International Journal of Power Electronics and Drive Systems (IJPEDS)
Vol. 15, No. 1, March 2024, pp. 454~465
ISSN: 2088-8694, DOI: 10.11591/ijpeds.v15.i1.pp454-465 a 454

Assessing the utilization of palm oil mill effluent in photovoltaic
and biogas hybrid energy system for off-grid village

Ayong Hiendro?, Fitriah Husin?, Junaidi?, Kho Hie Khwege?
1Department of Mechanical Engineering, Faculty of Engineering, Tanjungpura University, Pontianak, Indonesia
2Department of Electrical Engineering, Faculty of Engineering, Tanjungpura University, Pontianak, Indonesia

Article Info

ABSTRACT

Article history:

Received May 20, 2023
Revised Sep 23, 2023
Accepted Aug 9, 2023

Keywords:

Biogas-fueled generator
Hybrid energy system
Liquid waste biomass
Palm oil mill effluent
Solar photovoltaic

The increasing demand for electricity, high prices, and lack of fossil fuels
are forcing local community to look for renewable energy sources. Villages
in palm oil mills have large volumes of biomass waste, especially palm oil
mill effluent (POME), which causes environmental and health issues. This
study proposed a hybrid renewable energy system consisting of solar
photovoltaic (PV) and biogas to provide sustainable electrification for an
off-grid village. To minimize the environmental impact and availability of
the applied technology, the PV panels were incorporated with a biogas-
fueled generator. Simulation experiments were carried out using the
HOMER software for an average daily demand of about 159.65 kWh/day
and a peak load of 20 kW. The investigation was emphasized to find the
optimal PV/biogas system to serve the village community considering
electrical, economical, and environmental aspects. Subsequently, a
standalone biogas system was used as the base case. The proposed
configuration consisted of a biodigester, a biogas-fueled generator, PV
panels, an inverter, and batteries with 8.5 hours of autonomy to produce
electricity of around 67,216 kWh/year. The results demonstrated the
technical and economic feasibility, as well as the environmental benefits of a
PV/biogas system for generating electricity for the off-grid village
community.
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1. INTRODUCTION

Oil palm (Elaeis guineensis) is a tropical tree crop that has higher productivity than other oil-
producing vegetation [1]. Oil palm trees are cultivated crops in Southeast Asia, Africa, America, and
Oceania [2], [3]. Qil palm plantations are widely grown in Indonesia covering an area of more than
15 million hectares, especially in Sumatra, Kalimantan, Sulawesi, and Papua (as seen in Figure 1), and they

are still growing rapidly.

In Indonesia, the sources of oil palm fresh fruit bunches (FFB) usually come from nucleus estates
and smallholder plantations (NES) [4]. Palm oil mills extract crude palm oil (CPO) from the FFB. Processing
FFB into CPO produces large amounts of solid and liquid waste, which is rich in organic substrates and it can
be reprocessed into biomass fuel products, such as bioethanol, biodiesel, and biogas [5]. Solid biomass waste
mainly comes from oil palm shells, mesocarp fibers, and empty fruit bunches, while abundant liquid biomass
waste is generated by palm oil mill effluent (POME). Palm oil biomass waste, both solid and liquid, has great
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potential as a valuable energy provider and, at the same time, reduces the environmental impact caused by
waste disposal [6].
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Figure 1. Oil palm plantation in Indonesia (Source: APCASI Indonesia)
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The development of small-scale biomass power generation has very good prospects, especially for
remote areas, by utilizing the potential of existing biomass resources in the local area. Another advantage of
biomass is that it is easy to store and much less sensitive to climatic conditions compared to other renewable
sources, such as wind and solar energy [7]. The obstacles faced in operating a sustainable biomass power
plant are the availability of supply and competitive prices of biomass. However, oil palm biomass sources are
generally available and concentrated in several places, such as in oil palm mill areas and oil palm plantation
sites, so that the sustainability of biomass energy will not be hampered by the availability of raw materials. In
terms of oil palm biomass, the price of oil palm shells continues to increase every year due to the high
demand in the global market. Likewise, oil palm mesocarp fibers and empty fruit bunches (in the form of
fibers and pellets) have been used commercially as biomass fuels for steam boilers in biomass power plants.
POME is a source of oil palm biomass with the most negligible economic value compared to palm oil solid
waste. POME is produced from the sterilization and clarification process of CPO from FFB, and it is an
abundant and sustainable source of palm oil biomass energy. Increasing CPO production from palm oil mills
will definitely increase the amount of POME biomass. The liquid waste becomes a source of serious
environmental problems produced by the palm oil industry due to the high concentration of oxidizable
organic matter [8]. Nevertheless, POME can be converted into biogas fuel through the gasification process,
purified, and then used as a renewable gaseous fuel for biogas engines to generate electricity [9]. From
several POME processing technologies, the biodigester through an anaerobic process is an effective effluent
method to produce biogas [10]. Anaerobic biogas contains about 45%-75% methane, with the remainder
being carbon dioxide and small amounts of other gases. According to reports [11], [12], one cubic meter of
biogas can produce about 2.5-3.0 kWh of electrical energy.

Hybrid renewable energy systems are more flexible and economical than single renewable energy
systems for remote areas far from the power grid [13]. Moreover, hybrid systems are usually designed to
ensure sustainable power generation to serve electricity needs by integrating several complementary single
power plants. Therefore, to meet the need for sustainable and economical electrical energy, biomass can be
integrated with wind or solar energy sources. Solar energy technologies are associated with high investment
costs and renewable intermittency, while biomass power generations require a large supply of fuel which
must be available at all times. However, the combination of solar and biomass energy will be a reliable
energy investment and it is projected to be able to reduce global greenhouse gas emissions due to its
availability in most parts of the world [14].

There are two common hybrid scenarios for combining solar and biomass to generate electricity,
i.e., concentrated solar power (CSP)-biomass combustion and photovoltaic (PV)-biomass gasification. In the
CSP-biomass combustion scenario, the CSP collects heat from solar energy, while biomass is burned to
produce heat. The heat is then used to rise high-temperature steam and drive a turbine through a
thermodynamic process in an external combustion system to produce electricity. The hybrid CSP-biomass
combustion can be arranged to generate steam [15], [16] or use an integrated gasification combined cycle
(IGCC) [17], [18] for electricity generation. The biomass sources that are burned as the primary fuel
generally come from solid wastes, such as rice husk [19], wood chips [20], food waste [21], sugarcane
bagasse [22], animal manure [23], oil palm kernel shell, mesocarp fiber, and empty fruit bunches. In the PV-
biomass gasification scenario, the PV panels directly convert solar energy into electricity, while biogas from
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biomass gasification is used for a biogas-fueled generator or a micro gas turbine generator [24] to generate
electricity through an internal combustion system.

Furthermore, gasification-based biomass for electricity generation typically results in significantly
lower pollutant emissions compared to the external combustion of biomass. The gas engine will contribute to
carbon dioxide reduction by high-efficiency operation using biogas. Ruiz et al. [25] recommended using
gasification techniques for installed electric power of less than 2 MWe, whereas external combustion systems
were considered to be more reliable for applications between 2 and 10 MWe. According to economic
viability, Pantaleo et al. [15] found low economic profitability of hybrid CSP-biomass combustion compared
to biomass power generations due to the high investment costs of the large CSP size. On the other hand, a
hybrid system from PV and biomass gasification showed very feasibly if the renewable energy gave 50% of
the electricity contribution [26]. Higher electricity contribution required more biomass supply which
increased the cost of electricity. The cost of electricity from biomass became expensive due to the price of
biomass, especially when using commercial biomass sources. Al-Ghussain et al. [27] determined the optimal
size of a PV/wind/biomass hybrid system with integrated energy storage to meet almost 99% of the
electricity demand. Another study on hybrid PV-biomass gasification [28] reported that the hybrid renewable
system was the most economical and reliable for rural areas when the biomass supply was free and always
available. The hybrid PV-biomass gasification would become an attractive option as the costs of photovoltaic
fell and free biomass waste was available in abundance. Another consideration for using PV technology was
that PV was much cheaper than CSP in implementation.

The aforementioned works showed a limited focus on resource assessment and modeling for energy
and exergy analysis on solar and biomass for hybridization. In this study, a hybrid renewable energy system
that combines PV and biomass gasification for a small-scale power plant was modeled and optimized to
generate electricity and serve load demands continuously. The main contribution of this study was to propose
an optimal PV/biogas hybrid system to serve the village community in a palm oil mill according to electrical,
economic, and environmental aspects. Biogas from the digestion of POME was used as fuel in a biogas-
fueled generator. The biogas-fueled generator was chosen because it had a relatively low implementation cost
and high electrical efficiency compared to gas turbines and micro-turbines [29].

2. RESEARCH METHOD
2.1. PV/biogas hybrid system

In order to study the PV/biogas hybrid system, the configuration as shown in Figure 2 is constructed
using HOMER software. Hybrid optimization of multiple energy resources (HOMER) is a hybrid power
optimization software for designing and optimizing village power, island utilities, and grid-connected
systems. It is mainly used for the design and analysis of microgrid and hybrid power systems in order to
achieve technically optimal and maximum cost-effective configurations.
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Figure 2. Designed configuration of PV/biogas hybrid system

The load profile of a palm oil mill village is presented in Figure 3. The most common electricity-
consuming devices used by villagers in palm oil mills are lights, televisions, fans, electric irons, and water
pumps. The load profile has a peak load of 20 kW with an average energy consumption of 159.65 kWh/day.
The average demand load is about 6.65 kW with a load factor of 0.33. Rural communities are generally
characterized by a low load factor [30] due to a more varied demand load. There are periods of high demand
load and low electricity utilization leading to a low load factor.
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2.2. Main components

The proposed PV/biogas system consists of five components to be designed, i.e., a biodigester, a
biogas-fueled generator, PV panels, an inverter, and batteries. This hybrid system requires energy sources from
solar radiation and biogas. Solar energy is free and available from the sun. The biogas fuel is produced from
POME. The biodigester is a structure to convert POME into valuable biogas through an anaerobic digestion
process. The biogas is then purified and used as fuel in an internal combustion engine and generates electricity.
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Figure 3. Load profile of the village

In this study, POME as the biomass feedstock is produced by a palm oil mill with a processing
capacity of 30 tonnes/hour, and the palm oil mill can create 400 m® of POME on daily basis. The price of
POME is assumed to be zero because the waste biomass is freely available around the palm oil mill. POME
contains about 96% water, a small amount of oil, and suspended solids from fruit debris [31]. Since POME is
a carbon-neutral energy source that produces biogas through an anaerobic digester technology, the net carbon
content of POME is typically near zero. Although the combustion of biogas produces carbon dioxide and
returns that carbon to the atmosphere, the carbon in POME is initially absorbed from the atmosphere.

The biogas fuel is produced from POME biomass utilizing sequential processes to upgrade and purify
it from moisture (H20), carbon dioxide (COy), oxygen (O2), hydrogen sulfide (H2S), and other contaminants,
such as siloxane and volatile organic compound (VOC) [32], [33] as seen in Figure 4. According to the
previous study in [34], one tonne of POME can produce approximately 29 m® of biogas with a gasification
ratio of 0.03, and typically the price for POME-based biogas production is $0.2 per m®. The biogas fuel used in
this study has a density of 1.18 kg/m? and a lower heating value (LHV) of 22 MJ/kg [35].
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Figure 4. Biogas processing from POME

The capital cost of a biodigester generally depends on the volume of the digester to accommodate
the total amount of POME and its retention time. The digester volume (in m®) for small-scale biogas
production can be calculated as (1).

DV = FT'RT (1)

Where Fr is the flow rate of POME (in m3/day), and Rt is the retention time of POME (in day). The retention
time is the amount of time required by POME to stay in the anaerobic digester. The retention time for
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processing POME into commercial biogas is about 20 days, while using an open ponding system takes 40-65
days [36]. The capital cost for the biodigester, including installation, processing, and piping, is approximately
$300/m3 [37], and the O&M cost is assumed to be 1% of the capital cost, as presented in Table 1. The capital
cost of the biodigester in HOMER is included as the system fixed capital cost.

A biogas-fueled generator is the combination of a biogas engine with an electric generator to
generate electricity. The electrical power output (in kW) of a biogas-fueled generator is defined as (2) [29].

__ LHV.QprMBG
Py = HEREG @

Where LHV is the lower heating value of biogas (in MJ/m?), Qgr is the biogas consumed by BG (in m3/h),
and zgg is the BG efficiency, yi is the conversion factor (3.5714 MJ/kWh), and CF is the capacity factor. The
BG is applied to run in a particular time step. The BG fuel intercept coefficient and slope are taken from its
performance data and fuel consumption curve (as seen in Figure 5), which give a fuel intercept coefficient of
0.0475 kg/h/kW rated and a fuel slope of 0.5025 kg/h/kW output. In the simulation, a 20 kW BG is applied to
meet the peak load. The BG is set to operate at a minimum load of 25% and has 15000 hours of operation
lifetime. The capital and replacement costs for the BG are $500/kW and $450/kW, respectively. This
investment includes preparation, labor, installation, and other regulatory costs. The operation and
maintenance (O&M) cost per operation hour is set at $0.03/kW [38], as summarized in Table 1.
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Figure 5. Efficiency curve of a biogas-fueled generator

A PV array functions as a converter of solar radiation into electricity. The data collected from solar
radiation and ambient temperature, along with the orientation angle, are then used to compute the electricity
output of the PV array. The electrical power output (in kW) of a PV array is defined as (3):

G
Ppy = fPV—fT.rSTTC-PPV,STc 3)

where fpy is the derating factor that reduces the output of a PV array due to dirt, dust, shading, aging, wiring,
and others, while fr, Gr, Gr, stc, and Ppy, stc are the derating factor due to increasing PV cell temperature, the
total solar radiation incidents on a tilted surface of the PV array (in kw/m?), the solar radiation at a standard
test condition in kwW/m?), and the rated capacity of the PV array (in kW), respectively. The standard test
condition (STC) is the solar PV panel output testing condition used by most manufacturers and defined as the
testing under a cell temperature of 25 °C and solar radiation of 1 kW/m? with an air mass of 1.5.

The hybrid system is designed to use mono-crystalline PV panels with a nominal operating cell
temperature of 25 °C and a temperature coefficient of power of -0.43%/°C. The temperature effect is also
taken into account as the annual average temperature is 26.19°C at the site and it is higher than the nominal
operating cell temperature. The PV panel power output will decrease by about 0.43% with the increase in cell
temperature per °C from the nominal operating cell temperature. The PV mounting system is installed to an
optimal tilt angle of 1.69° facing due north to maximize the solar radiation harvesting in Pontianak [39]. The
cost of PV panels is based on the market price in Indonesia. The price of a PV panel has fallen since 2013
[40] to about half of its price by 2022. The capital cost for the PV arrays is $550/kW, including preparation,
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labor, installation, and other regulatory costs, as provided in Table 1. The replacement cost is assumed to
drop 60% after 25 years. The annual O&M cost is for dirt cleaning and PV arrays adjustment.

The inverter commonly used in a PV/battery system is a hybrid converter, which combines PV
inverter and battery inverter in a single unit. The hybrid inverter converts alternating current (AC) and direct
current (DC) interchangeably. In the hybrid system, there are two different types of electrical current, AC
from BG and DC from PV arrays and batteries, but the output from the inverter to supply the electrical loads
is AC. The inverter capacity is often equal to or less than the installed PV capacity to minimize costs. The
other reason is that PV arrays do not always operate at full power. The inverter price is $250/kW at scale, and
the replacement cost is taken to be $225/kW. The lifetime of the inverter is 15 years with zero maintenance
cost and an efficiency of 96%. A brief summary of the inverter costs is presented in Table 1.

A battery is a device used to store electrical energy for later use in order to reduce the mismatch
between electricity generation and demand. The power output (in kW) of a battery can be calculated as (4) [41].

T

. PLoad (4)

Poare = DOD.mpattNpc-Ac
Where Pyoag is the AC electrical load (in kW), while T, DOD, #ga, and #pc-ac are the battery backup time,
depth of discharge, battery efficiency, and DC-to-AC conversion efficiency, respectively. The most widely
available battery technology in the Indonesian market is the valve-regulated lead-acid (VRLA) battery [42].
The VRLA battery needs less maintenance as no electrolyte is added during the battery life. The maintenance
is carried out for routine functional testing and cleaning to prevent premature failure and extend the battery
lifespan. In this study, the battery chosen is a 200 Ah, 12-V VRLA battery. This type of battery can be
operated up to a DOD of 80% without shortening the working life of the battery. Operating at a DOD of 70%
with a roundtrip efficiency of 80%, the battery life cycle can achieve 2000 cycles with an energy throughput
of 1120 kWh. The battery price is $130/kWh based on the local market in Indonesia, and the replacement
cost is assumed to be equal to the capital cost with the O&M cost of $0.01/kWh/yr. The battery costs is
provided in Table 1.

Table 1. Components and costs

Main component Capital cost Replacement cost O&M cost Lifetime
Biodigester $300/m® $300/m® $3/m3ly 25y

BG $500/kW $450/kW $0.03/kW/h 15,000 h
PV $550/kwW $220/kwW $5.5/kWly 25y
Inverter $250/kW $225/kwW $0 15y
Battery $130/kWh $130/kWh $0.01/kWhly 10y

3. RESULTS AND DISCUSSION
3.1. Electricity production

A palm oil mill with an FFB processing capacity of 30 tonnes/hour has a capability to produce about
350 tonnes or 400 m® of POME on daily basis. In this study, 1% of the daily POME production is used to
generate biogas for fueling a 20-kW BG. To maintain an average POME flow rate of 3.5 tonnes/day or 4
mé/day (as seen in Figure 6) with a retention time of 20 days, a biodigester with a capacity of 80 m? is
needed. Therefore, the fixed capital cost of the biodigester is estimated to be $24.000, and the O&M cost is
1% of the capital cost.

The annual average solar radiation and ambient temperature at the site are 5.05 kWh/m?/day (as seen
in Figure 7) and 26.19 °C, respectively. The PV arrays used in the hybrid system have nominal operating cell
temperature, temperature effects on power, and efficiency at STC of 25 °C, -0.430%/°C, and 17.00%,
respectively. The simulation is conducted based on 25 years project lifetime, 8% discount rate and 2%
inflation rate. Optimization results for the proposed PV/biogas system is presented in Table 2. The optimal
PV/biogas system comprises of biodigester (80 m?), BG (20 kW), PV (21.7 kW), inverter (11.5 kW), and
battery (80 kWh) to produce electricity of about 67,216 kWh/year. The hybrid system meets all community
electrical loads with this optimal configuration, and there are no unmet loads. From a technical perspective, the
optimal hybrid system should not only provide the lowest cost of all potential competing systems, but it must
also meet the demand loads with the minimum unmet electricity and capacity shortage. The monthly
electricity generation shared between the BG and PV is shown in Figure 8. The BG and PV contribute 53.3%
and 46.7% of annual electricity, respectively, to serve a demand load of 58,272 kWh/year with 5.5% of excess
electricity to be stored in batteries. Solar PV energy is limited to a maximum share of 50%. Therefore, the BG
can be operated continuously at full load conditions at night time and part loads conditions in day time [43].

The PV has a capacity factor of 16.5% with an average electrical output of 3.58 kW, while the BG
has a capacity factor of 20.4% with an average electrical output of 16.1 kW, as shown in Table 3. The
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capacity factor of BG is higher than that of PV. As a consequence, the BG produces more electricity than the
PV to serve the total demand loads. The capacity factor indicates that the average power output of BG is
higher than the output from PV. This is because the PV only generates electricity during the day when solar
radiation is sufficient. Batteries, as energy storage, capture excess electricity generated by the PV. When the
electricity from the PV output is low, the batteries and BG complement it. The batteries and BG become very
useful to serve the demand loads on cloudy, rainy, or foggy days as well as at night. In the optimized
PV/biogas system, the battery bank with a nominal capacity of 80 kWh captures surplus electricity from PV
of approximately 16,693 kWh/year and delivers 13,373 kWh/year for demand loads. The safe operating state
of charge (SOC) of batteries is maintained in the range between 30% and 100%, as shown in Figure 9. The
annual throughput of the batteries is 14,951 kWh/year, with a battery autonomy of 8.5 hours.
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Figure 8. Monthly electricity production of PV and BG

Table 2. Optimal PV/biogas hybrid system
Component  Biodigester (m®)  BG (kW) PV (kW) Inverter (kW)  Battery kwh)
Capacity 80 20 21.7 115 80

Table 3. Electricity production

Quantity PV BG
Rated capacity 21.7 kW 20 kW
Mean electrical output ~ 3.58 kW 16.1 kW
Capacity factor 16.5% 20.4%

Electricity production 31394 kWh/year 35822 kWh/year

BRI RREREH
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State Of Charge

Figure 9. Battery state of charge

3.2. Economic performance

There are two ways to compare economics on HOMER: cost summaries and economic metrics. The
cost summaries provide information on total net present cost (NPC), cost of energy (COE), and total
annualized cost. Total NPC is the sum of the total discounted cash flows in each year of the project lifetime,
while COE is defined as the average price of useful electricity generated by an energy system. Total NPC and
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COE are calculated for both PV/biogas and standalone biogas. The standalone biogas system is considered as
a base case. Next, comparisons are made in terms of total NPC, COE, and total annualized cost.

The simulation results show that the total NPC and COE of the standalone biogas system are
estimated at $169,479.30 and $0.2250, respectively. In contrast, the total NPC of the proposed PV/biogas
system is estimated at $111,393.50 with a COE of $0.1479/kWh. The capital cost of the PV//biogas system is
estimated at $59,232, and it is higher than above-mentioned standalone biogas system costing $34,000
because there are additional costs for PV and batteries. However, in terms of the total NPC and COE, the
standalone biogas system is higher than the aforementioned hybrid system due to the high O&M and
replacement costs. In the standalone biogas system, the BG requires 8,760 operating hours annually to meet a
demand load of 58,272 kWh/year. On the other hand, the BG in PV/biogas system needs 2,221 operating
hours per year. In this case, with a BG lifetime of 15,000 operating hours, the standalone biogas system
requires a higher replacement cost than the PV/biogas system over the 25 years project lifetime. The
annualized cost of the standalone biogas system is tabulated in Table 4. The total annualized cost of the
standalone biogas system is about $13,109.96/year. The total annualized cost of the PV/hiogas system is
estimated at $8,616.77, and the annualized cost breakdown of each component is presented in Table 5. It is
clear that hybridization of the biogas system with another renewable energy resource, such as a PV system,
has the beneficiary of reducing the total NPC and COE of the energy generation system.

Table 4. Annualized cost of the biogas system
Component  Capital ($/y)  Replacement ($/y) O&M ($/y)  Salvage ($/y)  Total ($/y)

Biodigester 1856.51 0 240 0 2,096.51
BG 773.54 5,050.63 5,256.00 -66.71 11,013.46
System 2,630.05 5,050.63 5,496.00 -66.71 13,109.96

Table 5. Annualized cost of the PV/biogas hybrid system
Component  Capital ($/y) Replacement ($/y) O&M ($/y)  Salvage ($/y)  Total ($ly)

Biodigester  1,856.51 0 240 0 2,096.51
BG 773.54 1013.58 1,332.6 -49.76 3,069.96
PV 925.26 0 119.61 0 1,044.87
Inverter 222.04 84.79 0 -15.96 290.87

Battery 804.49 1468.92 0.8 -159.65 2,114.56
System 4,581.84 2,567.29 1,693.01 -225.37 8,616.77

Compared to an electricity tariff, the COE of the PV/biogas system is 35.77% higher than the
Indonesian electricity tariff for households of $0.095/kWh in 2022. This low electricity tariff is cross-
subsidized based on the cost of electricity production by various regions in Indonesia, which ranges between
$0.0625/kWh and $0.1925/kWh. The highest electricity production costs occur in islands, mountains, and
other small sub-system power plants in Indonesia. However, the COE of the PV/biogas system is still 30.16%
lower than the highest cost of electricity production in Indonesia. The high investment cost of the PV/biogas
system is influenced by the high cost of the biogas system. The installation costs for the biodigester that are
necessary to obtain biogas from POME biomass are relatively expensive. In this case, the NPC of PV/biogas
is dominated by a biogas system (59.96%) which comprises of biodigester and BG costs, as shown in
Figure 10. Nevertheless, observations on the COE of PV/biogas systems in different countries show that the
PV/biogas system using POME is very competitive with the PV/biogas system using solid biomass, as
reported in [44]. It indicates that PV/biogas using POME has a good prospect for electrifying the village
communities in palm oil mills with no electricity connecting to the national grid.

Biodigester,
Battery, 24.54% 24.33%

PV, 12.13%

BG, 35.63%

Figure 10. PV/biogas hybrid costs

Assessing the utilization of palm oil mill effluent in photovoltaic ... (Ayong Hiendro)



462 a ISSN: 2088-8694

HOMER uses simple payback, internal rate of return (IRR), and return on investment (ROI) as
economic metrics. Simple payback is the length of time when money saved after the renovation will cover
the investment [45]. To show how the hybrid energy system saves money over the project lifetime, HOMER
uses the simple payback to determine the number of years it would take to recover the difference in
investment costs between two energy systems. One energy system has a low capital cost and a high O&M
cost, whereas another energy system has a high capital cost and a low O&M cost. In this case, the standalone
biogas system has a low investment cost and a high O&M cost. On the other hand, the PV/biogas system has
a high investment cost but a low O&M cost. Therefore, the simple payback occurs at the time when the
cumulative cash flow of the difference between the two energy systems shifts from negative to positive, as
seen in Figure 11. Figure 11 shows that the PV/biogas system and the standalone biogas system are referred
as the lowest-cost system and the base case, respectively. As a result, the payback period is 3.4 years.

The IRR is calculated by determining the discount rate at which the standalone biogas system and
the PV/biogas system have the same net present cost. Furthermore, the ROI is obtainable after dividing the
average yearly difference in nominal cash flows over the project lifetime by the difference in capital cost. By
comparing the PV/biogas system with the standalone biogas system, the IRR and the ROI are 26% and 21%,
respectively.
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Figure 11. Simple payback over the project lifetime

3.3. Environmental performance

POME, as a waste product after FFB processing, has a detrimental impact on the environment
because it releases gases containing high methane (CH4) and carbon dioxide (CO;). Methane and CO;
emissions are major sources of environmental impact, and they play an essential role in increasing global
warming. Conversion of POME to biogas for electricity generation has the benefit of minimizing the impact of
CH4 and CO, on the environment. According to Jolliet et al. [46], biogas fueling in internal combustion
systems has no impact on global warming because it emits almost no exhaust gas emissions of CH4 and CO..
Biogas produced from the anaerobic digestion process of POME has clean combustion properties. It does not
give impact on global warming when used as fuel in a BG to generate electricity through the internal
combustion process. However, there are other toxic emissions to the environment caused by the use of biogas
in internal combustion, such as nitrogen oxides (NOy), carbon monoxide (CO), unburned hydrocarbon (HC),
and particulate matter (PM) that must be considered. According to the damage assessment in [47], large
amounts of these toxic emissions have negative effects on human health. In this study, the annual 67,216 kWh
electrical load (as seen in Figure 3) is required to be served. Both PV/biogas and standalone biogas systems
have 100% renewable fraction. This means that 100% of the energy supplied to the electrical load comes from
renewable energy sources. Simulation demonstrates that using the standalone biogas system to meet the
demand load results in CO, HC, PM, and NOy emissions of 19.9 kg/year, 0.875 kg/year, 0.119 kg/year, and
18.7 kglyear, respectively. These results can be compared with the PV/biogas system, as presented in Table 6.
The main finding is a reduction of 51.76%, 51.66%, 51.60%, and 51.71% of CO, HC, PM, and NOx emissions,
respectively, when the electricity generated by PV/biogas system compared to standalone biogas system due to
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PV penetrations. Table 6 also shows that the emissions are dominated by CO and NO.. However, the use of
biogas allows exhaust CO and NOy emissions to be reduced significantly compared to gasoline and natural gas
[48]. In addition, integrating PV into the biogas system also helps decrease CO, HC, PM, and NOx emissions
to the environment that are harmful to human health. Consequently, the PV/biogas hybrid system contributes a
great environmental benefit in generating clean electricity [49].

Table 6. Components of emissions

Quantity Standalone biogas PV/biogas
CO 19.9 kgly 9.6 kgly
HC 0.875 kgly 0.423 kgly
PM 0.119 kgly 0.0576 kgly
NOy 18.7 kgly 9.03 kgly

4. CONCLUSION

In this study, an optimal PV/biogas hybrid system was proposed for village electrification. The use
of POME to produce biogas as a renewable gaseous fuel for the hybrid PV/biogas system showed that it
could change the negative value of POME into a positive externality, both for the community and
environmental sustainability. The technical analysis showed that the hybrid system met demand loads
without electricity shortages. However, utilizing biogas for electricity was still expensive due to high capital
and O&M costs. The energy cost was significantly reduced when integrating a biogas system with other
renewable resources, such as solar energy. In the biogas system, the levelized cost of energy was about
$0.2250 and dropped to $0.1479/kWh when hybridized with a PV system. The results have indicated the low
economic profitability of the biogas power plant in comparison to the PV/biogas hybrid system. From an
environmental perspective, the hybrid PV/biogas system using POME could not only produce sustainable
renewable energy but it also minimized methane and CO,, as well as reduce emissions of other harmful
gases, such as CO, HC, PM, and Sox.
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