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ABSTRACT 

Efficient procurement of wood biomass increases the effectiveness of biomass supply-chain 

management for bioenergy production. In this paper, a decision support system for planning the 

logistics of wood biomass procurement for conversion to bioenergy at the Atikokan Generating 

Station (AGS) in northwestern Ontario is developed. The model is based on a non-linear dynamic 

programming method. The model estimates optimal quantity and type of wood biomass supplied 

to the AGS based on its historical monthly power generation schedule. The two-way travel times 

from all depleted forest cells (19,315 cells) of 1 km
2
 size to the AGS were determined, and cost 

from each cell was calculated using a previously developed road network optimization model. 

The model selects optimal harvesting volume from each forest cell in order to meet feed stock 

requirements for given monthly production schedule, and calculates the costs for biomass 

procurement. The model provides a global optimal solution for an annual planning horizon. 

Different cost scenarios are analyzed through sensitivity analyses. 

Keywords:  Biomass; logistics; optimization; road network; supply chain management. 

INTRODUCTION 

Biomass has great potential to be converted into renewable bioenergy, which not only has the 

advantage of reducing greenhouse gas (GHG) emissions, but also ensures a sustainable supply of 

energy that provides energy security and increased rural economic activities (Ediger and Kentel 

1999, Ushiyma 1999, Berndes et al. 2003, Nagel 2000, Pari 2001, Gen and Smith 2006). In order 

to assess the economic feasibility of bioenergy production, it is important to understand and 

improve both the technological process of biomass to bioenergy conversion and the efficiency of 

the biomass supply chain.  
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A geographic information system (GIS) can be integrated with mathematical programming 

methods to develop a decision support system (DSS) for optimally supplying wood biomass for 

energy production (Noon 1996, Graham et al. 2000, Voivontas 2001, Freppaz et al. 2004, Ranta 

2005, Geijzendorffer et al. 2008, Sylvain et al. 2009). Previous studies have developed 

optimization tools either using GIS or mathematical programming for forest biomass harvesting 

and procurement (Mitchell 2000, Davide et al. 2005, Sylvain et al. 2008, Rentizelas et al. 2009). 

Kaylen et al. 2000 developed a nonlinear programming model that incorporates competition 

between economies of scale in biomass feedstock production and transportation cost for a single 

ligno-cellulosic ethanol plant. Graham et al. (2000) used a GIS model to optimize the location of 

a biorefinery based on minimizing the cost of biomass supply.  

However, none of these studies have used an integrated dynamic modeling approach. This study 

is an attempt to fill this gap. In this paper, a decision support system for planning the logistics of 

wood biomass procurement for conversion to bioenergy at the Atikokan Generating Station 

(AGS) in northwestern Ontario is developed. The model is based on a non-linear dynamic 

programming method using General Algebraic Modeling System (GAMS) computer software. 

The model is used to estimate optimal quantity and type of wood biomass supplied to the AGS, a 

proposed biomass-based power generating station, based on AGS’s historical monthly power 

generation schedule. 

METHODOLOGY  

The research area (324 km x 516 km or 167,184 km
2
) of this study consists of eighteen forest 

management units (FMUs) of northwestern Ontario that can potentially supply biomass feedstock 

to AGS (Figure 1). A non-linear optimization programming model for supplying wood biomass 

to AGS was developed using GAMS software (Appendix 1). GIS data were collected from 

Sustainable Forest Licence (SFL) holders and consultant companies in the formats of shapefile 

and geodatabase (Abitibi-Bowater Inc. 2009, GreenForest Management Inc. 2009, Greenmantle 

Forest Inc.2009, LIO 2010). ArcGIS was used to prepare spatial database in text format for the 

entire extent of research area. Three main spatial layers (forest landuse layer, forest depletion and 

cost layer) were prepared. A grid size of 1 km
2 

was used for preparing these spatial layers. First a 

vector grid was developed, then this vector grid was converted to a raster layer, and finally a text 

file was developed from the raster layer. Each cell represents a feature. Different data input 

methods were followed for different types of features. ArcGIS was used to compile, clean and 

analyze spatial data and to prepare text files database (Nichols 2004, ESRI 2010).  

A raster layer of forest landuse class was developed using the dominant type of data input method 

(ESRI 2010). In this method, the grid code entity was assigned to each cell for different landuse 

categories (1= productive forest, 2 = water/lake, and 3 = other landuse). The percent occurrence 

method was used for preparing the depletion layer.  In this method, a code number was assigned 

to a grid cell depending on its depletion percentage: 1 represents 100% depletion, 2 is 80% to 

100% depletion, 3 is 60% to 80% depletion, 4 is 40% to 60% depletion, 5 is 20% to 40% 

depletion, 6 is 0% to 20% depletion, and 7 is no depletion. The raster layer of the road network 
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for the research area was developed using the presence/absence method of data input (ESRI 

2010). A grid code was assigned depending on the presence of type of road in a cell. The grid 

codes for different road classes include: highway-I = 1, highway-II = 2, primary forest road = 3, 

secondary forest road = 4 and tertiary forest road = 5.  If no road was present, grid code 9 was 

assigned to the cell. The raster layer of the road network was converted to ASCII (.txt) format. A 

road network optimization program coded in Visual Basic was used to prepare a cost layer for 

transporting wood biomass from each cell through the road network to the AGS. The location of 

the AGS was used as a sink node in the text files. Empty vehicle driving speeds of 90, 80, 60, 40 

and 30 (km/hour) and loaded vehicles driving speeds of 90, 70, 50, 30 and 20 (km/hour) were 

used for highway-I, highway-II, and primary, secondary and tertiary forest roads, respectively. A 

truck load size of 50 m
3 

of wood biomass and an operating rate of $85/hour was used. A fixed 

time of 2.5 hours was considered for loading, unloading and delays per trip. The cost layer for 

transporting wood biomass to AGS was established using minimum travel time from each road 

cell of the research area to the AGS.  

Forest landuse, depletion and cost layers were used as data input in the network optimization 

model to calculate the cost of transporting wood biomass from each cell (1 km
2
 area) of 

productive forest to AGS. The theoretical availability of forest harvest residue (FHR) and 

unutilized and under-utilized wood (UUW) in the productive forests of northwestern Ontario is 

about 60 m
3
/ha each (Alam et al. 2011). The total number of depleted forest cells (0% to 100% 

depletion) over the seven year study-period (2002 to 2009) was 19,315. We also assumed that 1 

m
3
 of wood biomass is the equivalent of 0.876 green tonnes (gt) of biomass. Two-way travel 

times from all the depleted forest cells to AGS were determined using a previously developed 

road network optimization model. The model then selects an optimal harvest volume from each 

forest cell in order to meet the feed-stock requirements for given monthly production schedule, 

and calculates the costs of biomass procurement. The model is non-linear due to its inherent 

nature of solution procedure in GAMS, where one endogenous variable (amount of biomass to be 

harvested in the next period) is determined with the help of another endogenous variable (the 

amount harvested in the previous periods). The model is dynamic in the sense that it provides a 

global solution to the entire planning horizon of 12 months operation of the power plant by 

simultaneously taking the capacity constraints and requirements for each month into account.  

The other assumptions used in base scenario (BASE) include: harvesting factor (HF) of 67%; 

harvesting and grinding/chipping (processing) cost for FHR of $26; harvesting and grinding cost 

for UUW of $31; conversion efficiency (CE) of power plant as 35%; and moisture content (MC) 

of wood biomass of 30%. The heat value of wood biomass was taken as 19.6 GJ/ODt; and 3.6 

GJ/MWh was used to convert the heat value to electricity unit. The monthly amounts (MWh) of 

electricity production over the planning horizon of one year are shown in Appendix 1 (Sygration 

2011). The four alternate scenarios, such as Increased Harvesting Factor (INHF), Increased 

Conversion Efficiency (INCE), Increased Moisture Content (INMC) and Increased Harvesting 

and Grinding Cost (INHG) were run to test the sensitivity of HF, CE, MC, and harvesting and 

grinding/chipping cost, respectively.  

 



 
34th Council on Forest Engineering, June 12-15, 2011, Quebec City (Quebec) 4 

 

 

RESULTS AND DISCUSSION 

The model provides a global optimal solution for a one year planning horizon by minimizing the 

objective function of biomass procurement costs (harvesting, processing and transportation) 

based on wood biomass availability in each cell. In the BASE scenario, out of 100,061 forest 

cells, only 2,959 cells were selected for collecting FHR and 208 cells were selected for harvesting 

both FHR and UUW to fulfill the annual wood biomass demand by AGS. The forest cells 

selected for collecting FHR were mainly located in five FMUs (Crossroute Forest, Sapawe 

Forest, Dog River-Matawin Forest, Wabigoon Forest and Dryden Forest) (Figure 1). Only one 

forest cell from the Lakehead Forest was selected for FHR collection. All forest cells selected for 

harvesting UUW were located in the Crossroute Forest. The other twelve FMUs were not 

selected for harvesting wood biomass for energy production. Based on the historical monthly 

generating production the AGS requires 397,867 gt of biomass annually to produce 507,037 

MWh of electricity. For this electricity production at the AGS the total annual and unit 

production costs were found to be 

$14,310,557 and $28.17/MWh, 

respectively (Table 1).  It was found that 

FHR and UUW were collected first from 

the cells which were closer to AGS, and 

then the model selected farther cells in 

the later months of the year. The 

behavior of the model is consistent with a 

priori hypothesis of mode of biomass 

collection as it is not economical to 

transport biomass over long distances.  

The results of the five sensitivity 

analyses are presented in Table 1 and 

Figure 2. In INHF (with 72% HF) 2837 

forest cells were selected for FHR and 

171 forest cells were selected for UUW. 

In comparison with the BASE, unit cost 

of electricity production is 0.37% less 

in INHF because more wood biomass 

could be harvested from the forest cells at lesser transportation cost to fulfill the demand of wood 

biomass feedstock at AGS. In INCE (with 40% CE) the number of forest cells selected for FHR 

and UUW were 2735 and 144, respectively. The wood biomass harvested in INCE was 348133 

gt, total electricity production cost was $12,434,763, and unit cost of production was 24.58 

$/MWh, which were 12.5% , 13.11% and 12.76%, respectively lower than in the BASE scenario. 

Due to higher CE, the amount of wood biomass feedstock was reduced to produce the same 

amount of power at the AGS as compared to other scenarios (Berndes et al. 2003, Koppejan 

2007, Alam et al. 2009).  

 

Figure 1: Forest cells selected for harvesting 

biomass 



 
34th Council on Forest Engineering, June 12-15, 2011, Quebec City (Quebec) 5 

 

 

Table 1: Sensitivity analysis for increased harvesting factor, conversion efficiency, moisture 

content, and harvesting and grinding costs 

Category/Scenario BASE INHF INCE INMC INHG 

Wood Biomass (gt) 
397866.78 397866.78 348133.43 433663.54 397866.78 

Procurement Cost 

($) 

14310556.5

4 

14256641.5

2 

12434763.1

7 

15669451.5

1 

15382602.5

9 

Electricity (MWh) 
507037.00 507037.00 507037.00 507037.00 507037.00 

Unit Cost ($/MWh) 
28.17 28.07 24.58 30.80 30.24 

 

In INMC (with 35% MC) 3,123 forest cells were selected for FHR and 260 forest cells were 

selected for UUW. The wood biomass harvested in INMC was 9% higher, total electricity 

production cost was 9.5% higher, the unit cost of production was 9.32% increased, as compared 

to the BASE scenario. Due to higher MC, the net amount of heat value is lower in wood biomass 

(Nurmi 1999, Berndes et al. 2003, Koppejan 2007) resulting in a higher volume of wood biomass 

required to produce the same amount of electricity. In INHG the harvesting and 

grinding/chipping cost was increased by 10% for both FHR and UUW. Since the harvesting and 

grinding/chipping cost for UUW became much more than FHE in INHP, fewer forest cells for 

UUW (254) and more forest cells for FHR (3167) were selected than in the BASE scenario. The 

total cost of electricity production ($15,382,603) and the unit electricity production costs (30.24 

$/MWh) were the second highest in INHG than in other scenarios. Previous studies show similar 

results (Berndes et al. 2003, 

Tatsiopoulos and Tolis 2003, 

Sokhansanj et al. 2006). 

These five scenarios provide an 

interesting opportunity for further 

research on improving the 

technological processes of biomass 

to bioenergy conversion as well as 

using efficient harvesting 

techniques to reduce the total 

logistics cost. Similar suggestions 

have been made by previous 

studies in the U.S. (Gan and Smith 

2006). 

Figure 2: Sensitivity analysis for increased harvesting factor, 

conversion efficiency, moisture content, and harvesting and 

grinding costs 
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CONCLUSIONS  

The complexities of biomass feedstock procurement and supply chain for the Atikokan power 

generating station in northwestern Ontario were handled in the most efficient and cost effective 

way by developing a non-linear dynamic programming model. The model provided global 

optimal solutions consisting of forest cells and types of wood biomass selection by minimizing 

the costs of wood biomass harvesting, processing and transportation from available forest cells to 

the power generating station. The results suggest that the demand of FHR and UUW biomass for 

AGS could be fulfilled optimally by collecting the available FHR from 2,959 cells and UUW 

from 208 cells out of 19,315 forest cells available in the research area.  The model also has the 

potential to analyze the effects of changes in important parameter and choice variables, thereby 

providing important information for decision support in reducing overall procurement costs over 

time. 

This model could be further improved by incorporating data related to differences between tree 

species, forest types, moisture contents, heat values, harvesting methods, harvesting systems, and 

variations in the amount of seasonal and weekly power generation. Production of pellets in a 

distributed network could further reduce the transportation costs and feedstock requirements as 

pellets are a more energy dense biomass feedstock. Future versions of this model will reflect 

these improvements by incorporating new information and will help in developing an integrated 

decision support system for bioenergy production in northwestern Ontario. 
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APPENDIX 1 

 

$TITLE: DSS for wood biomass to electricity production in northwestern Ontario, Canada 

SETS 

     i         Months in a year /1*12/ 

*/ Jan, Feb, Mar, Apr, May, Jun, Jul, Aug, Sep, Oct, Nov, Dec / 

     j         Forest cells /1 *19315/ 

$include c:\procurement\data_ags.txt 

Table EP (i, *)   Monthly demand of electricity production in MWh 

              Production 

1             47746 

2             74931 

3             32293 

4             7615 

5             97280 

6             73581 

7             46799 

8             42564 

9             5822 

10            26835 

11            9974 

12            41597 

SCALARS 

   CE    Conversion efficiency /0.35/ 

   ED    Energy density for oven dry tonne (ODT) biomass in GJ /19.6/ 

   MC    Moisture content in green biomass /30/ 

   EG    Equivalency of energy in GJ per MWh /3.6/ 

   PR    Harvesting and grinding costs for forest harvest residue (FHR) dollar per green tonne (gt) /31/ 

   PU    Harvesting and grinding costs for unutilized and underutilized wood (UUW) dollar per gt /26/ 

   HF    Harvesting factor /0.67/ 

PARAMETERS 

    BD(i)   Monthly biomass required by power plant in gt 

    IR(j)   Initial FHR availability in a forest cell 

    IU(j)   Initial UUW availability in a forest cell; 

    BD(i) = (EP(i,"Production") * EG) /((ED-0.2164*MC) * CE); 

    IR(j) = (BMS(j, "FHR") * HF)/7; 

    IU(j) = (BMS(j,"UUW") * HF)/7; 

    Display  BD, IR, IU; 

VARIABLES 

    XR(i,j)           Amount of FHR harvest from a forest cell (gt per month) 

    XU(i,j)           Amount of UUW harvest from a forest cell (gt per month) 

    TB(i)             Monthly total amount of biomass harvest in gt 

    TPC               Total biomass procurement cost in Dollar 

    RT(i,j)           Total monthly FHR avialabity in a forest cell in gt 
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    UT(i,j)           Total monthly FHR availability a forest cell in gt; 

POSITIVE VARIABLES 

    XR, XU 

EQUATIONS 

    EQOBJ             Equation for calculating objective function value 

    EQBD(i)          Monthly requirements of biomass constraint 

    EQTB(i)           Calculating equation for monthly biomass harvest 

    EQRT(i,j)         Constraint to FHR availability 

    EQUT(i,j)        Constraint to UUW availability 

    EQRT1(i,j)       Constraint to FHR availability 

    EQUT1(i,j)      Constraint to UUW availability; 

    EQOBJ..  SUM((i,j), XR(i,j)* BMS(j, "CADpTBM")) +  

                    SUM((i,j), XU(i,j)* BMS(j, "CADpTBM")) +  SUM((i,j), XR(i,j)* PR) +  

                    SUM((i,j), XU(i,j)* PU) =E= TPC; 

                    RT.FX("1",j) = IR(j); 

                    UT.FX("1",j) = IU(j); 

    EQTB(i).. SUM(j, XR(i,j)) + SUM(j, XU(i,j)) =E= TB(i); 

    EQRT(i,j).. XR(i,j) =L= RT(i,j); 

    EQUT(i,j).. XU(i,j) =L= UT(i,j); 

    EQRT1(i+1,j).. RT(i+1,j) =E= RT(i,j)- XR(i,j); 

    EQUT1(i+1,j).. UT(i+1,j) =E= UT(i,j)- XU(i,j); 

    EQBD(i)..  TB(i) =G= BD(i); 

MODEL DSS /ALL/; 

DSS.ITERLIM  = 500000; 

DSS.RESLIM   = 45000; 

SOLVE DSS MINIMIZING TPC USING NLP; 

PARAMETERS 

    REPORT1 (*,*) FHR biomass harvested from different forest cells 

    REPORT2 (*,*) UUW biomass harvested from different forest cells 

    REPORT3 (*,*) Monthly total amount of biomass harvest in gt 

    REPORT4 (*,*) Monthly total cost of biomass feedstock procurement 

    REPORT5 (*,*) Monthly per unit cost of biomass procurement; 

    REPORT1 (j,i) =  XR.L(i,j); 

    REPORT2 (j,i) =  XU.L(i,j); 

    REPORT3 ("Total Harvest",i) = sum (j, (XR.L(i,j)))+sum (j, (XU.L(i,j))); 

    REPORT4 ("cost",i) =  SUM(j, (XR.L(i,j)*(BMS(j, "CADpTBM")+PR)))+ 

                         SUM(j, (XU.L(i,j)*(BMS(j, "CADpTBM")+PU))); 

    REPORT5 ("Per MWh cost",i)= REPORT4("cost",i)/EP(i, "Production"); 

    

   Display report1, report2, report3, report4, report5; 

 


