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Abstract 

  

In this research work, an inverted p-i-n type perovskite 

solar cell: ITO/PEDOT: PSS/CH3NH3PbI3/PCBM/Au has 

been simulated and optimized in SCAPS-1D. The 

optimized parameters in SCAPS-1D that improved solar 

performance were: perovskite thickness, the total defect 

density of perovskite, the total defect density of interfaces, 

series and shunt resistances, and device operating 

temperature. As a result, the efficiency (PCE) increased to 

18.33%. Subsequently, when the silicon-rich oxide (SiOx) 

material was implemented in the simulation as down-

conversion energy material on the outside of the cell, a 

power conversion efficiency (PCE) of 23.7% was 

obtained. The SiOX film obtained experimentally by 

sputtering obtained good photoluminescence, absorption 

coefficient, band gap, and transmittance characteristics 

before and after thermal annealing. These characteristics 

have been considered for the proposed device. It is 

indicated that the inverted perovskite solar cell of type p-

i-n: SiOx/ITO/PEDOT:PSS/CH3NH3PbI3/PCBM/Au has 

better J-V output values and EQ quantum efficiency than 

the perovskite solar cell without SiOx. 

 

 

 

Perovskite, Efficiency, Simulated    

 

Resumen 

 

En este trabajo de investigación, una celda solar de 

perovskita tipo p-i-n invertida: ITO/PEDOT: 

PSS/CH3NH3PbI3/PCBM/Au ha sido simulada y 

optimizada en el software SCAPS-1D. Los parámetros 

optimizados en SCAPS-1D que mejoraron el rendimiento 

solar fueron: el grosor de la perovskita, la densidad total 

de defectos de la perovskita, la densidad total de defectos 

de las interfaces, las resistencias en serie y derivación y la 

temperatura de operación del dispositivo. Como resultado 

de esto, la eficiencia (PCE) incrementó a 18.33%.  

Posteriormente, cuando se implementó en la simulación el 

óxido rico en silicio (SiOx) como material de energía de 

conversión descendente en la parte externa de la celda, se 

obtuvo una eficiencia (PCE) de 23.7 %. La película de 

SiOX obtenida experimentalmente por sputtering obtuvo 

buenas características de fotoluminiscencia, coeficiente de 

absorción, band gap y transmitancia antes y después del 

recocido térmico. Estas características fueron consideraras 

en el dispositivo propuesto. Se concluye que la celda solar 

de perovskita: SiOx/ITO/PEDOT: 

PSS/CH3NH3PbI3/PCBM/Au tiene mejores valores de 

salida J-V y eficiencia cuántica EQ que la celda solar sin 

SiOx. 

 

Perovskita, Eficiencia, Simulado 
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Introduction 

 

Perovskite solar cells (PSCs) have become a 

principal source of research since their 

emergence in 2009. They are currently the most 

promising devices of the future for use as a 

renewable energy source. In just a few years, 

they have made remarkable progress as their 

efficiency has been certified up to 25.5 %, 

comparable to silicon (Si), gallium arsenide 

(GaAs), and cadmium telluride (CdTe) 

technology, according to Chao et al., (2021). 

Until now, most perovskite solar cells (PSCs) 

have been fabricated with the traditional vertical 

or n-i-p type structure. Notwithstanding, these 

devices suffer from severe hysteresis effects and 

have poor stability. In contrast, the inverted or p-

i-n type cell has good, fewer defective states 

between interfaces it is possible to fabricate 

devices at low temperatures (Yang et al., 2022). 

 

Notwithstanding, metal-organic 

perovskite (CH3NH3PbI3) remains one of the 

materials used in perovskite solar cells due to its 

simple synthesis process, low cost, and high 

performance (Yin et al., 2022). Nevertheless, its 

instability and easy degradation due to 

environmental factors are still an obstacle to its 

commercialization (Mazumdar et al., 2021). 

Perovskite CH3NH3PbI3 has many advantages as 

a high absorption coefficient, tunable band gap, 

high charge carrier mobility, low trap density, 

long carrier diffusion length, and small exciton 

binding energy (Mohanty et al., 2019). 

 

Researchers are exploring a lot in the 

field of perovskites as the use of different 

structures in solar cells, the design of new hole 

and electron transport materials, the 

improvement of perovskite materials, and the 

implementation of interlayers to achieve higher 

efficiency and improved spectral response. 

Improving the utilization of the incident solar 

spectrum may be one of the approaches to 

increase the performance of these devices 

because currently, perovskite solar cells can only 

utilize a fraction of the incident solar photons, 

ranging from the visible to the near infrared 

(Datt, Bishnoi, Lee, et al., 2022). That is 

ultraviolet (UV) regions are not used and are 

considered harmful. 

 

 

 

 

 

According to the literature, a down-

conversion energy material absorbs the short 

wavelength photons of the solar spectrum, which 

the solar cell does not use efficiently, and re-

emits them at longer wavelengths (Hosseini & 

Ghanbari, 2018). The main characteristics of a 

down-conversion energy material are high 

photoluminescence quantum efficiency (PLQE), 

photochemical and environmental stability, 

broadband absorption in the region where the 

spectral response of the solar cell is low, high 

absorption coefficient in low wavelength region, 

high transmittance and broadband emission, 

particularly in the region where the device 

response is high, sufficient stokes shift to 

minimize the self-absorption energy losses due 

to the spectral overlap between the absorption 

and emission bands,  low cost, easy to process 

and can be deposited by the large scalable 

method, and low film roughness (Datt, Bishnoi, 

Hughes, et al., 2022).  

 

An alternative to solve spectral mismatch 

losses, improve stability, and increase efficiency 

is to apply a silicon-rich oxide (SiOx) layer on 

the surface of a perovskite solar cell. This 

material is a silicon oxide out of stichometry that 

contains small silicon islands embedded in a 

silicon dioxide matrix and stands out for its high 

photoluminescence intensity of red light when 

illuminated with ultraviolet UV radiation 

(Vivaldo et al., 2016). 

 

In this work, the photovoltaic 

characteristics of a SiOx film deposited by co-

sputtering have been reviewed for 

implementation in perovskite solar cells. 

Subsequently, an inverted perovskite solar cell 

type p-i-n: ITO/PEDOT: 

PSS/CH3NH3PbI3/PCBM/Au was numerically 

simulated. Photovoltaic parameters such as 

perovskite thickness, total defect densities, 

series and shunt resistances, and operating 

temperature were optimized for this device, 

reaching an efficiency of 18.33 %. The J-V 

output values were compared with those 

reported experimentally. Finally, a new device 

model was proposed: SiOx/ITO/PEDOT: 

PSS/CH3NH3PbI3/PCBM/Au, which includes a 

down-conversion energy material (SiOx) on the 

outside, and whose efficiency increased to 23.74 

%. In the latter simulation, the J-V output 

characteristics and QE quantum efficiency were 

better than those of the device without SiOx.  
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Numerical methodology 

 

Solar cell structure 

 

The simulated inverted perovskite solar cell has 

the configuration ITO/PEDOT: 

PSS/CH3NH3PbI3/PCBM/Au, where indium 

doped tin oxide (ITO) is the front contact; poly 

(3,4- ethylenedioxythiophene) polystyrene 

sulfonate (PEDOT: PSS) is the hole transport 

layer; CH3NH3PbI3 is the absorber layer; 

Phenyl-C61-butyric acid and methyl ester 

(PCBM) is the electron transport layer; and gold 

(Au) is the back metal contact. In addition to the 

proposed model 

SiOx/ITO/PEDOT/CH3NH3PbI3/PCBM/Au is a 

device that includes an outer layer of silicon-rich 

oxide (SiOx), which works as a down-conversion 

energy material. The two solar structures are 

represented in Figure 1 (a, b) and the energy 

band diagram is shown in Figure 1 (c). 

 

 
 
Figure 1 (a) Schematic diagram of perovskite solar cell; 

(b) Schematic diagram of perovskite solar cell with SiOx; 

(c) Energy band gap diagram 

Source: Own elaboration, Paint 3D 

 

Numerical method 

 

The simulation was performed in SCAPS-1D 

software version 3.3.10 under AM1.5G 

illumination at 300 K ambient temperature. The 

SCAPS-1D software, developed at the 

Department of Electronics and Information 

Systems (ELIS) at the University of Ghent in 

Belgium, has been used to model and simulate 

solar cells (Burgelman et al., 2000). The 

software solves the semiconductor equations in 

one dimension in a steady state (Decock et al., 

2013) and (Burgelman et al., 2013).  

 

 

The main equations it solves are the 

Poisson equation (1), the electron continuity 

equation (2), the hole continuity equation (3), the 

electron charge transport equation (4), the hole 

charge transport equation (5), and the absorption 

coefficient (6), which are solved until 

convergence occurs (Verschraegen & 

Burgelman, 2007).  

 

Poisson equation: 

 

 
𝑑𝐸

𝑑𝑥
=

𝑞

𝜀0𝜀𝑟
[𝑝(𝑥) − 𝑛(𝑥) + 𝑁𝐷

+(𝑥) − 𝑁𝐴
−(𝑥) +

𝑝𝑡(𝑥) − 𝑛𝑡(𝑥)]                                               (1) 

 

 Where 𝐸 is the electric field, 𝑞 is 

electronic charge, 𝜀0 is permittivity of vacuume,  

𝜀𝑟  is relative permittivity, 𝑁𝐷
+ is the shallow 

donor impurity density, 𝑁𝐴
+is the shallow 

aceptor impurity density, 𝑛(𝑥) and 𝑝(𝑥) are the 

densities of electrons and holes. Similarly 

𝑝𝑡(𝑥) 𝑦 𝑛𝑡(𝑥)represent the trapped holes and 

electrons as a function of 𝑥 respectively. 

 

Continuity equations: 

 
𝑑𝐽𝑛

𝑑𝑥
= 𝐺 − 𝑈𝑛                                                  (2) 

 
𝑑𝐽𝑝

𝑑𝑥
= 𝐺 − 𝑈𝑝                                                  (3) 

 

 Where 𝐽𝑛 and 𝐽𝑝 are the electron and hole 

current densities, 𝐺 is the generation rate, 𝑈𝑛 and 

𝑈𝑝 are the recombination rates for electrons and 

holes respectively. 

 

Charge transport equation: 

 

𝐽𝑛 = 𝐷𝑛
𝑑𝑛

𝑑𝑥
+ 𝜇𝑛𝑛

𝑑𝜙

𝑑𝑥
                                      (4) 

 

𝐽𝑝 = 𝐷𝑝
𝑑𝑝

𝑑𝑥
+ 𝜇𝑝𝑝

𝑑𝜙

𝑑𝑥
                                       (5) 

 

 Where 𝐷𝑛and 𝐷𝑝are the electron and hole 

diffusion coefficients respectively, 𝜇𝑛 and 𝜇𝑝 are 

the electron and hole mobility respectively. 

 

Absorption coefficient equation: 

 

𝛼(𝜆) = (𝐴 +
𝐵

ℎ𝜈
)√ℎ𝜈 − 𝐸𝑔                            (6) 

 

 Where 𝐴and 𝐵 are constants, ℎ is Planck 

constant, 𝜈 is frequency of photon and 𝐸𝑔 is the 

band gap of the absorber layer. 
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Simulation parameters 

 

The physical, optical, and electrical parameters 

were obtained from the scientific literature and 

summarized in Table 1 (Basyoni et al., 2021; A. 

Ghosh et al., 2020; B. Ghosh et al., 2022; Jamal 

et al., 2019; Sabbah et al., 2022). The parameters 

used for the silicon-rich oxide SiOx correspond 

to a SiO2 film. Nevertheless, the absorption 

coefficient, the photoluminescence, and the band 

gap are the results of the characterization of the 

deposits obtained by co-sputtering for this work. 

In addition, the work function for the metal 

contact (Au) was 5.1 eV. 
 

 

Table 1 Optical and electrical parameters for simulation 

Source: Own elaboration, summary of bibliography 

 

Figure 2 shows the definition and editing 

panel in the SCAPS-1D software. In this section, 

you can enter and edit the electrical and optical 

parameters of the layers, the direction of light 

incidence, and the interface parameters. 

 

 
 

 
 

Figure 2 Definition and editing panel in the SCAPS-1D 

simulator 
Source: SCAPS-1D Software version 3.3.10 

 

Results and discusión 

 

Photoluminescence, absorption coefficient, 

band gap, and transmittance of SiOx 

 

The silicon-rich oxide (SiOx) film was deposited 

by co-sputtering on 1" x 1" x 1 mm quartz 

substrates, obtaining a thickness of 90 nm with 

low roughness. The SiOx film was deposited by 

simultaneous sputtering of Si and SiO2 targets. 

The equipment used for the deposition was a 

magnetron sputtering system. The deposition 

parameters were estimated to reach an average 

silicon excess (5.9 at. %) to achieve a maximum 

photoluminescence emission in the red region, 

according to Coyopol et al., (2018).  

 

Graph 1 shows the PL 

photoluminescence spectrum, where it is 

observed that SiOx has PL emission in the red-

blue region before and after thermal annealing. 

SiOx before annealing shows a dominant 

emission peak at 423 nm, with two smaller peaks 

at 640 nm and 780 nm after deconvolution. After 

thermal annealing at 1100°C for 2 hours, the film 

obtained two emission peaks, one in the red 

region (775 nm) and another of lower intensity 

in the blue region (418 nm). The PL emission 

peaks are associated with the complete 

activation of Si=O defects, favored by the 

average size of silicon nanocrystals embedded in 

a silicon-rich oxide dielectric matrix (Coyopol et 

al., 2016).  

 

 

 

 

 

 

 
 

Photovoltaic 

Parameters 

SiOx ITO 

 

PEDOTS: 

PSS 

CH3HN3PbI3 PCBM 

 

Thickness 

(nm) 

90 100 40 300 80 

Energy Band 

gap, Eg (eV) 

4.5 3.5 2.2 1.57 2.1 

Electron 

affinity, χ (eV) 

0.950 2.3 2.9 3.9 4.1 

Dielectric 

permittivity, εr 

3.9 9 2.3 18 4 

Effective 

Density of 

stated at 

conduction 

band, 

 Nc (1/cm3) 

2.8 x 1018 2.2 x 

1018 

2.2 x 1018 2.2 x 1018 2.5 x 

1019 

Effective 

Density of 

stated at 

valence band, 

 Nv (1/cm3) 

2.6 x 1019 1.8 x 

1019 

2.8 x 1018 1.9 x 1019 2.5 x 

1019 

Electron 

thermal 

velocity, 

Vh (cm/s) 

1 x 107 1 x 107 1 x107 1 x 107 1 x 107 

Hole thermal 

velocity, 

Ve (cm/s) 

1 x 107 1 x 107 1 x 107 1 x 107 1 x 107 

Hole mobility, 

μn (cm2/Vs) 

1.5 x 103 31 0.0002 3 0.01 

Electron 

Mobility, μp 

(cm2/Vs) 

4.5 x 103 50 0.02 17 0.01 

Uniform 

Shallow 

Donor 

Dopping, 

ND (1/cm3) 

0 0 0 0 5 x 1017 

Uniform 

Shallow 

Acceptor 

Dopping, 

NA (1/cm3) 

2.0 x 1018 2.0 x 

1016 

1 x 1018 0 0 

Defect 

density,  

Nt (1/cm3) 

1015 1015 1015 1015 1015 
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Graph 1 Photoluminescence spectra of silicon-rich oxide 

(SiOx) before and after thermal annealing 

Source: Own elaboration, OriginPro 2018 

 

Graph 2 shows the absorption coefficient 

and band gap obtained from the SiOx film after 

thermal annealing. The graph shows that the film 

has a high absorption coefficient in the low 

wavelength region (ultraviolet UV). In addition, 

the film has a low absorption coefficient in the 

range from 350 nm to 800 nm, which 

corresponds to the visible spectrum.The band 

gap energy was estimated using the Tauc 

relation and the Beer Lambert equation. This 

absorption coefficient and the band gap have 

been used in the SCAPS-1D simulator. 

 

 
 
Graph 2 Absorption coefficient of silicon-rich oxide 

(SiOx) 

Source: Own elaboration, OriginPro 2018 

 

Graph 3 shows the transmittance 

spectrum of the SiOx film after thermal 

annealing. The graph shows that the film has a 

transmittance above 90% in the range from 400 

nm to 800 nm, which is the visible spectrum.  

 

In addition, the film shows a progressive 

decrease in transmittance in the 200 nm to 400 

nm range, which corresponds to the ultraviolet 

spectrum. These results agree with the 

absorption coefficient, concluding that the 

spectral response of the SiOx film is 

concentrated in the ultraviolet region. 

 

 
 
Graph 3 Transmittance spectrum of silicon-rich oxide 

(SiOx) 

Source: Own elaboration, OriginPro 2018 

 

J-V current-voltage curve, EQ quantum 

efficiency, and band diagram 

 

This section shows the J-V plot, QE quantum 

efficiency plot, and energy band diagram of the 

perovskite solar cell: 

ITO/PEDOT:PSS/CH3NH3PbI3/PCBM/Au and 

the proposed perovskite solar cell: 

SiOx/ITO/PEDOT:PSS/CH3NH3PbI3/PCBM/A

u. Furthermore, we have considered the 

optimum values obtained from the SCAPS-1D 

simulation. Table 2 shows the optimal values for 

perovskite thickness, total defect density, series 

and shunt resistance, and solar cell operating 

temperature. The parameters were varied in the 

simulator, keeping the other parameters 

constant. 

 
Parameters Variation 

range 

Optimal 

value 

Perovskite thickness 50-1000 nm 500 nm 

Perovskite defect density 1010-1020 cm-3 1013 cm-3 

Defect density of 
PEDOTS:PSS/Perovskite interface 

1010-1020 cm-3 1013 cm-3 

Defect density of Perovskite/PCBM 

interface 

1010-1020 cm-3 1013 cm-3 

Series Resistance 10-100 Ω.cm2 10 Ω.cm2 

Shunt Resistance 500-5000 Ω.cm2 5000 Ω.cm2 

Operating temperature of the solar 

cell 

300-390 K 300 K 

 

Table 2 Optimal values obtained from SCAPS-1D 
Source: Own Elaboration 
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Simulation of the perovskite solar cell: 

ITO/PEDOT: PSS/CH3NH3PbI3/PCBM/Au 

produced output values of Voc = 1.112 V, Jsc 

=20.236 mA/cm2, FF = 81.24 % and PCE =18.33 

%, similar to those reported experimentally, 

according to Heo et al., (2015). 

 

Notwithstanding, the proposed 

perovskite solar cell:SiOx 

/ITO/PEDOT:PSS/CH3NH3PbI3/PCBM/Au, 

containing a SiOx monolayer film, produced 

output values of Voc = 1.088 V, Jsc =27.236 

mA/cm2, FF = 80.06 % and PCE = 23.74 %. 

Graph 4 shows the J-V curves with the output 

values of both devices. 

 

 
 
Graph 4 J-V curve of perovskite solar cell with and 

without SiOx 

Source: Own Elaboration, OriginPro 2018 

 

Graph 5 shows the QE quantum 

efficiency for both devices. An improvement in 

the QE quantum efficiency is observed for the 

solar cell that includes the SiOx film compared 

to the one that does not. The range of 

enhancement is observed mainly in the 

wavelength range from 500 to 780 nm. This 

increase determines that the structure with the 

SiOx film has a better spectral response. 

 

 
 
Graph 5 QE Quantum efficiency of perovskite solar cell 

with and without SiOx 

Source: Own Elaboration, OriginPro 2018 

 

Graph 6 shows the band diagram of the 

perovskite solar cell with the optimized 

parameters and the SiOx down-conversion 

material. It is observed that there is a splitting of 

the valence band and conduction band. In 

addition, the energy band diagram indicates that 

both the PEDOTS: PSS material and the PCBM 

material have higher energy bandwidths 

compared to the absorber layer (CH3NH3PbI3), 

so there is a band alignment, favoring the 

passage of electrons and holes generated in the 

perovskite. Meanwhile, the energy barriers at the 

interfaces ensure the diffusion of carriers 

generated in the perovskite into the hole and 

electron transport layers. Finally, the transparent 

SiOx material filters visible light due to its wide 

band gap and, at the same time, absorbs 

ultraviolet light, which contributes to increasing 

the photocurrent. 

 

 
 
Graph 6 Energy band diagram of perovskite solar cell 

with SiOx 

Source: Own Elaboration, OriginPro 2018 and SCAPS-

1D 
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Conclusions 

 

A p-i-n type inverted perovskite solar cell: 

ITO/PEDOT:PSS/CH3NH3PbI3/PCBM/Au has 

been simulated and optimized in SCAPS-1D 

software.  

 

The optimal values obtained from the 

simulation indicate that a perovskite layer 

thickness of 500 nm, a total defect density at the 

perovskite and interfaces of 1013 cm-3, a series 

and shunt resistance of 10 Ω.cm2 and 5000 

Ω.cm2 respectively, and an operating 

temperature of 300 K improve the performance 

of the solar cell. 

 

In addition, the experimentally obtained 

silicon-rich oxide (SiOx) material has the main 

characteristics of an energy down-conversion 

material for application in perovskite solar cells.  

In conclusion, the solar device: 

SiOx/ITO/PEDOT:PSS/CH3NH3PbI3/PCBM/A

u has the potential to generate a higher 

photocurrent, as the simulation results in an 

improved efficiency of 23.74 %, while the solar 

device without the SiOx film: ITO/ 

PEDOT:PSS/CH3NH3PbI3/PCBM/Au produces 

an efficiency of 18.33 %, slightly higher than the 

experimental data, i.e. 18.1 %. The perovskite 

solar cell with SiOx is considered efficient, as it 

has a simple architecture in addition to the fact 

that it can easily obtain experimental 

verification. 
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Abstract 

 

The Schlieren technique is frequently used for qualitative 

visualization of flow around an object. Temperature and 

density change can also be obtained with this technique. In 

this project, the aim was to develop a low-cost Schlieren 

system starting from easily available materials and 

commercial equipment. Cell phone holders were used as 

supports to position the concave mirrors. A light-emitting 

diode (LED) lamp was used as the illumination source, 

while a knife, a condenser lens, and printed parts in PLA 

(polylactic acid) plastic were key to the prototype 

development. Preliminary results showed an effect with 

limited visual perception due to the low temperature 

change in the objects under examination. In later 

experiments, qualitative visualization with a better degree 

of visual perception was observed due to the higher 

temperature range reached in the test. The images that 

were obtained were satisfactory and they allowed 

validation of the prototype development. Its main 

application points to the visualization of transparent flows 

that are formed in the airfoil of a wind turbine blade. 

 

 

 

Schlieren, Flow, Blade, Aerodynamic airfoil 

 

Resumen 

 

La técnica Schlieren se utiliza con frecuencia para la 

visualización cualitativa del flujo que envuelve un objeto. 

Los cambios de temperatura y densidad pueden ser 

obtenidos también con esta técnica. En este proyecto el 

objetivo es el desarrollado de un sistema Schlieren de bajo 

costo, a partir de materiales y equipos comerciales de fácil 

acceso. Para posicionar los espejos cóncavos se usaron 

soportes del tipo para teléfono celular. Una lámpara con 

un diodo emisor de luz (LED) como fuente de iluminación, 

una navaja, una lente condensadora y piezas impresas en 

plástico PLA(ácido poliláctico), fueron la clave en el 

desarrollo del prototipo. Los primeros resultados 

mostraron un efecto con escasa percepción visual debido 

a la baja variación de temperatura en los objetos de prueba. 

En los resultados finales se realizaron visualizaciones 

cualitativas con mejor grado de percepción visual debido 

al rango de temperatura más elevado alcanzado en las 

pruebas. Las imágenes obtenidas fueron adecuadas y 

permitieron validar el prototipo desarrollado. Su 

aplicación principal se orienta en la visualización de los 

flujos transparentes que se forman en el perfil 

aerodinámico de un alabe de un aerogenerador. 

 

Schlieren, Flujo, Alabe, Perfil aerodinámico 
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I. Introduction 

 

Wind turbines use the force of the wind to 

produce electrical energy by converting kinetic 

energy into mechanical energy. In Mexico, there 

are only nine wind energy-producing states. 

Oaxaca is the main generator and in 2021 it 

provided 2,749 MW, which is equivalent to 10% 

of the country's total production. The states of 

Tamaulipas, Jalisco, Nuevo León, Chiapas, Baja 

California, San Luis Potosí, Sonora, and 

Quintana Roo also have wind power plants with 

a lower production percentage. (Fernández, 

2023) 

 

The blades of a wind turbine are one of 

its main components. They are designed to have 

a life cycle of approximately 20 years, during 

which time they will be subjected to extreme 

loads and fatigue due to the action of the wind 

and therefore they will become increasingly 

susceptible to instabilities caused by these 

phenomena. These loads cause vibrations in the 

wind turbine, and premature failures or wear 

appear in its components, causing low efficiency 

in energy production, costs, and lifetime of the 

system.(Vicente Ramírez, 2021) 

 

The trend for wind turbine development 

and innovation is to search for more adaptable 

structures and materials, due to the need to 

reduce mass. However, by doing so, turbines are 

exposed to more vibrations and, therefore, to the 

generation of failures in their components. As a 

result, there are inevitable losses in energy 

production. 

 

The purpose of this research is to apply a 

qualitative technique that allows visualizing the 

flows formed around the blade of a wind turbine. 

In order to observe this phenomenon, the 

Schlieren technique will be applied. This is an 

optical technique to visualize flow with density 

changes, from which information is obtained 

about flow variables, such as the different 

densities along a section. A light source, two 

parabolic mirrors, a blade, and a screen or image 

sensor are needed to assemble the system. The 

system has a "Z" configuration, with the test area 

in the center. 

 

In this study, a low-cost system is 

proposed, which allows the visualization of 

flows in transparent media in the blade of a wind 

turbine by means of qualitative analysis that 

allows its implementation and academic use. 

II. Resources used  

 

For the development of the prototype, several 

resources were used. The total assembly cost 

was approximately US$1,000. Including direct 

costs (tools and materials) and indirect costs 

(services and special equipment). 

 

III. Development 

 

This section describes the methodology that was 

applied to develop the prototype of the Schlieren 

System. Firstly, the state of the art of the 

Schlieren technique is presented to introduce 

background information on previous works. 

Secondly, the design of the components by a 

CAD software is shown, which was used to 

make the necessary parts for the system 

structure. Finally, the development and 

assembly of the system is reported. 

 

Background 

 

The Schlieren effect is the set of non-

homogeneities of a transparent material, not 

visible to the human eye. The study of this effect 

began when the need arose to develop high-

quality lenses that did not present these 

inhomogeneities. The father of inhomogeneous 

media optics was the scientist Robert Hooke.  He 

observed the Schlieren effect in 1665 with a 

system consisting of a large convex lens and two 

candles, as shown in Figure 1. One candle served 

as the light source, and the other produced the 

rising hot air, which he observed with his 

system. He was probably the first scientist to use 

a Schlieren-type setup, aiming to visualize the 

different densities produced by combustion. 

Unfortunately, his method was not precise 

enough to obtain optimal results. (Settles, 2001) 

 

 
 
Figure 1 Hooke's optical configuration, with two candles, 

a lens, and a human eye 

Source: Own Elaboration 
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The Dutch astronomer Christiaan 

Huygens also designed a Schlieren system for 

the detection of irregularities in lenses, which 

consisted of a distant light source focused on the 

lens to be studied resulting in an image of 

varying brightness, which indicates the original 

irregularities of the lens. 

 

August Toepler adapted the Schlieren for 

flow visualization, developed from the Foucault 

knife configuration, which resulted in improved 

quality, contrast, and sensitivity of Schlieren 

images compared to images obtained with 

previous arrangements. 

 

Propagation of light in a homogeneous 

medium 

 

The Schlieren technique is used to determine 

flow density gradients in fluids by observing 

refraction as light goes through these gradients, 

so it is necessary to find a relationship between 

the refractive index of the medium and the 

density of the medium. The following equation 

can be used: 

 

𝑛 − 1 = 𝑘 ∙  𝜌                                                (1) 
 

where 𝑛 and 𝜌 are the refractive index 

and density of the medium, respectively, and k is 

the Gladstone-Dale Constant, which is a 

function of the particular gas and the wavelength 

of light used in the optical system. 

 

The refractivity (𝑛 − 1) of a gas depends 

on gas composition, temperature, density, and 

wavelength of illumination. In many cases, the 

temperature, density, and pressure of gases not 

far from normal atmospheric conditions are 

more closely related to the simple equation of 

state of the perfect gas: 

 
𝑝

𝜌
= 𝑅 ∙ 𝑇                                                          (2) 

 

where R is the specific gas constant, T is 

temperature, 𝜌 is density and p is pressure. Gases 

flowing with varying density are called 

compressible flows and they may arise due to 

temperature differences or high gas velocities. 

All these conditions may lead to perturbations of 

gases that refract light, which can be visualized 

by refraction changes. 

 

 

 

 

Definition of the Schlieren System 

 

The optical system or Schlieren photography is 

an optical technique in which the variation of the 

density gradient of a transparent, 

inhomogeneous medium is observed.  This 

technique can be applied both to liquids and 

solids. Changes in density, or refractive index, 

can be due to different factors such as 

temperature change, exposure to high-velocity 

flows, and the presence of particles that do not 

belong to the material under study. 

 

This technique is used to visualize 

aerodynamic flows and in quality control 

systems for crystals, glasses, and optical 

elements. (Gómez González, 2006) 

 

Conceptual design of Z-array 

 

Z-type Schlieren mirror array: Its name refers to 

its geometry which consists of two parabolic 

mirrors in series and the test zone between the 

two mirrors, as shown in Figure 2. The light 

source located at the focal distance of the first 

mirror projects the light over the entire surface 

of the mirror, it reflects and collimates it in the 

direction of the second mirror, and then it 

concentrates it on the knife, located at the focal 

distance of the second mirror. Finally, the 

camera is placed behind the knife. (Balduzzi & 
Balduzzi, 2020) 
 

Z-type 2-mirror Schlieren system: 

Spherical, parabolic, and concave off-axis 

mirrors are often used as Schlieren equipment. 

However, the most popular arrangement is by far 

the Herschellian Z-type system that uses two 

parabolic mirrors on oppositely tilted axes. The 

combination of a diverging light beam, and an 

opposing converging analyzer beam, and a 

parallel beam between the two mirrors forms the 

letter Z, hence the name.  

 

This system is currently the most widely 

used due to the large space created for testing 

and the optimal results achieved. However, it 

requires precise calibration, and its design must 

minimize optical aberrations arising from non-

alignment of all components. 
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Figure 2 Schlieren Z-type system 

Source: Own Elaboration 

 

Distribution 

 

The structuring of each part of the Type Z 

system, as shown in Figure 3, should be focused 

on decreasing optical aberrations (coma and 

astigmatism) and establishing sufficient space 

for object localization. 

 

 The light source should be placed at the 

focal length (𝑓1) of the Mirror 1, to 

collimate the light beam with an angle of 

incidence equal to twice the 

compensation angle (𝜃1) of Mirror 1. 

The compensation angle is the angle of 

rotation of the mirror in the XZ-Plane 

with respect to the vertical, or Y-Axis.  

 

Compensation angle = 𝜃1 = 𝜃2 = 𝜃;  

 

Angle of incidence = 2𝜃1 = 2𝜃2 = 2𝜃; 

 

The two parabolic mirrors used must be 

equal, so: 

 

 Mirror 1 focal length (𝑓1) = Mirror 2 

focal length (𝑓2) = 𝑓; 

 

 The light beam is reflected and 

collimated by Mirror 1 towards Mirror 2, 

which must be placed in alignment with 

the optical axis and at a minimum of 

twice the focal length 2f, to have enough 

space for testing.  

 

 Mirror 2, which has an angle of 

compensation equal to Mirror 1 but in the 

opposite direction, reflects the beam 

towards the knife, which is placed at a 

distance equal to the focal length, f. 

 

 Finally, the camera is positioned after the 

knife at a distance depending on the used 

set of lenses, trying not to exceed 10 cm 

between the knife and the camera sensor. 

(Rosas Bonilla, 2018) 

 

 

 
 
Figure 3 Schlieren system assembly: type Z distribution 

Source: Own Elaboration 

 

Sensitivity 

 

The sensitivity of a measuring instrument is one 

of its basic characteristics, relating the output of 

the instrument to the received input. This 

technique is very sensitive to deviations of the 

incident light beam, allowing changes in density 

or refractive index to be visualized. 

 

Previous work  

 

In this project, research was conducted on some 

articles that served as a reference for the design 

of a low-cost Schlieren system. 

 

Kinsman (Kinsman, 2020) developed a 

design for a system that any student could build, 

align, and experiment with. This simple design 

uses a plastic Fresnel lens found in projectors. 

 

Similarly, Stein (Stein, 2022) presented a 

system based on a single-mirror configuration, 

with a smartphone as the light source and the 

smartphone camera as the detector. The 

construction of the Schlieren Imaging System 

for smartphones is simple and affordable, and all 

parts used are 3D printable. 

 

Additionally, research that used 

Schlieren images is presented in the work by 

Zhang (Zhang et al., 2023) , focused on 

supersonic viewing tunnels, and Doroshchenko 

(Doroshchenko, 2023) , about processing and 

analysis of Schlieren images.  Other Schlieren 

visualization techniques, such as the Synthetic 

type, were developed by Li and Xu (Li & Xu, 

2023). 
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Mechanical Design 

 

The first step to building the Schlieren System 

was to design it in the SolidWorks© program 

(Dassault Systèmes, 2023). The objective of the 

mechanical design is that the system should be 

as aligned as possible because the focal point 

must coincide with the two mirrors, the camera, 

and the lamp; the result is an image of flow 

visualization. The Schlieren System that was 

developed had a Z-arrangement, as shown in 

Figure 4. 

 

 
(a) 

 
(b) 

 
(c) 

 
Figure 4 Schematic of Schlieren System Z-array: (a) 

isometric view, (b) top view, (c) front view 

Source: Own Elaboration 

 

The mechanical design and distribution 

of the components in a virtual environment 

allow validating their position and the quantity 

of materials to be used. 

 

 

 

 

 

 

Physical assembly of the Schlieren System 

 

The whole system was assembled with the 

designed components, as shown in Figure 5. At 

this stage, the alignment of the main elements 

was adjusted. 

 

 
(a) 

 
(b) 

 
Figure 5 Assembly of the Schlieren System: (a) lateral 

view, (b) top view 

Source: Own Elaboration 

 

Blade segment of a wind turbine  

 

A blade segment of the wind turbine was 3D-

printed with PLA material. The design was 

created with the SolidWorks© program and it is 

shown in Figure 6 (Dassault Systèmes, 2023). 

 

 
(a) 

 

 
(b) 

 
Figure 6 Blade segment (a) isometric and (b) front view 

Source: Own Elaboration 
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Modification and improvements to the 

Schlieren System  

 

The first results obtained were not entirely 

satisfactory, because the Schlieren effect could 

not be observed in the performed tests. 

Therefore, it was decided to make various 

adjustments to the Schlieren system, such as 

adding a condenser lens, to concentrate the light 

of the lamp, and direct it towards the mirror. 

Additionally, the arrangement was modified, as 

shown in Figure 7. The adjusted distribution 

includes the condenser lens. 

 

 
 

(a) 

 

 
(b) 

 

 
(c) 

 

Figure 7 Schlieren system with condenser lens: 

(a) isometric view, (b) top view, (c) front view. 

Source: Own Elaboration 

 

 

 

 

 

 

 

Schlieren system 

 

The final Schlieren System is shown in Figure 8. 

A sketch of the Schlieren system (Figure 9) as 

well as the measurements of its orientation 

angles and the distance at which each mirror 

should be placed (Figure 10) were also prepared 

as a reference for future installations so that it 

could be assembled anywhere. The next stage 

was testing the system behavior. 

 

 
 
Figure 8 Final Schlieren system 

Source: Own Elaboration 

 

 
Figure 9 Schlieren system sketch 

Source: Own Elaboration 

 

 
 
Figure 10 Schlieren system sketch with dimensions 

Source: Own Elaboration 

 

 

 

 

 

Lamp Condenser 

lens 

Mirror 1 

Mirror 

2 
Camera 

Knife 
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IV. Experimentation 

 

Preliminary tests were carried out with a hot air 

gun reaching a temperature of 60°C. These tests 

were not entirely satisfactory since the effect 

could not be appreciated because the variation of 

the refractive index with the temperature was not 

sufficient to be appreciated in the system.  

 

Subsequently, other tests were carried 

out using an air gun with higher temperature and 

another one with solid alcohol. In this case, 

satisfactory results were obtained since the 

Schlieren effect could be observed, as shown by 

comparing Figure 11 and Figure 12. 

 

 
 
Figure 11. Preliminary test with air gun 

Source: Own Elaboration 

 

 
 
Figure 12 Test with solid alcohol 

Source: Own Elaboration 

 

After obtaining the results of the tests 

performed on the Schlieren system for 

qualitative visualization of the phenomenon in 

transparent flows, in a subsequent stage, further 

application of both qualitative and quantitative 

visualization can be obtained from a blade 

segment. Quantitatively, the blade exit zone can 

be instrumented using strain gauges. In this area 

vibrations occur at the angles of attack where the 

wind flow changes from laminar to turbulent.  

 

The process of gluing strain gauges is 

shown in Figure 13 and Figure 14. Four points 

were instrumented: two each in the low-pressure 

and high-pressure zone (top and bottom surface). 

 

 
 
Figure 13 Strain gauges positioned on the top surface 

Source: Own Elaboration 

 

 
 
Figure 14 Strain gauges fixed at the bottom surface 

Source: Own Elaboration 

 

V. Analysis of results 

 

The purpose of this section is the analysis and 

interpretation of the results obtained from the 

Schlieren system. The information is presented 

as a sequence of images. 

 

In the images captured from the test 

performed with solid alcohol (Figure 15), it can 

be seen that flow visualization is clearer than 

with the hot air gun (Figure 16).  
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This is due to the solid alcohol reaching 

a higher temperature than the hot air gun, which 

reaches a maximum temperature of 60°C, and, 

therefore, the phenomenon can be better 

appreciated. On the other hand, it should also be 

mentioned that the system is not as sensitive as 

expected, since there should be no problem when 

performing tests, even at lower temperature. 

Preliminary analysis indicates that the increase 

in temperature between a hot air gun and the 

solid alcohol flame allows a significant change 

in air density. Therefore, the refractive index 

also undergoes a considerable change that is 

sufficient for the Schlieren System to be able to 

detect it. 

 

 

 

 
 
Figure 15 Sequence of Schlieren images captured in the 

solid alcohol test 

Source: Own Elaboration 
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Figure 16 Sequence of Schlieren images captured in the 

air gun test 

Source: Own Elaboration 

 

A promising improvement adopted after 

the preliminary tests was to modify the bases of 

mirrors and lamp. The bases were printed in 

PLA material so that the system could be 

installed and transported anywhere, in addition 

to increasing the aesthetics of the prototype. 

Figure 17 shows the new design of the bases 

supporting the concave mirrors that allowed 

better adjustment. 

 

 
 
Figure 17 New bases for the Schlieren system  

Source: Own Elaboration 

 

VI. Conclusions 

 

The objective of this project was to develop a 

prototype for flow observation in transparent 

media. Among the different Schlieren 

configurations available, the Schlieren Z-array 

technique was selected.  

 

 

 

This technique was the most efficient for 

the observation of the phenomenon since it has a 

wider space to perform the tests and, due to light 

refraction, it can reduce one of the optical 

aberrations that in this type of system, in this 

case, astigmatism.  

 

In this project, special care was given to 

the design and assembly arrangement that were 

created in SolidWorks© (Dassault Systèmes, 

2023).  The manufacturing of the actual parts for 

the assembly was outsourced. It was necessary 

to economize by using materials and tools that 

were available, as well as by planning the design 

of each piece to reduce the amount to be used. 

Although the surface finish of the mirrors was 

not completely smooth, it was possible to meet 

the expectations and objective for which it was 

planned. 

 

Improvements to the Schlieren System 

 

Possible improvements and modifications to the 

system would be to utilize better quality mirrors 

since the ones that were used here caused some 

complications at the time of testing and 

produced blurry images. 
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Abstract 

 

Renewable energies are playing a critical role in reducing 

emissions in the energy generation sector. Photovoltaic 

technologies have reduced their cost due to the 

improvements in conversion efficiency, the cost of the 

materials, the economies of scale, and the investments 

made in research and development in the private and 

public sectors. The Grätzel cells are part of the third 

generation of photovoltaics. This generation of 

photovoltaics looks to achieve photovoltaic devices with 

great efficiency while keeping low costs using thin layer 

processes and non-toxic materials. One of the main 

features of these solar cells, also known as dye-sensitized 

solar cells (DSSCs), is that the spectrum of absorbed light 

depends on the dye used and can be tuned, which have a 

big effect on the performance of the cell.  This feature 

grants this device great versatility, which gives this 

technology a great potential to give energy to devices in 

indoor illumination and as Building Integrated 

Photovoltaics (BIPV). The relevance and working 

principle of the Grätzel cells are presented in this text, as 

well as the steps that were required to build these solar 

cells in a laboratory setting.  

 

 

 

DSSC, Solar energy, Grätzel cells 

 

Resumen 

 

Las energías renovables están desempeñando un papel 

fundamental en la reducción de emisiones en el sector de 

la generación de energía. Las tecnologías fotovoltaicas 

han reducido su coste gracias a las mejoras en la eficiencia 

de conversión, el coste de los materiales, las economías de 

escala y las inversiones realizadas en investigación y 

desarrollo en los sectores privado y público. Las células de 

Grätzel forman parte de la tercera generación fotovoltaica. 

Esta generación de fotovoltaica busca conseguir 

dispositivos fotovoltaicos de gran eficiencia manteniendo 

bajos costes mediante procesos de capa fina y materiales 

no tóxicos. Una de las principales características de estas 

células solares, también conocidas como células solares 

sensibilizadas por colorante (DSSC), es que el espectro de 

luz absorbida depende del colorante utilizado y puede 

sintonizarse, lo que tiene un gran efecto en el rendimiento 

de la célula.  Esta característica otorga a este dispositivo 

una gran versatilidad, lo que confiere a esta tecnología un 

gran potencial para dar energía a dispositivos en 

iluminación interior y como Fotovoltaica Integrada en 

Edificios (BIPV). En este texto se presentan la relevancia 

y el principio de funcionamiento de las células de Grätzel, 

así como los pasos que fueron necesarios para construir 

estas células solares en un entorno de laboratorio.  

 

DSSC, energía solar, células de Grätzel 
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Introduction 

 

The use of renewable energy and solar cells have 

taken a leading role in the shift towards cleaner 

generation sources [1]. The manufacturing of 

photovoltaic solar cells has decreased 

significantly in cost due to the great investment 

of the public and private sectors in innovation. 

Silicon photovoltaic cells also have a series of 

disadvantages, such as the high price of 

extracting the silicon necessary for the cells or 

the use of a limited fraction of the 

electromagnetic spectrum.  

 

One of the alternatives to this type of 

cells are the Grätzel cells or dye-sensitized solar 

cells (DSSCs), which present very interesting 

characteristics such as: low production cost, 

selection of a specific absorption range, there are 

light and semi-transparent [2]. Moreover, these 

characteristics are of interest for their application 

in the architecture of buildings [3], electronic 

devices [4], terrestrial storage [5], and portable 

generation devices [6]. 
 

DSSCs are a type of third-generation 

solar cell that differs from other types of solar 

cells in that the charge carrier generation and the 

transport mechanism occur at different sites [7]. 

These cells perform outstandingly in other 

interiors, and it could take advantage of artificial 

light compared to solar cell technologies. This is 

one of the essential advantages that DSSCs have 

in relation to other photovoltaic cell 

technologies. For example, the Internet of 

Things (IoT), technology that aims to connect all 

kinds of electronic devices, sensors, wearable 

devices, and smart meters through wireless 

connections [8].  

 

Even though many smart devices are 

connected with communication networks, there 

are significant problems in providing electricity 

to such devices. For IoT devices, batteries are 

usually the power sources, however, the 

disadvantage of using batteries is that their 

lifetime is limited to months or years. Also, the 

power required for IoT devices is typically low 

and can be supplied under indoor lighting 

conditions using DSSC. Therefore, indoor 

DSSCs are considered as promising systems for 

power supply to IoT devices [9-10]. 

 

 

 

 

 

Constitution, characteristics, and operation 

of a DSSC 

 

A DSSC is represented as a tandem by 

superimposing nanocrystalline semiconductor 

films between two electrode substrates (usually 

both transparent, ITO for example), in the 

following order the intermediate layers where 

REDOX reactions are generated to produce 

electrons are represented: a) mesoporous film 

(photoanode) sensitized with the dye, b) 

electrolyte solution and c) a catalyst, which 

covers a conductive substrate (counter electrode) 

(see figure 1). 

 

 
 

Figure 1 Operating principle of a Grätzel cell [11] 

 

The operation of the DSSC's occurs 

when electrons are produced from the light that 

passes through the transparent conductor and 

interacts with a dye, which is supported on a 

mesoporous layer of semiconductor 

nanoparticles (2-15 μm thick and 10-30 nm in 

diameter, usually TiO2). When light interacts 

with the dye, a portion of the light is absorbed 

and shifts a portion of the dye's electrons to a 

higher energy state (bringing the dye to its S* 

excited state).  

 

Consequently, these electrons can be 

used if they are injected into the mesoporous 

layer or they can be lost through a series of 

recombination pathways to the dye (10-4 s), to 

the electrolyte (10-2 s) or the decay of the dye to 

its ground state (10- 9s). The electrolyte is a 

layer or medium that facilitates charge transport 

to the anode (I-/I-3 dissolved in acetonitrile is 

usually used) [12].  
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Figure 2 Energy diagram of a Grätzel cell [9]. 

 

Methodology 

 

For the assembly of the DSSC's, glass slides 

were used and a layer of ITO (250nm, 70-100 Ω 

/cm2) was deposited for the top electrode 

(cathode) and for the bottom electrode (anode) a 

layer of ITO (250 nm, 70-100 Ω/cm2) + Pt (50 

nm) (ITO was deposited by sputtering and Pt by 

e-beam evaporation). Next, the assembly of the 

DSSC's cells is described in 4 steps: 

 

1. A layer of TiO2 NP's was deposited on 

the top electrode from 100 µl of a 

solution of 2 g TiO2 NP's + 0.05 g of PEG 

+ 0.5 ml of Triton X-100 in 6 ml of 1M 

HNO3. 

2. The top electrode (glass+ITO+ TiO2 

NP's) was heated to 80°C and immersed 

in the dye for 24 hours and allowed to dry 

at room temperature. 

3. The surface of TiO2 NP's + dye of the top 

electrode was impregnated by dripping 

with a solution of 0.5M Potassium Iodide 

+ 0.05M Ethylene Glycol Iodide. 

4. The previously activated bottom 

electrode was placed at 400°C for 15 

min. 

 

 
 

Figure 3 DSSC's assembly diagram. a) shows 4 steps to 

assemble the DSSC's, b) diagram of the DSSC model and 

c) DSSC assembled in the laboratory 

 

 

Results and Discussion 

 

In the present work, the open circuit voltage 

(Voc), electrical current density (Jsc), 

conversion efficiency (𝜂) and form factor or fill 

factor (FF) associated with the composition of 

the DSSC were analyzed. Cells with upper 

electrode of Pt NP´s deposited by deep coating, 

Pt film by sputter deposition, the TiO2 layer by 

the Dr. Blade method, TiO2 by spin coating and 

the types of dye: Rhodamine B and 

Anthocyanin, were compared. (See table 1). 
 
Variable A) Parameters B) Parameters 

Pt Deep 

coating 

10 seconds 

and dry by 5 
minutes. 

Sputtering 25sccm of Ar, 

3 mTorrs and 
8% power of 

DC source 

TiO2 Deep 
coating 

Mascaraed Spin coating 3000 rpm by 
40 seconds 

Dye Rhodamine 

B 

80°C by 24 

hours 

Anthocyanin 80°C by 24 

hours 

 

Table 1 Variables compared in the manufacture of DSSC's 

cells 

 

After two hours of stirring a colloidal 

solution of 2 g of TiO2 NPs in 96 ml of methanol 

and 4 ml of 0.1 M nitric acid; ITO/Glass is 

dipped. Figure 4 shows the result of the deposit 

by the dip coating method of the mesoporous 

layer made up of TiO2 NPs on a glass-supported 

ITO film. In c) a pair of micrographs taken in an 

optical microscope of the TiO2 layer with a very 

uniform appearance is observed, and in d) the 

roughness of the surface between 1 µm and 3 µm 

is observed by AFM with scans of 15µm x 

15µm. 

 

 
 

Figure 4 Deposit by the dip coating method. a) shows top 

electrode schematic, b) photograph of TiO2 NP's 

deposition on a glass-supported ITO film, c) 10X optical 

micrograph and c1) 50X zoom, and d) NP's surface 

topography of TiO2 by AFM of 15µm x 15µm 
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Figure 5 shows the result of the deposit 

by the spin coating method of the mesoporous 

layer made up of TiO2 NPs on a glass-supported 

ITO film. 100 µl of a solution of 2 g TiO2 NP's 

+ 0.05 g of PEG + 0.5 ml of Triton X-100 was 

placed in 6 ml of 1M HNO3. The equipment was 

programmed at 3000 rpm for 40 seconds. In c) a 

micrograph taken in an optical microscope of the 

TiO2 layer with a very compact and uniform 

appearance is observed, and in d) the AFM scan 

of 35µm x 35µm is observed, a step can be seen 

with which an average thickness of 7.68 µm. 
 

 
 

Figure 5 Deposit by the spin coating method. a) shows top 

electrode schematic, b) photograph of TiO2 NPs 

deposition on a glass-supported ITO film, c) 10X optical 

micrograph, and d) surface topography of TiO2 NPs by 

35µm AFM x 35 

 

Figure 6 shows the manufacture of the 

bottom electrode. For this, it was tested to 

deposit a layer of Pt NP's and a uniform Pt film 

by sputter deposition on Glass and later ITO on 

the Pt NP's/Glass and Ptfilm/Glass 

correspondingly. In b) a photograph of the 

ITO/Pt NP's/Glass film with a slightly opaque 

and translucent appearance is observed. The Pt 

NP's were synthesized from 134.14 μl of 6.09 

mM chloroplatinic acid (H2PtCl6) in 30 ml of 

deionized water + 10.75 mg of 

polyvinylpyrrolidone (PVP) as protective agent 

+ 1 ml of 1% sodium borohydride (NaBH4), 

127.5 µl of the Pt NP's solution were added on 

the Glass and allowed to dry, subsequently 

heated to 400°C to activate the surface of the Pt 

NP's. In c) a very uniform Ptfilm/Glass film. The 

sputter deposition equipment was operated at a 

DC source power of 8%, Ar gas flow of 25 sccm 

and 3 mTorrs. 

 
 

Figure 6 Deposit of the bottom electrode. a) shows 

diagram of bottom electrode, b) bottom electrode ITO/Pt 

NP's/Glass, and c) ITO/Ptfilm/Glass 

 

Figure 7 shows the assembly of the 

DSSC's, in a) the top electrodes of TiO2 

NP's/ITO/Glass are prepared, in b) they are 

subsequently impregnated with the dye, in c) the 

electrolyte is added, and it is connected to the 

bottom electrodes of ITO/Pt NP's/Glass and 

ITO/Ptfilm/Glass (they were fixed with metallic 

tweezers to avoid movement). In d) a complete 

schematic of the DSSC´s is observed. 
 

 
 

Figure 7 Assembly of the DSSC's. a) TiO2 

NP's/ITO/Glass top electrode, b) TiO2 NP's/ITO/Glass 

upper electrode + dye, c) top and bottom electrode 

assembly, d) complete schematic of a DSSC cell 

 

Figure 8 shows the electrical circuit 

model that allows the measurement of the 

current and voltage of a solar cell contains a 

variable resistor, ranging from 3 Ω to 10,000 Ω, 

which is connected in parallel with the solar cell. 

For the measurement of the variables, a current 

meter is placed in series with the cell and the 

resistance, and a voltage meter is placed in 

parallel. 
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Figure 8 Circuit diagram for the measurement of the 

electrical variables of the DSSC 

 

In annexes section is the table 2 with 

variations of solar cells and their measured 

electrical variables. The table 3 show results 

about photovoltaic performance of DSSC´s 

using Rhodamine B and Anthocyanin. 
 

Dye Jsc 

(mA/cm²) 
Voc 

(mV) 
Mpp 

(μW) 
FF 𝜂 (%) 

Rhodamine 

B 

0.02285 505 11.41 0.3043 0.0037 

Anthocyanin 0.3812 380 78.8 0.2166 0.0145* 

 

* For the efficiency of the anthocyanin cell 1.5AMG 

illumination was assumed. 

 

Table 3 Photovoltaic performance of DSSC´s using two 

different dyes 

 

Conclusions 

 

During the development of the manufacturing of 

the different cells, methods such as Deep coating 

were tested, which is a simple and cheap 

technique, however, when testing the Sputtering 

process, the results were similar among its 

variants, uniform on the surface eye and resistant 

to the manipulation.  

 

All the results with illumination with the 

Sun show similar values of states of polarization 

related to Voc (open circuit voltage) and the 

comparison with illumination under a solar 

simulator, it presents values twice as high as 

those with the sun. The values of the current flow 

Jsc were also observed different in relation to 

lighting, however, what stands out is the 

difference between the cells manufactured with 

Rhodamine B and Anthocyanin, where the latter 

presents better values in general in relation to 

efficiency. 

 

 

 

 

 

Consequently, the results of this work 

provide a description and comparison of the 

various methods that offer an excellent 

alternative for the manufacture of DSSC's cells, 

and derived from these results many proposals 

arise to develop innovation in the manufacture of 

photovoltaic devices (modification of the dye, 

manufacture of DSSC's devices with 

microfluidics to vary or exchange the dye, 

among others) and the versatility of its 

applications in relation to architecture, 

ergonomics in work areas in relation to lighting, 

remote control of DSSC's devices ( IoT), among 

others. 
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Abstract 

 

This paper analyses the impact of the integration of 

renewable energy sources on the economic and 

environmental operation of power systems (PS). The 

models of renewable energy sources, as well as the 

generation cost function and Carbon Dioxide (CO2) 

emissions are integrated in an Optimal Power Flow (OPF) 

formulation in order to obtain a non-linear multi-objective 

optimisation model, which considers economic and 

environmental aspects. This OPF model, having integrated 

the models of renewable energy sources, allows to 

evaluate the impact that these energy sources have on the 

minimisation of generation cost and CO2 emissions. In this 

work, the multi-objective OPF problem is solved using 

weighting factors for the two functions considered in the 

global objective function. Several case studies are carried 

out to evaluate the effect of the integration of renewable 

energy sources on the economic and environmental 

operation of power systems. The results of the case studies 

show that renewable energy sources reduce generation 

cost and CO2 emissions. 

 

 

 

Renewable energy sources, Optimal generation 

dispatch, Power systems 

Resumen 

 

En este trabajo se analiza el impacto de la integración de 

las fuentes de energía renovable en la operación 

económica y ambiental de los sistemas eléctricos de 

potencia (SEP). Los modelos de las fuentes de energía 

renovable, así como la función de costo de generación y 

de emisiones de Dióxido de Carbono (CO2) se integran en 

una formulación de Flujos de Potencia Óptimos (FPO) con 

la finalidad de obtener un modelo de optimización no 

lineal multi-objetivo, que considera aspectos económicos 

y ambientales. Este modelo de FPO, al tener integrados los 

modelos de las fuentes de energía renovable, permite 

evaluar el impacto que tienen estas fuentes de energía en 

la minimización del costo de generación y en las emisiones 

de CO2. En este trabajo, el problema de FPO multi- 

objetivo se resuelve utilizando factores de ponderación 

para las dos funciones consideradas en la función objetivo 

global. Diversos casos de estudio se llevan a cabo para 

evaluar el efecto que tiene la integración de las fuentes de 

energía renovable en la operación económica y ambiental 

de los SEP. Los resultados de los casos de estudio 

muestran que las fuentes de energía renovable reducen el 

costo de generación y las emisiones de CO2. 

 

Fuentes de energía renovable, Despacho óptimo de 

generación, Sistemas eléctricos de potencia 
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Introduction  
 

In recent years, care for the environment has 

become increasingly important in the daily and 

productive activities of society around the world. 

Therefore, it is of great importance nowadays to 

carry out such activities with minimal impact on 

the environment and to ensure environmental 

sustainability. Virtually all productive activities, 

especially those carried out at the industrial 

level, produce large amounts of pollutant gas 

emissions, known as greenhouse gases. Of all 

productive activities, in developed countries, 

electricity generation represents one of the main 

sources of environmental pollution through the 

emission of polluting gases into the atmosphere 

[Stott, 1979]. The greenhouse gases that power 

plants emit into the atmosphere in the greatest 

quantity are carbon monoxide, sulphur dioxide, 

nitrogen oxides and carbon dioxide, the latter 

being considered the greenhouse gas that 

contributes most to global warming, as it is the 

gas that is emitted in the greatest quantity by 

industry around the world [Atten et al, 2004; 

Demirel, 2004; Oceana, 2008; Rodríguez et al, 

2013]. 

 

Mexico is one of the countries that, 

within the framework of the United Nations 

(UN) Paris Agreement [United Nations, 2015], 

have made specific commitments to curb global 

warming and climate change. The Nationally 

Determined Contributions (NDCs), together 

with the Special Climate Change Programme 

(SCCP), are Mexico's climate policy 

instruments, in which specific targets have been 

set to reduce 22% of its Greenhouse Gas (GHG) 

emissions, as well as to generate 35% of 

electricity through clean energy sources by 2024 

and 43% by 2030, such generation to include 

renewable energy, cogeneration with natural gas 

and thermoelectric plants with CO2 capture 

[CEMDA, s. f.; SEMARNAT, 2015].  

 

For this reason, the integration of 

renewable energy sources into the active power 

generation system is of great importance, as it 

offers clean energy without greenhouse gas 

emissions, thus contributing to meeting the 

electrical energy demand of the power system 

with a decrease in GHG emissions, which 

reduces the carbon footprint that would occur if 

the demand were met solely by thermoelectric 

power plants.  

 

 

As in the case of Mexico, policies, 

procedures and methods have been implemented 

around the world to minimise the effect of GHGs 

on air pollution. Policies and procedures include 

financial penalties for violation of permitted 

emission limits or green certificates to encourage 

the integration of clean energy sources in power 

systems. On the other hand, some of the common 

methods to reduce GHG gases are to reduce 

emissions from thermal power plants by using 

fuels with lower emission potential, installing 

post-combustion cleaning systems or 

dispatching generating units in such a way that 

emissions of polluting gases are minimised 

[Kulkarni et al, 2000; Song et al, 1997].  

 

The analysis of Optimal Power Flows 

(OPF) allows the optimisation of an objective 

function subject to different equality and 

inequality constraints, thus determining the 

optimal steady-state operation of the power 

system. The objective functions can consider 

economic, safety or environmental aspects of the 

power system [Acha et al, 2004]. The objective 

function of the OPF problem can consider two 

aspects to be minimised simultaneously, 

obtaining a multi-objective OPF model, whose 

functions and constraints are non-linear.  

 

In this work, the reduction of CO2 

emissions and the cost of active power 

generation are considered as objectives. It 

should be mentioned that the simultaneous 

reduction of CO2 emissions and generation cost 

is a topic widely studied by utilities and 

researchers [Demirel, 2004; Dhillon et al, 1993; 

King, 1995; Kulkarni et al, 2000; Song et al, 

1997]. However, the determination of the impact 

of renewable energies on the reduction of GHG 

emissions is not a common topic, since the 

mathematical modelling is complex and difficult 

to solve, due to the need to integrate the models 

of renewable energy sources in the formulation 

of multi-objective OPF, whose model is a highly 

non-linear optimisation problem with functional 

and variable constraints. This paper presents an 

analysis of the impact of the integration of 

renewable energy source models on the 

economic and environmental operation of power 

systems. The structure of the paper is as follows: 

The first section consists of the introduction and 

a review of the state of the art of the topic 

analysed in the paper, then in the next two 

sections the theoretical framework related to 

renewable energy sources and the multi-

objective OPF problem is presented 

respectively.  
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In the case studies section, several cases 

with a test power system are shown to evaluate 

the impact of renewable energy sources on the 

economic and environmental operation of the 

system. Finally, the penultimate and last section 

presents the conclusions obtained from the work 

and the bibliographical references, respectively. 

 

Power generation from renewable energy 

sources 

 

The renewable energy sources currently used to 

generate electricity are geothermal, ocean, 

bioenergy, hydro, solar and wind. Of these, wind 

and solar energy are the most prevalent in the 

world's electric power systems [Naciones 

Unidas, n. d.]. For this reason, these sources are 

the ones considered in this work. 

 

A. Power generation by wind energy 

 

In general, wind energy is produced by wind 

turbines or windmills. The kinetic energy in the 

moving air causes the turbine blades to rotate, 

whereby the kinetic energy is converted into 

mechanical energy, which in turn is converted 

into electrical energy by an electric generator, 

whose operation is based on an induction motor 

with negative torque, also known as an induction 

generator [Chapman, 2012]. The turbine-

generator set is known as a wind turbine. The 

available power that is converted by the wind 

turbine is [Mahaboob et al, 2021], 

 
30.5    W PP A v C                                         (1) 

 

Where ρ is the wind density with a value 

of 1,221 kg/m3, A is the swept area of the wind 

turbine blades in m2 and v is the wind speed in 

m/s. The CP term is the Betz constant or power 

coefficient, whose value is equal to 59.3% 

[Ackerman, 2005]. 

 

B. Power generation by solar energy 

 

Solar energy is the most abundant energy on the 

planet, does not generate emissions that pollute 

the environment, requires less maintenance and 

has a long duration time. One of the important 

points for solar power generation is the sun's 

radiation, which is captured by a photovoltaic 

panel that is used to convert the sun's radiation 

into electrical energy.  

 

 

A typical PV panel consists of a P-N 

junction semiconductor diode [Patel, 1999], 

which works on the principle of the photovoltaic 

effect, since when radiation strikes the diode, the 

P-N junction absorbs light and produces electric 

current. The power output generated by a PS 

solar plant can be calculated, in kW, as follows 

[Mahaboob et al, 2005], only in case the solar 

irradiation is known. 

 

    S PV S ZP PR GHI A S                                   (2) 

 

Where, the PR term is the performance 

ratio, whose value is dimensionless and lies 

between 0.5 and 0.9, the default value normally 

considered for this parameter is 0.75. The GHI 

term is the global horizontal irradiation in 

kW/m2, AS is the surface area of the solar panel 

in m2, ηPV is the efficiency of the solar panel 

whose value is around 0.15 and SZ is the number 

of solar panels contained in the solar plant. 

 

Multi-objective OPF formulation considering 

renewable energy sources 

 

The two objective functions to be minimised in 

the multi-objective OPF are the cost of active 

power generation and CO2 emissions, both of 

which are minimised simultaneously. The 

mathematical formulation of this OPF problem 

considering the integration of solar and wind 

renewable energy sources is described below. 

 

A. Mathematical model of the multi-

objective OPF problem 

 

1) Objective Function 

 

The cost of active power generation involves 

maintenance costs, fixed costs, labour, fuel, 

among others, and is given by the following 

objective function, 

 

 2

, ,

1

gN

C i i g i i g i

i

F a b P c P


                             (3) 

 

In the above expression, it is clear that 

the function is non-linear. The terms ai, bi and ci 

are the coefficients of the cost curves of the 

generators and Pg,i is the power generated by 

each power plant connected to node i. 

 

Similarly, the total CO2 emissions from 

the combustion of thermal power plants can be 

modelled by the quadratic function given by (4). 
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 2

, ,

1

gN

E i i g i i g i

i

F d e P f P


                             (4) 

 

In the above equation, the terms di, ei and 

fi are the coefficients of the curves representing 

carbon dioxide emissions to the atmosphere. The 

valve points are not considered in this work 

[Demirel, 2004; Dhillon et al, 1993; King, 1995; 

Kulkarni et al, 2000; Song et al, 1997]. In both 

objective functions Ng is the number of 

generators installed in the power system.As 

mentioned, the sum of the generation cost 

function FC and the emissions function FE gives 

rise to the global multi-objective function 

[Demirel, 2004; Kulkarni et al, 2000], which is 

the new function to minimise in the OPF 

problem and is given as follows, 

 

 , , ,( ) ( )T g i C C g i E E g iF P w F P w hF P                (5) 

 

The terms wC and wE are the weighting 

coefficients for the cost and emissions functions, 

respectively, while the term h is the penalty 

factor that allows combining both objective 

functions into an overall function. 

 

 
 

max max

max max

Ci gi gi

i

Ei gi gi

F P P
h

F P P
                                       (6) 

 

Where Pgi
max is the maximum power of 

generator i, so that the cost and emission 

functions, FCi and FEi, are evaluated at this value 

of the power generated at the i-th generator. 
 

2) Equality Constraints 
 

The equality constraints that allow modelling the 

active power balance at node k considering the 

renewable energy sources are given as follows, 

 

, , , ,

1 1

0
N Nb

g k RES i D k iny k

i k

P P P P
 

                     (7) 

, , ,

1

0
Nb

g k D k iny k

m

Q Q Q


                                  (8) 

 

Where {Pg,k, Qg,k}, {PD,k, QD,k} and 

{Piny,k, Qiny,k}  are the active and reactive power 

generated, demanded and injected at node k, 

respectively. The term PRES={PS, PW} represents 

the active power generated by the N renewable 

energy sources connected at node i. PS is the 

power generated by photovoltaic power plants 

and PW is the power generated by wind power 

plants. 

3) Inequality constraints 

 

Inequality constraints allow modelling the 

physical and operational limits of the power 

system, these limits are usually applied to the 

variables and sometimes to the functions that 

depend on the variables that determine the 

operating state of the power system. These limits 

are modelled by means of the following 

inequality constraints.  

 
min max

k k k                                                  (9) 

 
min max

k k kV V V                                              (10) 

 
min max

, , ,g i g i g iP P P                                           (11) 

 
min max

, , ,g i g i g iQ Q Q                                           (12) 

 

min

3

min max

max

0 if

0.5 if

if

W

r

v v

P Av v v v

P v v






  
 

            (13) 

 

min

min

0 if

   if
S

S Z

GHI GHI
P

PR A S GHI GHI


 


       (14) 

 

It should be noted that all the above 

expressions are inequality constraints to 

variables, except constraint (12), which is an 

inequality constraint to function, since reactive 

power depends on voltage. On the other hand, 

inequality constraints (13) and (14) correspond 

to renewable energy sources [Mahaboob et al, 

2021]. The variable Pr is the rated power of the 

wind turbine, vmin is the minimum wind speed of 

3.5 m/s and vmax is the maximum wind speed of 

20 m/s. It should be mentioned that the nominal 

wind speed given in the literature is 11 m/s. The 

variable GHImin is the minimum irradiance from 

the sun whose average value is 5.5 kW/m2 

[Deloitte, 2019]. 

 

Study cases 

 

In this section, several study cases are presented 

to analyse the effect of integrating renewable 

energy source models on CO2 emissions and the 

cost of active power generation of a power 

system.  
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The 9-node test power system [Sauer, 

1997] is used in the study cases presented his 

coefficients of both the generation cost functions 

and carbon dioxide emissions of the generators 

used in the case studies of this power system are 

shown in Table 1. 

 
Generation cost coefficients 

Gen a 

($/hr) 

b 

($/MWhr) 

c 

($/MW2hr) 

1 140 2.0 0.0060 

2 120 1.5 0.0075 

3 80 1.8 0.0070 

CO2 emission coefficients 

Gen d 

(lb/hr) 

e 

(lb/MWhr) 

F 

(lb/MW2hr) 

1 137.3701 -1.2488 0.0138 

2 137.3701 -1.2488 0.0138 

3 363.7048 0.8051 0.0077 

 

Tabla 1 Coefficients of the cost and emission functions of 

the 9-node power system 

 

The voltage limits used in the study cases 

presented with this power system are 0.95 pu for 

the lower limits and 1.05 pu for the upper limits. 

While the limits used for active and reactive 

power for generator 1 are, respectively, 0 ≤ PG1 

≤ 200 MW and -100 ≤ QG1 ≤ 150 MVAR; for 

generator of 0 ≤ PG2 ≤ 150 MW and -100 ≤ QG2 

≤ 300 MVAR; and for generator 3 of 0 ≤ PG3 

≤100 MW and -100 ≤ QG3 ≤ 300 MVAR. The 

initial conditions of the voltage phase angles are 

0°. 

 

First, the multi-objective OPF is solved 

to determine the economic and environmental 

dispatch of the 9-node power system without 

considering the integration of the renewable 

energy source models. This case is considered as 

the base case. Subsequently, two study cases are 

carried out in which the renewable energy source 

models are integrated in a) the energy supply 

nodes and b) in the nodes where the greatest 

amount of load is installed, in order to observe 

the effect that clean energies have in the different 

SEP operating areas.  

 

In both cases, a wind power plant with a 

generation capacity of 35,725 MW and a 

photovoltaic power plant with an active power of 

48,094 MW are integrated simultaneously. It is 

important to mention that in the OPF analyses 

carried out, the cost function and the emissions 

function are combined in the global function 

with the same weight factor, in order to analyse 

the operation of the power system, giving equal 

importance to the economic and environmental 

aspects.  

In the first case study, a wind power plant 

is integrated at node 7 and a photovoltaic power 

plant at node 9, both of which are nodes at which 

energy is supplied to the power system. A brief 

comparison of results with and without the 

integration of renewable energy sources is 

presented in Table 2, while Figure 1 shows the 

voltage profile obtained when renewable energy 

sources are integrated. 

 

Parameters 
Without 

PW y PS 

With PW 

y PS 

PG (MW) 318.001 235.36 

QG (MVAR) 5.818 2.44 

Plosses (MW) 3.001 4.177 

Qlosses (MVAR) -109.182 -112.551 

Cost ($/hr) 1134.055 885.492 

Emissions (lb/hr) 845.603 702.8172 

Global objective function 1129.8 910.526 

 
Tabla 2 Summary of results with and without 

simultaneously connected renewable energy sources at the 

energy supply nodes 

 

In the second case, wind and PV power 

plants are integrated at load nodes 5 and 6, 

respectively. A summary of the results for this 

case study is shown in Table 3, which compares 

these results with those obtained in the base case. 

 

Parameters 
Without 

PW y PS 

With PW y 

PS 

PG (MW) 318.001 232.49 

QG (MVAR) 5.818 -12.64 

Plosses (MW) 3.001 1.307 

Qlosses (MVAR) -109.182 -127.646 

Cost ($/hr) 1134.055 878.183 

Emissions (lb/hr) 845.603 699.995 

Global objective function 1129.8 904.992 

 
Tabla 3 Summary of results with and without 

simultaneously connected renewable energy sources at 

load nodes 

 

As expected, the results presented in the 

tables above show that integrating renewable 

energy sources decreases active power 

generation because less power is demanded from 

the generators to meet the load and losses in the 

transmission elements. It is clear that reducing 

active power generation reduces both the cost of 

generation and carbon dioxide emissions. It is 

important to emphasise that, according to the 

results shown, generation costs and CO2 

emissions decrease when renewable generation 

plants are installed close to consumption centres, 

due to the decrease in transmission element 

losses.  
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However, it is sometimes not possible to 

install clean power plants close to loads, as they 

are limited to the availability of wind and sun. 

Fortunately, in Mexico there is photovoltaic 

potential over the entire surface of the country, 

which can favour a location of renewable energy 

plants as close as possible to load centres, in 

order to improve the economic and 

environmental operation of power systems. On 

the other hand, with the integration of renewable 

energy sources, generation and reactive power 

losses are reduced, which translates into an 

improvement in the nodal voltage profile of the 

power system, as shown in Graphic 1. Node 5 

has a lower voltage, as it is the node where the 

largest load is connected to the power system. 

The integration of wind and photovoltaic power 

plants at the energy supply nodes of the power 

system does not cause significant changes, 

unlike the case in which they are installed at the 

load nodes. 

 

 
* RES: Renewable Energy Sources. 

 

Graphic 1 Nodal voltage profile considering the effect of 

renewable energy sources 

 

Finally, it should be noted that active 

power losses are higher when adding renewable 

energy sources to the power system, which is 

due to the redistribution of power flows that 

occur in the system. 

 

Conclusions 

 

An analysis of the economic and environmental 

dispatch, where CO2 emissions and the cost of 

active power generation are minimised by 

integrating the wind and solar energy source 

models, has been presented. According to the 

results obtained, it can be concluded that by 

integrating the renewable energy source models 

there is a reduction in carbon dioxide emissions 

and generation cost, thus improving the 

economic and environmental operation of the 

power system, despite the increase in active 

power losses.  

Similarly, it is concluded that the 

integration of renewable energy sources 

improves the nodal voltage profile of the system 

due to a decrease in generation and reactive 

power losses. Finally, it should be mentioned 

that the cost of generation and carbon dioxide 

emissions decrease considerably when 

generation plants with renewable energy sources 

are installed close to power consumption 

centres. 

 

This work has been funded by ITESI and 

CONAHCYT under de research project CI-01-

2022. 
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