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This dissertation presents an analysis of transportable biomass conversion 

facility design to evaluate the conceptual and economic viability of a mobile and 

modular biomass conversion supply chain in the Pacific Northwest, USA. The main 

goal of this work is to develop a decision support system to more effectively and 

sustainably use residual biomass from commercial harvesting operations that are 

currently piled and burned as part of site preparation. To complete this research a 

comprehensive biomass supply chain landscape characterization, modeling and 

optimization study was completed to provide an analysis of transportable biomass 

conversion facility design and evaluate its potential economic viability from strategic, 

tactical and regional perspectives. The long-term goal of this research is to help 

enable a sustainable marketplace for forest harvest residuals to effectively utilize this 

waste material and support regional economies. 

 



 

To complete this research the following components were developed: a 

comprehensive supply chain characterization, a conversion technology and machine 

rate model, a plant facility costing model, regional spatial and biomass availability 

data and two economic optimization models. My specific contribution was to 

examine a spectrum of economic tradeoffs and supply chain considerations including 

move frequency, logistics, energy costs, moisture content, product viability 

considerations and regional context related to the implementation of transportable 

biomass conversion facilities that had previously not been evaluated. Transportable 

facilities ranging from 15,000-50,000 BDT/year scale for three products (biochar, 

briquettes, torrefied wood) within Oregon, California and Washington are reviewed. 

The work considers various supply chain pathways including supply options at 

landings (burn, grind, chip, bale), centralized landings (grind/chip), biomass 

conversion facilities (biochar, briquettes, torrefied wood) and delivery to final market. 

Within the body of this work, I present three papers where I systematically evaluate 

the implications of transportable facility design (scale, movement, biomass 

availability), the economic impacts on the supply chain (logistics, moisture content, 

product pricing, product production), and the intra-regional variations associated with 

the system under unique market, product, transportation and energy environments. 

This analysis was done in an effort to better understand the impacts of transportable 

conversion facilities and their potential economic viability. 

A mixed integer linear programming model was developed to characterize, 

evaluate and optimize biomass collection, extraction, logistics and facility placement 

over a landscape from a strategic level to evaluate the mobility concept over a five 



 

year time horizon. This model was then used to evaluate facility economics of scale, 

optimal movement frequency, and sensitivity to biomass availability within a 

Lakeview, Oregon case study facility producing biochar. Results indicated significant 

advantages with larger scale operations with grid-connected power and limited 

mobility being preferable to a more mobile facility.  Results depend greatly on the 

landscape, assumed harvest schedule, biomass composition and governing biomass 

plant assumptions.  

A tactical-level biomass supply chain model is also developed to evaluate and 

characterize the temporal, logistics and multi-product aspects of the proposed 

transportable facility design. The model solves a multi-period, multi-commodity, 

multi-echelon combinatorial problem to maximize net present value using a genetic 

algorithm. This model was used to evaluate competing biomass logistical systems, the 

impacts of moisture content on costs (transportation and drying) for a single facility 

as well as to evaluate the impacts of product conversion efficiencies, product pricing 

and co-product production economics for six plant configurations within the 

Lakeview, Oregon case study. Results generally indicated that system viability is 

largely dependent on market pricing, plant assumptions and conversion estimates 

while processing and transportation logistics are smaller, but important contributors 

for small scale biomass conversion faculty design configurations. Moisture content 

management was found to be an important factor contributing to conversion drying 

cost with co-generation of products benefiting from production and thermal 

efficiencies. It was also found that, given the revenue estimates, biochar was the most 

probable candidate for commercial success pending on market conditions. 



 

Finally, a regional study was completed to extend the transportable facility 

economic analysis to five sites (Lakeview, Oakridge, Warm Springs, Quincy, Port 

Angeles) encompassing three states over a five year time horizon with three product 

configurations and an assumed 50,000 BDT/Year feedstock capacity. This research 

analyzes the effects of regional differences (logistics, biomass quality and quantity, 

energy rates, log markets) within the transportable system design to gauge potential 

economic viability and its sensitivities to fuel, energy and transportation distances. 

Overall, results indicate that there is a fairly small inter-regional product costing 

variation (<10%) with regions having close proximity to high quality feedstocks 

yielding the most cost effective products (Quincy, California and Oakridge, Oregon). 

Additionally it was found that a rise in diesel price, while incentivizing transportable 

conversion facilities due to more cost effective transportation, would be more than be 

offset by the higher cost energy consumption during the conversion process when 

compared with grid-power with the potential exception of biochar. For the products 

evaluated, biochar seems to be the most logical as it is less dependent on potentially 

expensive electrical energy, is the most cost effective to transporting converted 

material long distances and may support a higher market price. Overall, a 

transportable operation with grid-power could be the difference between a 

economically viable supply chain operation and one that is not. 
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CHAPTER 1 - GENERAL INTRODUCTION 

Modern societal trends focusing on sustainability, efficient use of resources, 

and domestic energy independence have translated into new initiatives and public 

mandates for today’s forest land owners. Historically, forest harvest residuals 

(branches, tops and un-merchantable wood left over after regeneration harvest or 

thinning) have been an underutilized resource. Over the last century, the common 

practice has been to burn this debris on-site either as part of site preparation or to 

reduce fire risk, because it was too costly to find an alternative use. In the last decade, 

there has been a sustained interest and research surrounding the effective use of forest 

harvest residuals for the generation of biofuels, bioenergy and biobased products 

(Northwest Advanced Renewables Alliance [NARA 2016], DOE Billon Ton Initiative 

[USDOE 2016] and others.). In a broad sense, there has been a paradigm shift in 

viewing biomass as a potentially valuable resource that can be used to produce 

marketable products and potentially benefit rural economies. This research focuses on 

the economic evaluation of mobile and transportable conversion facilities that utilize 

forest harvest residuals to support the aforementioned broader goals of sustainable 

resource management. 

 

1.1 Research Motivation | Waste to Wisdom Context 

This research was completed as part of the Waste to Wisdom (W2W) project, 

whose broader goal is to evaluate biomass conversion technologies and systems to 

support the development of bio-based products (W2W 2016). Waste to Wisdom is a 
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USDA/USDOE funded project under the Biomass Research and Development 

Initiative program designed to support feedstock development and biobased products 

research (BRDI 2016). The Waste to Wisdom Project encompasses three technical 

areas (TA) of study: 1) Feedstock Development, 2) Biofuels and Biobased Products 

Development, and 3) Biofuels and Biobased Products Development Analysis. As part 

of the overarching project, supporting subtasks include studying moisture content 

variability, feedstock quality/quality, processing methods, sorting/screening options, 

conversion techniques, handling and transport efficiencies, centralized biomass 

feedstock operations, and spatial information related to a specific site in Northern 

California (W2W 2016). Much of this body of work was incorporated into and 

supported this dissertation research. 

To support this project and complete the associated novel research, my work 

focused on the generation and analysis of landscape models to characterize and 

optimize biomass extraction, transportation, conversion, and product production 

within a market system. The overall objective of the work was to quantify financial 

advantages and identify challenges of the proposed transportable system modularity 

and mobility. Outputs from this study inform the Waste to Wisdom life cycle analysis 

work that was tasked with evaluating candidate solutions for their broader economic 

and ecological implications. 
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1.2 Forest Harvest Residuals 

Millions of dry tons of biomass produced as a byproduct of commercial 

timber harvesting operations are burned every year (USDOE 2011). It is estimated 

that there are nearly 1.4 million BDT/ year of economically recoverable logging 

residuals in the Pacific Northwest, USA with the equivalent energy of some 2,500 

GWh enough potentially to power more than 200,000 homes (Gan and Smith 2006; 

Walsh et al. 2000; Perlack et al. 2005; White 2010). Depending upon markets, forest 

harvest residues can include small diameter trees not meeting specifications, 

noncommercial species, small diameter logs (pulpwood), tree tops, branches, 

breakage, log defect, and short log sections (long butts) cut off to meet customer 

specifications. The ultimate composition of forest harvest residuals left at a site is 

largely depend on the species being harvested, the harvesting methods employed, 

management objectives and local market conditions. In this study we examine log-

like material (pulpwood/tops) and branches as two distinct residual classes (fig. 1.1). 

 

 

Figure 1.1 A partially sorted pile of harvest residuals including log-like material (left) 

and branches (right) (Photo courtesy of J. Sessions). 
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Today's commercial harvesting operations in the Pacific Northwest utilize two 

main harvesting systems (ground-based and cable-based). Ground-based systems 

(typically shovel logging) are generally utilized when slopes are less than around 30% 

while cable-based systems are employed in steeper terrain to help facilitate a safe 

productive working environment (Conway 1976, MacDonald 1999) (fig. 1.2). 

 

      

Figure 1.2 Photographs of logging systems. Skyline cable-based logging system (left) 

and ground-based system using a shovel loader (right) (Photos courtesy of M. Berry 

and Komatsu). 

 

When utilizing cable systems the residuals are primary located at the landing 

site adjacent to roadside and thus readily accessible. Alternatively, ground-based 

logging systems typically disperse a larger volume of residuals in the field with a 

smaller fraction located at roadside. The system employed is important as it informs 

the quantity of material available and its spatial accessibility. Studies indicate that 

nearly 60-70% of the total biomass left at the site is recoverable (Perlack et al. 2005). 
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1.3 Forest Harvest Residual Processing 

Forest Harvest residual material can be transformed in a variety of ways. One 

way is by reducing the material into small particles (processing or comminution) so 

that it can be more easily transported, used as a fuel or used as an input for another 

process; this is traditionally done by grinding or chipping (Staudhammer et al. 2011). 

Grinders are machines that utilize rotating hammers to reduce residual particle size 

through the act of smashing material, this process yields a less than homogenous 

distribution of ground material or hog fuel. This process is considered fairly high cost 

though machines are easy to maintain and can handle bark, ash, dirt and debris; they 

are generally used for processing branches or assorted woody debris (tbl. 1.1) 

(Eriksson et al. 2013). Chippers, on the other hand, are designed with either a rotating 

drum or disc with a series of knives that perform a cutting action on the wood. Unlike 

grinders, chippers require higher maintenance levels due to blade dulling, though 

these machines require less operating horsepower and exhibit lower operating costs 

when acceptable feedstock is utilized. Chippers are sensitive to input feedstocks 

requiring clean pulp logs with low amounts of bark, ash and dirt to operate optimally 

but yield a more uniform chipped product (tbl. 1.1)  (Eriksson et al. 2013; Nati et al. 

2010). 
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Table 1.1 Processing costs and assumptions based on logistics pathway (W2W 2017). 

 

         

Process 

Model 

Class 

Capital 

Cost 

Productivity 

(BDT/PMH) Input Feedstock  

Grinder 

Peterson 

1050hp $650,000  38.04 

Log-Like 

Material 

Chipper 

Morbark 

875hp $500,000  41.59 Branches/Slash 

 

1.4 Forest Harvest Residual Conversion Technologies 

Biomass Conversion Technologies are machines or processes than can convert 

forest harvest residual material that has been processed (ground material/chips) into 

higher value products. For purposes of this discussion these can include a wide 

variety of technologies, equipment and processes that can produce solid or liquid 

based products. In this research we consider a suite of technologies designed to 

produce solid wood products that could be acceptable for utilization with 

transportable facilities (BioChar Machine, Briquette Press, Torrefier Machine) though 

other technologies and products exist (Pelletizer, Saw Dust) (W2W 2016). Biochar is 

generally marketed as a soil amendment or filtration element while torrefied wood is 

considered an energy product or a coal substitute and briquettes are often marketed as 

a residential heating fuel (fig. 1.3) 
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Figure 1.3 Conversion products. Briquettes (left), Torrefied Chips (center), BioChar 

(right). Images courtesy of Waste to Wisdom and Biochar Solutions Inc.  

 

           Residuals or feedstocks need to be matched to the biomass conversion 

technology. Acceptable feedstock inputs for the torrefier, briquette press, and biochar 

machine vary by composition and required moisture content (tb. 1.2). 

 

Table 1.2 Biomass conversion technology specifications and requirements (W2W 

2017).  

                                

   

Conversion 

Rate 

BDT/

hr lb/ft^3 

Input Moisture 

Content    

Conversion Model # 

Capital 

Cost Dry Basis 

Input 

Rate 

Bulk 

Density 

Required (wet 

basis) 

Input 

Class 

Biochar 

Machine Unique $400,000  0.159 0.5 6.7 25% 

Chipped/ 

Ground 

Torrefier CM600 $600,000  0.85 0.67 14 30% Chipped 

Briquetter 

RUF 

400 $105,000  0.98 0.37 57 15% 

Chipped/ 

Ground 

 

1.5 Conversion Plant Configurations 

Conversion Technologies account for the basis of any conversion facility. A 

plant can be designed utilizing a sole technology or a combination of products, the 

technologies are modular in nature allowing for the combination of a number units in 

parallel to meet production needs. Six plant configurations were identified for this 
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study. Biochar, torrefied wood and briquettes are assumed to be stand alone plants 

and products (and the basis of the analysis), similarly torrefied briquettes are assumed 

to be produced using in line processing. Two other configurations of hybrid plants are 

postulated to capitalize on thermal and drying efficiencies and moisture management 

handling. The two hybrid systems (biochar and briquettes as well as torrefied chips 

and torrefied briquettes) are designed to utilize waste heat in thermal processing 

where the biochar or torrefied process excess heat is used to dry the briquetting 

feedstock input and reduce subsequent drying requirements. 

 

1.6 Biomass Supply Chain 

Biomass extraction operations involve the comminution of material in the 

woods (at the landing), at a central in woods-facility or its shipment directly to a 

conversion facility. Biomass processing, conversion and transportation technologies, 

methods and limitations are generally well known with a number of studies analyzing 

these different supply chain options (Zamora-Cristales et al. 2013; Anderson et al. 

2012; Johnson et al. 2013; Wolfsmayr and Rauch 2014).  Other studies and proposed 

methods for forest biomass operations include the use of hook-lift trucks, dump 

trucks, as well as baling and bundling (Rawlings et al., 2004; Harrill and Han, 2010; 

Dodson 2010; Bisson and Han 2015, Zamora-Cristales et al. 2015). In general, from 

these studies, there is a trend towards central processing being more economical 

given the advantages in economies of scale, reduced mobilization and lower 

processing costs, though it is site dependent and highly contingent on associated 
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transportation costs. 

In general, the forest to product supply chain includes various pathways 

exemplifying different options for material handling at landings (burn, grind, chip, 

bale), centralized landings (grind/chip), biomass conversion facilities (BCT) (to 

biochar, briquette, or torrefied wood) and delivery to final markets (product 

distribution centers). Forest harvest residues can be processed at the roadside landing, 

at a central landing, at the BCT or burned on site (fig. 1.4). Central landings, function 

as hubs that serve as transshipment or switching point for transportation networks. 

The purpose of the centralized landing is to provide an opportunity to increase 

product density while minimizing mobilization costs for the comminution equipment 

and are located where large trailers can access the site. These available pathways vary 

spatially (various landings) and temporally (various periods) within any landscape, 

depending on the landing and context. In this study, we assume forest harvest residues 

have been sorted at roadside into log-like material (tops, non-commercial species, 

breakage) and branches in order to maximize individual transportation and processing 

efficiencies. This system can be represented logically with two commodity class 

inputs into the system (logs, branches), each with their own potential product 

transformation pathways (fig. 1.4). Each material type is handled, transported, and 

processed differently, while being able to be converted into a specific suite of 

products based on product feedstock requirements. 
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Figure 1.4 Complete conceptual figure of biomass supply chain and associated 

pathways. 

 

 

1.7 Forst Residual Transportation Options 

Transportation options are largely dependent on the processing, site 

characteristics and available supply chain logistics options as previously discussed. 

Johnson et al. (2012) highlighted the different potential transportation options when 

collecting biomass. They illustrate the concept that material can be processed at the 

landing, a central landing or handled loose and moved to a conversion site for 

processing. Their findings indicate that comminution at the landing is generally most 

cost effective while in certain circumstances it may be more cost effective to grind 

and shuttle the material to a central conversion site.  Zamora-Cristales et al. 2015 

describes the range of transportation (hook lift trucks, truck trailers, doubles, etc.) and 

processing options (landing, centralized yard, facility) and the sensitivities of their 
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interactions in their analysis concluding centralized yards and high capacity trucks are 

generally most cost effective but this depends on processing utilization, truck 

interactions and site specific considerations. Han and Harrill (2010) further evaluate 

central landing processing with hook lift trucking options suggesting their 

applicability and cost effectiveness but highlight challenges related to planning, 

logistical arrangements, slash pile arrangement and their significant impacts on 

productivity and viability. Other logistic considerations that can further reduce the 

cost of collecting and transporting biomass include the use of modified dump trucks, 

densification, baling and other methods (Rawlings et al., 2004; Dodson 2010; Bisson 

and Han 2015; Zamora-Cristales et al 2014). 

Estimated forest harvest residues at roadside are key inputs into the analysis. 

Pulpwood and top material are the easiest material to handle with the lowest 

corresponding cost of delivery as they can be transported in log form using 

conventional short log trailers (Keefe et al. 2014). Due to its lower collection cost, 

this material would be the first utilized from the forest residue supply. Utilization of 

branches requires more handling and processing and transportation costs (Keefe et al. 

2014). A landscape dominated by pulpwood and tops would likely use a self-loading 

log truck (i.e. no mobilization and efficient transportation) whereas a landscape 

dominated with branches would likely involve in-woods grinding at the landing (LX) 

or central landing (CL) depending on the characteristics of the individual parcel.  

Transportation cost depends on the form of biomass (type, moisture content), 

truck/trailer the biomass is transported in (capacity, operating cost) and overall 
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transportation distance (tbl. 1.3). For this study several raw and converted 

transportation options (short log truck, hook lift truck, bale truck, and on-highway 

conventional flatbed trailers) and pathways corresponding to typical Pacific 

Northwest operation logistics are examined  (tbl. 1.4). Assumptions for truck loading 

and supporting equipment utilization are embedded within this framework and are 

accounted for via variable and fixed costs within the studies. 

 

Table 1.3 Pathways originating from landing per commodity class (logs, branches) 

along with associated transportation options 

 

Commodity Logistic Configuration 

Primary/Secondary 

Transportation 

Logs/ Tops 

T1: Chipped/ Ground at the Site then Transported 

to BCT Chip Van 

 

T2: Sent to Central Landing (CL) for Processing Bin Truck/ Chip Van 

 

T3: Hauled to Biomass Conversion Facility (BCT)  Self-Loading Short Log Truck 

  Burned on Site   

Branches B1: Ground at the Site then Transported to BCT Chip Van 

 

B2: Sent to Central Landing for processing Bin Truck/ Chip Van 

 

B3: Baled on Site then Sent to BCT for Processing Bale Truck 

  Burned on Site   
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Table 1.4 Transportation characteristics and costs (W2W 2017) 

 

 

RAW MATERIAL TRANSPORT 

CONVERTED PRODUCT 

TRANSPORT   

  

Self-

Loading 

Log Trk 

Chipv

an 

Chipvan

_RS[a] 

Bin 

Truck 

 

Bale 

Truck 

BioC

har 

Torrefie

d 

Briq

uette 

Torr. 

Briq. Units 

Route LX-BCT 
LX/B
CT LX/BCT 

LX-
CL 

 

LX-
BCT 

BCT-
MKT 

BCT-
MKT 

BCT-
MKT 

BCT-
MKT   

Load/Unlo

ad Time 0.5 0.5 0.5 0.1 

 

0.5 0.3 0.3 0.3 0.3 Hrs 

Speed Avg 20 20 20 10 

 

20 45 45 45 45 Mi/Hr 

Capacity, 
GT 25 25 25 - 

 

25 25 25 25 25 GT 

Capacity, 

BDT - - - - 
 

- 8.85 22.5 22.5 22.5 BDT 
Equivalent 

BDT 17.5 17.5 17.5 4.2 

 

17.5 55.3 29.3 23.4 29.8 BDT 

OP. Cost 108.35  
   
88.98  106.78  

   
80.30  

 

 94.18  100  110  100  100 $/HR[b] 

Transp. 

Cost: 0.62 0.51 0.61 3.82 

 

0.54 0.08 0.17 0.19 0.15 

$/BDT-Mile 

(Round-Trip) 

[a] Chipvan Rear Steer trailer assumed to be a 20% premium over a conventional truck tractor chip van 

[b] Raw material transport modeled as $/SMH to best account for utilization, converted material transport modeled with an 
estimated $/PMH assuming 85% utilization 

Note: Capacities vary depending on moisture content 

 

1.8 Transportable Facility Conceptual Basis 

The premise of transportable facility design relies on the movement of a plant 

to optimize material availability and transportation/ logistics costs (Brown 2013, 

Polagye et al. 2007; Mirkouei et al. 2016; Mirkouei et al. 2015). Mobility is enabled 

by a highly modularized design allowing for a facility to be relocated via multiple 

trailer loads as well as involving dismantling the systems/units, site preparation for 

new location and installation and setup activities associated with the move.  In its 

most simplistic view, we are moving the facility around the landscape finding 

different equivalent zones of low cost production where the costs are primarily a 

function of both the raw material transport (raw and or processed) and the product 
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transport (post conversion processing). Visually, this can be represented by different 

'zones' of influence surrounding each facility location; as the facility location extends 

further from the market location (conversion transport costs increase), thus the raw 

material transportation costs must decrease (and its extraction zone decreases) to 

maintain the same overall average cost structure (fig. 1.5).  

 

 

Figure 1.5 Conceptual figure of transportable facility movement illustrating (1) 

market location and (3) facility locations corresponding to different raw material 

transport costs (R1-3) and different conversion transportation costs (C1-3) where as C 

(converted material transport) increases as R (raw material transport) decreases. 

 

1.9 Transportable Facility Design & Economies of Scale 

The concept of modular, transportable and mobile bio production facilities and 

associated supply chains has been studied over the last decade (Brown 2013; Polagye 

et al. 2007; Badger et al. 2011; Mirkouei et al. 2016; Mirkouei et al. 2015). This class 

of facility design can be described as transportable where the facility can be 
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transported using multiple trailer loads (~100t/day) as compared with purely mobile 

systems (a single semi-trailer at ~10t/day), or a relocatable system (~500t/day) 

requiring a standard industrial site and months of setup (Polagye et al. 2007). As a 

general rule, facility cost per unit of energy (or subsequent product) decreases with 

the size of conversion facility (Jenkins 1997, Dornburg and Faaij, 2001). It has also 

been shown that the cost of logistics and transportation becomes a higher proportion 

of the total cost structure as a plant scale increases (Dornburg and Faaij, 2001). The 

larger the facility, the greater the supply radius, increasing average transportation 

distance and thus extraction logistic costs. It has been estimated that the 

transportation costs alone are 20-50% of the supply chain costs in the bio-energy 

sector (Browne et al. 1998). The benefit of a mobile conversion facility is the 

potential reduced transportation and logistics cost due to higher density biomass 

product. This reduces transportation, downstream handling, and storage costs 

(Mirkouei et al. 2015; Mirkouei et al. 2016). The Wolfsmayr and Rauch (2014) 

review of the primary forest fuel supply chain also highlights the importance of 

material density, material handling and transportation and their crucial role for 

economic viability. 

Studies within the bio-energy field have suggested optimal system design 

ranging anywhere from 30MW to over 400MW  (260,000 BDT-3.5M BDT/year) 

depending on the feedstock availability, plant type and associated efficiencies 

(Wolfsmayr and Rauch 2014; Mirkouei et al. 2015; Kumar et al. 2003; Larson & 

Marrison 1997). Cameron (2007) modeled optimal facility size solely a function of 
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facility cost and distance variable cost to facility. Kanzian et al. (2009) and Asikainen 

et al. (2001), refer to the increase in supply cost with plant scale as the 'scale of 

operation effect'. Caputo et al. (2005) suggested supply costs can be a driving factor 

and dominate the cost structure even within a plant scale less than 50MW (440,000 

BDT/year) due to the total cost structure. These studies have largely depended on the 

underlying landscape and operational conditions with the main benefits of stationary 

plants being lower overall production costs while transportable solutions are more 

adaptive under fluctuating and or limited feedstock conditions. 

In this study, I examine a variety of economic tradeoffs and concepts related 

to Biomass Conversion Facility (BCT) mobility including the implications of 

mobilization (costs, downtime), cost savings related to transportation cost (raw vs. 

converted), effects of increased energy costs (off-grid vs. on-grid), the impacts of 

smaller scale operations (economies of scale), effects of logistics, effects of moisture 

content on processing and transportation and market sensitivities. This level of 

analysis of transportable biomass conversion facilities while incorporating a 

comprehensive supply chain design has not yet been performed. Additionally, while 

many studies evaluate intermediate depots, only a few studies examine mobile or 

transportable biomass facility design in general (Polagye et al. 2007), very few 

evaluate higher value wood products in the context of transportable facilities and few 

studies seek to examine the regional variability (market, cost, logistic constraints) and 

their impact on the potential viability of a proposed marketplace (Lamers et al. 2015). 

No identified studies combine both transportable facility design and a multi-product 
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regional assessment. 

 

1.10 Supply Chain Regional Context 

Different geographic areas contain unique feedstock composition, feedstock 

unit and spatial biomass per acreage values, log markets, trucking constraints and 

energy markets. These factors alter the underlying fundamental characteristics to 

which one can evaluate  transportable biomass conversion facility viability and its 

accompanying supply chain cost structure.  

Available biomass quantity and quality available for extraction are a function 

of the specific regional landscape, forest land acreage, harvesting operations, 

infrastructure, local species, utilized harvest systems, and regional market conditions.  

A key differentiator between regions is whether or not an active pulp market exists. 

Where a local pulp market exists, it is often economical to extract log-like residual 

material during harvesting operations thus changing the amount and character of 

material available for biomass to product conversion. The available biomass also 

informs transport and processing options as log-like material can be transported on 

short log truck trailers and later chipped where branches need to be ground and 

transported via chipvan, or in bales.  

Logistic configurations and truck loading capacities vary depending on state 

regulations. These variations directly affect cost of transporting material to the plant 

and from the plant to the market. In Oregon and Washington, higher maximum weight 

capacities are allowed compared to California (105,500 vs. 80,000 lbs) which informs 
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logistics costs (Zamora-Cristales and Sessions 2015). Regional energy rates also play 

a role in determining costs and incentives for mobility by informing relative 

conversion costs and dictating transportation costs and logistics costs. If electricity 

prices are low then conversion costs and plant operational expenses are lower 

providing less of an incentive for a mobile facility. Similarly, if diesel prices increase, 

the effective cost of a mobile conversion and facility operations would increase and 

thus a stronger case for a grid-connected stationary plant could be made. On the other 

hand, as diesel prices increase relative transportation costs of a transportable system 

would decrease compared to a grid-connected stationary plant (shorter average haul 

distances) thus making the mobile system appear more desirable. These regional 

nuisances and differences are an important element when gauging viability and 

included within this study. 

 

1.11 Supply Chain Optimization Techniques & Methods 

A supply chain study like this can be broadly classified as a combinatorial 

problem. A number of solution techniques have been used including linear 

programming (LP), mixed-integer programming (MIP), and heuristic techniques 

(Meyer et al. 2014; Shabani et al. 2013). These methods differ in how they construct, 

define, and solve the problem. A LP can find the optimal solution if the objective 

function and constraints are linear.  MIP uses one of several heuristics that solves the 

LP as a subprogram if the constraints are linear with the only source of nonlinearity 

being that the decision variables must be integer. A number of other solution methods 
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utilize an iterative approach based on criteria to create new solutions and have rules to 

attempt to avoid local optima.  In some heuristics, constraints are brought into the 

objective function and penalized (Richards and Gunn 2000). Other approaches prune 

the number of decision variables that enter the MIP and then solve the smaller 

problem to optimality (Strome and Sullivan 1979). When solving large or difficult to 

formulate combinatorial problems, the use of mathematical programming or exact 

solution finding becomes time-intensive and difficult to achieve (Meyer et al. 2014). 

Many of the alternative heuristic approaches draw from physical or biological 

analogies such as simulated annealing, harmony search, ant colony, genetic 

algorithms, and particle swarm techniques to approximate the optimal solution 

(Bettinger et al. 2002). 

There have been many supply chain studies within forestry and the broader 

biofuel fields to optimize processing, transportation, product suite, facility location 

and other key variables (Van Dyken et al. 2010; Cambero et al. 2014;  Tronoco et al. 

2014 and others). The most common operations research technique used to solve 

these problems is generally mixed-integer programming (MILP) for exact solutions 

(Sharma et al. 2012, Wolfsmayr and Rauch 2014.). When evaluating strategic 

decisions most authors consider aggregated data using a single-time period (Holo et 

al. 2015). The concept of facility location is a mature science that has incorporated 

objective functions ranging from minimizing overall setup cost, minimizing 

time/distance traveled, minimizing number of located facilities to maximizing service 

or responsiveness (Farahani et al. 2010). In particular, there have been significant 
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contributions in biorefinery placement and supply chain product production 

incorporating many of these same elements as well as economies of scale (Bowling et 

al. 2011). However, the pairing of optimized and detailed system logistics coupled 

with transportable scale design evaluating mobility and scale economic tradeoffs has 

not yet been studied. 

Supply chains characteristics, goals and approaches to model formation and 

solution generation vary greatly among projects. Cambero et al. (2014b) present a 

multi-period MIP model optimizing the biomass supply chain for forest harvest 

residues and bioproducts. The model maximizes NPV over a 20-year horizon 

accounting for integrated production and conversion technologies options while 

simplifying logistic costs. The authors note the case-specific nature of supply chain 

optimization and the need for full supply chain integration. Van Dyken et al. (2010) 

presents a LP and MIP model for biomass supply chain optimization incorporating 

supply, process, storage and demand of different types of biomass. In their work, they 

considered 12 weekly time steps, three products and variable drying rates with an 

objective function of minimizing total costs for energy production, however core 

operational logistics are not considered. 

Shabani et al. (2013) provides an overview and synthesis of approaches 

currently utilized in optimization of forestry supply chain networks. Of particular 

relevance was their discussion around mathematical and optimization techniques used 

in the design and management of these supply chains – here both heuristic and 

mathematical programming techniques were highlighted with various objective 
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functions. Sharma et al. (2012) reviews mathematical programming models used for 

biomass supply chain design and modeling. Their exhaustive literature review 

concluded that most work is being done using mixed integer programming, with 

strategic decisions related to plant location/network design and tactical operational 

decisions generally include material flow and inventory management.  

Overall, Supply chain optimization models are generally developed to 

characterize a unique set of parameters and often not transferable to different 

problems (Shabani et al. 2013; Sharma et al. 2012; Meyer et al. 2014). The main gaps 

within the literature are a lack of a systems view, a lack of genericity, limited 

scalability, limited time horizon, failure to include uncertainty, and a lack of real 

world integration. 

 

1.12 Summary 

The long-term goal of this research is to help enable a sustainable marketplace 

for forest harvest residuals to effectively utilize this waste material and support 

regional economies. This research helps solve the problem of underutilization of 

forest resources through reviewing the plausibility of an economical supply chain 

utilizing transportable conversion facilities. With effective and sustainable utilization 

of forest biomass we can help promote domestic energy independence, sequester 

carbon and revitalize rural economies. This research specifically focuses on the 

concept of using transportable biomass conversion facilities to solve this market 

problem. General goals include the economic evaluation and supporting sensitivity 



 

 

 

22 

analysis surrounding transportable conversion facility design, logistics and 

implementation. This research provides a flexible framework that helps evaluate the 

prerequisite conditions of a viable market-based biomass products industry. This work 

serves as a logical platform and example of how to analyze plant configurations, 

product parameters, conversion technology utilization and logistics assumptions to 

develop a broader set of guidelines for economic utilization of biomass using 

transportable conversion facilities. Specific objectives covered in this dissertation 

include: 

1) Develop and synthesize biomass supply chain economic model(s) to 

characterize transportable conversion facility design and implementation.  

2) Analyze the impacts of scale and mobility on transportable conversion 

facility design. 

3) Analyze and estimate the impact of biomass availability on design 

architecture. 

4) Develop estimates and sensitivities to plant energy needs, power 

consumption and fuel costs. 

5) Evaluate the economic impacts of supply chain logistics and moisture 

management practices. 

6) Evaluate the impacts of product conversion, pricing and co-generation 

assumptions. 

7) Perform a regional economic evaluation and sensitivity analysis (energy, 

fuel and transportation). 



 

 

 

23 

This dissertation includes three individual manuscripts. These three 

manuscripts are designed to evaluate different elements of transportable conversion 

facility design fulfilling the research objectives. The first manuscript (Chapter 2) 

addresses objectives 1, 2, 3 and 4. A strategic-level mixed integer linear programming 

model was developed to characterize, evaluate and optimize biomass collection, 

extraction, logistics and facility placement over a landscape from a strategic level to 

evaluate the mobility concept. This was used to optimize the supply chain for a 

transportable conversion facility over a 5 year time horizon. The objective is to 

minimize operational costs in order to quantify financial advantages and identify 

challenges of the proposed system modularity and mobility. This model was then used 

to evaluate facility economics of scale, optimal movement frequency, sensitivity to 

biomass availability within a Lakeview, Oregon case study facility producing biochar. 

The second manuscript (Chapter 3) addresses objectives 1, 5, and 6. In this 

chapter a tactical-level biomass supply chain model is developed to evaluate and 

characterize the temporal, logistics and multi-product aspects of the proposed 

transportable facility design. The model considers various pathways including supply 

options at landings (burn, grind, chip, bale), centralized landings (grind/chip), 

biomass conversion facilities (biochar, briquettes, torrefied wood) and delivery to 

final market. The model solves a multi-period, multi commodity, multi-echelon 

combinatorial problem to maximize net present value using a genetic algorithm. This 

model was used to evaluate competing biomass logistical systems, the impacts of 

moisture content on costs (transportation and drying) for a single facility over a one 
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year time horizon. The model was also used to evaluate the impacts of product 

conversion efficiencies, product pricing and co-product production economics for six 

different plant configurations within Lakeview, Oregon Case Study. 

The final manuscript (Chapter 4) is designed to primarily fulfill objective 7 

though also address aspects of objectives 2, 3, 4, and 5. This chapter incorporates the 

biomass supply chain optimization model developed in Chapter 2 extending the 

analysis over five regions (Lakeview, Oakridge, Warm Springs, Quincy, Port Angeles) 

encompassing three states while evaluating three different product configurations 

(biochar, briquettes and torrefied wood). The distinct regional settings included 

variable feedstock composition, feedstock unit and spatial biomass per acreage 

values, different log markets, trucking constraints and energy markets which allowed 

examination of how a transportable biomass conversion facility would operate and its 

accompanying supply chain cost structure. This analysis reviews, implements, and 

analyzes the effects of these regional differences within the transportable system 

design from a regional perspective. A regional focus on the economic trade-offs of 

on-grid vs. off-grid transportable operation are also evaluated via fuel, energy and 

transportation sensitivity analyses. 
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2.1 Abstract 

This paper presents an analysis of transportable biomass conversion facility 

design to evaluate the conceptual and economic viability of a highly mobile and 

modular biomass conversion supply chain in the Pacific Northwest, USA. The goal of 

this work is to support a broader effort to more effectively and sustainably use 

residual biomass from commercial harvesting operations that are currently piled and 

burned as part of site preparation. A structural representation is first developed to 

include sources of biomass feedstock, distributed preprocessing hubs (centralized 

landings), and centralized processing facilities (biomass to product conversion sites) 

to produce desired products and byproducts. A facility costing model was developed 

to evaluate potential economics of scale, which then informed the optimization study. 

A mixed integer linear programming model was developed to characterize, evaluate 

and optimize biomass collection, extraction, logistics and facility placement over a 

regional landscape from a strategic level to evaluate the mobility concept. The 

objective was to minimize supply chain operational costs in order to quantify 

financial advantages and identify challenges of the proposed system modularity and 

mobility. A Lakeview, Oregon case study was evaluated with an assumed modular 

biochar facility servicing the region. In particular, we review economies of scale, 

mobility, energy costs and biomass availability tradeoffs. This analysis points towards 

a modular system design of movement frequency between 1-2 years being most 

viable in the conditions evaluated. It was found that the impact of plant movement, 

scale and biomass availability can vary supply chain costs by $10 /BDT, $30 /BDT 
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and $20 /BDT for the conditions evaluated. Additionally, potential energy cost 

savings of a non-mobile modular stationary site is about $10 /BDT for a biochar 

facility. From the cases evaluated, a large scale plant with limited mobility would be 

preferred under low availability of biomass conditions whereas a stationary grid-

connected plant would be more cost effective under higher availability conditions. 

Results depend greatly on the region, assumed harvest schedule, biomass composition 

and governing biomass plant assumptions. 

 

 

Keywords. 

Biomass supply, Biomass products, Transportable plants, Facility location, Strategic 

Planning, Mixed Integer Programming 

 

2.2 Introduction 

Millions of tons of biomass produced as a byproduct of commercial timber 

harvesting operations are burned every year (USDOE 2011). In this study, biomass is 

a generic term applied to forest harvest residues, a heterogeneous group of woody 

material left after commercial harvest. Depending upon markets this biomass can 

include small diameter trees not meeting mill specifications, noncommercial species, 

small diameter logs (pulpwood), tree tops, branches, breakage, log defect, and short 

log sections (long butts) cut off to meet customer specifications. The objective of this 

research is to help make extraction of this biomass cost effective by bringing a 

conversion facility for different potential products closer to the biomass source, 
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reducing logistics and transportation costs, and potentially lowering the system costs 

associated with product production. To accomplish near-woods product production, 

smaller scale modular units would be used to permit scale flexibility and efficient 

movement from site to site to leverage the transportable aspect of the system design. 

The ultimate goal is to convert biomass into marketable products at a low cost 

enabling a viable and profitable supply chain for these goods. The production of 

higher value products (e.g. biochar, briquettes and torrefied wood) have been 

proposed as the markets and technology lend themselves to these operations (W2W 

2016). In this study we focus on a case study in Lakeview, Oregon where a 

hypothetical biochar plant is proposed. 

The basic concept of modular, transportable and mobile bio production 

facilities and associated supply chains has been studied over the last decade (Brown 

2013; Polagye et al. 2007; Badger et al. 2010; Mirkouei et al. 2016; Mirkouei et al. 

2015). This class of facility design can be described as transportable where the 

facility can be transported using multiple trailer loads (~100t/day of feedstock 

throughput) as compared with purely mobile systems (a single semi-trailer at 

~10t/day), or a relocatable system (~500t/day) requiring a standard industrial site and 

months of setup (Polagye et al. 2007). As a general rule, facility cost per unit of 

energy (or subsequent product) decreases with the increasing size of the conversion 

facility (Jenkins 1997; Dornburg and Faaij 2001). It has also been shown that the cost 

of logistics (transportation and material transfer) becomes a higher proportion of the 

total cost structure as a plant scale increases (Dornburg and Faaij, 2001). The larger 



 

 

 

35 

the facility, the greater the supply radius, increasing average transportation distance 

and thus extraction logistic costs. Studies within the bio-energy field have suggested 

optimal system design ranging anywhere from 30MW to over 400MW (260,000 Bone 

Dry Tons (BDT) - 3,500,000 BDT/year) depending on the feedstock availability, plant 

type and associated efficiencies (Wolfsmayr and Rauch 2014; Mirkouei et al. 2015; 

Kumar et al. 2003; Larson & Marrison 1997). Cameron (2006) modeled optimal 

facility size solely a function of facility cost and distance variable cost to facility. 

Kaznian et al. (2009) and Asikainen et al. (2001), refer to the increase in supply cost 

with plant scale as the 'scale of operation effect'. Caputo et al. (2005) suggested 

supply costs can be a driving factor and dominate the cost structure even within a 

plant scale less than 50MW (440,000 BDT/year) due to the total cost structure. In 

summary, results depend on the underlying landscape and operational conditions with 

the main benefits of stationary plant being lower overall production costs while 

transportable solutions are more adaptive under fluctuating and or limited feedstock 

conditions. 

The benefit of a mobile conversion facility is the potential reduced 

transportation and logistics cost due to higher density biomass product. This reduces 

transportation and downstream handling costs (Mirkouei et al. 2015; Mirkouei et al. 

2016). The Wolfsmayr and Rauch (2014) review of the primary forest fuel supply 

chain also highlights the importance of material density, material handling and 

transportation and their crucial role for economic viability. Common processing 

options preparing material for transport include drying, chipping, baling and grinding 



 

 

 

36 

(Gold and Seuring 2011; Zamora-Cristales et al. 2014). Biomass extraction operations 

involve the comminution of material in the woods (at the landing), at a central in 

woods-facility or its shipment directly to a conversion facility. Biomass processing, 

conversion and transportation technologies, methods and limitations are generally 

well known with a number of studies analyzing these different supply chain options 

(Zamora-Cristales et al. 2013; Anderson et al. 2012; Johnson et al. 2013; Wolfsmayr 

and Rauch 2014). Other studies and proposed methods for forest biomass operations 

include the use of hook-lift trucks, dump trucks, as well as baling and bundling 

(Rawlings et al., 2004; Harrill and Han, 2010; Kash and Dodson 201; Bisson et al. 

2015; Zamora-Cristales et al. 2015). In general, from these studies, there is a trend 

towards central processing being more economical given the advantages in economies 

of scale, reduced mobilization and lower processing costs, though it is site dependent 

and highly contingent on associated transportation costs.  

There have been many supply chain studies within forestry and the broader 

biofuel fields to optimize processing, transportation, product suite, facility location 

and other key variables (Van Dyken et al. 2010;Cambero et al. 2014b; Tronoco et al. 

2014). The most common operations research technique used to solve these problems 

is generally mixed-integer programming (MILP) for exact solutions (Sharma et al. 

2012; Wolfsmayr and Rauch 201; Cambero et al. 2014a). When evaluating strategic 

decisions most authors consider aggregated data using a single-time period (Holo et 

al. 2015). The concept of facility location is a mature science that has incorporated 

objective functions ranging from minimizing overall setup cost, minimizing 
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time/distance traveled, minimizing number of located facilities to maximizing service 

or responsiveness (Farahani et al. 2010). In particular, there have been significant 

contributions in biorefinery placement and supply chain product production 

incorporating many of these same elements as well as economies of scale (Bowling et 

al. 2011). However, the pairing of optimized and detailed system logistics coupled 

with transportable scale design evaluating mobility and scale economic tradeoffs has 

not yet been studied. 

The goal was to examine the economic tradeoffs and concepts related to 

Biomass Conversion Facility (BCT) mobility including: implications of mobilization 

(e.g. costs, downtime), cost savings related to transportation cost (raw vs. converted), 

effects of increased energy costs (i.e. off-grid vs. on-grid) and the impacts of smaller 

scale operations (economies of scale). The impact of biomass residual availability 

(tons/acre) and site location are also analyzed as they directly feed into the logical 

framework and cost structure of mobility. These items are first discussed and 

analyzed in concept and then applied to a specific instance in Lakeview, Oregon. A 

mixed integer program was developed to quantitatively analyze these impacts using 

Lakeview, Oregon and a proposed biochar plant as a case study. The model 

framework incorporating a realistic harvest schedule (biomass availability 

assumptions), detailed facility costing model (capital, operational and mobilization 

costs), breadth of supply chain options (transportation, processing and conversion 

logistics) along with accompanying level of analysis (scale, movement frequency, 

energy costs and biomass availability) provides a novel look into the technical and 
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economic tradeoffs of transportable facility design. 

 

2.3 Methods 

2.3.1 Biomass Availability 

Biomass availability following commercial timber harvest was provided by 

the University of Washington Spatial Informatics Group and the University's Rural 

Technology Initiative (RTI 2017). This data identified the amount and composition of 

forest harvest residues from forestlands that are likely to be harvested in the next 5 

years in the Lakeview, Oregon area. The underlying vegetation database is the 

Gradient Nearest Neighbor (GNN) vegetation layer developed by the USDA Forest 

Service (Ohmann and Gregory 2002) using federal inventory data from various 

sources. The biomass estimation draws heavily from biomass estimates made by 

Jenkins et al. (2003) and harvest data from University of Montana Bureau of Business 

and Economic Research (BBER 2017). It is available to the public as a web-enabled 

biomass calculator from the Washington State Department of Natural Resources 

(WDNR 2017). The spatial data is represented on a per-parcel basis, where the parcel 

is identified by likely harvest system (informing residual quantity and placement), 

probable management approach (clear cut, heavy thin, light thin), and assumptions for 

biomass recovery to roadside. Recovery rates include assumptions about the local 

pulp market and local evidence for defects and breakage. Pulp wood is calculated as 

stem wood biomass from 6" to 4" diameter while tops are assumed to be stem 

biomass less than a 4" diameter.  Studies typically show overall recovery of biomass 
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in the range of 35-70% (of the total biomass left on site after harvesting operations) 

depending on the residual type, landscape and system implemented (Thiffault et al. 

2014; Kizha and Han 2015; Perlack et al. 2005). In this study, as a base case, we 

assume there is not an active pulp market and material traditionally meeting 

pulpwood specifications are not being sold at the market price for pulpwood. In this 

model, pulpwood type material is available for extraction and generally corresponds 

to a lower cost of delivery. All biomass is assumed to be a waste product available at 

no cost. 

Estimated forest harvest residues at roadside are key inputs into the analysis. 

Pulpwood and top material are the easiest material to handle with the lowest 

corresponding cost of delivery as they can be transported in log form using 

conventional short log trailers (Keefe et al. 2014). Due to its lower collection cost, 

this material would be the first utilized from the forest residue supply. Utilization of 

branches requires more handling and processing and transportation costs (Keefe et al. 

2014). A landscape dominated by pulpwood and tops would likely use a self-loading 

log truck (i.e. no mobilization and efficient transportation) whereas a landscape 

dominated with branches would likely involve in-woods grinding at the landing (LX) 

or central landing (CL) depending on the characteristics of the individual parcel.  

 

2.3.2 Biomass Conversion Technologies 

Feedstock needs to be matched to the biomass conversion technology used 

(tbl.2.1). Acceptable feedstock inputs for the torrefier, briquette press, and biochar 
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machine vary by composition, size, shape and required moisture content (tbl. 2.1). 

For this biochar analysis, feedstock is assumed to be acceptable without drying. The 

production units are modular and with no economies of scale with respect to core 

capital technology costs. For brevity, the term BCT is sometimes used synonymously 

to refer to the specific biomass conversion technology and to the biomass conversion 

facility. 

 

Table 2.1 Capital costs and production rates per conversion technology module for 

several biomass conversion technologies provided by Schatz Energy Center (SERC  

2017). 
 

Machine 

Cost Per 

Module 

Input 

Feedstock 

Feedst

ock 

Input 
(BDT/

Hr) 

Output 
Produc

t 

Product 

Conver

sion 
Rate 

(%) 

Product 
Output 

(BDT/Hr) Model  

Microchipp

er $500,000  Log-like material 42 Chips 100 42 Mobark (875 hp) 

Grinder $650,000  Branches/Slash 38 

Grindi

ngs 100 38 Peterson (1050 hp) 

Torrefier $600,000  Dried Microchips 0.67 

Torrefi
ed 

Wood 85 0.48 

Norris Thermal 

Technologies CM-600 

Briquette 
Press $105,000  

Dried/Torrefied chips/ 
Grindings 0.37 

Brique
ttes 98 0.36 RUF 400 

Biochar 

Machine $400,000  Chips/Grindings 0.50 

Biocha

r 16 0.05 NA 

 

2.3.3 Facility Mobilization 

Facility mobilization costs for a transportable facility are particularly 

important as they drive the economics of when and how far facility should be moved 

in order to balance savings in transportation with mobilization costs. These costs 

include labor costs for dismantling the systems/units, costs for moving equipment, 

site preparation required for a new location and installation and setup costs associated 
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with the move. Labor, time and supporting equipment requirements for mobilization 

were estimated using assumptions for the individual biomass conversion technology 

used and facility type with direction provided by Humboldt State University's Schatz 

Energy Research Center (SERC 2017). Supporting equipment, site preparation and 

moving transportation costs were estimated based on the associated scale and the 

approximate number of truckloads required. Mobilization costs varied from $60,000 

to $350,000 depending on the operating scale (number of modular units and auxiliary 

equipment required), facility configuration, duration of move and other factors. 

Previous studies typically reduce the working days per year for a transportable plant 

(Polagye et al. 2007) but do not directly recognize the interactive dynamics of the 

landscape in determining the breakeven point between  primary transport and facility 

mobilization costs.  

 

2.3.4 Economies of Scale | Productive Capacity 

Production facilities are scaled to the design quantity and throughput for a 

particular market demand to optimize the governing costs and anticipated revenues. 

When moving a plant, the facility effectively experiences a duration of closure and 

non-productive time. This unproductive time depends on the facility characteristics 

itself (e.g. type, scale, etc.) associated with the particular mobilization as well as the 

number of mobilizations per year. In order to maintain a desired level of annual 

output, scheduled mobilization downtime must be considered. For example, a 50,000 

BDT (input feedstock quantity) plant with anticipated 5 weeks of downtime for 
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moves (5/(50wks/yr) = 10%), would likely need to be designed at a 55,000 BDT plant 

capacity in order to fulfill a 50,000 ton annual production target (tbl. 2.2). 

 

Table 2.2 Effective plant scale as a function of the number of relocations in a year. 

Downtimes of 1 week (small scale), 1.5 weeks (medium scale) and 2 weeks (large 

scale) are assumed. The Percentage column indicates effective incremental scale 

adjustment per mobilization. 

 

  

Number of Moves & Effective Plant Scale (BDT/Year [a]) 

 Base 

Scale 

Base 

BDT 1 2 3 4 5 6 

% Diff/ 

Move 

Large 50,000 52,000 54,000 56,000 58,000 60,000 62,000 4% 

Medium 30,000 30,900 31,800 32,700 33,600 34,500 35,400 3% 

Small 15,000 15,300 15,600 15,900 16,200 16,500 16,800 2% 

[a] BDT/Year is a function of the duration of downtime with respect to each scale observed , where 

BDT/Year= Base Scale+No. of moves  × (weeks/move)/weeks per year 

 

 

2.3.5 Facility Costing | Economies of Scale 

Biomass conversion facilities can have significant economies of scale. 

Previous studies indicate a clear trend towards large stationary installations that 

benefit from these advantages (Wolfsmayr and Rauch  2014; Mirkouei et al. 2015, 

Kumar et al. 2003; Larson and Marrison 1997). In particular, for torrefied wood 

plants, the literature suggests plant sizes above 300,000 BDT/ year are the most 

economical with significant economies of scale starting at 150,000 BDT/Year 

(Svanberg et al. 2013). This case study concentrates on reducing transportation costs 

through mobile facilities with a capacity of 15,000 dry tons to 50,000 dry tons per 

year. A Facilities Support Costing Model was developed to evaluate economies of 

scale within our proposed mobile system design range. The costing model was 
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adapted from the Biomass Enterprise Economic Model developed by the Oregon 

Wood Innovation Center (OWIC 2017) and modified to represent mobile conversion 

facility designs for six BCT technology configurations: Biochar, Torrefied Wood, 

Briquettes, Biochar and Briquettes, Torrefied Wood and Briquettes, and Torrefied 

Briquettes. The analysis is limited to specific equipment studied by the Schatz Energy 

Laboratory and may not be representative for other specific machines or technologies 

producing similar products. 

Because production is assumed linear to the number of modules, there are no 

assumed unit sizing economies of scale.  However, the economics of site 

development, support equipment, operating labor, electrical load, and facility housing 

are scale dependent. We first address the scale dependent capital and operational costs 

and then add the modular BCT costs for the core biomass conversion technology as 

an operational 'conversion' cost. This separation between BCT supporting costs and 

BCT core technology allows development of a model that can be easily adapted to 

alternative BCT technologies, operating strategies, and internal electrical demands. 

Rather than use a scale factor to describe the cost difference between different 

scales (Svanberg 2013; Jenkins 1997; Flynn et al. 2003), a more detailed approach 

based on project estimates and specific knowledge of conversion technologies was 

used (fig. 2.1). Operational expenditure (OPEX) costs follow a general power 

relationship over the time horizon signifying significant cost savings on a BDT basis 

from small to large scale on the order of $30-40/BDT. Additionally, there is small 

variation between different product configurations as they required similar operating 
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infrastructure in order to handle the overall throughput.  

 

 

 
 

Figure 2.1 Core operational expenses economies of scale (plant labor costs, power, 

insurances, supplies, maintenance, etc. [less conversion technology operating 

expenses beyond labor]) vs. plant scale (BDT/Year). As plant scale increases 

operational expenses (per unit input) decrease.  

 

Similarly, we observe a decrease in capital cost per unit input as scale 

increases, though less dramatic (fig. 2.2). This scale effect was on the order $5-

10/BDT depending on system discussed. Figure 2.2 does not include captial or 

maintence expenses related to the BCTs themselves. This is captured within product 

converesion cost estimates. The costs included overhead, auxiliary supporting 

equipment, andcapital  expendatures (assuming a 10 year payback horizion) on a per 

BDT basis. 
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Figure 2.2 Core capital expenses economies of scale (site prep, technology, MRS&R, 

mechanical installs [less conversion technology capital costs]) vs. plant scale 

(BDT/Year). As plant scale increases capital expenses (per unit input) decrease. A 10-

year facility service life is assumed. 

 

These curves can be approximated by a power regression over the anticipated 

range of influence. For biochar they are: 

OPEX ($/BDT)  =1,652 × (BDT/year)
-0.28 

(2.1) 

CAPEX ($/BDT)= 993.6 × (BDT/Year)
-0.46 

(2.2) 

 

2.3.6 Transportation and Logistics 

Potential cost savings in transportation logistics drive the financial case for 

mobility. Biomass (e.g. tops, branches or mixed) when transported in its raw form can 
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be cumbersome, inefficient and subsequently costly when compared to the final 

product. In raw form, forest residues are less compact, have a higher moisture 

content, and in a form less organized for moving and handling. The transportation 

cost depends on the form of biomass (type, moisture content), truck/trailer the 

biomass is transported in (capacity, operating cost) and overall transportation 

distance. Analysis for the cost of transportation assumed a 30% moisture content (wet 

basis), and several raw and converted transportation options (short log truck, hook lift 

truck, modified dump truck, bale truck, and on-highway conventional flatbed trailers) 

and pathways corresponding to typical Pacific Northwest operation logistics (tbl. 2.3). 

Assumptions for truck loading and supporting equipment utilization are embedded 

within this framework and are accounted for via variable and fixed costs along the 

route/pathway selected. 

We assume the forest harvest residues have been previously sorted at roadside 

during harvesting operations into log-like material (i.e. tops, non-commercial species, 

breakage) and branches in order to maximize biomass transportation and processing 

efficiencies. In general, forest residues could be processed at the roadside landing, at 

a central landing, at the BCT or burned on site (fig. 2.3). Central landings, function as 

hubs that serve as trans-shipment or switching points for transportation networks. The 

purpose of the centralized landing is to provide an opportunity to increase product 

density while minimizing mobilization costs for the comminution equipment and are 

located where large trailers can access the site. Campbell (1994) solves the general 

hub location problem using integer programming. At the strategic level, we assume 
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each central landing serves four supporting harvest units at an average distance of 1.5 

miles from the originating harvest unit following results from Bisson and others 

(2015). Each logistic configuration is assigned an associated pathway/route and 

transportation option (tbls. 2.3 & 2.4). 

 

 

Figure 2.3 Supply chain pathways originating from landing (LX), converted at the 

biomass conversion facility (BCT) and sent to market. 

 

 

Table 2.3 Pathways originating from landing  per commodity class (logs, branches) 

along with associated transportation options 

 

Commodity Logistic Configuration Primary/Secondary Transportation 

Logs/ Tops T1: Chipped/ Ground at the Site then Transported to BCT Chip Van 

 

T2: Sent to Central Landing (CL) for Processing then to BCT Bin Truck/ Chip Van 

 

T3: Hauled to Biomass Conversion Facility (BCT)  Self-Loading Short Log Truck 

  Burned on Site   

Branches B1: Ground at the Site then Transported to BCT Chip Van 

 
B2: Sent to Central Landing (CL) for processing then to BCT Bin Truck/ Chip Van 

 
B3: Baled on Site then Sent to BCT for Processing Bale Truck 

  Burned on Site   
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The estimated cost of transportation of these biomass classes by system are 

based on volumetric and weight capacities as well as a 30% assumed moisture 

content (wet basis) (tbl. 2.4). In this study we assume self-loading log trucks, rear-

steer chip vans, bale trucks (flatbed truck) and bin trucks can access any landing 

whereas traditional chip vans can only access centralized yards. Converted product 

transport consists of products being transport on a flatbed truck by super sac (biochar) 

and pallets (briquette and torrefied briquette) or in bulk with a chipvan (torrefied 

wood). 

 

Table 2.4 Transportation characteristics and costs for transport. Table includes raw 

material (branches, chips, grindings) and converted product transport (biochar, 

briquettes, torrefied wood) corresponding to route (pathway) selected. 

 

 
RAW MATERIAL TRANSPORT 

CONVERTED PRODUCT 

TRANSPORT   

  

Self-

Loading 

Log Trk 

Chipv

an 

Chivan_

RS[a] 

Bin 

Truc

k 
 

Bale 

Truck 

BioC

har 

Torrefi

ed 

Briqu

-ette 

Torr. 

Briq. Units 

Route LX-BCT 
LX-
BCT 

LX-
BCT 

LX-
CLX 

 

LX-
BCT 

BCT-
MKT 

BCT-
MKT 

BCT-
MKT 

BCT-
MKT   

Load/Unloa

d Time[b] 0.5 0.5 0.5 0.1 
 

0.5 0.3 0.3 0.3 0.3 Hrs 

Speed Avg 20 20 20 10 

 

20 45 45 45 45 Mi/Hr 

Capacity, 
GT 25 25 25 15 

 

25 25 25 25 25 GT 

Capacity, 

BDT 17.5 17.5 17.5 4.2 
 

17.5 8.85 22.5 22.5 22.5 BDT 

OP. Cost 108.35  

   

88.98  106.78  

   

80.30  

 

 94.18  100  110 100  100 $/HR[c] 

Transp. 

Cost: 0.62 0.51 0.61 3.82 
 

0.54 0.08 0.17 0.19 0.15 

$/BDT-Mile 

(Round-Trip) 

[a] Chipvan Rear Steer trailer assumed to be a 20% premium over a conventional truck tractor chip van 

[b] Route:  From - To, where: Landing (LX), Central Landing (CL) and Biomass Conversion Facility (BCT) 

[c] Raw material transport modeled as $/SMH to best account for utilization, converted material transport modeled with an 
estimated $/PMH assuming 85% utilization 

 

 

The highest cost raw material transport options are from the local harvest unit 

(via bin truck) to the central landing at nearly $4/BDT-mile, however these high costs 
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may be offset by savings in mobilization costs due to collective processing at 

centralized locations, improvements in grinder/chipper utilization, and reductions in 

landing-to-landing equipment moving costs. The selected transportation option also 

depends on the volume of biomass at each landing, loading/unloading efficiencies and 

haul distance. Transportation cost by product are more than an order of magnitude 

lower than transporting loose branches and tops, varying from $.08 to $.19 per BDT-

mile when considered on an equivalent forest residue dry ton basis (tbl. 2.4).  

 

2.3.7 Electrical Energy Costs 

A major component of the overall cost structure is the energy required to run a 

conversion facility (plant). Using the Facility Costing model and core BCT 

technology specifications, energy requirements for production were evaluated. 

Energy demands ,which vary based on the technology employed, were examined for 

on-grid versus off-grid power assumptions. The BCT units themselves consume 

power but the system as a whole needs a variety of additional supporting conveyors 

and systems that required electrical power. The composite electrical power 

requirements vary greatly by BCT configuration and scale. Additionally, the cost of 

electrical power  varies with source (grid, diesel, biomass gasifier) as well as by State. 

Electric power costs are considered separately from other costs as grid access is tied 

specifically to a BCT location. Portable wood gasifiers, with a lower carbon footprint 

than diesel, are an alternative to diesel generation, but have a higher kWh cost and are 

not considered in this study.  
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Assuming an industrial electrical energy cost of $0.058/kWh in Oregon, fuel 

prices and using rental rates for a diesel generator we can calculate the approximate 

electricity costs for on-grid vs. off-grid operations (EIA 2017, PES 2017) (tbl. 2.5). 

Off-grid generator costs were assumed to range from $0.33/ kWh if diesel fuel prices 

were $2.00/gallon to $.0.52/ kWh with fuel prices of $4.00/gallon (tbl. 2.5).  

 

Table 2.5 Electricity costs: on-grid electric vs. off-grid diesel generator ($/kWh) using 

a low and high cost for off-highway diesel fuel.  

   

Grid 

Off-Grid Diesel 

(low) 

Off-Grid Diesel 

(high) 

 
Industrial $2/Gal $4/Gal 

 
.058 0.33 0.52 $/kWh 

 

Based on these assumptions coupled with our core BCT technologies and 

auxiliary power requirements from the plant itself we developed costs/BDT for 

electricity based on the different plant configurations in Oregon, here we assume 

24hr/day operation (tbl. 2.6). 

 

Table 2.6 Total electricity cost: On-grid electric vs. off-grid diesel generator ($/kWh) 

 

 

  

Throughp

ut 

(tons/hr) hrs/yr 

Units 

req'd 

kWh/ 

unit [a] 

BCT 

power 

req'd 

mWh 

Aux 

kWh 

reqd 

Aux 

power  

req'd 

mWh 

Total 

powe

r 

req'd 

 

$/BDT  

Low - 

Grid 

$/BDT  

Low 

Off-

Grid 

$/BDT  

High-

Off 

Grid 

$/BDT  

Per 

10₵/ 

kWh[b

] 

BioChar  0.5 6000 17 6.0 612 140 840 1,452 1.74  9.63  14.98  2.90  

Briq.  0.37 6000 23 18.9 2,608 135 810 3,418 3.13  22.68  35.26  7.19  

Torr.  0.67 6000 13 129.0 10,062 165 990 

11,05

2 12.07  73.33  114.00  22.54  
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The electricity costs vary significantly depending on which plant 

configuration/ technology type and the assumed fuel costs. In particular, we see that 

the base torrefaction technology considered in this study (utilizing an electrically 

heated screw) would likely be inappropriate for a mobile setting given its high power 

consumption when compared to a similar size combustion type unit (up to an 

additional $100/BDT over installed electricity). For a large scale biochar plant in 

Lakeview, Oregon with an assumed diesel price of $3.27 /gallon we can expect a cost 

savings of around $10/BDT energy costs alone for a stationary plant of the same 

design hooked to the grid (interpolated from tbl. 2.6). The overall range of potential 

energy savings due to a grid-connection depends on configuration and fuel price and 

can vary from $8/BDT to $100/BDT. Thus, electrical energy availability needs to be 

part of the calculus in considering alternative BCT locations, whether stationary or 

transportable.  

 

2.4 Mathematical Model 

The problem is a multi-commodity, multi-facility problem where material can 

flow from a parcel (harvest unit) to any number of conversion facility locations 

(BCTs) and then to a single final market for distribution (figs. 2.4 & 2.5) that would 

most likely represent a railhead or port. In this study we assume the final market to be 

the town of Lakeview, Oregon which has access to both a local market and rail 

transportation. Incoming material is processed and converted along the network 

through a range of simplified most likely pathways (fig. 2.3). The network is solved 
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using mixed integer linear programming (MILP) to identify the optimal set of 

pathways from harvest units to market. To address the nonlinear impacts of costs on 

scale, the MILP is solved at alternative scales and a post solution adjustment is used 

to take into account the number of facility moves over the planning horizon. 

Alternative BCT configurations are evaluated in separate runs. Some researchers have 

used disjunctive programming introducing additional binary variables to trigger costs 

by scale or configuration (Bowling et al. 2011; Rodriguez et al. 2016). The 

mathematical model uses biochar as its example product due to recent high interest in 

the potential US biochar market which is estimated to reach $5 billion/year in the near 

term (Delaney 2015) with speculation that wholesale price at commercial production 

levels would be near $1500 per ton (Biofuels Digest 2017). Other biomass conversion 

technologies were modeled similarly. 
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Figure 2.4 Overview of supply chain. 

 

 
 

 

Figure 2.5 Overview of cost and process structure embedded within the optimization 

model. Material from Harvest Unit is modeled through to market and includes 

elements of processing, mobilization, transportation, loading, conversion and BCT 

mobilization. 
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Each model instance incorporates a single 5-year period, a fixed scale and a 

single product type (biochar). Additional underlying assumptions are that the forest 

harvest residues have been previously sorted, log-like material is be chipped, 

branches ground and there are four pathways for each material class from each parcel 

(also see fig. 2.3). These pathways generally include 1) burning the material, 2) 

grinding/chipping/baling at the parcel level with transport of the densified material to 

BCT, 3) grinding/chipping at a central landing (transport raw material from LX to CL 

then transport processed material to BCT), and 4) transport biomass from landing LX 

to BCT with processing at the BCT. 

The Optimization Objective Function is to Minimize Operational Expenses: 

Where Key Parameters and values include: 

X(a,i,j,k,m)- Decision Variable – Allocation of residual a, from node i, to BCT j, 

along route k, to market m 

TRAW(a,i,j)- Raw/ Processed material transportation costs of residual a from node i 

to BCT j ($) 
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TCONV(j,m)- Converted material Transportation costs from BCT j to market m ($) 

CONST(i,k)- Construction/Mobilization costs associated with node i taking route k 

($) 

BCTmobe(j)- Mobilization costs of setting up BCT j ($/EA) 

PRO(a,k)- Processing cost  (grind/chip) for each residual a along route k ($/BDT) 

SEC(a,k)-Supporting equipment cost (loader, etc.) associated with each residual a 

along route k ($/BDT) 

PRE(a,k)-Pre-Sorting/ arranging cost associated with associated with each residual a 

along route k ($/BDT) 

TLC(a,k)- Transportation loading/waiting cost for residual a along route k ($/BDT) 

CC(j)- Conversion costs of producing material at BCT j ($) 

M- Large number for logical trigger 

material(i) – Material available at node i (BDT) 

XBIN(a,i,j,k,m)= Binary value –  unique route 

JBIN(j)= Binary value –  conversion facility location 

 

2.5 Application and Study Area 

The model was applied to a case study in Lakeview, Oregon with a range of 

15,000-50,000BDT/year assuming a biochar facility. Estimated harvest schedule (and 

associated biomass availability) unique to the Lakeview region was generated for this 

study. For this particular instance of the problem, the base scenario used 1850 unique 

parcels, 15 potential BCT locations and a single market location (Lakeview, OR). 

Four cases are analyzed: Case (1) the base case transportable plant, Case (2) varying 

scale, Case (3) varying biomass availability, and Case (4) a comparison to a 

permanent BCT facility with grid electrical power. 
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All model scenarios use the same base regional harvest schedule which 

included 1850 parcels (within a roughly 140 aerial mile radius of Lakeview, OR 

identified to be likely harvested within the next 5 years) representing almost 2.1 

million tons of potential residual forest biomass. The average parcel size is roughly 

52 acres averaging 22 dry tons/acre of biomass available at roadside. Roughly 49% of 

this material is log-like, 45% is branches and 6% are small tops and breakage. Fifteen 

potential BCT locations were identified based on site access and biomass availability 

in the Lakeview area with the market at Lakeview, Oregon (fig. 2.6). 

 

 

Figure 2.6 Case study location map. Vicinity map of Lakeview, Oregon (left), geo-

referenced parcels, BCT and market locations in the Lakeview, Oregon area (right). 
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2.6 Results and Discussion  

The underlying mobility logistics (i.e. mobilization costs, move frequency, 

transportation costs and assumed distances) were analyzed along with comparisons of 

energy costs, economies of scale and the impact of differing levels of biomass 

availability that would impact economic viability of a transportable versus stationary 

facility. 

2.6.1 Case 1: Base Case Scenario 

For the base case scenario, the optimal solution extracts only pulp/top wood 

from the landscape. Given the previous material sorting coupled with the relative 

large quantity of biomass available (~22 tons/acre on average), the most cost-effective 

solution leaves branches to be disposed of by burning. The optimal number of times 

to move the BCT (given a large scale facility assumption and our assumptions for 

potential BCT site locations), would be four times over the 5 year time horizon (1 

initial move in and then three subsequent moves) or a frequency of moving once 

every 15 months.  

The optimized cost structure for producing a biochar product (including all 

components and plant/ technology investment) at the 50,000 ton level is $165/BDT 

(tbl. 2.7) of woody biomass input or approximately $1035/dry ton of biochar product 

produced (assuming a 16% product conversion). The main cost drivers are associated 

with the supply chain operations are plant capital and operating costs, along with 

conversion unit costs followed by a suite of the associated costs including processing 
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material, pre-sorting material, mobilizing the facility and in the woods as well as 

transporting raw material to the BCT facility and converted material to the market 

itself (fig. 2.7).  For the optimal number of four transportable plant moves, the effect 

on scale due to move time is small, but becomes more significant should the number 

of moves increase potentially equating to $3/BDT for 15 moves in the time horizon 

(fig. 2.8).  

 

Table 2.7 Transportable plant costs for base case including facility relocations. 
 

 

 

Cost Component $/BDT Description 

Pre-Sort $4.88  

Costs associated with forest harvest residue pre-sorting prior to extraction and 

transportation 

Plant 

Mobilization $4.95  Mobilization Cost of the Conversion Facility during periodic relocation 

Raw Transport $6.05  

Transportation of Raw Material (tops, branches) from the landing to the conversion 

facility 

Truck Loading $3.47  Truck loading cost 

Loader $3.10  Supporting Equipment Costs (in-woods loader operation) 

In-Woods 

Mobilization $0.00  

Mobilization Cost of equipment to either a landing or a centralized yard to enable 

collection and processing 

Processing $5.28  Grinding and/or Chipping at landing, central landing, or conversion facility 

Plant OpEx $79.33  

Plant Operational Expenses of Conversion Facility - includes BCT Core technology 

labor costs 

Plant CapEx $6.37  Plant Capital Costs related to facility - excludes BCT Core Technology 

Conversion $42.49  

Conversion cost of producing biochar including cost of the core technology 

amortized over a ten year period - excludes labor component (within Plant OPEX) 

Package/Loading $0.33  Packaging and Loading Truck from BCT to Market 

Conversion 

Transport $8.59  

Transportation cost of Converted Material (biochar) from conversion facility to 

market 

 
$164.85  
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Figure 2.7 Supply chain costs as a function of the number of plant moves over a 5-

year time horizon for a large scale biochar plant. Costs include increases in plant scale 

to accommodate down time due to moving the BCT facility. Total costs range from 

$165-175/BDT. 
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Figure 2.8 Mobilization, transportation (raw and converted) and plant mobilization 

cost as a function of the plant moves over a 5 year time horizon. Figure includes 

relative plant scale efficiencies (savings due to gains in economy of scale) represented 

as an adjusted cost, these efficiencies vary up to $3/BDT, as the number of moves 

increase operational and capital efficiencies increase. 

 

 

Transportable facility movement cost structure changes due to mobilization 

cost, scale efficiencies, raw material transport and biochar product transport 

alterations. In this example, the tradeoff between these costs resulted in nearly 

$10/BDT of input feedstock (fig. 2.7). For the optimized case 45% of the 

mobilization and transportation cost of biochar production cost was associated with 

raw material (log) transportation at an average of 10 miles, 30% of the cost being 
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biochar product transport at an average of almost 110 miles and the 4 mobilizations 

accounted for roughly 25% of this cost (fig. 2.8). The overall cost structure is largely 

dependent on the landscape and associated transportation costs as well as the material 

composition (logs/branches) which dictates which transportation pathway can be 

used.  

 

2.6.2 Case 2: Effects of Facility Scale 

The base case is for a plant size of 50,000 BDT/ year. This required an 

average raw material transport of approximately 10 miles with 4 moves over the 

planning horizon of 5 years. A smaller plant would reduce transportation distances but 

would initiate a higher production per unit cost due to scale inefficiencies (figs. 2.9 & 

2.10). For biomass availability in the study area, lower biomass transportation costs 

and mobilization yield a cost savings of $3-6/ BDT (fig. 2.9) due to shorter 

transportation distances to the plant, however the additional per unit plant costs 

expressed on a $/BDT basis may increase up to eight times this amount due to 

infrastructure and labor inefficiencies (fig. 2.10). The large, medium, and small scale 

plant required four, three, and nine moves respectively due to varying mobilization 

costs. The effect of scale makes a small plant very unattractive to operate in nearly 

any condition except in cases where either a small locally-produced premium market 

or high value niche market  exists (fig. 2.10). 



 

 

 

62 

 

 

 

Figure 2.9 Supply chain logistics costs vs. scale. Plant mobilization and transportation 

(raw and converted) costs as a function of plant scale. Move frequency decreased 

with increasing plant scale.  
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Figure 2.10 Supply chain costs as a function plant scale. As scale increases, overall 

costs rapidly decrease due to plant scaling efficiencies. 

 

2.6.3 Case 3: Impact of Biomass Characteristics 

Optimization results are sensitive to forest residue characteristics and 

availability (fig. 2.11). Residue quantity and composition can vary due to any number 

of reasons including different logging system utilized, management approach, species 

composition and changes in local markets. In order to analyze the impact of material 

availability on mobilization for the case study, the following suite of conditions were 

evaluated: 

1) Base = No pulp market, all slash available (22 tons/ac - 54% tops) 
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2) Pulp Market A = No pulp material, all slash available (11 tons/ac - 10% tops) 

3) Pulp Market B = No pulp or tops available - only slash (10 tons/ac - 0% tops) 

4) Pulp Market C = No pulp material, all slash available at 50% (5.5 tons/ac - 10% 

tops) 

5) No Pulp market = All material available at 50% (11 tons/ac - 54% tops) 

 

 

Figure 2.11 Full supply chain cost structure (transportation, mobilization, processing, 

conversion, OPEX, CAPEX, sorting, etc.) for 5 different feedstock conditions. As the 

availability of low cost extraction material (pulp/tops) decreases overall supply chain 

costs increase. 
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Under these conditions, costs ranged from $165/BDT to roughly $185/BDT in 

the case with no pulpwood market and limited material availability (Case 4), a nearly 

13% cost adjustment over the base case. This increase in cost was mostly influenced 

by increase in transportation costs along with additional higher processing costs 

associated with the handling of branch material. Additionally, move frequency varied 

from three to five moves. The impact on overall biochar product cost delivered to 

market at Lakeview would be $100-150 BDT (when assuming a 16% conversion 

yield). Furthermore, when compared to a stationary plant, the relative advantage of 

movement ranged from $5/BDT in the base case to $10/BDT in the most limited 

feedstock condition. 

 

2.6.4 Case 4: Energy Costs & Grid Energy Comparison 

From the table of energy costs (tbl. 2.6), cost savings due to a grid-connected 

plan vary between $8-100/ BDT depending on plant configuration. The large biochar 

facility had an energy cost that was about $10/ BDT lower when using electrical 

installed energy as opposed to diesel sources. The base case involving four moves 

with a transportable facility operating on diesel power had a combined transportation 

(raw and converted) plus mobilization costs of approximately $4/BDT less than a 

stationary modular facility. The stationary facility had an unconverted residue 

transport of 12 miles and product transport of 180 miles. This suggests there is a 

roughly $6/BDT cost savings if a stationary transportable facility is connected to grid 
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energy when compared to an optimized transportable off-grid system. Additionally, 

benefits of a stationary non-modular plant likely include not only access to grid 

power but greater production scale efficiencies, more advanced inventory 

management systems and better access to supporting equipment and technicians but 

this facility concept is not considered in this study. 

 

2.7 Summary and Conclusions 

 

 

Figure 2.12. Summary of operational cases observed, effects measured in $/BDT (of 

input feedstock) compard to base case. Additional plant scale costs due to small scale 

plant inefficiencies (up to an additional $30/BDT) and biomass availabilty (up to an 

additional $20/BDT) have the largest potential negative effect on supply chain costs 

while the base effect of mobility (transportation and mobilization) is affected by 

number of moves (up to $10/BDT) while installed electrical costs can save nearly 

$10/BDT. 
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The larger scale plant was more efficient than the smaller scale plant. From 

Figure 12, we see the disadvantages of a small scale operation with increased OPEX 

and CAPEX costs exceeding the cost savings of lower transportation ($30/BDT vs. 

$10/BDT savings). Additionally, there is a financial incentive for grid-connected 

power supply at a 5.8 cents/kWh rate. This conclusion could vary with other 

geographic areas. California, for example, has an industrial power rate of almost 15 

cents/KWh and truck weight limits are considerably lower than in Oregon and 

Washington (80,000 lbs. compared to 105,500 lbs. gross load) which would affect 

weight-limited vehicles. For the base case, move frequency affected cost primarily 

through relocation costs and secondarily through reduced productive time. In 

situations where moves are more frequent, reduced lost productivity through moving 

the facility will be more significant.  

Biomass availability and characteristics are important. The log-like 

component of forest harvest residues are lower cost to transport and convert. Bark 

percentage and dirt vary with residue diameter with log-like material being of larger 

diameter than branches. As feedstock conditions become limited, the economic 

advantage of a transportable facility are increased. Biomass moisture content was not 

varied in this case, but moisture content can impact product conversion and logistics 

costs. 

For the assumed biochar production technology, feedstock costs were a much 

smaller component of the total costs than the product conversion costs suggesting that 

future work examine alternative biomass conversion technologies. The modular 
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technology, although convenient has limited scale efficiencies. The only economy of 

scale realized was through more efficient use of labor and supporting infrastructure 

and equipment. 

This work represents a novel evaluation of the tradeoffs of mobility and scale 

of transportable conversion facilities that has previously been lacking in the literature. 

Even though the setting and technology was different, our case study supports the 

conclusions of Polagye et al. (2007) that a stationary conversion plant, with access to 

grid electrical power and scale efficiencies, likely has a cost competitive advantage 

over a transportable plant. 
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3.1 Abstract 

A comprehensive biomass supply chain landscape model is presented to 

provide an analysis of transportable biomass conversion facility design and evaluate 

its potential economic viability. This study focuses on the generation of a  tactical-

based landscape model to optimize biomass extraction, transportation, conversion and 

product production within a  market system. The model considers various pathways 

including supply options at landings (burn, grind, chip, bale), centralized landings 

(grind/chip), biomass conversion facilities (biochar, briquettes, torrefied wood) and 

delivery to final market. The model solves a multi-period, multi commodity, multi-

echelon combinatorial problem to maximize net present value using a genetic 

algorithm. The landscape is evaluated over a one year planning horizon with monthly 

time steps simulating a transportable conversion facility mobilization cycle. A 

hypothetical biochar facility located in Lakeview, Oregon was used as a case study. A 

sequence of scenarios are used to vary system inputs (logistics, product pricing and 

moisture management strategies) to put bounds around system viability. The results 

provide an economic framework to view the Pacific Northwest forest harvest residues 

processing, conversion and transportation supply chain options. System viability is 

largely dependent on market pricing, plant assumptions and conversion estimates 

while processing and transportation logistics are a smaller, but important contributors 

for small scale biomass conversion faculty design configurations. 
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Keywords: Biomass supply, Biomass products, Transportable plants, Facility location, 

Tactical Planning 

 

3.2 Introduction 

Modern societal trends focusing on sustainability, efficient use of resources, 

and domestic energy independence have translated into new initiatives and public 

mandates for today’s forestland owners. Historically, forest harvest residues 

(branches, tops and other un-merchantable wood left after regeneration harvest or 

thinning) have been an underutilized resource. Usually this biomass is burned on-site 

either as part of site preparation or to reduce fire risk, because it was the least cost 

alternative. In the last decade, there has been a sustained interest and research 

surrounding the effective use of forest residues for the generation of biofuels, 

bioenergy and biobased products (Northwest Advanced Renewables Alliance (NARA 

2016], DOE Billon Ton Study Update [USDOE 2016]). In a broad sense, there has 

been a paradigm shift in viewing biomass as a potentially valuable resource that can 

be used to produce marketable products and potentially benefit rural economies. 

The  goal of this paper is to help evaluate biomass conversion technologies 

and systems to support the development of bio-based products. This paper studies the 

operational logistics and plant design that will help support the development of an 

economical supply chain system for the production of bioproducts in the Pacific 

Northwest. We focus on the generation and analysis of a landscape model to 

characterize and optimize biomass recovery, transportation, conversion, and product 
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production within a market system. 

 Biomass processing, conversion and transportation technologies, methods and 

limitations are generally well known (e.g,. Zamora-Cristales et al. 201; Anderson et 

al. 2012; Bisson et al. 2015; Johnson et al. 2012). Typically, supply chain options 

center around differing locations for processing biomass whether that is at the 

landing, at a centralized location or at an industrial conversion faculty.  

Johnson et al. (2012) highlighted the different potential transportation options 

when collecting biomass. They illustrate the concept that material can be processed at 

the landing, a central landing or handled loose and moved to a conversion site for 

processing. Their findings indicate that comminution at the landing is generally most 

cost effective while in certain circumstances it may be more cost effective to grind 

and shuttle the material to a central conversion site. Zamora-Cristales et al. 2015 

describes the range of transportation (hook lift trucks, truck trailers, doubles, etc.) and 

processing options (landing, centralized yard, facility) and the sensitivities of their 

interactions in their analysis concluding centralized yards and high capacity trucks are 

generally most cost effective but this depends on processing utilization, truck 

interactions and site specific considerations. Han and Harrill (2010) further evaluate 

central landing processing with hook lift trucking options suggesting their 

applicability and cost effectiveness but highlight challenges related to planning, 

logistical arrangements, slash pile arrangement and their significant impacts on 

productivity and viability.  Other logistic considerations that can further reduce the 

cost of collecting and transporting biomass include the use of modified dump trucks, 
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densification, baling and other methods (Rawlings et al. 2004; Dodson 2010; Bisson 

and Han 2016; Zamora-Cristales et al. 2014). 

Anderson et al. 2016 provides a summary of the novel applications related to 

moisture management, densification, baling systems and equipment noting the 

problem complexity and circumstantial nature. Additionally, Kizha and Han (2016) 

studied the costs associated with processing and sorting residuals into different 

commodity classes (slash, tops) demonstrating its ability to produce high quality 

feedstock, enable low cost chipping and suggested it may also enable economically 

feasible biomass recovery. Ghaffariyan et al. (2017) review of the technologies and 

supply chains concluding appropriate equipment are generally specific to the terrain 

in question, comminution costs are sensitive to transportation logistics and delays, 

equipment sizing, and harvest technology. Additionally, their review summarizes 

anticipated logistics costs generally range from $40-$60/BDT depending on 

technology, assumptions, and location.  

Moisture content of the biomass feedstock impacts both logistics and 

conversion processes. Truck transportation costs are determined by maximum load 

capacity which is limited by weight or volume (Zamora-Cristales and Sessions 2015; 

Belart et al. 2017b; Sessions et al. 2013;  Acuna et al. 2012). Feedstock drying costs 

have been found to be a potentially significant part of the overall energy cost 

structure. In stationary sawmill operations, dry kilns are utilized for drying which is 

often the most intensive energy requirement at the plant (Loeffler et al. 2016; Bond 

2008; Pirraglia et al. 2010). In particular, drying costs for pellets can be nearly 20% 
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of product cost at industrial scale operations (Ortiz et al. 2011; Mani et al. 2006). 

Given the challenges of transportable designs of small scale and off-grid operations,  

moisture management may be an even more important element in resource planning. 

Studies have analyzed and optimized supply chain systems with competing 

factors including economic, environmental, social and spatial issues (e.g., Yue et al. 

2013; Cambero et al. 2013a). Supply chains characteristics, goals and approaches to 

model formation and solution generation vary greatly among projects. Cambero et al. 

(2014b) present a multi-period MIP model optimizing the biomass supply chain for 

forest residues and bioproducts. The model maximizes NPV over a 20-year horizon 

accounting for integrated production and conversion technologies options while 

simplifying logistic costs. The authors note the case-specific nature of supply chain 

optimization and the need for full supply chain integration. Van Dyken et al. (2010) 

presents a LP and MIP model for biomass supply chain optimization incorporating 

supply, process, storage and demand of different types of biomass. In their work, they 

considered 12 weekly time steps, three products and variable drying rates with an 

objective function of minimizing total costs for energy production, however core 

operational logistics are not considered. 

Overall, Supply chain optimization models are generally developed to 

characterize a unique set of parameters and often not transferable to different 

problems (Shabani et al. 2013; Sharma et al. 2012; Meyer et al. 2014). In general, 

from these studies, there is a trend towards methods that enjoy higher processing 

utilization (centralized processing) given the advantages in economies of scale and 
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high processing costs though it is site dependent and highly contingent on associated 

transportation costs. The main gaps within the literature are a lack of a systems view, 

a lack of genericity, limited scalability, limited time horizon, failure to include 

uncertainty, and a lack of real world integration. 

Shabani et al. (2013) provides an overview and synthesis of approaches 

currently utilized in optimization of forestry supply chain networks. Of particular 

relevance was their discussion around mathematical and optimization techniques used 

in the design and management of these supply chains – here both heuristic and 

mathematical programming techniques were highlighted with various objective 

functions. The authors also discussed deterministic and stochastic methods and the 

value of incorporating uncertainty in models. Sharma et al. (2012) reviews 

mathematical programming models used for biomass supply chain design and 

modeling. This paper synthesizes energy trends, feedstock and conversion 

technologies in addition to modeling methodologies and supply chain structure. Their 

exhaustive literature review concluded that most work is being done using mixed 

integer programming, with strategic decisions related to plant location/network design 

and tactical operational decisions generally include material flow and inventory 

management. Additionally the authors noted that most models are designed to 

minimize cost for biofuel production and include case studies. Other issues discussed 

include developing models that can be easily used by stakeholders, incorporating 

uncertainty, and the lack of system wide modeling.  
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The goal of this paper is to help solve the biomass-product market viability 

problem by evaluating transportable conversion facilities to determine if this concept 

can initiate a profitable business model to convert forest harvest residuals into wood 

products. Additionally we seek to identify operational system design components 

which are a barrier to a sustainable marketplace for forest residues using the flexible 

transportable biomass facility implementation strategy. This research provides a 

framework that evaluates the prerequisite conditions of a viable market-based 

biomass products industry. The model framework is designed to be a platform that 

can be used to analyze the sensitivity of the system, product parameters and 

assumptions to develop a broader set of guidelines for economic utilization of 

biomass. The main objective is to develop and evaluate a comprehensive landscape 

model to characterize the Pacific Northwest biomass supply chain components and 

costs and optimize the net present value of the supply chain. 

Many approaches evaluate and optimize biomass extraction but usually after 

narrowing down the possible pathways. A few studies attempt to incorporate moisture 

control, inventory management at the landscape spatial scale due to the overall supply 

chain complexity. Coupling logistic systems with realistic conversion and facility 

costing, market pricing and conditions for a suite of proposed transportable 

conversion technologies and plant designs has not yet been completed.  This research 

contributes to the literature by providing a model characterization and evaluation of a 

biomass-to-product supply chain for smaller scale transportable conversion facility 

design including sensitivity to product, plant configuration and logistical system 
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utilization strategies. We focus on a Lakeview, Oregon case study with proposed 

biochar plant and then extend the analysis to include other products. 

 

3.3 Methods 

3.3.1 Logistic Options  

The boundaries of any biomass supply chain logistic system are an important 

element to determine logistics, transportation costs, and subsequent biomass product 

market viability. For this research we assume forest biomass has been previously 

sorted at the landing level allowing distinct commodity pathways for the two different 

material types (log-like material and branches). Within the context of this project, a 

pathway is considered an option (potential solution route) or pathway that material 

can follow.  

 

3.3.2 Biomass Supply Chain Components | Solution Pathways 

In its generalized form, the problem contains four main pathway decision 

nodes: landings (LX), central landings (CL), Biomass Conversion Facilities (BCT) 

and Final Markets (fig. 3.1). For brevity, the term BCT is sometimes used 

synonymously to refer to the specific biomass conversion technology and to the 

biomass conversion facility. The framework includes the potential for a power plant 

to illustrate other potential biomass market destinations, however in our specific 

regional study it is not an available option. 
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Figure 3.1 Conceptual figure of supply chain decision nodes where pathway options 

are generated. 

 

The problem includes various pathways promoting different options for 

material handling at landings (burn, grind, chip, bale), centralized landings 

(grind/chip), biomass conversion facilities (to biochar, briquette, or torrefied wood) 

and delivery to final markets (product distribution centers). These available pathways 

vary spatially (various landings) and temporally (various periods) within the case 

study, depending on the landing and context. The system itself contains two 

commodity classes (logs, branches) with their separate potential solution pathways. 

Each material type is handled, transported, and processed differently, while being able 

to be converted into a specific suite of products based on product feedstock 

requirements. It is assumed that creating biochar and briquetting can use chipped or 

ground material while torrefied conversion requires chips or upgraded ground 

feedstock. 

 

3.3.2.1 Pathways from Landings 

Material at a given landing can be burned, baled, ground, and chipped, sent to 

a central landing via bin/dump trucks, or sent to a biomass conversion facility via bale 

truck, chip van or log truck (fig. 3.2, tbl. 3.1). 
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Figure 3.2 Conceptual figure of pathways originating from landing (LX) decision 

node. 

 

 

Table 3.1 Detailed description of pathways originating from landing site per 

commodity class (tops, branches) along with associated transportation options. 

 

Commodity Pathway Transportation 

Tops Hauled to Biomass Conversion Facility (BCT) or PowerPlant (PP) Log Truck 

 

Sent to Central Landing (CL) for Processing Bin Truck/Dump Trk.  

 

Chipped/ Ground at the Site then Transported to BCT, CL, or PP Bin Truck/ Chip Van 

  Burned On Site 

  Branches Ground at the Site then Transported to BCT, CLX, or PP Bin Truck/ Chip Van 

 

Baled on Site then Sent to CL or BCT for Processing Bale Truck 

  Burned on Site 

   

3.3.2.2 Pathways from Central Landings 

Unprocessed material at central landings can be chipped or ground. Processed 

material from landings or central landings can be sent to a BCT facility or powerplant 

via Chip Van (fig. 3.3 , tbl. 3.2).  
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Figure 3.3 Pathways originating from central landing (CL) decision node 

 

 

Table 3.2 Pathways originating from central landing site and associated transportation 

options. 

 

Commodity Pathway Transportation 

Any Chipped/ Ground at the CL then Transported to BCT or PP Chip Van 

  Previously processed Material is send to BCT or PP Chip Van 

 

3.3.2.3 Pathways from the Biomass Conversion Facility 

Processed material sent to a biomass conversion facility is converted into a 

market product. Unprocessed material is processed (chipped or ground) on site and 

then converted into a market product or utilized for combustion at a cogeneration 

plant (fig. 3.4, tbl. 3.3).  Market products are transported with specialized on-highway 

trucks (high capacity, highway legal, product storage customization). In this study 

Lakeview, Oregon is considered the market location. 
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Figure 3.4 Pathways originating from biomass conversion facility (BCT) supply chain 

component. 

 

 

Table 3.3 Pathways originating from central landing site and associated transportation 

options 

 

Commodity Pathway Transportation 

Any 

Chipped/ Ground at the BCT then made into product and 

sent to market or used for cogeneration Market Truck 

  

Previously processed Material is made into Product and 

sent to market or used for cogeneration Market Truck 
 

 

 

Figure 3.5 Complete conceptual figure of biomass supply chain and associated 

pathways. 
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3.4 Model Description 

The tactical landscape model encompasses the full supply chain cost and 

revenue structure including inventory management, and decisions on supply, demand, 

and distribution. The multi-period nature of the problem recognizes the seasonality of 

logging schedules and road access. Little or no field operations are possible during 

winter, the model assumes accessibility during a 5 month operational window 

consistent with regional practice. 

 

3.4.1 Moisture Management 

 Biomass moisture content varies with time since harvest and affects 

transportation, inventory management, and conservation of mass and energy at the 

conversion facilities. Material is assumed to dry from 50% moisture content (wet 

basis) when initially harvested to a 30% moisture content after two months of in-

woods drying, and 25% after 6 months based on work by Belart et al. (2017a). These 

curves are embedded within both the transportation and conversion facility modeling 

to inform transportation costs and feedstock drying costs in preparation for 

conversion (tbl. 3.4). 
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Table 3.4 Transportable biomass dryer assumptions. Prices per evaporative ton based 

on re-circulated heat and/or external fuel consumption required. Biochar and torrefied 

wood are assumed to use re-circulated waste heat, dryer would not need fuel to 

operate. 

  

  

Drying Cost Structure [a] 

 
Base[b] Base + Fuel[c]   

41.08 109.5 $/Evaporative Ton 

[a] Belt-o-matic 123B Biomass Dryer 

[b] Equipment Running Costs (excluding labor & fuel) 

[c] Equipment Running Costs (excluding labor) 

 

 

3.4.2 Inventory Management 

Biomass operations are designed to operate, produce and sell product 

throughout the entire year while logging and biomass recovery operations are often 

seasonal and related to weather, site access and operating conditions. Inventory is 

built during the field season to maximize system efficiency and keep the conversion 

operation running near capacity. The importance of inventory management and the 

general inventory routing problem has been illustrated by many authors (e.g. Shen et 

al. 2003; Kleywegt et al. 2002).  

 

3.4.3 Central Landings 

Central landings are potential hubs where biomass can be densified prior to 

transport to the conversion facility. The economics of central landings are dependent 

on the material quantity and source locations being used to feed the centralized 

facility and mobilization costs (Anderson et al. 2016, Bisson et al. 2015, Harrill et al. 

2009). In this study, we estimate central landing cost savings by pooling possible 
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mobilization costs between extracted parcels over the time horizon and increase 

anticipated utilization rates to simulate the system efficiency compared to handling at 

the individual landing or BCT facility level. Basic processing technology and 

utilization costs are described in Table 3.5. 

 

Table 3.5 Processing costs and assumptions based on logistics pathway. 

 

        Utilization Rates   

Process 

Model 

Class 

Capital 

Cost 

Productivity 

(BDT/PMH) 

Landing 

(50%) 

Central 

Landing (65%) 

BCT 

(85%)   

Grinder 

Peterson 

1050hp $650,000  38.04 449.45  376.42  319.14  $/PMH 

Chipper 

Morbark 

875hp $500,000  41.59 346.73  272.85  214.91  $/PMH 

 

 

3.4.4 Plant and Facility Modeling 

Within this study we focus on six transportable plant configurations 

representing likely technology combinations. The underlying rationale for the 

transportable plant is to reduce raw material transportation costs. Different operating 

configurations were reviewed to illustrate the impact of inventory, moisture content, 

investment costs and anticipated revenue streams. In this study we focus on a 

proposed scale of 50,000 BDT/Year which is thought to be the most likely scenario 

given its relative economies of scale but still able to be efficiently transportable and 

fit within a reasonably sized footprint (<4acres) (Berry and Sessions, in review). 

Biochar, torrefied wood and briquettes are assumed to be stand alone plants and 

products, similarly torrefied briquettes are assumed to be produced using in line 
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processing. Two other configurations of hybrid plants are also evaluated and assumed 

to capitalize on thermal and drying efficiencies and moisture management handling. 

The two hybrid systems (biochar and briquettes as well as torrefied chips and 

torrefied briquettes) are designed to utilize waste heat in thermal processing where the 

biochar or torrefied process excess heat is used to dry the briquetting feedstock input 

and reduce subsequent drying requirements.  

Within the model framework, conversion costs are handled separately to allow 

for unique allocation of costs for each respective parcel/ logistical system over time. 

Conversion costs (labor, time, drying) were estimated using data for the individual 

conversion technology used and facility type with direction provided by Humboldt 

State University Schatz Energy Research Center (SERC 2017). An overview of the 

biomass conversion technology (BCT) is presented below (tbl. 3.6). 

 

Table 3.6 Biomass conversion technology specifications and requirements. 

Conversion cost excludes labor. 

                                  

   

Convers

-ion 

Rate 

BDT/

hr 

$/BDT 

of 

Product lb/ft^3 

Input 

Moisture 

Content 

 

Conversion 

Model 

# 

Capital 

Cost 

Dry 

Basis 

Input 

Rate 

Conversi

on Cost 

Bulk 

Densit

y 

Required 

(wet basis) 

Input 

Class 

Biochar 

Machine Unique $400,000  0.159 0.5 $267.21  6.7 25% 

Chipped

/ Ground 

Torrefier 

[a] CM600 $600,000  0.85 0.67 $180.96  14 30% Chipped 

Briquetter 

RUF 

400 $105,000  0.98 0.37 $31.27  57 15% 

Chipped

/ Ground 

[a] The torrefier in this study requires chipped material to convert. In this study we assume both 

chipped and ground material can be utilized, though an upgrading cost (sorting/refining) would likely 

be required. 
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3.4.5 Facility Costing Model & Mobilization Cost 

A Facility Costing Model was developed to represent the operational and 

capital required for the transportable system. This model was adapted from the 

Biomass Enterprise Economic Model developed by the Oregon Wood Innovation 

Center (OWIC 2017) and modified to represent transportable conversion facility 

design considerations and adaptations for varying core technologies. Additionally, 

this model, coupled with conversion technology handling and relocation estimates, 

was used to estimate the initial mobilization cost for the conversion facility assuming 

50,000 BDT/year operation. The biomass facility is built from modular units 

assuming no economics of scale whereas the supporting infrastructure and operating 

labor have decreasing unit costs with increases in scale.  We separate the capital costs 

between those with economics of scale and those without. A product conversion rate 

that includes amortization and operating costs is used for the core biomass 

technologies (tbl. 3.7).  

 

Table 3.7 Facility costing model: plant capital expenses and operational expenses per 

BDT based on a 50,000BDT/Year Plant. Capital costs exclude core biomass 

conversion technology costs and assume a 10 year lifecycle.  Mobilization values are 

based on estimates of loads, labor and site preparation required for transportable 

conversion facility move and establishment. 

 

 

  Bio. Tor. Briq. Bio. + Briq. Tor. + Briq. Tor. Briq. Unit 

Mobilization 309,665 190,278 147,360 285,700 205,574 221,086 $/Each 

CAPEX 5.87 6.41 6.70 7.19 7.34 9.17 $/BDT 

OPEX 77.10 37.70 40.12 49.31 42.63 46.23 $/BDT 
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Energy required for conversion and drying is derived from diesel generators to 

help support the off-grid mobility aspect of the problem. Mobile wood-fired 

gasification units are an alternative to diesel electric generation but are not considered 

in this analysis. 

 

3.4.6 Production Capacities 

For the Lakeview, Oregon case study the assumed minimum monthly 

conversion facility production capacity is 3,000 BDT/Month of input biomass 

feedstock being converted into product (allowing for some flexibility). This provides 

an approximate even work load and utilization capacity. We cap the input biomass 

flow that can enter the facility to 14,000 BDT/ Month to recognize biomass delivery 

operations during the five-month field season so as to not overload facility supporting 

systems. 

 

3.4.7 Product Pricing and Market Assumptions 

Product prices (tbl. 3.8) were obtained from a University of Washington 

College of the Environment survey with industry experts, industry representatives, 

and consumer reports. For our modeling base case, wood briquettes for residential/ 

retailer delivery are estimated at $119/ton, torrefied wood and torrefied briquettes 

were assumed to be priced as a coal substitute at $148/ton, and biochar pricing was 

estimated to range from $100/ton to $3000/ton depending on market (Sasantani and 

Eastin, 2017). Market prices are assumed to be delivered prices to retailers inclusive 
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of transportation costs, FOB costs. Biochar is still immature market with a wide array 

of anticipated pricing levels depending on process, feedstock, regional and product 

end user and thus pricing sensitivity is very important to the ultimate viability. The 

potential US biochar market is estimated to reach $5 billion/year in the near term 

(Delaney 2015) with speculation that wholesale price at commercial production levels 

would be near $1500 per ton (Biofuels Digest 2017). We conservatively use an 

estimate of $1000 /BDT in this study. We also assume an inelastic demand curve for 

the products with flat rate market pricing assumed at the product distribution center in 

Lakeview, Oregon. Additionally, within this study we model the supply chain as if 

one entity were doing all of the activities. We do not account for company profit or 

the marginal profit and overhead an individual actor or subcontractor may exert on 

the supply chain in order to streamline the analyses and exemplify break-even 

pricing.  

 

Table 3.8 Base product/ market pricing assumptions. Prices based on $/Ton of product 

delivered. 

 

Bio. Tor. Briq. Tor. Briq. 

 
100-3000 148 119 148 $/Ton Product Delivered 
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3.5 Model Logic and Methods 

3.5.1 Model and Network Logic 

The model is designed as a network flow problem with the decision variables 

being pathways through the supply chain network. Within this framework pathways 

represent supply options at landings, centralized landings, biomass conversion 

technologies and final markets including different transportation options for the three 

commodity classes (tops, branches, tops/branches). Pathways can originate in any one 

of 12 monthly periods. Time variations and pathway selection inform commodity 

usage, moisture content values and inventory levels at each time step in the supply 

chain. (tbl. 3.9) 

 

Table 3.9 Key model inputs  

 

Key Model Inputs Details/ Clarifiers 

Site Characteristics Feedstock Quantity, Quality, Moisture Content 

Available Pathways Available destinations to/from LX, CL, BCT 

Road Network  Distances, Times 

Trucking Options Log Truck, Chip Van, Bin Truck, Bale Truck, Market Truck 

Machine Data  Grinder/Chipper/Loader/Dryer Costs, Utilization, Throughput, etc. 

Logical Triggers Large Truck Access, Minimum Volumes to Truck/Process 

Plant Data Site size& required production, cost, capability, available products to produce 

Market/ Product Data Desired Moisture content, market pricing 

 

 

3.5.2 Objective Function and Constraints 

The objective function maximizes net system present value (revenue less 

associated costs) given discrete pathways and time period. The pathways and time 
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periods are generated by the heuristic solver based on the input constraints and the 

requirements that inventory levels maintain BCT facility productivity. Biomass is 

assumed available at no cost at roadside, except the avoidance of burning. Minimum 

inventory levels are required to ensure plant operability all year, not just during the 

seasonal feedstock delivery period. Key decision variables include which time period 

and pathway will be utilized for each landing site (tbl. 3.10). The pathways represent 

routes between origins and destinations, an approach commonly used (Strome and 

Sullivan 1979; Henningsson et al. 2007; Karlsson et al. 2006; Patriksson, 1994).  

 

Table 3.10 Key decision logic parameters, variables and concepts 

 
Concepts: Moisture/ Inventory Management, Transportation/Processing Options 

Decisions: Extraction Period, Pathway Selection, Market Period, BCT Type 

Response Variable/ Objective Goal: Maximize NPV 

 

3.5.3 Solution Technique 

The problem becomes assigning biomass from parcels to supply pathways 

subject to supply, inventory, and production constraints in a way that maximizes net 

present value to the supply chain. This can be characterized as a combinatorial 

problem. A number of solution techniques have been used including linear 

programming (LP), mixed-integer programming (MIP), and heuristic techniques 

(Meyer et al. 2014; Shabani et al. 2013). These methods differ in how they construct, 

define, and solve the problem. A LP can find the optimal solution if the objective 

function and constraints are linear. MIP uses one of several heuristics that solves the 
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LP as a subprogram if the constraints are linear with the only source of nonlinearity 

being that the decision variables must be integer. A number of other solution methods 

utilize an iterative approach based on criteria to create new solutions and have rules to 

attempt to avoid local optima. In some heuristics, constraints are brought into the 

objective function and penalized (Richards and Gunn 2000). Other approaches prune 

the number of decision variables that enter the MIP and then solve the smaller 

problem to optimality (Strome and Sullivan 1979). When solving large or difficult to 

formulate combinatorial problems, the use of mathematical programming or exact 

solution finding becomes time-intensive and difficult to achieve (Meyer et al. 2014). 

Many of the alternative heuristic approaches draw from physical or biological 

analogies such as simulated annealing, harmony search, ant colony, genetic 

algorithms, and particle swarm techniques to approximate the optimal solution 

(Bettinger et al. 2002). 

This study uses a genetic algorithm (GA) to identify the approximate optimal 

solution as generally described within Reeves (1993). The GA approach has been 

used successfully to solve a range of complex problems (Thompson et al. 2009) 

including forest harvest scheduling  (Ducheyne et al. 2004; Falcao et al. 2001, and 

others). Studies have also indicated its particular utility in complex supply chain 

problems (Jauhar et a. 2015; Jeong et al. 2002;  Altiparmak et al. 2006). A coupling of 

GIS spatial data files, Excel input files, MatLab programming logic, and Palisades 

Evolver Optimization and @Risk Optimizer engines are used to construct and run the 

optimization program and associated simulations. 
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3.6 Mathematical Formulation 

The Optimization Objective Function is to Maximize NPV: 

 

(3.1) 

With Decision Variables: 

-X(a,i,j,k,t) – BDT flow of residue a, from LXX i, to BCT j, using route k, in time 

period t 

-Y(a,p,j,t)- BDT of residue a, into product p, from BCT j, in period t 

Using the basic notation of: 

A = Forest Harvest Residues 

I= Node  

J= BCT  

K= Route Taken (Option/Pathway) 

T= Time Period 

     P= Product Produced  

 

Subject to: 
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Where Key Parameters and values include: 

Parameter Description 

available(i) forest residue available at node i, BDT 

mci(i) initial moisture content at node i 

pvalue(p)   value of product p produced per incoming BDT 

mcfactor(i,t) moisture content of material from node i if extracted in period t 

pvalue(p)  time value discount of product p in time period t 

pdsctfactor(p,t)  infrastructure investment to make product p at bct j 

pinvestment(p,j) time value discount of product p in time period t 

routeinvestment(k,t)  investments to make route k in time t 

TC(i,k) transportation costs from node i taking route k to bct ($/BDT) 

CONST(a,p) construction costs from node i taking route k ($/EA) 

CC(a,p) mobilization costs from node i taking route k to bct ($/EA) 

PC(i,k) Processing costs from node i taking route k to bct ($/BDT) 

Q(j,t) =bctcapacity(j,t) – capacity of bct in period t (BDT) 

Qt =bctcapacity2 -total capacity of bct during time horizon (BDT) 

W(a,p,j,t) 

 value of residue a, into product p, from bct j, at time period t (function of 

pvalue, pdsctfactor) 

Inv(a,j,t)   inventory levels of residue a, at bct j, in time period t 

PIN(p,j) Binary Value – investment in product p at bct j 

KIN (k,t) Binary Value – investment in route k, in period t 

 

3.7 Case Study 

Lakeview, Oregon was chosen for the case study. Located in southeast 

Oregon, the Lakeview area has a large forest land base. It is isolated from pulpwood 

markets, and generally relies on burning forest residues that result from commercial 

timber harvest or forest restoration activities. Conversion of forest residues to 

products such as briquettes, biochar, pellets, or hogfuel offer opportunities to utilize 

this currently un-utilized resource while generating economic activities in rural 

communities. There has been interest in mobile, transportable, and fixed production 
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facilities to utilize forest residues. Previous research in the Lakeview area has 

suggested the potential for a transportable supply chain system with 1-2 years likely 

between each respective move for a transportable system at the 50,000 BDT/year 

input scale (Berry and Sessions, in review). In this study we assume a single 

transportable facility scale (50,000 BDT/ year), a one-year planning horizon, a single 

market location (Lakeview, OR) and 6 unique conversion facility designs (biochar, 

briquettes, torrefied wood, torrefied briquettes, biochar and briquettes) to evaluate the 

system likely financial viability.  

The underlying biomass data for this analysis was provided by the University 

of Washington Rural Technology Initiative (RTI) which estimated the residual 

composition of branches and tops for managed forest land that is likely to be 

harvested in the next 5 years in the Lakeview, Oregon area. Estimated per parcel 

biomass availably at roadside is calculated based on assumed harvest system, 

management approach, recovery values, allowances for defects and breakage and 

local markets as described by Berry and Sessions (in review). In particular, we 

assume there is no pulp market within the Lakeview area with stems (log- like 

material) less than 6" diameter available for extraction. For this region the base case 

raw material is roughly 50% branches, 47% pulpwood composition and 3% tops. The 

pulpwood tops are log-like material as opposed to the branches that are generally less 

than 3-inches in diameter. A randomized harvest scheduler was developed to further 

refine the 5 year parcels assumed to be harvested and used to set estimate a harvest 

schedule (monthly time periods) which would provide the forest residue pool 
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following harvest. Consistent with regional practice, a 5-month operating season is 

assumed (June 1 through October 31). Biomass within a 50 mile radius of the 

proposed BCT location was considered for biomass delivery providing a pool of 150 

parcels with approximately 250,000 BDT of residual biomass available at roadside. 

We model a single BCT facility location approximately 110 miles from the Lakeview, 

Oregon market (fig. 3.6). 

 

 

Figure 3.6 Spatial location of proposed conversion facility and harvested parcel 

locations within a 50 mile driving radius contributing up to 250,000BDT of material 

over the time horizon. 
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3.8 Results 

A base case (Case 1) using a single product (biochar) is presented followed by 

several additional cases: different logistical considerations (Case 2), different facility 

designs/configurations (Case 3), market revenue assumptions (Case 4), and impacts 

of moisture management (Case 5). The base case provided the optimal set of 

pathways, recovery periods and production periods for the model. The biomass 

supply pathways were then utilized to inform the six different BCT configurations 

and supporting analysis. We use these values and inferences to determine breakeven 

points for each respective configuration case.  

 

3.8.1 Base Case: Biochar Facility 

3.8.1.1 Base Case Material Flow 

Biomass delivery tends to be delayed (offset into the fall months) in an effort 

to minimize associated product drying costs while allowing the buildup of inventory 

to enable winter production (fig. 3.7). The results of the base case indicate that the 

primary material class for recovery is the log-like pulpwood/top material due to lower 

transport and chipping cost. Logs (pulpwood/tops) were transported by self-loading 

log truck and trailer (fig. 3.8).  Central landings were used for some locations with a 

shuttle truck system used to move top material to the central landing for distribution, 

allowing decreased overall transportation costs to the BCT facility. A small amount of 

branches were recovered associated with grinding at the landing or central landing 

depending on the source material location, these locations were limited to those in 
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close proximity to the BCT facility (fig. 3.8). 

 

 

Figure 3.7 Material flow per period. All values in BDT of raw feedstock. Product 

production is nearly even flow, the model favors delayed biomass recovery to permit 

drying before transport while still being able accumulate the necessary inventory for 

winter product production. 

 

 

 

 

Figure 3.8 Base case logistics optimized (commodity and pathway results). Tops 

primary extracted via self-loading log truck with some branches generally utilizing 

central processing. 
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Where Basic Pathway Notation is: 
 

Notation Description 

LXCH_CL_BCT 

Chip residues at landing, shuttle material to central landing then transport to Conversion Facility 

for product production 

CLCH_BCT 

Shuttle material from landing to central landing for centralized chipping then transport to BCT for 

product conversion 

BCT_CH Transport material directly to Conversion facility then chip and convert into product 

LXGR_BCT Grind at landing then transport to Conversion Facility for product production 

LXGR_CL_BCT 

Grind at landing, shuttle material to central landing then transport to Conversion facility for 

product production 

CLGR_BCT 

Shuttle material from landing to central landing for centralized grinding then transport to BCT for 

product conversion 

 

3.8.1.2 Base Case Supply Chain Cost Structure 

For an average biochar product value of $1000/BDT there is a strong 

disincentive for plant operation with a negative net present value of nearly $900,000 

(fig. 3.9). More than 75% of the total cost is associated with product conversion at the 

facility (tbl. 3.11). In this case, one would not invest in this plant operation, but rather 

continue with the current practice of burning forest residues. At a burning cost of 

$160/acre over the nearly 8,000 acres treated, total costs would be $1.2 million 

dollars, a $300,000 greater loss. This tradeoff depends on local silviculture practices 

and management costs. 
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Table 3.11 Optimized supply chain cost structure. Phase 1 (biomass delivery) 

components account for roughly 20% of the overall cost. 

 

Phase Cost 

$/BDT 

Feedstock 

% of 

whole 

P
h

as
e 

#
1

: 
E

x
tr

ac
ti

o
n

 &
 

M
o

b
il

iz
at

io
n

 

Plant Mobilization 6.88 4% 

Pre-Sort Cost 4.05 2% 

Baler 0.00 0% 

Raw Material Transport 15.52 9% 

In-Woods Mobilization 0.49 0% 

Loader 3.83 2% 

Processing 5.85 3% 

P
h

as
e 

#
2

: 
P

ro
d

u
ct

io
n

 

C
o

n
v

er
si

o
n
 

Conversion 42.75 24% 

Drying 7.97 4% 

Plant_OPEX 77.10 43% 

Plant_CAPEX 5.87 3% 

Market Loading & 

Packaging 0.34 0% 

Market Transportation 8.68 5% 

 

TOTAL: 179.33 
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Figure 3.9 Monthly cashflows for optimized case. Figures includes extraction costs, 

conversion costs and revenues.  

 

 

Cashflows are negative in the first 5 months beginning with the initial 

mobilization cost and continuing with the buildup of inventory (fig. 3.9). Cashflows 

turn positive as inventory is being drawn down with production costs lower than 

conversion costs over the remainder of the time horizon (November - May). 

Inherently the model and cashflows are correlated to revenue assumptions, 

sensitivities due to product pricing and conversion rates on profitability are discussed 

in Case 3. 
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3.8.2 Case 2: Pathway Analysis & Logistic Configurations 

Given the base set of optimal conditions, we see the relatively low cost of 

biomass delivery (~20%)  when compared to plant operations, biomass drying, and 

facility capitalization. However, logistics will inevitably play an important role as 

plant operational and capital expenses are streamlined in order to provide the lowest 

cost product. We provide a sequence of logistic scenarios to determine the relative 

importance and bounds on competing biomass delivery systems within the supply 

chain (tbl. 12, fig. 10). The same feedstock base (same parcels and same timing) is 

assumed for each configuration in order to make a comparison among systems and 

extraction conditions. 

 

Table 3.12 Summary of supply chain configurations outlined. Comparisons are 

completed on how material is treated. 

 

Scenario 

#1- 

Burned 

#2 - Process at 

Landing 

#3 – 

Process at 

Central 

Landing 

#4 - Process 

at 

Conversion 

Facility 

#5 - Configuration C 

(Optimized)  

Tops   Tops and 

Branches 

Ground/ Chipped 

at Landing 

Processed 

tops 

chipped at 

CL 

Processed 

tops trucked 

out Trucked, Baled, 

Burned, 

Chipped/Ground at 

(LX, CL, BCT) Branches BURNED 

Branches 

Ground at 

CL 

Baled and 

Transported 

Destination   BCT Conversion 

BCT 

Conversion 

BCT 

Conversion BCT Conversion 
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Figure 3.10 Cost allocation for biomass recovery. Costs increase due to inefficiencies 

in processing, transportation, mobilization and the need for additional sorting.  

 

From this study, the optimized logistics provides up to $18/BDT savings when 

compared to concentrating all operations at a roadside landing, a central landing or at 

the conversion facility (fig. 3.10). This largely has to do with use of the lower cost 

self-loading log trucks for hauling log-like material. This configuration alleviates the 

need for mobilization of supporting equipment to the landing, alleviates the need for 

more extensive material handling and minimizes transportation costs. Potential 

logistics savings compares with Johnson et al. (2012) who found a variation of 

$21/BDT between systems at 30% moisture content with grinding at the landing 

being least costly ($49/BDT) and grinding at a central landing being the most costly 

($70/BDT) in the Inland West, USA. On the other hand, Bisson et al. (2015) found 
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grinding at the central landing to be about $54/BDT (25% moisture content) in 

Northern California. Costs are highly dependent on landscape and assumed travel 

distances. 

 

3.8.3 Case 3: Financial Viability of Alternative products 

Using the same feedstock stream as that for biochar and assuming market 

prices from a University of Washington study (Sasantani and Eastin, 2017), all four 

main biomass products: biochar, torrefied chips, briquettes, and torrefied briquettes 

were not financially viable (tbl. 3.13). On the revenue side, either market price needs 

to increase or the conversion yield needs to increase since gross revenue is equal to 

product yield times market price.  

Where: Gross Revenue = Input Feedstock × Conversion Yield × Market Pricing  (3.9) 

 

Table 3.13 Derived system break-even pricing based on alternative biomass products. 
 

    

  

Biochar 

Torrefied 

Chips Briquettes Torr. Briquettes 

 
$1,000  $148  $119  $148  Product Pricing ($/BDT Product) 

($876,192) ($5,862,762) ($2,978,355) ($8,053,118) System NPV 

$1,122  $301  $187  $363  

Break Even Pricing - Market Product 

($/BDT) 

      

The anticipated market price of the product (or effective product conversion 

rate) drive the resource and economic balances required for biomass recovery. For 

every ton of raw material input we expect a certain fraction of a ton ending up as 
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product output, this is the conversion yield (or conversely percent mass loss). The 

anticipated market price is also reflected in product quality and characteristics. The 

conversion yield is dependent on how the raw material is being manipulated (in our 

case thermal or mechanical processes) in order to create a market ready product. This 

yield is variable depending on process, likewise the equipment and feedstocks used 

for production of the product will also impact this value. For example, for every ten 

BDT of input if we assume a 10% conversion yield we will anticipate one BDT of 

product. If conversion yield was 20% we would expect two BDT of product. 

Therefore, any variation in conversion percentage will directly affect the anticipated 

revenue for the raw material (fig. 3.11). 

 
 

 

Figure 3.11 Net revenue for alternative products as a percentage change in market 

price × conversion yield. A clear linear relationship emerges. Tor. Briq. is found to be 

least viable given its redundant BCT core technologies and operations without any 

assumed market premium. 
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Conversion yields for biochar and torrefied chips are particularly variable. 

Some of the variation is due to conversion processes that produce products of 

different characteristics. For biochar, there are a suite of different 'blends' or 

characteristics the biochar can yield for different markets and different market prices. 

Conversion yields for feedstock to product can vary  from 10% to nearly 35%. The 

yield depends on the pyrolysis process, temperature, furnace or other technology 

employed with each process producing a different biochar blend, with different 

physical and chemical characteristics, each a different corresponding market price 

(Laird et al. 2008; Mohan et al. 2006; Anderson et al. 2013; WDNR 2011).  

 

3.8.4 Case 4: Economic Impacts of Moisture Management 

3.8.4.1 Plant Configuration vs. Drying Costs 

For the biochar base, drying costs can be a substantial cost driver within the 

overall system and motivator for in-field drying prior to transport to the BCT facility. 

The average drying costs were approximately $8/BDT of input feedstock for the 

biochar case. Corresponding drying costs for torrefied wood using the same feedstock 

delivery schedule is approximately $5/BDT and briquette needed nearly $30/BDT of 

drying in order to bring the feedstock to a moisture content suitable for the biomass 

conversion process (fig. 3.12). Biochar and torrefied wood processes yield surplus 

heat that can be utilized in the moisture reduction process where the briquetting 

process does not. Optimized schedules for torrefied wood and briquetting would 



 

 

 

111 

increase the importance of moisture management.  

 

 

 

Figure 3.12 Drying cost for biomass conversion technologies ($/BDT) for a 

transportable biomass dryer. All technologies assume to benefit from using process 

heat except briquette production, note potential cost savings in drying alone when 

using a thermal process along with briquetting (up to nearly $25/ton). 

 

3.8.4.2  Moisture Content vs. Supply Chain Costs & Product Pricing 

Using the optimal supply chain pathways, at a fixed moisture content, 

transportation costs vary from $14/BDT to $20/BDT for moisture content over the 

range from 30% to 50% (fig. 13, 14). Increasing moisture content has an even greater 

effect on drying costs, adding up to $27/BDT at 50% moisture content for biochar. 

For briquettes the cost would be nearly $90/BDT of feedstock input. Figure 3.14 

illustrates the full supply chain cost structure.  
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Figure 3.13 Raw material transport and crying costs vs. incoming feedstock moisture 

content.   

 

 

Figure 3.14 Supply chain cost structure with varying moisture content 
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3.9 Conclusions 

From this analysis, the proposed transportable system largely depends on 

product revenue assumptions, the ability to convert material in a cost effective 

manner and limiting facility costing and operational expenses. To a lesser degree 

biomass delivery costs including transportation, logistics, material handling and 

comminution impact the overall bottom line. The framework provided can be useful 

for exploring transportable biomass conversion facility design viability. For the case 

study, the difference between having the full suite of supply chain pathways available 

as compared to restricting pathways to use either landings, or central landings, or 

direct delivery to BCT amounted to a difference of about $18/BDT. Moisture 

management could reduce transportation costs up to an additional $5/BDT. However, 

the sensitivity of feedstock delivery costs on total costs are much lower than the 

sensitivity of product conversion costs to drying costs related to biomass moisture 

($50/BDT +) or the impact of market pricing or conversion yield ($100/BDT +) on 

economic viability. A major challenge to biomass product viability is development of 

a conversion facility to improve economics of scale and improve conversion yield. 

Additionally, this research highlights the importance of accurate revenue models 

when determining economic viability of a proposed plant design especially when 

reviewing novel or emerging products. 
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4.1 Abstract 

Transportable biomass conversion facilities producing biochar, briquettes and 

torrefied wood are modeled and optimized for five different sub-regions within the 

Pacific Northwest. Subregional case studies in Quincy, California; Lakeview, Oregon; 

Oakridge, Oregon; Port Angeles, Washington and Warm Springs, Oregon are 

evaluated to characterize the potential economic viability of these novel transportable 

designs. A mixed integer program is used to characterize the supply chain from 

residue extraction to market optimizing transportation, production and plant mobility 

in order to minimize the supply chain costs. Regional variations including log 

specifications, energy rates, trucking and logistic capacities are considered within the 

model and supporting analyses to differentiate regional costs and market viabilities. It 

was found that the optimal transportable design included facility movement on a 1-

2.5 year frequency depending on product and region with biochar being the most 

likely to be economically viable. Regional feedstock composition and availability was 

the biggest indicator of lower cost production. Regional supply chain costing varied 

by 5-10% depending on product and region being produced. Overall logistics and 

mobilization were found to account for 15-30% of the overall supply chain of which 

Quincy, CA and torrefied wood were found to have the lowest of these costs due to 

low move frequency and high wood availability while Port Angeles, WA with 

briquettes was the highest. With regards to fuel price sensitivity, torrefied wood was 

the most sensitive as its conversion process was most energy intensive (±12-13%) and 

biochar least sensitive (±3-5%). Transportation logistics accounted for 5-30% of the 
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variations due to diesel prices depending on product and region. When including grid-

connectivity, cost reductions were approximately 6-7% for biochar, 27-29% for 

briquettes and 33-38% for torrefied wood. These findings indicate biochar as the most 

likely candidate for a transportable conversion system given its relatively low power 

consumption, high allowable input moisture content, and low product transportation 

cost.  Quincy, CA was found to be the most desirable sub region with the lowest 

overall production costs attributed to its high quality feedstock and relative 

accessibility; its higher grid-connected power also makes transportable options 

relatively more attractive. Port Angeles, WA had the highest production costs and 

lowest grid-energy costs. Our results indicate that a rise in diesel price, while 

incentivizing transportable conversion facilities due to more cost effective 

transportation, would be more than offset by the higher cost energy consumption 

during the conversion process when compared with grid-power with the potential 

exception of biochar. Additionally, we see a transportable operation with grid-power 

could be the difference between a economically viable supply chain operation and 

one that is not. 

 

Keywords: Biomass supply, Biomass products, Transportable plants, Facility location, 

Strategic Planning, Mixed Integer Programming 
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4.2 Introduction 

There is nearly 1.4 million BDT/ year of recoverable logging residuals in the 

Pacific Northwest, USA and some 36 million BDT of material throughout the United 

States (Gan and Smith 2006; Walsh et al. 2000; Perlack et al. 2005). This quantity of 

material equates to nearly 68,000 GWh of energy or almost 17 million tons of carbon 

displaced making it a large underutilized resource pool with economic and 

environmental motivations for its consumption (White 2010 after Gan and Smith 

2006). In the Pacific Northwest most of this material is piled and burned on site as it 

is too costly to extract for alternative uses (White 2010). The main economic 

challenge with regards to utilizing biomass residuals is its overall high handling and 

transportation costs (low density, low quality) making it too costly to extract at 

marketable rates (Wolfsmayr and Rauch 2014). It has been estimated that the 

transportation costs alone are 20-50% of the supply chain costs in the bio-energy 

sector (Browne et al. 1998).  

In order to enable residue utilization at scale their must either be a higher 

valued product to produce (increased revenue) and/or a reduction in transportation 

costs (reduce costs). Proposed solutions to make this material economical though 

products and lowering of transportation and logistics costs, include the use of mobile 

or transportable biomass conversion facilities, bio-refineries, or depots. These 

concepts and their implications to lower transportation and handling costs have been 

highlighted by Mirkouei et al. (2016), Mirzaie (2013), and Wolfsmayr and Rauch 

(2014). Lamers et al. (2015) suggests benefits from incorporating biomass processing 
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facilities (biomass depots) into the overall feedstock supply chain outweigh the costs 

and should be aggressively pursued. Chai and Saffron (2016) review optimal capacity 

for pellet and torrefied wood depot facilities highlighting the dependence of moisture 

(drying energy) with optimal depot ranges between 60-100MW (500,000-900,000 

BDT/Year of feedstock) while others have suggested 70,000-150,000 BDT/Year may 

be optimal for fixed placement pellet depots (Sultana et al. 2010). 

There has been much interest in recent years in mobile or transportable 

biomass facilities, particularly among bio-refinery researchers, at scales ranging from 

15-100+ BDT/day (Dumroese 2009; Badger and Fransham 2006; Badger et al. 2011; 

Polagye et al. 2007). Studies have not looked at the regional variations in supply 

chain costs of mobile systems, though portions of the biomass supply chain have been 

studied including trucking capacities (Zamora-Cristales and Sessions 2015). The 

study of transportable facility design to produce higher value wood products (biochar, 

torrefied wood, briquettes, pellets) is less studied (Chai and Saffron 2016; Berry and 

Sessions 2017a; Berry and Sessions 2017b). Berry and Sessions (2017a) take this a 

concept a step further by optimizing strictly transportable facilities (15,000-50,000 

BDT/Year) for a biochar facility finding optimal time between moves being 1-2.5 

years. While suffering from economies of scale issues due to low production and low 

efficiency plant operations, the transportable system may a yield viable supply chain 

though this largely depends on landscape biomass characteristics, access to power and 

market prices.  
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While many studies evaluate intermediate depots, only a few studies examine 

mobile or transportable biomass facility design in general (Polagye et al. 2007), very 

few evaluate higher value wood products in the context of transportable facilities and 

few studies seek to examine the regional variability (market, cost, logistic constraints) 

and their impact on the potential viability of a proposed marketplace (Lamers et al. 

2015). No identified studies combine both transportable facility design and a multi-

product regional assessment using forest biomass. In this study we evaluate 

transportable biomass conversion economic viability at five study locations that vary 

log specifications, energy rates, trucking and logistic capacities. Additionally, since 

the premise of transportable design relies on reduced transport costs, we evaluate 

system viability due to sensitivities in energy and fuel prices. We also look at the 

relative advantage/disadvantage of stationary plants or depots. The analysis considers 

three facility technology configurations that would produce biochar, briquettes or 

torrefied wood as previously outlined in Berry and Sessions (2017b). 

The paper is organized by (1) mobility description and methods, (2) a 

mathematical description, (3) regional variations and differences, (4) a results section, 

and (5) an economic analysis and sensitivity to fuel prices section. 

 

4.3 Problem Description and Methods 

4.3.1 Methods 

This research extends the logic proposed by Berry and Sessions (2017a) for 

biomass conversion technologies and transportable facility design and optimization. 
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We apply the mathematical model logic, logistic pathways and supporting 

architecture to different regional settings. Biomass availability source data is from the 

University of Washington Rural Technology Initiative Group  (RTI) as outlined within 

Berry and Sessions (2017a). The basic methods are illustrated within this text but the 

reader is encouraged to review Berry and Sessions (2017a, 2017b) for additional 

detail. 

The raw material are forest harvest residuals that are processed into chips or 

grindings at roadside, at a centralized location or at a conversion facility and then 

converted into a product (biochar, briquettes, torrefied wood) (fig. 4.1). 

 

 

 

Figure 4.1 Material flow diagram. Material is extracted in its raw form, 

chipped/ground, converted into a product and then sent to a final market. 

 

 

4.3.2 Mobility Concept 

Transportable facility design relies on the movement of a plant to optimize 

material availability, transportation and logistics costs. At its simplest, we are moving 

the facility around the landscape finding different equivalent zones of low cost 

production where the costs are primarily a function of both the raw material transport 
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(raw and or processed) and the product transport (post conversion processing). 

Graphically, this can be represented by different 'zones' of influence surrounding each 

facility location; as the processing facility location extends further from the market 

location (conversion transport costs increase), thus the raw material transportation 

costs must decrease (and its extraction zone decreases) to maintain the same overall 

average cost structure (fig. 4.2).  

 

Figure 4.2 Transportable facility movement illustrating one market location and three 

facility locations corresponding to different raw material transport costs (R1-3) and 

different conversion transportation costs (C1-3). As C (converted material transport) 

increases, R (raw material transport) must decrease. 

 

 

4.3.3 Logistics 

Material flowing through the network can be handled and processed at several 

points along the supply chain including at the roadside landings(burn, grind, chip, 

bale), centralized landings (grind/chip) and biomass conversion facilities eventually 

making its way to final conversion at the Biomass Conversion Technology Facility 
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(BCT)  location (biochar, briquette, or torrefied wood) and ultimate delivery to a final 

market (fig. 4.3). Residuals are assumed to be sorted into log-like material (tops) and 

branches. These governing supply chain options are well studied (e.g. Zamora-

Cristales et al. 2015; Anderson et al. 2012; Bisson et al. 2015; Johnson et al. 2012) 

with the specific supply chain discussed in Berry and Sessions 2017b. 

 

 

Figure 4.3 Biomass supply chain and associated pathways (from Berry and Sessions 

2017a) 

 

 

4.3.4 Modeling Architecture 

The model integrates a sequence of cost components that is then optimized 

with mixed integer mathematical programming (MIP). Three distinct models are 

blended in this framework including a machine rate model, facilities costing model 

and logistics framework. A machine rate model with costs, throughputs and 
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efficiencies for each respective piece of equipment from trucking, to technology 

choices to processing is incorporated. A separate facility model was also developed to 

represent a systems view of the modular plant (overhead, combined labor, siting, 

mechanical/electrical install, shipping/receiving, utilities). This model incorporates 

the core technology related operational expenses and is also used to estimate 

mobilization and re-establishment of facility costs. Three facility configurations were 

modeled each producing a single product (biochar, briquettes, torrefied wood). The 

logistics model consists of distinct pathways for material processing, handling and 

transport (figs. 4.3 & 4.4) largely using machine rate data developed by the US Forest 

Service Forest Products Laboratory (W2W 2017). 

 

 
 

Figure 4.4 Modeling architecture, cost modules and model components. Material 

from harvest unit is modeled through to market and includes elements of processing, 

mobilization, transportation, loading, conversion and plant mobilization, key model 

components highlighted (after Berry and Sessions 2017a). 
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The architecture and modularity is designed to allow flexibility of equipment 

used, technologies evaluated and logistics options enabling it to be used as a more 

general supply chain optimization framework. 

 

4.4 Mathematical Model 

Following the logic of Berry and Sessions (2017a),  the optimization problem 

is to minimize operational expenses: 

 

Where: 

X(a,i,j,k,m)- Decision Variable – Allocation of residual a, from node i, to BCT j, 

along route k, to market m 

TRAW(a,i,j)- Raw/ Processed material transportation costs of residual a from node i 

to BCT j ($) 

TCONV(j,m)- Converted material Transportation costs from BCT j to market m ($) 

CONST(i,k)- Construction/Mobilization costs associated with node i taking route k 

($) 

BCTmobe(j)- Mobilization costs of setting up BCT j ($/EA) 
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PRO(a,k)- Processing cost  (grind/chip) for each residual a along route k ($/BDT) 

SEC(a,k)-Supporting equipment cost (loader, etc.) associated with each residual a 

along route k ($/BDT) 

PRE(a,k)-Pre-Sorting/ arranging cost associated with associated with each residual a 

along route k ($/BDT) 

TLC(a,k)- Transportation loading/waiting cost for residual a along route k ($/BDT) 

CC(j)- Conversion costs of producing material at BCT j ($) 

M- Large number for logical trigger 

material(i) – Material available at node i (BDT) 

XBIN(a,i,j,k,m)= Binary value –  unique route 

JBIN(j)= Binary value –  conversion facility location 

 

4.5 Regional Variations & Assumptions 

4.5.1 Regional Landscape Characteristics 

For each study area we simulate a five year planning horizon with 

approximately 1850 harvested parcels incorporating ten potential mobile conversion 

locations. The transportable facility is assumed to be sized at 50,000BDT/Year. Each 

regional landscape was represented using spatially explicit parcels (known feedstock 

quantity and composition available at roadside) and average transportation distances 

(tbl. 4.1). Specific regional assumptions were generated systematically using 

watershed centroids as potential conversion plant locations, with these filtered down 

to ten that were also in close proximity to roads and biomass concentrations enabling 

efficient transport. The 'market' is assumed to be in a town where a market or access 

to other forms of long-distance transport (rail, barge) exist. The regions around 
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Quincy (CA), Lakeview (OR), Oakridge OR), Warm Springs (OR), and Port Angeles 

(WA) were chosen to illustrate the feedstock, energy markets and logistical 

considerations within the Pacific Northwest (fig. 4.5). 

 

Figure 4.5 Pacific Northwest setting highlighting five case studies (Quincy, 

Lakeview, Oakridge, Warm Springs, Port Angeles). 
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Table 4.1 Regional landscape characteristics 

 

 

Landscape 

Area 
[a]

 

Harvested 

Area 
[b]

 

Average Harvest 

Unit  

Average Distance To 

Harvest Unit 

  (Mi
2
) (Mi

2
)  (Acres)  (Miles) 

Quincy, CA 4,806 153 52.8 54.9 

Lakeview, OR 17,491 152 52.7 93.7 

Oakridge, OR 2,507 70 24.1 31.2 

Warm Springs, 

OR 4,199 86 29.7 55.6 

Port Angeles, 

WA 1,419 39 13.6 53.2 

Where: Each landscape includes 1850 unique harvested parcelswith biomass estimates over a 5 year 

time horizon 

[a] Total subregional area included in model encompassing the geographic area supporting the market 

[b] Total area of harvested parcels over the five year time horizon within the subregion reviewed 

 

4.5.2 Log Specifications | Regional Markets 

Available biomass quantity and quality available for extraction are a function 

of the specific regional landscape, forest land acreage, harvesting operations, 

infrastructure, local species, utilized harvest systems, regional market conditions and 

specific time horizon. A key differentiator between regions is whether or not an active 

pulp market exists. In this study, we consider pulp material to be stem wood biomass 

from 6" to 4" small end diameter while tops are assumed to be stem biomass less than 

a 4" diameter. Where a local pulp market exists, it is often economical to extract this 

log-like residual material during harvesting operations thus changing the amount and 

character of the residual material available for biomass to product conversion. The 

available biomass also informs transport and processing options as log-like material 

(pulpwood and tops) can be transported on short log truck trailers and later chipped, 

where branches need to be ground and transported via chipvan, or in bales as 
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discussed by Berry and Sessions (2017a). Table 4.2 below summarizes the material 

available within each region. 

 

Table 4.2 Parcel and landscape level biomass composition 

 

 

 AT PARCEL LEVEL 

 

AT LANDSCAPE LEVEL 

  Biomass Tons/Ac % Tops Biomass Tons/Ac Active Pulp Market? 

Quincy, CA 34.7 51% 1.10 

 Lakeview, OR 21.4 53% 0.19 

 Oakridge, OR 17.1 8% 0.47 

Warm Springs, OR 21 52% 0.44 

 Port Angeles, WA 30.1 5% 0.83 

Note: 5 year Time Horizon 

    

Large differences in available log-like material (tops) between study areas are 

directly correlated to the existence of a regional pulp market (tbl. 4.2). Biomass on a 

per acre basis varies depending on individual harvested site characteristics (parcel 

level) and regional forested land allocation (landscape level). We see the greatest 

amount of biomass available on the parcel and landscape levels in Quincy and Port 

Angeles. Quincy, CA is characterized by close proximity high productivity forests 

without a pulp market and Port Angeles, WA has high productivity mixed-species 

forests consisting of a large quantity of western hemlock (abundant branches and 

residues) within a relatively confined coastal region. The Oregon landscapes are also 

variable with the lowest per parcel material availability in Oakridge (due to pulp 

market) and the lowest spatial availability of biomass within Lakeview due to 

material composition and a more scattered forested land allocation. Overall, these 

distinct regional biomass differences provide the logical spatial backdrop for the 
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following analysis with wide variation of conditions to review transportable system 

viability. 

 

4.5.3 Logistics - Truck Capacities & Costs 

Logistic configurations and truck loading capacities vary depending on state 

regulations. These regulations directly affect cost of transporting material to the plant 

and from the plant to the market. In Oregon and Washington, higher maximum gross 

vehicle weights are allowed compared to California (105,500 vs. 80,000 lbs gross 

load). For this analysis we vary truck capacities for raw material transport while 

assuming the same plant-to-market trucks within each region. The differences in 

effective weights between regions (assuming a 30% wet basis moisture content) are 

highlighted below (tbl. 4.3): 

 

Table 4.3 Raw material transportation capacities 

 

  

Oregon & Washington California 

     

Self-Loading 

Log Truck 

Chipva

n-48' 

Chipvan_

RS-48'
[a]

 

Self-Loading 

Log Truck 

Chipva

n-45' 

Chipva

n_RS-

45'
[a]

 Unit 

Truck-trailer 

weight 19.5 18 20 18 16 18 TONS 

Maximum legal 

weight  49 48 48 40 40 40 TONS 

Maximum 

payload 

 

29.5 30 28 22 24 22 GT 

Volume  

 

- 140 140 - 130 130 CY 

Adjusted 

Capacity 

 

20.6 20.4 19.5 15.4 16.8 15.5 BDT 

Limiting 

Factor 

 

Weight Volume Weight Weight Weight Weight 

 

[a]
 RS indicates Rear-Steer truck capable of accessing more remote  parcel locations 
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4.5.4 Energy Rates 

Regional energy rates play a role in determining costs and incentives for 

mobility by 1) informing relative conversion costs and 2) dictating transportation 

costs and logistics costs (tbls. 4.4 & 4.5). If electricity prices are low then conversion 

costs and plant operational expenses are lower providing less of an incentive for a 

mobile facility. Similarly, if diesel prices increase, the effective cost of a mobile 

conversion and facility operations would increase and thus a stronger case for a grid-

connected stationary plant could be made. On the other hand, as diesel prices increase 

relative transportation costs of a transportable system would decrease compared to a 

grid-connected stationary plant (shorter average haul distances) thus making the 

mobile system appear more desirable. 

 

Table 4.4 Regional electrical prices(EIA 2017) 

 

  Oregon Washington California 

Electricity ($/kWh) 0.061 0.045 0.107 

 

Table 4.5 Regional energy price assumptions 

 

  

Diesel for Power Generation & 

Transport 

Propane Price for 

Drying 

Natural Gas for 

Drying  

 

$/Gallon $/Gallon $/1000cf 

  Base Low  High Base  Low  High Base  Low  High 

All 

Regions 3.24 2.00 4.50 2.50 1.50 4.00 4.50 3.00 15.00 
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4.6 Results | Discussion 

We present optimal results for each region including move frequency, raw 

material extraction characteristics, transportation distances and overall supply chain 

costs to obtain an informed financial perspective of the implementation of the 

proposed system. Results and supporting commentary are followed by a discussion of 

overall economics and energy sensitivities that can potentially change the cost 

structure influencing the economic viability of the system. 

We model the supply chain as if it was a vertically integrated enterprise 

controlling all aspects of the supply chain, as such we do not include marginal profit 

for any individual supply chain element. Additionally, we do not account for company 

profit in order to streamline the analyses, exemplify break-even pricing and highlight 

potential viability in a generalized form.  

 

4.6.1 Move Frequency 

A key consideration for transportable system design is the appropriate 

frequency of plant movement within any given region, this mobility is the primary 

advantage and tool to reduce logistics costs and support economic viability. Move 

frequency is primarily a function of three factors: 1) mobilization cost to dismantle, 

move and re-establish a plant location, 2) the transportation costs of moving biomass 

from a specific harvested parcel to the plant, and 3) the cost of moving converted 

material from a conversion site to a market. Optimal mobilization frequency varies by 



 

 

 

138 

region and product (tbl. 4.6). 

 

Table 4.6 Move frequency 

 

  

Quincy, 

CA 

Port 

Angeles, 

WA 

Warm 

Springs, OR 

Oakridge, 

OR 

Lakeview, 

OR Unit 

Landscape Biomass 

Availability 1.10 0.83 0.44 0.47 0.19 BDT/Ac 

Biochar 2.5 2.5 2.5 2.5 2.5 

Years/M

ove 

Briq.  1.7 1.7 1.3 2.5 1.3 

Years/M

ove 

Torr. 1.7 1.7 1.0 2.5 1.3 

Years/M

ove 

 

Movement frequency depends largely on both the product type (specific 

mobilization and transportation costs) and the specific landscape/ regional plant 

placement, material availability). This is a function of the tradeoff between 

mobilization cost and transportation cost, where at some point it is lower cost to move 

the entire plant then incur incremental increases in raw material transportation costs. 

Because the cost of transporting and re-establishing a biochar plant was the highest 

cost of the three products (and its associated converted transportation cost was low), 

we see the lowest move frequency. Additionally, we see that as a region's biomass 

availability (BDT/Ac)  decreases and average distance to market increases, so does 

the move frequency (Lakeview and Warm Springs) (tbls. 4.1 & 4.5). Similarly, 

locations with either a low average distance to market or high biomass availability, 

move frequency tends to be lower (Oakridge, Quincy and Port Angeles) (tbls. 4.1 & 

4.5). While there are key differences in both production values and regions, 
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movement frequency is on the order of every 1-2.5 years with biochar being the least 

frequent to move while briquetting and torrefaction facilities move more frequently. 

 

4.6.2 Raw Material Extraction 

Supply chain costs are sensitive to the material being handled (tops vs. 

branches [tbl. 4.2]), with tops being the least costly to transport and convert and thus 

favored for biomass utilization. Regions without a pulp market (Quincy, Warm 

Springs, Lakeview) are sourced almost solely by top material leveraging lower 

transportation and processing costs, whereas the other locations must utilize both tops 

and branches due to lack of accessible lower cost top material within the landscape 

(tbl. 4.7).  

 

Table 4.7 Feedstock available and utilization (% Tops) 

 

  Quincy, CA 

Port Angeles, 

WA 

Warm 

Springs, OR Oakridge, OR Lakeview, OR 

Landscape  51% 5% 52% 8% 53% 

Biochar 100% 11% 100% 19% 96% 

Briq.  100% 12% 100% 20% 85% 

Torr. 100% 12% 99% 20% 88% 

All material in table is based on % tops utilized in the optimized solution 

 

 

4.6.3 Transportation Distances (Parcel to BCT, BCT to Market) 

Economic viability of the transportable system design relies on savings as a 

result of reduced transportation costs. Transportation costs and associated haul 

distances are directly related to product mobility and associated mobilization costs. 

For a given facility configuration, these two cost structures are linked when solving 
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for optimal movement frequency. While one might expect a lower average raw 

transportation distance as the plant move frequency increases, this is not necessarily 

the case, as it depends on the specific product and its associated raw and converted 

transportation costs. It is also a function of the regional landscape (spatial availability 

and material composition) and the tradeoff between the more expensive raw transport 

(up to $4/BDT-Mile) and product transport (<$.20/BDT-Mile).Logically, when 

product transport costs are lower (BioChar<Torr.<Briq.), we can 'afford' to travel 

further from the market to BCT locations that may enable lower raw material 

transportation costs (tbls. 4.8 & 4.9). This generally is the case with biochar having 

the highest product transport distance and lowest raw transport distance while 

torrefied wood generally has lower product distance and higher raw material transport 

distances. It is not an exact parallel as it depends on the specific regional landscape, 

facility locations and material availability within the vicinity.   

 

Table 4.8 Regional raw transportation values 

 

 

Unit to BCT Raw Transportation distance (Miles)
[a]

 

  

Quincy, 

CA 

Port Angeles, 

WA 

Warm 

Springs, OR 

Oakridge, 

OR 

Lakeview, 

OR 

Biochar 7.0 12.5 16.1 8.9 10.8 

Briq.  9.1 13.4 13.6 10.7 13.0 

Torr.  9.1 12.9 15.2 10.7 12.1 

Approximate Load (BDT of 

Feedstock) 15.4 20.4 20.6 20.4 20.6 
[a]

Distances are based on approximate roadway distances 
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Table 4.9 Regional converted transportation and production conversion quantities 

 

 

BCT to Market Conversion Transportation 

distance (Miles)
[a]

 

   

  

Qui

ncy, 

CA 

Port 

Angele

s, WA 

Warm 

Springs

, OR 

Oakri

dge, 

OR 

Lakeview, 

OR 

Approximate  

Load (BDT 

of product) 

Production/

Year (tons of 

product) 

Approximate  

Load (BDT 

of feedstock) 

Biochar 40.6 35.8 74.9 26.9 92.6 8.9 8000 55.3 

Briq.  18.0 23.9 57.9 21.6 60.1 22.5 49000 23.4 

Torr.  17.9 22.8 59.3 21.6 55.8 22.5 42500 29.3 
[a]

 Distances are based on approximate roadway distances 

 

 

4.6.4 Production Cost (Logistics, Capex, Opex, Conversion) 

Logistics and mobilization costs account for between 15-30% of the overall 

cost structure with the lowest cost being in Quincy, CA with torrefied wood 

operations due to material quality and proximity combined with lower plant 

mobilization costs (fig. 4.6). The largest logistics and mobilization costs are 

associated with briquetting operations in Port Angeles, WA due high raw (primarily 

branches) and product transportation costs. 
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Figure 4.6 Base production cost of product ($/BDT of input feedstock),  

Where: 

 

Cost Component Description 

Logistics & 

Mobilization Includes costs associated with transport, processing, and facility mobilization 

Plant OpEx 

Plant operational expenses of conversion facility - includes plant labor costs, power, 

insurances, supplies, maintenance [less conversion technology operating expenses 

beyond labor] 

Plant CapEx 

Plant capital costs related to facility - includes site prep, technology, MRS&R, 

mechanical installs [excludes conversion technology capital costs] 

Conversion 

Conversion cost of producing biochar including cost of the core technology 

amortized over a ten year period - excludes labor component [within Plant OPEX] 

Package/Loading Packaging and loading truck from plant to market 
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More significantly we see the plant OpEx Cost being the main cost for biochar 

(~45%), a fairly significant drying cost for briquetting (~20%) and high primary 

conversion costs for the torrefaction operations (~65%). These not only indicate main 

sources of potential cost reduction but highlight the true nature of the transportable 

plant problem. The problem becomes: 1) it can be difficult to achieve high levels of 

economies of scale with modular operations, 2) handling moisture is expensive off-

grid and 3) equipment selection is very important to the overall cost structure and 

potential viability. For example, within this study, we exam an electrically heated 

screw-type torrefaction unit with subsequently high energy costs whereas a different  

piece of equipment (one headed through a thermal process) would likely yield a lower 

conversion and drying cost. 

 

4.7 Analysis & Sensitivities 

We frame the analysis around a series of logical questions a manager might 

ask when contemplating the implementation of a transportable system design within 

the Pacific Northwest: 

 

1) Are Transportable Conversion Facilities Initially Profitable?  

2) How Sensitive are Product Costs to Diesel Fuel Prices? (diesel fuel sensitivity ) 

3) What Are the Energy Savings Associated with a Grid-Connected Modular Facility?  

(energy sensitivity) 

4) How Much Farther Can you Transport With Grid-Connected Energy Savings? 
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(transportation sensitivity) 

5) Does a Transportable Facility Make Sense in Our Regions (Transportable vs. 

Stationary)? 

 

4.7.1 Question #1: Are Transportable Conversion Facilities Profitable? 

Profitability is a function of production costs and a market's willingness to pay 

for a product. As discussed in Berry and Sessions (2017b) and Sasantani and Eastin 

(2017) market values are difficult to estimate for immature product-market conditions 

and effective product costs largely depend on assumed technology utilized (highly 

variable) and conversion rates. These contributing factors make it difficult to judge 

profitability. From the base results, we concluded the overall product costs depend 

largely on product type, plant operational expenses and technology utilized with a 

relatively minor component related to logistics and mobilization providing limited 

regional variability. This said, Quincy, CA generally has the lowest cost structure due 

to high quality feedstock close to potential conversion locations and market even 

though transportation costs are higher than in other regions (lower maximum truck 

legal weights). We also see Port Angeles, WA with the largest costs given the high 

percentage of branches and its relatively long product transportation distance. This 

said, there is still a relatively small variation between regions as we see biochar, 

briquetting and torrefied wood varying by 8, 9 and 5% respectively (fig. 4.7).    
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Figure 4.7 Production cost of product ($/BDT of product produced). Conversion rates 

are assumed to be 16% for biochar, 85% for torrefied wood and 98% for briquettes. 

Market line indicates anticipated market price for each product. 

 

From these results, the likely best candidate for profitable operation is the 

implementation of a biochar plant where current estimates of product value  range 

from $100-3000/ BDT and thus may exceed the anticipated production cost. If we 

assume a market value of $120/BDT for briquettes and $150/BDT for torrefied wood 

(Sasantani and Eastin 2017) there is a deficit of nearly 22% for briquettes and 55% 

for the torrefied wood product on the base cost. Markets prices are assumed to be 

inelastic with fixed product prices in this study. 
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4.7.2 Question #2: How Sensitive Are Product Costs to  Diesel Fuel Prices? 

For transportable systems, nearly all the processes (conversion technology, 

trucking, processing) are assumed to be powered from diesel engines or diesel 

generators. Their respective consumption coupled with anticipated price fluctuations 

are important criteria to judge costs and subsequent flexibility of the system. Here we 

first provide a sensitivity analysis to diesel prices and its impact on the supply chain 

costs of each product. The analysis is first segmented by cost component (Facility & 

Conversion Costs, Processing/Loading, Transportation), and then are compiled to 

interpret sensitivity to product cost and potential viability considerations (Part 4). Off-

road diesel fuel prices are assumed to be $3.24/gallon as a baseline with variations as 

low as $2.00/gallon and as high as $4.50/gallon in the analysis. 

 

4.7.2.1 Facility & Conversion Costs vs. Diesel Prices  

Conversion and facility costs are a large component of the overall cost 

structure and the fuel consumed to power these processes can be substantial. The 

range of costs associated with diesel generator power consumption to support the 

facility and conversion processes are presented in Figure 4.8. 
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Figure 4.8 Cost of generator power consumption for biochar, briquettes and torrefied 

wood. Variations to fuel prices are described by the error bars where the baseline is 

$3.24/gallon with low of $2.00/gallon and a high of $4.50/gallon. 

 

The biochar facility consumes the least amount of fuel for input feedstock and 

is therefore least subject to fuel price volatility (<$10/BDT of input, ±3-5% of supply 

chain costs) while torrefaction consumes the most and is most sensitive (>$50/BDT, 

±12-13% of costs) (fig. 4.8). This difference in fuel consumption is largely because 

the biochar technology uses a combustion chamber and recirculated heat whereas the 

torrefaction technology employs an electrically heated process consuming greater 

amounts of power per unit input.  
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4.7.2.2 Processing and Supporting Equipment 

Comminution and loading of material in-woods consumes diesel fuel in the 

process. Relative to the overall supply chain cost structure these costs are relatively 

minor (<5%) though they are heavily dependent on fuel prices and vary by product 

and region (fig. 4.9). 

 

 

Figure 4.9 Cost of processing and loading operations in the supply chain. Variations 

to fuel prices are described by the error bars where the baseline is $3.24/gallon with 

low of $2.00/gallon and a high of $4.50/gallon. 

 

 

Overall variability ranges from ± $1/BDT to upwards of ± $3/BDT depending 

on product and region. Additionally, Quincy, Warm Springs, and Lakeview are least 

sensitive to fuel prices given their high percentage of tops enabling chipping 
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operations while Port Angeles and Oakridge are more sensitive due to higher degrees 

of grinder utilization. Grinding generally consumes more fuel per ton than chipping 

(Zamora-Cristales et al. 2015; W2W 2017). 

 

4.7.2.3 Transportation Costs  

Transportation costs become the base argument for whether or not a 

transportable facility is economical. As diesel prices increase there is progressively 

less incentive to travel further out from a centralized location to extract material. 

Within the optimized sequence of transportable design scenarios, the fuel prices vary 

on the order of ± $1-3/BDT (fig. 4.10). This of course, would be magnified for 

additional raw or transported distances. 
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Figure 4.10 Transportation cost in the supply chain. Variations to fuel prices are 

described by the error bars where the baseline is $3.24/gallon with low of 

$2.00/gallon and a high of $4.50/gallon. 

 

4.7.2.4 Composite cost variations to product pricing 

Facility operational and conversion fuel costs account for the major share of 

potential fuel consumption variability accounting for roughly 40-60% of biochar 

variability, 80-90% of torrefied wood variability, and 60-80% of briquetting 

variability depending on region and feedstock conditions. Furthermore overall 

fluctuations from  biochar, briquettes and torrefied wood translated into ± $5-9/BDT, 

± $9-12/BDT, and ± $27-32/BDT of raw feedstock input respectively (up to 15% of 

the supply chain costs). 
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Figure 4.11 Revised production cost of product ($/BDT of product produced). 

Conversion rates are assumed to be 16% for biochar, 85% for torrefied wood and 

98% for briquettes. Market line indicates anticipated market price for each product. 

Ranges indicate costs with high/low energy prices. Inset chart indicates the proportion 

of variation within each costing category due to fuel prices. 

` 

 

Product production price depends on diesel price assumptions (fig. 4.11). This 

variation depends more on the product that is being produced (due to the high 

influence of plant design and conversion costs) than the region itself. This being said, 

we develop an envelope of anticipated production costs indicating once more than 

biochar is likely the only product to which a transportable facility design would make 
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sense, though briquettes could approach this break-even point.  

 

4.7.3 Question #3: What Are the Energy Savings Associated with a Grid-Connected 

Modular Facility? 

Within the regional context, varying energy prices can provide either an 

incentive or disincentive to adopt the transportable conversion facility design concept. 

As electricity prices decrease (or diesel prices increase) the effective incentive for a 

stationary plant increases when compared to a transportable facility due to lower 

conversion and facility costs. Conversely, if diesel prices fall the relative energy cost 

'gap' decreases and thus there is less incentive for a stationary plant when compared 

to a transportable operation. To illustrate this concept and relative grid-connected 

advantage we develop an energy cost differential matrix (grid-connected energy cost - 

off-grid energy cost) for Oregon, Washington, and California. The grid-connected 

advantages of using electrical energy when compared to diesel fuel and grid-

connected dryer natural gas usage vs. transportable propane usage are highlighted. We 

then extend this analysis to look at equivalent transportation distances relative to 

these effective energy savings within the following section. 
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4.7.3.1 Facility & Conversion Costs (Electricity & Diesel)    

 

 
 

Figure 4.12  Potential facility cost savings due to grind-connected power supply while 

still implementation a modular conversion technology design (same equipment and 

plant design). Cost reductions are generated from a change in energy prices and 

overall energy consumed (conversion technology & auxiliary systems). Ranges 

indicate the potential deviation in anticipated cost reductions due to variable diesel 

prices where low is $2.00/gallon and high is $4.50/gallon. Electrical prices are 

assumed constant at $.061/kWh, $.045/kWh and $.107/kWh for Oregon, Washington 

and California respectively. 

 

 

Incentives for a grid-connected power source (when looking at conversion and 

facility energy consumption) vary widely depending on the state and product being 

produced (fig. 4.12). This varies from ±$3/BDT to over ±$25/BDT of feedstock input. 

California and biochar provide the least incentive to move to a stationary facility due 

to higher energy costs and relatively low energy consumption for producing biochar 

while Washington and torrefied wood have the largest incentive due to low energy 

costs and high energy consumption for producing torrefied wood. 

 

$-

$20 

$40 

$60 

$80 

$100 

$120 

Oregon Washington California

$
/B

D
T

 o
f 

F
ee

d
st

o
ck

BioChar 

Briq. 

Torr. 



 

 

 

154 

4.7.3.2 Drying Costs (Propane vs. Natural Gas Usage) 

Drying costs can also be a large portion of the overall cost structure depending 

on the product produced, acceptable moisture content, raw material moisture values 

and equipment utilized in drying. The base model assumes a Belt-O-Matic dryer and 

propane as the primary fuel, whereas in a stationary facility, similar belt drying 

techniques can be used (at potentially more efficient scales) with more cost effective 

natural gas as the fuel. As biochar already assumes no external fuel and torrefied 

wood processes are assumed to accept higher moisture content material there is no 

assumed benefit for these products in using one fuel or the other. Briquettes, on the 

other hand, requires an incoming moisture content on the order of 15% thus requiring 

drying from the incoming 30% moisture content to the desired 15% moisture content 

(wet basis). Figure 4.13 illustrates the range of anticipated cost savings for briquetting 

with a range of propane and natural gas market prices. 
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Figure 4.13 Potential drying cost savings during briquetting operations due to grid-

connected power supply. For a given propane value, an estimated cost reduction by 

switching to natural gas is estimated. Error bars indicate range of probable natural gas 

prices ($3-$15/ 1000cf with the base being $4.5/1000cf). 

 

4.7.3.3Overall Potential Savings 

For the base case, we would anticipate a potential cost savings of roughly $10-

12/BDT for biochar, between $38-42/BDT for briquettes, and between $75-90/BDT 

for torrefied wood depending on the region if grid-connection was available. 

Furthermore when the full range of variability (with fuel price adjustments) is added 

the variations dramatically increase to up to $15/BDT for biochar, up to $56/BDT for 

briquettes and up to $115/BDT of feedstock input for torrefied wood (fig. 4.14). 
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Figure 4.14 Overall potential transportable facility cost savings due to grid-connected 

power and fuel supplies. Values reflect effective energy cost differential when looking 

at high/ low values of diesel, propane and natural gas prices over the three state 

region. 

 

It is also important to view these values with respect to the overall cost 

structure of each product (tbl. 4.10). The 'energy cost differential' value $/BDT when 

compared to the overall production costs of a modular facility illustrates the 

importance of fuel prices and the strong incentive to connect the facility to the grid 

(tbl. 4.10). 
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Table 4.10 Percentage the 'energy cost differential' value represents within the overall 

supply chain for a transportable facility for facility type and region. 

 

  Quincy, CA 

Port 

Angeles, 

WA 

Warm 

Springs, 

OR 

Oakridge, 

OR 

Lakeview, 

OR 

BioChar  6% 7% 7% 7% 7% 

Briq.  27% 28% 28% 29% 28% 

Torr.  33% 37% 37% 38% 37% 

 

If grid-connected energy is available for each facility location, briquetting becomes 

economically feasible while torrefaction continues to be unprofitable (fig. 4.15). 

 

 

Figure 4.15 Overall anticipated product cost and associated energy variability for the 

three products and five regions. Note the lower price compared to the off-grid 

scenario (fig. 4.11) and inclusion of briquetting and potentially torrefaction into 

economic feasibility. 
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Overall this indicates, in a substantial way, that the energy cost is a primary 

driver in economic viability. Grid-connections are unlikely in many mobile locations, 

but realizing their importance can affect the choice of location.  

 

4.7.3.4  Additional Cost Savings of Stationary Facilities 

Extending this logic to a singular permanent facility, scale we would not be 

limited to a modular installation and could choose technology based on efficiency, 

throughput, and power consumption. For example, it has been suggested that next 

generation biochar machines are commonly scaled at three-times the throughput of 

our selected machine indicating a reduction in inherent operational expenses (Smith 

and Holloman, personal communication). Additionally, with the inclusion of 

permanent buildings, concrete pads and other infrastructure we would anticipate more 

efficient storage, movement and transport processes within the plant itself though 

land acquisition costs would be more substantial. These factors are not included in 

this analysis, rather a comparison among modular transportable designs is presented. 

 

 

4.7.4 Question #4:  How Much Farther can you Transport with  Grid-Connected 

Energy Savings? 

After having developed a realistic operational incentive for grid-connected 

operations by region we can now pair this with the fuel prices by region to develop an 

informed suite of scenarios to compare a transportable system with a stationary gird-

connected modular plant (fig. 4.16). The breakeven point is where the raw and 
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conversion hauling costs of the transportable system are equal to the raw and 

transportable hauling costs plus any additional cost savings due to energy efficiencies 

(energy cost differential) (fig. 4.16). 

 

 

 

Figure 4.16 Transportable vs. stationary facility transportation logistics. A 

transportable system leveraging lower haul distances costs (raw and or converted) can 

be equated to a stationary facility depending on its respective 'energy gap' (lower 

plant costs) and transportation costs. 

 

Where: (Ravg × $/Mi/BDT × BDT + Cavg × $/Mi/BDT × BDT) - Mobilization Cost 

= Rs × $/Mi/BDT × BDT + Cs × $/Mi/BDT × BDT + Energy Incentive      
 

The breakeven point can be calculated by equating haul distances to potential 

energy savings via raw distance transportation (raw logs/ chips/ branches) and/or via 

product distance transportation. The results depend on the regional landscape; here 

we provide the bounds to which to view the spectrum of equated distances. This can 

be partitioned into two parts 1) How much further can we transport raw material or 2) 

Transportable: Lower Logistics + Higher Plant Costs 

= 

Stationary: Higher Logistics + Lower Plant Costs 
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how much further can we transport products? 

 

4.7.4.1 Equivalent Raw Distance Transportation (Haul Distance) 

From Figure 4.17 we can see that for biochar the relative grid-connected 

stationary plant advantage equates to an additional 14-26 raw material haul miles 

where briquettes can be upwards of 100 miles and torrefied wood can exceed 175 

miles depending on location and material being moved. Additionally, the stationary 

grid-connected advantage with respect to fuel prices and travel distances vary only 

minimally for biochar while most significant (~50 miles) for briquettes (when 

incorporating propane price fluctuations) and up to 30 miles for torrefied wood (fig. 

4.17). 
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Figure 4.17 Transportable vs. grid connected facility: break-even point (additional 

transport miles). Additional miles are the 1-way distance to travel to the stationary 

plant for raw material transport. 

 

Compared to the base transportation data (tbl. 4.7), these additional miles 

equate to roughly 2-15 times that of the base raw material transportation distance, 

indicating a potentially large incentive to move to a grid-connected stationary facility. 

 

4.7.4.2 Equivalent Converted Distance Transport (Plant to Market) 

Similarly when equating these savings to additional converted product 

transport there is also a large incentive to move to a grid-connected stationary site. In 

BioChar Briq. Torr. 

Quincy, CA 14 54 107

Port Angeles, WA 26 95 201

Warm Springs, OR 21 79 163

Oakridge, OR 25 95 196

Lakeview, OR 21 79 163
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this case a grid-connected stationary biochar plant equates to roughly 123-146 

increased product transit miles where briquetting can be upwards of 220 miles and 

torrefaction can exceed 500 miles of product transportation. Additionally, variations 

due to fuel prices can vary that advantage by 25, 150 and up to 100 miles respectively 

(Fig. 4.18). 

 
 

 

Figure 4.18 Transportable vs. grid connected facility: break-even point (additional 

converted transport miles).Additional miles are1-way distance to travel to stationary 

plant for product transport. 

 

We conclude that for most regions, it would likely be optimal, due to 

transportation distances alone, to use a grid-connected stationary plant as both  

sourcing potential and distance to market costs would likely exceed any benefit 

provided by the mobile facilities themselves. Similar to the comparison in Figure 
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4.17, we see in Figure 4.18 that the additional product transportation distance could 

amount to 2-25 times the base transportation distance, reinforcing the financial 

incentive to move to a stationary facility on a cost basis. The two examples outlined 

each provide a range of transportation miles, though a combination of additional raw 

and converted transportation could also be used to equate to the 'energy cost 

differential'. 

 

4.7.5 Question #5: Does a Transportable Facility Make Sense in Our Regions? 

Given this data, the question becomes, how much further do we need to haul 

raw material and products in order to access a stationary location? This depends on 

the specific regional landscape itself, and on access to electric grid-connected power 

and/or transportation hubs enabling more efficient mass distribution of product, all 

impacting the bottom line of the supply chain. If we were to compare our average 

regional landscape distance to harvest unit (tbl. 4.1) to the 'additional' raw mileage in 

Figure 4.17, we would conclude that reduced energy costs alone would preclude any 

transportable advantage for torrefaction plants, make briquetting potentially feasible 

at Quincy and Lakeview and clearly make biochar the most desirable configuration 

within any region (tbl. 4.11). 
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Table 4.11  Equivalent additional miles (1-way distance) to travel to stationary plant 

(raw material transport) 

            

Equivalent Additional Miles (1-way distance) to travel to Stationary Plant (Raw Material Transport) 

  

Quincy, 

CA 

Port Angeles, 

WA 

Warm Springs, 

OR 

Oakridge, 

OR 

Lakeview, 

OR 

BioChar  14 26 21 25 21 

Briq.  54 95 79 95 79 

Torr.  107 201 163 196 163 

Average Distance to Unit 

(Miles): 55 53 56 31 94 

  Indicates potential feasibility (Additional Raw<Average Haul Distance) 

 

The actual comparison is largely dependent on the assumption of a stationary 

plant itself (placement, scaling, road network, etc.) as this dictates the material 

available relative to that location and any potential market. Here we provided a 

possible range and then made observations about the specific regions to judge likely 

viability.  

 

4.8 Conclusions 

We examined the cost structure of three transportable plant configurations 

with five regional landscape settings within Washington, Oregon, and California. 

These settings included variable feedstock composition, feedstock unit and spatial 

biomass per acreage values, different log markets, trucking constraints and energy 

markets which allowed examination of how a transportable biomass conversion 

facility would operate and its accompanying supply chain cost structure. From the 

base regional results a transportable biomass conversion plant of a 50,000 BDT/year 
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production would optimally move every 1.0-2.5 years where a biochar plant moves 

least frequently and a torrefied wood plant moves most frequently. All operations 

predominantly use log-like feedstock rather than branches to support lowest cost 

operations. Additionally, transportation distances (raw and product) depend largely on 

the regional landscape features with the shortest material transport distances 

associated with regions of higher spatial biomass material availability (Quincy and 

Oakridge) and the longest plant to market distance associated with biochar (lowest 

per mile cost). While there were regional differences, these amounted to a less than 

10% of product cost, with biochar being the only product that was presently profitable 

under the assumed market conditions. Torrefied wood was the least likely profitable 

unless a high market premium can be achieved (Question #1).  

The logic behind transportable biomass conversion facilities is that the 

logistics and associated hauling costs would be greatly reduced due to near-woods 

conversion yield costs savings in transportation. To appraise this logic we evaluated a 

sequence of additional questions highlighting first the transportable system designs 

sensitivity to energy and fuel prices and then its comparison to a grid-connected 

power supply in each region. Upon completing a diesel price sensitivity analysis 

(Question #2) we determined the product price was ultimately sensitive to diesel fuel 

prices by ±3-5% for biochar, ±7-9% for briquettes and ±12-13% for torrefied wood 

which was not enough to initiate additional profitability. Transportation variation 

accounted for roughly 5-30% of the variation due to diesel fuel prices depending on 

product and region. 
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Next we performed an energy sensitivity analysis comparing the off-grid 

results to a hypothetical modular on-grid (Question #3) system including diesel, 

electrical, propane and natural gas price variations. Potential baseline cost reductions 

on the order of 6-7% for biochar, 27-29% for briquettes and 33-38% for torrefied 

wood were observed. This analysis also highlighted the largest component of energy 

variability being that of the plant operations (generally > 60% of the variability) 

indicating a grid-connected power supply may yield substantial cost savings. Overall, 

Quincy had the lowest incentive for a grid-connected plant (high electrical costs) and 

Port Angeles with the highest incentive. Given these reductions both biochar and 

briquetting appear potentially viable. 

As it is unlikely to have grid-connected mobile locations, we performed a 

transportation sensitivity analysis (Question #4) to determine what equivalent 

transportation distances would offset the calculated grid-connected incentives. We 

found that the energy cost incentives allowed for 2-15times the base raw 

transportation distances or roughly 2-25 times the base product transport distances 

with biochar on the low end and torrefied wood on the high end. The overall viability 

really depends on the specific market price and the specific landscape reviewed. 

Finally (Question #5), we coupled the energy incentives and equivalent increased raw 

material transportation distance to the five regions which indicated a transportable 

biochar facility is likely preferable to a stationary grid-connected location (depending 

on landscape) though biochar and briquettes could each be profitable. For briquettes, 

Quincy and Port Angeles may yield economical results (compared with a stationary 
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facility), but it will likely remain unprofitable. A torrefied plant of this design would 

likely not be profitable even with grid-connected power. 

In summary these findings indicate a favorability towards biochar as the most 

likely candidate for a transportable system given its low reliance on power, high 

allowable moisture content for conversion, and low product transportation costs. 

Additionally Quincy, CA, is the preferred region given its high quality feedstock 

allocation, relative accessibility, and higher grid-connected power making 

transportable options more attractive while Port Angeles, WA, yielded the highest 

production costs and lowest grid-energy mobility incentives. These results provide the 

analytical framework and results generally support the conclusions hypothesized by 

Polagyeet al. (2007) that transportable designs are generally uneconomical, although 

the Polagye et al. analysis was in a different landscape setting, concentrating on 

thinning of overstocked forests for wildfire reduction. This said, our analysis points to 

situations where a transportable could be economical. Additional research into the 

other advantages (cost, social, auxiliary) of a stationary plant, beyond grid-connected 

power when compared to transportable designs, would further highlight viability 

potential. 
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CHAPTER 5 - GENERAL CONCLUSIONS 

Forest harvest residuals (branches, tops and un-merchantable wood left over 

after regeneration harvest or thinning) are an abundant renewable resource found in 

the Pacific Northwest that is often burned on-site due to no alternative economic use. 

These residuals are a historically underutilized resource due to high handling and 

transportation costs (low density) and limited markets (low quality).  Researchers are 

actively trying to find economically viable ways to utilize this resource to contribute 

to our broader regional economy with studies including conversion technologies 

(solid and liquid product transformation), logistics (densification, upgrading, 

transportation) and business analyses (product solutions). One such proposal includes 

the use of highly-mobile modular transportable conversion facilities allowing for 

near-woods product conversion and reduced logistics and transportation costs as 

studied by the Waste to Wisdom Project. Within this dissertation, I presented three 

studies where I evaluate the conceptual logic, underlying sensitivities, and economic 

consequences of implementing a transportable conversion facility supply chain 

system utilizing forest harvest residuals. This research is supported by a 

comprehensive supply chain characterization, conversion technology and machine 

rate modeling, a plant facility costing model, regional spatial and biomass availability 

data and economic optimization techniques.  

In order to fully evaluate the transportable facility design, I presented three 

papers where I systematically evaluated 1) the impacts of transportable system (scale, 

movement, biomass availability), 2) the economic impacts on the supply chain 
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(logistics, moisture content, product pricing, product production), and 3) the intra-

regional variations associated with the system under unique market, product, 

transportation and energy environments. This was done in an effort to better 

understand the impacts of transportable conversion facilities and their potential 

economic viability. 

5.1 : The Economics of Biomass Logistics and Conversion Facility Mobility: An 

Oregon Case Study 

In the first paper (Chapter2),  I developed a mixed integer program to 

characterize the transportable facility supply chain to review economies of scale, 

mobility, energy costs and biomass availability tradeoffs. The model was applied to a 

Lakeview, Oregon case study encompassing a 5 year time horizon with transportable 

biochar facilities varying from 15,000- 50,000 BDT/ year in input feedstock capacity. 

The following main conclusions were observed: 

 Economies of Scale. The results indicate there was a significant economy 

of scale advantage favoring the larger plant with savings on the order of 

$30/BDT or more (or nearly 15-20% of the overall costs). This said, the 

modular technology itself, although convenient to transport, has no 

economy of scale with respect to core capital technology costs. The 

economy of scale realized was through more efficient use of labor and 

supporting infrastructure and equipment. 

 Mobility. This analysis points towards a modular system design of 

movement frequency between 1-2 years being most viable in the conditions 
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evaluated. The impact of sub-optimal plant movement can realistically 

contribute to an additional 5- $10 /BDT in the supply chain cost structure 

(or up to roughly 5% of the total costs). 

 Biomass Availability. Biomass availability and characteristics are 

important. The log-like component of forest harvest residues are lower cost 

to transport, process and convert. As feedstock conditions become limited, 

the economic advantage of a mobile facility is increased. For our case study 

the impact of biomass availability was found to be upwards of $15 /BDT or 

more. 

 Electrical Demands. The potential energy cost savings of a grid-connected 

site was found to be about $10/BDT for a biochar facility. 

 Supply Chain Costs. Overall, feedstock costs were a much smaller 

component of the total costs than the product conversion costs suggesting 

that future work examine alternative biomass conversion technologies. The 

baseline supply chain estimate for biochar production cost was roughly 

$165/BDT of feedstock input for a large scale facility. 

From the cases evaluated, a large scale plant with limited mobility would be 

preferred under low biomass conditions whereas a stationary grid-connected plant 

would likely be more cost effective under higher biomass availability conditions. 

Results depend greatly on the landscape, assumed harvest schedule, biomass 

composition and governing biomass plant assumptions. Our study suggests that a 

stationary conversion plant, with access to grid electrical power and scale efficiencies, 
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likely has a cost competitive advantage over a transportable plant. 

5.2 : A Forest-to-Product Biomass Supply Chain in the Pacific Northwest, USA:  

A Multi-Product Approach 

In the second paper (Chapter 3), I developed a tactical-level biomass supply 

chain model to evaluate and characterize the temporal, logistics and multi-product 

aspects of the proposed transportable facility design. The model was applied to a one 

year (12 period) Lakeview, Oregon Case Study where different plant configurations 

of a 50,000BDT/ year scale were evaluated. The following primary conclusions are: 

 Cost Sensitivities. From this analysis, the proposed transportable system 

largely depends on product revenue assumptions, the ability to convert 

material in a cost effective manner and limiting facility costing and 

operational expenses. To a lesser degree biomass delivery costs including 

transportation, logistics, material handling and comminution impact the 

overall bottom line.  

 Logistics. The difference between having the full suite of supply chain 

pathways available as compared to restricting pathways to use either 

landings, or central landings, or direct delivery to BCT amounted to a 

difference of about $18/BDT (of feedstock delivered). Costs are highly 

dependent on landscape and assumed travel distances. 

 Drying Costs. Under base conditions, pre-conversion drying costs can vary 

from $5-30/BDT depending on plant configuration (low with torrefied 

wood and high with briquetting). Potential cost savings in drying alone 
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when using a thermal process (torrefied wood or biochar) along with 

briquetting can save up to up to nearly $17/BDT under base conditions. 

 Moisture Management. Moisture management could reduce transportation 

costs up to an additional $5/BDT of feedstock delivered.  However, the 

sensitivity of feedstock delivery costs on total costs are much lower than 

the sensitivity of product conversion costs to drying costs related to 

biomass moisture ($50/BDT +) or the impact of market pricing or 

conversion yield ($100/BDT +) on economic viability.  

 Market Viability. Under the base conditions, every product evaluated was 

thought to be uneconomical. The most likely to be financially viable under 

these conditions was thought to be biochar, but this largely depends on the 

market pricing and assumed feedstock to product conversion rate. 

 Challenges. A major challenge to biomass product viability is development 

of a conversion facility to improve economics of scale and improve 

conversion yield. Additionally, this research highlights the importance of 

accurate revenue models when determining economic viability of a 

proposed plant design especially when reviewing novel or emerging 

products. 

Overall, system viability is largely dependent on market pricing, plant assumptions 

and conversion estimates while processing and transportation logistics are a smaller, 

but important contributors for small scale biomass conversion faculty design 

configurations. It is most likely that market pricing, rather than co-production benefits 
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alone will drive optimal plant and product configurations though by-products and 

hybrid solutions are likely to produce value. 

5.3 : Subregional Comparison for Forest-to-Product Biomass Supply Chains on 

the West Coast 

In the third manuscript (Chapter 4), I extended the transportable facility 

economic analysis to five regions (Lakeview, OR, Oakridge, OR, Warm Springs, OR, 

Quincy, CA, Port Angeles, WA) encompassing three states over a five year time 

horizon with three product configurations and an assumed 50,000BDT/ Year 

feedstock capacity. This manuscript analyzes the effects of regional differences 

(logistics, biomass quality and quantity, energy rates, log markets) within the 

transportable system design from a regional perspective to gauge potential economic 

viability and its sensitivities to fuel, energy and transportation distances. The 

following main conclusions were: 

 Mobility. From the base regional results a transportable biomass conversion 

plant of a 50,000 BDT/year production would optimally move every 1.0-2.5 

years where biochar moves least frequently and torrefied wood plant moves 

most frequently. 

 Feedstock Availability. All regions predominantly use log-like feedstock 

rather than branches to support lowest cost operations. Regional quality 

feedstock availability was the biggest indicator of lower cost production. 

 Transportation Distances. Transportation distances (raw and product) 

depend largely on the regional landscape features with the shortest material 
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transit distances associated with regions of higher spatial biomass material 

availability (Quincy and Oakridge) and the longest plant to market distance 

associated with biochar (lowest per mile cost). 

 Regional Cost Variability. Regional differences amounted to a less than 

10% of product cost with biochar being the only product that was 

potentially profitable under the assumed market conditions and torrefied 

wood being the least likely profitable unless a high market premium can be 

achieved. 

 Regional Logistics. Overall logistics and mobilization were found to 

account for roughly 15-30% of the total supply chain of which Quincy, CA 

and torrefied wood were found to have the lowest of these costs due to low 

mobilization and high wood availability while Port Angeles, WA 

briquetting was the highest.  

 Fuel Price Impacts. Torrefied wood was the most sensitive to fuel prices 

changes as its conversion process is more energy intensive (±13%) and 

biochar least sensitive (±5%). Transportation logistics accounted for 

roughly 5-30% of the diesel price variation depending on product and 

region. These findings indicate biochar as the most likely candidate for a 

transportable conversion system given its relatively low power 

consumption during conversion, high allowable moisture content for 

conversion, and low product transportation cost.   
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 Energy Price Impacts. When including grid-connectivity cost, reductions on 

the order of 6-7% for biochar, 27-29% for briquetting and 33-37% for 

torrefied wood were observed. A transportable operation with grid-power 

may initiate profitability for each product. 

 Regional  Energy Viability. Quincy, CA has the lowest production costs 

given its high quality feedstock and relative accessibility; its high grid-

connected power makes transportable options relatively more attractive 

than other regions. Port Angeles, WA had the highest production costs and 

lowest grid-energy costs. 

Overall, our results indicate that a rise in diesel price, while incentivizing 

transportable conversion facilities due to more cost effective transportation, would be 

more than offset by the higher cost energy consumption during the conversion 

process when compared with grid-power with the exception of potentially biochar. 

Additionally, we see a transportable operation with grid-power could be the 

difference between a economically viable supply chain operation and one that is not. 

5.4 : Future Direction of Transportable Facility Research 

The research undertaken provides a framework to characterize and optimize a 

forest-to-product biomass supply chain incorporating transportable facilities allowing 

subsequent analysis of a range of issues from move frequency to logistics to co-

products to plant configurations to economic viability as previously discussed. This 

said, the framework and analysis is only as a strong as its supporting constituent parts. 
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Governing assumptions related to the plant costing, biomass availability, conversion 

technologies and logistic assumptions are all important. In particular, this research 

highlights the importance of the following major elements: 

 Facility Design. A major challenge to biomass product viability is 

development of a conversion facility to improve economics of scale and 

improve conversion yield, future research should focus on these elements. 

 Conversion Technologies. Future work should examine alternative biomass 

conversion technologies to further reduce production costs, these costs 

typically exceed feedstock and logistics costs and are highly technology 

dependent. 

 Auxiliary Costs and Benefits. Additional research into the other advantages 

(cost, social, auxiliary) of a stationary plant beyond grid-connected power 

when compared to transportable designs would further highlight viability 

potential. 

Additionally, research may also include analyses reviewing supply chain 

stakeholders and transaction costs in a supply chain that is not vertically integrated 

with additional incurred costs. Finally, future research could focus on higher order 

product interactions (potential conversion or processing synergies), the impacts of 

alternative feedstock storage locations and/or the occurrence of small simultaneously 

operating modular facilities.  
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Appendix A - Waste to Wisdom Integration & Modeling Framework 

 

 
Generalized supporting model framework and associated input data  and models. This is in reference to W2W technical subtasks 

which include 2) Feedstock Development, 3) Biofuels and Biobased Products and 4) Biofuels and Biobased Products Development 

Analysis 
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Conceptualized Model of Solution Methodology, Interconnectedness and Decision Variables associated with the Waste to Wisdom 

Task Areas (TA). Landscape model generation was considered TA 2.6. 
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Appendix B - General Modeling Methodolgy 

 

 
 

Modeling architecture, cost modules and model components. Material from harvest unit is modeled through to market and includes 

elements of processing, mobilization, transportation, loading, conversion and plant mobilization, key model components and 

interfacing data highlighted. 
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Generalized Integration of various cost structures from different modeling subtasks. Note: a key element of logic includes the usage of 

a facility costing model to include all facility associated labor and captial expenses. The facility costing model also informed plant 

mobilizaiton estimates and economies of scale. 
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Appendix C - Biomass Availablity Modeling Methdology 

Key Modeling Concepts & Assumptions 
 

Parcel Selection 

First, in developing our spatial database, we identify ownership and management zone. We remove non-forest, National Parks, Federal Reserves, and riparian 

zones from harvests.  We also remove forests that are too small or too large by volume to likely be managed. We then summarize the remaining managed upland 

forests to the parcel level for total board feet, weighted average board feet and SDI.  SDI is multiplied by a random number to calculate the prioritization order 

for heavy and light thins (so there is an element of stochasticity to the harvests) with the densest parcels generally selected first until the harvest target is met.  

Average board feet x random number is then used to prioritize for clearcuts, with the larger stands generally selected first.  No spatial criteria is used in the 

prioritization logic. 

 

Harvest System | Roadside Material 

Our scattered vs. roadside numbers are calculated from operator survey results for the Washington State Biomass Study.  The survey results provided probability 

of whole tree yarding broken out by owner class, ground vs. cable, forest type, and stumpage value area.  For this study we summarized the survey results to just 

owner class and harvest system. We were are not able to provide proximity of scattered material to roadside 

 

Tops & Branches 

Tops were estimated from available tree-level metrics from GNN data using the ratio of cubic foot volume to a 4 inch top (CV4) : cubic foot volume including 

top and stump (CVTS). This ratio was used to scale up bone dry pounds in the merchantable stem (from national biomass estimator equations) to the whole 

stem. By subtraction top biomass was determined. Tops were then subtracted from branch biomass.  

 

Market & Pulp Wood  

We separated out harvested saw board foot volume (i.e. to a 6‖ top, minus saw log defect) and pulp volume (6‖ to 4‖ bf, plus saw log defect), and calculated pulp 

wood biomass (stem wood biomass from 6‖ to 4‖, plus saw log defect).  Like branch and tops biomass, pulp biomass is reported for ground residual harvested 

(i.e. left scattered in the unit), cable residual harvested, ground roadside (i.e. piled at the landing), and cable roadside.   

 

Watershed & Transportation 

The spreadsheets also include miles and minutes from parcel to facility, parcel to watershed (HUC10) centroid, and watershed centroid to facility.  Parcel to 

watershed centroid is based on Euclidean distance, the other fields use road network routing.  HUC10 watersheds are approximately 10,000 to 50,000 acres in 

size. 

 



 

 

 

198 

 

 

Key Values Obtained: 

• Biomass Quantity (Roadside/Residual) - Pulp, Tops, Branches along roadside and scattered by species 

• Harvested owner class, acreage, location and travel distances/times 

 

Supplemental Resources: 
GIS Layers Utilized: Management, Forest Inventory, Roads, Ownership, Slope, Stream Buffers/Lakes/Wetlands 

University of Washington Rural Technology Initiative: http://www.ruraltech.org/ 

Washington Biomass Calculator: http://wabiomass.cfr.washington.edu/ 

 

Example Data Output: 

 

http://www.ruraltech.org/
http://wabiomass.cfr.washington.edu/
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Appendix D - Facility Costing Model Framework 
 

 

Objective: Develop an accurate estimate of the Capital and Operational Expenses incurred at a transportable facility given the 

technologies incorporated into the Waste to Wisdom Project  

 

Synopsis: Class 30 Estimate [+30% - 15%] 
 Site Identified 

 Process Flow Diagram (General) 

 Preliminary Equipment Lists 

 Preliminary Flow Rates 

 Preliminary Motor Lists 

 Buildings Type & Size 

 

CapEX (Capital establishment costs for supporting configurations) 

 Site - Site, includes land, roads, yards, drainage, buildings, warehouse, fuels storage, maintenance shop & shop tools 

 Technology- Technology equipment purchases, includes all processing &finishing equipment, transfer conveyors, emission control devices, and process 

heat supply 

 MRS&R - Material receiving, storage, and retrieval, includes truck scales, dumps, rolling stock, storage structures and re-entry decks & bins 

 Mechanical Installs - Mechanical installation of all technology and material handling equipment,  including  install labor, foundations, structural steel, 

platforms and stairs, and duct/piping insulation 

 Utilities - Site utilities, includes power distribution transformers and MCC, process and fire water, compressed air, sewer, natural gas 

 Energy Installs - Electrical installation, includes install labor and materials for  wiring from MCC and control systems to motors and field devices, and 

control programming 

 PM - Project management, includes permits, engineering, construction management, and other management costs 

 Contingencies 

 

OpEX (Operating economics for biomass processing centers) 
 Raw Material - Raw material costs as function of delivered price and volume consumed (assumed to be none) 

 Expenses - Including plant energy costs, liquid costs, rolling stock, machine centers 

 Labor - Operating costs as the sum of labor, utilities, supplies, liquid fuels, SG&A, miscellaneous costs 
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Base Model Output - Capital Costs 
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Base Model Output - Capital Costs 
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Appendix E - Base Machine Rates and Costing Assumptions 

Biomass Conversion Technology Equipment Owning & Operating Costs (After W2W 2017) 

 

  

Large wood baler 

(Forest Concepts) 

Biochar machine 

(Biochar Solutions) 

Biomass dryer 

(Norris Thermal 

Technologies) 

Torrefaction 

machine (Norris 

Thermal 

Technologies) 

Briquette Press 

(RUF-400) 

Cost per Scheduled Machine Hour 
Woodstraw "New 

Age" Baler 
unique 

Belt-o-matic 

123B 

CM 600 with 

dried microchips 

RUF 400 with 

dried 

microchips 

Fixed or ownership costs  $                  52.64   $                   16.66   $               1.56   $              24.09   $             2.73  

Variable or operating costs                      65.19                         3.70                    0.13                   59.90                 5.82  

Subtotal:  Machine fixed and variable costs  $                117.82   $                   20.36   $               1.69   $              83.99   $             8.55  

Labor costs                           -                              -                         -                          -                       -    

Subtotal:  Machine operation costs  $                117.82   $                   20.36   $               1.69   $              83.99   $             8.55  

  

    

  

Aux. Supplemental Power ($/BDT)  $                       -     $                    1.77   $                   -     $              28.46   $             7.55  

  

    

  

TOTAL HOURLY COSTS  $                     118   $                       24   $                    2   $                 126   $               29  

  

    

  

MACHINE THROUGHPUT (BDT/SMH)                       5.95                         0.50                    0.22                     0.67                 0.37  

  

    

  

COST PER UNIT OF INPUT  $               20/BDT   $                42/BDT   $           23/BDT   $         154/BDT   $        31/BDT  
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Comminution Equipment Owning & Operating Costs (1 of 2) 

Cost per Scheduled Machine Hour 

Loader in unit and 

with grinder or 

chipper (250 HP) 

Peterson Pacific 

Horizontal Grinder 

(1050 HP) (e.g. 

5700C) 

Morbark Chipper  

(875 HP) 

Fixed or ownership costs  $                  48.74   $                   80.13   $              73.62  

Variable or operating costs                      37.80                      102.60                  67.05  

Subtotal:  Machine owning & operating costs  $                  86.54   $                 182.73   $            140.67  

  

  

  

Labor costs  $                       -     $                   42.00   $              42.00  

  

  

  

TOTAL HOURLY COSTS ($/SMH)  $                      87   $                     225   $                183  

  

  

  

MACHINE THROUGHPUT (BDT/SMH)                      19.02                       19.02                  35.35  

  

  

  

MACHINE COST PER BDT OF OUTPUT  $                    4.55   $                   11.82   $               5.17  

        

Note: Table assumes a 50% utilization rate 
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Comminution Equipment Owning & Operating Costs (2 of 2) 

  

Cost per Scheduled Machine Hour 

Chip Trailer (trailer 

only) Highway tractor  

Self-loading 

truck for tops 

with trailer to 

haul additional 

logs Bin truck 

Bins (for bin 

truck) 

Fixed or ownership costs  $                    3.04   $                    8.46   $              20.23   $                8.46   $             1.95  

Variable or operating costs                       0.77                       48.71                  60.11                  41.39                 0.50  

Subtotal:  Machine owning & operating costs  $                    3.81   $                   57.17   $              80.35   $              49.85   $             2.45  

  

    

  

Labor costs  $                       -     $                   28.00   $              28.00   $              28.00   $                -    

  

    

  

TOTAL HOURLY COSTS ($/SMH)  $                    3.81   $                   85.17   $            108.35   $              77.85   $             2.45  

  

    

  

MACHINE THROUGHPUT (BDT/SMH)                       -                       -                    -                   -                -  

  

    

  

MACHINE COST PER BDT OF OUTPUT  $                    -  $                    -   $              -   $                -   $             -  

            

Note: Costs depend on truck capacities, utilization, moisture content and commodity hauled 
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Appendix F - Marketing Information and Demand Estimation 

 

 
 

Definition of prices at different stages on the supply chain after Sasantani and Eastin (2017). 

 

Input values into these analyses assume Delivery Price (F.O.B of exports). Producers profit and/or auxiliary supply chain member overhead and profit was 

precluded from the analysis to exemplify a vertically integrated supply chain system highlighting transportable facility design, sensitivites and ecnomic feasiblity. 

 
General Market Information / Demand Estimation of Locally Produced Products in the PNW (after Sasantani and Eastin, 2017) 

 

In order to develop supply curves for the case study locations, we first conservatively chose deterministic reference points based on literature. However, some 

numbers were not available in literature since W2W products are new in the market. In order to estimate those key numbers, we applied the Delphi technique. A 

series of questionnaires were sent to selected experts who had relevant real-world information. Their identity is not revealed each other during the process. We 

summarized their answers and then asked the feedback from them. We then summarize their comments and asked feedback again from the same experts. They 

are encouraged to revise their earlier answers in light of the replies of other experts. We repeated this until experts converge their answers to reach consensus.   
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Appendix G - Basic Model Pathways and Logistic Assumptions 
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Appendix H - Genetic Algorithm Pseudo Code  

  
 

Genetic Algorithm flow chart (left) after Bettinger et al. (2002) and basic pseudo code (right). 

Genetic Algorithm Pseudo Code 
// Initialize Generation, k  

Pk = a population of n randomly generated individuals 
// Evaluate P k; 

Compute Fitness(i) (objective function) for each iPk 

do 

{    // Create generation k+1;  
         // Part 1 - Crossover: 

            Select members (parents), produce offspring, insert offspring into Pk+1 

         // Part 2 - Mutation: 

            Select offspring to change characteristics using a mutation probability (µ) 

      // Evaluate  P k+1; 

         Compute Fitness(i) (objective function) for each iPk 

      // Increment; 

         k:=k+1; 

} 

while fitness of fittest individual in Pk does not meet threshold or stopping criterion initiated 
return the fittest individual from Pk 

 

where: 
i = individual solution candidate 

n = number of individuals in population 

µ = mutation rate 
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Appendix I - Model Verification 

Verification of MIP Model (Chapters 2 & 4) 

 

The Mixed Integer program formulated to solve the transportable conversion facility optimization problem (Chapters 2  & 4) was 

independently checked by a customized threshold accepting heuristic algorithm for a sequence of cases similar to those evaluated in 

Chapter 2 (specifically, 2.6.3 Case 3: Impact of Biomass Characteristics). The purpose of the verification was to confirm that the 

objective function and constraints were correctly formulated in the mixed integer programming problem, i.e. that we are solving the 

problem we intended to solve. In this verification, the same base data as described in Chapter 2 was used for a single commodity class 

(tops) with 15 facility locations over a 5 year time horizon (250,000 BDT) balancing facility mobilization and transport costs.  

 
Threshold Accepting algorithm methodology followed a 3 part process: 

Objective Function: MIN: totalhaulcost+totalmobecost 

Known: Haul cost (transportation to and from every harvest unit to BCT, BCT to Mkt) – stored as an array (i x j) , where i=units and 

j=BCTs – Stored $/BDT 

▫ Part 1: (Decision Variables) 

 Select a BCT site (1-16) – DV1 

 Decide whether the BCT is used (1 or 0) -  DV2 [save old and new solution] 

 Initialize the solution: All BCTs are open (1) 

▫ Part 2: (Optimal Transport) 

 Solve for the Optimal Transport Sequence for each configuration chosen (sequence of BCT on/off) 

 If BCT= off => assign a large value to the i x j matrix of BCT column, j --- this provides a disincentive – 

Otherwise leave transport values unchanged  

 Extract lowest cost by Unit – determine 1) lowest cost option per Unit given the available BCTs, 2) what 

BCT it corresponds to (haul value and index are saved) 

 Sort Matrix by lowest cost ($/BDT)  - Low to High Costs [unit cost matrix, volume matrix and indexed BCT 

matrix] 

 Truncate sorted matrix at Capacity level - Store Truncated cost matrix, volume matrix and indexed BCT 

matrix 

 Haul cost = Sum of Lowest haul costs over Truncated Sorted Cost Structure 
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 Solve for the totalmobe cost value 

 totalmobe cost = the unique number of BCTs utilized of the ones available * mobilization fixed cost [based 

on truncated sorted matrix] 

 Solve Objective function for that particular configuration & capacity constraint 

 tempobj=(totalhaulcost+totalmobecost) 

▫ Part 3: (TA Accepting) 

 Check Objective Function (tempobj) – Accept if better than current obj function (objnow) or within level of 

disimprovement (based on threshold) 

 IF  tempobj< threshold1(t)*objnow => accept solution, set as new objnow and keep solution  

 IF tempobj (new objnow) >globalbest => Save the best solution ever seen 

 IF tempobj> threshold1(t)*objnow => do not accept solution  

 Replace soln (BCT DV) with old solution (revert back to previous objnow) 

▫ Repeat Until # iterations have occurred, Check Global Solution 

 
Where: Base Case includes tops @ ~ 12Tons/ Acre on average across the landscape. The objective function value of the heuristic came 

to within 1% of the MIP value. This suggests that the objective function and constraints in the MIP are being correctly represented. 
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Verification of Heuristic Model (Chapter 3) 

 

The mixed integer program formulated in Chapters 2 & 4 and check with the threshold accepting algorithm (part 1) was used to verify 

the multi-period genetic algorithm heuristic used in Chapter 4. The purpose of the verification was to confirm that the objective 

function and constraints of the non-linear, multi-period model (with residual availability constraints and time dependent moisture 

content),  represented the problem we intended to solve. To do this, a single period, mixed integer formulation was developed using a  

sequence of a logical bounds on the solution space to simplify the problem. The extraction, transportation, mobilization and processing 

costs were compared given a range of plausible biomass conditions.  

 

Where: 

Model = Base Heuristic Model Outputs 

No Restrictions= All material available with no timing constraints imposed 

Moderate Restrictions = Half of the material is available with no timing constraints imposed 

High Restrictions = Only material assumed previously available (and of lower moisture content) is considered 

 
Results between moderate and highly restricted cases as expected with bounding deviations +/- ~10%. Full Range from -22% (Ideal) 

to +13% (Most Restrictive) of selected feedstock availability scenarios. 
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Appendix J - Glossary 

This glossary is a reference for key words and their definitions within the context of this thesis. 

 

BCT - Biomass Conversion Facility incorporating modular transportable technologies. 

 

BDT - Bone Dry Ton, equivalent to 2,000 lbs of material containing no water. 

 

Biochar - A solid material obtained from heating in an oxygen-limited environment resulting in the decomposition of organic manner 

producing a high carbon content char-like material of high porosity.  

 

Breakage - Material that has been split, broken or structurally compromised rendering the material unacceptable for the wood market. 

 

Briquette- A  compressed block of biomass material. 

 

Cable Harvesting- A group of aerial harvest systems that use a carriage running on a suspended steel cable to move logs or trees from 

the woods to a landing site after the trees have been felled. 

 

CAPEX - Capital Costs related to facility. Core capital expenses in this study include technology, utilities, project management, 

material storage, receiving, and retrieval as well as mechanical and electrical installations. 

 

Central Landing (CL)- A centralized location where material from different landings can be sent  for consolidated processing and 

shipment to a BCT. 

 

Chipper - A machine which reduces particle size by cutting up material using blades through a cutting action. 

 

Defect - A portion of a tree or log that renders the material unusable for its intended market, may include rot, cracks, crookedness or 

similar problems. 
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Forest Harvest residue - Branches, tops and un-merchantable wood left over after regeneration harvest or thinning. Depending upon 

markets, forest residues can include small diameter trees not meeting specifications, noncommercial species, small diameter logs 

(pulpwood), tree tops, branches, breakage, log defect, and short log sections (long butts) cut off to meet customer specifications. 

 

Grinder -A machine which reduces particle size by using rotating hammers through the act of smashing material. 

 

Ground-based Harvesting – One of several methods of moving logs from the felling site to the landing.  Ground-based harvesting 

systems include both tree length and log length (cut-to-length) systems. Tree length skidding systems use excavators (―shovels‖) and 

skidders. Forwarders are used for log length extraction with up to 8 meters. 

 

Landing (LX) - A site where logs are gathered together during a harvest operation for processing and/or loading on a truck, forest 

harvest residues are accumulated at these locations. 

 

Linear Program (LP) - A mathematical problem where all expressions are linear and the model contains only continuous variables. A 

LP can be solved to optimization using any one of a number of commercial solvers. 

 

Logistics - The term is broadly defined as the detailed coordination of an operation involving many people, facilities, or supplies.  

Within this thesis, we refer to logistics as the handling, transportation and processing of forest residues. 

 

Machine Rate - The cost of owning a piece of equipment considering assumptions about  fixed, operating and labor costs accounting 

for economic life, interest, utilization, insurances and salvage value. 

 

Mixed Integer Program (MIP) - A mathematical problem where all expressions are linear with both continuous and integer variables. A 

MIP uses one of several heuristics that solves the LP as a subprogram if the constraints are linear with the only source of nonlinearity 

being that the decision variables must be integer. 

 

Mobilization - Movement of a BCT from one location to another encompassing transportation, labor, coordination and site preparation 

elements. 
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Moisture Content - Amount of water on a wet-basis contained in a unit of material, Where MC=100 x weight of water/ (wet weight of 

material). 

 

Non-merchantable wood - Trees species without a market. 

 

OPEX - Operational Expenses of Conversion Facility. Core operationSal expenses in this study include plant labor costs, power, 

insurances, supplies, maintenance. 

 

Pre-sorted - Forest residue material that has been sorted into commodity classes of log-like material (tops and pulpwood) and branches 

(also includes breakage, defects, etc.) at the landing prior to material extraction. Pre-Sorting costs for this study include handling and 

arranging costs at the harvest unit associated with forest harvest residues prior to extraction and transportation. 

 

Processing - Reducing material size through grinding or chipping (also referred to as comminution). 

 

Pulpwood - Small diameter trees/ stem wood left after harvesting operations, considered to be material from 6" to 4" in diameter of 

merchantable species and the entire tree of non-merchantable species.  

 

Top- Upper portion of a tree left after a harvesting operation, considered to be material from the main stem that is 4 inches in diameter 

or less and left at the harvest site or at roadside. 

 

Torrefaction - A thermal process of heating wood in an oxygen-limited environment reducing the moisture content and producing a 

more energy dense, brittle and char-like chipped material. 

 

Torrefied Wood - The product of the torrefaction process resulting in an energy dense wood product that can be used as a coal 

substitute. 

 


