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Plastic waste in Indonesia increased significantly during
the Covid-19 pandemic. With this surge in plastic consumption and waste, awareness of
environmental sanitation becomes essential, especially regarding the use of plastic. Society
must consider the impact of single-use plastics and implement good plastic waste management.
This study aimed to determine the environmental awareness of a community and what factors
contributed to its plastic waste utilization activities during the Covid-19 pandemic.

The data collection in this study was conducted using a questionnaire with a cross-
sectional analytical approach. The study was conducted in Makassar City, South Sulawesi, the
largest city in Eastern Indonesia, and purposive sampling was used to determine selected
respondents. Data analysis was carried out using chi-square to identify partial relationships
and logistic regression to distinguish relationships simultaneously.

This study found that 53.2 percent of respondents frequently used plastic during
the Covid-19 pandemic. Partial relationship analysis showed that general knowledge about
waste and its impact was not significantly related to plastic use activities during the pandemic.
Meanwhile, knowledge about plastic use during the pandemic, knowledge of protecting the
environment, attitudes toward plastic use, attitudes toward waste management, behavior
toward plastic use, and behavior regarding processing plastic waste were significantly related
to plastic use activities during the Covid-19 pandemic, with respective test values of 0.000
each. Willingness to pay was also significantly related to plastic use activities during the
pandemic, with a test value of 0.007. Simultaneous analysis showed that knowledge about
plastic use during the pandemic was related to plastic use activities during the same time
frame, with an odds ratio value of 0.398 and a negative relationship direction. Plastic waste-
processing behavior was the most dominant factor influencing plastic use activities during
the Covid-19 pandemic, with a test value of 0.000 and a positive relationship direction.
Respondents who did not have good waste management behavior were 3.963 times more
likely to use plastic frequently in their daily activities during the pandemic.

The study results show the importance of increasing knowledge regarding plastic
use and waste management. Good knowledge will intervene in attitudes that encourage good
behavior. This study focuses on the relationship between plastic processing behavior and the
intensity of plastic use during the Covid-19 pandemic. It emphasizes the need for intervention
in the form of education about the importance of protecting the environment and providing
facilities that enable people to implement good waste-processing behavior.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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The emergence of coronavirus disease 2019
(Covid-19) disrupted the usual course of human
life and significantly changed people’s lifestyles
(Alzghoul et al., 2022). Owing to this global health
crisis, individuals were required to work from home
(Igalavithana et al., 2020), which, in turn, led to an
increase in online orders for food and beverages. This
situation occurred because people avoided gatherings
with large crowds to avoid the Covid-19 virus. During
the pandemic Covid-19, the use of single-use plastic
(SUP) rose because of the assumption that plastic
offers users protection against exposure to the
Covid-19 virus, even though this virus can survive on
plastic surfaces for up to 72 hours (Shekoohiyan et al.,
2022). Accordingly, one of the impacts of the Covid-19
pandemic is the increase in the consumption of
plastic waste (Rai et al., 2022). Similarly, plastic use in
Indonesiaincreased during the Covid-19 pandemic. In
2019, plastic waste was the third largest category of
waste in Indonesia, accounting for 16.05 percent (%)
of the country’s total waste and totaling 4,739,684
tons. In 2020, amid the Covid-19 pandemic, this
figure increased to 5,041,117 tons, pushing plastic
waste (16.31%) to the second largest category at
16.31%, just behind food waste. Then, in 2021 and
2022, the use of plastic waste in Indonesia continued
to increase, reaching 17.86% (5,280,702 tons) and
18.08% (6,500,458 tons), respectively, of the total
waste generated in the country (SIPSN, 2023).
Plastic is a versatile lightweight material that can be
processed using various manufacturing techniques
and has significant market potential. Plastics are
polymer chains of monomers combined in repeating
patterns. Fossil sources are converted into these
macromolecules through various methods, such as
polymerization, polycondensation, and polyaddition
(Choudhury et al., 2022). Around 50% of the plastic
produced is single-use plastic (Jahani et al., 2019).
The increasing use of plastic has an impact on human
life throughout the world (Abhilash and Inamdar,
2022). Previous research found that the increase in
purchasing intensity is not linear with the level of
waste recycling. Plastic products that are used only
once before being thrown away, such as plastic bags,
coffee cups, soda bottles, and water bottles, have
meager recycling rates (12%) (Shams et al., 2021).
Steps taken to control the Covid-19 pandemic have
encouraged increased takeout food consumption,
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resulting in the use of SUP cutlery (Ho et al., 2023).
The pandemic has caused a 5% to 10% increase
in global plastic production, impacting soil quality
through increasing microplastic (MPs) content.
The increasing use of plastic waste contributes to
land pollution and damage to marine ecosystems.
Plastic pollution poses an environmental challenge
because of the complexity of waste management
and recycling, resulting in the accumulation of plastic
waste. This situation will worsen environmental
pollution (Rai et al., 2022). The global increase
in plastic use during the Covid-19 pandemic
contributed to heightened emissions of pollutants
and greenhouse gases. It also fueled plastic pollution
on both land and in the sea, endangering biodiversity
and human health. Increasing plastic pollution is
exacerbating future plastic problems, both on a
small and large scale (Winton et al., 2022). The main
reasons for this environmental crisis are population
density, high consumption of plastic products, and
the inappropriate disposal of plastic waste (Van et
al., 2020). Waste recycling is considered to reduce
the amount of plastic waste pollution (Igalavithana
et al., 2020). If recycling is carried out incorrectly,
it will impact human health and the environment
(Salhofer et al., 2021). Prior studies reported a
minor decline in the frequency of trash disposal to
collectors and recycling centers during the Covid-19
pandemic. Specifically, the percentage of individuals
handing over waste to collectors decreased from
32.1% to 31.4%, while the percentage of individuals
utilizing recycling facilities decreased from 24.2%
to 19.8%. By contrast, after the occurrence of
the pandemic, there was an observed increase in
respondents’ inclination toward the incineration of
plastic garbage from 23.4% to 27.0% (Jayasinghe et
al., 2022). Recycling plastic waste can be carried out
using the Smart Waste application, which is used
in the Philippines. This innovative application can
detect how much plastic waste is collected in one
waste container. After a large amount of waste has
been collected in a trash can, the waste officer will
dispose of the plastic waste through recycling (Sidhu
et al.,, 2021). Another method for recycling SUP
waste is via the reduce, reuse, recycle, and recover
(4R) scheme (Mahmoudnia et al., 2022). Another
waste management alternative is innovative waste
technology, which utilizes near-field communication
(NFC) from the user’s smartphone. This technology



can identify users through their user registration, and
then the trash bin will sort the type of waste thrown
away by the user. Collected and filled waste will be
exchanged for compensation (Roche et al., 2021).
Personal norms, which are shaped by environmental
values and beliefs, are the main predictor of
behavioral willingness. In campaign strategies,
personal norms can be considered to change people’s
behavior in using reusable goods and products with
plastic-free packaging alternatives (Shah et al., 2023).
A person’s behavior will change if three elements are
present, namely, ability, motivation, and opportunity
(Allison et al., 2022). Moreover, the dominant factors
influencing an individual’s desire to process waste
are the type of waste bin used, knowledge about
how to manage waste and the dangers of poor waste
management (Ssemugabo et al., 2020), location of
residence, respondent’s age, and knowledge on how
to sort waste (Nsimbe et al., 2018). Previous research
generally focused on the influence of demographic
determinants (Choi et al., 2022), environmental
impact analysis (Magni et al, 2022), impact on
marine animals (Eisfeld-Pierantonio et al., 2022),
differences in waste quantity before and during the
Covid-19 pandemic (Alazaiza et al., 2022), waste
disposal behavior (Mejjad et al., 2021), technology
for mitigating the impact of MPs (Zhao et al., 2023),
and production and management strategies (Liang et
al., 2021). Behavioral influencing factors that are the
source of the waste problem need to be researched
and paid special attention. Therefore, the present
study aims to determine the dominant factors that
influence the use of plastic waste during the Covid-19
pandemic based on the aspects of knowledge,
attitudes, and behavior. The main objective of this
study is to explain how plastic utilization activities
occurred during the Covid-19 pandemic. This study
was conducted in Makassar, Indonesia in 2022.

This cross-sectional analytical study aimed to
identify the most dominant factors influencing
plastic use activities during the Covid-19 pandemic
based on the aspects of knowledge, attitudes, and
behavior. The study was carried out in the urban area
of Makassar City, Indonesia, in 2022. Makassar is a
municipal entity that functions as the administrative
center of South Sulawesi Province. It is regarded as
one of the prominent urban centers in the nation of

Indonesia. Makassar City is ranked as the fourth most
populous city in Indonesia, and it holds the distinction
of being the largest city within the Eastern Indonesia
Region. Accordingly, the city holds the potential to
produce large amounts of waste. Makassar consists of
15 sub-districts, namely, the districts of Biringkanaya,
Tamalanrea, Manggala, Panakukang, Rappocini,
Tallo, Wajo, Makassar, Ujung Pandang, Sangkarang,
Mamajang, Ujung Tanah, Bontoala, Mariso, and
Tamalate (Fig. 1).

Site and study sample

In this study, the sub-districts were categorized
based on three groups: 1) groups with significant
and developing populations, 2) groups categorized
as saturated areas and business/shopping centers,
and 3) coastal area groups. Group 1 consists of the
Biringkanaya, Tamalanrea, Manggala, Panakukang,
Rappocini, and Tallo district. Group 2 consists of the
districts of Wajo, Makassar, and Ujung Pandang. Group
3 includes the Sangkarang, Mamajang, Ujung Tanah,
Bontoala, Mariso, and Tamalate. Purposive sampling
was conducted in these three groups. Biringkanaya
District and Manggala District represent group 1.
Wajo District represents the saturated sub-district
group 2. The coastal area group 3 is represented
by Ujung Tanah District and Mariso District. Except
for the Manggala sub-districts, five sub-districts
with the largest population were selected from the
15 sub-districts. Manggala District, which has the
largest population in Makassar City, is represented
by six sub-districts. Random sampling was used to
determine the sample for this study. Specifically, the
first sample was the first residence located to the
right of the village head’s office, the second sample
used an interval of five households from the previous
sample, and so on. Selected respondents were adults
living in the selected households.

Data collection and survey

This study used a questionnaire instrument to
collect data from respondents. The questionnaire
consists of 1) respondent identity, 2) knowledge
aspects, 3) attitude aspects, 4) behavior aspects,
and 5) activity aspects of plastic use during the
Covid-19 pandemic (Table 1). The knowledge aspect
consists of four sub-aspects. (1) General knowledge
about plastic, with the example statement “Plastic
can be used for food packaging.” (2) Knowledge of
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Fig. 1: Geographic location of the study area in Makassar City, South Sulawesi Province, Indonesia

Table 1: The study questionnaire

Questions

Answer Measurement results

Respondent identity

Education level

Graduated from college, graduated from college, -
graduated from high school, graduated from junior

high school, graduated from elementary school, did

not graduate from elementary school, or never

went to school

Marital status

Single, married, divorced, or widow

Frequency of drinks ordered online in a week
Plastic use activities during the Covid-19

More than one time, only once, never -
Always, almost always, sometimes, rarely, or never Seldom or often

pandemic

Knowledge

General knowledge about waste False or true Poor or good

Knowledge of the impact of waste False or true Poor or good

Knowledge of protecting the environment False or true Poor or good

Knowledge about plastic during Covid-19 False or true Poor or good

Attitude

Waste management attitude Strongly agree, agree, neutral, disagree, strongly Poor or good
disagree

Willingness to pay Strongly agree, agree, neutral, disagree, strongly Willing or unwilling
disagree

Attitudes toward plastic use Strongly agree, agree, neutral, disagree, strongly Poor or good
disagree

Behavior

Plastic waste-processing behavior
Plastic use behavior

Always, almost always, sometimes, rarely, or never Poor or good
Always, almost always, sometimes, rarely, or never Poor or good
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the impact of plastic on the environment, with the
example statement “Plastic is a substance that is
difficult to decompose/degrade in the environment.”
(3) Knowledge about plastic during the Covid-19
pandemic, with the example statement “The more
often you change the plastic you use, the more you
will reduce the risk of exposure to Covid-19.” (4)
Knowledge of protecting the environment, with the
example statement “Plastic cups can be recycled
to make crafts.” Respondents’ opinions regarding
their general knowledge about plastic, knowledge
of the impact of waste, knowledge of protecting the
environment, and knowledge of plastic use during the
Covid-19 pandemic received a value of 1 for “correct”
answers and 0 for “wrong” ones. Meanwhile, in the
attitude aspect, there are three sub-aspects. (1) The
attitude toward plastic, with the example statement
“For me, using shopping bags provides more comfort
than using plastic.” (2) Willingness to pay, with the
example statement “I am willing to pay more for
food packaging that is more environmentally friendly
than using plastic.” (3) The attitude toward waste
management, with the example statement “In my
opinion, plastic waste should not be thrown into the
organic waste bin.” Respondents’ opinions regarding
attitudes toward managing waste, willingness to pay,
and attitudes toward using plastic received a score of
5 for “strongly agree,” 4 for “agree,” 3 for “neutral,”
2 for “disagree,” and 1 for “strongly disagree.” In the
behavioral aspect, there are two sub-aspects. (1)
Plastic use behavior, with the example statement
“l choose options with less plastic when shopping
online.” (2) Plastic waste management behavior, with
the example statement “I recycle the plastic waste
that | produce.” Respondents’ opinions regarding
plastic waste-processing behavior and plastic use
behavior received a score of 5 for “always,” 4 for
“almost always,” 3 for “sometimes,” 2 for “rarely,” and
1 for “never” An example statement regarding the
aspect of plastic use during the pandemic is “During
the pandemic, | bought food with plastic packaging
online.” Respondents’ opinions regarding plastic use
activities during the Covid-19 pandemic received a
score of 5 for “never,” 4 for “rarely,” 3 for “sometimes,”
2 for “almost always,” and 1 for “always.”

Analysis procedures
Data analysis began with the editing, coding,
and data entry stages. After the initial three stages

were completed, the next stage was transforming or
modifying the data. The dependent variable, namely,
plastic use activities during the Covid-19 pandemic,
was often or rarely measured. Meanwhile, the
knowledge, attitude, and behavior variables have
good or poor measurement results (Table 1). The
measurement results of this study were categorized
based on the skewness value. If the skewness value
was in the range of minus (-) 2 to 2, the data were
declared normally distributed so that the cut-off
point was the mean value. On the other hand, if the
skewness value was less than (<) -2 or more than (>)
2, then the data on that variable were not normally
distributed, so the cut-off point used was the median
value.

Statistical analysis

When data modification was completed, the data
underwent univariate, bivariate, and multivariate
analyses. The objective of univariate analysis is
to ascertain the distribution of variables, which is
typically given in the form of a frequency distribution
table. In the context of statistical analysis, bivariate
analysis employs the chi-square test to examine
the partial association between dependent and
independent variables. In this study, the chi-square
test was also used to select candidate variables
for inclusion in multivariate modeling with the
condition that the p-value is less than or equal to (<)
0.25. Binary logistic regression was also performed
multivariate analysis. Model selection was carried out
by entering all independent variables that met the
p-value requirements for bivariate selection and then
re-selecting variables that were not significant with a
test value (p-value) > 0.05 (Samimi et al., 2023). The
final model included significant variables (p-value
< 0.05) to identify the independent variables with
the most strongest relationship to the dependent
variable (Samimi and Nouri, 2023). The entire data
processing process used the Statistical Program for
Social Science (SPSS).

Table 2 shows that 228 (82%) respondents were
married, and 129 (46.4%) had graduated from high
school. A total of 142 (51.1%) respondents never
ordered drinks online regularly during the week,
while 95 (34.2%) respondents said they ordered
drinks online more than once every week.
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Table 2: Respondent characteristics

Respondent characteristics Categories Number Percentage
(person) (%)
Marital status Single 38 13.7
Married 228 82.0
Divorced 4 1.4
Widow 8 2.9
Education level Never went to school 3 1.1
Did not graduate from elementary school 3 1.1
Graduated from elementary school 47 16.9
Graduated from junior high school 47 16.9
Graduated from high school 129 46.4
Graduated from college 15 5.4
Graduated from college 34 12.2
Frequency of drinks ordered online in a week  Never 142 51.1
Only once 41 14.7
More than one time 95 34.2

Table 3: Knowledge, attitudes, and behavior in using waste

Variables Categories Number (person) Perc(e;T)tage
Plastic use activities during the Covid-19 pandemic Often 148 53.2
Seldom 130 46.8
General knowledge about waste Poor 147 52.9
Good 131 47.1
Knowledge of the impact of waste Poor 183 65.8
Good 95 34.2
Knowledge of protecting the environment Poor 134 48.2
Good 144 51.8
Knowledge about plastic during Covid-19 pandemic Poor 79 28.4
Good 199 71.6
Waste management attitude Poor 137 49.3
Good 141 50.7
Willingness to pay Unwilling 113 40.6
Willing 165 59.4
Attitudes toward plastic use Poor 122 439
Good 156 56.1
Plastic waste-processing behavior Poor 118 42.4
Good 160 57.6
Plastic use behavior Poor 148 53.2
Good 130 46.8

Table 3 shows that 130 (46.8%) respondents said
they seldom used plastic in their daily activities
during the Covid-19 pandemic while 148 (53.2%) said
they often used plastic. The majority of respondents
(147, 52.9%) had poor general knowledge regarding
waste, but 183 (65.8%) respondents had good
knowledge about the impacts of waste. Meanwhile,
199 (71.6%) and 144 (51.8%) respondents had good
knowledge regarding the use of plastic during the
Covid-19 pandemic and protecting the environment,
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respectively. The majority of respondents’ attitudes
regarding waste processing were also predominantly
good (141, 50.7%). Likewise, the willingness to pay
additional expenses to use non-plastic containers was
also dominant at 165 (59.4%) respondents. Attitudes
toward plastic use were also predominantly good
at 156 (56.1%) respondents. During the pandemic,
many people thought leaving the house is the same
as contracting the virus. Accordingly, the adoption of
large-scale social restrictions (PSBB) led to a surge



in online retail activities. This circumstance resulted
in a notable escalation in the level of demand and
utilization of SUP (Abhilash and Inamdar, 2022). The
behavioral aspect of the current study shows that
the majority of respondents (53.2%) did not have
good plastic use behavior. Plastic use continued to
increase during the Covid-19 pandemic because of
its light weight, durability, and low production costs.
These advantages make plastic, especially SUP, the
ideal choice for everyday use, including for drinking
water bottles and coffee cups (Mohana et al., 2023).
Thus, people must be able to process waste, at least
what they produce themselves. In this study, as
many as 160 (57.6%) respondents had good behavior
regarding waste processing during the pandemic.
Table 4 shows that general knowledge variables
related to waste and its impact were not partially
significantly related to plastic use activities during the
Covid-19 pandemic. Most respondents (84, 57.1%)
had poor general knowledge regarding waste and
often used plastic during the pandemic. In addition,
95 (51.9%) respondents generally had poor
knowledge of the impacts of waste and often used
plastic. Seven other variables in this study were
significantly related to plastic use activities during the
pandemic. Knowledge of using plastic during the
Covid-19 pandemic, knowledge of protecting the
environment, and attitudes toward plastic use were
significantly related to plastic use activities during the

pandemic, each with p-value=0.000. The odds ratio
(OR) wvalue for knowledge of protecting the
environment is 2.370, which means that respondents
with poor knowledge had 2.370 times higher potential
of using plastic frequently during the pandemic than
the comparison group, namely, the respondents with
good knowledge. This study aligns with previous
research that states environmental awareness will
either encourage or hinder community involvement
in using plastic (Pocas and Selbourne, 2023). Public
awareness can be increased through media channels,
seminars, and workshops that involve and inspire
communities to adopt zero-waste or sustainable
packaging practices (Trubetskaya et al.,, 2022).
Controlling plastic pollution is closely related to
increasing the public’s awareness to protect the
environment and suppressing their desire to use
plastic in their daily activities. Sun et al. (2023) stated
that public attitudes are predominantly positive
regarding the reuse of plastic but negative regarding
waste collection and sorting activities. The community
is also worried about the impact of indiscriminate
burning and rubbish dumping, which will trigger air,
water, and land pollution. The current research also
found that the OR value of the relationship between
knowledge of plastic use and plastic use activities
during the Covid-19 pandemic was 3.345. This result
means that respondents who had poor knowledge
about plastic use were 3.345 times more likely to

Table 4: Results of Chi-Square analysis

Plastic use activities during the Covid-19 pandemic

Variables Often Seldom Total p-value OR
n % n % n %

General knowledge about waste Poor 84 57.1 63 42.9 147 100 0.186 1.396
Good 64 48.9 67 51.1 131 100

Knowledge of the impact of Poor 95 51.9 88 48.1 183 100 0.612 0.855

waste Good 53 55.8 42 44.2 95 100

Knowledge of protecting the Poor 86 64.2 48 35.8 134 100 0.000 2.370

environment Good 62 431 82 56.9 144 100

Knowledge about plastic during Poor 58 73.4 21 26.6 79 100 0.000 3.345

the Covid-19 pandemic Good 90 45.2 109 54.8 199 100

Waste management attitude Poor 54 39.4 83 60.6 137 100 0.000 0.325
Good 94 66.7 47 333 141 100

Willingness to pay Unwilling 49 434 64 56.6 113 100 0.007 0.510
Willing 99 60 66 40 165 100

Attitudes toward plastic use Poor 48 39,3 74 60,7 122 100 0.000 0.363
Good 100 64.1 56 35.9 156 100

Plastic waste-processing behavior ~ Poor 38 323 80 67.8 118 100 0.000 0.216
Good 110 68.8 50 31.3 160 100

Plastic use behavior Poor 59 39.9 89 60.1 148 100 0.000 0.305
Good 89 68.5 41 31.5 130 100
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have frequent plastic use activities during the
pandemic compared to those who had good
knowledge. The results of this study are in line with
those if previous research, which found that there
was poor knowledge about various types of plastic
materials and their impact on health (Pocas and
Selbourne, 2023). This study also significantly related
waste processing attitudes (p-value=0.000) to plastic
use activities during the Covid-19 pandemic, with an
OR value of 0.325. Most respondents (94, 66.7%) had
good waste processing attitudes and frequent plastic
use activities during the Covid-19 pandemic.
Respondents with a poor attitude toward waste
processing were 0.325 times more likely to use plastic
in their activities during the pandemic compared to
those who had a good attitude. The variable
willingness to pay for plastic use activities during the
pandemic was significantly but partially related
(p-value=0.007), with OR=0.510. This result means
that respondents unwilling to incur additional costs
to avoid using plastic were 0.510 times more likely to
use plastic during the Covid-19 pandemic than the
comparison group. The majority (60%) of respondents
often used plastic and were willing to pay additional
costs to avoid using plastic. This finding contrasts with
previous research by SSemugabo et al. (2020), who
found that 67.1% of their respondents were unwilling
to spend money to protect the environment related
to waste issues. Abhilash and Inamdar (2022) also
found that most respondents (58.4%) were unwilling
to pay to avoid plastic use. Another attitude related
to plastic use activities during the Covid-19 pandemic
is attitudes toward plastic use. This study found that
respondents who had a poor attitude toward the use
of plastic were 0.363 times more likely (OR=0.363) to
use plasticin their daily activities than the comparison
group. This figure shows that respondents’ knowledge
regarding plastic utilization activities during the
pandemic tended to be poor. However, most
respondents had a good attitude. Individual
knowledge and attitudes were found to be closely
related. Previous research explained that individual
attitudes can also be influenced by factors other than
knowledge (Nsimbe et al., 2018). The present study
found that the behavioral variables of plastic use and
plastic waste processing were significantly related to
plastic use activities during the Covid-19 pandemic,
each with a p-value=0.000. The OR value for plastic
use behavior is 0.305, and the OR value for plastic
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waste-processing behavior is 0.216. Respondents
with poor use of plastic had the potential to frequently
use plastic during the Covid-19 pandemic 0.305 times
more compared to respondents with good behavior.
Based on the results of this study, respondents
continued to frequently use SUPs in their households
during the pandemic. These findings are strengthened
by previous research, which stated that 78.7% of
respondents used plastic bags as waste containers
(Ssemugabo et al., 2020). Other research also
confirmed that most respondents, regardless of age,
income level, or education, consume plastic products
every day. As many as 18%—20% of urban, suburban,
and rural respondents use plastic, grocery, and food
bags in significant quantities. Before the Covid-19
pandemic, the most used SUP products were plastic
shopping bags (35.2%), plastic food packaging
(23.8%), and plastic bottles (21.5%) (Jayasinghe et al.,
2022). The continuous increase in plastic waste
indicates the importance of processing plastic waste.
This study found that individuals with poor plastic
waste-processing behavior were 0.216 times more
likely to use plastic frequently during the Covid-19
pandemic than those with good knowledge (Table 3).
Thus, a reorientation toward internal production is
necessary because most plastics are not
biodegradable. It is also important to note that plastic
waste from the pandemic must be sterilized before
being recycled (Abhilash and Inamdar, 2022).
Regarding municipal waste management services,
even though people’s knowledge and attitudes
regarding waste sorting are increasing, their
motivation to sort waste is still relatively lower (Wang
et al., 2022). There is no difference in waste
management between SUP and other plastic
packaging at the household level. Both types of
plastic are regarded as waste made from the same
polymers (Schmidt and Laner, 2021). The availability
of alternatives to plastic is also an important focus.
Previous research found that 83.33% of respondents
chose to use plastic daily due to the lack of plastic
alternatives (Bandara et al., 2023). The conditions
that trigger the continuous use of plastic are then
considered in developing strategies to change
people’s behavior. The plastic use behavior of the
community can be positively influenced by increasing
their knowledge and boosting public confidence to
practice responsible plastic use, which, in the case of
this study, is avoiding the use of SUP. Interventions



can take the form of enhancing education, providing
technical equipment that supports waste collection
and sorting activities, and providing or facilitating
access to plastic alternatives. Plastic waste can be
minimized by recycling, although during the Covid-19
pandemic, recycling activities were difficult to carry
out due to movement restrictions and other safety
issues (Mohana et al., 2023). Recycling processes can
be classified into four types: primary (a mechanical
process is used to recycle plastic waste into products
with the same properties as bare plastic), secondary
(a mechanical process is used to recycle plastic waste
into products with lower properties than the base
plastic polymer), tertiary (a chemical process if used
to reduce polymers into monomers/oligomers so
they can be re-polymerized into new plastic products
or used to make other types of materials), and
quaternary (energy recovery in some forms of plastic
processing) (Abhilash and Inamdar, 2022). The
utilization of plastic trash as an energy source and the
repurposing of used plastic objects into value
synthetic products are effective solutions for the
management of plastic waste. A waste management
infrastructure must be established in order to
effectively implement the 4R principles and ensure
the appropriate  exploitation of resources
(Mahmoudnia et al., 2022). One way to reduce SUP is
to reuse plastic bags (Gomes et al., 2022) or use
reusable shopping bags (Amenabar et al., 2020). The
use of reusable plastic will reduce the potential for
health problems that arise due to plastic waste.
Previous research found that reusable plastic should
be used an average of 30 times to reduce the climate-
change-based health impacts of SUP (Deeney et al.,
2023). Plastic waste can also be reused in the
construction industry. Using plastic waste can not
only reduce the impact of plastic pollution but also
limit excessive dredging of sand and other materials.

Using 10% plastic mixture to replace cement can yield
more robust construction results than not using any
plastic waste in the mixture (Kamal et al., 2023).
Plastic waste from plastic bottles can also be used as
road-paving material (Russo et al., 2022). The use of
plastic for asphalting has been around since the
1980s. From 2000 to 2022, asphalting as a form of
processing plastic waste was a research topic in 412
studies (Ma et al., 2023). Previous research found
that using plastic waste as a paving material can help
increase the durability and service life of asphalt for
five years. Processing plastic as asphalt material is
also considered to have minor consequences for
human health and the ecosystem (Russo et al., 2022).
Other studies proposed the use of composting
methods for processing plastic waste, but in practice,
such methods cannot be applied to all types of plastic
waste. Thismethod can only be used on biodegradable
plastics. The public is also required to participate in
the sorting process, although previous research
found that people’s attitudes tend to be pessimistic
regarding the sorting process (Sun et al., 2023).
Choosing a composting method also requires
government synergy to stimulate the public to sort
waste that can go through the composting process,
including by pressuring the industry to put recycling
labels on plastics that can be recycled (Pocas and
Selbourne, 2023).

This study also simultaneously analyzes the
relationship between the dependentandindependent
variables through logistic regression (Table 5). It
selects independent variables for logistic regression
modeling using a p-value<0.25. The regression model
does not include the knowledge variable regarding
the impact of waste because it has a p-value>0.25.
By contrast, the other eight variables are included in
the regression model because they meet the p-value
requirement of <0.25.

Table 5: Bivariate selection results

Independent variables p-value
General knowledge about waste 0.186
Knowledge of the impact of waste 0.612
Knowledge of protecting the environment 0.000
Knowledge about using plastic during the Covid-19 pandemic 0.000
Waste management attitude 0.000
Willingness to pay 0.007
Attitudes toward plastic use 0.000
Plastic waste-processing behavior 0.000
Plastic use behavior 0.000
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Table 6: The first model analysis results of logistic regression

Variables

Plastic use activities during the Covid-19 pandemic

B SE Wald  p-value OR
General knowledge about waste -0.137 0.274 0.251 0.617 0.872
Knowledge of protecting the environment -0.417 0.285 2.141 0.143 0.659
Knowledge about using plastic during the Covid-19 pandemic -0.663 0.338 3.853 0.05 0.515
Waste management attitude 0.211 0.327 0.417 0.518 1.235
Willingness to pay -0.87 0.303 0.083 0.773 0.916
Attitudes toward plastic use 4.000 0.307 1.694 0.193 1.492
Plastic waste-processing behavior 0.968 0.346 7.817 0.005 2.634
Plastic use behavior 0.432 0.324 1.773 0.183 1.540
Constant -0.586 0.332 3.110 0.078 0.557
Table 7: Final model analysis results of logistic regression
Variables Plastic use activities during the Covid-19 pandemic

B SE Wald p-value OR
Knowledge about using plastic during the Covid-19 pandemic -0.920 0.308 8.930 0.003 0.398
Plastic waste-processing behavior 1.377 0.267 26.573 0.000 3.963
Constant -0.477 0.196 5.936 0.015 0.621

The results of the logistic regression in the initial
modeling are shown in Table 6. The variable general
knowledge about waste has a p-value=0.617. It does
not meet the p-value<0.05, so it is declared not
significantly related to plastic use activities during
the Covid-19 pandemic. The variable knowledge
of plastic use was simultaneously related to plastic
use activities during the Covid-19 pandemic
(p-value=0.05), with an OR=0.515. This result means
that with other variables, respondents with poor
knowledge regarding plastic use had the potential to
use plastic 0.515 times in their daily activities during
the Covid-19 pandemic. Three variables related to
attitude, namely, attitude toward processing waste
(p-value=0.518), willingness to pay (p-value=0.773),
and attitude toward plastic use (p-value=0.193), did
not have a significant influence on plastic. Waste-
processing behavior was stated to be simultaneously
related to plastic use activities during the Covid-19
pandemic, with a value of p=0.005. The modeling
results show that respondents who misbehaved
in managing waste were 2.634 times more likely
to use plastic daily during the pandemic. The
behavioral factor variable using waste was also not
simultaneously significantly related to plastic use
activities during the Covid-19 pandemic with p-value
=0.183 (Table 6).

Table 6 shows two variables significant to plastic
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use activities during the Covid-19 pandemic in the
model. The next step is to look at the most dominant
determinants influencing plastic use activities during
the Covid-19 pandemic through final modeling, which
contains the significant variables in the first modeling.
The final modeling results are presented in Table 7.
Based on Table 7, the association between plastic
use during the Covid-19 pandemic and the level of
knowledge regarding plastic use was statistically
significant (p=0.003). The OR of 0.398 suggests a
negative relationship between plastic use activities
during the pandemic and knowledge. This is further
supported by the negative beta coefficient (B) of
-0.920. Concurrently, there existed a correlation
between behavioral aspects in plastic waste
processing and the most recent modeling of plastic
use patterns amid the Covid-19 pandemic, as
indicated by a statistically significant p-value of 0.000.
The plastic waste management behavior variable
exhibits a strong positive connection (B=1.377) and
OR=3.968, making it the primary determinant of
plastic use behaviors during the pandemic. This
implies that individuals who exhibited inadequate
waste management practices were 3.968 times more
likely to engage in regular plastic usage in their daily
routines during the pandemic compared to individuals
who demonstrated effective waste management
practices. The consideration of recycling both



medicinal and non-medical waste is imperative to
uphold public health and mitigate potential
environmental hazards within the ongoing Covid-19
pandemic (Shekoohiyan et al., 2022). In the “new
normal” era, efforts to find solutions to excessive
consumption and production of plastic waste,
unsustainable use, and management of plastic are
becoming increasingly urgent (Winton et al., 2022).
Continuous use of plastic without proper processing
and management will trigger plastic pollution
(Mukhtar et al., 2023). Before the Covid-19 pandemic,
SUP waste was considered a major environmental
problem in land and marine ecosystems. The global
impact of plastic pollution has a detrimental impact
on flora and fauna, social welfare, and public health.
Plastic waste is known to cause environmental stress,
adding micropollutants to world ecosystems that are
vulnerable and stressed by change (Jayasinghe et al.,
2022). Previous research explains that most plastics
are burned, resulting in more significant pollution
(Sun et al., 2023). Poor waste management can be
the root of many health and environmental problems,
from the spread of disease to the increased release of
new pollutants (such as MPs) into the environment
(Mahmoudnia et al., 2022). Plastic generally ends up
in landfills and is difficult to biodegrade, leading to
dirty environmental conditions. Plastic waste has the
potential to block sewer lines and drainage systems,
which facilitates the breeding of disease agents such
as mosquitoes. This condition can also be a means for
the growth of other pathogens that cause malaria,
cholera, typhus, diarrhea, and other diseases
(Mukhtar et al., 2023). Therefore, drastic measures
are needed to reduce the amount of plastic pollution
(Van Rensburg et al., 2020). The ineffectiveness and
inadequacy of current waste management systems
and the lack of proper enforcement of environmental
regulations, post-pandemic mishandling of plastic
waste have escalated rapidly, causing severe
environmental impacts (Raja et al., 2020). Climate
change and the emergence of particulate matter are
the most influential impact categories in all waste
processing scenarios considered, amounting to 74%—
76% of the total environmental impact. Environmental
pollution, including plastic pollution in land, air, and
water environments, is also the cause of toxicity in
humans, amounting to 20%—22% of the total toxicity
cases (Bracquené et al., 2021). Facility closures during
the pandemic also had a significant impact on plastic
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recycling facilities around the world. This condition
resulted in the inappropriate and illegal dumping of
plastic waste into the sea and land (Shams et al.,
2021). The dominance of online plastic packaging
sales likewise causes plastic waste accumulation. The
increase in the amount of waste contradicts the
public’s desire to recycle waste (Abhilash and
Inamdar, 2022). One solution can be offered by
increasing public knowledge regarding efficient waste
management. Public knowledge about efficient waste
management will encourage the community to
participate in waste management. Besides
encouraging positive societal decisions, efficient
waste management will reduce waste pollution and
save costs (Fadhullah et al., 2022). During the
Covid-19 outbreak, there has been a notable surge in
the utilization of personal protective equipment (PPE)
and disposable plastic items. The condition bears
consequences for plastic garbage, as the improper
handling of such items poses a growing risk of
environmental harm. Bio-based or biodegradable
plastics have the potential to serve as a feasible
substitute for synthetic polymer plastics. The global
rental production capacity for biodegradable or bio-
based plastic is presently limited to a mere 4 million
tons. Developing biodegradable plastic materials,
such as face masks, has become essential and has
achieved significant development progress. The
substitution of these commodities with synthetic
plastics constitutes a crucial measure in mitigating
the environmental repercussions of the pandemic
(Mahmoudnia et al., 2022). Individual motivation can
encourage individuals to take the initiative to carry
out behavior, but external motivation will encourage
them to improve behavior for external rewards and
pressure. Self-motivation can continue to improve
and maintain waste-sorting behavior to a certain
level (Wang et al., 2022). Recycling SUP waste is a
difficult task because the composition of plastic itself
is complex (Bracquené et al., 2021). Therefore, people
need to be aware of the use of SUP and switch to
shopping bags that can be used many times. Based
on previous research, the composition of plastic
waste produced by households in one region in
Malaysia reached 19%. The study also explains that
locality is a significant factor related to perceptions of
waste management, with a p-value of 0.04
(p-value<0.05). Most respondents (80.2%) believe
that plastic recycling is a way to increase economic



development (improving economic and social
welfare), and 79.3% believe that increasing plastic
recycling will create new jobs (Roche et al., 2021).
The results of this study and the scientific debate
with previous research show the importance of
increasing public knowledge regarding waste in
general to include knowledge regarding waste during
the Covid-19 pandemic. Basic knowledge regarding
waste and knowledge that focuses on the reality
faced by society, namely, the Covid-19 pandemic
conditions, will encourage positive attitudes and
behavior in protecting the environment through
controlling decisions in using plastic waste.
Continuous training can increase knowledge so that
the entire community can manage waste well. If this
training can be carried out in the household
environment, it can motivate people to control the
accumulation of household waste (Fadhullah et al.,
2022). The community must also be motivated to
protect the surrounding environment from plastic
pollution (Shekoohiyan et al., 2022). Attitudes and
knowledge can change if they get motivation from
the social environment. Therefore, if the community
can behave well toward the use of plastic, then a
person’s attitude will also be good toward the
perception of the use of SUP (Wang et al., 2022). A
person’s behavior will change if there are three
elements present within them, namely, ability,
motivation, and opportunity (Allison et al., 2022).
Meanwhile, some motivation itself comes from
within the individual, and some from outside the
environment (Wang et al, 2022). This finding is
reinforced by other research showing that a
combination of skills, opportunities, and motivation
is required to implement behavior, indicating the
need for a holistic approach to intervention design
(Winton et al., 2022). The government is an essential
actor in stimulating people’s desire to be able to
process and manage plastic. According to Pocas and
Selbourne (2023), the government is the actor most
responsible for information regarding the benefits of
plastic for society as consumers. The government can
formulate regulations that pressure business actors
to use plastic that can be recycled or reused, as is
done in European countries (Pocas and Selbourne,
2023). In 2020, China introduced policies to reduce
plastic consumption and encourage a more
environmentally friendly lifestyle by gradually
banning or limiting the production, sale, and use of
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several actively promoted plastic products (Sun et al.,
2023). The Indonesian government has emphasized
that the implementation of waste management can
be carried out by district/city governments by
establishing waste management policies and
strategies based on provincial and national policies.
In Law Number 18 of 2008, district/city governments
have the authority to develop and supervise the
performance of waste management carried out by
other parties. Regional governments also have the
authority to determine the location of temporary
storage areas, integrated waste processing sites, and/
or final waste processing sites. Law Number 18 of
2008 also explains the community’s obligation to
manage household waste, including reducing and
handling waste in an environmentally sound manner.
Manufacturers are also encouraged to include labels
on packaging, with the aim of making it easier to sort
and handle waste, including plastic. This law
emphasizes that producers must manage the
packaging and/or goods they produce that cannot or
are difficult to decompose by natural processes. The
Republic of Indonesia Government Regulation
Number 81 of 2012 concerning the Management of
Household Waste and Similar Household Waste
reaffirms the role of producers in managing plastic.
Producers must develop plans or programs to limit
waste generation and use packaging that is easily
decomposed in nature and produces as little waste as
possible (Pemerintah Indonesia, 2012). Republic of
Indonesia Government Regulation Number 27 of
2020 concerning Special Waste Management,
including Plastic, also states that waste management
is done through reduction and handling. This
reduction limits the generation of specific waste,
recycles specific waste, and reuses plastic waste.
Meanwhile, the handling referred to in government
regulations is sorting, collecting, transporting,
processing, and final waste processing (Pemerintah
Indonesia, 2020). Indonesian government regulations
cover various waste issues, from processing,
management, and use to emphasizing different
responsibilities for each element of society. Good
regulations then require appropriate implementation
accompanied by monitoring and evaluation, as also
contained in the regulations. Previous research states
that the supervision, monitoring, and evaluation
process carried out by the government can be
influenced by systemic challenges, such as ineffective



communication and top-down policies (Trubetskaya
etal., 2022). The government can also start increasing
monitoring and evaluation of programs that have
been designed as permitted by regulations in
Indonesia. Furthermore, it can use the results of this
research as a consideration in designing programs by
focusing on increasing knowledge about the use of
plastic and plastic waste management behavior.

This study explains plastic utilization activities
during the Covid-19 pandemic. Plastic use during
the pandemic was largely prevalent (53.2%) among
the general population. A significant proportion of
individuals lacked enough understanding of waste
in a broader context, with 52.9% exhibiting limited
knowledge. A considerable majority (65.8%) likewise
possessed insufficient awareness regarding the
ramifications associated with the utilization of plastic
materials. By contrast, a significant proportion of
the general population possessed a commendable
level of understanding pertaining to the use of
plastic materials amid the pandemic, with 71.6%
demonstrating awareness in this regard. Additionally,
a noteworthy percentage of individuals (51.8%)
exhibited a commendable level of knowledge
concerning the safeguarding of the environment
during the pandemic. Community attitudes tend to
be good in using plastic waste (56.1%), willingness
to pay (59.4%), and waste management (50.7%).
The majority of waste usage behavior was poor
at 53.2%, whereas waste management behavior
tended to be good at 57.6%. General knowledge
about waste (p-value=0186) and the impact of
waste (p-value=0.612) were not significant on
plastic use activities during the Covid-19 pandemic.
Partially, knowledge about plastic during the
Covid-19 pandemic (OR=3.345), knowledge of
maintaining the environment (OR=2.370), plastic use
attitudes (OR=0.363), waste management attitudes
(OR=0.325), plastic use behavior (OR=0.305), and
plastic waste management behavior (OR=0.216) were
significantly related to plastic use activities during
the pandemic, with each having a p-value=0.000.
Willingness to pay was also partially related to
plastic use activities during the pandemic, with
p-value=0.007 and OR=0.510. Simultaneously,
knowledge about plastic was significantly related to

431

plastic use activities during the Covid-19 pandemic
(p-value=0.003), with OR=0.398, and the direction
of the relationship was negative (B=-0.920). Plastic
waste management behavior was the dominant
factor influencing plastic use activities during the
pandemic (p-value=0.000). Individuals with poor
plastic waste management behavior had 3.963 times
more significant potential to frequently use plastic in
their daily activities than those with good behavior
in managing plastic waste. Plastic consumption
has increased since the Covid-19 pandemic. This
situation happened because of changes in human
lifestyle during the pandemic, cheap prices, and easy
access. Plastic pollution has various impacts, both
on environmental health and human health. Several
actions can be taken to address potential adverse
impacts, starting with selective delivery of materials
to recycling sites and improvements to the sorting
stage. This research recognizes the need to deepen
the community’s barriers to good plastic use and
management behavior. However, this research is
limited to behavioral determinant factors, namely,
attitudes, knowledge, and actions. It is hoped that
future research can further explore the determinants
of individual behavior by using different perspectives,
such as the health belief model. This model can
dissect individual perceptions from various aspects,
including perceived barriers and perceived benefits,
which are not the focus of the current research.
Future research can also collect information through
a qualitative approach to find in-depth information.
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Jordan’s limited water resources have reduced daily water
consumption, leading to a highly concentrated greywater production rate of 54 million cubic meters
per year. The presence of nitrate ions, total dissolved solids, total suspended solids, chemical oxygen
demand, and biological oxygen demand in greywater poses excellent environmental and health risks
when disposed untreated. Water scarcity directly impacts water and food security and is expected
to intensify at the current resources management practices. The significance of the current and
predictable water shortage in the context of sustainable development and the presence of new
technologies brought further attention to utilizing non-conventional water sources. Reclamation
of treated wastewater, greywater, brackish, and seawater desalination is Jordan’s water budget’s
only non-conventional water resource. This study aims to address Jordan’s water scarcity crisis by
developing a low-energy, solar-powered greywater filtration system using natural materials while
ensuring compliance with Jordanian standards for safe agricultural applications.

Several treatment methods have been proposed; however, most of these systems
require high to medium energy levels for treatment purposes. Hence, the running cost of the
system is relatively high. To address this issue, a four-stage, low-energy, green, and decentralized
solar filtration system for greywater treatment has been developed, which uses natural materials
available in Jordan and activated carbon to reduce organic and solids content and remove
pathogens. The system also uses hot water generated by a Photovoltaic solar system to sanitize the
greywater, a novel concept of approach for sanitization. This innovative system is powered entirely
by solar energy and can be installed in individual homes.

The results of the developed solar filtration system were very efficient in reducing turbidity,
chemical oxygen demand, and Escherichia coli removal: 92, 95, and 100 percent, respectively.
Furthermore, the system showed a high potential for total coliforms and Escherichia coli inactivation,
reaching 4.64 and 3.15 log units, respectively. Product water meets Jordan standards, ensuring safe
reuse for irrigation applications. The findings of this study highlight the satisfactory performance of
the developed greywater solar filtration setup. The economic feasibility analysis demonstrates that the
proposed system is economically viable and financially sound. The system’s reliance on solar energy
and the absence of consumables contribute to its sustainability. They are addressing sustainable
practices in greywater treatment in addition to water scarcity concerns.

The treated greywater, obtained through the series of treatment steps, including
solar disinfection, successfully met the Jordanian standards for safe reuse. The substantial reduction
of Escherichia coli and total coliforms to acceptable levels demonstrates the treatment system'’s
effectiveness in generating pathogen-free greywater, suitable for a wide range of applications. The
study concludes that the solar filtration setup consistently delivers high-quality, pathogen-free
greywater, meeting stringent regulatory requirements. This innovative, sustainable system offers
a viable solution to Jordan’s water scarcity, introducing a new non-conventional water resource
that requires no consumables (non-chemical, non-hazardous materials), thereby addressing
sustainability concerns in greywater treatment.
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Almost 94 percent of people in Jordan have access
to fresh water through the public network, and 93
percent (%) have access to clean sanitation services
(63% via the public sewer network and 30% via other
safe means) (MWI, 2023). As a leader in the reuse of
treated wastewater, 90% of wastewater produced
in Jordan around 178.2 million cubic meters (m?3)
annually- is treated at 32 wastewater treatment
plants to ensure compliance with Jordanian irrigation
and industrial reuse standards and is reused directly
or indirectly in agriculture (Bdour and Hadadin,
2005). According to the most recent water budget
report from the Ministry of Water and Irrigation
(MWI, 2023), the available water from all resources
in 2022 was 1104.8 million m? distributed as 30.8%
surface water, 54.4% groundwater, 14.5% treated
wastewater, and 0.3% sea desalinated water
(Fig. 1.). Around 96% of available water are mainly
used for domestic and agricultural purposes, where
the municipal uses about 47.5%, irrigation uses 48.6%,
and the industrial sector uses only 3.3% (WMI, 2023).
The domestic water demands represent one of the
most significant challenges faced by the water sector
in Jordan. Water Authority of Jordan (WAJ) claimed
that as the drinking water deficit remains an alarming
problem due to water shortage, the exponential
population growth intensifies the domestic water
needs, creating inflation in the domestic water tariffs

increase the water charges for domestic and industrial
uses to compensate for the prolonged increase in
water demands accompanied by the intense water
shortage. The domestic and industrial water tariffs
have almost doubled over the last decade. As such,
although the most significant freshwater sources are
allocated to the agricultural sector (about 51-60%
of the groundwater), the irrigation water tariffs also
increased, at least by more than 20% (MWI, 2023;
Van Den Berg and Agha Al Nimer, 2016).

Overview of the promising role of greywater

For countries with limited water resources, every
droplet is very important. Jordan is considered one
of the poorest countries in water availability rates
according to the population-resource equation
(Fig. 2). This water challenge has increased in the last
few decades as a result of natural expansion as well
as the influx of refugees. Hence creating a burden
on the limited water resources. In other words, the
water used is higher than the renewable supply
(Halalsheh et al., 2008). This water shortage leads
to the production of large amounts of concentrated
greywater. Finding alternative water resources and
recycling methods is important since greywater can
be collected, treated, and later used in agricultural
fields (Chowdhury and Abaya, 2018). Greywater is
generally defined as wastewater resulting from used
water except for toilet use (fecal contamination)

(MWI, 2023). Over the last decade, WAJ decided to (Hadadin et al.,, 2010). The composition and
54.4%
Groundwater
601.3 MCM
45%
Domestic
497.4 MCM 3.3%
industrial
36.9 MCM
Water uses
and resources:
0.9% 1104.8 MCM
livestook 0.3%
10 MCM Sea desalination
50.7% ZMcM
14.5% Irrigation
Treated wastewater 560.5 MCM
159.9 MCM
30.8%
Surface water
340.4 MCM

Fig. 1: Water uses and resources for 2022 (MWI, 2023)
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Fig. 2. Per capita share of water in (m?/year) in Jordan for the last decade (MWI, 2023)

characteristics of greywater vary and reflect the
nature of lifestyle and the variations in used water
compared to discharged waste. It is acidic and has a
potential of hydrogen (pH) value of 5.44 (Chowdhury
and Abaya, 2018; Balasubramanya et al., 2022). It
is estimated that 50-80% of greywater is produced
from household wastewater (Balasubramanya et
al., 2022; Albalawneh and Chang, 2015). In 2018,
the amount of greywater produced in Jordan at
the household level typically ranged from 51 to
63 Liter per person per day (L/person/day) and
about 54 million m3/ year (Al Arni et al., 2022). Few
studies investigated the characteristics of greywater.
Ammari et al. (2014) reported the average values
of nitrates (NO?3), total dissolved solids (TDS), total
suspended solids (TSS), chemical oxygen demand
(COD), and biological oxygen demand (BOD) to be
104.7, 2022, 508, 1688, and 1155 parts per million
(ppm), respectively. The reported characteristics
were higher than the Jordanian standards (JS
893/2006) of chemical and biological characteristics
for recycled greywater, indicating the need for
treatment before use. Various technologies are being
studied and developed for greywater treatment.
Some technologies focus on biological treatment
systems, including upflow anaerobic sludge blanket
(UASB), membrane bioreactors (MBR), constructed
wetlands (CW), and sequencing batch reactors
(SBR). For example, by adding seed sludge from an
anaerobic digester processing primary and secondary
sludge, UASB achieved 76% biodegradability and
84% COD removal (Leong et al., 2017). However,
the specific conditions affecting their performance,
such as greywater fractions and loading rates, need
more detailed exploration to optimize their efficiency
(Bani-Melhem et al., 2023). Hybrid membrane

bioreactors (HMBR) removal of COD, BOD,, and
total phosphorus (TP) was identical to conventional
bioreactors except for ammonia (NH,), which was
slightly higher in the modified bioreactor (Palmarin
and Young, 2019). Using a multistage CW showed
that the system performance depends on different
greywater fractions and hydraulic and organic loading
rates (Magalhdes Filho et al., 2021). The coupling
between SBR and solar photocatalytic reactor (SPCR)
as a potential method to remove contaminants
from greywater (organics, nutrients, and emerging
contaminants (ECs)) reached 100% efficiency for the
net total organic carbon (TOC) removal, and 93 % for
total nitrogen (TN) removal (Priyanka et al., 2022).
While HMBR demonstrated similar performance
to conventional bioreactors, understanding the
implications of higher ammonia levels in modified
bioreactors is essential for evaluating its overall
effectiveness (Blanky et al., 2017).

Other technologies looked into chemical treatment
systems, such as granular activated carbon,
coagulation (GAC), ion exchange, and photocatalytic
oxidation. The study of biologically active GAC (BAC)
as a recommended media for biofilters found that the
Freundlichisotherm was the best fit for the equilibrium
adsorption data; the adsorption kinetics were found
to be best fit by the pseudo-second-order and
intraparticle diffusion models. Also, intraparticle pore
diffusion was rate-limited, with some mass transfer
resistance due to external film diffusion at lower COD
gradients (Sharaf and Liu, 2021). The assessment
performance of intermittently operated saturated
filters of different grain sizes using natural greywater
coagulated with polyaluminium chloride (PACI) based
on physicochemical and microbial parameters showed
a significant reduction in turbidity, BOD, and COD
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Fig. 3: Flow chart of the proposed solar filtration system (SFS)

by 94, 76, and 80%, respectively when using sand
filtration after coagulation (Singh et al., 2021). Spent
green tea was evaluated as a potential adsorbent
to remove toxic materials from greywater, such as
mercury (Hg?*), lead (Pb*), and cadmium (Cd*), which
found the highest adsorption capacity for Hg?*" and
Pb* ranged from 10 to 100 milligram/gram (mg/g).
The adsorption efficiency at various concentrations
in mono systems by the adsorbent from tea waste
ranged from 99.99% to 100% for Hg?* and Pb?* and also
from 11.11% to 18.28% for Cd** (Gameli et al., 2022).
Also, a submerged spiral-wound ultrafiltration (UF)
membrane module for a greywater treatment system
was investigated. It found that the UF membrane
filtration system could maintain a permeate flux of 6
to 10 Liter per square meter per hour (L/m?/h). TOC
in the permeate can be reduced from 161 milligrams
per liter (mg/L) in the influent to 28.6 mg/L, resulting
in an average elimination rate of 83.4 (Li et al., 2009a).
It needs a discussion on the long-term performance,
fouling issues, and practical considerations for large-
scale implementation (Khalil and Liu, 2021). Physical
treatment systems are also being studied, including
membrane filtration and coarse sand and soil filtration,
which was mostly followed by a disinfection step (Li
et al., 2009b). The effectiveness and performance of
a horizontal series filter (HSF) containing different
efficient adsorbents such as GAC, natural zeolite,
and pumice in single and combined forms for the
removal of COD, BODS5, TDS, pH, and turbidity from
greywater showed that GAC outperformed zeolite as
the best adsorbent for removing COD, BODS5, and TDS
from greywater. However, pumice is preferable for
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removing turbidity (Bahrami et al., 2020). It reported
that the biodegradability of greywater is badly affected
due to the existence of surfactants and nutrients. The
standard greywater treatment methods only removed
some of the amount of surfactants and nutrients.
These nutrients are the best food to be consumed
by bacteria such as Escherichia Coli (E. coli), found in
greywater. Despite the efficiency of these proposed
systems, these treatment systems suffer from a
significant drawback as they require a high to medium
level of energy for treatment purposes; hence, the
system’s running cost is relatively high (Waris and
Ghaith, 2022). The primary aim of the current study
is to design a decentralized, low-cost, and green
greywater treatment system that can recycle treated
water for toilet flushing, garden irrigation, and car
washing purposes rather than disposing of it into the
sewer.

Moreover, hot water using a photovoltaic (PV) solar
system will be utilized to sanitize the greywater by
elevating water temperature to a level that can Kkill
most pathogens and microorganisms in greywater.
These objectives collectively aim to advance the
understanding of greywater treatment technologies,
offer a practical solution with environmental and
economic benefits, and provide valuable non-
conventional water resources in regions facing water
scarcity challenges. This study was conducted at
Jordan University of Science and Technology (JUST)
in 2022-2023. By addressing the aforementioned
knowledge gaps, this study can ensure that the
proposed greywater treatment system is innovative,
sustainable, and precisely tailored to the challenges



presented by Jordan’s water shortage dilemma.

The greywater treatment system designed and
developed in this study is to be decentralized and
standalone, allowing it to be installed at individual
households, buildings, or properties. This approach
provides building owners, whether residential or
commercial, the flexibility to install a system tailored
to their needs and reuse the treated water for
different purposes. Also, the system has a low energy
consumption and is driven by solar energy.

System design and development

In recent years, various natural minerals, including
clay, silt, and zeolite, have significantly removed
hazardous materials from water and wastewater
resources. The developed system treats greywater
in four stages, as shown in Fig. 3. Stages 1, 2, and 3
contain silica sand, zeolite, and activated carbon,
respectively. The designed system directs water to
enter each stage aforementioned from the top and
exit to the next stage from the bottom. Then, the
treated water is passed through solar collector tubes.
The greywater will undergo several filtration stages
intended to remove solids that may be present via
silica sand, absorb chemicals that may be present by
zeolite, and remove any residual detergents and odor
that may remain in the greywater using activated
carbon. The output of the third tank passed through
solar collector tubes, which provide uniform heating
to avoid any cold spots where pathogens may survive
and overcome microbial and pathogen resistance for
chemical treatment.

The solar disinfection step was introduced as
thermal disinfection is probably the eldest disinfection
technique (Pansonato et al., 2011). The temperature
of filtered greywater is increased and optimized to
reach about 70 degrees Celsius (°C), which is higher
than the optimal temperature for heat pasteurization
of 65°C needed to kill existing pathogens in greywater
(Al-Gheethi et al., 2013; Khajvand et al., 2022).
Moreover, introducing hot air into the first three
stages of the system through a specially designed
opening was also tested to investigate the effect
of hot air in enhancing the treatment results by
sanitizing the treatment medium and water. Hot air
was introduced through solar units that heated and
conducted the ambient air into the tanks. In order

to optimize the operating parameters, this study
investigated the optimum flow rates of feed water,
material characteristics, operating temperature, and
contact time. The experimentation was based on
the quality of the treated water and incorporated
physical and chemical tests required by the Jordanian
standards of water (JS 893/2006) (Ammari et al.,
2014). Fig. 4 shows the greywater system that has
been designed and used in this study, which consists
of the three tanks, while Fig. 5 shows the solar panels
used for hot air and the disinfection unit.

To determine the optimum contact time for
sanitizing greywater, several factors were considered
in this study, including initial pathogen concentration,
initial water temperature, and desired level of
disinfection. Commonly, at higher temperatures,
the required contact time is shorter. This study
investigated contact timeintervals, namely, 2 minutes,
4 minutes, and 6 minutes, to determine the sufficient
level needed to achieve the desired reduction in
fecal coliform bacteria that meets Jordan Standards
for recycling reclaimed domestic wastewater (JS
893/2006). Herein, more than hot water treatment
is required for the complete disinfection of all types
of pathogens, and other treatment techniques may
need to be combined to achieve the desired level of
disinfection.

Experimental procedures

One milestone aspect of this study was the
optimization of various parameters of the treatment
process, such as the size of silica sand particles used in
the first stage of treatment. Initially, a 400 micrometer
(um) silica sand was used, but this particle size was
unsuitable as it blocked the porosity and clogged the
treatment tank due to the small size. Changing the
size to around 1 millimeter (mm) showed a better
performance of the treatment tank. Table 1 shows
the grain size distribution of the various filtration
mediums used in this experiment. For silica, most
of the medium falls within the range of greater than
600 um and less than 1.8 mm, accounting for 86% of
the total. A tiny portion, only 0.90%, lies within the
range of greater than 1.8 mm and less than 2 mm.
The remaining 13.10% of the silica medium has a
diameter smaller than 600 um.

A total of 2400 liters (L) of greywater from domestic
household showers and bathroom sinks were treated
using the proposed system. The water was treated
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Fig. 4: Developed greywater filtration system

Fig. 5: Solar panels used for hot air and the disinfection unit

with and without the introduction of hot air. It is
worth noting that no synthetic greywater was used
in this study. The tests were conducted on different
days due to the limited daily greywater collection
and unsuitable weather conditions. Greywater from
the bathroom sink and showers were mixed in a
tank and conveyed to the tanks according to the
previous description. Samples of water from the
mixture tank and out of each tank were collected to
conduct different physical, biological, and chemical
tests; locations of sampling points are shown in
Fig. 3. A total of 24 greywater samples were collected
from the influents and effluents of the SFS stages,
and stored at room temperature for a maximum of
three days. The collected samples were analyzed for
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pH, electrical conductivity, turbidity, BOD, COD, TOC,
density, E. coli, and total coliforms. The majority of
the tests were conducted at the WAJ laboratories.
The greywater system designed in this study
operates as a decentralized and standalone unit,
providing adaptability for individual installation in
wide settings. The four-stage treatment process
incorporates silica sand, zeolite, and activated carbon
to eliminate solid contaminants effectively, absorb
chemicals, and neutralize residual detergents and
odor. Solar collector tubes and the introduction of
hot air contribute to thermal disinfection, optimizing
pathogen elimination (Samimi and Moghadam,
2024). Experimental procedures involved an essential
optimization phase, determining factors like silica



Table 1: The grain size distribution of the various filtration mediums used in this experiment.

Silica Zeolite Granular activated Carbon
600 pm -1.8 mm 86% 600 pm -1mm 19% 300 pm - 600 pm 2%
1.8 mm-2 mm 0.90% 300 pm - 600 pm 24% 600 um - Imm 98%
<600 pm 13.10% 1mm-1.4 mm 57
Table 2: Average measurements for treatment with and without hot air
With hot air Without hot air
Measured
parameter Mix Silica sand tank Zeolite Carbon Mix Silica sand tank Zeolite Carbon
tank tank tank tank tank tank

pH 7.29 7.5 7.6 8.01 7.22 7.3 7.5 7.81
TDS 428 429 442 448 593 436 448 488
Turbidity 62.6 25.8 4.8 4.4 77.2 35.2 7.9 4.5

sand particle size, contact time, and the impact of hot
air introduction. Notably, optimizing the treatment
process parameters, such as the size of silica sand
particles, was undertaken to enhance overall system
performance. The experiments used 2400 liters
of natural domestic greywater from showers and
bathroom sinks. Samples were collected at various
stages, and a comprehensive set of physical, chemical,
and biological tests were performed to evaluate
the system’s efficiency. The grain size distribution
of filtration media was carefully considered, with
adjustments made for optimal performance. The
methodology ensured a robust investigation,
addressing specific challenges identified in greywater
treatment.

Sand filtration media

Basic tests were made on the site where the treatment
system is located. Each tank, including the mixture tank,
TDS, pH, and turbidity, were measured and recorded
for 18 test runs. The readings of the mixture tank were
also taken as a reference to investigate the efficiency
of the treatment process. Table 2 lists the average
measurements for the treatment of 2400 L with and
without the introduction of hot air for each filtration
stage. The changes in measurements through the
treatment process suggest that the medium nature
of filtration tanks could cause such changes, such as
an increase in pH values throughout the stages and a
significant decrease in turbidity. No change was seen in
TDS values, suggesting that extra chemical treatment
might be needed to decrease these readings. At this

stage, no apparent effect of using hot air was seen as the
trend of the measurements did not differ; theoretically,
there is no role of hot air in these measurements.
According to the Jordanian standards for treated
greywater, treated wastewater must have a pH
value between 6 and 9, TDS up to 2000 mg/L,
turbidity up to 5 nm, and according to the results
presented in Table 2, the treated water meets these
standards. It can be used for various usages, such
as irrigation and toilet flushing. Another set of tests
used for qualifying greywater includes measuring
concentrations of some heavy metals in the treated
water. The same samples were collected and tested
on Inductively Coupled Plasma Mass Spectroscopy
(ICP-MS) at JUST. Table 3 lists the average results of
some heavy metal concentrations versus Jordanian
standards. The results are for an average of 2400 L of
greywater treatment. The results in Table 3 show that
the water in different tanks matches the standard in
terms of heavy metal concentration. It is also worth
mentioning that the water in the mixture tank meets
the standard; the medium-used tanks do not affect
the heavy metal concentration. However, some
concentrations increased at certain tanks but were
still within the limits of the Jordanian standards. Hot
air usage does not show a significant effect.
Chemical and biological tests were conducted in
the quality laboratories at the Water and Irrigation
Ministry. A total of 2400 L were treated, and samples
were collected and sent to the laboratories in three
batches. Table 4 lists the average results of biological
and chemical tests versus the Jordanian standards;
the tests include measurements for BOD, COD, E.
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Table 3: The average results of some heavy metals concentration versus Jordanian standards

With hot air (mg/L) Without hot air (mg/L) JS 893/2006
Heavy Mix Silica sand Zeolite Carbon Mix Silica sand Zeolite Carbon Standard
metals tank tank tank tank tank tank tank tank value (mg/L)
Li 0 0 0 0 0 0 0 0 2.5
Al 0.45 0.4 0.72 0.51 0.52 4 0.46 0.36 5
Vv 0 0 0 0 0 0.01 0 0 0.1
Cr 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.1
Fe 0.28 0.12 0.44 0.49 0.21 2.75 0.23 0.37 5
Mn 0 0 0.01 0.01 0 0.06 0 0 0.2
Co 0 0 0 0 0 0 0 0 0.05
Ni 0.01 0.01 0.03 0.01 0.01 0.04 0.01 0.01 0.2
Cu 0.01 0.01 0.02 0.07 0.01 0.03 0.01 0.03 0.2
Zn 1.21 1.55 1.49 2 1.54 1.63 1.48 1.68 2
cd 0 0 0 0 0 0 0 0 0.01
Pb 0.03 0.01 0.15 0.23 0.02 0.05 0.03 0.07 5

coli, and acrylonitrile-butadiene-styrene (ABS). The
results in Table 4 show that the treated water from
the system can be used for irrigation but not for toilet
flushing. Also, using hot air does not improve the
result of treated water. In fact, hot air has a negative
effect on E. coli results as this type of bacteria is an
aerobic bacterium, so it will reproduce in a medium
that contains air and high temperature. However,
the treated water using hot air can still be used for
irrigation. This summarized all tests that have been
conducted for the greywater treatment system. All
results confirm the standards, so the system that has
been used can be efficient in treating greywater to
save the waste of water that can be used for other
purposes, especially for irrigation.

Solar disinfection

The results presented in Table 5 demonstrate the
effect of each treatment phase on COD, BOD, total
coliform, and E. coli levels in the treated greywater.
The treatment process involved passing the filtered
greywater through a series of treatment phases,
including silica sand, zeolite, carbon, and solar
tubes. The initial concentration of Escherichia coli
was 49,000, the most probable number per 100
milliliters (MPN/100mL). No effect was seen on E.
coli concentration in the first two stages of filtration
(Silica sand and Zeolite tanks), which remained
consistent at a concentration of 49,000 MPN/100mL.
However, a significant reduction to 1400 MPN/100mL
was measured after passing through the Carbon tank,
reaching a 0.54 log units E. coli inactivation. This
indicates that the carbon filtration process effectively

removed a substantial portion of the E. coli present in
the greywater. The solar disinfection treatment unit
remarkably impacted the E. coli content, reducing
it to 0 MPN/100mL. Results indicate that the solar
disinfection unit was highly effective in removing E.
coli from the greywater, reaching a 3.15 log unit E. coli
inactivation, comparing the results of the microbial
removal of SFS with other systems investigated in
previous studies, such as stand-alone sand filtration,
rotating biological contactor followed by sand
filtration, and a membrane bioreactor equipped
with ultrafiltration membranes (Friedler et al., 2006).
Both rotating biological contactors, followed by
sand filtration and membrane bioreactor, exhibited
substantial microbial removal, with 2.1 and 3.6 logs
removal (Friedler et al., 2006), while the SFS system
achieved a 3.15 log units E. coli inactivation.

Similarly, the initial concentration of total coliforms was
16,000,000 MPN/100 mL. The subsequent treatment
steps in the silica sand and zeolite tanks decreased total
coliform concentration to 5,400,000 MPN/100mL (0.47
log units’ total coliforms inactivation). The value was
significantly reduced to 79,000 MPN/100mL (1.83 log
units’ total coliforms inactivation) after passing through
the carbon tank, as illustrated in Fig. 6.

Remarkably, the solar treatment unit brought
the total coliform count to a level lower than 1.8
MPN/100 mL, reaching 4.64 log units’ total coliform
inactivation. This indicates that the solar disinfection
process reduced the total coliform concentration and
met the specified limit, suggesting that the greywater
was effectively treated to remove coliform bacteria.
In terms of organic pollutants, the levels of BOD and
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Table 4: The average results of biological and chemical tests versus the Jordanian standards

With hot air (mg/L)

Without hot air (mg/L)

JS 893/2006
Test Mix Silica Zeolite  Carbon Mix Silica sand Zeolite Carbon Standard value
tank sand tank tank tank tank tank tank tank
60 (mg/L) (Irrigation)
BOD (mg/L) 26 28 30 14 27 29 29 13 10 (mg/L) (Toilet
flushing)
120 (mg/L) (Irrigation)
COD (mg/L) 456 416 137 22 330 262 124 14 20 (mg/L) (Toilet
flushing)
104 (MPN/100mL)
E-coli (Irrigation)10
(MPN/100mL) 22,000 110,000 17,000 4,900 14,000 1,100 700 700 ((MPN/100mL)
(Toilet flushing)
ABS (mg/L) 1.1 1.2 13 0.5 1.2 1.3 13 1 25 (mg/L)
Table 5: Effect of each treatment step on COD, BOD, total coliform, and Escherichia Coli
Measured parameter Silica sand tank Zeolite tank Carbon tank Solar tube Unit
Escherichia coli 49,000 49,000 1400 0 MPN/100mL
Total Coliforms 16,000,000 5,400,000 79,000 <1.8 MPN/100mL
BOD 24 22 11 12 mg/L
COoD 545 56 29 19 mg/L

COD were progressively reduced throughout the
treatment process. The BOD concentration decreased
from 24 mg/L in the untreated greywater to 11 mg/L
after passing through the carbon tank, and the COD
concentration decreased from 545 mg/L to 29 mg/L
in the same treatment step. The solar tube treatment
resulted in a slight increase in BOD (12 mg/L) and a
further decrease in COD (19 mg/L), as shown in Fig. 7.

A one-way analysis of variance (ANOVA) (Samimi
et al., 2023) was conducted to assess the statistical
differences among the means of each treatment
step for the parameters of interest, including E. coli,
Total coliform, BOD, and COD. The results revealed
statistically significant mean differences for all analyzed
parameters (p < 0.05) (Samimi and Nouri, 2023). These
results indicate that the overall efficiency of greywater
SFS was sufficient. Treated greywater obtained after
the various treatment steps, including the solar
disinfection process, met the Jordanian standards
for safe reuse. Reducing E. coli and total coliforms
to acceptable levels demonstrates the treatment
system’s effectiveness in providing pathogen-free
greywater suitable for various applications. The
solar-equipped filtration unit succeeded in greywater
treatment, particularly in turbidity, chemical oxygen
demand (COD), and Escherichia coli (E. coli) removal. A
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comparative analysis of treatment efficiency with and
without the solar system provides valuable insights
into the benefits of solar disinfection. Table 5 presents
the effect of each treatment step on COD, BOD, total
coliform, and E. coli in the treated greywater. Solar
disinfection was highly effective, reducing E. coli
concentration to 0 MPN/100mL, demonstrating a 3.15
log units E. coli inactivation. The solar treatment unit
also brought the total coliform count to a level lower
than 1.8 MPN/100 mL, reaching a 4.64 log unit total
coliform inactivation. These results underscore the
success of the solar disinfection process in achieving
pathogen-free greywater, making it suitable for various
applications. The solar-equipped filtration unit meets
water quality standards and demonstrates enhanced
efficiency in pathogen removal, affirming its suitability
for safe water reuse in various contexts.

SFS lifecycle cost analysis (LCCA)

The LCCA of the SFS includes four major items
as illustrated in Table 6: Initial investment 1)
which include storage tanks, pumps, solar panels,
drainpipes, pipe fittings, filter media, and electrical
control devices; 2) Operating and maintenance
costs (OMC) which includes costs of filer medium
replacement every ten months and cost of regular



Fig. 6: Total coliforms and Escherichia coli removal efficiencies across different tanks

Fig. 7: BOD and COD removal efficiencies across different tanks

cleaning of the solar panel, and fittings and parts
replacements; 3) Assuming the revenues and savings
(RS) of using SFS water will approximately save 40% of
the water utility bill which is 17.5 US Dollars (USD) per
month (210 USD) yearly per dwelling unit; 4) Resale or
Salvage value; assuming that SFS needs replacements
approximately every 15 years and costs 340 USD.
To perform financial calculations and evaluate the
economic viability of the proposed system over its
entire lifespan, Table 6 shows the values used in the
economic feasibility calculations.

In this study, the net present value (NPV) has been
calculated to investigate the LCCA with a minimum
acceptable rate of return (MARR) of a minimum of 3%
(Juan et al., 2016). This analysis used three leading
investments using Eq. 1 (Bdour et al., 2023).
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With Net Present Value (NPV)

RS -OMC
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DR)
With Payback Period (PP), using Eq. 2 (Bdour et al.,
2023).
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NPV =
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I
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With Benefit Cost Ratio (BCR), using Eq. 3 (Bdour
et al., 2023).
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II: Initial investment of SFS system



Table 6: SFS Lifecycle cost analysis parameters

Parameter Value

Initial Investment (I1) USD 850
Operating and Maintenance Costs (OMC) per year UsD 120
Revenues and Savings (RS) per year uUsD 210
Lifecycle Duration (LD) 15 years
Discount Rate (DR) 10%

Resale Value (SV) USD 340

OMC: Operating and Maintenance cost of SFS per
year.

RS: Revenues and Savings per year, representing
the difference between water bills with and without
the SFS system.

LD: Lifecycle Duration, which indicates the
expected operational lifespan of the setup.

DR: Discount Rate, which accounts for the time
value of money.

SV: Resale Value or Salvage Value represents the
potential value that can be recovered if the system
is sold.

In this study, OMCs were considered part of the
LCCA, as outlined in Table 6. The OMC includes
the cost of filter medium replacement every ten
months, regular solar panel cleaning, fittings, and
parts replacements. The frequency of maintenance
is designed to ensure optimal and sustained system
performance. The 10-month interval for filter medium
replacement is based on empirical observations and
aims to address any potential decrease in filtration
efficiency over time. Regular cleaning of the solar
panel is essential to maintain its effectiveness in
harnessing solar energy for disinfection. Table 7 shows
the economic feasibility analysis of the developed
SFS. These results demonstrate that the SFS system is
economically viable and financially sound. The positive
NPV, high initial rate of return (IRR), relatively short PP,
and a BCR greater than one suggest that investment in
the developed system is favorable. Furthermore, this
system will be attractive to owners and households
of dwelling units due to its profitability; buying it
will allow them to treat and reuse a good portion of
the water used for showers and toilets. This treated
greywater can be used safely for irrigation without
threatening their health and environment. Although
the system’s revenue is vital, applying this system will
ultimately help lessen the water shortage in Jordan by
introducing a new non-conventional water resource.
Also, bearing in mind that the developed system
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entails no consumables (non-chemical, non-hazardous
materials) that work as a standalone system to address
the sustainability of greywater treatment.

According to a study by Tabieh et al. (2022), it was
estimated that the average value to produce one
cubic meter of domestic water in Jordan is 2.4 USD.
However, in 2023, the government recently increased
the water tariff for the domestic sector, which
showed the highest water unit prices. It has been
assessed that water bills for household consumers
will rise by 10 USD for consumption over 73 cubic
meters (MW!I, 2023). Comparing this cost with other
countries worldwide, the cost in the United States
is 0.75 USD, Japan 1.5 USD, and Germany 3.05 USD
(Varady et al., 2022). Previous studies have shown
that water scarcity directly impacts water and food
security and is expected to intensify at the current
resources management practices. Jordan’s resources
are being unsustainably utilized to compensate for
the population needs in the supply-demand chain
(Belda Gonzalez, 2018). As illustrated in Figs. 8 and 9,
the intensifying pressure on the country’s resources,
accompanied by a drastic increase in the water and
food demands, is also threatening the sustainability
of the energy sector in Jordan since it imports about
94% of its fossil fuel resources. This has indirectly
contributed to the high electricity tariffs in Jordan.

The significance of the current and predictable water
shortage in the context of sustainable development
and the presence of new technologies brought
further attention to utilizing non-conventional water
sources (Aznar-Sanchez et al.,, 2018; Moghadam
and Samimi, 2022). Significant non-conventional
resources include treated wastewater and brackish
water desalination. The reclamation of the treated
wastewater, brackish, and seawater desalination is
the only non-conventional water resource in Jordan’s
water budget. Treated wastewater is primarily used
for irrigation (98.4%), with a tiny amount used in the
industry (1.6%). Most treated wastewater comes



Table 7: Results of SFS economic feasibility investigations

Parameter Value
NPV 1,947 SUS
IRR (NPV=0) 22.97%
PP = 3.18 years
BCR =2.07

Fig. 8: Demand and supply projections for the domestic sector in Jordan (MWI, 2023)

Fig. 9: Agricultural supply and demand projections in Jordan (MWI, 2023)

from wastewater treatment facilities registered in the
Jordan Valley (71.3%). Because of the small coastal
area in Jordan, seawater desalination has been
considered on a limited scale (0.3%) as a source. This
indicates that introducing a new non-conventional
water resource and reducing the associated costs per
cubic meter for domestic water utilization is essential
in Jordan. The illustrated claim proves the outstanding
economic performance attained with SFS that was
primarily implemented to reduce and conserve the
domestic demands of individuals. The empirical
results obtained from the SFS provide valuable insights
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into its efficiency in treating greywater and removing
contaminants, particularly E. coli. These results can
be linked to previous studies, shedding light on
the system’s performance compared to traditional
water treatment methods and its contributions to
environmental sustainability. The results of E. coli
removal indicate a significant reduction in E. coli
concentration throughout treatment. The carbon tank
achieved a 0.54 log unit of E. coli inactivation, and the
solar disinfection unit further reduced it to 0 MPN/100
mL, indicating a 3.15 log unit of E. coli inactivation. This
aligns with the literature emphasizing the importance



of effective E. coli removal to ensure safe water reuse
(Priyanka et al., 2022). Also, the study monitors various
parameters during the greywater treatment, including
pH, TDS, turbidity, heavy metal concentrations, BOD,
COD, and E. coli. The results demonstrate that the
treated water meets Jordanian standards for safe reuse,
supporting literature on the necessity of adhering to
water quality standards in treated wastewater (Waris
and Ghaith, 2022). Moreover, the SFS contributes to
environmental sustainability in several ways. The use
of solar energy for water treatment aligns with the
global push for renewable energy adoption. The system
employs natural filtration media, avoiding the need for
chemical treatments and reducing the environmental
impact associated with traditional water treatment
methods. The decentralization of the system further
minimizes the reliance on centralized infrastructure.
LCCA provides insights into the economic viability of
the SFS. The NPV, high IRR, short PP, and a BCR greater
than 1 suggest that the SFS investment is favorable and
proves a superior performance compared with other
treatment technologies (Singh et al., 2021).

This study introduces a novel four-stage solar
filtration system for treating greywater. The system
effectively reduces organic and solid content by utilizing
natural materials and activated carbon and removes
E. coli pathogens. It introduces a pioneering approach
to greywater treatment, integrating natural filtration
media and solar disinfection for efficient and sustainable
contaminant removal. This novel system contributes a
unique combination of renewable energy reliance and
eco-friendly design, setting it apart as a groundbreaking
solution in the realm of water treatment technologies.
The developed system demonstrates impressive
efficiency in turbidity, COD, and E. coli removal, achieving
92%, 95%, and 100%, respectively. Additionally, it
exhibits substantial potential for inactivating total
coliforms and E. coli, making the treated water suitable
for safe reuse in irrigation applications. The combination
of sand filtration and solar disinfection presents a highly
favorable and environmentally conscious approach to
greywater treatment. This green decentralized system
utilizes natural treatment processes to produce high-
quality water that can be effectively utilized in various
fields, with a particular emphasis on irrigation purposes.
This combination’s economical and environmentally
friendly nature makes it suitable for implementation by

447

individual homeowners as well as commercial buildings,
hotels, universities, and hospitals. Moreover, in regions
like Jordan, where water resources are limited, adopting
such a green decentralized system can significantly
contribute to environmental preservation by conserving
precious freshwater resources. The findings of this study
highlight the satisfactory performance of the developed
greywater SFS. The treated greywater, obtained
through the series of treatment steps, including solar
disinfection, successfully met the Jordanian standards
for safe reuse. The substantial reduction of E. coli and
total coliforms to acceptable levels demonstrates
the treatment system’s effectiveness in generating
pathogen-free greywater, suitable for a wide range
of applications. These findings affirm the capability
of the solar filtration setup to deliver high-quality
treated greywater that meets stringent regulatory
requirements consistently. Additionally, the economic
feasibility analysis underscores the viability and financial
soundness of the SFS system. Its reliance on solar
energy for operation and the absence of consumables
contribute to its sustainability. This addresses water
scarcity concerns and aligns with sustainable practices
in greywater treatment. The study’s findings have
significant implications for Jordan’s water management.
The solar filtration system offers a promising non-
conventional water resource by consistently producing
high-quality treated greywater that meets regulatory
standards. Implementing this system has the potential
to alleviate water shortages, providing a valuable
contribution to sustainable water use in the region.
This study adds scientific value by comprehensively
investigating a novel four-stage solar filtration system
for greywater treatment. The systematic evaluation of
its efficiency in removing contaminants, particularly
E. coli, coupled with economic feasibility analysis,
contributes valuable insights to sustainable water
treatment. Integrating natural materials, activated
carbon, and solar disinfection showcases innovative
solutions, advancing our understanding of eco-friendly
technologies for decentralized water reuse systems.
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Urban green infrastructure, specifically green open
spaces, is becoming increasingly significant in rapidly urbanizing areas. These spaces offer
environmental, social, and economic advantages to urban ecosystems, thereby increasing
community health and well-being. However, their economic value is often overlooked in urban
planning. This study aims to conduct an economic valuation of green spaces by introducing
the hedonic price model to equip decision-makers with a thorough and informed perspective.

A questionnaire created through Google Forms was distributed through a
social media survey conducted from March to April 2021. The data collected from 1592
respondents in Jakarta were analyzed through a cluster analysis using the statistical package
for social sciences software. The hedonic price model with ordinary least squares regression
was adopted to create a valuation model for the green spaces in 42 districts and 239 sub-
districts across the five administrative cities.

This study empirically shows that parks and urban forests increase land prices
by 9.2, 17.1, and 19.2 percent, while cemeteries decrease them by 15 to 37.6 percent.
Unlike most hedonic price model studies on the global north countries, which can be found
in the literature, this work does not establish statistically significant relationships among
urban forests, parks, cemeteries within a 0-500 meter radius, and land prices in Jakarta, but
examines the economic value of green spaces, including their impact on land values and tax
revenues. The land value increase is caused by the implementation of a beneficiary zoning levy
within a designated impact zone of 0.5-2 kilometers. This study suggests policy implications,
including the exploration of alternative financing mechanisms and the consideration of public
preferences in urban development and financing policies.

The applicability of the hedonic price model in Jakarta’s mature and privatized
land market is confirmed in this work, proving the importance of considering environmental
factors and green spaces in land transactions and conversion, property development,
conservation, and urban green space design. The results provide valuable information
to policymakers, property developers, and land use planners, thereby preventing the
undervaluation of green spaces and facilitating informed decisions on planning and public
investment. Urban and built environmental management can significantly benefit from these
findings, particularly when considering the aspects of green space size, social functions, and
ecosystem services to enhance Jakarta’s planning and management practices.
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Urban green infrastructure (Gl), specifically green
open spaces (GOS), is significant in rapidly urbanizing
areas. Green spaces play a crucial role in providing
environmental, social, and economic benefits to
urban ecosystems and positively contribute to the
health and well-being of communities, particularly in
low- and middle-income countries facing rapid
urbanization (Shuvo et al, 2020). The rapid
urbanization of cities presents opportunities and
challenges, striving to balance growth with
sustainability, equity, and quality of life for all
residents. Cities are experiencing rapid growth due to
the expansion of urban areas, which alters the
landscape characteristics and structure. The
incorporation of GOS planning and policy-making
serves as a strategic imperative in achieving a more
nuanced comprehension of sustainable development
(Setiowati et al., 2022°). Urban Gl and ecosystem
services are important in making cities more resilient
to climate change and natural disasters (Van
Oijstaeijen et al., 2020). The issue of greenhouse gas
emissions originating from industrial activities carries
profound implications not only solely on a global
scale in relation to climate change, but also on the
sustainability of urban environments (Hashim et al.,
2015). Urban areas often house industrial zones, and
mitigating emissions is crucial for urban sustainability.
GOS have become a valuable component that offers a
complementary approach to emission reduction.
Through strategic planning, GOS can contribute to
emission mitigation and enhanced environmental
quality and promote sustainable practices within an
urban setting. The green information technology (IT)
holds a significant potential for enhancing urban
sustainability (Asadi et al., 2021). Its adoption
encompasses eco-friendly practices and technologies
across various sectors, which may be extended to the
GOS development and management. The integration
of Green IT and GOS aligns with the broader goals of
urban sustainability, addressing factors like
environmental quality, resource efficiency, and
overall quality of life (Khoshnava et al., 2019). Living
inside or near nature in urban environments provides
well-being benefits (Fruth etal., 2019). The introduced
Gl and ecosystem services can enhance the resilience
of cities to climate change and natural disasters (Van
Oijstaeijen et al,. 2020). Meanwhile, GOS constitute
an integral facet of Gl, representing a crucial urban
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sustainability component. Their prominence has
increased in significance because urban green areas
yield a multitude of environmental and health
benefits. This importance was underscored during
the Coronavirus disease 2019 (COVID-19) pandemic,
exacerbated by population expansion and
urbanization that led to a diminishing availability of
green spaces. Therefore, GOS planning excels as a
strategy for realizing the overarching goal of
sustainable urban development (Chiesura, 2004).
Bertram and Rehdanz (2015) stated that the GOS
concept provides ecosystem and cultural services and
microclimate stabilization through air filtration or
cooling to reduce the heat island effect (Bowler et al.,
2010). The presence of GOS can also enhance carbon
storage (Strohbach and Haase, 2012) and provide
social, environmental, economic (Boone et al., 2009;
Wendel et al., 2011), and psychological benefits for
escaping the pressures and demands of urban life
(Maller et al., 2006). The social benefits include
improved mental and physical health, stress
reduction, and relaxation (Konijnendijk et al., 2013;
Setiowati et al., 2022?). Urban GOS enhance the
quality of life directly through recreational activities,
sports, and social interaction (Kabisch and Haase,
2014; Setiowati et al,. 2022a). Furthermore, GOS
assume a beneficial role in promoting public health
(Shuvo et al., 2020). The abovementioned findings
show that GOS development can address various
issues, including environmental justice, public health,
and aesthetic and land value enhancement. The GOS
concept enhances climate resilience by providing
habitats for biodiversity and creating important
externalities in policy design to ensure their sufficient
presence in urban environments. GOS planning plays
akey role in achieving sustainable urban development
(Choumert and Salanié, 2008). Berlin and Leipzig in
Germany target 6 meter square (m?) and 10 m? of
GOS per capita (Kabisch and Haase, 2014), while the
United Kingdom has access to at least 2 hectares (ha)
of green space within a 300 meter (m) distance from
residential areas (Handley et al., 2003). English
Nature recommendations suggest that residents
should live no more than 300 m from the nearest
green space (Barbosa et al., 2007). Access among
different social groups varies, with poorer and older
individuals being the highest social groups to enjoy
public GOS (Barbosa et al., 2007). The presence of
GOS also offers diverse ecosystem services.



Accordingly, public preferences vary based on socio-
demographic factors carrying different policy
implications. According to the European Environment
Agency, the recommended access is within a 15 min
walk. Even though GOS have a significant economic
value, the concept behind them is not considered in
the urban planning decision-making process. Non-
market goods or services play a fundamental role in
economic valuation by encapsulating values beyond
traditional market transactions (Abdullah et al.,
2011). An economic valuation must be conducted to
provide decision-makers with a clear understanding
of these values. In addition, the assessment of the
economic value of GOS yields an overview of the
ecosystem benefits generated by urban Gl and serves
as a basis for sustainable urban planning. Local
governments require the economic value in the urban
planning decision-making process. Indonesia has its
Minister of Environment and Forestry Regulation No.
15 of 2012 on the Economic Valuation Guidelines for
Forest Ecosystems (MEFR, 2012). Based on the
MAASPNLAR (2022) on the GOS provision, one of the
functions of GOS is to provide a land enhancement
guarantee. The Gl can be economically viable. As a
commitment to the development, local governments
conduct economic valuation (Van Oijstaeijen et al.,
2020). Furthermore, GOS provide ecosystem services
that address disease, quality of life, and health (Wolch
et al., 2014). Physical activity and social interaction
are the most important benefits provided by parks in
relation to the quality of life (Artmann et al,. 2017).
The GOS concept offers economic benefits through
property values (Trojanek et al., 2018; Zhang et al.,
2013). A monetary valuation is used to assess GOS
through ecosystem services to meet environmental,
social, and economic goals (Bockarjova et al., 2020).
Green space services tend to be less available when
policy interventions are excluded (Smith et al., 2002);
hence, greening efforts in communities enhance
environmental attractiveness without land acquisition
(Franco and Macdonald, 2018). GOS include city
parks, forests, golf courses, sports fields, and
undeveloped land on the outskirts of cities (Brander
and Koetse, 2011). Green landscapes are in high
demand within most developed countries, and urban
management is expected to prevent sprawling in
centers and their adjacent regions (Cavailhes et al.,
2009). However, assessing the GOS value is
challenging due to their abstract nature. The benefits

of green space conservation policies are difficult to
understand without economic value information. In
the context of urban policy planning, economic
valuation creates awareness of the importance of the
economic value generated by urban Gl. In Indonesia,
studies on the concept remain limited, and the
valuation approaches used are expected to increase.
In terms of assessment, monetary valuation methods
are being used to describe green space characteristics
by capturing individual preferences (Tagliafierro et
al., 2013). Bateman et al. (2002) explained that
various valuation techniques can be used to measure
the total economic value of environmental services,
including stated preference (SP) and revealed
preference (RP). The SP method estimates the value
placed on non-market facilities by individuals to
obtain economic value estimates (Choumert and
Salanié, 2008), while the RP method uses the actual
market behavior as a basis for estimating implicit
values and involves direct observation or substitute
markets (Hanley et al,. 2016). The most commonly
used RP methods are the travel cost method, the
hedonic pricing method or hedonic price model
(HPM), and averting behavior. The hedonic theory
states that property price differences are based on
variations in the property characteristics introduced
by Rosen (1974) and Freeman (1979). The property
plays an important role in the context of sustainable
development, requiring measurement and equal
growth distribution (Aziz et al., 2021). It has economic
significance for trade-off calculations, including
untraded goods in the market (Freeman, 1979).
Rosen (1974) also reported that a good can be broken
down into the implicit marginal prices of each
separate characteristic. The property value reflects
an individual’'s willingness to pay for a better
environmental quality (Tyrvainen, 1997). The
assessment of green spaces through hedonic pricing
is the most widely used approach (Czembrowski et
al., 2019; Daams et al., 2019). In the context of this
study, the HPM approach is selected as the most
suitable valuation method for estimating public
preference for urban GOS. However, note that other
relevant approaches can also provide different
insights into the GOS value and public preferences.
The HPM technique uses econometric models to
show preferences through the property market,
particularly land prices, at a regional scale (Waltert
and Schlapfer, 2010). The GOS value is calculated by
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analyzing market prices, such as transportation and
housing. In the HPM, the property value and the
presence of GOS are linked to several variables,
including distance, scenery, and accessibility
(Choumert and Salanié, 2008). The method is widely
used to calculate the value of green spaces by
incorporating individual preferences in the property
market context. Even though extensive studies have
been previously conducted in Global North countries,
limited analysis has been performed in developing
countries under the Global South, including Indonesia.
The Global North and South concepts are used to
describe the social, economic, and political differences
between countries in the northern and southern
parts of the world. In China, Qu et al. (2020) found
that the development of environmental facilities,
such as parks, in less developed areas is associated
with improved transportation quality and commercial
services. Therefore, green spaces significantly affect
the regional development. However, limited analyses
have been conducted on the HPM application for
valuation. Only two instances of usage were identified
in Indonesia. One is by Yusuf and Resosudarmo (2009)
for assessing the air quality in Jakarta, and the other
is by Suparman et al. (2016) for evaluating piped
clean water in both urban and rural areas. The present
study develops a preference model for GOS in Jakarta,
focusing on the park, urban forest, and cemetery
categories. A valuation model is established herein
using the HPM preference approach, adopting the
property market as a proxy for estimating implicit
values. A valuation model for GOS is investigated
through the HPM preference approach that uses the
property market as a proxy to estimate the implicit
values in developing countries. This study seeks to
uncover GOS preferences by examining the
relationships among green space attributes,
environmental amenities, residential structures, and
land prices. The HPM technique enables the
identification of public preferences based on the
property prices at the regional level. This work
specifically aims to investigate the relationships
among green space attributes, environmental
amenities, residential structures, and land prices
using the HPM approach, estimate the effects of GOS
on land values, and analyze the policy implications of
urban GOS valuation. This study hypothesizes that
proximity to various GOS attributes increases the
land prices, and that these attributes have different
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economic values. This work was conducted in Jakarta,
Indonesia in 2023.

Study area

The study was performed in Jakarta, which is
the capital city of Indonesia (Fig. 1). Jakarta is a
densely populated urban area that faces significant
challenges in terms of environmental sustainability
and quality of life. It is renowned for its rapid
urbanization, elevated air pollution levels, and
limited availability of green spaces. Understanding
the dynamics of and perceptions on green spaces
is crucial for developing effective urban planning
strategies and enhacing the well-being of residents.
As one of the world’s megacities, Jakarta covers land
and sea areas of 662.33 and 6977.5 kilometer square
(km?), respectively. It has the highest density (20,618
people/km?) and total population (10,679,951
poeple) in Indonesia (Central Bureau of Statistics,
2023). The northern boundary is a 32 kilometer (km)
coastline that serves as the estuary for 13 rivers, two
canals, and two floodways. The majority of Jakarta
Province’s features lie below sea level during high
tide, making certain areas susceptible to flooding
caused by high rainfall and tidal waves. As depicted
in Fig. 1, the western boundary of the study area
is Banten Province, while its southern and eastern
boundaries border West Java Province.

Data collection

Data were collected by distributing a questionnaire
created through Google Forms. This questionnaire
was distributed online in 2021 using various social
media platforms. It comprised components related
to residency, socioeconomic characteristics, and
structural housing variables. This study targeted
respondents from five administrative cities, namely
South, North, East, West, and Central Jakarta, and
included 239 out of the 261 neighborhoods. However,
22 neighborhoods did not have any respondents.
These were six neighborhoods each in South, East,
and West Jakarta and four in Central Jakarta. The final
sample consisted of 1660 respondents representing
the community in Jakarta Province. Fig. 2 presents
the spatial data managed by the Jakarta Capital City
Government (JCCG) through the “Jakarta Satu,” which
included parks, city parks, cemeteries, and urban
forests.



Fig. 1: Geographic location of the study area in Jakarta Capital City, Indonesia

Fig. 2: Distribution of respondents and public GOS in Jakarta
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Data analysis

After the data collection from 1660 respondents,
a cluster analysis was performed using the Statistical
Package for Social Sciences (SPSS) software to group
respondents based on preference and reduce the data
complexity. The dendrogram cluster analysis method,
which is also known as hierarchical clustering, was
used considering the socioeconomic characteristics
of age, education level, occupation, and income.
The dendrogram cluster analysis results using SPSS
software showed the formation of two major clusters.
Clusters 1 and comprised 1592 and 68 respondents,
respectively. Cluster 1 with 1592 responndents
was employed to create the GOS valuation model
using the HPM preference approach with ordinary
least squares (OLS) regression. The “distances from
residential dwellings to environmental facilities”
attribute, including proximity to GOS, was measured
using the geographic information systems (GIS)
software considering the questionnaire results.
The “environmental facilities” variable included
distances less than 1000 m to the highways, less
than 200 m to rivers, less than 200 m to roads, less
than 500 m to train stations, and less than 9000 m
to central business districts (CBDs). The “distances
of urban GOS” attribute from residential locations
to public green spaces for models | and Il was also
computed using the GIS software. In Model |, the
urban GOS attribute encompassed distances from
the respondents’ residential dwellings to parks,
urban forests, and cemeteries, with a radius of less
than 500 m. In Model Il, the urban GOS were utilized
as dummy variables for residential dwellings ranging
from 0 to 2000 m, with subdivisions at 0-500, 500—
1000, and 1000—-2000 m for the park, urban forest,
and cemetery catagories.

This study commenced with an initial phase involving
a cluster analysis of the questionnaire responses using
the SPSS software. Moreover, the variables were
used to construct the HPM with the independent
variables of environmental facilities, house structural
characteristics, and attributes associated with urban
GOS. A spatial analysis through GIS software was
performed to calculate the distances from each
respondent’s residence to the GOS attributes and
various environmental facilities. As independent
variables, the environmental facilities relied on
secondary data sources, including the number of public
high schools, shopping centers, and population density.
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The house structural attribute (clean water source)
was derived from the questionnaire. In the next step,
an OLS model statistical analysis was performed using
SPSS for both models | and II. The final step involved
a comprehensive descriptive analysis for assessing the
estimated values associated with the GOS attributes
based on the OLS coefficients and the average land
prices. Fig. 3 ilustrates the study framework.
Following Dahal et al. (2019), the land value (Pi)
was used as a dependent variable, while the housing
structure (Sij), environmental facilities (Nik), and
urban green spaces (Eil) were treated as independent
variables. The logarithmic form of the hedonic price
function is presented using Eq. 1 (Dahal et al., 2019):

InPi =+ BjSij + BkNik + BIEil + £ (1)

where, B represents the intercept term; Bj, Bk, and
Bl are the coefficients corresponding to the respective
independent variables; and € denotes the error term.
The equation suggests that the land price logarithm
is a function of the housing structure, environmental
facilities, and urban green spaces, each with
respective coefficients. The error term accounted for
any unobserved factor or measurementerror. Aglobal
model (OLS regression) was adopted herein using the
land price market in Jakarta to estimate the implicit
marginal prices of the housing structure attributes,
environmental facilities, and urban green spaces. The
implicit prices of each variable characterized the land
price as an HPM function derivative. This refers to the
land value representing the marginal prices of each
variable. The environmental facility variables are not
directly purchased and included in the land price,
but the monetary value is shown through the prices
paid by the buyers for the land. The equation for the
implicit price function adopts this approach, where Zi
is the land attributa vector, using Eq. 2 (Dahal et al,.
2019).

PZi(zi,zi-1)= 62;2) (2)

where, PZi denotes the implicit price of the land
attribute Zi, and % represents the partial derivative
of the price P to the attribute Zi. This equation
estimates the marginal implicit prices associated
with each land attribute in the HPM context, namely
models | and Il at 640 and 1592 samples, respectively,
with differences in the GOS criteria. Table 1 shows
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Fig. 3: Study framework
Table 1: Descriptive statistics
X Model | Model Il
Variables Mean SD Mean SD
Intercept 15.6582 0.91708 15.7521 0.91550
Residential structure variable
Clean water source as a dummy variable 0.4469 0.49756 0.4912 0.50008
Environmental/locational facility variable
Number of public high schools 2.7922 1.67152 2.6376 1.65805
Number of the shopping center 17.0156 6.43152 16.7714 6.01814
Population density 23347.4891 16482.78474 25605.8304 18607.54882
Respondent's location 2.6063 1.36968 2.8536 1.40102
Distance to toll road (1000 m) as a dummy variable 0.4453 0.49739 0.4083 0.49167
Distance to the main road (200 m) as a dummy variable 0.1859 0.38936 0.1859 0.38917
Distance to train station (500 m) as a dummy variable 0.1000 0.30023 0.1043 0.30571
Distance to CBD (9000 m) as a dummy variable 0.5047 0.50037 0.5396 0.49859
Distance to the river (200 m) as a dummy variable 0.2875 0.45295 0.2808 0.44952
Urban GOS variable
Urban forest
Less than 500 m 78.4547 145.89117
0-500 m as a dummy variable 0.1118 0.31523
500-1000 m as a dummy variable 0.1916 0.39367
1000-2000 m as a dummy variable 0.3386 0.47337
Park
Less than 500 m 182.6344 177.34022
0-500 m as a dummy variable 0.2494 0.43279
500-1000 m as a dummy variable 0.2739 0.44608
1000-2000 m as a dummy variable 0.3097 0.46250
Cemetery
Less than 500 m 101.3172 159.79211
0-500 m as a dummy variable 0.1420 0.34912
500-1000 m as a dummy variable 0.3656 0.48174
1000-2000 m as a dummy variable 0.3461 0.47588
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a descriptive analysis of the mean and standard
deviation (SD) using SPSS.

Waltert and Schlapfer (2010) underscored the
propensity for regions endowed with comprehensive
amenities to exhibit accelerated growth, suggesting
the potential synergy between hedonic pricing
studies and economic and regional migration
models. This dynamic interplay, relationships among
landscape amenities, developmental patterns,
environmental policies, and property prices furnished
a comprehension of landscape and economic
governance. The escalating urban land and housing
prices have assumed paramount significance,
prompting policymakers to contemplate on
regulatory interventions. These interventions entail
the systematic multifarious determinants influencing
the land and housing prices, which encompass
the socioeconomic profile of the populace,
proximity to urban cores and CBDs, accessibility to
transportation networks, and proximity to urban
facilities surrounding green spaces, parks, sports
amenities, and healthcare centers (Mirkatouli et al.,
2018). Incorporating the role of both dependent and
independent variables is important in augmenting
the nation’s economic value.

Valuation of GOS using the hedonic price model

The variables in the valuation model analyzed using
the HPM approach were the residential structure,
environmental facilities, and urban GOS. The urban
GOS valuation was formulated by following two steps
with the OLS regression model implementation. The
regression estimated the coefficient parameters of
the independent variables to determine the positive
or negative influence on the urban GOS valuation.
The results analyzed the effect of the independent
variables. The estimated coefficients indicated the
positive or negative effect on the land prices. The
OLS model adopted a semilog approach following the
methodology used by Dahal et al. (2019). The data
analysis using the SPSS yielded coefficient parameter
estimates with varying degrees of influence. Not
all independent variables produced statistically
significant results. The estimation was obtained by
multiplying the percentage with the average land
price zoning. Classic assumption tests ensured that
the data met the requirements. The normality test
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performed using a P-plot graph reported that the
data followed a normal distribution. Table 2 shows
the description and expected signs of variables in the
hedonic price model.

Dependent variable: Land price

The HPM typically employs property prices
as a dependent variable; however, due to the
unavailability of property data in Indonesia, this study
utilized land prices, depicting a consistent approach
with the previous HPM studies (Gao and Asami,
2007; Mirkatouli et al., 2018). Land prices constitute
a primary determinant of housing costs (Shen and
Karimi, 2017). Yu (2010) elucidated that land prices
and income influence property prices. Abelson
(1985) posited that land prices are expected to
feature as a variable in housing prices and estimated
to be five times the housing price. A critical issue
in urban areas is land scarcity (Zhong et al., 2016).
The confluence of limited land supply, escalating
demand, and rural-to-urban migration precipitated
rapid land and housing price increases. Accompanied
by their marginal effects, the compatibility of
buildings with green environments significantly
affects land prices (Gao and Asami, 2007). Land
is a requisite resource of all economic activities
(Nichols et al., 2013), rendering it a fundamental
component in urban development and expansion
(Li et al., 2016). The land price is a dependent
variable based on the National Land Agency of
Jakarta Province and distributed zoning (Fig. 4). In
the first stage, the multiplication of coefficients with
100 percent (%) yielded the results. In the second
stage, the percentage was multiplied by the average
land price zoning for the 1592 respondents, which
was Rp10,900,575. The GOS externalities in urban
planning and development policies are difficult to
assess. The government of Jakarta and the city’s
private developers have not objectively included the
GOS attributes in land pricing and spatial planning
policies. The HPM offers an appropriate approach of
estimating the external benefits of the urban GOS,
contributing to land prices. This study explored the
major impact of environmental elements influencing
the land prices in Jakarta, Indonesia. A semilog
approach OLS model was used by transforming the
dependent variable (i.e., land price) in line with the
work of Dahal et al. (2019).



Table 2: Description and expected signs of the HPM variables

Variable

Description

Expected sign

Model | Model Il

Dependent variable

Land price Zoning price of residential land based on data from the National Land Agency
of DKI Jakarta Province

Independent variable

Residential structure
Dummy variable, s = 1 for clean water source from the pipeline, s = 0 for +/- +/~

Clean water source .
clean water source non-pipeline

Environmental/location facilities

Public high schools Number of public high schools at the sub-district level + +

Shopping center Number of shopping centers at the administrative city level + +

Population density Population density per village - -

Distance to toll road Dummy variable, s = 1 for residential locations within 1000 m from the toll +/- +/-
road, s = 0 for residential locations beyond 1000 m from the toll road

Distance to road Dummy variable, s = 1 for residential locations within 200 m from the road, + +
s = 0 for residential locations beyond 200 m from the road

Distance to train station Dummy variable, s = 1 for residential locations within 500 m from the train + +
station, s = 0 for residential locations beyond 500 m from the train station

Distance to CBD Dummy variable, s = 1 for residential locations within 9000 m from the CBD, + +
s = 0 for residential locations beyond 9000 m from the CBD

Distance to river Dummy variable, s = 1 for residential locations within 200 m from the river, +/- +/-
s = 0 for residential locations beyond 200 m from the river

Location Location of respondent's residence per administrative city (1, 2, 3, 4, and 5 +/- +/-
for South, East, North, West, and Central Jakarta, respectively)

Green open space

Distance to urban forest Residential location to the nearest park within 500 m +

0-500 m Dummy, s = 1 for residential locations within a distance of 0-500 m from the +
park, s = 0 for residential locations not within a distance of 0-500 m from the
park

500-1000 m Dummy, s = 1 for residential locations within a distance of 500-1000 m from +
the park, s = 1 for residential locations not within a distance of 500-1000 m
from the park

1000-2000 m Dummy, s = 1 for residential locations within a distance of 1000-2000 m from +
the park, s = 0 for residential locations not within a distance of 1000-2000 m
from the park

Distance to park Residential location to the nearest park within 500 m +

0-500 m Dummy, s = 1 for residential locations within a distance of 0-500 m from the +
park, s = 0 for residential locations not within a distance of 0-500 m from the
park

500-1000 m Dummy, s = 1 for residential locations within a distance of 500-1000 m from +
the park, s = 1 for residential locations not within a distance of 500-1000 m
from the park

1000-2000 m Dummy, s = 1 for residential locations within a distance of 1000-2000 m from +

Distance to cemetery
0-500 m

500-1000 m

1000-2000 m

the park, s = 0 for residential locations within a distance of 1000-2000 m
from the park

Residential location to the nearest cemetery within 500 m

Dummy, s = 1 for residential locations within a distance of 0-500 m from the
park, s = 1 for residential locations not within a distance of 0-500 m from the
park

Dummy, s = 1 for residential locations within a distance of 500 —1000 m from
the cemetery, s = 1 for residential locations not within a distance of 500—
1000 m from the cemetery

Dummy, s =1 for residential locations within a distance of 1000-2000 m from
the cemetery, s = 0 for residential locations not within a distance of 1000—
2000 m from the cemetery
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Fig. 4: Land price zoning in Jakarta

Independent variable
Urban GOS

Chiesura (2004) found a relationship between
GOS and their ultimate contribution to an improved
quality of life and the pursuit of sustainable urban
development. Urban areasrichin greenery offer urban
residents a serene and pleasant living environment
(Sturm and Cohen, 2014). The GOS valuation
model using the HPM estimated the community’s
preferences for urban GOS based on predetermined
attributes. In this context, the valuation aimed to
determine the economic value of urban GOS and the
influencing factors. This model provides a community
preference and assigns an economic value to these
attributes in the urban GOS context. A better
understanding of preferences provides a valuable
guidance for policymakers in making decisions related
to the development and management of urban GOS
in Jakarta. In 2019, the JCCG input the spatial data
of public GOS assets owned and managed by various
departments into the Jakarta Satu website. The
asset data showed that the total area of GOS was

460

approximately 5.1% of the total land area. Jakarta has
also implemented the Regional Regulation Number
1 of 2012 Concerning Spatial Planning 2030, with
the ambitious objective of reaching a 30% GOS in
accordance with the provisions set forth in Law No.
26 of the Republic of Indonesia (Law, 2007).

Environmental facilities

According to previous studies, the environmental
facility variables in the HPM model included school
quality, average income, hospitals, crime rates, and
demographics. These variables were developed from
the number of public high schools per sub-district,
shopping center, population density per village,
respondent location, and distances to toll and main
roads, train stations, rivers, and CBDs. An important
characteristic of the surrounding environment is
network connectivity or accessibility measured
by main and toll roads, public transportation, and
distance to the city center or CBDs. Moreover,
transportation infrastructure variables have positive
and negative impacts (Czembrowski and Kronenberg,



Table 3: Model summary

Model R R? Adjusted R? SE 9]( the Durbin-Watson table Durbin—Watson (D)
estimate (DW)
1l 0.765 0.585 0.580 0.59354 1.908 1.912

2016; Kong et al,. 2017). The data on the number of
public schools were obtained from the JCCG website.

Housing structure

The structural house from the questionnaire
comprised the number of rooms, bathroom location,
clean water source, and building size. Only the clean
water source variable was input into the model
during the valuation process. Respondents with non-
pipeline and pipeline clean water sources accounted
for 50.78 (843) and 49.25% (817), respectively. South
and North Jakarta showed the lowest and highest
portions of respondents with pipeline water sources,
depicting values of 13.24 and 85.00%, respectively.
The pipelines in South Jakarta are not distributed;
hence, residents rely on groundwater as clean water.
This limited availability in North Jakarta has led the
majority of its population to prefer pipelines as a
clean water source.

Hedonic price model OLS regression

The model was validated based on the classical
assumptions encompassing tests for normality,
multicollinearity, heteroskedasticity, and
autocorrelation. Normality testing involves the use
of a visual P-plot, indicating that the data distribution
closely adhered to the diagonal axis signifying a
normal distribution. In this study, the Durbin—Watson
table (DW) for autocorrelation testing and the SPSS
output yielded a D value of 1.912. Referring to the
DW table at a 0.05 significance level, the DW value
was 1.908. No autocorrelation was found within the
testing range of 1.908 < 1.912 < 2.14 (Table 3).

The test for multicollinearity was determined
by the tolerance values and the variance inflation
factor (VIF). The tolerance value measures the
variability of the independent variable that cannot
be explained by other independent variables.
Accordingly, a low value corresponds to a high VIF
value because VIF = 1/tolerance, indicating a high
collinearity. The cut-off used is a tolerance value
above 0.10 or a VIF below 10. Model Il of the HPM
approach showed a value above 0.10 and a VIF
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below 10, showing the absence of multicollinearity.
The heteroscedasticity test using a scatterplot graph
revealed that the data points followed a diagonal
axis, confirming a normal distribution. This model
satisfied the classical assumptions and can be used
to analyze the relationship between independent and
dependent variables. The statistical analysis results
also showed the relationship between urban green
space variables and land prices in a specific context.
The analyzed GOS variables and distance radius can
have different effects on land prices. These observed
effects vary depending on the complexity of other
factors influencing the land prices and the specific
urban environment characteristics. The variable
insignificance may be influenced by unexamined
factors or the utilized sample size. Therefore, further
exploration and additional studies are important
for understanding the relationship between urban
GOS variables and land prices. Table 4 shows the
estimates from the HPM models used to analyze the
GOS monetary value.

Model | of the OLS approach using the HPM showed
an R-squared (R?) value of 0.561 or 56.1%, depicting
a moderately strong relationship using Eq. 3 (Dahal
et al., 2019). The independent variables collectively
accounted for 56.1% of the land price variation.
Model Il yielded a higher R? value amounting to 0.585
or 58.5%. The independent variables were 58.5% of
the land price variation, as obtained using Eq. 4 (Dahal
et al., 2019). Model | analyzed three GOS variables,
namely urban forests, parks, and cemeteries, within
a radius fewer than 500 m. Model Il examined nine
GOS variables, namely urban forests, parks, and
cemeteries within the three distance ranges of 0-500
m, 500-1000 m, and 1000-2000 m represented as
dummy variables.

LnLand price = 13,505 + 0.243 (clean water source)
+ 0.016 (public high school) + 0.060 (shopping
center) — 4.640E-06 (population density) + 0.284
(respondent’s location) - 0.091 (toll road) + 0.253
(road) + 0.048 (train station) + 0.639 (CBD) — 0.064
(river) + 5.444E-05 (distance to urban forest less than



500 m) + 0.000 (distance to park less than 500 m) -
3.378E-05 (distance to cemetery less than 500 m) + e

(3)

Lnlandprice = 13.636 + 0.096 (clean water source) +
0.032 (public high school) + 0.065 (shopping center) -
4.711E-06 (population density) + 0.262 (respondent’s
location) — 0.049 (toll road) + 0.206 (road) + 0.000 (train
station) + 0.593 (CBD) - 0.026 (river) — 0.044 (distance
to urban forest less than 500 m) + 0.171 (distance
to urban forest 500 m—1000 m) + 0.192 (distance to

urban forest 1000 m-2000 m) + 0.029 (distance to
park less than 500 m) + 0.092 (distance to park 500
m-1000 m) - 0.020 (distance to park 1000 m—2000 m)
+0.032 (distance to cemetery less than 500 m) - 0.376
(distance to cemetery 500 m—1000 m) - 0.150 (distance
to cemetery 1000 m—2000 m) + e (4)

The results indicated that only five variables
in Model Il had a significant relationship and
provided negative and positive influences on the
land prices. In Model |, the coefficient values for

Table 4: Estimates from the HPM models used to estimate the GOS monetary value

Coefficient Coefficient

Variables Model | Model Il Tolerance VIF
value

Intercept 13.505 13.636
Residential structure variable
Clean water source as a dummy variable 0.243*** 0.096*** 0.796 1.256
Environmental/locational facility variable
Number of public high schools 0.016 0.032*** 0.672 1.489
Number of the shopping center 0.060*** 0.,065*** 0.584 1.711
Population density -4.640E-06** -4.711E-06*** 0,643 1.554
Respondent's location 0.284%*** 0.262*** 0.550 1.819
Distance to toll road (1000 m) as a dummy variable -0.091* -0.049 0.820 1.219
Distance to the main road (200 m) as a dummy variable 0.253*** 0.206*** 0.922 1.085
Distance to train station (500 m) as a dummy variable 0.048 0.000 0.823 1.215
Distance to CBDs (9000 m) as a dummy variable 0.639*** 0.593*** 0.565 1.769
Distance to the river (200 m) as a dummy variable -0.064 -0.026 0.890 1.123
Urban GOS variable
Urban forest
Less than 500 m 5.444E-05
0-500 m as a dummy variable -0.044 0.855 1.169
500-1000 m as a dummy variable 0.171%** 0.693 1.443
1000-2000 m as a dummy variable 0.192*** 0.723 1.384
Park
Less than 500 m 0.000
0-500 m as a dummy variable 0.029 0.735 1.361
500-1000 m as a dummy variable 0.092** 0.611 1.637
1000-2000 m as a dummy variable -0.020 0.661 1.512
Cemetery
Less than 500 m -3.378E-05
0-500 m as a dummy variable 0.032 0.910 1.099
500-1000 m as a dummy variable -0.376%** 0.510 1.961
1000-2000 m as a dummy variable -0.150%** 0.556 1.797
Model summary
R-squared 0.561 0.585
Adjusted R-squared 0.552 0.580
N 640 1592

Significance levels: ***0.01, **0.05, and *0.1
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Table 5: Estimation of the effects of GOS on the land price in Model Il

Variable urban GOS

Effects on land prices (%)

Distance to an urban forest 500-1000 m
Distance to an urban forest 10002000 m
Distance to park 500-1000 m

Distance to cemetery 500-1000 m
Distance to cemetery 1000—2000 m

17.1%%*
19.2%**
9.2%*
-37.6%**
5%k

Significance levels: ***0.01 and **0.05

the GOS variables were not statistically significant
and lacked a significant impact on the land prices.
Dummy variables were used in Model Il to analyze
the spatial location of properties. The urban forest
variable located between 500 and 1000 m from the
residential area showed a 17.1% increase in the land
prices. The highest influence was found in the urban
forest with the 1000-2000 m distance, illustrating a
19.2% land price increase. For the parks, a significant
influence in the 500-1000 m distance was observed
with an average 9.2% land price increase. However, in
other distances, the park category did not share any
significant impact on the land prices. The cemetery
variable decreased the land prices within the distance
ranges of 500-1000 m and 1000-2000 m, depicting
37.6 and 15% of land price decreases, respectively.
Model Il represented residential locations within
0-500 m from the urban forest, showing a 0.044
coefficient, which negatively affected the land
price. The parks did not have a significant influence
within the two distance categories of 0-500 m and
1000-2000 m with coefficients of 0.029 and 0.020,
respectively, thereby showing decreasing land prices.
The cemetery variable yielded a positive coefficient,
but was not significant in the 0—-500 m distance with
a 0.032 coefficient. The study did not confirm that
all GOS aspects were equally desired by the land
buyers in Jakarta. However, the impact of different
GOS categories varied, aligning with the hypothesis.
The HPM approach had limitations, including the
possibility that not all independent variables have a
linear relationship due to heterogeneity effects (Ligus
and Peternek, 2016). Table 5 presents an estimation
of the effects of GOS on the land price in Model Il
Other factors influencing the relationship between
independent variables and land prices must be
considered. The analysis of the housing structure
variables showed that the “clean water source” with
a positive coefficient of 0.096 was significant at the
99% level. Therefore, having access to clean water
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from a public utility has a positive influence on land
prices. Not all environmental facility variables had a
significant positive impact. Shopping centers,
locations of the respondents’ residences, public high
schools, roads within a distance fewer than 200 m,
and CBDs demonstrated significant positive
coefficients on land prices, while population density
showed a significant negative effect. The coefficients
for the variables of shopping center, location, public
high schools, roads within a distance less than 200 m,
and CBDs with a 9000 m radius were 0.065, 0.0262,
0.032, 0.206, and 0.593, respectively, indicating
positive influences on land prices. The population
density variable yielded a negative and significant
coefficient of 0.00000471, showing that a population
density increase was associated with a land price
decrease. The physical development pattern of
Jakarta is initially directed within a 15 km radius of
the National Monument (Jakarta Master Plan 1965—
1985). Therefore, the highest land prices in Jakarta
are concentrated in Central Jakarta following the
land-use development pattern for commercial and
office purposes. The highest coefficient influencing
59.3% of land prices was the distance to the CBD,
which was consistent with the results obtained by
Lewis (2007), showing that the increase in land prices
per 1 km of distance to the CBD was 5.4%. This finding
was also supported by Lewis (2007) and Mirkatouli et
al. (2018), who suggested that proximity to the city
centeris a preference in selecting a place of residence.
The analysis of environmental facilities confirmed
that several variables do not have a significant
relationship with land prices. The distance to the toll
road less than 1000 m had a 0.049 coefficient with
negative and insignificant effects. The distance to the
train station less than 500 m showed a 0.0002
coefficient with positive and insignificant effects. The
distance to the river within less than 200 m yielded a
0.026 coefficient with negative and insignificant
effects on land prices. The key variables in constructing



the OLS valuation model for urban green spaces with
a significant relationship with land prices were found
tobeclean water sources, location of the respondents’
residence at the city level, roads, and presence of
CBDs. Therefore, these variables significantly
influenced the land prices in Jakarta. The subsequent
step here was to estimate the value of urban green
spaces based on the percentage effects derived from
the OLS coefficients multiplied by the average zona
land price. The highest increase in land prices was
found in locations with a 1000 to 2000 m a distance
range from the urban forest, depicting an increase of
Rp2,092,910. The second-highest and highest
increments were observed in the 500 to 1000 m
range, with increases of Rp1,863,998 and
Rp1,002,853, respectively. Conversely, the highest
decrement occurred in residential areas with 500 to
1000 m and 1000 to 2000 m distance ranges from the
cemetery at Rp4,098,616 and Rp1,635,086,
respectively. These findings were consistent with
those of Kong et al. (2007), Tyrvdinen and Miettinen
(2000), and Samad et al. (2020). According to
Morancho (2003), Larson and Perrings (2013),
Anderson and West (2006), and Lutzenhiser and
Netusil (2001), the land value increase in the presence
of urban forests indicates that larger green spaces
have a positive relationship. This finding was
consistent with that obtained by Czembrowski and
Kronenberg (2016), who stated that different types of
green spaces have different impacts, and the
strongest effect occurs in residential areas near the
unique and popular Lagiewniki Forest. This finding
was also in line with those of Czembrowski and
Kronenberg (2016), whose results showed that parks
and urban forests have a significant positive impact
on property prices, while cemeteries decrease the
variable. These results were consistent with those
found by Tyrvdinen and Miettinen (2000) and Larson
and Perrings (2013), who found positive impacts on
extensive forests and large parks. The negative impact
of cemeteries on property prices was also found in
the studies of Andersson et al. (2007), Raymond and
Love (2000), and Anderson and West (2006). However,
these findings were inconsistent with the results of
Lutzenhiser and Netusil (2001) on their study area of
Oregon, United States. They found that proximity to
cemeteries does not have a significant relationship
with the property prices. The current study provides
evidence supporting the idea that the residential land
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value can be influenced by environmental factors,
such as GOS. The effects of specific GOS types can
vary, and specific contexts must be considered in land
value assessments. The land market in Jakarta is

mature and capable of showing significant
relationships between prices and structural,
environmental/location, and GOS attributes.

Differences also exist in the impact of proximity to
certain GOS types. These include urban forests, parks,
and cemeteries. The presence of cemeteries is an
undesirable facility for land buyers in Jakarta. In
models | and Il using the HPM, no significant
relationships were found among parks, urban forests,
cemeteries, and land prices within a 500 m radius.
Even though GOS have direct access to the community,
pragmatic thinking in a hedonic behavior may be a
factor influencing the result. The usage of a 500 m
radius as a buffer takes reference from previous
studies (Czembrowski and Kronenberg, 2016;
Czembrowski et al., 2019; Daams et al., 2019) in
Western countries. For example, the findings of
Czembrowski and Kronenberg (2016), Melichar and
Kaprova (2013), and Daams et al. (2019) showed a
significant positive relationship between the
percentage of greenery within a 500 m radius and the
property prices in Finland, Prague, and Amsterdam,
respectively. These findings were inconsistent with
the results obtained by Tyrvainen (1997), who found
a negative impact of living close to urban forests due
to vegetation density. According to Kong et al. (2007),
in Jinan (China), green spaces within a 300 m radius
can increase property prices by approximately 2.1%.
In conclusion, Western theories cannot always be
directly applied to public spaces. Therefore,
environmental factors and GOS can have complex
and varied impacts on land prices. The social, cultural,
and local policy contexts must be considered when
trying to understand the relationship between GOS
and land values in Indonesia. The greatest positive
impact of the presence of urban forests and parks
was in line with the results of several previous studies.
The residents of Jakarta highly value direct access to
urban forests and parks. The monetary valuation of
GOS has become important in high-density residential
environments in Jakarta, as found by Daams et al.
(2019) who studied the metropolitan city of
Amsterdam. Daams et al. (2019) investigated the
distance from homes, finding that the estimate does
not affect GOS beyond 1 km. The varying radius



division results were consistent with the findings of
the estimated effects of GOS ranging from 7.1t0 9.3%
within 0.25 km from the nearest green space from 1.7
to 2.3% within a distance of 0.75 to 1.0 km. With
China as their study area, Qu et al. (2020) found a
significant positive relationship between land prices
and parks within the distance of up to 1600 m, but
did not explain the relationship within the radius less
than 500 m. The results were consistent with those of
studies conducted in other developing countries. For
example, Biao et al. (2012) stated that in Beijing
(China), the value of properties lies within a distance
of 850-1604 m from parks, with property prices
increasing between 0.5 and 14.1%. Islam et al. (2020)
found that, in Bangladesh, open spaces within 0-1000
m had a negative and insignificant relationship with
house rental prices. Sharma and Newman (2018)
reported in Bangalore (India), a negative relationship
exists between the presence of parks and property
prices. Li et al. (2021) found that, in Shenzhen (China),
a negative relationship can be found between the
presence of community parks within a 0-1000 m
radius of residences. These findings complemented
the limited literature on urban green space valuation
in developing countries (e.g., Aziz et al. (2021)).
Therefore, the HPM can be applied in the context of
Jakarta, which has a growing and privatized land
market. The results can provide policymakers and
property developers with information on land
transactions and conversion, property development,
conservation, and ecologically sound urban green
space designs. This study has implications for land
use planning and public investment in densely
populated areas like Jakarta. Green spaces often
compete with other land uses and are undervalued
by the public and their policymakers. These findings
can prevent the undervaluation of green spaces and
provide additional policymakers with information on
the implicit value of green spaces, consequently
enhancing the value of these areas. The development
of Jakarta often overlooks the presence of green
spaces, even though Engstréom and Gren (2017)
showed a relationship between green spaces and
health. Valuing green spaces can enhance our
understanding of their benefits and provide support
to city planners. This study is an important step in
creating policy implications related to the monetary
valuation of GOS for local governments. Local
governments may increase their tax revenues by
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developing, expanding, and maintaining GOS. This
study makes a significant contribution to
understanding the role of urban forests and parks in
the context of Jakarta, showing their significant
impact on land prices. However, further studies can
be performed to deepen our understanding of GOS.
Future studies can expand the GOS valuation by
considering various aspects, such as the size of green
spaces, related social functions, and ecosystem
services, using comprehensive models with more
variables. This will enrich one’s understanding of the
relationship between GOS and land value and provide
a more comprehensive perspective on green space
planning and management. For the valuation model
development using the HPM approach, a large sample
size is required at the regional scale to obtain
significant relationships. The findings obtained here
were in line with those of Waltert and Schlapfer
(2010), who found more significant relationships in
urban areas compared to rural or remote areas. At
the provincial level, 12 significant independent
variables were determined out of 19 used ones
concerning land prices. The key variable in the OLS
model was found to be the availability of clean water
sources in residential areas, which has a significant
positive influence on land prices. The presence of toll
roads did not have a significant relationship at the
provincial level; however, in Central Jakarta, this
variable depicted a significant negative relationship
with land prices, vyielding a 37.4% coefficient.
Empirical evidence showed that toll roads in Jakarta
are located in border areas with other administrative
cities, and that these areas tend to be dense and
irregular. The presence of dense and irregular
settlements affects the land price decrease. The
population density variable statistically had a
significant negative relationship with the land prices
in the five administrative cities, even though the
influence was relatively small. The presence of public
high schools also had a significant relationship and a
positive association with average land prices. The
proximity to roads variable showed a positive and
significant relationship at the provincial level.
However, the variable with the highest influence was
the distance from the residential areas to the CBDs,
which exhibited a positive and significant relationship
with land prices. The valuation of green spaces can be
conducted through the HPM approach, which
provides a better understanding of the economic



value of these spaces in enhancing the value of an
area. Green spaces are not only seen as zoning areas
or urban spatial patterns, but also as public
investments with an economic value. Green spaces
must be protected and developed in urban areas
considering their environmental, economic, and
social benefits. This study demonstrated that the
presence of parks and urban forests can increase the
land prices in Jakarta, which was consistent with the
hedonic valuation literature showing the important
role of green spaces as property price determinants
(Daams et al,. 2019). The HPM study provided an
understanding of the dynamic interaction existing
among the land prices, environmental amenities,
housing structure, and GOS. The valuation model did
not have a higher R? value compared to the provincial
level, affirming that the HPM model can be applied at
the regional scale, as stated by Waltert and Schlapfer
(2010) and Palmquist (2005). The paradigm on GOS
also shifted as part of the Gl concept with an economic
value in enhancing the value of an area. However, the
existence of green spaces is increasingly being
threatened, with the high land prices posing a
challenge in financing sustainable green space
development. In developing GOS, creative thinking is
needed to ensure the greening of public spaces to
meet the needs of areas with a limited land availability.
The GOS development is limited to the existing
environmental quality, thereby requiring an
understanding of how the distribution and functions
provide the spaces’ economic value. Cultural
ecosystem services are becoming increasingly
important with the population growth and the
challenges of urban life.

Policy implications of the urban GOS valuation

As substantiated by the empirical investigations
conducted by Setiowati et al. (2019) and Budiman et
al. (2014), the annual decrement in the presence of
GOS in Jakarta signifies a diminishing emphasis on
GOS within the broader Jakarta metropolitan region.
This discernment implied that the significance and
the intrinsic value of GOS in the urban fabric may not
have been afforded the requisite attention and
appreciation. The stewardship of the GOS
development in Jakarta transcends the realm of the
local governmental authority and necessitates the
active participation of a diverse array of stakeholders
from the private sector. The target for private GOS in
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Indonesia, which has been mandated to be provided
by both the community and the private sector, is set
at 10% in accordance with Law 26 of 2007 (Law,
2017). As suggested by Alterman (2012), the
economic value of green spaces indicates the need
for continued policies in valuing the green spaces
integrated with the Land Value Captured (LVC)
concept through land price increases and as
alternative funding sources for public investments.
The green spaces in Indonesia must be seen as
infrastructure and public investments that generate
an economic value in urban area enhancement.
Therefore, the LVC concept has a potential and needs
further development with the use of more parameters
to explore the impact of urban green space
accessibility on the area value enhancement. The
study suggests the need for developing more urban
forests, parks, and cemeteries in Jakarta with good
landscape architecture and aesthetics. The existence
of cemeteries in Jakarta is primarily marked by an
unsettling and disorganized atmosphere, which is
inadequately addressed by the JCCG. Mitigating the
negative impact of cemeteries on land values requires
the JCCG to improve the quality and management of
cemeteries scattered throughout Jakarta to make
them less ominous and more suitable for recreational
activities. The increased willingness to pay drives
policy changes and density zoning that benefit the
land market by promoting optimal value and use. The
results can benefit policymakers when building green
space infrastructures, such as parks and urban
forests, as maximum efforts in urban economic
development. The results of this work can also be
used as input in drafting the Presidential Regulation
on Area Value Improvement Management in
collaboration with the Coordinating Ministry for
Economic Affairs and the Asian Development Bank.
The sustainable development in developing countries
requires a study that addresses strategic issues like
green spaces. Environmental amenities are regarded
as social infrastructure in developing countries. This
study provides strong evidence that parks and urban
forests have statistically significant positive effects on
land price vicinity. The findings obtained are largely
consistent with those of previous HPM studies in the
Global North countries despite the differences in the
captured effects within the 0-500 m radius. This
study found no significant relationship between the
presence of GOS within the 0-500 m radius and the



land prices in Jakarta, differing from most of the HPM
studies found in the literature that utilized Global
North countries as their study areas and showing a
significant relationship within a 500 m radius similar
to Daams et al. (2019) and Czembrowski and
Kronenberg (2016) in line with the World Health
Organization’s standard of GOS presence from
residential areas at 300 m. The results acquired in this
work align with the findings of studies conducted in
the Global South countries, which did not establish a
significant connection to the land value within a 500
m radius of green spaces. This consistency was in line
with the studies of Biao et al. (2012) for Beijing
(China), Islam et al. (2020) for Bangladesh, and
Sharma and Newman (2018) for India. In Jakarta, the
GOS proximity showed a limited correlation with the
determinants influencing visitation, as highlighted by
Setiowati et al. (2023) in their work and in alignment
with the findings of Yen et al. (2017) for Cambodia.
The results contrasted the conclusions of Andersson
et al. (2019) and Honey-Rosés et al. (2020),
emphasizing the significance of accessibility related
to user perceptions and visitation. This can be
attributed to the culture of walking and the negative
perceptions of dense vegetation among the public.
Green space preferences vary between regions due
to differences in quantity and quality, historical land
useroles, attitudes, perceptions, and cultural contexts
of communities. Different perceptions or preferences
for ecosystem services are reflected in the willingness
to pay for land units, which reflects the value of green
spaces. Meanwhile, the positive externality of parks
and urban forests on surrounding land prices depends
on the community quality and utilization. The analysis
of buffer zones can be a meaningful approach for
assessing green spaces related to hedonic prices. The
manifestation of the GOS value inherent in land prices
serves the dual purpose of conferring benefits not
just on private sector enterprises through the
augmentation of returns on investments in residential
or commercial ventures, but also offering substantive
impetus to the overarching trajectory of urban
economic expansion. The capitalized value in the land
market benefits developers or private parties by
allowing them to gain profits from housing or
commercial development and urban planners and
policymakers through strategic efforts of developing
adequate and high-quality public green space
provisions. The study findings contribute to the
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design of scenarios for development, including
housing construction. Analyzing the impacts as a
source of information through the land market allows
an examination of the spatial heterogeneity of
preferences. This information is valuable for urban
planners when considering the social value of green
spaces. Future urban landscape designs should
analyze the relationships in different scales (e.g., city
level versus sub-district level). Understanding the
heterogeneity of public preferences provides
additional information that assists local governments
in determining land prices. The findings have
important implications for land use planning and
public investment in Jakarta considering that green
spaces compete with other land uses. The
conservation of open spaces should be a pivotal
consideration in urban planning decisions to augment
environmental, cultural, and economic values as part
of a broader strategy addressing societal concerns
(Dahal et al., 2019). Accurate information on the
monetary estimation of green spaces can assist
policymakers in maximizing the well-being of the
community and in developing attractive public
investments. These indirect benefits attract the
attention of local governments and stakeholders,
encouraging them to formulate more effective
strategies for the conservation and development of
green spaces in budget allocation and urban planning.
This study provides important steps in measuring the
total benefits of GOS and analyzes interesting
implications, such as increased tax revenue for local
governments from specific GOS categories. The
collaboration between local governments and the
private sector aids in developing a property database
system, including owner information as a data source
for HPM studies. The presence of GOS provides
diverse ecosystem services. Public preferences vary
based on socio-demographic factors, which have
different policy implications. Future studies can focus
on the development of a more comprehensive HPM
model by considering more variable factors and
including more empirical analyses. The findings also
recommend further study for analyzing the
differences in the GOS categories and sizes driving
positive externalities, depicting the “capitalization” of
GOS land for property or nearby land value
enhancement. This is in line with the results of Franco
and Macdonald (2018), who showed a strategic role
in the urban economy of developing countries,
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Fig. 5: Policy implications of the urban GOS valuation

particularly in Jakarta. The policy implications must
investigate the importance of considering the role
and diversity of public preferences regarding
development and financing policies, cultural factors,
and perceptions (Fig. 5).

The results of this study contribute to understanding
urban forests and parks in Jakarta, which have
significant impacts on land prices. This work examined
the need to consider GOS in land value assessments
and urban planning. The implications herein are
extended to land use planning and public investments
in green spaces, specifically in densely populated
areas. Introducing the HPM into the development
planning framework can significantly investigate
urban planning. This work also acknowledged several
limitations, including the limited representation of
urban GOS in the Thousand Islands Regency, the sole
consideration of land value in the HPM model, and the
limited scope of the GOS variables. The generalization
of findings to a broader population and other regions
was conducted with caution. Future studies must
prioritize the development of an exhaustive HPM for
Jakarta, including a broader spectrum of the variable
factors. This study suggests the need for further
investigations to scrutinize nuances within the GOS
categories and sizes, elucidating the drivers of positive
externalities.
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This study was conducted as a pioneering effort to
use the HPM for the public GOS valuation in Indonesia,
consequently establishing a novel and distinctive
contribution to the field of urban economics and
environmental valuation. The applicability of the HPM
model was depicted in Jakarta’s mature and privatized
land market. The GOS development was found to hold
a significant potential in addressing different issues,
including environmental justice, public health, and
aesthetic and increased land values. GOS effectively
enhance climate resilience by providing habitats for
biodiversity and supporting the physical and mental
well-being of the community through recreational and
sports facilities. The concept also creates important
externalities in policy design to ensure sufficient
presence in urban environments. This study offers
valuable insights into the measurement of the benefits
of GOS and examines interesting implications, including
increased tax revenues for local governments based
on specific GOS categories. Effectively developing
GOS requires creative thinking to meet the needs
of areas with a limited land availability. Moreover,
GOS development requires an understanding of how
distribution and functionality provide meaning and
economic value. Cultural ecosystem services are
becoming increasingly important in urban areas facing



population growth and challenges. The presence of
parks and urban forests increases the land prices
by 17.1 and 19.2%, respectively, while cemeteries
decrease the variable by -37.6 to -15%. These findings
provide policymakers and property developers
with valuable information on land transactions and
conversion, property development, conservation, and
ecologically sound green space network designs. As
regards the policy implications suggested, public GOS,
such as urban forests and parks, enhance the property
values and increase the local tax revenue. Jakarta and
other major cities have explored alternative financing
through LVC mechanisms to finance the development
of urban forests and parks. The land value rate
increase can be used as a reference to determine the
LVC mechanisms (e.g., imposition of a Beneficiary
Zoning Levy), depicting values of 9.2, 17.1, and 19.2%
within the affected value area of 500-2000 m. This
study did not find statistically significant relationships
between the presence of GOS within the 0-500 m
radius and land prices in Jakarta, setting it apart from
the majority of HPM studies found in the literature,
which used Global North countries as their study
areas. The analysis of the housing structure variables
showed that access to clean water from a public water
utility positively influences land prices. Shopping
centers, location of the respondents’ residences,
public high schools, roads within a distance fewer
than 200 m, and proximity to CBDs were found to
have significant positive coefficients on land prices.
By contrast, population density showed a significant
negative effect. The presence of urban forests and
parks positively affects the land prices in Jakarta,
indicating that residents highly value direct access to
green spaces. Conversely, the presence of cemeteries
negatively affects land prices, suggesting that the
setup is an undesirable facility for land buyers. These
results confirmed the importance of considering
environmental factors and GOS in land transactions
and conversion, property development, conservation,
and urban green space design, providing policymakers,
property developers, and land use planners with
valuable information. Valuing green spaces prevents
undervaluation and enhances one’s understanding
of their benefits, which leads to informed decisions
on land use planning and public investment in green
spaces. Further studies could explore the sizes of
green spaces, social functions, and ecosystem services
to deepen understanding on the value of GOS and
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provide a more comprehensive perspective on
planning and management. Larger-scale studies that
include a wider range of regions must be conducted to
obtain significant relationships in the valuation model
using the HPM approach.
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Pesticides are toxic and dangerous materials requiring

Article History: good handling. Pesticide exposure highly affects farmers’ health, especially spray pesticides,
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Revised 14 September 2023 determine the relationship between behavioral factors in using Personal Protective Equipment
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also looks at the predictive value of farmers’ behavioral factors regarding health problems.
The design of this study is cross-sectional with quantitative research type. This

KEYWO’dS: ) study gathered 91 respondents in Jonggol Village, which has the largest agricultural land in
Agricultural hygiene Bogor Regency and with farmers who actively use pesticides. Accordingly, this location has a
Farmer behavior population at risk of pesticide exposure. This study used questionnaires to obtain information
Health issues about farmer behavior and health problems. It also used the statistical package for the
Pesticide exposure ?gglraelsz%inces application to analyze data based on the chi-square test and multiple logistic

Protective equipment The bivariate analysis results show a significant relationship between the habit

of using personal protective equipment (masks) and farmers’ health problems, with a test
value of 0.019 and an odds ratio of 4.24. The habit of not using hand protection (gloves) is
also significantly related to not showering after farming, with a test value of 0.045 and an
odds ratio of 3.61. Meanwhile, the variable habit of using hand protection (gloves) has the
highest influence, with a test value of 0.008. Farmers who do not use hand protection are
17.5 times more likely to experience health problems than farmers who use hand protection.
Meanwhile, the Logistic Model shows that all variables lack a significant relationship.

Based on the overall analysis of the behavior of using personal protective
equipment and personal hygiene of farmers, this study suggests increasing synergy between
agricultural and health instructors in building awareness of using protective equipment and
the correct and appropriate use of pesticides among farmers. In a cross-program and cross-
sector manner, agricultural extension workers can explain how to wear protective equipment
and use pesticides correctly, while health educators can promote pesticide exposure
pathways and preventive measures for pesticide-related diseases. Exploring other factors
influencing farmers’ willingness to use protective equipment and maintain personal hygiene
is also essential, including barriers preventing farmers from behaving well. Good pesticide use
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Pesticides are used to prevent losses due to pest
attacks on plants, improve the quality of agricultural
products, and protect fruits to attract consumers
(Bernardes et al., 2015; Ehzari et al., 2022; Parsafar
et al., 2023). The use of pesticides is seen as a cost-
effective, labor-saving, and efficient method of
pest control and agricultural production. Pesticide
consumption is estimated at more than five billion
kg annually (FAO/WHO, 2014). However, serious
concernsariseregarding the healthimpactsonfarmers
due to pesticide exposure, especially spray pesticides
arising from residues in food and water, both in the
long and short term through the food chain (Zhang
et al., 2017). Non-target creatures, food chains, and
biodiversity can be affected, posing profound dangers
to human health and the environment (Samimi et
al., 2023). The FAO/WHO (2014) report states that
pesticides poison 43 percent (%) of the Zimbabwean
population, 25% of the Mexican population, and 23%
of Indian farmers and agricultural workers. In several
European countries, pesticides are also known to
have a negative impact on the health of farmers and
vulnerable groups such as pregnant women (Liu et
al., 2023). Several countries in Asia have found health
problems among farmers who actively use pesticides
(Xu et al., 2023). Pesticide exposure can occur in
every individual. Farmers and agricultural workers
are the groups most at risk due to pesticide exposure
and additional workplace exposure risks (Balasha
et al., 2023). ILO (2013) reports that yearly, many
agricultural workers and farmers are injured or sick.
Approximately 25 million farmers and agricultural
workers experienced moderate pesticide poisoning,
and three million farmers and agricultural workers
experienced severe pesticide poisoning, resulting in
approximately 180,000 deaths among agricultural
workers in rural areas in developing countries. This
condition is caused by wrong perceptions, lack
of knowledge, education, law, and unintentional
implementation errors (Ali et al., 2020). Pesticides,
heavy metals (Samimi, 2024) and other toxic
compound can pollute agricultural environments such
as water, soil, and air, impacting local communities
through inhalation, skin, and mouth (Liu et al., 2023;
Samimi and Nouri, 2023). Previous research found
that pesticide poisoning in agricultural workers can
cause acute illness (Al-Dawood et al., 2023) such as
severe headaches, dizziness, skin and eye irritation,
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coughing, and rhinitis (Koussé et al., 2023). Pesticide
exposure can also cause chronic diseases such as
cancer (Ali et al., 2020), leukemia, and brain tumors
(Koussé et al., 2023). The farmers’ use of pesticides
requires attention in the area of risk management.
Farmers must use personal protective equipment
(PPE) according to the Pesticides Commission’s
standard procedures, including masks, gloves, foot
protectors, and protective clothing. Farmers must
wear masks to minimize exposure to pesticides that
enter the body through the air. The types of masks
that can be used are ordinary, surgical, and Non-oil
95 (N95). N95 masks filter smaller particles more
than surgical masks. However, the mask must be
changed every 8 h because if worn for too long,
the filtered particles will accumulate on the mask.
Consequently, the former will prevent the latter
from functioning optimally. Farmers should also
maintain personal hygiene by cleaning themselves
immediately after spraying pesticides to reduce the
risk of exposure to pesticide particles. Good personal
hygiene means washing your hands and showering
immediately after mixing and spraying pesticides.
Indonesia now has coercive regulations to encourage
farmer compliance in agricultural activities through
the Law of the Republic of Indonesia no. 22 of
2019 concerning sustainable agricultural cultivation
systems. This regulation prohibits agricultural
cultivation methods threatening human health,
safety, and the environment. Indonesian farmers
face risks from using toxic chemical pesticides with
application techniques that do not comply with
regulations, inadequate spraying equipment that
lacks appropriate personal safety equipment, and
the frequent reuse of old pesticide containers
(Garcia et al., 2012). Based on a review of previous
reports, analytical research is extremely important
to determine the determinant and dominant
factors that influence farmers’ health based on PPE.
Meanwhile, previous research generally focuses on
the level of pesticide residue contamination (Khatun
et al., 2023), perceived health impacts (Ssemugabo
et al., 2023), type of pesticide residue (Atnafie et
al., 2021), and self-descriptive use of protective
equipment (Kangkhetkron and Juntarawijit, 2021).
Thus, a research gap exists in analyzing the causal
relationship between exposure to specifications
and disease incidence in farmers. This study aims
to determine the relationship between behavioral



factors in using PPE and the hygiene and sanitation of
individual farmers who experience health problems.
This study also aims to determine the most dominant
determinants influencing potential health problems
in farmers. Bogor City is one of the agricultural areas
in Indonesia. Meanwhile, Jonggol Village is one of
the sub-districts under the administrative area of
Bogor City. Based on preliminary research conducted
in Jonggol Village, most farmers experienced health
problems and low use of PPE and sanitation. Thus, this
study was conducted in Jonggol Village, Indonesia, in
2023.

The population of this study covers all areas with
agricultural areas in Jonggol District, Bogor Regency.
Jonggol District consists of 14 villages, namely
Sukajaya, Sukagalih, Sukanegara, Weninggalih,
Cibodas, Sukamanah, Singasari, Sukamaju, Singajaya,
Jonggol, Sukasirna, Bendungan, Balekambang, and
Sirnagalih Villages (Fig. 1). This study uses a cross-
sectional and quantitative research design. The

sample area is the village with the most extensive
agricultural land in Jonggol District, namely Jonggol
Village. This village has agricultural land covering an
area of 833 hectare (ha). Farmers in Jonggol Village
are users of triazole pesticides, thereby rendering
them vulnerable to pesticide exposure.

Research site

This study starts from the preparation of the
proposal and ends with the results report. The study
location is centered on the location used by farmers
to carry out farming activities and spray pesticides.
The sample region or sample area is the village with
the largest agricultural land area in Jonggol District.
The village is Jonggol Village, with an agricultural land
area of 833 ha. The largest village, namely Jonggol
Village, was chosen after discovering that farmers
use triazole pesticides and based on the focus of the
study. This study uses a non-probability sampling
technique, which means that not all elements in
the population have the same chances of becoming
the desired sample. The sample in this study only

Fig. 1: Geographic location of the study area in the agricultural residential area of Jonggol Village of Jonggol Sub-District in Indonesia
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comprised farmers because they are the group most
at risk of exposure to pesticide residues. Farmers
spend quite a long time in agricultural areas in their
daily lives when spraying or applying pesticides to
their crops. Thus, they are likely exposed to pesticide
residues. Researchers used the Slovin formula to
determine the sample size because the number must
be representative in taking samples. Thus, the study
results can be generalized. The Slovin formula is used
for determining a sample of farmers as in Eq. 1 (Jamil
etal., 2023).

N
n=——,
1+ Ne?

(1)

where

n = Total of samples taken for research

N = Total farming population by village

e = Degree of tolerance for inaccuracy in retrieval
sample

The study uses a tolerance level of 10%. Thus, the
sampling calculation is performed using Eq. 2 (Jamil
etal., 2023).

n

n=———=90.69 =91 farmers .
1+975(0.01)

(2)
Survey

This study first conducted preliminary research
to collect initial information regarding the research

location. Preliminary research involved ten Jonggol
Village farmers in the interview process. Interview
results show that 8 out of 10 farmers have worked
as farmers for more than ten years. The majority of
farmers experience respiratory and digestive health
problems. The PPE used is incomplete. At most,
farmers use three types of PPE, namely masks, gloves,
and protective clothing. Farmers generally shower
after spraying pesticides. The results of this interview
were then used as material for consideration in
preparing the research instrument. This study uses
a questionnaire instrument to survey farmers in
selected research locations. The questionnaire
consists of 1) respondent identity, such as gender,
age, and education level; 2) history of working as a
farmer; 3) use of personal protective equipment such
as masks, gloves, and protective clothing; 4) sanitary
hygiene, such as showering after using pesticides;
and 5) farmer health problems such as complaints of
illness in the last year, both respiratory and digestive
health problems (Table 1).

Based on Slovin’s calculations, the number of
samples in the study was 91 lowland rice farmers. All
samples are farmers from Jonggol Village, the group
most at risk of exposure to pesticides because they
consume raw water sources in agricultural areas and
carry out pesticide spraying and mixing activities.
This study uses a non-random sampling technique,
namely quota sampling. This study only took a

Table 1: Study questionnaire

Questions

Respondent identity

Sex Male or female
Age (year) 26-65; 266

Education level

History of working as a farmer

How long have you worked as a farmer?

Use of PPE

Do you wear a mask when spraying pesticides?

Do you wear gloves when spraying pesticides?

Do you wear long clothes when spraying pesticides?
Sanitation hygiene

Do you shower immediately after spraying pesticides?
Farmers' health problems

Have you had any complaints of illness during the last year?
Do you have respiratory health problems?

Do you have digestive health problems?

Elementary school (Sekolah dasar/SD); Junior high
school (Sekolah menengah pertama/SMP); Senior high
school (Sekolah menengah pertama/SMA); Bachelor’s
Degree (Strata 1/51)

Over 10 years; between 5 and 10 years
Yes or no

Yes or no
Yes or no

Yes or no

Yes or no
Yes or no
Yes or no
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sample of farmers because they are the “population
at risk” for exposure to pesticides due to their
pesticide spraying activities, mixing pesticides, and
presence in locations where pesticide residues may
remain around the farm. The inclusion criteria for
the sample of farmers are willing to be a respondent,
able to communicate well, farmers who have worked
permanently for more than one year, farmers who
spray pesticides, and farmers who mix pesticides.
Meanwhile, the exclusion criteria for the sample of
farmers are farmers who work as a side job, absent in
the target location after three visits, and farmers who
do not spray mix pesticides.

Analysis procedures

This study uses a questionnaire instrument that
contains demographic characteristics, behavior
toward using PPE, behavior toward maintaining
personal hygiene and sanitation, and farmers’
identified health problems, including digestive and
respiratory disorders. The process of obtaining
additional data not only happens through interview
methods but also observation and documentation
regarding farmer behavior in Jonggol Village.
From March to April 2022, data were collected
through direct field surveys using open and closed
questionnaires. This study screened respondents by
meeting the research inclusion criteria. The purpose
of the study will be explained to selected potential
respondents. If the prospective respondent agrees
to participate in this study, such respondent will sign
an informed consent. All samples in this study have
signed informed consent.

Data collection
This study uses two types of data, namely primary

and secondary. Primary data in this study are data
from interviews with farmers. Primary data are a data
source directly provided to data collectors. Secondary
data in this study consist of data on the number of
farmers and the area of rice farming areas in Jonggol
Village obtained from the Central Statistics Agency
of Jonggol District, the Bogor Regency Agriculture,
Plantation and Forestry Service, the Bogor Regency
Health Service, and the Food Crop Protection
Center and Horticulture of West Java Province (BPS
Kota Bogor, 2021). Two field researchers contacted
potential respondents at the farmer group head
center and surrounding areas to explain the research
objectives and thereafter obtain approval. After
obtaining their consent to participate in survey
activities, 91 respondents received questionnaires
which were distributed using the convenience
sampling method. Data collection through surveys is
then carried out on site. Table 2 presents the details
of the data collection for this study.

Statistical analysis

Data analysis is carried out after passing the
processingdatastageintoinformation.Theinformation
obtained is used for the decision-making process. The
entire data processing and analysis process uses SPSS
software. Data processing is achieved through the
following four steps: editing, coding, data entry, and
data cleaning. The collected data then go through a
descriptive analysis or univariate analysis process to
determine the type of data distribution. Meanwhile,
to determine the distribution of data, this study uses
a normality test to detect the distribution of data.
Normally distributed data must meet the test value
of more than 0.05 (p-value > 0.05). Next, bivariate
analysis was carried out to determine the relationship

Table 2: Data collection

Content Jenis data Methods Sources Descriptions
Demographic Data on the number of farmers and
characteristics of farmers secondary Document analysis BPS Kota Bogor the area of rice farming in Jonggol
in Jonggol Village Village
Respondent identity Primary Questionnaire Respondents Gender/age/education level
History of working as a Primary Questionnaire Respondents How long the resppndent has been
farmer a farmer in years
. . . Wear masks, gloves, and protective
Use of PPE Primary Questionnaire Respondents . . ..
clothing when spraying pesticides
Sanitation hygiene Primary Questionnaire Respondents Bathing after spraying pesticides
Complaints of illness in the past
Farmers' health problems Primary Questionnaire Respondents year, history of respiratory and

digestive problems
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between the dependent and independent variables.
The dependent variable is health problems, while
the independent variable is farmers’ behavior
toward using PPE and sanitation. Logistic regression
analysis is also relevant to analyze the direction and
correlational relationships because this study focuses
on theory development. Logistic regression analysis
does not require a solid theoretical basis. Accordingly,
such analyses may be suited for theory development.
The study hypotheses are as follows:

Hypothesis 1: A relationship exists between the
habit of not using mouth/face protection (masks) and
the emergence of health problems.

Hypothesis 2: A relationship exists between the
habit of not using hand protection (gloves) and the
emergence of health problems.

Hypothesis 3: A relationship exists between
the habit of not using protective clothing and the
emergence of health problems.

Hypothesis 4: A relationship exists between the
habit of not bathing after farming and the emergence
of health problems.

The latitude of Jonggol village is -6.479789, and the
longitude is 107.045101. This village is located 100 m
above sea level and has a tropical rainforest climate
with rainfall of 30 m3. The boundaries of Jonggol
are Sukamanah to the north, Sukasirna to the south,
Sirnagalih to the east, and Sukamaju to the west. The
land use is 833 ha for rice fields, 180 ha for fields/
fields, and 2,360 ha for residential areas. Jonggol
has a yard area of 580 ha, a plantation of 3,250 ha,
and public facilities of 670 ha. Jonggol Village has a
water and river irrigation system and healthy water
(groundwater) close to agricultural activities. The
majority of residents work as farmers in Jonggol
Village. Agricultural activities in the Jonggol Village
location still actively use pesticides. Farmers and
residents living in the Jonggol Village location are
at risk of contamination by pesticide exposure from
drinking water sources around the agricultural area.
Farmers in Jonggol Village have a community called,
POKTAN “Farmers’ Group.” Among them are the
Harapan Tani Farmers Group and the Guyub Tani
Farmers Group. Most farmers in Jonggol Village work
as rice farmers and carry out rice planting activities
for 900 days. Agricultural activities start in April. The
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first week is the essential fertilization time. Fifteen
days after the first fertilization activity, the second
fertilization activity is carried out. After 35 days,
it is continued with the third fertilization activity.
Along with fertilization activities, farmers in Jonggol
Village are also actively spraying pesticides to reduce
the risk of damage to rice plants by leafhoppers by
using fungicides and pesticides. Farmers in Jonggol
Village most often use fungicides with the “E-Score”
label or brand. The majority of farmers are also
active in mixing pesticides. Farmers in Jonggol Village
use phosphate, nitrite, nitrate, and MPK fertilizers.
Some farmers who work in Jonggol Village also have
other activities apart from farming, and some have
businesses as fishing owners, trade, and businesses
by owning stalls.

Farmers’ demographic characteristics in Jonggol
Village

Table 1 shows that 93.4% of respondents were
male, 6.6% were female, 82.4% had an age range of
< 26-65 years, and 17.6% had an age range of more
than or equal to (2) 66 years. Farmers who have their
last level of education at SD account for 89%, 5.5%
of workers in the tourism sector have their last level
of education at SMP, 4.4% of farmers have their last
level of education at SMA, as many as 1.1% of farmers
have the last level of education at Bachelor’s Degree.
The dominant farmers have worked as farmers for
over ten years, namely 95.6% (87 farmers), and 4.4%
of farmers work long term for 5 to 10 years. The
characteristics of the farmers in this study align with
the study of Li et al. (2023), who found that most
farmers were men and, on average, had worked as
farmers for more than ten years (Zuo et al., 2023).
Males have more physique and muscle mass tan
women, making it possible to carry out farming
activities such as hoeing, lifting crops, and digging
the soil. Women focus on homemaking and looking
after their children at home. Farmers have been
working for over ten years for the following reason:
on average, farmers are land owners and managers
of their crops which explain the urge to work as
farmers for a long time. Similar research also reveals
that farmers range from productive to old age (Malaj
et al., 2020). In rural areas, people of productive age
who remain physically strong will work professionally.
Elderly farmers will only monitor and evaluate the
process of managing agricultural land and crop yields.



This study found that 78% of farmers in Jonggol
Village experienced health problems due to pesticide
use (Table 3). Its results align with previous research,
which found that 71.4% of farmers were aware
of the emergence of health problems (Alex et al.,
2018). However, The research of Edwin et al. (2021)
produced the following contrasting finding: 60% of
farmers stated that they did not experience health
problems. In another research, Edwin et al. (2021)
found that of the 40% of farmers who admitted
to experiencing health problems, more than 50%
experienced respiratory problems. The findings of
Edwin et al. (2021) are in line with research that the
majority of farmers (74.7%) experience respiratory
health problems (Table 3). Improper use of pesticides
can cause potential respiratory health problems
such as asthma, chronic bronchitis, coughing, and
shortness of breath; additionally, 20% experience
chest tightness (Priyadharshini et al., 2017). This study
also found that 44% of farmers experienced digestive
health problems (Table 3). This finding aligns with
the research by Tambo et al. (2020), who found that
farmers who did not use PPE experienced digestive
disorders such as nausea/vomiting, stomach cramps,
and diarrhea.

Univariate analysis description of farmer behavior
and health issues

Farmers in Jonggol Village had PPE at their farming
headquarters during the interview and observation
process. The PPE used includes protective clothing,
face protection (mask), and hand protection (gloves).
Some farmers do not use PPE when farming, mixing,
or spraying pesticides. Farmers are also not good at
maintaining personal hygiene. Table 2 shows that
more than 80% of farmers do not generally use PPE.
The proportion of farmers who do not use PPE is
more significant than in the research by Hashemi

et al. (2012), who found that 60% did not use PPE
when using pesticides. This study found that 83.5%
of farmers did not wear mouth/face protection
(masks). This finding aligns with previous research
by Edwin et al. (2021), who found that 86.67% of
farmers did not use masks, as well as the research by
Priyadharsini et al. (2017) with a proportion of 80%.
Meanwhile, the proportion of farmers who did not
use gloves reached 94.5%. Previous research also
found that all farmers did not use hand protection
(Edwin et al., 2021). Meanwhile, the research by
Priyadharsini et al. (2017) found a more significant
proportion of farmers who do not use gloves at 69%.
The proportion of farmers who do not use protective
clothing is 87.9%. This study aligns with Yuantari et
al. (2015), who found that all farmers did not wear
protective clothing and wore the same clothes for
more than one day without washing them. However,
the research of Priyadharsini et al. (2017) yields the
following different finding: 65% of farmers wear
unique clothing when working with pesticides;
farmers who have the habit of cleaning or showering
after planting account for 87.9%. This finding aligns
with the research by Edwin et al. (2021), who found
that most farmers (76.67%) showered and changed
clothes after spraying pesticides. Findings related to
using PPE when spraying pesticides may be related to
knowledge factors that motivate or inhibit farmers’
desire to use PPE. Shalaby et al. (2022) stated that
4.7% of farmers have limited formal education and
have never attended technical training on pesticide
safety. These two factors prevent farmers from
understanding the dangers of warnings on pesticide
labels and instructions for avoiding diseases caused
by pesticides. In addition, 15.3% of farmers in this
study were illiterate (Shalaby et al., 2022). Aspects
of farmers’ perceptions of pesticides are also aspects
that hinder or encourage the implementation of

Table 3: Farmer characteristics in Jonggol Village in 2022

Farmers characteristics Categories Number (person) Percentage (%)
Sex Male 85 93.4
Female 6 6.6
Age (year) 26-65 75 82.4
>66 16 17.6
Education level Primary education (SD) 81 89
Secondary education (SMP) 5 5.5
Secondary education (SMA) 4 4.4
Bachelor’s degree (S1) 1 1.1
Length of work Over 10 years 87 95.6
Between 5 and 10 years 4 4.4
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Table 4: Utilization of PPE and sanitary hygiene for farmers in Jonggol Village in 2022

Farmer Behavior Utilizing PPE and Sanitation Hygiene Categories ('\:;;22?1; Percentage (%)
Habit of not utilizing mouth/face protection (mask) T\‘e; Zg ?Zg
Habit of not utilizing hand protection (glove) T\Iec? 856 9;'55
Habit of not utilizing protective clothing T\Iej 2(1) ?Zi
Yes 11 12.1
Habit of not bathing after farming No 30 87.9
Table 5: Farmers’ health issues in Jonggol Village in 2022
Farmers’ health issue Categories Number Percentage (%)
(person)
Emergence of farmer health issues T\le: Z(l) Zg
Experiencing respiratory health issues T\le; 22 ;g;
Experiencing digertive health issues T\lej :‘7‘ g?g

behavior to prevent pesticide exposure among
farmers. Previous research found that of the three
levels of perceived danger of pesticides, namely high,
medium, and low, only 16.7% of farmers were found
to have rated pesticides as very unsafe and not too
dangerous (Hashemi et al,, 2012). In other words,
most farmers do not think that pesticides can harm
farmers. Research by Cabasan et al. (2019) also found
that 38% of farmers consider pesticides the easiest
way to control agricultural pests. Other research
also found that the inconvenience of using PPE and
additional costs were the main reasons for not using
PPE (Lari et al., 2022). This study found that using face
shields (masks) was associated with health problems
(Table 4). The variable habit of using mouth/face
protectors (masks) has an odd ratio (OR) value of
4.24, which means that farmers who lack the habit
of using mouth/face protectors (masks) will have a
risk of experiencing health problems 4.24 higher than
farmers who have the habit.

The results of the bivariate test become an indicator
forvariable selection, which is continued in the logistic
regression test. The requirements for variables that
will be included in the model for logistic regression
testing are variables with a p-value < 0.25. Then, the
analysis is repeated along with other variables that
meet the requirements to enter the model. Several
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variables tested in the chi-square analysis in Table
5 can be included in the requirements for testing
logistic regression analysis. A total of 3 variables
meet the requirements to be included in the model,
namely the habit of wearing face protection (mask),
the habit of using hand protection (gloves), and the
habit of bathing after farming.

Bivariate and multivariate analysis of farmers

This research also conducted a bivariate analysis
between the dependent variable, namely health
problems among farmers, and the independent
variables, namely the habit of not utilizing mouth/
face protection (masks), the habit of not utilizing
hand protection (gloves), the habit of not utilizing
protective clothing, and the habit of not bathing
after farming. The bivariate analysis uses the Chi-
square test. The bivariate test results show that three
variables have a p-value < 0.05, namely the habit
of using mouth/face protection (mask) (p-value
0.019), the habit of using hand protection (gloves),
and the habit of bathing after farming (p-value
0.045). These three variables are related to farmers’
emergence of health problems. The OR value shows
the strength or weakness of the relationship between
two variables (Table 6).

The study also found that as many as 68% of



Table 6: Results of Chi-Square analisis

Behavior of using PPE and hygiene individual sanitation

Emergence of health issues

Yes No Total OR p-value
n % n %
Habit of Not UtilizingMouth/Face Protection Yes 63 82.9 13 17.1 76 4.4 0.019
(Mask) No 8 53.3 7 46.7 15 : :
Habit of Not Utilizing Hand Protection Yes 70 81.4 16 18.6 86
17.5 0.008
(Glove) No 1 20 4 80 5
. - . ) Yes 9 81.8 2 18.2 11
Habit of Not Utilizing Protective Clothing No 62 775 18 225 30 1.31 0.548
Yes 65 81.3 15 18.8 80
i i i 3.61 .04
Habit of Not Bathing after Farming No 6 545 5 45.5 1 6 0.045

farmers experienced respiratory problems due to
inadequate behavior in wearing masks. The study
finding aligns with the research in Bangladesh
that low use of PPE will increase the risk of farmer
poisoning (Ali et al., 2020). Health problems among
farmers caused by not using face shields or masks
when farming include dizziness, blurred vision, eye
irritation, and excessive coughing (Tambo et al,
2020). Not using a protective face mask will increase
the potential exposure to toxic pesticide substances
by inhalation and can cause tissue damage to the
lungs, breathing difficulty, reduction in the body’s
immune system, and reduction in the health status
of farmers and their families (ASTDR, 2017). PPE
can protect the respiratory system by filtering toxic
pesticide substances, thereby reducing the risk of
exposure by inhalation. The study results by Zamora
et al. (2022) in Mexico found health problems among
farmers and farming families caused by not using
gloves. The results of this study align with this study,
which found a relationship between the occurrence
of health problems and farmers’ behavior in using
gloves. The habitual behavior of using hand protection
has an OR of 17.5, which indicates that farmers who
lack the habit of using hand protection are 17.5
times more likely to experience health problems
than those who use hand protection. The behavior
of not using gloves is driven by low awareness of
using PPE, including hand protection. The behavior
of not using hand PPE (gloves) will increase dermal
exposure to toxic pesticide substances and can
cause tissue damage to the skin (ASTDR, 2017). The
potential danger of exposure to toxic substances
will occur when farmers wipe their faces or families
with farmers’ hands contaminated with pesticides.
This behavior can become a chain of transmission

of toxic pesticide substances by inhalation or oral
use. This study also found that 48.4% of farmers
experienced digestive disorders due to their behavior
of wearing insufficient hand protection. These results
align with previous research that contamination due
to pesticide exposure by farmers occurs because
one of them is reluctant to wear PPE, one of which
is hand protection, resulting in skin contamination
(Zzhang et al., 2023). Toxic substances from pesticides
in agricultural activities can be minimized by using
PPE, namely hand protectors, thereby reducing the
risk of exposure to toxic substances when farmers
touch parts of their bodies or families. Most farmers
in this study have the habit of wearing protective
clothing, but the majority also experience health
problems. Based on Table 4, the bivariate analysis
results did not find a significant relationship between
the habit of using protective clothing and farmers’
health problems. The results of this study are in line
with studies in several American countries that PPE
masks influence exposure to pesticides that cause
health problems and are less influenced by protective
clothing (Paul and Ritz, 2022). Moreover, PPE use is
sufficient with the use of masks, gloves, and boots;
therefore, thick protective clothing does not have too
much of an impact (Khuman et al., 2020). Based on
these findings, according to ASTDR (2017), not using
PPE thick protective clothing will increase dermal
exposure to toxic pesticide substances and can
disrupt human skin health. If the farmer meets his
family and enters the house, the toxic substance will
remain in the farmer’s body, which could lead to a
chain of transmission of toxic pesticide substances by
inhalation or oral ingestion. The study also found that
as many as 48.4% of farmers experienced digestive
disorders. As many as 44.4% of farmers experienced
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digestive disorders due to the behavior of wearing
protective clothing that was not thick enough; this
finding is in line with the research that the use of PPE
is essential in reducing exposure to toxic pesticide
substances in agriculture (Zuo et al., 2023). Another
study also found that 43% of farmers who did not
wear protective clothing experienced itchy skin, and
25% felt a burning sensation (Okonya and Kroschel,
2015). Lari et al. (2022) explained that significant
differences exist in pesticide exposure on the skin of
the legs and chest; followed by the arms, face, and
neck of farmers who have sprayed pesticides without
PPE. Potential skin exposure values range from 0.15
to 13.45 ug. Farmers treated with PPE experienced
a decrease in actual dermal exposure (ADE), %ADE,
and ADEh levels than before using PPE. Thus, PPE
use is the main parameter for the safety of pesticide
users (Lari et al., 2022). Farmers in Jonggol Village are
accustomed to wearing protective clothing in every
farming activity, such as when spraying and mixing
pesticides. This behavior can cause disease problems
because wearing protective clothing without using
other PPE, such as masks, gloves, and boots, still can
potentially cause exposure to pesticides and health
problems. Lastly, bathing behavior after farming with
an OR of 3.61 shows that those who do not bathe after
farming are at risk of experiencing health problems
3.61 times higher than farmers who consistently
shower after farming. The results of this study align
with the research in China, which found that farmers’
hygiene is related to farmers’ health, namely good
hygiene and sanitation, which reduces the emergence
of disease in farming families (Jayasiri et al., 2022).
Not cleaning oneself can increase farmers’ risk of
exposure to toxic pesticide substances, which cause
health problems (Lan et al., 2022). Bathing behavior
will clean and remove pesticide chemicals when
spraying and mixing pesticides, thereby reducing the
dangers of pesticide exposure (Kong et al., 2021).
Based on these findings, according to the EPA (2017),
toxic pesticide substances can stick to clothes or skin
by not cleaning the body after farming; such practice

will contaminate farmers, and they dermally absorb
the toxic substances. The study also found that 48.4%
of farmers experienced digestive disorders, which is
in line with research in China, namely that personal
hygiene sanitation affects the health of farmers and
farming families (Rousis et al., 2021). The condition
of farmers in Jonggol Village who do not clean their
bodies after bathing means that toxic substances
remaining in their bodies have been absorbed into
their skin tissue; thus, they metabolize to poison body
tissues. Tiny particles of pesticide substances can also
be inhaled by farmers or touched on farmers’ bodies
so that they can cause contamination. Multivariate
analysis shows that the habit of using face protection,
hand protection, and showering after planting has a
p-value > 0.05; thus, all independent variables in the
model are unrelated to farmers’ health problems.
The significant relationship only occurs if the type
of farmer behavior is linked bivariately with the
farmer’s health problems. Simultaneously, all farmer
behaviors are unrelated to farmer health problems
(Tables 7 and 8).

This study has limitations in the study. It only focuses
on looking at pesticide exposure in humans but not
on when pesticides are in the environment. In fact,
previous research has found a relationship between
the safe use of pesticides and the perception of the
dangers of pesticides to the environment, namely
79% of farmers are aware of the impact of pesticides
on the ecosystem (Cabasan et al., 2019). The impact
of pesticides on the environment can affect the
concentration of pesticides that enter the human
body because pesticides in water or air undergo
several changing processes. Looking at the discussion
from this study, Jonggol Village should be able to
implement risk mitigation, such as implementing
technology that can detect and monitor pesticide
residues through the use of alginate-chitosan
films containing Acetylcholinesterase (ACHe) and
Choline Oxidase (ChO). Hermanto et al. (2023)
developed a biosensor technology with good
sensitivity, reproducibility, and stability in detecting

Table 7: Bivariate selection results

Independent variables P-value Explanation Information

Habit of iz hE -

“\;:I:k;) not utilizing mouth/Face protection 0.019 Hypothesis 1 accepted Enter the model

Habit of not utilizing hand protection (Glove) 0.008 Hypothesis 2 accepted Enter the model

Habit of not utilizing protective clothing 0.548 Hypothesis 3 rejected Not included in the model
Habit of not bathing after farming 0.045 Hypothesis 4 accepted Enter the model
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Table 8: Results of logistic regression

Independent variables B SE Wald p-value OR (95%Cl) Explanation
Habit of not utilizing mouth/face 0.369 Hypothesis 1
protection (Mask) 0.998 0.859 1.348 0.246 (0.068-1.986) rejected
Habit of not utilizing hand protection 0.065 Hypothesis 2
-2.374 1. 2.982 .084
(Glove) 3 >83 98 0.08 (0.003-1.446) rejected
Habit of not bathing after farming 2.188 Hypothesis 4
0.783 1.289 0.369 0.544 (0.175-2.355) rejected
Constant 4.335 2.257 3.689 0.055 76.319
Government Regulation, monitoring, and evaluation
Counseling on the use of PPE and good
Agricultural instructor personal sanitation, handling pesticide
Farmers'

waste, and proper pesticide spraying

motivation in

implementing

Health workers

Promotion of the use of PPE and good
personal sanitation, routes of exposure to
pesticides, the impact of pesticides on

haalth and raanlar haalth ~rhaclke

behavior to
prevent pesticide
exposure exposure

Industry

Ease of access for farmers to purchase PPE

Fig. 2: Relationship between cross-sector roles and farmer motivation in implementing pesticide exposure prevention behavior

and monitoring pesticide residues. This technology
is also easy to use, fast, and cheap; moreover, the
analysis process can be carried out on site, thereby
possibly reducing the barriers for farmers to use
PPEs (Hermanto et al., 2023). Increasing farmers’
awareness and knowledge of using pesticides and
PPE and monitoring and evaluating PPE access and
availability are both essential for the government,
agricultural extension workers, industry, and various
agricultural sectors. Health workers can also check the
health of farmers and farming families periodically so
that future researchers can check pesticide levels in
the blood of farmers and farming families or pesticide
levels in soil, water, or air as another parameter. Fig. 2
illustrates the interrelationship of the roles between
cross-sectors.

Based on the study results, 83.5% of farmers did
not use mouth/face protection (mask), 94.5% did not
use hand protection (gloves), and 87.9% did not use
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protective clothing. By contrast, most farmers behave
well in terms of bathing after planting, namely 87.9%.
The habit of not using mouth/face protection (mask)
(p-value =0.246), the habit of not using hand protection
(glove) (p-value = 0.084), and the habit of not bathing
after farming (p-value = 0.544) are insignificantly
related simultaneously in overcoming farmers’ health
problems. Meanwhile, all three significantly have a
spatial influence on farmers’ health problems. The
habits of not using face protection (mask) (p-value
0.019), not using hand protection (gloves) (p-value
0.008), and not showering after planting (p-value
0.045) have a real impact on farmers’ health problems.
Farmers who do not use face and mouth protection are
4.24 times more likely to experience health problems
than those who do. The behavior of not bathing after
farming is 3.61 times more likely to experience health
problems than the opposite. The behavior of not using
hand protection (gloves) partially has the most vital
relationship with the emergence of health problems.
Farmers who do not use hand protection (gloves) are



17.5 times more likely to experience health problems
than those who use gloves. The habit of not using
protective clothing is not related to health problems
(p-value = 0.548). As many as 78% of farmers stated
that they had health problems, 74.7% experienced
respiratory health problems, and 48.4% experienced
digestive health problems. These findings demonstrate
the importance of in-depth epidemiological studies of
specific environmental factors and pesticide exposure
pathways that cause farmer health problems. This
study has limitations and also guides future research.
Although this study discusses the habitual behavior of
using PPE, farmer hygiene, and sanitation regarding
farmer health problems, this study is limited to one
village in West Java Province, namely Jonggol Village.
Further research on farmer behavior and health
issues should be conducted to assess exposure to
environmental pesticides and their toxic substances in
the human body, which could contribute to expanding
research results. Future research should conduct
qualitative studies through in-depth interviews or Focus
Group Discussions, which can contribute to increasing
the strength of the relationship between farmer health
disorders and building the health of farmer families
and the surrounding community. Another form of
intervention is designing and implementing programs
in collaboration with agricultural extension workers,
health workers, and local community leaders using a
persuasive approach.
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ARTICLE INFO ABSTRACT

) 3 The current literature on tofu production has predominantly
Article History: focused on exploring the value-added potential of the waste generated during tofu production and
Received 07 September 2023 conducting impact assessments related to this production. However, a noticeable gap remains in
Revised 19 October 2023 the research concerning the comprehensive examination of life cycle costs and eco-efficiency in
Accepted 29 November 2023 tofu production and its associated waste. This study aims to assess the environmental and economic

impacts of the implementation of recycling alternatives using a life cycle assessment and life cycle
cost approach. The impact of waste recycling on the eco-efficiency of small and medium-sized
Keywords: enterprises in Sugihmanik Village, Grobogan Regency, Indonesia is also examined.
Eco-efficiency To achieve this goal, this study employed life cycle assessment and life cycle cost
) methodologies to evaluate eco-efficiency. Data were collected through interviews and direct
Life cycle assessment observations. Cradle-to-grave (tofu production) and cradle-to-cradle (tofu production and waste
Life cycle cost recycling) approaches were compared. Environmental impact was assessed by determining the
Small medium enterprises 12 impact categories. Environmental cost was determined using the eco-cost 2023 method, and
environmental and economic impacts were examined with SimaPro software version 9.4.

Life cycle assessment analysis revealed eutrophication, carbon footprint, and freshwater
ecotoxicity to be the categories with the most significant impact for each process. In particular, the
eco-cost of the cradle-to-grave approach was 7.03 United States dollars, and that of the cradle-
to-cradle approach was 7.90 United States dollars. Life cycle cost analysis yielded a net value of
1.33 United States dollars for the cradle-to-grave process and 38.16 United States dollars for the
cradle-to-cradle process. According to the life cycle cost analysis, the recycling scheme increased
the overall cost of production. Meanwhile, the eco-efficiency analysis demonstrated an increase in
the eco-efficiency of tofu production (cradle-to-grave) and the recycling system (cradle-to-cradle).
Waste recycling can increase the eco-efficiency index from 0.18 to 5.

Life cycle assessment identified eutrophication, carbon footprint, and ecotoxicity
(freshwater) as the three major impact categories. Proper waste management in tofu production
offers environmental benefits and significant profits, with the net value of the cradle-to-cradle
process at 38.99 US dollars. The eco-efficiency values showed a substantial positive increase,
and the waste processing scenarios were found to be sustainable and economically beneficial.
These findings suggest new business opportunities through straightforward waste processing and
affordable production costs. The scheme also reduces the environmental impact and increases the
DOI: 10.22035/gjesm.2024.02.05 efficiency and profit of the overall tofu production system.
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Tofu is preferred by Indonesians because of its
affordability and abundant protein content (Zheng et
al., 2020). As highlighted by Plamada et al. (2023),
tofu can be used as an alternative to cheese or milk-
based products and as a meat substitute food for
vegan. Data on the average per capita tofu
consumption for 2021 in Indonesia revealed a weekly
consumption of 0.3 gram (g), marking a 3.75 percent
(%) increase from the preceding year’s 0.293
kilogram(kg), (Hulu, 2023). This uptick aligns with the
growth of small businesses and the tofu production
industry. Hartini et al. (2021) emphasized that the
surge in tofu enterprises has positive and negative
consequences and fosters augmented income and
job prospects, particularly in small- and medium-
sized enterprises (SMEs) and the tofu production
sector (Ratmono et al, 2023). Conversely, the
downside is related to the heightened environmental
pollution arising from tofu production (Zheng et al.,
2020). Byproducts from tofu production are
generated in the form of liquid (wastewater) and
solid waste. Wastewater is produced during the
stages of soaking, mixing, and tofu molding (Hartini
et al., 2021). Ajijah et al. (2020) reported that this
wastewater contains high amounts of proteins (40%
— 60%), fats (10%), and carbohydrates (25% — 50%)
and has a biological oxygen demand (BOD) of 6,000
— 8,000 mg/L, a chemical oxygen demand (COD) of
7,500 — 14,000 mg/L, and a pH below 6. Solid waste is
produced during cooking, filtering, and frying and
constitutes approximately 25% — 35% of total tofu
production. In SMEs, solid waste can be derived as
tofu dregs, which can be converted to residual
biomass for fuel (Hartini et al., 2021). Bahri et al.
(2021) reported that tofu dregs still contain high
levels of nutrients, with 23.62% protein, 7.78% fat,
and 65% fiber. When appropriately treated, solid
waste (tofu dregs) can be used as a viable food
ingredient (Xu et al., 2020). In Indonesia, numerous
studies have focused on the treatment of waste from
tofu production. The Ministry of Environment and
Forestry of Indonesia has highlighted diverse waste
management strategies, including source reduction,
reuse or recycling, and appropriate waste disposal
methods (Budihardjo et al., 2022; Kurniawan et al.,
2023). Various waste types that retain fibers, fats,
proteins, carbohydrates, minerals, and organic acids
have the potential to be transformed into alternative
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products with economic value (Esteban and Ladero,
2018; Samimi and Nouri, 2023). Many investigations
have focused on the treatment of wastewater from
tofu production to meet wastewater standards. For
example, Zunidra et al. (2022) used a biofilter
enriched with microorganisms in an anaerobic—
aerobic system to treat wastewater containing tofu.
Other studies explored the conversion of soy whey
(Dai et al., 2023) and wastewater (Nugroho et al.,
2019) from tofu production to organic fertilizers,
biogas, and digestate (Sari et al., 2021). Researchers
also explored ways to elevate the economic value of
wastewater while curbing its environmental impact.
A promising approach is to transform tofu wastewater
into nata de soya (Ropiudin and Syska, 2023).
Wastewater shows potential in generating high-fiber
nourishment for community consumption (Pérez-
Marroquin et al., 2023) because it contains sufficient
fats, oils, pigments (Saba et al., 2023), proteins, and
carbohydrates (Karlovi¢ et al.,, 2020). Diverse
applications for process tofu dregs have also emerged,
including the production of swollen tempeh (locally
known as tempe gembus), animal feed, tofu dregs
crackers, soy sauce, flour (Dewilda et al., 2023), and
fermented foods (Qiu et al., 2022). Syarifuddin et al.
(2021) explored the possibility of converting tofu
dregs into fish feed. Gultom et al. (2021) harnessed
tofu dregs to craft tissue paper. Waste recycling is
alwaysinteresting because itis one of the components
to achieve a circular economy and can preserve
natural resources. Utilizing the byproducts of tofu
production will generate sustainable benefits and
circularity impact but great challenges (Colimoro et
al., 2023). Food safety is one of the main concerns in
the recycling of byproducts, even though it may be
simple and environmentally friendly (Pushparaj et al.,
2022). In an effort to address environmental pollution,
SMEs engaged in tofu production are encouraged to
broaden their focus beyond economic growth and
undertake environmentally sustainable practices. An
instrumental method frequently embraced in tackling
environmental issues is eco-efficiency (EE). EE
denotes the practice of manufacturing goods and
rendering services while minimizing resource
consumption, energy usage, costs, and waste
generation (Al-Shami and Rashid, 2021; Moghadam
and Samimi, 2022). It emphasizes the adoption of
diverse environmental enhancement strategies that
yield value-added advantages for industrial



stakeholders (Mendoza et al., 2019). Research on
tofu production has predominantly focused on
assessing its environmental ramifications by
employing various methodologies, such as life cycle
assessment (LCA) and environmental impact
evaluation. Kurniawati et al. (2019) assessed the
process, waste, and emissions released into the
environment, with particular emphasis on global
warming potential (GWP). Their findings revealed
that manufacturing 1 kg of fresh tofu entailed 1.5269
MJ/kg energy consumption and resulted in the
emission of pollutants such as carbon dioxide (CO,),
nitrogen oxide (NO ), carbon monoxide (CO), and
methane (CH,), culminating in a total of 0.1766 kg of
carbon dioxide equivalent (kg CO,eq). These
emissions collectively contribute to the overall
potential GWP. Sari et al. (2021) conducted similar
investigations to scrutinize the environmental
implications of tofu production in West Jakarta,
Indonesia. Their results underscored the notable
environmental impact of tofu production with a
substantial GWP value of 0.882 kg CO,eq, constituting
a significant portion of the process’ overall 0.978
CO,eq. Mejia et al. (2018) evaluated greenhouse gas
(GHG) emissions associated with tofu production and
showed that 16% of CO,eq stems from packaging,
52% from tofu manufacturing, 23% from packaging,
and 9% from transportation, collectively contributing
to the cumulative emissions linked to the production
of 1 kg of packaged tofu. This finding indicates that
tofu production has a relatively modest GHG effect.
Nevertheless, the economic performance and EE of
tofu production and its recycling system has never
been analyzed. Mendoza et al. (2019) highlighted the
significance of life cycle cost (LCC) in bridging
environmental concerns with economic strategies.
This approach is interlinked with EE, which generates
value with a minimal environmental impact
throughout the lifecycle of a product. Employing LCC,
LCA, and EE can shape strategies for environmental
enhancement while prioritizing economic advantages
(Budihardjo et al., 2023). This viewpoint was
supported by Jain et al. (2022), who advocated for
the confluence of LCC and LCA owing to their
complementary nature. Mendoza et al. (2019)
evaluated economic and environmental benefits in
disposable baby diaper production using an
environmentally friendly design and revealed an 11%
reduction in LCC; EE analysis showed a 7%-170%

higher environmental friendliness compared with
conventional diapers. Zhang et al. (2020) focused on
assessing the environmental impact and aiding
financial decision-making in PET bottle recycling for
blanket production in China and demonstrated that
replacing coal with natural gas will significantly
reduce environmental impacts and economic
burdens. Smith and Lal (2022) investigated the
environmental and economic implications of apple
juice production in the Northeastern United States
and found that the 100% on-site distribution scenario
exhibited the lowest carbon footprint at 0.91 kgCO_eq
and 2.31 x 10 kg nitrogen oxide equivalent ((NO )eq)
per 12 ounces of apple juice portion, making it the
most cost-effective approach that features a mere
USD 1.43 per product while considering capital, fixed,
operational, and environmental costs. The integration
of LCA and LCC can be used for a comprehensive
evaluation of the product lifecycle; however, its role
in achieving eco-efficiency in the tofu industry is not
yet understood. Drawing upon the outlined challenges
and the existing research landscape, this study
integrates LCC, LCA, and EE to comprehensively
evaluate the economic and environmental aspects of
solid and wastewater managementin tofu production.
The primary goal is to cultivate the development of a
circular economy within SMEs operating in the tofu
production sector of Sugihmanik Village in Grobogan
Regency, Indonesia. The first objective is to assess the
environmental impact of tofu production and its
recycling alternatives using an LCA approach. The
total costs required for waste recycling are estimated
using the LCC approach. With Sugihmanik Village as a
case study, this research analyzes the impact of waste
processing on the enhancement of eco-efficiency in
SME tofu production enterprises. By combining these
three objectives, this study provides a holistic
understanding of the environmental impact, costs,
and efficiency of waste processing in tofu production
enterprises in Sugihmanik Village. The study was
conducted in Sugihmanik Village, Graimobogan
Regency, Central Java Province, Indonesia in 2023.

Several steps were taken to achieve these
study aims. Data were collected for LCA and LCC
calculations. The LCA for the tofu production and
extended scenario consists of several steps, including
goal and scope definition, life cycle inventories, life
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Fig. 1: Methodological framework of the study

cycle impact assessment, and interpretation. LCC
calculations were conducted by determining the raw
materials, production, transportation, and waste-
processing costs. From the LCC and LCA results,
EE can be determined by calculating the EE index
(EEI), eco-cost value ratio (EVR), and eco-efficiency
ratio rate (EER). Several conclusions were drawn
from these results. The three main hypotheses
were as follows: 1) the addition of waste recycling
increases the environmental impact because it adds
the number of activities, 2) the waste recycling
scheme also increases the cost of production and
maintenance, and 3) the recycling scheme in this
study has a higher EE than others because of the
product produced by the system. The methodological
framework of this study is illustrated in Fig. 1. This
study had some limitations, including failing to
consider the transportation of the waste materials to
the recycling facility and the possibility of substituting
fuel for cooking and frying. In the case of Sugihmanik
Tofu SME, corncobs were used for cooking and rice
husk for frying. In the other tofu SMEs, the type of
fuel could be different depending on the abundance
of resources in the area. This activity may result in
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different environmental and economic effects in
other areas.

Study location profile

Situated within the Tanggungharjo Subdistrict of
the Grobogan Regency in Central Java, Sugihmanik
Village spans an expanse of 1,286,600 hectares (ha)
based on 2020 statistical records. This village is home
to eight hamlets with a predominant portion of its
population engaged in tofu production. Sugihmanik
Village accommodates over 30 SMEs that continue
to employ traditional methods for tofu production.
On average, each SME vyields 150 kg of soybean
and consumes 3,000-5,000 L of additional water
daily (Hartini et al., 2023). The substantial volume
of tofu production in Sugihmanik Village is directly
linked to considerable waste output. Hartini et al.
(2021) conducted examinations on tofu wastewater
and river water and found that tofu wastewater
had BOD ranging 3,667 — 4,933 mg/L, COD ranging
7,668 — 9,736 mg/L, and total suspended solid (TSS)
content of 701 — 1,189 mg/L. By contrast, the river
water in Sugihmanik Village had a BOD of 367 mg/L
and a COD of 738 mg/L. These measurements exceed



the wastewater quality standards stipulated by
Central Java Provincial Regulation No. 5 of 2012. The
management of waste generated by tofu production
remains a challenge, particularly the proper disposal
of wastewater that poses a threat to the cleanliness
of river ecosystems (Mihai et al., 2021). The Ministry
of Environment and Forestry of Indonesia highlights
that wastewater from tofu production comprises
dissolved or suspended solids that can undergo
chemical, physical, and biological transformation.
These wastewater components contribute to the
discoloration and turbidity of river water, causing
unpleasant odors and deterioration of river water
quality (Hartini et al., 2021). As indicated by these
circumstances, the SMEs engaged in tofu production
within Sugihmanik Village have not yet fully adopted
effective waste management strategies. The SMEs
in Sugihmanik Village are still representative of
the industries characterized by suboptimal energy
efficiency and elevated environmental pollution
levels (Kurniawati et al., 2019). From January to
September 2021, the prevailing wind direction was
from the south. According to data from the Semarang
Climatology Station, the wind heading towards
Sugihmanik village had speeds ranging from 3.00 —
6.00, accounting for 8.63% of the time, and speeds

between 6.00 and 9.00, making up 2.63%. Winds
exceeding 9.00 occurred 1% of the time. The highest
sunlight duration in 2021 (January — September) was
recorded in August, with an average of 8.95 hours
per day. The average temperature in Sugihmanik
village ranged from 26.71 °C to 29.00 °C, with
average humidity levels between 70.6% and 91.4%.
Throughout 2021, Sugihmanik has experienced
rainfall ranging from 0 to 660 mm per month, which
was significantly higher than the Indonesian average
of 167 — 250 mm per month. The village of Sugihmanik
is situated at elevations varying from 12 m to 60
m above sea level. Eko Budi Tofu SME (-7.097558,
110.616705) is one of the 30 tofu SMEs located in
Sugihmanik Village (Fig. 2). This SME was established
in 2015 and employs two workers responsible for
processing raw soybean materials into fried tofu.
Eko Budi Tofu SME typically produces tofu using
soybean as the main ingredient, and the resulting
tofu products are sold at Ganefo Market in Mranggen
and Johar Market in Semarang City. Essentially, the
tofu production in Sugihmanik Village is still carried
out in a traditional manner with limited resources.
Given that their production patterns can be assumed
to be similar, this study focused on one SME as a
representative of all tofu SMEs in Sugihmanik Village.

Fig. 2: Geographic location of the study area in Sugihmanik Village in Indonesia
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Data collection

Interviews with workers at SMEs tofu production
and individuals who could provide information
regarding the processing of tofu production waste
were conducted to obtain information that will be
used to develop the life-cycle inventory for this study.
The goal was to gather insights into the process,
inputs, outputs, and associated costs that could help
address this study problem.

Goal and scope definition

In the initial stage of the LCA, the study objectives
and scope were determined. LCA was used to assess
the life cycle of the tofu industry and its potential
recycling scenario, which can be divided into four
products: tofu as the main product and briquettes,
swollen tempeh, and nata de soya as secondary or
recycling products. This study focused on cradle-to-
grave (tofu production) and cradle-to-cradle (tofu
production to waste recycling) by examining the
materials and energy production chain throughout
all stages, from the extraction of raw materials
through production, transportation, and use, until
the end of the product’s life cycle. The functional
unit of this study was one batch production of tofu
or 9 kg of fried tofu. The first assessment evaluated
the existing tofu production process (cradle-to-
grave), and several products were assessed as
recycling systems. The goal of this step was to
identify the environmental impacts and costs (eco-
cost) of the tofu production and its waste recycling
scenarios. The evaluated system encompassed
the tofu production stages, which include soaking,
mixing, cooking, filtering, clumping, molding, and
frying. In LCA, inputs refer to the raw materials used
during production, and outputs refer to the waste
generated. Both were measured in units of mass (kg),
volume (L), and electricity consumption (kWh). The
goal of the second assessment was to identify the
environmental impacts and eco-costs from the tofu
production to the recycling of the generated waste
(cradle-to-cradle). Three products were proposed as
recycled and nontofu products. The first evaluated
product was the conversion of wastewater to nata
de soya, the second was the conversion of tofu
dregs to tempeh, and the third was the use of husk
charcoal as briquettes. The scope of the study and
system boundaries are shown in Fig. 3.
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Life cycle inventory (LCl)

In the second stage, the inputs and outputs for each
scenario of tofu waste processing were identified.
The information required at this stage includes
energy requirements, materials used, and waste
generated. Using input information from the previous
stage, this process was accomplished with the
SimaPro software version 9.4. LCI reveals the inputs
and outputs associated with the tofu production
and waste recycling scenarios as an extension of
the conventional production system. The output
network LCI diagram provides information about the
relationships between each process that generate
environmental impacts for the conventional and
proposed scenarios. Table 1 lists the data inventories
used in the impact assessments. The variable
cost data in Table 1 were justified according to the
respondents’ experiences and best practices.

Life cycle impact assessment (LCIA)

In the third stage, an analysis was conducted
to determine the types and magnitudes of the
generated impact categories. LCIA uses the eco-
cost 2023 method, which consists of four stages:
characterization, normalization, weighting, and
derivation of a single score. The eco-cost values
were obtained from the LCIA stage and used to
calculate eco-efficiency. Twelve impact categories
were assessed: carbon footprint, acidification,
eutrophication, photochemical ozone formation,
particulate matter (PM), human toxicity (cancer and
non-cancer), ecotoxicity (freshwater), metal scarcity,
uranium use, land use, and baseline water stress.

Lcc

LCC encompasses all the costs related to the lifecycle
of a product spent by one or more stakeholders
throughout the lifecycle. These types of costs include
those incurred from production until the emergence of
a finished product for each scenario of the tofu industry
waste processing. Such as raw material, production
(equipment), labor, marketing, and waste processing
costs for each scenario of tofu production waste
processing. Data were processed using the LCC method,
which involves calculating the overall cost of tofu
production for each scenario of tofu production waste
processing. In this study, USD 1 was equal to IDR 15,590.
LCC can be calculated using Eq. 1 (Mendoza et al., 2019).



Fig. 3: System boundaries and input—output flow diagram

LCC=CRM +CM +CT +CWM, (1)  NetValue=Selling Price—Productioncosts  (2)

where CRM is the raw material cost, CM is the According to Hartini et al. (2021), the net value is
product manufacturing cost, CT is the transportation ~ the disparity between selling price and production
cost, and CWM is the waste treatment cost. The  costs. In the present study, the net value was

net value calculation used for the subsequent eco- ~ determined via cost-benefit analysis based on the
efficiency calculations employed in Eq. 2 (Hartini et~ following assumptions for each scenario: 5 working
al., 2021). hours daily, 25 days monthly, 90 L of wastewater,
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Table 1: LCl and input—output amount

Process unit  Input components (unit) Amount Output components Amount
Conventional tofu production system
Soaking  Soy bean (kg) 5 Soy bean (kg) 9
Water (L) 12 Wastewater (L) 8
Grinding ~ Water (L) 14 Soy bean juice (kg) 23
Gasoline (L) 0.13 -
Soy bean (kg) 9 -
Cooking  Water (L) 60 Tofu porridge (kg) 79
Rice husk (kg) 6.5 Water vapor (kg) 4
Soy bean juice (kg) 23 Burned rice husk (kg) 1.6
Filtering ~ Water (kg) 30 Tofu dregs (kg) 10
Tofu porridge (kg) 79 Soybean juice (kg) 99
Clumping  Soybean juice (kg) 99 Wastewater (L) 76
Tofu broth (L) 23 Tofu juice (kg) 23
Tofu broth (L) 23
Molding  Tofu juice (kg) 23 Wastewater (L) 14
Raw tofu (kg) 9
Frying  Cooking oil (L) 0.9 Waste cooking oil (L) 0.3
Corn cob (kg) 3.7 Burned corn cob (kg) 0.9
Raw Tofu (kg) 9 Fried tofu (kg) 9
Extended scenario
Briquettes
Cooking ~ Water (L) 0.5 Raw material of briquettes (kg) 2.6
Starch (kg) 0.5
Burned rice husk (kg) 1.6
Natural gas (kg) 0.1
Drying  Raw material of briquettes (kg) 2.6 Briquettes (kg) 2.6
Packing  Briquettes (kg) 2.6 Briquettes (kg)
Plastics (kg) 0.0625
Swollen Tempeh
Drying  Tofu dregs (kg) 10 Wastewater (L) 1
Tofu dregs (kg) 9
Cooking  Tofu dregs (kg) 9 Raw material of swollen tempeh (kg) 9
Corn cob (kg) 2
Electricity (kWh) 0.03
Gasoline (L) 0.025
Refrigeration ~ Raw material of swollen tempeh 9 Swollen tempeh (kg) 9.075
(kg)
Yeast (kg) 0.075
Electricity (kWh) 0.12
Packing  Swollen tempeh (kg) 9.075 Swollen tempeh (kg) 9.32
Plastic (kg) 0.25
Nata de Soya
Filtering ~ Wastewater (L) 90 Wastewater (L) 89
Tofu dregs (kg) 1
Cooking  Wastewater (L) 89 Raw material of nata de soya (kg) 92.6
Ammonium sulfate (kg) 0.45
Glucose (kg) 2.25
Acetic acid (L) 0.9
Natural gas (kg) 0.1
Fermentation ~ Raw material of nata de soya (kg) Nata de soya (kg) 93.5
Acetobacter xylinum (kg) 0.9
Packing  Nata de soya (kg) 93.5
Plastic 0.25
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Table 2: LCC inventory recapitulation

o . Existing + - -

Component E.x!stmg Full extension briquettes Existing + swollen Existing + nata

condition (USD) (USD) (USD) tempeh (USD) de soya (USD)
Raw materials cost 4.60 21.83 4.89 5.45 20.64
Production cost 0.67 1.52 0.94 0.95 0.98
Transportation cost 0.46 1.48 0.74 0.99 0.74
Waste processing cost 15.39 - - - -
Total cost 21.12 24.83 6.57 7.39 22.36

1.6 kg of solid waste (rice husk charcoal), and 10 kg
of solid waste (tofu residue) per tofu production.
Material costs were assessed by multiplying the
material unit price by the quantity used, and material
quantity was determined through direct observation
and interviews. Equipment costs, which are incurred
to support production, were calculated by multiplying
the equipment cost by the number of units, and labor
costs (i.e., operator count and batch wage cost).
Overhead costs, including electricity and equipment
depreciation, are considered additional costs.
Marketing costs, including vehicle, fuel, and vehicle
depreciation, account for the production cost. Table 2
presents the recapitulation of the LCC inventory.

EE

The EVR is used to determine the ratio of eco-cost
to the net value generated by a product. Its output
provides the ratio between the eco-cost and net
value. This ratio helps to assess the environmental
cost in relation to the economic value of a product or
process, offering insights into the sustainability and
efficiency of the system being analyzed. The final stage
of data processing in this study involved calculating
the output results from the LCA and LCC methods
for tofu production waste processing scenarios. The
EEl, EVR, and EER were calculated using Egs. 3 to 5
(Hartini et al., 2021).

EEI = (NetValue)/(EcoCost) (3)

EVR = (EcoCost)/(NetValue) (4)

EER=(1- EVR)x100% (5)

Interpretation of LCIA
Tofu production can generate waste that may
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contribute to environmental degradation. As it is
found in this study, 9 kg of tofu can generate 10 kg
of tofu dregs, 98 liter of wastewater, and 1.6 kg of
burned rice husk, 0.3 L of waste cooking oil, and 0.9
kg of burned corn cob. In this study, only three wastes
were recycled, which were determined based on the
possibility of a recycling system that can be developed
in the area. Almost all tofu dregs, wastewater, and
burned rice husks can be recycled without further
waste. During tofu waste production, several direct
emissions from grinding, cooking, and frying were
recorded (Fig. 3). This study identified the significant
environmental impacts in various categories. For
instance, the carbon footprint category showed
the highest impact on the production of tofu and
conversion of wastewater to nata de soya. This
process resulted in an emission of 3.955 kg CO_eq,
with the individual tofu production and waste
processing phases contributing 2.03 and 2.434 kg
CO,eq, respectively. The acidification category had
the most significant impact on the use of wastewater
in production and conversion processes. The
highest acidification impact was observed at 0.43
moles hydrogen ion equivalent (mol H*eq), with
distinct contributions from the tofu production and
waste processing stages. Eutrophication analysis
underscored that wastewater processing from tofu
production to nata de soya conversion had the
greatest impact of 4.6 kg of phosphate equivalent
(PO,eq). By contrast, the processing of rice-husk
charcoal waste into briquettes demonstrated the
lowest impact at 0.06 kg PO,eq. The photochemical
ozone formation category had the largest impact
on tofu production to wastewater conversion into
nata de soya, amounting to 0.406 kg of nonmethane
volatile organic compound equivalents (NMVOC-eq).
Similarly, particulate matter emissions showed the
highest impact on tofu production to wastewater
conversion to nata de soya (0.256 kg PM,,). The
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Fig. 4. Impact assessment results of existing condition vs. extended scenario

human toxicity category had the greatest impact on
processing tofu waste for wastewater conversion
(0.0159 comparative toxic units for humans (CTUh)
for cancer and 0.016 CTUh for noncancer). In
the freshwater ecotoxicity category, significant
impacts were observed on tofu production waste to
wastewater conversion to nata de soya (2.618 CTU-
eq). Conversely, the lowest freshwater ecotoxicity
impact was observed in the conversion of rice husk
charcoal waste to briquettes (0.53 CTU-eq). The
categories of metal scarcity, uranium use, land use,
and baseline water stress were also explored for their
respective environmental impacts with varying levels
of significance (Fig. 4).

LCC assessment results

The calculations yielded the following LCC figures:
USD 21.12 for the cradle-to-grave tofu production
and USD 24.83 for the processes from tofu production
to waste recycling (wastewater and solid waste). The
highest LCC was attributed to the cradle-to-cradle
process or waste recycling scenario. The high cost of
waste recycling was primarily attributed to cumulative
expenses from the derivation of the three nontofu
products. The second highest cost was associated
with waste processing in the production of nata de
soya, owing to the significant wastewater portion in
the tofu production (60%) and the use of costly starter
bacteria, Acetobacter xylinum, during fermentation.
The high eco-cost for the recycling system indicates
a higher production cost for developing the recycling
scenario. However, the environmental cost is even
higher when no recycling system is applied, which
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is not good and efficient for the environment. This
assertion was supported by Mendoza et al. (2019),
who emphasized that raw materials constitute
over 85% of the total product costs, followed by
transportation and waste management at 7% and 3%.
Manufacturing accounted for only 2% of the overall
cost. After the LCC was obtained, the subsequent
step involves calculating the net value for each
process, which is pivotal for deriving the EEl. Net
value calculations were USD 1.33 for cradle-to-grave
and USD 38.99 for cradle-to-cradle tofu production
and waste recycling. Table 3 presents the comparison
results of eco-costs for the scenarios evaluated in this
study.

EEl results

The EEI values categorized the products as follows.
The processes of tofu production (cradle-to-grave)
and the tofu production to solid waste processing
(rice husk charcoal to briquette scenario) are deemed
affordable and unsustainable. Conversely, the
processes from tofu production to waste recycling,
such as the conversion of wastewater to nata de soya,
solid waste (tofu residue) to swollen tempeh, and solid
waste (rice husk charcoal) to briquettes, fall under the
category of affordable and sustainable. “Affordable”
signifies economic efficiency and profitability, and
“sustainable” implies that the production process has
minimal environmental impact. The tofu production
process lacks sustainability owing to factors such
as the direct discharge of wastewater into rivers,
accumulation of rice husk and tofu residue waste,
electricity consumption for water pumps, and



Table 3: Eco-cost results comparison between scenarios (in USD)

No.  Impact Category Exist.ir.mg Full extension E)fisting + Existing + swollen Existing + nata de
condition briquettes tempeh soya
1 Carbon footprint 1.910 2.204 1.980 2.453 3.723
2 Acidification 0.129 0.160 0.133 0.164 0.405
3 Eutrophication 2.057 2.253 2.071 2.109 4.363
4  Photochemical ozone 0.169 0.198 0.160 0.206 0.382
formation
5 Particulate matter 0.122 0.139 0.105 0.148 0.241
6 Human toxicity. cancer 0.008 0.009 0.009 0.010 0.015
7 Human toxicity. non 0.007 0.008 0.007 0.009 0.015
cancer
8 Ecotoxicity. freshwater 1.739 1.952 1.838 2.286 2.464
9 Metal scarcity 0.107 0.126 0.113 0.127 0.274
10 Used fossil based plastic + 0.000 0.000 0.000 0.000 0.000
trafue
11 Use uranium 0.039 0.047 0.038 0.050 0.107
12 Land use 0.411 0.446 0.359 0.433 0.690
13 Baseline water stress 0.331 0.360 0.349 0.368 0.543
14 Landfill 0.000 0.000 0.000 0.000 0.000
Total 7.029 7.902 7.162 8.362 13.222

resulting emissions. Inadequate waste disposal can
result in harmful environmental impacts (Hartini
et al. 2023). The evaluation demonstrated that
the primary environmental impacts of the tofu
production include carbon footprint, eutrophication,
and ecotoxicity (freshwater) (Hartini et al., 2021).
Similarly, the processes from tofu production to solid
waste treatment (rice husk charcoal to briquette
scenario) are unsustainable owing to several factors.
First, the significant environmental impact of the
initial tofu production influences the overall waste
treatment. This assertion was further substantiated
by the calculated EEI value for solid waste treatment
when separated from the tofu production, which
falls within affordable and sustainable categories.
Second, the environmental expenses surpass the
product profits. The limited net value stems from
the fact that a single tofu production cycle produces
1.6 kg of rice husk charcoal waste out of 101 kg of
waste. The profit or net value from converting solid
waste (rice-husk charcoal) to briquettes (rice-husk
charcoal to briquette scenario) does not adequately
cover the requisite environmental costs. This finding
was aligned with the study of Zuraida et al. (2022),
who asserted that the environmental impact of a
production process leads to high eco-costs borne
by the company. Beyond potential unsustainability
stemming from environmental impacts, production
costs also shape a product’s sustainability. High
production costs are correlated with reduced process
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efficiency and potential for an unsustainable product.

EVR results

Table 4 indicates that the tofu production exhibited
a relatively high EVR of 5.3. Its ecological dimension
amounted to USD 7.03, and its economic dimension
amounted to USD 1.33. The elevated EVR values for
the processes from tofu production to converting rice
husk charcoal to briquette stem from the eco-costs
being two to five times higher than the net value,
indicating inefficient production practices that result
in negative environmental consequences. In general,
a low EVR indicates an improved feasibility and
suitability for product manufacturing. By contrast, the
extension scenarios in this study displayed EVR values
below 1, indicating their suitability for production.
This result concurred with the study of Vogtlander et
al. (2017), who stated that a small EVR signifies good
suitability and feasibility for product manufacturing
because enhanced production efficiency leads to
diminished adverse environmental impacts.

EER results

Table 4 shows that the EER for the tofu production
exceeded 100%, suggesting that the process falls
short of satisfying the ecological and economic
aspects. This finding aligned with the study of
Hartini et al. (2021), who asserted that an EER value
surpassing 100% indicates that the net value is
inferior to environmental impact costs (eco-costs). To



Table 4: Eco-efficiency comparison

Existing + Existing + Existing + Nata de
Assessment Existing condition Full extension . Swollen

Briquettes Soya

Tempeh

Eco cost (USD) 21.12 24.83 22.36 9.29 6.57
Net value (USD) 1.33 38.99 28.95 9.29 3.37
Eco-efficiency index 0.18 5 2.1 1.1 0.4
Eco-cost value ratio 5.3 0.2 0.4 0.9 2.1.
Eco-efficiency ratio rate -430% 80% 60% 10% -110%

enhance the EER of a product, either the net value
must increase or the cost factors encompassing
production and environmental costs (eco-costs) must
decrease. Conversely, a decline in EER was observed
for the processes from tofu production to proper
waste processing for solids and wastewater. Initially at
-430%, this shift in EER signifies that comprehensive
waste recycling contributes to economic and
environmental efficiency enhancement.

Overall results and significant findings

This study focused on the transformation of tofu
production waste or recycling of tofu waste into several
products or resources such as nata de soya, swollen
tempeh, and briquettes. According to literature, GHG
emissions from tofu production vary significantly.
This study estimated 0.4 kg CO,e which is lower than
those from other analyses at approximately 1.0 kg
CO,e (Mejia et al., 2017) to 1.9 kg CO,e (Blonk et
al., 2008) per kg of tofu production. The differences
in the estimation of GHG emissions are attributed
to several factors, including the type of allocation
method used (economic vs. attributional); inclusion
of additional elements such as transportation to
retailers, cooking, and waste disposal; differences
in technology; and climatic conditions (Mejia et al.,
2017). The forecasting result has a different pattern
from the findings of Rosyidah et al. (2020), who
found a high impact from human health, ecosystem
quality, and resources. This difference in estimation
is attributed to several reasons, including the use
of different impact categories and characterization
methods, and different assumptions on the material
used for cooking and frying.

The high value of the eutrophication category is
responsible for the excessive richness of nutrients
in the water body, which leads to dense growth of
plant life and aquatic animals due to a lack of oxygen.
Tofu production, which produces an exceedingly

498

high amount of wastewater, can contribute to high
nutrients in the water body (Saba et al., 2023).
Regarding the carbon footprint, the GHG emissions
from tofu production are high, indicating that tofu
production has a high carbon footprint accumulating
from its various processes such as frying and cooking
and other activities that contribute to GHG emissions
(Budihardjo et al., 2023). Freshwater ecotoxicity
refers to the potential for biological, chemical, and
physical alterations in freshwater ecosystems. Tofu
production has significant implications for freshwater
ecosystems (Mendoza et al., 2019). This study found
that waste can be used to create a circular economy
and sustainability in food processing by building a
beneficial circular economy model. These alternative
waste recycling techniques are simple, affordable,
and available locally. The establishment of business-
centered activities that focus on handling waste
products could significantly boost the local economy.
These businesses can be operated individually or by
local communities to obtain value from the waste
materials. An estimated net profit of USD 38.99 per
tofu production can be scaled up to over USD 962.16
per day on the daily capacity of each tofu SMEs.
This study highlighted the principles of a circular
economy, which converts waste output into valuable
input for a new process. This approach can generate
economic value and promote sustainable waste
reduction. Expanding the recycling model to include
additional SMEs may enhance the environmental
and economic benefits on a large scale (Zhang et al.,
2020). In addition, LCA could be broadened to include
the entire life cycle, encompassing a comprehensive
range of inputs such as land use and environmental
consequences. Directly comparing tofu with other
foods, especially those that tofu might partially
replace, would enhance the usefulness of this study.
Expanding the analysis to include the health impacts
of tofu consumption would also be beneficial. In



summary, this study utilized a thorough, up-to-date,
validated, original, and distinctive dataset obtained
from a leading tofu producer in the United States.
LCA from the point of cultivation to factory exit
demonstrated that tofu, a protein-rich plant-based
food, is associated with relatively low GHG emissions
(Mejia et al., 2017).

This study providesanalternative for processing tofu
production waste, which has been a problem for the
community around Sugihmanik Village. The suggested
waste processing alternatives are easy to understand,
simple to execute, use materials readily available to
the community, and most importantly, are relatively
affordable. Their availability opens up new business
ideas for the people around Sugihmanik Village by
utilizing tofu production waste, which was previously
discarded directly into the environment (waste), as
the main material (resource). The establishment of
new businesses related to tofu production waste
processing will undoubtedly boost the local economy
by adding value to this previously considered waste.
The results of this study also illustrate that tofu
production waste processing can yield higher profits
than simply disposing of tofu production waste into
the environment without proper processing. The
net profit or earnings generated from the processing
of tofu waste into three products—nata de soya,
swollen tempeh, and briquettes—is USD 38.99
in one tofu production process. With a daily tofu
production capacity of 30 times, this profit can reach
over USD 962.16 per day from tofu production waste
processing efforts. This study applies the concept of
a circular economy by utilizing the outputs from tofu
production process, such as liquid and solid waste,
which were previously considered waste, as inputs
(resources) for the subsequent process. The process
involves treating waste using three waste recycling
paths, resulting in the production of nata de soya,
swollen tempeh, and briquettes. These products
are then ready to be distributed to the community
with added value from each waste product. This
principle allows the reuse of waste from a process,
creating a sustainable loop in resource utilization.
LCA calculations revealed eutrophication, carbon
footprint, and ecotoxicity (freshwater) to be the three
largest impact categories for each process. According
to the results of the eco-cost 2023 analysis, the eco-
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cost values for tofu production (cradle-to-grave) and
extension scenarios were USD 7.03 and USD 7.90.
LCC calculation showed that the largest LCC value
originated from the recycling scheme, amounting to
USD 24.83. The net value or profit generated from
tofu production for overall waste processing was USD
38.99. The high net value or profit obtained from
the cradle-to-cradle process reinforces that proper
waste management during tofu production can
yield substantial profits while reducing the negative
environmental impacts of tofu production waste. The
calculated eco-efficiency values from the conventional
tofu production and the extended recycling scheme
indicated a significant positive increase in EEI from
0.18 to 5. Waste processing scenarios involving nata
de soya, swollen tempeh, and briquettes fell into
the affordable and sustainable category. This finding
suggested that the waste processing products from
this study are suitable for recommendation because
of their ability to enhance economic value and reduce
environmental impact. Considering the simple waste-
processing process, easily accessible materials,
and affordable production costs, this scheme could
potentially open new business opportunities for
the community. Future studies should consider
the impact assessment and environmental costs of
processing tofu production waste in various scenarios
and compare it with alternative methods, such as
converting liquid waste into soy sauce and liquid
fertilizer and processing solid waste (tofu dregs)
into flour and crackers. Owing to its environmental
and economic benefits, this recycling system should
be endorsed for application to all SMEs to help
determine which tofu production waste processing
method has the lowest environmental impact and
highest economic value enhancement.
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The palm industry generates several waste products. Some of this waste,
such as palm kernel meal, has not been fully optimized for processing. Therefore, this study sought to
determine whether fermented palm kernel meal with various types of sugar (fructose, glucose, maltose,
and sucrose) added could be utilized as a substrate for black soldier fly larvae.

This study investigated the use of fermented palm kernel meal with various types of sugar
added at a proportion of five per cent as a substrate for black soldier fly larvae. Fermented palm kernel
meal without added sugar was used as a control substrate. Seven-day-old larvae were fed fermented palm
kernel meal as an experimental substrate for 22 days and harvested on the final day, when their weight and
length were measured and they were processed into meal and oil to evaluate their nutritional composition.

The addition of sugars to fermented palm kernel meal made no significant difference to the final
weight or crude fat value of the larvae, but improved crude protein. The addition of glucose significantly
increased the length of the larvae and increased their lauric acid value. However, glucose-added fermented
palm kernel meal significantly reduced the relative percentage of total unsaturated fatty acids and the
quantities of linolelaidic, a-linolenic, and nervonic acid compared to the larvae fed on substrates with
other added sugars. Meanwhile, fructose-added substrate resulted in significantly higher crude protein
and moisture values, but significantly lower ash and carbohydrate values than those of other groups.
Sucrose-added substrate resulted in a considerable improvement in ash content; magnesium; the relative
percentage of total unsaturated fatty acids; arachidic, erucic, and docosadienoic acid; phosphorus; sodium;
and iron values in the larvae. The larvae grown in the substrate with added maltose had a significantly
higher accumulation of phosphorus, sodium, and iron, but showed significantly lower palmitoleic acid than
other larvae groups. Calcium and potassium were accumulated better in the larvae grown on fermented
palm kernel meal with added either glucose, maltose, or sucrose than other substrates.

of the various waste products generated by the palm industry, some, including palm
kernel meal, have not yet been entirely processed. This study’s findings offer insights into managing the
fermented palm kernel meal, which can be converted into valuable biomass with black soldier fly larvae,
making the waste more sustainable and rich in nutrients. The addition of various sugars to fermented
palm kernel meal improved the growth and nutritional value of the black soldier fly larvae. These results
may help in building a process for the effective treatment of palm kernel meal for black soldier fly larvae
production, which could further develop the feed industry and manage palm industry waste effectively by
generating high protein meal as a step in creating a circular bioeconomy.
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Globally, the rate of organic waste production
is increasing rapidly (Mohadesi et al., 2023). Over
600 million tons of organic waste were generated
annually in the early years of this century, and that
number is projected to approach one billion tons
by 2025 (Angulo-Mosquera et al., 2021; Cudjoe et
al., 2021; Liu et al., 2018; Widyarsana et al., 2021).
Organic waste, such as palm kernel meal (PKM),
a byproduct of oil extraction from palm fruits,
significantly contributes to Indonesia’s agricultural
waste stream (Hambali and Rivai, 2017). The oil
palm, Elaeis guineensis, is extensively grown in
Indonesia, where it was originally introduced in 1911.
According to statistics obtained from the Directorate
General of Estate Crops, Ministry of Agriculture of
the Republic of Indonesia, oil palm plantations in
1970 were exclusively managed by state-owned and
commercial businesses. However, in 1979, small-
scale farm plantations were also in operation. The
total area of oil palm plantations increased from
133,298 in 1970 to 11.3 million in 2015. Indonesia’s
oil palm plantations are widely scattered over 22
provinces, spanning the country from west to east, as
the country’s favourable climatic and soil conditions
permit. In 2015, Indonesia generated 37.5 million
metric tonnes (MMt) of palm oil, including 31.3 MMt
of crude palm oil and 6.2 MMt of palm kernel oil, from
an oil palm plantation area of 11.3 MMt (Dahniar
and Rusniati, 2019; Effendi et al., 2022; Sharma et
al., 2005). The oil palm plantations in Indonesia
are concentrated in the provinces of Sumatra and
Kalimantan. These provinces collectively own the
biggest oil palm acreage in the country (Austin et
al., 2017; Dharmawan et al., 2020). Production
projections for 2030 indicated that 54 metric tonnes
(Mt) of empty fruit bunches, 31 Mt of mesocarp fruit
fibres, 15 Mt of palm kernel shells, 130 Mt of palm
oil mill effluent, 115 Mt of oil palm fronds, and 59.7
Mt of oil palm trunks will be produced (Hambali and
Rivai, 2017). As the activity of the palm oil industry
rapidly increases, its organic waste, including palm
oil mill effluent, palm oil decanter, and palm kernel
meal, may result in environmental harm. Therefore,
organic waste should be handled using biological
methods that are environmentally friendly (Samimi,
2024). Past studies have revealed that one alternative
approach to managing industrial organic waste
through biological methods involves using insects to
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convert organic waste into valuable nutrient biomass.
The preferred insect is the black soldier fly (Hermetia
illucens Linnaeus (L.); Diptera: Stratiomyidae),
whose larvae (BSFL) can convert industrial organic
waste into biomass for animal feed. BSFL have been
known for their utility in converting various forms of
biological material waste into insect biomass (Kumar
et al., 2021; Liu et al., 2022; Siddiqui et al., 2022).
BSFL have a high capacity to bioconvert organic waste
while releasing low amounts of greenhouse gases
(Liu et al., 2021; Luperdi et al., 2023; Pang et al.,
2020), marking their potential as a future alternative
animal feed source (English et al., 2021; Higa et al.,
2021; Nugroho and Nur, 2018; Wang and Shelomi,
2017). Additionally, rearing BSFL is considered a
sustainable method to convert several types of
waste biogenically (Nugroho et al., 2023; Santoso
et al., 2023). BSFL have a high protein content of
about 559.9 grams per kilogram (g/kg), crude lipids
of about 18.6 g/kg, and a favourable amino acid
balance (Al-Qazzaz et al., 2016). To raise BSFL, a high-
nutrient, low-cost substrate is needed, such as PKM,
although this lacks adequate nutrition. Inexpensive
substrates that are rich in nutrients are used to boost
BSFL development. Alternative methods, such as
fermentation, may help to degrade cellulose wastes
into usable ingredients for BSFL cultivation. The BSFL
may be collected as they reach maturity and utilized
as a source of protein and lipids. Insect meal made
from larvae may be fed to livestock, and the larvae’s
lipid supply can also be transesterified into biodiesel
to contribute to meeting the world’s energy needs
(Raksasat et al., 2020). Many different substrates and
methods have been tried to raise BSFL to achieve the
optimum nutrient, protein, and fat values (Fitriana et
al., 2022; Lalander et al., 2020; Shumo et al., 2019).
Previous research has shown that the nutritional
content of palm industry waste might be enriched by
fermentation, leading to better BSFL growth. At the
best inoculum proportion of 0.5 millilitres (mL) per
10 grams (g) dry weight of palm industry waste, BSFL
were 34 percent (%) heavier than the control and had
high lipid content (24.7%) and protein value (24.7%)
(Liew et al., 2022). The average individual weight
of BSFL on fermented waste was 0.0619+0.004 g,
which was substantially higher than the average
individual weight of BSFL raised on a combination
of duck dung and rice straw (0.0614+0.001 g),
suggesting that BSFL might be employed as high-



efficiency transformation agents in the conversion of
organic duck manure to stable compost (Pamintuan
et al., 2020). In addition, BSFL grown on expired milk
substrate had a high probability of survival (96.5%)
(Purba et al., 2021). BSFL that were reared on PKM
waste with added fish pellets and fructose exhibited
optimum fatty acid composition without reduced
growth or survival (Nugroho et al., 2023). Although
several studies have been conducted to ascertain
the growth and nutrition value of BSFL on different
substrates, the differences in growth and nutrient
profiles of BSFL that were grown on fermented PKM
(fPKM) combined with varying types of sugars have
not been assessed. In this study, BSFL’s efficiency in
transforming locally produced fPKM with various
added sugars into insect biomass was measured
on a laboratory scale. These results may contribute
to better knowledge of BSFL growth, nutrient
composition, and lipid or fatty acid metabolism,
illuminating the utility of insect cultivation with PKM
waste and added sugar (fructose, glucose, maltose,
and sucrose) for fat supply. This study predicted
that the addition of various sugars would improve
the growth and nutritional value of the BSFL and, in
particular, that fructose and glucose would enhance
the measured parameters better than other sugars.
These findings were intended to contribute to BSFL
rearing as related to the feed industry. This study was
conducted in the Animal Physiology Development
and Molecular Laboratory, Faculty of Mathematics
and Natural Sciences, Mulawarman University,
Samarinda, East Kalimantan, Indonesia, in 2023.

Chemicals and BSFL source

The chemical substances (analysis grade) were
bought from Merck KGaA (Darmstadt, Germany)
and Sigma-Aldrich (Sigma Aldrich Incorporation,
United State of America). Black soldier fly eggs were
provided by a local farmer of BSFL, Ahasa, Samarinda,
Limited (Ltd), East Kalimantan, Indonesia). After 4
days, the BSF eggs became young larvae. The young
larvae were raised in a plastic growing chamber at
about 28 degrees Celsius (°C) and a relative humidity
of 60-70% until day 7. Broiler chicken pellets were
used as the feeding medium during this stage.

Diet setup and trials
The PKM was obtained from Manunggal, Ltd.,

which is located in Kalimantan Timur, Indonesia. The
PKM was fermented with effective microorganisms 4
(EM4) and the resulting feed was used as the control
diet (fPKM). The fermentation process was performed
by mixing 180 g of molasses, 279 mL of EM4, and
2.5 L of water with 2.5 kg of PKM. This mixture was
placed in a plastic bag that was tied tightly closed.
The mixture was allowed to stand for 4 days at room
temperature to allow the fermentation process
to proceed. This fermentation process may have
decreased the fibre content of the PKM, as indicated
by the reduction of the carbohydrate content from
60.11% to 38.69%, making the fPKM more digestible
for the BSFL. The data about unfermented PKM were
obtained from a previous study (Nugroho et al.,
2023), while the fermented PKM data were derived
from this experiment (Table 1). The treatment diets
were formulated with fPKM to which various sugars
(fructose (fPKMfru), glucose (fPKMglu), maltose
(fPKMmal), and sucrose (fPKMsuc)) were added.
Each sugar was added to the fPKM at a proportion
of 5%. Based on previous studies, a 5% fructose
proportion was the optimum level of added sugar
for optimum BSFL growth and nutrient profile
(Nugroho et al., 2023). Approximately 3,000 7-day-
old BSFL were randomly split into five groups of three
plastic chambers measuring 24x15x6 centimetres
(cm) (length x width x height), each containing 200
larvae. Five different feeding experiments were run
in triplicate in these containers. Water was added to
each of the substrates to obtain the desired humidity
level of 60-70%. In the BSFL rearing chamber room,
the temperature was kept at about 28°C. During the
experiment, an amount of substrate was given and
adjusted to the BSFL in each chamber as described
in a prior study with modifications (Hoc et al., 2020).
On days 10-22, the BSFL were given 1 kilogram (kg)
of adjusted substrate. This continued until 90% of
the larvae became prepupa, which occurred at about
day 22. The growth and survival of the BSFL were
assessed on the final day of the experiment. The
initial proximate analysis and mineral values of each
substrate are shown in Tables 1 and 2.

BSFL growth

The body weight (g) and length (cm) of 30 BSFL that
were randomly selected from each chamber were
measured on the final day of the study using a digital
microscale (Sartorius, Beijing, China) and digital
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Table 1: Proximate analysis of initial substrates for BSFL rearing

Proximate analysis (%, as-is

basis) fPKM fPKMfru fPKMglu fPKMmal fPKMsuc
Crude protein 11.65 9.25 9.26 9 9.6
Crude fat 4.6 6.69 2.35 2.69 2.44
Ash 3.57 2.95 2.8 2.72 2.83
Moisture 41.49 47.37 48.02 45.84 46.41
Carbohydrate 38.69 33.74 37.57 39.75 38.72

fPKM = Fermented Palm Kernel Meal; fru = fructose; glu = glucose; mal = maltose; suc = sucrose. Various types of sugars were added at level 5% into

FPKM.

Table 2: Mineral value of initial substrates for BSFL rearing

Mineral (%, as-is basis) fPKM fPKMfru fPKMglu fPKMmal fPKMsuc
Phosphorous (P) 0.39 0.4 0.41 0.4 0.4
Calcium (Ca) 0.48 0.48 0.47 0.47 0.47
Potassium (K) 0.75 0.75 0.75 0.74 0.75
Magnesium (Mg) 0.04 0.04 0.04 0.04 0.04
Sodium (Na) 0.17 0.18 0.18 0.16 0.15
Iron (Fe) 57.5 57 57 57.5 57

fPKM = Fermented Palm Kernel Meal; fru = fructose; glu = glucose; mal = maltose; suc = sucrose. Various types of sugars were added at level 5% into

FPKM.

callipers (Tools, Ltd., Shanghai, China).

Proximate analysis

On the final day of the study, all of the BSFL in
each group were milled after they were freeze-dried
for 72 hours. To evaluate the dry matter content of
pre-dried samples, they were dried at 103°C for
16 hours. Subsequently, a three-hour incineration
process was conducted at a temperature of 550°C
to ascertain the ash composition of each group. The
Kjeldahl technique was employed to determine the
total nitrogen content (Marco et al., 2021; Scheiner,
1976). The crude fat value was measured using the
hydrolysis method in HCl and subsequent extraction
in light petroleum.

Mineral profiling

The concentrations of minerals, including P, Ca,
K, Mg, Na, and Fe, were quantified from the BSFL
substrate and the BSFL after they were reared for 22
days on fPKM with various types of sugar added. The
samples were ashed at a temperature of 500°C for 5
hours to achieve a steady weight. A muffle furnace
(BF-02/15, SM Indo, Banten, Indonesia) was used
for this procedure. After ashing, the samples were
allowed to cool to ambient temperature. Then, a
volume of 5 mL of a 1 molar (M) solution of nitric
acid (HNO,) was introduced. The resulting solution
was subjected to filtration and transferred into a
volumetric flask with a capacity of 100 mL that had
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been filled to its maximum capacity with a solution
of 1M HNO,. The mineral value was quantified with
an atomic absorption spectrophotometer (Model
AA6300, Shimadzu, Japan).

Fatty acid profiling

The frozen samples of BSFL were subjected to
freeze-drying until a consistent weight was achieved.
This was followed by lipid extraction with the
direct methylation procedure (Ramos-Bueno et
al., 2016). The fatty acid value of the samples was
evaluated by subjecting them to methylation with
14% of boron trifluoride (BF3) to produce fatty acid
methyl esters (FAME). Gas-liquid chromatography
was performed with an Agilent 7890A instrument
equipped with a DB-23 column at 30 metres (m) in
length, 0.25 millimetres (mm) in diameter, and 0.20m
of film thickness. The chromatographic analysis
was conducted under the specified conditions. The
term ‘injection’ refers to the process of introducing
a substance, typically a liquid. The experimental
setup consisted of a system with a volume of 1 litre
(L). The inlet heater was set at 260°C, and the split
ratio was maintained at 35:1. The detector heater
was operated at 280°C. The hydrogen and airflow
rates were set at 40 millilitres per minute (mL/min)
and 400 mL/min, respectively. A purge flow of 25
mL/min was used. The gas used in the experiment
was of 99.999 per cent purity. Atmospheric pressure
was measured at 0.4 megapascals (MPa), while the



nitrogen (N,) pressure ranged from 0.5 to 0.8 MPa,
and the hydrogen (H,) pressure ranged from 0.3 to
0.4 MPa. The fatty acid composition was determined
by calculating the fraction of identified fatty acids.

Statistical analysis

All quantitative data obtained are represented as
average t* standard error mean (SEM). A one-way
analysis of variance (ANOVA, performed with SPSS
software, USA) was applied to evaluate statistical
differences and Duncan’s multiple-range post-hoc
test (DMRT) at a significance of p<0.05 (Samimi
and Nouri, 2023) was used to assess differences
in significance among the experimental groups.
Microsoft Excel 2022 (Microsoft Inc., USA) was used
to depict graphical data.

In recent decades, numerous industries have
produced large amounts of waste due to human
activity and rapid population expansion. According to
past studies, 3.4 billion metric tonnes of solid trash
are expected to be produced globally by 2050. To
address trash disposal, authorities must immediately
create low-cost, effective technologies that are
environmentally friendly (Samimi and Shahriari-
Moghadam, 2023). However, thus far, only 20% of
waste is recycled, while the rest is landfilled. Waste
presents a serious hazard to people, animals, and the
environment when it is simply dumped in open-air
landfills in poor nations (Ashokkumar et al., 2022).
One of the waste products that can potentially affect
the environment is PKM from the palm oil industry.
Previous studies have mentioned that palm kernel
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meal, both fermented and unfermented, has been
studied for its effects on the growth performance of
broiler chickens (Alshelmani et al., 2016). BSFL that
are reared on bioorganic waste, such as PKM, exhibit
high nutritional protein and oil content. Compared to
other substrates, such as food waste (Fu et al., 2022)
or manure (Awasthi et al., 2020), PKM is a much
more promising substrate. PKM as a BSFL substrate
has lower potential pathogenicity and bioplastic
contamination. The BSFL reared on PKM also offer
higher nutritional value than those raised on other
substrates. This study evaluated the effects of fPKM
substrate with various added sugars on BSFL growth
and nutritional composition. The weight and length
of the BSFL fed fPKM with added sugars for 22 days
can be seen in Figs. 1 and 2. The addition of various
sugars in fPKM had no significant effect on the final
weight of the BSFL, while the addition of glucose to
the fPKM resulted in a final BSFL length (1.64 cm) that
was significantly (p<0.05) higher than the lengths of
the BSFL fed on other media.

The study of various sugar additions to insects’
diets has been limited. Nevertheless, dipteran
larvae, such as BSFL, appear capable of sustaining
growth even when provided with diets lacking or
low in carbohydrates or sugar. This is attributed to
the insects’ ability to derive the necessary energy
for maintenance and weight increase from proteins
(Brookes and Fraenkel, 1958). In this study, the
various types of added sugar did not affect the
final weight of the BSFL. This finding is supported
by past studies that reported that the inclusion of
monosaccharides, disaccharides, and starches did
not have any significant effect on the growth indices

|
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fPKM

fPKMfru

fPKMglu fPKMmal fPKMsuc

Fig. 1: MeanSE weight of BSFL fed fermented palm kernel meal (fPKM) with various types of sugars at level 5% (fru = fructose; glu = glu-
cose; mal = maltose; suc = sucrose) for 22 days

507



1.70
1.65
1.60 I
1.55

1.50

Lenght (cm)

145

1.40

1.35

1.30

fPKM fPKMfru

fPKMglu fPKMmal fPKMsuc

Fig. 2: MeanSE length (cm) of BSFL after 22 days grown in fermented palm kernel meal (fPKM) with various types of sugars (fru = fructose;
glu = glucose; mal = maltose; suc = sucrose). Various types of sugars were added at level 5% into fPKM. Significant differences (P<0.05)
among the groups are exhibited by different letters (a, b) in each bar

Table 3: Proximate value of BSFL meal grown in fermented palm kernel meal (fPKM) added various sugar for 22 days

Proximate analysis

(%, as-is basis) fPKM fPKMfru fPKMglu fPKMmal fPKMsuc
Crude protein (%) 50.66+0.39° 52.2630.29° 49.90+0.33%° 49.35+0.48° 50.65+0.022°
Crude fat (%) 19.85+0.05° 20.75+0.06° 20.63£0.04° 20.64+0.02° 20.63£0.04°
Carbohydrate (%) 16.50+0.36° 12.4140.33? 15.98+0.28" 16.60+0.42° 16.12+0.20°
Ash (%) 11.4740.01° 11.65+0.06° 11.5440.01° 11.73+0.03° 11.84+0.03¢
Moisture (%) 1.514+0.01° 2.92+0.04¢ 1.9540.03¢ 1.69+0.04° 1.91+0.01°

Data shown as average + SEM (standard error mean). Significant differences between groups (P < 0.05) is indicated by different superscripts following
the average+ SEM in the same row. fPKM = Fermented Palm Kernel Meal; fru = fructose; glu = glucose; mal = maltose; suc = sucrose. Various types of

carbohydrate were added (5%) into fPKM.

of BSFL (Cohn et al., 2022). The addition of sugars,
such as galactose or xylan, resulted in a decrease in
crude lipid levels. This suggests that the presence of
various types of sugar in the diet of BSFL does not
induce growth but may affect their proximate and
fatty acid values.

Proximate analysis

The BSFL reared on fPKM with added fructose
showed significantly higher (p<0.05) crude protein
and moisture values but had the significantly lowest
(p<0.05) ash and carbohydrate values compared
to BSFL in other groups. The addition of any type
of sugar to the fPKM did not significantly affect the
BSFL crude fat value compared to other sugar-added
substrates but increased it compared to the BSFL
reared on unaltered fPKM (Table 3).

The use of the fPKM with various sugar additions
resulted in the biosynthesis of a substantial amount
of crude protein, between 49.35+0.48% and
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52.26+0.29%, in the BSFL meal. This study’s results
suggest that fPKM with added fructose as a BSFL
substrate that is fed for 22 days produces larvae with
a significantly higher protein value than the other
tested substrates. The crude protein level of the BSFL
in this study exhibited similarities to the defatted
BSFL meal from BSFL cultivated on food waste, which
may contain various sugars (Ebeneezar et al., 2021).
Similar findings were reported in a previous study,
which found that the addition of fructose to PKM
resulted in high protein values in the BSFL (Nugroho
et al., 2023). This high protein content was notably
greater than the protein content seen in BSFL
produced using industrial agriculture waste products
(39-48%) (Zulkifli et al., 2022), as well as those reared
on rice straw (34.62%) (Pamintuan et al., 2020). BSFL
are often reared on a substrate of organic waste to
achieve a substantial protein yield (Kishawy et al.,
2022). The considerable protein content found in
BSFL makes them a viable alternative to fish meal.



This substitution is particularly advantageous given
fish meal’s higher cost, limited availability, and
unsustainable nature. Recently, there has been a
growing trend in the aquafeed business towards
partially or completely substituting fish meal with
other high-protein sources, such as BSFL meal
(Mikotajczak et al., 2022; Opiyo et al., 2023; Zhao
et al., 2023). The findings of this study affirm that
growing BSFL on fPKM with or without added sugar
may be a viable approach to implementing BSFL
farming in the feed business. Notably, the addition
of any type of sugar to the fPKM substrate for BSFL
resulted in significantly higher amounts of crude
fat content, from 20.63+0.04% to 20.75+0.06%,
compared to BSFL reared on unaltered fPKM. One
possible method by which sugars such as fructose,
glucose, maltose, and sucrose may increase BSFL
fat content is by influencing an insect gene for lipid
metabolism that is related to lipid synthesis through
a de novo pathway (Bergstrom, 2023; Biolchini et
al., 2017; Thompson and Redak, 2000; Van Handel,
1966). However, the inclusion of fructose in the
fPKM reduced the carbohydrate content in the BSFL.
When sucrose was added to the fPKM, a considerable
improvement in ash content was seen. The highest
moisture content (2.92+0.04%) was observed in BSFL
that were reared on fPKM with added fructose. The
BSFL grown on fPKM with added maltose or sucrose
exhibited a significantly higher accumulation of
phosphorus, sodium, and iron than those of other
groups. Calcium and potassium were accumulated
better in the BSFL reared on fPKM with added either
glucose, maltose, or sucrose. However, magnesium
was only significantly elevated in the BSFL reared on
fPKM with added sucrose (Table 4).

BSFL can accumulate abundant mineral deposits
from a wide range of substrates (Das et al., 2023;
Raksasat et al., 2020; Shumo et al., 2019). The

addition of sugar to the BSFL substrate was shown
to increase mineral accumulation from PKM, which
contains minerals in quantities of 835-6,130 parts
per million (ppm) (Alimon, 2004; Barcena-Gama et
al., 2022). Furthermore, the BSFL raised on substrates
with different added sugars exhibited diverse mineral
deposit patterns, indicating a high mineral turnover
(Paul et al., 2023; Seyedalmoosavi et al., 2023). Some
previous studies have stated that a high-fructose diet
was associated with altered phosphorus metabolism
in BSFL. There is also a correlation between fructose
consumption and decreased blood phosphorus
values (Mayes, 1993; Milne and Nielsen, 2000; Wong,
2022). This study found nine fatty acids in the BSFL
raised on fPKM with various types of sugar added
(Table 5). This finding aligns with past studies, which
reported that approximately nine fatty acids were
detected in BSFL grown on PKM with added fructose
(Nugroho et al., 2023). The lauric acid level in BSFL
increased (22.60£0.34%) when the BSFL were raised
on fPKM with added glucose. However, adding
glucose to the fPKM results in significantly reduced
values of linolelaidic (21.47+0.36%), a-linolenic
(13.68+0.32%), and nervonic (1.21+0.00%) acids
compared to other groups of BSFL raised on fPKM
with other added sugars. The inclusion of sucrose
in the fPKM significantly improved the values of
arachidic (5.025+0.23%), erucic (5.45+0.22%), and
docosadienoic (1.8940.10%) acids. The significantly
highest myristoleic acid value (5.50+0.05%) was
found in the BSFL reared on fPKM with added
maltose. However, the BSFL grown on fPKM with
added maltose and sucrose showed significantly
lower palmitoleic acid (25.44+0.39 and 25.41+0.30%,
respectively) values than other groups of BSFL fed
either unaltered fPKM or fPKM with added fructose
or glucose.

The incorporation of sucrose in the fPKM for

Table 4: Mineral value of defatted BSFL meal reared in fermented palm kernel meal (fPKM) and various types of carbohydrate addition for

22 days (n = 3).

Minerals (%, as-is basis) fPKM fPKMfru fPKMglu fPKMmal fPKMsuc

Phosphorus (P) 3.7340.03° 4.3040.06° 4.70+0.00° 4.9340.07¢ 5.0040.06°
Calcium (Ca) 1.27+0.03? 2.23+0.03° 3.4740.03¢ 3.53+0.03¢ 3.53+0.03¢
Potassium (K) 3.73+0.07° 4.53+0.03° 5.30+0.06° 5.40£0.06° 5.2740.09¢
Magnesium (Mg) 3.27+0.07° 4.4740.03" 4.50+0.06" 4.67+0.03% 4.63+0.03¢
Sodium (Na) 1.73+0.03° 2.13+0.03° 2.6340.01¢ 2.50+0.00¢ 2.63£0.03¢
Iron (Fe) 1.00+0.06° 1.5340.03° 2.47+0.03¢ 2.63+0.03¢ 2.63+0.03¢

Data shown as average + SEM (standard error mean). Significant differences between groups (P < 0.05) is indicated by different superscripts following
the average+ SEM in the same row. fPKM = Fermented Palm Kernel Meal; fru = fructose; glu = glucose; mal = maltose; suc = sucrose. Various types of

carbohydrate were added (5%) into fPKM.
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Table 5: Fatty acid value (%) of BSFL grown in fermented palm kernel meal (fPKM) with various types of sugars addition

Fatty acids fPKM fPKMfru fPKMglu fPKMmal fPKMsuc
Lauric acid (C12:0) 17.0240.25° 19.7740.28° 22.60+0.34¢ 20.68+0.76° 19.18+0.541°
Myristoleic acid (C14:1) 4.65+0.05° 3.83+0.19° 4.22+0.19° 5.50+0.05¢ 4.0740.09°
Palmitoleic acid (C16:1) 28.51+0.14° 28.18+0.33° 27.69+0.21° 25.44+0.39° 25.41+0.30°
Linolelaidic acid (C18:2n6t) 23.3440.05° 22.49+0.29% 21.4740.36° 23.52+40.29° 21.84+0.52°
a-Linolenic acid (C18:3n3) 14.8440.33° 14.0240.13* 13.68+0.32° 13.98+0.57* 14.85+0.07°
Arachidic acid (C20:0) 3.08+0.05° 3.67+0.12%° 3.26+0.19° 4.1440.33° 5.025+0.23¢
Erucic acid (C22:In9) 4.11+0.06° 4.20+0.02° 4.21+0.12° 3.7440.22° 5.45+0.22°
Docosadienoic acid (C22:2) 1.18+0.03° 1.25+0.04° 1.62+0.267° 1.30+0.17° 1.89+0.10°
Nervonic acid (C24:In9) 3.24+0.08¢ 2.55+0.18< 1.21+0.00° 1.67+0.42% 2.27+0.22%

Data shown as average + SEM (standard error mean). Significant differences between groups (P < 0.05) is indicated by different superscripts following
the average+ SEM in the same row. fPKM = Fermented Palm Kernel Meal; fru = fructose; glu = glucose; mal = maltose; suc = sucrose. Various types of

carbohydrate were added (5%) into fPKM.
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Fig. 3: Relative percentage of fatty acids in the BSFL grown in the fermented palm kernel meal (fPKM) added various sugars for 22 days.
fPKM = Fermented Palm Kernel Meal; fru = fructose; glu = glucose; mal = maltose; suc = sucrose. Various types of sugars e were added at
level 5% into fPKM

BSFL resulted in the significantly highest relative
percentage of total unsaturated fatty acid (83.16%),
but the lowest total saturated fatty acid (16.84%).
Conversely, adding glucose to the fPKM for BSFL
resulted in the significantly lowest relative percentage
of total unsaturated fatty acid (64.36%) (Fig. 3).

The lipid content of BSFL may be elevated as a
result of sugar in their diets, as the experimental diets
boosted the biosynthesis of specific saturated fatty
acids, including capric acid (C10), lauric acid (C12),
and myristic acid (C14) (Hoc et al., 2020). This study
also revealed a notable proportion of certain fatty
acids in the BSFL that were grown on fPKM. These
fatty acids include lauric acid (C12:0), myristoleic
acid (C14:1), palmitoleic acid (C16:1), linolelaidic
acid (C18:2n6t), a-linolenic acid (C18:3n3), arachidic
acid (C20:0), erucic acid (C22:In9), docosadienoic
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acid (C22:2), and nervonic acid (C24:In9). Previous
studies reported that lauric acid (C12:0) was the
predominant fatty acid in BSFL (Nugroho et al., 2023;
Shumo et al., 2019), differentiating BSFL from other
insect species, such as Acheta domesticus (Linnaeus)
and Alphitobius diaperinus (Pfanzer) (Oonincx et al.,
2015). Furthermore, the bioconversion of a significant
amount of carbohydrates into lauric acid is attributed
to the activity of BSFL (Spranghers et al., 2017). This
study demonstrated that the incorporation of glucose
into the fPKM substrate resulted in an increase in
the concentration of lauric acid in the BSFL. Glucose
may be involved in fatty acid synthesis via a de novo
biosynthesis pathway (Prager et al., 2019; Stanley-
Samuelson et al., 1988). The researchers highlighted
the possible role of certain enzymes in the metabolic
processes to produce BSFL fatty acids. Certain fatty



acids, namely decanoic, lauric, and myristic acid, were
exclusively detected in deuterated states. Conversely,
palmitic, palmitoleic, and oleic acids were observed
in both deuterated and non-deuterated forms. This
suggests that BSFL can partially synthesize these fatty
acids through biosynthetic pathways, rather than
solely accumulating them from their diet. Fatty acids
play a crucial role in insects by facilitating the synthesis
of pheromones for communication and protective
compounds (Blomquist et al., 2012; Moriconi et al.,
2019; Pei et al., 2019). Furthermore, BSFL oil contains
asignificant concentration of lauricacid (C12:0), which
resembles the composition of coconut oil (Li et al.,
2016; Ushakova et al., 2016). This study also provides
evidence that BSFL can efficiently convert fPKM with
or without added sugars into significant quantities
of palmitoleic acid. Dipterans may be distinguished
from the members of other insect orders by their
elevated palmitoleic acid levels, which often exceed
15% of their total fatty acid composition (Aguilar,
2021). The presence of palmitoleic acid is prevalent in
the lipid composition of the larvae of five of the eight
species belonging to the order Lepidoptera (Thomas
and Kiin-Kabari, 2022). Linolelaidic acid (C18: 2n6t),
which is classified as an omega-6 trans fatty acid, was
present in significant quantities in the BSFL that were
grown on fPKM with added glucose. Past research has
reported the occurrence of omega-6 trans fatty acids
in black soldier fly prepupae (Giannetto et al., 2020).
The analysis of fatty acids revealed the occurrence of
arachidic acid, erucic acid, and docosadienoic acid in
the BSFL grown on fPKM with added sucrose. This
finding is similar to those of previous studies revealing
that rearing BSFL on sugar-beet pulp, bakery waste,
and fruit and vegetable waste, which may contain
sucrose, significantly affects the levels of arachidic
acid, erucic acid, and docosadienoic acid present in
the BSFL (Fischer and Romano, 2021; Magee et al.,
2021; Shumo et al., 2019). Furthermore, the addition
of maltose resulted in a notable increase in myristoleic
acid, sometimes referred to as a mono-unsaturated
fatty acid (MUFA). Therefore, the incorporation of
maltose into BSFL substrate during industrial farming
might provide advantageous outcomes in terms of
MUFA production, particularly the production of
myristoleic acid. The precise mechanisms by which
various sugars affect BSFLs fatty acid metabolism
remain largely unexplored. Nevertheless, the
variation in the fatty acid compositions of BSFL during
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the prepupal phase may influence the regulation of
genes associated with lipid metabolism throughout
larval growth (Giannetto et al., 2020). Moreover,
there are several interconnected pathways linking
various types of sugar, especially glucose, and lipid
metabolism (Parhofer, 2015).

The worldwide rate of organic waste generation is
undergoing significant, rapid growth. In the early part
of this century, the annual amount of organic waste
generated exceeded 600 million tons. According
to projections, this quantity is expected to reach
about one billion tons by 2025. Palm kernel meal, a
byproduct of palm fruit oil extraction, is a significant
component of Indonesia’s agricultural waste stream.
Meanwhile, the oil palm plantation area continues
to grow across 22 provinces in Indonesia, covering
the nation from east to west. BSFL present an
alternative approach to managing organic waste,
such as by converting PKM into insect biomass that
may then be included in animal feed. The addition
of various sugars to fPKM is suggested for rearing
BSFL to provide nutritional compounds, such as
proteins, lipids and various fatty acids, as well as to
support mineral accumulation in the BSFL biomass.
Specifically, the use of fPKM with 5% fructose added
to feed BSFL for 22 days improves the final protein
content in the BSFL. The addition of sugars to fPKM
did not significantly affect the final weight of the
larvae or the crude fat value, but it did enhance
the larvae’s crude protein content. The inclusion of
glucose resulted in a substantial increase in larval
length, as well as an increase in the concentration
of lauric acid in the BSFL. However, the addition of
glucose to the fPKM led to a notable decrease in
the relative proportion of total unsaturated fatty
acids, such as linolelaidic, a-linolenic, and nervonic
acid. Conversely, the addition of fructose resulted in
enhanced crude protein and moisture content, while
resulting in BSFL that exhibited the lowest levels of
ash and carbohydrates of the measured groups. The
addition of sucrose to the fPKM resulted in significant
increases in the BSFL's ash content, magnesium levels,
relative percentage of total unsaturated fatty acids,
arachidic acid, erucic acid, and docosadienoic acid,
as well as phosphorus, sodium, and iron values. The
larvae grown on the fPKM supplemented with maltose
showed improved accumulation of phosphorus, salt,



and iron. However, these larvae had a considerably
lower value of palmitoleic acid compared to the
larvae in other groups. Conversely, the larvae that
were grown on fPKM supplemented with glucose,
maltose, or sucrose exhibited a greater accumulation
of calcium and potassium. These findings may be
beneficial for feed manufacturers seeking alternatives
to fish meal and fish oil. Furthermore, exploring
alternative sources of animal feed has become
crucial in recent years, and palm kernel waste has
emerged as a promising feed alternative option. Palm
kernel waste is rich in essential nutrients and is an
economical and sustainable feed choice for livestock.
Its high fibre content aids digestion, while its protein
content contributes to animals’ growth and muscle
development. Moreover, the use of palm kernel waste
as animal feed reduces the environmental impacts
associated with the oil processing industry’s waste
disposal activity. However, certain precautions must
be taken, such as proper treatment to remove any
harmful substances from PKM before incorporating
it into feed. Thus, with proper management and
utilization, palm kernel waste presents a valuable
resource for animal nutrition, supporting the overall
objective of sustainable agriculture.

R.A. Nugroho performed the literature analysis,
experimental activities, writing of the manuscript,
and analyzed the manuscript critically. R. Aryani
contributed in the literature analysis, data, and
information collection, and writing of the manuscript.
E.H. Hardi performed the data and information
collection, data handling, and validation. H.
Manurung prepared the experimental activities, data
handling, and validation. R. Rudianto performed the
experimental activities and writing of the manuscript.
W.N. Jati performed the experimental activities,
writing of the manuscript and administration.

The authors acknowledge the support of this work
by [Contract Number 300/UN17.L1/HK/2023] from
the Ministry of Education, Culture, Research, and
Technology for the 2023 Fiscal Year. For its assistance,
the authors additionally acknowledge Department of
Biology, Faculty of Mathematics and Natural Sciences,
Mulawarman University, Samarinda, East kalimantan,
Indonesia.

512

The author declares that there is no conflict of
interests regarding the publication of this manuscript.
In addition, the ethical issues, including plagiarism,
informed consent, misconduct, data fabrication and/
or falsification, double publication and/or submission,
and redundancy have been completely observed by
the authors.

©2024 The author(s). This article is licensed under
a Creative Commons Attribution 4.0 International
License, which permits use, sharing, adaptation,
distribution and reproduction in any medium or
format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes
were made. The images or other third-party material
in this article are included in the article’s Creative
Commons license, unless indicated otherwise in a
credit line to the material. If material is not included
in the article’s Creative Commons license and your
intended use is not permitted by statutory regulation
or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view
a copy of this license, visit: http://creativecommons.
org/licenses/by/4.0/

GJESM Publisher remains neutral with regard
to jurisdictional claims in published maps and
institutional afflictions.

°C Degree Celsius

% Percent

+ Plus minus

ANOVA Analysis of Variance
BF3 Boron trifluoride
BSFL Black soldier fly larvae
Cc10 Capric acid

c12 Lauric acid

C14 Myristic acid

C14:1 Myristoleic acid
Cl6:1 Palmitoleic acid
C18:2n6t Linolelaidic acid
C18:3n3 a—Linolenic acid


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

C20:0
c22:2
C22:In9
C24:In9
Ca

cm

CoA
DMRT
EM4
FAME
Fe

Fig
fPKM
fPKMfru

fPKMglu

fPKMmal
fPKMsuc

g
g/kg
H2

HNO,
K

kg

mL/g
mL/min

MMT
MPa
Mt
MUFA

Na
PKM

ppm
SDGs

Arachidic acid
Docosadienoic acid

Eruchic acid

Nervonic acid

Calcium

Centimeter

Coenzyme A

Duncan Multiple Range Test
Effective microorganisms 4
Fatty acid methyl esters
Iron

Figure

Fermented palm kernel meal

Palm kernel meal fructose

Palm kernel meal glucose
Palm kernel meal maltose
Palm kernel meal sucrose

Gram

Gram per kilogram
Hydrogen

Nitric acid
Potassium
Kilogram

Linnaeus

Liter

Limited

Molar

Meter

Magnesium
Mililiter

Mililiter per gram
Milliliter per minute
Milimeter

Million metric ton
Megapascals
Metric ton
Mono-unsaturated fatty acid
Nitrogen

Sodium
Phosphorous

Palm kernel meal
Part per million

Sustainable development goals

SEM Standard error mean
TFA Trans fatty acid

Aguilar, J.G.d.S., (2021). An overview of lipids from insects. Biocatal.
Agric. Biotechnol., 33: 101967 (9 pages).

Al-Qazzaz, M.F.A.; Ismail, D.; Akit, H.; Idris, L.H., (2016). Effect of
using insect larvae meal as a complete protein source on quality
and productivity characteristics of laying hens. Rev. Bras. de
Zootec., 45: 518-523 (6 pages).

Alimon, A., (2004). The nutritive value of palm kernel cake for animal
feed. Palm Oil Development, 40: 12-14 (3 pages).

Alshelmani, M.l.; Loh, T.C.; Foo, H.L.; Sazili, A.Q.; Lau, W.H., (2016).
Effect of feeding different levels of palm kernel cake fermented
by Paenibacillus polymyxa ATCC 842 on nutrient digestibility,
intestinal morphology, and gut microflora in broiler chickens.
Anim. Feed Sci., 216: 216-224 (9 pages).

Angulo-Mosquera, L.S.; Alvarado-Alvarado, A.A.; Rivas-Arrieta,
M.J.; Cattaneo, C.R.; Rene, E.R.; Garcia-Depraect, O., (2021).
Production of solid biofuels from organic waste in developing
countries: A review from sustainability and economic feasibility
perspectives. Sci. Total Environ., 795: 148816 (15 pages).

Ashokkumar, V.; Flora, G.; Venkatkarthick, R.; SenthilKannan, K.;
Kuppam, C.; Mary Stephy, G.; Kamyab, H.; Chen, W.-H.; Thomas,
J.; Ngamcharussrivichai, C., (2022). Advanced technologies on
the sustainable approaches for conversion of organic waste to
valuable bioproducts: Emerging circular bioeconomy perspective.
Fuel. 324: 124313 (10 pages).

Austin, K.G.; Mosnier, A.; Pirker, J.; McCallum, I.; Fritz, S.; Kasibhatla,
P.S., (2017). Shifting patterns of oil palm driven deforestation in
Indonesia and implications for zero-deforestation commitments.
Land use policy., 69: 41-48 (8 pages).

Awasthi, M.K,; Liu, T.; Awasthi, S.K.; Duan, Y.; Pandey, A.; Zhang, Z.,
(2020). Manure pretreatments with black soldier fly Hermetia
illucens L.(Diptera: Stratiomyidae): A study to reduce pathogen
content. Sci.Total Environ., 737: 139842 (13 pages).

Barcena-Gama, J.R.; Escobar-Espafia, J.C.; Ley-De Coss, A.; Crosby-
Galvan, M.M., (2022). Nutrient content and in vitro degradability
of the palm kernel meal produced in the state of chiapas, mexico,
as feed for ruminants. Agro. Productividad., 5: 125-131 (7 pages).

Bergstrom, J.D., (2023). The lipogenic enzyme acetoacetyl-coenzyme
a synthetase and ketone body utilization for denovo lipid
synthesis, a review. J. Lipid Res., 64(8): 100407 (18 pages).

Biolchini, M.; Murru, E.; Anfora, G.; Loy, F.; Banni, S.; Crnjar, R.;
Sollai, G., (2017). Fat storage in Drosophila suzukii is influenced by
different dietary sugars in relation to their palatability. PLoS One,
12: e0183173 (18 pages).

Blomquist, G.J.; Jurenka, R.; Schal, C., Tittiger, C. (2012). 12 -
pheromone production: Biochemistry and molecular biology. In
L. I. Gilbert (Ed.), Insect endocrinology Academic Press. 523-567
(45 pages).

Brookes, V.J., Fraenkel, G., (1958). The nutrition of the larva of the
housefly, Musca domestica L. Physiol. zool., 31: 208-223 (16
pages).

Cohn, Z.; Llatty, T, Abbas, A., (2022). Understanding dietary
carbohydrates in black soldier fly larvae treatment of organic
waste in the circular economy. Waste Manage., 137: 9-19 (11
pages).

Cudjoe, D.; Zhu, B.; Nketiah, E.; Wang, H.; Chen, W.; Qiangian, Y.,
(2021). The potential energy and environmental benefits of global
recyclable resources. Sci. Total Environ., 798: 149258 (15 pages).

513


https://www.sciencedirect.com/science/article/abs/pii/S1878818121000633
https://www.sciencedirect.com/science/article/abs/pii/S1878818121000633
https://www.scielo.br/j/rbz/a/y9YPkBrc8F9wpNYsSvw5GMp/?lang=en
https://www.scielo.br/j/rbz/a/y9YPkBrc8F9wpNYsSvw5GMp/?lang=en
https://www.scielo.br/j/rbz/a/y9YPkBrc8F9wpNYsSvw5GMp/?lang=en
https://www.scielo.br/j/rbz/a/y9YPkBrc8F9wpNYsSvw5GMp/?lang=en
https://www.researchgate.net/profile/Abdul-Alimon/publication/242540604_The_Nutritive_Value_of_Palm_Kernel_Cake_for_Animal_Feed/links/551c11620cf20d5fbde25e97/The-Nutritive-Value-of-Palm-Kernel-Cake-for-Animal-Feed.pdf
https://www.researchgate.net/profile/Abdul-Alimon/publication/242540604_The_Nutritive_Value_of_Palm_Kernel_Cake_for_Animal_Feed/links/551c11620cf20d5fbde25e97/The-Nutritive-Value-of-Palm-Kernel-Cake-for-Animal-Feed.pdf
https://www.sciencedirect.com/science/article/pii/S0377840116301249
https://www.sciencedirect.com/science/article/pii/S0377840116301249
https://www.sciencedirect.com/science/article/pii/S0377840116301249
https://www.sciencedirect.com/science/article/pii/S0377840116301249
https://www.sciencedirect.com/science/article/pii/S0377840116301249
https://www.sciencedirect.com/science/article/abs/pii/S0048969721038882
https://www.sciencedirect.com/science/article/abs/pii/S0048969721038882
https://www.sciencedirect.com/science/article/abs/pii/S0048969721038882
https://www.sciencedirect.com/science/article/abs/pii/S0048969721038882
https://www.sciencedirect.com/science/article/abs/pii/S0048969721038882
https://www.sciencedirect.com/science/article/pii/S0016236122011656
https://www.sciencedirect.com/science/article/pii/S0016236122011656
https://www.sciencedirect.com/science/article/pii/S0016236122011656
https://www.sciencedirect.com/science/article/pii/S0016236122011656
https://www.sciencedirect.com/science/article/pii/S0016236122011656
https://www.sciencedirect.com/science/article/pii/S0016236122011656
https://www.sciencedirect.com/science/article/pii/S0264837717301552
https://www.sciencedirect.com/science/article/pii/S0264837717301552
https://www.sciencedirect.com/science/article/pii/S0264837717301552
https://www.sciencedirect.com/science/article/pii/S0264837717301552
https://www.sciencedirect.com/science/article/abs/pii/S0048969720333623
https://www.sciencedirect.com/science/article/abs/pii/S0048969720333623
https://www.sciencedirect.com/science/article/abs/pii/S0048969720333623
https://www.sciencedirect.com/science/article/abs/pii/S0048969720333623
https://mail.revista-agroproductividad.org/index.php/agroproductividad/article/view/2235
https://mail.revista-agroproductividad.org/index.php/agroproductividad/article/view/2235
https://mail.revista-agroproductividad.org/index.php/agroproductividad/article/view/2235
https://mail.revista-agroproductividad.org/index.php/agroproductividad/article/view/2235
https://www.sciencedirect.com/science/article/pii/S0022227523000809
https://www.sciencedirect.com/science/article/pii/S0022227523000809
https://www.sciencedirect.com/science/article/pii/S0022227523000809
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0183173
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0183173
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0183173
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0183173
https://www.sciencedirect.com/science/article/abs/pii/B9780123847492100123
https://www.sciencedirect.com/science/article/abs/pii/B9780123847492100123
https://www.sciencedirect.com/science/article/abs/pii/B9780123847492100123
https://www.sciencedirect.com/science/article/abs/pii/B9780123847492100123
https://www.journals.uchicago.edu/doi/abs/10.1086/physzool.31.3.30157842?journalCode=physzool
https://www.journals.uchicago.edu/doi/abs/10.1086/physzool.31.3.30157842?journalCode=physzool
https://www.journals.uchicago.edu/doi/abs/10.1086/physzool.31.3.30157842?journalCode=physzool
https://www.sciencedirect.com/science/article/pii/S0956053X21005535
https://www.sciencedirect.com/science/article/pii/S0956053X21005535
https://www.sciencedirect.com/science/article/pii/S0956053X21005535
https://www.sciencedirect.com/science/article/pii/S0956053X21005535
https://www.sciencedirect.com/science/article/abs/pii/S004896972104331X
https://www.sciencedirect.com/science/article/abs/pii/S004896972104331X
https://www.sciencedirect.com/science/article/abs/pii/S004896972104331X

Dahniar, D.; Rusniati, R., (2019). The price analysis of oil palm fresh
fruit bunches in PT. Gawi makmur Kalimantan Banjarmasin.
Proceeding MICEB (Mulawarman International Conference On
Economics and Business), 2: 31-39 (9 pages).

Das, G.; Seyedalmoosavi, M.; Schleifer, K.; Mielenz, M.; Metges,
C., (2023). The validity of the bioaccumulation index versus the
bioaccumulation factor for assessment of element accumulation
in black soldier fly larvae. J. Insects Food Feed, 0(0): 1-16 (16
pages).

Dharmawan, A.H.; Mardiyaningsih, D.l.; Komarudin, H.; Ghazoul, J.;
Pacheco, P.; Rahmadian, F., (2020). Dynamics of rural economy:
A socio-economic understanding of oil palm expansion and
landscape changes in East Kalimantan, Indonesia. Land, 9: 213 (19
pages).

Ebeneezar, S.; Tejpal, C.; Jeena, N.; Summaya, R.; Chandrasekar,
S.; Sayooj, P.; Vijayagopal, P., (2021). Nutritional evaluation,
bioconversion performance and phylogenetic assessment of
black soldier fly (Hermetia illucens, Linn. 1758) larvae valorized
from food waste. Environ. Technol. Innov., 23: 101783 (12 pages).

Effendi, Z.; Rangkuti, I.U.P.; Muhtadawan, M.l., (2022). Application
of boiler fly ash for oil palm kernel separation in claybath. Jurnal
Teknik Pertanian Lampung (J. Agric. Eng.), 11(4): 542-548 (7
pages).

English, G.; Wanger, G.; Colombo, S.M., (2021). A review of
advancements in black soldier fly (Hermetia illucens) production
for dietary inclusion in salmonid feeds. J. Agric. Food Res., 5:
100164 (9 pages).

Fischer, H.; Romano, N., (2021). Fruit, vegetable, and starch mixtures
on the nutritional quality of black soldier fly (Hermetia illucens)
larvae and resulting frass. J. Insects as Food Feed. 7(3): 319-327
(9 pages).

Fitriana, E.L.; Laconi, E.B.; Astuti, D.A.; Jayanegara, A., (2022).
Effects of various organic substrates on growth performance and
nutrient composition of black soldier fly larvae: A meta-analysis.
Bioresour. Technol. Rep., 18: 101061 (8 pages).

Fu, S.F; Wang, D.H.; Xie, Z.; Zou, H.; Zheng, Y., (2022). Producing
insect protein from food waste digestate via black soldier fly
larvae cultivation: A promising choice for digestate disposal. Sci.
Total Environ., 830: 154654 (9 pages).

Giannetto, A.; Oliva, S.; Lanes, C.F.C.; de Aratjo Pedron, F;
Savastano, D.; Baviera, C.; Parrino, V.; Paro, G.L.; Spano, N.C,;
Cappello, T., (2020). Hermetia illucens (diptera: Stratiomydae)
larvae and prepupae: Biomass production, fatty acid profile
and expression of key genes involved in lipid metabolism. J.
Biotechnol., 307: 44-54 (11 pages).

Hambali, E.; Rivai, M., (2017). The potential of palm oil waste
biomass in Indonesia in 2020 and 2030. IOP Conf. Series: Earth
Enviro. Sci., 65: 012050 (10 pages).

Higa, J.E.; Ruby, M.B.; Rozin, P.,, (2021). Americans’ acceptance of
black soldier fly larvae as food for themselves, their dogs, and
farmed animals. Food Q. Prefer., 90: 104119 (7 pages).

Hoc, B.; Genva, M.; Fauconnier, M.L.; Lognay, G.; Francis, F,;
Megido, R.C, (2020). About lipid metabolism in Hermetia illucens
(L. 1758): on the origin of fatty acids in prepupae. Sci. Reports, 10:
11916 (8 pages).

Kishawy, AT.; Mohammed, H.A.; Zaglool, AW.; Attia, M.S.; Hassan,
FA.; Roushdy, E.M.; Ismail, T.A.; lbrahim, D., (2022). Partial
defatted black solider larvae meal asa promising strategy to replace
fish meal protein in diet for nile tilapia (Oreochromis niloticus):
Performance, expression of protein and fat transporters, and
cytokines related genes and economic efficiency. Aquaculture,
555(11): 738195 (11 pages).

514

Kumar, V.; Fawole, F.J.,; Romano, N.; Hossain, M.S.; Labh, S.N.;
Overturf, K.; Small, B.C., (2021). Insect (black soldier fly, Hermetia
illucens) meal supplementation prevents the soybean meal-
induced intestinal enteritis in rainbow trout and health benefits of
using insect oil. Fish Shellfish Immunol., 109: 116-124 (45 pages).

Lalander, C.; Ermolaey, E.; Wiklicky, V.; Vinneras, B., (2020). Process
efficiency and ventilation requirement in black soldier fly larvae
composting of substrates with high water content. Sci. Total
Environ., 729: 138968 (10 pages).

Li, S.; Ji, H.; Zhang, B.; Tian, J.; Zhou, J.; Yu, H., (2016). Influence
of black soldier fly (Hermetia illucens) larvae oil on growth
performance, body composition, tissue fatty acid composition
and lipid deposition in juvenile jian carp (Cyprinus carpio var. Jian).
Aquaculture, 465: 43-52 (10 pages).

Liew, C.S.; Wong, CY.; Abdelfattah, E.A.; Raksasat, R.; Rawindran,
H.; Lim, JW.; Kiatkittipong, W.; Kiatkittipong, K.; Mohamad, M.;
Yek, P.N.Y., (2022). Fungal fermented palm kernel expeller as feed
for black soldier fly larvae in producing protein and biodiesel. J.
Fungi., 8(4): 332 (12 pages).

Liu, T.; Awasthi, S.K.; Qin, S.; Liu, H.; Awasthi, M.K.; Zhou, Y.; Jiao,
M.; Pandey, A.; Varjani, S.; Zhang, Z., (2021). Conversion food
waste and sawdust into compost employing black soldier fly
larvae (Diptera: Stratiomyidae) under the optimized condition.
Chemosphere, 272: 129931 (8 pages).

Liu, T.; Klammsteiner, T.; Dregulo, A.M.; Kumar, V.; Zhou, Y.; Zhang,
Z.; Awasthi, M.K., (2022). Black soldier fly larvae for organic
manure recycling and its potential for a circular bioeconomy: A
review. Sci. Total Environ., 833: 155122 (14 pages).

Liu, Z.; Minor, M.; Morel, P.C; Najar-Rodriguez, A.J., (2018).
Bioconversion of three organic wastes by black soldier fly
(Diptera: Stratiomyidae) larvae. Environ. Entomol., 47: 1609-1617
(9 pages).

Luperdi, A.; Flores-Calla, S.; Barriga, X.; Rivera, V.; Salazar, I.;
Manrique, P.; Redtegui, J., (2023). Bioprocessing of organic wastes
from poultry and bovine slaughterhouses as food substrate
for Hermetia illucens larval development. Global J. Environ. Sci.
Manage., 9: 31-42 (12 pages).

Magee, K.; Halstead, J.; Small, R.; Young, I., (2021). Valorisation
of organic waste by-products using black soldier fly (Hermetia
illucens) as a bio-convertor. Sustainability, 13: 8345 (17 pages).

Marco, A.; Ramzy, R.R;; Wang, D.; Ji, H., (2021). Sustainable
management of se-rich silkworm residuals by black soldier flies
larvae to produce a high nutritional value and accumulate w-3
PUFA. Waste Manage., 124: 72-81 (10 pages).

Mayes, P.A., (1993). Intermediary metabolism of fructose. Am. J.
Clin. Nutr., 58(5): 754S-765S (3 pages).

Milne, D.B.; Nielsen, F.H., (2000). The interaction between dietary
fructose and magnesium adversely affects macromineral
homeostasis in men. Journal of the American College of Nutrition,
19(1): 31-37 (7 pages).

Mikotajczak, Z.; Rawski, M.; Mazurkiewicz, J.; Kieronczyk, B.;
Kotodziejski, P.; Pruszyriska-Oszmatek, E.; Jézefiak, D., (2022). The
first insight into black soldier fly meal in brown trout nutrition as
an environmentally sustainable fish meal replacement. Animal,
16: 100516 (8 pages).

Mohadesi, M.; Gouran, A.; Darabi, F.; Samimi, M., (2023). Sunflower
seed pulp ash as an efficient and eco-friendly adsorbent for Congo
red uptake: characteristics, kinetics, and optimization. Water
Pract. Technol., 18 (12 pages).

Moriconi, D.E.; Dulbecco, A.B.; Juarez, M.P.; Calderdn-Fernandez,
G.M., (2019). A fatty acid synthase gene (fasn3) from the
integument tissue of Rhodnius prolixus contributes to cuticle


https://journal.feb.unmul.ac.id/index.php/MICEBProceeding/article/view/7060
https://journal.feb.unmul.ac.id/index.php/MICEBProceeding/article/view/7060
https://journal.feb.unmul.ac.id/index.php/MICEBProceeding/article/view/7060
https://journal.feb.unmul.ac.id/index.php/MICEBProceeding/article/view/7060
https://www.wageningenacademic.com/doi/abs/10.3920/JIFF2023.0021
https://www.wageningenacademic.com/doi/abs/10.3920/JIFF2023.0021
https://www.wageningenacademic.com/doi/abs/10.3920/JIFF2023.0021
https://www.wageningenacademic.com/doi/abs/10.3920/JIFF2023.0021
https://www.wageningenacademic.com/doi/abs/10.3920/JIFF2023.0021
https://www.mdpi.com/2073-445X/9/7/213
https://www.mdpi.com/2073-445X/9/7/213
https://www.mdpi.com/2073-445X/9/7/213
https://www.mdpi.com/2073-445X/9/7/213
https://www.mdpi.com/2073-445X/9/7/213
https://www.sciencedirect.com/science/article/abs/pii/S2352186421004314
https://www.sciencedirect.com/science/article/abs/pii/S2352186421004314
https://www.sciencedirect.com/science/article/abs/pii/S2352186421004314
https://www.sciencedirect.com/science/article/abs/pii/S2352186421004314
https://www.sciencedirect.com/science/article/abs/pii/S2352186421004314
https://jurnal.fp.unila.ac.id/index.php/JTP/article/view/5496
https://jurnal.fp.unila.ac.id/index.php/JTP/article/view/5496
https://jurnal.fp.unila.ac.id/index.php/JTP/article/view/5496
https://jurnal.fp.unila.ac.id/index.php/JTP/article/view/5496
https://www.sciencedirect.com/science/article/pii/S2666154321000661
https://www.sciencedirect.com/science/article/pii/S2666154321000661
https://www.sciencedirect.com/science/article/pii/S2666154321000661
https://www.sciencedirect.com/science/article/pii/S2666154321000661
https://www.wageningenacademic.com/doi/abs/10.3920/JIFF2020.0100
https://www.wageningenacademic.com/doi/abs/10.3920/JIFF2020.0100
https://www.wageningenacademic.com/doi/abs/10.3920/JIFF2020.0100
https://www.wageningenacademic.com/doi/abs/10.3920/JIFF2020.0100
https://www.sciencedirect.com/science/article/abs/pii/S2589014X22001189
https://www.sciencedirect.com/science/article/abs/pii/S2589014X22001189
https://www.sciencedirect.com/science/article/abs/pii/S2589014X22001189
https://www.sciencedirect.com/science/article/abs/pii/S2589014X22001189
https://www.sciencedirect.com/science/article/abs/pii/S0048969722017478
https://www.sciencedirect.com/science/article/abs/pii/S0048969722017478
https://www.sciencedirect.com/science/article/abs/pii/S0048969722017478
https://www.sciencedirect.com/science/article/abs/pii/S0048969722017478
https://www.sciencedirect.com/science/article/abs/pii/S0168165619308958
https://www.sciencedirect.com/science/article/abs/pii/S0168165619308958
https://www.sciencedirect.com/science/article/abs/pii/S0168165619308958
https://www.sciencedirect.com/science/article/abs/pii/S0168165619308958
https://www.sciencedirect.com/science/article/abs/pii/S0168165619308958
https://www.sciencedirect.com/science/article/abs/pii/S0168165619308958
https://iopscience.iop.org/article/10.1088/1755-1315/65/1/012050/meta
https://iopscience.iop.org/article/10.1088/1755-1315/65/1/012050/meta
https://iopscience.iop.org/article/10.1088/1755-1315/65/1/012050/meta
https://www.sciencedirect.com/science/article/abs/pii/S0950329320303888
https://www.sciencedirect.com/science/article/abs/pii/S0950329320303888
https://www.sciencedirect.com/science/article/abs/pii/S0950329320303888
https://www.nature.com/articles/s41598-020-68784-8
https://www.nature.com/articles/s41598-020-68784-8
https://www.nature.com/articles/s41598-020-68784-8
https://www.nature.com/articles/s41598-020-68784-8
https://www.sciencedirect.com/science/article/abs/pii/S0044848622003118
https://www.sciencedirect.com/science/article/abs/pii/S0044848622003118
https://www.sciencedirect.com/science/article/abs/pii/S0044848622003118
https://www.sciencedirect.com/science/article/abs/pii/S0044848622003118
https://www.sciencedirect.com/science/article/abs/pii/S0044848622003118
https://www.sciencedirect.com/science/article/abs/pii/S0044848622003118
https://www.sciencedirect.com/science/article/abs/pii/S0044848622003118
https://www.sciencedirect.com/science/article/abs/pii/S1050464820307713
https://www.sciencedirect.com/science/article/abs/pii/S1050464820307713
https://www.sciencedirect.com/science/article/abs/pii/S1050464820307713
https://www.sciencedirect.com/science/article/abs/pii/S1050464820307713
https://www.sciencedirect.com/science/article/abs/pii/S1050464820307713
https://www.sciencedirect.com/science/article/pii/S0048969720324852
https://www.sciencedirect.com/science/article/pii/S0048969720324852
https://www.sciencedirect.com/science/article/pii/S0048969720324852
https://www.sciencedirect.com/science/article/pii/S0048969720324852
https://www.sciencedirect.com/science/article/abs/pii/S0044848616304203
https://www.sciencedirect.com/science/article/abs/pii/S0044848616304203
https://www.sciencedirect.com/science/article/abs/pii/S0044848616304203
https://www.sciencedirect.com/science/article/abs/pii/S0044848616304203
https://www.sciencedirect.com/science/article/abs/pii/S0044848616304203
https://www.mdpi.com/2309-608X/8/4/332
https://www.mdpi.com/2309-608X/8/4/332
https://www.mdpi.com/2309-608X/8/4/332
https://www.mdpi.com/2309-608X/8/4/332
https://www.mdpi.com/2309-608X/8/4/332
https://www.sciencedirect.com/science/article/abs/pii/S0045653521004008
https://www.sciencedirect.com/science/article/abs/pii/S0045653521004008
https://www.sciencedirect.com/science/article/abs/pii/S0045653521004008
https://www.sciencedirect.com/science/article/abs/pii/S0045653521004008
https://www.sciencedirect.com/science/article/abs/pii/S0045653521004008
https://www.sciencedirect.com/science/article/abs/pii/S004896972202215X
https://www.sciencedirect.com/science/article/abs/pii/S004896972202215X
https://www.sciencedirect.com/science/article/abs/pii/S004896972202215X
https://www.sciencedirect.com/science/article/abs/pii/S004896972202215X
https://academic.oup.com/ee/article/47/6/1609/5145296
https://academic.oup.com/ee/article/47/6/1609/5145296
https://academic.oup.com/ee/article/47/6/1609/5145296
https://academic.oup.com/ee/article/47/6/1609/5145296
https://www.gjesm.net/article_253253.html
https://www.gjesm.net/article_253253.html
https://www.gjesm.net/article_253253.html
https://www.gjesm.net/article_253253.html
https://www.gjesm.net/article_253253.html
https://www.mdpi.com/2071-1050/13/15/8345
https://www.mdpi.com/2071-1050/13/15/8345
https://www.mdpi.com/2071-1050/13/15/8345
https://www.sciencedirect.com/science/article/abs/pii/S000291652319811X
https://www.sciencedirect.com/science/article/abs/pii/S000291652319811X
https://www.sciencedirect.com/science/article/pii/S1751731122000672
https://www.sciencedirect.com/science/article/pii/S1751731122000672
https://www.sciencedirect.com/science/article/pii/S1751731122000672
https://www.sciencedirect.com/science/article/pii/S1751731122000672
https://www.sciencedirect.com/science/article/pii/S1751731122000672
https://doi.org/10.2166/wpt.2023.224
https://doi.org/10.2166/wpt.2023.224
https://doi.org/10.2166/wpt.2023.224
https://doi.org/10.2166/wpt.2023.224
https://resjournals.onlinelibrary.wiley.com/doi/abs/10.1111/imb.12600?casa_token=8qaW9UrGPBUAAAAA:U_XIydBkA0rIpMmumqbQ1rVIOfdKClgWo5D3KqOtRtrL2jqIGjO6DePxTgsIok0scXUNQbREQPFC
https://resjournals.onlinelibrary.wiley.com/doi/abs/10.1111/imb.12600?casa_token=8qaW9UrGPBUAAAAA:U_XIydBkA0rIpMmumqbQ1rVIOfdKClgWo5D3KqOtRtrL2jqIGjO6DePxTgsIok0scXUNQbREQPFC
https://resjournals.onlinelibrary.wiley.com/doi/abs/10.1111/imb.12600?casa_token=8qaW9UrGPBUAAAAA:U_XIydBkA0rIpMmumqbQ1rVIOfdKClgWo5D3KqOtRtrL2jqIGjO6DePxTgsIok0scXUNQbREQPFC

water loss regulation. Insect Mol. Biol., 28: 850-861 (12 pages).

Nugroho, R.A.; Aryani, R.; Hardi, E.H.; Manurung, H.; Rudianto, R.;
Wirawan, N.A.; Syalsabillah, N.; Jati, W.N., (2023). Nutritive value,
material reduction, biomass conversion rate, and survival of black
solider fly larvae reared on palm kernel meal supplemented with
fish pellets and fructose. Int. J. Trop. Insect Sci., 43: 1243-1254
(12 pages).

Nugroho, R. A.; Nur, F. M. (2018). Insect-based protein: future
promising protein source for fish cultured. IOP Conf. Series: Earth
Enviro. Sci., 144: 012002. IOP publishing (8 pages).

Nugroho, R.A.; Rofig, M.N.; Santoso, A.D.; Yanuar, A.l;; Hanifa, R.;
Nadira, N., (2023). Bioconversion of biowaste by black soldier fly
larvae (Hermetia illucens L.) for dried larvae production: A life
cycle assessment and environmental impact analysis. F1000Res.,
12: 814 (9 pages).

Oonincx, D.G.; Van Broekhoven, S.; Van Huis, A.; van Loon,
J.J., (2015). Feed conversion, survival and development, and
composition of four insect species on diets composed of food by-
products. PloS One, 10(12): e0144601 (20 pages).

Opiyo, M.A.; Nairuti, R.N.; Ngugi, C.C.; Holeh, G.M. (2023). Black
soldier fly (Hermetia illucens) larvae meal as a sustainable protein
source for fish feed production in kenya. In Emerging sustainable
aquaculture innovations in Africa. 89-101 (13 pages).

Pamintuan, K.R.S.; Agustin, H.A.T.; Deocareza, E.D., (2020). Growth
and nutritional performance of black soldier fly (Hermetia
illucens) larvae reared in fermented rice straw and duck manure.
10P Conference Series: Earth Environ. Sci., (9 pages).

Pang, W.; Hou, D.; Chen, J.; Nowar, E.E.; Li, Z.; Hu, R.; Tomberlin,
JK.; Yu, Z; Li, Q; Wang, S., (2020). Reducing greenhouse gas
emissions and enhancing carbon and nitrogen conversion in food
wastes by the black soldier fly. J. Environ. Manage., 260: 110066
(8 pages).

Parhofer, K.G., (2015). Interaction between glucose and lipid
metabolism: More than diabetic dyslipidemia. Diabetes Metab. J.,
39(5): 353-362 (10 pages).

Paul, P.; Awal, M.; Choudhury, M.; Hasan, M.; Rahman, M.; Ahmed,
T.; Rahman, M.; Mondal, M., (2023). Evaluation of different food
waste for sustainable mass rearing of black soldier fly (Hermetia
illucens L.) in Bangladesh. J. Insects Food Feed, 9(7): 877-884 (8
pages).

Pei, X.J.; Chen, N.; Bai, Y.; Qiao, J.W.,; Li,S.; Fan, Y.L.; Liu, T.X., (2019).
Bgfasl: A fatty acid synthase gene required for both hydrocarbon
and cuticular fatty acid biosynthesis in the german cockroach,
Blattella germanica (L.). Insect Biochem. Mol. Biol., 112: 103203
(12 pages).

Prager, L.; Bruckmann, A.; Ruther, J., (2019). De novo biosynthesis
of fatty acids from a-d-glucose in parasitoid wasps of the nasonia
group. Insect Biochem. Mol. Biol., 115: 103256 (28 pages).

Purba, I.J.; Kinasih, I.; Putra, R.E., (2021). Growth of black soldier
(Hermetia illucens) larvae fed with expired powder milk and
rotten avocado. Biotropika J. Trop. Biol., 9(1): 88-95 (8 pages).

Raksasat, R.; Lim, JW.; Kiatkittipong, W.; Kiatkittipong, K.; Ho, Y.C.;
Lam, M.K.; Font-Palma, C.; Mohd Zaid, H.F.; Cheng, C.K., (2020).
A review of organic waste enrichment for inducing palatability of
black soldier fly larvae: Wastes to valuable resources. Environ.
Pollut., 267: 115488 (17 pages).

Ramos-Bueno, R.P.; Gonzdlez-Fernandez, M.).; Sanchez-Muros-
Lozano, M.J.; Garcia-Barroso, F.; Guil-Guerrero, J.L., (2016). Fatty
acid profiles and cholesterol content of seven insect species
assessed by several extraction systems. Eur. Food Res. Technol.,
242:1471-1477 (7 pages).

Samimi, M., (2024). Efficient biosorption of cadmium by Eucalyptus

515

globulus fruit biomass using process parameters optimization.
Global J. Environ. Sci. Manage., 10(1): 27-38 (12 pages).

Samimi, M.; Nouri, J., (2023). Optimized Zinc Uptake from the
Aquatic Environment Using Biomass Derived from Lantana
Camara L. Stem, Pollution, 9(4): 1925-1934 (10 pages).

Samimi, M.; Shahriari-Moghadam, M., (2023). The Lantana camara
L. stem biomass as an inexpensive and efficient biosorbent
for the adsorptive removal of malachite green from aquatic
environments: kinetics, equilibrium and thermodynamic studies.
Int. J. Phytoremediation, 25(10): 1328-1336 (9 pages).

Santoso, A.D.; Handayani, T.; Nugroho, R.A.; Yanuar, A.; Nadirah,
N.; Rohaeni, E.; Widjaja, E.; Oktaufik, M.; Ayuningtyas, U.;
Erlambang, Y., (2023). Sustainability index analysis of the black
soldier fly (Hermetia illucens) cultivation from food waste
substrate. Global J. Environ. Sci. Manage., 9: 851-870 (20 pages).

Scheiner, D., (1976). Determination of ammonia and kjeldahl
nitrogen by indophenol method. Water Res., 10: 31-36 (6 pages).

Seyedalmoosavi, M.M.; Manfred M.; Kai S.; Solvig G.; Petra W.; Jens
T.; Liane H.; Sven D.; Glrbuz D.; Cornelia C.M, (2023). Upcycling
of recycled minerals from sewage sludge through black soldier
fly larvae (Hermetia illucens): Impact on growth and mineral
accumulation. J Environ Manage., 344: 118695 (12 pages).

Sharma, V.; Anyanwu, C.; Braccio, G.; Akubuo, C., (2005). Palm oil
(Elaeis guiniensis) plantations: A potential feedstock for biodiesel
production, in Nigeria. Int. Energy J., 6(2): 69-82 (14 pages).

Shumo, M.; Osuga, I.M.; Khamis, F.M.; Tanga, C.M.; Fiaboe, K.K;
Subramanian, S.; Ekesi, S.; van Huis, A.; Borgemeister, C., (2019).
The nutritive value of black soldier fly larvae reared on common
organic waste streams in Kenya. Sci. Rep., 9: 1-13 (12 pages).

Siddiqui, S.; Snoeck, E.; Tello, A.; Alles, M.; Fernando, |.; Saraswati,
Y., Rahayu, T; Grover, R; Ullah, M.; Ristow, B., (2022).
Manipulation of the black soldier fly larvae (Hermetia illucens;
diptera: Stratiomyidae) fatty acid profile through the substrate. J.
Insects Food Feed, 8(8): 837-855 (19 pages).

Siddiqui, S.A.; Ristow, B.; Rahayu, T.; Putra, N.S.; Yuwono, N.W.,;
Mategeko, B.; Smetana, S.; Saki, M.; Nawaz, A.; Nagdalian, A.,
(2022). Black soldier fly larvae (BSFL) and their affinity for organic
waste processing. Waste Manage., 140: 1-13 (13 pages).

Spranghers, T.; Ottoboni, M.; Klootwijk, C.; Ovyn, A.; Deboosere,
S.; De Meulenaer, B.; Michiels, J.; Eeckhout, M.; De Clercq, P.;
De Smet, S., (2017). Nutritional composition of black soldier fly
(Hermetia illucens) prepupae reared on different organic waste
substrates. J. Sci. Food Agric., 97: 2594-2600 (7 pages).

Stanley-Samuelson, D.W.; Jurenka, R.A.; Cripps, C.; Blomquist, G.J.;
de Renobales, M., (1988). Fatty acids in insects: Composition,
metabolism, and biological significance. Arch. Insect Biochem.
Physiol., 9: 1-33 (34 pages).

Thomas, C.; Kiin-Kabari, D., (2022). Comparative study on fatty acid
profiles of selected edible insects and animals in africa: A review.
Int. J. Agric. Earth Sci., 8: 40-52 (13 pages).

Thompson, S.; Redak, R., (2000). Interactions of dietary protein and
carbohydrate determine blood sugar level and regulate nutrient
selection in the insect Manduca sexta L. Biochim. Biophys. Acta
Gen. Subj., 1523: 91-102 (12 pages).

Ushakova, N.; Brodskii, E.; Kovalenko, A.; Bastrakov, A.; Kozlova,
A.; Pavloy, D., (2016). Characteristics of lipid fractions of larvae
of the black soldier fly Hermetia illucens. Dokl Biochem. Biophys.,
468(4): 462-465 (4 pages).

Van Handel, E., (1966). Temperature independence of the
composition of triglyceride fatty acids synthesized de novo by the
mosquito. J. Lipid Res., 7: 112-115 (4 pages).

Wang, V.S.; Shelomi, M., (2017). Review of black soldier fly (Hermetia


https://resjournals.onlinelibrary.wiley.com/doi/abs/10.1111/imb.12600?casa_token=8qaW9UrGPBUAAAAA:U_XIydBkA0rIpMmumqbQ1rVIOfdKClgWo5D3KqOtRtrL2jqIGjO6DePxTgsIok0scXUNQbREQPFC
https://iopscience.iop.org/article/10.1088/1755-1315/144/1/012002/meta
https://iopscience.iop.org/article/10.1088/1755-1315/144/1/012002/meta
https://iopscience.iop.org/article/10.1088/1755-1315/144/1/012002/meta
https://f1000research.com/articles/12-814
https://f1000research.com/articles/12-814
https://f1000research.com/articles/12-814
https://f1000research.com/articles/12-814
https://f1000research.com/articles/12-814
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0144601
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0144601
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0144601
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0144601
https://link.springer.com/chapter/10.1007/978-981-19-7451-9_3
https://link.springer.com/chapter/10.1007/978-981-19-7451-9_3
https://link.springer.com/chapter/10.1007/978-981-19-7451-9_3
https://link.springer.com/chapter/10.1007/978-981-19-7451-9_3
https://iopscience.iop.org/article/10.1088/1755-1315/505/1/012030/meta
https://iopscience.iop.org/article/10.1088/1755-1315/505/1/012030/meta
https://iopscience.iop.org/article/10.1088/1755-1315/505/1/012030/meta
https://iopscience.iop.org/article/10.1088/1755-1315/505/1/012030/meta
https://www.sciencedirect.com/science/article/abs/pii/S0301479720300049
https://www.sciencedirect.com/science/article/abs/pii/S0301479720300049
https://www.sciencedirect.com/science/article/abs/pii/S0301479720300049
https://www.sciencedirect.com/science/article/abs/pii/S0301479720300049
https://www.sciencedirect.com/science/article/abs/pii/S0301479720300049
https://synapse.koreamed.org/articles/1084831
https://synapse.koreamed.org/articles/1084831
https://synapse.koreamed.org/articles/1084831
https://www.wageningenacademic.com/doi/abs/10.3920/JIFF2022.0113
https://www.wageningenacademic.com/doi/abs/10.3920/JIFF2022.0113
https://www.wageningenacademic.com/doi/abs/10.3920/JIFF2022.0113
https://www.wageningenacademic.com/doi/abs/10.3920/JIFF2022.0113
https://www.wageningenacademic.com/doi/abs/10.3920/JIFF2022.0113
https://www.sciencedirect.com/science/article/pii/S0965174819303170
https://www.sciencedirect.com/science/article/pii/S0965174819303170
https://www.sciencedirect.com/science/article/pii/S0965174819303170
https://www.sciencedirect.com/science/article/pii/S0965174819303170
https://www.sciencedirect.com/science/article/pii/S0965174819303170
https://www.sciencedirect.com/science/article/pii/S0965174819303704
https://www.sciencedirect.com/science/article/pii/S0965174819303704
https://www.sciencedirect.com/science/article/pii/S0965174819303704
https://biotropika.ub.ac.id/index.php/biotropika/article/view/731
https://biotropika.ub.ac.id/index.php/biotropika/article/view/731
https://biotropika.ub.ac.id/index.php/biotropika/article/view/731
https://www.sciencedirect.com/science/article/pii/S0269749120361765
https://www.sciencedirect.com/science/article/pii/S0269749120361765
https://www.sciencedirect.com/science/article/pii/S0269749120361765
https://www.sciencedirect.com/science/article/pii/S0269749120361765
https://www.sciencedirect.com/science/article/pii/S0269749120361765
https://link.springer.com/article/10.1007/s00217-016-2647-7
https://link.springer.com/article/10.1007/s00217-016-2647-7
https://link.springer.com/article/10.1007/s00217-016-2647-7
https://link.springer.com/article/10.1007/s00217-016-2647-7
https://link.springer.com/article/10.1007/s00217-016-2647-7
https://www.gjesm.net/article_706328.html
https://www.gjesm.net/article_706328.html
https://www.gjesm.net/article_706328.html
https://jpoll.ut.ac.ir/article_94025.html
https://jpoll.ut.ac.ir/article_94025.html
https://jpoll.ut.ac.ir/article_94025.html
https://www.tandfonline.com/doi/full/10.1080/15226514.2022.2156978
https://www.tandfonline.com/doi/full/10.1080/15226514.2022.2156978
https://www.tandfonline.com/doi/full/10.1080/15226514.2022.2156978
https://www.tandfonline.com/doi/full/10.1080/15226514.2022.2156978
https://www.tandfonline.com/doi/full/10.1080/15226514.2022.2156978
https://www.gjesm.net/article_704278.html
https://www.gjesm.net/article_704278.html
https://www.gjesm.net/article_704278.html
https://www.gjesm.net/article_704278.html
https://www.gjesm.net/article_704278.html
https://www.sciencedirect.com/science/article/abs/pii/0043135476901548
https://www.sciencedirect.com/science/article/abs/pii/0043135476901548
https://www.sciencedirect.com/science/article/pii/S0301479723014834
https://www.sciencedirect.com/science/article/pii/S0301479723014834
https://www.sciencedirect.com/science/article/pii/S0301479723014834
https://www.sciencedirect.com/science/article/pii/S0301479723014834
https://www.sciencedirect.com/science/article/pii/S0301479723014834
http://www.rericjournal.ait.ac.th/index.php/reric/article/view/42
http://www.rericjournal.ait.ac.th/index.php/reric/article/view/42
http://www.rericjournal.ait.ac.th/index.php/reric/article/view/42
https://www.nature.com/articles/s41598-019-46603-z
https://www.nature.com/articles/s41598-019-46603-z
https://www.nature.com/articles/s41598-019-46603-z
https://www.nature.com/articles/s41598-019-46603-z
https://www.wageningenacademic.com/doi/abs/10.3920/JIFF2021.0162
https://www.wageningenacademic.com/doi/abs/10.3920/JIFF2021.0162
https://www.wageningenacademic.com/doi/abs/10.3920/JIFF2021.0162
https://www.wageningenacademic.com/doi/abs/10.3920/JIFF2021.0162
https://www.wageningenacademic.com/doi/abs/10.3920/JIFF2021.0162
https://www.sciencedirect.com/science/article/pii/S0956053X22000010
https://www.sciencedirect.com/science/article/pii/S0956053X22000010
https://www.sciencedirect.com/science/article/pii/S0956053X22000010
https://www.sciencedirect.com/science/article/pii/S0956053X22000010
https://onlinelibrary.wiley.com/doi/abs/10.1002/jsfa.8081
https://onlinelibrary.wiley.com/doi/abs/10.1002/jsfa.8081
https://onlinelibrary.wiley.com/doi/abs/10.1002/jsfa.8081
https://onlinelibrary.wiley.com/doi/abs/10.1002/jsfa.8081
https://onlinelibrary.wiley.com/doi/abs/10.1002/jsfa.8081
https://www.iiardjournals.org/get/IJAES/VOL. 8 NO. 1 2022/COMPARATIVE STUDY ON FATTY.pdf
https://www.iiardjournals.org/get/IJAES/VOL. 8 NO. 1 2022/COMPARATIVE STUDY ON FATTY.pdf
https://www.iiardjournals.org/get/IJAES/VOL. 8 NO. 1 2022/COMPARATIVE STUDY ON FATTY.pdf
https://www.sciencedirect.com/science/article/abs/pii/S0304416500001021
https://www.sciencedirect.com/science/article/abs/pii/S0304416500001021
https://www.sciencedirect.com/science/article/abs/pii/S0304416500001021
https://www.sciencedirect.com/science/article/abs/pii/S0304416500001021
https://link.springer.com/article/10.1134/S1607672916030145
https://link.springer.com/article/10.1134/S1607672916030145
https://link.springer.com/article/10.1134/S1607672916030145
https://link.springer.com/article/10.1134/S1607672916030145
https://www.jlr.org/article/S0022-2275(20)39592-4/fulltext
https://www.jlr.org/article/S0022-2275(20)39592-4/fulltext
https://www.jlr.org/article/S0022-2275(20)39592-4/fulltext
https://www.mdpi.com/2304-8158/6/10/91

illucens) as animal feed and human food. Foods. 6: 91 (23 pages).

Widyarsana, .M.W.; Al Furgan, R.; Budhicahyanto, M.; Saraswati,
D.; Nurfajri, N., (2021). Evaluation of existing and future zero
waste approach in municipal solid waste management utilizing
the zero waste index: Bali province, Indonesia. Preprint. 1: 1-17
(17 pages).

Wong, S.K., (2022). A review of current evidence on the relationship
between phosphate metabolism and metabolic syndrome.
Nutrients, 14: 4525 (27 pages).

Zhao, J.; Ban, T.; Miyawaki, H.; Hirayasu, H.; lzumo, A.; Iwase,
S-i.; Kasai, K.; Kawasaki, K., (2023). Long-term dietary fish meal
substitution with the black soldier fly larval meal modifies the
caecal microbiota and microbial pathway in laying hens. Animals,
13: 2629 (16 pages).

Zulkifli, N.F.N.M.; Seok-Kian, AY.; Seng, L.L.; Mustafa, S.; Kim,
Y.S.; Shapawi, R., (2022). Nutritional value of black soldier fly
(Hermetia illucens) larvae processed by different methods. PloS
one, 17(2): 0263924 (14 pages).

AUTHOR (S) BIOSKETCHES

= Email: rudyagung.nugroho@fmipa.unmul.ac.id
= ORCID: 0000-0001-9006-7329

= Web of Science ResearcherID: Y-4473-2018

= Scopus Author ID: 55668386300

= Email: retno_ar@yahoo.co.id

= ORCID: 0000-0001-9006-7329

= Web of Science ResearcherID: NA
= Scopus Author ID: 57204438570

= Email: estie_hardie@fpik.unmul.ac.id

= ORCID: 0000-0002-4660-7532

= Web of Science Researcher|D: AAD-7709-2019
= Scopus Author ID: 57189844635

= Email: hetty_manroe@ymail.com

= ORCID: 0000-0003-0161-6459

= Web of Science ResearcherID: AAS-6980-2020
= Scopus Author ID: 57193710132

= Email: rudi_rsc@yahoo.com

= ORCID: 0000-0003-0909-2848

= Web of Science ResearcherID: NA
= Scopus Author ID: 57210118485

55281, Indonesia.

= Email: wibowo@uajy.ac.id

= ORCID: 0000-0002-8820-5937

= Web of Science ResearcherID: NA

= Scopus Author ID: 57959185100

= Homepage: https://ftb.uajy.ac.id/profil/dosen/

Nugroho, R.A., Ph.D., Professor, Animal Physiology, Development and Molecular Laboratory, Department of Biology, Faculty of Math-
ematics and Natural Sciences, Universitas Mulawarman, Samarinda 75123, East Kalimantan, Indonesia.

= Homepage: https://fmipa.unmul.ac.id/dosen/ProfRudyAgungNugrohoMSiPhD

Aryani, R., Dr., Associate Professor, Anatomy and Microtechnique Laboratory, Department of Biology, Faculty of Mathematics and
Natural Sciences, Universitas Mulawarman, Samarinda, East Kalimantan, 75123, Indonesia.

= Homepage: https://fmipa.unmul.ac.id/dosen/DrRetnoAryaniSSiMSi

Hardi, E.H., Dr. Professor, Department of Aquaculture, Faculty of Fisheries and Marine
Science, University of Mulawarman, Samarinda, Kalimantan Timur 75242, Indonesia.

= Homepage: https://fahutan.unmul.ac.id/Esti_Handayani_Hardi

Manurung, H., Dr., Associate Professor, Plant Physiology and Development Laboratory, Department of Biology, Faculty of Mathematics
and Natural Sciences, Universitas Mulawarman, Samarinda 75123, East Kalimantan, Indonesia.

= Homepage: https://fmipa.unmul.ac.id/dosen/DrHettyManurungSSiMSi

Rudianto, R., Postgraduate Student, Junior Reseracher, Animal Physiology, Development and Molecular Laboratory, Department of
Biology, Faculty of Mathematics and Natural Sciences, Universitas Mulawarman, Samarinda 75123, East Kalimantan, Indonesia.

= Homepage: http://biologi.fmipa.unmul.ac.id/index.php/staf-administrasi-laboran/

Jati, W.N., Master, Associate Professor, Faculty of Technobiology, Yogyakarta Atma Jaya University, JI. Babarsari No 44, Yogyakarta

HOW TO CITE THIS ARTICLE

10(2): 503-516.
DOI: 10.22035/gjesm.2024.02.06
URL: https://www.gjesm.net/article_709461.html

Nugroho, R.A.; Aryani, R.; Hardi, E.H.; Manurung, H.; Rudianto, R.; Jati, W.N., (2024). Fermented palm
kernel waste with different sugars as substrate for black soldier fly larvae. Global J. Environ. Sci. Manage.,



https://www.mdpi.com/2304-8158/6/10/91
https://www.researchsquare.com/article/rs-909598/v1
https://www.researchsquare.com/article/rs-909598/v1
https://www.researchsquare.com/article/rs-909598/v1
https://www.researchsquare.com/article/rs-909598/v1
https://www.researchsquare.com/article/rs-909598/v1
https://www.mdpi.com/2072-6643/14/21/4525
https://www.mdpi.com/2072-6643/14/21/4525
https://www.mdpi.com/2072-6643/14/21/4525
https://www.mdpi.com/2076-2615/13/16/2629
https://www.mdpi.com/2076-2615/13/16/2629
https://www.mdpi.com/2076-2615/13/16/2629
https://www.mdpi.com/2076-2615/13/16/2629
https://www.mdpi.com/2076-2615/13/16/2629
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0263924
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0263924
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0263924
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0263924
http://biologi.fmipa.unmul.ac.id/index.php/staf-administrasi-laboran/

Global Journal of Environmental Science and Management

(GJESM)

Homepage: https://www.gjesm.net/ Podcasts

Photochemical oxidation and landfarming as remediation techniques for

oil-contaminated soil

M. Mambwe?, K.K. Kalebaila'", T. Johnson?

1 Department of Chemistry, School of Mathematics and Natural Sciences, Copperbelt University, Kitwe, Zambia

2 Department of Biological Sciences, School of Mathematics and Natural Sciences, Copperbelt University, Kitwe, Zambia

ARTICLE INFO

ABSTRACT

Article History:

Received 18 October 2023
Revised 22 November 2023
Accepted 2 January 2024

Keywords:

Degradation

First-order kinetics
Half-life

Landfarming

Modified clays
Photochemical oxidation

DOI: 10.22035/gjesm.2024.02.07

With technological advances, mining industries use more
crude oil and its products. Finding fast, effective, and eco-friendly repair techniques for oil-
contaminated soil is crucial. Clay—titanium dioxide/manganese was used to investigate how oil
breaks down in soil under sunlight. Various soil remediation techniques have been used to discard
oil pollutants in soil. A polluted site must be cleaned effectively with a suitable method. Natural
attenuation takes too long to produce positive results, whereas landfarming can produce toxic
intermediates due to the organisms’ inability to degrade other oil components. Photochemical
oxidation is a promising eco-friendly technique that can be employed as an alternative
remediation method. The speed at which natural attenuation, photochemical oxidation, and
landfarming could remove oil from contaminated soils was examined. Photochemical oxidation’s
superiority as a remediation technique over landfarming is hypothesized.

Using clay modified with titanium dioxide and manganese, the effectiveness of
landfarming and photochemical oxidation on oil-contaminated soil was investigated, together
with the processes’ kinetics. To establish the processes’ effectiveness and kinetics, the oil
residue was calculated at 7-day intervals for 35 days.

Initial oil concentration was 56.6 milligrams per kilogram, and degradation rates
ranged from 23.91-80.47 percent. Highest oil reduction was 10.86 milligrams per kilogram.
Combined remediation (biocarb and grafted clays) produced high degradation rate constants, k
(0.046-0.049/day) and low degradation half-lives, t% (15.2, 17.4 days). Photochemical oxidation
rate constants ranged from 0.015-0.03984/day and half-lives ranged from 17.395-44.971 days,
whereas landfarming had a rate constant of 0.008 and half-life of 83.094. Natural attenuation
had the lowest k (0.007) and longest half-life (t%) of 94.8 days. Significant differences in means
were observed among treatments (control, biocarb, and bicarb + grafted clays) at p < 0.05,
suggesting that treatment caused oil decrease in microcosms for biocarb + grafted clays. Grafted
clays plus biocarb show potential for combined remediation of oil-contaminated soil.

One primary indicator used to assess treatments’ efficacy is oil reduction,
calculated using difference in oil content in soil before and after remediation. This shows
that oil can be quickly removed from oil-contaminated soil by using biocarb + grafted South
Luangwa with 80 percent oil reduction. Results suggest that photochemical oxidation may
be used to effectively degrade oil and shorten remediation time. Photochemical oxidation is
environmentally friendly and degrades oil faster than landfarming. Zambia’s Mopani Copper
Mines can consider adopting photochemical oxidation as a remediation technique in treating
oil-contaminated soil.
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The entire world relies on crude oil as a clean energy
source, which ultimately encourages widespread
exploration, refining, transportation, and consumption
of crude oil-derived goods (Khudur et al., 2015; Sharifi,
2022). As one of the primary sources of fuel, crude oil
continues to have an impact on numerous nations. The
degree to which life has become easierin contemporary
communities because of the oil, which is simple to use
and locate, cannot be overemphasized. However, it is
impossible to overlook the pollution it causes,
particularly soil degradation when used in sectors such
as mining, transportation, and the oil and gas industry.
Alkanes or paraffins with 1 to 40 carbon (C) atoms per
molecule make up the majority of oil wastes, whereas
some crude oil may also contain significant amounts of
polyaromatic hydrocarbons (PAHs) (Imam et al., 2019).
PAHs tend to adsorb on solid particles due to their
hydrophobic and recalcitrant properties, which makes
them one of the main soil contaminants (Thacharodi et
al., 2023). These oil wastes are produced by the
petroleum industry, auto repair shops, oil cleaning
facilities, and other industries. To reduce harmful
environmental consequences and the risk to human
health posed by oil wastes, which can become
pollutants in soil, sediment, and water, extensive
efforts are being made to remediate them (Kebede et
al., 2021; Samimi and Shahriari Moghadam, 2020). The
United States Environmental Protection Agency (USPA)
classifies them as priority environmental contaminants
due to their toxicity, mutagenic and carcinogenic
properties, as well as their persistence in the
environment, which may have an impact on human
health and the ecosystem (Michael-Igolima et al.,
2022). Soil contamination from crude oil and petroleum
products is now a serious problem for the environment
because of the potential consequences for the
ecosystem and human health (Naeem and Qazi, 2020).
Spilt oil and waste products from the petrochemical
and petroleum sectors are major sources of
environmental pollution that have affected local
ecosystems and their inhabitants. This oil can have
persistent sub-acute toxicological effects, which can
change population dynamics and disturb trophic
relationships and the structure of natural communities
within ecosystems (lower growth and reproduction,
poor health, low recruitment rates, etc.) (Aichner et
al., 2013). The immediate repercussions of these oil
spills include the death of animals and plants and the
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disruption of food chains and ecology. The long-term
effects include birth abnormalities and genetic changes
(Akinwumiju et al., 2020). Even though crude oil is not
categorized as a hazardous chemical, it is nonetheless
regarded as persistent due to its derivatives, which
have the potential to bioconcentrate and
bioaccumulate in food chains (Shaker and Almukhtar,
2016). The introduction of crude oil into the ecosystem
has affected the health of people, plants, and animals
because the majority of its elements are carcinogenic
and cause more than 0.005 billion deaths annually
(Idowu et al., 2019). Qil pollution has terrible
consequences on the soil because it changes the
microbial population, the structure and content of
organic matter in the soil, and the enzymatic activities
that take place there (Yang et al., 2017). This hinders
plantgrowth and development. Waste oil contaminates
surface and groundwater systems by adhering to soil
components and is typically difficult to remove or
degrade (Michael-Igolima et al., 2022). The presence
of crude oil in the soil causes the environment to
become anaerobic by obstructing the flow of air, which
has an impact on the microbial populations in the soil
(Sutton et al., 2013). When crude oil spills on land, it
limits water absorption by making the soil
hydrophobic—it repels water—and when it falls on
grass and agricultural fields, it often kills plant life
(Brown et al., 2017). Oil spills generate an imbalance in
the carbon—nitrogen (C-N) ratio at the spill site because
crude oil is mostly made of carbon and hydrogen. This
results in phosphorus and nitrogen deficiency in oil-
soaked soil, which slows down bacterial growth and
carbon source utilization(s) (Agarry et al., 2013; Samimi
and Shahriari-Moghadam, 2021). The components of
crude oil break down at varying rates, with the heavier
compounds such as cycloalkane being more resistant
to microbial attack in the soil, whereas the lighter
hydrocarbons break down quickly even under abiotic
conditions (Abioye et al., 2011). If not removed, spilt
crude oil could be retained in soil cavities and build up
a significant bank of residual saturation, which could
lead to significant groundwater contamination
(Dzionek et al., 2016). Additionally, the potential of
hydrogen (pH) and total organic carbon (TOC) content
of the soil might change when crude oil is added to it
(Okoh et al., 2020). The pH varies greatly across a large
range and affects solubility in the soil, which therefore
affects the availability of different soil elements. When
the pH is close to 8, the level of bacterial activity in the



soil is improved. The remaining bulk of crude oil
becomes denser and less mobile as a result of
volatilization and solubilization. As part of the organic
matter in the soil, the partially decomposed
hydrocarbon is absorbed, creating an asphalt crust
that is more difficult to biodegrade (Brown et al.,
2017). Finding low-cost environmental clean-up
methods to decrease, degrade, or remove the
pollutants has become necessary due to the scale of
environmental pollution caused by crude oil-related
operations. The development of soil remediation
methods has received a lot of attention, and several
novel and creative approaches to the effective removal
of contaminants from soils have been explored to
bring the contaminant’s contents down to a level that
is safe and acceptable (He et al., 2014; Silva-Castro et
al., 2013). Landfarming and photochemical oxidation
are some of the techniques used in oil remediation
(Saneha et al., 2023). In land farming, conventional
farming techniques including tilling, bulking (which
improves soil uniformity for biodegradation and
aeration), irrigation (which supplies moisture), and
fertilizer application (Samimi et al, 2023) (provides
nutrients to enhance the population of oil degraders)
are used. Aspects that restrict its degradation
efficiency, including the low number of oil degraders,
superficial treatment as 10-35 centimeters (cm) of soil
layer, poor contaminant uptake, and low bioavailability
offset its unique benefit of promoting the natural
bacteria (Sakshi and Haritash, 2019). Because
landfarming is an ex-situ remediation method, the
contamination is moved to another area for treatment
after procedures take place off-site. As a result, unlike
other remediation approaches such as photochemical
oxidation, which may be done in-situ, it becomes more
expensive with increased human participation and
direct contact to toxins. Also, because it employs
natural microbes to degrade oil, the technique is not
always successful because some of them (microbes)
cannot degrade some components of oil (Kong et al.,
2018). Photochemical oxidation, in contrast, is a
process of transforming a chemical compound using
sunlight (Hadnadjev-Kostic et al., 2014). Ultraviolet or
light technique (UV or sunlight) is applied to a mixture
of the contaminant and a catalyst, causing the organic
pollutants to oxidize and create compounds such as
carbon dioxide and water. Semiconductor catalysts
consist of an empty conduction band with higher
energy and a valence band containing electrons (e7)

that are energetically stable. Exposure of these
semiconductors to light triggers photocatalytic
reactions by promoting an e into the conduction band
and creating a hole (h*) in the valence band (Liu and
Zhang, 2014). As a result, hydroxyl (OH®) and
superoxide (0,*) anion radicals are produced through
photocatalytic reactions, leading to the photochemical
oxidation of oil at the semiconductor surface. Because
photochemical oxidation may be performed in situ,
unlike landfarming, which typically requires transferring
the contaminated soil from one location to be treated
in another, it has the potential to be used in big field
undertakings. As a result, there is less chance of
contamination, less expense, and less human
interaction (Kong et al., 2018). According to earlier
findings, photooxidation can eliminate all forms of oil-
related molecules, indicating that oil constituents can
be removed nonselectively (Brame et al., 2013).
Removing oil deposits without causing environmental
contamination is possible with the use of titanium
dioxide (TiO,)/clay composite. In the process of
decomposing oil and other organic pollutants in the
soil, this remediation strategy is not adequately used
(Wang et al., 2014). The use of modified Zambian clay
materials in the remediation of oil-contaminated soil
has not been studied. Some components of oil are
known to be persisitent and recalcitrant, meaning
they might not be degraded by organisms in the soil.
As such, the goal of this study was to assess the
feasibility of photochemical oxidation using clay
materials modified with a nontoxic transition metal
and biodegradable silanes in the remediation of oil-
contaminated soil. OH*® radicals generated during
light illumination are nonselective and therefore can
degrade all forms of oil constituents. The primary aim
of this study was to determine an alternative or
supplement to the landfarming strategy now
employed by one of Zambia’s biggest copper mines.
In particular, a less expensive and speedier method of
remediating oil-contaminated soil was sought. It was
found that photochemical oxidation was more
effective than landfarming in oil degradation. Both
landfarming and photochemical oxidation treatment
have advantages in that they have a low impact on
the environment and are energy efficient, with
straightforward technology design and
implementation. The current study was carried out at
the Copperbelt University and Mopani Copper Mines
(MCM), Zambia in 2023.
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Table 1: Oxide composition, surface area, and pore volume of the clays

Clay SiO; Al,03 Surface area (m?/g) Pore volume (cm3/g)
uc 52.41 13.89 16.78 0.043
MC - - 17.98 0.048
UL 35.08 13.85 50.70 0.059
ML - - 64.51 0.068

Fig. 1: MCM spillsorb farm

Clay additives characterization

The clay samples (both modified and unmodified)
were characterized by X-ray fluorescence (XRF),
inductively coupled plasma (ICP), Brunauer-Emmett-
Teller (BET), and Barret-Joyner-Halenda (BJH). From
previous studies, the following properties were
determined for the various raw and engineered clay
materials used in this study. Table 1 shows a summary
of the results previously obtained for the unmodified
and modified clays. Elemental composition by XRF and
ICP showed that unmodified South Luangwa (UL) had
a 2.5 silicon dioxide: aluminum oxide (SiO,: Al,O,)ratio,
and 3.8 for unmodified Chingola (UC). The surface area
and pore sizes were higher in modified South Luangwa
(ML) at 64.5081 square meter per gram (m2/g) and
0.068 nanometer (nm) compared to modified Chingola
(MC) at 17.9780 m?/g and pore volume at 0.048 cubic
centimeter per gram (cm3/g). Both fourier transform
infrared (FTIR) spectra showed and confirmed the
presence of grafted hydrophobic silanes, whereas the
ultra violet-visible spectroscopy (UV-Vis) confirmed
the incorporation of manganese (Mn) because a red
shift in energy was observed in both ML at 3.1 e volt
(eV) and MC at 2.5 eV (Mambwe et al., 2023).
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Soil sample collection

Oil-contaminated soil samples were collected from
the MCM spillsorb farm (Fig. 1) situated approximately
11 kilometers (km) southeast of Kitwe, Copperbelt
Province, Zambia with latitude 12° 48" 13.79”S and
longitude 28° 12’ 47.30”E. The study area is located
in an isolated area where the temperature ranges
from approximately 20 degrees Celsius (°C) to 50 °C
for purposes of soil remediation. Random sampling
was employed during the collection of contaminated
soil samples. The samples were collected in a zig-zag
pattern across the field. The representative laboratory-
size sample was achieved by the quartering method,
and the process was repeated several times to ensure
proper mixing of the soil. About 10 kilograms (kg) of
contaminated soil were collected, and the soil was
removed within the band wall from the top of the
heap of soil using a shovel and placed in polythene
bags, which were later transported to the chemistry
laboratory at the Copperbelt University for sample
treatment.

Contaminated soil sample preparation
The first step in soil preparation was to let the soil
dry naturally for a few days without exposing it to



Fig. 2: Oil-contaminated soil samples

direct sunshine in a clean, well-ventilated laboratory.
To speed up the drying process, the aggregated soils
were crushed. The soils were cleared of disturbing
elements including stones, leaves, and bits of wood.
After being dried, the soils were poured through 2
millimeter (mm) sieves. The soils that were retained
were crushed once again and sieved. Then, the soils
were homogenized by mixing them until oils were
assumed to have the same concentration within
the soils (Effendi and Aminati, 2019). The prepared
samples are shown in Fig. 2.

Soil characterization

To understand how the physical and chemical
characteristics of contaminated soil affect the pace of
oil breakdown, temperature, moisture content, and pH
were determined (Okoh et al., 2020). To determine the
pH, 10 grams (g) of air-dried soil was obtained for the
test, and 10 milliliter (mL) of reagent water was added
and mixed. A pH electrode was then used to measure
the supernatant (Lin et al., 2022). The dry-wet method
was used to calculate the moisture content (Okoh et
al., 2020). The procedure of dry wet involves drying
the soil sample and calculating the weight difference
between the wet and dry samples to determine the
moisture content directly.

Determination of the initial amount of oil in the
contaminated soil sample
The solvent extraction method was used to

gravimetrically measure the amount of oil present in
the contaminated soil sample. A 50 mL flask containing
around 10 g of the contaminated soil sample was filled
with 20 mL of n-hexane. To allow the hexane to extract
the oil from the soil sample, the mixture was violently
agitated on a magnetic stirrer for 30 minutes (min). A
Whatman filter paper was used to filter the solution,
and the liquid phase extract (filtrate) was then diluted
by adding 1 mL of the extract to 50 mL of hexane
(Almutairi, 2022). During the treatment process, oil
content was analyzed with the use of total oil grease/
total petroleum hydrocarbon (TOG/TPH) infracal. Ten
grams (10 g) of clumpy, damp soil samples were mixed
with 5 g of sodium sulphate to prevent water from
interfering with the analysis. An extraction ratio of 1:2
was achieved by adding twice the extraction solvent
(Horiba S-316) as the soil sample weight. After that,
the samples were left on the mechanical shaker for
an hour. A Whatman filter paper was used to filter the
solvent, which included about 1 g of silica gel, and the
solvent was then transferred into a sterile beaker (silica
gel is used for the removal of polar organics before TPH
analysis) (Fanaei et al., 2020). Using measurements
taken, Eg. 1 was applied to calculate the percentage
decrease in total oil content (Soliman et al., 2014;
Samimi and Safari, 2022).

%R = (C0-Ce) 100 (1)
Co

where C_is the initial amount of oil in the soil (at
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time of 0), C_is the amount of oil in the soil at time (t),
and percent (%)R is the percentage of oil degradation
after treatment (Farooq et al., 2022; Hussain et al.,
2017).

Determination of total organic carbon

Using the modified wet combustion method, TOC
was calculated. The Walkley and Black wet combustion
method was used to calculate TOC (Jha et al., 2014).
In this procedure, a 250 mL Erlenmeyer conical flask
was filled with a 1 g contaminated soil sample. After
that, 10 mL of a 0.16 Molar (M) potassium dichromate
solution was added to the flask’s contents, and the
flask was gently shaken to ensure that the contents
were thoroughly mixed. The contents of the flask were
gently mixed with 20 mL of concentrated sulphuric
acid before being left to stand for 5 min under a fume
hood. The contents of the flask were then filled with
distilled water until the total volume was around
125 mL, and the flask was gently spun. After 30 min,
the flask’s contents were allowed to cool to room
temperature (the addition of sulphuric acid warms the
mixture). Thereafter, 1.0 M ferrous sulphate solution
was used to titrate the mixture before adding 5 or 6
drops of phenanthroline complex. The color of the
solution changed from green to reddish-brown as the
titration’s endpoint was reached. The same process
was used for a blank titration, but without a sample
(Jhaetal., 2014).

Statistical analysis

A one-way analysis of variance (ANOVA) test was
used to compare means of the oil removal treatments
performed. A Fisher’s least significant difference
(LSD) multiple comparison test was also conducted
using Statistical Package for Social Sciences (SPSS)
software (Sanie Jahromi et al., 2023) version 27 at 95%
confidence interval. Fig. 6 was plotted using OriginPro
software version 2021. The bar charts (Figs. 4 and 5)
were plotted in Microsoft Excel and SPSS respectively.
The coefficient of determination (R?) was used to
measure how well the data fit into the statistical model
(first-order kinetics model) used in the study.

Treatment of oil-contaminated soil samples
Contaminated soil samples (500 g) were put into
8 different plastic basins (microcosms), and each
basin was labeled. The contaminated soil samples
were treated with modified clay samples, namely
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UC and UL. These clay samples were modified by
incorporation of TiO, and Mn ions, and then part of
the modified samples was further modified by grafting
with isobutyltrimethoxylsilane to improve their
photocatalytic and adsorption properties respectively.
Briefly, a beaker filled with 300 mL of ethanol was
filled with a 50 g sample of each clay (UC and UL). The
samples were weighed and spread to create a slurry,
which was left suspended for a full day before being
mixed. For 15 min, the slurry was continuously stirred
while 10.25 mL of acetylacetone, a complexing agent,
was added. One gram (1 g) of manganese (ll) nitrate
(Mn(NO,),) was added, while 16.7 mL of titanium
isopropoxide (Ti(OPr,)) was also subsequently added
to the reaction mixture. After that, the mixtures were
dried for 6 hours at 80 °C in the oven, and then the
materials were crushed and calcined for 3 hours at
550 °C. In this study, these clays are referred to as MC
and modified UL. Ten grams (10 g) of the modified
and calcined clay (MC and ML) were later grafted with
10.75 mL of isobutyltrimethoxylsilane, which was
added dropwise under constant stirring for 24 hours
after being dispersed in ethanol: water mixture (4:1,
volume per volume) (v:v) in a round bottom flask at
room temperature. The mixture was then allowed to
react for 3 hours at 110 °C. After filtering, the mixture
was cleaned of the unreacted silanes using toluene.
Following surface modification, the clays were dried
for 4 hours at 50 °C in an oven. These clays were then
referred to as grafted Chingola (GC) and grafted South
Luangwa (GL) (Mambwe et al., 2023). The prepared
contaminated soil samples are shown in Fig. 2. Four
different forms of treatment were used, and the water
content was kept between 20% and 50% of its water-
holding capability (Sihag et al., 2014). The treatments
are depicted in Fig. 3 and are explained by the following
steps:

1- Natural attenuation

This utilized the natural ability of the soil to break
down pollutants. No additives were added, and it
served as a control.

2- Landfarming

The experiment under landfarming conditions
was done to mimic the treatment method at MCM
spillsorb farm where the contaminated soil samples
were obtained. In this method, biocarb (B) (nutrients)
were included to promote organic biodegradation.



Fig. 3: Contaminated soil sample treatment setup (Effendi and Aminati, 2019)

Table 2: Moisture content and pH values of oil-contaminated soil samples after treatment

Sample Moisture content (%) pH values
Control 28.02 5.5
Biocarb 30.84 5.7
MC 35.06 5.8
GC 36.95 6.1
ML 35.73 5.9
GL 38.64 6.6
B+ GC 43.30 6.8
B+ GL 45.58 7.6

Thus, this treatment sample was labeled biocarb.
3- Photochemical oxidation

Modified and grafted clay samples (Chingola and
South Luangwa) were added as photocatalysts to aid in
the degradation of oil in the soil. The microcosms were
labeled according to the method of modification, that
is, MC, ML; modified with TiOZ/I\/In, GCand GL (modified
clay samples grafted with isobutyltrimethoxylsilane).

4- Combined landfarming and photochemical oxidation

Using a combination of biocarb and modified
and grafted clay photocatalysts, the treatments
were labeled B + GC and B + GL. The amounts of
each photocatalyst added to the contaminated soil
are shown in Fig. 3. The ratios were adapted from
Okonofua et al. (2020) and Effendi and Aminati (2019).

All the treatments were subjected to the same
controlled conditions in the greenhouse, but they
were exposed to sunlight on sunny days. For aeration,
each basin’s contents were tilled twice a week, and the

moisture level was kept at 20-50% by adding water.
The frequency of tilling was helpful in improving light
penetration (Hadei et al.,, 2021). For 35 days, 7-day
interval sampling from each plastic basin was done to
determine how much oil was still present.

Temperature

The physical and chemical parameters of
temperature, moisture, and pH were determined
because they have an impact on photochemical
oxidation and landfarming. The rate of photochemical
oxidation is increased by a high temperature caused
by a high irradiation intensity (Hadei et al., 2021).
The experiments were carried out at temperatures
in the range of 25-40 °C, with the ideal temperature
being around 40 °C on sunny days. In photochemical
oxidation, e-hole creation predominates in conditions
of higher light intensity, and e-hole recombination
is minimal, leading to increased degradation of the
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Fig. 4: Trends in oil degradation with time

pollutants (Gu et al., 2012). Likewise, in landfarming,
a high temperature of about 40 °C leads to increased
degradation (Hesnawi and Mogadami, 2013). At very
high temperatures (above 40 °C), many bacterial
species experience a decline in vigor as a result of
damage to their cellular structures, leading to reduced
biodegradation (Stepanova et al., 2022). Temperature
has a considerable effect on the ability of the in-
situ microorganisms to degrade oil. The solubility
of oil increases with temperature, which ultimately
increases the bioavailability of the oil molecules (Sihag,
etal., 2014).

Moisture

In both photochemical oxidation and landfarming,
soil moisture is necessary because it promotes OH*®
radical production and microbial activity, which
significantly impact the method’s effectiveness. The
ideal moisture range, which permits oxygen to get
through for microbial respiration, will allow for a
soil moisture level between 20 and 50 percent of its
water-holding capacity (Okoh, et al., 2020). All the
contaminated soil samples used in this work had
moisture content greater than 20% as required (Table
1). If contaminated soil is saturated with water, oxygen
will not be able to move through it. The presence of
a proper amount of water can facilitate degradation,
mostly because water creates favorable conditions
for delivering pollutants to the catalyst surface.
Because water is required for the production of OH®
in photochemical oxidation, the oil removal process
increases with rising humidity (Mekkiyah et al., 2023).

pH
The pH of the oil-contaminated soil samples (control
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samples) collected from MCM before treatment was
4.5. The low pH of the oil-contaminated soil samples
may be due to the presence of several free cations in
the oil, which gives them the characteristics of a weak
acid (Akpoveta et al., 2011). A considerable increase
in pH (from 5.5-7.6) was seen in microcosms after
treatment (Table 2), suggesting a reduction in the oil
content of the soil (Akpoveta et al., 2011).

Total oil reduction analysis

Samples from the experimental and control
groups were collected on days 0, 7, 14, 21, 28, and
35 to analyze the total oil content and kinetics of
oil deterioration (Mohajeri et al., 2013). The oil
concentration at day 0 in the oil-contaminated soil was
56.6 mg/kg as determined by the TOG/TPH infracal
method. Fig. 4 shows the trends in the oil reduction in
the experimental and control setups. The table shows
the amount of oil still present in the soil at a specified
time in days.

The oil reduction was more in the biocarb +
grafted South Luangwa (80.47%), whereas the least
oil reduction was seen in the control (23.91%).
The percentage of oil reduction in the control was
comparable with the residue in the biocarb. The
outcomes of the present investigation are in agreement
with the findings of Wu et al. (2017) and Sarkar et al.
(2005). When compared to natural attenuation, the
addition of nutrients to the oil-contaminated soil in
both studies did not improve the oil removal. In an
earlier study by Wang et al. (2016), it was found that
after 175 days of landfarming with fertilizer addition
in the microcosm, a TPH elimination efficiency of just
37% was reached in an aged lubricant and diesel-oil
polluted field soil. The nature and concentration of



Fig. 5: Relative amount of organic carbon remaining in each soil sample

oil contamination may also be considerably impacted
by physical and chemical weathering, which makes it
more challenging for natural biodegraders to function.
Moreover, the complex mixes of these oils that are
meant to be available and accessible may contain
substrates that are too large for the native microbial
communities to break down (Yuniati, 2018). PAHs are
among the components of crude oil that are particularly
concerning because they are likely carcinogens and
persist in the environment due to being resistant to
microbial breakdown (Kang et al., 2020). Poor solubility
in soil aqueous solution and the oil absorbed on soil
particles may result in poor bioavailability. This retards
the biodegradation rate of the oil at the solid-liquid
interface of the soil (Zhang et al., 2020). That said, the
higher reduction in biocarb + grafted South Luangwa
could be attributed to a number of factors including
high surface area, the presence of interlayer cations,
as well as adsorption, which leads to the accumulation
and delivery of the oil pollutants onto the clay surface,
enhancing the degradation of the oil (Ugochukwu et
al., 2014). The relatively higher ratios of silicon per
aluminum (Si/Al) in the current study indicate that the
clays have high porosity (Schackow et al., 2020). A high
porosity facilitates the easy transit of the pollutants and
degradation products inside the porous framework
of the clay catalyst. This is because, according to
Dlamini et al. (2022), TiO,/clay photocatalysts degrade
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pollutants by the adsorb-degrade-release kind of
mechanism. The higher ratios also provide information
on the material’s permeability against humidity (Baloyi
et al., 2018). Good permeability in the clay may have
also led to the higher degradation. Despite Chingola
having lower bandgap energy as compared to South
Luangwa, implying that it was absorbing more visible
light than South Luangwa, its performance in the
degradation of oil was still low, perhaps because South
Luangwa had more favorable properties such as large
surface area and pore volume.

Total organic carbon content analysis

The initial TOC content in the contaminated samples
(control) was 35%. This value was used as a parameter
to calculate the amount of oil that had been degraded
and to choose the most suitable mitigation method
from among landfarming, photochemical oxidation,
and combined landfarming and photochemical
oxidation. Fig. 5 displays the proportion of TOC still
present in the soil using the Walkey-Black method
(Emoyan et al., 2018). A reduction in the TOC in all
the treatments was observed (Fig. 5) with the highest
reduction being in the biocarb + grafted south Luangwa
(combined landfarming and photochemical oxidation
method) with only 1.46% total carbon remaining
after treatment, whereas the current landfarming
method employed by MCM still had considerable TOC.



The control had the highest amount of total carbon
residue (6.39%) under natural attenuation. The grafted
South Luangwa/biocarb was better than the grafted
Chingola/biocarb because the former had a higher
surface area and greater pore volume, which enhanced
the photocatalytic properties. The TOC reduction was
a result of the reduction in the oil content. A similar
trend in the TOC reduction was observed in relation to
oil reduction.

Kinetics of photochemical oxidation and landfarming

Kinetics of photochemical oxidation and landfarming
characterize the quantity or concentration of pollutant
(oil) remaining in the soil at a specific time, making
it possible to predict how much oil would still be
available at a specific point in the future (Agarry et al.,
2013). In the current study, the entire oil content data
were fitted into the first-order kinetics (Akpoveta et al.,
2011) using the equation C = Coe ™, where C represents
the amount of oil contained in the soil milligram per
kilogram (mg/kg) at a time t, Co is the initial amount of
oil contained in the soil (mg/kg), k is the degradation
rate constant (/day), whereas t is the time in days and
e is the base of natural log. Degradation rates and
half-lives that were estimated by this model were
compared to the treatment options used by Arjoon
and Speight (2020). The degradation half-life (t,)
natural logarithm of 2 divided by K ( %2)is the time
taken for a substance to lose half of its amount and
describes the contaminants’ transformation (Agarry et
al., 2013; Ofoegbu et al., 2015). Therefore, efficiencies
of oil degradation for the treatment systems under
study were done through kinetic modeling, which was
used to determine the rates of chemical processes
(Safdari et al., 2018). The concentrations of the oil
left in the soil at regularly spaced intervals and their
natural logarithms were plotted against time as shown
(Fig. 6) to analyze the degradation processes. The first-
order and second-order kinetics were both performed
on the data, but the coefficient of determination (R?)
values were higher for first order. The degradation
followed first-order kinetics because the plots of the In
of oil concentration against time were linear (Shen et
al., 2016; Wang et al., 2016).

The rate constants derived from first-order kinetic
modeling in Fig. 6 show how different treatments affect
oil breakdown in oil-contaminated soils relative to one
another. Table 3 shows how each treatment affected
the degradation rate constant (k) and the related
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degradation half-lives (t,). The rate constant, k, was
generally between 0.007 and 0.049/days, with 0.007/
days being the rate constant for natural attenuation
(control). The rate of degradation also increases with
greater degradation rate constants, which leads to a
decrease in the half-life of degradation (Agarry et al.,
2013; Ofoegbu et al., 2015). The variations in the rate
constants and half-life times observed in the different
treatments may be due to a number of reasons
including enhanced adsorption of contaminants and
bioavailability in treatments where modified and
grafted clay catalysts were combined with biocarb. The
half-lives ranged from 15.2-94.8 days. When deciding
whether or not to classify a chemical as persistent, the
half-life might be utilized as the primary benchmark.
Persistent substances exhibit a half-life that is longer
than 40 days (Acharya et al., 2019; Mohajeri et al.,
2013). Because different components of crude oil
such as aliphatic, aromatic, and polycyclic chemicals
have varying degradation rates, the prediction of oil
degradation kinetics is frequently challenging and
complex (Xu et al., 2015). The R? values ranged from
0.848-0.93 (Table 3). The low R? values obtained could
be attributed to variations in temperature during the
treatment period, given the study was conducted
toward the end of the rainy season. Low R?values
ranging from 0.69-0.99 have been recorded in the
past (Uba et al., 2019). Consequently, the R? values
found in this investigation show that the decline in oil
concentrations in the soil as a function of time is linear
and positively correlated (Nwankwegu et al., 2016).

The percentage variations in rate constants and half-
lives between the different treatments are shown in
Table 4. In this study, there was no significant difference
in the rate of oil degradation or the amount of time
needed for the oil to totally break down between the
control and biocarb (p = 0.14).

ANOVA analysis

The ANOVA test revealed that differences in
treatment means were not statistically significant with
p = 0.14 as shown in Table 5. Multiple comparisons
test showed that there was no significant difference
between natural attenuation (control) and landfarming
(biocarb), which is similar to the findings of Shen et
al. (2016) where p = 0.912. There was a statistically
significant difference between the control and biocarb
+ grafted South Luangwa (p = 0.029) and biocarb and
grafted South Luangwa (p = 0.037). The oil decrease
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Fig. 6: First-order kinetics model fitted to the degradation data of oil in the soil treatments
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Table 3: Relationship between t

reatment and rate of decay (half-life)

Sample Control Biocarb MC GC ML GL B&GC B&GL
Rate constant 0.007 0.008 0.018 0.038 0.015 0.040 0.046 0.049
Half-life (days) 94.802 83.094 44.971 30.130 39.487 18.194 17.395 15.201
R? 0.871 0.859 0.907 0.924 0.848 0.931 0.894 0.881
P 0.004 0.005 0.006 0.003 0.006 0.003 0.005 0.005

MC (modified Chingola), GC (grafted Chingola), ML (modified South Luangwa), GL (grafted South Luangwa), B&GC (biocarb + grafted Chingola), B&GL

(biocarb + grafted South Luangwa).

Table 4: Comparison of rate constants and half-lives for different treatments

Treatment

Difference in k (%)

Difference in ty (%)

Control and biocarb
Control and MC
Control and ML
Biocarb and MC
Biocarb and ML
Control and B&GC
Control and B&GL
MC and ML
Control and GC
Control and GL
Biocarb and GC
Biocarb and GL

13 13
72 71.3
88 82.4
60.8 59.5
76.9 71.15
78.8 74.79
80 77.7
11.76 8.47
74.69 58.86
75.86 73.73
71.43 53.95
66.67 70.39

in the control and biocarb + grafted Chingola was
also significant (p = 0.043). The quality of landfarming
and photochemical oxidation were assessed from
the percentage reduction of oil and TOC in the soil
as seen from Figs. 4 and 5. The results are consistent
with the study conducted by Fanaei et al. (2020). None
of the treatments in photochemical oxidation, that
is, modified MC, ML, GC, and GL, were significantly
different from the control and biocarb treatments.

Oil degradation trends for each treatment are
displayed in Fig. 7. The study has demonstrated that
combined photochemical oxidation and landfarming
(biocarb + GL and biocarb + GC) treatments of oil-
contaminated soil can achieve high levels of oil
removal, particularly for biocarb + GL, which also had
the highest TOC removal as can be seen in Fig. 5 (Liao
et al., 2018; Okonofua et al., 2020). The differences in
degradation activity of biocarb + GL and biocarb + GC
could be likely due to differences in the BET surface or
density of OH® present on their surfaces (Haque et al.,
2012). For instance, the South Luangwa (bentonite)
utilized in this investigation is made up of an octahedral
arrangement of AlO, between two sheets of SiO,.

Owing to isomorphic substitutions of Mg ions (Mg?**)
for aluminum ions (A**) in the octahedral layer and
AP for Si ions (Si**) in the tetrahedral layer, bentonite
has a negative charge. Exchangeable cations (such as
sodium ions, potassium ions, and calcium ions [Na*, K*,
Ca* respectively]) are present in the interlayer area to
counteract this negative charge. These cations make it
easy for bentonite to adsorb pollutants, and they can
be, naturally or through ionic exchange, exchanged
with other metal cations (Bananezhad et al., 2019).
These naturally occurring or exchanged cations
provide clays, such as bentonite (South Luangwa);
their affinity for aromatic hydrocarbons, which make
up 17-50 percent weight of crude oil (Speight, 2016);
and they also accelerate changes. Additionally, ML has
a higher surface area compared to MC (Mambwe et al.,
2023). The other reason for the increased degradation
rate could have been due to the ability of biocarb to
promote microbial activity. The use of biocarb plus GC
and GL incorporated adsorption, chemical oxidation,
and bioremediation. The combination of adsorption,
photochemical oxidation, and bioremediation is
known to produce little to no residues and produces
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Table 5: ANOVA statistical results

ANOVA
Oil content Sum of squares Df Mean square F Sig.
Between groups 1720.795 7 245.828 1.688 .140
Within groups 5824.173 40 145.604
Total 7544.968 47
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Fig. 7: Concentrations of oil in the various treatments from day 7-35. C (control), MC (modified Chingola), GC (grafted Chingola), ML (mod-
ified South Luangwa), GL (grafted South Luangwa), B and GC (biocarb + grafted Chingola), B and GL (biocarb + grafted South Luangwa)

a low carbon footprint, making it a cost-effective way
to treat oils in all environmental media (Okoh et al.,
2020). Nonetheless, adding biocarb to the soil reduces
soil density, thereby increasing porosity and the rate
at which oxygen is distributed in the soil (Wang et
al., 2019). Photochemical oxidation has been utilized
as an additional approach to reduce pollutants to
manageable levels and obtain molecules that are
readily biodegradable (Yan et al., 2023). Photochemical
oxidation can promote bioremediation by increasing
contaminated substrate bioavailability and
biodegradability, supplying oxygen, and occasionally
releasing nutrients (Sutton et al, 2014). This is
achieved by accumulation of oil particles on the clay
surface, resulting in their immobilization via ion—dipole
interactions, coordination, or exchange mechanisms
(Srinivasan, 2011). When clays modified with TiO,/Mn
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are irradiated with light, e-hole pairs are created that
when in contact with air form O,* and OH* radicals.
These radicals have the ability to nonselectively
mineralize a range of adsorbed organic compounds
into benign byproducts such as carbon dioxide,
water, and inorganic ions, either partially or fully
(Gaur et al., 2022). Metal loading on the clay surface
further enhances the material’s surface area and pore
volume (Mishra et al., 2018). This then increases the
number of active surface sites. The increased surface
area allows for more molecules to interact with the
surface, thereby hastening the degradation of oil
molecules (Surya et al., 2018). The doping of the clays
with Mn leads to structural distortions and changes in
the chemical composition. These changes affect the
electronic structure and, as a result, alter the optical
response by reducing the bandgap (Denison et al.,



Table 6: Summary of some remediation techniques for treating soil polluted with oil

Procedure Focus

Results Sources

Wheat bran and swine
wastewater were used to
remediate the contaminated
soil.

Hydrocarbon-polluted soil was
cleaned up using land farming,
phytoremediation, and
chemical-biological
techniques.

The study coupled
landfarming with
photochemical oxidation with
TiO; as a photocatalyst to
remediate soil contaminated
by crude oil.

Bioremediation

Landfarming

Photochemical oxidation

Petroleum-contaminated soil
was treated using aged waste
from landfills.

Bioremediation

Enhancing long-term
groundwater contamination at
locations where attenuation-
based treatments are being
used

Natural attenuation

The comparative
photodegradation activities of
pentachlorophenol (PCP) and
polychlorinated biphenyls
using UV alone and TiO2-
derived photocatalysts in
methanol soil washing
solution

Photochemical oxidation

The petroleum in the
contaminated soil was broken
down using sawdust and rice
straw.

Bioremediation

A degradation efficiency of
68.27 £ 0.71 percent was
attained after 40 days.

Zhang et al., 2020

Following treatment using the
landfarming technique, a
degradation of over 90% of
the initial levels of the PAH
and TPH was observed.

Okonofua et al., 2020

The greatest removal
efficiencies, of 67% and 59%,
were obtained from 0.5% and
2% of TiO..

Effendi and Aminati, 2019

Following 98 days of
treatment, efficiency
increased from 22.40% to
89.83%.

The physical and chemical
mechanisms that cause
pollutant attenuation were to
be monitored closely as part
of the long-term monitoring
approach.

Liu et al., 2018

Denham et al., 2020

The percentages of PCP
removed after 120 minutes
were 94%, 92%, and 57%.

Zhou et al., 2014

After 5 months, the TPH
removal percentages were
23.9%, 45.2%, and 27.5%,
whereas the PAH removal
percentages for the sawdust,
rice straw, and control
treatments were 66.3%,
30.3%, and 26.9%.

Huang et al., 2019

2022). Previous research works have shown that
nutrition supplementation promotes bioremediation
by boosting microbial biomass (Denham et al., 2020).
It is also possible that nutrients from biocarb could
have boosted the microbial biomass, resulting in
increased oil degradation in the treatments with
combined photochemical oxidation and landfarming.
Photochemical oxidation may increase the
degradability of contaminants, generally through the
cleavage of large organic compounds into smaller ones
(Medina et al., 2018). A study conducted by Zhou et

530

al. (2014) showed that the photodegradation rate rises
with pH; the mechanism underlying this stimulatory
impact is that more OH®* may be generated when
the soil pH is greater. Numerous remediation studies
have revealed that the ideal pH range for accelerated
pollutant degradation is often between pH 6.5 and 8.5,
with a pH of 7.8 being the most favorable in the majority
of soils. Permeability, growth of microorganisms,
dissolution of soil metals, and accessibility of nutrients
are all influenced by pH (Okoh et al, 2020). This
could be another reason for higher degradation



rates in the combined treatments. Our findings are
similar to results obtained by da Rocha et al. (2012).
In this study, the modified as well as the grafted clays
showed superior oil decomposition compared to
biocarb in the remediation of oil-contaminated soil.
Enhanced hydrophobicity promotes hydrophobic
interaction between clay and the oil molecules,
which in turn enhance both adsorption capacity and
the photocatalytic degradation efficiency. Increased
porosity in GL could have increased permeability,
allowing for easy diffusion of nutrients and bacteria
(zhu et al., 2020). Oil biodegraders sourced from oil-
polluted sites have shown limited adaptation with low
degradation rates owing to the wide oil metabolism
pathways (Cui et al., 2023). This could have affected
the degradation of oil in the biocarb and the control
treatments. Abiotic variables such as sorption and
volatilization cause natural attenuation to happen in
the control (Uba et al., 2019), yet Franco et al. (2014)
considered volatilization as a negligibly opposing
process. These techniques are usually conducted in
simulative environments, but when conducted in
the fields where the conditions may not always be
ideal, the results might vary. In the current study,
experiments were conducted outside, but in most
studies, experiments are carried out in simulative
environments, and this may have contributed to the
variations (Bakina et al., 2021). The degradation of oil
in soils is a highly complicated process that depends
on a variety of elements such as the nature of oil,
degree and length of pollution, and characteristics
of the soil itself (Polyak et al., 2020). As such, the
exact combination of photochemical oxidation and
landfarming to effectively remove oil-contaminated
soil cannot be determined.

Similar studies performed indicate that the success
of the remediation of oil-contaminated soil and other
organic pollutants depends on several factors highted
in the discussion. Table 6 shows some of the studies
and their findings.

The various treatments used in the bioremediation
of oil-contaminated soil produced positive results,
but with varying degrees of oil breakdown, as well
as a decline in the acidic content of the oil in the
contaminated soil. Lower percentage degradations
could be attributed to short time of treatment (35 days)
because heavy oils present in the soil take time to break
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down. The decrease in the amount of oil, which was
estimated by the change in oil in soil before and after
remediation, is one of the main indicators determining
the effectiveness of treatments. The longest half-life
time of 94 days was recorded in the control treatment.
This shows that oil in the polluted soil can be degraded
naturally, but the process maybe very slow and would
be effective over a very long period of time. The
shortest half-life time of 15 days was recorded in the
combined photochemical oxidation and landfarming
(biocarb + GL). Findings from this study suggest that
remediation of oil-contaminated soil with biocarb
+ GL led to quick elimination of oil. Therefore,
the combination of photochemical oxidation and
landfarming was effective and significantly boosted
the degradation and loss of oil in the contaminated
soils with high degradation constants and low half-
lives. It is also worth noting that mere reliance on
bioremediation of the oil contaminants in the soil
could take a very long time for significant remediation
to be achieved. The minimal oil depletion observed
in the control and biocarb soil justifies this view.
The combined remediation techniques used in this
study offer a promising, better, cheaper, and more
eco-friendly approach that, if adequately applied
in oil-polluted soil, will lead to a harmless and
nontoxic environment for both plant and animal well-
being. The findings also suggest that the effective
breakdown of oil and reduction of the remediation
period might be achieved using photochemical
oxidation with clay materials. Treatment of soil with
photochemical oxidation is predicted to increase the
oil bioavailability and the rate at which it is degraded
in the soil. Photochemical oxidation was found to be
a better remediation technique of oil-contaminated
soil compared to the landfarming method. There is a
need for MCM to consider adopting photochemical
oxidation as a remediation technique in its treatment
of oil-contaminated soil within the vicinity of its mines.
Although photochemical oxidation can thoroughly
remedy oil-contaminated soil with great efficacy,
research on the nature of the intermediate compounds
produced during remediation is scarce. More research
on the subject matter is required to understand how
these substances impact the environment.
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data
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Integrated farming is an efficient and environmentally friendly
agricultural activity that uses low-input resources, including abundant local materials, such as waste.
According to previous studies, this program has been adopted by the Indonesian government to
facilitate the achievement of sustainable agriculture. Therefore, this study aimed to evaluate the
level of sustainability of low-input integrated agricultural farming by determining and analyzing the
sustainability index.

Experts and business operators engaged in the integrated production of organic
fertilizer, corn, and laying hen farming conducted scientific assessments to gather primary and
secondary data. This was carried out through Focus Group Discussions and the completion of a
questionnaire containing 34 attributes linked to environmental, economical, social, technological,
and institutional aspects. The data obtained were then analyzed using a multidimensional scale
technique. Monte Carlo analysis and alternating least-squares algorithm were used to examine
sustainability status and significant characteristics.

The degree of agricultural integration’s sustainability from organic fertilizer, corn, and layer
hen farming was 86.10 percent. The results showed that techniques in several stages of the organic
fertilizer production process, corn cultivation with the application of organic fertilizer, and laying
hen farming with local feed, harvesting, and marketing, contributed to sustainable development
by considering the strength aspects from each dimension. Based on the analysis results, the social
dimension had a sustainable index score of 93.79 percent, followed by economic (90.57 percent),
institutional (88.39 percent), environmental (83.45 percent), and technology (74.29 percent). Based
on the findings, the factors that should be considered included 1) Efficiency in the utilization of water
during egg, 2) fertilizer production and effectiveness of using fuel and electricity during the production
and marketing, 3) an Industry manager level of education, 4) the ease by which raw materials can be
obtained for the integration industry, 5) potential for increasing the low-input integrated agricultural
farming, 6) the availability of integration industry facilities, infrastructure and level of expertise needed
by managers in the people’s integration sector, 7) Financial institutions” existence.

Multidimensional mapping showed that the low-input integrated agricultural
farming in the dry land of Pangkalan Lada District was running sustainably, with an average
sustainability index of 86.10 percent. These results indicated that the integration of organic fertilizer,
corn, and layer hen farming in the area had successfully optimized the available resources, created
a sustainable farming model, and had the potential for adoption in various locations and future
periods. The five evaluated dimensions showed good sustainability levels, with sustainability indices
ranging from 74.29 percent (sustainable with a fair level) to 93.79 percent (very sustainable).
Therefore, sustainability improvements in these farming activities must focus on technological
aspects, with an emphasis on technological attributes that offered valuable insights for the
government in formulating policies and programs.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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The Indonesia National Medium-Term
Development Plan (RPJMN) for 2020-2024 represents
the fourth stage and continuation of the Indonesia
National Long-Term Development Plan (RPJPN) for
2005-2025. In the fourth RPJMN (2020-2024), the
development of the agricultural sector is expected to
enhance food security and competitiveness, leading
to the actualization of an advanced, self-reliant,
and modern agriculture sector within the country
(Ministry of Agriculture, 2021). Several studies have
shown that sustainable food security is related to
production and closely linked to the engagement
and empowerment of farmers who play a frontline
role in creating food supplies. Food security is also
associated with the management of natural resources.
Furthermore, unsustainable exploitation of resources
can lead to environmental degradation, soil damage,
and negative impacts on agricultural productivity,
leading to a decline in the quality and quantity of
food production. These challenges can be attributed
to the lack of education and training for agricultural
practitioners, specifically farmers. According to
previous studies, rural farmers do not have adequate
access to the latest information and technology for
the improvement of production. The lack of access to
information, educational opportunities, and training
impedes the implementation of Precision Agriculture
concepts, such as the use of sustainable fertilizers
and pesticides, as well as innovative practices in
land management. Precision Agriculture approaches
can increase productivity while reducing negative
environmental impacts. The low-input integration of
agricultural farming or synergy between agriculture
and livestock has become a part of the government's
programsaimed at providing a solution for sustainable
development. Integrated farming systems comprise
multiple enterprises or efforts that interact in
space and/or time, leading to a synergistic resource
transfer among enterprises (Archer et al., 2019). The
concept is also described as an agricultural system
that uses the three interacting dimensions, namely
organization, space, and time (Bell and Moore, 2012).
In several developing countries, an integrated farming
system is a common practice due to the limitation
of farmland acreage, and access to manufactured
fertilizers and agrochemicals (Archer et al., 2019). At
present, the implementation of modern agriculture
to enhance production requires intensive inputs.
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Crop rotation systems and polyculture plants can
reduce the intensive input while increasing crop
yield, enhancing nutrient cycling, reducing plant
disease, and improving soil quality (Hendrikson,
2008). Therefore, the integrated farming system
has a potential benefit to environmental aspects
and sustainability. For example, its implementation
between livestock and cropping systems often
enhances nutrient cycling efficiency, adds value to
grain crops, and provides forages and crop residue.
The integration can spread economic and production
risk over several different enterprises and take
advantage of a variety of agricultural markets. This is
evident in various initiatives, such as the integration
of oil palm cultivation with cattle farming from
2007 until now, the integration of cattle with cocoa
crops from 2007 to 2010, the combination of cattle
with sugarcane starting in 2009 until 2012, and
the integration of cattle with coconut crops since
2013. Integrated farming systems, as described by
Paramesh et al. (2020), represent an agricultural
approach that combines activities in food crops,
horticulture, livestock, fisheries, forestry, and other
agricultural elements within a region simultaneously.
This system is often implemented due to the
increasing management inputs, presence of more
enterprises, market challenges, and environmental
concerns of consumers (Hendrickson et al., 2008).
The farmer needs to manage the combination of
agricultural commodities, different enterprises,
and other complexities to achieve sustainable
production. The principle of the sustainability of
an integrated farming system comprises three
dimensions, including economic, environmental,
and social-community. Integrated agricultural
systems can reduce the environmental impact of
agriculture and increase adaptability, which is the
greatest contributor to long-term sustainability. The
correlation between the state-of-the-art analysis and
knowledge gaps have been drawn in Fig. 1.
Compared to traditional farming models, this
approach provides greater ecological and social
advantages, including increased gains, higher input-
output ratios, improved soil performance, and
mitigation of the impacts of global warming (Yang
et al., 2022). The concept of sustainable agriculture
has been subjected to development, initially focusing
on ecological aspects, then expanding to include
economic dimensions, and encompassing greater



Fig. 1: The correlation between the state-of-the-art analysis and knowledge gaps (Tanaka et al., 2002)

social dimensions. Having less of an adverse influence
on the environment and people’s health, maximizing
the utilization of local ecosystem resources, and
preserving biodiversity are the core principles of
sustainable agriculture (Asadi et al., 2013). According
to Suradisastra (2017), sustainable agricultural
development must encompass various aspects,
including technical, technological, socio-cultural,
economic, and conservation (environmental). The
implementation of the concept is the utilization
of by-products or waste from each production
subsystem as a source of livestock feed and fertilizer,
thereby creating the concept of Low External Input
Sustainable Agriculture (LEISA). The use of waste,
specifically from the oil palm mill, such as solid
oil palm, palm kernel meal, fiber, and boiler ash

for fertilizer and animal feed has been previously
reported (Grinnell et al, 2022). The technology
has been widely adopted by the community, and
reported by several studies (Bremer et al., 2020).
Due to environmental issues with the composting of
agricultural wastes, experts examine and develop a
solid waste management plan employing alternative
techniques. The solid waste industry has approved
several techniques or procedures used in the
previous 20 years to treat agricultural waste (Aziz
et al.,, 2022). Different types of organic materials,
including cellulose, hemicellulose, lignin, and starch,
can be found in agricultural waste (Suhartini et al.,
2022). In high-income countries, the government
typically covers the costs of trash processing (Rindhe
et al. (2019)). However, this is not the case in low-
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income nations where more resources are needed
to establish waste management infrastructure.
Composting of agricultural waste can be evaluated for
sustainability by computing the sustainability index
using Multi-dimensional scaling (MDS). A multivariate
statistical approach called multidimensional scaling
is used as a variable to position items according
to their similarities and differences. People’s
preferences or opinions are often transformed by
MDS into multidimensional distances that can be
scientifically described. MDS refers to a variety
of statistical methods that compress preference
data by visualizing the underlying relationships
between groups (Wan et al., 2021). It has also been
reported to have the ability to interpret and refine
respondents’ preferences or opinions concerning
the agricultural integration production sustainability
index theme. This study used five dimensions
(environmental, social, economic, technological,
and institutional) to provide suggestions and help
decision-makers in sustainable development. It was
also hypothesized that implementing integrated
agricultural production can minimize pollution while
also improving soil conditions. However, it was
important to identify the most significant attribute
for each of the environmental, social, economic,
and technological dimensions. The MDS practical
approach offers information to help decision-makers
in the agricultural integration production with waste
management. The study objectives are 1) measuring
the overall sustainability index value, 2) calculating
the sustainability index for each dimension:
environmental, social, economic, technological, and
institutional, and 3) examining important influences
on integrated agricultural production systems.
This study evaluates the feasibility of an integrated
production supply system and was conducted in
seven groups at the National Research and Innovation
Agency and the Ministry of Agriculture, Republic of
Indonesia, from 2022 to 2023.

Study procedure

Experts and business operators engaged in the
integrated production of organic fertilizer, corn, and
laying hen farming conducted scientific assessments
to gather primary and secondary data. This was
carried out through Focus Group Discussions and
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the completion of a questionnaire containing 34
attributes linked to environmental, economic, social,
technological, and institutional aspects. The data were
analyzed using a multidimensional scale technique.
Monte Carlo analysis and alternating least-squares
algorithm were utilized to examine sustainability
status and significant characteristics. Focus group
discussions (FGD) were carried out to analyze the
survey data, and six experts, including corn farmers,
poultry farmers, organic fertilizer experts, and
business actors, were surveyed. The qualifications
of experts in filling out the questionnaire were
those who had at least five years of experience in
integrated production management. Furthermore, it
was intended to evaluate the current business player
environments and resource support for integration
production for designing dimensions and attributes.
The total number of attributes used in this study
was 34 with five dimensions, namely environmental,
social, economic, technological, and institutional. A
questionnaire with response options using a Likert
scale described these dimensions and attributes. The
Expert respondents responded to the questionnaire
questions by scoring 0 for poor, 1 for average, and
2 for good. Organic fertilizer in this activity was a
mixture of ingredients from palm oil mill by-products
consisting of fiber, solid palm oil, empty fruit bunches,
and boiler ash, which were enriched by microbes. The
results of the laboratorium analysis are presented in
Table 1.

Data analysis

The MDS method was used in the data analysis
through the Rap-integration technique (Rapid
Appraisal for Integration Production). This technique
was an adoption and development of the Rapfish
(Rapid Appraisal for Fish) method to measure the
sustainability of organic fertilizer production. The
stages for determining a sustainability index are
presented as follows (Lloyd et al., 2022).

1) Assess each attribute of the sustainability
dimension. This study had six dimensions with a total
of thirty-four attributes.

2) Give a score to each attribute. A matrix X of
size (n x p) was formed with attribute score elements,
where n was the number of regions and their
reference points, and p was the number of attributes,
using Eq. 1 (Borg et al., 2018).



Table 1. The result of laboratory examination of organic fertilizer based on palm oil mill by-product

No. Types of Testing Test methods Test results
1 Potential of hydrogen (pH) pH meter 11.12
2 Nitrogen (percent) (%) Kjeldahl 0.40
3 Phosphorus (P) (%) Spectrophotometry 1.42
4 Potassium (K) (%) Atomic absorption spectrometry (AAS) 0.75
5 Sodium (Na) (%) AAS 2.04
6 Calcium (Ca) (%) AAS 4.80
7 Magnesium (Mg) (%) AAS 1.06
8 Organic carbon (OC) (%) Spectrophotometry 1.81
9 Iron (Fe) (ppm) AAS 3,344.97
10 Copper (Cu) (ppm) AAS 96.56
11 Manganese (Mn) (ppm) AAS 318.76
12 Zinc (Zn) (ppm) AAS 88.46
13 Lead (Pb) (ppm) AAS 27.05
14 Sulphurous (S) (5%) Spectrophotometry 0.30

Xik — xk
X, sd = 2 2 2
S, (1 d =\/(\x1—x2\ +[Yy = Yo| ]z =, +) (2)
where:

Xi Sd =the it" k™ attribute regional standard score
(including reference points), where i =
1,2,..,nandk=1,2,..,p

X, = the " k™" attribute standard score (including
reference points), wherei=1, 2, ...,
nandk=1,2,..p

Xk = the k™ attribute mean score, where k = 1,
2,.,p

S, = the k" attribute standard deviation score,
k
wherek=1,2,..,p

Eq. 2 (Borg et al., 2018) was used to calculate
the shortest distance according to the Euclidean
distance. This distance was then converted into a
two-dimensional Euclidean space, (d12) using the
regression formula stated in Eq. 3 (Borg et al., 2018).
The ALSCAL algorithm was employed in the regression
process to perform iterations until the intercept value
in the equation reached zero (a=0). Therefore, Eq. 3
was transformed into Eq. 4 (Borg et al., 2018). When
the stress value (s) <0.25 was reached, the repetition
process was stopped, and the S value was attained
using Eq. 5 (Borg et al., 2018).

dy=a+ BB +¢ (3)

d,, = bD,, +&; (4)

s - lzm Zizj(di]?k_oi?k)
k=1 zizjoi‘j‘k (5)

m

3) Assess and determine sustainability index
and status. The sustainability status category for
the sustainability of integrated production could
be classified into four categories based on the
sustainability index. These categories were highly
(75.01-100.00), moderately (50.01-75.00), less
(25.01-50.00), and not sustainable (0.00-25.00).

4) Conduct a sensitivity (leverage) analysis
to measure the critical attributes that strongly
influenced the sustainability of the integration
production system. This analysis was based on the
priority order of changes in the root mean square
(RMS) ordination on the x-axis. When the RMS had a
substantial value, it indicated that the function of this
feature in determining sustainability was becoming
more prominent (more sensitive).

5) Monte Carlo analysis was utilized in the Rap-
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Integration technique to calculate the random error
rate in the model produced from the MDS analysis for
all dimensions at the 95% confidence level. The lesser
the value difference between the MDS and Monte
Carlo analysis findings, the better the Rap-Integration
method's Monte Carlo model. In MDS, the values of
S and the coefficient of determination (R?) reflected
the degree of fit. A low S value implied a favorable
match, while a high S value indicated an unfavorable
match. A solid Rap-fertilizer model had a S value
smaller than 0.25. An R? number near one indicated
that the qualities used to assess a dimension were

reasonably accurate (Pitcher and Preikshot, 2001;
Samimi et al., 2023).

To evaluate sustainability, the multidimensional
scaling (MDS) method had become widely used.
Furthermore, it had been extensively utilized to
evaluate the viability of producing various agricultural
commodities. Table 2 shows previous analyses of
agricultural product sustainability using the MDS
approach.

Ecological/environmental, economic, social,
technological, and institutional factors were the most
frequently used in previous studies on sustainability.

Table 2: Previous study utilizing MDS analysis

No. Title/topic study Dimensions Sources
1 MDS preference plot for agricultural data . . . .
. p . P . & social, environmental, economic Zhang and Ding, 2023
visualization analytics
2 Visual analytics of agricultural data by MDS . . . .
Y s v environmental, economic, social Papilo et al., 2023
preference plot
3 Policy-related Biodiesel Sustainability in . . .
Y - Y economic, ecological, social Dharmawan et al., 2020
Indonesia
4 Sustainability of plants and supportin . . . . .
s yorp PP & ecological, economic, social Giuntoli et al., 2022
facilities
5 Sustainability agricultural development social, ecological, economic, institutional Suardi et al., 2022
6 Sustainability of microalgal biomass . . . .
. ¥ g ecological, social, economic, technological Santoso et al., 2023a
production
7 Sustainability garlic production environmental, technological, economic,
Ve P . S 8 . . Paczka et al., 2021
social, and institutional dimensions
8 The sustainable cultivation of cocoa environmental, social, economic,
institutional dimensions, and Fairuzia et al., 2020
technological
9 Sustainability of organic fertilizer production environmental, social, economic,
institutional dimensions, and Santoso et al., 2023b
technological
10 Sustainability corn production environmental, technological, social, L
v P . R & . . Ariningsih et al., 2021
economic, and institutional dimensions
11 Sustainability assessment of chili farming environmental, economic, social,
technological, and institutional Mailena et al., 2021
dimensions
12 Sustainable production of beef cattle dimensions of the environment, society,
o Kapa et al., 2019
economy, technology, and institutions
13 Sustainability of dairy cattle production dimensions of environmental, social, .
Y Y P . . R Lovarelli et al., 2020
economic, technological, and institutional
14 Sustainability buffalo production environmental, economic, technological
v P L gical Rohaeni et al., 2023
and social dimensions
15 Sustainability shrimp production dimensions of environmental, social, .
v PP R R R Sivaraman et al., 2019
economic, technological, and institutional
16 Sustainability coffee production environmental, social, economic, and
y P . Yusuf et al., 2022
technical aspects
17 Sustainability rice production institutional, environmental, social,
y P . . Rachman et al., 2022
economic, and technical aspects
18 Sustainability of red chili production technical, social, economic, and - .
Y P R Nuraini and Mutolib, 2023
environmental aspects
19 Sustainability of black soldier fly production social, economic, environmental, and

technical aspects

Santoso et al., 2023c
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Other studies carried out analysis using ethical,
commercial, and political factors. Those studies had
varied ideas on the number and types of metrics to
be used.

Dimension and attribute

The MDS approach was used to determine the
amount of sustainability in integration manufacturing.
The variables and qualities affecting sustainability

were determined by extensively examining their
effects on Integration production (Lloyd et al,
2022). The study included 34 attributes across five
dimensions, namely environmental, economical,
social, technological, and institutional. The data
used to calculate the MDS were obtained from a
qguestionnaire, and Table 3 had a complete breakdown
of the dimensions and attributes.

To get expert perspectives on the scientific
viability of composting processes for manufacturing

Table 3: Dimensions and attributes of the low-input integrated agricultural farming sustainability

No. Dimension Attributes

1 Environmental 1. Effective use of biodegradable 5. Possibility of air pollution (odor generated)
materials for the production of eggs and 6. Possibility of water pollution
fertilizer 7. Utilization of natural resources (land,
2. Effectiveness of using chemicals biota, and plants) in the production of eggs and
in the production of eggs and fertilizer fertilizer
3. Effectiveness in the use of 8. Potential for illness to spread because of
electrical energy and fuel during the the integration industry
production and marketing 9. Possibility that the integration industry
4, Effectiveness in the use of water will harm biodiversity
during egg and fertilizer production

2. Social 10. Industry manager or 15. Managerial or employee-level expertise in
entrepreneur's level of education the conservation and restoration of the environment
11. Family members working in the 16. Risk of workplace accidents
integration industry 17. Possibility of creating jobs for the
12. Level of business motivation community
13. Possibility of public unrest due to
the integration industry
14. Possibility of losing other jobs
because of the integration industry

3. Economical 18. Productivity level of the 21. Enhancing the welfare of managers and
integration industry employees
19. Management level of the 22. Efficiency in using raw materials and the
integration industry simplicity with which raw materials can be obtained
20. Possibility of increase in business ~ for the integration industry
scale/business success rate e 23. Market penetration of the integration

industry

4. Technological 24. Part of the community's abilityto ~ 26. Availability of integration industry facilities
quickly adopt the integration industrial and infrastructure
system 27. Possibility of increasing integration
25. Partially required specialization, production
experience, and/or skill set for managers in 28. Sensitivity of the technical/method to the

the people's integration industry

level and scope of the integration industry

5. Institutional 29. The actuality of the manager of 32. The actuality of a group of fellow
this integration activity entrepreneurs/managers
30. The actuality of integration 33. The actuality of financial institutions that
business rules from the government help
31. Availability of assistance from the  34. The actuality of marketing agencies

authorities/government
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organic fertilizer, the characteristics within each
dimension were compiled into a questionnaire and
distributed to the appropriate professionals. The
Rapfish program and the MDS technique were used
to examine the results of these professional reviews.
The sustainability ratings for each dimension are
shown in Table 4.

Environmental carrying capacity, production
input accessibility, production techniques,
processing, egg, corn, and fertilizer marketing,
and the responsibilities of relevant organizations
were factors with a long-term impact on integrated
production. Furthermore, integration production
systems could replace conventional animal feed
production as an economically and environmentally
sound alternative by considering these aspects and
implementing sustainable methods (Rehman et al.,
2020). The results of the MDS study on the creation
of environmentally friendly integrated production
were given in Fig. 2 with a stress value of 0.15 (stress
50%). This demonstrated the reliability and precision
of the five dimensions calculated by the Monte
Carlo test. The integration production system had a
sustainability value of 86.10. The social dimension

had the highest level of sustainability, while the
technological dimensions had a fair sustainability
category, as illustrated in Table 4.

Table 4 showed the results of running the validity
of the MDS analysis findings at the 95% confidence
level, as determined by the goodness of fit value,
namely the stress value and R2 The stress value
quantified the difference between the model and the
real data. The R? value was a measure of precision that
assessed the model's capacity to explain fluctuations
in the dependent variable (Leven et al., 2023; Samimi
and Mansouri, 2024). The stress value (0.136-0.144)
in Table 4 was less than 0.25, showing that the model
was close or similar to the actual scenario due to the
low mismatch value. Meanwhile, the coefficient of
determination (R?) ranged between 0.936-0.949. The
higher the value was closer to 1, the higher the quality
of the analysis performed. It indicated that additional
attributes were not required in the case studied, and
the aspects analyzed were accurately close to the
actual conditions (Saputro et al., 2023). According to
Suardi et al., 2022, all attributes used in the analysis
of the sustainability of the production process
through the integration of organic fertilizers corn

Table 4: The sustainability index for all dimensions

Dimension Index (%) Stress R%(SQR) Status

Environmental 83.45 0.136 0.947 good sustainable
Social 93.79 0.137 0.949 good sustainable
Economical 90.57 0.136 0.946 good sustainable
Technological 74.29 0.144 0.936 fairly sustainable
Institutional 88.39 0.143 0.941 good sustainable
Average 86.10 good sustainable

Fig. 2: The level of sustainability achieved in integration production
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cultivation, and layer hen farming on dry land in the
Pangkalan Lada Subdistrict were good at explaining
the five dimensions analyzed. The foregoing results
could also be interpreted as indicating that the model
produced was good and accurately described the
topic under consideration (Rachman et al., 2022).

Environmental dimension

According to Asadi et al. (2013), the environmental
dimension had a substantial impact on sustainable
agriculture. This activity’s sustainability assessment
for the environmental dimension included nine
attributes, which were listed in Table 3. The results
showed that the environmental component had
an index value of 83.45%, a stress value of 0.136,
and a structured query reporter (SQR) value of
0.947, indicating the achievement of (Table 4).
This was a commendable index achievement that
merited future enhancement. It showed that the

production process in Pangkalan Lada Subdistrict
had considered environmental preservation and
ecosystem balance by including organic fertilizers,
corn cultivation, and layer hen farming on dry land.
This was understandable given the implementer’s
prior experience with implementing Roundtable
on Sustainable Palm Oil (RSPO) and Indonesian
Sustainable Palm Oil (ISPO) in managing oil palm
plantations (Widiati et al, 2020). The dimension
was positively rated in the context of sustainability
since ISPO and RSPO were used in their management
(Afrino et al., 2023). Based on the attribute leverage
analysis results for the environmental dimension
show that two attributes, namely Efficiency in the
use of water during egg and fertilizer production
and Efficiency in the use of electrical energy and fuel
during production and marketing had RMS values
of 7.88 and 7.25 respectively (Fig. 3). These findings
had a substantial impact on the sustainability of this

Fig. 3: Leverage of environmental attributes
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activity in the context of the environment. To reach
a high level of sustainability, it was necessary to
improve the management of these traits. The values
of the other attributes had no substantial impact,
but attention must still be taken to ensure the
preservation of the environmental dimension within
the context of sustainability. In the environmental
dimension of agricultural activities, efficiency
had become a sensitive issue (Asadi et al., 2013).
Regarding the efficient use of electrical energy and
fuel, the potential of palm oil mill waste on site,
aside from animal feed (Wadchasit et al., 2021) and
fertilizer should be considered for its utilization as
an electricity resource (Mahidin et al., 2020) and
a fuel, such as biogas (Tiong et al., 2021). Several
studies had shown that community waste could be
transformed into electricity (Abdoli et al., 2012).
The use of liquid waste for other purposes in the
agricultural industry was an important topic in
environmental sustainability. It was important to
recycle and reuse wastewater to meet future human

demand and reduce water scarcity, as well as ensure
compliance with wastewater discharge standards
for environmental sustainability while minimizing
groundwater and soil contamination.

Social dimension

The sustainability assessment for the social
dimension using eight attributes is presented in Table
3. The results indicated that the social aspect had an
index value of 93.79%, a SQR score of 0.949 with a
stress value of 0.137, indicating the fulfillment of the
criteria (Table 4). Compared to the environmental
dimension status, it had a good index, which was
worthy of being maintained and improved. The
indicator showed that the production process in this
activity carried out in the dry lands of the Pangkalan
Lada sub-district, had a good social involvement in
the sustainability of this activity. Compared to other
dimensions, the social element had the highest
sustainability index among the five aspects. A similar
finding was reported by Surahman et al. (2018),

Fig. 4: Leverage of social attributes
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where the social dimension had the highest value
for peat land farming. According to Surahman et al.
(2018), this activity was thought to be due to the
establishment of the use of land for agriculture. The
results of social sustainability dimensions in Fig. 4
indicated that out of the eight attributes reviewed,
one sensitive attribute influencing the sustainability
of this activity was the level of education of industry
managers or entrepreneurs. Education level in this
context was not limited to formal education but also
emphasized the accumulation of experience and
acquired information. For example, the intensity of
counseling, training, and experience could have a
significant impact on the success of implementing
this activity. These findings were consistent with
Asadi et al. (2013) who also obtained similar results,
In terms of social capital, sustainable agriculture
was frequently related to farmer engagement,
contentment, technical knowledge, farmer
competencies, and social capital. The analysis
conducted by Osak and Hartono (2016) suggested
that in the social dimension of agricultural integration
systems in the livestock and horticulture sector,
related to attitudes, responses, and perceptions,
improvement was needed through counseling,
training, and field demonstrations (demonstration
plots) to enhance its social sustainability. In line with
the report by Mailena et al. (2021), the intensity
of counseling, training, and formal education for
farmers had a sensitive impact on the sustainability
of chili farming. Leven et al. (2023) also reported
that in the social dimension, attributes, such as the
frequency of counseling and training were the most
important factors determining the sustainability of
milkfish farming activities in Gresik Regency. Training
could provide experience and bring out creativity
(Janker and Mann, 2020).

Five dimensions (social, environmental, economic,
technological, and institutional) with 34 attributes in
the integration of organic fertilizers, corn cultivation,
and laying hen farming, influenced each other on
the sustainability of this integrated farming (Bathaei
and Streimikiene (2023). The integration of the 5
dimensions led to long-term oriented agricultural
production, which was economically feasible and
did not damage the environment through good
management and governance (Sadiku et al., 2021).
Furthermore, it was described in each attribute and
in each dimension within the integration of organic
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fertilizers, corn cultivation, and laying hen farming.

Economical dimension

The level sustainability assessment for the
economic sector, as presented in Table 3, utilized six
attributes. The findings showed that the economic
dimension had an index value of 90.57% , a stress
value of 0.136, and an SQR value of 0.946, and
they met the sustainability criteria (Table 4). This
index held a favorable status and was worthy of
preservation and further enhancement. Based on
these findings, the production process through the
integration of organic fertilizers, corn, and layer
hen farming in the dry lands of Pangkalan Lada
sub-district had sustainable economic value. The
presence of agribusiness in the integration system
in the study area, as mentioned by Sulistyono et
al. (2019), was highly beneficial from an economic
perspective. These results were inconsistent with
Li et al. (2020) in the context of monoculture layer
chicken farming, where the economic dimension was
not sustainable. The note of the leverage attribute
analysis for the economical dimension indicates that
one attribute, namely the level of ease of getting raw
materials for the integration industry (Fig. 5), had a
highly significant influence on the sustainability of
this activity. In line with Fu et al. (2021) and Lin et al.
(2022), material production was the highest leverage
attribute. Efforts to obtain raw materials were crucial
to achieve a high level of sustainability. The raw
materials referred to in this activity were those used
in the production of organic fertilizers and layer feed
and were obtained from the palm oil mill in terms
of their by-product. The by-product used to make
organic fertilizer was fiber, namely 26% from fresh
fruit bunches, which were processed into CPO, solid
palm oil (3%), empty fruit bunches (16%), and boiler
ash. Meanwhile, the by-product used to feed laying
hens was palm kernel meal, and it was produced at
4%. These feed ingredients were formulated into
alternative feed for laying hens that were tailored
to the chicken’s nutritional needs, leading to a cost-
effective alternative feed. Supporting the local
governmentin obtaining these materials was essential
because an official letter of endorsement from the
Local Government, which could be provided by the
relevant department, was required to access them.
According to Bathaei and Streimikiene (2023), the
government could also assist companies in reducing
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Fig. 5: Leverage of economical attributes

the prices of raw materials and facilitating farmers
in purchasing recycled products (by-products). In
relation to livestock farming activities, feed played a
crucial role as it accounted for 60-70% of production
costs (Wongnaa et al., 2023). This was evident from
the analysis results that raw materials were a primary
factorin the economic dimension. Similar findings had
been reported by Sulistyono et al. (2019) concerning
the availability of animal feed, and by Jasmawadi et
al. (2022) regarding the availability of production
raw materials as key drivers in sustainable economic
dimensions. Although other attributes did not have
significant impacts, attention was still necessary to
maintain the economic dimension within the context
of sustainability.

Technology dimension

The sustainability assessment for the technology
dimension, using five leverage points (Table 3)
indicated that it exhibited a fairly good level of
sustainability, with an index value of 74.29%. The
index value for the technology dimension was lower
compared to the index of others. Therefore, serious
attention was needed to enhance its sustainability.
The stress and SQR both had good values, namely
0.144 and 0.936, respectively (Table 4). Developing
an integrated agricultural system required the
application of appropriate technology (Paramesh et
al. (2020). During the use of agro-industry waste,
such as palm oil mill waste, there was a need to
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implement biotechnology to ensure further usage,
including fermentation with microbes (Sivakumar
et al., 2022). The implementation of technology
was crucial as it had a positive correlation with
the food security of household farmers (Mutenje
et al., 2016) and farmers' income (Lin and Wu,
2021). Furthermore, it promoted the sustainable
and resilient growth of food productivity (Hailu,
2023). The results of the attribute leverage analysis
for the technology dimension indicated that there
were three attributes with significant influence
on the sustainability of this activity, namely; 1) the
potential for increasing integration production, 2) the
availability of integration industry facilities, and 3)
the level of specialization required for managers of
the people’s integration industry (Fig. 6). Therefore,
the technological aspect must receive special
attention in efforts to enhance the sustainability
of this activities from a technological perspective.
Farmers could not typically change the conditions
of their farming operations without guidance and
support from individuals who possessed expertise in
this field and they must be supported by emerging
technologies. This task was to be undertaken by
agricultural extension workers. In the technology
adoption process, the pattern of extension workers
included serving as facilitators, motivators (Wedajo
et al., 2019), consultants, and technical assistants
(Indraningsih et al.,, 2023). One of the factors
influencing the rapid adoption of agricultural



Fig. 6: Leverage of technology attributes

technology innovations by users or farmers was the
choice of the type of extension media. Spectrum
Dissemination Multi-Channel Spectrum represented
an innovation (IAARD, 2011) aimed at expediting
and broadening the optimal dissemination reached
through various media simultaneously and in a
coordinated manner. Furthermore, its effectiveness
had been proven in driving the diffusion of technology
innovations to users (Bounadi et al., 2022).

Institutional dimension

The institutional dimension was also sustainable,
as the sustainability index reached 88.39% with a
stress value of 0.143 and an SQR value of 0.936 (Table
4). Institutions in the agricultural sector played an
essential role in making the hopes, desires, and needs
of farmers come to fruition (Musafiri et al., 2022).
These rural farmer organizations were instrumental
in advancing the socio-economic advancement of
farmers, as they provided access to vital agricultural
information, facilitating their access to capital,
infrastructure, and markets, as well as promoting
the adoption of innovative agricultural practices. The
presence of farmer institutions helped to facilitate
the government and other stakeholders in their
efforts (SGmane, 2018). The institutional dimension
was sustainable, indicating that the institutions
were independent. In this situation according to
Provotorina et al. (2020), institutions functioned
as production units and providers of production
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facilities. This condition was appropriate in the field
due to the formation of farmer groups and Village
Cooperative Units: Koperasi Unit Desa (KUD), where
business units of KUD included those dedicated
to agricultural production, savings and loans, and
the provision of agricultural production facilities.
Therefore, agricultural activities, particularly capital,
were not a problem. Based on Fig. 7, the presence
of financial institutions providing support was
among the six leverage attributes in the institutional
dimension that influenced the sustainability of this
activity. The sensitivity of this attribute was highly
significant compared to other attributes, indicating
that financial institutional support had a substantial
impact on the sustainability of the production
process in the integration of organic fertilizer, corn,
and layer hen farming. The key starting point related
to finances was also reported by Khaerunnisa et al.
(2023) and Ningsih et al. (2021).

It was suggested that the Indonesian government
implement the following actions: 1) Rules and
rewards: The government could promote regulations
that assisted effective trash management, possibly
providing rewards for eco-friendly actions, such
as composting and waste conversion; (2) Financial
Boost: Offering financial assistance, subsidies, or
grants to promote the production of organic fertilizer
by farmers, cooperatives, or companies; (3) Building
capacity: Government-led training programs to
inform participants on the benefits of composting,
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Fig. 7: Leverage of institutional attributes

organic fertilizer, and waste management best
practices; (4) collaboration could increase knowledge,
resources, and scaling potential through public-
private partnerships involving the commercial sector,
NGOs, and international organizations.

In conclusion, the sustainability index for
environmentally low-input integrated farming that
included activities of organic fertilizer, corn, and
layer hen farming was determined using the MDS
method. Furthermore, it considered factors affecting
sustainability across five dimensions, namely
environmental, social, economic, technological, and
institutional dimensions. The sustainability index
was estimated to be 86.10% (good sustainable),
hence, the process had the potential for sustained
development when the leverage factors described
in each dimension were considered. These findings
suggested that integrated farming comprising organic
fertilizer, corn, and layer hen farming in the dry lands
of the Pangkalan Lada sub-district had successfully
integrated the potential of existing resources to
realize sustainable agriculture and the potential
to be applied in other locations in the future. Due
to diverse regional characteristics, the developed
sustainability index was valid and limited in the
area where it was developed. The technological
dimension had the lowest leverage value at 74.29%,
while that of environmental, social, economic, and
institutional were determined at 83.45%, 93.57%,
90.57%, and 88.39% respectively. Therefore, efforts
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to enhance the sustainability of these agricultural
activities must primarily focus on the technological
dimension, with an emphasis on 1) the potential for
increasing integration production, 2) the availability
of integration industry facilities, and 3) the level of
specialization required for managers of the people’s
integration industry. Improving the economic aspects
was prioritized, particularly those related to getting
raw materials for the integration system. Support
from the local government in obtaining raw materials
was essential to maintain integrated farming. In
terms of the environmental dimension, enhancing
water during egg and fertilizer production and
electric efficiency during production and marketing
were essential factors. In the social dimension,
addressing factors, such as job security, community
engagement, and knowledge levels of workers and
managers was identified as crucial for achieving
sustainable implementation. Strategies, such as
retraining, stakeholder engagement, communication,
and capacity-building were deemed essential for
promoting community well-being and fostering
sustainable low-input integrated farming. For the
institutional dimension, it was highly significant
compared to other attributes, indicating that financial
institutional support had a substantial impact on
the sustainability of low-input integrated farming.
Furthermore, it was emphasized that government
support and technological considerations were
essential for promoting environmentally low-input
integrated farming in Indonesia, specifically given
the escalating demand for producing egg and organic
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Environmental degradation, especially that related to
water, has the potential to result in an unhealthy life. Humans drinkable water for basic
needs, but poor water quality can cause disease. One of the solutions of households to
obtain drinkable water is to subscribe to water companies. This study presents the notion of
community engagement related to urban drinkable water supply, specifically by examining
the willingness of community members to pay for such services in response to environmental
pressures.

This study used purposive sampling methods to determine the value of willingness
to pay, identified challenges in the community through a questionnaire on drinkable water in
Jakarta, Indonesia, and conducted estimation using ordinary least squares. This research used
a sample of 503 households in Jakarta.

The coefficient values of the control variables, namely, daily income (0.448),
education level (4.344), and age (628.1), exhibited a positive correlation and statistically
significant impact. Results indicate a positive and statistically significant association between
the coefficient values of the variables of interest, namely, water quality (8.663) and water
source (21.248), in willingness to pay for drinkable water. A one-unit increase in the coefficient
score impacts the willingness to pay value, measured in Indonesian rupiahs. Findings indicate
that the majority of the respondents expressed readiness to pay for drinkable water valued
below 100,000 Indonesian rupiah per month, which is equivalent to under 6.30 United States
Dollars. The suggested strategies for addressing the diverse issues encompass the necessity
of implementing structural reforms involving the engagement of local leaders to enhance
empowerment. This approach holds promise for effectively resolving the drinkable water
crisis. Technical effort in shaping the behavior of urban communities in using and appreciating
water is also essential to sustain the environment.

Environmental contamination issues have become a reason for households
to subscribe to water companies. Customers are willing to pay to obtain clean and potable
water. This study is essential as a basis for formulating policies that can be used by drinkable
water companies regarding community members’ ability to pay for water, preferences, and
participation in protecting the environment.
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Water is the most basic need for all living things on
earth, including humans (Samimi et al, 2023).
Previous research shows that humans are indifferent
to water use efficiency. Human activities have also
been found to cause an increase in the burden of
water pollution (Abidin, 2023; Kasim et al., 2023;
Samimi and Shahriari-Moghadam, 2023).
Approximately 95 percent (%) of deadly illnesses are
due to poor water quality (Olalekan et al.,, 2019).
Declining water quality in urban dreas, such as
Jakarta, Indonesia, is affected by environmental
factors because of decreased ecological functions
and a lack of green open spaces (Mbarep and
Herdiansyah, 2019). Jakarta is known as a
metropolitan city because it has extremely diverse
functions and roles. Households in Jakarta source
clean water through tap water (8%), groundwater
pumps (12%), and drinkable water companies (80%)
(BPS, 2021a). Increased usage of water resources
results in environmental concerns (Moghadam and
Samimi, 2022). The 2019 Jakarta Resilience Secretariat
Report indicates that 97.5% of reservoir water in
Jakartais polluted, 88% of river water is contaminated,
and 68% of groundwater is polluted. The northern
section of Jakarta is the worst-affected area because
of the declining environmental condition, so water
contaminated iron, sodium, chloride, and total
dissolved solids (Fadly et al., 2017). The groundwater
quality evaluation in Jakarta in 2021 shows five
dominant pollutant parameters, namely, potential
hydrogen (pH), manganese, detergent, total coliform,
and Escherichia coli (Dinas LH DKI Jakarta, 2021),
which significantly affect the quality of life and the
environment. Hence, healthy water means a healthy
life. Improved standards must be developed to
protect the environment. Several institutions, such as
the Geology Agency, Jaya Regional Public Company
for Drinkable Water/Perusahaan Umum Daerah Air
Minum Jaya (PAM Jaya), and the Regional Government
of Jakarta, collaborate to solve the related problems.
Environmental and natural resource transformations
entail an open-ended willingness to pay (WTP). PAM
Jaya is a government public company supplying
drinkable water to all areas in Jakarta with pay
methods (Ismowati, 2018). The current study
examines WTP of people in Jakarta for drinkable
water sources by company. WTP is the amount of
money people are prepared to pay in exchange for
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environmental resources (Tyllianakis and Skuras,
2016). WTP is a value reflecting consumers’
assessment. Research on WTP for clean water in
Jakarta by the government water company is
fundamental in determining the best value for water.
When WTP is known, it can be used as a benchmark
by the regional and central governments to formulate
policies related to the payment for clean water. The
average WTP fee for improved drinkable water is
about US Dollar (USD) 3.1 or 4.7% for two months or
0.22% per family in Mexico City (Rodriguez-Tapia,
2017), Indonesian Rupiah (IDR) 444,123.38 (USD 30)
per month in Aceh Besar, Indonesia (Muazzinah et al.,
2020), 105,494.6 IDR (6.65 USD) in Katulampa Village,
Indonesia (Syaukat and Maryani, 2020), and IDR
59,002 (USD 4.06) to IDR 132,652 (USD 9.13) per
month in Cimahi, Indonesia (Prayoga et al.,, 2021).
The current research is slightly similar to previous
research on WTP in Mexico, which used contingency
valuation. However, the former was conducted in
Jakarta using the ordinary least squares (OLS)
method. Although research on WTP has been
conducted in several regions in Indonesia, they differ
from Jakarta. The current research focuses on
drinkable water in urban areas because the
environmental burden on capital cities reduces water
quality. Hence, people tend to subscribe to drinkable
water companies. No research has been
comprehensively conducted involving household
capacity for WTP and community engagement.
Previous studies conducted in Vietnam have shown
several major elements influencing water payment
behavior, including gender, age, income, water usage
patterns, payment methods, and maintenance
practices (Bui et al., 2022). Psychological variables
have been observed to possibly play a role in shaping
individuals’ water payment behavior (Zolfagharipoor
and Ahmadi, 2021). The determining factors used in
previous research were age, education, income,
family size, and gender in Aceh Besar, Indonesia
(Muazzinah et al., 2020) and Katulampa Village,
Indonesia (Syaukat and Maryani, 2020). Some
worldwide studies have focused on improving water
quality (Lapworth et al., 2020). In previous research
on water pollution caused by oil spills, reaction
readiness requires collaboration between
corporations and communities, as well as increased
understanding through community involvement
(Soesilo et al., 2020). Although several studies have



been conducted on WTP factors related to drinkable
water, there are still some unsolved issues, especially
in capital cities. Geographical variances, demographic
factors, and degrees of environmental pollution in
urban water require specific research. The settlement
concept proposed in this study involves urban
community empowerment. Urban communities tend
to have highly individualistic and socially restrained
characteristics (Weckroth et al.,, 2022). This study
aims to obtain various WTP allocations from
respondents regarding drinkable water use, analyze
challenges in implementing WTP, and empower
urban communities to make wise decisions regarding
drinkable water use. Participation is in terms of
community empowerment to satisfy them, manage
water competently, and control the quality and
quantity of water received from drinkable water
companies. According to previous research, analyzing
the development and distribution of water resources
only through economic issues is not viable because
economic and social goals may be discussed in a more
complex manner (Hatamkhani and Moridi, 2021). The
hypothesis proposes that daily income and water
quality significantly impact the people of Jakarta’s
willingness to pay for drinkable water. Given that
income is one of the essential factors in determining
WTP in China, educational background has the most
significant influence on WTP (Peng et al., 2022). China
used 419.2 cubic meters (m3)/person/year in 2021
(National Bureau of Statistics of China, 2019).
Resident of Jakarta used 31.11 m3/household/month
in 2021, obtained from the total volume of water sold
divided by the number of household customers of
PAM Jaya (BPS RI, 2023). These data show the
difference in the amount of water each person uses in
China and Jakarta. People seek the appropriate
environmental services, and a higher service level
objective will become more necessary. The most
crucial aspects are finding solutions to obtain the
best WTP for drinkable water and empowering
communities for good water management behavior.
Previous research has identified the relationship of
WTP with environmental preferences (Hynes et al.,
2021), implementation of environment-friendly
pharmaceutical policies (Alajarvi et al., 2022),
prevention of traffic-related air pollution (Istamto et
al., 2014), improvement of air quality (Rafique et al.,
2022), environment-friendly lifestyle behaviors (e.g.,
clothing, travel, housing, and waste recycling) (Geng

et al., 2023), and the desire to supply clean drinkable
water (Cameron et al., 2023). Previous research has
also used sociodemographic characteristics on WTP.
However, other factors, such as interest perspectives,
should also be identified. The current research uses
sociodemographic characteristics combined with an
perspective on WTP. This study uses control variables
(for sociodemographic characteristics) and variables
of interest (perspectives on drinkable water). The
present research is essential because it serves as a
foundation for measures that drinkable water
corporations may take regarding the community’s
willingness to pay for water, preferences, and
community engagement in environmental protection.
This research will also motivate the government to
implement drinkable water policies. This study aims
to evaluate WTP and the challenges of empowerment
to address environmental issues for sustainable
drinkable water in Jakarta from 2021 to 2022.

The study was conducted through surveys using
questionnaires and interviews with respondents as
primary data. Secondary data were from PAM Jaya.
This research uses a questionnaire combining open,
closed, and Likert scale answers (Table 1). Variables
using open answers are daily income (in IDR/day),
education level (in years), respondents’ age (in
years), and total water consumption expenditure (in
IDR/month). Closed questions were on marital status
(e.g., married), gender (e.g., male or female), and
primary water source (e.g., regional companies or
groundwater). The Likert question is on the primary
water source quality variable with the following point
range: 5 (very good), 4 (good), 3 (neutral), 2 (por), and
1 (very por). The satisfaction level variable also uses
a Likert scale with the following point range: 5 (very
satisfied), 4 (satisfied), 3 (neutral), 2 (dissatisfied),
and 1 (very dissatisfied). The survey was conducted
in Jakarta (Fig. 1), with the overall theme of Jakarta
Clean Water Survey in 2021. Consideration for
choosing a location is based on the complexity of
the environmental problems in Jakarta, including
the clean water crisis. BPS RI (2021b) indicates that
the number of households in Jakarta is 2,770,729.
The study sample size is 503 households. Jakarta is
between 6 degrees (°) 8 minutes (‘) South (S) and
106°48’ East (E). Jakarta borders Banten Province
to the west, West Java Province to the south, and
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Table 1: The Questionnaire

List of Questions

Answer

Variables of control
Income per day
Education Level

Age

Marital Status

Gender

Variable of interests

What do you think about the quality of water?

How much is the total expenditure on water consumption? (in
IDR/month)

Where do you get your main water source?

What is the satisfaction level of the water source?

IDR / day

Elementary; Junior high school; senior high school;
university; none

In year

1 =Married; 0 = else

1 =Male; 0 = Female

1 = very poor; 2 = poor; 3 = neutral; 4 = good; 5 = very
good
(respondents will answer the cost of water expenditures)

1 = local government company; 0 = ground water

1 = very dissatisfied; 2 = dissatisfied; 3 = neutral; 4 =
satisfied; 5 = very satisfied

Fig. 1: Geographic location of the study area in Jakarta, Indonesia

Java Sea to the north (BPK RI., 2023). Jakarta has a
total administrative area of 662.3 square kilometers
(km?). Jakarta has an average air temperature of
28.5 degrees Celcius (°C), with a maximum air
temperature during the day ranging from 33.8 °C to
35.2 °C. Jakarta’s minimum air temperature at night
is from 23 °Cto 24.6 °C. Lastly, Jakarta has an average
rainfall throughout the year of 237.96 millimeters
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(mm) (DISKOMINFOTIK Pemprov. DKI Jakarta., 2023).

This study investigates the willingness of people
to pay for drinkable water because of environmental
preferences. This study uses the OLS approach to
determine how socioeconomic and water-related
variables influence respondents” WTP for drinkable
water. OLS is a linear regression approach to
estimate unknown parameters in a model with a



fixed effect of a collection of explanatory variables.
Normality, multicollinearity, heteroscedasticity, and
autocorrelation tests determine if the predicted
coefficients are correct. Gujarati and Porter (2009)
stated that estimated coefficients in the OLS model
must meet three criteria. First, the coefficient
estimate must be linear, which means that the OLS
estimate is a linear function of a random variable
(e.g., independent variable in a regression model).
Second, the estimated coefficient is unbiased,
which means that the average value or prediction
of the estimator is as close as possible to the actual
value. Lastly, the estimated coefficients must be
efficient, which means that the OLS estimator has a
low variance to guarantee efficiency. OLS is one of
the simplest methods to determine the significant
variable affecting WTP through linear regression
(Kavosi et al., 2018). The OLS method seeks to
accurately approximate a mathematical function to
a given data set. This method achieves this objective
by minimizing the sum of squared errors derived
from the data set. The dependent variable is WTP
for drinkable water. The control factors comprise
income, education, age, marital status, and gender.
The variables under consideration are the quality of
the primary water source, total water consumption
expenditure, a binary variable indicating the type
of water source, and level of satisfaction with the
primary water source, as shown in Eqg. 1 (Gujarati and
Porter, 2009).

WTP of drinkable water = B, +,X1+3,X2+
BX3+B,X4+BX5+BX6+B, X7 +BeX8+ B X9 (1)

Where;

B, = Intercept

B, —B, = Coefficient parameter of the independent
variable

X1 =Income per day

X2 = Education Level

X3 =Respondents’ age

X4 = Dummy variable of marital status

X5 = Dummy variable of gender

X6 = Quality of main water source (scores of 1
until (=) 5)

X7 =Total water consumption expenditure

X8 = Dummy of the main water source (1 = local
government company; 0 = ground water)

X9 = Satisfaction level on current primary water

source (scores of 1-5)

WTP of the drinkable water variable is the
respondents’ material valuation from a specific total
budget. The conversion of IDR to USD on October
30, 2023 at 09:00 Universal Time Coordinated
(UTC) is USD 1 USD = IDR 15,878.75. In this survey,
respondents were asked to spend IDR 1 million (USD
63) on several clean water aspects (the WTP variable
is in IDR). Likert scale and quantitative analysis were
conducted to assess the respondents’ perspectives
on the effect of WTP in drinkable water. A quantitative
study was conducted to determine the expenditure
allocation of respondents who buy drinkable water.
Data analysis was performed using Microsoft Excel
2010 and Statistical Package for the Social Science
(SPSS) 25.0.

This study has five control variables, reflecting
the respondents’ socioeconomic factors, and four
variables of interest in Jakarta. Owing to population
density in metropolitan areas, there is a detrimental
environmental impact on the surrounding region.
The five control variables can determine WTP for
clean water in Jakarta. Data analysis output has five
estimation models (est), as shown in Egs. 2 to 6
(Gujarati and Porter, 2009).

Model1:-35,723+0.453X1+ 3,366 X2 +

2
620.6X3+14,626X4 —-5,808X5 (2)

Model2: —76,414 +0.459X1+3,812X2 + (3)
628.1X3+14,293X4—-4,271X5+7,164X6

Model3: —76,354+0.457X1+3,807X2+ (4)
628.1X3+14,282X5—-4,306X5+7,171X6 +0.00193X7

Model4: —63,358+0.447X1+4,193X2+377.7X3+ (5)
14,149X5—-7,708X5+8,663X6 +0.00514X7 — 20, 777X8

Model5: —82,188+0.448X1+4,344X2 +388.9X3+ (6)
14,843X5—-7,244X5+5,820X6+0.0065X7 —1,248X8+6,177X9

Numbers enclosed in parentheses represent the
standard error of estimation (SEE), which estimates
the coefficient’s standard deviation (Table 2). The
coefficientis the number not enclosed in parentheses.
The coefficient calculates the predicted change in the
dependent variable due to the control variable (est1);
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Table 2: Regression results of WTP in five controlling variables, reflecting respondents’ socioeconomic factors and four variables of interest

Probability for WTP for drinkable water

Variables

Estl Est2 Est3 Est4 Est5
Variabel of control
Income per day 0.453*** 0.459%*** 0.457*** 0.447*** 0.448***
(0.0389) (0.0391) (0.0416) (0.0413) (0.0413)
Education level 3,366 3,812 3,807 4,193* 4,344*
(2,541) (2,557) (2,561) (2,537) (2,542)
Age 620.6** 628.1** 628.1** 377.7 388.9
(304.0) (303.7) (304.0) (310.0) (310.2)
Marital status (1 = married; O = else) 14,626 14,293 14,282 14,149 14,843
(9,645) (9,638) (9,649) (9,549) (9,578)
Gender (1 = male; 0 = female) -5,808 -4,271 -4,306 -7,708 -7,244
(11,500) (11,538) (11,557) (11,482) (11,494)
Variable of Interests
Quality of water 7,164 7,171 8,663* 5,820
(5,009) (5,015) (4,983) (5,806)
Expenditure for water consumption 0.00193 0.00514 0.00650
(0.0222) (0.0220) (0.0221)
Main water source (1 = water from company; 0 -20,777*** -21,248***
= ground water) (6,169) (6,189)
Satisfaction level on current water source 6,177
(6,471)
Constant -35,723 -76,414* -76,354* -63,358 -82,188*
(34,285) (44,525) (44,575) (44,285) (48,483)
R-squared 0.234 0.237 0.237 0.254 0.255

Notes: *= Probability value (p-value) less than (<) 0.1; **=p-value<0.05; ***=p-value<0.01; the coefficient of regression is the number that is not in

parentheses; the number inside the parentheses indicates SEE

control variable and quality of primary water source
(est2); control variable, quality of primary water
source, and expenditure for water consumption
(est3); control variable, rate of primary water source,
expenditure for water consumption, and direct water
source (est4); and control variable and variable
of interest (est5). The regression result in Table 2
indicatesfive estimates ofthe model. The model shows
an coefficient of determination (R-squared) value
from 0.234 (est1) to 0.255 (est5). Note that model 5
has the highest R-squared value of 25.5% in WTP for
drinkable water, which has been explained by various
variables in the study. By contrast, the remaining
74.5% is explained by other variables not included in
the regression model equation. Hence, model 5 was
chosen as the primary model for the analysis. Daily
income significantly influences WTP for drinkable
water in all estimations. In est5, an income increase
of IDR 1,000 (USD 0.063) will increase WTP to IDR
448 (multiplied by 1,000 for a more straightforward
interpretation). In est4 and est5, an increase in
education by one year tends to significantly increase
WTP to IDR 4,344 (USD 0.27). This finding indicates
that citizens with higher education levels increases
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WTP value to IDR 2,542 (USD 0.16) compared with
citizens with low/less education. These findings align
with previous research that WTP increases with
income and education, thereby ensuring drinkable
water quality (Jianjun et al., 2016). Analysis of the
age variable shows that estl, est2, and est3 have
a positive and significant effect on WTP. Thus, an
increase in age by 1 year will increase WTP to IDR
628.1 (USD 0.04). This result aligns with previous
research, in which WTP for clean water consumed is
influenced by age (Rananga and Gumbo, 2015). The
first variable of interest is the quality of the primary
water source. According to Table 2, citizens’ direct
water source quality positively correlates with WTP
for drinkable water. Consequently, an increase in
home water quality by 1 level will increase WTP for
drinkable water to IDR 8,663 (USD 0.55 USD) (est4).
Citizens who are subscribers of public water services
tend to have lower WTP for drinkable water by IDR
21,248 (USD 1.34) compared with respondents
using groundwater. The following variable of interest
is the satisfaction level, which has a positive but
insignificant impact on WTP for drinkable water. On
the basis of est5, an increase in satisfaction by 1 level



will increase WTP by IDR 6,177 (USD 0.39). This study
conducted a graphical analysis through figures to
further understand the significance of the variable to
strengthen the OLS model.

Graphicaltestingis needed to assess the significance
variable based on Table 2. Graphical testing results
are presented Fig. 2, Fig. 3, and Fig. 4. The trend with
a linear slope is shown in Fig. 2. That is, the income
variable significantly influences WTP decisions.
Higher household income significantly affects the
respondents’ WTP for safe drinkable water (Chatterjee
et al., 2017). Fig 2. shows a positive relationship,
indicating that citizens” WTP will increase as their
income increases. The finding confirms the hedonic

consumption theorem, in which spending increases
as income increases (assuming that drinkable water
is an everyday resource). The linear regression data
distribution indicates that most respondents choose
the WTP for monthly drinkable water under IDR
100,000 (USD 6.30). The research findings show that
the higher a person’s income, the higher the WTP.
That is, people with low incomes have difficulty
making payments. Accordingly, this research found a
WTP value based on the agreement of the majority of
the respondents. The DKI Jakarta government must
immediately overcome this phenomenon. A posible
solution is to optimize subsidies for low-income
people. The following control variable is education

Fig 2: Control variables of income per day

Fig. 3: Control variables of education level
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Fig. 4: Control variables of age

level (Fig. 3). The study results show that the higher a
person’s education, the higher the WTP for drinkable
water. Analysis shows that the slope of WTP increase
is weakly positive. That is, the increase rate of WTP is
lower than the increase in age (Fig. 4). Older people
know more about the consequences if they do not
pay for clean water.

As shown in Fig. 5, water quality has a fluctuating
relationship with WTP for drinkable water. When
water quality is excellent (score: 5), WTP decreases to
between IDR 80,000 (USD 5.04) and IDR 90,000 (USD
5.67 USD). There appears to be an optimal level of
WTP for drinkable water (score: 4), in which citizens
will value it highly to pay environmental guarantees
to ensure clean water. Water contamination
occasionally occurs owing to regional ecological
environment degradation (Aregay et al., 2016).
Hence, quality of drinkable water is influenced by
environmental degradationin Indonesia, which occurs
owing to mining operations (Meutia et al., 2023),
domestic waste activities, industry, and uncontrolled
agricultural activities (Sulthonuddin et al., 2018).
The Regulation of the Minister of Health of the
Republic of Indonesia Number 32 of 2017 concerning
Environmental Health Quality Standards and Health
Requirements for Water for Hygiene, Sanitation,
Swimming Pools, Aqua Solutions, and Public Baths
(Peraturan Menteri Kesehatan Republik Indonesia
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Nomor 32 Tahun 2017 Tentang Standar Baku Mutu
Kesehatan Lingkungan dan Persyaratan Kesehatan
Air untuk Keperluan Higiene Sanitasi, Kolam Renang,
Solus Per Aqua, dan Pemandian Umum) explains
that the use of water for sanitary hygiene purposes
must meet environmental health quality standards
in the form of physical, biological, and chemical
parameters. The physical parameters that must be
met are turbidity, with a maximum quality standard
of 25 nephelometric turbidity unit (NTU), maximum
color of 50 true color unit (TCU), maximum dissolved
solids of 1000 milligrams per liter (mg/l), maximum
air temperature of plus or minus () 3 °C, tasteless,
and odorless. Biological parameters that must also be
met are the presence of total coliforms of a maximum
of 50 colony forming units (CFU)/100 milliliters (ml)
and the complete absence of Escherichia coli. Lastly,
the chemical parameters that must be met are to
have a maximum pH of 6.5-8.5 mg/l, maximum
of 1 mg/l iron, maximum of 1.5 mg/l fluoride,
maximum hardness of 500 mg/l, maximum of 0.5
mg/l manganese, maximum of 10 mg/| nitrate (as N),
maximum of 1 mg/| nitrite (as N), maximum 0.1 mg/|
cyanide maximum, maximum of 0.05 mg/| detergent,
and maximum of 0.1 mg/l pesticide. Providing
water parameters for sanitation hygiene aims to
ensure safe water use for personal hygiene (e.g.,
brushing teeth and bathing) and household needs
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Fig. 5: Impact of water quality
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Fig. 6: WTP by main water sources

(e.g., washing cooking ingredients, eating utensils,
and clothing). The regulation also states that water
from sanitation hygiene can be used as raw drinkable
water (Pemerintah Indonesia, 2017). As shown in Fig.
6, subscribers of public water services have lower
WTP for drinkable water compared with groundwater
users. That is, the cost of non-subscriber water
companies is higher for non-public water companies
owing to the higher maintenance of tools, electricity,
and treatment. Water quality provided by public water
companies is superior to groundwater managed on a
large scale. Water companies work with technology.
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The customer perspective shows concern for the
physical environment, with the majority agreeing
to choose water companies because they ensure
quality. Water companies often share information
on their physical environment (Moore et al., 2023).
Given that subscribers already pay for the utility
service, their WTP is lower. However, groundwater
consumers have higher WTP because they do not
pay for the utility service and expect higher water
quality for environmental protection. The public’s
desire to