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Palm oil mill effluent is a liquid waste product of palm
oil milling that contains abundant organic pollutants such as nitrogen and phosphorus that
are potentially harmful to the environment. However, palm oil mill effluent can be used as a
nutrient for the growth of microalgae with utility in pollutant removal and algae biorefinery
production of biofuel and functional foods. The aim of the present study was to analyze the
sustainability of microalgae biomass production by calculating a sustainability index.

Questionnaires were used to evaluate the scientificjudgment of expert researchers
in the field of microalgae research. Data were processed and analyzed using multidimensional
scaling comprising social, economic, ecological, and technological dimensions with a total of
47 attributes in Rapfish software.

The sustainability index of microalgae biomass production was calculated as
73.53%, which indicates the process has the potential for sustainable development with
consideration of the leverage factors identified in each dimension. Analysis of the four
dimensions demonstrated that the environment dimension had the lowest leverage at
67.30%, while the economy, technology, and social dimensions had leverage values of 70.99%,
73.67%, and 82.17%, respectively. These findings indicate that management experience and
skills (environment and technological dimensions), involvement of family members (social
dimension), and productivity level (economic dimension) warrant further attention in order
to improve the sustainability of microalgae biomass production.

The prospective analysis in the present study identified production,
productivity, land conversion, consumption per capita, and population as key or dominant
factors influencing the microalgae supply system. Further research is required to fully
utilize microalgae biomass as a value-added product in optimal, technically, economically,
environmentally, and socially sustainable systems. The results of the present study provide
insights into the feasibility of sustainable microalgae biomass production in Indonesia that
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may inform governmental policies and programs.
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Production systems using microalgae, including
eukaryotic algae and cyanobacteria, represent an
alternative method of wastewater treatment that is
environmentally friendly and sustainable. This system
is also less energy-intensive and currently widely used
(Sheehan et al., 2017). Microalgae cultivation utilizes
the ability of microalgae toabsorb carbon dioxide (CO,)
and survive in wastewater using nutrients present in
wastewater such as nitrogen and phosphate among
others. Untreated palm oil mill effluent (POME)
contains large amounts of organic matter in the form
of total suspended solids (TSS), volatile suspended
solids (VSS), total solids (TS), and oil and grease (O
and G), which increase the biochemical oxygen
demand (BOD) and chemical oxygen demand (COD)
of POME (Bala et al., 2015). POME also contains other
macronutrients such as sulfur, potassium, calcium,
and magnesium. Micronutrients that are required
for microalgae growth and are typically present in
POME include manganese, molybdenum, copper,
iron, zinc, boron, chloride, and nickel. Certain algal
species require other essential elements for growth
such as sodium, silicon, cobalt, iodine, vanadine,
and selenium (Larsdotter, 2006). A chelating agent
(e.g., EDTA) is often added to commercial algal
cultures to prevent growth limitation resulting from
high concentrations of micronutrients (Oliver and
Ganf, 2000). Given their unique characteristics,
microalgae are considered to have potential utility
in removing pollutants from POME. However, the
high organic content of POME may limit the use
of POME for the cultivation of microalgae (Low
et al.,, 2021). Furthermore, the suspended solids
responsible for the dark appearance of POME prevent
photosynthesis by microalgae as light is unable to
penetrate through POME. Accordingly, pre-treatment
of POME is required to optimize the use of microalgae
in treating POME (Sari et al., 2022). Components of
POME including tannins, lignin, and phenolic have
been shown to inhibit microalgae growth. Efficient
removal of pollutants from POME has previously
been demonstrated, including the removal of high
proportions of COD, nitrogen (Kamyab et al., 2014),
and phosphorous (Kietkwanboot et al., 2020).
These studies demonstrate the potential utility of
microalgae in low-cost wastewater treatments,
including the treatment of POME. Besides being a
renewable source of biomass, microalgae can be
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used in wastewater treatment as an effective and
feasible CO, bio-fixation method (Almomani et al.,
2019). The primary benefit of using microalgae in
wastewater treatment is the formation of oxygen
via photosynthesis, which is required for the
biodegradation of carbon-containing compounds
by heterotrophic bacteria. Previous studies have
demonstrated microalgae can promote the
elimination of pollutants from wastewater (Chawla et
al., 2020). The combination of microalgae production
and wastewater treatment in industries such as palm
oil milling represents an example of a sustainable
production system. Previous studies have reported
efficient phosphorus elimination using microalgae
and the recovery and utilization of phosphorous-
rich microalgae biomass from wastewater (Cai et
al., 2013). Furthermore, microalgae can efficiently
capture CO, and remove micronutrients from
wastewater that may have subsequent utility as
potential energy sources (Kamyab et al., 2019b).
Microalgae can utilize both organic nitrogen (similar
to urea) and inorganic nitrogen (as ammonium or
ammonia) in addition to nitrites and nitrates (Lage et
al., 2021). Several microalgae have been cultivated
in POME to produce biodiesel such as Chlorella sp.,
Dunaliella salina, Chaetoceros calcitrans, Chaetoceros
pyrenoidosa, Thalassiosira pseudonana Isocrysis
sp, and Nannochloropsis oculate (Kamyab et al.,
2019a). Analyzing the nutrient content of wastewater
provides an opportunity for the recycling of waste
products as part of a circular economy. POME has
been shown to contain proteins, oil and grease,
phenol, nitrogen, phosphate, kalium, iron, sulfate,
and ammonia (Mellyanawaty et al., 2018). The use
of microalgae represents an economic approach to
biofuel production as the abundant nutrients present
in POME waste can be used as an alternative to
expensive chemicals that are otherwise required for
the growth of microalgae. The use of microalgae may
also reduce energy consumption by utilizing sun light
and minimizing the amount of electricity required for
stirring (Nur et al., 2022). The use of POME has been
shown to increase growth of Chlorella sorokiniana
using a novel photobioreactor design (Cheah et al.,
2020) and the production of third-generation biofuels
(Pal et al., 2019). These experiments used microalgae
that predominantly contained Chlorella sp. in addition
to other bacteria, which is representative of natural
microalgae found in Indonesia. Microalgae cultivation



using both photobioreactors and open ponds is
environmentally friendly as microalgae biomass can
be used in biorefinery production, including biofuels
(Show et al., 2017), pharmaceuticals, nutraceuticals,
cosmetics, and food and feed supplements (Begum et
al., 2016). These findings indicate that the nutrients
contained in POME may have potential utility in
reducing carbon emissions and the environmental
impacts of wastewater. Furthermore, the use of
POME may enhance the biomass yield of Chlorella
sp. and therefore increase the yield of biodiesel
production. Microalgae biomass resulting from
phycoremediation during waste treatment can be
used in sustainable biorefinery as a food source or a
raw energy material, thereby contributing to a circular
economy. Biorefinery from microalgae systems
has several advantages, particularly compared to
biofuel produced from conventional oilseeds. These
advantages include the potential to grow microalgae
on non-arable land, increased productivity, and the
potential use of wastewater and gas flue as sources
of nutrients and carbon to accelerate the growth of
microalgae (Nurhayati and Basuni, 2013). State-of-
the-art methods of producing microalgae biofuel
using POME have demonstrated that microalgae
typically out-perform other biomass-producing
plants in terms of photosynthetic efficiency. Further,
microalgae are capable of producing a wide range
of renewable bioenergy sources such as biodiesel,
bioethanol, biobutanol, bioelectricity, biohydrogen,
and biomethane, among others. According to
current research, microalgae appear to be the most
promising renewable bioenergy source in Indonesia
for replacing fossil fuels. Previous studies have shown
that microalgae cultivation using POME reduces
production costs. Compared to other biodiesel

sources, microalgae represent the most promising
substitute for fossil fuels (Table 1)

Indonesia is the largest palm oil producer in
the world with a 23.2 million ha plantation area
producing 46.22 million tons of crude palm oil
(CPO) in 2021 (DGEC, 2021). However, palm oil
production has led to the accumulation of huge
amounts of POME disposed of as liquid waste.
Furthermore, an estimated 5-7.5 tons of water are
required to produce 1 ton of CPO (Susanto et al.,
2017). Environmental issues associated with POME
disposal have led palm oil producers to re-evaluate
and develop waste management strategies using a
range of techniques. During the past two decades,
several biological, physical, and chemical techniques
have been reported as methods of treating POME;
however, few have been accepted by the palm oil
milling industry (Rana, et al., 2017). Calculation of the
sustainability index using MDS allows evaluation of the
sustainability of biomass and biodiesel production.
The impacts of industrialization on the environment
have prompted policymakers to consider solutions
that increase sustainability (Khan et al., 2018). As
the importance of sustainability is increasingly
recognized, there is increasing need for instruments
that allow the evaluation of sustainability. The
sustainability index assesses the status of sustainable
developments from the economic (business and
industries)  perspective  while  simultaneously
evaluating social and environmental impacts.
The sustainability index can be used to increase
the efficiency and effectiveness of management
policies. Technology and the environment are two
dimensions that directly and simultaneously affect
algae growth. The right environmental conditions
can support rapid growth of microalgae (Sofiyah et

Tabel 1: Annual production and land required according to biodiesel source (Koyande et al., 2019)

Yield of biodiesel
Type of source

Required Land (m?/kg/biodiesel/y)

(L/ha/year)
Microalgae 58,700-136,900 0.1-0.2
Palm oil 5,366 2
Castor 1,307 9
Sunflower 1,070 11
Repeseed 974 12
Camelina 915 12
Jatropha 741 15
Soybean 636 18
Hemp 363 31
Corn 172 66
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al., 2021). Cultivation technologies can also increase
algal growth (Harun et al., 2010). Accordingly, the
creation of suitable environments using cultivation
technologies can improve the yield of microalgae
cultures. The economic dimension indirectly affects
the growth of algae. Given the increasing demand
for biomass and biodiesel, an increase in business
scale and productivity is expected. Business
scaling will likely increase the production POME,
thereby potentially increasing algal yield. The social
dimension is similar to the economic dimension
and does not directly affect algal growth but
remains quite important. As an example, levels of
education and knowledge regarding environmental
conservation (algae utilization) are increasing.
However, palm oil producers must choose between
the large number of treatment methods available
when determining the most suitable waste utilization
method according to the company’s capabilities and
considering the environmental, economic, social
and technological impacts of the method chosen.
In the present study, practical methods (namely
MDS) were used to provide information that may
inform CPO industry entrepreneurs when making
decisions regarding waste management strategies.
MDS is a statistical analysis tool that describes
patterns of closeness in the form of similarity
or resemblance. MDS can provide quantitative
estimates of similarity between groups of items.
MDS can transform consumer judgments of similarity
or preference (e.g., preference for a store or brand)
into distances represented in a multidimensional
space. More formally, MDS refers to a set of statistical
techniques that are used to reduce the complexity
of datasets by providing a visual representation of
the underlying relationships between groups (Hout
et al., 2013). MDS is broad applications in many
disciplines including the management of natural
resources, marketing (Carroll and Green, 1997),
political science, sociology (Russel and Bullock, 1985;
Amato, 1990), and ecology (Kenkel and Orloci, 1986)
among others. There are two advantages of MDS
compared to other multivariate techniques. First,
MDS analysis can be performed at the individual level
by providing a perceptual map for multiple objects or
subjects. However, multivariate MDS does not allow
analysis at the individual level. Second, MDS allows
the selection of dimensions without having to rigidly
describe product attributes (Hout et al., 2013). The
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present study also provides information that may
reduce economic costs and the price of microalgae-
based biofuels. The objectives of the present
study, in general, were to assess the sustainability
of microalgae supply systems. Specifically, this
study aimed to 1) determine the multidimensional
sustainability index and status of microalgae
production; 2) assess the sustainability index of each
dimension of the sustainability index (socio-cultural,
economic, ecological, and technological); 3) identify
factors that affect microalgae production systems;
and 4) determine the most dominant factor affecting
microalgae production systems. A sustainability index
for microalgae production systems may have utility
as a reference for developing microalgae production
systems that meet the needs of biorefinery for
both current and future generations by managing
factors that affect each dimension of the index,
thereby improving methods of algal production. The
present study was performed at the Research Center
for Sustainable Production System and Life Cycle
Assessment of the National Research and Innovation
Agency, Indonesia in 2022.

The present study was conducted at the Research
Center for Sustainable Production System and Life
Cycle Assessment, National Research and Innovation
Agency, South Tangerang Regency, Banten Province,
Indonesia.

Research materials

The present study evaluated the cultivation of
Chlorella sp. with a bacterial consortium in POME in a
1 m3 open raceway pond. Data were used to calculate
the sustainability index of microalgae biomass
production in Indonesia.

Study procedure

Researchers in the microalgae research community
and the scientific judgment of experts were provided
questionnaires regarding microalgae production.
Data were processed and analyzed using the
MDS method. MDS analysis was performed using
Rapfish software (Pitcher and Preikshot, 2001). The
present study analyzed four dimensions (social,
economic, ecological, and technological) consisting
of 47 attributes related to the environment,
society, economy, and technology. Attributes in the



environmental dimension were efficiency of chemicals
use, water use, harvesting process, pollution
potential, utilization of CO, gas and generated waste,
level of exploitation of natural resources, and land
conservation rate. Attributes in the social dimension
were education level, involvement of family members,
business motivation, the potential for public unrest,
potential job loss, and knowledge of environmental
conservation. Attributes in the economy dimension
were productivity of biomass, potential for increasing
business scale, efficiency or transportation, and
level of management production. Attributes in the
technology dimension were biomass production
system, management experience and skills,
production facilities, technological improvement
potential, and biodiesel production system.

Data analysis

For MDS, points were mapped such that the
distance between objects was proportional to their
similarity. The ordination or distance determination
techniques used in MDS are based on Euclidian
distance in n-space using Eq. 1 (Alder et al., 2000;
Pitcher and Preikshot, 2001).

d:\/("ﬂ—x2‘2+‘yl—y2‘2+‘zl—x2‘2+...) (1)

Where, configurations of objects or points in MDS
are approximated by regressing Euclidian distance
(dij) from point i to point j with point of origin (oij)
using Eq. 2 (Alder et al., 2000).

d,=a +,6’5ﬁy. +& (2)

The ALSCAL algorithm is used for regression in
the above equation. The ALSCAL method optimizes
squared distance (squared distance = d“.k) against
squared data (point of origin = oijk), which in three
dimensions (i, j, k) is termed S-Stress using Eq. 3
(Alder et al., 2000).

2
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m
Where, the squared distance is Euclidian distance
assigned a value using Eq. 4 (Alder et al., 2000).

dijk = z;:lwka (xm X )2 (4)

The Rap-biomass ordination analysis of the
sustainability of microalgae biomass production
in Indonesia comprised a number of stages: 1)
determination of microalgae biomass production
sustainability attributes in Indonesia covering
environmental, economic, social, and technology
dimensions; 2) evaluation of each attribute on an
ordinal scale (scoring) based on the sustainability
criteria of each dimension; and 3) preparation
of sustainability indices for microalgae biomass
production. An ordinal scale was used to rank the
sustainability attributes of each dimension from
the least (0) to the greatest (3). Accordingly, the
sustainability index was divided into four levels
(Kavanagh and Pitcher, 2004); not sustainable (0%—
25%), less sustainable (> 25%-50%), moderately
sustainable (> 50%—75%), and sustainable (> 75%—
100%). The sustainability levels of each dimension
were also presented using a radar chart. The random
errors for all dimensions were determined using the
Monte Carlo approach. Outputs from the Monte
Carlo and MDS analyses were compared, with a 95%
degree of confidence indicating that the difference
in value between the outcomes was 5%. The social,
ecological, economic, and technological dimensions
used in the present study of microalgae cultivation
sustainability (Lam, 2016) are derived from known
determinants of sustainability. Finally, a sensitivity
analysis was performed to determine the variables
with the greatest effect on the microalgae cultivation
sustainability index. Several tests were used to
determine data validity and the accuracy of the
analysis. Stress values were calculated (standardized
residual sum of a square), with stress values of 0.20
indicating 50% stress. Monte Carlo ordinated results
were declared satisfactory if a narrow range of
values was obtained. Previous studies using the MDS
method are presented in Table 2.

To determine the sustainability of the biorefinery
process and identify related attributes, the
sustainability index value was calculated using the
MDS method. The dimensions of the MDS used in the
present study were social, economic, environmental
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Table 2: Previous studies using MDS analysis

No. Title/topic of research

Dimensions of sustainability
index

References

1 Palm oil-based bioenergy in Indonesia

Bioenergy policy: The biodiesel sustainability
dilemma in Indonesia

Evaluating the

sustainability of energy plantation forests in East

Environmental, social, economic

Ecological, social, economic

(Papilo et al., 2018)

(Dharmawan et al., 2020)

Ecological i i N /., 201
3 Lombok District, cological, social, economic (Narendra et al., 2019)
Indonesia
. R . . Ecological, social, economic, . .
4 Evaluating the sustainability status of fisheries ethicagll : : (Pitcher and Preikshot 2001)
5 Asses.smg.t.he potato fa.rmlng index and the Fco!ogl'cal, social, economic, (Saidaa et al,, 2016)
sustainability status of in Gowa institutional
6 Appilylng metric .?nd nomjnetrlc multidimensional Ecological (Kenkel and Orloci, 1986)
scaling to ecological studies
. . Ecological, social, economic, .
7 Sustainable agricultural development o g|. : : (Suardi et al., 2022)
institutional
8 Palm oil sustainable management Social (Dahliani and Maharani, 2018)

and technology. The data used for this calculation
were obtained from questionnaire answers. The
present also identified the attributes contributing to
the sustainability of microalgae culture.

Index of sustainability

The attributes contributing to sustainability based
on the scientific judgment of experts were used to
determine the sustainability index for microalgae
production. The determination of attributes should
be specific and temporal (Pitcher and Preikshot,
2001). The attributes in the environmental, social,
economy, and technology dimensions are presented
in Table 3.

The attributes in the environmental dimension
were efficiency of chemicals use, water use,
harvesting process, pollution potential, utilization of
CO, gas and generated waste, level of exploitation
of natural resources, and land conservation
rate. The attributes in the social dimension were
education level, involvement of family members,
business motivation, the potential for public unrest,
potential job loss and, knowledge of environmental
conservation. Attributes in the economy dimension
were productivity of biomass, potential for increasing
business scale, efficiency or transportation, and
level of management production. Technology
attributes consisted of biomass production system,
management experience and skills, production
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facilities, technological improvement potential,
and biodiesel production system. To determine
the sustainability of the biorefinery process used
in biomass microalgae production, the attributes
in each dimension were formulated into a sheet
questionnaire and provided to relevant experts to
obtain their scientific judgment. Furthermore, the
results of the experts’ assessments were analyzed
using the MDS method in Rapfish software. The
calculated sustainability indices for each dimension
are presented in Table 4.

The conditions for sustainable microalgae
cultivation are determined by environmental carrying
capacity, production input availability, production
processes, product processing, marketing of
microalgae, and the role of related institutions. The
results of our MDS analysis of sustainable microalgae
cultivation are presented in Fig. 1. As measures of the
validity and accuracy, we observed a stress value of
0.14 (stress 50%) and almost identical results from
the Monte Carlo test between dimensions, i.e.,. the
technological attribute (73.67%) and the economic
attribute (70.99%).

Environmental dimension

The sustainability index for the environmental
dimension was 67.30%, with the ability of microalgae
to utilize industrial CO, being the most impactful
attribute (Table 4). On the other hand, the most



Table 3: List of dimensions and their attributes

Environmental Social Economy Technology
1. Efficiency level in 19. Officer education 30. The productivity 40. Biomass production
the use of materials level level of microalgae biomass system
(biodegradable) for the 20. Involvement of with POME 41. Management
manufacture of biomass family members in household ~ 31. Production experience and skills (biomass)
production reactors scale microalgae biomass management level (biomass) 42. Availability of
2. Efficiency level in production 32. Potential for production facilities (biomass)
the use of materials (non- 21. Business increasing business scale 43, Technological
biodegradable) for the motivation (biomass) improvement potential
manufacture of biomass 22. The potential for 33. Contribution to (biomass)
production reactors public unrest due to the improving food welfare 44. Biodiesel production
3. Efficiency level in production process (biomass) system
the use of chemicals for 23. Potential job loss 34, Transport 45, Management
media/fertilizers with POME 24. Level of Efficiency Level (biomass) experience and skills (biodiesel)
4. Efficiency level of knowledge on environmental  35. The productivity 46. Availability of
fuel use for harvesting and conservation and restoration level of biodiesel production facilities (biodiesel)
drying biomass 25. Officer education 36. Production 47. Technological
5. Water use level (biodiesel) management level (biodiesel)  improvement potential
efficiency (biomass) 26. Involvement of 37. Potential for (biodiesel)
6. Potential for air family members in increasing business scale
pollution (biomass) household-scale microalgae (biodiesel)
7. Potential for water  biodiesel production 38. Contribution to
pollution (biomass) 27. Business increase in fuel/biodiesel
8. Utilization of CO> motivation (biodiesel) substitution
emissions from industry 28. The potential for 39. Transport
9. Utilization of public unrest due to the Efficiency Level (biodiesel)
generated waste (biomass) boidiesel production process
10. Level of 29. Potential job loss
exploitation of natural (biodiesel)

resources for reactor
construction

11. Land conservation
rate
12. Efficiency level in

the use of basic materials
(microalgae biomass) for
biodiesel production

13. Efficiency level of
use of chemicals (biodiesel)
14. Efficiency level of
fuel use (biodiesel)

15. Water use
efficiency (biodiesel)

16. Potential for air
pollution (biodiesel)

17. Potential for water
pollution (biodiesel)

18. Utilization of
generated waste (biodiesel)

impactful environmental attribute was utilization of
generated waste. During cultivation of microalgae, it
is conceivable to put through wastewater treatment

and CO, sources (Handayani et al., 2020). Microalgae
can grow in any medium that contains the nutrients
required for their growth. Nutrients required for
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Table 4: Sustainability index results for environmental, social, economy and technology dimensions with data quality indices

Dimension Index (%) Stress R%(SQR)
Environmental 67.30 0.13 0.95
Social 82.17 0.13 0.95
Economy 70.99 0.14 0.95
Technology 73.67 0.14 0.95
Average 73.53 0.14 0.95

)

ENVIRONMENTAL

S

o] SOCIAL
oS .

ECONDMY

/{'\)

Fig. 1: Sustainability status of microalgae biomass production for biorefinery

microalgae growth include nitrogen, phosphorus,
and carbon, which are commonly found in POME
ponds (Zullaikah et al., 2019). In addition to nutrients
found in POME, the growth rate and lipid content of
microalgae can beinfluenced by light intensity, glucose
concentration, and carbon dioxide concentration
(Chew et al., 2018). Many studies have indicated that
POME is an ideal medium for microalgae cultivation
as it contains all nutrients required for microalgae
growth in open ponds with sufficient sunlight. The
POME constituents and conditions that are required
for microalgae growth are presented in Table 5.

A previous study stated that the potential
environmental benefits of using CO, from flue
gas and wastewater from microalgae cultures for
the generation of biofuels (Collotta et al., 2018).
Before wastewater is released into waterways, it
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must first be treated to remove phosphate and nitrate.
The utilization of CO, emissions from power plants to
support algae cultivation may contribute to reductions
in CO, emissions into the environment. Of note, the
carbon footprint of algae-based biodiesel is lower
than that of conventional diesel (Naeini et al., 2020).
Microalgae consume CO,, which is discharged into the
atmosphere in power plant exhaust gases (Handayani
et al., 2018). Accordingly, carbon taxes, carbon
trading, and carbon subsidies may have a significant
impact on the viability of algal biofuels in the future.
The ability of microalgae to absorb and capture CO,
should be considered when developing policies aimed
at increasing CO, capture, particularly from power
plants. The utilization of industrial CO, therefore had
the greatest leverage of all environmental attributes
included in the present study.



Table 5: POME constituents and conditions (Sasongko et al., 2014)

Parameters Cooling pond (Inlet) Aerobic pond (Outlet)
Total COD (g/L) 40-90 0.35-1.3*
Total BOD (g/L) 15-30 0.1-0.7*
TSS (g/L) 20-40 0.70

TDS (g/L) 15-30

Vss (g/L) 15-35

Total Carbohydrate (g/L) 29-45

Total Proteins (g/L) 17-32

Total Lipids (g/L) 15-23

Total N (g/L) 0.149* 0.456-0.750*
NH3+N (g/L) 0.050* 0.0342
Total P (PO4Y) (g/L) 0.315* 0.068-0.018*
K (g/L) 1-2.5 0.110-0.924
Mg (g/L) 0.25-1 0.017-0.0152
Temperature (°C) 70-80 30-40

pH 4-5 7

*Sample measured at PTPN, Riau.

The metabolism of CO, by microalgae represents
a potential method of disposing of POME waste
produced by palm oil plantations. Compared to
terrestrial oil-producing plants, microalgae produce
30 times more oil per unit area of land (Hadiyanto
and Nur, 2012a). This difference is attributable
to microalgae generally being more efficient
in converting solar energy despite the similar
photosynthesis mechanisms between microalgae and
higher plants. Microalgae have a simplified cellular
structure that allows greater access to water, CO,
and other nutrients (Sheehan et al., 1998). Moreover,
nitrogen and phosphorus required for cultivation of
microalgae can be obtained from wastewater effluent.
Wastewater effluents such as POME may provide
an appropriate environment for microalgae growth
(Cantrell et. al., 2008). Biological processing of POME
involving microalgae is a considered a better method
than anaerobic digestion as microalgae consume
organic substances as nutrients to produce biomass
as an energy source and reduce the harmful effects
of POME on the environment (Nurhayati and Basuni,
2013). The biotreatment of POME using microalgae
is particularly beneficial for palm oil manufacturers
(Rani et al., 2015) as the process is environmentally
and economically friendly (Chai et al., 2021). Other
benefits of using microalgae usage include the
absorption of CO, from the atmosphere and release
of oxygen (Francisco et al., 2010). Utilization of
wastewater in an integrated manner and renewable
bioenergy production are added benefits that may be
profitable for palm oil industries (Ahmad et. al., 2016).
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The cost of bioenergy production remains higher than
the extraction of conventional fuel sources (Kamyab
et.al., 2017), particularly for lipid extraction (Lee et
al., 2021). However, integration of biofuel production
into biorefinery pathways may increase the recovery
of value-added products (Chia et. al., 2018).

Social dimension

Social sustainability can be achieved through the
implementation of regulation to reduce negative
impacts and promote family-run businesses. Among
the attributes in the social dimension, involvement
of family members in the household had the highest
score and business motivation (biodiesel) had the
second highest score. In family-run companies, many
employees are family members and are willing to
provide the company with their own resources,
therebyreducingthefinancial burden onthe company.
The organization of family-owned companies can also
allow managers to focus on managing the company.
The present analysis found a sustainability index
value of 82.17% for the social dimension, which
this indicates that the social impacts of microalgae
production are quite sustainable. The social factors
identified as impacting on biomass production
systems were land ownership rights, local resource
management, and labor rights. Social sustainability
of microalgae biomass production is influenced by
land ownership rights and promotes reforesting.
Family member involvement in family-run microalgae
biodiesel production had a significant impact on the
sustainability status of microalgae cultivation. This
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Fig. 2: Leverage of environmental attributes

result corroborates previous research demonstrating
that microalgae photobioreactors (PBR) are typically
used in low and middle-income countries (Osama et.
al., 2021).

The management of local common property
resources such as shared land, community forest,
rivers and riverbeds, and dredging grounds also
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influences social sustainability. The approval of
proposals for micro algae biomass production by
management was also particularly important as this
allows businesses to be supported by local property
management in times of need. Microalgal biomass
production contributes to job creation and rural
prosperity by increasing the flow of capital, fertilizer,



infrastructure, and technology into the agricultural
sector, thereby creating jobs, increasing wages,
and increasing self-sufficiency in terms of access
to electricity and portable pumps. Water pumping
without causing adverse impacts is another factor
contributing to the social sustainability of microalgal
biomass production (Culaba et al., 2020). The above
factors have been shown to be linked through circular
reasoning (Levidow, 2013).

Economic dimension

The sustainability index of the economy dimension
was 70.99%, with production management level and
the productivity level of biodiesel found to have the
greatest leverage on the sustainability of microalgae
cultivation (Fig. 4).

The productivity of biodiesel production relies on the
availability of capital, people, and technology. In micro-
scale production, productivity standards are used to
assess the efficiency of machines, factories, companies,
systems, or people in converting inputs into desired
outputs. In producing biodiesel from microalgae,
the level of productivity determines sustainability,
particularly in terms of selecting and acquiring raw
materials that meet the specification required for

Potential job loss (biodiesel)
The potential for public unrest due to the boidiesel

production process

Business motivation (biodiesel)
Involvement of family members in household-

scale microalgae biodiesel production

conservation and restoration

Attributes

Potential job loss
The potential for public unrest due to the

production process

Business motivation
Involvement of family members in household scale

microalgae biomass production

Officer education level

Officer education level (biodiesel)
Level of knowledge on environmental

biodiesel production. The level of biodiesel production
management also affects sustainability. Production
management includes planning, organizing, directing,
and effectively controlling production. Production
management acts to coordinate activities to achieve
business goals. Accordingly, production proceeds in
accordance with previous planning. The attribute
“potential for business scale-up” had the third highest
leverage on the sustainability of biodiesel production
in the present study. This finding may be attributable
to long-term costs, where average production costs
are reduced as business size increases (lrawan and
Hutabarat, 2016). Planning businesses at large scale
may reduce the need for future expansion (Hadiyanto
etal., 2012b).

Technological dimension

The present analysis found that the technology
dimension had a relatively high sustainability index
value of 73.67%. This indicates that the technological
impacts of microalgae production are quite sustainable
(Table 4). Management experience and skills in biodiesel
production had the greatest impact on sustainability.
The availability of biomass and biodiesel production
facilities was also identified as an important factor
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Fig. 3: Leverage of social attributes
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Fig. 5: Leverage of technology attributes

570




which may have a positive effect on employment
opportunities for the surrounding community involved
in production. The attribute of management experience
and skill had the greatest leverage on the sustainability
of microalgae cultivation (Fig. 5). These findings are
in line with a report by Responsible Seafood in 2022
suggesting operators of an aquaculture hatchery should
consider versatile microalgae production.

The analysis of the eight attributes in the technology
dimension  demonstrated that management
experience and skills in biodiesel production had the
greatest leverage on the sustainability index value.
The sustainability index value provides information
of the sustainability of biofuel production from
microalgae biomass and the feasibility of increasing
biodiesel production from microalgae in the future.
However, the slow speed of technological innovation
for scaling-up biodiesel production from microalgae
makes it uneconomical for commercial-scale
investment compared to the production of biodiesel
from other feed stocks. Companies may cease to be
viable without sufficient technological innovation.
Increasing cooperation between companies and
research institutions is important for increasing the
development of technologies. Innovation roadmaps
utilizing public funds for research development
may also lead to the creation of new businesses.
Management experience and skills in biodiesel
production provide novel ideas that require
implementation for commercial-scale production.
The short-term outlook for microalgae biodiesel
appears bleak; however, aviation technology may
contribute to future development programs for
biodiesel production (Patnaik and Mallick, 2021). The
most critical issues to be addressed by innovations
in microalgae technology are increasing growth rate
and productivity while minimizing land conversion
and consumption (Khan et. al., 2018). As microalgae
biorefinery becomes increasingly important, there
is a greater need for the development of more
advanced technologies in the field of biorefinery
and wastewater management (Chowdury et. al.,
2020). Biological processing of palm oil liquid waste
using microalgae helps preserve the environment in
addition to being very profitable for producers (Bala
et. al., 2014). Utilization of microalgae reduces the
pollutant content of POME, removes CO, from the
atmosphere, and produces O,, which have beneficial
effects on the environment (Nur and Buma, 2019).
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Future prospects for microalgae production using POME

South East Asia is the region with the highest palm
oil production worldwide. South East Asia’s coconut
palm oil (CPO) production accounts for 88.6% of global
production at 54.38 million tons, rising from 40.33 to
48.12 million tons between 2010 and 2013 (FAOSTAT,
2016). Within this region, Indonesia is currently the
leading producer of CPO, followed by Malaysia and
Thailand. CPO production in Indonesia increased by
30.14% between 2010 and 2014. Indonesia’s palm oil
industry continues to grow and now has the highest CPO
production worldwide at 32 million tons, accounting
for approximately 46.6% of total CPO production
worldwide. Global demand for CPO continue to increase
and was estimated to be 95.7 million tons in 2020 (Low
et al., 2021). The Central Bureau of Statistics noted
that Indonesia’s oil palm production has substantially
increased in the past five years. In 2019, production
reached 48.42 million tons, an increase of 12.92% from
the previous year. Palm oil production continued to
increase from 31.07 million tons in 2015 to 31.49 million
tons a year later (BPS, 2020). The greatest increase was
between 2017 and 2018 where production increased
from 34.94 million tons to 42.88 million tons, an increase
of approximately 22.72% (Annur, 2020). According to
recent information on oil palm production, the South
East Asian region faces serious environmental issues.
Large amounts of POME wastewater are generated
by the wet processing system, which may be harmful
to the environment. Different cultivation modes,
careful species selection, and different conditions can
improve the growth, biomass yield, and productivity of
several value-added products from microalgae grown
in wastewater. The ability of microalgae to remove
unwanted products determines their performance
in treating POME. Many undesirable products are
present in POME wastewater that are also pollutants
that can harm the environment and require treatment
to prevent pollution by POME. Microalgae can remove
pollutants, thereby providing a cost-effective and
long-term solution for POME treatment (Kamarudin
et al., 2015). There are numerous advantages to using
microalgae to treat POME, including reduced pollutant
content in wastewater. This technology may also have
applications in other sectors. Microalgae grown in
POME can be used as a feedstock for the production of
biofuels as microalgae have a high biomass yield and can
be cultured on smaller land areas that are not suitable
for food production (Benedetti et al., 2018).



The data validity and accuracy in the present study
had a stress value of approximately 0.14 (stress 50%).
In addition, the results of Monte Carlo ordination
demonstrated that technological and economical
attributes had similar values of 73.67% and 70.99%,
respectively. The ability of microalgae to absorb and
capture CO, can inform future policies for CO, capture,
particularly from power plants. The present study found
that increasing usage of industrial CO, had the highest
leverage on the environmental impacts of microalgae
production. The social sustainability of microalgae
biomass production was influenced by land ownership
rights allowing successful reforestation. Involvement
of family members in household microalgae
biodiesel production had a significant influence on
the sustainability of microalgae cultivation, with
management of local common property resources such
as shared land, community forest, rivers and riverbeds,
and threshing grounds also contributing. Approval of
proposals for micro algae biomass production was
also particularly important by allowing businesses to
run at the cost of local property management in times
of need. Business management allows coordination
of activities to achieve business goals. The use of
innovation roadmaps for utilizing public funds for
research development may lead to the establishment
of new businesses. Management experience and skills
on biodiesel production may provide novel ideas for
commercial-scale production. The average sustainability
index value in the present study was 73.53%, indicating
microalgae production is sustainable. This finding
indicates the treatment of POME with a combination
of microalgae and bacterial consortia represents a
potentially sustainable method of POME processing.
There is a need for continued research on microalgae
biomass to improve yields of value-added products
using optimal, sustainable, and economical cultivation
systems. The concept of sustainable POME processing
using microalgae proposed in the present study appears
to have high feasibility for implementation in Indonesia.

Research on POME processing using microalgae
remains in its infancy. As a result, combining a microalgal
system with traditional POME treatment appears
promising and feasible. Given its potential as a source
of bioenergy, the integration of microalgal culture into
currently used POME treatment systems has become
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much more feasible. To maximize the socio-economic
benefit of algae-derived biodiesel development,
areas with a high socio-economic impact multiplier
should be chosen while taking into account regional
climate, marginal land, and socio-economic factors. As
a promising and sustainable source of biofuel that can
help reduce atmospheric greenhouse gas emissions,
microalgal biomass has been demonstrated to be one
of the most efficient and environmentally friendly
alternative energy sources. The implementation of
a biorefinery approach with the recovery of many
products from a single operational process provides an
opportunity for the development of microalgal biomass-
based technologies. A biorefinery platform based on
the transformation of microalgal biomass into fuels,
food, dietary and feed supplements, fertilizers, and
pharmaceuticals represents one of the most promising
methods for achieving this goal according to the
biorefinery complexity index.
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