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Abstract 

 

Objectives: The present review work shows a detailed 

study of the optical and structural characteristics of SiOx 

films using different deposit techniques, among which 

employing the technique of Chemical Deposit in Vapor 

Phase by Hot Filament (HFCVD), it was possible to obtain 

a thin film without annealing and that presents an intense 

emission of photoluminescence.  

 

Methodology: A review of the optical and structural 

characteristics of SiOx films obtained using the most 

popular techniques, such as: PECVD, LPCVD, and 

magnetron sputtering, against the HFCVD technique and 

the control of process parameters that improve the 

thickness and emission of photoluminescence.  

 

Contribution: How to obtain, adjust or optimize 

photoluminescence in the visible electromagnetic 

spectrum of SiOx without thermal annealing, where a 

strong emission is obtained in the red of the visible 

electromagnetic spectrum. 

 

 

Photoluminescence, Nanomaterials, Non-

stoichiometric silicon oxide 

Resumen 

 

Objetivos: El presente trabajo de revisión muestra un 

estudio detallado de las características ópticas y 

estructurales de películas de SiOx empleando diferentes 

técnicas de depósito, de entre las cuales por medio de la 

técnica de Depósito Químico en Fase Vapor por Filamento 

Caliente (HFCVD), se logró obtener una película delgada 

sin recocido y que presenta una intensa emisión de 

fotoluminiscencia. 

 

Metodología: Una revisión de las características ópticas y 

estructurales de películas de SiOx obtenidas usando las 

técnicas más populares como son: PECVD, LPCVD, y 

pulverización catódica de magnetrón, contra la técnica de 

HFCVD y el control de parámetros del proceso que 

mejoran el espesor y la emisión de fotoluminiscencia.  

 

Contribución: Cómo obtener, ajustar u optimizar la 

fotoluminiscencia en el espectro electromagnético visible 

del SiOx sin recocido térmico, donde se obtiene una 

emisión fuerte en el rojo del espectro electromagnético 

visible. 

 

Fotoluminiscencia, Nanomateriales, Óxido de silicio no 

estequiométrico
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LUNA-LÓPEZ, José Alberto. Photoluminescence tuning in SiOx by HFCVD: a review. Journal of Scientific and Technical 
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Introduction 

 

A. Silicon-based nanostructured materials 

 

Most manufactured electronic devices base their 

technology on silicon (Si) since it is one of the 

elements that has the versatility of changing its 

intrinsic properties by doping it with elements 

from the table periodic group III (type p) and V 

(type n). The purpose of doping this material is 

to change its electrical, thermal, and physical 

properties generally; however, one of the 

significant disadvantages of this material is that 

it has an indirect bandgap, which generates a 

substantial drawback for the development of 

optoelectronic devices. In 1990 the scientist 

Canham discovered efficient visible 

photoluminescence at room temperature in 

porous silicon [1]. This brought the attention of 

developing new materials based on silicon 

technology capable of emitting light; since then, 

extensive research began to develop 

nanostructured silicon materials with intrinsic 

optical properties which permit them to have 

photoluminescence. 

 

B. Porous of silicon 

 

The fascinating ability to be able to design or 

create nanomaterials with different architectures 

grew impressively because they present 

outstanding performance concerning their 

optical, electrical, physical, and thermal 

properties, which can be modified at the 

nanometric scale; it motivated researchers 

focused on the task of controlling the atomic 

structure along with compositional properties of 

a great variety of silicon based nanomaterials, as 

well as the explanation of the new physical 

phenomena present in these materials. 

 

The main reason for developing silicon-

based technology is the creation of 

optoelectronic devices, although initially, the 

silicon material did not allow the development of 

this technology due to its poor optical properties; 

however, in 1990, visible photoluminescence 

was found in silicon porous [1]. Initially, to 

obtain these silicon pours, it was not necessary 

to use expensive equipment since it was only a 

chemical solution where electrical bias was 

applied. Nonetheless, the creation of these 

silicon porous has been refined over time, as 

better control of shape and size can be achieved 

with etching or epitaxial techniques.  

 

This material has great potential to be 

used in the development of light-emitting diodes 

or the creation of sensors; in this respect, a lot of 

work has been done by different research groups 

worldwide. 

 

C. Silicon Nanocrystals (Si-ncs) 

 

After arduous investigation, it was possible to 

obtain better stability in the light emission of 

silicon, and it happened when was discovered 

the formation of silicon nanocrystals (Si-ncs) 

embedded in a matrix of silicon oxide (SiO2) 

after thermal annealing was applied on films of 

such material, this material is known as silicon-

rich oxide (SRO) or non-stoichiometric silicon 

oxide (SiOx). Some techniques seek to obtain 

this material at a low cost and with good quality. 

The techniques that have shown promising 

results are namely, magnetron sputtering [2], 

low pressure chemical vapor deposition 

(LPCVD) [3], plasma enhanced chemical vapor 

deposition (PECVD) [4], and hot filament 

chemical vapor deposition HFCVD [5]. The 

LPCVD and PECVD techniques permit great 

control over the thickness, but they have doping; 

other ones have better control over doping like 

sputtering and ion implanting; however, one of 

the most significant disadvantages of these 

techniques is that they require thermal annealing 

to obtain good photoluminescence placed in the 

red visible range, since the photoluminescence 

of the SiOx films obtained by such techniques, 

has low emission and presents 

photoluminescence in the blue visible region. On 

the other hand, the HFCVD technique offers a 

good advantage which is the low cost of the 

equipment, and it allows for obtaining good 

results; there are studies where the 

photoluminescence obtained from films grown 

by this technique lies in the blue visible region, 

and there is also emission in the red visible 

region for the case of films without thermal 

annealing [14-17]. 
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Fabrication of non-stoichiometric silicon 

oxide (SiOx)  

 

D. Low-pressure chemical vapor deposition 

(LPCVD) 

 

There are various types of equipment to 

synthesize SiOx, which have certain advantages 

and disadvantages, for a such reason this section 

is aimed to know remarkable characteristics 

which benefit or hinder obtaining the SiOx film 

by the LPCVD technique since it may happen by 

improving a specific characteristic, perhaps 

another one will be affected. One must know 

very well what is required to obtain, for example, 

an electronic device, solar cell, sensor, or maybe 

an optical device. 

 

Low-pressure chemical vapor deposition 

(LPCVD) is a technique used for the growth of 

semiconductor materials by chemical vapor 

deposition (CVD), and this is due to the great 

advantage of using sub-atmospheric materials 

for growing materials such as silane and 

compounds of group III-V. The process by 

which the precursor is transported on a solid 

surface along with the solid product materials 

formed is as follows: 1) the transport of the 

precursor is in gaseous form, 2) the chemical 

reaction on the substrate, 3) the absorption of 

species on the substrate, 4) desorption of the 

reacted precursor and 5) film formation.  The 

latter is dominated by kinetic factors such as 

concentration, pressure, temperature, enzyme 

activity, and the change in temperature 

gradients. Continuous flow reactors use forced 

convection forces, where they can be pumped 

out of a low-pressure CVD reactor known as 

LPCVD. 

  

To obtain a SiOx film by LPCVD, a 

source of silicon (Si) and oxygen (O) is 

necessary. The reported precursor is a mix of 

silane (SiH4) and nitrogen oxide (N2O), and the 

temperature used is higher than 700ºC; however, 

these films require thermal annealing to improve 

photoluminescence [6,7]. 

 

E. Plasma enhanced chemical vapor deposition 

(PECVD)  

 

The Plasma Enhanced Chemical Vapor 

Deposition (PECVD) process dates as back to 

the 1950s and 1960s, when the decomposition of 

an organic precursor due to an electron beam 

was first achieved. 

This interaction between the electron 

beam and the organic vapor in the vacuum 

system formed a thin film. It may be concluded 

that it was formed by the free radical 

polymerization of the organic molecule after 

being exposed to the electron beam, followed by 

the adherence of the surface [8-10]. 

  

In 1958, D.A. Buck et al. observed that 

the mechanism that formed the films could be 

applied to developing thin insulating films [11]. 

This electron bombardment made various 

chemical compounds that form thin films. In 

1971, Reinberg designed the Reinberg reactor, 

where a parallel plate RF system is used to 

achieve low temperature deposits, and designed 

semiconductors or coatings [12]. The reactor 

induced a radial laminar flow of gases on the 

substrate, obtaining better uniformity. 

Subsequently, the PECVD system evolved 

during the last decades, where significant 

technological advances have been achieved. 

  

For the SiOx film grown by PECVD, the 

reported precursor is a mixture of SiH4 and 

N2O, the temperature used is low < 300ºC, 

however, these films require thermal annealing 

[20,24]. 

 

F. Magnetron Sputtering 

 

Magnetron sputtering is a technique for 

depositing thin films, which consists of a target 

of the material to be deposited; this acts as a 

cathode, and where the substrate is placed as the 

anode. Inside the reactor, energetic ions are 

generated by the discharge of the generated 

plasma, which is generated by a radio frequency 

(RF) source of alternating current (AC) or direct 

current (DC). The process consists of 

bombarding the target with ions that tear atoms 

from it, generating secondary electrons, which 

have an essential role in maintaining the plasma 

[2]. 

  

There are several reports of obtaining the 

SiOx film by magnetron sputtering; due to the 

versatility of the technique, since the precursor 

can be modified in gaseous form, the target can 

also be modified, but the key components used 

in this system consist of a source of SiO2 and a 

gas that forms a plasma to remove the atoms 

from the substrate as well as the power which is 

also modified depending on the results that just 

one wishes to obtain. 
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G. Hot filament chemical vapor deposition 

(HFCVD) 

 

One of the noblest techniques is the HFCVD 

technique, with which is possible to obtain films 

based on silicon (Si) and Carbon (C); for 

example, SiOx grown by HFCVD has a 

photoluminescence emission in the red visible 

region without thermal annealing, and also the 

silicon oxycarbide OSiC films which have 

emission in the blue visible range [13]. 

  

The HFCVD technique allows having 

two reactor models, namely the vertical HFCVD 

reactor and the horizontal one. Both HFCVD 

reactors are functional; however, there is a great 

advantage of the horizontal model over the 

vertical one, and it is related to the supply of 

gases that arrive through the upper part of the 

reactor, where they are directed towards the 

filament, which dissociates the atoms being 

pressed onto the substrate. We will proceed to 

make a brief description of the main 

characteristics offered for each reactor model. 

 

H. Vertical HFCVD reactor model 

 

The HFCVD vertical reactor model is a system 

for depositing oxide films; the nobility of this 

system lies in its low cost for obtaining thin 

oxide films. 

  

The system consists of a stainless steel 

reactor in which the gas is supplied through the 

upper part of the system, and such gas reaches 

the filament and precipitates into the substrate. 

Another critical component of the system is the 

vacuum pump, which allows for obtaining a high 

vacuum. The schematical representation of the 

system is shown in Figure 1. 
 

 
 

Figure 1 The representative diagram of the Vertical 

HFCVD model 

 

The underlying mechanism which 

describes the performance of the vertical 

HFCVD reactor is shown in Figure 2. As 

mentioned above, the gas is supplied by the 

upper part of the system; the role of the gas is 

vital since it can be used as a source or as a 

means for the synthesis of the oxide film. The 

first step to obtaining the oxide film consists of 

reaching a high vacuum in the reactor with 

which a clean environment is possible to 

generate within it, then the desired amount of gas 

to form the film is supplied inside the reactor, 

and once the flow is established and constant, the 

filament is turned on, and temperature is 

increased by a voltage applied, the gas is formed 

by molecules, where the atoms begin to travel 

within the reactor, the idea of placing the gas 

supply in the upper part is to achieve a better 

uniformity in the film since it is directed to the 

filament, which dissociates the molecule and 

divides it into atoms, these atoms are 

precipitated on the substrate, due to the change 

in the temperature gradient from the filament to 

the substrate, creating a chemical reaction and 

forming a uniform film. 

 

 
 

Figure 2 Vertical HFCVD reactor schematic 

 

I. Horizontal HFCVD reactor model 

 

Another variant that exists is the horizontal 

HFCVD reactor, which is formed by a quartz 

tube, which has the function of the reactor; the 

main difference it has with respect to the vertical 

model is the supply of gas in a lateral way, as 

observed in Figure 3, the filament is in the upper 

part of the system, this has the same function that 

is to dissociate the molecule and precipitate the 

atoms into the substrate, besides it also has a 

high vacuum pump. 
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Figure 3 Horizontal HFCVD reactor model 

 

A remarkable difference in the 

performance of the vertical HFCVD reactor 

system with respect to the horizontal one, as 

mentioned, is the gas supply, which, being 

lateral in shape, complicates obtaining a uniform 

film. The first step is to obtain a high vacuum in 

the system to achieve an inert environment; once 

this is achieved, the gas begins to be supplied; 

such gas is made up of molecules, which are 

transported laterally to the system when the flow 

is stable, the filament is turned on, as can be seen 

in Figure 4, these molecules begin to dissociate 

in the hot filament, however, having a greater 

lateral volume, the system tends to grow films 

with different thicknesses since the atoms are 

precipitated in greater quantities in the lateral 

part of the substrate where the gas is supplied. 

The film grown is most often in the form of rings 

with different colors, which is attributed to 

different thicknesses [14-19]. 
 

 
 

Figure 4 Process of dissociation diatomic molecules in 

Horizontal HFCVD reactor model 

 

The HFCVD reactor consists of a 

stainless steel or quartz reactor; inside the 

reactor, a precursor gas is supplied, it may be 

either nitrogen (N2) or hydrogen (H2), howbeit 

the gases have the function of dissociating by the 

filament of tungsten at high temperature so that 

SiO2 molecules are released from the quartz 

source, which will be deposited on a substrate for 

the changing in the temperature gradient and 

separation that exists between the filament and 

the substrate. 

 

 

Non-stoichiometric silicon oxide (SiOx) 

process by HFCVD 

 

J. Manufacture of SiOx by HFCVD 

 

In this section, we present the process of growing 

SiOx films by using the horizontal.  
 

 
 

Figure 5 A horizontal HFCVD reactor was used in this 

work 

 

Horizontal HFCVD reactor, which is 

shown in Figure 5, such SiOx films were 

deposited on a type-p silicon substrate, 

orientation <100> and resistivity 5-10 ohm-cm. 

The gas used was hydrogen H2 at 110 sccm level; 

the H2 gas comes into contact with the tungsten 

filament, which is heated employing a variation 

of a voltage of 84 volts at the temperature 

~2000ºC, and the H2 molecules are dissociated, 

generating H atoms, the such process makes the 

by-products begin to wear down the source, 

which is a quartz tube and has the function of 

being the source of SiO2, such molecules were 

deposited on the surface of the silicon substrate, 

where the chemical reaction takes place forming 

the SiOx film. 

 

Several parameters can be modified in 

the HFCVD technique; the most important that 

can modify the mechanism of growing the SiOx 

films are time, gas flow, filament power, the 

distance between filament and source, and 

distance between source and substrate, see 

Figure 6. These parameters have been modified 

in the different works in search to obtain better 

results for obtaining a uniform film, a thin film 

with strong photoluminescence. 
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Figure 6 The geometry of the Horizontal HFCVD reactor 

shows the filament-source and source-substrate distances 

 

K. Tuning deposition area 

 

In this stage, the process consists of finding the 

right conditions to obtain a uniform SiOx film 

that covers the largest possible area. To reach 

this goal, the time used was 10 minutes and a 3 

mm filament–source distance. These parameters 

were kept fixed, and the only variable parameter 

was the source-substrate distance. 
 

 
 

Figure 7 Images of the SiOx films grown by HFCVD with 

the following parameters: 10 minutes, 3 mm distance 

between filament-source, and varying source-substrate 

distance 

 

In figure 7, the images of the samples 

grown are exhibited; the ones that had a better 

deposit area were the samples labeled as M4 and 

M5, wherein the sample M4, blue color can 

observe, which is characteristic of the material, 

so it could be assumed that it has a certain 

homogeneity. Analyzing the grown samples, it 

was found that with a longer deposit time, the 

deposit area increased, so the sample that 

presented a greater deposit area was the M5 one; 

however, as can be seen from its image, such a 

sample shows different rings with different 

colors, this may mean that the sample is not 

homogeneous so, for this reason, we may 

conclude that the best sample is assumed to be 

the M4 by exhibiting betters homogeneity. 
 

Properties of the SiOx films obtained by 

characterization techniques 

 

L. Study of the thickness of the SiOx films 

 

Technology is constantly evolving; the first 

electronic devices developed were of the order 

of micrometers; as mentioned by Moore's law, 

technology tends to the number of transistors per 

unit of surface area in integrated circuits to 

double every year, and the rate of these would go 

down; however, the law ceased to be fulfilled 

since by integrating components in a substrate it 

has grown exponentially, it is worth mentioning 

that at this time there is a commercial shortage 

in semiconductors, where costs have increased. 

These semiconductor devices have reached the 

order of nanometric dimensions [15,18], which 

has led to a career in obtaining low-dimensional 

technology cheaply and producing it in quantity. 
 

HFCVD Thickness (nm) Reference 

Horizontal 1200 - 2500 [14] 

Horizontal 260-1080  [15] 

Vertical 560-3166  [16] 

Vertical 1100 - 2500 [17] 

Vertical 322.9- 578.9 [18] 

Vertical 440-503  [19] 

Horizontal 77-282.3 This work 

 

Table 1 Shows a comparison of the different thicknesses 

obtained by various reported works of SiOx films grown 

by using either horizontal or vertical HFCVD reactors 

 

According to the thicknesses shown in 

Table 1, the horizontal HFCVD reactors they 

range from (260 – 2500nm), while the vertical 

HFCVD ones in (440 – 3166nm). The thinnest 

thickness reported is 260nm by Luna-López, 

J.A. et al. [15]. Using a HORIBA JOBIN YVON 

UVISEL spectroscopic ellipsometer, it was 

possible to obtain the following parameters: 

thickness, refractive index, bandgap, and 

reflectance. For the case of the measured 

thickness in this work, It was found 77nm 

thickness for the M4 film. 

 

On the other hand, Table 2 exhibits the 

values of the SiOx film thicknesses reported in 

the literature when using the LPCVD, PECVD, 

and Magnetron Sputtering techniques. From this 

information, it is remarkable the very thin films 

obtained by the Magnetron Sputtering technique 

(2nm). The thickness of the thinnest SiOx film 

obtained by the LPCVD technique is 89 nm, and 

by PECVD, one is 70 nm. Although the 

thicknesses obtained by the LPCVD and 

PECVD techniques are generally smaller than 

those obtained by the HFCVD one, however the 

SiOx films obtained by using the HFCVD 

technique, with the thicknesses in the 

characteristic range of this technique, offer good 

properties for optoelectronic applications. 
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Technique Thickness Reference 

LPCVD 550-89 [20-22] 

PECVD 100-70 [20,23,24] 

Magnetron Sputtering 2-5.6 [25,26] 

 

Table 2 Thicknesses of the SiOx films grown by LPCVD, 

PECVD, and M. Sputtering 

 

M. Structural molecular properties of SiOx 

films 

 

The SiOx material has a molecular structure that 

is so sensitive to the Si and O elements and to 

their bonds; for this reason, the physical and 

chemical properties of the SiOx films depend on 

the methods of obtaining this material as well as 

the sources used that contain these elements. The 

LPCVD and PECVD techniques to obtain a 

SiOx film use a source of SiH4, where the 

structure is made up of Si and H bonds, and the 

oxygen source by N2O, O2, O3, or some other 

type of oxide, so it is probable that we will find 

Si, H, O, N among other species in the SiOx film. 

Therefore, it is essential to know the molecular 

structures of silicon or amorphous silicon oxide 

(a-SiO2) and hydrogenated amorphous silicon 

(a-Si: H). 
 

Wave number 

(cm-1) 

(a-SiO2) (a-Si:H) Vibrational 

Mode 

Reference 

~457 Si-O-Si 
 

Rocking 

(TO) 

[27,30] 

630 
 

Si-H Bending [28,29] 

~810 Si-O-Si 
 

Symmetrical 

Stretching 

(TO) 

[27,30] 

~1076 Si-O-Si 
 

Asymmetrical 

Stretching 

(TO1) 

[27] 

~1200 Si-O-Si 
 

Asymmetrical 

Stretching 

(TO2) 

[27,30] 

2000 
 

Si-H Stretching [28,29] 

 

Table 3 Characteristic vibrational modes of SiOx films 

 

Table 3 lists the most likely bonds that 

can be found in a SiOx film; nevertheless, as 

mentioned before, it is also likely to use other 

sources of oxygen and silicon with other 

elements; consequently, it is so important to 

know what type of gases are used during the 

process. 

 

The following results about molecular 

structure reported from works of SiOx films 

obtained by HFCVD are shown in Table 4, 

where hydrogen (H) or nitrogen (N) were used 

as gases, and a silica bar was used as a source of 

silicon (Si) and oxygen (O). 

 

 

 

 

 

 
Wave 

number 

(cm-1) 

Bond Vibrational 

mode 

Reference 

453,458, 460 Si-O Rocking [15-

17,31,This 

work] 

576, 667 to 

691 

Si-Si - [15,16] 

653,644,646 Si-H Rocking [15,16] 

669 Si-H Wagging [31] 

800,810,812 Si-O Bending [15-

17,31,This 

work] 

875,880,885 Si-H Bending [17,31, This 

work] 

845 Si3N4 - [15] 

1050 to1082 Si-O Stretching on 

phase 

[15-17,31, 

This Work] 

1177 Si-O Stretching out 

of phase 

[15] 

2250 O3Si-H Stretching [31] 

2254,2257 Si-H Stretching [15,16] 

2319 to 2340 CO Stretching [31] 

2355 CO2 Stretching [31] 

 

Table 4 Characteristic molecular bonds of SiOx films 

obtained by HFCVD technique 

 

A fundamental characteristic of the SiOx 

material is to be the ability to vary the amount of 

oxygen contained in it; due to this, there are 

slight shifts in the vibrational modes of the bonds 

of the molecular structure of SiOx, and such fact 

leads to it is very likely that a particular 

characteristic molecular bond is reported at a 

specific wave number and the same one with a 

slight shift as shown in Table 4. The bonds that 

correspond to silicon dioxide (SiO2) are 

Rocking, Bending, and Stretching, the type of 

bond Si-O-Si, whose characteristic wave 

numbers are 450, 810, and 1076 cm-1 [15-

17,31]. The bonds corresponding to Si-H are 

Bending, Rocking, Wagging, and Stretching 

with their wave numbers given by  630,  653,  

669, and 2000 cm-1 [15,16,28,29,31]. Other 

types of bonds reported are nitrogen (N) [15] and 

oxide carbide (CO)[31]. One of the relevant 

bonds is that of Si-Si, since it may allow the 

possibility that we have silicon nano-crystals 

(Si-ncs) embedded in the SiO2 matrix [15,16]. 

 
Wave 

number 

(cm-1) 

LPCVD 

Bond 

PECVD 

Bond 

M.S. 

Bond 

Vibrational 

mode 

Ref. 

350-500 Si-O-Si Si-O-Si 
 

Rocking [20,25] 

630 Si-H Si-H 
 

Bending [20,28,29] 

650-870 Si-O-Si Si-O-Si 
 

Bending [20,25] 

1000-

1050 

Si-O-Si Si-O-Si Si-O-Si Stretching [20,25,26] 

2000 Si-H Si-H 
 

Stretching [20,28,29] 

 

Table 5 Characteristic molecular bonds of SiOx films 

grown by LPCVD, PECVD, and Magnetron Sputtering 

(M.S.) techniques 
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Table 5 lists the characteristic molecular 

bonds of the SiOx material when obtained by the 

LPECVD and PECVD techniques; as can be 

seen, they are very similar; as a consequence, the 

precursors used are the same, but for the case of 

the magnetron sputtering technique, they can 

vary, since silicon dioxide (SiO2), silicon (Si) 

targets can be used, and an oxygen source like 

ozone (O3) or oxygen (O2), all this allows 

obtaining a film with higher purity. 
 

 
 

Graphic 1 FTIR SIOx spectrum sample M4 and M5 

 

Graphic 1 shows the fundamentals bands 

corresponding to the SiOx material, for example; 

~1076 bond Si-O-Si Asymmetrical Stretching 

(TO1) [27]; however, we find others that are 

displaced, such as; ~1260 bond Si-O-Si 

Asymmetrical Stretching (TO2) [27,30], ~840 

bonds Si-O Bending [15-17,31], ~920 bond Si-

H Bending [17,31], 350-500 bond Si-O-Si 

Rocking [20,25]. The displacement of these 

bands formed by the bonds is because the 

material is not stoichiometric; each sample has a 

different concentration of oxygen (O) and silicon 

(Si) bonds. The bonds formed between Si-Si are 

the response of the nanocrystal silicon (Si-ncs) 

embedded in the material, and the bonds 

between Si-H were created by the gas used for 

the experiment. 

 

N. Refractive index 

 

Optical phenomena are diverse when a photon 

interacts with matter and when propagating in it. 

Materials have optical properties which 

characterize them, one of which is the refractive 

index . This parameter allows knowing the 

optical density of a medium, which quantifies 

the resistance that such medium offers to the 

passage of light.  

 

A high refractive index means that light 

moves through the media slowly, and when a 

low one occurs, the opposite. 

 

An important point in the manufacture of 

solar cells is its efficiency; the dominant material 

in the manufacture of solar cells is crystalline 

silicon (Si) due to its stable production; however, 

silicon has a high refractive index Si,  ≈3.4 to 

550 nm [32]. Table 6 displays different 

refractive indexes ( ). The data obtained for the 

values of 1.45 - 2.35  and 1.3 - 2.46 were 

obtained from a 632.8 nm source He-Ne [15,18], 

similarly for 2 - 5.9 were obtained from a 

simulated Newport Model Oriel Sol 2A and the 

data for 1.3 - 2.46 from [16], (%), where the 

lowest is 1.3 and the highest 2.46, what is 

recommended for a solar cell coating is a low 

refractive index, where it can be applied for 

down conversion effect [16] and better 

advantage of photons in the range of the visible 

electromagnetic spectrum. 
 

Refractive index 

(%) 

Lowest - Highest 

Reference 

2 -5.9 [16] 

1.3-2.46 [18] 

1.45-2.35 [15] 

0.5-3.75 This work 

 

Table 6 Refractive index in SiOx films obtained by 

HFCVD technique 

 

The following refractive indexes 

obtained from samples M4 and M5 were 

measured by using a spectroscopic ellipsometer, 

for which the range of the visible 

electromagnetic spectrum was used. 
 

 
 

Graphic 2 Refractive index of samples M4 and M5 
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Graphic 2 shows the behavior of the 

refractive index of the M4 and M5 samples. It 

can be seen that sample M4 exhibits a higher 

value at 3.00 eV and the lower one at 2.25 eV, 

while sample M5 has a higher refractive index at 

2.87 eV and the lowest one around 2.12 eV. 

These values lie within the range already 

reported. 
 

O. Reflectance 

 

Reflectance is an important optical parameter 

that characterizes the optical properties of the 

materials; such a parameter is based on the 

irradiated surface of the material, which reflects 

a certain percentage of the incident radiation. 

There are two limiting cases, such as the regular 

or specular reflection of a smooth surface and the 

diffuse reflection of a matte surface. One of the 

analysis methods of reflectance spectroscopy is 

the refractive index ( ) and the absorption 

coefficient ( ), based on the Fresnel equations; 

however, this procedure was modified and 

replaced by Fahrenfort by replacing the air phase 

boundary of the sample with the phase boundary 

between a dielectric of higher refractive index (

1) and the sample ( 2). The two possible cases 

happen if the sample does not absorb radiation; 

total reflection occurs, but if the sample absorbs 

the radiation, a certain amount of radiation 

transferred is lost, and the percentage of total 

radiation transferred decreases. The other 

method consists of diffuse reflectance 

distribution of the reflected radiation, which is 

isotropic. 
 

Wavelength 

(nm) 

Low 

Reflectance 

(%)  

High 

Reflectance  

(%) 

Reference  

350-750 2.5 35 [19,33] 

350-750 32-40 78 - 84 This work. 

 

Table 7 Some characteristics of Diffuse Reflectance   

 

The diffuse reflectance reported for the 

SiOx film, as shown in table 7, ranges between 

(2.5 - 35%); these values lie in the visible range. 

 

 
 

Graphic 3 Diffuse reflectance of samples M4 and M5 

  

The diffuse reflectance spectra shown in 

graphic 3 belong to the samples M4 and M5, 

where the highest value reached is 84%, and the 

lowest one is 32%; both values correspond to the 

sample M4. Due to the thin thickness of the SiOx 

film, the percentage of the diffuse reflectance 

increases with respect to that reported, where its 

thickness is greater. 

 

P. Bandgap 

 

The bandgap of inorganic materials, in solid 

state physics, is the difference in energy between 

the upper part of the valence band and the lower 

part of the conduction band. The SiOx material 

being a complex one in its atomic structure 

makes it difficult to explain its optical properties 

by a simple band theory when light interacts with 

this material, mainly to obtain an analytical 

expression of the bandgap energy. However, in 

practice, there are several methods to obtain the 

bandgap of material; in this report, the bandgap 

of the SiOx film was calculated by the Kubelka 

Munk method [34]. 

 

The Kubelka Munk theory is generally 

used to analyze diffuse reflectance spectra 

obtaining a weak absorption in the samples. The 

formula of Kubelka Munk is expressed by the 

following relation: 

 
𝑲

𝑺
=

(𝟏−𝑹)𝟐

𝟐𝑹
= 𝑭(𝑹)                                         (1) 
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Where F (R) is the Kubelka Munk 

function which corresponds to the absorbance. R 

is the reflectance, K is the absorption coefficient, 

and S is the dispersion coefficient [35]. It is well 

known that optical transitions in a 

semiconductor material are carried out by direct 

and indirect transitions. The equation relating 

the absorption coefficient   with the energy 

bandgap and different types of optical transitions 

is expressed as follows [36]: 

 

𝛼ℎ𝜈 = 𝐶(ℎ𝜈 − 𝐸𝑔)𝑚     (2) 

 

Where  is the linear absorption 

coefficient of the material, C is the independent 

energy constant and  is the optical bandgap, 

and m is a constant that determines the type of 

optical transitions, so for indirect transitions, m 

= 2, for prohibited indirect transitions, m = 3, for 

direct transitions, m = ½ and prohibited direct 

transitions, m = 3/2. 

 

The Kubelka - Munk function F(R) is 

directly proportional to the absorbance. 

Therefore, the F (R) values become the linear 

absorption coefficient which means that  = F 

(R) = Absorbance. The value of the bandgap is 

determined by  vs . 

 
Bandgap (eV) Reference 

2.1 - 2.49 [19] 

3.1 - 3.54 [33] 

1.65 - 2.38 [21] 

1.45, 1.50 This work 

 

Table 8 Bandgap values were obtained experimentally for 

SiOx films 

 

Table 8 lists the bandgaps obtained from 

the SiOx films; the values range in general from 

1.45 - 3.54eV. The existence of a bandgap in an 

insulating material such as SiO2 and a 

semiconductor such as SiOx is strongly 

correlated with the atomic structure of the 

medium. 

 

 
 

Graphic 4 Bandgap energy of samples M4 and M5 

 

Graphic 4 exhibits the corresponding 

values of the bandgap energies of the M4 and M5 

samples; the obtained values are 1.45 for the M5 

sample and 1.50 for the M4 one. These two 

values have a slight 0.5 eV difference; the latter 

is attributed to the different atomic structures of 

the material as consequence of variations in 

parameters that determine the growth conditions 

of the films. 

 

Q. Photoluminescence 

 

Photoluminescence is the emission of light due 

to the transition of an electron from one energy 

level to a lower one. The wavelength ( ) emitted 

depends on the difference in the energy levels 

(E2-E1) when occurring the electron transition. 

Photoluminescence is due to the absorption of 

electromagnetic radiation in some specific 

spectral region. 

 

In what follows, we will analyze the 

photoluminescence spectra of M4 and M5 

samples. The photoluminescence measurements 

were carried out by using the 

Spectrofluorometer, FluoroMax-3, HORIBA 

JOBIN YVON, with a 300 nm filter, using a 

Xenon lamp (Xe). 
 

 Emission peak (eV) Reference 

1.31 [14] 

2.13 [15] 

2.06 [16] 

1.78 [17] 

1.50 [19] 

2.10 [33] 

1.68 This work 

 

Table 9 Photoluminescence peaks of the SiOx films 

obtained by HFCVD 
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The photoluminescence peaks listed in 

table 9 belong to the SiOx films obtained by 

HFCVD technique. They correspond to the 

highest emission reported for this material. 

These emission peaks vary within the visible 

electromagnetic spectrum and are attributed to 

quantum effects associated with low dimensions 

of the Si-ncs. Variations in the emission peaks 

are due to variations in the size of the silicon 

nanocrystals (Si-ncs), and this depends on 

certain factors, one of them being temperature. 

In the case of the HFCVD technique, the 

temperature varies due to the distance between 

the filament and the substrate; for example, for 

the case of films that were deposited with a 

voltage of 84 volts, which corresponds to ~2000 

ºC temperature at the filament and that of the 

substrate is ~800ºC one, by the separation 

distance. If the distance between the filament 

and substrate is moved away, the temperature 

decreases, and if it is closer, then the temperature 

increases. This is the main reason why different 

sizes of Si-ncs exist within the SiO2 matrix. So 

by the temperature effect, the Si-ncs are formed, 

and it also tailors their size too. If apply less 

thermal energy, the nanocrystal size is smaller, 

but when applying more thermal energy, it 

increases to a certain size [40]. 
 

Technique High Emission (eV) Reference 

LPCVD 1.69 [20] 

LPCVD 1.70 [21] 

LPCVD 1.67 [22] 

PECVD 1.48 [20] 

PECVD 2.00 [24] 

Magneton Sputtering 1.72 [37] 

Magneton Sputtering 1.45 [38] 

Magneton Sputtering 1.32 [39] 

 

Table 10 Peaks of photoluminescence of SiOx films were 

obtained by different techniques 

 

Table 10 lists different emission peaks 

measured from the  SiOx films grown by using 

the LPCVD and Magnetron Sputtering 

techniques in which the growth temperature is 

different. The LPCVD technique uses deposit 

temperatures higher than 700ºC, while the 

PECVD technique uses deposit temperatures 

lower than 300ºC and the Magnetron sputtering 

technique uses deposit temperatures greater than 

or equal to ambient temperature; however, the 

films obtained with these techniques need 

thermal annealing at temperatures of ~1000ºC, 

since the photoluminescence emission of the 

SiOx films is poor, and for this reason thermal 

annealing is necessary. It is worth mentioning 

that studies are being developed where it is about 

manipulating the size of the nanocrystal without 

the use of thermal annealing in order to improve 

de photoluminescence. 

 
 

Graphic 5 Photoluminescence of the M4 and M5 SiOx 

samples grown by HFCVD 

 

Graphic 5 shows the photoluminescence 

spectrum of the M4 and M5 SiOx films grown 

by HFCVD. For the M5 sample, its highest 

emission is about 2.37 eV, within the green 

range of the visible electromagnetic spectrum, 

while the M4 sample exhibits its highest 

pronounced emission peak at 1.68 eV, which lies 

in the red visible region. Comparing both 

samples, the one with the highest emission is the 

M4 sample; this emission range is within that 

reported by LPCVD, PECVD, and Magnetron 

sputtering techniques; in this case, the such 

sample does not need any thermal annealing. 

The main reason that determines the behavior of 

the photoluminescence of this sample is the high 

deposit temperature since it can be thought that 

the thermal annealing is during the growth 

process of the film. 

 

Conclusion 

 

The HFCVD technique is still growing, so the 

future that awaits it is promising since certain 

modifications could generate great results. By 

using the HFCVD technique, it was possible to 

grow thin SiOx films whose thicknesses, 

bandgaps, photoluminescence peaks, and optical 

parameters are reasonable as compared with 

others reported in different works in which other 

most commercial techniques were used. Within 

the results obtained by FTIR, one of the doping 

found in the film is hydrogen (H), so this could 

be improved using an inert gas such as Argon 

(Ar) or another, and thus to obtain a film with 

more purity. The percentage of reflectance of the 

samples is higher than that obtained. However, 

the variance here is the film size that is much 

smaller than those reported.  
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The results obtained from the refractive 

index obtained are intermediate to those reported 

by this technique, although they can be used for 

the down-conversion phenomenon. A slight shift 

is shown in the bandgap; this is attributed to the 

fact that the size of the nanocrystals varies. The 

photoluminescence results obtained are 

comparable with those reported by other 

techniques; however, the advantage is the high 

photoluminescence whithout thermal annealing. 

The HFCVD technique is growing, so it has a 

promising future for developing semiconductor 

materials. 
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Abstract 

 

In this study, an energy audit was conducted at a clinic 

located in the municipality of Veracruz, Veracruz, 

Mexico. Historical data on electricity consumption were 

requested and measurements of electrical parameters were 

taken over seven days to determine the quality conditions 

of the energy available. The results obtained showed that, 

due to the location of the clinic, the climatic conditions 

require the continuous use of air conditioning equipment, 

which in this case had the highest electricity consumption, 

followed by miscellaneous equipment, and finally, 

medical equipment. Regarding the electrical parameters 

measured, an interpretation of the data obtained was made, 

where it was shown that, in general, it complies with 

national and international standards regarding power 

quality. It was found that although there were no notable 

problems within the interpreted data, there were voltage 

swells and sags that could be harmful to certain equipment 

in the clinic. Finally, compliance with the provisions of the 

grid code for medium voltage was verified, where it was 

concluded that the clinic does comply with the parameters 

included in the code. 

 

 

 

Código de red, Energy saving, HVAC 

Resumen 

 

En el presente estudio, se realizó una auditoría energética 

a una clínica localizada en el municipio de Veracruz, Ver. 

México. Se solicitaron datos históricos de consumo 

eléctrico y se realizaron mediciones de los parámetros 

eléctricos durante 7 días para determinar las condiciones 

de calidad de la energía con que se cuenta.  Los resultados 

obtenidos mostraron que, debido a la localización de la 

clínica, las condiciones climáticas hacen necesario el uso 

continuo de equipos para acondicionamiento de aire, que 

en este caso fueron los de mayor consumo eléctrico, 

seguido de los equipos misceláneos, y finalmente, los 

equipos médicos. Respecto a los parámetros eléctricos 

medidos, se realizó una interpretación de los datos 

obtenidos, donde se demostró que, de manera general, se 

cumple con lo indicado por normas nacionales e 

internacionales referentes a calidad de la energía. Se 

apreció que aunque no existen problemas notables dentro 

de lo interpretado, si existieron eventos de picos y huecos 

(swell y sag) de tensión que podrían ser dañinos para 

ciertos equipos de la clínica. Finalmente, se verificó el 

cumplimiento de lo establecido en el código de red para 

media tensión, donde se concluyó que la clínica si cumple 

con los parámetros incluidos en el código.  
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Introduction 

 

Energy audits can be divided, based on their 

objective, into voluntary, mandatory, and 

certification audits, as mentioned by García San 

José (2010). In the case of the clinic under study, 

the energy audit conducted was voluntary, with 

the aim of seeking areas of opportunity to save 

energy and verify that the kWh of energy 

charged by the utility company were actually 

those consumed. However, currently, with the 

entry into force of the national grid code, an 

energy audit study is no longer sufficient and 

must be accompanied by a power quality study, 

especially for those load centers connected at 

medium and high voltage. 

 

The service sector has always sought to 

save energy, because its consumption periods 

are temporary and seasonal, for example, for the 

hotel sector, energy consumption depends on 

whether it is a weekend or whether it is a high or 

low season; on the other hand, in service offices, 

consumption is constant during office hours and 

days, i.e., there is a consumption pattern. In 

industrial processes, although it also depends on 

the orders to be supplied, there is also a 

consumption pattern. For private clinics and 

hospitals, there is no pattern, but we seek to find 

consumption rates based on the number of 

patients attended or the type of hospital service 

provided. 

 

In Mexico, federal government entities 

such as the National Commission for the 

Efficient Use of Energy (Comisión Nacional 

para el Uso Eficiente de la Energía, CONUEE), 

have made a great promotion for each 

productive, service and residential sector to 

make reasonable and efficient use of energy, 

achieving a decrease for the period from 1995 to 

2015, the energy intensities of each sector as 

follows: Residential, decreased by 45.9%; 

Industrial, decreased 15.6%; Commercial-

Services, decreased 10.9%; Transportation, 

decreased 5.6%; and Agricultural, increased 

37.7%  (De Buen Rodríguez, et al. , 2017). As 

can be seen in the commercial and service sector 

there is a large area of opportunity for energy 

savings, since in 20 years only 10.9% of energy 

intensity was reduced, which is very little with 

respect to the residential and industrial sectors.  

 

 

 

 

 

Chatellier Lorentzen & McNeil (2019) 

comment that there is a discrepancy in energy 

consumption statistics between the industrial 

and Commercial-Service sectors, due to the fact 

that users in the latter sector, may contract 

industrial tariffs (relatively cheaper), which 

ultimately categorizes them in "other industrial 

branches", i.e., what is reported as a reduction in 

energy intensity in the commercial and service 

sector of 10.9%, could actually be greater.  

 

The pricing scheme in Mexico is a bit 

"cruel" for the small demand service or 

commercial sector, called "Business Tariffs" by 

the Federal Electricity Commission (Comisión 

Federal de Electricidad, CFE). In this category, 

two rates are important, the Low Voltage Small 

Demand (Pequeña Demanda en Baja Tensión, 

PDBT) and Low Voltage High Demand, (Gran 

Demanda en Baja Tensión, GDBT); however, 

the cost of energy in these rates is approximately 

200% more expensive than for general medium 

voltage rates, which encourages many 

companies in the commercial and service sector 

to contract the Ordinary Medium Voltage High 

Demand (Gran Demanda en Media Tensión 

Ordinaria, GDMTO) and/or Hourly Medium 

Voltage High Demand (Gran Demanda en 

Media Tensión Horaria, GDMTH) rates even 

though the initial investment to acquire an 

electrical substation is high..  

 

In this research, the electrical parameters 

were analyzed to determine whether they 

comply with power quality standards. This was 

done with the objective of generating the 

consumption baseline to apply energy saving 

measures in a future study.  

 

In many countries the energy 

consumption index in buildings of different 

commercial sectors is regulated. For this case 

study involving clinics and hospitals in Mexico, 

the research is very little and more than scientific 

articles are research that CONUEE commissions 

to organizations to know the energy demand in 

these sectors. 
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However, in countries such as the United 

Kingdom, the National Health Service (NHS) 

maintains energy saving and zero emission 

policies. Research such as that of Fifield et al. 

has monitored energy demand and temperature 

inside hospital modules that are considered Fast 

track-modular construction, which promise 

shorter construction times, but in summer are 

particularly susceptible to overheating and do 

not guarantee thermal comfort by natural or even 

mechanical means due to their poor design, 

leading to higher energy consumption that would 

be above the NHS guidelines. 

 

The study obtained by Radwan, Hanafy, 

& Elhelw (2016) is focused on establishing 

methodologies for the redesign of commercial 

buildings such as hospitals in Egypt. They 

modeled the building and obtained the current 

thermal load and what it represents in electrical 

energy. From the simulation, they begin to make 

changes in the design to reduce that thermal load 

and achieve a lower sizing in air conditioning 

equipment, mainly. By analyzing the orientation 

of the simulated building, the insulation of walls 

and ceilings, and proposing glass with reflective 

film, they estimate savings of up to 41% of the 

energy consumed. 

 

William et al. (2020) also analyzed the 

energy consumption of a hospital in Egypt, but 

from the point of view of a baseline consumption 

of the HVAC system (Heating, Ventilating, Air 

Conditioned) aligned to the American Society of 

Heating, Refrigerating and Air-Conditioning 

Engineers (ASHRAE) standard for the climatic 

conditions of Alexandria in Egypt. The results of 

this study show that HVAC designers in that 

city, take as a basis for designing extreme 

summer conditions, dry bulb temperature of 40 ° 

C; however, they ensure that these extreme 

conditions are only for three hours a day, so 

design under that criterion causes an oversizing 

of the HVAC system and therefore higher 

energy consumption. Based on ventilation rates 

and meteorological conditions ASHRAE design 

(33.2 ° C dry bulb temperature), plus proper 

orientation of the building, insulation in roofs 

and walls, double-glazed windows with 

reflective film, LED lighting, among others; it is 

estimated that you could save up to 67% energy 

with their respective operating cost. The 

economic study showed that these redesign 

changes are economically feasible and would 

considerably reduce CO2 emissions. 

 

 

Carbonari et al. (2015) evaluated the 

energy consumption of three hospitals and two 

community clinics in Italy. They conducted 

energy audits to determine the thermal energy 

demanded (methane) for space heating and 

domestic hot water, as well as the electrical 

energy used to power hospital equipment and 

systems. The results show that in all five 

hospitals the envelope needs to be redesigned, as 

they are more than 50 years old and have little or 

no insulation. The other common redesign 

element is to improve the heating system using 

solar energy. Making all of these redesign 

changes could reduce energy consumption by 35 

to 40%. The average payback was 14 years, 

which for social projects is considered 

acceptable. 

 

Zhen et al. (2019) analyzed the electrical 

and thermal energy consumption of a 110,000 

m2 hospital in China, of which 77,000 m2 is an 

area under continuous energy consumption. The 

study considered the annual energy consumption 

covering both the hot summer and cold winter 

seasons. Although the hospital analyzed is not 

very old, it does present areas of opportunity for 

energy savings. The results show that it is 

possible to design control systems in the HVAC 

systems for air renewal, since these are fixed and 

represent an energy burden when there are not 

many people in the areas. Controls could also be 

designed for turning on and off lamps and hot 

water circulation. 

 

Gao et al. (2017) analyzed the electrical 

and thermal energy consumption in different 

hospitals in Shandong Province, classifying 

them by levels, public and private, and obtaining 

as results two main indexes to establish a 

consumption baseline; index C means restricted 

value and index A means advanced value, that is, 

hospitals should not exceed the value of energy 

consumption index C, because it represents the 

maximum value of consumption. 

 

The methodology section begins with the 

analysis of historical consumption. 

Subsequently, the electrical parameters were 

measured and it was determined whether or not 

they comply with national and international 

standards.  
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Methodology 

 

Since the objective of the energy audit was to 

investigate how energy is consumed in the clinic 

and whether the clinic, being connected to a 

medium voltage electricity tariff (GDMTO), 

complies with the minimum guidelines required 

by the grid code, a "general level" type of audit 

was carried out, which is characterized as one in 

which global information is obtained on the 

characteristics of the facilities and energy 

consumption in kWh. Documentary information 

and data on electrical parameters measured in 

real-time with a three-phase grid analyzer were 

obtained.  

 

The period of this project was divided 

into three stages. Stage I was developed from 

September 26 to November 7, 2020, and 

consisted of obtaining information on historical 

energy consumption and analytical recording of 

electrical loads. Stage II was set from November 

14 to 21, 2020, and consisted of the installation 

and measurement of electrical parameters in real 

time. Stage III was developed from November 

23, 2020, to January 9, 2021, and consisted of 

the interpretation of the measured data, the 

preparation of the report, and the communication 

of the results to the clinic's director. 

 

Electrical features of the clinic 

 

The clinic's transformer is 112.5 kVA energized 

in medium voltage at 13200/7620 V and with 

output voltage at 220/127 V. 

 

Electrical charges 

 

The hospital's main electrical charges are air 

conditioning systems, which are divided into 

central, mini split, and window systems; 

lighting, mainly fluorescent lamps with ballasts; 

elevator, X-ray equipment, computer equipment, 

typical cafeteria, and laundry center equipment, 

which will be described in detail later on. 

 

Consumption results 

 

Electricity consumption history  

 

Available data from 2015 to July 2020 were 

analyzed, showing the trend shown in Table 1. 

 

 

 

 

 

Electrical consumption history in kWh from 2015 

to 2020 

Year Month-

consumption 

(kWh) 

Month-

maximum 

consumption 

(kWh) 

Annual 

consumption 

(kWh) 

2015 February-

8840 

July-23520 219,315 

2016 February-

8960 

June-20960 196,256 

2017 January-8480 August-21280 178,337 

2018 February-

6400 

September-

16640 

147,618 

2019 February-

7720 

September-

16320 

142,339 

2020 January-6720 July-13920 123,840 

 

Table 1 Historical electrical consumption of the hospital 

Source: Own elaboration 

 

Each year begins with low consumption, 

which is generally maintained for three months, 

and it can be seen that consumption increases as 

the vacation or summer period approaches; in 

fact, the highest consumption was recorded in 

the months of June, July, August and September. 

However, consumption decreases once it reaches 

the highest peak, to start again with a low 

consumption. It can be said that annual 

consumption follows a behavioral pattern: low 

consumption at the beginning of the year, with 

the highest consumption in the middle of the 

year, which decreases as the year ends. 

 

Measurement results on consuming equipment 

 

Based on the analysis of the measurements, the 

most energy-demanding equipment is the air 

conditioning systems (72% of the total kWh 

consumed in the clinic). The clinic has obsolete 

equipment with more than 20 years of useful life, 

making them inefficient; therefore, the first 

recommendation is to upgrade these systems to 

individual equipment such as mini split to have 

better control of energy consumption (in offices 

and clinical studies cabinets). The remaining 

kWh consumed is divided into 22% in 

miscellaneous equipment (laundry, restaurant, 

lighting, etc.) and only 6% in medical 

equipment, as shown in Figure 1. 
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Figure 1 Equipment with the highest consumption 

Source: own elaboration 

 

Power quality 

 

The IEC standard (61000-2-2/4) and the 

CENELEC standard (50160) define Power 

Quality as: "A physical characteristic of the 

electricity supply, which must reach the 

customer under normal conditions, without 

producing disturbances or interruptions in the 

customer's processes" (IECOR, 2021). 

 

Measurement results 

 

Voltages: 

 

According to the electrical characteristics of the 

clinic, the Phase-Neutral voltages of the three 

lines were maintained within a normal operating 

range with the following average values: 

 

L1: 134.5 V L2: 135.2 V L3: 135 V 

 

However, the maximum and minimum 

values recorded were 152.2 on line 2 and 43 V 

on line 3, respectively. These values are out of 

range according to what is established by the 

IEEE-1100-2005 standard, where it is indicated 

that the voltage variation for critical loads 

(equipment sensitive to operation failures) 

should not be greater than 5% of the nominal 

voltage value of 127 V (120.65 ≤ 127 ≤ 133.35 

V). 

 

On the other hand, the phase-to-phase 

voltages are also within normal operating range 

with the following voltage averages: 

 

L1: 233.8 V  L2: 234.5 V  L3: 232.7 

 

The maximum voltage of 243.1 V 

occurred on line 1, while the minimum of 166.6 

V occurred on line 2, as shown in Figure 2.  
 

 
 
Figure 2 Phase-to-phase voltage variation in the three 

lines during the measurement period 

Source: own elaboration 

 

The IEE-1100-2005 standard indicates 

that the voltage variation for critical loads should 

not be greater than 5% of the nominal voltage 

value 220 V (209 ≤ 220 ≤ 231 V). With this, it 

can be noted that the value reported as a 

maximum is considered as a peak voltage event 

only for critical loads (surveillance cameras, 

communication systems, computer equipment, 

surgical and medical equipment, etc.); when it 

comes to non-critical equipment or loads, 110% 

to the nominal voltage value 220 V (220 ≤ 242 

V) is applied as an upper limit, so the value of 

243.1 V falls within the acceptable voltage range 

to operate without affecting performance or 

service life in this type of equipment. 

 

Flickers 

 

According to the CFE-000070 guide, flickers are 

variations in luminescence, i.e., variations that 

manifest themselves in lighting fixtures due to 

voltage fluctuations in the electrical grid. 

 

The average values measured for short-

duration flickers (Pst) on lines 1, 2, and 3 were 

0.467, 0.459, and 0.476, respectively; while 

long-duration flickers (Plt) were 0.566, 0.551, 

and 0.570 for the same lines. 
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Comparing the data discussed above with 

the limits of the IEEE 1453-2015 standard, for 

short duration flicker (Pst) 1.0 and for long 

duration flicker (Plt) 0.7; as well as with the 

limits of the CFE L0000-45 specification with 1 

for Pst and 0.65 for Plt, it can be determined that 

the average values in the three lines do not 

exceed the limits of either of the two previously 

mentioned standards. Therefore, there are no 

flicker problems due to sudden voltage 

fluctuations and therefore, there could be no 

damage to the health of users and patients who 

make use of the clinic's lighting. 

 

Voltage and current harmonics 

 

Harmonic distortion is the degree of distortion of 

a periodic signal compared to a pure sine 

function, expressed in percent. This distortion or 

distortion can be broken down into different 

components, known as harmonics. The greater 

or lesser presence of harmonics is measured with 

a magnitude known as the Total Harmonic 

Distortion (THD). This can cause serious 

problems with power quality, ranging from 

transformer overheating to overloading of 

capacitor banks, neutral conductors, and 

untimely tripping of circuit breakers. 

 

CFE specification L0000-45 indicates 

the allowable limit for harmonic distortion of 

voltage, indicated in table 2, and of electric 

current, indicated in table 3. 
 

Voltage [kV] Total harmonic distortion of 

voltage (DATT) [%] 

Low voltage: less 

than 1 

8 

Medium voltage: 

1 to 35 

6.5 

High voltage: 

over 35 

3 

 

Table 2 Limits for harmonic voltage content, adapted 

from CFE L0000-45 

Source: (CFE, 2005) 

 
Voltage [kV] Total harmonic demand 

distortion (DATD) [%] 

Less or equal to 

69 

Maximum 20 

Greater than 69, 

≤ 161 

Maximum 10 

Greater than 161 Maximum 3.75 

 

Table 3 Limits for harmonic voltage content, adapted 

from CFE L0000-45 

Source: (CFE, 2005) 

 

 

Of the total harmonic distortion by 

current demand (THDD), particularly line 2 had 

the highest average value with 22.75% and a 

peak of 58.6%, exceeding the maximum 

acceptable value of 20% for a voltage less than 

or equal to 69 kV. The other lines recorded 

average values below the established values. 

 

On the other hand, of the phase-phase 

and phase-neutral voltage wave distortion, all 

the lines had a behavior below the established in 

the CFE L0000-45 specification by presenting 

magnitudes lower than the maximum 6.5% for 

medium voltage. 

 

Power factor 

 

According to the grid code, high voltage 

consumers (>35 kV measured at the point of 

connection) must maintain a PF equal to or 

greater than 0.95 in delay with five-minute 

measurement, i.e., the load center (customer) 

must comply with this requirement at least 95% 

of the time during a monthly period for 10 years 

from April 9, 2019, since after April 9, 2029 the 

minimum mandatory PF will be 0.97. 

 

Of the power factor values measured 

during the analysis period, the average was 

0.908, while the average PF of each line 1, 2, and 

3 were 0.934, 0.886, and 0.903, respectively. It 

should be noted that the clinic, being energized 

at medium voltage, is not obliged to comply with 

the minimum requirement stipulated in the grid 

code. However, the clinic's management seeks to 

maintain the PF above 0.90 to avoid penalties 

and to maintain good power quality in this 

parameter. 

 

Events  

 

A total of 17 rms events occurred, mainly related 

to voltage variations. Therefore, it becomes 

evident the recording of sag or voltage dips, 

whose short duration value (higher than 8 

milliseconds) is harmful if it is lower than 5% of 

the nominal rms value of 127 V, which would be 

120. 65 V, and in 9 of these events the value of 

the voltage dips is lower than the limit stipulated 

by the IEEE, and above all, the time of these is 

higher than the 8 milliseconds (0.5 cycles) 

established by the IEEE 1159-2019 standard; 

therefore, these sag or dips are indeed harmful to 

the analyzed electrical system of the clinic's 

substation. 
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With respect to swells events, 8 events 

were detected during the measurement period, 

which also represent a risk to the useful life of 

the equipment that represent the clinic's critical 

loads. 

 

Código de red 

 

The Código de Red is the technical regulation 

issued by the Mexican Energy Regulatory 

Commission (Comisión Reguladora de Energía, 

CRE) whose objective is to establish the 

obligations to be met by users of the National 

Electric System (Sistema Eléctrico Nacional, 

SEN) that carry out activities such as planning, 

operational control, physical control, 

interconnection, and connection, mainly in order 

to guarantee the continuity and quality of the 

electric power supply and promote the efficient 

and reliable development of the SEN 

infrastructure, for the benefit of all its users. 

Based on the Guide on the technical 

requirements of the Grid Code applicable to 

Load Centers connected in medium voltage, 

what is required to be monitored for compliance 

with this code is the current unbalance (CRE, 

2019). 

 

Unbalance is any deviation in the sine 

wave shape of the voltage or current in three-

phase supplies. As unbalance mainly affects 

rotating electrical machinery with additional 

heating and vibration to the normal condition, 

efficiency is diminished, causing damage to 

equipment. In fact, UPS supplies or inverters 

operating at low efficiency inject more harmonic 

currents in the event of system unbalance. 

 

The CFE specification L0000-45 

establishes limits for current unbalance (table 1) 

in a steady state over a 10-minute time span or 

more, as shown below: 

 
VOLTAGE [kV] UNBALANCE [%] 

Less than 1 Maximum 20 

From 1 to 35 Maximum 10 

Greater than 35 Maximum 5 

 

Table 4 Maximum unbalance allowed in the current at the 

point of connection, adapted from CFE specification 

L0000-45 

Source: (CFE, 2005) 

 

 

 

 

 

 

Comparing the results with the previous 

table, the current unbalance of 3.2719% is lower 

than the 10% established for medium voltage, so 

in no case, the maximum value is exceeded and 

the equipment or motors will not overheat, 

complying with the grid code for systems 

connected to medium voltage.  
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Conclusion 

 

Measurements were taken of the main electrical 

parameters in order to determine the quality of 

the energy supplied by the utility company and 

to determine the clinic's energy consumption in 

general and by individual consumption devices. 

From this study, it can be noted that for warm 

places such as the Port of Veracruz, where the 

clinic is located, the equipment that consumes 

the most energy is the air conditioning systems 

and this was higher in the clinic because they 

have obsolete equipment, although at the time of 

the study was already implementing a plan for 

the renewal of equipment. The next highest 

consumers were the miscellaneous equipment, 

which corresponds to household appliances used 

in the clinic's cafeteria. Finally, the medical 

equipment for surgery, x-rays, and others did not 

prove to be such high-energy consumers. 

 

Regarding power quality, it was found 

that for the most part it complies with the 

minimum and maximum limits established by 

national and international standards; however, 

there were days when there were sag and swell 

events that could have resulted in damage to the 

clinic's critical loads. With respect to the national 

grid code regulations for medium voltage, the 

clinic only has to comply with the unbalance, 

and the measurements obtained show that it is 

within the permitted ranges. 
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Abstract 

 

The project involves the creation of an electronic device 

designed to measure various meteorological conditions 

and capture images of the sky from dusk till dawn. 

Developed entirely using open-source code, it has led to 

the creation of a prototype all-sky camera using a 

Raspberry Pi and an HQ Pi camera. This device is capable 

of photographing the night sky, and the captured images 

are then processed by a trained system to detect asteroids 

and bolides. 

 

 

Electronic device, Meteorological conditions 

Resumen 

 

El proyecto consiste en la creación de un dispositivo 

electrónico diseñado para medir diversas condiciones 

meteorológicas y capturar imágenes del cielo desde el 

atardecer hasta el amanecer. Desarrollado íntegramente 

con código abierto, ha dado lugar a la creación de un 

prototipo de cámara para todo tipo de cielos que utiliza una 

Raspberry Pi y una cámara HQ Pi. Este dispositivo es 

capaz de fotografiar el cielo nocturno, y las imágenes 

capturadas son procesadas posteriormente por un sistema 

entrenado para detectar asteroides y bólidos 

 

Dispositivo electrónico, Condiciones meteorológicas
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Introduction 

 

We are currently experiencing an era of 

unprecedented technological advances; Industry 

5.0 is fundamentally transforming our 

interactions. This transformation involves a 

convergence of advanced technologies and close 

collaboration between humans and cybernetic 

systems to address complex challenges. The 

applications of artificial intelligence and 

automation are playing a crucial role in 

revolutionizing various sectors, from 

manufacturing to medicine. 

 

This article introduces the development 

of a prototype designed for the real-time 

detection and tracking of spatial objects of 

scientific interest, utilizing supervised learning. 

To achieve this, a comprehensive set of 7519 

images was gathered through a review of images 

and videos obtained at a planetarium using the 

MEGA application. The Labellmg tools and 

Google Colab with a GPE were employed to 

segment objects in the images, generating TXT 

files with the coordinates of the detected objects. 

The efficiency and accuracy of object detection 

were subsequently verified. 

 

Furthermore, the article outlines a vision 

for the future development of automated 

observation centers by integrating Industry 5.0 

technologies, artificial intelligence, and 

advanced communication systems such as 

LoRaWAN (Low-Power Wide-Area Network). 

Observatories are envisioned to become nodes 

within an interconnected network, collecting 

real-time data within defined geographic areas. 

The combination of supervised learning 

algorithms and efficient communication systems 

holds the potential for unparalleled automation 

in the detection and tracking of space objects. 

 

Industry 5.0, supervised learning, detection 

 

Allsky Image Capture System 

 

The SQM, or Sky Quality Meter, is an 

instrument used to measure the quality of the 

night sky on a logarithmic scale. It operates with 

degrees of measurement, ranging from 20 to 80 

degrees of aperture or area. The assessment of 

brightness or darkness in the sky is done on a 

scale from 16 to 22 (Astronoum, 2013). 

 

 

 

 

Image Segmentation 

 

The process of isolating elements in an image or 

scene is termed image segmentation, aiding in 

the comprehension of a scene or photograph 

structure (Open Source Computer Vision, 2023). 

Labelimg serves as a graphical tool for 

annotating the object of interest in the image, 

attaching a label. The program then generates 

files containing label information along with the 

coordinates of the object's location (PyPi.org, 

2017). 

Deep Learning for Object Detection 

This type of learning is associated with the 

aggregation of neural networks in each layer. 

Each level processes the information it receives 

and passes it on to the next layer, thereby 

refining the system (Hewlett Packard Enterprise 

Development LP, 2023). 

GPU training can be conducted in the cloud 

using the YOLO project, a project for utilizing 

neural networks in real-time object detection 

(Samuel, 2020). 

 

Methodology to be developed 

 

For the construction of the prototype sky quality 

meter, known as Sky Quality Meter (SQM), 

various electronic components were integrated 

along with deep learning algorithms for object 

identification. The aim is to evolve a device for 

measuring sky quality in terms of light pollution. 

The stages of electronic design and 

programming of the deep learning scheme 

included: 

 

1. General diagram of SQM components:  
 

To understand the operation of the SQM 

prototype, the mySQMPRo project was utilized, 

which is a block diagram featuring the general 

components classified into sections. This 

diagram facilitates the identification of 

electronic components, sensors, and the data 

interpretation interface. 

 

Consequently, this methodology 

underscores the intricate process of integrating 

various technologies to achieve a comprehensive 

system. Moreover, the detailed design approach 

ensures that each component of the SQM 

contributes effectively to its overall 

functionality. 

 

 



26 

Article                                                 Journal of Scientific and Technical Applications 

June 2023, Vol.9 No.23 24-28 
 

  
ISSN 2444-4928 

ECORFAN® All rights reserved. 
QUINTAL-VÁZQUEZ, José Francisco, CHAN-AC, Irvin 

Arlin and GONZÁLEZ-GARCÍA, Luis Francisco. All sky 

system for celestial object detection. Journal of Scientific 

and Technical Applications. 2023  

 
 

Figure 2 Block diagram of the SQM 

 

2. Design and Manufacturing of PCB Card 

and Component Assembly. 

 

To specifically observe the electronic 

instrumentation, a scheme was designed using 

an Arduino board, in which sensors, actuators, 

and a power source were integrated, as 

illustrated in Figure 3. Once the Printed Circuit 

Board (PCB) was constructed, the high-

resolution camera and actuators were assembled 

in a fixed manner. 

 

Consequently, this part of the 

methodology highlights the precision and care 

taken in designing the electronic components of 

the system. Moreover, the integration of the 

high-resolution camera and actuators into the 

PCB demonstrates the project's commitment to 

creating a robust and efficient tool for sky 

quality measurement. 

 

  
 

Figure 3 Schematic diagram of electronic circuits 

  

 

 

 

 

 

 

 

 

 

3. Arduino Card Programming 

 

The programming scheme was developed on an 

Arduino board, which serves as the main 

coordinator of the SQM quality meter and 

functions as a Data Acquisition System (DAQ) 

to read data from the high-resolution camera and 

execute object identification. 

 

4. Testing, Calibration of Sensors and 

Camera 

 

During this stage, all instrumentation underwent 

a series of tests and calibration procedures under 

both daylight and nighttime conditions to ensure 

the accurate measurement of sky quality by the 

device. The camera employed was not of 

astronomical type but a Raspberry Pi HQ 

camera, configured with a 4x4 pixel 'binning' 

and an exposure time of 20 seconds. 

 

5. Implementation of Deep Learning 

Algorithm for Object Recognition and 

Data Analysis 

 

This stage forms the critical point or intelligent 

element of computer vision with deep learning. 

Through prior training, it will be capable of 

automatically identifying each object observed 

in the dark sky. The following steps are 

developed within this stage: 6.a. It begins with 

the preparation of a special folder or dataset of 

images, in which photographs with objects of 

interest such as comets, asteroids, bolides, stars, 

planets, satellites were concentrated. The images 

were additionally labeled with the coordinates of 

the bounding boxes surrounding the objects of 

study using the LabelImg tool, as seen in Figure 

4. 

 

Consequently, this comprehensive 

approach, combining hardware setup and 

advanced software algorithms, ensures a high 

level of accuracy in sky quality measurement. 

Moreover, the meticulous calibration and testing 

processes underscore the project's commitment 

to reliability and precision in celestial 

observation and data analysis. 
 

 
 

Figure 4 Image dataset and labeling (rectbox) of study 

objects 
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6. Training of the image dataset with online 

GPU tool Google Colab and the darknet 

framework 

 

The image dataset was trained using the Google 

Colab online GPU tool and the Darknet 

framework to execute and train the YOLO deep 

learning algorithm. The primary input is the 

dataset of images labeled in step 6.a. Through 

the adjustment of hyperparameters and the 

learning rate, the model will learn to delineate 

the objects of study during training. To complete 

this stage, the free version of Google Colab was 

used, which offers a continuous usage quota of 

only 12 hours. This is demonstrated in Figure 5, 

showcasing the DataSet Training. 

 

Consequently, this step illustrates the 

integration of cutting-edge tools and 

technologies in the training process, 

emphasizing the project's utilization of efficient 

and accessible resources. Moreover, the careful 

tuning of hyperparameters and the use of the 

YOLO algorithm represent a sophisticated 

approach to automated celestial object 

identification. 
 

 
 

Figure 5 Training of the Dataset 

 

7. Testing of the training model 

 

As a result of the training iterations of the YOLO 

deep learning algorithm, a set of files indicating 

the weights or parameters that configure and 

parameterize the identification of the objects of 

study is obtained. This constitutes the intelligent 

learning model itself. Consequently, the 

prototype is now in a position to be subjected to 

implementation in an operational setup, as 

demonstrated in Figure 6. 

 

 

 

 

This step highlights the critical phase of 

validating the effectiveness of the developed 

model. Moreover, the transition from theoretical 

training to practical application underscores the 

project's advancement towards a fully functional 

and intelligent celestial observation system. 

 

  
 

Figure 6. Operational Setup 

 

Results 

 

Based on the SQM project, we recorded an 

electronic card and connected the sensors. The 

system functions very well, but it requires a 

higher quality and industry-calibrated SQM. The 

output indicating whether it is cloudy or raining 

can be used to mount a mechanism with a servo 

motor to protect the camera during the day. 

 

With a Raspberry Pi HQ camera, we 

captured images for a week and were able to 

detect some celestial objects, which we 

confirmed with Stellarium, as observed in Figure 

6. 

 

Consequently, these results demonstrate 

the successful application and effectiveness of 

the developed SQM system in real-world 

conditions. Moreover, the identification and 

confirmation of celestial objects using the 

system and its validation with Stellarium 

highlight the system's precision and practical 

utility in astronomical observations. 
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Figure 6 Training of the dataset 

 

With the images acquired and others 

downloaded from the Internet mainly related to 

meteorites, we used the LabelImg software to 

train a system capable of detecting our objects of 

interest, and this works quite well. However, a 

larger set of images is required, as well as 

corroborating sightings with an expert's eye. 

 

The training resulted in an image 

classifier, which was tested with Python and the 

daily image folder, showing that deep learning is 

necessary to solve the problem of astronomical 

object detection. This is due to various 

phenomena that can occur, such as the brightness 

of the Moon or planets, as well as cloud passage, 

where other types of detections did not offer 

satisfactory results like segmentation with 

Canny and Hu's transformation. 

 

Conclusions 

 

Detecting objects such as meteorites or satellites 

involves creating an automatic instrument with 

its electrical system, and deep learning was 

necessary for optimal detection of objects of 

interest. Adding an SQM to the project is useful 

for determining cloudy or clear days, and this 

work lays the foundation for automating an 

observatory in a planetarium, which would also 

allow monitoring sky quality due to light 

pollution. Another important aspect is that 

having a network of such instruments is the basis 

for triangulating the positions of objects, and in 

the case of meteorites, it would provide the 

possibility of trying to locate them for study and 

also to understand where they come from and the 

risk they pose to life on the planet. 

 

The concept of Industry 5.0 is that in the 

medium future, it is envisioned to release all 

schematics and software so that the project can 

be replicated freely. 
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Abstract  

 

The objective of this research work was to determine the 

risk areas for thermal radiation, generated by BLEVE and 

fireball in a 13,000 L tank with LP gas, located in the 

municipality of Nicolás Romero, State of Mexico, from of 

mathematical models and the ALOHA® software, in order 

to compare and analyze the results obtained. 

 

In order to carry out the solution of this work, first the 

event and hypothetical scenario in which the type of 

applicable source was defined, which is BLEVE followed 

by fireball, is judged, and later different data were 

determined for the present study. Based on the above, the 

corresponding modeling was carried out to determine the 

risk zones of affectation by thermal radiation, the 

dimension of the diameter and the duration of the fireball. 

 

As a result, a comparative analysis was obtained in which 

it was possible to observe and conclude that the results 

obtained through mathematical models, in general, present 

more conservative results, compared to the modeling used 

by ALOHA®. 

 

 

 

BLEVE, Fireball, Thermal Flux inductor, Integrate, 

Simulations 

Resumen 

 

El objetivo del presente trabajo de investigación fue 

determinar las zonas de riesgo por radiación térmica, 

generada por BLEVE y bola de fuego (fireball) a depósito 

de 13,000 L con gas LP, ubicado en el municipio de 

Nicolas Romero, Estado de México, a partir de modelos 

matemáticos y el software ALOHA®, con el fin de 

comparar y analizar los resultados obtenidos. 

 

Para poder llevar a cabo la solución del presente trabajo, 

primero se determinó el evento y escenario hipotético en 

el cual se definió el tipo de fuente aplicable, que es 

BLEVE seguido por bola de fuego, y posteriormente se 

determinaron diferentes datos para el presente estudio. A 

partir de lo anterior, se realizaron los modelados 

correspondientes para la determinación de zonas de riesgo 

de afectación por radiación térmica, dimensión del 

diámetro y duración de la bola de fuego.  

 

Como resultado, se obtuvo un análisis comparativo en el 

cual se pudo observar y concluir, que los resultados 

obtenidos por medio de modelos matemáticos, de forma 

general, presentan resultados más conservadores, 

comparado con el modelado utilizado por ALOHA®. 

 

Bola de fuego, Inductor de flujo térmico, Integrar, 

Simulaciones
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Introduction 

 

LPG is a petroleum derivative composed of 

propane and butane gases. For ease of handling, 

it is converted to a liquid state through 

compression and cooling, from which it takes the 

name liquefied petroleum gas or LP gas 

(CENAPRED, 2019). 

 

LPG has been used for industrial and 

domestic purposes since the beginning of the 

20th century (CONUEE, 2015). 

 

Liquefied Petroleum Gas can go into 

BLEVE (Boiling Liquid Vapour Expansion 

Explosion) within minutes, so the main hazards 

are: Fire, thermal radiation from fire, explosion 

and projectiles (PEMEX, 2015). 

 

BLEVE are among the most feared 

events, when there are closed tanks of hazardous 

materials in liquid or gaseous state that are 

exposed to fire (Garza, 2015). It corresponds to 

a violent vaporisation of an explosive nature 

after rupture (loss of confinement) of a tank 

containing a liquid at a temperature significantly 

higher than its normal boiling point at 

atmospheric pressure (AIChE/CCPS, 2010). 

 

In the case of flammable substances, 

BLEVE is often followed by a fireball (Salla, 

2006). Moreover, the combined action of a 

BLEVE fireball can be summarised in the 

following effects (Casal, 2017): 

 

- Thermal radiation. 

 

- Pressure wave. 

 

- Flying fragments. 

 

Likewise, in this document, the 

simulation of a possible thermal risk, 

hypothetical scenario, is determined for a 

storage tank of 13,000 L of LP Gas, located in 

the municipality of Nicolás Romero, State of 

Mexico. 

 

The purpose of this simulation is that 

from a hypothetical scenario, a BLEVE and a 

fireball are produced, and from mathematical 

models and the ALOHA® software, a 

comparison of results is made, in which the areas 

and/or zones of affectation by thermal radiation 

are determined. These zones and  

 

 

These zones and their respective 

radiation parameters are defined on the basis of 

the Civil Protection Technical Standard NTE-

002- CGPC-2018. It is worth mentioning that the 

different zones mentioned correspond to the 

lethality zone, risk zone and buffer zone, 

corresponding to the risk of BLEVE due to the 

effect of thermal radiation. 

 

Methodology 

 

Hypothetical event 

 

The event is considered in which the LPG tank, 

with a capacity of 13,000 L, is exposed to fire, 

due to the domino effect of another event. 

 

Hypothetical scenario 

 

Derived from this overheating, the substance 

enters the boiling liquid expansion phase, thus 

generating a violent explosion, denominating 

this BLEVE type effect which is followed by a 

fireball. 

 

Collection of miscellaneous data for modelling  

 

The various data and values needed to carry out 

the respective modelling are as follows: 

 

a) Volume of the liquid (propane) = 13 m3  

 

b) Density of liquid at 15°C = 510 kg/m3 

 

c) Radiative fraction of heat of combustion = 

46,354.854 kJ/kg 

 

d) Partial vapour pressure of water = 

785.517022 Pa 

 

e) Relative humidity = 52%. 

 

f) Ambient temperature = 285.65 K 

 

Mathematical modelling 

 

In order to carry out the mathematical modelling 

of the effect of BLEVE by thermal radiation, the 

following concepts were determined. 

 

Physical parameters of BLEVE 

 

Useful formulae for the physical parameters of 

BLEVE are (AIChE/CCPS, 2000): 

 

Maximum fireball diameter D Max (m): 
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𝐷𝑀𝐴𝑋 = 5.8 𝑀1/3                                   (1)                                          

 

Duration of fireball combustion t (s): 

 

𝑡𝐵𝐿𝐸𝑉𝐸 = 0.45 𝑀1/3  para M < 30,000 kg          (2)  

 

𝑡𝐵𝐿𝐸𝑉𝐸 = 2.6 𝑀1/3    para M > 30,000 kg         (3)                                                               

 

Where: 

 

M = is the initial mass of the flammable 

liquid (kg). 

 

Height of the centre of the fireball HBLEVE (m): 

                

 𝐻𝐵𝐿𝐸𝑉𝐸 = 0.75                                                      (4)                                                                                               

 

Heat radiation flux of the fireball BLEVE 

 

Figure 1 shows the geometrical relationship 

(distance) from the centre of the fireball to the 

receiver; 𝑋𝐶  (m). 
 

 
 

Figure 1 Geometry of the centre of the fireball at the 

receiver 

 

In other words: 

 

𝑋𝑐 = √𝑙2 + 𝐻2                                     (5)                                       

 

Where:  

  l : Distance from the point on the ground 

 

Hymes (1983, as cited in Garza, 2015) gives an 

equation for estimating the heat flux to the 

surface, based on the radiant fraction of the total 

heat of combustion: 

 

𝐸𝑟 =
2.2𝜏𝑎𝑅𝐻𝑐𝑀

2
3

4𝜋𝑋𝑐
2                                               (6)                           

 

Where:  

 

𝑬𝒓 = Radiant flux received by the receiver 

(W/m2) 

 

𝜏𝑎 = Atmospheric transmissivity (unitless) 

 

R = Radiant fraction of heat of combustion 

(without units) 

 

𝐻𝑐= Net heat of combustion per unit mass (J/kg) 

 

𝑀 = Initial mass of fuel in the fireball (kg) 

 

The atmospheric transmissivity can be 

expressed from the following equation (CCPS, 

2000): 

 

𝜏𝑎 = 2.02 [𝑃𝑤((𝐻2 + 𝑙2)
1

2 −
𝐷𝑀𝐴𝑋

2
)]

−0.09

      (7) 

 

Where:  

 

𝜏𝑎 = Atmospheric transmissivity (unitless) 

 

Pw = Partial pressure of water (Pascals, N/m2) 

 

H = Height of the center of the fireball H (m) 

 

l = Distance from point on the ground, directly 

below the center of the fireball, to the receiver 

 

Mudan and Croce (1988, as cited in 

AIChE/CCPS, 2000) give an expression for the 

partial pressure of water as a function of relative 

humidity and air temperature: 

 

𝑃𝑤 = 1013.25(𝑅𝐻)𝑒𝑥𝑝 (14.4114 −
5328

𝑇𝑎
)     (8)                                          

 

Where:  

 

𝑃𝑤 = Partial pressure of water (Pascals, N/m2) 

 

𝑅𝐻 = relative humidity (%) 

 

𝑇𝑎 = Room temperature (K) 
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Modelling the event using ALOHA 

 

The ALOHA® software was used to simulate 

the hypothetical scenario of interest, based on 

the determination of the thermal radiation risk 

zones. To carry out the simulation, the 

methodology used to obtain the results consisted 

first of establishing the location of the site where 

the LP Gas tank was located, this location was 

taken as a reference in the municipality of 

Nicolás Romero, State of Mexico, then the 

substance to be analysed was determined, in this 

case propane was considered as the substance 

with the greatest presence in the LP Gas. 

 

Likewise, the atmospheric data of the 

place was determined, as well as the dimensional 

characteristics of the tank, among others. 

Finally, it was established in ALOHA® that the 

type of event generated was a BLEVE. It is 

worth mentioning that the tank was considered 

to contain only liquid due to the storage pressure 

and temperature conditions. 

 

Based on the above, the results of the 

radii and/or zones affected were obtained in the 

ALOHA® program, and these were linked to the 

Google Earth® software, in order to obtain these 

radii on a georeferenced aerial map and compare 

these results with those obtained from the 

mathematical modelling mentioned above. 

 

Results 

 

In order to determine the results, both for the 

mathematical modelling and for the modelling 

using ALOHA, different values of thermal 

radiation limits and their respective zones have 

been considered. These values and zones are 

based on the CIVIL PROTECTION 

TECHNICAL STANDARD NTE-002-CGPC-

2018. It should be noted that, for the present 

modelling, the tank has been estimated with LPG 

at 80% of its maximum capacity. 

 

Results obtained using mathematical models 

 

By simulating the heat flux (thermal radiation) 

risk scenario, different parameters related to the 

BLEVE risk have been obtained.  

 

Table 1 below shows the parameters and 

results obtained for the BLEVE fireball. 

 

 

 

 

Thermal 

radiation 

zone 

Radiatiolimit 
Er (kW/m2) 

Distance to 

receiver XC 

(m) 

Maximum 

fireball 

diameter 
𝑫𝑴𝑨𝑿 (m)  

Duration 

of the 

fireball 

tBLEVE 

(s) 

Height of 

the 

fireball 

HBLEVE  (m) 

Lethality 

zone 

10.00 241.45 108.96  

 

8.45 

81.72 

Risk area 5.0 336.38 108.96  

8.45 

81.72 

Buffer zone 1.4 618.62 108.96  

8.45 

81.72 

 

Table 1 BLEVE fireball parameters 

 

From the results obtained for the three 

different heat flux risk zones; lethality zone (10 

kW/m2), risk zone (5 kW/m2) and buffer zone 

(1.4 kW/m2), respectively, in the following 

Figure 2, the relationship of the distance from the 

centre of the fireball to the receiver is graphically 

represented, observing that as the distance from 

the receiver to the centre of the fireball increases, 

the heat flux (radiation) decreases, i.e., it 

decreases. 

 

 
 

Figure 2 Heat flux radiated by the explosion of the LPG 

container at different distances from the source of the 

explosion 

 

Results of modelling the event using ALOHA 

 

Diameter, duration and threat zones of the 

fireball 

 

Figure 3 below shows the results for the 

diameter, duration and threat zones of the 

fireball. ALOHA® automatically determines 

these results by providing information related to 

the atmospheric conditions at the event site, 

physico-chemical properties of the substance 

involved and dimensional data of the deposit, 

primarily. 
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Figure 3 Results of the radii and/or thermal radiation 

threat zones for the LP-Gas explosion in a BLEVE 

 

Thermal radiation threat zones 

 

The thermal radiation threat zone due to the 

BLEVE explosion of the 13,000 L LP gas tank 

can be seen in Figure 4 below.  
 

 
 

Figure 4 Threat zones due to thermal radiation from the 

LP gas explosion 

 

From the results obtained, these are 

transferred to Google Earth® in order to identify 

the site of the LP gas tank on a cartographic 

level, as well as the respective threat zones 

already mentioned. This information can be seen 

in Figure 5 below. 

 
 

Figure 5 Cartographic representation of thermal radiation 

hazard areas 

 

It is worth mentioning that the results 

obtained with ALOHA® show that from the site 

of the explosion and up to a distance of 238 m, it 

would be determined as a lethal zone and would 

experience thermal radiation that could cause 

death; between a distance of 238 m to 337 m 

corresponds to a risk zone and second degree 

burns would be experienced in 60 seconds of 

exposure, and between 337 m and 623 m would 

correspond to a buffer zone in which this zone is 

considered harmless for people without any 

special protection. 

 

Comparative analysis of the results obtained 

 

Based on the results obtained, both from the use 

of mathematical models and from the use of 

ALOHA®, Table 2 below shows the results for 

the zones of risk and/or affectation by thermal 

radiation, as well as the respective percentage 

difference between them. 
 

Thermal 

radiation 

zone 

 

Radiation 

limit 

Er 

(kW/m2) 

Models 

Mathematicians 

Distance to 

receiverXC (m)  

Models 

Mathematicians 

Distance to 

receiverXC 

(m) 

Difference 

between 

models 

used (%)  

Lethality 

zone 

 

10.00 241.45 238 1.428 

Risk area 5.0 336.38 337 0.184 

Buffer 

zone 

1.4 618.62 623 0.703 

 

Table 2 Comparative results of thermal radiation risk 

zones 

 

Likewise, the following Table 3 presents 

a comparison of the results obtained, 

corresponding to the diameter and duration of 

the fireball. 
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Parameter Models 

Mathematics 

Modelling in 

ALOHA ®  

Difference 

between models 

used (%)  
Diameter  

maximum  

fireball  

diameter  

D_MAX 

(m) 

108.96 101 7.305 

Duration 

of  

fireball  

fireball 

tBLEVE 

(s) 

8.45 8 5.325 

 

Table 3 Comparison of results of diameter and duration of 

the fireball 
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Conclusions  

 

The following conclusions can be drawn from 

this research: 

 

- The results obtained to determine the thermal 

radiation risk zones, with respect to the 

comparison of mathematical models and 

modelling with ALOHA®, as can be seen in 

Table 2, show that the lethality zone presents 

the highest percentage difference between 

these models, with a value of 1.428%. 

Likewise, the widest value of this lethality 

zone is presented by the application of the 

mathematical modelling, considering a more 

conservative result for this zone. Likewise, 

for the case of the risk zone and buffer zone, 

the percentage difference is 0.184% and 

0.703%, respectively, which represents a 

minimum percentage between them. It is 

worth mentioning that, for the comparison 

with respect to the results of the diameter and 

duration of the fireball, presented in Table 3, 

the percentage difference of the applied 

modelling corresponds to 7.305% and 

5.325%, respectively. It can be seen that the 

highest values obtained for both the diameter 

and the duration of the fireball are obtained 

from the mathematical modelling. Likewise, 

it can be concluded, in general, that the results 

obtained from the use of mathematical 

models present the most conservative values 

of the present work carried out. 

- On the other hand, the use of modelling from 

the ALOHA® software for the present 

research work is simpler to carry out, as well 

as illustrative, since it allows the linkage with 

other programs, such as Google Earth®, in 

which the different areas of risk due to 

thermal radiation can be visualised at satellite 

image level, based on the study site. 

 

It is worth mentioning that LP gas is a 

fuel that is in great demand for use in industries, 

shops, restaurants, homes, vehicles, etc. and it is 

vitally important to consider regulatory aspects 

for its transport and storage, given that it is 

highly flammable and can generate a risk of 

explosion if it leaks and accumulates in a closed 

and/or confined space. 
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