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Abstract:

 Fossil fuels comprise 93% of Malaysia's electricity generation and account for 36% of the country's 2010 Greenhouse Gas (GHG) emissions. The government has targeted the installation of 330 MW of biomass electricity generation capacity by 2015 to avoid 1.3 Mt of CO2 emissions annually and offset some emissions due to increased coal use. One biomass option is to co-fire with coal, which can result in reduced GHG emissions, coal use, and costs of electricity. A linear optimization cost model was developed using seven types of biomass residues for Peninsular Malaysia. Results suggest that about 12 Mt/year of residues are available annually, of which oil-palm residues contribute 77%, and rice and logging residues comprise 17%. While minimizing the cost of biomass and biomass residue transport, co-firing at four existing coal plants in Peninsular Malaysia could meet the 330 MW biomass electricity target and reduce costs by about $24 million per year compared to coal use alone and reduces GHG emissions by 1.9 Mt of CO2. Maximizing emissions reduction for biomass co-firing results in 17 Mt of CO2 reductions at a cost of $23/t of CO2 reduced.
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1. Introduction

The electricity generation sector was Malaysia's second largest energy consumer in 2009, representing approximately 350 PJ or 21% of Malaysia's total energy consumption [1]. Electricity production is fossil fuel dependent, with 57 million MWh being generated from natural gas and 37 million MWh from coal [2]. Coal use is expected to increase four-fold by 2030, while natural gas will decrease by almost half [3]. Because of its dependence on fossil fuels, particularly coal, electricity generation results in 36% of the country's total GHG emissions based on average world direct GHG emissions factors for coal and natural gas [4–7]. In response to anticipated emissions increases from the sector, Malaysia intends to install 975 MW of renewable electricity that will include 330 MW generated from biomass. These actions are expected to reduce GHG emissions by 3.2 Mt of CO2 in 2015 [8]. The biomass component of this initiative is equivalent to producing about 2.0 million MWh of electricity. Malaysia currently has about 225 MW of direct combustion biomass electricity generation capacity [2], fueled by oil-palm and rice residues, wood chips and sawdust, and municipal solid waste (MSW) [2].

Lim et al. [9] estimated that Malaysia could generate approximately 250 million MWh of electricity annually using biomass [2]. The increased supply of biomass would come mainly from logging and oil-palm residues, with the remainder from rubber, cocoa and coconut residues and rice husks and straw [9,10]. A more recent study by Muis et al. [11] estimated biomass electricity could replace up to 9% of Malaysian electricity and reduce up to 29 Mt of CO2-eq annually compared to the current generation mix. Although there appears to be ample biomass to meet the Malaysian strategy of increasing biomass generated electricity, neither study accounted for relevant biomass use factors, such as recovery rates, competing uses, and recoverability/accessibility factors. Also, neither study considered biomass co-firing with coal as an alternative to direct biomass firing.

Biomass co-firing has a number of advantages over the direct biomass firing approach. It can be adopted with minimal capital investment, depending on level of co-firing, and achieve higher combustion efficiencies than dedicated biomass power plants [12]. Residues are widely produced as part of the normal agribusiness and its use requires only the development of a collection system to deliver from source to coal plant locations [13]. This system can be developed incrementally and evaluated for efficacy periodically. If so desired, the program can be modified or even stopped with minimal risks in comparison to a stand-alone biomass fired electricity plant. Biomass can reduce GHG emission with minimal investments at the power plant and has the co-benefit of reducing SOx and NOx emissions from facilities currently co-located near population centers. For an extensive review of the technology and application of biomass co-firing see [14].

Biomass energy is assumed to have net-zero GHG combustion related emissions [15], but positive emissions over the life cycle can arise from harvesting activities and delivering of the biomass to the processing facilities. For example, the expansion of oil-palm plantations in Malaysia has increased in GHG emissions from the agricultural sector. According to Henson, in 2005 oil-palm cultivation (planting and harvesting) and palm-oil production in Malaysia emitted about 13 Mt of GHG emissions annually [16]. The main sources of these emissions were attributed to land conversion, methane emissions from palm oil mill effluent treatment via anaerobic digestion, fossil-fuel combustion, and fertilizer use.

In order to evaluate the potential of meeting Malaysia's goal of adding 330 MW of electricity using biomass co-firing with coal, this paper provides estimates of: (i) the amounts and locations of biomass residues in Peninsular Malaysia that can be used for electricity generation; (ii) the amount of biomass residues that can be co-fired with coal, while minimizing cost compared to 100% coal generation; and (iii) the GHG emissions reductions that can be achieved via biomass coal co-firing. Malaysia is divided into two regions: Peninsular/West and East Malaysia. This study focuses on Peninsular Malaysia, which is more developed than East Malaysia and accounts for 91% of the country's electricity generation [2].



2. Experimental Section


2.1. Estimation of Residue Amounts

The residues chosen for the co-firing scenarios include: forestry, agriculture, and the wood-based fraction of municipal solid waste (MSW). Residues from the forestry sector comprise logging leftovers, as well as residues generated at mills (sawdust, slabs, trimmings and edgings) and have been estimated to be around 7.4 Mt annually [17]. Agricultural residues include those generated by the oil-palm industry, rubber plantations, and rice production. Agricultural residues have been estimated to be about 17 Mt [17]. Wood-based MSW, estimated at about 7 Mt, was modeled because of its general availability throughout the region having 98 landfill sites in Peninsular Malaysia [18].

Available residues are defined as those residues capable of being collected minus the amount that have current uses. This value was estimated using the residue to product ratio (RPR) of crops/products, the accessibility and recoverability factor and the estimated percentage of residues being used in other sectors/products (see Table 1). These values were obtained from the literature, as noted in the table. The estimated total residues available for each type of biomass were then distributed (by weight) to the specific mills according to mill capacity (for process-based residues) and fields/plantations (for field-based residues) by area. As an example, the 120,000 t of total rice husks available were assigned to the 230 rice mills according to their processing capacities. Rice mills were found to have capacity between 2 and 1900 t/year with an average of about 520 t/year. See Supplemental Information for a detailed explanation on the estimation of the residues amounts.

Table 1. Residues to product ratio (RPR), accessibility and recoverability factor and fraction used for other purposes of the different biomass types used in this study.


	Residue type
	RPR
	Accessibility and recoverability factor
	Fraction used for other purposes





	Palm Empty Fruit Bunch (EFB)
	1.3–1.6 t/ha [19]
	1.0 [20]
	0.65 [2,21,22]



	Palm shell
	1.0 t/ha [23]
	1.0 [20]
	0.6 [2,21]



	Palm fiber
	1.6 t/ha [19]
	1.0 [20]
	0.6 [2,21]



	Rice husk
	0.78 t/ha [24]
	1.0 [25,26]
	0.55 [24,27]



	Wood and paper-based MSW
	0.22 t/t MSW [28]
	0.67 [29]
	0.17 [30]



	Sawmills
	0.25 t/t of input logs [17,31]
	1.0 [32]
	0.81 [9,33]



	Plywood mills
	0.47 t/t of input logs [17,31]
	1.0 [32]
	0.81 [9,33]



	Palm trunks
	3.0 t/ha [19]
	0.9 [20]
	0.9 [34]



	Palm fronds
	7.75 t/ha [35]
	0.1 [20]
	0.4 [36,37]



	Rice straw
	2.6 t/ha [24]
	0.65 [29]
	0.1 [38]



	Cocoa branches
	23 t/ha [9,39]
	0.5 [9]
	0



	Rubber branches
	0.47 t/t [9,33]
	0.5 [9]
	0



	Coconut trunks
	0.19 t/ha [40,41]
	0.5 [9]
	0



	Coconut fronds
	0.17 t/ha [9,41]
	0.5 [9]
	0.9 [9]



	Logging residues
	0.39 t/t log produced [9,17]
	0.65 [27]
	0










2.2. Biomass Locations and Distance to Coal Plants

The locations of biomass were estimated using three approaches: (i) addresses for rice mills, sawmills and plywood mills and coordinates for landfills; (ii) assumed locations at the center of administrative districts for palm-oil mills; and (iii) centers of areas represented by polygons from GIS maps for rice straw, cocoa and rubber branches, oil-palm and coconut fronds and trunks, and logging areas. Field-based residues locations were determined by digitizing an image (jpeg format) of a land-use map of Peninsular Malaysia for the year 2006 obtained from the Department of Agriculture, Malaysia [15] using ArcGIS [42]. Altogether there were 8372 locations for plantations and logging areas and 1214 locations for mills and landfills for Peninsular Malaysia. The locations of the four coal-fired power plants were also projected using their coordinates.

Distances from biomass residues to the four coal power plants were estimated using the network analysis tool in the ArcGIS software. The tool generated a matrix of the shortest road distance using existing road network data obtained from the Malaysian Center for Geospatial Data Information.



2.3. Electricity Generation

Approximately 37 million MWh (32%) of electricity was produced from coal in Malaysia in 2008 [2], which is the latest data available. However, the publication did not breakdown data by plant. Malaysia's coal plants have an average efficiency of about 37% [2]. To estimate the electricity generation for each coal plant in Peninsular Malaysia, the installed capacity of each coal plant was used to allocate the total generation to individual plants. Because about 94% (by capacity) of the coal-fired electricity generation is located in Peninsular Malaysia [2], 35 million MWh were assumed generated by the four coal plants in this region. Each coal plant was assumed to have generated between 6.9 and 10.3 million MWh.



2.4. Optimization Model

A linear optimization model was developed to estimate the total cost and GHG emissions associated with biomass coal co-firing in Peninsular Malaysia. Minimization of total costs and GHG emissions were evaluated in separate models. Analytica Optimizer version 4.4.2.2 from Lumina Decision Systems that incorporates Frontline's large-scale linear solver engine version 11 was used for the analysis [43]. The mathematical formulation is as follows:Minimize cost:



[image: there is no content]



(1)




(from biomass purchase + biomass transport + coal purchase and transport + plant retrofit)
or

Minimize GHGs:



[image: there is no content]



(2)




(from biomass pre-treatment + biomass transport + coal transport, pre-treatment and combustion)







	With respect to:
	



	xi,jt∈ℝ∀i∈Nt, j ∈ J, t ∈ T
	Quantity of each residue type t shipped from each supply location i to each plant j (t)



	xjCOAL∈ℝ∀j∈J
	Quantity of coal shipped to each plant j (t)



	xj,lRET∈ℝ∀j∈J, l ∈ L
	Variables defining the portion of plant j's capacity that is retrofitted to co-fire biomass, where l indexes distinct levels of retrofit for modeling a piecewise linear (convex hull of five points) cost curve (%)



	Subject to:
	



	[image: there is no content]
	At each supply location the use of biomass resources must not exceed its supply limit (t).



	∑t∈T∑i∈Nt∀t∈T,i∈Ntηtxi,jt+ηcxjCOAL=Ej
	The sum of electricity generated from biomass and coal at each plant must be equal to the total required (amount generated in the year 2008).



	[image: there is no content]
	The total energy generated from biomass should be EB = 2 million MWh in one scenario. This constrained is omitted for the Optimal Residue Use scenario



	[image: there is no content]
	The total biomass generation at each plant must be within the co-firing capacity of that plant.



	xi,jt,xjCOAL≥0[image: there is no content][image: there is no content]∀ j = J, l ∈ L, t ∈ T
	Quantities must be nonnegative, and the retrofit variables are bound between zero and one with sum not greater than one to formulate the piecewise linear cost curve in the objective (convex hull of points {(0%, $0/kW), (2%, $100/kW), (10%, $200/kW), (20%, $300/kW), (100%, $2000/kW) [44,45]. The retrofit capital cost is annualized over a 40 year assumed remaining life span of coal plants using a 4% discount rate [46–48].





where Nt = {1,2,…,nt} is the set of supply locations for biomass residue type t; T and nt, are the set of biomass residue types and the number of locations for each type, respectively (See Table 1 in the supporting information for more detail); J = {1,2,3,4} is the set of coal plants; L = {1,2,3,4} is the set of co-firing retrofit levels in the piecewise linear retrofit cost curve; ct is the purchase cost ($/t) of biomass type t; [image: there is no content] is the distance (km) from biomass t location i to plant j; [image: there is no content] is the cost ($/t) for shipping biomass type t from location i to plant j; [image: there is no content] is the cost ($/t) for purchase, transport, and pre-treatment of coal for plant j. Other coal plant operation and maintenance costs (labor, environmental controls, etc.) are assumed constant with respect to co-firing rate and are thus not included in the cost estimation for the purpose of comparing the cost of co-firing vs. coal-only electricity generation; Wj is the capacity of plant j (MW); [image: there is no content] for l = {1,2,3,4}, respectively, is the cost per unit capacity of retrofitting plant j at breakpoint level l of the piecewise linear cost curve; gt is the emissions intensity (tCO2eq/t) from pre-treatment of biomass type t; [image: there is no content] is the emissions intensity (tCO2eq/t·km) of shipping from biomass type t location i to plant j; [image: there is no content] is the emissions intensity (tCO2eq/t) of pre-treating, transporting and combusting coal; [image: there is no content] is the maximum supply of biomass type t at location i (t); ηt is the efficiency of converting biomass type t into electricity (MWh/t); ηC is the efficiency of converting coal into electricity (MWh/t); Ej is the annual electricity generation of plant j (MWh); EB is the biomass co-firing capacity target; and rl = {2%, 10%, 20%, 100%} for l = {1,2,3,4}, respectively, is the retrofit portion at each level l (breakpoint) of the piecewise linear cost curve.

We also minimized the total cost and emissions for coal-only electricity generation ( [image: there is no content], j ∈ J, t ∈ T, l ∈T) as a reference case, to compare its total cost with total cost of co-firing.



2.5. Greenhouse Gas Emissions Modeling

Life cycle GHG emissions factors were derived from various sources and are shown in Table 2.

Table 2. Important cost parameters and ranges used in the model.


	Symbol
	Parameter
	Unit
	Distribution
	Min
	Most likely
	Max
	Note





	ct
	Palm EFB
	$/t
	Triangular
	$1.80
	$5
	$6.70
	[49]



	ct
	Palm shell
	$/t
	-
	-
	$16.70
	-
	[49]



	ct
	Palm fiber
	$/t
	Triangular
	$2.30
	$5.50
	$7.20
	[49] The price of EFB used as surrogate and adjusted based on the energy content.



	ct
	Rice husk
	$/t
	Uniform
	$4.70
	-
	$11.80
	[50] Data is adapted from a case study in the Philippines.



	ct
	Paper-based MSW
	$/t
	-
	-
	$1.90
	-
	[44,45] Tipping fee for MSW in Malaysia - $1.20/t in 1994. A GDP deflator used to convert to $2010. A 10% premium added.



	ct
	Sawmill residues
	$/t
	-
	-
	$7.40
	-
	[47] Eucalyptus wood waste in Thailand used as surrogate.



	ct
	Plywood mill residues
	$/t
	-
	-
	$7.40
	-
	[47] Eucalyptus wood waste in Thailand was used as surrogate.



	ct
	Palm trunks
	$/t
	Triangular
	$1.90
	$5.10
	$6.80
	[49] The price of EFB used as a surrogate and adjusted based on the energy content.



	ct
	Palm fronds
	$/t
	Triangular
	$1.40
	$4.60
	$6.30
	[49] The price of EFB used as a surrogate and adjusted based on the energy content.



	ct
	Rice straw
	$/t
	-
	-
	$14.90
	-
	[46,50] Cost of collecting and baling of rice straw in Thailand used as a surrogate. A premium of 10% is assumed.



	ct
	Cocoa branches
	$/t
	Uniform
	$13.50
	-
	$16.20
	[47] Logging residues price used as surrogate.



	ct
	Rubber branches
	$/t
	Uniform
	$13.50
	-
	$16.20
	[47] Logging residues price used as surrogate.



	ct
	Coconut trunks
	$/t
	Triangular
	$1.90
	$5.10
	$6.80
	[49] Palm trunk price used as a surrogate.



	ct
	Coconut fronds
	$/t
	Triangular
	$1.40
	$4.60
	$6.30
	[49] Palm trunk price used as a surrogate.



	ct
	Logging residues
	$/t
	Uniform
	$13.50
	-
	$16.20
	[47]



	ct
	Biomass drying
	$/t
	-
	-
	$2.50
	-
	[44] Assumed that excess heat used for biomass drying.



	ct
	Biomass pulverizing
	$/t
	-
	-
	$8.50
	-
	[51,52] Cost is based on a $0.05 per kWh average industrial electricity rate in Malaysia.



	ct
	Biomass storage
	$/t
	Uniform
	$5.25
	-
	$10.30
	[53] Corn and switchgrass residues storage cost used as a surrogate.



	ct
	Variable biomass transportation costs—high bulk density
	$/t.km
	Uniform
	$0.111
	-
	$0.23
	[44,54] Palm EFB used as a surrogate for high bulk density residues.



	ct
	Variable biomass transportation costs—low bulk density
	$/t.km
	Uniform
	$0.131
	-
	$0.58
	[44,54,55] Scaled for bulk density of rice residues to EFB bulk density.



	ct
	Fixed biomass transportation costs
	$/t
	Uniform
	$3.60
	-
	$5.00
	[54,56]



	ccoal
	Coal
	$/t
	Triangular
	$25
	$60
	$127
	[57]



	ccoal
	Coal pulverizing
	$/t
	Uniform
	$0.60
	-
	$1.10
	[52,58] Cost estimation is based on $0.05/kWh, the average industrial electricity rate in Malaysia.



	ccoal
	Coal storage
	$/t
	-
	-
	$6.30
	-
	[45,59] GDP deflator was used to estimate the $2010



	ccoal
	Coal shipping
	$/t.km
	-
	-
	$0.002
	-
	[60]



	cRET
	Coal plant retrofit at 2% co-firing rate
	$/kWb
	Triangular
	$50
	$100
	$150
	[61,62]



	cRET
	Coal plant retrofit at 10% co-firing rate
	$/kWb
	Triangular
	$150
	$200
	$250
	[61,62]



	cRET
	Coal plant retrofit at 20% co-firing rate
	$/kWb
	Triangular
	$250
	$300
	$350
	[61,62]]



	cRET
	Coal plant retrofit cost at 100% co-firing rate
	$/kWb
	-
	-
	$2,000
	-
	[62]








Residues are generally considered as having no emissions associated with their production [63]. However, there is some debate as to whether allocation of emissions is necessary when the residue becomes a product, e.g., being sold as a fuel. To avoid this argument all emissions associated with the production of the commodity were allocated to the residue (for instance, emissions associated with rice production were all allocated to the rice husk). This obviously over estimates the emissions associated with residue use and reduces any emissions savings modeled here. Additionally, this conservative approach makes wood-based MSW have higher GHG emissions per unit energy than coal (0.33 tCO2-eq/GJ vs. 0.29 tCO2-eq/GJ). Thus, while optimizing for GHG emissions these residues would never be chosen by the model. This would reduce the maximum value of emissions reductions obtainable as estimated here.

The emissions factor for coal includes combustion emissions and weighted transportation emissions from Indonesia, Australia and South Africa (see Table 2 in the Supplemental Information). With the sources of coal coming from multiple countries and little or no data available for mining practices in all of these countries, mining emissions were ignored. Using U.S. coal production as a guide, the exclusion of these emissions underestimates the overall life cycle emissions of coal by less than 4% [64].




3. Results and Discussion


3.1. Residue Amount

Fifty-five percent of residues are field-based, those which are derived from agriculture activities and move directly from the “field” to the power plant. The remaining residues are process-based, originating at mills (Figure 1). This is an important distinction. Generally, Peninsular Malaysia has a developed transportation system that supports a mill's activity, whereas agricultural areas may have only limited transportation infrastructure.

Figure 1. Yearly residues (Mt) by type available for co-firing in Peninsular Malaysia. The error bars for the total residues represent 5th and 95th percentile values.



[image: Energies 07 00804f1 1024]





Residues available for co-firing are estimated at about 12 Mt/year (Figure 1). Oil palm is the largest source of these residues (77% of the total), followed by rice (9.1%) and forestry residues (8.2%). The remaining residues (5.7%) are available in relatively small amounts and include, in decreasing order of availability, wood-based MSW, rubber, cocoa, and coconut residues. The latter two sources are negligible.

Oil palm and palm oil production accounts for just over 9 Mt per annum of residues. This is 8-fold larger than the second largest source—rice production. Palm oil residues are larger by category (field-based and process-based) compared to any other source. Also, palm oil production results in 18 times more process-based residue than rice production and is 9 times greater than the next largest source of process-based residues—MSW.



3.2. Distribution and Locations of Biomass Residues

Figure 2 shows the locations of the residue resources available in Peninsular Malaysia. Field-based residues (Figure 2a) have a wide distribution along coastal areas, particularly on the west coast. There is some concentration of residues in the southern part of the peninsula where 53% of the country's palms are grown [35]. Forest covers 54% of Peninsular Malaysia, but logging occurs only in small areas (green coloration in Figure 2a) with the largest areas in the central and southeastern sections of the country. Generally, mills are co-located near their feedstock source (e.g., palm-oil mills are located in area where palm is grown) (compare Figure 2a with Figure 2b). However, sawmills and plywood mills are an exception where they are located near their markets, towns and cities.

Figure 2. Locations of residues in Peninsular Malaysia: (a) field-based residues; (b) process-based residues. Values in parenthesis in (b) represent the number of mills/landfill.
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Generally, the highest residue quantities are found in the southeast region of the country (Figure 3a). However, the coal fired electricity power plants are located along the western coast of Peninsular Malaysia (Figure 3b, solid red circles) adding a significant transportation component for the use of biomass for co-firing. If direct biomass firing was used, the plants could be located closer to the sources of biomass as long as co-location cost reduction where not offset by addition transmission infrastructure. These trade-offs were not investigated here.

Figure 3. Amount of residues in relation to coal-fired power plants and road infrastructure in Peninsular Malaysia (a) residues distribution by weight; (b) the road network and locations of coal power plants.
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Figure 3b also shows the road network in Peninsular Malaysia. In the southeast region where the residues are the most dense the road network is the least developed. Using “road density,” defined here as road length within an administrative district over the total area (km/km2) of that district, as a guide, the southeast has road densities between 0.1 and 0.2 km/km2 whereas on the west coast, where less residues are available, have a road density higher than the southeast, between 0.45 and 0.69 km/km2. Most likely an improved transportation system in some areas will be required to efficiently supply residues for co-firing. The anticipated costs of expanded infrastructure are not modeled. However, to some extent any new costs could be offset by additional social benefits accruing over time due to improved infrastructure in rural communities.



2.2. Costs of Co-Firing

The Limited Co-firing Scenario generates an equivalent of 2.0 million MWh from biomass residues to meet the Malaysian biomass electricity policy and costs approximately $1.14 billion (Table 3). This is $20 million less than the Reference Case of producing this same amount of electricity from coal, based on a coal price of $85/t. Limited Co-firing has $41 million of biomass related costs (purchase, transport, and electricity plant associated costs e.g., moving biomass within the plant boundary, etc.). Coal use is reduced and results in about $65 million less foreign coal purchases. The transfer of foreign expenditures (coal purchases) to local expenses could have a significant stimulus to the local economy. Quantifying the exact impacts of such a transfer requires a detailed economic assessment and is beyond the scope of this analysis.


Table 3. Costs and co-firing capacity for coal fired electricity production and co-firing scenarios using parameter point estimates.



	
Model output

	
Scenario




	






	
Coal-fired generation (Reference case)

	
Limited co-firing (2.0 million MWh)

	
Optimal co-firing (minimum cost)






	
Costs ($millions)

	
Biomass

	
0

	
41

	
150




	
Coal

	
1160

	
1095

	
950




	
Retrofit

	
0

	
4

	
15




	
Total

	
1160

	
1140

	
1125




	






	
Co-firing capacity (MW)

	
0

	
330

	
1040









A dedicated biomass fired power plant capable of generating 2.0 million MWh of electricity has capital costs (land, buildings, equipment, etc.) estimated at between $495 and $990 million [12]. Assuming that all of the associated biomass costs (feedstock, transport, and onsite movements) are the same for a dedicated biomass power generation and co-firing and using a simple 100% equity-financing strategy, the yearly capital recovery costs for a dedicated biomass power plant would be on the order of $25 million. This far exceeds the $4 million annual capital charge associated with co-firing (Table 3). Also, financing costs would likely be higher than estimated here because partial debt financing would be preferred for such a capital-intensive project. Overall, it is likely that direct biomass firing costs would exceed those of co-firing.

The Limited Co-firing Scenario requires 9% of the total available biomass residue. Because Malaysia potentially has abundant residues and to understand the full potential of biomass co-firing, the model was allowed to minimize costs without constraining biomass use at those needed for 330 MW of capacity. This provides an estimate of the maximum potential cost savings from reducing coal use with biomass (Optimal Co-firing, see Table 3). Here, 29% of the 12.2 Mt of available residues is consumed, providing over 6 million MWh of electricity and reducing CO2 emission by about 5.7 Mt. The overall costs are reduced by $35 million compared to using coal alone.



3.3. GHG Emissions of Co-Firing

The current policy of installing 330 MW of biomass electricity capacity also targets 1.3 Mt of CO2 emissions reduction by 2015 [65]. The Limited Co-firing scenario reduces emissions by 1.9 Mt of CO2 compared to Coal-fired Generation (Table 4), exceeding the government's target. Because co-firing can reduce emissions at lower costs than current coal fired electricity generation, the obvious question is—what is the optimal GHG emissions savings?


Table 4. GHG emissions and cost of carbon mitigation for coal and co-firing scenarios.



	
Model output

	
Coal-fired generation (Reference case)

	
Limited co-firing (2.0 million MWh)

	
Optimal co-firing Scenario-GHG Emissions 1






	
GHG emissions (Mt)

	
Total

	
36.2

	
34.3

	
19




	
Biomass

	
0

	
0.15

	
2.1




	
Coal

	
36.2

	
34.1

	
16.8




	






	
Cost of carbon mitigation ($/t CO2-eq)

	
0

	
−2.40

	
22.5




	






	
Co-firing capacity (MW)

	
0

	
330

	
3090






1This scenario represents the upper bound of upstream GHG emissions from co-firing.




Optimal cost scenarios may opt for lower cost residues further from a power plant if the residue cost savings offsets transportation costs. However, when optimizing life cycle GHG emissions, the emissions impact from transportation penalizes longer transportation legs. To capture this dynamic an unconstrained biomass scenario was modeled that minimized GHG emissions from co-firing (Optimal GHG Emissions, Table 4). The scenario resulted in a 17 Mt of CO2 reduction compared to coal-fired generation. Under this scenario Malaysia could reduce its total GHG emissions based on 2010 data between 1.1% and 9.4%, but it comes with increased cost for generating electricity.

The 330 MW scenario eliminated 1.9 Mt/year of CO2 emissions at a lower cost compared to the reference case, thus has a negative of cost of mitigation (COM) (Table 4). For the Optimal GHG scenario the COM is $23/t CO2 mitigated. To put this value in perspective, the Malaysian government has imposed a levy on heavy electricity users (those using >350 kWh/month), which is intended to collect about $100 million/year to subsidize the installation of the 975 MW of renewable electricity [65]. With the government estimate that 3.7 Mt of CO2-eq/year could be avoided [66], the levy payments imply a COM of about $27/t CO2-eq.

The COM from increasing use of co-firing is lower than the levy's implied COM by $5/t CO2-eq., making co-firing a better alternative to the levy-subsidy approach on a per tonne basis. However, the annual expenditure would increase the total costs of reducing emissions to over $400 million. If one assumes linearity of the optimization model used here, then at a cost of $100 million, the same as revenue raised by the levy, 6 Mt of CO2-eq/year of emissions reduction could be achieved via co-firing, a third more effective than investment in a general renewables portfolio strategy envisioned by the levy policy.

The Malaysian government has imposed a levy on heavy electricity users (those using >350 kWh/month), which is intended to collect about $100 million/year to subsidize the installation of 975 MW of renewable electricity by 2015 [21]. The government estimates that 3.7 Mt of CO2-eq/year could be avoided [19]. The levy payments imply a COM of about $27/t CO2-eq. In this study, the optimal GHG emissions scenario results in a 17 Mt of CO2-eq/year reduction in emissions with a COM of $22.5/t CO2-eq. This COM is lower than the levy's implied COM by $5/t CO2-eq. making co-firing a better alternative to the levy-subsidy approach on a per tonne basis. The annual expenditure would be $280 million more than the levy-subsidy approach but would achieve an almost 5-fold greater reduction in GHG emissions.

Reducing GHG emissions beyond those that are possible at a break-even cost from current coal-firing economics are unlikely to occur without government action. An alternative to the levy-subsidy approach it the use of a carbon tax. Figure 4 shows a Pareto curve summarizing the effect of different carbon prices on GHG emissions and the direct costs (excluding carbon taxes) of the resulting cost-minimum solutions. Based on this analysis, at a carbon price of $20/t the direct cost to the industry increases by about $38 million but electricity generation emits about 5.5 Mt less GHG than when there is no carbon price. In addition, the government would collect about $440 million/year from the tax. The tax could be used to fund other measures to reduce GHG emissions, such as rebates to users of energy efficient equipment/appliances or simply a rebate to poor income households to offset the higher utility charges. In any case, Malaysia can choose between a number of different programs to achieve GHG emission reductions via biomass residue co-firing.

Figure 4. Net cost and industry cost of optimal systems under various carbon prices. The net cost curve represents the Pareto tradeoff between cost and emissions. The difference between the curves is the carbon tax transfers to the government.
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3.4. Study Limitations

This study focuses on private costs and does not quantify externalities related to adopting co-firing. For instance, increased vehicle use to transport biomass will require increased road maintenance, presently borne by the government. There are positive externalities that will accrue to society from balance of trade accounts due to lower imported coal use. Additionally, improving rural infrastructure and increasing rural income will bring un-quantified benefits. These and other impacts will need to be analyzed to provide a complete understanding of co-firing's potential.

This analysis was a scoping study of co-firing in the Malaysian context. There are assumptions and limitations due to study design that could impact results. They include: (i) all existing biomass used in biomass firing plants is considered fixed. It is possible that there exists a better solution where some of this biomass might be rerouted for co-firing and other biomass taken to nearby direct biomass firing plants. However, we do not expect these considerations to change results substantially because the current dedicated biomass power plants generate a small amount of energy (1.5 million MWh); (ii) other uses of residues are considered fixed/exogenous. If co-firing affects prices, this could change the portion of residues sold for these other uses. Residue price increases might make co-firing less attractive; (iii) timing is ignored. It is assumed that if a sufficient amount of biomass is shipped for the year then it can deliver the annual electricity required. Biomass supply varies seasonally, and the potential for storage is limited, so co-firing availability could vary throughout the year, and co-firing could make the electricity sector more susceptible to weather related events; and (iv) finally, biomass can provide energy and displace fossil fuel use by many alternative pathways. Cellulosic ethanol, for instance, could provide a transportation fuel that displaces gasoline use or, alternatively, biomass gasification could provide a suite of distillates for diesel or jet fuel production that could displace their fossil based counterparts. Each of these pathways might provide greater benefits to society than biomass co-firing. However, with the cost based scenarios described here only about 30% of the available residues were consumed, which leaves considerable latitude for Malaysia to develop other approaches to biomass use and/or GHG emissions reductions while benefiting from co-firing.




4. Conclusions

Malaysia intends to install 975 MW of renewable electricity that will include 330 MW generated from biomass and offset the some climate impacts of increasing coal use by reducing CO2 emission by 1.3 Mt. This study looked at the use of biomass - coal co-firing as an alternative to biomass direct combustion to provide the 330 MW of biomass electricity generation capacity.

Malaysia has abundant biomass residues. This analysis demonstrates that there are about 12 Mt/year of residues that could be collected and used for energy production, while accounting for all current competitive uses of the resource. Although the generation requirement investigated here is fixed there's enough biomass residues to meet increased future needs. The 330 MW of co-firing scenario uses 9% of the total available residues.

This work showed that co-firing at the 330 MW level can reduce the annual electricity generation costs by of up to $20 million compared to current coal fired generation and reduce CO2 emissions by 1.9 Mt of GHG emissions resulting in a negative cost of COM. Optimally the capacity could be increased to slightly over 1000 MW, result in $35 million annually cost savings compared to coal use, and will reduce emissions by 5.7 Mt. This would exceed the entire renewables target of 975 MW of capacity. Direct biomass firing has capital expenditures for the new facilities and transmission costs associated with its development. Much of this is eliminated using a co-firing approach.

The use of biomass co-firing reduces imports of coal by $65 million annually when meeting the 330 MW level, thus transferring foreign exchange into domestic economic activity. Biomass production occurs largely in rural areas and increased economic activity can provide a multitude of benefits. The supply chain, however, will require additional transportation infrastructure development the costs of which were not modeled here.

Biomass has multiple uses and those need to be investigated to assure that these resources are used most efficiently. However, these results provide an important foundation for formulating renewable electricity policy in Malaysia.
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