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Abstract

At present, renewabl e energies become an
demand whereas the fossil f uel i's | imited. Sol
sour cest hdzebaintdance of sol ar radi ati on. Unf ort

photovoltaic system varies according to envi
intensity, time of day and wind hgepedd( BBoGehne)
the community. |t can Vvbrhei cghe nieear aadhilelalyo If ar bolne bii no
community of Thpaioltaoorwve®dV-hTamengfrgye hybri d power
applied to provide firm power generation and

bi oenergy to grid potenti al ahdt uckicehdh.ol lomgyt Hie

bi obased waste to energy potenti al and techno
were investigated and reported on potential,
technology, biodae, mMwasel dobelwapdgd aTonver sion

PWi oGrmdChiang Mai Worl d Green City (CWGC),
(CMR)Y ThaiThasd wor kedahsohéotcunsegration of appr
monitoringforeokeneblr gegdgistaP\pepa@awer pl ant as a mi
system fgari dt hceo nonfufni t vy

The final report outlines a comprehensive &
based hybrid energy system utilizing photovol
cradamei sol ated communietgyeansendy olge i elndrhgayt sour c
and biogas, with battery storage to provide r
the use of di stributed energy resources ( DEI

suppl emented by hbhiogasogeneastep reducing dep

fuel energy sources.

I niti al tests reveal ed t hat energy out pu
consumpti on, with a daily production of 163. 2
showing that the system couldngegptatbussivompl
bi ogas (only 4.57 kWh) was attributed to the
communi ty. The ©project ' 'tshtef ogds nigewnn swmayd e s itt mit the
compl eddbedbBWVtery system in certain situations



This model offers a potential solution for
ot her ASEAN countries, where ext enedfifnegc ttihvee . maT

proposed mi crogri d -worsltd mt e btaicekge,td h doeynh caresssilrba tl

commu-ine v gl energy autonomy wusing hybrid renew
| ocal devel opment and sustainability goal s. T
such systems, with atboage btachmplrogieg andrg

bet ween different energy sources to ensure st



1l ntroducti on

As a result of the declining cost of electr
that use electricity from the transmission |
S pr ospunoedrusc er s ahdoaghsbBMeredpftops. Generat.
se will be cheaper than using electricity fr
nd users of the final transmission |ire fronm
ommunity feeeeddeerr .c abhacshupfport the | oad of el ect

apacity not exceeding 10 MW I n addition tc

- O O o < O

eeder, there is also electricity gemneasatR\WN
round stations and wind energy. Solar and wi

ailable in the | oad area, allowing the comm

- o «

o o <

eder |l evel. This | eads stysttelme don ce pmi cafo gtrh

—+

the main grid transmission |ine, a battery
from the transmission |Iine can be used at nig

Electricity genesmwatihomunti mr codmmaemrietsise i n Tt
countries before 1975 involved producing el e
transmission |ines did not reach. I n those ti
1-2 kW gasol geeepatadin®esebul d generate electrioc
USAI D from the USA | aunched a project to dem
renewabl e energy sources asnnwdc tbi amass!l drNadn ermnma@ay,
Of ficeThi2®1lpnoject began in Thailand, the Phil
batteries charged from village PV charging st:
powering radios and tel evi si oawnsd IlInnd 02n0e0sOi,a tshuep
program that provided -Racht hpuStthodal ovihn ¢ hSys tf
electricity produced by these systemandasands
there were challenges related to maintenance

Electricity generation through Microgrid s
for remote areas where energy sources from Di
sol ar energy, are availabl e t hr ouung htoiuets ,t hweh i ccad
typically smal.l and clustered, generating el
mi crogrid syestfdmcitd vmeortehamostxt endi ng power | i



with the main ghedienlabedt mycgogdi d system i
electricity generation from DERs, i ncluding |
connected as Distributed Gesepabpmwers @bD@) btwuhi a
within the community. This system replaces thi
added benefit of battery storage, providing a

continuously 24ayhoaunrdd hnai gdhatg.y ogot 0O dr ansmi ssio

the dynamic | oad to match the PV energy out put
| evel s: Peak Load, I ntermediate Load, and Bas

Il n remote areas, iIf electricity is generat.
power , bi omawd,j chndubcoigas | i ke batdeties fo

hypot hesized that since every community consu

generate electricity. This could be achieved
bi ogas, creating an isolated microgrid where
intermedi ate | oadeprpeeddsohekppensdueebattery

ThAsi an Devel opment Coll ege for &omBETNi ty
proposed testing-bansmiaxa logtr e lds, d GtdetmrenendBogoal V
Mi crogasda met hod of gener at iThhge eplwensiepcipoir t v dw
byHNEUni versity ofphiHpeogpedveamval uat edi tflolbt yt has s
Community Microgrid Model that can be applied
ASEAN countri es.
The objectives of this wonkereas follows
1) To determine bidbased waste to energy potential and technology landscape in
Thailand and the ASEAN Region
2) To evaluate appropriate and robust technology in wadbéenergy conversion
for community BioGrid

3) To develop monitoring system of wadtebioenergy conversion for RBioGrid



2Li terravuee

The main principles of the MicropbsoHdatfer
Communi/tBy oRj\s avriecraosg rfiadl | ows :

2.1 Microgrid Infrastructure

Microgrid Infrastructure i s a transmission
t hiprad ty pairndicvipdualosn who pengyg apgoewieaml uishi & g s as a
the four r,6oresumer odkRact@es ucnroremrs ume andgernedactere
of di stributed energy resources (DERs) wi t hi
components of the Microgrid infrastructure in

1) Distributed Energy Resources (DERs)These are decentralized energy sources, such
as solar and wind energy, which are <c¢l ea
transmission lines. This decentralization allows electricity generation from PV and
Wind Turbines with DERs located at the aBite as the generation source, ensuring
low marginal costs and no energy loss in transmission.

2) Energy Storage System (ESS)Energy storage is a crucial part of the Microgrid
infrastructure because it stabilizes electricity generated from DERS, ensuring a reliable
two-way power flow. It also enables load shifting, providing flexibility in energy
management and allowing Prosus exchange energy in both RezPeer and Grid
Aggregator modes. Advances in Solid State Battery technology, combined with
decreasing costs, are accelerating the adoption of Microgrid systems.

3) Microgrid Controller : This controller manages the use of DERs viitformation
andCommunication§ echnologiegICT), using weather forecasts to manage Demand
Response (DR) within the Microgrid. Excess electricity is supplied to the Main Grid.

The intelligent system manages load shiftilmpad sheddingand controls load status
using Hierarchical Microgrid Control (HMC), and includes safety protection for
emergencies. In case of a Microgrid shortage, backup power can be provided from
Mobile Battery Containers, and the system displays the complete statu® of th
Microgrid.

4) Interconnection to Main Grid Systent This involves connecting the Microgrid to the
Main Grid utility distribution system. There are two scenarios: (1) The Microgrid acts



as a Virtual Power Plant (VPP) and sells excess electricity to the Main Grid, requiring
stability through Battery Containers, and (2) Electricity trading between the Microgrid
and Main Grid, which must adhere to the Grid Code standards set Ingdirational
Electrotechnical CommissiotEC).

5) Load: It is essential to verify the load profile of buildings, as effective energy
management from DERs (such as Solar Energy) requires load shifting to maintain a
balanced Base Load. The HMC system manages the load according to Critical Load
priorities, suchas: (1) All Year Day Time Load for commercial buildings, industrial
estates, and healthcare facilities with consistent daytime loads throughout the year, (2)
Small and Medium Enterprises and Residential Load for homes and small to medium
sized industes with loads during both day and night throughout the year, (3) Day Time
Office Load mainly for office buildings with daytime loads, particularly on working
days, and (4) Residents of Working Families Load for households with loads during the

morning, evaing, and night throughout the year.

istri ;
gr;setr S P (8 Substation
i " ] ener; Customer
resources gy
storage energy

management ’r

T
R - swmies iy
Microgrid S = Boow: =
controller ,r \T\ f A ":0:10
Feeder energy
automation @y | storage
system
technology Community
energy
storage
Fi gaMiecrogrid I nfrastructure

Source The Energy Group (n.d.)



2.2 Category of Microgrid

1) Non-Isolate Microgrid Systent This type of Microgrid is a lowoltage distribution
system (Feeder) that connects to the Main Grid, supplying electricity to the community's
end users using DERer PV systems, wind power, and households as Prosumers. It
includes energy storage devices (Battery Energy Storage) and Electric Vehicles (EVS),
which function as both Load and Generation. Prosumers exchange electricity-in Peer
to-Peer mode, as well as betwethe Microgrid and Main Grid in a Prosumer Microgrid.
The Nonlsolate Microgrid operas in two modes: Grid Connected Mode and Island
Mode. In case of power failure, the system manages energy through Demand Response
(DR) by load sheddingaccording to the Critical Load hierarchy using Hierarchical

Microgrid Control (HMC)for the Microgrid transmission system and the centralized

Main Grid.
ACBus ACBus
Breaker —""——Q Critical Loads
T former S DER
rans
POC _ Breaker PV System
| : O Loads
Switch
Main Switch | - DER Wind Power
Interface Switch Brefg .
S Storage | Energy Storage Device
Svnchronous Generator
Breaker . Y

Fi g@bieagr am d| antoem mi crogri d system

2) Isolate Microgrid Systent This is an independent Microgrid system that is not
connected to the Main Grid. It is suitable for communities clustered together, known as
Cluster Villages. In this system, Prosumers within the community can trade electricity
through the Community Micgrid transmission system. It includes DERs, energy
storage devices (Battery Storage), and EVs, which serve as both Load and Generation.
Prosumers exchange energy in PeePeer mode, includinpometo-home H2H),

vehicleto-vehicle {¥2V), hometo-vehicle H2V), vehicleto-home(V2H), and within



the Microgrid via Grid Aggregator usingometo-grid (H2G), grid-to-home G2H),
vehicleto-grid) V2G, andgrid-to-vehicle G2V) modes. Energy is managed through
Demand Response (DR) with load management based on the Critical Load hierarchy
using HMC. In emergencies, a Mobile Battery Container can supply power to the

Central Battery Storage.
Energy Storage ACBus ACBus
Device m
| Storage } —L Bre;{ce_r_B:(:F
Breaker ————0 C(ritical Loads
Switch
Loads O ~ L DER | PV System
Switch Breaker :I Y
A s .
DER | Wind Power
Synchronous Breaker Breaker :'
Generator
Fi g@bieagram of isolate microgrid

2.3 Feeder

Feeder m

Mi crogrid

icrogrid

c

Level s

an be divi

1) Single User Microgrid: Based on PMRooftop Prosumers.

2) Partial Feeder Microgrid: Requires Battery Storage or EVs that enable -Way
Power Flow for load balancing within the Microgrid, ensuring Microgrid stability and

security.

ded i

system

nt o

3

3) Full Feeder Microgrid: Involves a feeder with Microgrid infrastructure, including

Distributed Generation (DG), Load, and Node, serving as communication controllers

and monitoring

systems.

ev



2.4 Microgrid Configuration and Energy Manage

Microgrid Energy Management System Microgrid Controller & D2
; i \ iz Weather Forecast Data 77 D D
- o o
¥ 5 ,\IQ 14 ,9\
- A «° y IMicrogrid 6\5&. (/)
& . ;
‘w@ ' ‘@&\o Mode Signal 906// @
<

< {1
Vi 5 ©
. AT k e
i TR e > < /
é—% Breaker (IED) Breaker (IED) e AN
O— © L0 OL O ©50,
Distributed Generation IEC61850 @ =y \% a A [3aN

(DG+ESS+EV+VPP) Intelligent Electronic Devices (IED)
POC (Grid-Islanding Mode)

Figure 4 Microgrid Configuration for Energy Management

Source Encyclopedia MDP(n.d.)

Microgrid Configuration consists of three main components: DG (Distributed
Generation), Node, and Load. The operation of these components within the Microgrid must be
managed by an Energy Management System (EMS) with Smart Automation. The following are
key considerations:

1) Managing DG (Distributed Generation). This involves DERs such as Solar and Wind
energy, which vary according to weather conditions, and the integration of energy
storage systems, including Central Battery and EV systems.

2) Managing Load: Involves dynamic loads such as Prosumers or EVs, with responsive
management through Demand Response (DR).

3) Power Transmission via NodesInvolves managing the distribution of power to End
Users, integrating Power, ICT systems, Resiliency Application Software, and Power

Ledger transactions for both Generation and Load.

2.5 Microgrid AC BUS and DC BUS Power Flow Sy

Mi crogrid Configuration involves three mai
and Load consist of electricity generation an
DC currents. Therefore, the Singlied LSiynrse eCn rccau
managed with AC BUS and DC BUS, along with th



var inmdesi ng | T Communication Signals. There a

Power Flow in Microgrid Systems:

Utllltv Substation
Fi gbA@ Microgrid
SourBEdeaiir i (20 Nhi k
1AC Microgdgradsmits electrical energy via A
that converts electricity from DERs 1|i ke

includes energy storage devices (Battery
and Generaci ®onexPhasgem €Peectr r imoPdtey saimrk rP e ¢
Mi cr  PrMi)edt ween t he Microgrid and Main Gric

l sl and Mode, t he Demand Response system
Hi erarchical Mi cby¢g gpraidd sGemt@ri BlgsfBM@) r cui t
to AC Bus 1 for Critical Loads such as ho



Utility ®-|~:(
V System BUS1 db >
“lom| B
=N
“& g | e
Fi gé6b@ Mi crogri d
SourceVasantharajeta(2 0 2 1
2PpC Microgdgradsmits electrical energy via D
that converts electricity from DERs. The
Battery Storage and EVs. Prosumers exchan
H2V, V2HpeawdePMt he Microgrid and Main Gri
in I sland Mode, t he Demand Response syst.

HMC $lyeddi D@ Bwsd2 circuits down to DC Buc
hospital s, iscceh dalid,dianmgds .of f



Utlllty I Substation
P PV System ?-
@ Wur\u_i\;.rf.:t\-wﬁzl ;f
H.H?ry ! B cE;i
e B
MNon-critical load C:i“ -
_ =
= b ad -
“-E_E-
Fi giA@C Microgrid
Source:MonsalveRueda et al(2024)
S3ACDC Microdradsmits electrical energy usi |
DC BUS to the Load, with a Converter that
includes energy storage devices (Battery
and GenermerenexPhasge -te®Peetr modey behweec
V2V, d@¥2H between the Microgrid and Mai
operates in |Island Mode, the Demand Respo
using HMC,shlseaD@nBediSrbcyui t s unt il only AC |
for Critical Loads such as hospitals, sch



3. Methodol ogy

The main objective of this work is tievelop the model of waste-bioenergy conversion
for firm power generationf community PVBioGrid. The research methodology for this work is

as follows:

3.Dletermination of waste to energy potential |

Wastemay include but not limited to cooking pjilant oil, wood scrap, yard wasterop
residue, liquid manure, food wasted waste paper will be evaluated for their bioenergy potential

in Thailand.

3.Expl oration and evaluation of appbhoprinatrgyar

conversion for Bi oGri d

The appropriate and robust technology for the conversion of bioenergy to electricity grid
wasexplored fronliterature survey, brainstorming from international workshop, and site visits in
Thailand and ASEAN Region. Technologies including but not limited to biomass gasification,
anaerobic digestion, and thermal conversion with power genevatefocused. One or more
appropriate technologyasselected based on technical, economic and environmental feasibility.
The selected technologyas designed, built and/or procured and evaluated with the existing
microgrid system in CWGC.

3.Bevel opment of moni-t®rorgesyytemnoterwasnef or
Bi oGrid

Monitoring systemwas designed for data collection and system operatidre system
providal reattime monitoring via internet connection. Monitoring system comporcemgprised
with electrical parameters, environmental parameters, system controller, data backup unit, and
communication module. Web applicatioras developed to run on the local servdherefore,
client could access the data via web browser such as Internet Explorer, Google Cloafeor

in reattime.



For the PV-BioGrid, power generation, power storage and loagge monitored and
evaluated The obtained data could be used to discover an appropriate and stable distributed

generation for the community power in the future

4Wast bietmoer gy potenti al bBabdeseneeregynoilhnh
i n ASEAN

Thail and is facing mounting challenges in
ur banizati on, popul ation growth, and industrtr
muni ci pal solid waste and energy WkWasanhdrndod

wast@®nergy (WtE) as a strategic solution tha

sustainability and renewabl e energy generatio

4 Waste in Thailand

Thailand's wastéo-energy (WtE) sector has emerged as a pivotal component in the nation's
strategy to manage municipal solid waste (MSW) and transition toward sustainable energy
solutions. With the country's rapid urbanization and industrial growth gttergtion of MSW has
escalated, necessitating innovative approaches like WtE to address both waste management and

energy production challenges.

4. 1Sblid waste

Solid waste generated daily from sources
government buildings, markets, and others in
This presents one of the key chaltl.enWgesoius ¢ a
influence the characteristics and composition
features, seasonal variations, types of actiywv

| mproving the community waste management s

guantity, generation rate, and composition of
solutions. I n urban areas, r esicdoemd o nail n ibuumsl,d i
are the primary sources of muni ci pal solid w
hotels, restaurants, markets, offices, shoppi

as government of f iomess, srcehloiodisqu sungivitegs,i tpriss



muni ci pal solid waste from these types of bui
vary depending on the activities conducted.
The average composition of solid waste at
reported by the 1st to 16th Regional Environm
University Academic Service Centeof Bmaemgdgykan
Environment (JGSEE) , was <calculated for the
comparing the amount of waste entering each di
can be summarized as foll ows:
l1Food mwamaiens the most prevalent component
of the total waste.
2Pl astiics wiwahset esecond most common component,
3)ard waste, including | eaves and tree tri
4 Paperiwasthe fourth most common component,
5t her wasotuendt yipnessmal | er proportions inclu
ot her materials (2.53%), met al (1.56%), a
waste (0. 23%).
Composition of Solid Waste (Percentage by Weight)

Food waste
Yard waste
Wood

Metal
Plastic

Foam

Glass
Rubber/Tires
Ashes
Clothing

Old electronics

E-Waste

Other

0 5 1I0 1‘5 2I0 2l5 ?;0 3|5 4I0
Percentage by Weight
Fi g8Awer age composition of solid waste in Thai
Sourc@hul alongkorn University Academic Servi ce
School of Energy and Environment (JGSEE)



4. 1LBuwdst e

Thailand has been actively exploring the energy potential of liquid waste sreams
including used cooking oil, plant oil, and food wasts part of its broader push toward renewable
energy and sustainable waste management. These waste types can be dotwvemedgy not
only in the form of liquid biofuels but also through processes that generate electricity, offering
dual environmental and energy benefits.

Used cooking oil (UCO) and plant oils such as palm oil are extensively used in biodiesel
production, which can be utilized in diesel generators to produce electricity. In rural agvai off
communities, smaiscale generators fueled by locally processeadibsel are a practical
alternative to grid power, enhancing energy access and supporting agricultural processing
(Phewphong et al., 2023). In addition to transportation fuel, the application of biodiesel in
combined heat and power (CHP) systems allowkiefit conversion of liquid biofuels into
electricity and thermal energi hai | anddés Nati onal Renewabl e E
blending of biodiesel into the national fuel mix. Surplus biodiesel not used in transportation can
be redirected toward electricity production in decentralized energy systems (International Trade
Administration, 2023).

Food waste offers considerable potential for electricity generation through anaerobic
digestion, a biological process that breaks down organic waste in the absence of oxygen to produce
bioga® a mixture primarily composed of methane and carbon dioxidemBtlanerich biogas
can be captured and used in gas engines or turbines to produce electricity for local use or export
to the grid.According to Peerapong et al. (2016), Thailand has increasingly adopted anaerobic
digestion systems in both municipal andiagtural settings, especially in hotels, markets, and
agroindustrial zones. Biogas from food waste has been successfully utilizedgenecation
(CHP) plants to supply both power and heat to nearby facilities, improving energy efficiency and
reducingwaste disposal volumes.

Thai | anidtarsf (FiT)epeogram provides attractive purchase prices for electricity
generated from biogas and biodiesel, encouraging investment intargdéetricity systems. In
many cases, food waste and UCO are collected and processed byaugrepatives or SMEs
under publieprivate partnership models supported by local government incentives (ASEAN
Centre for Energy, 2021)hese electricity generation systems contribute not only to waste volume

reduction and pollution mitigation but also éoergy diversification and rural development. In



urban areas, integrating food watiteenergy plants with smart grid systems presents opportunities

for sustainable city development.

Tha

il andbds | i qd& esdeciallyausdd ecooking silp plantcodss and food

wasté offer robust potential for electricity generation. Through biodips&lered generators and

biogasfueled

i ndust

engines, these waste types can be transformed into clegy fwehouseholds,

ries, and agricultural operations. Scal

energy policies can enhance energy security, supporcdoon development, and provide

inclusive energy access across urban and rural.areas
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4. 2 A8B8EABrgy Outl ook

The ASEAN region presents substanti al pot el
growing energy demand, abundant agricultur al
As outlined in the 8th ASEAN Energyi Out dalbookol ¢
the regionébés efforts to decarbonize the trans
Thail and, I ndonesi a, Mal aysia, and the Philip
pl ace (ASEAN Centre for Energy, 2024).

4. 2Thail and

Thailand has been a frontrunner in ASEAN i
via government policies and investment incent.
tot al installed capacity for ASERNne whfil ki ddn
compared to al/|l ASEAN states f oAccordimgdauthe r i al

Department of Alternative Energy Development and Efficiency (DEDE), from January to October
2024, Thailand's final energy consumption totaled4® Kilotons of oil equivalent (ktoe). Of this
amount, refined oil products accounted for 33,999 ktoe (49.3%), while renewable energy sources,
including biofuels, contributed 5,167 ktoe (7.5%) (DEDE, 2024). Despite gradual increases in
biofuel use, their sire remains modest in comparison to oil. Nonetheless, the Thai government
continues to promote biofuels as a strategic component in reducing greenhouse gas emissions and
progressing toward its carbon neutrality goal by 2050 (DEDE, 2024).

The Department of Alternative Energy Devel
dr aft of Thail andbés Al ter ni2t0i3wve (EFrEeDrPg y2 0RetV) e Ifo
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pal m oil price volatility, l' i mited supmpdy, an
l'i ke B10 (FAS, 2024). | mportantly, AEDP 2024 |
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4.2l @Bdonesi a

Indonesia holds substantial potential for biofuel development, underpinned by its rich
natural resourcésparticularly palm oil and other biomass feedstocks. The government continues
to support the sector through its mandatory biodiesel blending prograch, eunrently mandates
a B35 blend (35% palrhased biodiesel), with a planned increase to B40 in the near future
(Ministry of Energy and Mineral Resources [MEMR], 2024). This initiative aims to reduce
reliance on imported fossil fuels, stabilize crude paillCPO) prices, and bolster rural economies
(Indonesian Coordinating Ministry for Economic Affairs, 2023). To diversify feedstock sources,
the government is also promoting bioethanol production from crops such as sugarcane, cassava,
and corn, with piloprojects exploring E5 and E10 gasoline blends (International Energy Agency
[IEA], 2024).

Recent regulatory advancemeantsicluding Presidential Regulation No. 112/2022 and

MEMR Regulation No. 5/2025 have opened new avenues for private sector investment by



introducing structured ceiling tariffs, more flexible Power Purchase Agreements (PPAs), and
mechanisms for sharing environmental attributes such as carbon credits (Ashurst, 2025). These
reforms are designed to-tisk renewable energy investments, inclgdimoenergy. Furthermore,

with growing international demand for sustainable aviation fuel (SAF) and green diesel, Indonesia
is positioning itself to expand its biofuel offerings beyond traditional transport use (IEA, 2024).
However, to fully unlock this gential, key challenges must be addredssdch as feedstock
sustainability, infrastructure limitations, and the need for improved coordination among regulatory
bodies (World Bank, 2023).

l ndonesiabds National Energy Policy (NEP)
Energy (NRE) in the national energy mix by 2025, rising to 31% by 2050 (Government of
Indonesia, 2017). As of early 2025, installed renewable energy capacity stands ataiphpx
13.2 GW, with hydro contributing around 50%, geothermal 28%, bioenergy 17%, and solar and
wind collectively accounting for5%i ni stry of Ener gyMEMR)}J RDABETr al
Despite some progress, the renewable rollout remains below; iaitipePLNG the state electricity
utility & adding only 300400 MW of RE capacity annually over the past three years (PLN, 2024).
Although the Electricity Supply Business Plan (RUPTL) signals increasing support for
renewables, fossil fuels still dominate néamm planning. Nonetheless, initiatives like the Just
Energy Transition Partnership (JETP) are helping to accelerate decarbonization efforts and shift
the focus toward cleaner energy sources (JETP Secretariat, 2023).

In parallel with these shifts, the replacement of a traditionalifeeariff with a ceiling
tariff mechanism underlines a strategic pivot in policy. Presidential Regulation No. 112/2022 and
MEMR Regulation No. 5/2025 define ceiling prices for differemawable technologies based on
type and location, providing pricing certainty to developers (Ashurst, 2025). These rules also
clarify terms for PPAs, allow for Buitdwn-Operate (BOO) models, and support flexible
arrangements for the ownership and tradeemfironmental credits. These enhancements are
improving the investment climate, but further effértsuch as simplifying permitting,
modernizing the grid, and ensuring craggency alignmedtar e vi t al to meet
renewable energy and climate go@¢orld Bank, 2023).

4. 2M8I| aysi

t



Malaysia has set a target to achieve a 31% share of renewable energy (RE) in its national
installed capacity mix by 2025, as outlined in the Malaysia Renewable Energy Roadmap (MyRER)
(Sustainable Energy Development Authority [SEDA], 2021). To suppomdiails the government
has implemented various initiatives, including the Net Energy Metering (NEM) 3.0 program,
which allows consumers to install solar photovoltaic (PV) systems and offset excess energy
generated against their electricity consumpti@ustanable Energy Development Authority
[SEDA], 2025). The NEM 3.0 program, effective from 2021 to 2025, has beemegellved, with
substantial uptake in residential and commercial sect®ustginable Energy Development
Authority [SEDA], 2025.

In addition to solar energy, Malaysia is focusing on biofuel development as part of its
renewable energy strategy. The National Biofuel Policy (NBP), introduced in 2006, aims to
promote the use of pahiased biodiesel to reduce greenhouse gas emissiongpaddence on
fossil fuels (U.S. Department of Agriculture [USDA], 2024). As of 2024, the government has
implemented a B20 biodiesel program, mandating a 20% blend of palm methyl ester with
petroleum diesel in the transportation sector, with plans tcedsB30 by 2025 (Reuters, 2024).
Furthermore, the National Biomass Action Plan 2@2380 outlines strategies to harness biomass
resources, such as agricultural residues, for energy production, contributing to Malaysia's energy
security and rural economitevelopment (Ministry of Plantation and Commaodities, 2023).

These initiatives, coupled with supportive policies and regulatory frameworks, present
significant opportunities for private sector investment in Malaysia's renewable energy sector,
particularly in biofuels. However, challenges such as infrastructure apemeht, feedstock
sustainability, and policy consistency need to be addressed to fully realize the potential of biofuel

development in the country.

4. 2SAngapore

Singapore continues to prioritize solar photovoltaic (PV) energy as its primary renewable
energy (RE) source, capitalizing on its high average annual solar irradiance of about 1,500
kwh/mz2. However, land scarcity, urban shading, and cloud cover posengesll® largescale
deployment. To overcome these limitations, the government has introduced innovative solutions
such as rooftop solar on public housing and floating solar farms on reservoirs. Singapore met its

interim 350 megawafpeak (MWp) solar targeh 2020 and now aims to achieve 2 gigavyegak



(GWp) by 2030 through expanded solar adoption across government and industrial buildings
(Energy Market Authority [EMA], 2020).
Beyond solar, Singapore is increasingly exploring bioenergy options, including biofuels,
biomass, and biogas. The Maritime and Port Authority (MPA) has authorized licensed suppliers
to distribute marine biofuels at the Port of Singapore under strict yj@ad documentation
standards, supporting decarbonization in the shipping sedinitime and Port Authority of
Singapore2029. In the aviation industry, Singapore plans to implement a sustainable aviation
fuel (SAF) mandate beginning in 2026, requiraigdeparting flights to use SAF bler@ds move
intended to drive demand and position Singapore as a regional SAF hub (Voegele, 2024).
Significant opportunities also exist in biomass and biogas development. The upcoming
Tuas Nexus Integrated Waste Management Facility, expected to begin operations in 2025, will co
digest food waste and used water sludge to produce biogas for power gendrais project
represents Si nsgatepgiculaedgaonfy modsl in wasteeneygy infrastructure
and will help offset grid demand while enhancing energy resilience (National Environment
Agency [NEA], 2024). Additionally, the government éxamining broader uses of biomass
resources such as horticultural waste and wood chips for industrial energy applications, aligning
with the nationés push to reduce | andfil/l use
Together, these eff@t hi ghl i ght Singapor e d s-canvanlfuturefoa c et e d
complementing solar development with expanded investments in biofuels, biogas, anddiomass
all aimed at meeting its neero emissions goal by 2050.

4. 2Vbetnam

Vietnam's renewable energy (RE) landscape continues to be dominated by hydroelectric
power, followed by wind and biomass sources. Despite increased investments in the RE sector,
investors face challenges such as limited access to capital, lownfeadffs (FiTs), high
investment costs for emerging technologies, a shortage of qualified human resources, and
underdeveloped supporting industries (Vietham Investment Review, 2023). To attract foreign
investment, the government permits 100% foreign ownershipnigrgyrelated companies.
However, abrupt policy shifts, particularly concerning FiTs, have raised concerns among investors,
potentially jeopardizing over $13 billion in solar and wind investments (Reuters, 2025).

In response to these challenges, Vietnam is exploring opportunities in biofuel development.

On December 26, 2024, the Ministry of Industry and Trade (MOIT) issued Directive 16 to promote



biofuel usage, emphasizing the need for competitive pricing mechanisms for biodtlesield

gasoline (E5 RON92) and revising the bioethanol blending roadfdap S . Depart men:
Agr i c uJStDJARER5). [The directive also encourages collaboration among government
agencies, petroleum associations, and ethanol producers to enhance biofuel adoption. Additionally,
Vietnam has reduced the MdsavoredNation (MFN) tariff rate on ethanol from 15% to 10%

aiming to boost biofuel competitiveness and attractigorenvestment (U.S. Grains Council,

2023).

Vietnam's abundant agricultural resources, including cassava, coconut, sesame, peanut,
flax, and jatropha, present significant potential for biofuel production (Advanced Biofuels USA,
202%). The government is focusing on producing 'green gasoline' from these feedstocks to reduce
reliance on fossil fuels and enhance energy security. Furthermore, Vietnam is collaborating with
international partners, such as the U.S. Grains Council, to desetmpmprehensive biofuels
roadmap, aiming to expand the biofuel kerand integrate it into the national energy strategy

(Quantum Commaodity Intelligence, 2024).

4. 2BBunei

As of 2025, Brunei Darussalam is continuing its efforts to diversify its energy portfolio and
reduce reliance on oil and gas. The country has revised its renewable energy (RE) target upward
to achieve 30% of total electricity generation from RE source®0B%, compared to the initial
10% outlined in the 201Energy White PapefEnergy Department, 2014; ERIA, 2023). Solar
power remains the most feasible RE option for Brunei, with current capacity led by the Tenaga
Suria Brunei (TSB) Photovoltaic DemonstaatiProject, and expansion plans underway to support
the national RE target (ERIA, 2023). Policy frameworks such asnetdring schemes and
incentives for privatesector participation are being developed to attract investment and support
solar and alternate renewable energy initiatives (ASEAN Centre for Energy, 2024).

In addition to solar, Brunei is exploring the development of biofuels and bioenergy as part
of its broader decarbonization efforts. A key milestone was the memorandum of understanding
signed between the Brunei Economic Development Board (BEDB) and HDZeB#bd
Corporation Sdn Bhd to develop biodiesel and glycerin production facilities in the country,
supporting energy diversification and industrial growth (EGNRET,B024 Fur t her mor e,

National Climate Change Policy (BNCCP) encourages renewablegyenenovation and



deployment, including financial support mechanisms to spur research and comsuaieal
investment in bioenergy technologies (Brunei National Climate Change Policy, 2020).

Brunei possesses a variety of agrdustrial biomass residug@ssuch as rice husk, sawdust,
maize fiber, coconut fiber, and palm oil wdstihat offer significant potential for energy recovery
and use in biofuel or biogas production (ASEAN Centre for En@@g4). With strategic policy
implementation, privatsector engagement, and supportive financing structures, Brunei has the
opportunity to scale up biofuel and biomass projects, thereby contributing to energy security and
climate goals.

4. 2PREi I i ppines

The Philippines has made significant strides in renewable energy (RE) development,
aiming to achieve a 35% RE share in the power generation mix by 2030 and over 50% by 2040
(WWEF Philippines, 2024). The country added a record 794.34 MW of RE capacity in 2024
surpassing the combined installations from 2021 to 2023 (Reccessary, 2024). The current RE
capacity mix includes geothermal (1,952 MW), solar (1,637.9 MW), wind (442.9 MW), hydro
(1,136.2 MW), and biomass (591.8 MW) (Department of Energy [DOE], Pmigspi2024a).

The Renewable Energy Act of 2008 (Republic Act No. 9513) continues to serve as the
cornerstone of the country's RE policy, providing incentives such as tax benefits amdtéeets
(FiTs) to promote RE projects (DOE, Philippines, 2024a). In 2024, dmaiment of Energy
(DOE) issued Revised Omnibus Guidelines to streamline the award and administration of RE
contracts, removing nationality restrictions and allowing 100% foreign ownership in RE projects
(Global Compliance News, 2024).

In the biofuel sector, the DOE mandated an increase in the biodiesel blend from 2% to 3%
starting October 2024, with plans to raise it to 4% by October 2025 and 5% by October 2026
(DOE, Philippines, 2024b). This policy is expected to boost demand for wonwathyl ester
(CME), benefiting coconut farmers and biodiesel producers. Additionally, the DOE is considering
raising the ethanol blend in gasoline from 10% to 20% to reduce pump prices and enhance energy
security (DOE, Philippines, 2024b). These deveiepts indicate a robust policy environment and
growing opportunities for biofuel development in the Philippines, supporting energy security, rural

Il iveli hood i mprovement, and the countryés cl
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4. 2LAaBDR
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4. 2ASEAN

Million Tonnes of Qil Equivalent (Mtoe)

Biodiesel Bioethanol Biomass

Figure 9 Estimated biofuel potential vs. current usage in ASEAN countries by fuel type.

Source:ASEAN Centre for Energy (2021); International Renewable Energy Agency (2022).

Figure9 presents @omparative chart showing biofuel potential vs. current usage by type
and countryin ASEAN. The potential far exceeds current usage in all ASEAN countries and
biofuel typesBiomass and biodiesel show the widest gaps, especially in Indonesia and Thailand,
indicating underutilized capacitioethanol and biogas are being adopted at a slower pace across
the region, but their potential remains significant, particularly for rural electrification and transport
decarbonization.

The ASEAN region holds vast potential for the development of biofuels, including
biodiesel, bioethanol, biomass, and biogas, due to its rich agricultural base, growing energy
demand, and supportive policy environment. According to the ASEAN Centre fapyH2621),
bioenergy already plays a key role in the region's energy mix, accounting for over 70% of
ASEAN's renewable energy consumptioprimarily from traditional biomass. Modern bioenergy
technologies such as biogas digesters, bioethanol distillenédiadiesel processing plants are
increasingly promoted as part of national energy strategies.



National policies across ASEAN countries have begun to reflect this transition. Indonesia
has advanced biodiesel blending to B35 and is exploring sustainable aviation fuel (SAF) and
et hanol bl ending (1 RENA, 2022). HdnAEDPaseds 0s Al
ambitious targets for bioethanol and biodiesel production, while Malaysia continues to support
palm oill based biodiesel through its National Biofuel Policy (Ministry of Plantation Industries and
Commodities, Malaysia, 2005). The Philippnenandates E10 ethanol andiB3 biodiesel
blends under its Biofuels Act of 2006 (Department of Energy, Philippines, 2006). Meanwhile,
Vietham and Laos are promoting biogas for rural electrification and agricultural waste
management (ASEAN Centre for Engrg@021).

Despite these advancements, challenges remain, including feedstock availability,
investment barriers, and sustainability standards. However, the ASEAN Strategy on Sustainable
Biomass Energy (2021) emphasizes cfossler cooperation, private sector engagetnand
research and development as key pathways to unlocking biofuel potential. Expanding modern
biofuel applicationd particularly in transport and rural electrificatércan significantly support
ASEAN's goals for decarbonization, energy security, aolisive development (IRENA, 2022;
ASEAN Centre for Energy, 2021).



5Appropriate and robutsdhi tecdngoy oggnvaear
Bi oGirn dChi ang Mai Rajabhat University

Based on the data collection of domestic raw materials with high biogas production
potential and quantity, industrial wastewater and manure have energy equivalents of 7,800 and
13,000 TJl/year, respectivelZurrently, the installed capacity of biogas power generation in
Thailand is up to 320 megawatts, with a total of 187 biogas power plants across the country. There
is also research that uses cogeneration systems, where one type of energy can be produced or
converted to more than two other types of endwpst of them switch to electric power and heat
togetherThe Grid/PV/Biogas system is an integrated system between biogas and solarAenergy.
study by Sanni et al. (2021) found that for PV/Biogas, the COE cost is 50% less than that of fossil
fuels.As for the environmental impact analysis, it was found that the Grid/PV/Biogas system can
reduce accumulated greenhouse gas emissions by at |8asitglefore, this research aims to
conduct a study of the combined energy system between biogas and solaasrsergly systems
provide economic benefitSuch a system can save installation costs and have a low COE that
makes it possible to invesdn the social aspect, it can help build energy security for the country
and help promote the wdbeing of the country's populatioRor its environmental benefits, it
reduces greenhouse gas emissions, helps eliminate waste altogether, and contributes to
environmental friendliness.

Bi ogas refers to gas that is naturally pr oc
such as animal s, pl ant s, various | iving oragai
anaerobic conditions (Anaerobiabbegestpobnpxyd
suitable temperature and moisture conditions,
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TablGaseous Components of Biogas

No. Matter Percent a
1 Met hame, CH 5075
2 Carbon dboxi 2550
3 Nitrogen, N 0i10
4 Hydrogen, H 011
5 Hydrogen 2SS ul 07 3
6 Oxygen, @) 071 2
FrolmbllL,e it can be seen that methane is the
colorl ess, odorl ess, and highly fl ammabl e, m a
electricity. This process not only di sposes
associated with the waste. Therefore, bi ogas
waste and should be encouraged, as it directl
into the atmosphere, whicthoarse &frmajcar contr.i

Biogas presents a promising avenue for electricity generation within Thai universities
Universities can leverage biogas systems to convert organic waste from campus astichitias
food services, agricultural research, and landscapilogenewable energy. Implementing biogas
power generation not only reduces reliance on fossil fu¢lalbo offers educational and research
opportunities in renewable energy technologies.

A study focusing on smaficale biogapowered generation systems designed for
agricultural applications in Thailand highlights the feasibility of such projects. These systems
utilize agricultural waste to produce biogas, which is then converted intoi@tgcsupporting
the Bio-CircularGreen (BCG) economic model. This approach can be adapted for university
settings, utilizing campugenerated organic waste. Therefore, this work focused on the biogas
anaerobic digestion technology as the alternativetredéy source to integrate with the existing
PV system at Chiang Mai Rajabhat University.
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components of adi GA%0are presented in Figure
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1. Grinder
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Figadffehe main components of adi GAS

The details and roles of each component are detailed in this section.

1) Grinder

Typically, community waste sizing is significant, and hydrolysis could be dimatang
stage in anaerobic digestion. Thus, a grinder was installed to perform a physical pretreatment of
feedstocks by decreasing their size. In addition, the ground fekddtave a higher surface area



per volume ratio. Thus, hydrolysis stage of anaerobic digestion could be enhanced. The figure of

the grinder is shown in Figurd 1

Figure 11 Grinder

2XCSTR digester

This unit is the primary digester in adiGAS system to anaerobically convert organic
feedstocks into methan&h biogas. The digester was designed to be operateal sagnt
continuousstirred tank reactor (SCSTR)und to beappropriate with higtsolid food waste, and
animal manure. A manual mixing unit was installed on the top of the reactor to ensure an adequate
mixing between substrate and anaerobic microorganisms. Appropriate mixing could leaéto high
performance of anaerobic digester. The producegilsics delivered to a gas storage bag via PVC
pipe system. The accumulated digestate could be withdrawn via a draining valve at the bottom of
the digester and used as organic fertiliZzephoto ofthe SCSTR digester is presented in Figure
12.



Figaempl etely Stirred Tank reactor

3Pressure control uni t

Usually, the gas storage bag of adiGAS system was made of PVC with a thickness of 1
mm. This material is costffective and easy to repair. However, the PVC bag could be damaged
when pressure is high. Therefore, a pressure control unit is installed tth&g@pssure under the

design criteria. The photo of the pressure control unit is illustrated in Figure 1

FigafBea essure control uni t



4as storage bag

The PVC gas storage bag (Figus s included in the adiGAS system to equalize biogas
production and consumption. The produced gas is sent to this unit before being utilized as a fuel
to replace petroleum fuel for an internal combustion engine or to replace LPG for cooking.

Figadsas storage bag

52 System Operating Conditions

l1)Raw Materi dlheUped mary raw material wused
wast e.
2)Inocul um Slhhiedgenocul um sl udge used i s

production system that processes food w
3)Locati @peanti oonaThealyisogas psoduwctaitemnd
Chiang Mai Worl d Green City, Chiang Mai
operate 365 days per year.
4)Bi ogas ProductTihoen dDeennssiittyy o f bi ogas prc
anaerobic digestion process.



Tabl2CGa s

yields from anaerobi

c digestion of wvar

Tot al

g ak gy i

Nature of s
Municipal sev
Muni ci pal gar

Munici pal parfr
Muni ci pal ref
Dairy wastes,
Yeast wastes,
Brewery waste
Hor se manur e
Cattle manur €
Pig manur e

Gr as s

O O O O O O o o o o o

. 43
. 61
. 23
. 28
. 98
.49
. 43
.40
.24
. 26
. 50

Sou:r chet

5)

6)

|l as 2a0@o0o Bart ha,

Bi ogas Productian THhystbhdm g@asp gpaiotduct i on

capacity of 5.00 mj,

with an effective

to a reactor capacity of 4.50 mj
Hydraulic Retent iTdhre THynde a(luHRTc) Ret enti o

duration required

more than 80% of

at 45 days, as

Tab3Deesign parameters

out | i

for the complete dig
t he

organi c materi al [

ned in the table be

for sizing of biogas pl a

S.N. Parameter Value
1 C/N Ratio 207 30
2 pH 617
3 Digestion temperature 207 35
4 Retention time (HRT) 4071 100 days
5  Biogas energy content 6 kWh/m?



S.N. Parameter Value

6  One cow yield 971 15 kg dung/day
7 Gas production per kg of cow dung 0.023i 0.04 n?
8  Gas production per kg of pig dung 0.047 0.059 ni
9  Gas production per kg of chicken dun 0.065i 0.116 ni

10 Gas production per kg of human excre 0.0207 0.028 ni
11  Gas requirement for cooking 0.27 0.3 m¥/person

12  Gas requirement for lighting one lamg 0.17 0.15 n¥/hr

Therefore

From equatioHRT = Reactor Capacitiguration of storage
HRT =4 .n%/ 45 day
HRT =0 . nf/day orl 0 l0day

7)Tot al Sol iThe (DSl solids are calcul at

assuming the density of food waste is e

The composition of organic matter that can
includes 10 kilograms of food waste per day,

Using the equation:
Total GasYield=Gas Yielguunicipal garbageonty) X Amountof food wasteperday
Total GasYield=0.61m?3kgx10kg/day=6.1m3/day

Thus, the volume of biogas produced per da

53 Electricity Production from Biogas

Il n t heheatmee bi ogas produced iswuskdahoenet
content conversion rate of 6 KkWh/ mj for bioga
kWh/ day. However, considering the efficiency

20%30% and9®B¥®spectively, the average effici



approxi mately 25%. Since the engines and genet
run on gasoline, this further reduces the eff
Therefbregashelectricity generation system at
4. 57 kWHRd&w * 36.6 kWh/ day) .

There are 36 personnel, student s, and resi
235 grams of food waste per person per day (L
waste per person per day (withkhlfowadtwdst d&hcan
a total of 8.46 kilograms of food waste and 1.
The amount of food waste used for biogas ©pro

kg/ day), transl a&tiitryg ptro daurc td otnu alf l. 87t kiwh/ da

mj / day) .

I n concl usi on, the amount of fuel (food we
biogas is insufficient to meet the electricit
Therefore, it i's necessary her saveas Bddenba
Digester Tank is supplied with no | ess than 1

ki R ‘ A

B M o TN WO % ® - -

\‘\ SN "3‘2. ¥ e ‘_,": /
W e, 4 42
o o A B0y Tor
; W e ;

ek £ =

¥, S "‘;’—&‘

3 -

57
-~ B
5
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FigadMes ol ated community PV/biogas microgrid

Source:Faikul Umametal(2 0 2 4

6. 2 Micooafrigdrati on

Mi crogrid configuration was adjusted acco
PV Bi ogasy owgtihd DG as DC bus and | oad as AC bus.

was controlled by EMS software.

adiCET
Isolate Community PV/Biogas Microgrid
Energy Management System

Weather Forecast Data

< ! -
E’ DG // \\ @" et ﬁr
il

Microgrid Controller (\’JJ

iEp == Node == ;p Load
=R
ESS-DG Signal  Protection Signal Protection Signal ~ Blockchain Cloud

: .y —
Inteligent Electronic Devices(EC) ~ Sn9\e User Microgrid {m il

: I Base Load Balance
PV-Biogas Generator and Battery storage Two Direction Power Flow Peer to Peer and Grid Aggregator

FigaBmwe crogrid Configuration at adi CET
Source:Setthapun et a(2015



The hafrdwabD® andoh®iadcecwoarddi ng t o the foll ow
1The data coll ection for 1 year revealed t
has an average daily PV energy output pro
power generation of 15.90 kW at 1:00 p. m.

0__||||||II
12345673829

101112131415161718192021 222324
Hours

Figadeerage PV energy output profile

2PV energy output profile was defined as a
be in the DC bus which was the electrical
fact , i n ldes$ My e dogyrsitbeeshe | oad profil e mu

first and then the DG system design which
energy resources and battery storage sys:
consistent with the <tanmulniity a@&haedcdedwwrniitty

3)The | oad profile of the building that <con

shift the | oad to be consistent with the
AC bus community I2a®cdcdgraC (b2uisvsitduedde nitn troe s i
zone, residenti al houses with peak2) oad d
AC Busoffice and small business zone, day

with peak | oad during the dayti me.



<ess. Shifting Consumption kW
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Batter
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Figafva crogrid Energy Output and Load Profile
Source:Fioriti et al.(2020

4The reasoAC tlousdiivintdee 2 zones was because
buil ding was dynamic according to the oc
farming or small business building site
resul ted iemr nt hen Itdcheed cppartmuni ty t o be a mou
with the electricity usage directly from

curve patternl®r®@@ihresfrom 6:00

6.3 Monitorimg BYkBiemmga@$s Microgrid

El ectronics device and communication syste
energy value of DG and | oad was measured. DG
divided 2and AGsbwas | ati on of converter and i n:
the electric current andThveolstoafgtewairne tohfe sfeonrsno r
nodel SoCammuni/tbhy oR\as whiisc rcorgeraitded. The al gori th

energy management sysdgreind.(EMS) of isolate mic



% lab,c)and Ria,b,c)

W Receiver Reading Data
Current and Solar Radiation

Constant jMonitor Smart /
onstan
Meter Output,
Setting Array EMS Program || P
Setting
SUB ROUTINE 1 SUB ROUTINE 5
Table File Array from | Calculation 1,2...n Mot Record 06 [==| Data Record .
SUB ROUTINE 1 Setting Formular ala Recor! ‘ DG and Load Real Time
. and Load Profil
SUB ROUTINE 3 | ;UB:O”T'NEZ : | | sussoumnes
Drawing Graph - ynchronize _Monitor Simulation Program
& P Counter Program Simulation gram)
Program Output
Monitor Graph
SUB ROUTINE 4
' End
Numeric Counter ==
Program

Figadlene algorithm of subroutine was energy ma
SourceKlaimi et al.(2016

Monitoring and display system was ¢de&evel ope
Machine (M2M) communication systems wa® empl
Machine (M2M) communication system focurses on

an Internet of Things (1 oT) net work to commu
devel opment, the MQTT Protocol (Message Queui
to its recogni zedsiazbed idtayt avwo Wt &ramasend wo sknka | I1 i mi
i mpl ementati on, Mo ssqouui rtcteo  MMIITIT , b racnk eap edhev el op
Foundati on, is used to enable fast -MAMWMscobmmean
model , which enhancesmibeasi ehf i iaendyudfar dgt & c
and small hardware devices. The w@rkflow of t



loT_Client MQTT_Broker Subscriber

Publish message with Topic
Deliver message (if subscribed to Topic)
Subscribe to Topic

Acknowledge Publish

Figaddene PShbisshi be Model of MQTT
Source:Srivastava & Brycg2018

The publishsubscribe mechanism in MQTT begins with a Publisher, which is either a
device or an application responsible for sending messages to an MQTT Broker via a TCP/IP
network. The Publisher connects to the Broker using standard ports:

- 1883 for general connections

- 8883 for encrypted TLS/SSL connections.

The Publisher sends messages containing a topic (e.g., home/temperature) along with a
payload, which can be plain text, JSON, or XML. Additionally, MQTT allows setting different
levels of Quality of Service (QoS):

- QoS 0i Message is sent once, with no guarantee of delivery.

- QoS 1i Message is sent repeatedly until an acknowledgment is received.

- QoS 2i Message is guaranteed to be delivered exactly once through a verification

process.

Upon receiving a message from the Publisher, the Broker checks if there are any
Subscribers who have subscribed to that topic. If a Subscriber exists, the Broker forwards the
message based on the defined QoS level. If no Subscriber is present, the mayseigleer be
discarded or retained based on the Retain Message setting. The Subscriber receives the message

via the Broker and processes the payload for actions such as displaying information, sending



notifications, or controlling other devices. One advantage of MQTT is that the Publisher and
Subscriber do not need to be aware of each other, which makes the system highly flexible, scalable,
and suitable for IoT networks that require lightweight, -loewer, and reliable communication.
Despite its advantages, Mosquitto MQTT is a basic sbaged broker, which means it lacks user
friendly topic management and access control. Users must manually modify configurations in the
backend server, which can compiiee network security. To address this, the development
includes integrating MQTT with a MySQL database for user management and access control at
the topic level. The workflow for this security enhancement is illustrated in FiGure 2

Figa@aflecure and Customizable Access Control Sy
Source:ArcSite (n.d.)



The proposed security structure allows for customized access controls, such as defining
read and write permissions for specific topics. These settings are managed through a MySQL
database, ensuring automatic and secure authentication and authorizatisgsténe follows
these steps:

1) Client Connection and Authentication

- The system verifies user credentials (username & password) using hashed
authentication.
- If authentication is successful, it checks the topic access permissions.

2) Topic Access Verification
- If the requested topic matches the user's access rights, the Broker forwards the

message according to the MQTT protocol.

Figamea oker Service onUbuntu Server

» Showing rows 0 - 3 (4 total, Query took 0.0179 seconds.)

SELECT FROM “mqtt_user

Profiling [ Edit inline ] [ Edit ] [ Explain SQL ] [ Create PHP code ] [ Refresh ]
Show all Number of rows 25 v Filter rows: is t Sort by key: None v
+ Options
7 w id username password_hash is_admin
Edit }c Copy @@ Delete 1 admin $2a$108VTjdnRnccsR4sestnpDUb.XT4QVgpD8PxDkG5PP7c5a
& Edit E-r: Copy (@ Delete 2 admin2 $2a$10%8VTjdnRncecsR4sestnpDUb.XT4QVgpD8PXxDkG5PP7c5a... 0
o’ Edit :}: Copy @ Delete 3 system $2a$10$S1fN4yQH7IcxhPH41nJAQ.CpgCpNCLsSA30n9rfO3Art. 1
o Edit 3¢ Copy @ Delete 4 test $2a$108liINm.55WUt4RFOMOShDueVxZWXyY.fIsvXEYTOLQ67... 1
t Check all With selected. Edit %< Copy @ Delete =4 Export

Figa®beat abase for Auth and Topic



{"ID": 3, "V": 233.00, "A": 2.43, "P": 522.40, "Sum": 6
3394.00, "HZ": 49.90, "PF": 0.92}

qos : 0, retain : false, cmd : publish, dup : false, topic : AS
C/SCO/energy, messageld : , length : 104, Raw payload :
123347368345832514432348634583250515146484844323
465345832504652514432348034583253505046524844323
483117 109345832545151575246484844323472903458325
257465748443234807034583248465750125

{"ID": 2, "V": 235.80, "A": 2.39, "P": 529.80, "Sum": 7
1753.00, "HZ": 49.90, "PF": 0.94}

qos : 0, retain : false, cmd : publish, dup : false, topic : AS
C/SCO/energy, messageld : , length : 104, Raw payload
123347368345832504432348634583250515346564844323
465345832504651574432348034583253505746564844323
483117 109345832554955535146484844323472903458325
257465748443234807034583248465752125

Figa@Benpl ement ati on of

{"ID": 5, "V": 246.10, "A": 0.00, "P": 0.00, "Sum": 176
1949.00, "HZ": 49.90, "PF": 0.00}

qos : 0, retain : false, cmd : publish, dup : false, topic : AS
C/AH/energy, messageld : , length : 103, Raw payload : 1
233473683458325344323486345832505254464948443234653
458324846484844323480345832484648484432348311710
934583249555449575257464848443234729034583252574
65748443234807034583248464848125

{"ID": 4, "V": 245.60, "A": 0.00, "P": 0.00, "Sum": 452
439.00, "HZ": 49.90, "PF": 0.00}

qos : 0, retain : false, emd : publish, dup : false, topic : AS
C/AH/energy, messageld : , length : 102, Raw payload : 1
233473683458325244323486345832505253465448443234653
458324846484844323480345832484648484432348311710
934583252535052515746484844323472903458325257465
748443234807034583248464848125

Secure MQTT Protocol wi

The implementation results, shown in Figu2és26, demonstrate the integration of MQTT

authentication services for enhanced security. This allows for access control of topics via a MySQL

database. The service runs on an Ubuntu Server, enabling secure database connections and

efficient JSONformatted messe transmission.

This development significantly improves the

security, scalability, and manageability of Machtoevlachine (M2M) communication systems,

making them more suitable for modern IoT applications.

6. 4

Dat@an cand eTCastti hhiRy/ Beeghs sMoDErog

The data testing of the Isolate Community PV/Biogas Microgad collected as follows:
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| oad profile patt

er n, which does not mat c
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rich digestate for agriculture, and stabilizi
i sol at egr iodr soeftfti ngs, such synergy enhances
susthi bhgpimaking t hfeunctgiecn &Ir ianfkregygstmuddt ur e
| f the biogas digester -praerfeordasicegned mpd nan
outset, the overall system configuration coul
PV gener at aoldat(t6e8r. b 394) pwha gceh (az2i6e. t5e2ad@)i va&l. A mor
and continuous biogas supply could all ow for:

1 Reduced battery capacitgs biogas generation can cover niggme loads or cloudy
periods.
1 Fewer PV paneldowering installation space requirements and system costs.

T Improved load balancingvith biogas serving as a flexible dispatchable source.

If the digester had been included in the initial system design phase, the energy architecture
would likely have leaned more towardhgbrid approachbalancing intermittent solar with
continuous biogas, thus optimizing investment and improving -floldmlving capability.

In isolated microgrid systems, maintaining reliable electricity dunmuti-day cloudy or rainy

periodsis critical. Batteries have limited storage duration, especially if oversized loads are



experienced. In this context, a biogas digésiésupplied with a steady stream of community

organic wasté can act as baseload generation sourcdfering:

T Continuous generation regardless of weather
T Strategic backup to offset battery depletion
1 Reduced risk of energy outagesarticularly during nightime or seasonal periods with

limited solar insolation.

This role as a lovzcarbon, weatheindependent energy source makes biogas particularly

valuable in enhancingnergy reliability especially when PV and battery limitations converge.

7.Concl usion and Recommendati ons

7.1 Conclusi on

The test results ofBidodMe clroqglradtde MOoamerhu rsihtoyw el
of Biogas to generate electricity in remote
Energy Capacity Supply, due to Iimitations in
Rati o for eloenctfrriocmm twa sptreo dfuocaad f or a popul at i
was 23 kg/ day, equivalent to 10 kWh/ day.

However, the potential for electricity gen:t
ASEAN countries remains viable, depending on
feeding electricity into thesumalyi sypgord. the

of electricity through Power PurchwheicrAgtrlee me

Very Smal l P(OWsRrR)RAIro daoft et 0 MW, constrained by
and ABi eakserSpy rDeeslidgiysti cs. This requires su
coll ection, with biomass combustion of 300 t

Hus k: DEDEElITehcatirliacnidt)y,. gener ati on from Biogas i

pl ants -amal d alrigeest ock f ar ms. Bi ogas sources
access, and as a gaseous fuel, Bi ogact rciami thye
generation. Thus, electricity generat-scan ecapa

electricity sold to the -ggadlde ugharear PtPIAOCB oINS i tt y



el ectricity -spirtoeduwsda oinn floar ggen f arms, support ec
environmefmhel st sattiegi c value of a biogas dige
|l ens of integrated waste management, resilier
mi crogrid models should consider desigbubhgath
a centrabeocampomgntreductions in battery size,
energy relidcdabgetittiyngs. i sol at e

7.2 Recommendati ons

Based on the performance a-Bat iBearoy asf Mi lte olgs
Mo d el and the potenti al of biogas as a renewa
are proposed to enhance energycoeimuabtli esy an
1) Integrate Biogas with PV and Battery as a Hybrid Microgrid Solution
Biogas should be purposefully integrated alongside photovoltaic (PV) and battery
systems as part ofteybrid microgrid modein remote or offgrid areas. This integration enables
continuous electricity supply, reduces reliance on a single energy source, and strengthens system
resilience against solar intermittency and energy storage limitations.
2) Utilize Biogas for Baseload Supply During Low Solar Availability
Biogas generators are wallited forbase load generatipespecially during nen
solar hours (e.g., 6:00 PM to 6:00 AM) or during extended cloudy periods when solar output drops
and battery reserves are depleted. In this role, biogas providkalde and dispatchab&nergy
source that ensures uninterrupted electricity delivery to essential loads.
3) Design Biogas Systems Based on Community Waste Profiles
To ensure longerm sustainability and fuel reliability, the biogas digester should be
sized and configured according to theantity and type of organic wasiwailable within the
communityy such as food scraps, animal manure, crop residues, and kitchen waste. A waste
availability assessment should be conducted during the microgrid planning phase to accurately
match feedstock input with expected gas output aedgy demand.
4) Address Biogas Purification as a Key Technical Challenge
One of the major challenges in utilizing biogas for electricity generation is the need
for effective gas purification Raw bi ogas often contains hydro

other impurities that can corrode engine components and reduce generation efficiency. Therefore,



appropriate biogas cleaning technolo@iesich as desulfurization, drying, and filtration
system8 must be integrated into the system design to ensure reliable and safe operation-of biogas

powered generators.
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This research investigates the innovative application of elephant dung biochar derived from pyrolysis process as
an enhancer for biohydrogen production from food waste by dark fermentation process. In this study, batch
fermentation experiments have been performed with elephant dung biochar concentrations from 0 to 20 g/L. The
highest yields of biogas and biohydrogen achieved were 83.33 and 12.41 mL/g COD, respectively, with the
maximum hydrogen concentration reaching 21.79% at the biochar concentration of 10 g/L. Additionally, the
total volatile fatty acids produced after fermentation amounted to 2204 mg/L. This study found that biochar can
be used for buffering pH and enhancing metabolic processes on the pathway of VFAs to hydrogen, thereby

contributing to improved hydrogen yields. This study has demonstrated that biochar produced from elephant
dung can significantly improve hydrogen yield from food waste, while higher concentration of biochar may have

inhibitory effects.

1. Introduction

The global energy situation is currently a cause of concern to the
public. The growth in global energy consumption is a significant chal-
lenge for the energy sector. The development of renewable and sus-
tainable energy sources has been motivated by the growing use of fossil
fuels [2]. There is a growing consensus that hydrogen represents a
potentially valuable, economically viable, and environmentally benign
fuel option for future energy systems, particularly in comparison with
other conventional fossil fuels [4]. Biohydrogen production from
organic waste has garnered significant attention due to its potential to
provide clean energy and solve waste management issues [3]. The
production of biohydrogen from organic waste materials, including food
waste, agricultural waste, and animal manure, has the dual benefit of
promoting renewable energy production and supporting efficient waste
management techniques, thereby reducing the environmental impact of
waste disposal [5]. Dark fermentation represents a promising approach
to biohydrogen production from a range of organic substrates, including
food waste. However, optimizing this process to achieve maximum
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hydrogen yield represents a significant challenge. The process itself in-
volves anaerobic microorganisms and is therefore subject to the con-
straints of the anaerobic environment.

The dark fermentation process is applicable to a multitude of feed-
stocks, including byproducts of various origins such as food waste,
agricultural waste, municipal organic waste, and wastewater. Food
waste is a major source of biohydrogen production. The use of food
waste for biohydrogen production is environmentally friendly [6,7]. Itis
a strategy potential of food waste that can be converted to biohydrogen
production. This is circular economy ideas which could promote
resource efficiency and sustainability [8]. There are several challenges
remaining to enhance the production of biohydrogen through dark
fer ion. The chall of using food waste as the substrate for
hydrogen production, which can be optimized to achieve the highest
production, such as by managing byproducts and maintaining the sta-
bility of the microbial communities involved [9,10]. Currently research
is focused on the improvement of biohydrogen yield and rate of
hydrogen production though various methods, including optimizing
fermentation conditions, employing pretreatment methods to enhance
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substrate availability, and using additives like biochar to improve mi-
crobial activity and hydrogen production efficiency [11,12]. A variety of
strategies have been implemented with the objective of enhancing the
efficiency of this process. Among these strategies is the use of additives,
such as biochar.

Biochar is a carbon-rich material that can be made in different pro-
cesses, including pyrolysis of organic matter. A review of the literature
shows that research has been published on the effect of biochar in dark
fermentation [13]. Biochar specific properties such as high surface area,
porosity, and adsorption capacity can enhance microbial activity and
maintain the stable of fermentation processes. Adding biochar improves
the microbial community, electron transfer, and bacteria that produce
biochydrogen [14]. While biochar derived from different biomass sources
has been investigated, the use of ele::ha.nt dung biochar in bichydrogen
production remains largely unexplored. Elephant dung is a resource for
use in biochar production. This waste can be converted into biochar,
which can help manage waste and potentially enhance biohydrogen
production. The composition of elephant dung biochar may provide
specific advantages in the dark fermentation process. This study has
demonstrated that biochar produced from elephant dung can signifi-
cantly improve hydrogen yield from food waste.

This study represents a novel investigation into the use of elephant
dung biochar as an additive to enhance biohydrogen production from
food waste via dark fermentation. While previous studies have investi-
gated the benefits of biochar in similar contexts, the use of elephant
dung biochar remains largely unexplored, particularly in terms of
optimizing its concentration and impact on fermentation conditions. In
addition, this research addresses critical challenges associated with the
collection and preparation of feedstock for biochar production, such as
ensuring the availability of elephant dung as a sustainable resource and
the consistency of biochar quality during pyrolysis.

The main goal of this study is to assess the impact of varying con-
centrations of elephant dung biochar on hydrogen yield and to optimize
the conditions of fermentation process. This study is also expected to
inform future research and practical applications, promoting the use of
food waste sources for biochar production and advancing the efficiency
of bichydrogen generation processes, and contributing to the broader
field of renewable energy and sustainable waste management. The use of
elephant dung biochar evaluates the concentration and pH effects, and
analysis of the VFA production. The expect results could be presented a
promising avenue for bridging the gap in knowledge regarding the
biochar technology to enhance biohydrogen production from food
‘waste.

2. Materials and methodology
2.1. Elephant dung biochar

Elephant dung was collected from the elephant camp in Chiang Mai,
Thailand. The elephant dung samples used in this study were collected
without regard to the gender or age of the elephants. Elephants were fed
by Napier grass as a primary food source. Elephant dung was washed
with tap water 3-4 times, after that only the fiber was collected.
Elephant fiber was dried in an oven at temperature of 105 °C for 24 h
[14]. The prepared feedstock was then pyrolysis in a reactor at tem-
perature of 350 °C for 12 min [14,15]. Elephant dung biochar was
cleaned by boiling it in distilled water for 40 min until it floated. Then, it
was dried in an oven at temperature of 105 °C for 24 h and subsequently
passed through sieves with an 80-mesh size. The prepared biochar from
elephant dung was stored in a dry equipment to prevent moisture
absorption.

The characterization of the prepared elephant dung biochar includes
the following analyses: Total Solid (TS), Velatile Solid (VS), and proxi-
mate analysis to determine meoisture content, volatile matter, ash con-
tent, and fixed carbon. Additionally, ultimate analysis is performed to
determine the content of carbon, hydrogen, nitrogen, sulfur, and
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oxygen. Brunauer Emmett-Teller (BET) analysis was used for deter-
mining the specific surface area, pore volume, and pore size distribution.
The characteristics of the prepared elephant dung biochar are presented
in Table 1.

2.2, Food waste

Food waste was collected from a restaurant near by Feng Chia Uni-
versity located in central Taiwan. The waste consisted mainly of rice and
wvegetables. Non-organic materials and non-digestible items (e.g., bones)
were removed to ensure that only organic and digestible waste was
processed. The separated food waste was then broken down into smaller
particles using a blender. This step ensures a uniform texture and con-
sistency, which is essential for subsequent processing. The prepared food
waste was kept in the refrigerator. Then, it was prepared at the specified
concentration in the experimental design. The following analyses are
included in the characterization of prepared food waste: pH, total sugar,
TS, VS, Chemical Oxygen Demand (COD) and Soluble Chemical Oxygen
Demand (SCOD). Table 2 represents the characteristics of food waste
slurry.

2.3. Sced sludge

The seed sludge was collected from the wastewater treatment plant
which was used as the inoculum source for biochydrogen production. The
sludge was heated to 105 °C for 3 h to suppress the activity of metha-
nogens. Characterization of the heat-treated seed sludge was analyzed.
This included Total Seolids (TS) and Volatile Solids (VS). Heat-treated
seed sludge was inoculated into BA medium [16] with an initial pH of
6.0 and cultivated at 37 °C and 120 rpm for 48 h to prepare the
hydrogen-producing inoculum. In the experiments, 20% (v/v) of inoc-
ulum was used, which was prepared by centrifuging the culture at 4000
rpm for 10 min and directly resuspending it into the fermentation me-
dium. The characterization of seed sludge showed that the TS and VS
content are 979 + 17 and 778 £ 16 g/L, respectively.

2.4. Batch experiments

The fermentative biohydrogen preduction performance was inves-
tigated with the food waste initial concentration of 20 g COD/L [17].
The fermentation was carried out in a 30 mL serum vials contained 20%
v/v inoculum in a total working velume of 15 mL. The effect of elephant
dung biochar concentrations was 0, 5, 10, 15, and 20 g/L, respectively.
Initial pH was adjusted to 5.5 using sulfuric acid (H2S04) and soedium
hydroxide (NaOH) as a buffer. All vials were then sealed tightly with
rubber stoppers, parafilm and aluminum flip-off caps by bottle cap

Table 1

Characteristics of the prepared elephant dung biochar.
Parameters Composition Unit
TS 95.33 + 0.48 %
Vs £1.29 + 0.32 %
Proximate analysis
Moisture content 1.93 + 0.1 %
Volatile matter 36.67 + 1.0 %
Ash content 30.24 + 1.5 %
Fixed carbon 31.15+ 1.0 %
Ultimate analysis
Carbon 58.00 + 0.50 %
Hydrogen 1.87 + 0.02 %
Nitrogen 8.14 + 0.02 %
Sulfur 1.07 + 0.02 %
Oxygen 0.07 + 0.01 %
BET analysis
Specific surface area 227.51 m®/g
Pore volume 0.123 cm®/g
Pore size distribution 22.84 A
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Table 2

Characteristics of prepared food waste slurry.
Parameters Composition Unit
pH 492+ 0 =
Total sugar 69.53 + 0.13 g/L
TS 195.32 + 1.63 g/L
Vs 187.02 + 1.66 g/L
GcoD 202.03 + 4.98 gL
SCOD 98.15 + 1.95 g/L

crimping tool. The vials were flushed with argon gas to create anaerobic
conditions. After sealing the vials, they were kept in a shaking incubator
for 1 h at 35 + 2 °C and 120 rpm. Then, a needle was used to release the
air until there was no pressure inside the bottles. During the incubation
period, the volume of biogas was measured daily using a reusable glass
syringe, and the gas composition was analyzed by GC-TCD. The cumu-
lative production of biogas and hydrogen was measured and calculated.
The experiments were stopped once gas production ceases or falls below
1% of the working volume. The final liquid samples of the batch
fermentation were then analyzed.

2.5. Analysis

The initial and final samples from the batch fermentation were
analyzed using standard methods outlined in the examination of water
and wastewater [12]. These methodologies encompassed the assessment
of total solids (TS), volatile solids (VS), and chemical oxygen demand
(COD). Additionally, the investigation encompassed the examination of
soluble chemical oxygen demand (SCOD). SCOD was analyzed after
centrifuging the sample for 10 min and filtering it through a 0.45 pm
membrane filter and then following standard methods of COD analysis.
The pH measurements were monitored by a pH meter. The prepared
liquid samples were centrifuged at 4000 rpm for 10 min for Veolatile
Fatty Acids (VFAs) analysis. The supernatant was filtered through a 25
mm nylon syringe filter with a pore size of 0.22 pm and filled into 2 mL
vials. The prepared samples were then analyzed for VFAs by using
HITACHI High-Performance Liquid Chromatography. The gas compo-
sition was analyzed by GC-TCD.

3. Results and discussion
3.1. Biogas and biohydrogen production

The elephant dung biochar concentration in the experiments was
varied from 0 to 20 g/L. The results of biogas and hydrogen productions
performance are shown in Fig. 1. Fig. 1 (A) shows very low biogas
production for the control (0 g/L biochar). The result found that only
food waste cannot produce significant amounts of biogas. The biochar
addition from 0 to 10 g/L results in a significant increase in biogas
production. The increasing biogas production from 0 to 1.67 mL/g COD
when the biochar addition from 0 increase to 5 g/L. The 10 g/L biochar
concentration results in the highest biogas production, indicating an
optimal balance where the benefits of the biochar are maximized. The
biochar addition of 10 g/L significantly enhances biogas production
compared to the control, with an increase from 0 to 83.33 ml/g COD.
This suggests that a proper concentration of biochar can enhance mi-
crobial activity, possibly due to improved nutrient availability or a
better microbial habitat [19,20]. This concentration is probably effec-
tive in increasing microbial activity and nutrient retention. These are
critical factors for efficient biogas production. The accumulated biogas
production is decreased when the biochar concentration varied from 10
to 20 g/L. The 15 and 20 g/L biochar concentrations result in lower
biogas production compared to the 5 and 10 g/L concentrations. This
suggests that excessive biochar may inhibit microbial activity, poten-
tially due to over-absorption of nutrients or adverse effects on microbial
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Fig. 1. Biogas and biohydrogen production performance with varying con-
centrations of biochar; (A) cumulative biogas preduction, (B) cumulative
hydrogen production, and (C) hydrogen concentration.

communities. The findings of this study indicate that while biochar has
the potential to enhance biogas production at certain concentrations,
excessive amounts may prove to be counterproductive. The findings
highlight the importance of optimizing biochar concentration to balance
microbial activity and nutrient availability for efficient biogas and
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biochydrogen production.

Fig. 1 (B) shows the cumulative biochydrogen production using
elephant dung biochar as an additive with different concentrations to
biohydrogen production from food waste by dark fermentation. There
was no biohydrogen production throughout the entire fermentation
process at the control condition of 0 g/L biochar. The absence of
hydrogen gas production in the control highlights the necessity of bio-
char or other additives to facilitate effective fermentation and enhance
hydrogen yield [10,21-23]. Addition of 10 g/L biochar significantly
increased biohydrogen production compared to control, increasing
biogas production from 0 to 12.41 mL/g COD. Biohydrogen production
exhibited a gradual increase after 100 h of fermentation process. Sub-
sequently, the biohydrogen production rate accelerated, reaching its
peak at 150 h. This pattern indicates a lag phase followed by an expo-
nential phase in microbial activity, where the adapted microbial com-
munities efficiently converted the food waste into hydrogen gas [24].
The gas production continued until 300 h, at which point it ceased.
When biochar was added at a concentration of 15 g/L, the biohydregen
production followed a similar pattern to that observed at 10 g/L, but
with lower overall production. Production gradually increased starting
from 100 h and then ceased after 150 h. Although the biochar concen-
tration of 20 g/L accelerates the initiation of hydrogen production, the
total amount of hydrogen generated as a result of the process is lower
compared to the 10 g/L and 15 g/L biochar concentrations. This could
indicate that while 20 g/L biochar enhances the early stages of
fermentation, it might lead to a potential inhibition effects or suboptimal
biochar interactions with the fermentation process [25,26].

The hydrogen concentration of batch fermentation using elephant
dung biochar is shown in Fig. | (C). During fermentation process, the
biochar addition of 5 g/L resulted in the absence of hydrogen production
from the beginning to the end of the fermentation process. The highest
hydrogen concentration of 21.79% was reached at the biochar addition
of 10 g/L. This concentration not only yielded the highest peak
hydrogen production but also exhibited a prolonged fermentation time,
with the peak occurring at 160 h. The extended duration to reach the
peak suggests a gradual but sustained release of hydrogen, possibly as a
consequence of the optimal surface area and poresity at this concen-
tration, which facilitates microbial activity and efficient substrate uti-
lization [27]. A slightly lower hydrogen concentration of 19.95% was
observed with the biochar addition of 15 g/L. The peak hydrogen con-
centration was reached at 114 h, indicating a faster rate of hydrogen
production compared to the 10 g/L biochar concentration. However, the
peak concentration was lower, which may suggest that while the
increased biochar concentration accelerates the fermentation process, it
might also lead to rapid substrate depletion or inhibitory effects on
microbial communities at higher dosages [26,28,29]. With 20 g/L bio-
char, the hydrogen concentration was 17.36%, the lowest among the
tested concentrations. Interestingly, the peak concentration was reached
within the first 24 h of fermentation, indicating a very rapid initial
hydrogen production. The rapid peak suggests a high initial microbial
activity, possibly due to an abundant surface area for microbial colo-

nization. However, the subsequent decline in hydrogen concentration
could be attributed to the potential inhibitory effects of excessive bio-
char, such as nutrient imbalance or the adsorption of essential microbial
nutrients and metabolites onto the biochar surface [1,19,30,31].

The study demonstrates that elephant dung biochar effectively en-
hances bichydrogen production from food waste through dark fermen-
tation, with 10 g/L identified as the optimal concentration. The
improved hydrogen production at this concentration can be attributed to
several factors including enhanced microbial activity. The porous
structure of biochar is assumed to provide a conducive environment for
microbial growth, thereby increasing the activity of hydrogen-
producing bacteria [1,19]. The surface area of elephant dung biochar
provides an environment suitable for bacterial growth. This increased
microbial activity could lead to more efficient fermentation processes
and higher hydrogen yields [29]. The adsorption properties of biochar
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could assist in reducing inhibitors produced during fermentation,
thereby maintaining a more advantageous pH and reducing the accu-
mulation of toxic metabolites [31,32].

However, higher concentrations of biechar (15 g/L and 20 g/L)
result in reduced hydrogen production, suggesting potential inhibition
of microbial processes or substrate limitations. The conclusion that can
be reached is that excessive biochar can have an inhibitory effect on
microbial processes. Higher concentrations of biochar could adsorb not
only inhibitory substances, but also essential nutrients and enzymes, and
thereby disrupt the microbial balance that is necessary for optimal
hydrogen production. These findings indicate that while elephant dung
biochar is a promising additive for biohydrogen production, its con-
centration needs careful optimization.

3.2. Removal efficiency and pH

Important parameters for evaluating the biogas and bichydrogen
production processes are TS, V5, and COD remeoval efficiency. In this
study, the difference concentrations of biecharat 0, 5, 10, 15, and 20 g/L
resulted in TS removal efficiencies of 5.60%, 6.25%, 19.92%, 13.72%,
10.06%, the VS removal efficiencies were 8.03%, 11.22%, 26.57%,
19.37%, 13.02%, respectively. High removal efficiency of TS and VS
would correlate with effective conversion of organic matter. This would
support higher yields of biogas and bichydrogen. As shown in Fig. 2, the
highest COD removal efficiency of 36.31% was observed with the bio-
char addition of 10 g/L. The biochar addition of 15 g/L is the second
most effective, achieving a COD removal of 26.98%. The lowest and
highest additions of biochar (5 g/L and 20 g/L) were found to achieve
COD removal efficiency of 6.50% and 15.38%, respectively. In the
absence of biochar, the COD removal efficiency was found to be only
2.57%. It was found that the highest COD removal efficiency correlated
with the highest biogas and biohydrogen yields. These findings suggest
that the optimal concentration of elephant dung biochar for enhancing
COD removal and biogas production is 10 g/L which also highlight the
optimizing efficiency of the fermentation process. The effectiveness of
COD removal is evaluated by quantifying the extent to which the
incorporation of elephant dung biochar facilitates the decomposition
and disposal of organic matter during the fermentation stage. Improved
COD removal is typically associated with more efficient microbial ac-
tivity, leading to higher biogas and bichydrogen production [33,34].

Fig. 2 shows the results of final pH after fermentation under different
conditions. The initial pH is 5.5 in each condition. The results show that
the final pH values for the biochar addition of 0, 5, 10, 15, and 20 g/L
were 3.98, 4.20, 5.55, 5.49, and 6.20, respectively. These final pH values
are significant in relation to the biogas and biohydrogen yields. It is well-
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Fig. 2. Final pH and the removal efficiency of the TS, VS, and COD on the batch
fermentation process using food waste at the different biochar concentrations.






