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Preface

2022 5th International Conference on Green Energy and Environment Engineering
(CGEEE 2022) was successfully held as virtual conference during July 28–30, 2022.
The conference is an annual event which has been conducted since 2018. CGEEE 2022
was held for three days. Three keynote speakers are invited this year, including Prof.
Jae K. Park form the University of Wisconsin-Madison, USA; Prof. Marco Casini from
Sapienza University of Rome, Rome, Italy; and Prof. Zhe Chen from Aalborg Univer-
sity, Denmark, as well as one invited speaker Prof. Sweety Vermas from Inje Univer-
sity, South Korea. Additionally, five technical sessions are arranged in the conference,
including environmental biology and ecological protection; sewage treatment andmarine
pollution assessment; environmental management, environmental chemical engineering
and sustainable development; green energy technology, thermal engineering and energy
management; and clean energy technology, energy management and pollution control.
Many researchers, engineers, academicians as well as industrial professionals from all
over the world have presented their research results and development activities.

This volume of proceedings includes papers which were presented at CGEEE 2022.
All of the papers were subjected to peer review by conference committee members and
international reviewers. The final papers selected depended on their quality and relevancy
to the conference. Topics covered by these papers include environmental pollution anal-
ysis, green energy and environment engineering pollution treatment, ecological envi-
ronment protection and sustainable development, renewable energy and clean energy
technology. The proceedings can serve as a reference and hopefully inspire new ideas
for scientists, engineers, graduate students, equipment manufactures and operators, as
well as technical managers who are working in the related fields.

Wewill continue to organize this conference in the future to provide a much effective
platform for further exchange of new knowledge and perhaps potential collaboration in
all aspects.

The organizer would like to thank all the conference participants for their support
to CGEEE 2022. Especially, we would like to thank all the members of organizing
committee, invited speakers, chairpersons and sponsors for their valuable suggestions in
the organization and all the reviewers for their professional peer review of the submitted
papers.

Jinkeun Kim
CGEEE 2022 Conference Chair
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A Study of Arsenic Extraction Efficiency
from Heavy Metal Contaminated Soils

H. Jeon and S. Park(B)

Korea University of Technology and Education, Cheonan 31253, South Korea
spark@koreatech.ac.kr

Abstract. Timely on-site detection of heavy metal contaminations in soil and
ground water is crucial for environmental monitoring and minimizing the risk to
human health. In this study, a single extractant based method for the extraction of
arsenic ions from soils has been developed and evaluated. The designed protocol
has beenmodified by adjusting the acidmixing volume and digestion time, and the
efficiency has been evaluated with three different types of soils (standard, spiked,
and field soils). Comparisons have been made between the proposed method and
the standard laboratory based protocol using aqua regia extraction. The proposed
method has shown reduced processing steps and time, allowing a simple and rapid
on-site sample pre-processing for soil monitoring.

Keywords: Soil analysis · Heavy metals · Arsenic · Extraction

1 Introduction

Arsenic contamination poses a great threat to the living organisms even in small traces [1–
6]. Especially, arsenic contamination in soil affects the wide variety of living organisms,
and is recognized that carcinogenesis can possibly be caused to humans even in trace
amount.While several protocols are available, conventionalmethods for analyzing heavy
metal contamination in soil and water generally require laboratory equipped instruments
and complex procedures, and thus have limited applicability for onsite sensing and
monitoring of contaminated area [7–12]. The heavy metals in the soil environment
exist in diverse ways, such as adsorbed or precipitated on the surface of minerals, co-
precipitated with carbonate or oxide minerals, combined with organic compounds, or
involved between silicate mineral lattices. However, the differentiation of these diverse
forms of bound heavy metals is challenging or often impossible. The analytical process
generally requires a sample preprocessing steps such as extraction of target metal ions
from the soil and subsequent quantification of analytes. The sample pre-processing
step has dominant importance for maximizing the analytical accuracy, however, labor-
intensive and tedious process with strong acids hinders the on-site operation, which has
been the actual bottle neck of developing an automated soil monitoring system [13, 14].

Due to the simplicity of the operation, a single extractant based extraction procedure
is generally preferred and widely used. However, it is difficult to apply a single method
universally and each method requires the optimization step because the forms of heavy

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023
J. Kim and Z. Chen (Eds.): CGEEE 2022, SPEES, pp. 3–10, 2023.
https://doi.org/10.1007/978-3-031-27803-7_1

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-27803-7_1&domain=pdf
https://doi.org/10.1007/978-3-031-27803-7_1
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metals in soils are influenced by soil properties and various environmental factors. In
this study, simplified protocols for arsenic extraction from contaminated soils with a
single extractant are presented. Acid based extraction (1M HCl) has been designed and
tested with spiked as well as field samples collected from arsenic contaminated sites in
South Korea, and the extraction efficiencies have been measured. In order to assess the
performance of the proposed protocol, the extraction efficiencies are compared with the
standard laboratory protocol.

2 Materials and Methods

2.1 Soil Samples

3 types of samples, standard, spiked, and field samples, were prepared for the evalua-
tion of the extraction efficiencies. The standard soil, BAM-U112a, was purchased from
Odlab, South Korea. Two spiked samples were prepared in laboratory. Soils were first
collected from the uncontaminated sites and filteredwith 150mmesh, then dried outside.
All collected soils were kept in dried and dark container for the future laboratory use. To
spike arsenic, NaAsO2 (Sigma-Aldrich, USA)was dilutedwith DIwater andmixedwith
the soils. Then the spiked soils were dried in 100 °C oven for 2 h. Similarly, three field
samples were collected from the arsenic contaminated sites in South Korea. Figure 1
shows different types of soil samples in this study. The composition of heavy metal
ions in all test samples were analyzed by the standard laboratory method with induc-
tively coupled plasma optical emission spectrometry (ICP-OES). Table 1 summarizes
the concentration of heavy metal ions in each test sample.

Fig. 1. Test samples (a) Standard soils (b) As spiked soils (c) As contaminated field soils.
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Table 1. I: Heavy metal ion concentration (ppm) in test soils

Soils As Cd Cu Ni Pb Zn Hg Fe

Standard
(BAM)

10.3 4.12 75.5 10.1 198 198 16.3 1

Spiked
sample 1

378.5 NA NA NA NA NA NA NA

Spiked
sample 2

211.3 NA NA NA NA NA NA NA

Field
sample A

2 0 2.02 0 1.5 3.66 - 191.3

Field
sample B

214.8 NA NA NA NA NA NA NA

Field
sample C

260.7 NA NA NA NA NA NA NA

Field
sample D

280 NA NA NA NA NA NA NA

Field
sample E

500 NA NA NA NA NA NA NA

Field
sample F

595 NA NA NA NA NA NA NA

Field
sample G

719.1 1 15.6 14.2 143.6 177.1 4.61 NA

Field
sample H

1028 1.38 13.6 8.7 246 250 4.01 NA

Field
sample I

2052 NA NA NA NA NA NA NA

2.2 Extraction

Arsenic extraction from the soil samples was tested using hydrochloric acid, HCl (Sam-
chun chemicals, SouthKorea) and sodium hydroxide, NaOH (Merck, Germany). Extrac-
tion of arsenic ions was performed by mixing 200 mg of soil samples with 1–40 ml of
1M HCl in a centrifuge tube and homogenizing with the tube shaker for 30–60 min at
60 rpm. If needed, sonicationwas applied at 60 °C for 0.5–2 h. Samples were then diluted
with DI water and filtered through the 12 m filter paper (Chmlab, Spain) and collected in
a tube. For the comparison of the extraction efficiency, the standard extraction protocol,
ES07000 fromKoreaMinistry of Environment, was selected and applied, which is based
on aqua regia digestion.

2.3 Statistical Analysis

The difference in the extraction parameters was analysed by one-way ANOVA (SPSS
16.0 software; Macrovision Corporation Santa Carlo, California, USA) followed by
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turkey’s post-hoc test to compare the differences between the time points. P< 0.05 was
considered as statistically significant.

3 Results

Many types of acidic or basic solutions have been applied for the extraction of arsenic
from soils in the literature, and strong acids such hydrofluoric acid (HF), phosphoric acid
(H3PO4), and sulfuric acid (H2SO4) are generally known as highly efficient extractants
(Alam and Tokunaga, 2006). However, these strong acids may cause environmental and
handling hazards for on-site operations. In this study, we have selected relatively mild
extractants, 1M HCl and 2M NaOH. The binding between soils and heavy metal ions is
affected by various physical, chemical and biochemical factors, and a parametric study
is generally required for extracting target ions. Figure 2 shows the comparison of the
efficiencies of the arsenic extraction from standard soils. 200 mg of soil is extracted
with 40 ml of each extractant. HCl has shown relatively higher efficiency of 73.8%
compared to the case of NaOH, having 38.4%. Including standard soils, HCl has shown
higher efficiencies for most of test samples, and thus further parametric studies have
been performed by using HCl as an extractant.

Fig. 2. Arsenic extraction efficiencies from standard soils using HCl and NaOH

Elution of heavy metals bound in soils can generally be increased with the digestion
time, but the rapid operation requires the minimized processing time. In order to observe
the effect of digestion time, we have tested the extraction from spiked soils. Soils with
concentrations of 211.3 and 378.5 ppmwere prepared by spiking sodium nitrite aqueous
solution (NaAsO2) into the field collected soils. As shown in Fig. 3, the extraction
efficiencies for two different spiked samples at different arsenic concentration were
increased with the digestion time. The recovery rate of the target ion was higher than
90% when the digestion time of 60 min were applied, which can then be selected as the
reduced processing time.

The elution ofmetal ions requires the time for chemical diffusion aswell as extractant
volume [15]. The tests were conducted in two ratios, 1:5 and 1:200. As shown in Fig. 4,
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Fig. 3. Arsenic extraction efficiencies from two different spiked soils with the digestion time of
(a) 30 min (b) 60 min. Soil-to-acid ratio was 1:200.

higher soil-to-acid ratio has shown better extraction efficiency in case of the spiked soil
samples. The low soil-to-acid ratio, 1:5, showed low efficiencies of 7% and 12% at 211.3
ppm and 378.5 ppm soils, respectively, whereas the 1:200 ratio showed high efficiencies
of 97% and 99%.

Fig. 4. Arsenic extraction efficiencies from two different spiked soils with the soil-to-acid ratio
of (a) 1:5 (b) 1:200. Digestion time was 60 min.

However, the effect of extractant volume was statistically insignificant (p ≤ 0.05) in
the case of field soil samples as shown in Fig. 5. Four different field soils at the arsenic
concentration of 42.5, 62.4, 218.8, and 280.0 ppm have been tested and the average
extraction efficiency were found to be 36.9% and 38.4% for 1:5 and 1:200 soil-to-acid
ratio, respectively. In the literature, it is reported that more stable ion binding can be
formed in field soils due to aging, which can reduce the effect of the extractant volume
[16–18]. Because the high soil-to-acid ratio provides less dilution factor for maximizing
the analytical accuracy and the handling in small volume is also favorable for on-site
operations, 1:5 soil-to-acid ratio was selected in the finalized protocol for the field soil
extraction.



8 H. Jeon and S. Park

Fig. 5. Averaged arsenic extraction efficiencies from 4 field soil samples with the soil-to-acid
ratio of 1:5 and 1:200. Digestion time was 60 min.

The spiked and standard soils also have been tested for the finalized protocol to check
the variability of the extractions. As shown in Fig. 6, the averaged extraction efficiency
for the spiked and standard samples were observed to be 94.5% and 51.8%, respectively.
Weak binding feature of arsenic ions in spiked samples caused relatively high recovery
rate compared to the standard samples.However, the comparative efficiencywith the aqua
regia based standard method is high enough to be applied in the subsequent analytical
processes.

Fig. 6. Arsenic extraction efficiencies from standard soils with the soil-to-acid ratio of 1:5.
Digestion time was 60 min.

In order to examine the efficacy of the developed protocol, 9 different field samples
with various arsenic concentration, ranging from 2 to 2052 ppm, have been tested for
the extraction efficiency. All soil samples were filtered with a sieve after collection,
and digested with 1M HCl for 60 min at 1:5 soil-to-acid ratio. After the digestion,
the residue was filtered through a 12 m filter paper, and the filtrate is transferred to a
50 mL centrifuge tube for analysis. Figure 7 shows the results of extraction efficiencies.
Depending on the soil composition, extraction efficiencies ranging from 11.5% to 66.7%
have been achieved. It should be noted that field soils with low arsenic concentration
show lower extraction efficiencies. Leaching may be accelerated at higher concentration
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due to the chemical nature, however, heavy metal binding features are still dependent
on the chemical, physical, and biological profile of soils [19, 20].

Fig. 7. Arsenic extraction efficiencies from field soil samples with the soil-to-acid ratio of 1:5
and digestion time of 60 min.

4 Conclusions

In this study, we have presented a single acid based extraction method for arsenic extrac-
tion from contaminated soils. With the utilization of a relatively mild acid, 1MHCl, high
recovery rate of over 70% has been validated for laboratory samples of standard and
spiked soils. The performance of the method has been confirmed with the field sample
collected from various contaminated sites, and the extraction efficiencies ranging from
11 to 66% have been demonstrated. With the simplified processing step, the presented
protocols eliminate the complexity of the standard method and enable streamlined ana-
lytical sample preparation. Future study includes the implementation of the developed
protocol with a portable analytical system and the validation of its effectiveness.

Acknowledgment. This subject is supported by the Korea University of Technology and Educa-
tion as “Professor’s research year support fund” and “Professor’s education and research promotion
fund”. We would like to thank to the Cooperative Equipment Center at Korea University of Tech-
nology and Education for assistance with standard analysis, and to the National Environment Lab,
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Design of a Rushton Turbine
for the Improvement of the Bioreactor

in the Wastewater Treatment Plant in the City
of Morococha (Carhuacoto)-Peru

Anieval Peña , Steve Camargo , Frando Condor(B) , Angela Tunque ,
and Ashley Verano

Continental University, Huancayo 12002, Perú
{apenar,46935319,72146015}@continental.edu.pe

Abstract. The study is carried out in a domestic wastewater treatment plant
(DWWTP) in the city ofMorococha inPeru,with a population of 9 thousand inhab-
itants, at an altitude of 4200m.a.s.l., has a processing capacity of 1620m3/daywith
a flow that is not constant, focuses on secondary treatment consisting of a sequen-
tial biological reactor (SBR) of aerobic technology. The problem is the excess
flow in certain periods of time and the incoming wastewater was not processed in
an optimal way, as an objective a redesign of the bioreactor was proposed, incor-
porating a Rushton Turbine of 6 horsepower (H.P.) of power with 6 propellers and
dimensioned according to mathematical models, the results were the improve-
ment of effluent quality for turbidity, dissolved oxygen, pH and residual chlorine,
improving the reaction speed, and controlling the treatment flow, providing a bet-
ter quality effluent to the receiving body which is a nearby river in this way the
negative environmental impacts are reduced for the population.

Keywords: PTARD · Bioreactor · Aerobic · Settler · SBR · Biological · Turbine

1 Introduction

Currently, one of the greatest global challenges is to ensure water quality [1]. According
to the World Health Organization (WHO), water quality is directly related to poverty, as
municipal industrial wastes, as well as human products, are released daily into aquatic
ecosystems. [2] sincemunicipal industrialwastes, aswell as humanproducts, are released
daily into aquatic ecosystems due to severe effects on microorganisms in low concen-
trations through wastewater [1, 2]. The activities carried out by the population generate
an increase of heavy salts [3], organic matter and various toxic elements that affect and
cause the degradation of water resources worldwide [4]. One of the challenges in the
wastewater treatment plants are the biosolids waste, trying to find an alternative solution
worldwide, focusing on the transformation processes, an adequate treatment and finally
its final disposal, to obtain or convert it into important and mainly useful material to
improve its productive chain [5]. 54% of Mexico’s wastewater is not treated correctly
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[4]. 25% of the population of Costa Rica only covers the sewage system [5]. Therefore,
it is very convenient to study different wastewater treatment technologies for the devel-
opment of the countries [6]. On the other hand, Colombia is facing the problem of water
resources in order to be able to save water to avoid overexploitation of groundwater,
which is mostly generated by groundwater pollution [7]. The main part is generated
by pollution in the rivers, which is 90% of its population generating the discharge of
wastewater without any treatment [8].

In Peru, the major problem is that 7 to 8 million Peruvians do not have access to
drinking water supply or access to safe drinking water. [9] and the absence of sewage
systems. Likewise, 24%ofwastewater is treated and an unknownpercentage of industrial
wastewater is not treated [10]. According to the World Health Organization (WHO),
water pollution represents a threat to public health. This is evidenced by the volume of
40 m3/s of water that is not adequately processed and therefore is discharged directly
into rivers and about 40,000 hect. are affected in agriculture [11].

The problems of this broad issue of wastewater management mainly in urban areas
and in developing countries, are deficient and scarce in the treatment before its final
disposal in water bodies, such as rivers as well as not treated enough for its reuse in
industry and some services. In Mexico, city authorities often do not have the budget to
do so, and they do not know of many alternatives to solve the problem, so the situation
worsens every day as wastewater flows increase, posing a challenge to the authorities in
charge of wastewater disposal [12].

Considering the problemof excesswater in the bioreactor at thewastewater treatment
plant in the Morococha Carhuacoto sector, the bioreactor is the focus. For this reason,
an adequate design is proposed for the effluent liquids, taking as a fundamental basis the
installation of the wastewater treatment plant that is in the place.

The wastewater treatment plant uses sequential biological reactor (SBR) technology,
which are discontinuous reactors in which the wastewater is mixed with a biological
sludge with air injection (process called wet combustion), its process capacity is 5 m3/h,
110 m3/day and the average monthly capacity is 115 m3.

With such information from the plant an effluent surplus was highlighted giving as
main point the proposal to improve the capacity of the (DWWTP), since it presents a
Rushton turbine in theSBRbioreactor. [13] these effluents are discharged directly into the
river. For this reason, agitators will be implemented to optimize a constant flow inside the
bioreactor, improving the water quality of the effluent for turbidity, dissolved oxygen,
pH and residual chlorine, improving the reaction rate, and controlling the treatment
flow and water hygiene for the population as well as contributing to safeguarding the
biodiversity of the city of Carhuacoto. The objective of wastewater treatment is to ensure
that domestic and industrial processes are treated without endangering human health and
with the least impact on the environment [14].

Installation of wastewater treatment systems
Is one of the strategies to reduce pollution in rivers. These systems aim to reduce organic
and inorganic pollutants in these waters through physical, chemical and biological pro-
cesses. [4] in this regard. TheRushton turbine is of the radial flow type showing efficiency
in its operation, thus it is determined that it is viable for wastewater treatment [15].
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1.1 Environmental Standards in Peru

Only two levels of headings should be numbered. Lower-level headings remain
unnumbered; they are formatted as run-in headings.

Table 1. Environmental quality standards.

Parameters Unit of measure Primary contact Secondary contact

Biochemical Oxygen Demand (BOD5) mg/l 5 10

Chemical Oxygen Demand (COD) mg/l 30 50

Dissolved Oxygen (minimum value) mg/l ≥5 ≥4

Hydrogen Potential (pH) pH unit 6,0 a 9,0 **

Turbidity UNT 100 **

The impact indicators include the Environmental Quality Standards (EQS) of the
water shown in Table 1, which reports the authorization of discharges of treated
wastewater. Applying the turbine design, the parameters are within the range.

(LMP). It is the measure of the concentration or degree of elements, substances or
physical, chemical, and biological parameters that characterize an emission, whichwhen
exceeded causes or may cause damage to health, human welfare, and the environment.
Its compliance is legally enforceable by MINAM (Ministry of the Environment) and the
agencies that make up the Environmental Management System.

Table 2. Physical parameters.

Sampling
time

Inflow of treated effluent to the PTARD – Initial Chamber

PH (6.5–8.5) O2(≥4 mg/lt) TºC(<35 °C) Turbidity
(<20NTU)

Chlorine
(0.5–1.5 mg/l)

08:00 8.58 5.01 13.1 26.4 0.70

13:00 8.59 5.17 14.7 25.5 0.68

17:00 8.57 5.13 14.0 22.8 0.59

According to the regulations, Table 2 shows that the Maximum Permissible Limits
(MPL) are exceeded in the following parameters such as pH, dissolved oxygen, settled
solids, turbidity, and oxygen. A Rushton turbine will be implemented in the wastewater
treatment process to obtain better results from the treated water.

2 Methodology

A Rushton turbine is designed with the mathematical criteria complementing with the
Solid works program, AutoCAD for the elaboration of the design and operation for the
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correct functioning in the wastewater treatment in the city of Morococha, mainly in
the secondary treatment, inside the bioreactor SBR [16] and aerobic for the retention
of the liquid, taking into account the diameters of the tank, considering the established
dimensions that are: Agitator measurements, impeller bore distance, impeller diameter,
length and width of blades, deflector plates dimensions [17].

Generating the efficiency of the water velocity holding capacity by applying the
equation with the Reynolds Number is 2.36 * 10−14 and the power number is 2.28 *
.10−14 to identify the angular velocity is 1917. Where the Rusthon turbine has six
deflector plates with a width of 1/10.

The Rushton turbine has the function of analyzing fluids using the impellers at the
same time being constant with speed, air, bubbles can also operate at low agitation
conditions from 200 rpm to 600 rpm [15].

2.1 Final Indicators

Retention time is efficient.
Regarding the retention time, it will be between 120 and 240 h since it presents a more
efficient reduction of organic matter as well as the reduction of thermotolerant coliforms
[18].

TheSBRreactor is a viable alternative, as it shows efficiency in the treatment of indus-
trial wastewater with respect to organic load, mainly in the removal of Total Organic
Carbon (TOC) showing optimal effluent quality results [19]. The SBR Bioreactor pro-
cess is divided into two processes: the first one consists of the biological removal of
phosphorus (EBPR) and denitrification (DN) in the main reactor (SBRP) [20], where a
reduction of BOD, TSS and total nitrogen is obtained.

The reactor consists of two zones: preliminary and main. Both areas are separated
by a baffle wall. The wastewater continuously reaches the primary zone and enters the
main reactor through openings in the lower zone of the baffle. Ensuring that the inflow
of raw water does not affect the quality of the wastewater in the sedimentation stage
[21].

Aerobic reactor with biofilter with aeration for different aeration rates in the reactor,
showing that the process achieves higher nutrient removal with carbon demand Low and
efficient aeration rate [20].

As this interaction progresses, volatile suspended solids concentrations decrease
because microbial cells die faster than newly synthesized cells, which determines the
rate of degradation of the substances and their specific residue [13].

3 Results

3.1 SBR Reactor Analysis

Sequential Biological Reactor (SBR) [16]. This bioreactor processes anaerobic microor-
ganisms [22]. The SBR system consists of at least four cyclic processes: filling, reaction,
sedimentation and emptying of bothwastewater and sludge [23]. The design of the biore-
actor is cylindrical as it has several advantages, such as less possibility of dead sludge
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formation, and the size, volume, collection point and flow rate can be manipulated.
The bioreactor design is basically implemented for “Organic Matter Removal”. Which
includes process steps, filling, aeration agitation, sludge settling and discharge of treated
water [22]. This is the only bioprocess in which reaction, aeration and SBR cleaning are
combined in the same vessel. In the first stage, known as static filling, excess water is
introduced into the system under static conditions. Filling can be dynamic if it occurs
during the response time. In the second stage of the cycle, thewastewater is mechanically
mixed to remove any surface scum and prepare the microorganisms for oxygen uptake
[23]. In this second (reaction) stage, air is introduced into the system. The reaction stage
is a time-varying process in which the wastewater is continuously mixed and aerated,
allowing biodegradation to occur. The third cycle, known as the sedimentation phase,
creates resting conditions throughout the basin where the sludge can settle. In the final
stage, or emptying phase, the treated water is sucked out of the tank by the removal
system over the liquid surfaces. Finally, the sludge generated can be filtered clean to
maintain the concentration at a constant level [23].

3.2 Diagram Your Capabilities

In the Fig. 1, the improved design of the sequential biological reactor (SBR) is shown,
being more effective and homogeneous in the treatment of wastewater, incorporating the
Rushton turbine, which is more suitable for the removal of organic matter.

Fig. 1. Design of the bioreactor with the turbine.

The parts of the turbine bioreactor can be seen in Table 3, which consists of 14 parts,
as shown in Fig. 1. The design of the Bioreactor implementing the Rushton turbine.
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Table 3. Turbine part of bioreactor.

Nª Part of the turbine bioreactor

1 Agitation System

2 Engine

3 Feed Pump

4 PH Controller

5 Acid/Base Container and Pump

6 Agitator shaft

7 Waste

8 Jacket

9 Cooling Water Outlet

10 Crop Mixture

11 Rushton Turbine

12 Cooling Water Inlet

13 Air Bubble Distributor

14 Sterile Air

3.3 Turbine Analysis

The Rushton turbine has a modern technology that recovers wastewater with oxygen
injection (process called wet combustion). It has a process capacity: 5 m3/h and with a
process capacity per day: 110 m3 and with an average/monthly process: 115 m3. The
efficiency of oxygen transmission is improved by the design of the Rushton turbine, as
well as the energy saving, therefore, the results show the operation of the system that
favors the efficient mixing of water and oxygen. It was possible to determine the oxygen
transmission rate which was influenced by the size and number of bubbles caused by
the type of aeration system as it reduces the low availability of dissolved oxygen [24].

3.4 Overall Dimensions

It was determined with respect to using the implementation of the turbine, considering
the data of the pond measurements, the respective measurements to be included in the
agitator will be shown below.

In the turbine, the measurements were considered, which was carried out with the
calculations of the agitator in Table 4, taking into account the general dimensions.

Reynolds number (Re)

For the Reynolds value, the characteristic of the fluid is identified if it is laminar or
turbulent, defining that the change from laminar to turbulent regime is slow [25], as it
goes through a transition will be presented below:
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Table 4. Agitator power calculation.

Dimensions Unit

Distance bottom to base of impeller(E) 345 mm

Impeller diameter (Da) 345 mm

Pallet length (g) 90

Pallet width (W) 70

Dimensions of baffle plates (4 each @ 45°)

Plate width (J) 205

Space between plate and tank (f) 20

Reynolds is 2.36 * 10−14 which is within the laminar regime range: Re< 10 laminar
favoring the design.

Reynolds number

Re = Nd2 ∗ ρ

c

(1)

Table 5. Description of Eq. 1

Dimensions Unit

Density Caustic Soda (ρ) 1100

Viscosity (μ) 0.001

Angular Velocity (N) 1917

Stirrer diameter (d) 335

Applying the Reynolds Number formula, Eq. 1 was found as shown in Table 5,
obtaining the caustic soda density, viscosity, angular speed and the diameter of the
agitator, with their respective results.

Power number (Np)

Np = P

N 3d5 ∗ ρ

(2)

In Eq. 2, the power number (Np) was calculated to determine the angular velocity,
angular diameter and caustic soda density as evidenced in Table 6.
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Table 6. Description of Eq. 2

Dimensions Unit

Angular Velocity (N) 1917

Stirrer diameter (d) 335

Density Caustic Soda (ρ) 1100

Table 7 below shows the KL and KT constants for ponds with six baffle plates with
a width of 1/10 of the pond diameter that was considered for turbine optimization.

Fig. 2. Three phase electric motor

Table 7. Equation 2

Impeller type KL KT

Square pitch propeller, three blades 41.0 0,32

2 pitch propeller, three blades 43,5 1,00

Turbine, six flat blades 71,0 6,30

Turbine, six curved blades 70,0 4,80

Fan turbine, six blades 70,0 1,65

Two flat blades turbine 36,5 1,70

Closed turbine, six curved blades 97,2 1,08

The Fig. 2, shows the most efficient three-phase motor with a good weight, size and
power ratio, since it is of the squirrel cage type and has one or several groups of coils
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distributed 120° apart in its circular state. Beingmore compact and lighter than the initial
engine.

In the industrial environment, the three-phase motor is used because it is an efficient
motor with a good ratio of weight, size, and power, since it is of the squirrel cage type,
where the motor has one or several groups of bovines distributed at 120° of distance in
its circular stator, being more compact and lighter where the motor is very efficient.

The Fig. 3 shows one of the most widely used types of propellers in the industry, the
6-blade straight radial propeller, also known as the 6-blade Rushton turbine [26]. It is
suitable for moving low-viscosity, high-velocity fluids. It is used for gas-in-liquid dis-
persion, solid dispersion, insoluble liquid mixing and heat exchange. Distributes energy
evenly. Mixed flow type [27] Power 6 HP.

Fig. 3. Rushton turbine propellers

Fig. 4. Design and Shaft, turbine whit coupling to the electric motor
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According to the Fig. 4, the Rushton turbine was designed to achieve optimiza-
tion within the bioreactor, thus improving dissolved oxygen, pH, and residual chlo-
rine, improving the reaction rate, and controlling the treatment flow, avoiding excess
wastewater and improving people’s health and contributing to safeguarding biodiversity.

3.5 Effluent Quality

Table 8. Physical and chemical parameters of the effluent.

Sampling
time

Inflow of treated effluent to the PTARD – Initial Chamber

PH (6.5–8.5) O2(≥4 mg/lt) TºC(<35 °C) Turbidity
(<20NTU)

Chlorine
(0.5–1.5 mg/l)

08:00 8.29 4.01 1301 19.2 0.57

13:00 8.31 4.17 14.7 18.3 0.63

17:00 8.22 4.13 14.0 18.7 0.55

According to Table 8, it can be determined that the data with respect to the effluent
output has a favorable result that shows a decrease in the three samples presented, which
indicates that with the implementation of the Rushton turbine in the bioreactor, the
quality parameters improve.

4 Conclusions

The implementation of the Rushton turbine design for the wastewater treatment plant,
with respect to the flow rate, obtained adequate results since it is within the parame-
ters established according to the Peruvian Environmental Quality Standard (PEQS) and
Maximum Permissible Limits (MPL).

The speed is kept constant, due to the design of the Rushton turbine, which consists
of six propellers, improving the efficient process performance of the SBR bioreactor in
the domestic wastewater treatment plant.

With respect to the turbidity parameter the following result was manifested which
was from 26.4 NTU to 19.2 NTU showing a remarkable decrease of 7.2 NTU due to the
design of the Rushton turbine in the SBR bioreactor.

The main process for the implementation or planning of any design is the approval
and evaluation of all possible changes to achieve the desired results. Water is available
for reuse in irrigation.

The quality of the influent and effluent have a favorable difference when imple-
menting the Rushton turbine design, since there is a significant change in the following
parameters: pH with a decrease of 0.37, turbidity with a variation of 8.1 NTU in the
wastewater, Chlorine is reduced by adding to the wastewater treatment plant at 21.43%
mg/l, O2 decreases by 1.16 mg/l.
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Abstract. Computational Fluid Dynamics-Discrete Element Method (CFD-
DEM) coupling algorithm was used in this study to assess the sedimentation and
coolability of stainless steel, aluminum, and zirconium solid particles in a liquid
pool. This phenomenon is associated with the micro-to-nanosized multi-particle
cooling phase encountered in metal powder and hazardous solid waste sedimen-
tation pre-treatment facility. To determine the effect of fluid as simulant, a sedi-
mentation scenario was simulated with multicomponent particle system (500 K)
entered in a cylindrical pool, and cylindrical and cylindrical-trapezoidal config-
uration. All the computational frameworks involve two pool simulants: air and
water. This numerical analysis focused on the characteristics of particle falling
(i.e. falling time and average velocity) and of particle agglomeration (i.e. bed
height distribution and melt spreading distance). Numerical results in cylindrical
configuration showed good agreements with other computational data from previ-
ous studies using simulant of water. The new cylindrical-trapezoidal configuration
shows promising results, where spreading dominates over agglomeration.

Keywords: CFD-DEM · Sedimentation · Coolability · Ferro-alumino-zircon

1 Introduction

Discharges from steelmaking electric furnace consist mainly of zircon concentrate, alu-
minumpowder, and ferrous alloys collectively called as debris bed,which canbe recycled
back to smelting process unit through the affordable use of passive coupled sedimentation
and coolability process. There have been several experimental and numerical researches
concerning the assessment of debris bed coolability. Recently, the importance of the
debris bed characteristic was shown in the numerical approach for the overall progres-
sion of the ex-vessel scenario [1–3]. Sensitivity and uncertainty analyses of debris bed
cooling have been studied, and results show that long-term coolability has been sensi-
tive from the debris bed characteristics such as bed height. This is vital, since coolant
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ingression is associated with the debris bed pressure drop, which is heavily dependent
on the particle size and shape [4, 5]. The particle geometry affects the two-phase flow
in particle bed, and also affects the pressure drop that controls the water ingression.

However, there have been limitations in investigating the transient state of sedimen-
tation, because of the following: (1) particle size variation was not considered, (2) actual
coolant in the process unit might have a different fluid property as compared to what
the experimental and numerical studies used, (3) CFD validation was not given, and (4)
geometrical configuration has always been the same (i.e. cylindrical cavity).Most impor-
tantly, few studies associated with the numerical approach have rarely been performed,
given its advantage in visualizing the transient state at high pressure and temperature
condition. Hence, the numerical approach will help in reducing the uncertainties in the
designs with regard to passive sedimentation and coolability.

The codes used in this study incorporated Eulerian-Lagrangian algorithm for the
debris particle sedimentation and considered the interaction between solid particles and
two-phase (fluid-solid) with turbulence factor that highly affects on the debris spreading.
With its consideration in three-dimensional analysis, theComputational FluidDynamics-
Discrete ElementMethod (CFD-DEM) coupling algorithmwas used in this study, which
also has greater applications in powder technology, food science, civil engineering,where
the hydrodynamic interaction between solid and fluid particles is significantly consid-
ered. Using cylindrical and cylindrical-trapezoidal configuration, respectively, the mul-
tivariate particle size simulation focused on the characteristics of particle falling (falling
time and average velocity) and that of particle agglomeration (bed height distribution
and melt spreading distance).

2 Numerical Methodology

2.1 Cylindrical Cavity

To verify the applicability of the CFD-DEM coupling algorithm to the simulation of the
solid particle sedimentation in the liquid pool, a comparison based on an experimental
condition with spherical particles and quiescent pool without vapor phase with the pre-
vious numerical data was performed [1, 6]. The experimental facility is comprised of a
cylindrical acrylic pool with an inner diameter of 375 mm and a depth of 1020 mm. The
cylindrical pool was filled with water up to 825 mm from the bottom of the catcher plate.
A funnel with a 92 mm long nozzle is located at the center of the cylindrical pool, about
720 mm above the catcher plate. The nozzle inlet was initially blocked with a plug, and
solid particles with total volume of 5 L were initially settled in the funnel. The plug was
pulled out thereafter and the momentum of the solid particles was induced by free fall
to the bottom of the catcher plate. Here, no initial convection of fluid exists [6, 7].

To consider the multivariate simulation in a cylindrical cavity, the configuration to be
simulated is exactly similar to previous experimental and numerical studies. The range
of ratios (3.0 to 10.0) of the fluid cell size to the particle diameter for the CFD-DEM
analysis is considered reasonable based on previous studies [8–11]. By way of a grid
convergence test, the ratio of the minimum cell size to the particle diameter in this study
was determined to be 3.0.
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In this simulation, the effect of initial gas entrainment was negligible since the nozzle
inlet was submerged in the water pool 125 mm below the water surface. Moreover, a
detailed analysis for the gas phase above the water surface was not considered in this
condition, because the effect of natural circulation on the free surface was negligible
during the particle sedimentation. Using OpenFOAM for CFD and LiGGGHTS for
DEM and 28 numerical cores, initialization was done using the input conditions in
Table 1, parameter variables in Table 2, and case setup in Table 3.

Table 1. Input condition for solid particle and liquid phase

Parameter Value

Particle Number 63800

Poisson Ratio (υ), - 0.27

Stiffness Correlation Constant (αtn), - 300

Damping Correlation Constant (αcn), - 0.03

Sliding friction coefficient (μs),- 0.3

Rolling friction coefficient (μr),- 0.1

Time step for DEM (�tDEM ), s 1.0 × 10–5

Time step for CFD (�tCFD), s 1.0 × 10–4

Table 2. Multivariate particle property

Material Density Particle
diameter

Volume
fraction

Al2O3 3600 0.002 0.25

Al2O3 3600 0.004 0.25

ZrO2 6000 0.006 0.25

Stainless
steel

7800 0.006 0.25

Table 3. Cases for the cylindrical cavity configuration

Case Cone attached Air Water

Case 1 ✓ ✓

Case 2 ✓ ✓

Case 3 ✓

Case 4 ✓
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2.2 Cylindrical-Trapezoidal Cavity

The last part of this numerical study involves the attachment of a trapezoidal cavity
with a length of 400 cm, height of 82.55 cm, and hole height of 10 cm, as presented in
Fig. 1. This newly proposed configuration has not yet been performed experimentally,
but aims to prevent particle agglomeration that threatened the pressure vessel integrity.
It is subdivided into two simulations: (1) with no jet case considered (i.e. passive case)
and (2) with melt jet. Particle properties and variables can be seen in Table 4.

Table 4. Particle property for the cylindrical-trapezoidal cavity configuration

Material Density Diameter Volume
fraction

Stainless steel 7800 0.006 0.70

Al2O3 3600 0.004 0.30

Fig. 1. 63800 particles were inserted in a hopper located above the cylindrical chamber. The
air-water case task is divided with (1) no initial velocity, and (2) an initial jet velocity of 0.5 m/s.

3 Results and Discussion

The multivariate simulation visual results can be seen in Fig. 2. The chaotic nature of the
particles with the simulant of air prevents them to settle smoothly and slowly. During
the early jet phase, smaller particles tend to be the first one to settle in air case and as it
progresses, they tend to surround the bigger ones, whereas opposite is observed in water
case. Figure 3 shows that bigger particles tend to get concentrated around the end part of
side wall for this air case simulation; meanwhile, water case shows that bigger particles
tend to settle on central part, surrounded by the smaller particles.
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Figure 4 indicates the solid particles in water tend to settle longer than air as seen
in particle falling temporal profile. Interestingly, the complete settling temporal profile
shows that those with attached cone on bottom part of cavity tend to settle completely
and faster than those with none. On the other hand, it has been found out [7–14] that
lateral dispersion depends on particle falling time which holds true in Fig. 5. Dispersion
width for water case is much longer than those in air, from which the former tends to
settle much slower. Although the trend is increasing for all cases, the data from water
case givemuch larger difference with regard to the slope between time of 0.20 and 0.30 s.
Finally, Fig. 6 signifies that those with no attached cone tend to have lower bed height;
moreover, since water case produces longer falling time, it produces higher bed height
[4].

Fig. 2. Vector plot of simulant flow in cross-sectional view at transient state (~5 s) for (a) water
(left) and (b) air (right).

The last part of this study consists of cases, which can capture the effect of physical
phenomena from 63800 particles inserted at the hopper that can be found on the top of
cylindrical cavity as it jets into a pool filled with either of air or water. It is subdivided
into two: (1) no initial particles’ velocity (Case name: Rosau_fluid) and (2) an initial
velocity of 0.5 m/s (Case name: Rosau_fluid_velocity).
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Fig. 3. Topview of particle bed after simulation endtime for (a) water (left) and (b) air case (right).

Fig. 4. Particle falling according to particle diameter (left) & complete settling time (right).

Particle Falling time is defined as the falling duration of the solid particles from
the nozzle exit to the bottom of the catcher plate. As observed in Fig. 7a and Fig. 7b,
the water simulation among all the four cases took the longest time for the particles
to fall down, followed by air, air with initial particles velocity, and water with initial
particles velocity, respectively. Surprisingly, the last two were closest in value, which
indicates that the initial velocity plays a significant role in improving the settling time
of the particles.
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Fig. 5. Average particle velocity according to particle density (top)& temporal particle dispersion
width (bottom).

The indication of having a high value of particle bed height even the configuration
has changed to cylindrical-trapezoidal cavity means a possibility of agglomeration that
prevents the coolant penetrating into the debris bed, and the bed reaches a non-coolable
state, which threatens the containment integrity. For this, it is observable in the Fig. 7c
that water case has the most maximum bed height, followed by water case with initial
particles velocity, air, and air with initial particles velocity, respectively.
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Fig. 6. Particle bed height distribution

Fig. 7. (a) Particle falling time, (b) Average particle velocity, (c) Bed height distribution, and (d)
Temporal spreading distance

All the simulations were set at end time of 5 s, and all the cases have all their
particles settled by such. Water case alone only reached up to the end part of the neck
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of the cylindrical-trapezoidal cavity; hence, as seen in Fig. 7d, among all the cases, it
spreads the least. Next is the water case with initial particles velocity, which has a linear
plot with respect to time. Although it did not achieve a constant trend after the linear
peak, one can intuitively tell that by increasing the particles velocity would mean the
further that these particles would disperse in the horizontal direction. The trend between
the air case and air with initial velocity case is almost similar, with almost the same slope
on the linear graph, except that the latter has reached its peak much faster by 1.14 than
the former.

4 Conclusion

Investigating the debris bed particle sedimentation is an important issue in the aspect of
ex-vessel phase coolability that aims to describe particle falling (falling time and av-erage
velocity) and that of particle agglomeration (bed height distribution and melt spreading
distance). To this end, the Computational Fluid Dynamics-Discrete Ele-ment Method
(CFD-DEM) coupling algorithm was utilized in this study to assess the sedimentation
and coolability of solid particles in a liquid pool. Previous numerical approaches have
not fully investigated the effect of changing the simulant from water to gas state (i.e.
air) and the multivariate conditions which satisfy that actual passive progression of high-
temperature ferro-alumino-zircon particle sedimentation;moreover,most of 3D analyses
in the past were only focused in the cylindrical configuration.

The first part of this study shows how multivaried-sized particles are distributed
differently depending on the fluid simulant used. Particle bed distribution is depend-
ent on the cone attachment to the bottom cavity and property fluid, in which the latter
alters the dispersion width seen on the early phase of melt jet phenomena. Even as
the particle sizes were varied, numerical results in cylindrical configuration showed
good agreements with other computational data from previous studies utilizing water as
simulant. Finally, the new cylindrical-trapezoidal configuration shows promising results,
with spreading dominates over agglomeration. Therefore, the algorithm has potential in
reducing uncertainties in cooling of the ex-vessel debris bed.

It should be noted that the simulation target has some limitations because of lack
of experimental data in the proposed cylindrical-trapezoidal cavity to this date, of the
sphericity of the particle, and of the isothermal conditions. In addition, the pre-sent
algorithm has a computational constraint for calculating the real condition. Hence, large-
scale design, non-spherical particles, and phase changes should be con-sidered to shed
light behind the debris particle sedimentation phenomena. Especially the trajectory of
solid particles is sensitive to the vigorous flow with evaporation, so that the prediction of
particle sedimentation in gas-liquid two-phase regime should be performed in the near
future.
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Abstract. Mining environmental liabilities have negative effects on human
health, the ecosystem and property. This study was conducted at the Cerca-
puquio Mining Environmental Liability (MEL) in the district of Chongos Alto.
The wastewater analysis was conducted at Universidad Continental and data were
obtained on metal content and hydrogen potential. This investigation revealed that
the CercapuquioMELwastewater had a higher concentration of zinc, 9,916mg/L,
and the pH level was 7.53 (alkaline), which is why this effluent exceeds the max-
imum permissible limit of the annual average. A neutralizing reagent was also
prepared by recycling eggshells, calcined at 1000 °C for 40 min, obtaining quick-
lime with 61.30% calcium oxide (CaO). For wastewater treatment, the quicklime
obtained in neutralizing solution was used, which, when applied to the effluent,
had the effect of lowering the zinc concentration from 9.916 mg/L to 0.051 mg/L
and the pH from 7.53 to 10.36. The average zinc removal achieved in the effluent
is 96%.

Keywords: Calcium oxide · Eggshell · Environmental liabilities and wastewater

1 Introduction

Peru has a long mining tradition dating back to pre-Inca times. During the XX century,
exploration works have been intensified throughout the country, especially in the Andes,
which has allowed the opening of new mining deposits. Several of them are still in oper-
ation, while the others, for reasons of profitability, have been abandoned [1]. However,
at present, Peruvian mining has many challenges to face, such as: guaranteeing the com-
munity a sustainable mine closure and avoiding the generation ofMining Environmental
Liabilities (MEL), some private companies have taken possession of the MELs to give
them an effective solution, because they constitute a problematic outcome for Peruvians
[2].

Peru has implemented a law to manage MELs. Law N° 28271 of 2004, establishes
criteria that regulates the identification ofMELs for their remediation both in the affected
areas and in their surroundings, that is, to mitigate their negative impacts on property,
ecosystem and human health. MELs are those effluents, emissions, construction debris
and waste produced by mining operations, which are currently abandoned or inactive,
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are also registered in the inventory of the Ministry of Energy and Mines (MINEM)
[3] The main problem for the remediation of MELs is not being able to identify those
responsible for the Ex Mining Units (EMU), which is why the State is responsible
for their remediation [3]. Soil contamination is a damage caused by the abandonment
of a MEL, as these works have generated a clear impact effect, as is the case of the
abandonment of mining waste [4]. When abandoned, heavy metals tend to concentrate
in plants and organic tissues [5]. The concentrations of heavy metals found constitute
an alarm on the ecosystem, due to their possible bioavailability in certain environmental
circumstances and at the same time impair water quality [6].

Entrepreneurs in industries with sufficient capital are not interested in installing
effective treatment techniques due to weak governmental control and poor enforcement
of environmental regulations. The environment can be harmed by heavy metal pollution.
They remain for a long time in solution in soil and water and do not decompose like
other organic pollutants. Heavy metal contaminants are all soluble at low pH, so toxicity
problems are greater in the environment. In the removal of heavy metals from effluents,
several types of treatments are used, which are divided into physical, chemical and
biological methods. In relation to other procedures, chemical for the treatment of waste
from the mining industry, adsorption is the most widely used procedure due to its ease
and versatility of design, as well as its performance. The most common adsorbents,
such as activated carbon, silica gel, applied aluminum oxide and ion exchange resins,
have high performance [7]. This research was carried out with the objective of recycling
eggshells to obtain calcium oxide and determine its effectiveness for the neutralization
of zinc in wastewater.

2 Methods and Materials

2.1 Study Area

The research study was carried out in the Mining Environmental Liability (MEL) Ex
Mining Unit (EMU) Cercapuquio, located in the district of Chongos Alto, province of
Chupaca, department of Junin (See Fig. 1); at an altitude of 4327 m.a.s.l. and UTM
454934.074E 8626061.783N. This MEL is registered in the inventory of the Ministry of
Energy and Mines (MINEM) 2021 with the following code 010319603; 010347794 [8].

2.2 Sampling Method

Amonitoring chain of custody was used, we chose an important point of the tailings dam
of the Cercapuquio MEL to determine the study of the metal content and the pH level
of the wastewater; we extracted the sample with a sterilized 1000 ml container and then
added 20 drops of nitric acid to capture the metals. The analysis study was carried out in
a private laboratory. In Table 1 we specify the test methodology used by the laboratory
to determine the metal content and pH.
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Fig. 1. Geographic location of the Cercapuquio MEL.

Table 1. Standards applied in the analysis of heavy metals and pH.

Assay Reference method Description

Arsenic SMEWW-APHA-AWWA-WEF Part
3500-As B, 23nd Ed.2017

As, Atomic Absorption Spectrometric
Method

Copper SMEWW-APHA-AWWA-WEF Part
3500-Cu B, 23nd Ed.2017

Cu, Atomic Absorption Spectrometric
Method

Zinc SMEWW-APHA-AWWA-WEF Part
3500-Zn B, 23nd Ed.2017

Zn, Atomic Absorption Spectrometric
Method

Iron SMEWW-APHA-AWWA-WEF Part
3500-Fe B, 23nd Ed.2017

Fe, Atomic Absorption Spectrometric
Method

Lead SMEWW-APHA-AWWA-WEF Part
5210-Pb B, 23nd Ed.2017

Pb, Atomic Absorption Spectrometric
Method

pH SMEWW-APHA-AWWA-WEF Part
4500 - H+ B, 23nd Ed.2017

pH Value. Electrometric Method

The results obtained from the laboratory show in Table 2 that the wastewater from
the Cercapuquio MEL has a higher presence of zinc, 9.916 mg/L and low iron content,
0.218 mg/L, and the pH level is 7.53, which indicates alkalinity. With the sampling
method used, no other heavy metals were detected.
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Table 2. Results of heavy metals and pH.

Assay Result Unit

Arsenic <0.001 mg/L

Copper <0.001 mg/L

Zinc 9.916 mg/L

Iron 0.218 mg/L

Lead <0.001 mg/L

pH 7.53 pH unit

2.3 Maximum Allowable Limit

In Table 3 specifies the parameters of the Maximum Permissible Limit (MPL) that
effluents from mining activities must have, the concentration of chemical elements at
the annual average is 1.2 mg/L of zinc and 1.6 mg/L of iron. If the effluent exceeds the
heavymetal concentration limits, it can be harmful to human health and the environment.
According to the regulations of Supreme Decree N. 010–2010-MINAM, the established
parameters must be met [9].

Table 3. Maximum allowable limit.

Parameters Unit of
measurement

Annual average

Zinc mg/L 1.2

Potential
Hydrogen (pH)

pH unit 6.0 to 9.0

3 Laboratory Analysis

3.1 Preparation of Quicklime

For the in situ treatment of the PAM Cercapuquio effluent, we required a reagent that
could trap or remove zinc; we decided to prepare calcium oxide (CaO) also known com-
mercially as quicklime (CaO). We chose to obtain quicklime by calcining eggshells.
Eggshells are mainly composed of calcium carbonate (CaCO3), which, when cal-
cined, transforms its chemical composition and becomes CaO. In Table 4 describes
the procedure we performed in the Continental University laboratory.
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Table 4. Preparation of quicklime.

Standards Process Formula

Specific Research Method We recycled 300 g of eggshell, proceeded to
clean it by removing as much testicular
membrane as possible and left it to dry for 8 h.
In the laboratory of the Continental
University, we used equipment and materials
to carry out the calcination process. In a
mortar we started grinding the eggshell and
then we poured it into two 125g crucibles, the
obtained weight of the eggshell was 220 g

CaCO3

Law of Conservation of Mass We introduced the two crucibles in the muffle
at room temperature, we waited for it to reach
1000 °C and let 40 min elapse, we turned off
the muffle and let it cool at room temperature,
after 4 h the muffle had a temperature of
300 °C, we removed the two crucibles and put
it in the Schreiber desiccator to accelerate the
cooling. Finally we sprayed it with the mortar
and filled it in a zipper bag eliminating as
much air as possible to avoid humidity. The
product was weighed on an analytical balance
and 116g of quicklime were obtained

CaCO3 + � =
CaO + CO2

The purity of quicklime was sent to a private laboratory for analysis; the result
obtained is 61.3% calcium oxide and the remaining is inert material. That is to say that
in 116 gr. of quicklime, the CaO purity is 71.1 g.

3.2 Calcium Oxide Effect

In Table 5 describes the application of calcium oxide in the wastewater of the
Cercapuquio MEL, it is expected that the calcium oxide reagent can remove zinc.

4 Statistical Analysis

The wastewater samples were collected at the Cercapuquio MEL, this study focused on
the removal of zinc from different tests with quicklime; statistical results were obtained
synthesized by bar and scatter plots, Ms Excel software was used. They were also tested
by analysis of variance (ANOVA) by the F value, the critical value of F and a confidence
level of 95%.
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Table 5. Application of calcium oxide in wastewater.

Standards Process Formula

Specific Research Method We performed the experiment in 4
containers by pouring 1L, 3L, 5L and
10L of waste water into each
container. For the reagent, we dissolve
15 g of calcium oxide in 100 ml of
drinking water. With a syringe we
extracted 1 ml of the reagent and
applied it in 1 L of wastewater, after
15 min. we observed that the zinc was
sedimenting, but the water still had
low turbidity. Then we filtered with
qualitative filter paper in one bottle.
For the other bottles, 1 ml of reagent
was applied for each 1 L, that is, for 3
L we applied 3 ml of the reagent and
so on for 5 L and 10 L of wastewater

Removal % =
Ci−Cf
Ci ∗ 100

Where:
Ci: Initial concentration
Cf: Final concentration

D. S. N° 010–2010-MINAM After the procedure, we measured the
pH of each container with a
potentiometer, giving alkaline results

pH = −log [H +]

5 Results

Table 6 shows 4 tests that we performed with CaO, the dose of 0.613 g of CaO per 1
L of wastewater was applied, the initial zinc concentrate is 9.916 mg/L, in the 1 L test,
zinc decreased to 0.051 mg/L, 3 L test decreased to 0.375 mg/L, 5 L test decreased to
0.425 mg/L and in the 10 L test it decreased to 0.742 mg/L. CaO proved to be efficient
in the reduction of zinc concentrate with an average efficiency of 96%.

Table 6. Results of zinc removal.

Assays (L) Initial zinc
content
(mg/L)

g. of CaO/L of
wastewater

Final zinc
content
(mg/L)

Efficiency
(%)

pH initial pH final

1 9.916 0.613 0.051 99.49 7.53 10.36

3 1.839 0.375 96.22 9.84

5 3.065 0.425 95.71 9.23

10 6.130 0.742 92.52 8.82

The results of the tests in 1 L, 3 L, 5 L and 10 L, the zinc content is reduced to
less than 1.2 mg/L allowed and it is observed that the zinc has decreased when CaO is
applied to an average of 0.4 mg/L. (See Fig. 2).
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Fig. 2. The final zinc content complies with the maximum permitted limit.

The alkalinity increases slightly when the volume of wastewater is lower, as can be
seen in the difference between the 1 L and 10 L tests. The average hydrogen potential
of the tests is 9.56 pH, being remarkable the difference with the initial pH 7.53. (See
Fig. 3).
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Fig. 3. Hydrogen potential of the assays.

The determined dose decreases its zinc removal efficiency each time the volume
of wastewater increases. The effect of pH on zinc removal efficiency, i.e., the highest
removal efficiency is 99.49% in the 1 Lwastewater test and the pH increases its alkalinity
from 7.53 to 10.36, while the removal efficiency in the 10 L wastewater test is 92.52%
and the pH increases its alkalinity from 7.53 to 8.82. (See Fig. 4).

5.1 Analysis of Variance

The statistical analysis in Table 7 shows that the total sum of squares is 41.2757558,
a degree of freedom of 15 observations was determined. For the row (wastewater) F is
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Fig. 4. Effect of pH on zinc removal efficiency.

greater than the critical value, meaning that the H0 that there is a difference between
the amounts of wastewater is rejected, and for the column (CaO dose) F is less than the
critical value, meaning that the H0 that there is no difference between the CaO doses is
accepted.

Table 7. Analysis of variance of two wastewater factors.

Origin of
variations

Sum of
squares

Degrees
of
freedom

Mean of
squares

F Probability Critical value
for F

Files 18.2733013 3 6.09110042 4.68315981 0.030968955 3.862548358

Columns 11.2967033 3 3.76556775 2.89516743 0.094356241 3.862548358

Error 11.7057513 9 1.30063903

Total 41.2757558 15

HoFA: µR1 = µR2 = µR3 = µR4
HiFA: At least one of the wastewater quantities is different.

6 Discussion of the Results

Water contamination by metal ions causes different effects on the environment and
human health. Therefore, eggshell adsorption is proposed as a simple and low-cost pro-
cedure to remove these pollutants fromwastewater [10]. Eggshell aswastewas efficiently
used as a neutralizer for effluent treatment. Eggshell powder efficiently removed heavy
metal ions from wastewater and its removal efficiency reached 99% [11]. According
to the results of zinc adsorption, it is shown that the metallic content reduced in the 4
wastewater tests, after applying CaO or quicklime, this means that it reduced 96% =
0.396 mg/L of the metallic content when CaO was applied. Since it complies with the
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maximum permissible limit of zinc 1.2 mg/L [9]. The MEL wastewater has an alkaline
pH of 7.53, and it is also affected when CaO is applied to it, this is observed in Fig. 3 the
pH variation in the 1 L, 3 L, 5 L and 10 L tests and the average pH tends to reach 9.56.

7 Conclusion

With the results presented in this research, it was demonstrated that calcium carbonate
calcination is an efficient and sustainable method to reduce the concentration of zinc in
an effluent. Eggshell was used, applying a calcination process to obtain calcium oxide.
The calcium oxide was used for a zinc removal treatment, a dose of 0.613 mg/L was
applied to reduce the zinc concentration in the effluent. The results obtained were very
positive as zinc was removed with an average efficiency of 96%. By analyzing these
results, we conclude that eggshell is an effective element to apply to effluents with high
zinc concentration.
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Abstract. The present research aims to explore how the implementation of a risk
prevention plan for the commune of Dalcahue can facilitate habitat reconstruction,
landscape degradation and restoration.

The commune of Dalcahue is selected as a case study because (1) it contex-
tualizes Dalcahue as one of the most fire-prone communes in the region (country)
due to interests related to agricultural activities (2) most of the buildings in this
area are made of wood, a highly flammable material, (3) among these buildings
are churches declared World Heritage by UNESCO (4) the commune is located
within the ecoregion of Chiloé, protected by its native fauna and vegetation. (5)
Dalcahue does not have a forest fire prevention plan in place at the communal
level.

Themethodology is carried out through the analysis of the regional prevention
plan of Los Lagos and the work of title Plan of Territorial Protection against Forest
Fires for the commune of Dalcahue, together with secondary sources, followed
by an analysis of 15 headlines of the year 2021, because it was a peak period of
fires in the area.

It is concluded that the prompt implementation of an institutional fire pre-
vention plan for the commune of Dalcahue is necessary, since it facilitates habi-
tat reconstruction, landscape degradation and restoration, as has occurred in the
safeguarding of the commune of Dalcahue in Chiloé.

Keywords: Landscape degradation and restoration after fire · Habitat
reconstruction after fire · Fire prevention plan

1 Introduction

The objective of the research is to explore how the implementation of a risk preven-
tion plan for the commune of Dalcahue can facilitate habitat reconstruction, landscape
degradation and restoration.
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Chiloé (Fig. 1) is an archipelago located in southern Chile. The island of Chiloé is the
largest of all the islands. The Valdivian Forest is the flora originally found on the island,
it is a green forest with a great diversity of plant species, both large trees and ferns or
mosses [1]. With the arrival of the farming people, burning began to be common with the
aim of clearing land for agriculture and later for livestock, so that many forests became
farmland andmeadows, while several of these lands were abandoned and currently being
used in an uncontrolled manner a species of shrub introduced, the espinillo.

Due to the wide variety of forests, the use of wood for the construction of houses
and churches is quite typical of the area and has become a heritage asset over the
decades. Centennial churches and vernacular constructions are fundamental to generate
this heritage that is valued both nationally and internationally.

Fig. 1. Map of Chiloé, commune of Dalcahue, Chile.

2 Theoretical Framework

The theoretical framework of this study focuses on landscape degradation and restoration
after fire (1), habitat reconstruction after fire (2), fire prevention plan (3).

Deforestation, desertification, loss of biodiversity, loss of productive potential, soil
erosion, among other impacts associated with landscape degradation, are the result of
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human activity. It is necessary to understand the preservation of the natural system to
address the environmental problem, which requires avoiding or reducing degradation
and restoring degraded ecosystems.

Land and ecosystem degradation neutrality aims to maintain or improve the resource
condition, while forest landscape restoration aims to reduce soil loss and improve soil
quality and health by maintaining and increasing organic matter [2]. Land degradation
is considered as any alteration of land that is detrimental excluding natural disasters,
however, human activities can directly affect phenomena such as forest fires [3].

Restoration of burned areas in post-fire zones consists of helping in the recovery of
land degraded, damaged, or destroyed by fire. The return of the structure, composition,
species diversity and functioning closer to the initial state, are considerations for the
restoration of an ecosystem, a difficult application that is becoming more and more
relevant [4], having as focus to counteract the water imbalance, or the hydrological
restoration and thepopulation impact that comeswith it, generated after afire catastrophe.

Forest fires represent a significant cause of loss of national heritage, this is related to
the fact that during the last decades the State has led several administrations thatmanaged
to consolidate theChilean economyat international level, translated into exports based on
natural resources, becoming the main economic engine of Chile. The growth of exports
has strong demands on natural resources, impacting the environment, losing thousands
of hectares of natural habitats that are difficult to recover [5]. The Chilean economic
model is likely to remain based on the export of products, so the implementation of
environmental policies focused on the sustainable use of resources and the recovery of
ecosystems is important to ensure development.

Ecological restoration [6] is an activity that initiates or accelerates the recovery of
an ecosystem, helps to restore what has been damaged or destroyed, both for integrity
and sustainability. Although it may seem contradictory, forest fires restore and improve
the forest ecosystem, promoting and enriching the native biodiversity of the affected
areas, creating habitats with optimal conditions for wildlife in the forest [4]. Ecological
restoration is a concept and also a process, which requires necessary stages after the
disturbance by fire, these can be carried out in a linear or synchronousway and aremainly
synthesized in: collection of information of the affected plant groupings; Definition of
the ecosystem towards which it is intended to redirect; Inventory of the burned area -
Analysis of the collected information; Plan, program or restoration project; Execution
of the actions.

A fire management program considers four basic aspects: Prevention, Budgeting,
Fire Fighting and Fire Use. Prevention. These are measures that prevent the occurrence
or spread of forest fires. It controls risk and danger; risk is the agent that originates or
causes a fire, and danger is the degree of conflict that a fire can reach once it has spread.
It will depend on topographic, vegetational and atmospheric conditions. Budgeting. It is
planned and programmed prior to the occurrence of the fire, to evaluate the problems that
may arise. Fighting. It is the activity that controls the forest fire, aimed at extinguishing
the fire. This is carried out to break the fire triangle [7].

The commune of Dalcahue, according to Köppen’s classification, the commune is
under the influence of two types of climates. The first corresponds to the warm tem-
perate rainy climate without dry season (Cfb), which is present towards the west of
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the commune, and the second corresponds to the warm temperate rainy climate with
Mediterranean influence (Cfsb), present towards the eastern sector of the communal
territory. The high rainfall means that the commune has a large percentage of use des-
tined to native forest, covering 43% of the total area. These characteristics added to
an irregular geomorphic terrain, shaped by the rocky coastal mountain range and the
dismemberment of the Central Valley due to the sea entering the island, [8] generate an
inaccessible terrain when fighting fires that, together with the lush vegetation, give way
to fires that spread rapidly and are difficult to extinguish with conventional equipment.

Dalcahue is characterized for being a city built with local materials, mainly wood,
which comes directly from the trunk and is not subjected to fireproofing treatments,
which makes it combustible when subjected to temperatures above 120 °C [9] and starts
a chemical deterioration, turning it into charcoal and releasing flammable gases. The
church of San Francisco de Ancud, is one of the famous wooden temples of Chiloé
that is part of the group of unique wooden churches declared World Heritage Site by
UNESCO in 2000, on January 20, 2020 suffered an incendiary catastrophe that caused
the structure to yield in its entirety, The day after the fire, the Ministry of Cultures, Arts
and Heritage announced plans to rebuild it [10], however, two years after the fire there
is still no funding for the design or reconstruction of the church [11].

3 Methodology

The study was carried out based on the analysis of the Regional Forest Fire Prevention
Plan, focusing the study on the city of Dalcahue. This is complemented with the analysis
of secondary sources to support the results obtained from the plan.

Finally, a study is made of the headlines of 15 press releases published during the
year 2021, understanding that during its course many fires occurred. The following
filters were used for the search: Fires - Dalcahue - 2021. This last exercise will allow
understanding the current situation with respect to the tragedies that have occurred, how
the response to these tragedies has been and what is the role of the mentioned plan within
these dynamics, which was also consolidated with the construction of a word cloud that
concentrates the most repetitive concepts with respect to the search carried out.

4 Results

A forest fire protection plan corresponds to the organization whose objective is to min-
imize the occurrence and damage of forest fires. It describes the problems related to
the occurrence, spread and damage of fires, the means, and the necessary disposition to
solve them, as well as the amount, quality and distribution of the resources that must be
available to achieve the proposed objectives [12].

A first superficial analysis of the Regional Forest Fire Prevention Plan indicates that
forest fires in Dalcahue are concentrated in rural lands adjacent to roads and near the
border with the commune of Castro, establishing this area as a priority for supervision
and prevention strategies [13].
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The cadaster offered by the Plan identifies as the main underlying factor of the forest
fires suffered the use of fire associated with silvoagricultural work, both the authorized
burning of plant material and those carried out illegally without warning [13].

In the same line, as the priority of these zones is understood, there is a coordination
for the prevention and supervision of these, where the main actors are the SAG (Ser-
vicio Agrícola Ganadero), the CONAF (Corporación Nacional Forestal), the INDAP
(Instituto de Desarrollo Agropecuario) and the Carabineros. This coordination involves
the development of preventive activities ranging from the control of the aforementioned
risk activities, the dissemination of preventive messages in risk areas, and the posting
of informative signs regarding the legal consequences of illegal burning and the setting
of forest fires. Regarding the first point, it should be understood that these tasks work
with a regulation, proposing months where the activity is allowed with the proper prior
permits, where notice must be given to CONAF, to establish a date and time indicated
where the burning can be carried out; this will depend mainly on the meteorological
conditions that exist and the occurrence of fires during the previous dates [13].

To contextualize, in the last forest fire seasons, the communewas affected by 11 fires,
which translates into 8 hectares burned as an average area, both figures are averages.
This places it as one of the 4 communes of the Lakes Region that exceed the average of
10 fires, being surpassed by Castro, with an average of 12, Puerto Varas, with 12 fires
and Puerto Montt, which totally escapes the figures with an average of 80 fires. It should
be noted that there is no direct or indirect relationship between the number of fires and
the number of hectares affected [13].

The latter transforms the commune of Dalcahue into a priority sector for fire surveil-
lance during the high fire season, but paradoxically, at the time of the cadaster, it does not
have a strategic axis of community environmental education for fire prevention within
the commune, although it is important to note that this was in the process of development
[13].

A large part ofDalcahue’s land area (Fig. 2) has native forests, so part of the commune
is within the Chiloé ecoregion represented by the persistent coastal rainforest, which is
composed of evergreen forests that extend along the Coastal Mountain Range with
dense, lush vegetation rich in epiphytes, lianas, ferns and large grasses. Species such as
the Chiloé oak or coigüe (Nothofagus nítida) can be found. There is also endemic fauna,
such as the Pudú Pudú (Pudú Pudú), the Huillín Cat (Lutra provocax) and the Chilote
Fox (Canis fulvipes) among others [14].

Along with the ecological importance of the commune, there is also a heritage value.
The Church of Nuestra Señora de los Dolores de Dalcahue (Figs. 3 and 4) is a Catholic
church located in Dalcahue’s Plaza de Armas. It is one of the largest and oldest churches
in Chiloé, because although the construction of its current temple was begun in 1893 and
completed in 1902, there is evidence that it may date back to 1858. [15] It is one of the
exponents of the local architectural style, the Chiloé School ofWoodenArchitecture, and
was declared a Historic Monument by Supreme Decree No. 1750 of July 26, 1971, and
a World Heritage Site by UNESCO on November 30, 2000. [Ibid] Considering the fate
of other heritage churches, such as the San Francisco de Ancud church, it is important
to have a prevention plan to protect this church, built entirely of wood, as well as most
of the buildings in the area.
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Fig. 2. Land use in Dalcahue commune. Data source from [8]

Fig. 3. Dalcahue’s Church Façade. Council
of National Monuments of Chile.

Fig. 4. Interior of the Dalcahue Church. Council
of National Monuments of Chile

From the word cloud (Fig. 3) it can be observed that the most representative words
apart from those found in the filters, are focused on houses, destruction, and Castro.
This last word refers to the central city of Chiloé, which although it has also had one
more forest fire than Dalcahue between 2020 and 2021 (33 and 32 respectively), the
affected area of the former has been 66.75 hectares, while Dalcahue has seen 82.76
hectares of its land affected, a considerable damage as to be overshadowed by Castro
in the media. Along with this secondaryization of Dalcahue, it is worth mentioning the
lack of news or initiatives on the part of the commune’s management for the elaboration
of preventive plans. Although the municipality has a detailed emergency plan, it does
not have a prevention mechanism that takes precedence over the fire situation. The only
prevention plan created for Dalcahue is theoretical and comes from a degree project
of the Austral University, an institution close to the island of Chiloé. As seen in the
theoretical framework, [8] the case of the Dalcahue emergency plan promulgated by the
municipality fulfills the objectives of presuppression, firefighting and fire use, but not
prevention.
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From the word cloud (Fig. 5 and Table 1) the most representative words, apart from
those found in the filters, are focused on houses, destruction, and Castro. This last word
refers to the central city of Chiloé, which, although it has also had one more forest
fire than Dalcahue between 2020 and 2021 (33 and 32 respectively), the affected area
of the former has been 66.75 hect., while Dalcahue has seen 82.76 hect. of its land
affected, [ considerable damage to be overshadowed by Castro in the media. Along with
this secondaryization of Dalcahue, it is worth mentioning the lack of news or initiatives
on the part of the direction of the commune of the elaboration of preventive plans.
Although the municipality has a detailed emergency plan, it does not have a prevention
mechanism that takes precedence over the fire situation. The only prevention plan created
for Dalcahue is theoretical and comes from a degree project at Universidad Austral, an
institution close to the island of Chiloé. As seen in the theoretical framework, [8] the case
of the Dalcahue emergency plan promulgated by the municipality meets the objectives
of pre-suppression, combat, and use of fire, but not prevention.

Fig. 5. Word cloud from media headlines.
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Table 1. Word cloud and sources.

Example headline Source

Nearly 140 houses were burned after a raging
forest fire in Castro

https://www.cnnchile.com/pais/incendio-castr-
chiloe-140-casas-quemadas-20211210/

Authorities insist on calls to prevent forest
fires in Chiloé

http://www.gobernacionchiloe.gov.cl/autori
dades-insisten-en-llamado-a-prevenir-incend
ios-forestales-en-chiloe/

Red alert decreed in Castro due to forest fire:
more than 20 houses affected

https://www.elmostrador.cl/dia/2021/12/09/
decretan-alerta-roja-en-castro-por-incendio-for
estal-mas-de-20-casas-afectadas/

Red alert for forest fire in Dalcahue https://www.diariochiloe.cl/noticia/actualidad/
2021/03/alerta-roja-por-incendio-forestal-en-
dalcahue

Regional Authorities visit Process Plant in
Dalcahue affected by fire

https://www.mintrab.gob.cl/pgm/CanalRegi
onal/LosLagos/autoridades-regionales-visita
ron-planta-de-procesos-en-dalcahue-afectada-
por-incendio/

5 Conclusions

To conclude this research, we can conclude that the commune of Dalcahue is a valuable
area for ecological diversity and native flora and fauna for the island of Chiloé, especially
for the native forest area. It is of fundamental importance to create a plan focused on the
prevention of fires, as well as to create measures to alleviate the losses generated by past
fires and to face in situ those that will occur. It is important to highlight in the creation
of these communal plans the efforts made by academia through universities, which,
as could be seen in the case of the degree work “Plan de Protección Territorial contra
Incendios Forestales para la comuna de Dalcahue, Provincia de Chiloé, Región de Los
Lagos” can compile information and proposing strategies based on plans that worked
years ago. Another example of contribution to habitat reconstruction is the ecological
restoration file for native ecosystems affected by forest fires, carried out by the Faculty
of Agronomy and Forestry Engineering of the Catholic University of Chile together
with the National Forestry Corporation of the Chilean government, whose mission is
to contribute to the development of the country through the conservation of the wild
heritage and the sustainable use of forest ecosystems for the integral service of the
citizens, protecting wild areas of the state and private individuals against forest fires.

From the analysis of the word cloud, it is possible to identify a lack of dissemination
about the problem of the commune of Dalcahue, finding few headlines about the problem
related to forest fires in the commune of study, being overshadowed by the commune
of Castro. It is essential to develop a prevention plan for the commune of Dalcahue, to
protect the fauna and buildings prone to fires.

https://www.cnnchile.com/pais/incendio-castr-chiloe-140-casas-quemadas-20211210/
http://www.gobernacionchiloe.gov.cl/autoridades-insisten-en-llamado-a-prevenir-incendios-forestales-en-chiloe/
https://www.elmostrador.cl/dia/2021/12/09/decretan-alerta-roja-en-castro-por-incendio-forestal-mas-de-20-casas-afectadas/
https://www.diariochiloe.cl/noticia/actualidad/2021/03/alerta-roja-por-incendio-forestal-en-dalcahue
https://www.mintrab.gob.cl/pgm/CanalRegional/LosLagos/autoridades-regionales-visitaron-planta-de-procesos-en-dalcahue-afectada-por-incendio/
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Abstract. The Arganeraie Biosphere Reserve (ABR) is an ecosystemwhose goal
is to reconcile the conservation of natural resources and sustainable socioeconomic
development. However, the tendencies of overexploitation of natural resources,
the continuous degradation of ecosystems are facts from which the ABR suffers
and which threaten its cultural, heritage and natural wealth at different territorial
levels. This work aims to produce a vulnerability model adapted to the ABR of
Souss-Massa, which constitutes 74% of the total surface of the ABR, through the
State-Pressure-Result (SPR)method developed by the Organization for Economic
Cooperation and Development (OECD). This method will be applied to the water,
soil and biodiversity sectors. This article exposes, in the first place, the state of
these three predicted sectors. Secondly, it studies the pressure exerted on these said
sectors to frame the vulnerability of the study area. Finally, the article highlights
the different measures undertaken by stakeholders to mitigate the pressure on the
previous sectors. However, an acceptable level of resilience hasn’t been achieved
and this paper will discuss the reason why.

Keywords: ABR-SM · Vulnerability · Environmental resources · Resilience ·
Sustainable development

1 Introduction

Morocco, as part of the implementation of the 1992 Rio Declaration, has embarked
on a long participatory process to promote the planning and sustainable management
of natural resources. In this perspective, the Arganeraie was recognized in 1998 by
UNESCO as the first Moroccan Biosphere Reserve to promote the uniqueness of the
ecosystems and the biodiversity of the argan tree.

The development of specific risk profiles (pressures on water, soil, biodiversity) in
the ABR (Arganeraie Biosphere Reserve) is a crucial and unavoidable point to diagnose
its vulnerability and try to improve and maintain its ecosystem services. Systems that
contribute to human well-being. Biodiversity loss, overgrazing, increasing urbanization,
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disorderly use of forest massifs and rangelands are the consequences of adopting unsus-
tainable human development models and use systems that threaten the socio-ecological
balance of the ABR [1]. What then are the major figures responsible for the vulnerabil-
ity of the environmental resources of the ABR-SM? And what actions are stakeholders
taking to preserve the ecological system and achieve an acceptable level of resilience?

To answer the problem, we will adopt the SPR (State-Pressure-Response) model
developed by the Organization for Economic Cooperation and Development (OECD).
Before explaining the terminology of these three phases, it should be noted that the
choice of ecological factors is adapted and depends on the specificity of the ABR. Firstly,
the “State” corresponds to the diagnosis of the qualitative and quantitative aspects of
the natural resources of the ABR-SM (Arganeraie Biosphere Reserve Souss Massa).
Secondly, we tend to propose “Pressure” to describe the main figures of vulnerability
of the ABR-SM summarized in the study of pressure on water, soil and forest and
biodiversity. Finally, the “Response” phase identifies the interventions and actions to
be taken by all stakeholders to address vulnerability and reduce pressure on resources.
Our scientific approach is supported by the cartographic analysis, the field work and the
documents collected at the level of the regional administrations of Souss-Massa.

The objective of this paper is to develop a vulnerability model of environmental
resources specific to the ABR-SM. This model will be a prototype that can be further
strengthened by integrating other indicators. First, this article highlights some vulner-
ability indicators specific to ABR-SM, which is a first experience at this level. Sec-
ond, it allows us to identify the actions taken by the actors and to understand how the
administration deals with these vulnerabilities and maintains level of resilience for a
socio-ecological balance.

1.1 Study Area

The ABR is a territory that is not limited only to a geographical entity but is rather based
on more or less organized interactions of a group or groups in “common projects”.
It is located in west-Central Morocco and is part of the transition zone between the
Mediterranean and the Sahara, formed around a forest species endemic to Morocco
(Argania spinosa), which is the main characteristic of the Macaronesian sector, with a
vegetation of forests, woody plants and Mediterranean sclerophyllous [1]. It includes
three regions: the Souss Massa region, which represents 74% of the ABR area, while the
Marrakech-Safi region occupies 18%and theGuelmim-OuedNoun region the remaining
8%.

It covers an area of 2.5 million ha, organized as follows:
Administratively, the study area includes the Souss-Massa region, which occupies

74% of the total area of the ABR (Fig. 1). The ABR-SM involves three provinces
and two prefectures: Taroudant, Chtouka-Aït Baha, Tiznit, Agadir-Ida Ou Tanane and
Inezgane-Aït Melloul.

As for forestry, ABR-SM is under the administration of Water and Forests.
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Fig. 1. Location of the study area at ABR level [2]

2 Diagnosis and Condition of Natural Resources in the ABR Souss
Massa

This first part concerns the natural resources of ABR-SM namely water, soil and
biodiversity.

2.1 Condition of Water Resources: Significant Hydraulic Capital

The ABR-SM offers a variety of hydrological basins with scattered areas drained by a
limited number of large wadis, namely [3]: the Souss basin (16,200 Km2); the Massa
basin (6,280 Km2), the Tamri-Tamghart basin (2,600 Km2) and the Tiznit plain (2,800
Km2) [3]. Therefore, it has deep water tables (continuous and discontinuous), namely:
sous, chtouka, tiznit and tafraout. In the absence of these aquifers, small aquifers and
alluvial aquifers supply the water scarce areas.

Surface Water Resources Condition. The surfacewater resources are limited andvery
irregular. Indeed, the flows of the wadis are characterized by a strong interannual irreg-
ularity and their runoff is limited to short flood periods. Thus, the average inflow of
surface water is 668 million m3/year. Historically speaking, the minimum and maxi-
mum inflows are 35 Mm3 (1960–61) and 2,160 Mm3 (1962–63) [3], respectively. In
addition, the ABR-SM has a storage capacity of more than one billion m3 of water, par-
ticularly through the two major dams, the Abdelmoumen Dkhila Dam and the Youssef
Ibn Tachfine Dam (Fig. 2). Water deliveries during the period from September 1, 2016 to
August 31, 2017 from all dams in the SoussMassa (Fig. 2).Water basin amounted to 190
million m3, distributed as follows: 134 Mm3 for irrigation, 55 Mm3 for drinking water
supply, and 1.3 Mm3 for artificial recharge of the water table [5]. The volumes of these
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Fig. 2. Authors, groundwater under the ABR-SM, 2022 [4]

supplies vary from one season to another depending on the amount of precipitation, with
an average proportion in terms of destination in the order of 70% for agriculture, about
29% for drinking water supply and about 1% for artificial recharge of groundwater [6].

Condition of Groundwater Resources. The ABR-SM has a capital of “renewable”
subsurface resources, i.e., exploitable without obvious impact on the sustainability of
the aquifers witch a volume of 468 Mm3/year, distributed as follows [7]:

As for the Chtouka aquifer, the evolution of the water balance shows that this aquifer
has been in hydraulic deficit since the 1970s, decreasing from 5 million m3 in 1972 to
−58 million m3 in 2007. As for the Tiznit aquifer, the available assessments indicate
that the sensitivity is relatively low. It has relatively well-preserved reserves, thanks to
the recharge of deep aquifers. The aquifer, once in equilibrium (1973), now has a slight
deficit, estimated at −1.5 Mm3 for 2007.

Spatially, the situation is particularly delicate in theHighAtlas aquifers. The presence
of a significant pluviometric contribution depending on the altitude, combined with the
lapiszic nature of the Jurassic strata (limestones, marl limestones), allows a good flow
of water in the various springs and recharges mentioned, as well as at the level of the
alluvial deposits of the right bank tributaries of the Wadi Souss.

The situation in the mountainous regions (especially in the Anti-Atlas) is more
complex. Indeed, the aquifers are less developed and are often limited to localizedpockets
circulations in fractures. Being poor in reserves (at 129 million m3/year, they represent
30% of global renewable resources at the basin scale), the limestones and crystalline
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inclusions of the Anti-Atlas remain the most problematic in terms of water regeneration
and renewal. Their sensitivity to direct recharge from precipitation is increased [7].

As for the Souss Chtouka aquifer simulated two major cones of subsidence, in the
center of the plain (from Taroudant Bridge to Biougra via Ouled Teima) and at its
hydraulic headwaters (Aoulouz sector). The first cone is mainly the result of intensive
exploitation of resources and inappropriate over-extraction [7]. The second one is more a
typical hydrogeological character (low thickness of the aquifer, lack of lateral recharge,
etc.).

2.2 Condition of the Soil: Wealth with High Agricultural Potential

Soil is a physical environment that performs the biological functions of nourishing plants
and supporting human activities. It is also a natural resource that acts as a filter and buffer
between the atmosphere and water.

Fig. 3. Authors, types of land use in ABR-SM, 2022 [8]

The ABR-SM is characterized by heterogeneity from a topographic and geomorpho-
logical point of view (Fig. 3). In fact, the Souss-Massa valley contains loose soils with
the highest agricultural potential.
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2.3 The Biodiversity and Endemic Resources of the ABR-SM

The argan tree (Argania spinosa) remains the emblem of ABR-SM, where it practically
occupies almost 700,000 ha (Fig. 4). It is a species endemic to the reserve and offers
multiple uses (agriculture, livestock). The argan tree has an undeniable socio-economic
and cultural importance, but it also plays an important ecological role, being the last
green barrier against desertification. It is estimated that the argan tree ecosystem brings
in an average of MAD 5.9 billion annually, which is an average contribution to the
regional GDP of about 7%. Not to mention the income from hunting, which exceeded
MAD 2 million in the 2012–2013 hunting season [1].

72%

13%

9%

3%3%

Arganier

Thuya

Chêne Vert

Génevriers

Autres (Cyprès d'Atlas, Pin d'Alep, Acacia radiana Tamarix et reboisement)

Fig. 4. Proportion of vegetation type in area at the ABR-SM level [9]

Fig. 5. Authors, vegetation type in ABR-SM, 2022 [8]



60 H. Idrassen et al.

The ABR-SM includes 12 SIBEs and two national parks, namely the Souss-Massa
National Park (PNSM) in its entirety and 1/3 of the area of Toubkal Park (Fig. 5). At the
level of the PNSM, one wetland combining dunes, green areas and water were included
in the RAMSAR list in 2005, namely the estuaries of the Souss and Massa wadis.

At the territorial level, the High Atlas area is home to a very significant mammal
diversity, i.e., about sixty species ofmammals (Fig. 6). The gradient of diversity gradually
decreases towards the south of the territory (Fig. 5). There are endangered species in all
units of the territory. These latter are particularly pronounced in the lowland zone and
in the Western High Atlas.

Floristic diversity
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Fauna diversity
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occidentalis)

Fig. 6. The floristic and fauna diversity in ABR-SM [10]

3 Pressure on the Environmental Resources: What’re
the Degradation Factors? For Which Impact?

3.1 Pressure on Water Resources: Precipitation Alarming Situation [11]

Pressure on Surface Water Resources. In a changing climatic context, the contribu-
tions in terms of precipitation continue to dwindle compared to normal, particularly in
the Souss and Massa basins. This situation constitutes a real threat to the Water Sup-
ply Plan of the most populated metropolises in the Region, as well as to the strategic
socio-economic sectors for the Region, namely agriculture, tourism and industry.

Pressures on Groundwater Resources. Indeed, all the generalized aquifers show a
water deficit, except for the hydrogeological units of the lower Drâa basin, which are in
equilibrium. In contrast, the water deficit is significant at the level of the Souss aquifer,
for which the deficit was estimated at a volume of 283 million m3/year in 2007.

The analysis of the evolution of the equilibrium of this aquifer (Fig. 7) during the
period 1976–2007 shows that the water table is in a state of water deficit, with the excep-
tion of the wet year 1996, when exceptional hydrological contributions were recorded
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Fig. 7. Evolution of the water deficit for the Souss aquifer in Mm3/year [10]

and the deficit was temporarily compensated. As for the Chtouka aquifer, the evolution
of the water balance shows that this aquifer has been in hydraulic deficit since the 1970s,
decreasing from 5 million m3 in 1972 to −58 million m3 in 2007. As for the Tiznit
aquifer, the available assessments indicate that the sensitivity is relatively low. It has
relatively well-preserved reserves, thanks to the recharge of deep aquifers. The aquifer,
once in equilibrium (1973), now has a slight deficit, estimated at −1.5 Mm3 for 2007

Decrease in Flows in Springs and Khettaras. The number and flow of springs and
khettaras have decreased significantly in the Souss Plain. Springs were located along
the Oued Souss riverbed between Igli and the Atlantic Ocean and also at the Aoulouz
elevation. By the 1970s, nearly 62 springswere counted. By the early 1980s,most springs
had dried up. The discharge of the Freija was only 56 l/s in 1986, compared to about
2 m3/s in the early 1970s. Currently it is dry.

Risk of Saltwater Intrusion. The coastal strip of the area is particularly affected by water
shortages. Here there is a risk of saltwater intrusion, which [12], is reaching worrying
levels. The Bay of Agadir is the most affected, with areas where seawater has gained
the upper hand over freshwater with extremely high salinity. Under these conditions,
it seems to be a priority to set up a network to monitor salinity and its influence, but
also to make adequate decisions on the use of the underground resources of the Chtouka
aquifer, but also of the Souss aquifer, since these two systems are interconnected.

Impacts Related to the Degradation of Water Resources. Water resource degrada-
tion has low (yellowish color), moderate (orange color), and high (red color) impacts
on the economy and health. This diagram explains the different impacts associated with
this degradation and at what level it manifests.

Degradation of water resources has negative health and economic impacts. Economi-
cally, this degradation creates additional water treatment costs on the order of the reserve
(Fig. 8). Beach erosion is evident along the entire coastline of the Reserve.
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Fig. 8. Impacts associated with the degradation of water resources [13]

3.2 Factors of Soil Degradation by Desertification Effect

TheABR-SMarea in general and theArganeraie in particular are distinctly susceptible to
the phenomenon of desertification and soil degradation. This vulnerability is mainly due
tomany factors acting simultaneously:Overgrazing,water erosion. Intensive agricultural
activity and Mine-development.

Water Erosion. It’s increasing at an alarming rate, especially in the High Atlas and
Anti- Atlas Mountain ranges. It is exacerbated by the weak vegetation cover, the harsh
topographic conditions and, above all, the poor distribution of rainfall, which is concen-
trated in the form of storms [7]. The resulting hazards negatively affect the durability
of downstream dams, the fertility of agricultural land, and other infrastructure (roads,
etc.). In addition, the growing population and the conversion of agriculture exacerbate
the situation by reducing natural resources.

Intensive Agricultural Activity. Due to the limiting edapho-climatic factors, bour-type
agriculture remains the most widespread in terms of area in the ABR-SM. However, the
irrigated perimeters of this area are among the irrigation areas most affected by soil
salinization. The affected area reaches 9,800 ha representing 29% of the irrigated area
[13]. The loss of soil fertility caused by the reduction of organic matter is as harmful a
form of degradation as salinization. It results from poor management of crop residues
(no landfilling), low use of green manure (slurry and compost) and high mineralization
of organic compounds. On the other hand, the introduction of monocultures remains
the most feared cause. In fact, the organic matter content in soils is generally below
1.5%. The observed yield reductions are about 6 to 10% per year [14]. This agriculture
mainly export-oriented, has developed in the plains with loose soils with high production
potential and the necessary hydro-agricultural facilities. This has led to the pollution of
groundwater, especially by nitrates, the salinization of the soil, the destruction of soil
fauna and, consequently, the loss of soil fertility and the aggravation of the phenomenon
of desertification.

Development of the Extractive Industry. All small mines located at the level of the
ABR-SM are abandoned without redevelopment [15]. As for quarries, 21% of them, or
30 sites, are abandoned. This situation poses a serious threat to the environment and
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requires accelerating the rehabilitation of mines and quarries to mitigate the negative
impacts they cause.

Impacts Related to Land Degradation. Soil degradation has many economic, health,
and environmental consequences. These consequences are listed in the figure below.
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of soils to capture 
and store carbon

ABR-SM

Fig. 9. Effects of soil degradation [27]

The most important impact caused by pressure on soil is desertification, which has
negative ecological impacts on forest ecosystems and biodiversity. Erosion, in turn,
has significant economic impacts on watersheds and dams, leading to siltation and
consequent loss of soil productivity (Fig. 9).

3.3 Pressure on Forest Resources and Biodiversity

Overgrazing. It is caused by the increasing load of animals on grazing areas, which is
disproportionate to the production and regeneration capacities of these areas. At ABR-
SM, grazing pressure is exacerbated by the low production levels associated with con-
tinuous use over time, as there are no opportunities for herd movement. In addition,
this area is relatively frequently visited by external herds, especially camels from the
southern provinces [15]. The study of transhumance in the argan grove [16] shows that
in recent decades, anthropogenic pressures on natural resources (intensive agriculture,
urbanization, increase in livestock, etc.), combined with extreme climatic conditions,
have led to profound dysfunctions of pastoral ecosystems in Morocco in general and in
the geographic area of the argan tree in particular. These dysfunctions have been exacer-
bated by the social imbalances, the change in land status on rangelands (transition from
collective to private use).

Indeed, the mobility of livestock in the Arganeraie area depends on rainfall and the
availability of water points for watering during the summer season. In the context of
climate change, this problem of overgrazing will be exacerbated by recurrent dry years
and the rangeland degradation.

Intensive Agricultural Activity. The development of agriculture in the Souss Massa
plains has been at the expense of the argan forests, especially since the 1970s. This
decline mainly affected the argan plantations in the plain, such as the Admin forest,
where the rate of degradation due to cultivation was estimated at about 600 ha/year
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during the period 1969–1986 [17]. The effects of forest displacement by farms include,
above all, intensification of production and expansion of greenhouses, accompanied by
depletion of water resources and excessive use of chemical fertilizers and pesticides.

Urbanization and Anthropogenic Pressure. At ABR-SM, in particular, the increas-
ing expansion of built-up areas at the expense of the argan forest is a real evil, especially
in the areas adjacent to the major urban centers of our study area. In fact, with the
expansion of the cities, the argan plantation has been transformed into a land reserve
earmarked for real estate projects, social infrastructure, quarries, etc. For example, dur-
ing the period 1969–2006, an area of 1,400 ha of the Mesguina forest [3] was diverted
for urbanization, representing a significant loss of density.

After identifying and diagnosing the ecological factors of the environmental
resources of the ABR-SM area. Thereafter, exposed the pressure on these factors and
analyze them. We allow ourselves in this last point to see the measures taken by stake-
holders to manage the ABR-SM area and how are these measures institutionalized the
territorial level?

4 The Environmental Management of the ABR-SM: Between
Institutionalization and Resilience for Sustainable Development

In this part, we will study the regulatory, institutional measures as well as the pro-
grams and strategies implemented by stakeholders for the sustainable management of
the territory ABR-SM.

4.1 Moroccan Regulatory and Legislative Arsenal and the Challenges
of Application

Several texts of laws have been governed in order to regulate the sustainablemanagement
of the previous sectors (Water, soil and biodiversity resources). In this context, we will
see the different legal standards established by Morocco in terms of management of the
environment, water, soil and biodiversity of the ABR-SM (Table1).

There are still regulatory texts elaborated by the ministries, namely: the text on the
conservation and use of the forest. This text allows, first of all, the delimitation and the
registration of the buildings of the state (Dahir 03 January 1916,Dahir 24May1924) [21].
The management of the forest property is regulated by the Dahir of October 10th, 1917
[22], which refers to the conservation and use of the forests. This Dahir grants rights of
use to the rights holders (riparian populations), “which are due to those who have always
benefited from them” [23]. In terms of biodiversity, it was necessary to regulate activities
related to fishing and hunting [24]. Moreover, for the protection and delimitation of the
argan forest, a Dahir was issued on March 4, 1925 [25], regulating the rights of use of
the traditionally exploiting tribes and factions in the Argan Zone. These are - collection
of dead wood - fruit picking - herd paths - land use - cutting firewood, charcoal and
timber - cutting branches for fences - removal of soil, sand and stone. These different
texts allow strengthening the relationship between the forest and the rural population
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Table 1. Legislative and regulatory texts relating to the organization and management of water,
soil and biodiversity resources

Water resources Soil resources Biodiversity

Law No. 10–95 of 1995 on
Water Management [18]: aims
to highlight the evolution of
resources and also the national
needs for investment and
exploitation. The water
shortage has imposed a limit
on the rights of the owners and
in no case cede them (rights)
only to the owners of
agricultural funds. Moreover,
industries are taxed according
to the "pollution units"
discharged, i.e., the emission
of pollutants. This law
determines the holders of
permits valid for 20 years
(selection) and establishes the
rejection points. This law
meets the definition of
miracle, but does not meet the
criterion of "voluntariness"
and the principle of
negotiation of Coase

Law No. 11–03 on the
Protection and Improvement
of the Environment (2003)
[19]: stipulates (first section)
the development of soil and
subsoil resources through
rational exploitation. It
defines the process of land
development for agricultural,
industrial, mining,
archaeological research, etc.,
which is subject to giving
authorization

Law No. 22–07 on Protected
Areas [20]: This law
designates the competent
authority to ensure the
management, control and
monitoring of protected areas
in coordination with local
authorities. In order to
preserve the ecological
balance, decisions are made in
the areas of the forest estate,
which make it possible to
classify an area, a parc or a
reserve by material damage1

and encouraging private investment in the forest. In order to encourage investment in
environmental protection projects, a system of financial and fiscal incentives has been
established that allows for the establishment of government subsidies, partial or total
exemption from customs duties, taxes or levies, long-term loans, low-interest loans and
any other appropriate incentive measures [26].

4.2 At the Institutional Level

Several institutional actors operate at the level of ABR-SM. However, the management
of ABR-SM is controlled by the agency of Water and Forest;

TheDivision of Parks andNature Reserves/DLCDPN/DEF&The South-West RDW
FCD-SW: A governmental institution, central actor and cornerstone of the management
of the entire ABR project & The South-West RDWFCD-SW:A structure responsible for
the implementation of forest policies at the regional level, the development of ten-year
plans and annual program contracts, and the implementation of annual programs.

1 Material damage is defined by the limitation of previous activities against compensation for the
benefit of the owner or the beneficiary under the conditions set by the implemented laws [33].
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The Wilaya of Agadir Ida Ou Tanane: A regional administrative structure that fol-
lows the borders of the Souss-Massa region and includes the prefectures of Agadir Ida
Ou Tanane and Inezgane Ait Melloul and the provinces of Chtouka Ait Baha, Tiznit,
Taroudant and Tata.

The Souss-Massa Region: a territorial entity under public law, a strategic actor in
the coordination of “sustainable development” actions at the regional level.

The Province and the Prefecture: a constitutional institution whose powers are
defined by Dahir [27].

The Territorial Community: basic territorial community with legal personality and
administrative and financial autonomy.

ANDZOA (National Agency for the Development of the Oasis and Argan Tree
Zones): public body subject to state supervision, with legal personality and financial
autonomy.

NGOs & Foundations: at regional and provincial levels, main actors in local
development and conservation.

4.3 Resilience and Perspectives of Sustainable Development

Morocco has adopted programs and strategies in the process of sustainable development.
These programs promote the mobilization of territorial actors, socio-economic balances
and the adoption of cross-sectoral approaches. To alleviate the pressures in each sector,
various resilience measures have been implemented, which we will consider in this part.

Water. The budget for implementing the objectives of the National Water Strategy
is 82 billion dirhams. Within the framework of water resources management, several
other strategies and programs have been launched: the National Sanitation Plan, which
aims to achieve a connection rate to the sewage network in urban areas of 75%, 80%
and 100% in 2016, 2020 and 2030, respectively. As well as achieving 100% processed
wastewater by 2030 [28]; As well as the Group Drinking Water Supply Program for
Rural Populations (PAGER), which is based on access to drinking water for the entire
rural population (access rate to drinking water 61% in 2004). These national strategies
and programs are based, at the regional level, on the summaries of the Master Plans for
the Integrated Development of Water Resources (PDAIRE), prepared by the authorities
of the watershed in the framework of decentralized planning, which is a planning tool
for the management and development of water resources.

Soil. The situation of land resources is under great pressure. To alleviate the extent of this
pressure, Morocco adopted a national action plan to combat desertification (PAN LCD)
in June 2001. This plan makes it possible to promote local dynamism and strengthen
income-generating initiatives while supporting the process of combating desertifica-
tion. And to combat erosion, the National Plan for Watershed Development (PNABV)
proposes mechanisms to protect soils from water erosion and to restore ecosystems.

Biodiversity. Among the strategies and programs for the protection of forests and bio-
diversity, the National Strategy and Action Plan for Biodiversity in Morocco (SPANB,
2016–2020) is noteworthy; it is a roadmap with the following priorities: The conserva-
tion of ecosystem services - The sustainable use of biodiversity - The strengthening of
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biodiversity governance - The valorization of biodiversity knowledge - The promotion
of citizens’ will and behavior change. In order to update biodiversity data, Morocco has
launched a national assessment of biodiversity and ecosystem services. This assessment
aims to strengthen the link between science and policy on biodiversity, ecosystem func-
tions, and ecosystem services. At the regional level, the regional agency for Water and
Forest and for Combating Desertification (AREFLCD) are preparing a ten-year plan
for forestry development and combating desertification. The agency of Water and for-
est localized in Agadir is the management body for the ABR in general. To date, the
management body has prepared two action plans for the ABR based on a participatory
approach of all stakeholders of the different economic sectors operating at the ABR
level. The first covers the period 2008–2017 and aims to strengthen the argan sector and
intensify scientific and genetic research on the argan tree [29]. The second phase of the
ABR assessment was completed in 2020 for the period 2018–2027.

5 Conclusion

This work was based on the diagnostic study and the state of natural resources of ABR-
SM in terms of water resources, soil resources and biodiversity. But these resources are
unfortunately not immune to various stresses that contribute to the vulnerability and
imbalance of the ecosystems of ABR-SM (desertification, water erosion, overgrazing,
intensive agriculture, urbanization, etc.).

Measures and laws have been taken to shape the process of environmental man-
agement of the ABR-SM. At the institutional level, the management of the Reserve is
supported by the responsibles for water and forests, coordinating with other institutional
actors, the issue of governance thus imposes itself.Management bodies have been created
for the proper management of the resources of the ABR-SM, namely: the Management
Body, the Participation and the Scientific Committee. The management body is repre-
sented by the Partnership Servicewithin thewater and forests responsibles. It is responsi-
ble for planning and implementing programs anddeveloping partnerships in coordination
with other stakeholders. The Participatory Body, whose role is to monitor compliance
with the objectives, strategy and guidelines for the development and management of the
reserve, is chaired by the Wali. The Scientific Committee, which includes representa-
tives from research institutions, non-governmental organizations, associations, etc. Its
mission is to program, monitor and evaluate scientific research to understand the dynam-
ics and impacts of the environment and the evolution of biodiversity. At the strategic
level, water policy is based on the following indicators: Connection rate to the sewage
network-Volume of treated wastewater-Access rate to drinking water. In fact, the RBA-
SM has achieved a treatment rate of 60% of the collected water and a connection rate to
the sewage network in urban areas of 80%. And by 2030, the volume of treated wastew-
ater is expected to reach 100% [30]. The access rate to drinking water reached 61% in
2004. For soil resources, the following indicators were used: Water erosion, soil salinity,
and the presence of quarries. The region’s dams received only 30 million cubic meters
of water for the hydrological year 2019–2020, instead of 476.5 million cubic meters
of water in a normal year [31]. In terms of biodiversity, several indicators were identi-
fied, including pastures, agricultural activities, urbanization and anthropogenic pressure.
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The new Morocco Forest Strategy 2020–2030 will be implemented with an approach
that aims to achieve “inclusive, sustainable and prosperous management that reconciles
Moroccans and the forest.” It is based on four axes: differentiation and development of
spaces according to their destination - reinvention and structuring of the participatory
approach - investment and modernization of the core business - reconstruction of the
institution around the authority. This new forest management is based on institutions
for dialog with the actors and structures of the territory, oriented to the interests of
rights holders. Can the environmental stakeholders go towards a convergence of inter-
ests or even a consensus between the effective involvement of local populations and the
conservation of biodiversity? What is the reserve future in the process of institutional
transforming (from public administration into an independent agency) and establishing
ODF “forest development organizations”? Will be there a synergy between the different
governance instances or just speeches?
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Abstract. The main objective of this study is to explore whether the promotion
of green mobility turns out to be a mechanism for the development of sustainable
cities and environmental sustainability. The Valparaíso trolleybus is selected as a
case study, since (1) it is a greenmeans of transportation, (2) it facilitates the urban
mobility of the inhabitants, (3) it decongests traffic and pollutes the place, (4) they
are part of the city’s industrial heritage legacy, (5) in addition to being a green
means of transport, they are a reminder of the city’s heritage-tourism heritage.
The methodology is carried out through an analysis of the historical route of the
trolleybus in Valparaíso, followed by an analysis of the energy efficiency of this
means of transport compared to other options. It is concluded that promoting green
mobility does turn out to be a mechanism for the development of sustainable cities
and environmental sustainability, as observed in the case of the Valparaíso tram.

Keywords: Trolebus · Urban mobility · Green transport · Smart city ·
Environmental sustainability

1 Introduction

The objective of this study is to study whether green mobility through trolleybuses in
the city of valparaíso can contribute to the development of the port as a sustainable city
and environment.

Valparaíso is the capital of the fifth region of Chile. It is located 120 km from the
national capital Santiago and has about 300,000 inhabitants (Fig. 1).

It is characterized for being historically the main port city of the country, with a
geo-graphical conformation in the form of an amphitheater [1]; which concentrates its
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pop-ulation along 44 hills that surround the flat center of the city where public spaces,
com-mercial and administrative centers and its relationship with the port and the bay are
located. It saw its golden years around the 19th century, when it functioned as the main
port of the capital, becoming a kind of cultural center where foreigners from all over the
world converged in search of trade opportunities in the new republics of America. [2]
Its history, the popular stilt architecture of the hills and the conservation of the cultural
heritage left by foreigners who lived in the city, earned it recognition as aWorld Heritage
City by UNESCO in 2003.

Fig. 1. Location and morphology of Valparaíso.

After the opening of the railway between Santiago and Valparaíso, the port saw its
economic activity grow to the point of requiring new means of public transport in its
urban area [3]. After a development in public transportation that began in 1863 with
horse-drawn streetcars, 90 years later in 1953 the first 30 Pullman Standard TC-48 ′700’
trolleybuses imported from the United States were launched under the administration of
the public-private partnership Empresa Nacional de Transportes (ENT). By 2003, 16 of
the 30 trolls were still in operation, which, within the framework of the recognition of
Valparaíso as a World Heritage Site by UNESCO, were declared historical monuments.
These trolleybuses are a means of transportation made up mainly of metal, 12.2 m long
and with the capacity to carry 78 passengers [4].

Its main attraction for this research is that it works based on electricity through the
power lines that cross the city, which can help in the creation of a city with sustainable
logics.Aftermore than50years, trolleybuses as ameans of transport continue to function.
Although they are no longer the same ones imported from the US, they have been added
and replenished in number.
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2 Theoretical Framework

The continuous expansion of urban fabrics, both in territorial extension and in popula-
tion density, originates growing demands on the social infrastructure that allowsmeeting
common needs. These dimensions are especially urgent in the case of developing coun-
tries, which tend to concentrate very low-income social segments on the periphery of
their metropolises, living precariously and with markedly unequal access to the benefits
of urbanization. The availability of an adequate urban transport infrastructure, which
allows moving people and goods in a dignified, timely, reliable and economical way,
undoubtedly integrates that core of common basic needs [5]. However, the develop-
ment and continuous growth of the world population are the major factors which cause
growth of energy consumption and increasing volumes of greenhouse gas emissions [6].
Although Sustainable Development constitutes the current dominant paradigm to guide
the economic and social development of humanity. Despite the apparent global agree-
ment about its importance, its practical application is difficult to implement, especially
in the Latin American urban environment, where there are multiple gaps that separate
the current city from the desired sustainable city [7].

The case of the trolls in the framework of the heritage city of Valparaíso, represents
a path of conservation and development of green technologies in a state that is found
in few parts of Latin America. Public transport has undergone major changes in recent
years. In particular, they relate to the issue of environmental impact [8]. Trolleys as a
means of transportation return to the fore in the context of the need for new transportation
systems that produce zero emissions and respect the new surface landscape [9] due to
the need as a society to reduce our energy impact in the planet. The ability to move
public transport based on electricity can mean significant energy savings based on fossil
fuels. A sustainable city is a city that follows ecological principles, the idea of eco cities
emerges as a new approach to sustainable development, resulting in an environmentally
friendly city in terms of pollution, land use and reduction of waste. The causes that
contribute to global warming, the trolls comply with developing some of the aspects that
characterize sustainable cities, such as: the use of renewable energy, improved public
transport systems and promotion of pedestrianization to reduce fuel emissions from
automobiles [9].

In the framework of mobility, the possibility of adding green transport to the concep-
tion of smart cities canmean an important development in the conception of a sustainable
city.

The goal of the smart city concept ismodern urbanmanagement using technical tools
that offer state-of-the-art technologies, considering the applicable ecological standards
while saving resources and achieving the expected results [10]. As a city, Valparaíso
has the advantage of already having a skeleton and green urban transport assets, which
reduces the task of implementing it from scratch, maintaining it, and improving it. Even
in this favorable scenario, the trolls have been on the verge of disappearing on several
occasions, mainly due to debts due to lack of state subsidies.

Chile as amember country of the OECDhas to deal with the standards of themember
countries.

In the case of Europe, initiatives have been carried out for years based on the idea of
green public transport in which Only low-emission and zero-emission vehicles are to be
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used in transport, andmainly those that are powered by electricity in public transport. The
development of battery technologies has led to a revolution in the range and operational
capabilities of electric buses in the last decade [8]. As examples of public transport based
on electricity, we have Poland with the.

The trolleys, as they work on electricity with the city lines, have no emissions and,
in contrast to other gasoline-based transports that have been operating in the city since
1965, such as the buses [9], have saved significant amounts of fossil fuel.

3 Methodology

To determine the relevance of the use of the trolleybus in the city of Valparaíso, consid-
ering its low energy impact, its contribution to urban mobility and its heritage legacy in
the city, this research will first carry out an analysis of the route of lines 801 and 802 of
the Valparaíso Metropolitan Transport, corresponding to the routes made via trolleybus.
Understanding that the logic behind the route results in understanding the environmental
impact produced by this means of transport within the city and also how it contributes
to urban mobility. Secondly, an analysis of the energy efficiency of this type of trans-
port will be carried out in comparison with traditional means of transport powered by
gasoline or diesel. Understanding that the use of electric public means of transport are
methods of low environmental impact when the origin of the electricity used comes from
an environmentally friendly source.

4 Results

4.1 Route Analysis

Valparaíso’s trolleybuses are a method of heritage transportation, they have been operat-
ing in the city for 70 years since they were inaugurated. Being the only fleet of vehicles
of this type in Chile. Currently the company owns a fleet of 30 trolleybuses, of which
16 of the Pullman Standard brand were declared historical monuments in 2007 by the
National Monuments Council, being trolleybus No. 814 the oldest in operation in the
world. The prolonged duration of these vehicles is due to the simplicity of their design,
not putting unnecessary stress on any specific part (Fig. 2 and Table 1), and also to
the maintenance carried out by the company in charge. (Metropolitan Transportation of
Valparaíso). The trolleybus route turns out to be very beneficial for Valparaíso, not only
does it connect to the historic center of the city at a low cost (0.3 USD), but its route
passes through historic neighborhoods of the city, making a route of tourist attraction.
There are currently two routes with power lines designed for trolleybuses: routes 801 and
802. In 2021 route 801 was reincorporated into the schedule, after 14 years of the lack of
a trolleybus route through Valparaíso’s main artery: Pedro Montt st. Also incorporating
GPS location and LED lighting into the trolleys.

As can be seen in Fig. 3 and 4, the trolley routes in Valparaíso are in the nerve
center of the city, where all the services it offers are located. The tours start at Argentina
ave. Being the access to the city from Route 68, coming from Santiago, then they cross
the almond neighborhood: route 802 passes through Colón st. at the foot of the hills,
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Fig. 2. Diagram of the basic components of a Trolleybus.

Table 1. Components.

1. Power Line 7. Rear doors 13. Trolley Hook

2. Route Sign 8. Rear dual axle 14. Trolleys or feathers

3. External rear view mirror 9. Decorative bars 15. Trolley Base

4. Headlights 10. Tensioner 16. Machine Number

5. Front doors 11. Rope

6. Front single axle 12. Trolley Head

Fig. 3. Trolley Route 801.Own Elaboration

while route 801 crosses PedroMontt st. Where the commerce of the city is located. Both
routes then continue along Avenida Brasil as they pass through the main squares of the
city (Table 2). Arriving at Blanco st. The route crosses the historic area of Valparaíso,
declared a World Heritage Site by UNESCO. The Victorian-style buildings correspond
to the financial sector, where the branches of the main banks of the city are located, as
well as port and commercial companies. After Sotomayor Square, they cross to the port
district. Finally, the one-way tour ends atWheelwhright Square. The return route crosses
the same neighborhoods and monuments.
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Fig. 4. Trolley Route 802. Own Elaboration

Table 2. Trolley routes schedule.

Route Fare Trip Operative Days Stops Distance

801 250 clp (0,3 USD) Baron Square to
Wheelwhright Square
(Through Pedro Montt
st.)

Mo, Tu, Th, Fr, Sa
Whole Year

18 6,99 km

802 250 clp (0,3 USD) Baron Square to
Wheelwhright Square
(Through Colón st.)

Mo, Tu, Th, Fr, Sa
Whole Year

38 9,04 km

4.2 Energy Efficiency Analysis

To estimate the energy efficiency of Trolleybuses, a comparative analysis was carried out
between this type of transport and other means, mainly comparing energy consumption
according to the fuel source administered for its operation, and their respective CO2 and
Greenhouse Gas emissions. (GHG) [11].

The Valparaíso Trolleybuses use electricity as a source of energy (Fig. 5), distributed
through a single electrical network divided into four 600 VDC circuits, which are fed
with alternating current through two six-phase rectifiers [12]. The operation of this type
of transport lies in the administration of electricity from direct current (DC) between
550 V and 750 V [13], whose network is divided into sections of energy distribution
fed by traction supply cables from substations that convert electrical energy from the
alternating current network to direct current for vehicles [13]. In otherwords, trolleybuses
correspond to an electro-mobile means of transport, characterized by using drive or
traction systems by means of electrical energy [14].

Electromobility generates multiple benefits around sustainable development in the
environmental, energy and economic fields, since it is an alternative to reduce CO2 emis-
sions [14]. The implementation of electromobility as a method of transport at the urban
level is inserted more and more strongly in the global agenda against climate change,
since it corresponds to a favorable alternative in the reduction of CO2 emissions and
other GHG with respect to the use of transport conventional land from motorized vehi-
cles. According to the National Inventory of Greenhouse Gases (INGEI), conventional
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Fig. 5. Fuente: [13]

land transport, which considers buses, trucks, light vehicles and motorcycles (among
other types of transport), reaches 24.1% of the responsibility for GHG emissions in
Chile compared to other sectors of the industry, equivalent to 37 Gton of CO2e [15].
In the last decade, energy consumption within the Transportation sector has tended to
increase, whose peak is recorded in 2019 with 110,335 TCal consumed (Table 3), being
responsible for 33% of total fuel consumption compared to other sectors [16].

Table 3. Change in energy consumption in the Transport sector.

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

84.597 87.189 87.707 93.910 89.942 95.661 100.936 104.113 108.154 110.335 94.064

Source: Comisión Energía Abierta (2022)

Regarding energy consumption according to the fuel source, in this case petroleum
derivatives versus electricity, according to the national energy balance for the year 2020
in Chile, 98.89% use of petroleum-derived fuels was registered in the sector. Transport,
contrastedwith only 1.11%use of electrical energy for its operation (Table 4). In contrast,
as indicated in Tables 5 and 6, GHG emissions by type of transport in the Valparaíso
region reach their highest numbers with regard to fossil fuel land transport, reaching
their peak during the year 2018 with 2,611.7 ktCO2eq, as opposed to the 3.2 ktCO2eq
recorded by land transport based on electricity. Comparatively, GHG emissions from
fossil fuel versus electric-based fuels are considerably opposite, with electromobility
accounting for less than 0.2% of total fossil fuel GHG emissions.
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Table 4. Fuel consumption in the transport sector, year 2020.

National energy balance of the Transport sector to the year 2020

Fuel source Energy consumption (TCal) Percentage

Refinery-Petroleum 93.017 98,89%

Electricity 965 1,11%

Total 94.064 100%

Source: Balance Nacional de Energía (BNE) (2022)

Table 5. GHG emissions by type of transportation in the Valparaíso region.

Transport to fossil fuels (in ktCO2eq)

Transport
type /Year

2010 2011 2012 2013 2014 2015 2016 2017 2018

Road
transport

1.795,2 1.895,3 1.923,2 2.167,0 2.085,8 2.253,4 2.438,2 2.507,3 2.611,7

Railway 5,5 5,7 5,7 5,4 8,5 0,0 9,6 9,7 12,0

Marine
transport

314,3 474,9 356,5 656,5 590,8 364,3 509,3 447,2 373,0

Aviation 26,0 22,4 32,4 28,2 27,5 49,6 43,4 14,6 18,1

Off road
transport

93,9 88,6 86,8 98,7 98,6 103,3 103,0 107,2 103,2

Total 2.235,0 2.486,8 2.404,6 2.955,8 2.811,2 2.770,6 3.103,5 3.086,0 3.118,0

Source: Balance Nacional de Energía (BNE) (2022).

Table 6. GHG emissions by type of transportation in the Valparaíso region.

Transport to electricity (in ktCO2eq)

Transport type /Year 2010 2011 2012 2013 2014 2015 2016 2017 2018

Road transport 0,2 0,6 0,6 0,8 2,9 2,1 2,7 5,3 3,2

Railway 4,6 4,7 4,8 5,6 5,3 5,3 13,2 0,0 6,7

Marine transport 1,4 0,0 0,0 0,0 0,0 0,0 7,1 6,8 2,4

Aviation NO NO NO NO NO NO NO NO NO

Off road transport NO NO NO NO NO NO NO NO NO

Total 6,2 5,3 5,5 6,4 8,2 7,3 23,0 12,1 12,3

Source: Ministerio de Medio Ambiente Chile (2020).
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5 Conclusion

This study explores how green mobility can contribute to the sustainable development
of cities and settlements. The case of Valparaíso trolleys is analyzed as a method of
patrimonial, public, accessible and sustainable transport. The daily use of trolleybuses
in Valparaíso has been operating for 70 years and has become part of the city’s identity,
running through its historic area.

Trolley routes run through the most polluted area by private vehicles in the city; the
center. And, being the trolleys an electric vehicle, they contribute to reduce greenhouse
gas emissions produced by gasoline and diesel vehicles in the most critical sectors of
the city. Promoting public and sustainable mobility. In addition to connecting the city
center in a sustainable and low-cost way, the trolley route runs through historical areas
declared World Heritage Sites by UNESCO, giving the route a tourist and educational
attraction. This heritage tour promotes the conservation of the city’s heritage and forges
the identity of the place. Promoting sustainable development, taking care of its history
and the influence it had on its golden years.

The use of electric vehicles in public transport, especially in areas with high vehic-
ular traffic, is an alternative that could radically reduce GHG emissions in cities and
settlements. Not only reversing the effects of the climate crisis, but also improving air
quality for residents. However, currently 20% of GHGs are produced by means of trans-
port, with road transport vehicles being responsible for the vast majority. Where 99% of
vehicles run on fossil fuels. For this reason, vehicles with intensive operation fleets and
high annual mileage, such as public transport, can greatly benefit from using electric
vehicles. In addition, the high costs of current electric vehiclesmake it difficult to acquire
them privately, especially in countries far from the leading countries in electromobility.
This means that the greatest benefits of this technology would be in public transport.
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Abstract. Solar energy is significant potential for power and heat production.
The Alternative Energy Development Plan 2018–2037 (AEDP2018) developing
by Thailand’s Ministry of Energy demonstrates that solar energy is a key role in
renewable energy utilization, especially for power generation. In general, solar
photovoltaic (PV) technology is the most common type of solar power generation
technology. This paper presented a potential of using grid-connected solar PV
power generation system for the rooftop of a commercial building. The design
and simulation of the solar rooftop PV power generation system and the economic
analysis were accomplished. The installation of 1.85 MWp grid-connected solar
PV power generation system on the rooftop area required 3,440 pieces of 540
Wp solar panels. By using PVsyst version 7.2, the solar panel configuration was
connected in 20 pieces/string in series and 172 strings in parallel, with 80 kWac
string inverters of 18 units. The simulated results of produced energy, specific
production, and performance ratio were 2,678 MWh/year, 1,442 kWh/kWp/year,
and 80% respectively. As a result, the energy cost saving was 269,317 USD with
payback period (PB), net present value (NPV), and internal rate of return (IRR) of
6.37 years, 1,062,430 USD, and 15%, respectively. In conclusion, the installation
of 1.85 MWp solar rooftop PV power generation system is technically feasible
for the investment.

Keywords: Solar rooftop · PVsyst · Commercial building

1 Introduction

Renewable energy from solar energy, wind energy, biomass, municipal solid wastes
(MSW) and others has been considered to substituting fossil fuels for decades. The
Ministry of Energy of Thailand, thereby, notifies the Alternative Energy Development
Plan 2018–2037 (AEDP2018) to promote the utilization of various renewable energy
[1]. Solar energy is the most abundant and plays an important role in accomplishing
the AEDP’s plan. The target of solar photovoltaic (PV) power plant and rooftop power
system is 12,139 MWp, a double capacity of the AEDP2015. It is remarkably that the
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PV floating system started in the AEDP2018 to achieve its target of 2,725 MWp. On
the other hand, the target of solar heat consumption is downward to 100 ktoe. Based on
the solar energy status, as shown in Table 1, from Thailand Alternative Energy Situation
2020 Report [2], the central part of Thailand has the highest amount of on-grid installed
capacity and heat consumption. Figure 1 illustrates the distribution of solar PV power
plant and rooftop power system in 2020.

Table 1. Solar energy status in Thailand in 2020 [2].

Region On-grid installed capacity (MW) Heat consumption (ktoe)

Northern 654.10 2.98

North-eastern 439.93 1.12

Central 1,802.03 5.91

Southern 53.05 0.56

Total capacity 2,949.11 10.57

Solar PV technology is a proven technology worldwide for power generation [3,
4]. It is a competitive technology for power generation after a decade due to dramatic
cost declines. The total installation costs of solar PV declined about 74% from 2010 to
2018, because of lower cost of solar PV modules and a balance-of-system in the solar
PV power generation market [5]. Several review and research articles as well as the case
studies regarding solar rooftop PV power systems in Thailand are widely reported in
terms of technical performances, economic feasibility, and environmental impacts [6–
14]. It is notably observed that the installation of solar PV power system on the rooftop of
commercial and residential buildings has continuously increased in terms of the energy
efficiency improvement and building space utilization in electricity generation. It is,
therefore, this paper studied on technical and economic feasibility of grid-connected
solar PV power generation system installed on the rooftop of a commercial building in
Thailand.

2 Methodology

A commercial building in this study is located at Prachuap Khiri Khan province which
is in the central part of Thailand. The feasibility study steps are described as follows:

2.1 Collect the Relevant Data and Electricity Consumption of the Commercial
Building

The location and geographic coordinate system of the commercial building, the amount
of solar irradiation, the rooftop structure and area, and the annual electricity consumption
were collected on-site at the commercial building, from the available records, and by
interviewing the building owners and solar PV system experts.
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Fig. 1. Thailand solar PV power plant and rooftop power system in 2020 [2].

2.2 Design and Simulate the Solar Rooftop PV Power Generation System
by PVsyst Version 7.2

PVsyst is a PC software for studying, sizing, and data analysis of complete PV systems
[15]. The PVsyst can be applied to grid-connected, stand-alone, pumping, and DC-
grid (public transportation) PV systems. It combines extensive meteo and databases
of PV system components, including general solar energy tools. In this study, PVsyst
version 7.2 was used to design and simulate the grid-connected solar rooftop PV power
generation system of the commercial building.



86 P. Sommani et al.

2.3 Evaluate the Economic Feasibility of the Solar Rooftop PV Power Generation
System

Key indicatorswhich are commonly used for the economic feasibility of the solar rooftop
PV power generation system includes the payback period (PB), the net present value
(NPV), and the internal rate of return (IRR) [4].

• PB is the time required to recover the initial investment cost, thus, it equals initial
investment cost divided by net annual cash flow of the project.

• NPV is the difference between the present value of cash inflows and cash outflows
over a project period, defined by Eq. (1).

NPV = −I0 +
n∑

t=1

ESt
(1 + i)t

(1)

where I0 is the total initial investment cost; ESt is the energy cost saving; i is the discount
rate which is determined at 7% according to the effective interest rate [16]; and n is the
project period which is considered at 25 years for the solar PV project.

• IRR is the discount rate that makes the NPV of all cash flows zero in the discount
cash flow analysis, defined by Eq. (2).

NPV = 0 = −I0 +
n∑

t=1

ESt
(1 + IRR)t

(2)

3 Results and Discussion

3.1 Rooftop Area of the Commercial Building and the Electricity Consumption

The case study commercial building is located at the latitude of 12°34′7′′N and longitude
of 99°57′28′′E. According to the data on solar irradiation, the total solar irradiation in
2020 was at 1,731.5 kWh/m2 [17]. It was found that the existing roof structure of the
building can withstand the additional weight of solar core system components, including
PV modules, their accompanying mounting structure, and inverters. The rooftop area of
21,500 m2 is sufficient to install solar PV power generation system together with enough
space for maintenance and inspection activities. The data on electricity consumption of
the commercial building was obtained from the electricity bills in 2020, showing the
maximum electricity consumption of 4.9 MWp in March.

3.2 Grid-Connected Solar Rooftop PV Power Generation System

Specifications of PVmodules and inverters are shown in Table 2. The installation of 1.85
MWp grid-connected solar PV power generation system on the rooftop area required
3,440 pieces of 540 Wp solar panels. The design layout of PV module installation on
the rooftop is presented in Fig. 2.
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Table 2. Technical specifications of PV modules and inverters.

Component Type Capacity Quantity Total capacity

PV modules Monocrystalline half cell 540 Wp 3,440 pieces 1,858 kWp

Inverters String 80 kWac 18 units 1,440 kWac

Fig. 2. Layout of PV module installation on the rooftop by AutoCAD.

By using PVsyst version 7.2, the solar panel configuration was connected in 20
pieces/string in series and 172 strings in parallel, with 80 kWac string inverters of 18
units. Figure 3 demonstrates the simulation results of produced energy, specific pro-
duction, and performance ratio of 2,678 MWh/year, 1,442 kWh/kWp/year, and 80%,
respectively. As shown, the installed capacity of the grid-connected solar rooftop PV
power generation system is 1.85 MWp; however, the maximum power consumption
required for the commercial building in 2020 is 4.9 MWp. To gain sufficient power,
therefore, the installation of additional solar PV power generation system will be done.

The flow of solar energy and losses from the global horizontal irradiation to the
energy produced to the grid by the 1.85 MWp grid-connected solar rooftop PV power
generation system is shown in Fig. 4.
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Fig. 3. Simulation results of 1.85 MWp grid-connected solar rooftop PV power generation by
PVsyst version 7.2.

3.3 Economic Feasibility

Table 3 shows the details of electricity generation for 25-year operation of solar rooftop
PV power generation system. The produced energy was used to estimate the 25-year
electricity generation by considering the degradation rate of the PV modules from the
specification sheet, which were 2% in the first-year operation and 0.55% for 2-to 25-year
operation.
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Fig. 4. Loss diagram of 1.85 MWp grid-connected solar rooftop PV power generation by PVsyst
version 7.2.

The estimated total initial investment cost was about 1,452,158 USD, mainly for the
equipment and the installation cost of the solar rooftop PV power generation system.
The energy cost saving in Table 3 was obtained from the calculation of annual electricity
generation with the peak and off-peak energy charges. The electricity tariff, which is
determined by the Provincial Electricity Authority (PEA), refers to the time of use rate
(TOU) in medium general service at the voltage level of 69 kV and over [18]. In the first
year, the produced energy of 2,678,659 kWh resulted in energy cost saving of 269,317
USD. Total expenses from year 1 to year 25 accounted for operating and maintenance
costs, insurance, utilities, depreciation cost, interests, etc. The economic analysis showed
that the PB, NPV, and IRR were 6.37 years, 1,062,430 USD, and 15%, respectively.
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Table 3. Economic analysis for 25-year operation of solar rooftop PV power generation system.

Year Produced
energy (kWh)

Energy cost
saving (USD)

Total expense
(USD)

Net cash flow
(USD)

Balance (USD)

0 0 0 0 −1,452,158 −1,452,158

1 2,678,659 269,317 34,089 235,228 −1,216,929

2 2,610,353 265,074 34,231 230,843 −986,087

3 2,595,621 266,214 35,451 230,762 −755,324

4 2,580,888 267,350 36,671 230,678 −524,646

5 2,566,156 268,482 37,891 230,590 −294,056

6 2,551,423 269,610 54,481 215,129 −78,927

7 2,536,690 270,734 55,701 215,033 136,106

8 2,521,958 271,853 56,921 214,932 351,038

9 2,507,225 272,967 58,140 214,827 565,865

10 2,492,492 274,077 59,360 214,717 780,582

11 2,477,760 275,182 61,348 213,834 994,416

12 2,463,027 276,281 61,551 214,730 1,209,146

13 2,448,295 277,374 61,753 215,621 1,424,767

14 2,433,562 278,462 61,956 216,507 1,641,274

15 2,418,829 279,544 62,158 217,386 1,858,660

16 2,404,097 280,620 63,167 217,453 2,076,113

17 2,389,364 281,689 63,369 218,320 2,294,433

18 2,374,631 282,752 63,571 219,181 2,513,615

19 2,359,899 283,808 63,772 220,036 2,733,650

20 2,345,166 284,856 63,973 220,883 2,954,533

21 2,330,434 285,898 65,021 220,876 3,175,410

22 2,315,701 286,931 65,222 221,709 3,397,119

23 2,300,968 287,957 65,422 222,534 3,619,653

24 2,286,236 288,974 65,622 223,352 3,843,005

25 2,271,503 289,983 65,822 224,161 4,067,166

Note: As of 2021, 1 USD = 31.98 THB

4 Conclusions

The installation of 1.85 MWp solar rooftop PV power generation system at the com-
mercial building in this study is technical and economic approved. Using solar energy is
sustained for energy efficiency. In the first year, the project achieved energy production of
2,678MWh resulting in energy cost saving of 269,317USD. The PB,NPV, and IRRwere
6.37 years, 1,062,430 USD, and 15%, respectively. To obtain the electricity sufficiently
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to the maximum electricity of 4.9 MWp required in 2020, the installation of additional
solar PV power generation system will be done. However, the wastes from end-of-life
solar panels should be concerned in terms of the recovery of valuable materials and
economic analysis.
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Abstract. Biodiesel is a renewable alternative to diesel which is used in trans-
portation and industrial sectors. However, it is more susceptible to oxidation com-
pared to diesel hence the use of antioxidants is proposed to enhance its oxidation
stability. This paper aims to provide a concise perspective on the influencing
factors in the use of commonly reported antioxidants for biodiesel oxidation sta-
bility enhancement. The scope here covers the type of antioxidant, concentration
of antioxidant, biodiesel blend, storage time and temperature, with focus on the
implications on palm biodiesel oxidation stability over an extended period. Data
analysis suggests the order of effectiveness of synthetic antioxidants to be TBHQ
> PY > PG > BHT ≥ BHA while for natural antioxidants, the order is quercetin
≥ curcumin> α-tocopherol. A higher applied antioxidant concentration generally
results in higher IP extension though the relationship is not directly proportional.
Further work can investigate the threshold of antioxidation activity with increas-
ing concentration. Increasing the blend ratio enable the possibility of reducing
antioxidant cost, but this would not be a major influencing factor unless the prac-
tice of adding antioxidant first prior to blending changes. The storage time is a
major influencing factor in the context of stored biodiesel used as a backup energy
source. At least 6 months to 1 year is recommended for such tests. Temperature
affects the thermodynamics and kinetics of antioxidants performance. More stud-
ies on this for palm biodiesel are recommended for comparison and elucidation
of the underlying mechanisms.

Keywords: Antioxidant · Biodiesel · Oxidation stability · Storage stability

1 Introduction

Worldwide, the use of non-renewable fossil fuels like diesel has resulted in environ-
mental pollution and serious health impacts. As such, alternative fuels such as biodiesel
has been developed, researched, and adopted in transportation cum industrial sectors.
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Biodiesel made up of fatty acid methyl esters (FAME) originates from vegetable oils and
animal fats. It has characteristics such as better degradability, higher flashpoint, negli-
gible sulphur content and good lubricity compared to diesel [1]. Biodiesel combustion
results in reduced carbon monoxide, particulate matter and unburnt hydrocarbons, but
higher nitrogen oxides (NOx) [2]. Nevertheless, biodiesel is more prone to oxidative
degradation due to their unsaturated and polyunsaturated FAME [3]. This in turn poses
difficulties in the storage of biodiesel and its wide-scale application as a renewable fuel
[4]. To increase the oxidation stability of biodiesel during storage, an antioxidant can be
added to delay the oxidation process that occurs naturally through exposure to air, metal
and light [5].

The effects of synthetic antioxidants such as tert-butylhydroquinone (TBHQ), buty-
lated hydroxytoluene (BHT), butylated hydroxyanisol (BHA), pyrogallol (PY) and
propyl gallate (PG) in biodiesel have been extensively studied [6–18]. Natural antiox-
idants such as α-tocopherol, curcumin and quercetin have also been proposed as safer
antioxidant alternatives [6, 10, 12, 16, 19–22]. When assessing the oxidation stability
of biodiesel, the induction period (IP) in hours is typically measured. A higher IP value
would be interpreted as the biodiesel lasting longer before it oxidises to an unacceptable
level. The minimum biodiesel oxidation stability measured in IP is 3 h and 8 h for the
ASTM D6751 and the EN 14214 standards, respectively.

With the rise in research on antioxidants in biodiesel over the years, this review
aims to provide a concise perspective on the influencing factors in the use of commonly
reported antioxidants for biodiesel oxidation stability enhancement. The scope of work
discussed here covers the type of antioxidant, concentration of antioxidant, biodiesel
blend, storage time and temperature. The novelty of this review lies in providing a fresh
interpretation of the reported data with palm biodiesel in mind, for which limited studies
exist.More specifically, the implications of the reported data in view of the fuel oxidation
stability over an extended period as backup energy source is of interest here. Finally, this
review also aims to identify future research directions based on the status of development
in this area.

2 Type of Antioxidant

Among the most widely studied synthetic antioxidants over the past two decades, tert-
butylhydroquinone (TBHQ) has constantly showed high antioxidation activities on dif-
ferent biodiesel types. This is evident from Table 1 which compiles the IP increments
measured when TBHQ is added to different biodiesel fuels. For instance, in [6], TBHQ
at 100 pm was already found to be effective in increasing the IP value of distilled palm
oil methyl ester (DPOME) to above 8 h, the limit specified in the EN14214 standard. At
500 ppm, the antioxidant raised the IP even further to 26.68 h. The data aligns with the
results obtained for beef tallow [15], where 5000 ppm of TBHQwas able to achieve a 9-
fold increase in the standard IP value. Interestingly, the findings reported in [8] for waste
cooking oil methyl ester (WCOME) showed a similar trend to that for DPOMEwhereby
the increments of IP at 100 ppm and 500 ppm for both biodiesels were noticeably close.

When comparing the results of [6] and [8] for butylated hydroxytoluene (BHT) as
shown in Table 2, it appears that BHT is more effective in enhancing the IP value for
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DPOME compared to WCOME. Nevertheless, the trends of increment are still similar,
and it might be possible to predict the IP outcomes by the difference between the incre-
ment rates for both antioxidants for higher concentrations, say 2000 ppm. Additionally,
comparing Tables 1 and 2, TBHQ outperforms BHT in terms of antioxidation potential
in the context of DPOME, as TBHQ requires as little as 100 ppm to achieve the min-
imum of 8 h IP value as required by the EN14214 standard. Here, it is hypothesised
that BHT performs better in methyl esters with higher unsaturated fatty acid percentage
based on the data for [6] and [8] since the reported C18:2 for [8] is 27.78% compared to
10.25% for [6]. The application of BHT in used cooking oil methyl ester (UCOME) in
[12] resulted in the IP values increasing by 7 and 10 h at 300 and 600 ppm, respectively,
corresponding to having 83.9% unsaturated C18 fatty acids combined. Their base IP
value was also very stable, which was 8 h without any addition of antioxidants. For
most of the biodiesels listed in Tables 1 and 2, the use of BHT is not as effective as
TBHQ. Furthermore, a decline in the IP value was noted when BHT was dosed at 1000
to 1500 ppm in C. inophyllum biodiesel [17].

From Table 3, the performance of butylated hydroxyanisole (BHA) is similar to
BHT. It is seen that BHA underperforms compared to BHT in both rapeseed methyl
ester (RME) and soybean methyl ester (SME) [18]. The same observations for SME are
shown in [16], even though the differences between the IP increase for both antioxidants
at multiple concentrations are insignificant. Out of all the studies listed in Table 3, only
500 ppm in RME and 600 ppm SME [18], 500 ppm and above in WCOME [8], and
1000 ppm in Karanja oil methyl ester (KOME) [11] are above the limit of 8 h IP value.

There are fewer studies using propyl gallate (PG) and pyrogallol (PY) in biodiesels
compared to TBHQ, BHT and BHA as the latter three antioxidants are cheaper and
generally demonstrate high antioxidation capabilities. Even so, the compilation of data
frommultiple studies listed in Tables 4 and 5 show that both PG andPYhave comparable,
if not stronger effects, than that of TBHQ in Table 1. It is important to note that all the
biodiesels listed in Tables 4 and 5 have high percentages of C18:1 and C18:2, with
Camelina biodiesel (CBD) having the highest C18:3 (33.5%) [14]. PG in WCOME was
less effective compared to TBHQ while PY surpassed TBHQ. Similar findings were
reported for KOMEwhere PG and PYweremore effective than TBHQ [11].Meanwhile,
it was also reported that PY was the better antioxidant followed by TBHQ and PG for
SME [10]. It is possible that PG and PY perform better in fuels with higher unsaturated
fatty acid contents, but further studies are warranted to fully understand the relationship
between the extension of IP and fatty acid composition. Another interesting thing to
note is that while KOME in study [13] showed a similar trend in terms of the ranking
of antioxidants, all antioxidants used performed poorly at the same concentrations as
compared to study [11]. The former reported 13.57% of C18 present in their fuel. There
might be a relationship between the saturation level of FAME with the performance of
antioxidants.

For natural antioxidants, α-tocopherol or vitamin E is found predominantly in plant-
based feedstock. It is not as widely studied as an alternative to current biodiesel additives
due to its high cost. As seen in Table 6, 3000 ppm of α-tocopherol can increase the IP
value to 11 h for DPOME [6]. Based on the IP increment value from 1000 ppm to
3000 ppm, it is estimated that at least 2000 ppm is required to ensure the stability of
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DPOME. Conversely, [10] and [16] discussed the ineffectiveness of α-tocopherol in
SME, whereby 250 ppm was only able to increase the IP value by 0.10 h. Furthermore,
there were also other studies that showed α-tocopherol was incapable of protecting the
fuel from oxidation.

Meanwhile, curcumin is more widely studied as compared to α-tocopherol. Different
from α-tocopherol, the antioxidation potential of curcurmin in UCOME [12] and SME
[20] showed promising results even at low concentrations. At 500 ppm, curcumin was
able to boost the IP of cottonseed methyl ester (CSME) to 7.9 h [21]. Although in
this study the exact composition of CSME was not reported, it was stated that the fuel
contained high unsaturated fatty acid chains. The results based on [12] and [20] showed
that while the IP increases were lesser than those of synthetic antioxidants, curcumin is
still considered as an effective natural-based antioxidant.

Comparing the performance of curcumin and quercetin in [21], it is noted that both
antioxidants showed the same increment in IP value at 500 ppm. This alone proved that
quercetin is another antioxidant that has stronger antioxidation capability compared to
α-tocopherol. Additionally, quercetin also performed better than curcumin when dosed
into biodiesel at a higher concentration. At 3000 ppm, the final IP value of CSME was
exactly 16 h, which was doubled the standard requirement. Another study by [22] also
showed that quercetin performed equally well as curcumin in SME.

Table 1. IP increment for TBHQ.

Biodiesel (Base IP, h) Antioxidant concentration
(ppm)

IP increment (h) Reference

Distilled palm oil (3.52 h) 50, 100, 500 5.32, 8.58, 26.68 [6]

Safflower oil (1.70 h) 100, 250, 500, 750, 1000 0.40, 1.70, 2.70, 4.25,
7.30

[7]

Waste cooking oil (3.01 h) 100, 250, 500, 750, 1000 9.35, 19.29, 30.44, 33.81,
48.11

[8]

Sunflower oil (0.75 h) 200, 500, 1000, 2000,
2500

0.33, 0.88, 2.36, 10.68,
23.82

[9]

Soybean oil (3.60 h) 250, 500, 1000 1.20, 3.20, 7.40 [10]

Karanja oil (1.82 h) 300, 500, 700, 1000 1.67, 1.78, 2.14, 3.82 [11]

Used cooking oil (8 h) 300, 600, 1000 3.50, 8.00, 10.50 [12]

Karanja oil (0.33 h) 500, 1000, 2000, 3000 0.55, 1.21, 2.58, 5.86 [13]

Camelina oil (2.30 h) 500, 1000, 3000 3.20, 6.50, 19.00 [14]

Beef tallow (0.55 h) 5000 73.65 [15]
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Table 2. IP increment for BHT.

Biodiesel (Base IP, h) Antioxidant concentration
(ppm)

IP increment (h) Reference

Distilled palm oil (3.52 h) 50, 100, 500, 1000 2.65, 4.23, 9.58,
13.08

[6]

Waste cooking oil (3.01 h) 100, 250, 500, 750, 1000 1.51, 3.26, 5.28,
6.62, 7.82

[8]

Sunflower oil (0.75 h) 200, 500, 1000, 2000, 2500 0.53, 1.36, 2.23,
3.69, 4.34

[9]

Soybean oil (3.60 h) 250, 500, 1000 0.60, 1.40, 2.80 [10]

Karanja oil (1.82 h) 300, 500, 700, 1000 1.82, 2.05, 2.73, 4.08 [11]

Used cooking oil (8 h) 300, 600, 1000 7.00, 10.00, 19.50 [12]

Karanja oil (0.33 h) 500, 1000, 2000, 3000 0.47, 1.43, 2.81, 4.55 [13]

Camelina oil (2.30 h) 1000, 2000, 3000 4.60, 6.00, 19.00 [14]

Beef tallow (0.55 h) 5000 83.73 [15]

Soybean oil (2.80 h) 500, 1000, 1500, 2000 1.50, 2.00, 3.20, 3.40 [16]

C. inophyllum (8.47 h) 375, 750, 1000, 1125, 1500 15.37, 15.43, 19.51,
18.45, 17.98

[17]

Rapeseed oil (5 h) 453 3.00 [18]

Soybean oil (5 h) 568 3.00 [18]

Table 3. IP increment for BHA.

Biodiesel (Base IP, h) Antioxidant concentration
(ppm)

IP increment (h) Reference

Safflower oil (1.70 h) 100, 250, 500, 750, 1000 0.40, 0.80, 2.50, 3.30,
4.20

[7]

Waste cooking oil (3.01 h) 100, 250, 500, 750, 1000 1.93, 4.23, 6.17, 7.22,
8.09

[8]

Soybean oil (3.60 h) 250, 500, 1000 0.90, 1.80, 2.90 [10]

Karanja oil (1.82 h) 300, 500, 700, 1000 1.81, 4.50, 4.72, 6.47 [11]

Karanja oil (0.33 h) 500, 1000, 2000, 3000 0.43, 1.37, 2.63, 4.69 [13]

Camelina oil (2.30 h) 1000, 2000, 3000 2.70, 3.70, 3.20 [14]

Soybean oil (2.80 h) 500, 1000, 1500, 2000 1.30, 2.30, 3.00, 4.20 [16]

Rapeseed oil (5 h) 500 3.00 [18]

Soybean oil (5 h) 600 3.00 [18]
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Table 4. IP increment for PG.

Biodiesel (Base IP, h) Antioxidant concentration
(ppm)

IP increment (h) Reference

Waste cooking oil (3.01 h) 100, 250, 500, 750, 1000 7.06, 12.09, 16.56, 19.72,
21.50

[8]

Soybean oil (3.60 h) 250, 500, 1000 3.20, 4.90, 6.60 [10]

Karanja oil (1.82 h) 300, 500, 700, 1000 3.05, 5.89, 8.44, 11.37 [11]

Used cooking oil (8 h) 300, 600, 1000 9.50, 16.00, 22.00 [12]

Camelina oil (2.30 h) 500, 1000 5.20, 7.60 [14]

Table 5. IP increment for PY.

Biodiesel (Base IP, h) Antioxidant concentration
(ppm)

IP increment (h) Reference

Waste cooking oil (3.01 h) 100, 250, 500, 750, 1000 13.10, 17.06, 19.69,
21.33, 22.88

[8]

Soybean oil (3.60 h) 250, 500, 1000 5.40, 7.20, 8.00 [10]

Karanja oil (1.82 h) 300, 500, 700, 1000 4.35, 12.83, 15.37,
20.67

[11]

Karanja oil (0.33 h) 500, 1000, 2000, 3000 2.53, 4.66, 24.69,
34.02

[13]

3 Concentration of Antioxidant

The concentration of antioxidants is widely studied in the literature over the past
decades. Multiple types of antioxidants, synthetic and natural included, have been inves-
tigated in varying concentrations to understand the relationship between the antioxidant
concentration with the IP value.

From Table 2, taking BHT as an illustrative antioxidant, it is noticeable that the
IP extension generally increases with the increase in concentration of BHT. However,
the IP extension is not directly proportional to the concentration increase. For instance,
[16]’s results for SME showed small increase when the dose was increased from 1500
to 2000 ppm. This was further proved in [11]. The IP extension dropped from 8.48 h
(from 4.35 h at 300 ppm to 12.83 h at 500 ppm) to 2.54 h (from 12.83 h at 500 ppm to
15.37 h at 700 ppm), then it further increased by 5.30 h when increased to 1000 ppm
(20.67 h).

Furthermore, it is also obvious that IP values ofC. inophyllum [17] showed a decreas-
ing trend after 1000 ppm of BHT application. Similarly, the same trend was recorded
by [14] for BHA use in Camelina biodiesel. The IP extension decreased from 3.7 h to
3.2 h when the dosage was increased from 2000 to 3000 ppm. It is noteworthy that these
observations occur when the concentrations are in the order of thousands. This implies
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Table 6. IP increment for α-tocopherol, curcumin and quercetin.

Biodiesel (Base IP, h) Antioxidant Concentration
(ppm)

IP increment (h) Reference

Distilled palm oil
(3.52 h)

α-tocopherol 1000, 3000 2.90, 7.68 [6]

Soybean oil (3.60 h) α-tocopherol 250, 500, 1000 0.10, 0.30, 0.40 [10]

Soybean oil (2.80 h) α-tocopherol 500, 1000, 1500,
2000

0.30, 0.70, 1.20,
1.60

[16]

Used cooking oil (8 h) curcumin 300, 600, 1000 5.50, 9.50, 15.00 [12]

Soybean (2.97 h) curcumin 500, 1000, 2000,
5000

0.47, 0.91, 1.53,
2.62

[19]

Soybean with bovine
tallow (8.79 h)

curcumin 500, 1000, 2000,
5000

1.23, 1.44, 2.00,
3.42

[19]

Soybean (4.97 h) curcumin 500, 1000, 1500 1.38, 3.06, 4.14 [20]

Cottonseed oil (4.70 h) curcumin 500, 1000, 2000,
3000

3.20, 4.20, 7.30,
7.50

[21]

Cottonseed oil (4.70 h) quercetin 500, 1000, 2000,
3000

3.20, 5.30, 10.10,
11.30

[21]

Soybean oil (3.77 h) quercetin 3000 8.29 [22]

there might be a maximum limit of activity whereby when the antioxidants dosage has
reached a certain threshold, it is no longer effective to protect the fuel. Furthermore,
there might also be some reactions yet to be understood at this current stage of research
and development.

Most studies on antioxidants concentration conclude with the concentration needed
for the biodiesel to meet the required standard while evaluating and comparing different
antioxidants to seewhich has the best performance. This would be sufficient for biodiesel
that is distributed quickly to the end-users such as petrol stations. However, for ensuring
long-term fuel stability for use in backup generators, it would be preferable to screen
the type of antioxidants first at a fixed concentration considering the large differences
seen and discussed in Sect. 2.

4 Biodiesel Blend

In industrial practice, after B100 production, the antioxidant is added into the fuel prior
to further processing to biodiesel blends such as B7 to B20. It is particularly important to
add the antioxidant as soon as possible since biodiesel oxidises as soon as it is produced.

The results adapted from [23] as presented in Table 7 show a drastic change in
biodiesel oxidative stability when raw B100 is blended to B5, B7 and B10. Significantly,
even without the presence of antioxidants, the IP values are at least 15 h, which is way
higher than the EN14214 standard limit of 8 h. In the Malaysian context, the minimum
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IP value for palm B100 without antioxidants is at least 10 h. If the same formula is
applied to palm B100, its IP value might hit at least 30 h even without any antioxidants
added. The main reason why it is important to raise the initial IP so high is because it
will gradually drop as time passes. The high initial IP ensures high stability even after
long storage period. Interestingly, the IP values do not increase at 200 ppm and 300 ppm
of BHT in both B5 and B10 mixed methyl ester (MME). As previously discussed, there
might be a limit in the antioxidant capability in the fuel as the fatty acid compositions
for rapeseed methyl ester (RME) and MME used were quite similar, with less than 2%
differences in C16, C18:1 and C18:2.

The stability of biodiesel blends dosed with antioxidants increases not only with
increased concentration of antioxidants but alsowith higher percentage of blended diesel.
However, TBHQ was reportedly less effective compared to BHT and BHA when B100
Jatropha methyl ester (JME) was blended to B50 [24]. While the authors discussed the
possibility of hydrocarbons hindering the polar phenol groups of BHT and BHA, the
reasoning behind TBHQ being less effective in these blends was not reported. From
Fig. 1 [25], both B7 and B20 at t = 0 showed similar ranking of antioxidant capabilities
as those of [24] though it remains to be elucidated why TBHQ is less effective when
blended down in the latter while there are no changes to the former. This makes the study
of antioxidants under different biodiesel blends worth to be explored. The possibility of
reducing antioxidant cost is enabled by increasing the blend ratio. Nevertheless, unless
the norm of adding antioxidants first prior to blending is changed, it would not be
considered a major influencing factor.

Table 7. IP values of biodiesel blends from rapeseed oil (RME) and mixed oil (MME) (used
cooking oil and rapeseed oil, 20:80 ratio) with varying BHT concentrations. Adapted from [23].

Biodiesel IP value (h) at varying concentrations

0 ppm 100 ppm 200 ppm 300 ppm

B5 (RME) 19 31 39 47

B7 (RME) 19 28 36 41

B10 (RME) 15 22 28 33

B100 (RME) 1 2 3 3

B5 (MME) 17 40 44 43

B7 (MME) 20 34 42 45

B10 (MME) 18 31 36 36

B100 (MME) 1 1 2 2



A Perspective on the Influencing Factors in the Use of Antioxidants 101

Fig. 1. IP value of B7 (left) and B20 (right) commercial biodiesel dosed with 1000 ppm
antioxidants over 10 weeks [25].

5 Storage Time

This is arguably the best parameter if the concern behind the experimental programme
is the fuel stability over a longer period such as reservoir tanks for backup generators.
Investigating the protection offered by antioxidants over a period allows researchers
to understand the rate of depletion of these antioxidants and enable the estimation of
how long it takes before the biodiesel becomes fully oxidised. During oxidation, the

Fig. 2. IP trends for KOME dosed with PG, PY, TBHQ and BHT over 4 months of storage time.
Adapted from [11].
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antioxidants work as a layer of protection for the fuel by acting as a chain inhibitor, an
oxygen quencher, or a reducing agent. As such, these antioxidants burn out themselves
before the initiation of oxidation occurs on the biodiesel.

The tested storage times of biodiesel are usually more than 4 months [10, 11, 13, 20,
25, 26]. Even so, it is uncertain that the change in IP is significant enough to conclude
that IP decreases over storage time. From Fig. 1 [25], BHA in B7 for the first two weeks
barely has any change in the IP value though there is an overall decreasing trend over
10 weeks. Similarly, in Fig. 2 [11], 500 ppm of PG and PY show little to no change to
the IP value after 1 month whereas 300 ppm of PG and 700 ppm of PY show increased
IP values.

Figure 3 [26] also show a decreasing trend with a few notable outliers. The stability
of B20 prepared fromB100Dwith 6 h initial IP increased over time for the hydrocracked
diesel blended in the fuel. Meanwhile, fluctuating trends are seen between weeks 17 to
27 for the hydrotreated diesel version. Fluctuating trends are also observed for C-6 h
and D-3 h for hydrocracked fuels, which might be due to uncontrollable conditions at
those times though there were no plausible reasonings reported.

Fig. 3. IP trends of B20 blended from B100 with 3 and 6 h initial IP over 40 weeks of storage.
(A: hydrocracked diesel, B: hydrotreated diesel) [26].

Overall, the study of antioxidants over an extended period allows researchers to
understand the progression of antioxidants consumption to protect the biodiesel from
oxidation. The ability to knowhow long a knownconcentration of a particular antioxidant
can protect a fuel is a step needed to maximise the usage of antioxidants while reducing
cost of adding antioxidant. A timeframe below 4 months would appear to be less than
ideal as it might not fully project the processes occurring within the fuel. Whilst it is
better if a fuel is stored longer for testing, there is also a risk of the fuel completely
oxidising before that timeframe, leading to stagnant IP results. Thus, at least 6 months
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to 1 year of storage is recommended when doing such tests. Additionally, it will be
useful to include periodic measurements of the antioxidant concentration to ascertain
the temporal consumption. Similarly, testing the fatty acid methyl ester compositions at
the initial and final points for more in-depth analysis is recommended. Nevertheless, a
point of consideration here is that results might vary due to changing ambient storage
conditions, e.g., temperature and weather. Hence, it is important to keep these constant,
or near constant as much as possible. In summary, storage time is a key influencing
factor when it comes to evaluating the effects of antioxidants in stored biodiesel used as
a backup energy source.

6 Temperature

The influencing factor of temperature is typically studied in conjunction with thermo-
dynamics and kinetics studies. Temperature dependent oxidation tests are carried out to
obtain the necessary data for calculation of fundamental thermodynamics and kinetics
parameters. For thermodynamics parameters, the enthalpy (ΔH‡) value indicates the
heat change during the reaction while the entropy (ΔS‡) value determines the spon-
taneity of the reaction. A positive ΔH‡ value means that the reaction is endothermic
while a positive ΔS‡ indicates that the reaction is spontaneous. Meanwhile, the Gibbs
free energy (ΔG‡) corresponds to the total amount of work done in the system when
temperature and pressure is kept constant. In terms of kinetics, parameters such as the
reaction constant (k) and activation energy (Ea) are determined.

The IP of B100 samples was affected by temperature whereby an IP decrease corre-
sponded to an increase in temperature of the Rancimat oxidation test [27]. This implies
that the k value increases as the temperature increases, which can be viewed as the
antioxidant consumption rate increasing as the temperature increases [28, 29].

The evaluation of thermodynamics and kinetics of antioxidants enables detailed
fundamental understanding of how the antioxidants work in biodiesel. It also allows
the mechanism of antioxidation in biodiesel to be elucidated though these would be
unnecessary if the objective is merely to obtain an antioxidant sufficiently effective to
produce biodiesel meeting the oxidation stability standards. Currently, there is a lack of
overall studies on this topic and studies which focus on comparing and interpreting the
varying results obtained for different antioxidants and biodiesel fuels. Hence, this could
be a potential future research direction.

7 Conclusion and Future Research Direction

To date, is a lack of studies on comprehensive palm biodiesel oxidation stability evalu-
ation with various antioxidants. A notable study on antioxidants in palm biodiesel was
carried out by [6]. Significantly, for palm biodiesel, the antioxidant research would be
focussing on DPOME, which has been stripped of its natural carotenes and vitamin E
(tocopherol variants) since its IP has been reported as below the minimum requirement
of the EN14214 standard at 3.52 h, unlike crude palm oil methyl ester at 25.70 h [6].
Such high stability of palm biodiesel is attributed to the fatty acid composition of palm
oil since palm oil methyl ester has high C16 and C18:1 content as compared to other oils
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such as camelina, Karanja and safflower [7, 11, 14]. Likewise, high stability is accorded
to RME [18], where C18 and C18:1 are the dominant fatty acids. The presence of such
high concentration of saturated fatty acids, namely C16 and C18, contributes significant
fuel stability. The amount of different C18 unsaturated fatty acids also impacts the oxida-
tion stability. Fuels with a higher content of C18:1 will have a higher stability compared
to fuels with higher content of C18:2 and C18:3.

Considering the saturation of FAME in DPOME and the compiled data in Table 1
till Table 5, it is suggested that the order of effectiveness of the five commonly used
synthetic antioxidants would be TBHQ > PY > PG > BHT ≥ BHA for DPOME. For
natural antioxidants, it is hypothesised that the effectiveness would be in the order of
quercetin ≥ curcumin > α-tocopherol. To the best knowledge of the authors, there are
no studies to date on the use of curcumin and quercetin in palm biodiesel.

Generally, a higher applied antioxidant concentration results in higher IP extension
though the relationship does not appear to be directly proportional. An area yet to be
explored is the threshold of antioxidation activity with increasing concentration. For
ensuring long-term palm biodiesel stability for use in backup generators, it would be
preferable to screen the type of antioxidants first at a fixed concentration.

The stability of biodiesel blends dosed with antioxidants increases not only with
increased concentration of antioxidants but alsowith higher percentage of blended diesel.
Nonetheless, unless the norm of adding antioxidants prior to blending is changed, it
would not be considered a major influencing factor.

The storage time is a major influencing factor for stored biodiesel used as a backup
energy source. At least 6 months to 1 year of storage is recommended when doing such
tests for palm biodiesel. Additionally, it will be useful to include periodic measurements
of the antioxidant concentration to ascertain the temporal consumption and to test the
FAME compositions at the initial and final points for more in-depth analysis. Bearing
in mind ambient storage conditions vary, it is important to keep these constant, or near
constant as much as possible.

Finally, temperature affects the thermodynamics and kinetics of antioxidants in
biodiesel. Future work can focus on this aspect for palm biodiesel for comparison
with other fuels considering the limited reported studies. From this, fundamental
understanding of mechanism and how the antioxidants work in biodiesel can be gained.
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Abstract. Hybrid renewable energy systems (HRESs) are becoming more preva-
lent as they are viewed as economic off-grid sources of clean energy that could
help reduce rural electrification and global warming problems. This paper aims to
provide a techno-economic feasibility and environmental analysis of a HRES to
be designed for meeting a daily load requirement of 389.4 kWh/day with a peak
load of 82.71 kW, represented by the energy demand of thirty houses located in
Al-Qurayyat city, Al Jouf Province, KSA. Thus, the aim of this paper coincides
with the KSA’s “Vision 2030” and also with the “Net Zero Plan”, which promote
sustainable energy solutions and net zero CO2 emissions, respectively. Moreover,
the objective is achieved by designing a HRES consisting of PV, WT, a DG,
converter and lead-acid BSS after taking into account the weather and operating
conditions of Al Qurayyat city, which represents the novelty of this paper. Simu-
lation of the system is achieved by HOMER to obtain the optimum configuration.
After considering six arrangements, the results reveal that the ideal arrangement
is indeed the PV/WT/DG//BSS with an optimized NPC and COE of $358,616,
and $0.166/kWh while attaining a RF percentage of 92.8%. An alternative con-
figuration, consisting of PV/WT//BSS would yield a 100% RF but with a NPC of
$475,374 and COE of $0.22/kWh. The technical results show that the proposed
HRES produces a total annual energy of 285,750 kWh/year with the PV, WT, and
DG contributing 91.2%, 5.21%, and 3.58%, correspondingly. Regarding the envi-
ronmental assessment, the optimized HRES annually saves a total of 206,678 kg
of greenhouse gases.

Keywords: Hybrid renewable energy system (HRES) · HOMER · KSA

1 Introduction

In 2019, the global energy demand was the highest at 581.51 exajoules and it declined to
556.63 exajoules in 2020 [1]. Hence, a 4% reduction in the global energy consumption
was exhibited, marking the biggest decline since World War II [2]. Generally, there has
been a gradual increase in energy consumption except for the years 2009 and 2020, due
to the global financial crisis and the Covid-19 pandemic, respectively. Therefore, the
shift to renewable energy sources has become increasingly desired.
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1.1 Energy Components

Solar energy is to be incorporated in the HRES. Solar cells operate on the concept of the
photovoltaic effect, in which the light energy absorbed from the Sun excites and raises
its energy level from the lower energy valance band to the higher energy conduction
band. When the solar cell is connected to an electrical circuit, the energized electrons
dissipate their energy, prompting the production of voltage and current [3].

Another energy component is wind turbines, which are systems designed to convert
the kinetic energy of the air particles into electrical energy [4]. The turbines are typically
comprised of rotating rotor blades, that are coupled to a generator by means of a shaft
and a series of gears, with the system being mounted on a tower exhibiting an elevation
of at least 30 m or more in order to capture higher wind speeds [5].

Finally, a diesel generator is also considered. Simply, it ismachinery that incorporates
a diesel engine with an electrical generator, thereby transforming the chemical energy
stored in the diesel fuel into electrical energy [6, 7].

1.2 Study Location

The selected area is in Al-Qurayyat city (near the Technical College for Boys), Al-Jouf
Province, which is located at the northern region ofKSAas shown in Fig. 1. Furthermore,
being in the northern region and having clear skies, the city is suitable for renewable
energy as it has an abundance of solar radiation and high wind speeds.

Fig. 1. Map of the desired site in Al-Qurrayat city, Al Jouf Province, KSA.
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1.3 Aims and Objectives

The paper aims to provide a practical solution for sustainable energy at economic prices
that goes in accordancewith the Saudi 2030Vision aswell as clean energy that ties inwith
the Kingdom’s aim to “reach net zero” by 2060. Thus, the objective is to design a HRES
composed of PV, wind turbines, a diesel generator, and lead-acid battery storage system
to accommodate a daily load size of 389.4 kWh/day with a peak load of 82.72 kW. The
HRES is designed after considering the operating andweather conditions in Al Qurayyat
city and this reflects the originality of this paper.

2 Overview of Previous Works

Studies focused on implementing new HRES designs by incorporating several combi-
nations of energy components, while employing numerous techniques for optimization
and feasibility assessment in various regions that have diverse climate conditions.

In 2016, Hegazy Rezk et al. [8] designed a HRES consisting of PV/FC/BSS with a
NPC and COE of $50,000 and $0.058, respectively, to be implemented in Menya Gov-
ernate, Egypt. In the same year, Mehdi Baneshi et al. [9] proposed a PV/WT/DG/BSS
hybrid system to meet a load of 9,911 kWh/day in Shiraz, Iran, and provided a dual
economic analysis of the system when being on-grid and off-grid. The following year,
a study achieved by Rumi Rajbongshi et al. [10] analyzed a PV/BM/DG/BSS hybrid
system as both an on-grid and off-grid system for a rural village in India, and then
reevaluated the resulting COE of both cases after considering various peak loads, thus,
concluding that high loads with low peak demands would result in lower COE. In 2019,
a study done by K. Murugaperumal et al. [11], attempted to accurately compute the load
of 179.32 KWh/day, for Korkadu, India, by implementing an artificial neural network
feedback propagation (ANN-BP) software along with a data optimization tool known
as Levenberg-Marguardt (LM) to size and design the PV/WT/BM/BSS hybrid system.
Another study in 2019 conducted by Om Krishan et al. [12], for ten houses in Yamu-
nanagar, Haryana, India, endeavored to provide a precise technical analysis of a HRES,
consisting of PV/WT/BSS, using HOMER and reattempting the simulation with MAT-
LAB, then comparing the results. Another study in 2019, done by Hai Tra Nguyen et al.
[13], tried to estimate the load of awastewater treatment plant by utilizing creative, holis-
tic methods, and accordingly, the hybrid system subunits were accurately sized using
a fuzzy-decision-making algorithm after considering a multi-objective case. In 2020, a
paper accomplished by Fabio Renaldi et al. [14] aimed to design a HRES to conserve the
environment and provide electricity to three remote, rural villages named Campo serio,
El potrero, and Silicucho, situated in the country of Peru, each having different climate
zones, with the results revealing that the PV/WT/DG/BSS is the optimized configuration
for all the villages. PV/WT/DG. In 2021, a study done by Reza Esfilar et al. [15], sug-
gested a PV/WT/BM/BSS hybrid system, in which organic and inorganic wastes from
nearby neighborhoods would be used for the biomass component, to supply clean elec-
tricity and heat for the University of Victoria, Canada, reducing CO2 emissions by 1100
tons per year at an estimated NPC of $1.8 million and a COE of $0.074/kWh. Rasikh
Tariq et al. [16], optimized the HRES, composed of PV/WT/DG/BSS, for Yucatan,
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Mexico, using HOMER and then compared the results with those obtained by spread-
sheet algorithms, followed by a Non-Dominating Sorting Genetic Algorithm II, and a
multi-criteria decision-making tool known as The Order of Preference by Similarity to
Ideal Solution, to provide multi-objective optimization.

In short, solar energy is one of the most common energy subunits incorporated in
HRESs because it is abundant, relatively cheap, and has mature technology. As of this
writing, no hybrid system was designed for Al Qurayyat city. Hence, the originality of
this works lies in designing a HRES based on the weather conditions of Al Qurayyat.

3 Proposed HRES

To design the HRES, the Hybrid Optimization of Multiple Energy Resources software
(HOMER) is used. The software considers the energy economic aspects, summarized
by main parameters, including the net present cost (NPC) and cost of energy (COE).
The NPC is the main objective to be minimized by HOMER, executed by utilizing two
optimization algorithms. The first is the Grid Search algorithm, which simulates all the
feasible HRES configurations, followed by the HOMER Optimizer, which allows the
selection of the configuration with the least costs.

3.1 Resource Data

The global horizontal irradiance (GHI), temperature andwind speed data forAlQurayyat
is acquired to determine if the selected site is appropriate for implementing solar and
wind technologies. The results are shown in Figs. 2, 3, and 4. Overall, the data, obtained
from the National Aeronautics and Space Administration (NASA), shows incredible
promise in terms of both solar and wind potential.
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3.2 Load Profile

The HRES is designed to supply electricity to a residential load comprised of 30 houses,
estimated based on a two-bedroom household [17]. The results are displayed in Table 1
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with the daily andmonthly load distributions being illustrated in Figs. 5 and 6. A random
variability of 10% was used to reflect the casual day to day variations. The load size for
the system is evaluated to be 389.4 kWh/day, with a peak of 82.71 kW (considering a
load factor of 0.2) [18, 19].
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Table 1. Load distribution for a house

Electric Appliance    Power (W) Quantity Hours (h/d) Load (Wh/day)

Refrigerator 250 1 24 6000
CFL Bulbs 15 5 8 600
Washing Machine (7kg) 500 1 1 500
Small (Window) AC 500 2 3 3000
LED TV (32”) 50 1 3 150
Water Cooler 80 1 24 1920
Water Pump 250 1 3 750
Electric Kettle

Load 1 house (kWh/day)
Load 30 houses (kWh/day)
Peak load (kW)

600 1 0.1 60

12.98
389.4
82.71
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3.3 Proposed HRES Components and Parameters

The proposed HRES has five main components comprised of a diesel generator, PV
arrays, wind turbines, a converter (inverter), and a battery storage system.

The PV panels cover an area of 1.627m2. They yield a DC output and thereby require
an inverter for AC conversion. Details are available in Table 2.

A Generic 3kW is the model chosen for the wind turbines, which have an AC output.
More detailed parameters could be found in Table 3.

Table 2. PV parameters.

PV Parameter Description    Specification

PV Panel Specification:
Panel Type

Model
Flat Plate (monocrystalline)

Peimar SG300MBF
Rated Capacity

PV Lifetime
Cost:

1 kW
30 years

Capital Cost $650/kW 
Replacement Cost $650/kW 

Operation & Maintenance Cost $10
Temperature:

Efficiency at STC
Temperature Coefficient

Nominal Operating Cell Temperature

19.1%
-0.4%/oC

25oC

Table 3. Wind turbine parameters.

Wind Turbine Parameter Specification

Wind Turbine Specification:
Turbine Type

Model
Horizontal Axis

Generic
Rated Capacity

Turbine Lifetime
Cost:

3 kW
20 years

Capital Cost $4,000 
Replacement Cost $4,000 

Operation & Maintenance Cost
Hub Height

$180
30 m

The diesel generator is connected directly to the AC load. The fuel price is listed at
$0.168/liter [20]. More specifications are shown in Table 4.

A generic large converter is used that functions as both an inverter and a rectifier
to convert from DC to AC and vice versa. More specifications are displayed in Table
5. Any excess energy generated by the PV panels during the day, would be stored in
the batteries in order to satisfy the load demand at night. The lead-acid batteries, whose
details are listed in Table 6, were selected over the Li-ion batteries due to being less
costly [21].
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Table 4. Diesel generator parameters.

Diesel Generator Parameter  Specification

Diesel Generator Specification:
Model

Rated Capacity
Fuel Type

Generic
15 kW
Diesel

Diesel Generator Lifetime
Cost:

15,000 hours

Capital Cost $220/kW
Replacement Cost $220/kW

Operation & Maintenance Cost
Fuel Price 

$0.3/operating hour
$0.168/liter

Table 5. Inverter Parameters

Converter Parameter   Specification

Converter Specification:
Converter Type

Model
Inverter / Rectifier

Generic
Converter Lifetime

Cost:
15 years

Capital Cost $550/kW
Replacement Cost $450/kW

Operation & Maintenance Cost
Efficiency

$10/kW/year
85% for Inverter/90% for Rectifier

Table 6. Energy storage system parameters.

Energy Storage Parameter  Specification

Energy Storage Specification:
Battery Chemistry

Model
Lead-Acid

BAE PVS70 
Nominal Capacity

Maximum Capacity
Nominal Voltage
Battery Lifetime

Cost:

0.804 kWh
67 Ah
12V

5 years

Capital Cost $62
Replacement Cost $50

Operation & Maintenance Cost $6/year

3.4 PV Modelling

The HOMER software can compute the PV output power by utilizing the following
equation [22]:

Pout = Pout,STC∗f derating(
IT

IT ,STC
)[1 + ∝P

(
TC − TC,STC

)] (1)

where Pout,STC is the output power at STC [kW], fderating is the derating factor [%], IT
is the incident solar radiation [kW/m2], IT,STC is the incident solar radiation at STC
[1 kW/m2], αp is the temperature coefficient of power [%/oC], TC is the temperature of
the solar cell [oC], and Tc,STC is the temperature of the solar cell at STC [oC].
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3.5 Wind Turbine Modeling

In general, to calculate the electrical power generated by the wind turbines (Pwind) the
following mathematical expression is used [23]:

Pwind = 0.5Cp ∗ ρair ∗ Arotor∗v3 ∗ 10−3 ∗ ηwind ∗ ηgen (2)

where Cp denotes the power coefficient of the wind turbine, ρair is the air density
[1.225 kg/m3], Arot represents the rotor swept area [m2], v is the wind speed [m/s],
ηwind denotes the turbine efficiency [%], and ηgen is the generator efficiency [%].

3.6 Diesel Generator Modeling

To compute the generator output power (PDG, out), the below formula is used [24]:

PDG,out = Fcons − (a ∗ PDG,rated )

b
(3)

where Fcons symbolizes the rate of fuel consumed [L/h], PDG, rated denotes the diesel gen-
erator rated capacity [kW], a represents the fuel curve intercept coefficient [L/h/kWrated],
and b indicates the fuel curve slope of the diesel generator [L/h/kWout].

3.7 Economic Modeling

HOMER utilizes a series of economic parameters for optimization. First, the NPC,
represented by the capital, replacement, and any operational costs, to be subtracted from
the salvage value, is calculated through the following expression [25]:

NPC = CC + RC + OC − SV (4)

where CC refers to the capital cost [$], RC represents the replacement cost [$], OC
is used to denote the operation cost of the installed system [$], and SV stands for the
salvage cost [$]. The NPC is the main objective function to be minimized.

Then, the CRF ratio is computed by utilizing the following formula [26]:

CRF = RDR(1 + RDR)LT

(1 + RDR)LT − 1
(5)

where RDR is the real discount rate [%], and LT is the system lifetime [years].
Subsequently, the NPC is corrected by multiplying it with the CRF ratio to yield the

annualized total costs (ATC) [$/year] and is given by the expression [27]:

ATC = NPC ∗ CRF (6)

Finally, the COE [$/kWh], is evaluated by employing the subsequent equation [27]:

COE = ATC

AEP
(7)

where AEP is the annual energy production [kWh] of the HRES.
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4 Results and Discussion

4.1 HOMER Optimization Results

After running thousands of simulations, HOMER software has yielded six possible
configurations that would meet the daily load requirements of 389.4 kWh/day and a
peak of 82.71 kW. The results are displayed in ascending order, as evident in Table 7,
with the systems having the lowest NPC and COE being prioritized. Ultimately, the
optimized design is observed to consist of all the five elements, revealing a combination
of the succeeding components: 153 kW PV, two 3 kW wind turbines, a 15 kW diesel
generator, a 65 kW converter, and 503 strings of 12 V lead-acid batteries for storage,
against a NPC and COE of $358,617 and $0.166/kWh respectively. A schematic of
the proposed HRES is shown in Fig. 8. Furthermore, the proposed HRES has RF of
92.8%, indicating that only 7.2% of the total energy demands would be satisfied through
non-renewable means.

It can also be observed that attaining a 100% RF would require an arrangement of
172 kW PV, fifteen 3 kW wind turbines, a 75 kW converter, and 585 strings of 12V
batteries, which can be achieved at a reasonably higher NPC of $475,374 and COE of
$0.22/kWh, in case the environmental impacts are prioritized. From another perspective,
the significance of including a diesel generator to reduce the overall costs of the project
is demonstrated through this case.

Table 7. Optimization results of the various HRES configurations.

Configuration    PV 
(kW)

No. of 
3kW WT

DG
(kW)

Conv
(kW)

No. of 
batteries

NPC 
($)

COE 
($/kWh)

RF 
(%)

153 2 15 65 503 358,617 0.166 92.8

207 -- 15 65 506 382,298 0.177 93.7

172

314

--

15

--

32

--

--

15

75

70

65

585

856

2,019

475,374

537,838

891,528

0.220

0.249

0.413

100

100

92.6

-- 65 -- 80 2,621 1.29M 0.599 100

4.2 Economic Analysis

Figure 7 showcases a comparison of the total costs incurred by the various components
of the hybrid system. It is clear that the BSS contributes the largest portion of the costs,
followed by the solar PV system, with a NPC of $138,493 and $116,854.

Finally, the summation of the diesel generator and wind turbine costs, constituting
around one third of the BSS costs, denote the lowest cost in the project overall, projecting
a NPC of $29,970 and $15,444 correspondingly.
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4.3 Technical Analysis

The optimized HRES yields an annual excess electrical energy output of 109,231
kWh/year at the lowest cost. The electrical output distribution is shown in Fig. 8.

Fig. 8. Monthly electricity production by PV, wind, and a diesel generator.

The electricity production takes a nominal distribution shape. This is because the
energy demand spikes from May till August, representing the summer season where
the residential load is at its peak due to the overuse of air conditioners. Much of the
electricity demand, approximately 91.2%, is satisfied by the PV, which is equivalent
to almost 260,620 kWh/year, while the wind turbines and diesel generator only supply
about 5.21% and 3.58% respectively of the total demand.

4.4 Environmental Analysis

The environmental impacts of the proposed HRES configuration would be studied by
comparing it with a diesel generator system (used as the base case) to provide a sensible
representation of the electricity generated by traditional power plants. Consequently,
this would aid in reflecting the positive effects of the HRES on the environment. The
optimization results of the base case system demonstrate a NPC of $745,259 and a COE
of $0.345/kWh.
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First, the base case has a zero RF which means that the amount of fuel and in turn
the amount of toxic emissions generated could be used as a reference for comparison.
Next, a summary of the amount of annual fuel consumed by the proposed HRES and
the base case is provided below in Figs. 9 and 10, respectively.

Fig. 9. Annual fuel consumption details for proposed HRES.

For the HRES, the volume of fuel consumed yearly by the diesel generator equates
to 3,809 L/year, with a daily average of 10.4 L/day as indicated in Fig. 9.

Fig. 10. Annual fuel consumption details for base case.

Figure 10 shows that the quantity of fuel used annually in the base case is 81,607
L/year, whilst attaining an average daily fuel consumption of 224 L/day.

Finally, the quantity of each pollutant generated by the base case and the proposed
HRES is then compared and the results are indicated in Fig. 11. In addition, the base case
is always responsible for the higher production of pollutants, approximately 20 times
greater than the HRES for all gas types. More details are listed in Table 8.
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Consequently, the use of solar and wind technologies helps to drastically reduce the
harmful emissions, traditionally generated by the combustion of the diesel fuel. This is
achieved by reducing the operational hours of the diesel generator. At the same time, the
addition of the diesel generator aids in offsetting the total capital costs.

Table 8. Emissions produced by the diesel generator and the proposed HRES.

Emission Gas    Quantity DG (kg/year) Quantity HRES (kg/year) Amount Saved (kg/year)

Carbon Dioxide
Carbon Monoxide

Unburned Hydrocarbon
Particulate Matter

Sulfur Dioxide
Nitrogen Oxides

213,616
1,347
58.8
8.16
523

1,265

9,964
67.6
2.74
4.10
24.4
76.8

203,652
1,279.4
56.06
4.06

498.6
1,188.2

5 Conclusion

In conclusion, the gradual increase of population, and the proposition of energy and
environmental focused policies like “Vision 2030” and “Net Zero Plan” in KSA, has
driven the desert country to actively pursue sustainable and clean energy forms.

The novelty of this paper lies in its focus on evaluating the compatibility of applying
a HRES specifically in Al Qurayyat city. By obtaining the GHI, temperature and wind
speed resource data of the designated site, it was established that there is great potential
for solar andwind energy applications. Consequently, system optimizationwas done and
analyzed from an economic perspective to determine the most feasible configuration and
a technical analysis was also conducted to identify the annual quantity of energy yielded
by the system. The design and optimization results of the HRES show the following:
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• Six configurations are revealed that wouldmeet the load requirements, where the daily
energy demand is 389.4 kWh/day with a peak load of 82.71 kW.

• The selected PV/WT/DG/BSS arrangement is identified to yield the lowest NPC
and COE with the values being $358,616 and $0.166/kWh respectively. Also, this
configuration has a 92.8% RF.

• Alternatively, the PV/WT/BSS has a 100% RF, but at a moderately higher NPC and
COE of $475,374 and $0.22/kWh, correspondingly.

• The annual energy generated by the PV,wind turbines, and diesel generator is 260,618,
14,891, and 10,241 kWh/year, respectively.

Finally, an environmental assessment was made revealing that the HRES saves
203,652 kg of CO2, 1,279.4 kg of CO, 56.06 kg of unburned hydrocarbons, 4.06 kg
of particulate matter, 498.6 kg of SO2, and 1,188 kg of NOx.
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Abstract. Plant microbial fuel cells (PMFCs), a derivative of microbial fuel cells,
are a clean and renewable energy source that utilizes plants and bacteria to gener-
ate bioelectricity. The electrodes utilize the electrons generated by the bacteria for
a redox reaction to occur. In this study, the 3D-printed PMFC stake was designed
and tested, which paved the way an accessible, convenient, and inexpensive elec-
trodes while maintaining the ability to compete with other electrodes in terms
of electricity generation. Series and parallel connections were significant due to
the increase of the power output, from the average individual power of 1.06 ×
10–9 W, the average power increased up to an output of 5.47 × 10–7 W provided
by three-stack cells connected in series, and the highest obtained value was at
1.62 × 10–4 W from a nine-stack parallel connection. The highest power density
obtained was 9.18 mW/m2 for the output setting, and it is obtained from the nine
cells connected in parallel. These results proved that PMFC could be utilized for
simultaneous electricity generation and food production. Additionally, the out-
put power and power densities showed the potential of large-scale applications of
PMFCs.

Keywords: Bioelectricity · Plant-microbial fuel cell · 3D-printed electrodes

1 Introduction

Plant microbial fuel cells (PMFCs) are defined as the derivative of microbial fuel cells
that utilize plants to provide organic compounds for the electrochemically active bacteria
(EAB) in the soil [1]. Through photosynthesis, plants release rhizodeposits consumed
by the bacteria in the roots, allowing bacteria’s metabolism to generate electrons. This
plant–microbe relationship that occurs in the rhizosphere region resulted in bioelectricity
generation from the bacteria. Similar to the microbial fuel cells, oxidation occurs in the
anode, while reduction occurs in the cathode. The electrons released by the EAB are
received and oxidized in the anode. Then, the electrons pass through an external load
to reach the cathode while the protons are transferred towards the cathode through a
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potential gradient. Finally, the protons and the electrons underwent a reduction process
at the cathode, which resulted in bioelectricity generation [2]. Thus, the PMFCs fulfill
their purpose of simultaneous electricity generation and food production. Even though
PMFC is a promising source of renewable energy, the availability and costs for the
materials utilized for the PMFCs, especially the electrodes, are still a challenge. In this
study, the researchers replaced the existing electrode materials with 3D-printed PMFC
electrodes incorporated into a garden stake. 3D printing is utilized to easily manufacture
the electrodes at a lower cost while maintaining their ability to compete with other
electrodes in terms of electricity generation. The garden stake design paved the way for
a wider range of people who can utilize PMFC since its shapemay be applied to different
plants.

The PMFCs utilize plant roots to activate the electrochemically active bacteria (EAB)
from the anode through rhizodeposition, resulting in electricity generation [1]. PMFCs
usually utilize soil as their substrate such that many microorganisms can be found within
the soil, thus the dependence of the energy generation. Different materials for the elec-
trodes of the PMFCs can be used, but each electrode has its own set of advantages and
disadvantages. The anode is in contact with the root, while the cathode is implanted in the
soil a bit higher than the anode. The electrochemically active bacteria that receive organic
compounds from the rhizodeposits generate electrons utilized in the anode. Meanwhile,
the soil acts as a substrate in the system. Soils like agricultural soils and forest soils may
be used as a substrate. However, as a substrate, it is proven that agricultural soils can
produce 17 times more power than forest soils [3]. Furthermore, 3D Printed Electrodes
have already been used in different fields, but most studies suggest that these electrodes
are used for sensors. Thus the aim of the study is that the 3D printed electrodes may
be applied in the PMFC mechanism to produce cheaper electrodes conveniently. The
filament utilized for the electrodes is the Protopasta (ProtoPlant, USA) conductive poly-
lactic acid filament, and its design is similar to a garden stake. The PMFC is inserted
into the soil, attaching the anode to the root while the cathode is on the upper surface.

Indeed, PMFCs have excellent potential in bioelectricity generation since they are
renewable and clean energy sources. However, the power generation of PMFCs is still a
challenge since their power is not yet high enough to be an economically viable source
of renewable energy. These low power densities are the effect of the internal resis-
tances present in the system, and the examples of these are ohmic, activation, bacterial
metabolic, and concentration losses [4]. Consequently, the values of the power produced
are erratic, and the resulting power densities indicate unstable power generation. Fortu-
nately, series and parallel stacking can be applied to maximize the cells’ power output.
Proper stacking combinations showed significant effects on the performance of PMFCs
as it results in power amplification [5]. This study focused on the stacking efficiency
wherein the 3D-printed electrodes are connected in series and parallel. In that way, the
potential of the PMFCs to be applied on a larger scale through stacking is investigated.
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2 Methodology

2.1 Plant-Microbial Fuel Cell Assembly

Turmeric (Curcuma longa) plants in continuous soil (non-potted) are utilized in an out-
door system. The plants are utilized as the source of organic compounds that are helpful
for the bacteria in power generation. However, the rate of the release of the organic
compounds from plants is different from each other. Thus, the power generation of the
plant microbial fuel cell system is affected. The setup of the plant microbial fuel cell is
shown in Fig. 1.

Fig. 1. PMFC set-up

The PMFC stake, as shown in Fig. 2, consists of three parts, namely, the cathode,
anode, and the separator. The cathode is where the reduction reaction takes place. On
the other hand, the site for oxidation, anode, also acts as the water compartment for
the release of water to be controlled. Finally, the separator is also used wherein it has
to be permeable with water. The conductive ProtoPasta (ProtoPlant, USA) conductive
polylactic acid (PLA) filament is used for the electrodes (anode and cathode), labeled
as black in Fig. 2. Meanwhile, an ordinary PLA + filament was used for the separator,
labeled as color blue in Fig. 2. The 3D-printed electrode also served as a watering stake
for the plants with a measured water retention time of 59 h.

The dimensions of the PMFC stake are provided in Table 1. As mentioned earlier,
the electrodes are also designed as a watering stake for the plants. Watering stakes hold
the water for a short period and slowly release the water through the small holes. The 3D
printed electrodes are appropriate to be a watering stake as they can also slowly release
the water since the prints were not water-tight, meaning water can also flow outside.
Additionally, watering stakes are very helpful to plants as it allows water and oxygen
to be transported directly to the plant’s roots. As a result, the watering stakes promote
strong root development. Healthier roots would produce a good supply of rhizodeposits
beneficial for the microbes as they consume the nutrients from the roots and metabolize
them to generate electrons. Also, soil saturation is maintained as the water is held inside
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Fig. 2. PMFC stake parts

the watering stake, preventing the run-off and evaporation of the water. Thus, the design
of the PMFC stake is advantageous as it provides a more efficient electron generation
and, at the same time, produces healthier plants.

Table 1. Size of PMFC stake

Anode Separator Cathode

Overall length 200 mm 100 mm 100 mm

Surface area 18,970.51 mm2 7,801.75 mm2 8,006.96 mm2

Lip

Length 3 mm 10 mm 3 mm

Outside diameter 30 mm 15 mm 30 mm

Inside diameter 13 mm 11.5 mm 9.9 mm

Body

Length 197 mm 90 mm 97 mm

Outside diameter 15 mm 12.5 mm 10.9 mm

Inside diameter 13 mm 11.5 mm 9.9 mm

Wall thickness 1 mm 0.5 mm 0.5 mm

2.2 Measurement and Monitoring

The voltage and current readings are measured against a 1000-� resistor using a digital
multimeter, and it is manually recorded five times daily (9 AM, 12 PM, 3 PM, 6 PM,
and 9 PM) for the preliminary testing. In that way, the effect of plants’ sunlight exposure
to power generation can be observed. This measurement is done by connecting the 3D-
printed electrodes with the copper wires and the alligator clips. After the preliminary
tests for ten (10) days, individual cell monitoring took place wherein the voltage and
current reading for all the nine plantsweremeasured.Also, stacking efficiency studies are
performed wherein various combinations for the three cells, and nine cells are connected
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in series and parallel are obtained, and its setup is shown in Fig. 3. The individual cell
monitoring and the series and parallel stacking combinations are measured daily for
twenty (20) days. Furthermore, cumulative stacking is observed wherein measurements
took place on an increasing number of sequentially stacked cells in series and parallel.
Additionally, the voltage reading for different resistors ranging from ten to fifty-one
thousand ohms (10�–51,000�) is measured for the polarization studies to identify the
effect of increasing the external resistance in the PMFC system. Unlike the individual
cell monitoring and series and parallel stacking combinations, the cumulative stacking is
measured weekly, while the polarization studies are only measured once every five days.
Throughout the experimentation process, the soil from the plants is not allowed to dry
out since its moisture may affect the power generation of the soil. Also, the temperature
is considered since its sudden fluctuations may affect electricity generation.

Furthermore, power and power density are calculated through the recorded values of
voltage and currents. The power followed the formula, P = V2/R, wherein V and R are
the obtained voltage and utilized resistor, respectively. Meanwhile, the formula used for
the power density and current density are PD = P/A and ID = I/A, respectively, where
A is the nominal anode area.

Fig. 3. Stacking setup for measuring (a) voltage and (b) current in series and (c) voltage and (d)
current in parallel

3 Results and Discussion

3.1 Preliminary Voltage and Current Readings

Shown in Fig. 4 is the electrodes’ daily monitoring of the voltage and current from 9:00
AM to 9:00 PM with three (3) hours interval per measurement. From the obtained data,
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there are times that at 12:00 PM, the peak of the voltage and current measurement is
defined. However, there are also possibilities that the peak is at another time slot. These
differences in the peak per day are due to uncontrolled variables such as the soil saturation
through the presence of rain. The voltage and current reading are observed to be higher
when there is the presence of water that serves as a medium for the microorganisms. This
behavior is reasonable as the presence of water enabled the internal resistance present
in the system to be reduced, resulting in good ionic mobility between the electrodes [6].
Additionally, it is evident that the data from the measured voltage and currents have
increased as the days passed since the trend increased over time. This observation is
an excellent indication that an increased amount of rhizodeposits from plants occurred,
resulting in an increased amount of microorganisms present in the rhizosphere [7].

Fig. 4. Preliminary data for (a) voltage and (b) current
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3.2 Individual and Stacked Cells Comparison

The plot between the obtained average voltage (volts) versus the time (days) for com-
paring the individual cells, three cells, and nine cells is shown in Fig. 5. From these two
figures, it is evident that the individual cells and the cells connected in series have com-
parable similarities, such that the graph showed an overlap in the figures. On the other
hand, themeasured voltage from parallel stacking is higher than that of the series connec-
tion and individual cells. An increased voltage in the parallel stacking showed PMFC’s
potential for large-scale applications. Meanwhile, the relative similarities between the
voltage from the individual cells and series stacking indicated that voltage reversal may
have occurred, caused by the electron drive between the cells with high potential and
cells with low potential, which led to the voltage losses [8].

Fig. 5. Daily average voltage comparison between the (a) individual cells and three stacked cells
connected in series and parallel and (b) individual cells and nine stacked cells connected in series
and parallel



128 M. A. M. Chua et al.

Furthermore, the obtained average current (microamperes) versus the time (days)
between the individual cells, three cells, and nine stacked cells are plotted in Fig. 6.
The current is expected to be similar to the individual cells in series stacking, while
the current for cells stacked in parallel is projected to be greater than the individual
cell readings [5]. The principles of ohm’s law supported this analysis wherein the total
current is constant for the series circuit due to the continuity on the charge flowing, while
the total current is equal to the sum of all the individual currents in parallel current.

Fig. 6. Daily average current comparison between the (a) individual cells and three stacked cells
connected in series and parallel and (b) individual cells and nine stacked cells connected in series
and parallel
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Moreover, it is important to note that differences in light intensity cause differences in
voltage output. Photosynthetic active radiation (PAR) estimates at 150 W/m2 in western
Europe. Compared to the PAR in the equatorial region, it would amount to a higher
amount of 10 times higher than the PAR of western Europe [9]. It could be used as a
basis where the more the sun is highly concentrated, the higher the voltage or output.

3.3 Series and Parallel Stacking

In Fig. 7, it is evident that the stacking of the cells can be concluded as successful in terms
of its voltage and current reading because almost all of the actual values exceeded the
expected voltages in series and parallel stacking. It is expected that for higher numbers
of cells stacked, the voltage would increase together with its current. This theory could
be understandable if the three-stacked is compared to the nine-stacked. Based on the
measurements, the values of the voltages and currents of the nine-stacked are a lot
greater than the three stacked. In some instances, a three stacked cell could reach at least
the range of nine stacked due to the soil saturation, which leads to some spike in the
readings. Uncontrollable parameters, like rain, improved the PMFC performance due to
the increased mobility of the bacteria.

Fig. 7. Voltage comparison between the actual and expected values of (a) three stacked cells
connected in series and parallel and (b) nine stacked cells connected in series and parallel; and
Current comparison between the actual and expected values of (c) three stacked cells connected
in series and parallel and (d) nine stacked cells connected in series and parallel

It can also be observed that the current and voltage reading gathered for series are
lower than the parallel connection due to the theory that the presence of one damaged
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cell in series stacking leads to the defect in the whole connection while damage in a
single cell does not affect the whole connection for parallel stacking as the defective cell
can be isolated. The results showed that the voltage and current of parallel connections
are significantly higher than the series connections.

3.4 Cumulative Stacking

Cumulative stacking can conclude different aspects, first is how cells in a series connec-
tion depend on every cell to provide power.Meanwhile, in a parallel connection, cells are
independent of one another. Another conclusion is how adding cells in connection can
generate a greater amount of voltage. From Fig. 8(a) and (b), the trend would show that
it increases while more cells are added, and comparing the actual from the theoretical,
the trend shows that it is expected to increase. Few situations can be noted, such as ran-
dom drops in the voltage that are evident in the graphs. One faulty cell found within the
connection would affect the overall performance of the circuit [10]. Due to this effect,
the output voltages in the exceeding connections will only increase limitedly.

Fig. 8. Voltage response to (a) series, (b) series reverse, (c) parallel, and (d) parallel reverse
cumulative stacking

In a parallel sense, the actual voltage measured was greater than the theoretical or
the expected value. Some of the data from Fig. 8(c) and (d) gave a lower output than the
prior values. These results can be related to some faulty cells. However, due to a parallel
connection, it is possible to increase the voltage such that the cells are not dependent on
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one another. Despite having voltage drops in some connections, theoretically, the voltage
would increase only if cells were fully functioning. Until then, it is expected that there
will be voltage loss due to different factors, and some of them could be due to weather,
faulty cell, lack of microorganisms, and voltage reversal.

3.5 Polarization Studies

Increasing resistance shows that the voltage would also increase. These results could
be defined by the formula V = IR, wherein the voltage is proportional to its resistance.
The formula supported the reason why at a lower resistance, the reading would be low
voltage to none. The sense of measuring the voltage at different resistance would be
because of its application on the ground. Remember, the electrons may have difficulties
moving towards the cells within the soil due to resistances [11].

Outliers were found in Fig. 9 (b) and (c). For Fig. 9 (b), the outlier was found in
3.3 k�, which read a voltage of 0.4128 V, and for Fig. 9(c), a resistance of 1,000 � with
a reading of 0.1825 V in the voltage. The voltage reaches a peak and slowly decreases
as the resistance increases.

Fig. 9. Different resistors response of (a) individual cell voltage, (b) three stacked cells, (c) nine
stacked cells

3.6 Power and Power Densities

Power and power densities have been calculated to compare the series and parallel
stacking to the individual cells. The power and power densities comparison is presented
in Fig. 10. The individual cells are denoted as “IND,” while the three stacked cells were
denoted as “3S” for series connection and “3P” for parallel connection. Meanwhile, the
nine cells connected in series and parallel are denoted as “9S” and “9P. These parameters
are compared side by side with each other to identify if stacking resulted in a better
performance compared to the individual cells. The power and power densities showed
exemplary results as all the studied systems have exceeded the performance of the
individual cells, especially the nine cells connected in parallel. An increase in the anodic
area is expected to provide higher power. This theory can be executed by stacking
the cells to increase the total electrode surface area. Hence, it explained why the nine



132 M. A. M. Chua et al.

cells connected in parallel provided greater power than the individual cells. The results
showed a favorable outcome since it is desired for PMFCs to reach high power and
density values. Thus, these results claim that power amplification and the possibility for
large-scale applications can be achieved through the stacking of the PMFC system.

Fig. 10. (a) Power and (b) power density of all studied systems: individual (IND), 3 cells in series
(3S), 3 cells in parallel (3P), 9 cells in series (9S), and 9 cells in parallel (9P)

In comparison, the highest power output that the study obtained amounted to 9.18
mW/m2 in terms of its power density and a voltage of 4.54 V, provided that its growth
condition is moist soil. Some growth conditions may vary, such as different soil can be
plain moist soil or be contaminated with chromium, or even soils with fertilizers and
activated carbon [12]. This studyobtained ahigher power density than soilswith activated
carbon values at 1.04 mW/m2, and lower than a growth condition which consists of soil
containing an industrial fertilizer with a value of 350 mW/m2. In terms of voltage, moist
soil obtained higher than the soil contaminated with hexavalent chromium, which has a
value of 0.162 V compared to the 4.54 V provided by 9 cells stacked in parallel.

4 Conclusion

Through this study, a 3D-printed PMFC was successfully designed and tested, which
paved the way to accessible, convenient, and inexpensive electrodes while the ability
to compete with other electrodes in terms of electricity generation is still maintained.
The study proved the potential of the PMFC for simultaneous electricity generation
and food production. If amplification of power is desired, parallel stacking has shown an
outstanding result as actual values of the voltages exceeded the theoretical values, which
allowed the power andpower density to be greater. Furthermore, polarization studies have
proven that higher external resistance leads to higher voltage responses. Even though the
power outputs of PMFCs are known to be low compared to the energy demands, stacking
efficiency studies have proven the potential for large-scale applications of PMFC.
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Abstract. The objective of this study is to examine the effect of temperature on
the performance parameters of the kieserite quaternary semiconductor compounds
CZTS, CZTSe, and CZTSSe. For the purpose of this study, a SCAPS-1D model
has been used. P-MoS(Se)2 is positioned between the Mo back contact and the
absorber layer, acting as an interfacial layer. From the results of this study, it is clear
that the p-MoS(Se)2 interfacial layer facilitates the quasi-ohmic contact between
the CZTS(Se) heterojunctions and the Mo heterojunctions. Consequently, the J-V
characteristic is steeper as a result of this finding. We examined all structures from
250 K to 450 K in terms of the temperature dependence of open-circuit voltage
(Voc), short-circuit current (Jsc), fill factor (FF), and power conversion efficiency
(PCE). CZTSe-based solar cells have been found to perform best at high operating
temperatures, according to a comparative study. Based on the voltage variation to
temperature �Voc/�T coefficients of the CZTS and CZTSe-based solar cells, it
was found that the voltage variation to temperature coefficients were respectively
−2.15 and −1.4 mV/K as a result of temperature changes.

Keywords: Thin film · Solar cells · CZTS(Se) · SCAPS simulation

1 Introduction

Since thin-film solar cells (TFSC) have demonstrated remarkable properties and per-
formances in recent years, they have gained significant attention for their potential use
in solar cells. Recent research has explored copper zinc tin sulfide/selenide CZTS(Se)
Kesterite quaternary compound semiconductors as promising TFSC materials. These
materials exhibit excellent photovoltaic and electronic properties, including bandgap
values (Eg) between 1.1 eV and 1.9 eV and absorption coefficients of ~105 cm-1 [1–4].
Further, they are environmentally friendly, cost-effective, and earth-abundant [5]. It has
been reported that CZTS(Se) solar cells have improved in performance and efficiency
through several theoretical and experimental studies [6–8]. CZTS-TFCS were reported
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to have a power conversion efficiency of 9.66% [9], 10.1% [10], and 11.1% [11]. It was
demonstrated that a champion CZTSe solar cell could achieve a high power conversion
efficiency of 12.6% of those fabricated by utilizing a spin-coating process in conjunction
with CdS as a buffer layer [12]. It is common for CZTS(Se) TFSCs to use Molybdenum
(Mo) as thematerial for the back contact. As a result of unintentional interaction between
CZTS(Se) absorber and Mo back contact, MoS(Se)2 interface layers have been discov-
ered. The performance of solar cells is influenced by the interfacial layer. In contrast
to Schottky-type contacts, MoS(Se)2 mediates ohmic contacts with Mo back contacts
[13]. 2D metal dichalcogenides such as MoS(Se)2 belong to group VI of layered tran-
sition metal dichalcogenides (TMDCs). Due to their 2D nature, these materials have
remarkable physical and structural properties. An atomic layer consisting of X, Mo, and
X (X here is Se or S) is held together by a weak van der Waals bond, and the sheets
are strongly in-plane covalently bonded. Furthermore, MoS(Se)2 has a broad bandgap
ranging from 1.1 eV to 1.8 eV, which contributes to its high hole mobility [14, 15].

TFSCs perform poorly under high-temperature conditions due to the effects of high
ambient temperatures. A goal of the study is to investigate the effect of temperature
on kieserite quaternary CZTS, CZTSe, and CZTSSe based solar cells using a one-
dimensional SCAPS simulation (SCAPS-1D). Our first discussion is focused on the
interfacial layer of p-MoS(Se)2 TMDC. Afterward, we discuss and analyze the J-V
characteristics and photovoltaic parameters for all structures operating between 250 °C
and 450 °C.

2 Device Modeling and Simulation

It is important to note that in this study, SCAPS-1D is used in order to investigate the
effects of temperature on the performance of the CZT(S,Se) TFSCs. At the University
of Gent, the SACPS codes have been developed [16]. As a result of its effectiveness,
it has been used to simulate and study several thin solar cells, including those based
on Perovskite, CIGS, and CdTe [17–19]. A steady-state band diagram, recombination
profile, and carrier transport are calculated by SCAPS using the Poisson equation and
hole and electron continuity equations. As part of this model, an AM 1.5 is used with
a power density of 1000 watts per square meter of illumination. Basically, a solar cell
has layers with different properties, including energy band gaps, layer thicknesses, and
doping density [20, 21]. In Fig. 1, we can see a schematic representation of the structure
of a CZTS(Se) solar cell. During the construction of this structure, n-type CdS is used
as a buffer layer with an 80 nm thickness, followed by a layer of n-ZnO as the window
layer. This scheme was implemented by inserting MoS(Se) interfacial layers between
the device’s active layer and back contact. The interfacial layers exhibit Hall mobilities
between 150 and 250 cm2/Vs at 295 K. In terms of the band gap, one layer of MoS(Se)
will have a band gap between 1.2 eV and 1.4 eV, while monolayers can reach 1.9 eV.
Furthermore, the p-MoS(Se)2 carrier concentration is set to be 1018 cm-3, which is a
high concentration. As a standard, the thickness of the absorber layer has been selected
as 2000 nm in all simulation structures. All modeling structures were based on this
thickness, and it was used in all simulations.
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Fig. 1. The schematic configuration of the layer scheme of the investigated solar cell using the
MoS(Se)2 as an interface layer.

3 Results and Discussion

The primary objective of this study is to investigate the effect of the p-MoS(Se)2 as an
interfacial layer between the CZTS(Se) absorber layer and the Mo back contact in a
CZTS(Se) based solar cell. Figure 2 shows the simulated J–V characteristics (a) and (b)
the quantum efficiency (QE) of the CZTS solar cell structure. Considering the results
obtained, it seems that the presence of p-MoS2 directly affects the slope of the J–V curve,
as shown in Fig. 2 (a) and (b). As a result of this study, it is possible to observe the ohmic
properties of the contact more clearly. There is a significant difference between the slope
of the slope (�I/�V) with the MoS(Se)2 and that without the MoS(Se)2. By modifying
the Schottky-type contact to a more favorable ohmic-type contact, the p-MoS(Se)2 layer
at the interface between CZTS(Se) and Mo improves the CZTS(Se)/Mo heterojunction
interface. Studies have shown that Schottky contacts form at the buffer-Mo contact,
which leads to resistive losses, unlike ohmic back contacts in CZTS(Se). Comparing the
solar cell with and without the MoS2 layer, the solar cell with the MoS2 layer performed
16.82% better than the solar cell without the MoS2. These values were obtained using
a high doping level of 1018 cm−3 at the interface layer. Furthermore, the Mo-CZTS
standard structure with the MoS2 layer increased Jsc up to 27 mA/cm2. Figure 2 shows
that the insertion of the interfacial layer MoS(Se)2 significantly improved the optical
response of the device. Several factors could lead to this improvement, including greater
absorption of solar radiation above 500 nm for CZTS/MoS2. Figure 2 (b) shows an
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increase in QE enhancement from 77.4% to 89.8% at longer wavelengths from 500 nm
to 835 nm. The improvement is caused by the fact that theMolybdenum (Mo) and CZTS
junction barrier heights decrease in the MoS2 structure because the bandgap value is
lower. Previous studies have examined how TMDC semiconductors influence solar cell
device performance as interfacial layer materials in solar cell devices. Recombination
speeds near 107 cm/s have been observed experimentally when the MoS(Se)2 interfacial
layer is used [22, 23].

Fig. 2. (a) Current-voltage characteristic of CZTS solar cells with and without an interfacial layer
MoS2 (solid line and dashed line). (b) The spectral response and quantum efficiency (QE) with
and without the MoS2 layer (solid line and dashed line).

Due to the high hole recombination velocity at the MoS(Se)2/Mo interface, solar
cells have improved photovoltaic performance. Voc values can be evaluated as follows:

Voc = nkT

q
ln

(
Jph
Jo

+ 1

)
(1)

Jph and Jo are photogenerated, and the reverse saturation current densities, respec-
tively. n is the ideality factor. Boltzmann’s constant and absolute temperature are rep-
resented by k and T, respectively. Due to the high hole recombination rate at the
Mo(S)Se2/Mo interface, an electron-driven Jo decreases. In CZTS(Se) solar cells,
MoS(Se)2/Mo interfaces can enhance their photovoltaic properties. Compared with
CZTS(Se) solar cells without the interface layer, MoS(Se)2 solar cells exhibit improved
properties. Ordered defect compounds (ODCs) are formed when holes recombine
between the absorber and buffer layers. In ODC layers, electrical conductivity is charac-
terized by n-type characteristics [24]. By shifting the valence band maximum to Fermi,
and by reducing interface recombination, the buffer/absorber interface absorber bandgap
tends to increase, improving the solar cell’s performance. The overall performance of
the solar cell is enhanced by adding a suitable interfacial layer to the CZTS(Se) film.
In order to investigate how operating temperature affects solar cell performance. In
Fig. 3, we illustrate the J-V characteristics of solar cells consisting of CZTS, CZTSe,
and CZTSSe. Open-circuit voltage decreases as temperature rises, due to an increase in
reverse saturation current density Jo. A major factor contributing to the increase in Jo
is the increased intrinsic carrier concentration ni and the decrease in the bandgap of the
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semiconductor material [25]. In addition to affecting the conductivity of the material, a
higher cell temperature also degrades the performance of solar cells. Temperature and
reverse bias saturation current density are related as follows:

Jo = AT 3e−(Ego/KBT ) (2)

Fig. 3. Temperature dependence of the J-V characteristics for (a) CZTS, (b) CZTSe, and (c)
CZTSSe [25].

where A is a constant for a given material and Ego is the bandgap at 0 °K. For
semiconductors, the bandgap decreases as the temperature increases [24, 25]. Thus, the
solar cell is able to recognize the longer wavelength regions of the solar spectrum. A
final analysis examines how different operating temperatures affect the performance
parameters such as Voc, Jsc, FF, and efficiency at temperatures ranging from 250 °K to
450 °K for all structures. The obtained results are illustrated in Fig. 4.

It has been observed that Jsc currents in simulated cell structures have a nearly con-
stant behavior at temperatures up to 450 K with values of 47 mA/cm2, 30 mA/cm2, and
25 mA/cm2 for the CZTS, CZTSSe, and CZTSe absorbers, respectively. At 250 K, the
CZTSSe/MoSSe structure had the highest PCE or optimum PCE (Fig. 4). The PCE is
observed to decrease as the temperature increases. As a result, the PCE decreased by
approximately 10% for the CZTSe and CZTSSe, increasing up to 450 K. By contrast,
CZTS displayed more stable solar temperature-dependent cell performance at 350 K.
Furthermore, all structures showed a decrease in FF andVocwith increasing temperature
between 250°K and 450°K. As an example, the FF for both CZTSe and CZTSSe struc-
tures has dropped from 87% to 75 %, while the Voc has decreased by about 0.3V (from
1.1V to 0.9V for the CZTSSe). The decrease in FF and PCEwith increasing temperature
and degradation of efficiency is primarily due to the decrease in Voc. As the temperature
rises, Voc and conversion efficiency decrease linearly with an increase in temperature,
which can be interpreted as an increase in dark current. As the temperature increases, the
bandgap narrows, accelerating the recombination process between electron-hole pairs
in the conduction band and the valence band. CZTSSe-based solar cells’ performance
as a function of temperature is shown in Table 1. CZTSe-based solar cells perform most
efficiently at high operating temperatures. Based on Table 1 calculations, The coefficient
of the voltage variation to temperature �Voc/�T for CZTS, CZTSSe, and CZTSe PV
devices, respectively, was −2.15 mV/K, −1.4 mV/K, and −1.35 mV/K, due to voltage
variation to temperature.
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Fig. 4. The simulated photovoltaic performance parameters of CZTS, CZTSe, andCZTSSe based
solar cells using MoS2, MoSe2, and MoSSe as an interfacial layer, respectively, as a function of
operating temperature [25].

Table 1. The obtained performance behavior as a function of the temperature.

Parameters CZTS CZTSSe CZTSe

�Voc/�T (mV/K) −2.15 −1.4 −1.35

�PCE/�T (%/°C) −0.06 −0.05 −0.03

� FF/�T (%/°C) −0.055 −0.045 −0.03

4 Conclusion

CZT(S,Se) Solar cells were investigated for their performance as a function of tem-
perature using SCAPS codes. All structures have been constructed with the Mo(S,Se)2
TMDC materials integrated as an interfacial layer between the absorber layer and Mo
back contact. CZTS(Se)/Mo heterojunctions show J-V characteristics that indicate that
an ohmic contact is mediated by the interfacial layer. The results of this study have
been analyzed using a variety of performance parameters, including Voc, the FF, the Jsc,
and PCE. According to the results, the CZTSe based solar cell demonstrated the most
improved stable behavior when it was operated at high temperatures compared to the
other solar cells. It has been concluded that the obtained results will increase the use
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of CZTSe material in the manufacture of photovoltaic modules for high-temperature
applications.
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Abstract. Advanced adiabatic compressed air energy storage (AA-CAES) tech-
nology has the advantages of zero emissions, which can meet the demand of
combined storage and supply of various forms energy in integrated energy sys-
tem. However, considering the coordination and unity of various energy outputs,
there are still gaps in the research on the characteristics of cooling, heating and
electricity energy output of AA-CAES. In view of the above problems, this paper
used Gatecycle to establish an AA-CAES system model. By changing key operat-
ing parameters such as compression heat return ratio, turbine inlet air flow rate and
turbine inlet air pressure, the output characteristics and round trip efficiency RTE
of the system are analyzed. The results show that by adjusting the compression heat
return ratio, the RTE varies from 52% to 75%, the output ratio of cooling, heating
and electricity varies from32% to 44%, 0 to 24%and 32% to 60%, respectively. By
adjusting the air flow rate of turbine inlet, the RTE keep at about 70%, the output
ratio of cooling, heating and electricity varies between 31%–42%, 23%–24% and
36%–45%, respectively. By adjusting the inlet air pressure of the turbine, the RTE
varies from 67% to 83%, and the output ratio of cooling, heating and electricity
varies from 37% to 42%, 20% to 24% and 38% to 39%, respectively. This study
can provide theoretical basis for the design of AA-CAES multi-energy supply
system structure, provide guidance for adjusting the output power of AA-CAES
system and improve the coordination of multi-energy output.

Keywords: AA-CAES · Operating parameters · CHP · Output characteristics ·
Integrated energy efficiency

1 Introduction

Large-scale development and utilization of renewable energy is one of themain technical
routes to solve the energy crisis and environmental pollution. However, the output power
of renewable energy represented by wind and solar energy is intermittent and fluctuating
due to the influence of seasonal alternation, day and night alternation, weather change
and other factors. At the same time, the energy demand on the user side also shows
a certain rule of change over time, resulting in different fluctuation states between the
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user demand side and the energy supply side, leading to the mismatch between the
energy demand and supply in time, space and form [1]. Energy storage technology can
realize the space-time transfer of energy and is one of the effective ways to solve this
problem. Currently, the commonly used energy storage technologies mainly include
pumped storage, battery storage, flywheel storage, etc., but all of them have problems
such as geographical constraints, cost, capacity and environmental protection, etc., and
the energy interface form is single, which is difficult to meet the needs of users for the
combined cooling, heating and electricity multi-energy supply [2].

Advanced adiabatic compressed air energy storage (AA-CAES) can use pressure
vessel to store gas, get rid of the limitation of geographical conditions, and do not emit
carbon dioxide during the working process. It can meet the demand of cold, heat and
electricity multi-energy fed power supply in the comprehensive energy system, and
is considered as one of the most promising energy storage technologies. At present,
domestic and foreign scholars have carried out a series of studies on AA-CAES and its
multi-energy combined supply system. Wen et al. [3] established an AA-CAES system
model through Aspen Plus, and studied the influence of inlet air temperature and flow
rate of turbine on the output electrical power and efficiency of the system. Facci et al.
[4] established the thermodynamic model of the triple power supply system based on
compressed air energy storage, determined the relevant parameters affecting the system
efficiency, and proposed the correct selection principle of compressor, expander and heat
exchanger. Jiang et al. [5] conducted thermal economic analysis and comparison of AA-
CAES based cogeneration systems, revealing the influence of AA-CAES compression
stages and expansion stages on the comprehensive efficiency, exergic efficiency and
annual total cost saving rate of the systems. Szablowski et al. [6] established the dynamic
model of adiabatic compressed air energy storage system with Aspen Plus, analyzed
the changing rule of electrical efficiency and exergic efficiency with compression and
expansion levels, and improved the energy conversion efficiency of the system to 50%
by optimizing the parameters. Jabari et al. [7] designed and optimized the scheduling
of the cogeneration system of cooling, heat and electricity based on AA-CAES and
air source heat pump, and the results showed that the use of AA-CAES system could
reduce the operating costs of the whole system in cooling and heating modes by 21.79%
and 22.36%, respectively. Li et al. [8] proposed a cogeneration system of cold, heat
and electricity based on adiabatic compressed air energy storage, which can meet users’
demands for power supply, heating and cooling by adjusting air pressure and temperature
at the inlet of turbine, and analyzed the round trip efficiency of the system under different
working conditions. Yao et al. [9] proposed a distributed energy system of combined
cold, heat and electricity supply coupled with compressed air energy storage technology
and internal combustion engine technology, established the thermodynamicmodel of the
system, and conducted sensitivity analysis of the system, including the performance and
key parameters of compressor, heat exchanger, turbine, internal combustion engine and
other key equipment. Zhang et al. [10] coupled compressed air energy storage device,
gas internal combustion engine and wind turbine to form a combined cooling, heat and
electricity supply system, and carried out capacity configuration for the system in order
to improve the matching of system output and load.
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To sum up, the research on AA-CAES and its multi-energy combined supply system
mainly focuses on system performance analysis, capacity configuration and operation
strategy optimization, and there are still two major problems:

(1) The research on AA-CAES system mainly aims at improving the charging and
discharging efficiency of the system, while heat and cold energy are only by-products
of the power generation process, without considering the possibility of coordination and
unification of electricity, heat and cold energy.

(2) AA-CAES multi-energy combined power supply system is mainly studied based
on specific structure of AA-CAES multi-energy combined power supply system. In
the conceptual design stage of engineering application, it is necessary to design the
structure ofAA-CAESmulti-energy combined power supply systemwith high efficiency
according to different forms of energy output characteristics of AA-CAES, and then
conduct further detailed optimization research. At present, there is a lack of research on
the output characteristics of AA-CAES cold, heat and electricity.

In view of this, this paper use Gatecycle to establish an adiabatic compressed air
energy storage system model. By changing key operating parameters such as compres-
sion heat return ratio, turbine inlet air flow rate and turbine inlet air pressure, the cool,
heat and electricity output characteristics and the round trip efficiency of the system
are analyzed. The results of this study can provide theoretical basis for the design of
AA-CAES multi-energy supply system structure, and provide guidance for adjusting
the output power of AA-CAES system and improving the coordination of multi-energy
output.

2 Methodology

2.1 System Description

Figure 1 is the theoretical diagram of the advanced adiabatic compressed air energy
storage system studied in this paper. The system includes compression subsystem, heat
recovery subsystem and turbine subsystem. The heat recovery subsystem includes heat
storage tank, heat exchanger, regenerative device and heat storagemedium, the heat stor-
age medium adopts pressurized water. The compression subsystem adopts the structure
of five-stage compression (C1–C5) and inter-stage heat exchanger (HE1–HE5). The
five-stage compressor is driven by surplus wind power and photoelectric power. The
heat exchanger is located at the back end of each compressor to recover the compression
heat generated during the compression process. The structure can not only reduce the
inlet air temperature and consumption of each compressor, but also save the cost of heat
exchanger. The turbine subsystem adopts a first-stage expansion structure, and uses the
regenerator to preheat the inlet air of the turbine, so as to improve the output power and
efficiency of the turbine. The system uses surplus wind power or photoelectric to drive
the compression subsystem, and the compressed high-pressure air expands in the tur-
bine subsystem to do work to output electric energy. The low-temperature air after work
can be cooled externally, and the compressed waste heat generated in the compression
process can be heated externally, thus realizing the output of cold, heat and electricity
of the system.
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Fig. 1. Theoretical diagram of the advanced adiabatic compressed air energy storage system.

2.2 Gatecycle Mode of the AA-CAES System

Gatecycle model is established according to Fig. 1. Firstly, a compression model was
established. Five compressors were dragged from Gatecycle’s equipment toolbox to the
modeling area, and a heat exchanger was placed behind each compressor as an inter-
cooler. Then the heat storage tank model, air inlet model, air discharge model, cooling
water inlet model, heat flow outlet model was established. After the critical equipment
model is established, connect each device in turn according to the process shown in
Fig. 1. Finally, input the initial design parameters of the system in each device model.
Gatecycle model of compression link is shown in Fig. 2. Then establish the expansion
linkmodel, the modeling process is the same as the compression link, respectively estab-
lish turbine model, regenerator model, each fluid inlet and outlet model, according to the
system schematic diagram of the equipment connected to the initial design parameters
of the system. Gatecycle model of expansion link is shown in Fig. 3.

Fig. 2. Gatecycle model of compression link.

The user’s cooling, heating and electricity load and economic benefit are the key
factors to determine the capacity of eachdevice in the system.As the research in this paper
focuses on the system’s cooling, heating and electricity dynamic output characteristics
and system efficiency, the capacity optimization configuration of each component of the
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Fig. 3. Gatecycle model of expansion link.

system is not considered for the time being. The initial parameters of the entire system
are shown in Table 1.

Table 1. Initial system parameters.

Parameters Values Unit

Compressor stages 5 /

Compression ratio 3.545/2.668/2.670/2.630/1.859 /

Isentropic efficiency of compressor 77.62/79.62/82.31/81.15/78.44 %

Compressor flow rate 0.43 kg/s

Inlet air temperature 25/45/45/45/45 °C

Initial air pressure 99 kPa

Storage air temperature 37 °C

Storage air pressure 10 MPa

Expansion stages 1 /

Isentropic efficiency of turbine 80 %

Turbine inlet air flow rate 2.28 kg/s

Heat exchanger efficiency 80 %

Turbine outlet air pressure 105 kPa

Turbine inlet air pressure 2500 kPa

Compression heat return ratio 10 %
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2.3 Research on Cold, Heat and Electricity Output Characteristics of the System

Gatecycle is used in this paper to simulate the changes of key operating parameters
of the system, such as cooling, heating and electricity output capacity, the RTE with
compression heat return ratio, turbine inlet air flow rate, turbine inlet air pressure and
so on. Control variable method was adopted in the research process, that is, except
the studied variables, other parameters remained unchanged, the initial values of each
variable are shown in Table 1.

2.4 Evaluation Criteria

Based on the analysis of the first law of thermodynamics, according to the conservation
of energy quantity, the law of energy transfer and conversion in the system is revealed,
so as to reflect the total energy utilization of compressed air energy storage system. The
round trip efficiency RTE of the system is defined as the ratio of total electric energy, heat
and cooling output of the system to the input energy within a complete energy storage
and release cycle, as shown in the following Eq. (1):

ηZ = (
Eout + Qh,out + Qc,out

)
/Ein (1)

where Eout is the total electric energy output by the system, kW; Qh,out is the total heat
output of the system, kW; Qc,out is the total cooling capacity of system output, kW; Ein

is the electrical energy input from external system, kW.
The calculation formula of Qh,out is shown in the following Eq. (2):

Qh,out = Cwmw
(
tw,out − tw,in

)
(1− a) (2)

whereCw is the specific heat capacity ofwater, kJ/(kg·°C);mw is themass flowof cooling
water, kg/s; tw,out is the temperature of cooling water at outlet side of inter-cooler, °C;
tw,in is the cooling water temperature of inlet side of inter-cooler, take 20 °C; a is the
compression heat return ratio, %.

The calculation formula of Qc,out is shown in the following Eq. (3):

Qc,out = Cairmair
(
tair,out − tair,in

)
(3)

where Cair is the specific heat capacity of air, kJ/(kg·°C); mair is the air mass flow rate
at turbine outlet, kg/s; tair,out is the turbine exhaust temperature, °C; tair,in is the system
inlet air temperature, °C.

3 Results and Discussion

3.1 Effect of the Compression Heat Return Ratio

The compression heat return ratio is the proportion of the heat used to preheat the inlet
air of the turbine to the recovered compression heat. Adjusting the compression heat
return ratio can change the ratio of cold, heat and electricity output of the compressed
air energy storage system. The larger the compression heat return ratio is, the more heat
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used to preheat turbine inlet air in the recovered compression heat, and the less heat
supplied to customers by the system. The compression heat return ratio can be adjusted
to match system output and customer load according to needs. Figure 4 and Fig. 5 show
the variation of cooling, heating and electricity output capacity and theRTEof the system
with compression heat return ratio.

According to Fig. 4, when the compression heat return ratio is less than 20%, the
power generation increases and the cooling capacity decreases as the compression heat
return ratio increases. When the compression heat return ratio increases from 0 to 20%,
the power generation increases by 99.17 kW, and the cooling capacity decreases by
164.54 kW. This is mainly because increasing the compression heat return ratio can
increase the air temperature at the turbine inlet. The higher the temperature is, the greater
the internal energy of the air is, then the higher the turbine working capacity and the
output electric energy is. But at the same time, the turbine exhaust temperature rises,
leading to the decrease of the system output cooling capacity. When the compression
heat return ratio is greater than 20%, restricted by the efficiency of the regenerator,
increasing the compression heat return ratio cannot improve the inlet air temperature of
the turbine. Therefore, the power generation and cooling capacity remain unchanged,
the power generation is kept at 441.51 kW, and the cooling capacity is kept at 298.82 kW.
In the process of the compression heat return ratio gradually increasing from 0 to 100%,
the output heat of the system presents a downward trend, from the initial 260.97 kW to
0, and the whole process presents a linear change.

According to Fig. 5, with the increase of the compression heat return ratio, the RTE
of the system gradually decreased from the initial 75% to 52%, a decrease of 23%.
According to the above analysis, with the increase of the compression heat return ratio,
the power generation of the system increases first and then stays constant, the cooling
capacity decreases first and then stays constant, the heating capacity always presents a
downward trend, and the total output energy of the systemgenerally presents a downward
trend. However, the change of the compression heat return ratio does not affect the power
consumption in the compression process, so the RTE shows a downward trend.

In the whole process of the change of the compression heat return ratio, the system
output power ratio changes between 32% and 60%, the output cooling ratio changes
between 32% and 44%, and the output heat ratio varies from 0 to 24%.

3.2 Effect of the Turbine Inlet Air Flow Rate

The inlet air flow rate of turbine is one of the important factors affecting the cooling,
heating and electricity output characteristics of the system. Under the condition that the
parameters of the compression and storage link remain unchanged, changing the air flow
rate of turbine inlet can change the energy release time of the system, adjust the relative
value of the energy release and storage time, thus changing the ability of the system to
output cold, heat and electricity in the dimension of time. Figure 6 and Fig. 7 reflect
the variation of the cooling, heating and electricity output capacity and the RTE of the
system with the air flow rate at the turbine inlet.

According to Fig. 6, the power generation, cooling capacity and heating capacity
of the system all show a rising trend with the increase of air flow at turbine inlet. This
is mainly because with the increase of air flow at the turbine inlet, the amount of air
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Fig. 4. The variation of cooling, heating and electricity output capacity with compression heat
return ratio.

Fig. 5. The variation of RTE with compression heat return ratio.

entering the turbine for work increases, while the total internal energy of air basically
remains unchanged, so the power generation of the system increases. At the same time,
the turbine exhaust temperature decreases, so the system cooling capacity increases.
Since changing the air flow rate of turbine inlet will change the relative time of energy
storage release of the system, increasing the air flow rate of turbine inlet will reduce
the energy release time of the system. After converting the system heating amount into
energy storage and energy release time, the system heating amount shows a rising trend.
When the air flow rate of turbine inlet is less than 2.43 kg/s, the power generation of
the system is greater than the cooling capacity. When the air flow rate of turbine inlet
is greater than 2.43 kg/s, the power generation of the system is less than the cooling
capacity. Adjusting the air flow rate of turbine inlet can well change the relative value of
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the power output and cooling capacity of the system. When the inlet air flow increases
from 0.43 kg/s to 4.43 kg/s, the output power increases from 83.27 kW to 708.12 kW,
the output cooling capacity increases from 56.36 kW to 829 kW, and the output heat
increases from 44.32 kW to 456.55 kW.

According to Fig. 7, with the increase of air flow at the turbine inlet, the RTE of the
system basically remains unchanged at about 70%. Therefore, it can be seen that the air
flow rate at the turbine inlet has little influence on the RTE. Changing the air flow rate at
the turbine inlet will only cause the change in the output of energy storage release time
dimension, and affect the low-power long-time release mode and high-power short-time
releasemode, but will not havemuch influence on the total output capacity of the system.

In the whole process of the change of air flow at the turbine inlet, the proportion of
output electric quantity varies between 36% and 45%, the proportion of output cooling
quantity varies between 31% and 42%, and the proportion of output heat varies between
23% and 24%.

Fig. 6. The variation of cooling, heating and electricity output capacity with the air flow rate at
the turbine inlet.

3.3 Effect of the Turbine Inlet Air Pressure

The inlet air pressure of turbine is also one of the important factors affecting the cooling,
heating and electricity output characteristics of the system. The gas storage pressure in
the system is a fixed value of 10 MPa, and a throttle valve is set between the gas storage
tank and the turbine. The inlet pressure of the turbine air can be controlled between
0–10 MPa by adjusting the opening of the throttle valve. Figure 8 and Fig. 9 reflect
the variation of the cooling, heating and electricity output capacity and the RTE of the
system with the turbine inlet air pressure.

According to Fig. 8, with the increase of inlet air pressure, the power generation and
cooling capacity of the system gradually increase, but the increase rate gradually slows
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Fig. 7. The variation of RTE with the air flow rate at the turbine inlet.

down. If the air pressure at the turbine inlet increases from 2.5 MPa to 3 MPa, the power
generation increases by 18.06 kW, and the cooling capacity increases by 20.24 kW.
When the inlet air pressure of turbine increases from 7 MPa to 7.5 MPa, the power
generation and cooling capacity of the system increase only 3.83 kW and 5.77 kW. The
reason is that the turbine designmode is “fixed outlet pressure” in the simulation process.
Therefore, when the turbine inlet pressure increases, the work of high-pressure air in the
turbine increases and the exhaust temperature decreases. The increase of turbine inlet air
pressure does not affect the compression process, and the system heat supply remains
unchanged at 234.87 kW.When the air pressure at the turbine inlet is less than 2.73MPa,
the power generation is greater than the cooling capacity; when the air pressure at the
turbine inlet is greater than 2.73 MPa, the power generation is less than the cooling
capacity. When the air pressure at the turbine inlet increases from 2 MPa to 7.5 MPa,
the power generation increases from 371.57 kW to 459.95 kW, the cooling capacity
increases from 359.75 kW to 493.33 kW, and the heating capacity keeps at 234.87 kW.

According to Fig. 9, when the air pressure at the turbine inlet increases, the RTE of
the system increases, because the power generation and cooling capacity of the system
increasewhile the heating capacity remains unchanged.With the decrease of the increase
rate of power generation and cooling capacity, the increase rate of RTE decreases. If the
inlet air pressure of turbine increases from 2.5 MPa to 3 MPa, the RTE increases from
71% to 73%.When the inlet air pressure of the turbine increases from 7MPa to 7.5MPa,
the RTE increases from 82% to 83%.

In the whole process of the change of air pressure at the turbine inlet, the proportion
of output electricity varies between 38% and 39%, the proportion of output cooling
varies between 37% and 42%, and the proportion of output heat varies between 20%
and 24%.
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Fig. 8. The variation of cooling, heating and electricity output capacity with the turbine inlet air
pressure.

Fig. 9. The variation of RTE with the turbine inlet air pressure.

4 Conclusion

In this paper, Gatecycle was used to simulate and analyze the influence of key operating
parameters such as compression heat return ratio, turbine inlet air flow rate and turbine
inlet air pressure on system performance, including the cooling, heating and electricity
output characteristics and theRTEof the system.This studyfills in the blankof theoretical
research on multi-energy flow output characteristics in the field of AA-CAES, makes
up for the problem that existing studies have long focused on the electrical efficiency of
AA-CAES and ignored the coordination of the output of cooling, heating and electricity
multi-energy flow. This paper provides a theoretical basis for the optimal design of
compressed air energy storage multi-energy combined power supply system, a method
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guidance for adjusting various energy output power of the system and improving source-
charge matching, which is expected to promote the large-scale application of AA-CAES
in comprehensive energy system. The main conclusions are as follows:

(1) When the compression heat return ratio is less than 20%, the power generation
increases and the cooling capacity decreases with the increase of the compression
heat return ratio. When the compression heat return ratio increases from 0 to 20%,
the power generation increases by 99.17 kW, and the cooling capacity decreases by
164.54kW.When the compression heat return ratio is greater than 20%, restricted by
the efficiency of the regenerator, increasing the compression heat return ratio cannot
improve the inlet air temperature of the turbine. The power generation and cooling
capacity remain unchanged, the energy generation is 441.51 kW, and the cooling
capacity is 298.82 kW. In the whole process of the change of the compression heat
return ratio, the system heating capacity and RTE show a linear downward trend,
the system output power ratio changes between 32% and 60%, the output cooling
capacity ratio changes between 32% and 44%, and the output heat ratio changes
between 0 and 24%.

(2) With the increase of air flow at turbine inlet, the power generation, cooling capacity
and heating capacity of the system all show a rising trend. The RTE remains at about
70% during the whole process. Changing the air flow at the turbine inlet will only
cause the change of the energy storage and release in the time dimension, affecting
the low-power long-time energy releasemode and the high-power short-time energy
release mode, without much influence on the total output capacity of the system.
In the whole process of the change of air flow at the turbine inlet, the proportion
of output electric quantity varies between 36% and 45%, the proportion of output
cooling quantity varies between 31% and 42%, and the proportion of output heat
varies between 23% and 24%.

(3) With the increase of air pressure at turbine inlet, the power generation, cooling
capacity and RTE of the system gradually increase, and the increase rate gradually
slows down, while the heating capacity of the system remains unchanged during
the whole process. When the inlet air pressure of the turbine is less than 2.73 MPa,
the system energy generation is greater than the cooling capacity; when the inlet
air pressure of the turbine is greater than 2.73 MPa, the system energy generation
is less than the cooling capacity. With the increase of air pressure at turbine inlet,
the increase rate of the RTE decreases. In the whole process of the change of air
pressure at the turbine inlet, the proportion of output electricity varies between 38%
and 39%, the proportion of output cooling varies between 37% and 42%, and the
proportion of output heat varies between 20% and 24%.
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Abstract. Using MATLAB, this study develops an empirical and semi-empirical
model for determining the initial flux in the ultrafiltration of xanthan solution as
an alternative separating process in concentrating xanthan gum. The literature of
reference uses hollow fiber membrane of A/G Technology Corporation, which the
authors in this current study utilized to gather data for developing the permeate flux
equation. In this research, the empirical model incorporates viscosity by replacing
the concentration term from the original model based in the referenced literature.
The pH parameter was tested if it had any significant effect to the permeate flux.
Consequently, multiple empirical and semi-empirical models were developed in
such a way that the authors selected the one with the lowest absolute relative error
and high R-squared for optimization purposes. The modified model was found
to have higher accuracy with an absolute relative error of 5.91% as compared to
11.42% with the old model, whereas the semi-empirical model had an average
percent error of 7.69% . The optimal parameters found were 73 kPa for trans-
membrane pressure (TMP), 30.2 cm−1s−1 for γw/L, 50 °C for temperature, and
159.3 cP for viscosity.

Keywords: Xanthan gum ·Multiple linear regression ·MATLAB · Optimization

1 Introduction

The rheological property of xanthan gumwhich known to be pseudoplastic is commonly
used as food thickener and even found in petroleum production [1]. Production of this
polysaccharide commonly uses alcohol precipitation in separating xanthan gum from
the solution [2]. The process requires around two to three volumes of isopropanol to
precipitate one volume of xanthan gum broth and requires distillation to recover the
alcohol usedwhich is energy-intensive [3]. Furthermore, isopropanol is a volatile organic
compound and highly flammable that poses a safety work and environmental hazard.
This requires the need for investing in expensive flame-proof equipment [4].Which leads
to the interest in investing in membrane technology as it is efficient, clean, and safe to
work with [5].
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J. Kim and Z. Chen (Eds.): CGEEE 2022, SPEES, pp. 155–165, 2023.
https://doi.org/10.1007/978-3-031-27803-7_14

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-27803-7_14&domain=pdf
https://doi.org/10.1007/978-3-031-27803-7_14


156 M. C. Almendrala et al.

Resources in literature regardingmodelling ultrafiltration of xanthan gumare limited.
An empirical model is known in determining the permeate flux in the ultrafiltration of
xanthan gum solution that accounts transmembrane pressure, shear rate, and xanthan
concentration as well as optimization but only for finding the optimal transmembrane
pressure [3]. However, the parameters of viscosity, pH, andwall shear rate per unit length
have not yet been investigated. Where viscosity is expected to have a more significant
effect on predicting the initial flux in the ultrafiltration of xanthan gum solution [4].

This study developed a linear equation for determining viscosity. Develop empirical
models that incorporates viscosity, pH, and wall shear rate per unit length. Develop a
semi-empirical model based on the gel-polarization model. And optimize the operating
parameters used in the experiment is based on the response surfacemethodology (RMS).

The significance of this study is to develop different models for permeate flux of
ultrafiltration of xanthan gum solution. Finding the best parameters that optimize the
permeate flux. Modelling can be used to predict the initial permeate flux of xanthan gum
solution based on a specified concentration and other operating parameters. The opti-
mization of operating conditions will be possible to design the process of concentrating
xanthan gum.

The scope and limitation of this study are that fouling does not take any effect on
the permeate flux. Only the initial stage of the ultrafiltration was studied as the effect
of fouling and accumulation overtime of the membrane was not accounted in the data.
Whereas the two effects cause the permeate flux to decrease as functions of time due
to the clogging of pores of the membrane [5]. Therefore, experimental data used in this
study were based on the steady state assumption and no fouling effect. Furthermore,
the optimization was only performed within a local maximum and local minimum as a
measure of the initial operating conditions in ultrafiltration operation.

2 Methodology

2.1 Experimental Data

The setup experiment is shown in Fig. 1, the xanthan solution was recirculated allowing
the observation of the initial flux at steady state. The temperature, pressures (feed &
retentate), pH, and viscosity were measured from the pH probe, thermometer, pressure
gauges, and viscometer. A total of 146 flux data were obtained that ranges from 73.39–
172.39 kPa for transmembrane pressure, 30–50 °C for temperature, 4–7 pH, 2–5% w/v
for concentration, and 6.63–30.20 for γ w/L. The ultrafiltration of xanthan solution had
the assumption of steady-state condition and negligible fouling effect. The data for devel-
oping a viscosity equation varies in shear rate (10–200 rpm) and xanthan concentrations
(2.5–8%w/v).



Modelling the Permeate Flux in Ultrafiltration of Xanthan Gum 157

Fig. 1. Ultrafiltration of xanthan broth setup

Note, the shear rate (γ) parameter in was measured from a Brookfield viscometer.
And for γw/L was calculated using the equation below under laminar flow conditions.

γw =
[
3n + 1

4n

]
4QB

mπ r3
(1)

where,
γW - shear rate on the membrane wall
n - flow behavior index
QB - volumetric feed flow rate
r - radius of a hollow fiber tube
m - number of hollow fiber tube.

2.2 Multiple Linear Regression of Viscosity

The processed viscosity data was first visualized by graphing the linear and exponential
plots of viscosity and shear rate usingMATLAB’s plot functions. Fitting a linear equation
with two or more independent variables and a dependent variable requires the use of
multiple linear regression. The multiple linear regression of viscosity was done using
the regress function of MATLAB with the xanthan concentration and the shear rate (γ )
as parameters for viscosity (μ). The linear equation of viscosity takes on the form of
Eq. 2 where the regress function gives the coefficients (a, b, & c) as one of its outputs
and R-square being the other output. Equation 3 is the exponential form for the viscosity
equation.

lnμ= a + bC − clnγ (2)

μ = ea + bC − clnγ (3)

where,
μ - viscosity (cP)
C - xanthan gum concentration (% w/v)
γ - shear rate (rpm).
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2.3 Empirical Model

Multiple linear regression was performed throughMATLAB in developing the empirical
model. The independent variables incorporated into the empiricalmodelwere transmem-
brane pressure, wall shear rate per unit length, temperature, viscosity, and pH. About
70% of the experimental data was used for developing new models and 30% was used
for validation. Rather than adding viscosity (μ) into the newmodel, it instead substitutes
xanthan concentration. This is to avoid the multicollinearity between xanthan concen-
tration and viscosity as they are correlated with each other [6]. The effect of pH was
also investigated if having the parameter would affect the filtration flux. Therefore, the
empirical models take on the form as below:

J = eA(TMP)B
(γw

L

)C
(T)D(μ)E(pH)F (4)

J = eA(TMP)B
(γw

L

)C
(T)D(μ)E (5)

2.4 Semi-empirical Model

The development of the semi-empirical model is based on the gel-polarization model,
where it describes the phenomenon of concentration polarization. Where due to the
accumulation of solutemolecules at the solution-membrane interphase resulting from the
balance between the convective mass transport and back diffusion. Due to concentration
polarization, there is the formation of a gel layer of macrosolutes on the membrane
surface that offers an additional hydraulic resistance to flow, as seen if Fig. 2 [5].

Fig. 2. Diagram of gel polarization



Modelling the Permeate Flux in Ultrafiltration of Xanthan Gum 159

This model is presented as,

J= k ln

(
Cg

Cb

)
(6)

k= eA
[
γW

D2

L

]0.33
(7)

In the model development, diffusion has been shown to be unimportant in determin-
ing the concentration of large molecules. The osmotic pressure was assumed to be zero
with a steady state process because it increased solute concentration causes a rise in the
osmotic pressure which partially cancels the applied pressure difference. The computed
Reynold’s number for the polysaccharide solution is below 1 which means the flow
inside each hollow fiber tubule is creeping flow.

J= eA
(γw

L

)B
ln

(
Cg

Cb

)
(8)

Equation 7 was then modified with the idea that an increase of the solution viscosity
with the solute concentration canplay themain role in the existence of a limiting permeate
flux at a finite pressure difference [7].

J= eA(μ)Bln

(
Cg

Cb

)
(9)

The process for obtaining the coefficients is similar to how the empirical model’s
coefficients were obtained. The accuracy of the models was determined by obtaining the
R-squared value and average percent errors. Where, the plot of permeate flux versus the
logarithm of the bulk concentration Cb gives a straight line with a negative slope equal
to the mass transfer coefficient k. According to Eq. 7, the intercept with the abscissa
should occur when Cb = Cg. This provides a way for experimentally determining the
gel concentration. Thus, the value of Cg is determined when the value of permeate flux
is extrapolated to its extinction value on the x-axis. The value of the gel concentration
was approximated based on the assumption that the gel layer concentration is affected
by the shear rate and other parameters.

2.5 Optimization

The optimization is based on response surface methodology or RSM (Eq. 10) which
generally is to obtain the desired maximum or minimum response variable (z) at specific
independent variables (x & y), and ε is the experimental error which will not be included.

z = f(x, y) + ε (10)

The parameters investigated are the TMP, temperature, γ w/L, and viscosity. MAT-
LAB contains the essential functions for optimizing the models to determine the best
operating parameters for maximizing the filtration flux. For the “max” and “min” func-
tions the optimum and least favorable conditions will be obtained. The “surf” function
is used for the 3D visualization of the plot with the “plot3” function used for plotting
the maximum and minimum points.
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3 Results and Discussion

3.1 Viscosity Equation

Equation 11 was the result of the coefficient determined by regression of MATLAB and
this equation was converted into the form of Eq. 12 for computing viscosity. A high
degree of linearity was obtained with an R2 equivalent to 0.999 from the equation. The
exponential plot (Fig. 3) shows the pseudoplastic behavior of the xanthan gum solution
at different concentrations.

lnμ= 10.4837+ 0.1992C − 0.7855lnγ (11)

μ = e10.4837 + 0.1992C −0.7855lnγ (12)

Fig. 3. Flow curves of xanthan solution

The effect of concentration causes the flowcurve to shift higher.And as expected for a
pseudoplastic behavior, increasing the shear rate results in the lowering of viscosity. The
highest viscosity is 28,800 cP which is 8%w/v xanthan concentration and a shear rate of
10 rpm. While the lowest viscosity is 920 cP which is 2.5% w/v xanthan concentration
and a shear rate of 200 rpm.

3.2 Empirical Model

The 146 data was divided into 70% data (102 data) was used for developing the empirical
modelwith the 30%data (44 data) used for validation. Below are the developed empirical
models, where Eq. 13 retains pH and Eq. 14 pH is removed.

J= e−0.0809(TMP)−0.4656
(γ

L

)−0.291
(T)−0.3155(μ)−1.1130(pH)0.0812 (13)

J= e0.1018(TMP)−0.45
(γw

L

)−0.2975
(T)0.3003(μ)−1.1175 (14)

Table 1 list the performance of the empirical models inaccurately determining the
flux in the ultrafiltration of xanthan solution.
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Table 1. Performance of empirical models

Empirical
equations

70% data 30% data

APE R2 APE R2

Eq. 13 6.20% 0.9253 6.53% 0.9045

Eq. 14 6.37% 0.9198 5.91% 0.9034

The model flux and experimental flux were plotted as seen in Fig. 4 and Fig. 5.
However, between Eq. 13 and Eq. 14, it was found that removing the pH has better
APE and R2. Equation 14 has a APE of 5.91% and an R2 of 0.9034. Therefore, having
pH as a parameter for the empirical model has no significant effect in determining the
ultrafiltration flux. It should be noted that xanthan gum is an anionic polysaccharide and
xanthan solution is sensitive to changes to pH [2]. However, xanthan solution is only
sensitive below pH 4 and is highly stable above it [2].

Fig. 4. Graphs of experimental flux vs model
flux of Eq. 13

Fig. 5. Graphs of experimental flux vs model
flux of Eq. 14

3.3 Semi-empirical Models

Below are the developed semi-empirical models, where Eqs. 15 and 16 varies Cg while
Eq. 17 and Eq. 18 Cg is constant. The models were validated and plotted as seen in
Figs. 6, 7, 8 and 9.

J= e−9.6005
(γw

L

)0.5416
ln

(
Cg

Cb

)
(15)

J= e−5.3616(μ)0.6054ln

(
Cg

Cb

)
(16)

J= e−10.136
(γw

L

)0.4965
ln

(
Cg

Cb

)
(17)
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J= e−5.6519(μ)0.5539ln

(
Cg

Cb

)
(18)

Validation for Eq. 15 resulted in an APE of 7.69% and R2 of 0.8314 as shown in
Fig. 6. While validation for Eq. 16 is depicted in Fig. 7, which resulted in an APE of
9.30% and R2 of 0.794. The lowest value of Cg calculated is 18.21%w/v where TMP
is 168.92 kPa, γ w/L is 29.19 cm−1 s−1, and T is 30 °C. While the highest value of
Cg calculated is 21.61% w/v where TMP is 127.55 kPa, γ w/L is 7.12 cm−1 s−1, and
T is 45 °C. Table 2 list the performance of the semi-empirical models inaccurately
determining the flux in the ultrafiltration of xanthan solution.

Table 2. Performance of semi-empirical models

Empirical
equations

70% data 30% data

APE R2 APE R2

Eq. 15 10.04% 0.8131 7.69% 0.8314

Eq. 16 10.78% 0.8031 9.30% 0.7940

Eq. 17 10.27% 0.8005 7.83% 0.8215

Eq. 18 11.08% 0.7901 9.52% 0.7831

Fig. 6. Experimental flux vs model flux of
Eq. 15

Fig. 7. Experimental flux vs model flux of
Eq. 16

For constant Cg, the value is calculated by averaging the values of Cg is 19.54%
w/v. The resulting model flux and experimental flux were plotted as seen in Fig. 8 and
Fig. 9. The statistical value of R2 of the two models is 0.8215 for Eq. 17 and 0.7831 for
Eq. 18. As for the average percentage error, Eq. 17 has 7.83% and Eq. 18 has 9.52%.

For the semi-empirical model, Eq. 15 was found to perform better than the latter
equations. Replacing γ w/L with viscosity significantly increased the APE and decreased
the R2. Using a constant Cg or the mean Cg had no effect in improving the APE and the
R2.
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Fig. 8. Experimental flux vs model flux of
Eq. 17

Fig. 9. Experimental flux vs model flux of
Eq. 18

3.4 Optimization

For optimization, Eq. 14 and Eq. 15 were chosen for being the best empirical and semi-
empirical models. To maximize the filtration flux, it is desirable to minimize TMP and
xanthan concentration and maximize γ w/L and temperature. The response variables
assigned for Eq. 14 are the transmembrane pressure, γw/L, temperature, and viscosity.
While for Eq. 15, its response variable is wall shear rate per length and the natural log
of Cg over Cb.

Fig. 10. (Left) Eq. 14, graph of temperature and transmembrane pressure vs flux and (Right)
graph of viscosity and γw/L vs flux.

Figure 10 shows that increasing the transmembrane pressure decreases the filtration
flux which is due to the thickening and rapid formation of the gel layer. Filtration of
macromolecules such as whey protein is known to have specific resistance be strongly
dependent on transmembrane pressure [8]. For context, γ w/L was obtained from one of
Leveque’s solutions [9], where it was used to determine the mass transfer coefficient.
However, the effects ofwall shear rate per unit length in Eq. 14 andEq. 15 are contrasting.
It is expected that increasing γ w/L should also increase the filtration flux like in Eq. 15,
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but Eq. 14 shows the opposite effect. Figure 10 also shows that increasing the temperature
causes an increase in filtration flux, while viscosity causes the opposite effect. Increasing
the temperature of the xanthan solution has the effect of decreasing the viscosity allowing
for less resistance to filtration [4, 10]. In Fig. 11 it is seen that the increase of natural log
ofCg overCb causes an increase in filtration flux which is due to the lowCb. The surface
plots in Fig. 11 show the points of maximum and minimum fluxes (Jmax and Jmin). The
empirical model Eq. 13 had a maximum flux obtained is 1.025× 10–3 cm3/cm2-s where
its responses are 73 kPa for TMP, 6.63 cm−1 s−1 for γ w/L, 50 °C for T, and 159.3 cP
for μ. As for the minimum flux it is 5.975 × 10–4 cm3/cm2-s where its responses are
172 kPa for TMP, 30.2 cm−1 s−1 for γ w/L, 30 °C for T, and 794.2 cP for μ.

Fig. 11. Eq. of Wall shear rate per length and ln(Cg/Cb)

For the optimization of the semi-empirical model. The Eq. 15 was chosen had a
maximum flux obtained in Eq. 15 is 4.723 × 10–4 cm3/cm2-s, 30.2 cm−1 s−1 for γ w/L,
21.087% w/v for Cg, 2.5% w/v for Cb. And for the minimum flux of Eq. 15 it is 1.428
× 10–4 cm3/cm2-s, 6.63 cm−1 s−1 for γ w/L, 21.594% w/v for Cg, 5% w/v for Cb.
Because the optimized maximum flux was higher and the model was more accurate, we
can conclude that the empirical model performs better than the semi-empirical model.

4 Conclusion

This study developed an empirical and a semi-empirical model for determining the
filtration flux in the ultrafiltration of xanthan solution. A mathematical model for vis-
cosity was developed based on the effect of shear rate and concentration of xanthan gum
exhibited a high degree of linearity with an R2 of 0.999 to the experimental data and
was proven useful in the development of permeate flux models. It was found that pH
had no significant effect on the filtration flux but is suspected to change when pH drops
below 4 as Eq. 14 had an APE of 5.91% and an R2 of 0.9034 while Eq. 13 had an APE
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of 6.53% and an R2 of 0.9045. The semi-empirical models did not perform well com-
pared to the empirical models. The empirical model was found to have less APE with
the experimental flux and was slightly more linear than using the semi-empirical model.
However, the empirical model contrasted with the effects of the wall shear rate per unit
length as it shows to have a decreasing effect with the flux. Optimization found that
decreasing the transmembrane pressure and viscosity while increasing the temperature
and wall shear rate per unit length results in a high initial flux in the ultrafiltration of
xanthan solution. Overall, the empirical model Eq. 14 proved to be the best out of all
equations in accurately determining the flux.
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