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ABSTRACT

Biomass from Oil Palm Empty Fruit Bunches (OPEFB) is a potential renewable energy source in
Indonesia that can be efficiently converted into fuel products, such as DME. Although research exists
on DME production using OPEFB, no significant economic assessment or feasibility study of OPEFB-
based bio-DME plants replacing diesel fuel is currently underway. This research assesses the feasibility
of an OPEFB-based bio-DME plant as a diesel replacement. The method determines the potential of
OPEFB raw material, estimates investment and operating costs, and evaluates economic feasibility
parameters. Based on the economic evaluation, the net present value (NPV) and internal rate of
return (IRR) are USD 92.99 million and 17%, respectively, for a 30-year plant life and an investment of
USD 180.93 miillion. Only 6.25% of the OPEFB-based bio-DME produced can substitute for the non-
subsidy diesel consumption of a nearby coal mine, while savings obtained by substituting diesel
amount to USD 18.55 million per year. Plant capacity and capital expenditure (CAPEX) are most
sensitive to disturbances, requiring capacity utilization above 74% and CAPEX increases below 38.3%
to remain viable, whereas the OPEFB feed price is least sensitive. Additionally, substituting fossil diesel
yields a highly favorable estimated carbon abatement cost of USD -617 per tonne of CO, avoided.
This research confirms that OPEFB-based bio-DME should be viewed not merely as a waste-

management strategy but as a critical component of Indonesia's energy transition.

1. Introduction

Renewable energy is a necessity in Indonesia. Among the various
renewable energy alternatives available, biomass has considerable
potential for development in Indonesia. The biomass potential in
Indonesia is approximately 32 GWe, and recent utilisation was only
around 1,740.40 GWe, or 5.4% of the total potential [1]. This significant
underutilization highlights a critical opportunity within the national
energy matrix. As a tropical archipelago situated on the equator,
Indonesia has a distinct advantage in biomass productivity compared
to temperate regions, enabling year-round continuous feedstock
harvesting. Unlike intermittent renewable sources such as solar or
wind, which require expensive storage solutions to ensure grid
stability, biomass offers baseload power capabilities and the versatility
to be converted into solid, liquid, or gaseous fuels. Consequently,
accelerating the deployment of bioenergy technologies is not merely
a matter of meeting international climate commitments but a strategic
imperative to enhance energy security. By diversifying the energy
mix away from finite fossil reserves, Indonesia can foster sustainable
regional economic development, creating a resilient energy infrastructure
that supports industrial growth while mitigating the environmental
impacts of traditional carbon-intensive power generation.

Biomass can be utilised as an energy source through gasification.
Gasification is a thermochemical process that converts biomass into
a gas called producer gas or synthetic gas (syngas). Syngas is a fuel-

based mixture consisting mainly of Hydrogen (H,), Carbon Monoxide (CO),
and Methane (CHy) [2, 3]. Syngas is a raw material for many other chemical
products, including methanol, ammonia, and Dimethyl Ether (DME).
One of the biomass sources with significant potential for utilisation is
oil palm empty fruit bunch (OPEFB) waste. Indonesia is currently
the world's largest producer of palm oil, and, in line with this, the waste
generated is also substantial, including OPEFB [4, 5].

Abundant OPEFB resources have the potential to serve as raw
materials for further chemical synthesis via gasification. Bio-DME
produced from OPEFB waste is 4% of the total palm oil waste produced,
while the other palm oil waste produced consists of solid and liquid
waste [6]. Despite the promise of OPEFB as a feedstock, its utilization
has historically been limited to low-efficiency applications, such as
mulching or direct combustion in boilers, which often pose environmental
issues due to particulate emissions. Upgrading OPEFB to a high-value
liquid or gaseous fuel, such as DME, represents a significant leap in
the value chain. Unlike Methanol, which requires significant engine
modifications, or Hydrogen, which faces infrastructure hurdles, DME
offers a middle-ground solution. It utilizes known gasification and
DME synthesis technologies. It can be deployed in diesel engines
with modifications primarily to the fuel injection system, making it
a pragmatic transitional fuel for heavy industry.
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The percentage and type of palm oil waste produced are
shown in the following Figure 1, which is processed from source [6].

Percentage from FFB
Palm Kernel Shell: 6% —X,

Palm Oil Mill Effluent (POME): 58%
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Empty Fruit Brunch —
:23%

Fig. 1 Percentage of oil palm waste.

OPEFB is often converted into biofuel via the gasification
process, in which the biomass undergoes several reaction steps to
produce the end product. This thermochemical process converts
biomass into a syngas [3, 7]. Syngas can be further processed into
DME, which can then be used as a diesel fuel substitute. DME has
a higher cetane number than regular diesel fuel and self-ignition
characteristics that make it suitable for use as a diesel engine fuel,
with some modifications to the fuel distribution system, since DME
is a gas at room temperature [8, 9]. Table 1 presents the properties
of DME and diesel [9].

Table 1 DME and diesel properties.

Property DME Diesel
Chemical formula CH30CH3; Cs - Cas
Molecular weight 46.07 96 and greater
Vapour pressure at 20 °C (bar) 5.1 <0.01
Boiling point (°C) -25 150-380
Liquid density at 20 °C (kg/m3) 660 800-840
Liquid viscosity at 25 °C(kg/ms) 0.12-0.15 2-4
Gas specific gravity (versus air) 1.59 -

LHV (MJ/kg) 28.43 42.5
Cetane number 55-60 40-55
Stoichiometry air-to-fuel ratio (kg/kg) 9 14.6

The urgency of the transition from diesel to DME is particularly
acute in Indonesia's industrial sectors, specifically mining. Mining
operations in remote areas, such as Kalimantan, are heavily reliant
on diesel fuel not only for heavy machinery (excavators, dump
trucks) but also for stationary power generation in off-grid locations.
The logistics of transporting fossil diesel to these remote sites incur
high costs and a large carbon footprint. Consequently, the concept of
localized energy production, where fuel is generated near the point of
consumption from local biomass, offers dual advantages: it mitigates
the volatility of global fossil fuel prices. It reduces the logistical overhead
of fuel supply chains. Research on DME as a substitute for conventional
fuels has expanded significantly in recent years. The existing literature
generally falls into three distinct thematic strands: combustion and
engine performance, environmental life-cycle assessments (LCA),
and techno-economic or logistical feasibility [10-14].

Within the context of combustion and performance, studies
have extensively documented DME's viability as a mechanical substitute
for diesel. Park et al. [12] reviewed the applicability of DME in heavy-
duty engines, demonstrating its superiority in minimizing soot
production and reducing ignition delay due to its high cetane number,
while noting technical shortcomings such as its low heating value
and poor lubricity. To address these specific mechanical limitations,
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Makos et al. [15] investigated fuel formulation strategies, concluding
that blending DME with regular diesel, biodiesel, or liquefied petroleum
gas (LPG) can sufficiently improve lubricity and viscosity, resulting in
better overall engine performance than conventional diesel alone.

From an environmental perspective, life-cycle assessment (LCA)
has demonstrated the potential to reduce greenhouse gas (GHG)
emissions from biomass-derived DME. Lecksiwilai et al. [16] analysed
the net energy ratio (NER) and GHG life-cycle emissions of DME produced
from various agricultural wastes in Thailand, including OPEFB. While
their results indicated that OPEFB has the second-lowest NER value
and the second-highest GHG emissions among the tested residues,
they also highlighted the need to optimize waste heat utilization during
production. However, their study focused strictly on environmental
metrics and lacked a specific techno-economic analysis.

Regarding techno-economic and logistical feasibility, prior work
has shown that localized DME production can economically replace diesel
consumption at remote sites. However, these studies rely on vastly
different feedstocks or geographic parameters. McFarlan [13] examined
the techno-economic feasibility of using methanol and DME to replace
diesel in off-grid, remote areas of Northern Canada, demonstrating that
localized DME synthesis is highly cost-competitive against the logistical
premium of transporting fossil diesel. Similarly, Tuna & Hulteberg [14]
conducted a comparative techno-economic study of various biofuels,
concluding that DME derived from woody biomass exhibits the highest
efficiency and lowest cost per 100 km when used in heavy-duty diesel
engines.

As summarised in Table 2, while these distinct strands of
literature thoroughly explore DME's mechanical viability, environmental
profile, and general economics, a critical intersection remains largely
unaddressed. Specifically, there are a few significant studies evaluating
OPEFB-based bio-DME as a heavy-duty diesel substitute. To date, the few
existing techno-economic models focusing directly on OPEFB [4, 17]
have exclusively evaluated DME as a substitute for domestic LPG for
cooking. No dedicated techno-economic assessment has yet bridged
the gap to evaluate OPEFB-based bio-DME for diesel replacement in
the highly localized, off-grid context of the mining sector. The utilisation
of OPEFB as a feedstock for DME production, serving as a diesel
substitute, can also be further implemented in other countries with
significant palm oil plantations in tropical regions.

The OPEFB-based bio-DME plant selected for the study is
located in Tamiang Layang, East Barito Regency. This study utilised
OPEFB potential data from palm oil mills located in East Barito
Regency, Central Kalimantan Province, and its surrounding areas.
The location selection was based on the Central Kalimantan government's
plan to develop East Barito as a special economic zone [18].

While existing techno-economic assessments have extensively
modeled alternative fuels, this study advances beyond the current
literature through two specific novel contributions. First, regarding
feedstock, whereas most DME models rely on coal or idealized woody
biomass, this study uses OPEFB. This highly abundant, yet complex
and high-moisture, agricultural residue demonstrates economic
viability without blending. Second, regarding the target end-use,
rather than evaluating DME as an LPG substitute for domestic
cooking or light-duty urban transport, this research exclusively evaluates
DME as a heavy-duty diesel substitute for remote mining operations,
capturing the severe logistical premiums paid for fossil fuels in
remote regions.
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Table 2 Summary of studies of DME as diesel substitutes.

Raw material for

Author (s) DME production

DME Utilisation as a Diesel Substitute

Makos et al. [15] No information

The study focuses on the potential of DME as an environmentally friendly vehicle fuel. In this article,

the DME can be used as a Diesel fuel substitute to reduce the environmental burden.

Lecksiwilai et al. [16] OPEFB, Cassava rhizome,
rice straw, sugar cane tops
and leaves, maize stem

McFarlan [13] No information

A study on the life cycle greenhouse gas emissions of DME from agricultural waste. The study focuses
more on which type of agricultural waste is best for reducing life-cycle GHG emissions. There is no
discussion on the application of DME as a replacement for diesel fuel.

A Techno-Economic Analysis (TEA) on DME and Methanol as a Diesel substitute for power generation

in remote regions in Northern Canada (Nunavut region). The TEA study emphasises logistics and
transportation, where DME and methanol are viable alternatives.

Tuna & Hulteberg [14] Woody biomass

This study demonstrates that DME, as a diesel fuel substitute, is feasible compared to other renewable

biofuels. In terms of fuel cost and efficiency, DME is superior when used as a Diesel substitute.
This study presents an economic assessment, but no specific biomass feedstock is mentioned.

Park et al. [9] No Information

A review study that summarises the application of DME as a substitute for diesel fuel. The DME exhibits

superiority in various aspects, including a high cetane number that shortens ignition delay, minimal
soot production, and a nearly zero contribution to greenhouse gas emissions. There is no discussion
about its economic feasibility.

2. Method

There are six main steps in this study: (1) determination of
OPEFB and production scenario, (2) material balance of OPEFB-
based DME production, (3) economic analysis, (4) Diesel budget
saving analysis, (5) sensitivity analysis, and (6) indicative carbon
abatement cost analysis.

2.1 Determination of OPEFB feedstock potential and production scenario

The DME production facility was assumed to be built in
Tamiang Layang, Dusun Timur district, East Barito, Central Kalimantan.
Tamiang Layang has a strategic location as one of the main routes from
Central Kalimantan and West Kalimantan to the new capital, Nusantara.
Figure 2 shows the location of Tamiang Layang in Kalimantan.

The DME production facility in East Barito is assumed to produce
OPEFB-based bio-DME as a diesel substitute for a nearby coal mining
company, PT Adaro Andalan Indonesia Tbk [19]. The distance from
the plant location to the mining area is approximately 50-75 km.
In Indonesia, particularly in Kalimantan, numerous mining companies
operate, with coal mining companies being the most dominant.
The mining operation's diesel costs account for 30% to 35% of its total
operational costs [20], and its diesel consumption exceeds that of other
sectors in Kalimantan, where the transportation sector consumes
around 990,000 tonnes per year [21]. PT Adaro Andalan Indonesia Tbk,
a coal mining company, consumes approximately 550,000 kiloliters
of diesel or 666,667 tonnes annually [22].
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Fig. 2 Tamiang Layang location (Map data: Google, ©2022)
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The collection area of OPEFB was set at a 100 km radius from
the proposed DME plant location in Tamiang Layang. There are 5 Palm
Oil Mills (POM) within a 100 km radius of Tamiang Layang. There are
two POMs with a 60 tonnes/hour fresh fruit bunch (FFB) production
capacity and 1 POM with a 45 tonnes/hour FFB. Also, there are two
POMs with a 30 tonnes/hour rate. POM typically runs 24 hours a day,
7 days a week, for 328.5 days [23]. OPEFB feed composition based
on proximate analysis has 60% water content, 1.46% ash content, 34.84%
volatile matter, and 3.71% fixed carbon [24]. OPEFB feedstock
potential was obtained from an earlier study by Heryadi et al. [4].

This study explicitly employs a process simulation approach,
using established research databases rather than direct pilot-plant
data. The current lack of commercial-scale OPEFB-to-DME facilities
in the East Barito region and its vicinity necessitates this choice.
Furthermore, to account for the specific properties of OPEFB,
particularly its high moisture and alkali content, the process model
includes drying costs and sufficient maintenance costs for fouling
resulting from the gasification process.

2.2 Material balance of OPEFB-based bio-DME production

Aspen HYSYS process simulation software was used to simulate
a single-stage DME synthesis using syngas derived from the gasification
process, fed to the DME synthesis reactor and then to the purification
process. This process simulation aids in determining the material and
energy flow. The OPEFB-based bio-DME production process explanation
was based on a process flow diagram (PFD) shown in Figure 3.

The DME plant with a capacity of 41 tonnes/hour OPEFB was
modeled in this study. OPEFB collected and transported to the DME plant
was assumed to have 60 wt% moisture content and 1.46 wt% ash [24].
The OPEFB feedstock rate for simulation was converted into a dry ash-
free (daf) basis; therefore, the feedstock rate becomes 16 tonnes/hour.
The process configuration used for simulation purposes of DME
production was adopted from several previous studies [25-28] and
carried out using Aspen HYSYS, including an OPEFB-based bio-DME
production simulation parametric study by Inayat et al. [29]. Because
the OPEFB raw material is not a standard component in Aspen HYSYS,
it must be entered manually as a hypothetical solid component. Based
on the ultimate analysis, the OPEFB was entered as a hypothetical
solid component. The basis for the simulation is dry ash-free (daf),
and the chemical formula of OPEFB as an input in Aspen HYSYS was
Ca.306 He.176 O2.587 No.04s S0.003 [30]. The DME plant design was conducted
in the following steps.
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OPEFB pretreatment

Raw OPEFB with a high moisture content underwent drying.
Excess steam generated and off-gas boiler hot flue gas from
the production of OPEFB-based bio-DME can be utilised to fulfil
the thermal energy required for drying.

Gasification

The gasification process occurs in a fluidized-bed gasifier,
and the process flow, assumptions, and parameters are used as in
a previous study by Heryadi et al. [3]. As an oxidant, the gasifier uses
steam and oxygen. The cryogenic air-separation process produced
oxygen. The oxygen purity was assumed to be 100%. The syngas
composition from gasification was calculated using an equilibrium
reaction at 900 °C. During the gasification reaction, the process was
assumed to be isothermal [31]. The waste heat from the gasifier was
used to generate steam (steam generator I). The generated steam is
intended for supply to the distillation columns.

Water-gas shift

The water-gas shift (WGS) reaction adjusts the H,/CO ratio
to 1 [32]. The reaction temperature is at 400 °C, and the pressure is
1,000 kPa [33]. Before the acid gas removal process, the syngas is
cooled to 25 °C [27]. The WGS type used is high-temperature WGS,
which favors the WGS reaction and yields a higher reaction rate [33].

Water removal and syngas cleaning

Water removal was modeled using a separator as a dryer, and
acid gas removal was modeled using a component splitter. The removal
process was modeled using a water separator, which removes
water with a concentration below 1% mol as an acceptable level [33].

After removing the water, the syngas enters the acid removal,
modeled as a component splitter. CO, and H,S removal rates were
assumed to be 90% and 100% [33,34].

DMIE Synthesis

Purified syngas is compressed to 5,000 kPa, corresponding
to the JFK process's operating pressure. The Gibbs reactor simulates
the synthesis of DME, and the reaction involved is an equilibrium
reaction [35]. The reactor's operating temperature is based on the JFK
process at 260 °C [36]. The temperature was maintained at 260 °C
throughout the reaction. Reactions of single-stage DME synthesis
are shown in (1) and (2) [37].

2C0 + 4H, = CH30CH; + H,0
3C0 + 3H, = CH;0CH; + CO,

(1)
(2)

Distillation

The first tower's distillation process primarily separated CO;
and other light gases from DME, methanol, and water (off-gas tower).
The tower has 11 stages, with the feed stage located on stage
number 3 from the condenser at the top. The gas, as a top product,
is mixed with the outlet gas from the Gas-Liquid separator and sent
to the steam boiler as fuel. As it enters the DME Tower, DME,
methanol, and water are in the bottom product. Distillation in the DME
tower separates DME as the top product from methanol and water
as the bottom products. The DME tower has six stages, and the feed
stage is located on stage number 2 from the top. The bottom products
from the DME Tower, methanol and water, were further separated
in the methanol tower. The top product of the distillation in the methanol
tower was methanol, and the bottom was water.
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Fig. 3 Simplified process flow diagram (PFD) of OPEFB-based bio-DME production.
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2.3 Economic assessment

It was assumed that the DME market is already available to
substitute for diesel at a nearby mining company. The selling price
of OPEFB-based bio-DME is assumed to follow a formula provided
by the Indonesian Ministry of Energy and Mineral Resources (MEMR),
where the formula for high-quality diesel follows MOPS (Mean of
Platts Singapore) or Argus plus Rp2,000/litre + Margin (10% of base
price); therefore, the selling price used is USD 737 per tonne of OPEFB-
based bio-DME, based on the average MOPS price in August 2025 and
the formula given by the Indonesian MEMR [38, 39]. At the same time,
the diesel price used for comparison was based on the non-
subsidy/industrial diesel price in August 2025, which was USD 1,560
per tonne [40] (USD 1 = Rp16,500).

The Capital Expenditure (CAPEX) of the DME plant follows
the direct synthesis process of biomass to DME, where the DME
plant serves as a reference, being a biomass-based DME plant with
a production capacity of 392 tonnes/day of DME [41]. The DME plant
cost of this OPEFB-based bio-DME plant in East Barito, Central
Kalimantan, can be found using (3) [42].

Sg\*
CB = CA (i)

Where e is the scaling exponent, Cg is the approximate cost of equipment
having size Sg (could be any unit), and Ca is the known cost of equipment
having size Sa(same unit as Sg). The scaling exponent used is 0.7 [43].

(3)

The Chemical Engineering Plant Cost Index (CEPCI) is used to
update DME plant costs to the current year; the updated cost can be
calculated using (4).

CEPCla

Costa = Costb x (m

) (4)

Where a and b denote the most recent year (2024) and the base year
(2010), the reference year for the leading equipment was 2010, and
the index used for the current year is 2024. The CEPCl values in 2010
and 2024 (average from January to June 2024) are 550.8 and 799.1,
respectively [44].

The economic modelling in this study adopts an "Nth-plant"
assumption, utilizing a scaling factor of 0.7 derived from a reference
biomass-to-DME facility in the Netherlands [41, 45]. This approach
assumes that the technology has matured beyond the "First-of-a-Kind"
pioneering phase, thereby avoiding the significant contingency costs
associated with pilot technologies. Given that biomass gasification
and DME synthesis are mature technologies in their own right,
the integration risk is considered manageable. However, the application
of the scaling law inherently assumes that feedstock characteristics
are similar between the reference plant (woody biomass) and
the proposed OPEFB-based bio-DME plant. While the calorific values
are comparable, OPEFB presents unique handling challenges due to
its fibrous nature and high alkali content, which can affect gasifier
maintenance intervals. Therefore, while the Nth-plant assumption
provides a baseline for feasibility, the calculated CAPEX result should
be viewed as a Class 4 estimate (£30% accuracy) [43], suitable for
strategic decision-making but requiring refinement for Front End
Engineering Design (FEED).

The DME plant, used as a reference for DME plant cost
calculations, was located in the Netherlands. The plant cost was also
adjusted with the location factor. The location factor adjustments for
the Netherlands and Indonesia are 1.23 and 0.89, respectively [42, 46].
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The land cost was also part of CAPEX. The average price of land in
Tamiang Layang, East Barito, was IDR 500,000 per square meter
(approximately USD 27.59 per square meter, based on the exchange
rate of IDR 16,500 = USD 1). The CAPEX was validated using a specific
CAPEX and was used for comparison with other similar studies. Specific
CAPEX is CAPEX per heating value of DME product, and the heating
value is expressed in MWy, (heating value of DME is 28.43 MJ/kg).
The woody biomass used as raw material for the DME plant in
the Netherlands was dried using a dryer; hence, the base cost
included the dryer unit to reduce the biomass's water content to 50%.

Complete cost estimates covered many things. Estimated
variable costs covered are as follows: raw material; utility costs,
including: steam, compressed air, refrigeration, electricity; water
treatment or water treatment costs; labor costs; maintenance cost;
insurance and taxes; factory overhead costs, all fees on process
facilities that cannot be charged into other costs; expenses related
to sales and marketing; research and development costs; and
administrative costs [47, 48].

The system boundary for this techno-economic assessment
is defined strictly as a "cradle-to-plant-gate approach". This boundary
starts with the collection and transportation of OPEFB feedstock
(within a 100 km radius) and ends at the plant gate, with the production
of bio-DME ready for delivery. The economic model, therefore,
encompasses only capital expenditures (CAPEX) and operational
expenditures (OPEX) associated with feedstock acquisition, pretreatment,
gasification, syngas cleaning, DME synthesis, and purification.
Downstream infrastructure and end-user modifications, including
localized fuel distribution networks, pressurized storage at the mine
site, and heavy-duty engine retrofit costs, are explicitly excluded
from the plant's financial model. However, because these end-user
transition costs are critical to the overall feasibility of substituting
diesel, their financial implications for fleet operator adoption are
analyzed separately in the discussion.

The feasibility of the DME plant can be determined by using
two key indicators: Net Present Value (NPV) and Internal Rate of
Return (IRR). The values of NPV and IRR can be found using the Microsoft
Excel function, based on equations (5) and (6). Table 3 shows the basic
assumptions used in economic feasibility calculations.

t=n
NPV = (; m) -1
t=n
L—I =0
(; (1+ IRR)t ) -

Where Ct is the net cash flow at time t, t is the time of cash flow, n
is the lifetime of the OPEFB-based bio-DME plant, i is the discount
rate, and IRR is the internal rate of return. PP is the payback period.
lis the initial investment, and Al is the annual income. The discount rate,
or minimum acceptable rate of return (MARR) for investment purposes,
is the prevailing loan interest rate in Indonesia. This interest rate was
used as the desired expected return for the construction of the OPEFB-
based bio-DME factory.

(5)

(6)

Regarding operational expenditures (OPEX), the baseline
maintenance cost outlined in Table 3 was assumed to be 2.5% of
the total CAPEX. This figure aligns with standard chemical engineering
heuristics for solid-handling facilities [47]. It is consistent with recent
techno-economic assessments of OPEFB-to-DME plants in Indonesia [17],
which model annual fixed manufacturing costs at approximately
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5% of CAPEX, with maintenance typically accounting for up to 40%
of manufacturing cost [49, 50], where the OPEFB-to-DME plants'
techno-economic assessment was around 2% of CAPEX. However,
it is critical to acknowledge the feedstock's unique chemical properties.
OPEFB contains significantly higher alkali metal content [51] when
compared to conventional woody biomass. During high-temperature
gasification, these alkali components can cause severe slagging,
fluidized-bed agglomeration, and accelerated corrosion of downstream
equipment. Consequently, actual maintenance and repair bills may
face upward pressure as equipment degrades faster than in wood-
fed baseline models. While this study utilizes 2.5% as a deterministic
baseline to represent normalized fixed manufacturing costs, future
Front End Engineering Design (FEED) stages for OPEFB-specific
plants must incorporate higher OPEX contingencies to account for
these accelerated wear rates.

Table 3 Assumptions used in the economic feasibility assessment.

Description Value Unit
Operational Parameters
DME plant capacity 192 Tonne/Day
Plant Lifetime [52] 30 Year
Operational day [23] 328.5 Days

Revenue: 50%;
Revenue and cost during startup [52] V;rsi;kjlsii;);t: nzor:qfal
cost:100%

Financial Parameters
Debt-Equity Structure 70:30 %
Loan Term 10 Year
Loan Interest [53] 8 %
Tax Rate [54] 25 %
Salvage Value 0 %
Minimum Acceptable Rate of Return 3 %
(MARR) [4]
Currency Exchange Rate 16,500 IDR/USD
Operating Expenditures (OPEX)
Repair and Maintenance Cost [45] 2.5 % of CAPEX
Administration and Other Costs [54] 0.5 % of CAPEX
Utility Cost [54] 8 US%HE”G
Market Pricing Assumptions
OPEFB Selling Price 13.51 $/Ton
Diesel Selling Price 1,560 S/Ton
DME Selling Price 737 $/Ton

2.4 Diesel budget saving

Cost savings and diesel consumption reductions can be
estimated by comparing the selling price of OPEFB-based bio-DME
with the price of non-subsidy diesel for coal mining in Kalimantan.

Table 4 OPEFB waste at a 100 km radius from Tamiang Layang.

The reduction in diesel consumption can also be estimated by
comparing OPEFB-based bio-DME production with demand for non-
subsidy diesel in nearby coal mining areas. The scenario for selling
OPEFB-based bio-DME as a diesel substitute differs from that for
DME as an LPG substitute. OPEFB-based bio-DME is assumed to be
distributed directly from the factory, without prior blending, to
the nearby mine site, as it can be used 100% directly as fuel in diesel
engines with slight modifications to the fuel distribution line,
primarily to address its low lubricity and viscosity [15].

2.5 Sensitivity analysis

To assess the impact of potential changes on the project's
feasibility, a sensitivity analysis must be conducted. The changes to be
investigated here include fluctuations in product selling prices, raw
material prices, factory capacity, and capital costs. The feasibility
parameter used in this sensitivity analysis is NPV, as it is directly
related to the investment's rate of return. Sensitivity analysis will be
conducted on the Price of OPEFB raw materials, plant capacity,
capital costs, and the selling price of OPEFB-based bio-DME. It is
important to note that this study utilizes a deterministic approach.
The sensitivity analysis identifies threshold values (break-even points)
for individual variables. However, it does not account for the probabilistic
distribution of simultaneous market changes (e.g., a simultaneous drop
in diesel prices and rise in feedstock costs), which would require
a Monte Carlo simulation.

2.6 Indicative carbon abatement cost by replacing diesel with DME
The simplified carbon abatement cost was calculated using (7).

ACDME - ACDiesel
ADieselCO, — ADMECO,

CAC = (7)

Where ACpyg is the annualized cost of DME , ACpjese; is the
annualized cost of Diesel, ADieselCO, is the annual CO, from diesel,
and ADMECO, is the annual CO, from DME.

The CO; value for diesel is 3.9 kg CO»-eq/kg-diesel, and the annual
value is obtained by multiplying the diesel CO, emission by the diesel
quantity replaced with DME. Since the DME heating value is lower
than diesel, less diesel is required per mass unit, and the diesel substituted
is calculated as the DME production quantity in kg per annum
divided by 1.5, since DME has a lower energy density than diesel [9].
OPEFB-based bio-DME life cycle CO,-eq emission is 1.75 kg CO»-eq/
kg-DME [16], and the annual CO; value was obtained by multiplying
the CO; per kg OPEFB-based bio-DME by annual OPEFB-based bio-
DME production.

3. Result and Discussion

3.1 Potential of OPEFB and production scenario

Table 4 from the previous study by Heryadi et al. [4] shows
the potential OPEFB that can be collected in a single day from several
POMs in the surrounding area of Tamiang Layang, East Barito, Central
Kalimantan.

Palm oil mill capacity (tonne/hour) OPEFB waste (tonne/day)

Number of palm oil mills

OPEFB total waste (tonne/day) (Eff = 80% [17])

30 165.6
45 248.4
60 331.2

2 264.96
1 198.72
2 529.92
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Table 5 Material balance and mol fraction of OPEFB-based bio-DME simulation.

Stream Name Gasifier outlet ~ WGS reactor outlet ~ Dryer outlet ~ DME reactor Inlet  Distillation Inlet DME Methanol (Recycle)
Stream No. 1 2 3 4 7 10 14
Vapor Fraction 1 1 1 1 0.21 0 0
Temperature (°C) 400 400 25 243 -30.41 42.75 138
Pressure (kPa) 998 997 997 5,000 1,000 950 5,000
MolarFlow (kgmole/h) 1,314 1,486 1,476 1,307 399.9 174 25
Mass Flow (kg/h) 24,740 27,839 27,666 20,230 15,894 8,015 809
Heat Flow (MJ/h) -85,420 131,299 -147,414 -72,890 -106,156  -35,182 57,521
Mol fraction (%)

Hz 30.16 38.27 38.52 43.52 0.31 0 0
co 54.83 37.49 37.73 42.63 1.01 0 0
CO: 1.2 12.46 12.54 1.41 34.97 0 0
H.0 0.89 0.98 0.34 0.39 3.93 0.25 0.1
CHa 11.58 10.32 10.39 11.73 10.69 0 0
HaS 0.22 0.2 0.2 0 0 0 0
N: 0.3 0.27 0.27 0.3 0.13 0 0
CHs;OH 0 0 0 0 5.83 0.1 99.74
CH3OCH3 0 0 0 0 43.12 99.64 0.16

Based on Nur [55] and Nur & Jusuf [6], the OPEFB waste
produced is usually 23% of the amount of FFB processed. POMs
operate 24 hours a day. According to Table 4, the total potential
OPEFB that can be collected is 994 tonnes per day or 41 tonnes/hour.
The OPEFB collected has a moisture content of 60% (as received),
and on a dry ash-free (daf) basis, the OPEFB as raw material is
383 tonnes per day or 16 tonnes/hour. The daf basis OPEFB raw
material mass flow rate was used as input to the process simulator.
According to Heryadi et al. [30], 1 tonne of DME is produced for
every 2 tonnes of OPEFB raw material (daf basis), and on an as-received
basis, 5 tonnes of OPEFB will produce 1 tonne of DME [17, 45]. This ratio
is used as a standard to validate the simulation used to determine
the material balance in Aspen HYSYS. Based on the references,
192 tonnes/day of DME is produced from 383 tonnes/day of OPEFB
daf-based input.

3.2 Simulation result and material balance

Based on the process simulation results, the material balance
and flow composition are obtained as shown in Table 5. The H,/CO ratio
in stream no. 4 is 1 (H,/CO = 1), which is required for one-step DME
synthesis according to JFE technology. The OPEFB-based bio-DME
produced is 8,015 kg/h. The bio-DME obtained from the DME tower has
a purity of 99.6%, exceeding 99%, and is within the range reported
in several previous studies [56-59]. The total yield of OPEFB-based bio-
DME is consistent with several other studies on the OPEFB-to-DME yield
ratio, which report a ratio of raw material as received (wet basis) to
product of approximately 5 to 1. The ratio of raw material to product
(daf basis) is 2 to 1 [17, 30, 41]. In this study, CO conversion is within the
range of other studies, which show CO conversion of 90% or more [36, 56].

3.3 Economic evaluation result
Capital expenditure (CAPEX)

In the construction of this OPEFB-based bio-DME plant, it is
assumed that an area of 30,380 m? is required for fuel storage,
handling, and drying, as well as a syngas plant and a DME production
facility from syngas. This area assumption is based on a study by
Huisman et al. [45] on the land area requirements for a DME plant
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based on biomass gasification. The capital cost (CAPEX) for this
OPEFB-based bio-DME plant is based on 192 tonnes/day of DME.
CAPEX investment data for the OPEFB-based bio-DME plant in East
Barito is summarised in Table 6.

Table 6 CAPEX of OPEFB-based bio-DME factory.

Description Unit Value
Base Capacity [41,45] tonne DME/day 392
Base Cost* [41] million USD 299
DME plant capacity in East Barito tonne DME/day 192
DME plant cost in East Barito million USD 180
Land Cost million USD 0.93
CAPEX million USD 180.93
Specific CAPEX (Per MWth Product) million USD/MWth 2.82

* Base cost in 2010, the exchange rate was Euro 1 = USD 1.327

Table 6 shows that land costs comprise only a small portion
of CAPEX, at 0.51%, despite the large area required for building
an OPEFB-based bio-DME plant. Land costs vary by DME plant location,
ranging from 0.1% to 0.6% [17, 45]. The specific CAPEX of the OPEFB-
based bio-DME plant in East Barito is still within the range of other
studies with the same production route. A study conducted by Parbowo
et al. [17] shows that the specific CAPEX is USD 2.74 million/MWy¢p.
Studies conducted by Larson et al. [48] and Kreutz et al. [60] show
that the specific CAPEX is USD 2.91 million per MWth and USD 2.97
million per MWth, respectively.

Operating expenditure (OPEX)

The operating costs or OPEX of this OPEFB-based bio-DME
plant consist of the cost of OPEFB raw materials, labour, maintenance
and repairs, utilities, depreciation, administration, and other costs.
The annual OPEX of the OPEFB-based bio-DME plant is shown in Table 7.

Table 7 shows that the annual OPEX is USD 16.69 million,
dominated by maintenance, depreciation, and raw material costs.
Of the operating cost components, depreciation and capital-related
costs are the most significant contributors to the OPEFB-based bio-
DME plant's operations, followed by maintenance and repair costs,
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raw material costs, administrative and other costs, utility costs, and
labour costs. Other techno-economic or economic studies also show
a similar pattern, in which capital-related operating cost components
consistently dominate other cost components [4, 17, 45].

Table 7 OPEX of OPEFB-based bio-DME factory.

Cost per annum

*
Cost type Cost Component (million USD)

\"/¢ Workforce and supervision [61] 0.33
Repair and maintenance (2.5% of

ve CAPEX) [45] 4.52

VC Raw material cost (OPEFB) [4] 4.41
Utility cost (water, refrigerant,

\"/¢ water treatment) at USD 8 per 0.50
tonne DME [54]

FC (non-cash)  Depreciation (straight line) 6.03

Administration and other costs
Fe (0.5% of CAPEX) [54] 0.90

Total variable cost 9.76
Total fixed cost 6.93
Total operating cost 16.69

*VC is a variable cost, and FC is a fixed cost.
Economic feasibility

The feasibility analysis was conducted using NPV and IRR
indicators. Table 8 presents the results of the economic feasibility
evaluation for OPEFB-based bio-DME as a diesel fuel substitute.
The construction of this DME plant requires CAPEX of USD 180.93
million and OPEX of USD 16.69 million per year. Based on the results
shown in Table 8, the OPEFB-based bio-DME plant is feasible to
build, as the NPV is positive and the IRR exceeds the MARR of 8%.
An IRR of 17% indicates that constructing a DME plant is a feasible
option. The construction of an OPEFB-based bio-DME plant is deemed
feasible if the IRR exceeds the MARR of 8%. A plant is considered
feasible if its NPV is > 0. With an NPV value of USD 92.99 million, this
DME plant is feasible to build, and the DME produced is entirely used
as a substitute for diesel fuel.

While the economic model demonstrates strong feasibility,
the commercial viability of this Nth plant relies heavily on the assumption
of a stable industrial off-taker. Relying on a single large-scale mining
operation as the primary buyer introduces significant demand risk.
If the mining operation scales down or delays its transition to DME-
retrofitted trucks, the plant could face severe revenue shortfalls.
To mitigate this single-buyer risk and ensure the project's bankability
for debt financiers, the DME producer must secure long-term,
volume-guaranteed contractual arrangements prior to reaching the
Final Investment Decision (FID). Additionally, establishing a secondary
market strategy, such as distributing excess DME to the regional LPG
blending market, would provide a critical buffer against localized
fluctuations in industrial demand.

Table 8 Economic feasibility evaluation result.

Parameter Unit Value
CAPEX million USD (70% Ioanlasn?:l.gi)% equity)
OPEX million USD/year 16.69
Total Income million USD/ year 46.48
Loan Payment  million USD/year 13.68 (10-year loan)
NPV million USD 92.99
IRR % 17% (equity IRR)
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3.4 Diesel Consumption Reduction

Table 9 shows the consumption of non-subsidy diesel for
the nearby coal mine and OPEFB-based bio-DME produced at the plant
in East Barito. Because DME has a lower calorific value than diesel,
diesel's price must be based on its calorific value, and the price
calculation based on calorific value is presented in Table 9.

Table 9 Results of non-subsidy diesel saving.

Descriptions Unit Value
Diesel
Price of Diesel (weight basis) USD/tonne 1,560
Price of Diesel (LHV basis) usb/MmJ 0.036
DME
DME ex-factory price (weight basis) USD/tonne $737
DME ex-factory price (LHV basis) usb/mJ $0.026
Diesel demand of the nearby coal tonne/year 666,667
mine (weight basis)
Diesel demand of the nearby coal GlJ/year 28,676,000,000
mine (LHV basis)
DME from the plant in East Barito tonne/year 63,072
DME as a substitute for Diesel Gl/year 1,793,136.960
Equivalent
Saving of non-subsidy diesel fuel per uUsD/tonne 0.0103
tonne
Saving of non-subsidy diesel fuel per Million 18.55
year uUSD/year

The calorific values of diesel and DME are 43 MJ/kg and
28.43 MlJ/kg, respectively [9, 16]. Further cost savings can be
achieved by lowering the price of OPEFB-based bio-DME to a level
where the IRR remains above 8%, and the NPV is positive. Using
OPEFB-based bio-DME can reduce demand for non-subsidy diesel at
the nearby coal mine by approximately 6.25%. The savings from
DME's calorific value relative to diesel are USD 18.55 million per
year. The savings benefit the coal mining company by reducing its
energy costs, specifically diesel consumption. An increase in the size
and number of plants by up to 16 times the current capacity is
required to completely replace diesel consumption at the nearby
coal mine with OPEFB-based bio-DME. To further reduce consumption
and costs, the price of OPEFB-based bio-DME needs to be adjusted
downward without compromising the feasibility of OPEFB-based
bio-DME plants.

3.5 Sensitivity analysis

A sensitivity analysis of OPEFB-based bio-DME was conducted
across variations in OPEFB feedstock price, ex-factory OPEFB-based
bio-DME price, factory capacity, and CAPEX. The results of the sensitivity
analysis are presented in Figure 4. Figure 4(a) shows the correlation
between OPEFB price and NPV. The OPEFB-based bio-DME plant
remains feasible with an NPV value greater than 0. The NPV value
increases when the OPEFB price decreases, and vice versa. When
the NPV decreases, the OPEFB price increases. The correlation between
NPV and OPEFB price is positive, as seen in Figure 4(a). The OPEFB
price of USD 6.76 per tonne corresponds to an NPV of USD 111.38 million,
the OPEFB price of USD 13.51 per ton corresponds to an NPV of USD
92.99 million, the OPEFB price of USD 20.27 per tonne corresponds
to an NPV of USD 74.59 million, and the OPEFB price of USD 27.02
per tonne corresponds to an NPV of USD 56.20 million.

Sensitivity analysis was also performed with variations in
capacity. Since the current capacity is operating at 100% OPEFB
feed, a sensitivity analysis was performed for lower OPEFB feeds of
20%, 25%, and 50%.
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Fig. 4 Sensitivity analysis results (a) OPEFB price variation (b) Capacity variation (c) Ex-factory bio-DME price variation (d) CAPEX variation.

The OPEFB-based bio-DME plant remains feasible at lower
capacities of 20% and 25%. The NPV is negative when the DME plant
capacity is 50% or lower, as seen in Figure 4(b). Specifically, break-
even analysis explicitly identifies a critical threshold for capacity
utilization at approximately 74% (assuming baseline diesel prices).
The plant must operate at or above this 74% threshold to maintain
financial viability, where NPV > 0. This provides a robust operational
buffer of 26%, indicating a high tolerance for unplanned maintenance
outages or seasonal OPEFB supply chain disruptions. The baseline
model assumes an OPEFB feedstock price of USD 13.51/tonne.
This price essentially covers the cost of collection and transportation,
as the waste itself often has negative value at the mill. However,
as demand for biomass energy rises in Indonesia, a competitive market
for OPEFB may emerge. Sensitivity calculations indicate that the project
remains viable even if feedstock prices rise by up to 250%. This high
tolerance is due to the fact that feedstock costs contribute relatively
little to the total OPEX compared to capital depreciation and maintenance.
This suggests that the project is feedstock-secure, provided long-
term off-take agreements with local palm oil mills are secured.
Fluctuations in ex-factory OPEFB-based bio-DME prices due to changes
in global diesel prices also need to be analysed. Therefore, a sensitivity
analysis was conducted for ex-factory OPEFB-based bio-DME prices
that were 10%, 20%, and 30% lower than the base case. Figure 4(c)
shows that the plant remains viable if the ex-factory OPEFB-based
bio-DME price is 20% below the initial price, whereas if the price is
30% below the initial price, the NPV becomes negative. This 30% lower
price is equivalent to USD 516 per tonne. The project's revenue is
directly tied to the avoided cost of industrial diesel. The baseline
assumes a non-subsidy diesel price of USD 1,560/tonne. If global crude
oil prices were to contract, reducing industrial diesel prices to USD
1,000/tonne, the project's revenue stream would contract significantly.
Analysis shows that the Break-even Diesel Price, at which the OPEFB-
based bio-DME plant's NPV hits zero, is approximately USD
1,150/tonne, or equivalent to USD 0.026/MJ (LHV basis). This break-
even diesel price is a critical risk factor. Given that mining operations
in remote Kalimantan pay a premium for fuel due to logistics, the actual
diesel price faced by the end-user is likely to remain above this floor,
insulating the project from minor global oil price dips. However,
a structural collapse in fossil fuel prices remains the single most
significant threat to the plant's financial viability.
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Sensitivity to CAPEX was also evaluated, and a sensitivity
analysis was conducted with CAPEX set to 25% and 50% higher than
the base case. Sensitivity to CAPEX was evaluated for inflation
adjustments affecting equipment prices and other related costs
during the construction phase. Figure 4(d) illustrates that an increase
in CAPEX of up to 50% is not economically feasible for this OPEFB-
based bio-DME plant. An increase in CAPEX to 25% corresponds to
an NPV of USD 32.28 million, and an increase in CAPEX to 50% corresponds
to an NPV of USD -28.42 million. Based on this trajectory, the break-
even analysis explicitly identifies the maximum tolerable CAPEX threshold
at approximately 38.3% (a total CAPEX of roughly USD 250 million),
at which the project's NPV hits exactly zero. First-of-a-kind biomass
plants often experience capital cost overruns. Under this scenario,
the NPV becomes negative as CAPEX increases. This erosion underscores
the need for strict Engineering, Procurement, and Construction (EPC)
controls. The project's sensitivity to CAPEX is higher than to OPEX,
confirming that the economic barrier is primarily the upfront investment
rather than the ongoing operational cost.

While this sensitivity assessment focuses on four primary
techno-economic pillars, these variables inherently capture broader
market and operational uncertainties. Specifically, the sensitivity of
the DME selling price serves as a direct proxy for evaluating global
diesel price scenarios, while the 74% capacity utilization threshold
effectively models limits on plant availability. Other highly dynamic
or spatial factors, such as variations in the discount rate, seasonal
fluctuations in feedstock moisture, and extended transport distances,
which fall outside the deterministic 'cradle-to-plant-gate' boundary
of this economic model, are addressed separately in the study's
limitations section.

Despite the previous One At a Time (OAT) sensitivity analysis,
which provides valuable knowledge about the individual operational
parameter, real-world investment risk often involves adverse market
conditions simultaneously. To evaluate the risk associated with the
real-world investment, a combined downside scenario was analyzed.
As illustrated in Figure 5, by assuming a perfect storm happened,
especially the dropping of DME price at 20% (which represents
the alternative diesel price), higher CAPEX at 25%, and reduction
of DME plant capacity at 75% from its original intended capacity,
the project economy declines drastically, resulting in an NPV value of
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USD -100.44 million and IRR for this case is —0.03% (combined shock).
Cumulative revenue losses mainly drive the severity of this combined
downside scenario, as decreases in product price and production
volume reduce almost all gross operational revenue. At the same time,
higher, bloated CAPEX is very burdensome to capital recovery costs.
The downside analysis shows that, though the project appears profitable
under basic conditions, combined market and operational shocks
pose a serious risk to its feasibility. This downside analysis demonstrates
that while the project is highly lucrative under baseline conditions
(NPV = USD 92.99 million), compounded market and operational
shocks pose a critical risk to project bankability, further underscoring
the necessity of rigid EPC contracts and fixed-price off-take agreements.

Project NPV Drop-Off (USD Million)

Baseline Base Case ¢ 92.99

|

CAPEX (+25%) 32.28

| ]

Capacity (75%) 15.23

Selling Price (-20%)

H =

Combined Shock
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Fig. 5 Sensitivity analysis — Combined downside analysis.

These quantitative thresholds become the standard for the
project's risk mitigation strategy. Before the final investment
decision (FID) is made, the investor must ensure that several
considerations are met. The considerations to be met include a
strict, fixed-price EPC contract to prevent CAPEX bloating, an
agreement on long-term raw material supply to keep operations
above their 74% capacity threshold, and a fixed-price off-take
agreement with the mining sector. The lowest price of diesel
threshold determination at USD 1,150/tonne underscores the
importance of supporting policies, such as a carbon price
mechanism or a minimum price for bio-DME, to minimize risk and
accelerate the implementation of bio-DME technology in a remote
mining location.

3.6 System-level cost implications for diesel substitution

However, transitioning a mining fleet to DME is not without
technical hurdles. The low viscosity of DME compared to diesel [9]
poses a risk of leakage in conventional fuel pumps and injectors.
In contrast, its lower lubricity necessitates the use of additives or
specialized wear-resistant coatings. Storage is another consideration;
DME must be stored at moderate pressure, similar to LPG. While
mining sites are well-positioned to adapt to this, given their familiarity
with LPG, the fuel tanks on mining trucks would need to be replaced
with pressurized vessels. From an economic standpoint, these dedicated
retrofit kits that cover specialized injectors, seals, and pressurized
tanks represent a significant 'switching cost' for the end-user. Estimated
retrofit costs at approximately EUR 15,000 or USD 17,200 per truck,
based on heavy-duty alternative fuel conversion benchmarks [62],
were not included in the plant CAPEX.

Furthermore, because DME possesses physical properties
similar to LPG, the mining operator must also invest in specialized,
pressurized mid-stream storage and distribution infrastructure.
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To contextualize this switching cost, assuming a high-end retrofit
cost at USD 17,200 amortized over a typical 5-year operational life,
the annualized hardware cost per truck is USD 3,440. Based on
recent operational baselines for medium-duty mining dump trucks
in East Kalimantan, Indonesia [63], heavy equipment typically operates
3,000 hours annually, with average fuel consumption ranging from
36 to 39 liters per hour. Adopting a slightly conservative baseline of
36 liters per hour for this study, a standard mining truck consumes
approximately 108,000 liters or 91.8 tonnes of diesel annually.
At the baseline price of USD 1,560/tonne, this equates to an annual
fuel expense of USD 143,208. To offset the annualized retrofit cost
and maintain the fleet operator's Return on Investment (ROI),
the OPEFB-based bio-DME must yield an equivalent annual saving.
Consequently, the fuel must be priced at a marginal discount of roughly
2.4% (USD 3,440/USD 143,208) relative to energy-equivalent diesel.

As detailed in Section 3.4 and Table 9, the 63,072 tonnes/year
of bio-DME produced by the plant displaces the energy equivalent
of approximately 41,700 tonnes of diesel per year (LHV basis).
This substitution generates a net annual saving of USD 18.55 million
for the mining company after paying the bio-DME ex-factory price.
This saving represents a 6.25 % reduction in the mine's total non-
subsidy diesel consumption. At the fleet level, the USD 18.55 million
in annual savings can fully cover the annualized retrofit cost (USD
3,440 per truck) for more than 5,390 trucks, while still leaving the operator
with a substantial net positive cash flow. Even after accounting for
additional midstream storage and distribution infrastructure, the fuel-
cost savings provide a very strong economic incentive for the mining
company to adopt DME. Further cost savings can be achieved by
negotiating a lower bio-DME selling price, while ensuring that the plant's
IRR remains above the 8% MARR and that the NPV remains positive.

Despite these retrofitting requirements, DME offers a higher
cetane number (55-60 versus 40-55 for diesel), providing quieter
engine operation, improved thermal efficiency, and potential benefits
to engine life [9]. Although its lower energy density requires larger
tanks, the short, fixed-loop drive cycles typical of mining trucks
substantially mitigate range concerns compared with other low-density
alternative fuels.

3.7 Indicative carbon abatement cost

Beyond the mechanical transition, the estimated indicative
carbon abatement cost by substituting diesel with OPEFB-based bio-
DME is highly favorable at approximately USD -617 per tonne of CO,
avoided. A negative carbon abatement cost indicates that replacing
fossil diesel with OPEFB-based bio-DME is not only environmentally
beneficial but also economically superior to the business-as-usual
scenario. As defined in Equation (7), this figure was calculated by
comparing the annualized plant cost (USD 32.76 million, combining
OPEX and annualized CAPEX at an 8% discount rate) against the cost
of purchasing energy-equivalent industrial diesel (USD 65.16 million),
divided by the estimated 52,525 tonnes of annual CO; emissions
avoided by displacing the fossil fuel.

It must be emphasized that this highly favorable indicative
carbon abatement cost is based on simplified assumptions of direct
fossil fuel displacement and is limited to plant operations. Under full
Life Cycle Assessment (LCA) conditions, incorporating upstream
OPEFB logistics, fertilizer inputs, indirect land-use changes, and
downstream DME distribution would introduce supply-chain carbon
penalties, likely reducing the absolute magnitude of the abatement
benefit. Nevertheless, Bio-DME is still expected to remain highly
competitive against fossil diesel baselines. This resilience is supported
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by prior life-cycle studies, such as Lecksiwilai et al. [16], which confirm
that OPEFB-based bio-DME vyields substantial net CO-equivalent
reductions and eliminates localized particulate matter due to its lack
of carbon-carbon bonds. Ultimately, while the direct, localized air
quality and ESG benefits are evident, integrating this techno-economic
framework with a dynamic, full-spatial LCA remains a critical avenue
for future research.

3.8 Policy implications and environmental, social, and governance (ESG)
alignment

Beyond the economic assessment results, substituting 6.25%
of the mining operation's diesel demand yields substantial local
environmental benefits. Because the current plant capacity (192
tonnes/day) replaces only this fraction, achieving full decarbonization
for this specific mine would require approximately 16 similar
production trains. This highlights the strategic need for a clustered
industrial approach rather than standalone pilots. Unlike fossil
diesel, which contains sulfur even in low-sulfur variants, DME is
synthetically produced and sulfur-free; hence, SO emissions from
mining equipment could be eliminated from the portion of the fuel
substituted. Furthermore, the oxygenated nature of the DME
molecule ensures smokeless and clean combustion, significantly
reducing Particulate Matter (PM) emissions [9, 14]. For open-pit
mining operations where air quality and visibility are part of safety,
health, and environmental concerns, this reduction in PM is a non-
monetary but operationally critical benefit. Moreover, unlike diesel,
which poses severe risks of soil and groundwater contamination
when spilled, DME is non-toxic, non-carcinogenic, and biodegradable
[64, 65]. In the event of a leak, it evaporates rapidly without polluting
the surrounding ecosystem, a crucial advantage for mining sites
operating near sensitive watersheds and villages in Kalimantan.

This decarbonization potential aligns directly with the Green
Mining initiative, in which mining companies have increasingly considered
adopting Environmental, Social, and Governance (ESG) standards,
particularly to enhance their competitiveness [66]. For mining companies
targeting net-zero compliance, this fuel switching offers a tangible
mechanism for reducing Scope 1 emissions and supports environmental
assessments, effectively monetizing environmental compliance.
Furthermore, the project aligns with Indonesia's Rencana Umum
Energi Nasional (RUEN) 2017, or the National Energy General Plan,
filling a critical gap in the second-generation biofuel roadmap [7].
Unlike the current reliance on CPO-based biodiesel, which carries
the policy risk of the "food vs. fuel" debate and exposure to CPO price
spikes, OPEFB-based bio-DME utilizes a non-food waste residue.
Reliance on OPEFB-based bio-DME allows mining companies to hedge
against commodity volatility while supporting the circular economy.

Regarding electrification, while Battery Electric Vehicles (BEVs)
are highly efficient for light-duty transport, they face significant
thermodynamic and logistical constraints in heavy-duty mining.
The massive weight of the battery required to power more than
100 tonnes of coal-hauling trucks drastically reduces payload capacity,
directly impacting mining productivity [67]. Similarly, while hydrogen
offers excellent mass-based energy density, it suffers from exceptionally
low volumetric density. Transporting and storing hydrogen at remote
locations in Kalimantan requires either cryogenic liquefaction (-253°C)
or ultra-high-pressure vessels (700 bar), which represent logistical
complexities and CAPEX barriers that are currently prohibitive for off-
grid mines [68, 69]. In contrast, DME liquefies at mild pressure (5-6 bar),
mimicking the well-established logistics of LPG [4, 64]. Due to
the limitations of BEVs and hydrogen-fueled fleets, OPEFB-based bio-
DME emerges as a highly pragmatic benchmark for decarbonization.
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Additionally, the case study's location in East Barito adds
a geopolitical dimension; developing a clean energy hub there serves
as a pilot for the new capital Nusantara or IKN support zones,
demonstrating Kalimantan's transition from a fossil coal extractor to
a renewable synthetic fuel producer.

3.9 Limitations and future works

While this assessment demonstrates the baseline viability of
OPEFB-based bio-DME, certain boundary conditions related to biomass
logistics limit the current model. The study assumes an aggregated
OPEFB supply within a 100 km radius; however, the transportation
cost modeling remains simplified. In practice, feedstock logistics are
highly sensitive to seasonal supply variations in oil palm yields, which
can dynamically affect the plant's capacity factor. Furthermore,
the current analysis does not explicitly quantify the market dynamics
of competing uses for OPEFB (e.g., existing local composting or
direct boiler combustion) or the associated supply reliability risks
over a multi-decade project lifespan. Because biomass logistics
strongly dictate the ultimate financial feasibility and risk profile of
localized bioenergy projects, future research must integrate dynamic
supply chain modeling, geospatial routing, and seasonal feedstock
sensitivity to refine these delivered cost assumptions.

In addition, while the deterministic techno-economic model,
supported by OAT sensitivity analysis and a combined downside
scenario, provides useful insights, it cannot fully capture the simultaneous
interactions among multiple correlated uncertainties typical of real-
world energy investments (e.g., volatile diesel prices, CAPEX overruns,
and fluctuating plant capacity). Future research should therefore
adopt probabilistic uncertainty analysis, such as Monte Carlo
simulation, to generate probability distributions of the key feasibility
indicators (NPV and IRR), quantify overall project risk exposure more
comprehensively, and provide investors and policymakers with robust
confidence intervals for decision-making under uncertainty.

4, Conclusion

This study demonstrates the economic feasibility of utilizing
OPEFB to produce DME as a substitute for non-subsidy industrial
diesel in the coal mining industry. The financial model yields a highly
favorable NPV of USD 92.99 million and an IRR of 17%, performing
well above the 8% MARR baseline. By dedicating the plant's production
to a nearby coal mine, the project can displace 6.25% of the mine's
annual diesel demand. Accounting for the calorific differences between
the fuels, this substitution translates to significant energy cost savings
of USD 18.55 million per year for the end-user.

However, sensitivity analysis indicates that the economic
resilience of the OPEFB-based bio-DME plant is highly dependent on
three variables: CAPEX, plant capacity utilization, and the ex-factory
selling price of DME. To maintain financial viability, upfront CAPEX
overruns must be strictly controlled and not exceed 38.3%. In comparison,
plant operations must remain above a 74% capacity threshold to
withstand potential disruptions to the feedstock supply chain.

Ultimately, this research confirms that OPEFB-based bio-DME
should be viewed not merely as a waste-management strategy but as
a critical component of Indonesia's energy transition. It successfully
bridges the gap between abundant agricultural waste and the heavy-
duty fuel needs of the archipelago's industrial backbone. Given
the highly favorable estimated carbon abatement cost of USD -617
per tonne of CO; avoided, future work should focus on conducting
a comprehensive, consequential LCA. Quantifying the exact life-
cycle greenhouse gas reductions will allow future bio-synthetic fuel
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projects to monetize these environmental benefits through formal
carbon trading mechanisms, further enhancing their economic viability.
Additionally, future techno-economic research should incorporate
probabilistic uncertainty analyses, such as Monte Carlo simulations,
to better capture interactions among volatile market variables and
to fully evaluate stochastic investment risks under compounded
downside scenarios. Overall, this study demonstrates a practical and
scalable pathway for converting abundant agricultural waste into
a low-carbon fuel, offering actionable insights for policymakers,
mining operators, and practitioners seeking to advance industrial
decarbonization and Indonesia's sustainable energy transition.
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