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CHAPTER 1: INTRODUCTION
Strategic New and Renewable Energy Initiative

1

Energy Crisis
Fossil fuel dependency >85% of national 
energy mix, demand continuously rising

2

Biomass Potential
Hundreds of millions of tons of biomass 
waste per year remain suboptimally 
utilized

3

Transformative Solution
Fuel Cell + Biomethanol/Biogas + 5F 
Industry = energy independence

This document maps the technological, economic, and policy pathway toward Indonesia becoming a biomethanol and fuel cell 
hub in Southeast Asia.



1.1 Background: Indonesia's 
Energy Paradox

Challenges
Population >270 million, rapid 
economic growth
Fossil fuel dependency >85% 
of national energy mix
Commitment to reduce GHG 
emissions 29–41% by 2030
Net Zero Emission 2060 
target becoming increasingly 
urgent
Biomass waste is burned, 
discarded, or left to 
decompose → methane 
emissions

Extraordinary 
Opportunities
Indonesia, as the world's largest 
agrarian and maritime nation, 
generates hundreds of millions 
of tons of biomass waste every 
year from:

Plantations: palm oil, sago, 
coconut
Agriculture: rice, sugarcane, 
cassava
Forestry and wood 
processing industries

New paradigm: Waste is no 
longer a problem — waste is a 
strategic energy asset.

The Fuel Cell and Biomethanol/Biogas Initiative integrates cutting-edge 
energy conversion technology with the archipelago's biomass wealth through 
the concept of the Integrated 5F Industry (Food, Feed, Fiber, Fertilizer, Fuel) 
— positioning Indonesia as a global pioneer in circular economy and 
sustainable bioeconomy.



1.2 Strategic Vision and Mission

"To establish Indonesia as Southeast Asia's biomethanol and fuel cell hub 
through the sustainable, self-sufficient, and globally competitive utilization 
of biomass waste based on the 5F Industry."

1 Production Ecosystem
Developing a biomethanol and biogas production ecosystem from sago, 
palm oil, coconut, and rice biomass waste

2 Fuel Cell Implementation
Implementing Fuel Cell technology (DMFC, SOFC, RMFC) for various 
strategic applications

3 5F Integration
Building circular integration among the Food, Feed, Fiber, Fertilizer, and 
Fuel pillars

4 Economic Value Addition
Creating added value from waste through circular bioeconomy and 
supporting the Net Zero Emission 2060 target



CHAPTER 2: BIOMETHANOL 
AND BIOGAS
Characteristics, Properties, and Potential

Biomethanol
CH₃OH from renewable biomass sources. Liquid at room temperature, 
energy density 15.6 MJ/L, drop-in infrastructure.

Biogas
Mixture of CH₄ + CO₂ from anaerobic digestion. Ideal for stationary power 
generation, produces bio-slurry fertilizer.

Biochar
Gasification by-product. Stable carbon for 100–1,000+ years in soil. Key 
mechanism for carbon negativity.

5F Industry
Integrated biorefinery ecosystem: Food, Feed, Fiber, Fertilizer, Fuel — zero 
waste, circular economy.



2.1 What is Biomethanol?
Biomethanol is methanol (CH₃OH) produced from renewable biomass sources — distinct from conventional methanol (grey methanol) 
derived from fossil natural gas via Steam Methane Reforming (SMR).

Characteristics and Physicochemical Properties of Biomethanol

Parameter Value

Chemical Formula CH₃OH

Molecular Weight 32.04 g/mol

State (room temperature) Liquid — boiling point 
64.7°C

Density 0.791 kg/L (20°C)

Energy Content (LHV) 15.6 MJ/L

Octane Number 109

Parameter Value

Water Solubility Very high (miscible)

Flash Point 11–12°C

Explosive Limits in Air 6–36% volume

Freezing Point -97.6°C

vs Gasoline (energy/L) 45% of gasoline (34.2 MJ/L)

Storage Pressure 1 atm (atmospheric)



2.1.2 Advantages of Biomethanol

1. Liquid Form at Ambient 
Conditions
Stored in atmospheric pressure tanks 
(1 atm). Does not require cryogenic 
systems (-253°C) or high-pressure 
compression (350–700 bar like 
hydrogen).

2. High Volumetric Energy 
Density
1 liter of biomethanol = 15.6 MJ of 
energy. 10x more energy-dense than 
Li-ion batteries per liter. Highly 
suitable for high-autonomy 
applications (transportation, heavy 
equipment).

3. Drop-in Infrastructure
Can use existing tanks, trucks, tankers, 
and fuel stations. Only requires 
seal/gasket modifications (replacing 
rubber with Viton/Teflon). No need for 
massive new infrastructure 
investment.

4. Carbon Neutral — Even 
Carbon Negative
Carbon released during combustion = 
carbon absorbed by plants during 
growth. Closed carbon cycle. Can 
become carbon negative when 
combined with Carbon Capture and 
Biochar.

5. Production from Waste
Does not compete with food supply 
(can be made from sago, palm, rice 
husk, and shell waste). Transforms 
waste problems into energy solutions. 
Creates a circular economy.



2.1.3 Limitations of Biomethanol

Toxicity
Toxic if ingested (oral LD50 
in rats: 5–10 g/kg). Can 
cause blindness. Flame is 
nearly invisible (pale blue) 
in daylight — requires 
special detectors.

Lower Energy 
Content
Only 45% of gasoline per 
liter. Requires a tank 2x 
larger for the same range. 
Still far superior to batteries.

Corrosive to Certain 
Materials
Can damage natural rubber 
and uncoated aluminum. 
Requires special materials: 
stainless steel 316L, HDPE, 
Viton.

Still Produces CO₂
Although carbon neutral, it 
still emits CO₂ during use. 
Carbon Capture is needed 
to become carbon negative.

These limitations can be mitigated through proper system design, material engineering, and integration with Carbon Capture & 
Biochar technology.



2.2 What is Biogas?
Biogas is a mixture of gases produced through the process of anaerobic digestion (decomposition without oxygen) of organic 
materials such as agricultural waste, livestock manure, food waste, or industrial wastewater.

Biogas Composition

Component Content Role

Methane (CH₄) 50–75% Main energy-
producing 
component

Carbon Dioxide 
(CO₂)

25–45% Inert gas, 
reduces heating 
value

Nitrogen (N₂) 0–5% Inert gas

Hydrogen (H₂) 0–2% Small amount

Hydrogen Sulfide 
(H₂S)

0–2% Toxic, corrosive — 
must be 
removed

Water Vapor 
(H₂O)

Variable Must be 
condensed

Biogas Heating Value

Raw Biogas (60% 
CH₄)
20–25 MJ/Nm³

Upgraded Biogas 
(95% CH₄)
35–40 MJ/Nm³ — 
equivalent to natural gas

Upgraded biogas (biomethane) can be used directly in natural 
gas networks or as a feedstock for biomethanol synthesis.



2.2.2 Advantages and Limitations of Biogas

Advantages

Simple Production: Anaerobic digestion technology is 
mature and proven; can be implemented at small scale 
(household) to large scale (industrial)

1.

Multi-Benefit: Energy (electricity, heat, fuel) + bio-slurry as 
high-quality organic fertilizer + waste treatment (reducing 
BOD/COD, odor, pathogens)

2.

Carbon Neutral: Prevents methane emissions from waste 
decomposing in nature; reduces GHG emissions 28x 
compared to CO₂

3.

Local and Self-Sufficient: On-site production, no need for 
long-distance transportation; reduces dependence on 
energy imports

4.

Limitations

Gaseous Form: Difficult to store and transport over long 
distances; requires compression or liquefaction for mobile 
applications; better suited for stationary applications

1.

Impurity Content: H₂S is highly corrosive and toxic, must be 
removed; CO₂ reduces calorific value; requires a good gas 
cleaning system

2.

Feedstock-Dependent Production: Requires consistent 
organic waste supply; productivity depends on temperature 
(optimal 35–40°C mesophilic); retention time 20–40 days in 
the digester

3.

Low Pressure: Biogas is produced at near-atmospheric 
pressure; requires a compressor for certain applications

4.



2.3 Comparison of Biomethanol vs Biogas

Parameter Biomethanol Biogas

Form Liquid (easy to store) Gas (difficult to store)

Energy Density 15.6 MJ/L 0.02–0.04 MJ/L (1 atm)

Ideal Application Transportation, portable, off-grid Stationary power generation, CHP

Logistics Easy (tank trucks, jerricans) Difficult (requires pipes/compression)

Conversion Technology DMFC, RMFC, SOFC, engines SOFC, gensets, boilers

Production Gasification or biogas reforming Anaerobic digestion

Investment High (synthesis plant) Medium (digester)

Economies of Scale Better for large scale Viable at small–medium scale

Biomethanol and biogas are not competitors, but complements. Biogas is ideal for stationary applications at the point of 
production; biomethanol is ideal for distribution and mobile applications.



CHAPTER 3: BIOMETHANOL AND BIOGAS 
PRODUCTION PROCESSES
Complete Technology Pathways

Biological 
Pathway

Wet biomass → AD 
→ Biogas + Fertilizer

Intersection
Electrical energy & 

organic by-
products

Thermochemic
al Pathway
Dry biomass → 
Gasification → 

Methanol + 
Biochar

Two main technology pathways are selected based on feedstock characteristics: the biological pathway for wet waste (POME, sago 
bagasse), and the thermochemical pathway for dry biomass (coconut shell, rice husk, palm EFB).



3.1 Biogas Production via Anaerobic Digestion
Anaerobic Digestion (AD) is a biological process in which microorganisms break down organic matter in the absence of oxygen, 
producing biogas (methane + CO₂) and bio-slurry.

1Stage 1: Pre-Treatment
Shredding to 2–5 cm; moisture adjustment (TS 8–12%); pH 
adjustment 6.8–7.5; optional pasteurization (70°C, 1 hour)

2 Phase 1: Hydrolysis (2–7 days)
Hydrolytic bacteria break down complex molecules. 
Cellulose → Glucose; Proteins → Amino acids; Fats → Fatty 
acids + glycerol3Phase 2: Acidogenesis (1–3 days)

Acidogenic bacteria convert sugars and amino acids into 
organic acids, alcohols, H₂, and CO₂

4 Phase 3: Acetogenesis (1–2 days)
Acetogenic bacteria convert organic acids into acetic acid, 
H₂, and CO₂. Critical phase determining process stability

5Phase 4: Methanogenesis (5–15 days)
Methanogenic archaea produce methane. Acetoclastic 
(70%) + Hydrogenotrophic (30%). Optimal temperature: 

35–40°C (mesophilic)



3.1 (continued) Post-Treatment and Operating 
Parameters

Gas Cleaning (Stage 3)

H₂S Removal: Biological desulfurization, iron oxide scrubber, 
or activated carbon. Target: H₂S <100 ppm (genset), <1 ppm 
(fuel cell)

1.

Moisture Removal: Condensation or silica gel/zeolite. Target: 
Dew point <5°C

2.

Biogas Upgrade (Optional): PSA, water scrubbing, or 
membrane separation. Target: CH₄ >95%, CO₂ <3%

3.

Bio-Slurry (Stage 4)

Rich in nutrients (N, P, K) and beneficial microorganisms. Used 
directly as liquid organic fertilizer or composted into solid 
fertilizer. Closes the cycle: Fertilizer → Crops → Waste → Digester → 
Biogas + Fertilizer.

Critical Operating Parameters

Parameter Optimal Value

Temperature 35–40°C (mesophilic)

pH 6.8–7.5

C:N Ratio 20–30:1

Retention Time 20–40 days

Loading Rate 1–5 kg VS/m³/day

Agitation 1–2x/day



3.1.3 Example Calculation of 
Biogas Production
Case: Sago Factory with 100 tons of onggok/day

Input Data

Parameter Value

Sago onggok 
(wet)

100 ton/day

Total Solid (TS) 20% = 20 ton 
TS/day

Volatile Solid 
(VS)

85% of TS = 17 
ton VS/day

Biogas yield 0.4 Nm³/kg 
VS (average)

Calculation Results

Output Value

Biogas/day 6,800 
Nm³/day

Methane 
(60%)

4,080 Nm³ 
CH₄/day

Total calorific 
value

136,000 
MJ/day

Energy 
potential

37,778 
kWh/day

Continuous 
capacity

1,574 kW

Energy Utilization

Generator Set (35%)

551 kW electricity

SOFC (60%)

944 kW electricity + waste heat 
for drying

SOFC produces 71% more 
electricity than a 
conventional generator set 
from the same fuel.



3.2 Biomethanol Production via Biomass Gasification
Gasification is a thermochemical conversion process that transforms solid biomass into syngas (a mixture of CO + H₂) through high-
temperature heating (700–1,000°C) with a limited oxygen supply.

Three Main Products of Gasification

Syngas (CO + H₂)
60–70% of energy input → for 
biomethanol synthesis

Biochar (Bio-charcoal)
10–20% of biomass input → carbon 
sequestration for hundreds of years

Bio-oil/Tar
5–15% → can be upgraded into fuel or 
chemical feedstock

Stage 1: Biomass Preparation

Drying: Wet biomass (moisture content 40–60%) is dried to <20%. Methods: Solar drying, rotary dryer, or flash dryer
Shredding: Biomass is shredded to a uniform size of 2–5 cm. For fluidized bed gasification: 1–3 cm size is optimal
Densification (Optional): Lightweight biomass is compacted into briquettes or pellets to increase bulk density and facilitate 
handling



3.2 (continued) Four Reaction Zones of Gasification

Zone 1 — Drying (100–200°C)
Residual moisture in the biomass evaporates. H₂O(l) → H₂O(g)

Zone 2 — Pyrolysis (200–700°C)
Biomass decomposes thermally without oxygen. Produces 
Char (solid carbon), Tar (heavy hydrocarbon vapors), and Non-
condensable gases (CO, CO₂, H₂, CH₄)

Zone 3 — Combustion (800–1,200°C)
A small portion of biomass/char is burned with limited oxygen. 
Reactions: C + O₂ → CO₂; C + ½O₂ → CO; H₂ + ½O₂ → H₂O

Zone 4 — Reduction (700–1,000°C)
CO₂ and H₂O are reduced by char to produce CO and H₂. 
Boudouard Reaction: C + CO₂ → 2CO; Water-Gas: C + H₂O → CO + 
H₂; WGS: CO + H₂O → CO₂ + H₂

Syngas Output: Ideal composition CO 20–30%, H₂ 15–25%, CO₂ 10–20%, CH₄ 2–5%, N₂ 20–40%. Heating value: 4–12 MJ/Nm³. Outlet 
temperature: 600–900°C.



3.2 (continued) Gas Cleaning, Conditioning, and 
Methanol Synthesis

Stage 3: Gas Cleaning & Conditioning

Particulate Removal: Cyclone, bag filter/scrubber, or ESP. 
Target: <10 mg/Nm³

1.

Tar Removal: Physical or catalytic methods. Target: Tar <1 
mg/Nm³

2.

Sulfur Removal: ZnO bed, activated carbon. Target: <0.1 ppm3.
H₂:CO Ratio Adjustment: Water-Gas Shift (WGS): CO + H₂O → 
CO₂ + H₂. Ideal ratio: (H₂ - CO₂):(CO + CO₂) = 2:1

4.

Compression: Syngas compressed to 50–100 bar. Energy 
consumption: 10–15% of total process

5.

Stage 4: Methanol Synthesis

Catalyst: Cu/ZnO/Al₂O₃
Temperature: 200–300°C; Pressure: 50–100 bar
CO + 2H₂ → CH₃OH
CO₂ + 3H₂ → CH₃OH + H₂O
Conversion per pass: 15–25%; Overall (with recycle): >95%

Stage 5: Purification (Distillation)

Column 1 (Light-End): Separates DME, methyl formate, 
acetone
Column 2 (Product): Distillate: Pure methanol >99.85% (Grade 
AA)
Column 3 (Recovery, optional): Recovers methanol from 
bottom of column 2



Biochar: The By-Product That Becomes the Key to 
Carbon Negative

What is Biochar?

A solid carbon material from pyrolysis or gasification of biomass 
at high temperatures (400–1.000°C) with limited oxygen. 
Physically similar to charcoal, with special characteristics:

Carbon Content 60–90%

Surface Area 100–400 m²/g

Stability in Soil Hundreds–thousands of 
years

pH 7–10 (alkaline)

CEC 20–50 cmol/kg

Bulk Density 0.2–0.6 g/cm³

Why is Biochar Stable and Long-Lasting?

Biochar has a condensed aromatic structure (graphitic-like 
structure) that is highly resistant to biological decomposition.

Half-life: 100–1.000+ years in soil (vs compost which 
decomposes in 1–5 years)
Carbon retention: 50–80% of carbon remains stored after 
hundreds of years

Biochar Yield from Gasification

Biomass Yield CO₂ 
Sequestration

Coconut shell 15–20% 0.4–0.5 ton 
CO₂/ton

Rice husk 20–25% 0.4–0.6 ton 
CO₂/ton

Wood/frond 10–15% 0.3–0.5 ton 
CO₂/ton

Sago/palm fiber 12–18% 0.3–0.5 ton 
CO₂/ton



Biochar Carbon Sequestration Mechanism

Normal Carbon Cycle (Without Biochar)

Process CO₂

Plants grow (absorb CO₂) -1 ton CO₂

Biomass 
burned/decomposed

+1 ton CO₂

Net 0 (carbon neutral)

Carbon Cycle with Biochar

Process CO₂

Plants grow -1 ton CO₂

Biomethanol burned +0.5 ton CO₂

Biochar stored in soil -0.3 ton CO₂

Process emissions +0.1 ton CO₂

Net -0.2 ton CO₂ (CARBON 
NEGATIVE!)

National Carbon Sequestration Potential

100 million
Tons of Biomass/Year

for national gasification

15 million
Tons of Biochar/Year

average yield of 15%

38.5 million
Tons of CO₂/Year

total national CO₂ sequestration

Calculation: 100 million tons of biomass × 15% yield = 15 million 
tons of biochar × 70% carbon = 10.5 million tons C × 3.67 = 38.5 
million tons CO₂/year



3.2.3 Example Calculation of Biomethanol Production
Case: Biomethanol Plant from Coconut Shell (50 tons/day)

Stage 1: Gasification

Syngas yield 2.0 Nm³/kg biomass

Syngas/day 100,000 Nm³/day

Syngas composition CO 25%, H₂ 20%, CO₂ 15%, 
CH₄ 3%, N₂ 35%

Stage 2: Gas Cleaning & WGS

After WGS CO 25%, H₂ 50%, CO₂ 15%

H₂:CO ratio 2:1 (ideal!)

Stage 3: Methanol Synthesis

CO available 25,000 Nm³ = 1,116 kmol

Overall conversion (95%) 1,060 kmol/day

Methanol weight 33,920 kg/day = 34 
tons/day

Methanol volume ~43,000 liters/day

Energy & Economics

77%
Energy Conversion 

Efficiency

Very good for thermochemical 
processes

$107.5K
Revenue/Day

43,000 L × $2.5/L

$35.5M
Revenue/Year

330 operating days/year



3.3 Biomethanol Production from Biogas (Reforming 
Route)
In addition to solid biomass gasification, biomethanol can also be produced from biogas generated by anaerobic digestion. This route is 
suitable for wet waste (POME, sago pulp, food waste).

Methanol 
Synthesis

Steam 
Reforming

Biogas 
Upgrade

Advantages of the Biogas-to-Methanol Route

Suitable for wet waste (high moisture content)
SMR technology is highly mature (petrochemical industry)
Can utilize CO₂ from biogas upgrading (increases yield)

Disadvantages

Requires two stages (AD + SMR), more complex
Higher capital investment
Lower overall efficiency compared to direct gasification



CHAPTER 4: FUEL CELLS
Energy Conversion Technology of the Future

DMFC
Direct Methanol Fuel Cell. Liquid methanol directly. 60–120°C. 
Efficiency 25–35%. Ideal: portable, backup, off-grid.

PEMFC
Proton Exchange Membrane. Pure hydrogen. 60–80°C. Efficiency 
40–60%. Ideal: vehicles, portable.

RMFC
Reformed Methanol Fuel Cell. Methanol reformed → H₂. 250–350°C. 
Efficiency 45–55%. Ideal: heavy vehicles, ships.

SOFC
Solid Oxide Fuel Cell. Flexible fuel. 600–1,000°C. Efficiency 50–60%. 
Ideal: industry, CHP, data centers.

Fuel cells convert the chemical energy of fuel directly into electricity 
through an electrochemical reaction — without combustion — so 
their efficiency is not limited by the Carnot cycle.



4.1 Basic Working Principles of Fuel Cells

Main Components

Anode (negative electrode): Site of fuel oxidation
Cathode (positive electrode): Site of oxygen reduction
Electrolyte: Membrane that separates the anode and 
cathode — only allows ions to pass through, not electrons

General Reaction (Hydrogen)

At Anode: H₂ → 2H⁺ + 2e⁻
At Cathode: ½O₂ + 2H⁺ + 2e⁻ → H₂O
Overall: H₂ + ½O₂ → H₂O + Electricity + Heat

Advantages vs. Combustion Engines

Parameter Fuel Cell Diesel Engine

Electrical 
efficiency

40–60% 25–35%

Total efficiency 
(CHP)

80–90% 40–50%

NOx emissions Zero High

Particulate 
emissions

Zero High

Noise <60 dB 85–95 dB

Moving parts None Many

Electrons are "forced" to flow through the external circuit because 
the electrolyte does not allow them to pass through it — this is 
what generates electric current.



4.1.2 Advantages and Limitations of Fuel Cells

Advantages

High Efficiency: Not limited by the Carnot cycle; electrical 
efficiency 40–60% (vs diesel engine 25–35%); with CHP: total 
efficiency 80–90%

1.

Low/Zero Emissions: If using pure hydrogen: only produces 
water (zero emission); if using methanol/biogas: very low CO₂ 
emissions, zero NOx, zero particulates

2.

Quiet and Vibration-Free: No moving parts; noise level <60 
dB (vs diesel generator 85–95 dB)

3.

Modular and Scalable: Can be arranged modularly from 100 
W to 10 MW; easy to add capacity

4.

Continuous Operation: As long as fuel is available, 
continuously generates electricity; no charging required like 
batteries

5.

Limitations

High Cost: Catalyst materials (platinum, iridium) are 
expensive; CAPEX: $3,000–10,000/kW (vs diesel generator 
$300–500/kW)

1.

Durability: Membrane and catalyst degradation over time; 
stack lifetime: 5,000–40,000 hours (depending on type)

2.

Sensitive to Contaminants: Sulfur, CO, particles can poison 
the catalyst; requires very pure fuel

3.

Fuel Infrastructure: For hydrogen: almost no infrastructure; 
for methanol: better, but not yet widespread

4.



4.2.1 DMFC — Direct Methanol Fuel Cell

Technical Specifications

Electrolyte Polymer Electrolyte 
Membrane (PEM)

Fuel Direct liquid methanol, no 
reformer

Operating Temperature 60–120°C

Electrical Efficiency 25–35%

Power Density 50–200 mW/cm²

Startup Time 1–5 minutes

Stack Lifetime 3,000–5,000 hours

Catalyst Platinum-Ruthenium (Pt-
Ru)

Reactions

Anode: CH₃OH + H₂O → CO₂ + 6H⁺ + 6e⁻

Cathode: 3/2 O₂ + 6H⁺ + 6e⁻ → 3 H₂O

Advantages

Liquid fuel, easy to store
Simple system (no reformer needed)
Fast startup (1–5 minutes)
Suitable for portable and mobile use
Can be refueled like gasoline (refuel 2–5 minutes)

Ideal Applications

Portable power (chargers, camping, military)
Backup power (telecommunications, small data centers)
Light vehicles (forklifts, scooters)
Off-grid households (1–5 kW)

Commercial Products

SFC Energy EFOY (Germany): 50W–2.4kW
Antig Technology (Taiwan): 100W–5kW
Serenergy (Denmark): RMFC system



4.2.2 PEMFC — Proton Exchange Membrane Fuel 
Cell

Technical Specifications

Electrolyte Polymer Electrolyte 
Membrane (Nafion)

Fuel Pure hydrogen (H₂)

Operating Temperature 60–80°C

Electrical Efficiency 40–60%

Power Density 200–1,000 mW/cm²

Startup Time <1 minute

Stack Lifetime 5,000–40,000 hours

Catalyst Platinum (Pt)

Reactions

Anode: H₂ → 2H⁺ + 2e⁻

Cathode: ½O₂ + 2H⁺ + 2e⁻ → H₂O

Advantages

Highest power density (ideal for vehicles)
Very fast startup (<1 minute)
High efficiency (40–60%)
Most mature technology for automotive applications

Limitations

Requires pure hydrogen (>99.97%)
Highly sensitive to CO (>10 ppm is already poisoning)
Expensive platinum catalyst
Hydrogen infrastructure is nearly nonexistent

Commercial Products

Toyota Mirai, Hyundai Nexo, Honda Clarity
Plug Power GenDrive (forklift)
Ballard Power Systems (bus, marine)



4.2.3 RMFC — Reformed Methanol Fuel Cell

Concept & Process

Hybrid between DMFC and PEMFC. Liquid methanol is first 
reformed into hydrogen, then fed into the PEMFC stack.

Methanol + water heated at 250–350°C with catalyst (Cu/ZnO)1.
Reforming: CH₃OH + H₂O → 3H₂ + CO₂2.
Gas cleaning: CO is removed3.
Pure hydrogen enters the PEMFC stack4.

Specifications

Electrical Efficiency 45–55%

Startup Time 5–15 minutes

Stack Lifetime 5,000–10,000 hours

Advantages

Liquid fuel (methanol), easy to store
Higher efficiency than DMFC (45–55% vs 25–35%)
No methanol crossover issues
Bridge toward hydrogen without H₂ infrastructure

Ideal Applications

Vehicles (trucks, buses, ships)
Heavy equipment (excavators, dump trucks)
Mid-scale portable power (5–50 kW)
Backup power

Commercial Products

Blue World Technologies (Denmark): MV100 (100kW)
Serenergy (Denmark): Reformer-PEMFC systems
Geely (China): Methanol fuel cell vehicles



4.2.4 SOFC — Solid Oxide Fuel Cell

Technical Specifications

Electrolyte Solid ceramic (YSZ)

Fuel H₂, CH₄, biogas, methanol, 
LPG, ammonia

Operating Temperature 600–1,000°C

Electrical Efficiency 50–60% (highest)

Total Efficiency (CHP) 80–90%

Startup Time 2–6 hours

Stack Lifespan 40,000–80,000 hours

Catalyst Nickel-YSZ (low cost)

Reactions (Methane)

Anode: CH₄ + 4O²⁻ → CO₂ + 2H₂O + 8e⁻

Cathode: 2O₂ + 8e⁻ → 4O²⁻

Key Advantages

Highest efficiency (50–60% electrical, 85–90% CHP)
Flexible fuel — can use biogas directly
Internal reforming (no external reformer needed)
No precious metal catalysts required
High CO tolerance
Long lifespan (40,000–80,000 hours)

Commercial Products

Bloom Energy Server (US): 100kW–1MW
BlueGen (Australia/Germany): 1–2 kW residential
Mitsubishi Fuel Cell (Japan): 200kW–1MW
Ceres Power (UK): SOFC stack

SOFC is the best choice for industrial and CHP 
applications in Indonesia because it can use biogas 
directly from waste.



4.3 Complete Comparison of Fuel Cell Types

Parameter DMFC PEMFC RMFC SOFC

Fuel Liquid methanol Pure H₂ Liquid methanol H₂, CH₄, biogas, 
methanol

Operating 
Temperature

60–120°C 60–80°C 250–350°C 600–1,000°C

Electrical Efficiency 25–35% 40–60% 45–55% 50–60%

Startup Time 1–5 minutes <1 minute 5–15 minutes 2–6 hours

Stack Lifetime 3,000–5,000 hours 5,000–40,000 hours 5,000–10,000 hours 40,000–80,000 hours

Catalyst Pt-Ru (expensive) Pt (expensive) Pt + Cu/ZnO Nickel (cheap)

CAPEX $3,000–5,000/kW $4,000–8,000/kW $4,000–6,000/kW $6,000–10,000/kW

Ideal Application Portable, backup Vehicles, portable Heavy vehicles, marine Industry, CHP



4.4 Selecting the Right Fuel Cell for the Application

Selecting the right type of fuel cell is crucial to the success of implementation. DMFC for simplicity and portability; RMFC for 
heavy vehicles without hydrogen infrastructure; SOFC for maximum efficiency in stationary industrial applications.



CHAPTER 5: FUEL CELL APPLICATIONS
From Households to Industry

Factories & Industry
SOFC + Biogas/Biomethanol from own waste. 50–100% 
energy independence, zero waste, savings of Rp500 
million–Rp2 billion/year.

Data Centers & Buildings
SOFC 100 kW–1 MW. 100% uptime, zero local emissions, 
small footprint, ESG compliance.

Transportation
RMFC for trucks, buses, ships. Refuel in 3–5 minutes, range 
500–1,500 km, zero emission.

Heavy Equipment
RMFC for dump trucks, excavators. 24/7 operation, refuel in 
10–15 minutes, zero emission in mining areas.

Remote Areas & Off-Grid
DMFC 2–5 kW for remote villages, BTS towers, clinics, 
schools, and border posts.

Maritime
Biomethanol for feeder ships, ferries, fishing vessels. IMO 
2030 emission target compliance.



5.1 Green Power Generation for Buildings and Data 
Centers

Data Center — SOFC as Primary/Backup Power

Case Study: Bloom Energy + Equinix/Microsoft/Google

Configuration: SOFC 100 kW–1 MW modules; fuel: natural gas 
or biogas; output: AC electricity 480V, 3-phase; efficiency: 60% 
(electricity), 85% with CHP
Advantages: 100% uptime (continuous 24/7 operation); zero 
local emission; small footprint (1 MW SOFC requires only 100 
m² of space); quiet (<60 dB); ESG compliance
Economics: CAPEX: $650,000–$1 million/MW; OPEX: $0.08–
0.12/kWh; ROI: 5–7 years

Real-World Implementation

Equinix: Deployed 100+ MW SOFC in global data centers
Microsoft: Piloted 250 kW SOFC at Wyoming data center
Google: Partnership with Bloom Energy for 1 GW SOFC

Commercial Buildings — SOFC for Base Load + 
CHP

SOFC 50–500 kW for offices, hotels, hospitals, malls
Waste heat (40%) used for: Absorption chiller (central AC), 
domestic hot water, heating
Total efficiency: 85–90%
Savings: 40% energy cost vs. grid + separate boiler

85-90%
Total CHP Efficiency

40%
Energy Savings



5.2 Factories and Industries with Green Energy Supply
Solution: SOFC + Biogas/Biomethanol from Own Waste

Example 1: Food & Beverage Factory

Waste → Anaerobic Digester → Biogas (5,000–10,000 Nm³/day) → 
Gas Cleaning → SOFC → Electricity (60%) + Heat (40%)

Electricity → For factory use (replacing grid)
Heat → Steam for processes (sterilization, pasteurization, 
cooking)
Bio-slurry → Fertilizer for supplier farms

Results: Energy independence 50–100%; zero waste; savings 
Rp500 million–Rp2 billion/year; ESG: carbon neutral, circular 
economy

Example 2: Palm Oil Mill (CPO)

POME → Anaerobic Digester (10,000–50,000 m³) → Biogas 
20,000–50,000 Nm³/day
EFB, shells, fiber → Gasification → Syngas → Biomethanol
Biogas + Biomethanol → SOFC 500 kW–2 MW
Output: Electricity for CPO mill, offices, employee housing; 
Heat: Steam for sterilizer, clarifier, boiler; Bio-slurry: Fertilizer 
for oil palm plantation

Scale

Mill 30 tons FFB/hour → 
Potential 1–2 MW electricity

Savings

Rp2–5 billion/year; ROI 3–5 
years



5.3 Transportation — Fuel Cell Electric Vehicles
Fuel Cell Electric Vehicle (FCEV) offers an alternative to BEV: Refuel in 3–5 minutes (like gasoline); range of 500–1,000 km; zero emission 
(only water output); ideal for heavy vehicles and long distances.

Passenger Cars
Toyota Mirai, Hyundai Nexo, Honda 
Clarity (PEMFC + Hydrogen 700 bar). 
Power: 100–150 kW; Range: 500–800 
km; Refuel: 3–5 minutes.

Alternative Solution: Methanol FCEV 
(RMFC) — Uses existing gas station 
infrastructure; methanol is cheaper 
than H₂. Example: Geely (China) — 
more than 30,000 units in operation.

Buses and Trucks
City Bus: Toyota Sora, Hyundai Elec 
City; PEMFC 100–150 kW + battery 50–
100 kWh; Route 300–400 km/day; zero 
emission in the city.

Long-Haul Truck: Nikola Tre FCEV, 
Hyundai XCIENT; PEMFC 200–300 kW; 
Range 800–1,200 km; Payload 20–30 
tons.

RMFC Truck Solution: Methanol tank 
200–500L (liquid, lightweight); refuel at 
regular gas stations; range 1,000–1,500 
km.

Forklifts & Material Handling
Example: Plug Power GenDrive 
(PEMFC + H₂). Refuel in 2–3 minutes (vs. 
8-hour charging); 24/7 operation 
without downtime; no emissions inside 
warehouses.

Case Study: Amazon: 10,000+ fuel cell 
forklifts; Walmart: 5,000+ units.



5.4 Heavy Equipment — Mining and Construction

Dump Truck — RMFC Configuration

Payload: 200–300 tons; Power: 1,000–2,000 kW
Configuration: RMFC 500 kW + battery 500 kWh + 
supercapacitor
RMFC as range extender, continuously charging the battery
Battery + supercapacitor for power bursts
Regenerative braking during descent

Advantages

Zero emission in mining areas
Refuel in 10–15 minutes
24/7 operation
More stable energy costs

Implementation in Indonesian Mining

Freeport Indonesia 
(Papua)

Requires zero emission 
solution; biomethanol from 
Papua sago (local content); 
pilot project: 10–20 units of 
RMFC heavy equipment

Adaro Energy 
(Kalimantan)

Net zero target 2050; 
biomethanol from palm oil 
waste near the mine; scale: 
50–100 units within 5 years

Vale Indonesia (Sulawesi)

Nickel mining for EV batteries (must be green from 
upstream); biomethanol from coconut/sago in Sulawesi; ESG 
compliance for nickel exports



5.5 Ships and Maritime Logistics
The maritime sector contributes 3% of global CO₂ emissions. IMO regulation target: reduce emissions 40% by 2030 (vs 2008); net zero 
"around 2050".

Fuel Cell Solutions for Maritime

Feeder Ships and Speedboats: Power 300–1,000 kW; fuel: 
hydrogen or methanol; route 50–200 nm; zero emission at 
port; silent
Fishing Vessels: Power 50–300 kW; fuel: liquid methanol 
(practical for small vessels); no ocean pollution; fresher fish (no 
diesel smell)
Ocean-Going Ships (Large Vessels): Example: Maersk 
Methanol Vessels; type: container ship, tanker; power 10–50 
MW; fuel: methanol (green methanol); target: 12+ vessels by 
2025

Implementation in Indonesia

Pelindo

Pilot project fuel cell 
speedboat for inter-island 
transport; biomethanol 
from coconut/sago on the 
islands

ASDP (Ferries)

Conversion of ferry vessels 
to fuel cell; short routes 
(50–100 km) ideal for fuel 
cell

Indonesia as an archipelagic nation with 17,000 islands 
has the greatest potential in the world for adoption of 
biomethanol-based maritime fuel cells.



5.6 Housing and Remote Areas
Indonesia has 2,000+ remote villages not yet reached by PLN electricity; 10,000+ islands with small populations; and border regions in 
need of reliable energy.

Off-Grid Households
Configuration: DMFC 2–5 kW + LiFePO4 battery 5–10 kWh + 
methanol tank 20–50 liters + inverter 3–5 kW. A 20L tank = 40 
hours of operation = 1–2 weeks. Easy logistics: liquid methanol 
can be delivered by truck, boat, or jerry can.

Telecommunications BTS Towers
10,000+ off-grid BTS towers in Indonesia. Diesel genset: 
logistics cost Rp50,000–100,000/liter. Solution: DMFC 1–3 kW + 
backup battery + 20L methanol tank. One 20L tank = 2–4 
weeks of operation; downtime reduced by 90%; OPEX reduced 
by 60%.

Health Centers & Schools
Health Center (Puskesmas): DMFC 3 kW + battery 30 kWh → 
Vaccines stay cold, nighttime deliveries are safe. School: DMFC 
2 kW + battery 10 kWh → Children can study at night, internet 
access enabled.

Border Posts (TNI/Polri)
DMFC 5 kW + battery 50 kWh → 100% uptime for critical 
communications. Full reliability without dependence on costly 
and difficult diesel logistics.



5.7 Other Applications

Drones and UAV
Power: 100W–5 kW; Fuel cell: DMFC or 
mini PEMFC. Flight time 3–5x longer 
than battery (4–8 hours vs 1–2 hours). 
Applications: Surveillance (military, 
border); delivery (logistics, medical); 
mapping & survey.

Portable Power & Camping
Power: 50W–500W; Fuel cell: portable 
DMFC (methanol cartridge 100ml–1L). 
Applications: Camping (phone 
charger, laptop, lights); outdoor 
activities; emergency power. Example: 
SFC EFOY 800 (80W).

Military and Defense
Requirements: Silent operation, low 
thermal signature, reliable. 
DMFC/PEMFC fuel cell for: Soldier 
portable power (radio charger, night 
vision); UAV surveillance; base camp 
power (silent, no heat emissions).

Space and Exploration
Historical applications: Apollo 
missions (AFC fuel cell). Modern: 
PEMFC for space station, rover. 
Advantage: Zero emission — only 
water that astronauts can drink!



CHAPTER 6: COMPARISON OF FUEL CELL 
BIOMETHANOL/BIOGAS VS HYDROGEN VS DIESEL

FC 
Biomethanol
Liquid, carbon 

neutral, existing 
infrastructure

FC Biogas
Stationary, 

supports circular 
economy

FC Hydrogen
Zero emission, 

minimal 
infrastructure

Diesel ICE
Low CAPEX, high 

emissions, not 
sustainable

This comprehensive comparative analysis helps decision-makers choose the most suitable technology for the Indonesian context: 
infrastructure availability, cost, emissions, and technology readiness.



6.1 Comprehensive Comparative Analysis

Parameter FC Biomethanol FC Biogas FC Hydrogen Diesel ICE

Physical State Liquid (1 atm) Gas (1–10 bar) Gas (350–700 bar) or 
-253°C

Liquid (1 atm)

Energy Density 15.6 MJ/L 0.02 MJ/L (1 atm) 5.6 MJ/L (700 bar) 34.2 MJ/L

Conversion Efficiency 25–60% 50–60% 40–60% 25–35%

Infrastructure Moderate (existing gas 
stations)

Limited (gas pipelines) Very limited Perfect

Infrastructure Cost Low (5–10% 
modification)

High (pipelines 
required)

Very high ($1–2 
million/station)

Zero (already exists)

CO₂ Emissions Neutral (if 
biomethanol)

Neutral (if biogas) Zero (if green H₂) 2.6 kg CO₂/liter

NOx/Particulate 
Emissions

Zero Zero Zero High

Fuel Price (2025) $2–3/liter $0.05–0.10/kWh $10–16/kg (green H₂) $1–1.5/liter

System CAPEX $3,000–6,000/kW $6,000–10,000/kW $8,000–15,000/kW $300–500/kW

System Lifespan 5,000–40,000 hours 40,000–80,000 hours 5,000–40,000 hours 15,000–20,000 hours



6.2 Comparison Conclusions

DIESEL — Legacy Technology to Be Phased Out
✅ Low CAPEX, perfect infrastructure, high energy density

❌ High emissions, volatile OPEX, carbon taxes, not 
sustainable

📌 Still relevant for the transition, but not the future.

HYDROGEN — Long-Term Future (2040+)
✅ Zero emission (if green), high gravimetric energy density

❌ Zero infrastructure, very high CAPEX/OPEX, safety risks, 
low well-to-wire efficiency (28%)

📌 Not ready for mass scale today. Suitable for niche 
applications.

BIOMETHANOL — Best Transition Solution 
2025–2040
✅ Liquid (easy handling), existing infrastructure compatible, 
carbon neutral, competitive CAPEX/OPEX, proven technology

❌ Still emits CO₂ (but neutral), energy density 45% of diesel

📌 Can be implemented today. Bridge toward hydrogen.

BIOGAS — Ideal for Stationary Applications
✅ Carbon neutral, free fuel (if from own waste), high SOFC 
efficiency, plus fertilizer

❌ Gaseous form (difficult for mobile use), high SOFC CAPEX

📌 Part of the circular economy at waste production sites.



6.3 Technology Selection Matrix

Application Selected Technology Reason

Off-grid households Biomethanol (DMFC) Liquid, easy to handle, simple logistics

Factories with organic waste Biogas (SOFC) Free fuel, circular economy

Light transportation (cars) Biomethanol (RMFC) or Hydrogen 
(PEMFC)

RMFC if H₂ infrastructure is unavailable

Long-haul trucks Biomethanol (RMFC) Liquid logistics more practical, long 
range

Heavy equipment Biomethanol (RMFC) Fast refueling, 24/7 operations

Ships Biomethanol Liquid, port infrastructure can be 
modified

Data centers Biogas/Biomethanol (SOFC) High efficiency, 24/7 operations

Forklifts Biomethanol (RMFC) or Hydrogen RMFC if H₂ infrastructure is unavailable

Biomethanol is the most pragmatic choice for Indonesia today: proven technology, existing infrastructure can be utilized, and 
feedstock is abundantly available from biomass waste.



CHAPTER 7: BIOMETHANOL SYNERGY WITH OTHER 
TECHNOLOGIES

Biomethanol is not a competitor to other energy technologies — it is the "glue technology" that makes all other technologies more 
viable, more reliable, and more economical.



7.2 Synergy with Batteries (Energy Storage)

Concept: "Smart Range Extender"

Battery = "Muscle" that handles peak loads and fast response
Fuel Cell (biomethanol) = "Heart" that continuously charges 
the battery in a stable manner

How It Works

LiFePO4 battery handles 100% of dynamic load1.
When battery SoC drops to 30%, fuel cell activates 
automatically

2.

Fuel cell operates at optimal efficiency point (70% capacity), 
charges battery up to 80%

3.

Fuel cell shuts off, battery continues operating4.
Cycle repeats5.

Advantages of the Hybrid System

Battery Does Not 
Need to Be 
Oversized

Only 2–4x peak load is 
needed, not 10–20x as in 
a pure battery system

Longer Battery 
Lifespan

No deep discharge 
(<30%) or overcharge 
(>80%) — extends 
battery cycle life by 2–3x

100% Reliability

Not dependent on 
weather like solar PV; 
not dependent on the 
PLN grid

Fast Refueling

3–10 minutes (vs. 2–8 
hours charging for a 
pure battery system)



7.3 Synergy with Solar PV and Wind Power
Solution: Solar PV/Wind + Biomethanol (Hybrid Microgrid)

Peak Load
Night/Cloud

y
Sunny 

Daytime

Advantages

✅ Lower CAPEX: No need to oversize Solar PV by 3–5x
✅ 100% Reliability: Firm power 24/7
✅ Smaller battery: Sufficient for buffering, not for multi-day 
backup
✅ Carbon neutral: Solar PV + biomethanol = 100% renewable

Case Study

Remote island: Solar PV 50 kW + DMFC 20 kW + battery 100 kWh 
→ 24/7 electricity, cost 40% cheaper than diesel generator



7.4 Synergy with Hydrogen
Solution: Biomethanol as a "Hydrogen Carrier"

Biomethanol (CH₃OH) is chemically hydrogen that has been "packaged" in liquid form. 1 molecule of methanol contains 4 hydrogen 
atoms. Methanol can be "reformed" into hydrogen on-demand.

Reforming Methanol to Hydrogen

CH₃OH + H₂O → 3H₂ + CO₂ (at 250–350°C with a catalyst)

The hydrogen produced can be used directly in PEMFC
Or: Methanol is used directly in RMFC (Reformed Methanol 
Fuel Cell)

Advantages

✅ Liquid infrastructure: No need to build 700 bar H₂ stations
✅ Simple logistics: Liquid methanol can be transported by 
ordinary tank trucks
✅ Better safety: 1 atm pressure vs 700 bar
✅ Bridge to hydrogen: When H₂ infrastructure is ready, 
gradual transition is possible

Three-Phase Transition Strategy

1

2

3

1 Phase 1 (2025–2030)

Biomethanol for transportation and industry

2 Phase 2 (2030–2040)

RMFC (on-board reforming) for vehicles

3 Phase 3 (2040+)

Transition to pure hydrogen when infrastructure is ready



7.5–7.7 Synergies with Grid, Carbon Capture, and 
Conclusions

7.5 Synergy with the Electricity Grid

Biomethanol fuel cell as a distributed generator at 
consumption sites
Can operate on-grid (connected to the national grid) or off-
grid (standalone)
Benefits: Grid stability; peak shaving; automatic backup power; 
grid independence for remote areas
Business Model: Net metering (excess electricity sold to the 
grid); demand response (fuel cell activates during peak 
electricity tariffs)

7.6 Synergy with Carbon Capture

CO₂ from the biomethanol production process is captured → 
stored (CCS) or utilized (CCU)
Carbon Utilization: CO₂ + H₂ → E-methanol; CO₂ for 
greenhouses; CO₂ for EOR
Revenue Stream: Carbon credits $10–50/ton CO₂; e-methanol 
products at premium price ($3–5/liter)

7.7 Biomethanol as a "Glue Technology"

Biomethanol is not a competitor, but a "glue technology" that:

✅ Makes batteries more viable (range extender)
✅ Makes solar/wind power more reliable (firm power 
backup)
✅ Makes hydrogen more practical (hydrogen carrier)
✅ Makes the grid more stable (distributed generation)
✅ Makes carbon capture more economical (CO₂ utilization)

Strategy: Don't choose just one — integrate them all 
into a mutually complementary ecosystem!



CHAPTER 8: THE 5F INDUSTRY AND BIOMETHANOL
A Perfect Circular Economy

The 5F Industry is a concept of integrated biorefinery that optimally utilizes biomass. Core principles: zero waste, circular economy, 
cascading use (prioritize highest added value), and local content.



8.1 What is the 5F Industry?

Food
Production of food commodities: rice, 
sago, coconut, sugarcane. Highest 
value in cascading use — top priority.

Feed
Food waste becomes animal feed: 
cassava pulp, rice bran, bagasse. Value-
added from food process residues.

Fiber
Biomass into materials: coconut fiber, 
timber, pulp, textiles. Utilizes the 
lignocellulosic structure of biomass.

Fertilizer
Organic waste into fertilizer: bio-slurry, compost. Closes the 
nutrient cycle back to the soil.

Fuel
Biomass & waste into energy: biogas, biomethanol, biodiesel. 
Value-added from all process residues.



8.2 Fuel Pillar: Biomethanol, Biogas, and Biochar

Triple Product from Biomass Gasification

Product Proportion Value

Syngas → 
Biomethanol 
(Fuel)

60–70% energy 
input

$2–3/liter

Biochar (Carbon 
Sequestration)

10–20% of 
biomass input

$200–500/ton

Bio-oil/Tar 
(Chemical 
Feedstock)

5–15% input Can be upgraded

Biochar Applications

Soil Amendment: High CEC retains nutrients → yield increases 
10–30%; water retention → irrigation reduced 20–40%; pH 
balancing for acidic soils
Carbon Sequestration: 5–10x more effective than compost; 
carbon retention 80–90%

Commercial Biochar Products

$200-500
Premium Biochar

Per ton (Soil Amendment)

$1,000-3,000
Activated Carbon

Per ton (5–10x regular biochar)

$300-800
Biochar Blends

Per ton (ready-to-use for 
farmers)



Carbon Credit Calculation from Biochar

Per Biomethanol Plant (10,000 liters/day)

Biomass input 25,000 tons/year

Biochar yield (15%) 3,750 tons/year

Carbon stored (70%) 2,625 tons C/year

CO₂ sequestration 9,634 tons CO₂/year

Carbon credit ($30–50/ton) $289,000–481,000/year

National Indonesia (1,000 Biomethanol Plants)

Total biochar 3.75 million tons/year

Total CO₂ sequestration 9.6 million tons CO₂/year

Total carbon credit $288–480 million/year 
(Rp4.5–7.5 trillion)

Dual Revenue Stream from Biochar

$289-481K
Carbon Credit Revenue

9,634 tons CO₂ × $30–50/ton 
per year

$750K-1.9M
Biochar Sales Revenue

3,750 tons × $200–500/ton per 
year

Total Biochar Revenue: $1,039,000–2,356,000/year = Rp16–36 
billion/year per plant

This is ON TOP of biomethanol revenue!



8.2 Leading Commodities: Sago 5F and Palm Oil 5F

Sago 5F (Biological Route → Biogas)

Sago trunk → Sago starch → Food (sago noodles, papeda, 
cakes)
Main waste: Sago bagasse (residue after starch extraction) — 
3–5 tons of bagasse per ton of starch
Bagasse → Anaerobic Digester → Biogas 5,000–10,000 Nm³/day 
+ Bio-slurry
Electricity (SOFC 60%): 1,000–2,000 kWh/day; Heat (CHP): 500–
1,000 kWh/day

Closed cycle: Fertilizer → Sago grows → Starch (food) → Bagasse → 
Biogas (fuel) → Electricity & Heat → Factory process → Fertilizer

Palm Oil 5F (Biological + Dry Route)

FFB → CPO → Biodiesel, cooking oil, oleochemical
Waste: POME (600–1,000 L/ton FFB), EFB (20–25% of FFB), 
Shells & fiber
POME → Giant digester (10,000–50,000 m³) → Biogas 20,000–
50,000 Nm³/day → SOFC 1–2 MW
EFB, fronds, empty bunches → Gasification → Biomethanol

Scale

Factory 30 tons FFB/hour → 
Potential 1–2 MW electricity

ROI

Savings Rp2–5 billion/year; 
ROI 3–5 years



8.2 Superior Commodities: Coconut 5F and Rice 5F

Coconut 5F (Dry Route → Biomethanol)

Coconut fruit → Copra → Coconut oil (Food)
Main waste: Shell (coconut shell) — 15–20% of fruit; calorific 
value 20–24 MJ/kg
Shell → Gasification → Syngas → Biomethanol + Activated 
charcoal (bonus!)
Factory 100,000 nuts/day: Shell 15–20 tons/day → Biomethanol 
3,000–5,000 liters/day + Activated charcoal 3–5 tons/day

Cycle: Coconut flesh (Food) → Coconut water (Food/beverage) → 
Husk (Fiber) → Shell (Gasification → Fuel) → Process waste 
(Fertilizer)

Rice 5F (Dry Route → Biomethanol)

Paddy → Milling → Rice (Food)
Main waste: Rice husk (20–25% of paddy); Rice bran (8–12%, for 
Feed); Straw (1–1.5 tons per ton of rice)
Husk → Gasification → Syngas → Biomethanol + Rice husk ash 
(for construction materials, silica extraction)
Factory 100 tons paddy/day: Husk 20–25 tons/day → 
Biomethanol 4,000–6,000 liters/day + Husk ash 4–5 tons/day

Cycle: Rice (Food) → Rice bran (Feed) → Straw (Feed/compost/fuel) 
→ Husk (Gasification → Fuel) → Husk ash (Material/Fertilizer)



8.4 Estimated Potential National Production Capacity

1. Biomethanol from Gasification

Source Waste Potential

Coconut (shell) 3 million 
tons/year

1.2 billion 
liters/year

Rice (husk) 15 million tons 3.0 billion 
liters/year

Palm oil (EFB, 
fronds, TKS)

50 million tons 12.5 billion 
liters/year

Sago (bark, 
fronds)

10 million tons 3.0 billion 
liters/year

TOTAL — ~20 billion 
liters/year

2. Biogas from Anaerobic Digestion

Source Potential

Sago (onggok) 2.0 billion Nm³/year

Palm oil (POME) 1.2 billion Nm³/year

Food waste 6.0 billion Nm³/year

Livestock manure 5.0 billion Nm³/year

TOTAL ~15 billion Nm³/year

Conversion to Electricity (SOFC 60%)

15 billion Nm³ × 20 MJ/Nm³ × 0.60 = 50,000 GWh/year
= 5.7 GW continuous capacity (24/7 operation)
Can supply 20–25% of national electricity demand



8.5 Techno-Economic Analysis of Biomethanol Plant
Case Study: Biomethanol Plant from Coconut Shell (10,000 liters/day)

CAPEX (Initial Investment)

Gasifier system $2,000,000 (Rp31 billion)

Gas cleaning & WGS $1,500,000 (Rp23.25 billion)

Methanol synthesis reactor $2,500,000 (Rp38.75 billion)

Distillation columns $1,000,000 (Rp15.5 billion)

Balance of Plant (BoP) $1,500,000 (Rp23.25 billion)

Land, building, engineering $1,500,000 (Rp23.25 billion)

Total CAPEX $10,000,000 (Rp155 billion)

OPEX (per Year)

Raw material (25,000 tons × 
$30/ton)

$750,000

Utilities (electricity, water) $200,000

Labor (20 people × 
$10,000/year)

$200,000

Maintenance (3% CAPEX) $300,000

Overhead & admin $150,000

Total OPEX $1,600,000

Profitability

$8.25M
Gross Revenue/Year

3,300,000 liters × $2.5/liter

$5.65M
Net Profit/Year

After deducting OPEX of $1.6 
million

56.5%
ROI per Year

Very attractive for investors

1.8 Yrs
Payback Period

Very fast for an energy project



8.5 Techno-Economic Analysis of Biogas SOFC
Case Study: Palm Oil Mill with Biogas SOFC (500 kW)

CAPEX

Anaerobic digester (10.000 
m³)

$500.000

Gas cleaning system $300.000

SOFC 500 kW (Bloom 
Energy)

$3.250.000 ($6.500/kW)

CHP heat exchanger + BoP $950.000

Total CAPEX $5.000.000

Revenue/Savings per Year

Electricity (500 kW × 8.760 
hours)

$508.080

Heat (CHP, replacing diesel 
boiler)

$77.400

Carbon credit (3.504 tons 
CO₂ × $30)

$105.120

Total Annual Benefit $690.600

Profitability

$510.6K
Net Benefit/Year

After OPEX $180.000

10.2%
ROI per Year

With carbon credit $50/ton: 
higher ROI

9.8 Yrs
Payback Period

With carbon credit $50/ton: 7.5 
years

Added value: ESG compliance, carbon neutral, energy 
independence — not fully captured in ROI figures alone.



8.6 Circular Bioeconomy: Triple Bottom Line

💰 Profit (Economy)
Biomethanol revenue: 20 billion 
liters × $2.5 = $50 billion/year 
(Rp775 trillion)
Electricity revenue from biogas: 
50,000 GWh × Rp1,500/kWh = Rp75 
trillion/year
Carbon credit: $270 million/year 
(Rp4.2 trillion)
High-value by-products (activated 
charcoal, fertilizer, silica)

👥 People (Social)
Employment: 100,000+ new jobs in 
the biomethanol/biogas sector
Community empowerment: Waste 
collection cooperatives, SMEs for by-
products
Affordable energy: Electricity for 
remote villages, reduced energy 
costs for industry

🌿 Planet (Environment)
Emissions reduction: 9–20 million 
tons CO₂/year from 
biomethanol/biogas
Prevents methane emissions from 
waste (28× more potent than CO₂)
Zero waste: All waste is utilized
Circular economy: Closed carbon 
cycle; nutrients return to soil
No deforestation (uses waste, not 
new land)



CHAPTER 9: TOWARD ENERGY TRANSITION AND 
CARBON NEGATIVITY

2025–2027: Foundation
10–20 biomethanol pilot plants; 100 biogas SOFC 

installations; Capacity 100–500 million liters/year; Emissions 
reduction 1–5 million tons CO₂/year

2028–2030: Scaling
100 commercial biomethanol plants; 1,000 biogas SOFC 
installations; Capacity 1–5 billion liters/year; Emissions 
reduction 20–50 million tons CO₂/year; Contribution 20–25% 
of national target

2031–2040: Mass Adoption
1,000 biomethanol plants; 10,000 biogas installations; CCS 

integration in 50% of plants; Carbon negative: -10 million 
tons CO₂/year 2041–2060: Net Zero

Biomethanol/biogas becomes the backbone of Indonesia's 
renewable energy; Carbon negative: -50 million tons 
CO₂/year; Significant contribution toward Net Zero 2060



9.1 Fuel Cell Piloting Project (2025–2026)

Pilot Location System Budget

1 — Off-Grid Household 
(DMFC)

Remote island NTT/Maluku DMFC 2 kW + 5 kWh battery + 
20L methanol tank; 10–20 
houses

$100,000–200,000

2 — BTS Tower (DMFC) 5–10 off-grid BTS towers DMFC 1–3 kW + backup 
battery; Partnership: 
Telkomsel, XL, Indosat

$200,000–500,000

3 — Sago Factory Biogas 
SOFC

Sago factory Papua/Maluku SOFC 50–100 kW; Biogas 
from sago waste

$500,000–1,000,000

4 — Forklift RMFC Logistics warehouse 
Jakarta/Surabaya

5–10 RMFC forklifts; 
Partnership: JNE, J&T, 
Gudang Garam

$300,000–500,000

5 — Feeder Vessel RMFC Port Kepulauan Riau/Maluku 1–2 feeder vessels 100–300 
DWT; RMFC 50–100 kW

$1,000,000–2,000,000

Pilot Success Criteria

✅ Uptime >95%; Efficiency as per specifications; Durability minimum 2,000 hours; Zero incident safety record
✅ OPEX at or below projection; Positive ROI within 3–5 years
✅ User satisfaction >80%; Measurable emission reduction



9.2 Carbon Negative through Gasification + Biochar

Carbon Balance Detail (per ton of biomass)

Process CO₂

Input (plants absorb CO₂) -1,835 kg CO₂

Output (biomethanol 
combusted)

+1,101 kg CO₂

Biochar sequestration (150 
kg C × 3.67)

-550 kg CO₂

Process emissions +100 kg CO₂

NET -1,184 kg CO₂/ton biomass 
→ CARBON NEGATIVE!

National Carbon Negative Potential (2030 
Scenario)

Biomethanol (replacing 
fossil fuels)

52 million tons CO₂

Biogas (replacing coal) 40 million tons CO₂

Preventing methane 
emissions

252 million tons CO₂e

Biochar sequestration 38.5 million tons CO₂

TOTAL 382.5 million tons 
CO₂e/year

With biochar, Indonesia can:

Achieve NDC targets (29–41% reduction) with a large margin
Become a net carbon sink by 2040+
Sell carbon credits: $10–20 billion/year



9.2 Contribution to National Targets

Indonesia's Targets

Renewable Energy Mix 23% (2025), 31% (2030)

Emission Reduction 29% (2030), net zero (2060)

Renewable Energy Capacity 20.3 GW (2025), 38 GW 
(2030)

Biomethanol/Biogas Contribution

Power Capacity (Biogas 
SOFC)

5.7 GW = 28% of 20.3 GW 
target (2025)

Emission Reduction from 
Biomethanol

52 million tons CO₂/year

Emission Reduction from 
Biogas

292 million tons CO₂e/year

Total Reduction 344 million tons CO₂e/year 
= 30–35% of target

Roadmap to Net Zero

01

2027–2097: Foundation

10–20 pilot plants; 100 SOFC 
installations; 1–5 million tons 
CO₂/year

02

2030–2032: Scaling

100 commercial plants; 1,000 
SOFC installations; 20–50 
million tons CO₂/year

03

2032–2042: Mass 
Adoption

1,000 plants; 10,000 
installations; CCS in 50% of 
plants; carbon negative

04

2042–2060: Net Zero

Renewable energy backbone; 
-50 million tons CO₂/year; Net 
Zero 2060



9.3 Indonesia's Position on the Global Map

Indonesia's Competitive Advantages

1 Abundant Biomass

17,000 islands, tropical 
forests, vast plantations; 
biomass potential 200–
300 million tons/year; 
largest in Southeast Asia

2 Large Industrial 
Waste

Palm oil: 47 million tons 
CPO/year (world's 
largest); Rice: 55 million 
tons paddy/year; 
Coconut: 18 billion 
nuts/year

3 Existing 
Infrastructure

Gas stations 20,000+ 
units; Ports 100+ major 
ports; National road 
network

4 Large Domestic 
Market

270+ million population; 
economic growth 
5%/year; energy demand 
rising 6–8%/year

Export Opportunities

Biomethanol Export

Global shipping market 
(Maersk, CMA CGM order 
methanol vessels); 
chemical industry (green 
methanol); export 
potential 5–10 billion 
liters/year to Singapore, 
Japan, Korea, Europe

Technology Export

Indonesia can become a 
center of excellence for 
biomethanol from tropical 
biomass; export 
knowledge, engineering, 
EPC to Malaysia, Thailand, 
Philippines, Brazil



CHAPTER 10: CLOSING
Making Indonesia a Pioneer in Global Renewable Energy

Rp775 T
Biomethanol Revenue Potential

20 billion liters/year × $2.5/liter

5.7 GW
Biogas SOFC Power Capacity

28% of national renewable energy target 2025

382.5 M
Tons CO₂e/Year Reduced
Including biochar sequestration

100K+
Green Jobs

National biomethanol and biogas sector



10.1 Executive Summary
Indonesia stands at a historical crossroads. On one hand, we face major challenges: dependence on fossil energy, high carbon emissions, 
and global pressure for energy transition. On the other hand, we possess extraordinary competitive advantages:

✅ Abundant Biomass
Hundreds of millions of tons of sago, palm, coconut, and rice 
waste that have long been a problem can become strategic 
energy assets

✅ Proven Technology
Fuel cells (DMFC, SOFC, RMFC) are mature, mass-produced, 
and ready for implementation

✅ Existing Infrastructure
Gas stations, tank trucks, and ports can be modified for 
biomethanol at 5–10% of the cost of building new facilities

✅ Carbon Negative Potential
Gasification + Biochar + CCS can make Indonesia a net 
carbon absorber, not just an emitter

✅ Economic Opportunity
Rp75–850 trillion/year from biomethanol and biogas, 
100,000+ green jobs

✅ ESG Leadership
Indonesia can become a global example of how a 
developing nation can achieve an energy transition that is 
inclusive, sustainable, and profitable



10.2 Call to Action

For Government

Regulatory Support: Tax incentives for biomethanol plants 
and fuel cells; attractive feed-in tariffs for biogas; mandatory 
biomethanol blending (M5, M10); effective carbon pricing

1.

Infrastructure Development: Modification of gas stations for 
methanol; standardization of tanks, dispensers, and safety 
protocols; grid integration for distributed generation

2.

R&D Support: Funding for pilot projects; university-industry 
partnerships; technology transfer from abroad

3.

For Industry

Early Adoption: Don't wait for perfection, start now; pilot 
projects at own facilities; share best practices

1.

Investment: CAPEX for biomethanol/biogas systems; 
partnerships with technology providers; long-term off-take 
agreements

2.

Integration: Adopt the 5F Industry concept; circular economy 
in operations; transparent ESG reporting

3.

For Investors

Green Financing: Project financing for biomethanol plants; 
green bonds for fuel cell deployment; venture capital for 
green energy startups

1.

Risk-Reward: ROI 10–50%/year (depending on application); 
payback 2–10 years; long-term stable cash flow

2.

Impact Investment: Beyond profit, large social-
environmental impact; alignment with SDGs (7, 8, 12, 13)

3.

Every stakeholder has a critical role. No one can move 
alone — this ecosystem requires simultaneous 
collaboration between government, industry, and 
investors.



10.3 Vision 2040: Indonesia as Southeast Asia's 
Biomethanol and Fuel Cell Hub
Imagine Indonesia in 2040:

🌏 Energy
50% of electricity from biomethanol and biogas; 10,000+ fuel 
cell installations across the archipelago; stable, reliable, 100% 
renewable grid; remote villages energy-independent

🏭 Industry
1,000+ biomethanol plants in operation; 20 billion liters of 
biomethanol/year produced; Industry 5F becomes the 
standard, not the exception; zero waste, circular economy 
everywhere

🚛 Transportation
50% of commercial vehicles use fuel cells (RMFC); 100% of 
heavy mining equipment zero emission; feeder ships and 
ferries run on biomethanol; methanol stations in every major 
city

🌿 Environment
Carbon emissions down 50% from 2025; 10 million tons of 
CO₂/year captured (carbon negative); clean air in major cities; 
rivers and seas free from organic waste pollution

💰 Economy
Rp500–850 trillion/year from the bioeconomy; 500,000+ green 
jobs; biomethanol exports of $10–20 billion/year; Indonesia 
becomes a technology exporter

🏆 Global Leadership
Indonesia recognized as a global biomethanol pioneer; 
Industry 5F model adopted by other tropical nations; 
technology transfer to Asia, Africa, and Latin America; 
significant contribution to the Paris Agreement



CLOSING

Thank
You

"A green, clean, and energy-sovereign Indonesia — not merely a dream, but a choice we make today."

Contact Us

Name
Sandi Praspa

Email
sandi@industri5F.com

Website
www.industri5F.com

Jakarta, 2026 — A sustainable future begins today.


