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Abstract 
 The use of renewable energies is one of the solutions to reduce CO2 in the 

atmosphere and to satisfy our energy needs. Because, the exploitation of 
fossil energies such as carbon, gas and oil are responsible for the 
disruption of the climate system and the considerable increase of the 
temperature during the year and especially during the summer season as 
well as the atmospheric pollution.Algeria is one of the countries that is 
committed to this strategy and policy. This study presents a numerical 
simulation of a concentrated solar power plant with Fresnel mirror solar 
concentrator and thermal storage system. This study is carried out in the 
regions of Tamanrasset, Laghouat and Mascara. The SAM (System 
Advisor Model) software was used to calculate the DNI (Direct Normal 
Irradiation) of each region, the wind speed, the nominal and real LCOE 
(Levelized Cost Of Electricity) and the annual water consumption of the 
plant. The results of this simulation show that the Tamanrasset site is 
better selected with the annual capacity factor (CF) was 47.2%, the annual 
amount of water consumed is about 38709 m3. The nominal and real 
(LCOE) are 14.57 ¢/kWh and 11.56 ¢/kWh, respectively. 

Keywords: LCOE, Efficiency, SAM. 
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1. Introduction 

          Fossil energies such as oil, gas, nuclear and coal have been 
considered as engines for the development of societies, especially for 
producing electricity and heating. Unfortunately, the exploitation of these 
energies without conscience by man has caused drawbacks and problems 
that threaten our planet, Because, man exploits all these energies as if 
they were inexhaustible and sustainable, among its consequences; 
greenhouse gas emissions, global warming, pollution, etc. At present, 
there is no other choice but to find sources that can replace these fossil 
resources and face climate problems. Renewable energies are one of the 
solutions that can deal with the above-mentioned problems and can 
replace fossil energies. Renewable energies use natural resources such as 
(the sun, wind, waterfalls, tides, plants earth, etc.) to convert them into 
other energy sources such as electricity and heat. The electrical and 
heating energy produced by renewable energies are classified as follows; 
marine energy (0.01%), solar energy (0.6%), geothermal energy (1.7%), 
biomass (6.3%), and wind energy (7%) [1-2-3]. Algeria is one of the 
countries that have thought about the dynamics of green energy and the 
development of renewable energy, among its objectives is to engage in a 
new energy strategy based on renewable and sustainable energy [4]. 
Algeria is considered among the countries that receive a really important 
potential in solar energy, due to its great Sahara whose annual average 
irradiation in this region is very favorable as shown in Figure 1. 

 
 

Figure 1.  Global solar radiation in Algeria [5] 
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2. Method 
The plant studied is a concentrating solar power plant with Fresnel 
mirror, with a power of 100 MWe, its characteristics are detailed in the 
table below and in Figure 2. 

Table 1. Characteristics of the solar power plant studied. 

Style name Brief description 

Sites    Mascara,Laghouat,Mas-
cara 

Single loop aperture                  8217.6 m2 

Actual number of loops            53 

Field inlet temperature             230°C 

Field outlet temperature        440°C         

Fossil fill fraction                      0 

Condenser type                         Air-cooled 

Storage HTF Hitec Solar Salt 

Thermal Storage 4h 

 

 

Figure 2. Solar power plant with Fresnel collector. 
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2.1 Mathematical models 

Most models are based on the energy balance of the solar concentrator 
which includes thermal losses, optical losses and direct solar radiation, 
this balance allows us to calculate the useful power delivered by the 
receiver which is given by the following formula : 
 

   𝑄௨ = 𝑄௔௕ − 𝑄௟                                                (1) 

The power lost is given by the following expression: 
     𝑄௟ = 𝑈௟𝑆௔௕൫𝑇௙ − 𝑇௔൯                                          (2) 

The absorbed solar power is as follows [6]: 
𝑄௔௕௦ = 𝑆௖𝐼ௗ𝐼𝐴𝑀ɳ௢௣௧𝐾௘௫𝐾௢                                 (3) 

With : Id direct radiation given by the following formula [7]: 
𝐼ௗ = 𝐷𝑁𝐼 ∗ 𝑐𝑜𝑠(Ф)                                   (4) 

The final power produced is given by the following formula: 
   𝑃௙ = 𝑄௨ɳ௧௛                                         (5) 

 ɳth : the thermal efficiency given by the following relation [8]: 
   ɳ௧௛ = 𝑄௙/𝑄௔                                     (6) 

 With; Qf, Qa useful power delivered by the heat transfer fluid, power 
absorbed by the receiver.  
The factor capacity is given by the following formula: 

𝐶𝐹 =
௉೐

  ௉೙ 
                                          (8) 

 
3. Results and discussion 
 
Using SAM (System Advisor Model) software, we simulated and 
determined the different characteristics of the Fresnel collector solar 
power plant, the meteorological data of all sites are sorted from the 
NREL (National Renewable Energy Laboratory) database. The Figure 3 
shows the annual average wind speed at three sites (Tamanrasset, 
Laghouat and Mascara). It can be seen that the wind speed is not really 
violent on the different sites during the whole year, the maximum value is 
5.45 m.s-1 in Laghouat. 
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Figure 3. Annual average wind speed (m.s-1). 
 

The Figure 4 illustrates an analysis of the normal direct sunshine (DNI), 
we see that the curve is in the shape of a well-symmetrical bell, the region 
of Tamanrasset receives the maximum annual average value of direct 
sunshine reaches 803.9 W.m-2. 

 

Figure 4. Average annual DNI (W.m-2). 
 

The Figure 5 shows the evolution of the yield of the solar power plant as 
a function of the solar multiple (SM) in the site of Tamanrasset, we see 
that the increase of the SM leads to the increase of the CF, we also see 
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that when SM = 4 the yield of the plant is equal to 47.7 % beyond this 
value the yield increases slightly almost stable. The Figure 6 shows the 
annual energy delivered on an hourly scale, it is clear that the maximum 
annual energy delivered from the plant is about 3,38*108 KWh obtained 
in the site of Tamanrasset, 3,32*108 KWh in Laghouat and 2,83*108 
KWh in Mascara. 

 

Figure 5.  Capacity factor as a function of Solar Multiple. 
 

 

Figure 6. Annual energy delivered in (KWh). 
 

The table below represents the tenico-econimic characteristics of the 
central soil in the regions of Tamanrasset, Laghouat and Mascara.  

16.1

34

44.5
47.7 47.3 46.6

0

10

20

30

40

50

60

CF
 (%

)

SM=1 SM=2 SM=3 SM=4 SM=5 SM=6

2.50E+08
2.60E+08
2.70E+08
2.80E+08
2.90E+08
3.00E+08
3.10E+08
3.20E+08
3.30E+08
3.40E+08
3.50E+08

An
nu

al
 E

ne
rg

y 
(k

W
h)

Tamanrasset Laghouat Mascara



F. Boufoudi et al. / J. Phys. & Chem. Res. 2, Issue 2, December  (2023) 1–8 
 

Special Issue of the National Seminar of physics, Chemistry and their Applications “NSPCA’23”  
March 6-7th, 2023,  Mohamed El Bachir El Ibrahimi University, Bordj-Bou-Arreridj, Algeria. 

7 
 

we have taken into consideration the following parameters; Levelized 
COE (nominal), Levelized COE (real),Net savings with system (year 1) 
and Net capital cost. This study allowed us to make a better decision to 
install this type of Fresnel mirror solar power plants. The results clearly 
show that the site of Tamanrasset provides a good efficiency and a less 
LECO. 

Table 2. Technical and economic data sheet of the solar power plant in    
the regions of Tamanrasset, Laghouat and Mascara. 

 
Metric  Tamanrasset Laghouat Mascara 
Annual energy (year 

1)  

413 MWh 

 
331  MWh 

 
283 MWh 

Capacity factor 

(year 1) 

47.2% 

 
37.8% 32.3% 

Annual Water Usage 38,709 m^3 

 
30,245 m^3 26,189 m^3 

 
Levelized COE 

(nominal) 

14.57 ¢/kWh 

 
13.42 ¢/kWh 15.65 ¢/kWh 

Levelized COE (real) 11.56 ¢/kWh 10.65 ¢/kWh 12.43 ¢/kWh 

Electricity bill 

without system (year 

1)   

$104,412 $104,412  

 
$104,412 

Net savings with 

system (year 1) 

$11,306,717 

 
$-8,929,897 $7,626,305  

  

Simple payback 

period 

NaN 

 
NaN NaN 

Net capital cost ($) 773,143,488 546,813,184 546,813,184   
Equity ($) 386,571,744 273,406,592 273,406,592 

 
4. Conclusion 
In this study, we examined the effect of wind speed, solar radiation, 
efficiency and annual energy delivered in different sites in Algeria was 
presented, The simulation was carried out using the SAM software, we 
took the weather conditions of Tamanrasset, Laghouat and Mascara. The 
results obtained in this work have allowed to make the following 
conclusions:  

 The site of Tamanrasset is the most favorable site with optimal 
delivered annual energy is 413 MWh. 

 The Direct Normal Irradiation (DNI) for all regions is very 
encouraging for the installation of Fresnel collector solar plants, 
the optimal value obtained is 803.9 W.m-2.   

 The efficiency of the solar power plant increases proportionally 
with Multiple Solar. 
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 It is also concluded that the site of Tamanrasset is more optimal 
and favorable compared to the other sites examined, the values of 
Levelized COE (nominal) and Levelized COE (real) are 14.57 
¢$/kWh and 10.46 ¢$/kWh, respectively. 

 Wind speed is not a disadvantage at all sites and does not pose a 
risk for Fresnel mirror solar plants. 
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Abstract 
 Carbon production is growing globally, with energy-related carbon 

emissions accounting for two-thirds of global emissions. Generating 
carbon-neutral hydrogen from renewable energy is a significant 
achievement toward a circular economy in this industry. Hydrogen can 
contribute to reducing gas emissions in the future decades, not just as a 
potential technology for the future but as a successful technology already 
being implemented globally. Hydrogen is required for the clean 
transportation sector and multiple different industrial applications. 
However, the high cost of clean hydrogen production reduces the rapid 
development of renewable energy projects established on hydrogen 
production. So, optimizing design is required to choose the optimum 
solutions for clean hydrogen production. In this context, this short paper 
aims to investigate a techno-economic optimization of a hydrogen 
refueling station with a 262 kg/day capacity in Touggourt City, Algeria 
(latitude of 33° 6.3' N and the longitude of 6° 4.0' E), based on 
photovoltaic energy resources. The paper analyses the configuration of a 



A.Z. Kouache et al. / J. Phys. & Chem. Res. 2, Issue 2, December  (2023) 9–17
 

Special Issue of the National Seminar of physics, Chemistry and their Applications “NSPCA’23”  
March 6-7th, 2023,  Mohamed El Bachir El Ibrahimi University, Bordj-Bou-Arreridj, Algeria. 

10 

 

stand-alone PV system with batteries. The analysis of this arrangement is 
based on the solar potential at the site, costs of various equipment, 
electrical load, and hydrogen load. Thus, the study aims to identify the 
optimized capacity of PV arrays, electrolyzers, batteries, power 
converters, and hydrogen tanks. 
 
 

Keywords: Solar energy, Green hydrogen, Hydrogen refueling station, Optimal sizing, 
Techno-economic, Touggourt region. 
 
1. Introduction 

The World's energy need is escalating drastically, and energy production 
is primarily dominated by oil and coal-based energy generation systems. 
Fossil fuels are available in limited amounts and cause greenhouse 
emissions[1]. Moreover, the transportation sector consumes a 
considerableamount of total fossil fuel and generates vast quantities of 
carbon dioxide.In the last decades, there hasbeen an increasing need for 
renewable energy production toreduce greenhouse gas emissions and 
improve the sustainability of cities[2]. Particularly in the transport 
industry, using electric, hybrid, and fuel cell vehicles permits 
considerably reduces gasemissions [3]. 

Furthermore, population growth hascaused several countries to focus on 
renewable energies thatare less expensive and sustainable to meet their 
electrical demands [4].To address these challenges, producing electrical 
energy utilizingphotovoltaic systemsis being employed to convert solar to 
electrical energy using PVsystems and solar concentrators, which have 
been effective in several countries [5]. Other familiar sources of 
renewable energy that prove high potential includegeothermal, tidal 
energy, and wind power [6].The applications of renewable energy in 
different sectorshave been reported, among which electric and green 
hydrogenvehicles lead to future transportation [7].Green hydrogen (GHଶ) 
is a superb fuel with a high-power storage capacity, and its combustion 
generates only water without causing ecological pollution.Moreover, Hଶ 
has a cost-effective advantage over batteries storages because it can stock 
energy for long-term periods [8]. 

On another note, in recent years, much work has been done on modeling 
and evaluating renewable energy systems to facilitate their deployment 
and analyze their behavior and performance in different scenarios. For the 
modeling and simulation of hybrid systems, several software tools, 
including HOMER, TRNSYS, RETScreen, and Dymola/Modelica, have 
been created [9].Hybrid Optimization of Multiple Energy Resources 
(HOMER) software[10] is one of the software that has found applications 
in numerous energy feasibilities and optimization analyses. The software 
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has been utilized to conduct feasibility studies of various energy systems, 
each indicating positive outcomes.Therefore, this paper provides an 
optimal designand techno-economic analysis of a hydrogen refueling 
stationbased on a photovoltaic power system in Touggourt (Algeria). 
HOMER Pro software was used to design and optimize the renewable 
power system. Thephotovoltaic array was utilized as a critical power 
source to feed the electric load requirementand supply the electrolyzer for 
hydrogen production. During the surplus times, additional electrical 
energy was utilized to recharge the battery series. 

2. Location of the study 
Touggourt is located in thesoutheast of Algeria at the latitude of 33° 6.3' 
N and the longitude of 6° 4.0' E and is considered in this study as shown 
in Fig. 1. The city is approximately 660 km away from the capital city of 
Algeria. The Touggourt community has significantly high global 
radiation throughout the year. 

 

Figure1.The geographical location of Touggourt. 

3.The load profile 
The load assessment of the refueling station (RFS) presented in this 
section has a daily average load of 13.53 kWh/day for the electric load, 
whereas the hydrogen load with 262 kg/day. 

 

 

Figure2. Hourly average electric load variations. 
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Figure3. Hourly average hydrogen load variations. 

As shown in Fig. 3 and 4, the hourly average daily load variations for 
both the electrical and hydrogen. It is noted that the daily peak electric 
load occurs at 18 h, where the highest value of hydrogen load was 
recorded at 8 h to 16 h with 20kg.  

4. System Configuration 
The proposed system consists of photovoltaic cells, batteries, and an 
electrolyzer to store hydrogen in a hydrogen tank and a converter. 
HOMER Pro software was used to model the system to meet the energy 
needs of the hydrogen refueling station. Fig. 2 shows the schematic of the 
stand-alone system. 

 

Figure4. Schematic of the proposed system. 

The energy management in the system is carried out as follows: the PV 
feeds the desired load demand and powers the electrolyzer to generate Hଶ 
and stored in the hydrogen tank for refueling station, and charging 
batteries if the battery's SOC is minimum until the total capacity of the 
battery is reached, the batteries are required to provide electricity to loads 
during nights. 
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5. Optimization results  
After the simulation process with Homer software and considering the 
capacities of different system components, the capacities are obtained and 
presented in Table 1 presents the optimum configurations. The 100% 
renewable energy system would have a PV capacity of 28.056 MW, an 
electrolyzer power capacity of 1.2 MW, a hydrogen tank of 17000 kg, a 
2.424 MW power converter, and 2.06 kWh of batteries. 
Table 1. Optimized system component sizing. 

Component Size 

Generic 1kWh Lead Acid [ASM] two batteries of 1.03 kWh 

Generic Electrolyzer 1200 Kw 

Generic flat plate PV 28056 Kw 

Hydrogen Tank 17000 kg 

System Converter 2.424 Kw 

The PV system produces around 52 077,940 kWhper year of electricity 
with a maximum power of 28 056 kW produced at noon, as shown in Fig. 
5. The generated electricity decreases continuously to reach zero at 6.00 
pm.  

 

Figure5. PV Power Output. 



A.Z. Kouache et al. / J. Phys. & Chem. Res. 2, Issue 2, December  (2023) 9–17
 

Special Issue of the National Seminar of physics, Chemistry and their Applications “NSPCA’23”  
March 6-7th, 2023,  Mohamed El Bachir El Ibrahimi University, Bordj-Bou-Arreridj, Algeria. 

14 

 

The electrolyzers consume electricity to produce hydrogen from water.To 
minimize the cost of green hydrogen production, the electrolyzers are 
turned on during sunny hours, as shown in Fig. 6, as at this time, the 
electricity produced by PV panels is available. The electrolyzers are 
turned off from 6.00 pm to 8.00 am as the PV system provides no green 
electricity. 

 

Figure6. Electrolyzer input power. 

The monthly hydrogen produced in the electrolyzer is shown in Fig. 7. 
There is a close agreement between the electricity generated by the PV 
and the hydrogen produced by the electrolyzer; the amount of hydrogen 
produced is related to the supplied electricity since electricity is used to 
initiate the electrochemical process observed during water electrolysis.  

 

Figure 7.The monthly hydrogen produced 
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The performance of the battery system during the charging and 
discharging cycles is presented in Fig. 8, where the batteries' daily and 
hourly State Of Charge is plotted. We noticed that the battery system has 
the lowest SOC during the autumn and winter. 

 

Figure8.State Of Charge. 

The hydrogen produced by electrolyzers is stored in special tanks for the 
refueling station. The hydrogen tank level variation versus the day of the 
year for a whole year is given in Fig. 9.  

 

Figure9. Tank Level. 

6. Cost optimization 

In the price optimization technique, HOMER Pro simulates every system 
design and shows the possible ones, organized by the Net Present Cost. As 
defined in Eq (1), the cost of the system (Cୗ) is the total price of its 
elements (the cost of the PV system (C୔୚), the cost of the PEM 
electrolyzer (C୉୪ୣୡ୲), the cost of theHଶ tank (Cୌమ୘)), the cost of batteries 
(C୆) and the converter cost (Cେ)).  

Cୗ = C୔୚ + C୉୪ୣୡ୲ + Cୌమ୘ + C୆ + Cେ          (1) 

The following formula gives the cost of every part: 

C୧ = N୧[Cେୟ୮,୧ + (Cୖୣ୮,୧ + N୰౟) + C୓୑,୧]  (2) 

where N୧: is the number of the element of the HES, Cେୟ୮,୧: is the capital 
cost of each component, Cୖୣ୮,୧: is the replacement cost of each 
component, N୰౟: number of replacements suffered, C୓୑,୧: the operation 
and maintenance price of each component  [11]. Tab. 2 summarizes the 
related costs of each system component; the overall COE rate was 
$638.03. 
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Table 2. The cost of the system and its components. 

Component Capital ($) Replacement ($) O&M ($) Salvage ($) Total ($) 

Generic 1kWh Lead 
Acid [ASM] 

14,400.00 5,532.35 6,205.21 1,746.32 24,391.24 

Generic Electrolyzer 2,400,000.00 0.00 465,390.60 0.00 2,865,390.60 

Generic flat plate PV 19,639,185.66 0.00 5,077,717.95 0.00 24,716,903.61 

Hydrogen Tank 11,050,000.00 0.00 1,098,838.91 0.00 12,148,838.91 

System Converter 727,124.02 308,499.69 0.00 58,062.76 977,560.95 

System 33,830,709.67 314,032.04 6,648,152.66 59,809.07 40,733,085.31 

Fig. 10 displays the Cost summaryof all the components considered in the 
analysis generated by the HOMER software.  

 

Figure10.Cost summary. 

As displayed in Fig. 10,it can be seen that the PV has the highest total 
cost of $ 24,716,903.61, whereas the battery has the least total cost of $ 
24,391.24. 

7. Conclusion 
This work offered an optimal design of a stand-alone photovoltaic system 
with battery storage. This configuration fed a hydrogen refueling station 
of 13.53 kWh/day electric and 262 kg/day hydrogen in Touggourt city. 
HOMER Pro was utilized to optimize the behavior of the power system. 
The results were compared to identify the better size of the system based 
on the least overall Net Present Cost and Cost of Energy. The optimum 
finding outcomes presented a 28056 kW PV array, two batteries of 1.03 
kWh each, a 2.424 kW converter, a 1200 kW electrolyzer, and a 17000 
kg hydrogen reservoir was the best choice to equip the hydrogen 
refueling station. Future work includes adding other renewable energy 
sources to make a hybrid system for hydrogen refueling stations to 
minimize the capacity of the PV modules. 
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Abstract 
 The evolution with temperature of the point defect concentration in the 

cubic C15-ZrFe2 Laves phase was investigated in the presence of several 
ternary additions X (X=V, Y, Tc, Ru). The heats of formation of the 
different point defects were carried out at 0K by means of DFT 
calculations. The Wagner-Schottky Model, based on substitutional and 
interstitial sublattices configuration within the canonical ensemble, was 
applied to investigate temperature effects on the defect concentration. The 
main results show a strong dependency of the C15-Fe2Zr stability on the 
point defect type. Energetically, the RuFe antisite is the most stable defect 
at low temperatures (0 K), whereas the VaFe, VaZr, and YFe are the least 
stable ones. At finite temperatures, it was found that antisites are the 
dominant constitutional defects on both sides of stoichiometry in the C15-
ZrFe2 compound. 

 

Keywords: Point Defect, Laves Phases, DFT, Wagner-Schottky Model. 

 
Introduction 
Laves phases with topologically close-packed structures, are 

very attractive materials for high temperature structural applications 
[1]. They are also considered  as superconducting materials and giant 
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magnetostrictive materials, owing to their excellent physical and 
chemical properties [2]. However, the off-stoichiometry, that concerns 
about 25% of Laves phases, affects strongly the physical, mechanical 
and functional properties of these materials and therefore has a 
decisive impact on their performance in application [3,4]. In this 
context, vacancies and antisite defects, which are the main reasons of 
off-stoichiometry, assist the movement of Synchro-Shockly 
dislocations, thus facilitating the synchroshear deformation 
mechanism and modify the mechanical properties of Laves phases 
[2,5]. Moreover, vacancies play important role in diffusion of doping 
atoms and atomic self-diffusion in solid materials. In that way, point 
defects become an important topic in materials science that must be 
carefully investigated.  

To date, several experimental and theoretical works have been 
done to study the point defects in Laves phases. Experimentally, 
antisites are found to be responsible for the off-stoichiometry 
observed in Fe2Nb, Cr2Nb and Co2Nb compounds [5,6]. Whereas  
applying first-principles calculations, together with a statistical 
models, it was found that antisite defects are favored than vacancies 
on both sides of stoichiometry for Mg2Ca and Zn2Mg with C14 
structure [3,4]. In addition, Zn2 vacancies are also favorable under 
moderate Mg-rich condition in Zn2Mg Laves phases [4]. Another 
theoretical study, found that Mn antisites are the most favorable 
defects broadening the homogeneity range of the Mn2Zr phase toward 
the Mn-rich side [7]. With C15 Laves structure, similar behaviors of 
point defects are evidenced. Namely, antisite defects on both sides of 
off-stoichiometry in the Cu2Mg Laves phase [2], Co2Zr, Cr2Nb [8], 
Co2Zr [1] as well as several Cr-based Laves phases [9]. The effects of 
alloying elements are also investigated in some studies [2,8], 
nevertheless, the mechanismsof point defects formation and alloying 
elements effects on the overall trend of the point defects at lower and 
high temperatures are still poorly understood. In view of this, the 
present work aims at giving new insights on how finite temperature 
and alloying elements affect the intrinsic point defect behavior in the 
C15-Fe2ZrX system, with X being V, Y, Tc and Ru. Our choice of 
elements is motivated by the interesting results obtained by rabahi et 
al [10]. The relative stability of point defects in the C15-Fe2Zr 
compound is determined from the calculated formation enthalpies of 
point defects, obtained in the framework of DFT calculations. The 
statistical Wagner-Schottky model is applied to investigate effect of 
both temperature and X alloying elements on the point defects 
behavior in the C15-ZrFe2X Laves phase. The present paper is 
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organized as follows. The technical details of the DFT calculations 
and the Wagner-Schottky model are presented in Sec. 2. The main 
results are discussed in Sec. 3. While concluding remarks are given in 
Sec. 4. 
 
2. Computational Details 

2.1 DFT calculations 
The present study calculations were performed basing on the density 
functional theory (DFT) using pseudopotential method as 
implemented in the Quantum-Espresso [11]. The many-body problem 
of interacting electrons and nuclei was treated using a series of one-
electron equations, the so-called Kohn-Sham (KS) equations [12,13]. 
The generalized gradient approximation (GGA) of Perdew et al (PBE) 
to the local density approximation, was taken to include the exchange-
correlation energy [14] and ultrasoft pseudopotentials of Vanderbilt 
were used [15]. A kinetic energy cut-off of 40 Ry and a well 
converged value of the k-point mesh over the Brillouin zone were 
considered, Namely, 6 6 6 for the C15 supercell. All structures were 
allowed to fully relax using Broyden- Fletcher-Goldforb-Shanno 
(BFGS) scheme [16] until the total energy has converged to less than 
105 eV/atom. The maximum force has converged to lower than 0.004 
eV/Å. 
 
2.2 Wagner-Schottky model 
Deviations from the ideal stoichiometric compositions are always 
accommodated by the creation of constitutional point defects (e.g. 
vacancies, antisites, ternary substitutional or interstitial atoms) on one 
or both sublattices. Thermal defects are also activated at finite 
temperature in addition to the constitutional ones, in order to maintain 
the overall composition of the alloy. To allow the use of the Wagner-
Schottky model, two assumptions must be considered. (i) The defect 
concentrations are sufficiently dilute i.e gaz of non-interacting 
(isolated) atoms and point defects. (ii) At constant pressure, the 
internal energy, volume, and vibrational entropy of the crystal are 
linear functions of the number of atoms or vacancies in the different 
sublattices.We consider a canonical ensemble containing a fixed 
number of atoms, Nat, and the total number of lattice sites Ns may thus 
vary when vacancies are present, consequently, it is more convenient 
to describe the distribution of alloy components between the 
sublattices in terms of atomic concentrations defined with respect to 
the total number of atoms Nat. The atomic concentration of species Iin 
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sublattice m is defined as: 

𝑥௜
௠ =

ே೔
೘

ேೌ೟
                                                  (1) 

 
Where 𝑁௜

௠ is the number of species i on the sublattice m with i=A, 
B, Va and m=, . The ordered C15-AB2 structure can be divided 
into two sublattices: the  sublattice, normally occupied by A atoms, 
and the  sublattice, normally occupied by B atoms, therefore, the 

number of A atoms 𝑁஺ = 𝑁஺
ఈ + 𝑁஺

ఉ, and the number of B atoms 

𝑁஻ = 𝑁஻
ఈ + 𝑁஻

ఉ are fixed. The number of vacancies in the alloy NVa as 
well as the number of lattice sites may vary. In this case, the 
equilibrium state of the alloy at temperature T and pressure P is 
determined by the minimization of the Gibbs free energy G, or, 
equivalently, of its excess value G defined relative to some standard 
states and normalized per atom. 

∆𝐺 = ∆𝐻 − 𝑇∆𝑆                                              (2) 
Where H is the enthalpy (or heat) of alloy formation and S is the 
entropy. According to this model, the formation enthalpy (per atom) 
of alloy is a linear function of the point defect concentrations. 

∆𝐻 = ∆𝐻଴
௙

+ ∑ 𝐻ௗ𝑥ௗௗ                               (3) 
where xd is the atomic concentration of defects of type d defined as the 
total number of defects divided by the total number of atoms in the 
system, with d=vacancies, antisites. Hd is the formation enthalpy of 
isolated point defects of type d in stoichiometric structure. ∆𝐻଴

௙ is the 
formation enthalpy of the fully ordered stoichiometric alloy. Here, the 
effects of vibrational entropy are neglected and only the 
configurational entropy is taken into account.  
 

∆𝑆 = 𝑘஻𝑙𝑛 ൬∏
ேೞ

೘!

൫∏ ே೔
೘

೔ !൯௠ ൰                                         (4) 

where kB is Boltzmann's constant and 𝑁௦
௠ is the total number of sites 

on the m sublattice. When considering the substitutional atoms, the 
entropy (per atom) of alloy can be written as:    
 

∆𝑆 = 𝑘஻(1 + 𝑥௏௔
௦௨௕) ቆ

ଶ

ଷ
𝑙𝑛(2) + 𝑙𝑛 ൬

ଵା௫ೇೌ
ೞೠ್

ଷ
൰ቇ − 𝑘஻ ∑ ∑ 𝑥௝

௜𝑙𝑛൫𝑥௝
௜൯௝௜      (5)  

 
where i=,  and  j=A, B, X, Va.   
The equilibrium concentrations of point defects can now be obtained 
through a minimization of the Gibbs free energy of the system G, 
which together with mass-balance constraints leads to the following 
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set of non-linear equations: 
 

ଷ ௫ಲ
ഁ

௫ೇೌ
ഀ

௫ೇೌ
ഁ

ቀଶିଷ௫ಳ
ഀିଷ௫೉

ഀାଶ௫ೇೌ
ഁ

ି௫ೇೌ
ഀ ቁ

= 𝑒𝑥𝑝 ൤−
ுಲ

ഁ
ାுೇೌ

ഀ ିுೇೌ
ഁ

௞ಳ்
൨               (6a) 

 
ଷ ௫ಳ  
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௫ೇೌ
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ഁ
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ഁ
ା௫ೇೌ

ഀ ቁ
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ுಳ
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ഁ
ିுೇೌ

ഀ

௞ಳ்
൨                     (6b) 

௫೉
ഁ

௫ೇೌ
ഀ

௫ೇೌ
ഁ

௫೉
ഀ

= 𝑒𝑥𝑝 ൤−
ு೉

ഁ
ିு೉

ഀିுೇೌ
ഁ

ାுೇೌ
ഀ

௞ಳ்
൨                                   (6c) 

ଶ଻௫ೇೌ
ഁ (௫ೇೌ

ഀ )మ

ସቀଵା௫ೇೌ
ഁ

ା௫ೇೌ
ഀ ቁ

య = 𝑒𝑥𝑝 ൤−
ுೇೌ

ഁ
ାଶுೇೌ

ഀ

௞ಳ்
൨                                  (6d) 

 

𝑥஺ = 𝑥஺
ఉ

+
ଵ

ଷ
ቀ2 + 2𝑥௏௔

ఉ
− 3𝑥஻

ఈ − 3𝑥௑
ఈ − 𝑥௏௔

ఈ ቁ                            (6e)  

 

𝑥௑ = 𝑥௑
ఈ + 𝑥௑

ఉ                                                       (6f) 
 

At any given total alloy composition and temperature, a numerical 
solution of Eqs. (6) can give us the equilibrium concentrations of point 
defects. 
 
3. Resultsand Discussion 
3.1 Point defects in C15 Fe2ZrX at 0K 
In ref [17], the stability and magnetic properties of the clean Fe2Zr 
Laves phase were investigated. At the stoichiometric composition, 
Rabahi et al [17], found that this material is more stable in the C15 
Laves structure with the ferromagnetic state. However, presents an 
extended homogeneity range, between about 34 and 27-28 at % 
[18]which is always attributed to the point defects creation. 
Consequently, the first part of this work is devoted to the energetic 
and behavior of the point defects in C15-Fe2Zr Laves phase. To this 
purpose, several compositions were considered for the defected 
materials, including one of the following six defects: Fe vacancy, Zr 
Vacancy, Fe antisite, Zr antisite, ternary X substitutional atom for Fe 
or Zr. Since Laves phases present topologically close packed 
structure, there are no interstitial sites with a size comparable to that 
of the component atoms, therefore interstitial defects were excluded. 
For each composition, the Heats of formation, volume variations and 
total magnetization were predicted and the results are given in the 
Table 1. As it can be seen, the stability of the C15-Fe2Zr compound is 
affected by the point defects creation, remarkably, RuFe  defect 
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increases the stability of the system, while opposite effect is found 
when vacancies VaFe, VaZr and YFe antisite are created. Comparatively, 
the remaining defects slightly destabilize the C15-Fe2Zr material.  
The magnetic properties and total volume are also found to be affected 
by point defects creation. Fe and Zr vacancies, as well as Zr antisite 
reduce the unit cell volume, while the Fe antisite induces the opposite 
effect. For the substitutional X elements, it is found that Ru, V, and Tc 
increase the volume only when they replace Fe, whereas the case of Y 
is rather singular, a volume expansion is noticed whatever the nature 
of the site replaced by Y, these results are explained by size effects as 
already discussed in ref [10], in addition, the total magnetization 
obtained for the different configurations is slightly affected and 
fluctuating around 1.6 µB /Fe atom, which is related to the magneto-
volume effects.   
In the Table 2, the heats of formation of punctual defects predicted at 
0 K in the C15-Fe2ZrX compound are reported. At this temperature, 
the punctual defects are only governed by their formation enthalpies 
and the stable ones, are considered as constitutional defects. The 
deviation toward Zr-rich Fe2Zr side could be caused either by Zr 
antisites and/or Fe vacancies. Similarly, the deviation toward Fe-rich 
Fe2Zr could be accommodated either by Fe antisites or Zr vacancies. 
From Table 2, it can be seen that HVaZr >HFeZr and HVaFe> HZrFe. 
Therefore, it could be concluded that antisites are the dominant 
constitutional defects in both side of stoichiometry in C15-ZrFe2 
compound. Moreover, all the formation enthalpies values are positives 
except the anti-site RuFe. This means that the creation of defects in the 
compound C15-Fe2ZrX is an endothermic reaction which requires a 
supply of external energy. The Table 2 shows that Fe and Zr vacancies 
as well as YFe, TcZr, and ZrFe anti-sites are the least favorable. While 
RuFe, TcFe and VFe anti-sitesare the most favorable. In addition, the Ru 
and Tc atoms mark a strong preference to Fe site. While, the Y atom 
prefers the Zr site. The Vanadium V element slightly prefers the Fe 
site. This behavior of X elements is attributed to the size and 
electronic effects as already discussed in the work of L. Rabahi et al 
[10]. 
3.2 Point defects in C15 Fe2ZrX at finite temperature 

Using the heats of formation values given in the Table 2, the 
equilibrium point defects are obtained by solving the set of equations 
6(a-f) at a given temperature and alloy composition. It is well known 
that the Wagner-Schottky model, applied in this work is only valid at 
intermediate and high temperatures. For this reason, several 
temperatures are considered as a first step, and convergence is reached 
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from 1373 K (for the Fe2Zr system) and 1673 K (for the Fe2ZrX 
system). Consequently, three temperatures were considered, namely 
1373, 1673 and 2073 K, in order to include both temperature and alloy 
composition effects on the point defects behavior in the C15 Fe2Zr and 
C15 Fe2ZrX systems. As it can be seen (from Figure 1), the point 
defect structure in the off-stoichiometric Fe2Zr is very complex, and 
the concentrations exhibit a brutal change when the alloy composition 
vary from Zr-rich to Fe-rich side. This fact reflects the strong 
correspondence between the point defect and its local chemical 
environment. The Fe and Zr anti-site are found to be the dominant 
defects in C15-ZrFe2 even at high temperatures, while the vacancies, 
and more particularly, VaFe  are the less activated ones, and the less 
affected by Zr concentration, meaning that, deviation from ideal 
stoichiometry in the C15-ZrFe2 is only governed by Fe and Zr anti-
sites. This result is similar to the general tendency of point defects in 
C15 Laves phases found in previous studies [1,2,5,7,8], and could be 
easily explained by geometrical rules. The smallest Fe atom is apt to 
replaces larger Zr atom to form anti-site defect on the Zr sublattice 
[5], however, it is rare for large atom to replace small atom to form the 
anti-site defect in small atom sublattice. So, according to previous 
studies, the formation of this kind of defects is feasible in Laves 
phases with atomic size ratio smaller than the ideal ratio 1.225 [18]. 
Thus the formation of anti-site defect ZrFe is possible in the C15-
Fe2Zr, since the atomic sizes of the Fe and Zr atoms are respectively 
1.60 A° and 1.39A°, and the atomic size ratio is about 1.15, less than 
the ideal atomic radii ratio in Laves phases. Moreover, comparing the 
results obtained at different temperatures, it is found that all the defect 
concentrations are found to be increased with temperature. This fact is 
attributed to the thermal defects which are activated in balanced 
combinations in order to maintain the overall composition of the alloy 
[8]. The site preference of ternary elements at finite temperature is 
also investigated in the present work. For each X element, Tc, Ru, V 
and Y, the corresponding equilibrium point defect concentrations, are 
obtained and shown in the Figure 2 (a-d) respectively. At T = 0K, 
rabahi et al [10] found that Y, and Tc elements prefer to substitute for 
Zr atoms while the Ru and V prefer to replace Fe ones. At finite 
temperatures, entropy will play an important role in determining the 
site preference of ternary elements. As shown in Figure 1, all the Ru 
atoms have substituted to the Fe ones at elevated temperature, in the 
entire range of Zr composition; this fact is related to the negative heat 
of formation obtained in the case of the RuFe defect. The Tc and Y 
elements exhibit a strong preference to the Fe and Zr sites 
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respectively, while moderate preference to the Fe site is noticed for 
the V element. Finally, the defect concentration curves underwent a 
noticeable shift towards lower values of Zr concentration in the case 
of Fe2ZrY alloy. This fact is due to the sharp variation of the Zr 
concentration in the system, since a great part of this element is found 
to be replaced by Y atoms. This last one displays a great preference 
for the Zr sites, as is clearly visible from the high concentration of the 
YZr defect. 
 
Table 1: Heats of formation, volume variations and total magnetization of 
Clean Fe2Zr, defected Fe2Zr and Fe2ZrX with C15 Laves phase.    

 ∆Hf (eV/atome) ∆V (%) M  (µB /Atome Fe) 

Fe2Zr -0.280 - 1.68 
VaFe -0.165 -1.304 1.54 
VaZr -0.157 -3.055 1.58 
FeZr -0.247 -1.850 1.83 
ZrFe -0.228 3.125 1.60 
RuFe -0.301 1.095 1.75 
RuZr -0.263 -1.450 1.90 
VFe -0.267 0.453 1.58 
VZr -0.243 -1.705 1.61 
TcFe -0.278 0.719 1.72 
TcZr -0.198 -2.648 1.74 
YFe -0.167 4.314 1.61 
YZr -0.251 1.211 1.68 

 
 
Table 2: Heats of formation of isolated punctual defects (Hd ) predicted at 0 
K in the C15-Fe2Zr compound.  

 Va Fe Zr Ru Y Tc V 

Fe 2.640 - 1.195 -0.497 2.706 0.037 0.313 
Zr 2.822 0.752 - 0.411 0.703 1.975 0.879 

 
 

 

 

 
 
 
 
 
 

 
 

Figure 1: Equilibrium point defect concentrations in C15-Fe2Zr system at (a) 
T= 1373 and (b) T= 2073 K as function of Zr concentration. 
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Figure 2:  Equilibrium point defect concentrations in C15-Fe2ZrX, (X =Tc, 
Ru, V and Y) system at T= 1673 K (left) and T= 2073 K (right) as function of 
Zr concentration. 
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4. Concluding remarks 
In this work, the evolution with temperature of the point defect 
concentrations in the C15-ZrFe2 Laves phase in the presence of 
several ternary additions X (X=V, Y, Tc, Ru) is investigated. To this 
purpose, the DFT-based pseudo-potential method combined with the 
statistical Wagner-Schottky model is applied. The obtained results 
indicate a strong dependency of the stability of the C15-Fe2Zr 
compound on the point defect kind; the RuFe antisite increases the 
stability of the system, while the opposite effect is found when 
vacancies VaFe, VaZr and YFe antisite are created. At finite 
temperature, the antisites are found to be the dominant constitutional 
point defects, and the entropy plays an important role in determining 
the site preference of ternary elements. The Ru atoms have substituted 
for the Fe ones at elevated temperatures and in the entire range of Zr 
composition, whereas the Tc and Y elements exhibit a strong 
preference for the Fe and Zr sites, respectively. 
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Resume 
  

Le but de cette étude est d'examiner l'utilisation d'un vent électrique 
généré par une décharge couronne à deux électrodes pour nettoyer les 
panneaux photovoltaïques de la poussière. La première électrode est un fil 
alimenté par la haute tension continue négative allant jusqu'à 30 kV, 
tandis que la seconde est reliée à la terre. Le dispositif permet de générer 
un vent ionique et se déplacer sur toute la surface du panneau en nettoyant 
la poussière. L'alimentation de l'actionneur de nettoyage à décharge 
couronne est assurée par la cellule photovoltaïque elle-même, et le 
nettoyage électrostatique par décharge couronne peut atteindre un taux de 
nettoyage de 90 % et améliorer l'efficacité des panneaux photovoltaïques. 
Cette technologie offre l'avantage d'un nettoyage à sec par des 
phénomènes électrostatiques et à tout moment, avec une faible 
consommation d'énergie, le courant étant pratiquement nul, de l'ordre des 
micro-ampères. 
 

Mots Clés : décharge couronne, haute tension, nettoyage, panneaux photovoltaïques. 

1. Introduction 
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L'énergie solaire photovoltaïque est une source d'énergie renouvelable très 
prometteuse en raison de son caractère propre et inépuisable. Toutefois, la 
conversion de l'énergie solaire incidente en électricité par les cellules 
photovoltaïques est limitée et la présence de poussière sur la surface des 
panneaux solaires affecte leur efficacité [1].  
Pour remédier à cet effet négatif de la poussière, il est nécessaire de nettoyer 
régulièrement les panneaux solaires. Plusieurs techniques de nettoyage ont été 
proposées, notamment l'utilisation d'eau comme nettoyant, mais cette méthode a 
l'inconvénient de nécessiter une grande quantité d'eau [2-4].  
Une nouvelle technique de nettoyage basée sur un phénomène électrostatique 
utilisant la décharge couronne a été développée pour améliorer l'efficacité de 
rendement des panneaux photovoltaïques. Cette technique consiste à utiliser des 
fils alimentés en haute tension pour générer un flux de vent ionique qui nettoie la 
surface du panneau. 
 
2. Matériel 
 
2.1 Matériel utilisé:  

 Panneau photovoltaïque 
 Source d'alimentation CC haute tension 
 Dispositive de nettoyage 
 Hygromètre 
 Anémomètre 
 Ampèremètre 
 l’appareil Nettoyeur  
 Véhicule. 

2.2 Méthodes 

Ce travail de recherche a consisté à tester les capacités de nettoyage d'un appareil 
produisant un vent ionique. Pour cela, un système expérimental a été mis en 
place pour mesurer les caractéristiques de courant, de vitesse et de puissance de 
cet appareil.  
La figure 1(a) présente une photographie de l'appareil nettoyeur, qui est composé 
d'une carcasse contenant deux électrodes: une électrode active sous forme de fil 
reliée à une haute tension et une électrode collectrice sous forme de rectangle en 
aluminium reliée à la terre.  
La carcasse en FOREX sert à isoler électriquement les électrodes et à les fixer. 
L'appareil est en trainé par un véhicule contrôlé par une carte ARDUINO et est 
placé au-dessus d'un panneau photovoltaïque pour assurer son nettoyage dès le 
premier passage. 
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(a) 

 
              (b) (c) 

La figure 1: l’appareil nettoyeur et matériel utilisé, (a):l’appareil nettoyeur 
,(b):Ampèremètre + Anémomètre,(c):source d’alimentation haute tension 

3. Résultat: 

3.1 Résultat de l’humidité 

 
La figure 2. La variation du courant en fonction de la tension avec humidité 
différentes H=51% 
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La figure 3. La variation du courant en fonction de la tension avec humidité 
différentes H=61% 
 

 
La figure4. La variation du courant en fonction de la tension avec humidité 
différentes H=51% et H= 61% 
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3.1 Résultat de la vitesse du vent ionique 

 
La figure5. La variation de la vitesse du vent en fonction de tension 

 
4. Discussion 
 
En se basant sur les différentes figures obtenues, les observations suivantes ont 
été faites :  
Le courant consommé par le dispositif de nettoyage augmente en fonction de 
l'augmentation de la tension, depuis la tension d'apparition jusqu'à la tension de 
claquage.  
4.1 Variation de l’humidité 
La tension d'apparition du phénomène de décharge couronne et la tension de 
claquage varie légèrement  en fonction du taux d'humidité. Pour un taux 
d'humidité de 51 %  (voir figure 2), la tension d'apparition de la décharge 
couronne est de 10 kV avec une consommation de courant de 0,5 µA et la 
tension de claquage est de 25 kV avec une consommation de courant de 440 µA, 
tandis que pour un taux d'humidité de 61 %(voir figure 3), la tension d'apparition 
est de 6.5 kV avec une consommation de courant de 0,1 µA et la tension de 
claquage est de 22 kV avec une consommation de courant de 300 µA. 
 
4.2 Variation de La vitesse du vent ionique 
La vitesse du vent ionique augmente à mesure que la tension de la décharge 
couronne augmente jusqu'à une valeur proche de la tension de claquage, et en 
fonction du courant, la meilleure valeur pour le vent ionique est de 1,9 m/s pour 
une tension de 25 kV et un courant de 420 µA, avec une consommation de 11 W. 
En utilisant les paramètres optimaux de la configuration étudiée, le nettoyage des 
panneaux photovoltaïques par décharge couronne peut atteindre une efficacité de 
nettoyage allant jusqu'à 95%. 
 
5. Conclusion 
Ce travail présente une nouvelle méthode pour nettoyer les panneaux 
photovoltaïques. Les résultats de cette étude montrent que le dispositif proposé 
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peut générer un vent ionique important de 2m/sec avec une consommation 
d'énergie de seulement 11 W. Ces caractéristiques de courant et de vent ionique 
peuvent être utilisées pour développer des configurations plus performantes et 
améliorer l'efficacité du nettoyage. 
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Abstract 
 Our study consisted in the characterization of the superconducting 

material Pr123 using the acoustic method and the non destructive testing 
(NDT). Our work was performed at high working frequency of 600MHz. 
We studied the superconducting bulk system with the use of a coupling 
fluid to obtain propagation modes. The determination of these modes 
according to the Brekhovskikh model and the modeling of the reflection 
coefficient R(θ) and the acoustic signature V(z), allows us to determine 
the moduli of elasticity of the studied superconducting material: Young’s 
modulus (E) and shear modulus (G) in order to determine the critical 
angles: longitudinal (θL), transverse (θT) and Rayleigh critical angle (θR) 
which correspond respectively to the longitudinal acoustic wave, the 
transverse acoustic wave and the Rayleigh acoustic wave propagating in 
the superconducting material Pr123. 
 
 
 

Keywords: Superconducting material, mechanical properties, acoustic signature V (z), 
reflection coefficient R (θ), Young’ modulus. 
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1. Introduction 

Superconducting materials have properties of conducting electric current 
without any resistance at very low temperatures near absolute zero [1-
3].These materials are used in many fields such as medical and 
military...etc. This use requires the characterization and quantification of 
the mechanical properties of this type of materials. Therefore, our study 
consists in the characterization of the superconducting material Pr123, by 
acoustic techniques or ultrasonic method because of their non-destructive 
aspect (NDT). Our study was done at high working frequency of 
600MHz and with the use of a coupling liquid. 

 
2. Method 

The acoustic microscope is a characterization device that consists of four 
distinct parts. In an acoustic microscope, the part of emission and 
reception of the acoustic wave represents the acoustic part. It is 
essentially composed of a sensor, the delay line and the acoustic lens. 
In the case of a massive material, liquid-substrate system, the expression 
reflection coefficient was given by a calculation method, using the 
mechanical balance, the continuity of stresses and displacements at the 
interface, was developed by Brekhovskikh [4] : 
  

𝑅(𝜃) =
௓ಽ ௖௢௦మ ଶ ఏ೅ ା ௓೅ ௦௜௡మ ଶ ఏ೅  ି ௓బ

௓ಽ ௖௢௦మ ଶ ఏ೅ ା ௓೅ ௦௜௡మ ଶ ఏ೅  ା ௓బ
                                   (1) 

where 𝑍𝐿 and 𝑍𝑇  are respectively thelongitudinal and transverse acoustic 
impedances of the solid.𝑍0 is the acoustic impedance of liquid. 
The expression for the acoustic signature V(z) is of the form [4]: 
 

𝑉(𝑧) = ∫ 𝑝ଶఏ೘ೌೣ

଴
(𝜃)𝑅(𝜃)𝑒𝑥𝑝(2𝑗𝑘଴𝑧𝑐𝑜𝑠𝜃)𝑠𝑖𝑛𝜃𝑐𝑜𝑠𝜃𝑑𝜃                (2) 

Where𝑧 is the defocusing of the sensor. 
The acoustic signature V(z) is formed by periodic signals. The periodicity 
Δz of the interference gives information about the surface acoustic wave, 
this periodicity calculated by Bertoni is of the form: 

 

∆𝑧 =
௏ಽ೔೜

ଶ௙(ଵି௖௢௦ ೃ)
                                                (3) 

The different moduli of elasticity are: the Young's modulus (E), the shear 
modulus (G), the bulk modulus (B). These moduli can be determined 
according to the following relationships: 

 

𝐺 = 𝜌 𝑉்
ଶ                                                      (4) 

𝐸 = 2𝐺(1 + 𝑣)                                                  (5) 
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𝐵 =
ா

ଷ(ଵିଶ௩)
                                                    (6) 

 
3. Results 
The results of the modeling of the reflection coefficient (modulus and 
phase) that we obtained for the system: methanol-Pr123 are presented in 
the figures 1, 2.From the modulus (figure 1) we obtained the longitudinal 
critical angle 𝜃௅and the transverse critical angle 𝜃். And from the phase 
(figure 2) we obtained the critical angle of Rayleigh 𝜃ோ. The results are 
grouped in table 1. 
The determination of the critical angles of the propagating waves, 
(longitudinal, transverse and Rayleigh) from the amplitude and phase of 
R(θ), allows us to determine the different velocities of the modes that 
propagate in this material superconductor according to the Snell-Descart 
law. The results obtained are summarized in table 2. 
The results of the acoustic signature V(z) and its FFT that we obtained for 
the considered system are presented in the figures 3, 4. 
The results that we have obtained, of the different elastic moduli of the 
studied superconducting material are summarized in table 3. 
 
4. Discussion 
The curves in the figure 3show that the acoustic signature V (z) is formed 
by periodic signals Δz. The determination of the periodicity Δz, allows us 
to deduce the different velocities of the modes propagating in the 
superconducting material.  
The elastic constants of a superconducting material (E, G and B) can be 
determined by various experimental methods. Among these methods is 
the ultrasonic technique which gives similar results to those obtained by 
other investigative techniques. However, the ultrasonic method, which is 
based on the propagation of acoustic waves generated at high frequency, 
is a non-destructive method, unlike the so-called classical techniques.  
The obtained results of the elastic moduli of the studied material are in 
good agreement with those of the literature [5]. 
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Figures and Tables 

Figures 

 

 
Figure 1: Modulus of the reflection coefficient of Pr123.        

 

 
Figure 2: Phase of the reflection coefficient of Pr123. 
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Figure 3: Acoustic signature V(z) of Pr123. 

 
Figure 4: FFT of the acousticof Pr123.                                       

 
Tables 

Table 1.The critical longitudinal, transverse and Rayleigh angles. 
 

𝜃௅ (°) 𝜃் (°) 𝜃ோ (°) 
 
  18.2229.9833.35 

 

 
Table 2.The velocities of the propagation modes in Pr123. 
 

𝑉௅(𝑚 𝑠⁄ ) 𝑉  (𝑚 𝑠⁄ ) 𝑉ோ (𝑚 𝑠⁄ ) 
 
3479.742177.311979.07 
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Table 3.Elastic moduli of the studied superconducting material. 
 

E(GPa) Elit(GPa)G(GPa)Glit(GPa)     B(GPa) 
 
59.19 59.4 [5]25.1325 [5] 30.60 

 

5. Conclusion 
The acoustic method used allowed us to characterize the superconducting 
materials and to determine their mechanical properties. 
The results obtained concerning the elastic moduli of the studied material 
are in good agreement with the experimental results quoted in the 
literature, which testifies to the validity of the proposed homogenization 
method. 
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Abstract 
 This work deals with a theoretical investigation of structural, electronic, 

and optical properties of alkali metal tetrafluoridobromates materials that 
crystallize in tetragonal structure (NaBrF4, KBrF4, and RbBrF4) using the 
Density Functional Theory (DFT) within the pseudo-potential plane-wave 
approach as implemented in Cambridge Serial Total Energy Package 
(CASTEP) code. The structural parameters are in good agreement 
compared to the experimental values stated in the literature. The 
calculated electronic properties indicate that these ternary compounds are 
wide bandgap semiconductor materials. NaBrF4 is a semiconductor 
compound with a direct band gap, whereas, KBrF4 and RbBrF4 are 
semiconductors compounds together with an indirect band gap.The main 
optical parameters are studied in detail. The large optical absorption range 
in the ultraviolet (UV) region suggests that these semiconductor materials 
could be helpful for specific implementations in UV optoelectronic 
devices; therefore, this theoretical investigation is probable to motivate 
future experimental works. 

Keywords: ABrF4, alkali metal tetrafluoridobromates, DFT, electronic properties, optical 
properties, semiconductor materials. 
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1. Introduction 

The alkali metal fluorides family has many characteristics desirable 
foroptoelectronic properties, such as wide bandgaps, large absorption in 
the UV region, and lower refractive indices compared to those of 
oxides[1]. Our studied materials are ternary compounds belonging to the 
same crystalline structure and sharing one of the alkali elements such that 
Sodium "Na", Potassium "K", and Rubidium "Rb" as a cation with an 
anion formed by Bromine bonded with four Fluorine "BrF4" [2,3]. To the 
best of our knowledge, no theoretical nor experimental studies of the 
electronic, and optical properties have been carried out on the herein-
studied compounds exceptour recent theoretical investigation using a 
different exchange-correlation function (Perdew-Burke-Ernzerhof for 
solids (PBE-sol))[4]. The results presented in this work may be useful in 
evaluating potential technological applications of NaBrF4, KBrF4, and 
RbBrF4 materials. 

2. Method of calculations 

To carry out our first-principle calculations, we employed the density 
functional theory (DFT) framework and utilized the Cambridge Serial 
Total Energy Package (CASTEP) code[5]. Our method relied on the 
pseudopotential plane-wave (PP-PW) approach. For the electronic 
exchange potential, we applied the Wu-Cohen (WC) exchange-
correlation function, which was specifically designed for solids and 
followed the generalized gradient approximation (GGA)[6].The energy 
cut-off for the basis set of plane-waves used was 60 Ry. The Monkhorst-
Pack special k-point sampling was used to cover the Brillouin zone (BZ) 
with a mesh of 4×4×2, which is equivalent to 3 irreducible points within 
the first BZ [7]. 

3. Results 

The structure of ABrF4 (A=Na, K and Rb) ternary compounds 
istetragonal space group I4/mcm (No. 140) as shown in Figure 1, where 
the unit cell contains four formula units (Z=4) in which the atoms are 
positioned in the followingWyckoff sites: A: 4a(0; 0; ¼), Br: 4d(½; 0; 0), 
and F: 16l(xF; yF; zF).To determine the equilibrium structural parameters 
including the lattice parameters (a and c) and the internal coordinates of 
Fluorine atom (xF, yF, and zF), we applied different values of hydrostatic 
pressures and for each value we calculated the volume V and its total 
energy E.Thereafter, we extract the different equilibrium parameters, 
according tothe equilibrium volume V0, which is corresponding to the 
minimum value of the ground state energy E0. 
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Figure 1.Crystal structure ofABrF4 (A=Na, K and Rb) ternary compounds. 

Furthermore, The calculated cell volumes V at fixed applied hydrostatic 
pressures and the associated total energies E were fitted to the following 
Birch-Murnaghan isothermal equation of states (BMEOS) [8], to obtain 
the bulk modulus B଴ and its pressure derivativeB଴

ᇱ , as shown in Figure2. 

E(V) = E଴ +
ଽ୚బ୆బ

ଵ଺
൝ቈቀ

୚బ

୚
ቁ

మ

య
− 1቉

ଷ

B଴
ᇱ + ቈቀ

୚బ

୚
ቁ

మ

య
− 1቉

ଶ

ቈ6 − 4 ቀ
୚బ

୚
ቁ

మ

య
቉ൡ    (1) 

where E଴and V଴arethe energy and volume at zero pressure, 
respectively.Table1displays the computed ground states parameters such 
as the lattice constants a and c, the internal coordinates of Fluorine 
atomxF, yF, and zF, the Bulk modulus B0 and its pressure derivative B’ 
along with the experimental data, as well as the other theoretical 
calculations for comparison.We can notice that there is an excellent 
agreement between our calculated results and the experimental ones for 
all studied compounds which affirms the reliability of our computations 
in this work. 

The electronic band structure along the Brillouin zone high symmetry 
lines is shown in Figure 3 forABrF4 (A= Na, K, and Rb) ternary 
compound. The Fermi level EF positioned at 0 eV and indicated by the 
horizontal dashed line.The calculated values of the energy gap are3.006 
eV, 3.180 eV, and 3.222 eV for NaBrF4, KBrF4, and RbBrF4, 
respectively,which gives these materials the characteristic to become 
semiconductors with wide band gaps. Furthermore, it is clear from the 
forms of electronic structure that NaBrF4has a direct band gap, owing to 
its VBM and its CBM arelocated at Г point, while the other studied 
compounds have an indirect band gap, which their VBM aresituated near 
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the point Γ in the Γ-X orientation, and their CBM situated at the Γ point. 

Table 1. The lattice constants a and c (in Å), the internal coordinates of Fluorine 
atom xF,yF and zF, the Bulk modulus B0 and its pressure derivative B0’ of ABrF4 

(A = Na, K and Rb) materials. 

materials Parameters calc. other calc. Expt. 

NaBrF4 a 5.792 5.546d, 5.788em 

5.7814f 

5.762a, 5.7848b, 5.7239c 

c 10.432 10.09d, 10.44e, 

10.4294f 

10.327a, 10.400b, 10.331c 

xF 0.3346 0.33452f 0.6633b, 0.33524c 

yF 0.1653 0.16548f –0.1633b, 0.16476c 

zF 0.1312 0.13140f 0.1299b, 0.13080c 

B0 28.683 28.09621f / 

B0’  6.89523f / 
KBrF4 a 6.183 6.1769f 6.192a, 6.162g, 6.174h, 6.17i, 6.0999j 

c 11.170 11.1626f 11.108a,11.081g, 11.103h, 11.1i, 

11.0509j 

xF 0.6542 0.65585f 0.161g, 0.152h, 0.152i, 0.65508j 

yF 0.1533 0.15585f 0.661g, 0.652h, 0.652i, 0.15508j 

zF 0.3777 0.37835f 0.147g, 0.880h, 0.121i, 0.37889j 

B0 19.225 20.42155f / 

B0’ 6.5501 6.42551f / 
RbBrF4 a 6.446 6.20n, 6.94o, 6.3895f 6.401a, 6.351k, 6.37181l, 6.2991m 

c 11.612 11.74n, 8.93o, 11.5819f 11.1538a, 11.489k, 11.4934l, 

11.4659m 

xF 0.6499 0.154n, 0.1458o, 

0.6508f 

0.1490k, 0.151l, 0.6501m 

yF 0.1498 -0.346n, -0.3542o, 

0.1508f 

-0.3510k, -0.349l, 0.1501m 

zF 0.6087 0.1145n, 0.1411o, 

0.6171f 

0.1162k, 0.1193l, 0.61660m 

B0 17.634 18.27326f / 

B0’ 7.0203 6.75771f / 

Note: aRef.[9], b,c,d,eRef.[10], fRef.[4], gRef.[11],hRef.[12], iRef.[13], jRef.[14],kRef.[15], l,n,oRef.[16], 
mRef.[17]. 

 

The main optical parameters such as the refractive index n and the 
absorption coefficient α that describe the optical behaviour of the material 
when it interacts with an external electromagnetic field can be computed 
from the dielectric permittivity ε, which is a complex function depends of 
the angular frequency ω of the applied electric field, given as: 

ε(ω) = εଵ(ω) + i εଶ(ω)                                (2) 
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whereεଵ and εଶ are respectively the real and imaginary parts of the 
dielectric function. 

 

Figure 2.The total energy versus cellFigure 3.The calculated electronic 
volume data. The black circles are the structure of ABrF4(A = Na, K and Rb) 
calculated results and the red lines ternary alkali metal tetrafluoride- 
represent the BMEOS fits.                               bromates materials. 

As ABrF4 (A = Na, K and Rb) ternary compounds crystallize in the 
tetragonal structure, the optical spectra of the dielectric function εଵ and 
εଶ, the refractive index n and the absorption coefficient α are plotted in 
Figure 4 and Figure 5 for only two components indicating by the 
superscripts xx and zz, which concerning the polarization of the applied 
electric field along the x (or y) and z directions, respectively. 



I. Mebarkia. / J. Phys. &Chem. Res. 2, Issue 2, December  (2023) 41–49 
 

Special Issue of the National Seminar of physics, Chemistry and their Applications “NSPCA’23”  
March 6-7th, 2023,  Mohamed El Bachir El Ibrahimi University, Bordj-Bou-Arreridj, Algeria. 

46 

 

 
Figure 4.The spectra of thereal and imaginary parts of the dielectric function 

forABrF4 (A=Na, K and Rb) ternary compounds. 

It is clear from the different optical spectra that the polarized components 
are not identical when the energy less than 25 eV, indicating that these 
materials having an optical anisotropy behavior in this energy 
region.According to the spectra of the real part εଵ (called also the 
dispersive part) we can affirm that the herein studied compound shows a 
Drude like behavior, which εଵ crosses the zero frequency and represents 
the dielectric response to a static electric field. The calculated values of 
the zero-frequency limit for the different polarized components (𝜀ଵ

௫௫(0) 
and𝜀ଵ

௭௭(0)) are mentioned in Table2. Furthermore, we can notice that 𝜀ଵ
௭௭ 

is the dominant component owing to its prominent peak located at around 
4.7eV, 4.8 eV, and 4.9 eV for NaBrF4, KBrF4, and RbBrF4, respectively. 

 

Table 2. Thecalculated values of the static dielectric constant εଵ(0), the energy 
values correspond to the maximum peaks of εଶ(𝜔), and the static refractive 

index n(0). 

Compounds 𝛆𝟏
𝐱𝐱(𝟎) 𝛆𝟏

𝐳𝐳(𝟎) 𝛆𝟐
𝒙𝒙(𝛚) 𝛆𝟐

𝐳𝐳(𝛚) 𝐧𝐱𝐱(𝟎) 𝐧𝐳𝐳(𝟎) 

NaBrF4 2.77 3.70 5.50 5.11 1.68 1.95 
KBrF4 2.43 3.24 5.81 5.14 1.61 1.83 
RbBrF4 2.22 3.15 5.92 5.22 1.60 1.82 
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Figure 5.The absorption spectrum and the refractive indexprofile of ABrF4 

(A=Na, K and Rb) materials. 

As shown in Figure 5, the refractive index profile n takes the shape of the 
dispersive part spectrum εଵ, where nzz is the dominant component of the 
refractive index that possess a significant peak situated at about 4.8 eV, 
4.9 eV, and 5.0 eV for NaBrF4, KBrF4, and RbBrF4, respectively. 
Moreover, the obtained values of the static refractive index for the 
different polarized components (nxx(0) and nzz(0)) are mentioned in 
Table2, which are close to the values obtained by the following semi-
empirical relation: 

n(0) = ඥεଵ(0)                                      (3) 

These consequences confirm the reliability of the obtained results for 
ABrF4 (A = Na, K and Rb) ternary compounds. 

The imaginary part of the dielectric function εଶ (called also the 
absorptive part) shows an anisotropy between its polarized components, 
whereεଶ

୶୶ and εଶ
୸୸ have prominent peaks at the lower energy region. The 

energy values correspond to these peaks mentioned in Table2, which 
principally originate from the optical transition between the highest 
occupied valence band and the lowest unoccupied conduction band. 

As mentioned in Figure 5, the absorption profile α takes the shape of the 
absorptive part spectrum εଶ, where represents the maximum absorbance 
in the ultraviolet (UV) optical range, which the first main peak located at 
about 5.4 eV signifies that this ternary compound can be used for 
producing specified UV optoelectronic devices. Furthermore, the 
absorption thresholds situated at3.0 eV, 3.2 eV, and 3.3 eV for NaBrF4, 
KBrF4, and RbBrF4, respectively. These results confirm the reliability of 
the obtained energy gap results for these semiconductors. 
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4. Conclusion 

In this study, the electronicand optical properties of ABrF4 (A = Na, K 
and Rb)materials were investigated in details using the pseudopotential 
planewave method within the generalized gradient approximation as 
enhanced by Wu and Cohen. Our calculated equilibrium structural 
parameters agree well with the other available results of the 
literature.Based on the results of electronic properties, it can be 
concluded that these ternary compoundsare semiconductor materials, 
NaBrF4has a direct band gap, whereas, KBrF4 and RbBrF4have an 
indirect band gap.The outcome of our investigation in the optical 
properties suggests that these semiconductors could be useful materials 
for specific applications in UV optoelectronic devices owing to their wide 
absorption in the UV region.Finally, our results can be considered as a 
source for future experimental research works. 
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Abstract 
 The lanthanides comprise the largest naturally occurring group in the 

periodic table, the “rare earth elements” which group the fourteen 
elements from 58Ce to 71Lu, which are also electropositive and 
reactive metals, except for yttrium. The researchers used these 
elements and calculated the yield of fluorescence (ωL1) by theoretical, 
experimental and analytical methods due to the large number of their 
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applications in various fields of physical chemistry and medical 
research. In the present work, all the experimental L1 sub-shell 
fluorescence yields taken from distinctive sources are studied. A 
detailed analysis of these data, and a table with weighted average values 

(ωL1W) of these parameters are presented. New recommended values (ωWR) 
are obtained dividing the experimental ratios (ωexp) by the weighted 
ratios (ωW) and removing out-of-range values (less than 0.8 or greater 
than 1.2). At that point, new values of average fluorescence yields 
were deduced using an interpolation that involves the well-known 
analytical function [𝜔௅௜ି (1 − 𝜔௅௜ିௐோ)⁄ ]ଵ ସ⁄ as function of the 
atomic number Z, and then semi-empirical data were deduced by 

fitting the ratio  R =  
ன̄ై౟-౛౮౦

ன̄ై౟-౓
, for the three shells. A comparison was 

made with other theoretical, experimental, and empirical values 
reported in the literature. An evident correlation was observed 
between our result and other works. 
 

Keywords: X-rays, atomic fundamental parameters fluorescence yields, recommended 
weighted average values, semi-empirical calculation. 
 

I. INTRODUCTION 

X-ray fluorescence parameters ‘’fluorescence yields, production cross-sections, 
and intensity ratios ...’’ has a great important for increasing need for analysis of 
new materials. These parameters are required in many applications apart from 
the atomic physics studies including the surface chemical analysis, dosimetric 
computations for health physics, cancer therapy and industrial irradiation 
processing. In the past, several attempts were made to calculate the Li (i=1,2,3)  
sub-shell fluorescence yields using a theatrical  model, or by fitting the 
experimental data (empirical and semi-empirical formulae) for a wide range of 
elements.  In this paper, it was focused on the L1 sub-shell fluorescence yields 
and the deduction and improvement of their semi-empirical values for 58 ≤ Z ≤ 
71. 

II. COMPUTATIONAL METHOD 

The reported experimental values of the compiled Li sub-shell 
fluorescence yields were extracted from the referenced articles (432 
values for L1 sub-shell in the atomic range 80 ≤ Z ≤ 96) were taken in a 
three to fourth-digit format with their associated errors. While reviewing 
this data, we noticed that some values are far from each other, so we used 
the weighted average values given by the following formula [1]: 
 

ΩW  =(∑N
i=1(∆(ωexp)i)-2)-1 ∑N

ji=1(ωexp / (∆(ωexp)i)2 )                       (1) 
 

Where (ωexp)i represents the ith experimental value, ∆(ωexp)i is the 
uncertainty of the ith experimental value, and N indicates the number of 
experimental data points. 
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In order to obtain reliable semi-empirical values, we have calculated the 
ratio of the experimental fluorescence yields with respect to the weighted 
average value: R= (ω)exp / (ω)W  then we have plotted the ratio R against 
the atomic number Z, as shown in Figs. 1. After we examined the 
weighted average values, we found that most of the experimental data 
point’s ω are centered around the weighted average value of all elements.  
However, some values are much dispersed compared to the weighted 
values, in particular for the heavy elements due to the large number of 
experimental data points in this region, and therefore the large number of 
references used to collect data, experimental methods and conditions. To 
obtain a reliable weighted average value and a good semi-empirical 
result, with sufficient data points, we included only the experimental data 
points for which the ratio S varies within the range of [0.8 - 1.2]. 
        About 41 values outside the interval [0.8 - 1.2] have been removed. 
Therefore, using once again formula (1) new recommended weighted 
average values ωL-WR have been obtained. These recommended weighted 
average values ωL-WR were used to calculate the empirical L-shell 
fluorescence yields. The approximation (ωL-WR / 1- ωL-WR)1/4 is presented 
as function of Z and plotted in Figure 2. Consequently, we used the 
following function for these interpolations: 
 

(ωLi-WR / 1- ωL-WR)1/4=f (Z)=∑3
n=0 an Zn                        (2) 

with: 
a0=4,65542±24,82493,   a1= -0,21449±1,15888 

a2=0,00358±0,01799,   a3= -1,93045.10-5±9,29352.10-5 
For the determination of empirical L shell fluorescence yields, formula 
(2) can be rewritten as follows:  

 ω Li emp =(f(z) /1+ f(z))4                                            (3) 

It must be emphasized that the fitting of formula (2) and the associated 
coefficients are only valid in the region of atomic number 80 ≤ Z ≤ 96, 
and the extension out of this region might take an unpredictable course. 
Finally for the determination of the average semi-empirical fluorescence 
yields, it is calculated using the two expressions (2) and (3) as: 

ω Li S-emp = f(z) . ω Li emp                                          (4) 

III. RESULTAT AND DISSCUSION  

The present calculation of semi-empirical average L sub-shell 
fluorescence yields according to equation (4) for all elements in the 
region 58 ≤ Z ≤ 71 is listed in Table 1. The theoretical values of Krause at 
al [2], the fitted results of Puri et a. [3], Campbell. [4], Sahnoun et al [5] 
and the experimental measurements of Bonzi and Badiger, [6] Bansal et 
al., [7] Kacal et al., [8] are also added in the same table. Because there are 
no experimental reported data for the element 61Pm the value of element 
is not in this table. The empirical average Li sub-shell fluorescence yields 
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obtained are compared with the results of Krause at al [2], the fitted 
results Puri et al. [3], Campbell. [4], Sahnoun et al [5] Bonzi and Badiger, 
[6] Bansal et al., [7] and Kacal et al., [8] as a function of the atomic 
number Z and are show in figure 3. 
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Fig. 1. The distribution of  R= (ω)exp / (ω)W  for each reference from which the 
databases are extracted according to the atomic number Z. 
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Fig. 2. Distribution of (ωL-WR / 1- ωL-WR)1/4 as a function of atomic 
number Z. 
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TABLE I.  SEMI-EMPIRICAL (THIS WORK), THEORETICAL, fiTTED AND 
EXPERIMENTAL (OTHER WORKS) AVERAGE L SUB-SHELL flUORESCENCE 

YIELDS FOR ALL ELEMENTS IN THE REGION 58 ≤ Z ≤ 71. 

Z-element 
This work Theo. Fitt Exp 

Semi-Emp [2] [3] [4] [5]  

Z = 58, Ce 
Z = 59, Pr 
Z = 60, Nd 
Z = 61, Pm 
Z = 62, Sm 
Z = 63, Eu 
Z = 64, Gd 
Z = 65, Tb 
Z = 66, Dy 
Z = 67, Ho 
Z = 68, Er 
Z = 69,Tm 
Z = 70, Yb 
Z = 71, Lu 

0,0619 
0,06772 
0,07383 
0,08023 
0,08688 
0,09376 
0,10085 
0,1081 
0,11549 
0,12298 
0,13052 
0,13807 
0,14558 
0,15301 

0,058 
0,061 
0,064 
0,066 
0,071 
0,015 
0,079 
0,083 
0,089 
0,094 
0,1 
0,106 
0,111 
0,12 

0,061 
0,065 
0,067 
0,071 
0,075 
0,078 
0,083 
0,087 
0,091 
0,095 
0,105 
0,109 
0,114 
0,12 

-- 
-- 
-- 
-- 
0,075 
0,08 
0,09 
0,1 
0,1 
0,11 
0,12 
0,13 
0,13 
0,14 

0,062 
0,0663 
0,0706 
0,075 
0,0793 
0,0836 
0,0879 
0,0921 
0,0963 
0,1004 
0,1043 
0,1081 
0,1118 
0,1153 

-- 
0,065[6] 
-- 
-- 
-- 
0,079[7] 
0,085[7] 
-- 
0,096[7] 
0,0107[7] 
0,093[8] 
-- 
-- 
0,0115[8] 

 
In figure 1, agreement between our empirical L1 sub-shell fluorescence 
yields results and the theoretical, fitted and experimental values is good, 
especially in the range 58≤Z≤62. In addition, our data differ in percentage 
with the theoretical values of Krause (1979) [2], the argument varies from 
6.30% to 13.31% for the first three elements, and deviation varies from 
17.73% to 23.75% for Z high. Where the relative difference (RD) 
between the obtained empirical values and other calculations were 
obtained using the expression     100ωωωRD empemp0

0  .In what 

concerns the comparison with previous fitted results, our semi-empirical 
average L sub-shell fluorescence yields also agree with the values of 
Campbell.(2003) [4] within 5.8–14.67%, the agreement between other 
semi-empirical calculation and the fitted and experimental values are not 
satisfying. The observed deviation varies from16.80% to 21.69% for Puri 
et al.(1994) [3] except for the five elements (the argument varies from 
1.45% to 13.67%), 14.80% to 24.64% for Sahnoune et al.(2016) [5] 
except for the seven elements (the argument varies from 0.16% to 
12.84%). 
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Fig. 3. The investigated semi-empirical L sub-shell fluorescence yields compared 

to their corresponding calculations Krause [2], Puri et a. [3], Campbell. [4], 
Sahnoune et al [5], Bonzi and Badiger, [6], Bansal et al., [7] and Kacal et al., 

[8] as a function of the atomic number Z. 

IV. Conclusion 

The average L sub-shell fluorescence yield measurements reported in the 
literature covering the period from 1934 to 2020 have been reviewed and 
presented in a table form (about 382 measurements). Using simple 
methods, a new set of L sub-shell fluorescence yields has been 
determined for elements in the atomic region 58 ≤ Z ≤ 71, The deduced 
semi-empirical fluorescence yields are in a relatively good agreement 
with those of other groups for the whole range of atomic number. In 
addition to available experimental and theoretical average fluorescence 
yields, current values can be added to databases and made available to 
workers in the field of atomic inner layer ionization processes. 
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Abstract 
 A superabsorbent polymer (SAP) can absorb large quantities of water. 

Hydrophilic materials are known as superabsorbent materials because 
they can absorb large amounts of aqueous fluid and desorb it under stress. 
One of the most critical parameters that limit the usefulness of SAP is its 
absorption capacity. Superabsorbent polymers can be used for water 
management and to renew arid and desert environments. This review 
demonstrates that superabsorbent materials can be beneficial to 
agriculture and the environment by reducing irrigation water 
consumption, improving fertilizer retention time in soil, decreasing plant 
mortality, and increasing plant growth. Nanotechnology could play a role 
in preparing superabsorbent nanocomposite materials by employing 
superabsorbent polymers. This article introduces superabsorbent/clay 
nanocomposites and the mechanochemical synthesis approach which are 
convenient and useful types of superabsorbent nanocomposites.. 

Keywords: Mechanochemical, Superabsorbent polymers, Nanotechnology, Agricultural, 
Nanocomposites, Nano clay. 

 
Introduction 

          In nanotechnology, functional systems are engineered and 
reorganized by manipulating small molecules and atoms [1]. 
During the eighteenth and nineteenth centuries, medicine, food, 
pharmacology, and agriculture evolved into interdisciplinary with 
the potential to make drastic changes to all these fields [2]. As a 
result of population growth and its impact on agronomic practices 
and productivity, there is currently a lack of food supply in 
developing countries [3]–[5]. Numerous applications in 
agricultural fields can be enhanced with nanotechnology-based 
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devices [6], [7], from swiftly inspecting diseases to enhancing 
plant capacity to absorb minerals and promoting the molecular 
treatment of diseases [8]. Agricultural nanotechnology is growing 
from a theoretical perspective to a practical one [9]–[12]. An 
understanding of the experimental tool's capability to work at 
nanometric levels will create more opportunities for molecular 
and cellular biology research. 
 There are roughly 7 billion people on the planet, with about half 
of them living in Asia. Climate change effects on agriculture, such 
as storms, droughts, and floods, are leading to a severe food 
shortage in developing nations due to an increase in the 
proportion of those living in such areas [13]. Several biotic and 
abiotic factors similarly limit agricultural production, and insect 
pests, diseases, and weeds cause significant losses in potential 
agricultural production [14,15]. Mass production of nanomaterial-
based pesticides and insecticides is being developed exclusively 
to manage insect pests and protect agricultural productivity by 
releasing nutrients and water molecules slowly, incorporating 
nanomaterial-mediated genetic material into plants to create insect 
pest-resistant varieties [16-19]. Precision farming products use 
these sensors exclusively [10,14]. Superabsorbent polymers 
(SAPs) are yet another type of polymer that is capable of retaining 
a great deal of water, usually more than ordinary sponges [20]. In 
most cases, they are composed of cross-connected polymeric 
organs. The polymer chains of many sorts of these materials have 
ionic associations to promote the diffusion of water within the 
system [21]. As a result, superabsorbent materials are known as 
hydrophilic building materials that can ingest large volumes of 
watery fluids in short periods. Then, they can desorb this liquid 
under anxiety conditions [22].  
Currently, superabsorbent polymers have been considered 
increasingly for water handling, and also for the rehabilitation of 
parched and additionally abandoned environments [23], 
[24]. Presented evidence shows that superabsorbent materials can 
decrease water usage in both farming and environmental water 
systems. They can also change the time for maintaining compost 
in the soil, decrease the death rate for plants, and boost the growth 
rate for plants. Superabsorbent polymers can be adapted using 
nanotechnology to incorporate the work of nanomaterials[23], 
[24]. This can help in the development of superabsorbent 
nanocomposites. Due to their better performance and high surface 
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area utilization, nanoscale superabsorbent materials are 
used. Similarly, these materials decrease the amount of raw 
material required and improve productivity [22]. The field of 
horticulture can make extensive use of nanotechnology. Variety in 
precipitation sum, distribution, and quality directly affect yield 
creation in dryland areas. Under rainfed conditions, soil dampness 
plays the most vital role in affecting the second rice harvest after 
the first [25].  
Hydrogels with super-absorbent properties may provide the most 
effective results in this area of investigation. The properties of 
polymeric superabsorbent materials have been experimented with 
at several scales, from full-scale to miniaturized to 
nanoscale[24]. Nanotechnology has been used as a perspective for 
changing the swelling capacity, gelatin quality, and mechanical 
and warm properties of super absorbents [24]. Many studies have 
been conducted on the use of nanotechnology to enhance the 
performance of superabsorbent polymers. The focus of the present 
article is to shed light on nanocomposites with superabsorbent 
polymers and their impact on the adjustment of SAP materials. 
The impact of nanoparticles and nano clay is explored in greater 
depth as well [4, 22, 26, 27]. 
 

A Classification of Saps 
      Based on their source, SAPs can be divided into two groups: 

 Natural one: There are two types of natural polymers: 
derived-polysaccharides  (such as cellulose, starch, alginate, 

and agarose) and polypeptides-derived (such as gelatin, 
collagen) are used extensively [28,29]. 

 Second one is the synthetic chemical types of plastic (vinyl 
acetate, polyacrylic acid, polyethylene glycol, methacrylic 
acid) that are developed from petrochemicals.  

Like hydrogels, SAPs can be categorized based on several aspects. 
Depending on whether the cross-linked chains have an electrical 
charge located in them, SAPs may be divided into four groups [30]: 

 Non-ionic type. 

 Ionic(including anionic and cationic) 

 Amphoteric electrolyte (ampholytic) containing both 
acidic and basic groups 
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 Zwitterionic (polybetaines) that containboth cationic 
and anionic groups for each repeating structural unit. 

For instance, most SAP hydrogels on the market are anionic. In 
addition, SAPs, as well as their chemical structure, can be grouped 
into several categories, so the majority of standard SAPs fall into 
one of the following groups [30–32]: 

 cross-linkedpolyacrylatesandpolyacrylamides 

 Hydroxy cellulose copolymers with polyacrylonitrile or 
starch-polyacrylonitrile (PAN) 

 Cross-linked maleic anhydride copolymers. Nevertheless, 
according to sources, SAPs can be classified into two 
categories, namely synthetic (petrochemical-derived) and 
natural. Hydrogels based on polysaccharides can be divided 
into two main groups, i.e. those based on polypeptides 
(proteins) and those based on polysaccharides. Most SAPs 
that are derived from natural sources include synthetic 
components as well, such as vinyl monomers being 
copolymerized with polysaccharides in graft 
copolymerization. 

A word like "superabsorbent" sometimes means the most 
conventional form, that of anionic acrylic, which is a copolymer 
network derived from partially neutralized acetate acid (AA) or 
acetate amide (AM) [33]. 

Models of Statistical Analysis 
         A measurable model for polymer structure design assumes 
the polymer structure incorporates monomer units, based on 
probability guidelines. Literature has accounted for several factual 
computational models, including the recursive strategy [34], the 
piecing technique, and the production capacity strategy [35]. For 
the service of identical quantified depictions, the arbitrary cross-
linking theory provides the following: (1) Carbon twofold bonds 
must be equivalent and autonomous; (2) no intramolecular 
cyclization is permitted; (3) permission of chain exchange or 
disproportionation; and (4) free energy changes. Transformative 
subordinate energy, cyclization with inexact treatment, and 
adjustment of the end components have all been accounted for  [36, 
37]. 
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As shown in Figure 1, a free radical catalyzes polymerization. 
through a connection likelihood design. A free radical cross-linking 
polymerization can be carried out under six different fortified 
conditions, as shown in figure 1 [21, 23, 30]. There are two 
properties of the reinforced conditions of a monomer unit: (1) the 
number of shapes of bonds between different monomers and 
(2)theType(s) of fortified units.The mono vinyl acrylate monomer, 
as indicated in the figure, can be bonded in six different ways: not 
reacted, no bonds with different units, and one bond with another 
unit. Another monomer of acrylate; another crosslinker; two 
framed bonds, which may comprise two additional acrylate 
monomers; an acrylate and a crosslinker; or two crosslinkers[36]. 

 

 

 

 

 

 

 

 

Figure1.An acrylate monomer reacts with a radical free-radical crosslinking 
polymer during a polymerization process (modified from [36]). 

Superabsorbent Clay Nanocomposites 
         According to Sigma-Aldrich Company, nano clays are dirt 
minerals that can be used to create polymer-clay nanocomposites 
having broad properties that can be applied to a wide variety of 
fields. Nano clay minerals are principally utilized as material 
components [23].  Montmorillonite is the most usually utilized as a 
part of these applications [27, 38]. Aluminosilicate layers are 
deposited on Montmorillonite's surface and are substituted with 
metal cations, forming stacks of about 10-μm high (Fig. 2).  

Nanoparticles of polymer-earth nanocomposite are usually formed 
by scattering the stacks within the polymer 
framework. Nanocomposite layers are composed of nanoparticles 
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with a size of approximately 150 nanometers and a thickness of 
nm-thick clay layers entirely isolated from each other. Moreover, 
even at low nano clay stacking, Clays are polymers that dwell on a 
surface connected to nanocomposite, with polymer chains holding 
a majority of the weight share [23], [39]. 

 
Figure 2. Structure of 2:1 clay mineral (modified from [40]). 

 
The Montmorillonite mineral was discovered in Montmorillon, 
France, in 1847. In nature, bentonite is a key component of 
montmorillonite[40]. Montmorillonite is a substance that is mostly 
found in stones, which are extremely colloidal and plastic. Despite 
their similarity, kaolin clay particles and Bentonite particles differ 
on account of their thickness [23]. It is entirely possible that 
bentonite sodium or potassium salts could be sliced into thin plates 
with a thickness of 1 nm [41]. Montmorillonite is not the only 
mineral that may be found in bentonite. The mineral may also 
consist of crystalline quartz, feldspar, and cristobalite. A significant 
number of earth minerals-including Bentonite which is an 
amorphous, high-water-retaining material with thixotropic hydrogel 
properties, as well as high cation-trading capacity [42]. Dirt 
minerals may possess properties distinct from soil minerals, such as 
interstitial water and compatible cations in the interlayer  [43]. 
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As part of superabsorbent polymer alteration, montmorillonite 
(MMT) has been widely used. A superabsorbent made from MMT 
and NaAlg-g-poly(AA-co-AAm), Rashidzadeh et al. (2014) 
reported on compost-controlled discharge with the composite [44]. 
Incorporating montmorillonite into pure superabsorbent created the 
highly porous structure of Hyd/MMT/NPK, which enhanced water 
absorption of the composite [44]. 

Mechanisms Of Swelling in Superabsorbent Polymers 
         SAP materials swell for a variety of reasons. For swelling to 
occur, the following components have to be present for the last 
swelling limit (the amount of surface water that an SAP can hold 
once surface water has been removed by a centrifuge under free 
swelling conditions) [10, 22, 25, 43]. SAP  polymer arrangements 
are depicted in Figure 3. Due to its hydrophilic nature and 
carboxylic acid gatherings (-COOH), SAP is a polymer spine. A 
polymer/dissolvable association results when watery arrangements 
are introduced to SAP; one of these is hydration, and another is 
hydrogen storage [25, 41, 43]. 

 

Figure3.Diagram of SAP network during swelling ( modified from [10]). 

Mechanochemical Synthesis of Superabsorbent Polymers 
        An efficient mechanochemical process involving the use of a 
ball mill can be applied for the successful synthesis of different 
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SAPs with a variety of applications fields such as perovskites like 
barium titanate[6], [7]. In the crystallographic analysis of the 
prepared powder, it was demonstrated that mechanically ground 
BaO and TiO2 powder are converted fully into barium titanate after 
90 minutes of milling [45]. Moreover, EDS analysis concluded that 
the tested samples contained only barium, oxygen, and titanate. 
Compared to aqueous suspensions, SAP suspensions of BaTiO3 are 
more similar to the dry powder of barium titanate[45]. 
 

Agricultural Applications  
        Due to their ability to retain water, SAPs are used in 
agriculture as a water-saving material and soil conditioner [22]. 
Due to the expansion and contraction of polymeric particles during 
moisture cycles, SAPs enhance porosity in clayey soils. Plant 
growth was significantly moderated by SAP application in drought-
stricken areas and irrigation deficit regions [46]. 
To attain water retention and controlled release properties, 
superabsorbents are used with fertilizers [47]. In addition to 
improving plant nutrition and water efficiency, this fertilizer and 
superabsorbent combination reduce evaporation losses and 
irrigation frequency [48]. In aquatic and terrestrial areas, SAPs are 
used to control pest infestations by preventing pests from escaping 
the granules. For this purpose, superabsorbents based on 
polyacrylates and polyacrylamides are mainly used. Other 
polysaccharides used in agriculture and horticulture include sodium 
alginate, ethyl cellulose, and chitosan [22]. In addition to 
controlling the release of herbicides, these hydrogels are soil 
conditioners that encourage plant growth as they are made of agar 
and starch [22]. 
 
Saps as A Source of Nutrition 
         In agricultural applications, nitrogen fertilizers are employed 
because it is an essential nutrient for plants [26]. Nitrogen 
fertilizers, such as urea (46%) are the most widely used [4]. By 
using slow-release fertilizers, it is possible to minimize nutrient 
losses observed due to surface runoff, leaching, and vaporization 
[26]. A slow-release fertilizer is advantageous beyond its reduction 
of nutrient losses because it provides a controlled and sustained 
supply of nutrients for a long time, allows the fertilizer to release 
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nutrients more efficiently, reduces the frequency of application, and 
reduces toxicity and overdose [22]. 
 
Hydrogel Sap as Water-Retention Agent 
        Due to their high-water absorption and retention abilities, 
superabsorbents conserve water, allowing soils to remain moist 
[44], [49]. To prevent the soil from drying out, the granules are 
mixed into it in prescribed amounts. Water is absorbed by the 
granules by swelling, and they release it as the soil dries by 
diffusion [22], [50]. This reduces evaporation and irrigation water 
loss [51]. In the process of absorbing water, the SAP grows and 
expands, and as a result, the soil becomes a lot more porous, which 
then increases oxygen availability to the roots. To promote plant 
growth in areas prone to drought, polyacrylate SAPs were used. 
The degradation of polyacrylate-based SAPs and the release of 
toxic chemicals has led to the development of new classes of 
environmentally friendly bio-based SAPs based on cellulose and 
starch [50]. 
 

 Conclusions 
Mechanochemical synthesis is an environmentally friendly, highly 
efficient, and time-saving, economical synthesis technique for 
creating new and efficient functional materials. This review provides 
a brief of recent advances in the use of superabsorbent polymers that 
can be used to replenish arid and desert settings and regulate water. 
Consequently, superabsorbent materials can benefit agriculture and 
the environment by using less water for irrigation, increasing the 
time fertilizer stays in the soil, lowering plant mortality, and 
promoting plant growth. Superabsorbent polymers could be used in 
nanotechnology to create superabsorbent nanocomposite materials. 
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Abstract 
 Thermal insulation is one of the major problems of building comfort. One 

of the solutions proposed is the use of the latent heat of phase change 
materials to evacuate the external heat in order to keep it at an adequate 
temperature in the chamber. In this work, we use the latent heat of a MCP 
type C25H52 pure and doped with two types of dopant In2O3 and AlCl3 for 
the climatic application. We study the effect of dopant nature and doping 
rate on phase change time, latent heat and mass loss. To improve this time 
we doped our material with In2O3, and AlCl3. The study consists in 
monitoring the evolution of the phase change time, the flow of the latent 
heat and the loss of the mass according to the nature of the dopant and the 
doping rate. A study of the DSC, ATG, FTIR and PL characterization is 
presented. The study showed that the best dopant for solar insulation is 
AlCl3 doping. 
 

Keywords: MCP, AlCl3, PL, FTIR, DSC. 
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1. Introduction 

Several works are carried out, on thermal insulation of the building in a 
material with phase change, either by the improvement of the cooling 
thanks to the natural or forced convection, or by the absorption of the 
excess of the external heat, we can quote: 
In The work of H. Manz et al. (1997) [1] , they proposed a wall of phase 
change material, the hydrated salt (melting temperature of 26.5°C) and a 
TIM. The phase change material transmits the visible spectrum of solar 
radiation, producing natural light. It is contained in glass bricks. The part 
of solar radiation in the infrared is stored by the latent heat during the 
melting of phase change material. 

A transparent insulating material is added to the extra thickness of the 
wall to remedy the losses observed in other types of storage walls. 

 
 

Figure 1.Wall with MCP and TIM. 

 

The authors developed a one-dimensional numerical model coupling 
conduction and radiation, and compared their numerical results to 
experiments, using data from a single brick in the middle of the wall in 
order to avoid edge effects. 

In 2004, Mohamed M. Farid et al. [2] present a detailed work of systems 
using phase change materials (PCM) to store thermal energy in building 
applications. This review presents the different methods of incorporating 
phase change materials within the envelope. The conclusion of this work 
is that the introduction of phase change materials in the building envelope 
can minimize temperature fluctuations by using solar energy. 
An active system was used by Vineet Veer Tyagi and D. Buddhi in 2007 
[3] to offload the electrical network during periods of peak consumption, 
electrical energy is therefore preferentially used during off-peak hours 
when it is at a lower cost to be stored as latent heat. The principle is to 
melt or solidify an PCM during off-peak hours in order to solidify it 
during peak hours and thus restore the heat to the part. 
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Figure 2.  Diagram of underfloor heating 

In 2009 Zhu, Ma and Wang [4] focused on work on the dynamic 
characterization of the behavior of PCMs, necessary to optimize their use 
on the performance of buildings incorporating phase change materials. 
The conclusion of this work is that the use of phase change materials can 
have positive consequences on the energy performance of a building but 
the heat transfer is sometimes insufficient and the selection of a PCM 
must be made according to the climate. In which the building is located. 
However, the studies remain insufficient to correctly predict the possible 
gains. 

The purpose of using these materials is to extend the duration of thermal 
stability (constant temperature) on the wall beyond 8 hours, which 
corresponds to the time of sunshine. Unfortunately, paraffin has a low 
thermal conductivity which does not allow good heat transfer between the 
material and the ambient air [1-6]. The solution to this problem is the 
doping of paraffin with fine oxides of high thermal conductivity [5-8]. In 
recent years, with the development of nanomaterials, studies have begun 
to improve the thermal conductivity of the base material. by adding 
nanoparticles, called “nanomaterials”[7-13]. 

In this paper, we are interested in the influence of doping rate on the 
phase change time and the latent heat of the material in time and 
temperature. A thermal characterization (DSC, ATG), optical (PL), 
spectroscopy (FTIR) and morphology of our materials are studied. 
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2. Method 

In this work, we used a C25H52 type paraffin which was doped with In2O3 

and AlCl3 in the range of 0 and 30% atomic. The material was heated to 

boiling temperature to obtain its liquid phase using a STUART CC62 hot 

plate equipped with a STUART SCT1 controller allowing the 

measurement of temperature as a function of time. The doping agents 

used are RIEDEL DE HAEM brand In2O3 and PRESI brand powdered 

AlCl3. 

Table 1. Characteristics of dopants and MCP 

 Density g.cm-3 
Melting 
temperature °C 

Molar mass 
g.mol-1 

Boiling temperature 
°C 

In2O3 
2.44-2.48 g.cm-
3 

190°Cà 2.5 atm 133.34 g.mol-1 
182,7 °Cà 
752 mmHg 

AlCl3 3.97 g.cm-3 2050°C 102 g.mol-1 2980°C 
MCP 0.9 g.cm-3 50-59°C 404 g.mol-1 190°C 

 

3. Results 
 
3.1 Thermal characterization 
Figures 5 and 6 shows the influence of doping rate on time as a function 
of paraffin temperature during the phase change for the two types of 
dopants. 
It is clearly observed that: 
The temperature is constant during the phase change period. 
The phase change time increases with the doping rate regardless of the 
type of dopant. 
The phase change time evolution is much better for AlCl3 compared to 
In2O3. 
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Figure 5.The variation of temperature as a function of time of In2O3 for different 

doping rates of a mass of 5 g. 
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Figure 6.The variation of temperature as a function of time of AlCl3 for different 

doping rates of a mass of 5 g. 
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3.2 DSC characterization 
The measurement of the heat flow as a function of the temperature of the 
oven is carried out from the zero temperature 0°C up to the temperature 
100°C, with a heating rate equal to 5°C/min. 
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Figure 7.  DSC q=f(T) curves of pure paraffin, doped with In2O3 and AlCl3 

(30%) 
This curve represents the heat flux changes of pure paraffin and paraffin 
doped with In2O3 and AlCl3 (30%) and as a function of oven temperature. 
It is observed that the material begins to absorb heat at the temperature of 
the beginning of the phase change (45°C, 8.1J/g), where and this is 
maximum, and then returns to the zero point when it is completely 
transformed into liquid. The latent heat increases with increasing doping 
rate for all types of dopants and it is maximum for AlCl3. 
The thermal measurement of our material shows that the phase change 
time enters into the characterization of the heat transfer between the 
material and the surface of the wall. This time is proportional to the 
amount of heat transferred and is greater as the doping rate is high. 
These results show that there is a relationship between the thermal 
conductivity and the latent heat when the thermal conductivity is 
increased with the injection of the nanoparticles, the latent heat increases 
and increases the phase change time, this study confirms the results 
obtained on the phase change time calculation. 
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3.3 Optical characterization 
This curve represents the influence of the doping rate on the intensity as a 
function of the wavelength. It is shown that the intensity decreases with 
increasing doping rate, which means that both dopants decrease the 
intensity of the material. 

 
Figure 9. Pure paraffin photoluminescence, paraffin doped with In2O3 and 

AlCl3 30% 
 

We observe in our figure of paraffin/AlCl3, In2O3 and a broad band of 
absorbance, and this band is very important increases for the doping by 
AlCl3, therefore our material doped by AlCl3 appears as a suitable 
material with many favorable properties for solar and nuclear 
applications. Our spectrum of MCP/ In2O3, exhibit two bands of 
luminescence, a band of short wavelength, located near the absorption 
edge of the crystal, i.e. the edge luminescence, and another wide band of 
long wavelength, the maximum of which is generally located in the 430-
800 nm spectral range. A strong emission is observed at 450-720 nm 
associated with the presence of surface defects on the nanoparticles for 
the two types of dopants. At the same time, an emission peak of 410 nm 
when increasing the doping rate by 20% for MCP/In2O3 nanoparticles 
gives a gap of 3.1 ev. 
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5. Conclusion 
In this work, we show that the use of phase change materials with high 
thermal conductivity is a solution for solar cooling and storing energy. 
The injection of high thermal conductivity nanoparticles of In2O3 and 
AlCl3 improves its thermal conductivity. To see the influence of the 
doping effect of In2O3 and AlCl3 on the paraffin, thermal, optical and 
spectroscopic characterizations are presented. It is concluded that for all 
the dopants the doping improves the phase change time and the latent 
heat. The experimental results show that the use of doped paraffin on the 
walls of buildings is an effective solution for solar cooling and it is very 
important in the case of AlCl3 doping. 
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