential direction of the 
wood retain their shape, but small cracks appear in the 
middle of the lamella [35]. Large cavities or cracks are 
observed along the fibers transverse section [34]. The 
formation of intercellular spaces can be attributed to the 
disruption of ray cells with thin cell walls by gases 
released as extractives degrade during the drying 
phase; this process is hampered by the lignins present 
in Eucalyptus wood [34]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  

(a) (b)

(c) (d)
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(b)

(c) (d)

(a)



 

 

 

 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 

 

 

 

 

 

 

 

 
 

 

  

 
 
 
 
 
 
 
 
 

 

 

 

 

 
 

 

 

    

 

 

 

(f)(e)

Figure 2: SEM images of wood waste non-treated, (a) control, and treated, (b) WT30, (c) WT60, (d)
WT120, (e) WT180, and (f) WT240

Infrared spectra of the untreated and 
hydrothermally treated wood fibers display characteristic
absorption signals for lignin and cellulose structures, as 
shown in Figure 3. The major absorption bands are 
associated with the vibrational stretch of the OH bond at 
3336 cm-1 [34,35]. Lignin is confirmed by the absorption 

signal at 1734 cm-1, corresponding to C=O ketone 
vibrational stretches [35,36]. The reference absorption 
band at 1031 cm-1 corresponds to C-O cellulose 
binding, a highly stable structure to thermal and 
chemical treatments [23].

Figure 3: ATR-FTIR spectra of wood waste non-treated (Control) and treated (WT) at different times

ATR-FTIR analysis was used to study the 
relationship between stable absorption bands and
bands modified by hydrothermal treatment. The 
assignments of the absorption bands observed in the
infrared spectra of the main functional groups are 
presented in detail in Table 2. After hydrothermal
treatment, the I3338/1031 ratio tends to decreases, 
confirming the loss of free hydroxyl groups (-OH free) on 
the WT surface. In general, wood fibers subjected to 
longer reaction times (over 120 min) exhibited a 
reduction in hydrophilic character. The decrease in 
I1734/1031 also corresponds to a decrease in the lignin 
ketone groups. This decrease may result from the 
decomposition of lignin at prolonged reaction times 
(over 180 min) since lignin is known to have more 

excellent thermal stability for hydrothermal processes 
than cellulose [37]. The results demonstrate increased 
hydrophobic character and lignin degradation with 
increasing reaction time. These fiber modifications 
facilitate a more comprehensive study of the affinity 
between wood fibers and recycled polymer.
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Table 2: Chemical and physical properties of wood waste

*Similar letters on the column are not significantly different (p> 0.05)

Water absorption and tangential swelling of 
wood fibers (shown in Table 2) reached equilibrium after 
22h. Decreased water absorption percentage was 
observed with increasing treatment time; this
corroborates spectral data indicating a decrease in the 
number of free hydroxyl groups on the surface of the 
wood fibers. The same trend was also observed with 
tangential swelling: decreased water absorption resulted 
in reduced sample swelling. This results from increased 
hydrophobicity of the wood fibers due to partial 
degradation of the cellulose and lignin molecules after 
hydrothermal treatment [19].

c) Statistical Analysis of Composite RPP/WT
Responses for the strain (Y1), yield strength 

(Y2), Young's Modulus (Y3), impact strength (Y4),
flexural strength (Y5), and water absorption (Y6) are 
shown in Table 3. A 2³ full-factorial design with four
central points and one replicate, generating 20 total 
runs, was executed, and the factors for these responses 
were analyzed using statistical analysis Design Expert® 
software.

Table 3: Factors levels and responses for complete factorial design with four central points

Sample Peak ratio 

(I3336/1021)

Peak ratio

(I1734/1031)

Water sorption*

(%)

Tangential sweeling*

(%)

Control 0.956 0.242 10.617 ± 0.098a 74.6 ± 4.6a

WT30 0.976 0.240 10.188 ± 0.067b 56.6 ± 2.5b

WT60 0.925 0.225 9.685 ± 0.128c 42.2 ± 3.8c

WT120 0.877 0.236 8.993 ± 0.138d 37.4 ± 1.8c

WT180 0.891 0.158 7.407 ± 0.072e 18.8 ± 3.9d

WT240 0.906 0.121 6.700 ± 0.034f 7.0 ± 2.2e

Run

Factor Response

A B C Strain 

(MPa)

Yield 

Strength

(Mpa)

Young’s 

Modulus

(Mpa)

Impact

Strength

(J/m)

Flexural 

Strength

(MPa)

Water 

Absorption

(%)

1 (+1) (-1) (+1) 24.315 23.625 936.154 45.736 38.216 0.920
2 (-1) (-1) (+1) 24.627 24.059 932.944 32.306 37.882 0.957
3 (-1) (+1) (-1) 22.727 21.275 652.237 35.746 33.072 0.465
4 (+1) (-1) (-1) 23.552 22.468 681.088 34.056 33.887 0.487
5 (-1) (-1) (-1) 24.339 22.830 711.690 46.101 35.680 0.475
6 (-1) (+1) (+1) 23.537 23.817 919.156 31.859 36.506 0.834
7 (0) (0) (0) 24.022 22.635 795.726 44.128 36.539 0.475
8 (+1) (+1) (+1) 22.344 22.111 727.958 30.028 34.596 0.758
9 (-1) (-1) (+1) 24.645 24.266 917.110 35.330 36.991 1.216

10 (-1) (+1) (+1) 23.645 23.004 922.100 30.404 36.796 0.731
11 (+1) (+1) (-1) 22.313 20.771 605.654 30.918 32.837 0.440
12 (0) (0) (0) 23.796 23.238 700.702 40.374 38.991 0.783
13 (+1) (-1) (-1) 23.641 22.559 690.824 34.861 33.567 0.451
14 (+1) (-1) (+1) 24.751 23.658 938.145 42.309 39.190 1.020
15 (0) (0) (0) 24.056 22.720 697.690 40.794 37.533 0.690
16 (-1) (+1) (-1) 22.740 21.294 652.076 33.120 35.649 0.389
17 (+1) (+1) (+1) 22.288 21.426 703.482 30.131 36.685 0.661
18 (0) (0) (0) 23.401 22.297 717.314 43.544 36.708 0.831
19 (-1) (-1) (-1) 23.530 22.816 717.884 45.998 36.228 0.554
20 (+1) (+1) (-1) 22.100 20.538 609.110 30.477 33.159 0.408



  

 

 

 

 

 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 4 shows the six estimated responses for 
the properties studied. The p-value of the model was 
below 0.05, indicating a probability of less than 5% of 
the null hypothesis. ANOVA verifies this low p-value for 
all responses, shown in Supplementary Materials 

(Appendix A), for which the models obtained have a p-
value less than 0.05. R-squared values close to 1.0 
indicate that the model accurately predicts a fitting curve 
and adjusted R2.

Table 4: Estimated parameters

ªstatistically significant value (model p> 0.05). Y1: Strain, Y2: Yield Strength, Y3: Young’s Modulus, Y4: Impact Strength, Y5: Flexural 
Strength, Y6: Water Sorption.

i. Strain
From the strain data (Y1 response), all main 

factors (A, B, C, and the AB interaction) were statistically 
significant, as predicted by the estimation. Figure 4a 
shows the contour plot for strain, where the optimal 
conditions for the composite concerning condition Y1 
can be determined. The interaction between the amount 

of wood fiber and reaction time (20% treated wood fiber 
for 30 min) produced the best results for strain since 
fibers treated for shorter times to preserve their 
structure, as seen in the SEM results. The fibers 
possess sufficient roughness for better interaction 
without gaps between the interface reinforcement and 
polymer [38,39].

Factor

Intercept 23.44 22.53 769.85 35.59 35.68 0.67

A -0.28a -0.39a -33.30a -0.77 -0.42 -0.030

B -0.73a -0.75a -45.88a -4.00a -0.77a -0.087a

C 0.33a 0.71a 104.78a -0.82 1.42a 0.21a

AB -0.17a -0.18a -29.12a -0.42 -0.18 0.011

AC -0.064 -0.15 -14.90a 3.06a 0.48 -0.018

BC -0.084 0.097 -10.58 -0.16 -0.19 -0.054

ABC -0.12 -0.100 -25.14ª -2.39ª -0.39 0.000125

R-Squared 0.9445 0.9510 0.9739 0.9521 0.8329 0.8763

Adj R-Squared 0.9091 0.9198 0.9573 0.9216 0.7265 0.7976

Pred R-Squared 0.8299 0.8508 0.9504 0.8825 0.5387 0.6631

p-Value <0.0001 <0.0001 <0.0001 <0.0001 0.0015 0.0003

(a) (b)

Y1 Y5Y2 Y3 Y4 Y6
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(e) (f)

(c) (d)

Figure 4: Surface contour response plot for (a) Strain, (b) Yield Strength, (c) Young’s Modulus, (d) Impact Strength, 
(e) Flexural Strength and (f) Water Sorption

ii. Yield Strength
Considering the values obtained for the yield 

strength, the statistically significant interactions were the 
main factors A, B, C, and AB interaction, based on 
estimated data. The contour plot in Figure 4b 
demonstrates the best conditions for the composite for 
condition Y2. The interaction between wood fiber 
percentage and reaction time exhibited the best results, 
with 20% of wood waste treated for 30 min. Preserving 
the fiber lamellae in WT/30 produced good adhesion to
RPP, increasing the yield strength of plastic deformation
[39,40].

iii. Young’s Modulus
The estimated parameters for Young’s Modulus 

test indicate that all factors and interactions were 
statistically significant except for BC. Y3 values increase 
with WT percentage since adding fibers with greater 
stiffness causes increased stiffness in the composite, as 
shown in Figure 4c [41]. Young’s Modulus values for the 
composite depend on the fibers' properties; a material's 
rigidity is determined when subjected to an external 
tensile stress [14,42]. Reaction time (B) also produced a 
significant effect, as low values of Y3 were observed for 
composites containing fibers treated for 180 min; that is, 
more significant elastic deformation occurred for these 
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fibers [42]. Increased crystallinity is expected in fibers with 
higher reaction times; thus, hydrothermally treated fibers 
tend to form less amorphous structures, reducing the 
elastic characteristics of the material [19]. Hydrothermal 
treatment can also cause the appearance of carbon 
microspheres incompatible with the polymer, thus 
reducing its Young’s Modulus values [43].

iv. Impact Strength
Impact strength measurements highlight that 

the main factor B and the AC and ABC interactions were 
statistically significant, according to estimated data. The 
surface contour plot of impact strength is shown in 
Figure 4d; this value can be used to determine the best 
conditions for the formulation of the composite. The 
interaction between WT percentage and granulometric 
size indicated that the best formulations for impact 
resistance include 10% treated wood fiber with a 425 
μm particle size and 20% treated wood fiber with a 
particle size of 1400 μm. The first formulation is 
favorable because wood fibers with low granulometry 
behave as hardening centers, blocking the propagation 
of cracks under impact [44]. In contrast, in the second 
formulation, the larger fibers bridge the cracks and 
increase crack propagation resistance by improving 
impact resistance [42].

v. Flexural Strength
Estimated values from the flexural strength test 

indicate that only factors B and C were statistically 
significant. Figure 4e shows the surface contour plot, 
where the optimal conditions for the composite 
concerning Y5 can be observed. Interaction between 
wood fiber quantity and reaction time provided the best 
results for tensile strength, with 20% wood fiber treated 
for 30 min. In this work, we have shown that fibers 
treated for shorter times preserve their structures, as 
observed with SEM, presenting sufficient roughness for 
improved interaction without gaps between the interface
reinforcement and polymer [38,39].

vi. Water Sorption
Factors B and C were statistically significant 

from the water sorption estimated data. Figure 4f shows 
the surface contour plot where the optimal conditions for 
the composite to condition Y6 can be observed. The 
interaction between WT percentage and reaction time 
indicated higher water adsorption for the composite with 
20% wood fiber treated for 30 min; composites with a 
more significant amount of fibers tend to absorb a 
greater amount of water [14]. In addition, fibers treated for 
less time preserve their structure, as observed in SEM; 
thus, these fibers can absorb more water than those 
treated for longer times [39].

IV. Conclusion

Hydrothermal treatment of wood waste fibers 
results in intercellular spaces and degradation along the 

fibers that increase with reaction time to produce rough 
and highly porous WTs. Hydrophobicity of surface fibers 
and lignin degradation increase with reaction times 
exceeding 180 min. The mechanical properties of the 
RPP/WT composites indicate that reaction time (main 
factor B) was the most statistically significant. Fibers 
treated hydrothermally for 30 min obtained good 
adhesion with RPP since fiber lamellae were preserved 
and the polymer retained compatible porosity. WT 
percentage (main factor C) was statistically significant in 
all factors tested; the material's rigidity increased with 
the amount of fiber in the material.

One of the biggest advantages of the 
composites is the flexibility in preparation in relation to 
the composition rPP/WT, offering the possibility of 
producing materials with different final mechanical
properties. The proposed recycling method has great 
chances of success, due to the low cost of the
equipment used and the innovative and ecological 
factor, as well as the association of cooperatives to
supply the recyclable material.

From these results, the polymer composite of 
recycled polypropylene and hydrothermally treated 
wood waste fibers possesses favorable mechanical 
properties, making it a promising construction material 
that benefits the economy and the environment. The 
composites can be used to produce a variety of 
materials, including domestic use such as buckets and 
bowls, as well as products for civil construction, for 
manufacturing pipes and floorings. So those materials 
to be developed, more research must be carried out to 
evaluate the degradation of materials over long periods 
of environmental exposure.
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Comparative Analysis of Friction Coefficient 
Evolution in Hydroelectric Dam Penstocks: 

Theoretical vs. Numerical Methods
Tchawe Tchawe Moukam α, Nkontchou Ngongang François σ, Tientcheu Nsiewe Max-well ρ,              

Djiako Thomas Ѡ, Djeumako Bonaventure ¥, Tcheukam-Toko Dénis § & Kenmeugne Bienvenu χ

Summary- The objective of this study was to investigate the 
evolution of the friction coefficient throughout a full penstock 
using two different approaches. Two approaches were 
considered in order to assess their effectiveness in predicting 
head loss. A theoretical approach that based on direct 
determination using the commonly used Colebrook-While 
formula. A graphical approach that based on numerical 
modeling of the structure under study using Gambit 2.2 
software. For the theoretical approach, the results show that 
whatever the other parameters set out in the Colebrook-White 
formula (Reynolds number, diameter and absolute 
roughness), only absolute roughness has a visible impact on 
the result obtained. For the numerical approach, the results 
obtained show that the friction coefficient is neither identical on 
the same wall, nor identical in the same portion. Nor is it 
identical in the same section of the pipe, as shown by the 
theoretical approach. This shows that head loss in a section of 
pipe can change over time. 
Keywords: friction coefficient, penstock, hydroelectric 
dam, theoretical approach, numerical approach. 

I. Introduction 

nvesting in a hydropower plant is very expensive, but 
it has an operating life of more than 30 years, with 
very low operating and maintenance costs compared 

to other power plants. In addition, in recent years, the 
experience gained in forecasting risks and production 
have facilitated the financing of hydropower projects, 
including private investments. The field of hydropower 
also boasts state-of-the-art technology. These days, 
turbines have attained efficiencies of over 97% and are 
extremely reliable. These data hence ensure that we 
have installations that function properly and also 
reduces the risk of downtime. 

The function of penstocks is to transfer water 
from  the  reservoirs  to  the  installations   (turbines  in  a  
 
Author α σ ¥: Department of Mechanical Engineering, ENSAI, University 
of Ngaoundere-Cameroon. e-mails: christophetchawe@yahoo.fr, 
christophetchawe88@gmail.com, moukam.tchawe@univ-ndere.cm 
Author ρ: Department of Fundamental Sciences, EGCIM, University of 
Ngaoundere-Cameroon. 
Author Ѡ: Department of Mechanical Engineering and Energy, ISTA, 
University Institute of the Gulf of Guinea-Cameroon. 
Author §: Department of Mechanical Engineering, COT, University of 
Buea-Cameroon. 
Author χ: Department of Mechanical Engineering, ENSPY, University of 
Yaounde 1-Cameroon. 

hydroelectric plant) that convert hydraulic energy into 
electrical energy [1]. They are made up of sections with 
singularities where the local hydrodynamic pressures 
take on high values, as they follow the shape of the 
relief: slopes, obstacles, crossing of troughs, etc. The 
hydraulic plant therefore supports a pressure that is of 
the order of the head, but the effects of head loss 
reduce this value [1]. 

For a conduit flow, forces normal to walls are 
not involved; only tangential and therefore viscous 
forces contribute to the drag and power input [2]. The 
pressure drop thus depends on the type of flow, 
determined by the Reynolds number, and on the internal 
roughness of the pipe. It should be noted that the 
absolute roughness represents the average thickness of 
the surface roughness of the pipe material [3]. The 
gradient of the linear head loss, also called friction 
slope, depends on the friction coefficient, the flow 
volume and the geometrical characteristics of the 
structure [4], [5]. 

The friction coefficient is a function of the 
Reynolds number characterizing the flow, and the 
relative roughness of the pipe under consideration [6]. 
Since the roughness in a penstock is closely related to 
the coefficient of friction, an accurate estimate of 
roughness is crucial to plant performance. 

According to ENEO [7], the Songloulou 
hydroelectric plant is the largest (384 MW) and the 
Lagdo plant one of the most recent (72 MW) of the 
Cameroonian plants. The first is the largest dam on the 
South Interconnected Network (RIS), and the second the 
only hydroelectric power station on the North 
Interconnected Network (RIN). The objective of this work 
is to approach the reality of the field with regard to the 
environment of these dams, based on their structures. 
We will therefore characterize the friction in the penstock 
of each. This study is one of the preliminary analyses of 
the flow in the penstock of a Cameroonian hydroelectric 
dam. No previous study on the friction parameters in the 
penstocks of the two dams studied is available. 

Therefore, this study will examine the hydraulic 
characteristics influenced by the penstock walls on the 
flow within the penstock and at its outlet. The study 
focuses on the evolution of the friction coefficient in the 
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whole structure, obtained analytically by the 
conventional method and by a graphical approach. Our 
analysis will enable us to identify the most interesting 
method for approximating the exact value of the 
coefficient of friction. It may also give rise to a new 
approach to monitoring these delicate structures. 
 

II. Materials 

The materials on which our study is based are 
the Songloulou and Lagdo dams. Figures 1 and 2 below 
show the mesh of the structures in question (the 
Songloulou and the Lagdo dams study area 
respectively). 

 

Figure 1: Songloulou Dam mesh 

 

Figure 2: Lagdo Dam meshing

We modeled our power plants in Gambit 2.2. 
For Figure 1, the mesh type used is regular with 675845 
quadrilateral meshes, 1108245 faces and 661186 
nodes. For figure 2, the type of mesh used is regular 
with 197455 quadrilateral faces. On these figures, we 
have highlighted the portions in which we will present 
the results obtained (i.e. portions 1, 2 and 3 in the case 
of Lagdo). Thus for the case of Songloulou, we have P1 
for the first portion of the pipe and P2 for the second 
portion. The same is true for the case of Lagdo where 
we have three portions, including P1, P2 and P3. Note 
that these portions represent the straight portions from 
which the results will be presented. 
 

III. Methods 

a) Theoretical Approach 
To determine the friction coefficient f of a 

turbulent flow, the empirical equation developed by 
Colebrook-White remains the reference equation. This 
equation is well known among hydraulic engineers, and 
continues to be the subject of research. The calculations 
and plots in this work are obtained from the following 
equation (equation 1) [8]. 

1
�𝑓𝑓

= −2𝑙𝑙𝑙𝑙𝑙𝑙10 �
𝜀𝜀 𝐷𝐷⁄
3.7

+ 2.51
𝑅𝑅𝑅𝑅�𝑓𝑓

�         (1) 

Where ε⁄D is the relative roughness (derived 
from the absolute roughness ε and the diameter D), Re 

P2 
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the Reynolds number and f the desired coefficient of 
friction. For the pressure drop, equation 2 below is used 
from the friction coefficient obtained previously [4], [5]. 

𝐽𝐽 = 8𝑓𝑓
𝑙𝑙𝑔𝑔2

𝑄𝑄2

𝐷𝐷5                       (2) 

In the case of the conduite, another definition of 
the drag coefficient λ is used, called the friction 
coefficient [2]: 

𝜆𝜆 = 𝑑𝑑
1/2𝜌𝜌𝑈𝑈𝑙𝑙2

∆𝑃𝑃
𝑙𝑙

                       (3) 

b) Numerical Approach 
The Fluent software is used for this approach, 

as it has a large number of turbulence models to cope 
with many physical problems. The geometry of the 
structure as well as the type of boundary conditions of 
the physical domain of the parameters that characterize 
the fluid-structure interaction were modelled in Gambit 
version 2.2. Knowing that the fluid is incompressible, the 
motion is described using differential equations with 
derivatives in the following form [9]: 

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= 0                                                            (4) 

For the u component parallel to the wall, the 
stationary Navier-Stokes equation simplifies 
considerably in the very near wall. 

𝜕𝜕 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝜕𝜕 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= − 1
𝜌𝜌
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝜕𝜕 𝜕𝜕2𝜕𝜕
𝜕𝜕𝜕𝜕2 + 𝜕𝜕 𝜕𝜕2𝜕𝜕

𝜕𝜕𝜕𝜕2                    (5) 

The convective terms tend to zero (adhesion 

condition) and the term 𝝏𝝏
𝟐𝟐𝒖𝒖
𝝏𝝏𝝏𝝏𝟐𝟐

 is negligible in front of the 

term 𝝏𝝏
𝟐𝟐𝒖𝒖
𝝏𝝏𝝏𝝏𝟐𝟐

 (weakly non-parallel flow condition). In short, all 

that remains is: 

 1
𝜌𝜌
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= 𝜕𝜕 𝜕𝜕2𝜕𝜕
𝜕𝜕𝜕𝜕2          (6) 

It can be seen that the pressure gradient in the 

boundary layer imposes the curvature 𝝏𝝏
𝟐𝟐𝒖𝒖
𝝏𝝏𝝏𝝏𝟐𝟐

 of the velocity 

 
The energy equation is represented by the 

relation below [10]: 

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝜕𝜕 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝜕𝜕 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= 𝑎𝑎 �𝜕𝜕
2𝜕𝜕

𝜕𝜕𝜕𝜕2 + 𝜕𝜕2𝜕𝜕
𝜕𝜕𝜕𝜕2 + 𝜕𝜕2𝜕𝜕

𝜕𝜕𝜕𝜕2�       (7) 

The decomposition of the viscous stress tensor 
is written: 

𝜏𝜏 = 𝜏𝜏 + 𝜏𝜏′           (8) 

with the viscous stress tensor given by: 

⎩
⎪
⎨

⎪
⎧ 𝜏𝜏𝑖𝑖𝑖𝑖 = 𝜇𝜇 �𝜕𝜕𝜕𝜕𝑖𝑖

𝜕𝜕𝜕𝜕𝑖𝑖
+

𝜕𝜕𝜕𝜕𝑖𝑖
𝜕𝜕𝜕𝜕𝑖𝑖
� − 2

3
𝜇𝜇 𝜕𝜕𝜕𝜕𝑘𝑘
𝜕𝜕𝜕𝜕𝑘𝑘

𝛿𝛿𝑖𝑖𝑖𝑖

𝜏𝜏′𝑖𝑖𝑖𝑖 = 𝜇𝜇 �𝜕𝜕𝜕𝜕′𝑖𝑖
𝜕𝜕𝜕𝜕𝑖𝑖

+
𝜕𝜕𝜕𝜕′𝑖𝑖
𝜕𝜕𝜕𝜕𝑖𝑖

� − 2
3
𝜇𝜇 𝜕𝜕𝜕𝜕′𝑘𝑘

𝜕𝜕𝜕𝜕𝑘𝑘
𝛿𝛿𝑖𝑖𝑖𝑖

�        (9) 

The equations of the turbulent kinetic energy 
and its dissipation rate give us: 

�
𝜌𝜌𝜕𝜕𝑖𝑖�

𝜕𝜕𝜀𝜀
𝜕𝜕𝜕𝜕𝑖𝑖

= 𝜇𝜇𝑖𝑖
𝜎𝜎𝑘𝑘

𝜕𝜕2𝑘𝑘
𝜕𝜕𝜕𝜕2𝑖𝑖

+ 𝜌𝜌𝜕𝜕𝑘𝑘 − 𝜌𝜌𝜀𝜀

𝜌𝜌𝜕𝜕𝑖𝑖�
𝜕𝜕𝜀𝜀
𝜕𝜕𝜕𝜕𝑖𝑖

= 𝜇𝜇𝑖𝑖
𝜎𝜎𝜀𝜀

𝜕𝜕2𝜀𝜀
𝜕𝜕𝜕𝜕2𝑖𝑖

+ 𝜌𝜌 𝜀𝜀
𝑘𝑘

(𝑐𝑐𝜀𝜀1𝜕𝜕𝑘𝑘)− 𝑐𝑐𝜀𝜀2𝜀𝜀
�      (10) 

The turbulence model is k-ε and the resolution 
method is RANS. The flow and site (location) 
parameters of each structure were considered in 
obtaining the different results. The Colebrook-White 
formula was integrated into the fluent solver via a 
calculation code. 

IV. Results and Discussion 

a) Theoretical Approach 
The theoretical approach is based on the 

Colebrook-white’s formula [8] for a steel pipe in an 
evolving state, i.e. from new (ε = 0.03mm) to worn (ε = 
1mm). We note that these values are those defined by 
hydraulic engineers and available in literature to 
characterize the evolution of roughness in steel pipes, 
as is the case in our dams. 

i. Case of the Songloulou Dam 
Starting from five velocities corresponding to 

the variation of velocity in the water intake for the 
periods of low water and flood, we calculated the friction 
coefficient f for four values of the absolute roughness ε. 
Table 1 below shows the results obtained. 

Table 1: Evolution of the friction coefficient in our pipe as a function of ε

Velocity (V) Ab. Roughness (ε) Relative roughness 
(ε/D) Friction Coef. (f) 

4,045; 4,1. 

0.05 0,00781 0,03495 
0.09 0,01406 0,04270 
0.3 0,04688 0,06946 
0.8 0,12500 0,11550 

4,3; 4,5; 
4,73. 

0.05 0,00781 0,03495 
0.09 0,01406 0,04270 
0.3 0,04688 0,06946 
0.8 0,12500 0,11549 
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profile u(y).



 

 

ii. Case of the Lagdo Dam 
The approach is identical to that used for the 

Songloulou dam, with the speed ranges corresponding 
to the variation of speed in the water intake for the 
periods of low water and flood for this structure. Table 2 
below presents the results obtained. 

Table 2: Evolution of the friction coefficient in our pipe according to ε

Velocity (V) Ab. Roughness (ε) Relative roughness 
(ε/D) Friction Coef. (f) 

3,1; 3,3 

0.05 0,00833 0,03571 

0.09 0,01500 0,04371 

0.3 0,05000 0,07156 

0.8 0,13333 0,12003 

3,5; 3,7; 3,87 

0.05 0,00833 0.03570 

0.09 0,01500 0,04371 

0.3 0,05000 0,07156 

0.8 0,13333 0,12003 
 

The observation is the same as that made from 
Table 1. The friction coefficient remains practically the 
same in the pipe with the increase of the Reynolds 
number for a given ε. We can therefore conclude that for 
these results that whatever the other parameters in the 
Colebrook-White’s formula, only the absolute roughness 
has an impact on the result obtained. However, in view 
of the two tables above, the coefficient of friction is also 
influenced by the flow rate (with higher values in the 
Lagdo dam penstock, which has a lower flow rate). We 
also note that the head loss corresponding to this 
approach according to formula 2 can only be static in a 
considered portion. 

b) Numerical Approach 
This is the friction coefficient obtained 

graphically on each point constituting the portions of the 
penstock. The idea is to identify the evolution of the 
turbulent friction in each portion of the penstock 
according to the parameters of its environment. To do 
this, we seek by the same approach the maximum 
thickness of the asperities influencing the structure of 
the flow (what we will call real absolute roughness). Note 
that the fluid considered here is clear water with a 
density of 1000kg/m3. 

i. Case of the Songloulou Dam 

a. Research of the real value of ε 
In order to find out the real thickness of the 

roughness influencing the friction coefficient in the pipe, 
we proceeded by the creation of graphic study zones. 
These study areas leave the walls towards the axis of 
the penstock at a small pitch (1mm to 5mm). Figure 3 
below illustrates the evolution of turbulent friction in the 
penstock for three defined absolute roughness steps 
(starting ε=15mm towards the wall), with an initial 

velocity of 4.045 m/s. Note that the same test was 
carried out on the upper wall. 
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We find that the friction coefficient remains 
almost identical in the pipe with increasing Reynolds 
number for a given ε. Similarly, the only element 
influencing the friction coefficient f in this formula is ε. In 
the same logic, we have looked for the influence of 
these parameters on another structure, in order to 
compare the results obtained.



 

Figure 3: Evolution of turbulent friction in the pipe for e = εmax different

The idea here is to see at what thickness e we 
have maximum friction. This thickness will then be 
considered as our maximum relative roughness (εmax). 
We can see from this figure that the maximum value of f 
is observed for e=5mm (εmax=5mm). This is justified by 
the fact that as we approach the axis of our pipe (e > 
5mm), turbulent friction begins to drop considerably. It is 
in this logic that in the continuation of our work on this 
dam, we will carry out the evaluation of turbulent friction 

on a thickness of 5mm. It should also be noted that 
these plots are made only in the different portions. 

b. Determination of the evolution of the friction 
coefficient f in the penstock 

Figure 4 below shows the evolution of the 
friction coefficient f as a function of the actual 
parameters of the structure. Thus, for a good 
appreciation of the values, the result will be presented 
for each section separately. 

 

a) 

 

b) 

 

We can see that the turbulent friction varies 
from one wall to the other. Also, it is not identical in the 
two portions. It is dominant on the upper wall in the first 
portion of the penstock of our dam (Figure 4.a). On the 
other hand, in the second portion of our penstock 

(Figure 4.b), it is dominant on the lower wall with a 
higher value than the one observed in Figure 4.a. We will 
verify this hypothesis by applying this approach to 
another structure. 
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ii. Case of the Lagdo Dam 
a. Finding the real value of ε 

We proceed in the same way as in the case of the previous structure. Figure 5 below shows the turbulent 
friction in the pipe for ε ≤ 15mm on the low wall, with an initial speed of 3.1 m/s. 

 

Figure 5: Evolution of the turbulent friction in the pipe for e = εmax different

As in the previous case, the maximum value of f is still found when ε=5mm as shown in Figure 5 above. 
This is the case for the lower and upper walls. 

b. Determination of the evolution of the friction coefficient f in the penstock 
Figure 6 below shows the evolution of the friction coefficient f as a function of the actual parameters of the 

structure. The result is presented separately for each of the three sections for a good appreciation of the values. 

 

a) 
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b) 

 

c) 

Figure 6: Evolution of turbulent friction in section 1 (a), section 2 (b) and section 3 (c) for different Re

We observe once again that the friction 
coefficient is not identical on the walls of the same 
section of pipe. It will be even less for each portion of 
our penstock. Apart from the third section of the pipe 
where turbulent friction is dominant on the lower wall 
(Figure 6.c), we rather have maximum turbulent friction 
on the upper wall for the other two sections (Figures 6.a 
and 6.b). 

As a general remark, we observe that the 
friction coefficient is neither identical on the same wall 
nor identical in the same portion, as presented by the 
theoretical approach. More importantly, it is not identical 
on the same section of the pipe. As another remark, the 
impact of the Reynolds number is visible on the 
evolution of the friction and was not felt on the results of 

the theoretical approach for our case. As a final remark, 
the head loss resulting from the numerical approach 
cannot be static in any portion of the pipe. This is not the 
case in the theoretical approach, given the shape of the 
curves obtained. Some researchers have already 
pointed out this shortcoming in the theoretical approach 
(for example Levin [11]). 

c) Validation of the Numerical Model 
To validate our model, the studies of Moss and 

Baker [12] and Abdalla et al. [13] were used. Figure 7 
below shows the results obtained under similar study 
conditions. It shows the velocity profile over a reversal 
peak. 

 

Figure 7: Flow structure on the sill for 

 
which is the Songloulou dam. The cause of the 
backdrop of our profiles is the transition from a free 
surface flow to a loaded flow, which doesn’t exists in the 
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In this figure, our study is presented by the 
Reynold’s numbers Re. In addition to the determination 
on the reversal peak, we have applied it to our case 



study of Abdalla et al [13]. In the same logic, Abdalla et 
al [13] in their study evaluate the impact of the threshold 
(peak) on the energy dissipation at this level. They 
observe the pointed shape which explains the 
recirculation phenomenon. This is also evident in our 
case as shown in Figure 8 below. 
 

 

 
 

V. Conclusion 

The aim of this study was to investigate the 
impact of penstock walls on flow characteristics within 
the penstock and at its outlet. More precisely, it was to 
determine the evolution of the friction coefficient in the 
whole penstock. To carry out this work, two approaches 
were used. A theoretical approach, based on the direct 
determination by a commonly used formula (Colebrook-
White’s formula in this case), and another approach, the 
graphical, based on the numerical modelling of the 
structure under study. 

In the theoretical approach, five velocities 
corresponding to the variation of velocity in the water 
intake for periods of low and high water were used. The 
coefficient of friction f was calculated for four values of 
absolute roughness ε. The results of this approach for 
our structures show that whatever the other parameters 
in the Colebrook-White formula (Reynolds number, 
diameter and absolute roughness), only absolute 
roughness has a visible impact on the result obtained. 
This can't be true, as clogging reduces the diameter and 
consequently modifies the flow rate. 

In the numerical approach, we looked for the 
maximum thickness of the asperities influencing the 
structure of the flow; what we called real absolute 
roughness. We have thus observed that the maximum 
value of f is found for e=5mm on the low and high walls. 
The results obtained from this approach show that the 

coefficient of friction is neither identical on the same 
wall, nor identical in the same portion. More importantly, 
it is not identical on the same section of the conduit, 
contrary to the theoretical approach which is a fixed 
result in a portion of pipe. In the same way, the impact 
of the Reynolds number is visible on the evolution of the 
friction coefficient in the numerical approach. This is not 
felt in the results of the theoretical approach for our 
cases. These remarks demonstrate the limitations of the 
theoretical approach to evaluating and determining 
head loss in hydraulic structures. The numerical 
approach would appear to be more useful for planning 
the maintenance of such structures, and also for 
optimizing their performance. 

We note, however, that apart from the 
geometric parameters of each structure studied, the 
usual data available in literature were used (absolute 
roughness, diameter and density of clear water). It is 
therefore recommended to take into account the 
characteristics of the sediments present in each site for 
the research to be upgraded. 
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Figure 8: Turbulent intensity structure on the sill at 
x=11m (left) and x=13m (right)
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Hydrogen for Mobility: A Pathway to a Zero 
Carbon Transportation System

Marc Abbott

Abstract- Eliminating hydrocarbon transportation must be a 
fundamental goal for society if we are to negate Climate 
Change and its consequences. No source of CO2 emissions 
comes close to that of hydrocarbon fueled internal combustion 
engines and if we are to transition to a zero-carbon energy 
system, a viable alternative to hydrocarbon fuels must be 
found. Lithium-Ion powered vehicles or EV’s present society 
with a paradox, they emit zero emissions however the life cycle 
of Lithium-Ion batteries is a source of environmental concern 
through mining, deforestation of carbon sinks, the immense 
electrification requirements for battery production, recycling, 
and recharging. 

 
Keywords: hydrogen, biofuel, fuel cell, electric, mobility, 
engine, vehicle, emissions. 

I. Introduction 

a) Transporting Humanity: The Internal Combustion 
Engine (ICE) 

he internal combustion engine has powered 
vehicle transportation on an enormous scale for 
the last century from people finding freedom to 

travel 24/7 using passenger cars to freight transported 
by trucks. The internal combustion engine has played a 
fundamental part in developing this transportation 
system and modern society as we know it today. 

As of 2016 the estimated global vehicle 
transport fleet stood at 1.416 billion (Michaux, 2021a), 
by 2022 global transportation contributed to 
approximately 20% of global CO2 emissions or 7.97 
Gigatons, road or vehicle transportation contributed to 
12% of global CO2 emissions (Statista, 2023). By 2050 
global passenger demand alone is expected to double 
(OCED, 2023) with urban passenger (vehicle, bus, train) 
CO2 emissions increasing by 39% to 3012 million tons 
per annum (OCED, 2023a). Given the growth forecasts 

 
 
 
Author: Future Energy Innovations. Hamden Valley Drive, Richmond, 
Texas, USA. e-mail: Marc.Abbott@Gmail.com 

to net zero by 2050 are simply not achievable without 
fundamental change in our consumption of 
hydrocarbons or change in demand for global mobility. 

b) What problems need to be solved? 
To achieve a Zero Carbon Transportation 

system will require many problems to be solved, with 
some likely still unknown. 

Vehicle transport is low cost, efficient and 
accessible on a global scale; for example, at the end of 
2021 there were approximately 250 million passenger 
cars in the European Union (Eurostat, 2023), with 
access to 113,642 services stations (Fuels Europe, 
2022) giving a staggering accessibility ratio of 1 service 
station for every 2200 passenger cars, undoubtably we 
take this ease of access for granted, and this gives rise 
to two problems that will take decades to solve: 

1. How do you replace the existing vehicle 
transportation system on a like for like basis? That is 
to say that any alternative system must be at a 
minimum as efficient, accessible, and low cost as 
the existing system. 

2. Practically transition from hydrocarbons to an 
equivalent zero carbon fuel bearing in mind 
hydrocarbons have powered society through 
generating electricity on a global scale, produced 
plastics, medicines and even DVDs. Couple this 
with the employment and economic benefits of the 
last century and you have what I call ‘The 
Hydrocarbon Complex’’ This complex will be 
extremely difficult to replicate or replace from a fuel 
or energy perspective let alone from a self-
preservation point of view. 

This short communication will address these 
problems by discussing why hydrogen should be the 
zero carbon alternative to hydrocarbon fuels for vehicle 
transportation and through ‘Repurposing’ how we can 
utilize almost all our existing transportation infrastructure 
and the internal combustion engine to support hydrogen 
as the zero emission vehicle ZEV standard (emit less 
than 1g of CO2 per kWh per km) fuel of the future with 
minimal life cycle environmental impact. (European 
Commission, 2023) 
**Note 1,2,3 
 
 
 
 

T 

This communication proposes Hydrogen for Mobility 
as the future fuel for a pathway to a Zero Carbon 
Transportation System through utilizing both the existing 
internal combustion engine (ICE) and most existing 
transportation infrastructure, at the same time being cost 
effective, efficient and zero emitting. An overview of 
technologies will be discussed along with their Technology 
Readiness, benefits, and issues. This discussion expands on 
the concepts discussed in ‘Mobile Modular Hydrogen Power 
Generation – a Zero Carbon Energy System’. https://doi.org/
10.5296/ijgs.v7i1.xxxx

our 2015 Paris agreement commitments and transition 
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II. Analysis of the Solution 

a) Mobility is Needed 24/7/365 
Mobility is not only needed 24/7/365 but 

demanded and, in many ways, taken as a given. The 
COVID pandemic accelerated demand for mobility 
through the growth in home deliveries, drive through 
convenience services and mobility services like Uber 
and Lyft. In 2022 Uber drivers completed 7.6 billion trips 
surpassing its previous peak of 6.9 billion trips in 2019 
(Business of Apps, 2023) coupled with population 
growth which by 2050 will grow to 9.8 billion from 7.6 
billion an increase of 29% (United Nations, 2023) and it 
reinforces inevitable growth of people and freight 
transportation and with it increased demand for 
hydrocarbons. Now more than ever we need to start 
transitioning to hydrogen as the zero emissions fuel for 
future mobility. To put into perspective the urgency 
needed one gallon of gasoline contains 5.5 pounds of 
carbon by weight and emits 20 pounds of CO2 when 
combusted (Fuel Economy Gov, 2021). By comparison 
hydrogen chemically contains no carbon and will meet 
ZEV European standards when used in internal 
combustion engines. 

Aside from emerging electrolysis and engine 
technologies that will enable hydrogen as the future fuel 
for mobility it also creates circularity through 
continuously repurposing and recycling not only existing 
vehicle engines but also existing hydrocarbon fueling 
infrastructure. Why mine Lithium and Cobalt and other 
metals for EV batteries with their associated 
environmental impacts: deforestation, water pollution, 
etc. (Washington Post, 2018) when we can create a 
circular zero carbon hydrogen mobility ecosystem? 

b) The Alternatives: Biofuel, Electric and Fuel Cell 
Vehicles? 

In the vehicle and engine technology race there 
are three main alternatives to hydrogen: biofuels, 
electric, and fuel cell vehicles. I now discuss these 
including their benefits, issues, technology readiness, 
and environmental impacts summarized. 

i. Biofuel Vehicles 
Biofuels are fuels composed of or produced 

from biological raw materials such as Ethanol (bio-
alcohol), Palm Oil, Fatty Acid Methyl Ester (FAME) and 
Hydrotreated Vegetable Oil (HVO), these raw materials 
are almost always used as a bio-blend to standard 
gasoline or diesel, with the exception being pure ethanol 
fuels. Biofuels are classified as Low Carbon Fuels (US 
Energy Information Administration, 2022) and not Zero 
Carbon Fuels, with existing concerns including 
environmental and social (food and agriculture for fuels), 
engine compatibility and low fuel economy. Vehicles that 
use bio-blends above E15 namely E20, E25 and E85 are 
commonly referred to as flex-fuel vehicles and require 
specially coated fuel lines and engine components due 

to corrosion issues. E85 fuel efficiency is 27% less than 
that of regular gasoline (which contains up to 10% 
ethanol) and requires more frequent engine oil changes 
due to fuel dilution. (The Drive, 2023) The highest 
ethanol blend E100 is only available in Brazil and cannot 
be used in standard flex fuel engines since they are 
designed to work with a maximum of E85, an additional 
major drawback of E100 is its unavailability at retail fuel 
stations in the USA. (Protech Fuel, 2023) Given this 
there is still a case for biofuels as a low carbon fuel 
alternative but realistically only a transition fuel. The 
most often overlooked drawback with alternative energy 
sources including fuels is the energy penalty and on 
average energy outputs from ethanol production is less 
than the respective fossil fuel energy inputs. (Pimentel, 
D., Patzek, T.W., 2005) 

It is inescapable that gasoline and diesel are 
needed for ethanol blending and when you consider the 
production energy penalty, biofuels become less 
attractive as a future fuel solution and will never achieve 
zero carbon emissions. 

ii. Electric Vehicles (EV’s) 
Electric vehicles or EV’s as they are commonly 

referred to have come to the fore as the zero emission 
solution primarily for passenger cars and to a lesser 
extent heavy duty vehicles and motorcycles. Demand for 
EV’s is surging as can be noted by Tesla’s recent 
production record of 1,845,985 EV units in 2023 (CNBC, 
2023). However, perception versus reality in the EV 
ecosystem that they are zero emission vehicles is 
questionable especially when we consider the full 
lifecycle of an EV. 

EV’s use either NMC (Nickel Manganese 
Cobalt) or LFP (Lithium Iron Phosphate) batteries as 
their power source with LFP batteries now preferred as 
they can accommodate 2.5 times the discharge cycles 
of a NMC battery (ZeCar, 2023). Aside known negative 
environmental impacts of mining minerals such Cobalt 
and Nickel and associated labor exploitation practices 
(Earth Org, 2022) EV’s have a higher environmental 
footprint than combustion vehicles when they are first 
produced at the factory (ZeCar, 2022) for example “it 
takes the all-electric Volvo XC40 to drive 146,000km until 
it breaks even the carbon footprint of the gasoline XC40 
(assuming grid charging)”. (ZeCar, 2022a) The counter 
argument is that EV’s will be charged using wind or solar 
power only, but that is wishful thinking as daily wind and 
solar only account for a maximum of 13.7% of US 
electricity generation (EIA, 2022) and assumes favorable 
weather conditions. 

EV battery recycling is a growing area of 
concern from an environmental perspective. Not only do 
you have to consider the metallurgical recycling 
processes but also the disposal processes for 
electrolytes and their additives. The two main recycling 
processes Pyrometallurgical and Hydrometallurgy both 
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emit carbon as part of the process (5.81 kg CO2 -
eq/kwh) for the former given the high temperature 
smelting required through using hydrocarbons and (2.86 
kg CO2 -eq/kwh) for the latter. (Floodlight, 2023) 
Although Hydrometallurgy is less energy intense it 
produces significant toxic gases and wastewater adding 
to environmental concerns. 

Direct Physical recycling is a promising 
technology, albeit there are still carbon emissions 
associated with the process (3.65 kg CO2 -eq/kwh) but 
much less secondary waste, however it is still in its 
infancy as the technology is not mature. (Floodlight, 
2023a) 

Both NMC and LFP batteries contain electrolyte 
additives to stabilize the cathodes, organic compounds 
such as 1,3,2-dioxathiolane 2,2-dioxide in NMC 
electrolytes (Nature, 2022) and Fluoroethylene 
Carbonate in LFP electrolytes (JACS, 2018) are toxic 
substances and extremely harmful to humans and the 
environment. (ECHA, 2023 & 2023a) 

The EV revolution is well underway but to claim 
zero emissions is simply not true. Considering the 
questionable sustainability and ethics in battery 
production and end of life environmental concerns it is 
reasonable to state that EV’s do not provide a pathway 
to a zero emissions transportation system. 

iii. Hydrogen Fuel Cell Vehicles 
Fuel Cell Vehicles (FCV’s) are electric vehicles 

powered by hydrogen fuel cells instead of batteries 
(batteries are still used albeit on a smaller scale to 
capture energy from the regenerative braking system, to 
be used when extra power is required). Hydrogen fuel 
cells convert hydrogen into electricity using a Proton/ 
Polymer Electrolyte Membrane (PEM) and Platinum 
catalyst at the anode which is then used to power the 
vehicles electric motor. Figure 1.0 illustrates how a 
typical PEM Hydrogen Fuel Cell works (Fuel Economy, 
2023). 

 

Figure 1.0: Typical PEM Hydrogen Fuel Cell

 
 
 
 

At the major vehicle component level there is 
very little difference between a fuel cell vehicle and 
electric vehicle with only the power sources and the 
hydrogen fuel tank the major differences. Figure 1.1 

illustrates a Fuel Cell Vehicle vs. Electric Vehicle (AFDC, 
2023 and 2023a).
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Figure 1.1: Hydrogen Fuel Cell Vehicle comparison vs. Electric Vehicle

The benefit of FCV’s is the use of hydrogen as 
fuel instead of large battery cells such as those in EV’s, 
however it is critical that green hydrogen is used to 
ensure fewer carbon emissions, or the emissions 
argument is weak. Other benefits include less time to 
refuel with hydrogen versus EV recharging and a lower 
vehicle weight. A Tesla battery on average weighs 
1190lbs (The Motor Digest, 2023) this extra weight 
negatively impacts stopping distance and inflicts 
additional damage to road infrastructure (Streets NM, 
2016). 

The downside of FCV’s and likely the reason for 
slow adaption are numerous but three main challenges 
stand out, low voltage produced by the fuel cell, the cost 
of platinum for use as a catalyst and the absence of 
hydrogen fueling infrastructure. A typical fuel cell 
produces less than 1.16volts (Fuel Economy, 2023a) not 
near enough to drive an electric motor, therefore fuel 
cells are stacked together to achieve the desired voltage 
for example the Toyota Mirai has 330 fuel cells stacked 
together to power the 310-volt electric motor (Toyota, 
2023). The fuel cell anode Platinum catalyst is a costly 
precious metal making fuel cell stacks prohibitively 
expensive. The biggest issue though is the absence of 
hydrogen fueling infrastructure, California leads the way 
in hydrogen infrastructure investment with the remainder 
of the US as of December 2023 having one hydrogen 
refueling station in Hawaii with others on the east coast 
under construction (GLP Autogas, 2024). The issue of 
available hydrogen infrastructure applies equally to the 
proposed hydrogen fueled internal combustion engine; 
however, a novel solution is proposed that significantly 
reduces cost and timeline for deployment. 

c) The Hydrogen Fueled Internal Combustion Engine 
(H2 for ICE) 

The public perception of the internal 
combustion engine (ICE) one could argue is flawed and 
by that, I mean that it is seen by the public as simply a 
gasoline or diesel engine for vehicles and nothing more, 
you can therefore reasonably conclude that the drive to 
abolish the internal combustion engine by governments 

(CNET, 2023) is based on this perception. 
Fundamentally this is false, the internal combustion 
engine is nothing more than a heat engine that converts 
heat to mechanical work. Heat generation is through 
combustion of fuel with oxygen, usually air. Gasoline 
and diesel dominate as the preferred fuel for the internal 
combustion engine, however using hydrogen as a fuel is 
physically no different than using diesel or gasoline, at 
the same time hydrogen achieves the European ZEV 
standards. A zero carbon transportation system can 
only be achieved using hydrogen as a fuel while 
preserving our future demand for global population 
mobility. 

Development of the internal combustion engine 
has historically always focused on gasoline or diesel as 
the primary source of fuel, however recent industry 
developments have focused on re-purposing the 
existing internal combustion engine to use hydrogen 
with on road trials expected mid-2024. The technology 
package for ICE conversion to hydrogen consists of 
three main activities, engine modification, vehicle 
integration, calibration and testing, all discussed below: 

i. Internal Combustion Engine Modifications 
Required for Hydrogen Fuel 

Maximizing reuse of existing components is 
critical as it reduces cost and ensures the simplest 
solution. Taking this into consideration repurposing the 
existing internal combustion engine involves, at the 
highest level, three fundamental tasks where original 
component removal or replacement is needed. There 
are many lesser sub-tasks that could be discussed, and 
these are also dependent on the type of engine being 
converted, but for the purposes of this discussion the 
focus is on three engine modifications: 

1. Removal of Exhaust Gas Recirculation (EGR): The 
primary function of the EGR system is to reduce 
nitrogen oxide emissions. This is achieved through 
routing a percentage of oxygen deficient exhaust 
gases back to the engine intake to limit peak 
combustion temperatures and thus limiting NOx 
production. Whether the EGR needs to be removed 

Addition of H2 Tank Fuel Cell vs. Battery 
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or can be disabled will be determined through on 
road testing. 

2. Intake Manifold Modification: Existing intake 
manifolds need to be modified for hydrogen fuel. 
Modification will likely be through adoption of a 
dedicated hydrogen manifold spacer that includes 
provision for hydrogen injection and pressure 
sensing along with ports to direct flow to the intake 
valves. A consequence of this modification and a 
vehicle integration task to be addressed is 
increased engine width. 

3. Boosting: Installation of a Super Turbo: The function 
of a Super Turbo is to allow increased performance 
and efficiency across the engine’s range of duty 

cycles. The Super Turbo is a mechanically driven 
turbocharger that enables bi-directional power 
transfer and speed ratio control between the 
turbocharger and the engine. It is an on-demand 
boost system that responds to the engine’s 
command for air flow. (SuperTurbo Technologies, 
2020) The Super Turbo enables the hydrogen 
engine to achieve the European ZEV standards 
while maintaining diesel or gasoline ICE power, 
efficiency and on road performance. 

Figure 1.2 Innovative High Speed Traction Drive 
(SuperTurbo Technologies, 2020) illustrates a Super 
Turbo installed in a typical Internal Combustion Engine. 

 

Figure 1.2:
 
Innovative High Speed Traction Device (Super Turbo)

In addition to engine and vehicle integration 
modifications, appropriate calibration and testing is 
required. Vehicle integration addresses activities such 
as modifying the engine bay to accommodate added 
engine width, addition of hydrogen storage tanks and 
upgrading of the engine control systems (ECU) to 
combust hydrogen fuel efficiently. Calibration focuses 
primarily on steady state engine operation, hydrogen 
combustion performance and qualification of emissions 
to meet European ZEV standards. Testing will initially be 
conducted using specialized engine test benches and 
vehicle dynamometers to confirm all calibrations meet 
standards, then on-road durability testing before 
operational deployment in late 2024.

 

Figure 1.3 illustrates a hydrogen vehicle 
integration package using a Cummins base

 
engine 

(Cummins, 2022).
 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

Bi-directional power transfer 
to/from the crankshaft

SuperTurbo Unit

Engine Crankshaft
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Figure 1.3: Hydrogen Vehicle Integration Package

ii. Hydrogen Vehicle Use Cases 
Hydrogen fuelled internal combustion engines 

are currently being developed for Heavy Duty vehicles 
(any vehicle exceeding 26,000lbs) along with 
government research funding now being available for 
development of H2 in ICE for the rail sector (US DOE, 
2024). In the longer term when infrastructure starts to 
develop there is no reason that medium and light duty 
trucks along with passenger cars cannot transition to 
hydrogen fuelled internal combustion engines. 

d) The Hydrogen Refuelling Platform 
We already have global retail or service stations 

in place designed and optimized over decades for not 
only fuel but everyday items such as groceries, would it 
not therefore seem logical to repurpose this existing 
infrastructure for hydrogen? What would need to be 
done to the existing infrastructure to achieve this? Let’s 
discuss the two technology platforms needed to 
repurpose existing infrastructure for hydrogen fuel on a 
global scale. 

i. Hydrogen Forecourt Production Technology 
The end goal is a zero carbon transportation 

system therefore, all sources of CO2 emissions need to 
be eliminated, whether being in supply, production, or 
demand. Forecourt production technology objectives 
are to eliminate supply and production CO2 emissions, 
there are two key activities: 

1. On site production of green hydrogen: The proposal 
is to use the same in-situ modular AEM Electrolysis 
concept as discussed in ‘Mobile Modular Hydrogen 
Power Generation – a Zero Carbon Energy System’ 
(https://doi.org/10.5296/ijgs.v7i1.xxxx) to generate 
on-site green hydrogen with the electrolyzer 
capacity sized to expected daily demand. No other 
method of hydrogen production is considered. 

2. Reduced Cost and Environmental Impact: Producing 
on-site hydrogen eliminates distribution via 
compressed gas trucking reducing significantly 
overall supply costs but more importantly 
eliminating all CO2 emissions from trucking. A 

standalone renewable energy source would need to 
be installed should the grid not be 100% green. 

ii. Hydrogen Retail Technology Platform 
Retail sales of hydrogen have evolved very 

slowly and only to a small extent in California. To scale 
for a global market a hydrogen retail technology 
platform needs to focus on safety, quality, and customer 
experience with high utilization, there are three key 
activities: 

1. Retail safety: Safe scaling of hydrogen fueling 
infrastructure requires focus on developing safety 
activities and standards that differ significantly from 
gasoline and diesel. Baseline safety standards are 
in place but need refining and developed further for 
highly utilized service stations in densely populated 
areas. 

2. Hydrogen quality sensor: Off-spec hydrogen will 
damage internal combustion engines and can 
cause spurious emissions. Quality sensors to detect 
CO and water will need refining for high utilization. 

3. Hydrogen dispenser design: Current dispensers are 
designed for dispensing on a small scale and 
require upgrading to accommodate high volume 
dispensing and further mistake and error proofing 
before mass adaption by the public. 

iii. Comparing Future Fuel Vehicles 
Table 1.0 compares the differences of biofuel, 

electric and fuel cell vehicles versus hydrogen for 
internal combustion engine (H2 for ICE). 
 
 
 
 
 
 
 
 
 
 

Modified ICE 
for H2

ECU for H2

H2 Storage:
700Barg / 

70kg
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Table 1.0: Comparison of Biofuels, Electric and Fuel Cell Vehicles vs. (H2 for ICE)

 Biofuel Vehicle Electric Vehicle Fuel Cell Vehicle H2 for ICE 

Technology 
Readiness 

9 – System proven 
and operational 

9 – System proven and 
operational 

9 – System proven and in 
service at small scale 

7 – Prototype 
demonstrated; road trials 

planned 

Benefit 1 
Fuel sourced from 
partly renewable 

sources 

High on road 
performance Zero on road emissions Zero emission lifecycle 

Benefit 2 
Low carbon fuel 

classification Zero on road emissions 
Supported by several 

states including California 

Circularity and ability to 
repurpose existing 

engines and vehicles 

Benefit 3 
Practicable interim 

solution 
Access to EV charging 

solutions growing rapidly 

Hydrogen fuelling 
infrastructure attracting 

investment 

Equal performance 
versus gasoline engine 

Benefit 4  

Starting to be price 
competitive with mass 

adaption 

Hydrogen safety concerns 
already mitigated 

Existing infrastructure 
can be used with 

modifications 

Issue 1 Needs blended with 
gasoline and diesel 

Environmental impact of 
battery materials 

including recycling 

Needs fuel cells to be 
stacked to achieve 

required voltage for the 
electric motor 

Hydrogen fuelling 
infrastructure needs to 

expand rapidly 

Issue 2 
Social concerns. 
‘Food for fuels’ 

Fossil fuel charging is the 
norm not the exception 

Platinum catalyst makes 
vehicle costly 

AEM electrolysis 
technology needs fully 

proved at scale 

Issue 3 
Lower fuel efficiency 
at higher blends E85 

for example 

Heavier vehicle 
negatively impacts 

infrastructure 

Low power vehicle needs 
battery to boost under 

certain conditions 

 

 

Issue 4 
Needs specific flex 
fuel vehicles to be 

successful 

High milage needed for 
emissions to break even 

with ICE vehicles 

Hydrogen fuelling 
infrastructure needs to 

expand rapidly 

Scarcity of parts for 
hydrogen engine 

modifications 
 

III. Discussion 

Our modern transportation system has taken 
over a century to establish and often taken for granted is 
the scale it has achieved, the convenience provided 
through service or retail stations where you can 
purchase gasoline to groceries and quite simply how 
humanity could not function without this network that 
exists today. As already discussed, there are 
approximately 113,000 service stations in Europe, why 
not repurpose these to accommodate hydrogen as the 
zero-carbon fuel of the future? 

Biofuel, electric and fuel cell vehicles present 
alternative solutions to reducing carbon emissions, 
some achieve this better than others, but none achieve 
hydrogen’s lifecycle of zero carbon emissions. 

Biofuels with their reliance on hydrocarbons for 
blending and the need for flex fuel vehicles are not the 
solution and electric vehicles are surely just an interim fix 
as we cannot ignore the environmental and societal 
impacts of mineral mining and the sources of electricity 
for re-charging. The USA as an example, generates 
most of its electricity from hydrocarbon fueled power 
stations, EV charging using renewable power is the 
exception rather than the norm. Fuel cell vehicles are an 
anomaly somewhere in between EV and H2 for ICE, but 
with no game-changing benefits for the user, coupled 

with the need for expensive precious metals as a 
catalyst and their longevity as a solution is questionable. 

Hydrogen is the most abundant element in the 
universe and up until now there has been no reason to 
develop it as a source of fuel, but this needs to change. 
Hydrocarbon resources are finite, and we underestimate 
the transition from them to an efficient, globally 
accessible, and cost-effective alternative such as 
hydrogen at our peril. Using hydrogen as a pathway to a 
zero carbon transportation system comes with many 
challenges but they are not all conceptual we have 
engineered exceptionally efficient internal combustion 
engines, to not capitalize on them is a waste of 
technological progress, modifying them for hydrogen 
fuel is well within our technical capabilities. The 
infrastructure is in place but repurposing this is more a 
challenge to our ‘Group Think’ on energy transition 
solutions than a technical hurdle. Producing green 
hydrogen using AEM water electrolysis will be the 
production solution, scaling the electrolyzer output to 
the huge volumes needed for global transportation will 
be the final challenge. 

Lastly, I leave you with a very elegant graph that 
leaves no doubt the positive impact using hydrogen as 
fuel has on CO2 emissions. Figure 1.4 illustrates the 
relationship between CO2 emissions versus using 
hydrogen (Power Magazine, 2021). 

Low public awareness 
and still concerns with 

using hydrogen
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Figure 1.4: CO2 Emissions versus H2 Blend
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Notes 
Note 1: For the purposes of this discussion when 
referring to hydrogen, I mean green hydrogen produced 
via renewable energy and AEM water electrolysis. 
Note 2: The number in an ethanol blend, for example 10 
in E10 represents the maximum percentage of ethanol 
the blend contains; E10 contains up to a maximum of 
10% ethanol. 
Note 3: The terms zero carbon and zero emission are 
used interchangeably in this document but refer to the 
same outcome, the same is applicable to retail or 
service station. 
Note 4: I have worked in the energy industry for over 
twenty-five years in many countries and currently lead 
the deployment of new energy technologies for a large 
global technology company with a focus on water 
electrolysis and carbon capture development. Aside 
from the references listed I have first-hand experience 
and knowledge of the advances in AEM electrolysis, 
materials-based storage and fuel and lubricants 
technology including vehicle testing. Please feel free to 
contact me for further information or discussion. 
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The analysis of the methodological principles on which pyrometry is based is carried 

out. Special attention is paid to the main methodological postulate and its consequences. The 
roots of its formation are considered. It is shown that the large methodological errors 
characteristic of pyrometry are a direct consequence of the system of priorities arising from this 
postulate. A new basic methodological postulate of pyrometry is formulated, it is shown that the 
development of the ideas contained in it will reduce the number of methodological errors by an 
order of magnitude or more, and the necessary and sufficient conditions for this reduction are 
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The Main Methodological Postulate of Pyrometry 
and the Need for its Revision

Alexandr Frunze

Abstract- The analysis of the methodological principles on 
which pyrometry is based is carried out. Special attention is 
paid to the main methodological postulate and its 
consequences. The roots of its formation are considered. It is 
shown that the large methodological errors characteristic of 
pyrometry are a direct consequence of the system of priorities 
arising from this postulate. A new basic methodological 
postulate of pyrometry is formulated, it is shown that the 
development of the ideas contained in it will reduce the 
number of methodological errors by an order of magnitude or 
more, and the necessary and sufficient conditions for this 
reduction are formulated. 
Keywords: pyrometry, methodological principles, 
radiation laws, spectral emissivity, temperature 
dependence of emissivity, reference means for spectral 
emissivity. 

I. Introduction 

he rapid development of microelectronics and 
microprocessor technology in the last quarter of 
the 20th century made it possible to bring 

instrument engineering to a qualitatively higher level. In 
many industries, the instrumental errors of measuring 
instruments have decreased to fractions of a percent. 
Pyrometers are no exception here. 

But at the same time, as is known, any of the 
pyrometry methods has inherent methodical errors1

II. On the Need to Analyze the 
Methodology of Pyrometry 

, the 
magnitude of which can reach 10 ... 15%, i.e. an order of 
magnitude or more exceeding the instrumental ones. 
There are still no ways to guarantee their reduction to the 
level of 1-2%. And the most significant thing is that over 
the past half century, it has not been possible to reduce 
the magnitude of these methodological errors in relation 
to any material whose non-contact temperature 
measurement may be in demand. And the reason for 
this, of course, is not at all due to dishonesty or low 
qualifications of researchers. 

The author of this work argues that the 
problems of pyrometry are methodological in nature. 
Their solution requires analysis and possible revision of 
the methodological principles of pyrometry. The work [1] 
is devoted to this analysis. 
 
Author: e-mail: alex.fru@mail.ru 

                                                           
1 The errors of the method 

For applied science, methodology is 
understood as a system (complex, interconnected set) 
of postulates and principles of research activity, which a 
scientist relies on in the course of obtaining and 
developing knowledge within a given specific scientific 
discipline or several scientific disciplines ([2]). 

Obviously, there are methodological postulates, 
principles and approaches common to all branches of 
technical sciences (the obligation of mathematical 
calculations or modeling, the correspondence of 
calculated data to experimental data, etc.), and there 
are also particular, specific ones that apply only to 
individual industries or to one specific industry. It is quite 
obvious that it is not methodological principles and 
postulates common to all branches of technical 
sciences that slow down the development of pyrometry, 
because even in related fields (for example, in contact 
methods of temperature control) there are no problems 
of large methodical errors. Therefore, the source of 
irreducible methodical errors should be sought in 
specific methodological postulates and principles of 
pyrometry. 

However, the methodological postulates and 
principles specific to pyrometry have not yet been 
clearly formulated. The reason is that most specialists in 
this field have not yet realized that the problems of 
incessant huge methodical errors are methodical in 
nature. The desire to formulate methodological 
principles and postulates that determine the course of 
development of a particular industry arises only after 
realizing the futility of trying to solve the problem within 
the framework of existing knowledge. Half a century of 
stomping in place on the issue of reducing methodical 
errors from a 10...20 percent level to units or fractions of 
a percent just suggests that there is a need to revise the 
methodological postulates and principles of pyrometry. 

III. Methodological Principles and 
Approaches in Pyrometry 

The principles and approaches most 
characteristic of modern pyrometry are listed below 
([1]): 

1. Regular resumption of attempts to find the 
temperature of the measured object only by its 
radiation, based only on Planck's or Wien's laws, 
without taking into account its radiative properties. 

T 
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2. Consideration of the emissivity 2

3. The use of only those reference means during 
verification

 as a minor, 
secondary, and even interfering factor, both in 
theoretical constructions and in the practical 
implementation of pyrometry methods. 

3

4. The lack of reference means and measuring 
instruments of spectral emissivity. 

 and calibration that perfectly implement 
the laws of radiation (“absolutely black bodies", BB). 

5. The almost universal disregard of the dependence 
of the spectral emissivity characteristic of most 
objects on the temperature of the object and on the 
state of its surface (roughness, the presence of 
liquids, oil films, etc.). 

6. Reduction (both in theoretical calculations and in 
practice) of the complex influence of emissivity to a 
one–dimensional effect described by a simple 
numerical coefficient, with complete disregard for 
the fact that emissivity is not a coefficient, but a 
function of at least two variables. 

7. The use of various adjustment organs in almost all 
modern pyrometers, which make it possible to 
adjust the measurement results in any direction 
within a fairly wide range. 

8. The lack of developed algorithms for determining 
the actual temperature of an object by its pseudo-
temperature (brightness, partial radiation, radiation 
or spectral ratio), taking into account the 
temperature dependence of the emissivity 
characteristic of most objects. 

As for paragraphs 3, 4 and 7, they are obvious. 
The statement of paragraph 2 also becomes obvious 
when analyzing almost all books published over the past 
50 years, the authors of which try to cover pyrometry as 
a whole, rather than highlight certain selected issues. In 
these books, the laws of Planck, Wien, Stefan-
Boltzmann, Rayleigh-Jeans, Kirchhoff, Lambert are 
usually described in detail first, and only after that the 
concept of emissivity is introduced, characterizing the 
difference between the radiation of real objects and the 
radiation of the BB. 

According to claim 1, measurements in 
polarized light can be noted [3], the use of multiband 
spectral-ratio pyrometers with narrow spectral bands 
[4], the use of spectrometers [5], etc. 

As a confirmation of what was said in 
paragraphs 5, 6 and 8, the following can be cited. 

In the known relations present in almost all 
books on pyrometry, linking the actual temperature of an 
object Td with its brightness or radiation temperature, the 
emissivity appears in the form of constants ελ, εs: 

                                                           
2 Further, everywhere by the emissivity of an object we will understand 
its spectral ε(λ) or temperature-spectral ε(λ,T) emissivity 
3 In Russia, verification is the confirmation by one of the accredited 
state metrological centers of the declared metrological characteristics 
of the device being verified 

λεlnλ11
2bd сTT

+=,                                                (1) 

where Td is the actual temperature, K; Tb is the 
brightness temperature measured by the pyrometer, K; 
c2 = 1.4380·10-2m·K; λ is the operating wavelength of 
the monochromatic brightness pyrometer, m; ελ is the 
radiation coefficient of the object at the wavelength λ. 

4
rд / sTТ ε=                                                   (2) 

where Td is the actual temperature, K; Tr is the radiation 
temperature measured by the pyrometer, K; εs is the 
integral radiation coefficient. 

However, if we take into account that ελ and εs 
are not constants, but functions of wavelength λ and 
temperature Td, and instead of constants substitute 
functions ε(λ,Td) in (1) and εs(Td) in (2), then simple 
calculation relations (1) and (2) turn into equations 
unsolvable in analytical form. There are no algorithms for 
solving these equations in general. 

IV. The Main Methodological   
Postulate of Pyrometry 

The analysis of the above methodological 
principles and approaches characteristic of modern 
pyrometry allows us to identify something common to all 
of them without exception. This is the implicitly 
postulated priority of radiation laws in this industry over all 
other laws and patterns used to determine the 
temperature of heated bodies by their radiation. It is she 
who is today the main methodological postulate specific 
to pyrometry, which hinders its development. 

This methodological postulate has a historical 
origin, since the laws of radiation were formulated back 
in the XIX century, and there is still no theory that would 
link the radiative characteristics of a substance with its 
physico-chemical constants, and at the same time 
would not diverge from experimental data in the entire 
spectral range. 

Of particular importance is the fact that this 
priority is postulated implicitly, by stealth. None of the 

 
an object by its radiation without knowing its radiative 
properties is possible. But in practice, all modern 
research in pyrometry is aimed precisely at finding the 
temperature of heated objects without knowing their 
radiative characteristics. After all, if this succeeds, it will 
be possible to forget about the dreary measurements of 
the emissivity, depending on both the state of the 
object's surface and its temperature. From this point of 
view, the game is worth the candle, since there are still 
no devices for measuring emissivity, and experimental 
installations that allow this to be done are large, 
expensive, low-mobility, measurements on them require 

researchers claims that finding the exact temperature of 
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high qualifications and a lot of time. Therefore, the 
prospect of learning how to measure temperature by 
radiation without knowing the radiative properties looks 
very tempting. 

The most likely solution to this problem seems 
to be using spectrometers, so today most research is 
conducted in this area [5]. However, the possibility of 
such a solution for any predetermined material is not yet 
obvious. 

If we return to the pyrometers, then the following 
should be noted. The above-mentioned emissivity 
characterizes the difference between the radiation of a 
real object and the radiation of an BB. If the differences 
are small, then the measurement error with a pyrometer 
calibrated according to the BB is also small. But for 
many objects that have to be measured with 
pyrometers, the differences in their radiation spectrum 
are quite large from the spectrum of the radiation of the 
BB. 

 

 

 
To understand the negative consequences of 

this approach, you need to ask yourself – where do 
these coefficients come from? In the best case, 
measurements once made under these conditions are 
usually quite rough, with a small number of samples, 
without fully taking into account all factors affecting the 
result, without estimating the error. But more often – 
from literary sources compiled according to the same 
measurement results, performed by unknown people, 
unknown when, and with the same disadvantages. 

The main thing here is that with this approach, 
the correction value is not calculated, but determined 
experimentally by selecting the radiation coefficient for 
the value at which the pyrometer will show the correct 
result (or one that is considered correct for one reason or 

another)4

 

. Let's add to this that manufacturers do not 
provide information about what the algorithm for 
correcting the measurement results of the radiation 
coefficient entered into this pyrometer is. The latter 
completely excludes the possibility of correctly 
accounting for the effect on the pyrometer measurement 
result of the difference between the radiation spectrum 
of the measuring object and the frequency response 
spectrum, the dependence of this difference on the 
temperature of the object itself, and on the spectral 
range of the pyrometer, and on the width of the range, 
and on the state of the surface of the object, and a 
number of other parameters. As a result, fitting to the 
expected result remains the only way to correct. In 
production practice, this leads to the fact that the 
technologist does not know which of the radiation 
coefficients to choose from the abundance available in 
various sources. As a result, the selection is made “by 
eye” so that the measurement result corresponds to the 
expected one. This is where users have measurement 
errors with pyrometers up to 10-20%. 

That is, the user is trying to eliminate the 
methodical error, but the method used today to exclude 
it does not guarantee its reduction. With a successful 
combination of circumstances, it can decrease to the 
level of 1-2%, and if unsuccessful, it can remain at the 
same level of 10-20%. And at the same time, the 
instrumental errors of modern pyrometers often do not 
exceed 0.2... 0.5%. That is, the improvement of 
pyrometers in terms of further reducing the instrumental 
error at this stage is meaningless, because it does not 
lead to an increase in measurement accuracy. 
Improving the accuracy of measurements in pyrometry 
has run into a barrier of methodical errors. How to 
overcome it? 
 

                                                           
4  This is a problem that many still do not realize. Correction by 
experimentally selected coefficients causes very serious complaints 
from the point of view of metrology. This can be explained using such 
a simple example. Let's assume that we measure small voltage values 
in a printed circuit assembly with a DC microvoltmeter. As is known, 
when the copper probe of the device comes into contact with the 
Kovar pin of the chip, a fairly significant contact potential difference 
occurs, about 30 mV at room temperature. It is quite obvious that if, 
instead of subtracting this potential difference from the measurement 
result (adjusted, moreover, taking into account the temperature of the 
output of the chip), we smoothly “tweak” the gain of the 
microvoltmeter to the value that, according to someone once made 
estimates, gives the correct value of the measured value, then not only 
about the unity of measurements in radio engineering, but also their 
accuracy can be forgotten. It is unacceptable to exclude errors by the 
method of “fitting an experimentally selected coefficient to the correct 
result”, without relying on the measurement of the influencing quantity 
and on knowledge of its dependencies on certain environmental 
parameters. 

An BB-calibrated pyrometer, by definition, 
cannot correctly measure the temperature of an object 
that does not emit as an BB. The error that occurs 
during such measurements is the main methodical error, 
it is determined not by the quality of calibration, but by 
the problem of the measurement method (i.e., the need 
to measure an object that emits differently from the 
sample from which the pyrometer was calibrated). How 
can such an error be reduced or eliminated altogether?

In today's practice, pyrometers are equipped 
with regulators, with the help of which a certain 
coefficient can be entered into them, usually taking a 
value from 0.1 to 0.99...1. This coefficient is usually 
called the “blackness coefficient”, “degree of 
blackness” or “radiation coefficient”. Using this 
coefficient, the operator can change the measurement 
result. It is assumed that he knows the “correct” value of 
this coefficient, and by setting it, he will correct the 
pyrometer readings and eliminate the mentioned 
methodical error.
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Figure 1: Spectral Radiance (SR) of transformer steel when heated to 1127°C in a nitrogen-hydrogen atmosphere (1), 
high-alumina firebrick heated in air to the same temperature (2) and BB at 1127°C (3)

The need to isolate the Planck component from 
the complete SR of an object arose at the dawn of the 
development of practical pyrometry. This turned out to 
be necessary because pyrometers are universally 
calibrated by BB, and after such calibration they can 
correctly measure the temperature of only those objects 
that emit as BB – "black" and "gray". When measuring 
other objects, it is that part of their radiation that 
distinguishes it from the radiation of the BB, and 
introduces an additional error, which we call methodical. 
Therefore, in order to exclude it, one way or another, its 
banking component must be isolated from the entire 
radiation of the object. Or somehow exclude the 
influence of non-Plank component.

VI. Spectral Emissivity and its Role in 
Eliminating Methodical Errors

The spectral emissivity can be defined as the 
result of the functional division of the SR of a real object 
into the SR of an BB (hereinafter, functional division is 
understood to be the division of the ordinate of the 
function-divisible by the ordinate of the divisor function 

for the same abscissa for the set of all possible 
abscissae).

Figure 2 shows the dependences on the 
wavelength of the spectral emissivity of transformer steel 
(1) and high alumina firebrick (2), corresponding to a 
temperature of 1127°C [4]. As noted, we call these 
functions spectral emissivity in order to distinguish them 

and still called by inertia by many users of pyrometers 
and authors of articles on pyrometry "emissivity". Let's
add that the spectral emissivity is also a function of the 
temperature of the object.

  

V. The Need to Isolate the Planck 
Component from the Total   

Radiation of the Object

To overcome this barrier, it is necessary to 
realize what happens when measuring when we neglect 
the influence of the radiative properties of the measured 
object. Let's turn to Fig. 1. Here are the Spectral 
Radiance (SR) of transformer steel when heated to 
1127°C in a nitrogen-hydrogen atmosphere (1) and 

high-alumina firebrick heated in air to the same 
temperature (2). The results are obtained based on the 
data given in [4]. Here, for comparison, the SR of the 
source of ideal Planck radiation – BB (3) at the same 
1127°C is given. Obviously, the isolation of the Planck 
component5 3 from dependencies 1 and 2 is an 
operation completely unobvious, none of the radiation 
temperature measuring devices is designed to solve this 
problem.

from the coefficients6 introduced into energy pyrometers

                                                          
5 Here and further, under the Planck component (Planck curve), we will 
understand the CR BB.
6 In this paper, the author calls this coefficient the "radiation 
coefficient", not emissivity.
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Thus, the spectral emissivity is a function that 
contains the difference between the SR of a real object 
and the SR of an BB having an equal temperature with 
the object. Its non-accounting (or incorrect accounting) 
does not make it possible to correctly convert the SR of 
the measured object into a Planck curve of equal 
temperature with the object, according to which this 
temperature can be measured without any systematic 
errors using an BB-calibrated pyrometer.

One of the ways of such a separation of the 
Planck component from the total radiation spectrum is 
the functional division of the SR of a real object into its 
real spectral emissivity. However, this is possible only if 
we have at our disposal almost complete spectral 
dependences of the SR and emissivity, i.e. lying in the 
wavelength range where the values of the Planck curves 
for these objects exceed 0.5-1% of their maxima. This is 
typical for spectral pyrometry, which is at the initial stage 
of its development. But pyrometers are not 
spectrometers, and such a functional division is 
impossible for them. Nevertheless, knowledge of the 
spectral emissivity is also necessary for classical energy 
pyrometers7

First, the full view of the object's SR is 
calculated for all measured temperatures (for example, 

and pyrometers of spectral ratio (at least in 
the range of spectral sensitivity of these measuring 
instruments). However, it should be used in the 
allocation of the Planck component in a slightly different 
way. Here is one of the options for such a selection.

                                                          
7 Energy pyrometers are understood to be all pyrometers having only 
one radiation receiver, which determine the temperature by the 
magnitude of the signal from the receiver, i.e. by the magnitude of the 
energy flow that came to it

with a given step within the entire measurement range). 
To do this, for each of the temperatures, its spectral 
emissivity is functionally multiplied by its Planck function. 
Next, using the obtained SR, a set of pseudo–
temperatures (brightness, or radiation, or spectral ratio -
depending on which type of devices the correction is 
performed) is calculated. This calculation can be 
performed using calibration8

Once again, I would like to draw readers 
attention to an important statement – if we want to 
measure temperature with a pyrometer without 

functions. Then a table is 
formed in which the actual temperature is assigned to 
each of the obtained pseudo–temperatures - the one 
whose Planck curve was used to calculate this pseudo-
temperature. And at the last stage, the actual 
temperature of the measured object is determined 
based on the result of the pyrometer measurement 
using the above-mentioned recalculation table ([6]). 
When using the real spectral emissivity in this algorithm, 
methodical errors are excluded, and the error is 
determined only by the instrumental errors of the 
pyrometer used.

In fact, in this case, we modify the scale 
determining function (inverse of the calibration function) 
of the pyrometer so that it takes into account the 
difference between the SR of the measured object and 
the SR of the BB. Which is essentially equivalent to 
separating the Planck component from the total flux of 
its radiation.

                                                          
8 The calibration function is, in this case, the dependence of the 
voltage at the output of the receiver signal amplifier (for an energy 
pyrometer) or the spectral ratio (for a pyrometer of the spectral ratio) 
on the temperature of the BB

Figure 2: Spectral emissivity of transformer steel when heated to 1127°C in a nitrogen-hydrogen atmosphere (1), and 
high-alumina firebrick heated in air to the same temperature (2)
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methodical errors, we must somehow isolate the 
aforementioned Planck component from all the radiation 
that came to the pyrometer. Its measurement with an 
BB-calibrated pyrometer will give the desired result. Or, 
one way or another, exclude the influence of a non-
Planck component, which will lead to the same 
measurement result.

And how do we allocate the Planck component 
today? Few people have thought about this – the 
extraction operation, which is the result of a complex 
mathematical calculation, has been replaced by 
correction using coefficients 9

It is safe to say that devices for remote 
temperature measurement will continue to be calibrated 
according to BB in the future. Consequently, the task of 
isolating the Planck component from the full SR, 
according to which these devices will measure 
temperature, will also remain. And its solution is 

introduced into 
pyrometers, most often determined experimentally. The 
task of isolating the Planck component in today's 
pyrometry has been simplified to the limit – the radiation 
flux that came to the energy pyrometer is actually simply 
divided by the radiation coefficient introduced into it. A 
complex functional transformation is ultimately reduced 
to division by a constant taken from tables, which very 
often have a very distant relation to the measured 
object. Hence the methodical errors, which are 
absolutely independent of the pyrometer's own 
instrumental error.

Naturally, classical pyrometers are not 
spectrometers, they do not measure the SR with some 
kind of normalizing coefficient, but its integral value in 
the form of a signal at the output of their radiation 
receiver. Therefore, the functional division mentioned 
above is not a task for them. If we are talking about 
energy pyrometers, then correction by the radiation 
coefficient is all they can do. But then the procedure for 
isolating the Planck component should somehow 
“migrate” at least to the calculation of the radiation 
coefficient. Such a calculation of the radiation 
coefficient, taking into account the spectral emissivity 
ε(λ,T), is described below (see (4)). However, it has 
certain limitations, which will be described later.
Therefore, the task of comprehensively eliminating the 
influence of temperature-spectral emissivity on the 
pyrometer measurement result is still relevant. Taking 
into account all the above, it will be formulated and 
specified in the last subsection of this article.

                                                          
9 For very narrow-band pyrometers and for full-radiation pyrometers, 
correction in accordance with (1) and (2) is quite acceptable, but with 
certain reservations: firstly, it is still necessary to know the 
temperature-spectral emissivity of the object, and secondly, the 
radiation coefficients depend on temperature, sometimes strongly, 
and for the choice of their exact values require knowledge of the very 
temperature of the object for which they are needed to measure. The 
latter greatly limits the correction according to (1) and (2) for accurate 
measurements.

impossible without knowledge of the spectral emissivity. 
And the more precisely it is determined (as well as the 
more accurately the calibration of the measuring 
instrument used is carried out), the more accurately the 
temperature of the measured object will be determined. 
In a different way, using some averaged coefficients 
introduced into pyrometers, it will not be possible to get 
rid of methodical errors.

VII. About the New Basic   
Methodological Postulate of 

Pyrometry

All of this means the need to rethink the basic 
methodological postulate mentioned above, which is 
specific to pyrometry, which consists in the fact that to 
determine the temperature of an object by its radiation, it 
is enough to know and use only the laws of radiation, 
ignoring accumulated or still missing knowledge about 
the radiative properties of specific objects. It should be 
replaced by a postulate proclaiming that the exclusion of 
methodical errors in non-contact measurement of its 
temperature is impossible without knowledge of the real 
(not generalized or averaged!) the spectral emissivity of 
a particular measured object, and its correct accounting.
Attempts to deceive nature and continue to ignore the 
need to accumulate knowledge about the radiative
properties of objects will leave unchanged methodical 
errors that have hindered the development of pyrometry 
for more than half a century.

However, this is not all. Since until now there 
has not been a theory that adequately connects the 
spectral emissivity with the physico-chemical constants 
of the object's material, it will be necessary to obtain the 
necessary information about the spectral emissivity 
experimentally. At the same time, it should be noted that 
at the moment there are no specialized measuring 
instruments for spectral emissivity on the market. 
Nevertheless, in the works of the author ([7, 8] the 
technical possibility of creating such measuring 
instruments is demonstrated, two such devices are 
described, one of which is protected by a patent of the 
Russian Federation.

The author also argues the need to have a 
verification scheme for such devices, as well as a 
currently missing standard of emissivity, which will stand 
at the top of this verification scheme ([9, 10]).

VIII. About what else is Needed

However, knowledge of the spectral emissivity 
is only a necessary condition for reducing or completely 
eliminating large methodical errors inherent in pyrometry
methods. It is not sufficient for this reduction, since 
algorithms and methods for minimizing/eliminating 
these errors with full consideration of temperature-
spectral emissivity are either insufficiently developed or 
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absent. Therefore, it is necessary to solve the following 
scientific problems.

1. As is known, when measuring of “non-gray” objects 
with spectral-ratio pyrometers, they have a 
methodical error, the mechanism of which is 
discussed in detail in [11]. The ratio (3) is known, 
which allows (knowing the spectral emissivity) to 
compensate for this methodical error:

21

2.
11

11ln11

2

1

λλ
ε
ε

λ

λ

−
=−

cTT relspd
                       (3)

where Td is the actual temperature, K; Tsp.rel is the 
temperature of the spectral ratio measured by the 
pyrometer, K; c2 = 1.4380·10-2 m· K; λ1 and λ2 are the 
operating wavelengths of the narrowband pyrometer of 

the spectral ratio, m; 1λ
ε and 2λ

ε are the emission 

coefficients at wavelengths λ1 and λ2.

Thus, the problem can be formulated as 
follows: the above-mentioned universal method for 
correcting pyrometers of the spectral ratio must be 
improved in such a way as to take into account the 
temperature dependence of the spectral emissivity. After 
that, it, together with information about the spectral 
emissivity, will become necessary and sufficient 
conditions for minimizing/eliminating methodical errors 
in the method of pyrometry of the spectral ratio.

The solution of this problem is described by the 
author in [13].

2. In contrast to the spectral ratio pyrometry method, 
the emissivity correction is fundamentally necessary 
in the energy pyrometry method. To do this, before 

measuring, a correction factor is introduced into the 
energy pyrometer, which in this work is called the 
radiation coefficient. The radiation coefficients 
introduced into pyrometers are almost universally 
determined experimentally, by adjusting this 
coefficient to the value at which the result of 
temperature measurement using a pyrometer is 
close to the result of measurement by contact 
methods. Once selected in this way, the radiation 
coefficient is then usually transferred to all 
pyrometers that have to measure such an object. 
The measurement errors caused by such a transfer 
are described in [14]. And, moreover, with this 
approach, it is impossible to correctly take into 
account not only the spectral range of the pyrometer 
used, but also the temperature dependence of the 
emissivity. And this in turn leads to the appearance 
of additional methodical errors described in [15].

In [16], a ratio is given that allows the 
recognition of the spectral emissivity and spectral 
sensitivity characteristics of a photodiode pyrometer to 
correctly determine the radiation coefficient:

),()(

),()(),(
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2

1
,

∫

∫
= λ

λ

λ

λ
λ

λλλ

λλλλε
ε

dTES

dTESТ

Т                    (4)

where ελ,T is the radiation coefficient at wavelength λ for 
temperature T, ε(λ,T) is the spectral emissivity of the 
object; S(λ) is the spectral characteristic of the 
pyrometer sensitivity; E(λ, T) is the Planck function; λ1

and λ2 are the lower and upper limits of spectral 
sensitivity.

Since (4) represents the ratio of two definite 
integrals that are practically insoluble analytically, its use 
in practice by metrologists and technologists of 
enterprises is hardly possible – for this, a specialist must 
have a legally purchased package such as MathCad or 
Mathlab and be able to use it. Therefore, it is necessary 
to develop simple and freely distributed programs with 
which users with minimal computer skills could 
determine the radiation coefficient according to (4). One 
of the variants of the set of such programs is given in 
[17].

Further, since ε(λ,T) and E(λ, T) depend on the 
temperature of the object, the coefficient ελ,T also 
depends on temperature. That is, the radiation 
coefficient found using (4) depends on the temperature. 
In this case, a vicious circle arises – in order to measure 
the temperature correctly with an energy pyrometer, you 
need to enter the correct value of the radiation 
coefficient into it. But to find the correct value of the 
radiation coefficient, you need to know the temperature 

However, this ratio is valid only for pyrometers 
with narrow (no more than 10…20nm) spectral bands.

At the same time, the vast majority of spectral-
ratio pyrometers produced today are broadband, the 
width of the spectral bands of their sensitivity is tens or 
even hundreds of nanometers. As a result, ratio (3) is 
essentially inapplicable for the absolute majority of 
pyrometers used in practice, and has more theoretical 
than practical value. Therefore, a universal method is 
needed to correct the methodical error that occurs when 
measuring the temperature of “non-gray” objects with 
any pyrometers of spectral ratio. This method is 
developed and described in [6, 12]. They present an 
algorithm for machine calculation of the temperature of 
the spectral ratio of “non-gray” objects using a 
calibration function, and an experimental study of the 
method is carried out. However, the proposed method 
(as well as in the ratio (3)) does not take into account 
the temperature dependence of the spectral emissivity. 
Therefore, the method needs to be improved, taking into 
account this dependence.
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of the object, which we are still only going to measure. 
The established practice of adjusting the radiation 
coefficient to the correct result, if this correct result is 
unknown in advance, does not solve the problem.

It follows from the above that for the accurate 
correction of energy pyrometers for emissivity, not only 
the ratio (4) is required, but also a preliminary 
knowledge of the temperature to be measured, because 
without this it is impossible to correctly select those 
ε(λ,T) and E(λ, T) that are necessary to calculate ελ,T

according to (4).
Therefore, the task can be formulated as 

follows: for energy pyrometers, it is necessary to 
develop a method of correction for emissivity, different 
from the one currently used, in which there is no need 
for prior knowledge of the temperature to be measured 
in order to correctly use the temperature-dependent 
radiation coefficient ελ,T i.e. it is necessary to break this 
vicious circle when you need to know its correct value to 
measure temperature, and in order to calculate it 
correctly in accordance with (4), we need to know this 
temperature, which is still unknown to us. The current 
method of correction is not capable of breaking it 
without some additional information.

It is the above-mentioned method of correction, 
which differs from the currently used one, in 
combination with knowledge of temperature-dependent 
spectral emissivity, that will be the necessary and 
sufficient means to minimize/exclude methodical errors 
in the method of energy pyrometry.

The solution of the mentioned problem is 
planned by the author to be published in one of the next 
issues of one of the periodicals covering measuring 
topics. A general approach to solving this problem is 
formulated in [18].

The implementation of solutions to the 
formulated tasks will dramatically reduce the methodical 
errors in pyrometry to a level comparable to the level 
achieved by instrumental errors.

IX. Conclusion

1. The main methodological postulate specific to 
pyrometry is formulated – the implicitly postulated 
priority of radiation laws in this branch over all other 
laws and patterns used to determine the 
temperature of heated bodies. It is shown that it is 
the unconscious adherence to this postulate that 
does not allow for half a century to solve the 
problem of reducing/eliminating methodical errors in 
non-contact temperature control methods.

2. A new, alternative to the above, basic 
methodological postulate specific to pyrometry is 
formulated. He proclaims that without knowledge 
and use of the real (not generalized or averaged!) 
the temperature-spectral emissivity of a particular 
measured object it is impossible to exclude 

methodical errors in the non-contact measurement 
of its temperature.

3. Since to date there has not been a theory that 
adequately connects the temperature-spectral 
emissivity with the physico-chemical constants of 
the object's material, it is argued that it will be 
necessary to obtain the necessary information 
about the spectral emissivity experimentally. At the 
same time, it should be noted that at the moment 
there are no specialized measuring instruments for 
spectral emissivity on the market. Nevertheless, in a 
number of the author's works, the technical 
possibility of their creation is demonstrated, two 
such devices are described, one of which is 
protected by a patent of the Russian Federation.

4. However, knowledge of the spectral emissivity is 
only a necessary condition for reducing or 
completely eliminating large methodical errors 
inherent in pyrometry methods. For sufficiency, it is 
necessary to develop algorithms and methods for 
accounting for the effect on the spectral emissivity 
of the temperature of the measured object, which 
are now either insufficiently developed or completely 
absent.

5. References are given to the algorithms developed 
by the author of this article for taking into account 
the influence of temperature on the spectral 
emissivity of an object used in the methods of 
spectral ratio pyrometry and energy pyrometry.

6. The algorithms noted in paragraph 5 (recognition of 
temperature-spectral emissivity), when 
implemented, will reduce the methodical errors of 
pyrometry methods to a level comparable to the 
level achieved by instrumental errors.
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A Survey on Methods to Optimize Power 
Harvesting in Drones

Dr. Fath Elrahman Ismaeal Ahmed α, Gihad Abdelaziz Abdelghani Ibrahim σ, Khalil. B. Ahmed. A ρ,       
Hajir Saeed Ѡ & Suhail Kamil ¥

Abstract- This paper explores the challenges associated with 
limited battery capacity in drones and presents a 
comprehensive analysis of strategies to optimize energy 
harvesting and extend flight durations. Various energy 
generation methods, including piezoelectric and solar 
harvesting, are discussed, along with electrical circuit 
generation for wireless charging and communication-enabled 
energy delivery. The interdisciplinary nature of drone 
technology is highlighted, emphasizing the need for ongoing 
research in renewable energy models and innovative solutions 
like laser charging. The paper concludes with 
recommendations for further exploration and refinement of 
these strategies to enhance the future of UAVs. 
Keywords: drones, battery capacity, energy harvesting, 
piezoelectric harvesting, solar-powered UAVs, wireless 
charging. 

I. Introduction 

rones have become increasingly popular for 
various civilian applications, including 
commercial, scientific, recreational, and 

agricultural tasks [1,2,3,4]. However, their limited on-
board battery capacity has been a challenge [5,6,7]. 
The development in artificial intelligence and 
mechatronics technology have improved the capabilities 
of drones as aerial robots to making them cost-effective, 
user-friendly, safe, and environmentally friendly options 
[8,9,10,11,12,13]. This paper reviews studies that 
propose solutions to optimize energy harvesting from 
UAV body vibrations and explore ways to increase flight 
duration by improving the design and capacity of 
existing batteries. 

II. Analysis of Power Loss during Flight 

In the drone, power is lost during flight through 
mechanical loss (MPL), magnetic loss (EMFPL), iron (IPL), 
and copper loss (CPL). The total power loss (TPL) is 
calculated by summation of this power. 
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The features and configurations of UAVs can 
vary significantly based on their missions. Developing 
accurate and efficient energy consumption models 
relies on thoroughly understanding of the contributing 
factors. Drone operations exhibit higher sensitivity to 
energy considerations than traditional vehicles 
[14,15,16,17,18,19]. Various internal and external factors 
come into play, impacting energy usage. For instance, 
flying into headwinds has been observed to resulted in 
lower power consumption, attributed to increased thrust 
generated during the transition from hovering to forward 
flight [20,21,22,23,24,25]. The weight and payload of 
UAVs emerge as crucial factors significantly affecting 
energy consumption [26,27]. [28] delve into an analysis 
of different parameters influencing the energy 
consumption of UAV routing problems, examining a 
scenario involving a single UAV on a multiple-delivery 
mission. The study highlights on the relationships 
between UAV energy consumption and influencing 
parameters. Drone design, environmental conditions, 
drone dynamics, and delivery operations are the four 
main elements influencing drone energy usage, as 
discussed by [29,30]. 

III. UAV Power Harvesting Methods 

The increasing demand of drones for various 
civilian and military applications challenges with their 
power consumption or battery capacity. This paper 
explores UAV power harvesting methods, focusing on 
advancements in artificial intelligence and mechatronics 
technology to enhance drone capabilities as aerial 
robots. The authors delve into solutions to optimize 

D 

TPL = ∑𝑀𝑀𝑃𝑃𝑃𝑃 + EMF𝑃𝑃𝑃𝑃 + 𝐼𝐼𝑃𝑃𝑃𝑃 + 𝐶𝐶𝑃𝑃𝑃𝑃                                 (1)

The UAV energy consumption is calculated as

ECon = 𝑇𝑇𝑃𝑃𝑃𝑃 × 𝑇𝑇                                                               (2)

Where T is time is mints.

The total energy storage in the battery is calculated as

EB = 𝑉𝑉𝐷𝐷𝐶𝐶 × 𝐶𝐶𝐵𝐵 × 60                                                       (3)

the total energy consumption percentage through the 
fighting is calculated as

𝐶𝐶% = EB−ECon
EB

× 100%                                                    (4)

Author α: Sudan University of Science and Technology, College of 
Engineering, Mechanical Engineering, Sudan.
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energy harvesting from UAV body vibrations and extend 
flight durations. The paper highlights the diverse 
strategies employed to make drones cost-effective, 
user-friendly, safe, and environmentally friendly. 

Several studies have been conducted to 
address the limitations of drone battery capacity and 
enhance their overall functionality. 

Mohamad Hazwan et al. introduces a real-time 
fault detection system for multirotor. Vibration sensors 
are attached to the multirotor arms to collect data, which 
is then analyzed by AI decision-making systems like 
fuzzy logic, neuro-fuzzy, and NN. The fuzzy logic 
method performed the best in indoor testing, while the 
neuro-fuzzy or NN methods may be more effective 
outdoors. The study suggests expanding the research 
to include other parameters like propeller vibration, 
motor condition, and battery level. Also use the 
accelerometer to measure vibration. using of a printed 
circuit board (PCB) can reduce wiring and unwanted 
interference [31]. 

Matej Karasek, Discusses the significance of 
stability in flying systems and introduces a new model 
that incorporating vibrational stabilization. This form of 
stability is essential important for larger flyers like 
hawkmoths and hummingbirds. The paper also explores 
the potential applications of vibrational stabilization in 
flapping-wing robots and MEMS sensors [32]. 

Kejing Chen et al, introduce the vibration modes 
of large-scale multi-rotor manned drones by analyzing 
small-scale drones through experiments and finite 
element analysis. It found that, accelerometers measure 
drone vibrations to some extent. The study also 
developed a second-generation large-scale drone 
based on the vibration characteristics of small-scale 
drones. Circular tubular arms were found to have strong 
vibrations in the z-axis direction, while elliptical arms 
effectively reduced vibrations in the same direction. 
Factors such as motor mounting position and 
connection between the arms and the body were 
identified as influences on vibrations, with longer arms 
causing more noticeable vibration. The study suggested 
that connecting structures between adjacent arms can 
help decrease vibration in the drone's beam structure 
[33]. 

Xunhua Dai et al, describe the optimization of 
the UAVs systems, by modeling various components 
such as the propeller, ESC, motor, and battery. 
Mathematical derivations estimate important parameters 
for each element, resulting in improved efficiency. The 
effectiveness of this approach is demonstrated through 
experiments and feedback. Optimizing the propulsion 
system is crucial for designing multicopters and other 
aircraft systems, and the theoretical analysis can also be 
extended to enhance the endurance of UAVs, providing 
opportunities for future research [34]. 

Abera Tullu et al, discuss the increase use of 
small-scale UAVs for law enforcement missions, and the 

need for robust autonomy in these drones. However, 
using multiple sensors for environmental information is 
often impractical due to weight and cost constraints 
[35]. 

Adam Dáugosz et al. utilized the optimal design 
of a drone wing made of composite materials. The goal 
is to improve strength and rigidity while reducing weight. 
The study uses a multi-objective evolutionary algorithm 
to optimize the wing structure. Numerical simulations 
and experimental tests are used to validate the design. 
The results show that the current design is more rigid 
than all the other solutions found, and the ideal Pareto 
solution set offers a range of diverse options for the 
designer to choose from. Overall, the optimization task 
of the drone wing design is challenging, but this study 
provides a promising approach to improving current 
designs [36]. 

Heung Soo Kim et al. discuss the use of 
piezoelectric energy harvesting from vibration sources 
and the limitations of using monolithic or biomorphic 
ceramic layers. It introduces piezoelectric total fiber 
composites (MFC) and three new substrate materials 
(copper, zinc alloy, and galvanized steel) for energy 
harvesting. The study includes Computational Fluid 
Dynamics (CFD) and finite element analysis (FEA) to 
analyze the performance of different substrate materials 
and the effect of MFC patches on the shape of an 
airplane wing. The results show that using MFC patches 
can improve the aerodynamic performance and stability 
of the aircraft [37]. 

Nikola Gavrilovic et al. introduce the feasibility of 
using wind energy for small UAVs, and the potential for 
maximizing energy extraction from wind fluctuations. 
The equations of motion and energy equations are used 
to develop control strategies that minimize energy 
usage during flights and maximize energy obtained from 
wind fluctuations. The study also explores the effects of 
complex and random three-dimensional wind fields on 
aircraft performance and power acquisition. The future 
focus will be on defining the design process and optimal 
strategies for extracting energy from storms, flight tests 
with wind measurement systems are necessary for 
complete understanding of the dynamics and energy 
exchanges involved [38]. 

Rocco Citroni et al. develop new strategies for 
expanding the parameters of small air vehicles (MAVs), 
specifically in terms of travel distance and mission 
duration. The first section of the paper presents a model 
to analyze the energy consumption of drones and 
proposes different scenarios for improving mission 
parameters. The second section discusses the design 
and simulation of a harvesting machine using plasmatic 
Nano atom technology, which shows potential for 
enhancing parameters. The results suggest that a hybrid 
system with the harvesting machine and a new 
rechargeable battery could indefinitely power the MAVs. 
[39]. 
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Rutuja Shivgan et al. a model for drone path 
planning that considers energy consumption. The model 
focuses on drone acceleration, deceleration, hovering, 
and turning. The problem of finding an energy-efficient 
path is formulated as a traveling Salesman problem. The 
paper proposes a genetic algorithm to minimize energy 
usage by reducing the number of turns. The results 
demonstrate that the genetic algorithm with energy 
optimization significantly reduces energy consumption 
compared to the greedy algorithm, with more significant 
savings as the number of waypoints increases [40]. 

ALPER ERTURK et al. The study initiated a new 
L-shaped energy harvester design that can produce a 
broader range of energy. The authors propose an 
electromechanical model to analyze the harvester's 
behavior and suggest methods to avoid voltage 
cancellation. Additionally, the text discusses the 
potential use of the L-shaped harvester as a landing 
gear for drones, comparing it with a curved power 
harvester beam. The theoretical benefits of the L-shaped 
design are emphasized, and experiments are being 
conducted to confirm its performance [41]. 

Georgia Foutsitzi et al. The study aimed to 
optimize the design of a cantilever piezoelectric energy 
harvester (PEH) by considering multiple criteria, such as 
maximizing power output, minimizing system mass, and 
ensuring maximum bending stress constraint. Three 
optimization algorithms were used, and the results 
showed that all algorithms converged to the base Pareto 
optimal front after approximately ten generations. 
However, only the GDE3 algorithm could generate 
solutions with power output exceeding 284 mW/g2. 
Additionally, GDE3 outperformed the other algorithms 
regarding solution quality metrics [42]. 

Pedram Beigi et al. This paper explores the 
increasing demand for drones and how their energy 
consumption is crucial in determining their 
effectiveness. It provides an overview of research on the 
energy consumption of UAVs and examines the factors 
influencing their energy consumption during missions 
[43]. 

Alastair P et al. present static modeling 
approach for VTOL UAV power systems, the model 
accurately predicts losses and efficiency but tends to 
overestimate energy loss. The paper also showcases 
the application of the model in different power system 
architectures, highlighting the advantages of a hybrid 
system with a hydrogen fuel cell, which enables a lighter 
vehicle with increased payload or flight time. However, 
using a boost converter to a DC fixed bus reduces 
efficiency and flight time compared to the traditional 
approach [44]. 

Mohamed Nadir P et al. This paper examines 
the energy aspect of UAV propulsion systems and 
compares different power supply architectures and 
energy management strategies. It emphasizes the 
importance of hybrid power sources for better 

performance in various operating conditions. The paper 
also addresses the challenge of achieving unlimited 
endurance, and the lack of specific energy management 
approaches compared to electric cars. Due to 
limitations in weight and computational ability, real-time 
power optimization is limited, resulting in offline 
optimization based on prior knowledge of the task. The 
paper also discusses various power supply 
technologies, including switching [45]. 

Bowen Zhang et al. describe the different 
technologies used for propulsion in UAVs, such as fuel 
power, fuel-electric hybrid power, and electric power. 
This paper examines various power sources and their 
advantages, considering environmental concerns and 
the potential of electric propulsion systems. It 
emphasizes the importance of selecting suitable energy 
storage devices, distributed propulsion systems, high-
energy-density motors, and superconducting motors. 
However, the paper also acknowledges the limitations in 
batteries, engines, and power management, especially 
for larger drones. The future focus should be developing 
safe and high-density energy storage technology, 
efficient motors and transformers, and adequate heat 
management technologies [46]. 

Jing Zhang et al. the author introduces the 
potential benefits of using solar-powered UAVs to 
increase flight time and decrease the need for human 
intervention in charging the drone batteries. Through 
augmented learning, the paper demonstrates that 
optimal decisions can be calculated, leading to 
increased communication productivity and harvested 
energy for UAVs, as shown in simulation results [47]. 

Yixin Yan et al. This paper proposes a magnetic 
resonance wireless charging system for lithium-battery 
powered drones, to address the limited battery life 
issue. The system comprises a transmitter inverter 
circuit, a coupling device, and a receiver rectifier circuit. 
The authors derive expressions for power reception and 
transmission efficiency to guide the system's design. 
ANSYS Maxwell analysis shows that the magnetic field is 
concentrated within a radius of 30 mm around the 
transmission coil. Experimental results demonstrate that 
the system can maintain stable self-induction of the 
coupling coil even when displaced, overcoming the low 
charging efficiency caused by coil misalignment during 
UAV landing. The system provides a constant voltage 
output, and the established model is accurate [48]. 

Zhaohui Yang et al. The paper investigates 
wireless communication system for energy harvesting 
capabilities. The system allows drones to deliver energy 
to users and users to harvest energy for data transfer. 
The problem is divided into two sub-problems: path 
planning and energy minimization with fixed path 
planning. The optimal solution is obtained through 
various optimization techniques. The paper also 
suggests that drones should stay directly overhead low-
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height users for efficient power and information 
transmission. [49]. 

Toan V. Quyen et al. The proposed study aims 
to overcome energy constraints and optimize the 
harvested energy for UAVs. The study focuses on using 
radio frequency (RF) and solar energy as sources for 
energy harvesting. By combining these two energy 
sources, the output power for the drones is increased to 
meet the required power parameters. With a charging 
system, a constant voltage of up to 23.2 V can be 
achieved, satisfying the standard drone battery 
requirements. The proposed hybrid system has been 
optimized, evaluated, and compared to other systems. 
To further improve the system performance, the 
charging treatment of the battery and the MPPT 
algorithm for the solar system should be considered. 
[50]. 

Jingjing Yao et al. propose power control in time 
varying IOD networks with wireless charging for data 
collection. The authors propose an MDP model and a 
deep critical actor reinforcement learning algorithm to 
optimize radio transmission power for each drone, 
aiming to reduce power consumption. Simulations 
demonstrate the superiority of their algorithms over 
existing ones, with their performance being impacted by 
learning rates and the number of neurons in the actor-
critical components [51]. 

Koszewnik et al. The text enclosed using one-
dimensional structures with piezo patches for energy 
harvesting. It focuses on optimizing the location and 
parameters of a piezoelectric Harvester connected to 
one arm of a six-rotor drone for maximum energy 
harvesting. Adding piezo harvesters to each arm of the 
drone can extend its flight duration, and further research 
will be done to improve the energy harvest of each arm 
[52]. 

Matthias Perez et al. the researchers conducted 
an analyzed of the vibrations and electrical energy 
generated by a quadcopter drone. They aimed to 
harvest energy by integrating piezoelectric elements into 
the drone's structure. They tested commercial and 
homemade transducers and found that while the energy 
levels obtained from the commercial transducers were 
suitable for sensor applications, they were insufficient to 
prolong the flight time. The homemade transducers 
showed potential, but further improvements are needed 
regarding adhesion and shelf life [53]. 

Wang, J et al. a new high-performance 
piezoelectric energy harvester called the three-stability 
runner (TGPEH). The researchers analyzed the output 
characteristics of TGPEH under different wind speeds 
and load resistance and found that it outperforms 
conventional power harvesters by having a lower 
threshold wind speed and higher output voltage. The 
paper also explores the transformation of potential 
energy into kinetic energy in the TGPEH. It discusses the 
increase in output voltage during the transition from 

oscillations inside the well to oscillations between wells. 
Additionally, the TGPEH exhibits a higher output power 
than conventional power harvesters. However, the 
output response of TGPEH is greatly affected by the 
initial conditions during the movement between potential 
wells [54]. 

Ashleigh Townsend et al. This paper introduces 
combustion engines, solar energy, hydrogen fuel cells, 
and supercapacitors. hybrid systems combining 
different power sources can address issues such as 
slow charging and poor peak power supply. 
Supercapacitors are commonly used in hybrid systems 
due to their benefits. However, more research is needed 
to explore the effectiveness of supercapacitors in fuel 
cell systems for drone applications [55]. 

Cuong Van Nguyen et al. propose a hybrid RF 
solar harvesting system to improve the flight times of 
drones. The system addresses the performance drop 
issue in autonomous systems and introduces new 
designs and results to solve this problem. The study 
also suggests enhancing efficiency and reducing 
bypass time by using fuzzy algorithms or PSO to control 
the duty cycle of the DC-DC boost transformer. This 
hybrid can power the drones directly and charge their 
batteries simultaneously. Additionally, the paper 
mentions the possibility of increasing the battery storage 
capacity as another improvement [56]. 

Silvia Sekander et al. The text found the 
development and verification of statistical models for 
renewable energy harvesting. It explains the significance 
of accurately predicting and monitoring renewable 
energy sources. It discusses various statistical 
techniques like Time Series Analysis, Regression 
Analysis, and machine learning algorithms used to 
create these models. It also highlights the challenges in 
validating and verifying these models, including data 
quality, model robustness, and the impact of external 
variables [57]. 

NABIL A. AHMED et al. a new electric power 
train for solar-powered UAVs. The proposed system 
utilizes a Zyphry UAV for AC line feed to power the fans 
and includes solar panels, a lithium-sulfide battery-
based power management system, an inverter, and an 
active output filter (AOF). The AOF reduces the size and 
weight of the power transmission system, improves 
conversion efficiency, and reduces unwanted 
harmonics. Simulation and experimental results 
demonstrate the effectiveness of the proposed system, 
which achieves high-quality sinusoidal line voltage 
waveforms with low distortion. We suggest further 
investigation of the proposed AOF for application in 
large-scale photovoltaic power plants [58]. 

Khac Lam Pham et al. The experiment focused 
on converting wind energy to electric energy and found 
that it is a promising method for powering UAVs. 
Overall, the paper highlights the importance of power 
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supply in the operation of drones and suggests potential 
methods for improving their efficiency [59]. 

Karan. Jain et al. applied the concept of staging 
power sources for UAVs, focusing on multiple engines. 
The aim is to remove energy sources that no longer 
save energy, reducing the vehicle's weight and thus 
reducing energy consumption. The article presents a 
model for predicting the flight time of a multistage 
helicopter based on power supply and consumption 
parameters. [60]. 

Mohamed Nadir Boukoberine et al. bounded the 
limitations of battery-powered drones regarding 
endurance and proposes various solutions to address 
this problem. These solutions include switching the laser 
beam in-flight for recharging, a hybrid power supply 
system that combines battery with fuel and solar energy 
cells, and supercapacitors. The paper also provides a 
comparative and critical study of different power supply 
architectures, aiming to facilitate selecting a suitable 
power supply system for UAVs. Additionally, the paper 
highlights the importance of power supply systems in 
drones and provides recommendations for future 
research [61]. 

Krzysztof MATEJA et al. The text discusses the 
need to develop a system that allows the UAV to be fully 
independent and suggests two ways to achieve this: 
determining the number of solar cells used or increasing 
the capacity of the batteries. It also mentions the 
potential of paragliding to extend flight time and the 
importance of creating a detailed simulation model for 
specific flight scenarios and conditions. Additionally, the 
text highlights the components of the power supply 
system for UAVs, such as solar cells, charge controllers, 
battery cells, and the building management system [62]. 

Wael Jaafar et al. surrounded the relationship 
between power, battery dynamics, and the operation of 
a laser-charged four-wheel drive UAV. The authors 
emphasize the importance of considering the battery 
perspective in drone-related challenges such as route 
planning and resource optimization. They propose 
reevaluating the traditional energy perspective and 
evaluating energy as a function of the drone's movement 
system. The paper also discusses techniques for 
prolonging drone missions, including recharging using a 
low-power laser source and accurately estimating power 
consumption. The authors use graph theory approaches 
to solve the path planning problem, they find that the 
traditional energy perspective is conservative and 
propose an adjustment method to evaluate energy 
better. Finally, the influence of factors like turbulence 
and distance on the charging source is studied. The 
authors plan to validate their results through actual tests 
[63]. 

Steven R. Anton et al. develop wing include 
piezoelectric layers for power generation and thin-film 
batteries for energy storage. The text describes the 
electromechanical modeling and experimental testing of 

 

 
 

 

 

   

 

  

 

 

the wing, as well as its ability to harvest and store 
electrical energy simultaneously. The potential 
applications of this technology in UAVs are also 
discussed [64].

Parvathy Rajendran et al, this paper presents a 
new mathematical design model for UAVs, that 
enhances their performance for long-duration missions. 
The model was verified and demonstrated a 25% 
decrease in power consumption compared to previous 
UAVs. The study also examined the differences between 
solar and nonsolar-powered UAVs, revealing that while 
they UAVs can carry more payload, they have limited 
endurance [65].

IV. Results and Discussion

The paper explores various strategies and 
technologies to overcome the limitations of drone 
battery capacity. It delves into energy consumption 
analysis during flight, power loss components, and 
methods to optimize energy harvesting. Notable 
contributions include advancements in AI-based fault 
detection, vibrational stabilization models, and design 
optimization for improved efficiency. Additionally, the 
integration of piezoelectric and solar energy harvesting, 
wireless charging systems, and hybrid power sources 
was discussed. The study emphasizes the importance 
of energy-efficient path planning, powertrain designs, 
and innovative solutions like the L-shaped energy 
harvester. Overall, it highlights various approaches to 
enhance drone endurance and performance across 
different applications.

V. Conclusions

In conclusion, the surge in drone applications 
across diverse industries has been accompanied by 
challenges, particularly in addressing limited battery 
capacity. Integrating artificial intelligence and 
mechatronics has played a pivotal role in transforming 
drones into cost-effective, user-friendly, safe, and 
environmentally friendly options. Various studies 
propose innovative solutions to optimize energy 
harvesting from UAV body vibrations and extend flight 
durations.

Power loss analysis during flight underscores 
the importance of understanding mechanical, magnetic, 
iron, and copper losses. Energy consumption 
calculations, battery storage, and the percentage of 
energy consumption during flight provide a 
comprehensive overview. Diverse UAV power harvesting 
methods, such as design improvements, stability 
considerations, vibration analysis, and propulsion 
system optimization, showcase the depth of research in 
this field.

Exploring energy generation strategies 
encompasses piezoelectric harvesting, wind energy 
utilization, solar-powered UAVs, and hybrid systems 
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combining different power sources. Each approach 
presents unique benefits and challenges, highlighting 
the need for a nuanced understanding of power 
generation for sustained drone operations. 

Electrical circuit generation studies delve into 
wireless charging systems, communication-enabled 
energy delivery, and optimizing harvested energy for 
UAVs. These advancements aim to overcome energy 
constraints, enhance efficiency, and provide a seamless 
power supply for drones. 

The paper concludes by emphasizing the 
significance of ongoing research in developing 
statistical models for renewable energy harvesting, 
exploring new power sources like supercapacitors, and 
proposing innovative solutions such as laser charging 
and multifunctional composite power collectors. The 
comprehensive analysis presented in this paper 
underscores the interdisciplinary nature of drone 
technology, encouraging further exploration and 
refinement of these strategies for the future of UAVs. 

The recommendations based on the presented 
research are as follows: 

1. Enhance integration between artificial intelligence 
techniques and vibration data collection to enable 
real-time fault detection, improving the performance 
of UAVs. 

2. Support research using optimized design to 
enhance the structural and vibrational efficiency of 
crucial components such as wings and engines. 

3. Explore the feasibility of utilizing piezoelectric 
technologies for energy harvesting from multiple 
vibration sources to enhance the power efficiency of 
UAV systems. 

4. Encourage further research into integrating wireless 
charging systems and optimizing solar energy 
utilization to extend the flight capabilities of UAVs. 

5. Support ongoing research into efficient energy 
models for path planning, minimizing energy 
consumption during missions. 

6. Promote battery technology research and 
performance enhancement techniques to achieve 
progress in increasing the capacity of UAV batteries. 

7. Advocate for continued analysis of the advantages 
and challenges of hybrid energy systems to 
maximize the benefits of multiple power sources. 

8. Encourage research into energy harvesting 
technologies from diverse environmental sources 
such as wind and solar to improve endurance and 
mission sustainability. 

These recommendations aim to foster 
innovative technologies and improve the performance of 
UAVs through a comprehensive set of technical 
innovations and engineering concepts. 
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During submission of the manuscript, the author is confirming an exclusive license agreement with Global Journals which 
gives Global Journals the authority to reproduce, reuse, and republish authors' research. We also believe in flexible 
copyright terms where copyright may remain with authors/employers/institutions as well. Contact your editor after 
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e) Resources and techniques with sufficient complete experimental details (wherever possible by reference) to permit 

repetition, sources of information must be given, and numerical methods must be specified by reference. 
f) Results which should be presented concisely by well-designed tables and figures. 
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h) All data must have been gathered with attention to numerical detail in the planning stage. 
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be summarized. 
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Format Structure 

It is necessary that authors take care in submitting a manuscript that is written in simple language and adheres to 
published guidelines. 

All manuscripts submitted to Global Journals should include: 

Title 

The title page must carry an informative title that reflects the content, a running title (less than 45 characters together with 
spaces), names of the authors and co-authors, and the place(s) where the work was carried out. 

Author details 

The full postal address of any related author(s) must be specified. 

Abstract 

The abstract is the foundation of the research paper. It should be clear and concise and must contain the objective of the 
paper and inferences drawn. It is advised to not include big mathematical equations or complicated jargon. 

Many researchers searching for information online will use search engines such as Google, Yahoo or others. By optimizing 
your paper for search engines, you will amplify the chance of someone finding it. In turn, this will make it more likely to be 
viewed and cited in further works. Global Journals has compiled these guidelines to facilitate you to maximize the web-
friendliness of the most public part of your paper. 

Keywords 

A major lynchpin of research work for the writing of research papers is the keyword search, which one will employ to find 
both library and internet resources. Up to eleven keywords or very brief phrases have to be given to help data retrieval, 
mining, and indexing. 

One must be persistent and creative in using keywords. An effective keyword search requires a strategy: planning of a list 
of possible keywords and phrases to try. 

Choice of the main keywords is the first tool of writing a research paper. Research paper writing is an art. Keyword search 
should be as strategic as possible. 

One should start brainstorming lists of potential keywords before even beginning searching. Think about the most 
important concepts related to research work. Ask, “What words would a source have to include to be truly valuable in a 
research paper?” Then consider synonyms for the important words. 

It may take the discovery of only one important paper to steer in the right keyword direction because, in most databases, 
the keywords under which a research paper is abstracted are listed with the paper. 

Numerical Methods 

Numerical methods used should be transparent and, where appropriate, supported by references. 

Abbreviations 

Authors must list all the abbreviations used in the paper at the end of the paper or in a separate table before using them. 

Formulas and equations 

Authors are advised to submit any mathematical equation using either MathJax, KaTeX, or LaTeX, or in a very high-quality 
image. 
 
Tables, Figures, and Figure Legends 

Tables: Tables should be cautiously designed, uncrowned, and include only essential data. Each must have an Arabic 
number, e.g., Table 4, a self-explanatory caption, and be on a separate sheet. Authors must submit tables in an editable 
format and not as images. References to these tables (if any) must be mentioned accurately. 
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Figures 

Figures are supposed to be submitted as separate files. Always include a citation in the text for each figure using Arabic 
numbers, e.g., Fig. 4. Artwork must be submitted online in vector electronic form or by emailing it. 

Preparation of Eletronic Figures for Publication 

Although low-quality images are sufficient for review purposes, print publication requires high-quality images to prevent 
the final product being blurred or fuzzy. Submit (possibly by e-mail) EPS (line art) or TIFF (halftone/ photographs) files only. 
MS PowerPoint and Word Graphics are unsuitable for printed pictures. Avoid using pixel-oriented software. Scans (TIFF 
only) should have a resolution of at least 350 dpi (halftone) or 700 to 1100 dpi (line drawings). Please give the data for 
figures in black and white or submit a Color Work Agreement form. EPS files must be saved with fonts embedded (and with 
a TIFF preview, if possible). 

For scanned images, the scanning resolution at final image size ought to be as follows to ensure good reproduction: line 
art: >650 dpi; halftones (including gel photographs): >350 dpi; figures containing both halftone and line images: >650 dpi. 

Color charges: Authors are advised to pay the full cost for the reproduction of their color artwork. Hence, please note that 
if there is color artwork in your manuscript when it is accepted for publication, we would require you to complete and 
return a Color Work Agreement form before your paper can be published. Also, you can email your editor to remove the 
color fee after acceptance of the paper. 

Tips for writing A Good Quality Engineering Research Paper 

Techniques for writing a good quality engineering research paper: 

1. Choosing the topic: In most cases, the topic is selected by the interests of the author, but it can also be suggested by the 
guides. You can have several topics, and then judge which you are most comfortable with. This may be done by asking 
several questions of yourself, like "Will I be able to carry out a search in this area? Will I find all necessary resources to 
accomplish the search? Will I be able to find all information in this field area?" If the answer to this type of question is 
"yes," then you ought to choose that topic. In most cases, you may have to conduct surveys and visit several places. Also, 
you might have to do a lot of work to find all the rises and falls of the various data on that subject. Sometimes, detailed 
information plays a vital role, instead of short information. Evaluators are human: The first thing to remember is that 
evaluators are also human beings. They are not only meant for rejecting a paper. They are here to evaluate your paper. So 
present your best aspect. 

2. Think like evaluators: If you are in confusion or getting demotivated because your paper may not be accepted by the 
evaluators, then think, and try to evaluate your paper like an evaluator. Try to understand what an evaluator wants in your 
research paper, and you will automatically have your answer. Make blueprints of paper: The outline is the plan or 
framework that will help you to arrange your thoughts. It will make your paper logical. But remember that all points of your 
outline must be related to the topic you have chosen. 

3. Ask your guides: If you are having any difficulty with your research, then do not hesitate to share your difficulty with 
your guide (if you have one). They will surely help you out and resolve your doubts. If you can't clarify what exactly you 
require for your work, then ask your supervisor to help you with an alternative. He or she might also provide you with a list 
of essential readings. 

4. Use of computer is recommended: As you are doing research in the field of research engineering then this point is quite 
obvious. Use right software: Always use good quality software packages. If you are not capable of judging good software, 
then you can lose the quality of your paper unknowingly. There are various programs available to help you which you can 
get through the internet. 

5. Use the internet for help: An excellent start for your paper is using Google. It is a wondrous search engine, where you 
can have your doubts resolved. You may also read some answers for the frequent question of how to write your research 
paper or find a model research paper. You can download books from the internet. If you have all the required books, place 
importance on reading, selecting, and analyzing the specified information. Then sketch out your research paper. Use big 
pictures: You may use encyclopedias like Wikipedia to get pictures with the best resolution. At Global Journals, you should 
strictly follow here. 
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6. Bookmarks are useful: When you read any book or magazine, you generally use bookmarks, right? It is a good habit 
which helps to not lose your continuity. You should always use bookmarks while searching on the internet also, which will 
make your search easier. 

7. Revise what you wrote: When you write anything, always read it, summarize it, and then finalize it. 

8. Make every effort: Make every effort to mention what you are going to write in your paper. That means always have a 
good start. Try to mention everything in the introduction—what is the need for a particular research paper. Polish your 
work with good writing skills and always give an evaluator what he wants. Make backups: When you are going to do any 
important thing like making a research paper, you should always have backup copies of it either on your computer or on 
paper. This protects you from losing any portion of your important data. 

9. Produce good diagrams of your own: Always try to include good charts or diagrams in your paper to improve quality. 
Using several unnecessary diagrams will degrade the quality of your paper by creating a hodgepodge. So always try to 
include diagrams which were made by you to improve the readability of your paper. Use of direct quotes: When you do 
research relevant to literature, history, or current affairs, then use of quotes becomes essential, but if the study is relevant 
to science, use of quotes is not preferable. 

10. Use proper verb tense: Use proper verb tenses in your paper. Use past tense to present those events that have 
happened. Use present tense to indicate events that are going on. Use future tense to indicate events that will happen in 
the future. Use of wrong tenses will confuse the evaluator. Avoid sentences that are incomplete. 

11. Pick a good study spot: Always try to pick a spot for your research which is quiet. Not every spot is good for studying. 

12. Know what you know: Always try to know what you know by making objectives, otherwise you will be confused and 
unable to achieve your target. 

13. Use good grammar: Always use good grammar and words that will have a positive impact on the evaluator; use of 
good vocabulary does not mean using tough words which the evaluator has to find in a dictionary. Do not fragment 
sentences. Eliminate one-word sentences. Do not ever use a big word when a smaller one would suffice. 

Verbs have to be in agreement with their subjects. In a research paper, do not start sentences with conjunctions or finish 
them with prepositions. When writing formally, it is advisable to never split an infinitive because someone will (wrongly) 
complain. Avoid clichés like a disease. Always shun irritating alliteration. Use language which is simple and straightforward. 
Put together a neat summary. 

14. Arrangement of information: Each section of the main body should start with an opening sentence, and there should 
be a changeover at the end of the section. Give only valid and powerful arguments for your topic. You may also maintain 
your arguments with records. 

15. Never start at the last minute: Always allow enough time for research work. Leaving everything to the last minute will 
degrade your paper and spoil your work. 

16. Multitasking in research is not good: Doing several things at the same time is a bad habit in the case of research 
activity. Research is an area where everything has a particular time slot. Divide your research work into parts, and do a 
particular part in a particular time slot. 

17. Never copy others' work: Never copy others' work and give it your name because if the evaluator has seen it anywhere, 
you will be in trouble. Take proper rest and food: No matter how many hours you spend on your research activity, if you 
are not taking care of your health, then all your efforts will have been in vain. For quality research, take proper rest and 
food. 

18. Go to seminars: Attend seminars if the topic is relevant to your research area. Utilize all your resources. 

19. Refresh your mind after intervals: Try to give your mind a rest by listening to soft music or sleeping in intervals. This 
will also improve your memory. Acquire colleagues: Always try to acquire colleagues. No matter how sharp you are, if you 
acquire colleagues, they can give you ideas which will be helpful to your research. 

20. Think technically: Always think technically. If anything happens, search for its reasons, benefits, and demerits. Think 
and then print: When you go to print your paper, check that tables are not split, headings are not detached from their 
descriptions, and page sequence is maintained. 
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21. Adding unnecessary information: Do not add unnecessary information like "I have used MS Excel to draw graphs." 
Irrelevant and inappropriate material is superfluous. Foreign terminology and phrases are not apropos. One should never 
take a broad view. Analogy is like feathers on a snake. Use words properly, regardless of how others use them. Remove 
quotations. Puns are for kids, not grunt readers. Never oversimplify: When adding material to your research paper, never 
go for oversimplification; this will definitely irritate the evaluator. Be specific. Never use rhythmic redundancies. 
Contractions shouldn't be used in a research paper. Comparisons are as terrible as clichés. Give up ampersands, 
abbreviations, and so on. Remove commas that are not necessary. Parenthetical words should be between brackets or 
commas. Understatement is always the best way to put forward earth-shaking thoughts. Give a detailed literary review. 
22. Report concluded results: Use concluded results. From raw data, filter the results, and then conclude your studies 
based on measurements and observations taken. An appropriate number of decimal places should be used. Parenthetical 
remarks are prohibited here. Proofread carefully at the final stage. At the end, give an outline to your arguments. Spot 
perspectives of further study of the subject. Justify your conclusion at the bottom sufficiently, which will probably include 
examples. 
23. Upon conclusion: Once you have concluded your research, the next most important step is to present your findings. 
Presentation is extremely important as it is the definite medium though which your research is going to be in print for the 
rest of the crowd. Care should be taken to categorize your thoughts well and present them in a logical and neat manner. A 
good quality research paper format is essential because it serves to highlight your research paper and bring to light all 
necessary aspects of your research. 

Informal Guidelines of Research Paper Writing 

Key points to remember: 

• Submit all work in its final form. 
• Write your paper in the form which is presented in the guidelines using the template. 
• Please note the criteria peer reviewers will use for grading the final paper. 

Final points: 

One purpose of organizing a research paper is to let people interpret your efforts selectively. The journal requires the 
following sections, submitted in the order listed, with each section starting on a new page: 

The introduction: This will be compiled from reference matter and reflect the design processes or outline of basis that 
directed you to make a study. As you carry out the process of study, the method and process section will be constructed 
like that. The results segment will show related statistics in nearly sequential order and direct reviewers to similar 
intellectual paths throughout the data that you gathered to carry out your study. 

The discussion section: 

This will provide understanding of the data and projections as to the implications of the results. The use of good quality 
references throughout the paper will give the effort trustworthiness by representing an alertness to prior workings. 

Writing a research paper is not an easy job, no matter how trouble-free the actual research or concept. Practice, excellent 
preparation, and controlled record-keeping are the only means to make straightforward progression. 

General style: 

Specific editorial column necessities for compliance of a manuscript will always take over from directions in these general 
guidelines. 

To make a paper clear: Adhere to recommended page limits. 
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Mistakes to avoid:

• Insertion of a title at the foot of a page with subsequent text on the next page.
• Separating a table, chart, or figure—confine each to a single page.
• Submitting a manuscript with pages out of sequence.
• In every section of your document, use standard writing style, including articles ("a" and "the").
• Keep paying attention to the topic of the paper.



 

  
  
  
  
  

•

 

Use paragraphs to split each significant point (excluding the abstract).

 

•

 

Align the primary line of each section.

 

•

 

Present your points in sound order.

 

•

 

Use present tense to report well-accepted matters.

 

•

 

Use past tense to describe specific results.

 

•

 

Do not use familiar wording; don't address the reviewer directly. Don't use slang or superlatives.

 

•

 

Avoid use of extra pictures—include only those figures essential to presenting results.

 

Title page:

 

Choose a revealing title. It should be short and include the name(s) and address(es) of all authors. It should not have 
acronyms or abbreviations or exceed two printed lines.

 

Abstract: This summary should be two hundred words or less. It should clearly and briefly explain the key findings reported 
in the manuscript and must have precise statistics. It should not have acronyms or abbreviations. It should be logical in 
itself. Do not cite references at this point.

 

An abstract is a brief, distinct paragraph summary of finished work or work in development. In a minute or less, a reviewer 
can be taught the foundation behind the study, common approaches to the problem, relevant results, and significant 
conclusions or new questions.

 

Write your summary when your paper is completed because how can you write the summary of anything which is not yet 
written? Wealth of terminology is very essential in abstract. Use comprehensive sentences, and do not sacrifice readability 
for brevity; you can maintain it succinctly by phrasing sentences so that they provide more than a lone rationale. The 
author can at this moment go straight to shortening the outcome. Sum up the study with the subsequent elements in any 
summary. Try to limit the initial two items to no more than one line each.

 

Reason for writing the article—theory, overall issue, purpose.

 

•

 

Fundamental goal.

 

•

 

To-the-point depiction of the research.

 

•

 

Consequences, including definite statistics—if the consequences are quantitative in nature, account for this; results of 
any numerical analysis should be reported. Significant conclusions or questions that emerge from the research.

 

Approach:

 

o

 

Single section and succinct.

 

o

 

An outline of the job done is always written in past tense.

 

o

 

Concentrate on shortening results—limit background information to a verdict or two.

 

o

 

Exact spelling, clarity of sentences and phrases, and appropriate reporting of quantities (proper units, important 
statistics) are just as significant in an abstract as they are anywhere else.

 

Introduction:

 

The introduction should "introduce" the manuscript. The reviewer should be presented with sufficient background 
information to be capable of comprehending and calculating the purpose of your study without having to refer to other 
works. The basis for the study should be offered. Give the most important references, but avoid making a comprehensive 
appraisal of the topic. Describe the problem visibly. If the problem is not acknowledged in a logical, reasonable way, the 
reviewer will give no attention

 

to your results. Speak in common terms about techniques used to explain the problem, if 
needed, but do not present any particulars about the protocols here.

 

 

 

 

The following approach can create a valuable beginning:

o Explain the value (significance) of the study.
o Defend the model—why did you employ this particular system or method? What is its compensation? Remark upon 

its appropriateness from an abstract point of view as well as pointing out sensible reasons for using it.
o Present a justification. State your particular theory(-ies) or aim(s), and describe the logic that led you to choose 

them.
o Briefly explain the study's tentative purpose and how it meets the declared objectives.
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Approach:

 

Use past tense except for when referring to recognized facts. After all, the manuscript will be submitted after the entire job 
is done. Sort out your thoughts; manufacture one key point for every section. If you make the four points listed above, you 
will need at least four paragraphs. Present surrounding information only when it is necessary to support a situation. The 
reviewer does not desire to read everything you know about a topic. Shape the theory specifically—do not take a broad 
view.

 

As always, give awareness to spelling, simplicity, and correctness of sentences and phrases.

 

Procedures (methods and materials):

 

This part is supposed to be the easiest to carve if you have good skills. A soundly written procedures segment allows a 
capable scientist to replicate your results. Present precise information about your supplies. The suppliers and clarity of 
reagents can be helpful bits of information. Present methods in sequential order, but linked methodologies can be grouped 
as a segment. Be concise when relating the protocols. Attempt to give the least amount of information that would permit 
another capable scientist to replicate your outcome, but be cautious that vital information is integrated. The use of 
subheadings is suggested and ought to be synchronized with the results section.

 

When a technique is used that has been well-described in another section, mention the specific item describing the way, 
but draw the basic principle while stating the situation. The purpose is to show all particular resources and broad 
procedures so that another person may use some or all of the

 

methods in one more study or referee the scientific value of 
your work. It is not to be a step-by-step report of the whole thing you did, nor is a methods section a set of orders.

 

Materials:

 

Materials may be reported in part of a section or else they may be recognized along with your measures.

 

Methods:

 

o

 

Report the method and not the particulars of each process that engaged the same methodology.

 

o

 

Describe the method entirely.

 

o

 

To be succinct, present methods under headings dedicated to specific dealings or groups of measures.

 

o

 

Simplify—detail how procedures were completed, not how they were performed on a particular day.

 

o

 

If well-known procedures were used, account for the procedure by name, possibly with a reference, and that's all.

 

Approach:

 

It is embarrassing to use vigorous voice when documenting methods without using first person, which would focus the 
reviewer's interest on the researcher rather than the job. As a result, when writing up the methods, most authors use third 
person passive voice.

 

Use standard style in this and every other part of the paper—avoid familiar lists, and use full sentences.

 

What to keep away from:

 

o

 

Resources and methods are not a set of information.

 

o

 

Skip all descriptive information and surroundings—save it for the argument.

 

o

 

Leave out information that is immaterial to a third party.

 

 

 

 

 

Results:

The principle of a results segment is to present and demonstrate your conclusion. Create this part as entirely objective 
details of the outcome, and save all understanding for the discussion.

The page length of this segment is set by the sum and types of data to be reported. Use statistics and tables, if suitable, to 
present consequences most efficiently.

You must clearly differentiate material which would usually be incorporated in a study editorial from any unprocessed data 
or additional appendix matter that would not be available. In fact, such matters should not be submitted at all except if 
requested by the instructor.
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Content:

 

o

 

Sum up your conclusions in text and demonstrate them, if suitable, with figures and tables.

 

o

 

In the manuscript, explain each of your consequences, and point the reader to remarks that are most appropriate.

 

o

 

Present a background, such as by describing the question that was addressed by creation of an exacting study.

 

o

 

Explain results of control experiments and give remarks that are not accessible in a prescribed figure or table, if 
appropriate.

 

o

 

Examine your data, then prepare the analyzed (transformed) data in the form of a figure (graph), table, or 
manuscript.

 

What to stay away from:

 

o

 

Do not discuss or infer your outcome, report surrounding information, or try to explain anything.

 

o

 

Do not include raw data or intermediate calculations in a research manuscript.

 

o

 

Do not present similar data more than once.

 

o

 

A manuscript should complement any figures or tables, not duplicate information.

 

o

 

Never confuse figures with tables—there is a difference. 

 

Approach:

 

As always, use past tense when you submit your results, and put the whole thing in a reasonable order.

 

Put figures and tables, appropriately numbered, in order at the end of the report.

 

If you desire, you may place your figures and tables properly within the text of your results section.

 

Figures and tables:

 

If you put figures and tables at the end of some details, make certain that they are visibly distinguished from any attached 
appendix materials, such as raw facts. Whatever the position, each table must be titled, numbered one after the other, and 
include a heading. All figures and tables must be divided from the text.

 

Discussion:

 

The discussion is expected to be the trickiest segment to write. A lot of papers submitted to the journal are discarded 
based on problems with the discussion. There is no rule for how long an argument should be.

 

Position your understanding of the outcome visibly to lead the reviewer through your conclusions, and then finish the 
paper with a summing up of the implications of the study. The purpose here is to offer an understanding of your results 
and support all of your conclusions, using facts from your research and generally accepted information, if suitable. The 
implication of results should be fully described.

 

Infer your data in the conversation in suitable depth. This means that when you clarify an observable fact, you must explain 
mechanisms that may account for the observation. If your results vary from your prospect, make clear why that may have 
happened. If your results agree, then explain the theory that the proof supported. It is never suitable to just state that the 
data approved the prospect, and let it drop at that. Make a decision as to whether each premise is supported or discarded 
or if you cannot make a conclusion with assurance. Do not just dismiss a study or part of a study as "uncertain."

 

 

 

 

Research papers are not acknowledged if the work is imperfect. Draw what conclusions you can based upon the results 
that you have, and take care of the study as a finished work.

o You may propose future guidelines, such as how an experiment might be personalized to accomplish a new idea.
o Give details of all of your remarks as much as possible, focusing on mechanisms.
o Make a decision as to whether the tentative design sufficiently addressed the theory and whether or not it was 

correctly restricted. Try to present substitute explanations if they are sensible alternatives.
o One piece of research will not counter an overall question, so maintain the large picture in mind. Where do you go 

next? The best studies unlock new avenues of study. What questions remain?
o Recommendations for detailed papers will offer supplementary suggestions.
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Approach:

 

When you refer to information, differentiate data generated by your own studies from other available information. Present 
work done by specific persons (including you) in past tense.

 

Describe generally acknowledged facts and

 

main beliefs in present tense.

 

The Administration Rules

 

Administration Rules to Be Strictly Followed before Submitting Your Research Paper to Global Journals Inc.

 

Please read the following rules and regulations carefully before submitting your research paper to Global Journals Inc. to 
avoid rejection.

 

Segment draft and final research paper:

 

You have to strictly follow the template of a research paper, failing which your 
paper may get rejected. You are expected to write each part of the paper wholly on your own. The peer reviewers need to 
identify your own perspective of the concepts in your own terms. Please do not extract straight from any other source, and 
do not rephrase someone else's analysis. Do not allow anyone else to proofread your manuscript.

 

Written material:

 

You may discuss this with your guides and key sources. Do not copy anyone else's paper, even if this is 
only imitation, otherwise it will be rejected on the grounds of plagiarism, which is illegal. Various methods to avoid 
plagiarism are strictly applied by us to every paper, and, if found guilty, you may be blacklisted, which could affect your 
career adversely. To guard yourself and others from possible illegal use, please do not permit anyone to use or even read 
your paper and file.
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CRITERION FOR GRADING A RESEARCH PAPER (COMPILATION)
BY GLOBAL JOURNALS 

Please note that following table is only a Grading of "Paper Compilation" and not on "Performed/Stated Research" whose grading 

solely depends on Individual Assigned Peer Reviewer and Editorial Board Member. These can be available only on request and after 

decision of Paper. This report will be the property of Global Journals.

Topics Grades

A-B C-D E-F

Abstract

Clear and concise with 

appropriate content, Correct 

format. 200 words or below 

Unclear summary and no 

specific data, Incorrect form

Above 200 words 

No specific data with ambiguous 

information

Above 250 words

Introduction

Containing all background

details with clear goal and 

appropriate details, flow 

specification, no grammar

and spelling mistake, well 

organized sentence and 

paragraph, reference cited

Unclear and confusing data, 

appropriate format, grammar 

and spelling errors with

unorganized matter

Out of place depth and content, 

hazy format

Methods and

Procedures

Clear and to the point with 

well arranged paragraph, 

precision and accuracy of 

facts and figures, well 

organized subheads

Difficult to comprehend with 

embarrassed text, too much 

explanation but completed 

Incorrect and unorganized 

structure with hazy meaning

Result

Well organized, Clear and 

specific, Correct units with 

precision, correct data, well 

structuring of paragraph, no 

grammar and spelling 

mistake

Complete and embarrassed 

text, difficult to comprehend

Irregular format with wrong facts 

and figures

Discussion

Well organized, meaningful

specification, sound 

conclusion, logical and 

concise explanation, highly 

structured paragraph 

reference cited 

Wordy, unclear conclusion, 

spurious

Conclusion is not cited, 

unorganized, difficult to 

comprehend 

References

Complete and correct 

format, well organized

Beside the point, Incomplete Wrong format and structuring
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Amorphous · 3, 9
Asperities · 16, 20

E

Exothermic · 4
Extrusion · 1

G

Granulometry · 9

H

Hydrolysis · 2
Hydrophobicity · 6
Hygroscopic · 2

I

Isotactic · 3

L

Lamellar · 1
Lignin · 1, 2, 4, 5, 6, 9
Liquefaction · 2

O

Orthorhombic · 3

P

Porosity · 9

R

Repression · 3

S

Syndiotactic · 3

T

Tangential · 2
Troughs · 13

V
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