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The present work presented the application of a spatio-temporal techno-economic supply chain model for the
modeling of near-term bioenergy strategy to meet the emission target through the co-firing of biomass with coal.
Multi-level solid biofuel production capacities for the purpose of scaling up the maximum co-firing share in coal
plants were incorporated into the studied supply chain configuration. Scenarios related to the near-term CO:
emission target were developed and analyzed. The findings have shown that higher commitment of emission
reduction will impact the choices of the biomass pre-treatment technologies and the scales needed. Co-firing is
capable of contributing toward the achievement of more ambitious emission reduction than the targeted but
highlighting the need for policy to financially supporting the near-term deployment.

1. Introduction

As coal is expected to dominate the electricity generation mix of Malaysia in the next few decades (IEA, 2015),
meeting the near-term Nationally Determined Contribution (NDC) remains challenging at the country’s level if
the necessary shift toward renewable-based economy is not promptly taken into action. One of the promising
strategies to mitigate greenhouse gas (GHG) emission resulted from coal-based electricity generation is through
the substitution of coal with biomass in the existing power plants. Despite the large-scale availability of coal
power plants that can be leveraged to increase the renewables share of the country’s energy mix, there are
several limitations hindering the implementation of this strategy. These include the technical limitation of
maximum co-firing share in the coal plants (Truong et al., 2019), the limited availability of processing/collection
facilities to mobilize biomass use at the national scale (Nurariffudin et al., 2018), the scatterly distributed sources
of biomass (Furubayashi and Nakata, 2018), and the lower energy value and high moisture content of raw
biomass which are unattractive for co-firing (Khorshidi et al., 2014).

Previous assessments have been made to address several of the issues mentioned in the most recent years:
Cutz et al. (2019) presented a techno-economic evaluation done in a multi-country scale to examine the cost-
effectively way to transform coal-fired boilers into co-firing; Truong et al. (2019) examined the opportunities to
mitigate the CO2 emission of Vietnam’s coal plants through the deployment of multiple co-firing technologies
under the influence of carbon price; Furubayashi and Nakata (2018) evaluated the costs and the CO2 emissions
of biomass pre-treatment technologies for the co-firing of waste wood biomass in Japan’s coal plants;
Nurariffudin et al. (2018) developed an integrated resource planning framework to investigate the location-
allocation of biomass supply facilities for co-firing. However, no study has been made dynamically to investigate
the impact of multi-level production of solid biofuel from local biomass resources for the purpose of scaling up
the maximum co-firing share of the coal plants to meet the NDC’s emission target. This study was conducted to
address the aforementioned research gap through the application of a spatio-temporal techno-economic supply
chain model for modeling and scenario analysis. Aside from its aim to inform near-term policies, this study also
presented a harmonized techno-economic and logistic dataset related to the production of solid biofuel from the
selected oil palm biomass, which will be useful in the future for studies related to energy planning and bioenergy
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supply chain. Findings from this study are expected to improve the understanding on the implementation of fuel
switching strategy at the national scale, and highlight the important role of co-firing to meet the emission target.

2. Method and input datasets

The modeling framework adopted in this study was based on the BeWhere Malaysia model (IIASA, 2020),
integrated with the supply chain configuration for biomass co-firing. The framework consists of the following
modeling procedures: the spatial analysis for identifying the feedstock availability, potential facility locations,
coal plant locations, demand projections, and land availability constraints; the network analysis for establishing
the transport cost networks between the spatial grids; the input and output data processing of the techno-
economic and emission parameters; the optimization work using Mixed-Integer Linear Programming (MILP);
and the scenario analysis. A spatial resolution of 0.25° (25 km x 25 km) was applied, consisting of 560 spatial
grid points that cover both Peninsular Malaysia and Malaysia Borneo region and a short-term planning period
with a time-step of 2 y was employed in the model from 2020 to 2030. The supply chain configuration
incorporated in the model includes the flow of resources from the supply to the intermediate processing, from
the intermediate processing to the main processing (co-firing plants) and from the main processing to the
demand. The model’s objective is to minimize the total cost of the energy supply chain:

min CoStsyppiychain + EMISSIONgyppiychainPTiCECO, (1)

where Costgyppiycrain refers to the total cost of the supply chain, Emissiongppiychain refers to the total emission
of the supply chain, and Pricec,, refers to the carbon price.

The biomass types considered in this study were empty fruit bunch (EFB), oil palm frond (OPF) and oil palm
trunk (OPT); the solid biofuel production technologies considered were drying (50,000 t/y, 100,000 t/y, 150,000
tly), pelletization (100,000 t/y, 250,000 t/y, 500,000 t/y) and torrefaction (100,000 t/y, 250,000 t/y, 500,000 tly);
the feeding technology considered for co-firing was biomass co-milling; and the transport modes considered
were truck (90 % load factor) and shipping (80% load factor). Coal-based electricity generation cost and CO2
emission factor at 74 USD/MWh and 0.87 t/MWh were used as the reference fossil fuel cost and emission. The
maximum co-firing share of each coal plant unit was limited by the type of biomass used: maximum of 5 % (dried
biomass), 20 % (pelletized biomass) and 40 % (torrefied biomass) of the coal plant capacity can be substituted
based on the limitations outlined by Khorshidi et al. (2014). The spatial distribution of the combined biomass
availability is illustrated in Figure 1, the lower heating value (LHV) and the moisture content (MC) of each
biomass states are presented in Table 1, the solid biofuel production technology cost information consists of
capital expenditure (CAPEX), fix operation and maintenance (O&M) cost, and variable O&M cost is compiled in
Table 2, and the biomass price, the transport cost and the transport emission factor are outlined in Table 3. All
cost parameters were adjusted based on 2017’s monetary value and all emission parameters were based on
CO2 equivalent unit. Other process-based emissions such as SOz and NO2z were not accounted in the modeling.
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Figure 1: Spatial distribution of the combined biomass availability (EFB, OPF and OPT) in Malaysia

Table 1: LHV and MC of each state of biomass (raw, dried, pelletized, torrefied). Noted that energy yield for
conversion to each state of biomass was based on the MC value assumed

Raw biomass Dried biomass Pelletized biomass Torrefied biomass
LHV MC Reference LHV MC Reference LHV MC Reference LHV MC Reference
(MJt) (%) (MJt) (%) (MJt) (%) (MJIt) (%)
EFB 6,228 67 Loh (2017) 15,102 20 Calculated 16,990 10 Calculated 19,440 3 Uemura et
al. (2011)
OPF 4,557 71 Loh (2017) 12,574 20 Calculated 14,146 10 Calculated 24,403 3 Matali et al.
(2017)

OPT 4,191 76 Loh (2017) 13,974 20 Calculated 15721 10 Calculated 21,232 3  Chin et al.
(2013)
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Table 2: Solid biofuel production technology cost information

Size Size Size CAPEX CAPEX CAPEX Fix O&MFix O&MFix O&M Variable Calculated
1 2 3 1 2 3 1 2 3 0o&M based on:
(MW)(MW)(MW) (USD (USD (USD (USD (USD (USD (USD
/MWh) /MwWh) /MWh) /MWh) /MwWh) /Mwh) /MWwh)
Drying (EFB) 26 52 79 0.8282 0.6732 0.5962 0.2442 0.1982 0.1752 3.58P aChai and
Drying (OPF) 22 44 65 0.9942 0.8082 0.7152 0.2932 0.2382 0.2112 4.30° Saffron (2016);
Drying (OPT) 24 49 73 0.8952 0.7272 0.6442 0.2642 0.2142 0.1902 3.87P bAdams et al.

(2013)
Pelletization 59 147 295 1.158° 0.879° 0.714¢ 0.523¢ 0.397¢9 0.3239 5.25° CAgar et al
(EFB) (2013);
Pelletization 49 123 246 1.390° 1.056° 0.858° 0.628¢ 0.477¢ 0.387¢ 6.31° dBatidzirai et al.
(OPF) (2013); bAdams

Pelletization 55 136 273 1.251°¢ 0.950° 0.772° 0.565¢ 0.429¢ 0.349¢ 5.68° et al. (2013)
(OPT)

Torrefaction 68 169 338 1.698° 1.290° 1.048° 0.767¢ 0.583¢ 0.4739 499> C°Agar et al

(EFB) (2013);
Torrefaction 85 212 424 1.353¢ 1.028° 0.835° 0.611¢ 0.464¢ 0.377¢ 3.97>  “Batidzirai et al.
(OPF) (2013); PAdams

Torrefaction 74 184 369 1.555¢ 1.181¢ 0.959¢ 0.702¢ 0.534¢ 0.433¢ 4.57° et al. (2013)
(OPT)

Table 3: Biomass supply cost and emission information. Noted that the datasets for the calculations of truck-
related cost and shipping-related cost were adapted from How et al. (2016) and Rentizelas and Li (2016).

Biomass price  Loading/unloading cost Transport cost Transport emission

(USD/MWh) (USD/MWh) (USD/MWh/km) (kg CO2/MWh/km)

2020 2030 Truck Ship Truck Ship Truck Ship
EFB (Raw) 7.81 8.20 1.44504 3.86315 0.04728 0.00108 0.06685 0.00405
OPF (Raw) 8.21 8.62 197517 5.28040 0.06463 0.00148 0.09137  0.00553
OPT (Raw) 8.93 9.38 2.14770 5.74163 0.07027 0.00160 0.09935 0.00601
EFB (Dried) - - 0.59594 159318 0.01950 0.00045 0.02757 0.00167
OPF (Dried) - - 0.71575 1.91349 0.02342 0.00053 0.03311 0.00200
OPT (Dried) - - 0.64405 1.72179 0.02107 0.00048 0.02979 0.00180

0.52972  1.41614 0.01733 0.00040 0.02450 0.00148
0.63621  1.70084 0.02082  0.00048 0.02943 0.00178
0.57247  1.53045 0.01873 0.00043 0.02648 0.00160

EFB (Pelletized)
OPF (Pelletized)
OPT (Pelletized)

EFB (Torrefied) - - 0.46296 1.23768 0.01515 0.00035 0.02142  0.00130
OPF (Torrefied) - - 0.36880 0.98594  0.01207 0.00028 0.01706  0.00103
OPT (Torrefied) - - 0.42390 1.13324 0.01387 0.00032 0.01961 0.00119

3. Results and discussions

Three main scenarios were developed in providing the basis to the overall analysis, namely: EMT — the scenario
where unconditional CO2 emission reduction target based on the Malaysia’s NDC (MESTECC, 2018) is defined
at each planning period in the model; EMT_CUM - the scenario where the EMT targets are defined cumulatively
in the model based on the total CO2 emission reduction commitment from 2020 to 2030, EMT_MIN — the
scenario where the minimization of the total emission is defined as the objective function of the model.

Figure 1 presents the trends of electricity generation from co-firing for each scenarios. Both of the NDC'’s related
scenarios (EMT and EMT_MIN) have shown the importance of biomass pelletization in contributing to the
substantial portions of co-fired electricity generation on top of coal. This can be translated to an increase of co-
firing capacity from 7 TWh in 2020 to 28 TWh in 2030 in the EMT scenario, and contrast trend can be observed
in the EMT_CUM scenario where the co-firing capacity increases at the minimal rate from 18 TWh in 2020 to
21 TWhin 2030. Since the target in the latter scenario was defined cumulatively, the model optimizes the annual
co-firing capacities to acquire less system cost compared to the former scenario. As the maximum generation
capacity of co-firing plant is higher in EMT than EMT_CUM, higher co-firing share is required in the former,
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contributing to the utilization of torrefied biomass as boiler fuel starting from 2026. Maximum potential of co-
firing capacity that can be deployed at the national level is shown in the EMT_MIN scenario where up to 41 TWh
of co-firing capacity can be implemented by 2030. This scenario highlights the important role of torrefied biomass
utilization for co-firing in meeting more ambitious emission reduction target. The co-firing capacity shares

contributed by each of the existing coal plants are illustrated in Figure 2.
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Figure 1: Electricity generation trends for each scenario: a) EMT, b) EMT_CUM, c) EMT_MIN.
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Figure 2: Co-fired electricity generation in the existing coal plants at 2030: a) EMT, b) EMT_CUM, c) EMT_MIN

The CO2 emission reduction potentials follow closely to the rate of co-fired electricity generated in each scenario
as shown in Figure 3a. Up to 29 Mt CO2/y of emission reduction can be achieved by 2030 as shown in EMT_MIN,
followed by 20 Mt CO2/y and 15 Mt CO2/y in EMT and EMT_CUM. The minimization of system cost due to the
optimized annual capacity in EMT_CUM compared to EMT is shown in Figure 3b where EMT_CUM illustrates
lesser annual cost approaching to 2030. This can be translated to 51 % and 26 % of annual cost savings in
2028 and 2030. The minimum avoidance cost is observed at 39 USD/t CO2z in EMT_CUM while the maximum

avoidance cost is observed at 78 USD/t CO2 in EMT_MIN when the CO2 emission is minimized at its full
potential.
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Figure 3: Emission and cost associated with each scenario: a) CO2 emission reduction, b) CO2 avoidance cost

Distributions of the supply chain cost of solid biofuel in each scenario at 2030 are shown in Figure 4 where the
reference coal price at 11 USD/MWh is compared with the solid biofuel production costs. All scenarios illustrate
higher unit price of solid biofuel production compared with the coal price. To substitute portion of coal in the
existing boilers, more than double of price increase of the input boiler fuel (solid biofuel) compared to coal price
can be observed in the EMT scenario while approximately thrice price increase can be seen in the EMT_MIN
scenario. The solid biofuel production cost in the EMT scenario can be minimized by 16 % when EMT_CUM
strategy is implemented. The highest cost share is contributed by the feedstock cost at range of 37 % to 42 %,
followed by the overall transport cost (including shipping) at range of 21 % to 37 % and the operating
expenditures (OPEX) of pre-treatment technology at approximately 11 % of cost share.
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Figure 4: Comparison of the solid biofuel production cost with the reference coal price at 2030

The multi-scale production capacities of solid biofuel for each scenario are illustrated in Figure 5. It can be
observed that higher commitment of emission reduction will impact the choices of the pre-treatment technologies
and the scales needed. For instance, torrefaction are needed to meet the ambitious emission reduction in
EMT_MIN as it posseses the highest allowable co-firing share while only pelletization is needed when less
stringent annual emission reduction is optimized in EMT_CUM compared to EMT. Drying facilities would only
be needed when lower emission target than the NDC'’s target is applied.
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Figure 5: Spatial distributions of solid biofuel production facilities at 2030: a) EMT, b) EMT_CUM, c) EMT_MIN
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4. Conclusions

The application of a spatio-temporal techno-economic supply chain model was successfully demonstrated to
examine the policy scenarios related to the scaling up of co-firing capacity in Malaysia’s coal plants through the
proposed multi-level production of solid biofuel from oil palm biomass to enhance the maximum co-firing share.
The findings have been showing that co-firing is capable to mitigate up to 20 Mt/y of CO2 emission by 2030 to
meet the unconditional NDC’s target but requiring high level of emission avoidance cost at up to 62 USD/t COs2.
This cost can be potentially minimized through the re-structuring of annual CO2 emission targets as shown in
the alternative scenario where the cost can be reduced by up to 51 %. To further explore the strategy to minimize
the cost of deploying oil palm-based bioenergy at the national scale, more comprehensive bioenergy chains
should be considered in the future assessment which include other technological pathway on top of co-firing.
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