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Abstract 

This thesis seeks to determine the characteristics of a future forest bioeconomy that will contribute to the 

resilience of forestry communities across northeastern Ontario to inform bioeconomy development in the 

region.  To contribute to resilience, developments must also contribute to broader sustainability goals and 

be viable over the long term within the context of the regional forest, energy and manufacturing sectors 

and global markets.  This thesis takes a regional approach to evaluating pathways for forest bioeconomy 

development over the near and long-term.  This approach is unique in that all potential energy and non-

energy uses for available low quality forest biomass in northeastern Ontario are considered, as is the 

regional energy, transportation and community infrastructure as well as characteristics of the regional 

forest sector and available biomass.  Some (commonly studied) pathways were ruled out early based on 

information in the literature and the characteristics of the existing regional forest sector.  Other pathways 

were deemed promising and further analyzed within the regional context.  The analysis assesses the 

regional performance of different conversion pathways and specific technologies within them.   

Assessment of technologies for deployment in the near-term was done at the community level, using a 

case study approach to evaluate several options for displacing natural gas used primarily as heating fuel.  

To assess pathways for advancing the forest bioeconomy over the long-term, a larger-scale regional 

method was applied to get a sense of what a coordinated approach to advanced biorefining might look 

like across eastern Canada.  The results of this analysis shed light on the type of advanced processing 

facilities that might be feasible in Northeastern Ontario and informed the analysis of advanced processing 

pathways.  As analysis of advanced conversion pathways progressed, it became clear that there was a lack 

of published information on advanced technologies that could be deployed in regions with a strong 

sawmilling sector but little pulp capacity, such as northeastern Ontario. Chapters 4 and 5 aim to address 

gaps in knowledge that hinder further development while also providing insight into the economic 

feasibility and the conversion characteristics and process improvements that could enhance feasibility.  

Chapter 6 then draws on the analysis in the previous chapters, and the deep body of resilience literature, 

to identify characteristics of a future forest bioeconomy that would maximize the resilience of 

communities across northeastern Ontario, and the forest sector upon which the region was built, over the 

near and long-term.  Actions that could be taken to support creation of such a bioeconomy are outlined 

at the end of Chapter 6. 
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1 Introduction, background and research motivation 

1.1 Background 

International concerns about climate change, energy security and resource depletion have led to the 

realization that society must dramatically change its approach to production, consumption, processing 

and disposal of biological resources.  The development of a sustainable global bioeconomy is now a top 

priority for many countries for the potential to reduce fossil fuel dependence, improve the economic 

and environmental sustainability of primary processing industries and create economic growth in rural, 

coastal and industrial regions (European Commission, 2012).  Facing a future shortage of 

petrochemicals, biomass is expected to become a primary feedstock for chemicals, including transport 

fuels, and an even larger contributor to renewable energy production over the long term (Lamers et al., 

2016).  Most member nations of the Organisation for Economic Co-operation and Development (OECD) 

now have in place a national bioeconomy strategy, blueprint or roadmap to set priorities and guide the 

development of the national bioeconomy (Lamers et al., 2016).  The “bioeconomy” refers to the set of 

economic activities that relate to the invention, development, production and use of biological products 

and processes (OECD, 2009). This includes the economic, environmental and social activities associated 

with the production, harvest, transport, preprocessing, conversion, and use of biomass for energy, 

products and fuels. 

Canada, with the most biomass per capita in the world and as the second-largest exporter of forest 

products and fifth-largest export of agricultural products, is well-positioned to be a global bioeconomy 

leader (CCFM, 2017; CFS, 2018).  To get there, clear and coordinated leadership on bioeconomy 

development is required at national and provincial levels and regional priorities should be established.  

Canada joined the list of countries with a dedicated national bioeconomy strategy in 2019.  The creation 

of Canada’s Bioeconomy Strategy: Leveraging our Strengths for a Sustainable Future was government 

backed but led by industry and informed by stakeholder consultations (BIC, 2019).  The result is a set of 

recommendations within four key priority areas relating to agile policies and regulations, establishing 

biomass supply and stewardship, the creation of a favourable business environment for anchor 

companies and promoting partnerships across the value chain (BIC, 2019).  If implemented, the 

recommended actions will help bio-based companies to overcome many of the regulatory, financial and 
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supply chain-related hurdles associated with bringing novel bio-technologies or products to market by 

supporting the latter stages of commercialization and product adoption. 

Canada’s forest sector has long been a leader in sustainable resource management and efficient 

processing but the downturn in markets for Canada’s traditional forest products, particularly pulp and 

paper, creates an added driver to diversify and transition to an advanced bioeconomy model.  In 2017, 

the Canadian Council of Forest Ministers (CCFM) released a sector-specific Forest Bioeconomy 

Framework for Canada outlining opportunities and challenges faced by the sector, which highlights the 

need for diversification (CCFM, 2017).  The report lays out a vision for a future forest bioeconomy that 

facilitates a circular economy by minimizing waste and maximizing value of the forest resource, 

enhances resilience and helps to build bridges between rural and urban communities and responds to 

increasing consumer demand for low-carbon and sustainable building materials, chemicals, energy and 

more (CCFM, 2017).  A set of recommendations to establish world-leading conditions for forest 

bioeconomy companies to do business, attract international investment and conduct collaborative 

research are outlined, many of which overlap or align with the recommendations in the national 

bioeconomy strategy.  These high-level strategies will be instrumental in establishing the conditions for 

biotechnology companies to thrive, but regional and local bioeconomy models are needed that set 

priorities and outline a vision for the future, building off of local resources, infrastructure and 

knowledge.   

Canada, and its biological resources, are regionally diverse.  Some southern and prairie regions are 

exclusively agricultural, while other more northern regions are forestry-dominated and many regions in-

between have a mix of forest and agriculture activity.  Even within the forest sector, forest composition 

and growth rates, and therefore the structure of the forest industry, varies significantly across the 

country (Blair, Cabral and Mabee, 2016).  It only makes sense that local and regional bioeconomies will 

be tailored to the local resource and related infrastructure in order to exploit the region’s assets and 

strengths fully while addressing its particular challenges (Conteh et al., 2017).  The national-level 

strategies provide a good framework to enable and coordinate development but plans for the practical 

implementation of the bioeconomy must be developed at a regional level (Wenger and Stern, 2019).  

This is where things get complicated.  Looking at forest biomass alone, in addition to traditional pulp, 

paper and building materials, it can be converted to, or used in the production of transportation fuels, 

heating fuels, electricity, many different chemicals, composites, clothing fibre, adhesives and more.  For 

each product, there are often many possible conversion pathways to reach the same end point, all being 
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developed concurrently.  Policy makers, investors and even many within the forest industry have limited 

knowledge of the many different (and emerging) technology options that could form the basis of an 

advanced forest bioeconomy, let alone which might be best fit to a particular region, or how fibre could 

best be supplied (Majumdar et al., 2017).   

Now that there are strategies in place to support the developing bioeconomy at a national level, it is 

important to gain an understanding of the bioeconomy models and associated conversion technologies 

that are best fit to different regions across Canada.  By carrying out an initial assessment of conversion 

pathways and technology options on a regional basis, priorities can be set, development efforts and 

funding can be coordinated and informed dialogue can be initiated with stakeholders.  Ultimately, the 

goal should be to develop a long-term vision for the regional bioeconomy to work toward. This 

dissertation seeks to inform regional forest bioeconomy development in northeastern Ontario – a region 

with a strong sawmilling sector and a historically important pulp and paper sector that was hard hit by 

the economic downturn in 2008/9 and changing market conditions since (Levin, Krigstin and Wetzel, 

2011).  If carried out thoughtfully, development of the forest bioeconomy in northeastern Ontario has 

potential to improve the competitiveness of the forest sector by enhancing the capacity of the industry 

to adapt to changing conditions and take advantage of emerging markets for bioproducts; drive rural 

economic development and improve the sustainability and well-being of communities that depend on 

the forest sector; and contribute significantly to the global transition to a low carbon economy.  All of 

these factors contribute to the resilience of the region, which includes the forest sector and several rural 

communities.   

Resilience, or “adaptive capacity”, of Canada’s forest industry and the communities that depend on it, is 

a key theme of Canada’s Forest Bioeconomy Framework and guides the analysis presented in this thesis 

(CCFM, 2017).  An important aspect of resilience is the consideration of feedbacks and interactions with 

systems at larger and smaller scales of space and time (Folke, 2006; Lerch, 2017).  This thesis will begin 

with an evaluation of technologies that could be deployed in the near term in communities across 

northeastern Ontario, then moves on to explore how feedstock from across eastern Canada might be 

supplied to a large-scale, advanced bio-processing facility in the future.  Once a potential model for the 

future forest bioeconomy in the broader region has been outlined, technologies that could be deployed 

within the study region that fit this model are identified and evaluated.  Finally, a discussion of regional 

forest bioeconomy development, within the context of community resilience building is presented.  
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1.2 Research question and objectives  

The ultimate goal of this research is to identify characteristics of a future forest bioeconomy that will 

contribute to the resilience of communities across northeastern Ontario over the short and long term, in 

order to inform the bioeconomy development in the region.  Resilience is an overarching theme 

throughout the thesis, which helped to shape much of the analysis.  Resilience in this context is the idea 

that regional bioeconomy should be developed in a way that enhances the ability of the forest sector 

and forest communities to take advantage of opportunities and adapt to changing economic, ecological, 

societal conditions into the foreseeable future.  An important component of resilience for the forest 

bioeconomy is maximizing the contribution to a low carbon future, as this is the direction that global 

development is headed (Lerch, 2017).  Also important, is the consideration of both short and long term 

goals and an emphasis on the steps that can be taken in the near term to support the long-term vision.   

While specific results will be primarily of regional relevance, a practical methodology, based on publicly 

available information, is presented for evaluating and selecting between disparate and often early stage 

technologies that utilize the same resource and strive to achieve the same goal of displacing fossil fuels.  

For the purpose of this thesis, northeastern Ontario was chosen as the region of study; however, to 

better situate the research, larger (the region containing the study area) and smaller (a community with 

the study region) spatial scales were also examined as appropriate. 

Specific objectives of this thesis are to: 

1. Determine how biomass residues could most efficiently and economically be used to displace 

fossil fuels used to meet regional energy demand in the short term (over the next 5-10 years). 

2. Evaluate whether a distributed biorefining model based upon conventional pelleting technology is 

practicable for eastern Canada over the long term (10+ years). 

3. Building on the results of Objective 2, identify and review (emerging) advanced biomass 

separation technologies that could be deployed to form the basis of a distributed biorefinery in 

eastern Canada. 

4. Use publicly available information to gain an understanding of the process economics of two 

promising emerging biorefining technologies identified in Objective 3 to inform a discussion of the 

suitability of these technologies for future deployment in the study region. 

5. Discuss how development of the forest bioeconomy can impact community resilience and identify 

characteristics of a sustainable and resilient forest bioeconomy in northeastern Ontario. 
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1.3 Forest bioeconomy pathways 

Broadly, two pathways for forest biomass conversion are commonly proposed within the context of 

forest bioeconomy development, conversion to bioenergy or bioproducts.  The bioenergy pathway 

involves the conversion of biomass solely to energy for local or regional consumption through direct 

combustion for heat and/or electricity production or conversion to a renewable (heating) fuel.  Within 

the bioproducts pathway, it is envisioned that biomass will be converted to a mix of chemicals, 

advanced materials and/or fuels in a large-scale ‘biorefinery’, with energy produced from waste 

streams.  Many different conversion technologies, processing scales, and fibre supply configurations are 

possible within each of these categories.  The suitability of a certain technology or conversion pathway 

to a given region depends largely on local fibre availability and characteristics, existing industrial, energy 

and transportation infrastructure and market accessibility.  Many studies have been carried out to 

assess the potential for (and impacts of) technology development along bioenergy and bioproduct 

conversion routes.  The two pathways are most often evaluated and discussed separately (Cambero and 

Sowlati, 2014; Wenger and Stern, 2019).  Within the two categories, studies evaluating conversion 

options generally compare technologies or supply chain configurations for generating a specific end 

product, often electricity or fuel, rather than looking at the range of possible conversion pathways and 

products that could be derived using a given fibre source (Cambero and Sowlati, 2014; Majumdar et al., 

2017; Wenger and Stern, 2019).  

Studies comparing similar conversion pathways are certainly important, but when the goal is to inform 

the direction of bioeconomy development for an entire region, all technology and product options and 

supply chain configurations should be considered.  Also important to consider, is the potential synergies 

and trade-offs between pathways that might be developed at different spatial scales or different times.  

For example, it has been suggested that small scale bioenergy development in the near term may help 

to support larger-scale advanced conversion projects in the future, however it is also possible that large-

scale bioenergy development in the near term could limit opportunities for more advanced processing if 

too much fibre is tied up in energy production (Wolf, 2012; Hitchner, Schelhas and Brosius, 2017; 

Kurkela et al., 2019).  A holistic plan for regional forest bioeconomy development should develop a 

vision for the long term, identifying characteristics that will contribute to national sustainability goals 

and will build the resilience of the regional forest industry and the rural communities that depend on it, 

as well as identify actions that can be taken in the near term to support that vision.  
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Comparing all of the possible bioenergy and bioproduct conversion pathways is a daunting task but 

drawing on past research and regional characteristics such as resource availability, existing processing 

industries and transportation and energy infrastructure, many options can be quickly ruled out while 

others can be identified for further exploration.  Critical examination of industrial and geographic 

features of a region can also help to establish priorities for regional near and long-term bioeconomy 

development, which can further guide the delineation of promising pathways and selection of 

technologies.  The next section provides a description of the study region, highlighting characteristics of 

the forest resource, the forest industry and the regional energy system that help to guide the selection 

and evaluation of bioenergy and bioproduct conversion pathways for the region.  Following the 

description of the study region is a discussion of potential conversion pathways based on the regional 

characteristics and identification of priorities for the regional forest bioeconomy.    

1.4 Description of study region 

The focal region(s) for this study include northeastern Ontario, eastern Ontario, and western portions of 

Quebec.   In order to model energy systems realistically and place the regional bioeconomy within a 

broader context, both smaller and larger scales are considered as necessary in different chapters that 

follow.  Bioenergy projects are often developed at the community level and local suitability depends on 

the characteristics of energy production and distribution locally, and even the layout of the community 

if district heating is being considered (Gubbins, 2010).  For the evaluation of bioenergy pathways, the 

community of Cochrane was determined to be the appropriate focal scale and served as a 

representative community within northeastern Ontario.  Several communities across northeastern 

Ontario share similar characteristics such that results from evaluation of bioenergy options in one 

community are relevant to several others and can help narrow down technology options, though 

specific systems must be modelled and compared for a specific community scale before moving forward 

with development. 

In order to make a more informed selection of biorefining technologies to evaluate for northeastern 

Ontario, the broader eastern Canada region is examined to envision what the supply chain for a large 

scale biorefinery might look like in this region.  The forest sector across eastern Canada shares similar 

characteristics and is distinct from western Canada in many ways (Chapter 3; Blair, Cabral and Mabee, 

2016).  When compared to western Canada, the east has more mixed and deciduous forest, lower 

growth rates, smaller mills and higher proportion of lower quality (pulp)wood suggesting that 
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biorefining may follow a more distributed model whereas in the west it may be easier to supply a large-

scale centralized biorefinery (Blair, Cabral and Mabee, 2016).  Within eastern Canada, there are still 

several different forest types, and some regions still have a strong pulp sector that could form the basis 

for integration of advanced technologies, while other regions have lost almost all capacity.  Though 

specific technologies should be evaluated at a regional, or even community level, it is important to 

consider the context in which those technologies are being deployed and how efforts to develop the 

bioeconomy could be coordinated across a larger area. 

1.4.1 Communities and demographics in northeastern Ontario  

The major study region used for this thesis was northeastern Ontario, and it is informative to review the 

current status of the forest industry and the communities within this area.  Ontario Ministry of Natural 

Resources and Forestry (OMNRF) subdivides Northern Ontario into two economically and culturally 

distinct administrative regions: northeastern and northwest Ontario (OMNRF, 2019c).  This study 

focuses on the managed forest area of the northeastern administrative region, which is home to 

approximately two thirds of the northern Ontario population, distributed throughout several relatively 

small communities.  This is in contrast to the northwest region where more than half of the population is 

concentrated in Thunder Bay. While it is recognized that conditions in each community are unique, 

there are enough similarities amongst forest-dependent communities in the northeastern region that 

this work will be relevant to many of them (Conteh et al., 2017). 

The population of northeastern Ontario is just over 500,000 and is concentrated in small towns and 

cities along the rail lines and major highways (see Figure 1-1) (Statistics Canada, 2016a).  There are six 

cities, mostly in the southern portion of the region, with populations between 10,000 and 161,000, and 

several smaller, mostly single-industry, towns with populations ranging from less than 1,000 to nearly 

10,000 (Conteh et al., 2017).  It is the northern, forest-dependent towns that are the primary focus of 

the thesis because they have less diversified economies than the cities, are further from markets and 

industrial centres and share many common characteristics (Conteh et al., 2017).  A summary profile of 

the northern communities that have populations of at least 1,000 people and an active forest industry 

(or a recently closed mill) is provided in Table 1-1.  Each community is governed by its own local mayor 

but there is no official regional governing body to act as an intermediary between the provincial 

government and the municipalities.  This local governance structure is conducive to the development of 

community-centred projects but there is no existing forum through which development efforts can be 
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coordinated and resources pooled for longer term strategic economic planning and investment, as 

required for the bioeconomy (Conteh et al., 2017).  In the absence of a governing body, part of what this 

study aims to do is to identify priorities for bioeconomy development for the region, with a focus on 

actions and projects that can be carried out a community level.  

 
Figure 1-1: Map of study area in northeastern Ontario 
Map shows MNR Administrative Boundary for northeastern Ontario, population density of census subdivisions, communities 
included in profile, all rail lines and major roads. Cities are shown in bold. 
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Table 1-1: Summary of socio-economic data for select northeastern Ontario communities 
Summary of characteristics of select rural, northern communities in northeastern Ontario. For comparison, the median after-tax 
household income for the province of Ontario is $65,285 and the median age is 41.3a.  

Community Populationa Natural 
Gas 

Access 

Sawmills within 
20km 

Pulp mills within 
100km (location) 

Median 
household 

incomea 
(2015 CAD) 

Median 
agea  

(2016) 

Kapuskasing 8,292 Yes 1. RYAMb RYAMb newsprint $53,961 47.5 

Kirkland Lake 7,981 Yes 1. Rosko Forestry 
2. Northern  PTW 

None $47,919 45.8 

Cochrane 5,321 Yes 1. RYAMb RYAMb newsprint 
(Kapuskasing) 

$57,391 43.7 

Hearst 5,070 Yes 1. RYAMb RYAMb newsprint 
(Kapuskasing) 

$56,262 47.9 

Espanola 4,996 Yes 1. EACOM Domtar 
(Espanola) 

$59,814 48.0 

Iroquois Falls 4,537 Yes None None (Resolute 
shut down 2014) 

$57,523 49.6 

Wawa 2.975 No None None $59,861 46.6 

Chapleau 1,964 No 1. RYAMb 
2. Niska North 

3. Devon Mills Ltd. 

None $61,312 47.2 

Hornepayne 980 No 1. Hornepayne 
Lumber LP 

None $82,603 42.9 

aSource: Statistics Canada, 2016 (Statistics Canada, 2016a) 
bRayonier Advanced Materials (RYAM), purchased former Tembec mills 

 

Historically, many of the rural communities in northeastern Ontario were carved out of the forest to 

support a sawmill or pulp and paper mill and most are still very much dependent on the forest sector 

today (OMNRF, 2016).  As shown in Figure 1-2, the population of nearly every community in 

northeastern Ontario has declined over the last decade as people, particularly young people, move 

south to larger cities to seek greater opportunities (Robichaud, 2014).  This out-migration of youth is 

further evidenced by the fact that the median age in all profiled communities is higher than the median 

age in Ontario, as shown in Table 1-1, and is a major concern for municipalities across the region.  Many 

community development plans specifically target youth out-migration, though the trend has yet to be 

reversed (Robichaud, 2014; Denault, 2018).  The town of Kapuskasing is one of the few communities in 

the region that experienced population growth between 2011 and 2016, which could have been tied to 

the Smoky Falls Dam reconstruction project, completed in 2014 (Robichaud, 2014).  While not the only 
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option, the development of a forward-thinking, resilient forest bioeconomy could help these rural towns 

to retain and build their populations as well as bring much needed economic development and 

diversification. 

The median household income of nearly all communities is lower than the median household income in 

Ontario but energy costs are often higher (Government of Ontario, 2013).  Residents and businesses of 

northern communities pay more for their electricity than urban consumers in the south as a result of 

longer transmission distances and lower population density (Harrison, 2016).  The colder climate means 

they are also paying higher heating costs.  Combined with the lower household income in northeastern 

Ontario, this means that proportionally, residents of communities in northeastern Ontario are paying 

much more to heat and power their homes than families in Toronto and elsewhere in southern Ontario 

(Harrison, 2016).   

In addition to the high cost of power, rural communities in northeastern Ontario are vulnerable to 

outages as a single transmission line, often from a distant generating plant, supplies electricity in most 

communities (MOE, 2017).  Communities have little local control over the cost and reliability of the 

electricity that their residents depend on and most of the money spent on electricity leaves the local 

community (though most of it at least stays in the province).  Similarly, most of the heat in northeastern 

Ontario is generated by fossil fuels (natural gas, propane or oil), much of which is imported from 

western Canada or the United States.  Up to 90% of the money spent on heating fuels leaves the 

community, making heating costs a major drain on the local economy (Stephen and Cecil-Cockwell, 

2018).  Much of the money spent on heating does not stay in the province, and some of it even leaves 

the country (Statistics Canada, 2016b).  Alternately, if locally-sourced biomass is used as the heating 

fuel, more than 90% of the money spent on heating is retained in the community (Stephen and Cecil-

Cockwell, 2018). 
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Figure 1-2: Population change in select communities in northeastern Ontario, 2006-16 
Population change in selected communities in northeastern Ontario between 2006-2011 and 2011-2016.  Data taken from 
Canada Census 2011 and 2016, conducted by Statistics Canada. Can be compared to population increase of 5.7% from 2006-
2011 and 4.6% from 2011-2016 for province of Ontario (Statistics Canada, 2016a). 

 

1.4.2 Forest industry in northeastern Ontario 

1.4.2.1 Wood processing facilities  

Most of the northeastern Ontario region lies within the Boreal Forest, though there is some mixed forest 

in the southern portion where the boreal transitions to the Great Lakes-Saint Lawrence Forest of south 

central Ontario.  The majority of the forestry activity within the region occurs in the boreal.  The 

northern Ontario boreal forest consists mainly of conifers (black spruce, jack pine and balsam fir are 

dominant species) with some deciduous species intermixed (primarily white birch and poplar) (OMNRF, 

2019b).  Greater than 90% of the forest in northeastern Ontario is on Crown land, owned by the 

province and managed by forest companies or management groups (Hunt, 2002).  There are 18 forest 

management units (FMUs) in the northeastern study region with 25 sawmills in operation as of 2019 

that process SPF (spruce, pine, fir) lumber almost exclusively (OMNRF, 2017, 2019a).   

The location of the 25 sawmills in the region are shown in Figure 1-3 and it can be seen that most lie 

within the boundaries of a rural community. Processing capacities range from 10,000 to 400,000 m3 of 

-16.0

-14.0

-12.0

-10.0

-8.0

-6.0

-4.0

-2.0

0.0

2.0

4.0
P

e
rc

en
t 

p
o

p
u

la
ti

o
n

 c
h

an
ge

2006 - 2011

2011 - 2016



12 
 

wood annually with an average of approximately 150,000 m3, as indicated on company websites.  This is 

a relatively small average mill capacity, which reflects the dispersed nature of the forest resource in 

northeastern Ontario.  For comparison, sawmills in British Columbia have an average capacity of greater 

than 300,000 m3 annually (Blair, Cabral and Mabee, 2016).  Of the twelve sawmills in the region with 

capacities greater than 100,000 m3, a third are owned by Rayonier Advanced Materials (RYAM, formerly 

Tembec) and a third are owned by EACOM.  Anyone looking to advance the forest bioeconomy in this 

region would likely need to work with at least one of these companies to gain access to fibre.  These 

companies are also well-positioned to be bioeconomy leaders but would need to reimagine their 

business models to focus on innovation and forming new partnerships as current structure is rigid and 

rooted in traditional forest products (Blair, Cabral and Mabee, 2016).    

 
Figure 1-3: Location of wood processing and biomass power plants, northeastern Ontario 
Closed and idled mills includes major shutdowns since 2005, and includes sawmills with >50 employees, pulp and paper mills 
and the idled pellet mill in Wawa. 

  

In general, the sawmilling industry in northeastern Ontario has fared well relative to other regions and 

relative to the regional pulp and paper industry.  Three of the five pulp and paper mills that operated in 

this region in 2005 have since been permanently shut down.  The first to close, in 2006, was Tembec’s 
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Smooth Rock Falls pulp mill resulting in the loss of 229 jobs and 200,000 tonnes of market pulp capacity 

(Pulp & Paper Canada, 2006).  In 2011 the St. Mary’s paper mill in Sault Ste. Marie shut down, putting 

more than 300 people out of work and taking 240,000 tonnes of paper out of the marketplace (Hopper, 

2013).  Three years later, Resolute announced the permanent closure of the newsprint mill in Iroquois 

Falls.  Once the largest newsprint mill in North America, the Iroquois Falls mill produced 220,000 tonnes 

of newsprint annually and directly employed 180 people (Labine, 2014).  A fourth pulp mill in Marathon, 

Ontario, just west of the study area and supplied partially by FMUs within the study area, closed in 2009. 

The closure of three pulp mills within the study region has resulted in the loss of greater than one 

million tonnes (dry equivalent) of pulpwood demand. 

In northeastern Ontario, only two pulp and paper mills remain in operation.  One is a newsprint mill in 

Kapuskasing operated by RYAM, with an annual capacity of 220,000 tonnes.  This is the only remaining 

pulp and paper mill in the boreal region of northeastern Ontario.  The second pulp and paper mill in the 

region is much further south, in Espanola.  This mill, owned by Domtar, has the capacity to produce 

69,000 short tons of specialty paper and 327,000 tonnes of market pulp annually from both hardwood 

and softwood fibres (according to the company website).   Some pulpwood from the western portion of 

the study area is also shipped to the pulp mill in Terrace Bay, about 100 km west of the study region 

(OMNRF, 2019a).  

Two wood pellet producers operate in the study area, providing an outlet for approximately 90,000 

tonnes of sawmill residues annually.  A third pellet mill, with a very large capacity of 400,000 tonnes per 

year, has been sitting idle in Wawa since 2017 and is up for sale (as of December 2019).  There are also a 

handful of engineered wood products facilities in northeastern Ontario: three veneer mills, an OSB mill 

and an MDF mill.  The pellet, OSB and MDF mills provide small local markets for low-quality wood and 

mill residues but there is still a larger supply than demand (OMNRF, 2017).    

Seven biomass cogeneration plants also exist in northeastern Ontario with a combined electric 

generation capacity of approximately 120 MW (OMNRF, 2017), though not all are operational as of 2019 

(Snook, 2015).  All of the cogeneration plants are associated with a lumber or pulp mill and use residues 

(e.g. sawdust, shavings, bark, sludge) to generate process heat and electricity, which is used internally 

(in pulp mills) or sold to the Ontario electricity grid.  If all bioenergy facilities were operating at full 

capacity, they would consume approximately one million green metric tonnes (two million cubic meters) 
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of biomass residuals annually.  These facilities generally use lower quality biomass than what would 

have been consumed by pulp mills and what is expected to be consumed by future biorefineries. 

1.4.2.2 Fibre sources 

The remaining pulp mills and secondary wood processing facilities in northeastern Ontario utilize the 

majority of residues generated by sawmills but the loss of more than half of the pulp and paper capacity 

has severely limited the market for low quality standing wood, or pulpwood.  This in turn limits 

harvesting operations to forest stands consisting primarily of sawlogs, raising the cost of harvest 

operations and creating long-term sustainability concerns (Levin, Krigstin and Wetzel, 2011).  There is a 

need to develop new markets for pulpwood to complement the strong traditional wood products sector 

and help sawmills to remain globally competitive (Ekstrom, 2012; Majumdar et al., 2017).   

There is approximately three million cubic meters of merchantable roundwood estimated to be 

available annually in the study area over the next ten years (OMNRF, 2019d).  Due to sustainability 

concerns, harvest intensity in northeastern Ontario should not be increased for the production of energy 

alone but there is potential to use this fibre for the production of advanced bioproducts capable of 

storing carbon (Ralevic, 2013).  In addition to the standing pulpwood, there is also an opportunity to 

increase the collection of harvest residues in northeastern Ontario, or to improve forest management 

activities which could generate fibre from pre-commercial thinnings (Polagye, Hodgson and Malte, 2007; 

Ralevic, Ryans and Cormier, 2010).  An estimated 2.3 million cubic meters annually of unmerchantable 

wood is potentially available over the next 10 years across northeastern Ontario (OMNRF, 2019d).  

Unmerchantable wood includes undersize and defect volumes as well as harvest residues such as tops 

and branches that are not typically utilized and availability estimates assumes that only 51% of all 

unmerchantable wood is recoverable (OMNRF, 2019d).  Sawmill residues are not included in this 

estimate.  Figure 1-4 shows the distribution of the available unmerchantable fibre in FMUs in the study 

area.  Currently, most of the harvest residues that could in theory be collected for bioenergy, are piled 

by the roadside and burnt, therefore there are immediate emissions (and air quality) benefits if the 

residues are combusted for energy (OMNRF, 2019a).  The creation of a market for this fibre could also 

enable more active forest management (e.g. thinning) for stand improvement and forest fire 

management (Beeton and Galvin, 2017).  
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Figure 1-4: Estimated available wood by forest management unit, northeastern Ontario 
Map uses data from March 5, 2018 Ontario Available Wood Report and uses unmerchantable wood species as a proxy for 
available wood supply. Map also shows location of sawmills, which may have mill residues available. 
 

1.5 Forest bioenergy potential in northeastern Ontario 

Biomass is unique in that it is a potential source of renewable heat, electricity, fuel.  These energy 

products are not necessarily mutually exclusive but some options definitely make more sense than 

others for the region of interest. This section will take a look at each of these options within the regional 

context to rationalise the focus of Chapter 2 of the thesis, which evaluates community-scale bioenergy 

options.  Policies and government programs to support bioenergy development in Ontario, and across 

most of Canada, have so far focused primarily on large scale electricity and fuels but the potential of 

biomass for heat has been recognized by many (Eisentraut and Brown, 2014; Majumdar et al., 2017). 

Biomass is already a significant source of renewable heat at the household level but is most often 

combusted in wood stoves, fireplaces or furnaces which are relatively inefficient and result in high levels 

of air pollution compared to modern wood heating technologies (ECCC, 2019).  Modern wood boilers 

burn wood very efficiently, with little particulate matter emitted, and greatly increase potential for 

biomass to reduce building-related emissions, particularly if combined with a district heating system 
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(Eisentraut and Brown, 2014; Stephen and Cecil-Cockwell, 2018).  Most communities in the study region 

have access to low-cost natural gas, hindering adoption of biomass heating at the household level.  Most 

communities also have access to relatively low cost wood residues and towns are fairly densely 

populated, making a district heating a worthwhile avenue to explore.  Biomass is also one of the few 

options available for displacing fossil fuels used for heating, which accounts for 80% of residential and 

58% of commercial/institutional energy use in Canada, making this one of the most significant uses of 

energy in the country (ECCC, 2017).  Biomass heating will be one of the possibilities examined for the 

study region. 

Electricity is already generated from biomass at a large scale in Ontario.  Two coal plants were converted 

to use biomass in 2014 as part of phase-out of coal electricity and operate as necessary to meet peak 

power demand (OPG, 2019).  Because coal electricity generation is associated with very high greenhouse 

gas emissions, substitution with biomass resulted in significant emissions reductions (ECCC, 2019).  The 

remaining electricity generation capacity in Ontario though has relatively low emissions, meaning that 

displacing existing generation sources with biomass will not result in significant emission reductions 

(ECCC, 2019).  Biomass also competes with other sources of renewable electricity and is not always the 

most cost-effective option.  The production of electricity only from biomass is inefficient and generally 

not economical for a greenfield plant (Mabee, Mannion and Carpenter, 2012).  Biomass combined heat 

and power (CHP) is much more efficient and used in pulp and paper mills across the country to reduce 

power costs.  Modern biomass CHP technologies produce more heat than power so a significant heat 

demand (e.g. from district heat or industry) is required for biomass CHP systems to be feasible (Ahlgren, 

2013; Preto, 2014).  It is possible that the improved efficiency and extra revenue from the sale of 

electricity could improve economic feasibility of biomass CHP projects compared to heating projects, 

though the equipment is more expensive.  An assessment of these trade-offs would be worthwhile. 

Biomass can be converted to fuels for stationary combustion as well as transportation fuels.  For the 

purpose of this analysis, transportation fuels are categorized as a bioproduct because production is 

generally envisioned to occur in a biorefinery alongside other products, whereas fuels for stationary 

combustion are generally imagined as the singular output of a bioenergy plant (Saddler, Karatzos and 

Hu, 2012; Thunman et al., 2018). Production of renewable natural gas (RNG) and bio-oil from forest 

biomass as fossil heating fuel replacements have both been extensively researched and technologies for 

each have been demonstrated (Vamvuka, 2011; Braimakis et al., 2014; Ravindran et al., 2015; Ahlström 

et al., 2017; Thunman et al., 2018).  A small amount of bio-oil is produced commercially in a pyrolysis 
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demonstration unit in Canada and sold into the USA where it receives Renewable Identification Number 

(RIN) credits for displacing heating oil (Ensyn, 2012).  These credits are not available in Canada at this 

point and there are several other issues associated with the production of bio-oil for heating.  Bio-oil is 

unstable and corrosive, making it challenging to transport and store, conversion to bio-oil then to heat is 

much less efficient that direct combustion of biomass for heat and use of bio-oil requires retrofitting of 

existing oil burning furnaces (Bradburn, 2014; Lamers et al., 2016).  Renewable natural gas also has 

lower conversion efficiency than direct combustion but at least the resulting fuel can be injected directly 

into pipeline, taking advantage of existing infrastructure (Electrigaz Technologies Inc., 2011).  Several 

technologies are being developed to produce RNG from (forest) biomass that operate at different scales 

and are best-suited to different feedstocks and therefore need to be examined under local conditions.   

Using biomass to displace natural gas used for heating in communities across northeastern Ontario has 

great potential for emission reduction and the transition to a locally produced fuel source could bring 

significant social and economic benefits to forestry communities and well as the local forest industry.  

Natural gas could be displaced using direct combustion, combined heat and power or RNG producing 

technologies.  It is not known which of these makes most economic sense, or which might be the best fit 

for communities across the study region.  A comparison of these options for a case study community 

within northeastern Ontario will be the focus of the second chapter of this thesis. 

It is important to note that harvest intensity in northeastern Ontario should not be increased for energy 

alone, thereby limiting the scale of the bioenergy technologies considered for analysis.  A previous study 

conducted in northeastern Ontario found that when clear cut harvest intensity is increased, and the 

increased wood harvested is used solely to displace natural gas for heating, it can take more than 100 

years for a net reduction in greenhouse gas (GHG) emissions to be realized due to the time lag in the re-

uptake of carbon as the harvested forest regrows (Ralevic, 2013).  The study takes into account changes 

in forest age class, yield curves (with decreasing growth rates as forests age) and changes in organic 

matter decomposition due to increased harvest intensity and considers the carbon stored in wood 

products from the merchantable portion of the stand.  It is also assumed that both unmerchantable 

stems and harvest residues from the additional harvest were used for bioenergy (Ralevic, 2013).  If at 

least a portion of the carbon in the harvested wood is stored in a product with greater longevity, the 

time until net emission reductions are achieved is much shorter or even immediate depending how 

much of the wood is converted to longer-lived products compared to energy (Ralevic, 2013).  Thus, use 
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of whole logs as a feedstock for an advanced bioproducts refinery may be acceptable but for bioenergy 

production, residues should be used 

For the analysis in Chapter 2, the scale of bioenergy technologies evaluated is matched to the local 

availability of biomass residues as well as the energy demand of the case study community.  Because 

several of the bioenergy technologies that could potentially displace natural gas heating are at or 

nearing commercialization and could be deployed immediately or in the near future, technology 

readiness is an important consideration in the evaluation.  

1.6 Forest biorefining potential in the study region 

While there are several potential sources of renewable energy, biomass is one of the few feedstocks 

with potential for displacing fossil fuels used for transportation, or in the manufacturing of chemical, 

polymers, plastics and other petroleum-based materials.  The production of higher value bioproducts, 

including transportations fuels, is envisioned to occur within a biorefinery.  Often compared to 

petroleum refining, biorefining is defined by the International Energy Agency (IEA) Task 42 on 

biorefineries as: “the sustainable processing of biomass into a spectrum of marketable products and 

energy” (de Jong, Langeveld and Ree, 2009).  Transportation fuel (ethanol) is often assumed to be the 

primary product of a biorefinery, with higher value co-products produced in smaller volumes, but this 

does not necessarily have to be the case (Dessbesell et al., 2017; Wenger and Stern, 2019).  Forest 

harvest residues are often considered as the primary feedstock for forest biorefineries but achieving a 

viable scale using harvest residues could be challenging in Canada as systems for collecting residues are 

not currently in place and questions remain about the volume that can be sustainably removed (Ralevic, 

Ryans and Cormier, 2010; Paré et al., 2011; Kabir et al., 2015).  If at least a portion of biorefinery outputs 

are longer-lasting products that will store carbon for an extended period of time, then there is potential 

to increase harvest intensity to enable larger scale facilities than would be possible using residues alone 

(Ralevic, 2013).  In northeastern Ontario, the creation of a market for pulpwood would also bring many 

benefits to the forest industry and would be beneficial for the long-term management and health of the 

forest (Levin, Krigstin and Wetzel, 2011).  Increasing the demand for pulpwood is a priority for this 

region. 

To be competitive with other fuel sources, forest-based biofuel refineries must be constructed at a very 

large scale, requiring at least two million cubic meters of feedstock annually (Gonzales, Searcy and 

Eksioglu, 2013; Stephen, Mabee and Saddler, 2013; Muth et al., 2014).  Even if harvest intensity were 
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increased within the allowable limits, supplying a centralized facility of this scale would be challenging 

and costly given the distributed nature of the forest resource across eastern Ontario and most of 

eastern Canada (Stephen, Mabee and Saddler, 2012; Blair, Cabral and Mabee, 2016).  The scale of wood 

processing facilities that have operated in the region historically is substantially smaller than what would 

be needed for a biofuel refinery, again suggesting that a very large scale centralized facility in this region 

is likely not viable.  An alternative, “distributed” biorefining model has been proposed that involves a 

network of feedstock collection and processing ‘depots’, distributed to the forest resource, that supply a 

homogenized feedstock to a downstream biorefinery (Kim and Dale, 2015; Blair, Cabral and Mabee, 

2016; Lamers et al., 2016).  In theory, the distributed biorefining model improves feedstock consistency 

and reduces supply costs compared to the centralized model, enabling larger scale facilities that can be 

located in existing industrial refining centres (Eranki, Bals and Dale, 2011; Lamers et al., 2016). 

 The feedstock processing depots within distributed networks are imagined as facilities scaled to the 

local resource, that would produce an intermediate product that could initially be marketed to existing 

consumers or downstream users but which could also be a feedstock for a future large scale 

bio(fuel)refinery (Blair, Cabral and Mabee, 2016; Lamers et al., 2016).  In academic literature on 

distributed biorefineries, biomass homogenization and/or densification are the most commonly 

proposed processes to be carried out at a biomass depot (Muth et al., 2014; Lamers et al., 2016).   For 

forest feedstocks, pelletization at distributed depots has been suggested to reduce transportation cost 

and costs related to feedstock storage and handling at the biorefinery, enabling larger scale facilities 

(Muth et al., 2014; Lamers et al., 2015, 2016).   

Canada is already a significant producer of wood pellets (Boukherroub, LeBel and Lemieux, 2017).  Some 

pellets produced in Canada are used for domestic heating but the large majority are traded as a 

commodity and shipped overseas to fuel large scale power plants, displacing coal consumption in 

Europe (WPAC, 2013).  In the case of international trade, the added cost for densification prior to very 

long distance ship transport (in which space, not weight is limited) certainly does result in lower supply 

costs relative to wood chips (Sikkema et al., 2010; McDow and Qian, 2013).  What is less understood is 

whether the reduced transportation costs, and anticipated savings at the refinery due to use of a more 

homogeneous feedstock, would outweigh pellet production costs at a regional scale.  In other words, 

could a distributed biorefining model in which wood pellets are produced at regional biomass depots 

reduce biofuel production cost relative to centralized, wood chip-fed biorefineries in regions where the 

forest resource is distributed?  Chapter 3 explores this question explicitly, expanding the study region to 
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eastern Canada to determine if a very large scale forest biorefinery, fed by a network of distributed 

pellet depots, is a model that makes any sense.   

The results from Chapter 3 inform the analysis in Chapters 4 and 5, which go on to explore more 

advanced intermediate processing facilities that could form the basis of a distributed biorefinery in 

eastern Canada.  While the idea of ‘advanced depots’ has been presented in the literature on distributed 

biorefining, specific examples of technologies that could be deployed in advanced depots in a 

distributed forest biorefinery have not been identified, let alone evaluated (Lamers et al., 2016).  This 

thesis addresses a significant information gap by identifying and reviewing technologies that could be 

deployed in advanced depots in a distributed forest biorefinery.  Taking the analysis a step further, a 

detailed, early stage techno-economic analysis on two selected advanced biomass separation 

technologies, for which detailed process economics have not been published, will be carried out. 

1.7 Thesis organization  

This study takes a holistic, practical, systematic approach to identify, compare and evaluate conversion 

pathways and associated technology options that could be deployed to form the basis of an advanced 

forest bioeconomy in northeastern Ontario.  The starting point is a goal to identify characteristics of, and 

outline a vision for an advanced forest bioeconomy that will enhance resilience of the regional forest 

industry, forestry communities and ultimately the country by contributing to the transition to a low-

carbon economy.  All conversion pathways and technologies that could make use of forest biomass are 

considered – some are ruled out immediately (as detailed previously) due to sustainability concerns, 

poor economic performance in past studies, or current conditions within the study region.  Others are 

identified as promising and assessed further, considering regional, national and local circumstances as 

well as the timeline for implementation – this forms the bulk of the analysis in this thesis. 

Chapter 2 evaluates bioenergy technologies that could be deployed in the near term to displace fossil 

fuels used for energy production.  The initial assessment of study region (provided above) determined 

that greatest opportunity for forest bioenergy is to displace natural gas used for heating.  Three 

pathways – direct combustion for heat, CHP and conversion to RNG - were identified for displacing 

natural gas in the study region.  These pathways are evaluated based on technological readiness, energy 

conversion efficiency, cost and potential to reduce emissions.  The bioenergy systems are evaluated for 

a representative case study community within the region because the energy is produced and consumed 

at the local level. 
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The remainder of the analysis focuses on outlining and evaluating a realistic pathway for the production 

of advanced forest bioproducts in northeastern Ontario that would also expand the market for 

pulpwood in the region.  Chapters 3, 4 and 5 are each designed to be stand-alone manuscripts but also 

build upon each other, as well as previous work, to define, identify and evaluate emerging technologies 

that could be deployed in the study region, and eventually coordinated with facilities across eastern 

Canada, to form the basis of a distributed forest biorefinery.   

Chapter 3 uses GIS network analysis, combined with literature estimates of potential downstream 

savings, to evaluate whether densification of forest biomass in a location-optimized network of pellet 

plants across eastern Canada would improve the economics of a large scale biorefinery located in an 

industrial refining cluster in Montreal.  The results of the analysis in Chapter 3 suggest that economics 

are unlikely to be significantly improved as a result of densification alone and that delivering massive 

quantities of wood pellets to an industrial area unequipped to deal with solid biomass would be 

incredibly challenging.  The next step in the analysis was to identify technologies that involve more 

advanced processing of forest residues and could be deployed near and scaled to the forest resource 

(i.e. in northeastern Ontario).  The output from such a facility, or at least a portion of the output, would 

be a refined intermediate product that could be delivered to a future biorefinery but that could be sold 

into existing markets in the meantime.  Advanced processing depots have been suggested as the future 

direction for forest biorefining but technologies to be deployed within such depots have not been 

explicitly identified or evaluated (Lamers et al., 2016). 

Chapter 4 identifies and reviews technologies that may be suitable for deployment in a distributed 

forest biorefinery in northeastern Ontario.  All technologies identified are emerging technologies, at 

pilot and early demonstration scale and all produce some amount of (fermentable) sugar along with at 

least one ‘valuable’ co-product.  For all technologies, successful commercialization depends on the value 

that can be generated from those co-products, namely lignin and nanocellulose.  End uses for the co-

products in all cases are still being developed, markets are immature, the value that could be attained 

from co-products is uncertain and the value required to make the whole process viable is unknown, at 

least to the public and the academic community.  While many of the identified technologies claim to be 

‘low-cost’ processes, techno-economic analyses could not be found in academic literature for any them. 

Though economics are certainly not the only factor that should be considered when assessing potential 

technologies for deployment, it is important to at least have an idea of what the process economics look 

like for a given technology in order to understand the scale at which the process might be viable, how it 
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compares to other similar technologies and the aspects of the process that have the greatest impact on 

production costs.  The detailed process model, including all energy and material inputs, produced for the 

economic assessment also provides important information for market development and future 

assessments of environmental impacts, for example. 

Chapter 5 presents a detailed but early-stage techno-economic assessment of two of the technologies 

identified in Chapter 4.  A spreadsheet model was created in Microsoft Excel to estimate the production 

cost of lignin and nanocellulose co-products from each of the technologies, which will help to inform 

market development and research on end-uses.  Due to time constraints of the thesis, and lack of 

available information, detailed assessment of all technologies was not possible but this work provides a 

methodology to follow for future assessments of emerging biorefining technologies and a point of 

reference for other studies looking at the economics of lignin or nanocellulose production.  It also 

provides valuable information to those looking to develop end uses and markets for these products.  

Having an idea of production cost can help to understand which markets to target and how much can be 

spent on further processing, which is often necessary for integration into downstream products and 

processes (Mahmood, Yuan and Paleologou, 2015).  Future work could build on this assessment to look 

at economics surrounding supplying future large-scale biofuel refinery with sugars from distributed 

facilities, similar to what was done for pellets in this thesis.  

Finally, Chapter 6 puts all of the analysis carried out in Chapter 2 -5 into the context of community 

resilience building.  An overview of community resilience is presented, highlighting the facets that are 

impacted by development of the regional forest bioeconomy.  Technology options and conversion 

pathways are discussed within the context of community resilience building and key considerations for 

maximizing resilience through forest bioeconomy development are presented.  Specific technology 

recommendations are made for near term, but for the long term, the focus is more on the 

characteristics of technologies, conversion pathways and governance models that confer resilience, as 

there is much greater uncertainty associated with long-term development.  Actions that could be taken 

to work toward the envisioned future biorefinery are suggested to help direct research and investments 

in the region. 
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2 Evaluating community-scale bioenergy systems in Ontario 

 

2.1 Abstract 

Biomass is often considered as an alternative to fossil heating fuels such as oil and propane but is rarely 

considered to displace lower cost natural gas.  Using a case study approach, options for utilizing local 

forest biomass to reduce emissions related to natural gas heating are evaluated.  The options considered 

include heat-only biomass boilers to fuel district heating networks, combined heat and power (CHP) 

connected to district networks and a microgrid or the provincial grid and production of renewable natural 

gas (RNG).  The systems are evaluated in terms of technology readiness, break-even heat cost and GHG 

reduction potential.  Other factors that could improve competitiveness, such as carbon pricing and low 

carbon fuel policies, are discussed.  The systems that utilize a district heating network were found to be 

lower cost than RNG-producing systems, despite the need for significant infrastructure investment.  While 

conversion of forest biomass to RNG results in a significantly higher heat cost than biomass district energy 

scenarios, these prices are competitive with other RNG technologies utilizing other feedstocks.  The CO2 

abatement cost for some DH and CHP scenarios was found to be lower than that of producing electricity 

using solar photovoltaic and wind power technologies in Ontario.   
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2.2 Introduction 

Ontario’s forest sector, and the rural communities that depend on it, have experienced significant 

economic and social disruption in recent years.  Since 2000, these disruptions have led to the closure of 

several large mills, and more than a 50% reduction in direct forest sector employment across the 

province (Majumdar et al., 2017).  While decline in the sector has slowed, it is not expected that the 

global market for traditional wood and paper products will return to historic highs (Näyhä and Pesonen, 

2014).  Foresters are looking to add new value by utilizing parts of the trees that have traditionally been 

considered waste, while governments seek to reduce societal dependence on fossil fuels, curb 

greenhouse gas (GHG) emissions, and create resilient rural communities (CCFM, 2017; Majumdar et al., 

2017).  Expansion of the forest bioeconomy and creation of new uses for forest biomass could address 

all of these issues. 

Possible uses for forest biomass can be divided into two broad categories: 1) energy and 2) higher-value 

products.  While there is great future potential for producing high value products such as chemicals, 

plastics and pharmaceuticals from forest biomass, conversion technologies are still in the development 

phase and near term deployment would be associated with high levels of risk (Bittencourt et al., 2018).  

Within the energy category, biomass can be combusted directly to generate heat and/or power, or 

converted into a range of liquid or gaseous fuels.  Technologies for producing transportation fuels from 

forest biomass are pre-commercial and high-cost compared to conversion technologies that utilise other 

types of high-yield biomass (Smith and Stephen, 2013).  Electricity is already produced from forest 

biomass at several pulp and paper mills across the country using combined heat and power (CHP) 

technologies, as well as in generation plants in Ontario converted from coal to biomass.  Conversion of 

forest biomass to electricity only is inefficient (~30% conversion) and uneconomical for greenfield plants 

(Upadhyay et al., 2012; Moore, Durant and Mabee, 2013).  Heat, on the other hand, can be provided 

very efficiently by locally sourced biomass, with commercially available biomass heating technologies 

capable of converting up to 90% of the available energy in wood to usable heat (Hendricks et al., 2016).   

Displacing conventional heating fuels using biomass could also significantly reduce building-related 

greenhouse gas emissions.  Residential, commercial and institutional (RCI) space and water heating 

accounted for over 30 million tonnes CO2e, or approximately 20%, of all emissions in Ontario in 2017, 

second only to transportation (ECCC, 2019).  In contrast, electricity generation in Ontario emitted only 

two million tonnes CO2e in 2017.  Clearly, there is a significant opportunity to reduce emissions 
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generated by heating and cooling buildings, and there are very few options available to achieve the 

emissions reductions that would be possible with biomass (Stephen and Cecil-Cockwell, 2018).   

Several hundred efficient, modern biomass heating and CHP systems have been deployed across Canada 

to displace high cost heating oil, propane and electricity, but biomass heat is not generally considered as 

an alternative to low cost natural gas as it is not economically competitive (Stephen and Cecil-Cockwell, 

2018).  Natural gas provides more than 80% of all RCI heat in Ontario and is a major source of CO2 

emissions (ECCC, 2019).  If society is serious about reducing emissions, alternative heat sources will need 

to be considered to reduce natural gas consumption, even if the cost is higher.  To displace natural gas, 

biomass could be combusted directly to generate heat (and power) and distributed to multiple buildings 

through a district heating (DH) network, or converted to a renewable natural gas (RNG) to be distributed 

regionally through existing pipelines.   

A case study approach is used to evaluate several options for displacing natural gas used for heating 

using locally-sourced forest biomass within a forest-based community in Northern Ontario. Options 

considered include: heat-only direct combustion; CHP, with heat distributed through a district network 

and power through a microgrid; and conversion to RNG using two emerging technologies. The result of 

this analysis will be a comparison of the technology readiness, cost and GHG reduction potential 

(including CO2 abatement cost) for nine community bioenergy scenarios.  

2.2.1 Case study community 

Cochrane, Ontario was selected for the case study; this community is representative of several other 

forest-based communities in northeastern Ontario, allowing the general results to be expanded to 

similar communities in the region and providing a basis for the development of a regional bioenergy 

strategy.  In the heart of the Boreal Forest, Cochrane is one of ten forest-based communities in 

northeastern Ontario with a similar profile (Figure 2-1).  All have a (declining) population of 1,000 to 

10,000 people, have road and rail access (but are not located on a major waterway), and are a relatively 

long distance from major markets in southern Ontario and the United States.  Most, including Cochrane, 

also have natural gas access.  Communities across northeastern Ontario were generally established to 

support resource extraction industries (forestry and mining) and housing is relatively dense, presenting a 

possible opportunity to develop district heating systems.  All communities have, or had until recently, a 
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large sawmill or pulp and paper mill in town and the forest sector has historically been the major 

employer.    

Cochrane was selected for the case study because it is more or less in the middle of the ten 

communities, both geographically and in terms of population.  A large sawmill, owned by Rayonier 

Advanced Materials (RYAM, formerly Tembec) and a plywood mill, owned by Rockshield, still operate in 

Cochrane as of 2019.  Two pulp mills within 50 km of Cochrane have closed in the last 12 years, limiting 

the market for pulpwood in the region, a familiar situation for many forest communities across the 

country (Andrews, 2018). There is an existing biomass power plant that has been idle since 2015 when 

the power purchase contract was not renewed by the Province (Snook, 2015).  While the bio-power 

plant could be repurposed, in order to increase the relevance of this study to similar communities in 

northeastern Ontario and beyond, the existing infrastructure is not considered.   

The municipality of Cochrane has an Energy Management Plan in which one of the stated objectives is 

to “identify and seize renewable energy generation opportunities” (Town of Cochrane, 2014).  Despite 

the community’s location in the heart of the Boreal Forest, and the importance of forestry to the 

community, bioenergy is not specifically mentioned in the document, while solar PV is (Town of 

Cochrane, 2014).  The results of this study could be used to inform the incorporation of forest bioenergy 

strategies into a community energy plan for Cochrane and other forest-based communities.   
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Figure 2-1: Map of forest industry and forest-based communities, northeastern Ontario 
Communities with forest-based economies are marked in bold and have populations of 1,000 - 10,000. Census population in 
2016 is shown in brackets for forest communities and cities are shown for reference. The main roads in the region 
approximately follow the rail lines. All communities except Wawa, Hornepayne and Chapleau have access to natural gas. 
 

2.2.2 Local forest biomass availability and cost  

Forest biomass for energy production can be obtained from a number of different sources, with a large 

range in the availability, cost of procurement and quality of the feedstock.  Fibre flow data from the 

literature, combined with harvest data for the Abitibi River Forest Management Unit (FMU) and local 

mill production values were used to estimate the availability of forest biomass from various sources in 

the Cochrane area, reported in bone dry tonnes (bdt).  It is assumed that the forest feedstocks used 

must be sourced from residues as increasing clear cut harvest intensity in northeastern Ontario, solely to 

displace natural gas, results in net positive emissions over 100 years (Ralevic, 2013). Potential sources of 

forest biomass for energy in Cochrane, Ontario and the associated cost, availability and quality are 

detailed in Table 2-1.  All information in Table 2-1 was confirmed with a forest industry representative 

with reliable knowledge of the current situation in Cochrane.   
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Table 2-1: Cost, availability and quality of forest biomass feedstock near Cochrane, Ontario.  

Feedstock 
Type 

Estimated 
Cost1     

(CAD bdt-1) 

Estimated 
Production 

(bdt a-1) 

Quality2 Current uses and 
availability 

Availability estimate and  
reference 

Bark, 
hogfuel 

20-30 
(Bradley, 

2010) 

12,500 B1-P45 Previously sold to 
power plant but 
now no market 

Based on 5-year average harvest 
utilization by two local mills 
(OMNRF, 2019a) and % of 

harvested wood that ends up as 
hog fuel, other waste by mill type 

(Ghafghazi et al., 2017)  

Shavings & 
sawdust 

35-45 
(Bradley, 

2010) 

17,000 A1-
P31/45 

Sold to pellet and 
fibre board 

producers located 
relatively far away 

(>150 km) 

Based on 5-year average harvest 
utilization by two local mills 
(OMNRF, 2019a) and % of 

harvested wood that ends up 
sawdust or shavings by mill type 

(Ghafghazi et al., 2017)  

Forest 
harvest 
residues 

55-70 
(Yemshanov 
et al., 2014) 

71,000 
(75% SPF) 

A2-P31 Roadside burning 
common practice, 
need large market 

to justify cost of 
collection  

Based on 5-year average harvest 
in Abitibi River FMU (OMNRF, 

2019a) and % technically 
recoverable roadside residues 
(Ralevic, Ryans and Cormier, 

2010) 

Sawmill 
chips 

90-100 
(Moore, et 
al., 2013) 

47,500 A1-
P16/31 

All currently sold to 
newsprint mill in 

Kapuskasing 

Based on 5-year average harvest 
utilization by two local mills 
(OMNRF, 2019a) and % of 

harvested wood that ends up 
wood chips by mill type 
(Ghafghazi et al., 2017) 

Chipped 
logs  

>100 
 (Benali et 
al., 2018) 

100,000 + A1-
P16/31 

Potential to 
increase harvest 

sustainably but not 
considered for this 

study 

According to Ontario Available 
Wood Report (OMNRF, 2019b) 

1Delivered cost of chipped biomass in 2017 CAD 
2According to CAN/CSA-ISO 17225 Solid Biofuel Standard - Fuel specifications and classes - Part 4  
 

2.2.3 Technology selection 

Technologies available for the direct combustion of forest biomass to produce heat are limited to heat 

only boilers and CHP, both of which are assessed in this case study.  For the production of RNG from 

forest biomass, there are at least four potential technologies: anaerobic digestion, gasification, pyrolysis 

or hydrothermal gasification (Dowdall, 2015). A brief description of these conversion methods and 

explanation of the technology selection for this study are provided below. 

In anaerobic digestion, micro-organisms break down biodegradable material, in the absence of oxygen, 

to produce biogas and a solid digestate (Shafiei et al., 2014). The biogas produced can then be upgraded 

to RNG and distributed through the natural gas grid.  Anaerobic digestion of non-woody biomass such as 
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manure and municipal organic waste is already carried out at commercial scale in Canada but digestion 

of woody biomass has proven to be much more difficult, requiring a pretreatment step to improve 

digestibility and increase biogas yields (Matsakas, Rova and Christakopoulos, 2016).  Experimentation on 

anaerobic digestion of forest biomass is ongoing and has shown some promise but studies on economic 

feasibility are limited and often consider co-digestion with other organic feedstocks (Shafiei et al., 2014; 

Teghammar et al., 2014; Kabir et al., 2015). 

Pyrolysis, the decomposition of biomass at high temperature and in the absence of oxygen, also 

produces a synthetic natural gas, though bio-oil and char are typically the primary products with the gas 

as a by-product (Paleologou et al., 2011). A variation on pyrolysis, pyrocatalytic hydrogenation (PCH), 

uses fast pyrolysis to produce a vapour, which is then purified into methane and water in the presence 

of hydrogen, maximizing gas production (G4 Insights, 2018).  The water and excess hydrogen are 

recirculated and the char by-product is combusted to provide heat for the process, minimizing the need 

for external inputs (G4 Insights, 2018).  The process is designed to use forest biomass and said to be ‘low 

cost’ but details on the economics have not previously been published.   

Gasification takes pyrolysis to the next step, requiring a higher temperature and converting the char that 

would remain from pyrolysis to additional gas (Thunman et al., 2018).  Gasification is probably the most 

extensively studied method for converting forest residues to RNG and has been successfully 

demonstrated at industrial scale through the Gothenburg Biomass Gasification (GoBiGas) Project in 

Sweden.  The 20 MW demonstration plant, which operated from 2014 to 2018, was technically 

successful but current conditions do not allow continued operation or expansion of the plant to be 

economically viable (Thunman et al., 2018).  Economic analysis carried out as part of the project 

suggests that to be competitive with fossil fuels, a very large-scale plant utilizing around 500,000 bdt of 

forest biomass annually, would be necessary (Thunman et al., 2017).  This is far greater than the scale 

that could be achieved using forest residues in northeastern Ontario, and most northern forest regions.  

Further research has examined the possibility of valorizing waste heat from the plant to reduce the 

required scale but this necessitates the existence of a district heating network or other large heat user 

(Kurkela et al., 2019).  

Another emerging technology, hydrothermal gasification (also known as supercritical water gasification), 

may also be capable of producing RNG from forest biomass though most research to date has been 

carried out using non-woody biomass feedstocks such as algae, sludge and manure (Yakaboylu et al., 
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2015; Brown et al., 2017).  An advantage of this process is that it utilizes wet feedstock, eliminating the 

need for drying but more research is needed to determine if this is a viable process for forest residues. 

The two technology options considered for converting forest residues to RNG for this study are 

anaerobic digestion (AD) and pyrocatalytic hydrogenation (PCH).  These technologies were selected 

because they may be feasible at a scale that matches the local availability of residues and there is 

enough information available to perform economic analysis but public information on economics is 

currently limited. 

2.3 Methods 

2.3.1 Description of bioenergy systems 

Nine bioenergy systems to displace natural gas used for heating were modelled and compared. Seven of 

the nine systems use direct combustion technology and distribute heat through a district heating (DH) 

system and two of the systems convert forest biomass to RNG to be injected into the local pipeline. The 

systems are summarized in Table 2-2 with detailed descriptions provided in the following sections.  The 

bioenergy systems fall within one of two scale categories.  Small-scale systems have an annual feedstock 

demand of less than 3,000 dry tonnes of forest biomass, assumed to be available from local mills.  Large-

scale systems have a feedstock demand between 10,000 and 30,000 dry tonnes of biomass annually, 

assumed to be enough to justify the collection and processing of harvest residues.   
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Table 2-2: Summary of nine community bioenergy systems compared in analysis 
The codes assigned in the table below are used throughout the text to identify these systems. 

Category  Code Scale Technology Description 

District Heat 
(DH) 

 
DH-S1 Small Combustion Heats critical infrastructure: 

hospital, 2 schools, retirement and 
care homes 

 
DH-S2 Small Combustion Heats businesses in downtown core 

 
DH-L Large Combustion Connects to DH-S1, DH-S2 + most 

homes east of rail & north of Hwy 
11 

Combined 
Heat and 
Power (CHP) 

 
CHP-OS Small Organic Rankine 

Cycle 
Connects to DH-S1, electricity to 

hospital via microgrid 

 
CHP-GS Small Gasification & 

internal combustion 
engine 

Connects to DH-S1, electricity to 
hospital and high school via 

microgrid 

 
CHP-OL Large Organic Rankine 

Cycle 
Connects to DH-L, electricity sold to 

grid 

 
CHP-GL Large Gasification & 

internal combustion 
engine 

Connects to DH-L, electricity sold to 
grid 

Renewable 
Natural Gas 
(RNG) 

 
RNG-AD Large Anaerobic Digestion Produces  gas to inject into local 

distribution grid 

 
RNG-
PCH 

Large Pyrocatalytic 
Hydrogenation 

Produces  gas to inject into local 
distribution grid 

 

2.3.2 District heating systems 

ArcGIS was used to map the DH systems in Cochrane.  Peak heat loads for each of the systems were 

estimated based on building footprint area, number of storeys, and peak heat demand, assumed to be 

70 W m-2 (RETScreen, 2005).  Climate data for Cochrane was obtained from RETScreen and used to 

estimate the equivalent full load hours (EFLH) and annual heat consumption of buildings.  Biomass 

boilers were sized to provide 95% of the annual heat for each system, in line with the industry standard 

(personal communication, biomass boiler distributor, 2018; RETScreen, 2005). Using the heat demand 

curve for Cochrane, Ontario (Figure 2-3), it was determined the biomass boiler should be sized to 70% of 

the peak demand to provide 95% of annual heat.  A natural gas boiler was included to satisfy peak loads.   

Three district heating systems were modeled for the analysis (see maps in Figure 2-2).  The 

northernmost system, DH-S1, has a peak heat demand of 3.5 MW and heats much of the town’s critical 

infrastructure, including two schools and the hospital.  The downtown system, DH-S2, has a similar peak 

heat demand of 3.2 MW and connects to the majority of downtown businesses.  The large-scale system, 
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DH-L, connects to most buildings east of the railway and north of Highway 11, including DH-S1 and DH-

S2, with a peak heat demand of 19.6 MW.  Details of the design parameters for the DH systems are 

summarized in Table 2-3. 

Table 2-3: Details of district heating system used for analysis 

 DH-S1 DH-S2 DH-L 

Peak demand of system (MW) 3.5 3.2 19.6 

Capacity of biomass boilers (MW) 2.5 2.5 13.5 

Capacity of NG peak boiler (MW) 1.7 1.7 10.0 

Total heat consumption of DH (GJ a-1) 42,800 34,400 244,800 

Proportion heat provided by biomass 95% 95% 95% 

Conversion efficiency1  85% 85% 85% 

Total pipe length (km) 2.4 2.7 35.9 

Linear heat density (MWh m-1) 5.0 3.6 1.8 

Feedstock type used 
Sawdust/ 

shavings 

Sawdust/ 

shavings 

Harvest 

residues 
1Source: Community Energy Association, 2014 

 

2.3.3 Combined heat and power systems 

The CHP systems were sized to match the scales of the DH systems.  The small-scale CHP systems use 

the same district heating network as DH-S1 and provide power directly to buildings through a microgrid 

while the large-scale CHP system feeds heat to the DH-L district network and electricity to the provincial 

grid.  Combined heat and power systems should be designed to run the equivalent of at least 6,000 full 

load hours annually and therefore should be sized to match the base heat load of the system (IFC, 2017).  

Two different technologies are considered for the CHP scenarios: 1) Organic Rankine Cycle (ORC) and 2) 

gasification with an internal combustion engine to generate power.  The ratio of electricity to heat is 

approximately 1:5 for ORC and 1:2 for gasification systems (IFC, 2017).  A summary of the design 

parameters for the CHP systems are provided in Table 2-4 and detailed in the following sections. 
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Figure 2-2: Maps of the three district heating systems analysed in Cochrane, Ontario 
Figure above includes pipe layout used in the analysis.  Three highlighted main lines feed three separate sections. Note: DH-L 
also connects to all buildings in DH-S1, DH-S2.  

DH-L 
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Table 2-4: Details of CHP systems used for analysis 

 CHP-OS CHP-GS CHP-OL CHP-GL 

Peak heat demand of system (MWth) 3.5 3.5 19.6 19.6 

Thermal capacity of CHP (MWth) 0.75 0.72 9 9 

Electric capacity of CHP (MWe) 0.15 0.36 2.2 4.5 

Ratio of electricity to heat production 1:5 1:2 1:4.1 1:2 

Capacity of biomass HOB (MWth) 1.75 1.78 n/a n/a 

Total heat consumption of DH (GJ a-1) 42,818 42,818 244,830 244,830 

Proportion heat provided biomass 95% 95% 80% 79% 

Electricity consumption of microgrid (MWh a-1) 1,293 3,169 n/a n/a 

Annual CHP electricity output (MWh a-1) 1,050 2,520 13,200 27,000 

Electricity provided by biomass 81% 80% n/a n/a 

Overall conversion efficiency (AHDB, 2016; IFC, 2017) 87% 86% 92% 90% 

Feedstock type used Sawdust/ 

shavings 

Wood 

chips 

Harvest 

residues 

Wood 

chips 

 

2.3.3.1 Small scale CHP system details 

The design of the small-scale CHP systems takes into account both the electrical demand of the buildings 

connected to the microgrid and the thermal demand of the DH network.  Because of the low electricity 

to heat ratio of ORC systems, the CHP-OS microgrid powers only the hospital, while the CHP-GS 

microgrid powers the hospital and high school.  The annual electricity consumption of the hospital and 

high school were estimated based on the assumption that heating accounts for 60% of the annual 

energy demand for schools and 65% for hospitals (MICs Group, 2012; NRCan, 2013).  Both small scale 

CHP systems include a battery for electrical energy storage and a buffer tank for thermal energy storage 

to buffer fluctuations in demand (Zheng et al., 2018).  Both are also connected to the provincial 

electricity grid and can draw power to meet peak demand but have the ability to disconnect and operate 

in ‘island mode’ during a power outage (Zheng et al., 2018).  A heat-only (biomass) boiler (HOB) would 

be installed alongside the biomass CHP and a natural gas boiler would meet peak demand.  Figure 2-3 a) 

shows the proportion of the annual heat load to be met with each piece of equipment in the small-scale 

DH systems. 

2.3.3.2 Large scale CHP system details 

The large-scale systems were sized solely on the thermal demand of the heating network, as all 

electricity produced would be sold to the provincial electricity grid. These systems were sized to 45% of 

the peak thermal demand in order to meet the requirement for 6,000 hours of annual run time for 
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biomass CHP.  Heat-only biomass boilers were not included in the design for the large-scale systems and 

it was assumed that the remaining heat demand was met with natural gas (Figure 2-3 b)).  Because all 

electricity generated is fed into the grid, batteries for power storage are not required.  Both large-scale 

biomass CHP units have a thermal capacity of 9 MWth but the CHP-OL system has an electric capacity of 

2.2 MWe while the gasification unit in CHP-GL has a capacity of 4.5 MWe.  

 
Figure 2-3: Heat load duration curves for Cochrane, Ontario 
Figure shows the proportion of heat load to be met with each equipment type in a) small-scale CHP systems and b) large-scale 
CHP systems. 
 

2.3.4 Renewable natural gas systems 

The third option considered for displacing natural gas was the production of renewable natural gas 

(RNG) from forest residues, using either anaerobic digestion (AD) or pyrocatalytic hydrogenation (PCH).  

In this scenario, the methane gas (CH4) produced would be purified and injected into the existing natural 

gas distribution pipeline, significantly reducing the infrastructure investment compared to the DH and 

CHP scenarios.  Table 2-5 summarizes the design parameters for the two RNG systems.  

Sized to produce approximately the same amount of heat as DH-L, the AD plant would produce just 

under 5 million m3 of RNG annually, with an estimated yield of 165 m3 bdt-1 (Shafiei et al., 2014).  The 

plant would consist of a steam explosion pretreatment unit, a series of digesters and an upgrading and 

compression unit to prepare the gas for grid injection (Shafiei et al., 2014).  By-products of the 

pretreatment and digestion process include lignin and a solid digestate.  Revenues from by-products are 

not considered as there is not currently a market for these materials but if that changed in the future, 

sale of the by-products could significantly improve the economics of the plant (Shafiei et al., 2014). 

The company developing the PCH technology plans to build plants of two different scales, depending on 

local feedstock availability.  The smaller-scale system is most similar to the scale of DH-L and would 

produce approximately 3.5 million m3 of RNG annually, with a yield of 282 m3 bdt-1 (personal 
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communication, technology developer, 2018).  Aside from using a hammermill to reduce the particle 

size of the wood chips, pretreatment is not required for PCH and upgrading the RNG is a part of the 2-

step process. 

Table 2-5: Summary of RNG systems design parameters 

 RNG-AD RNG- PCH 

Plant CH4 output (GJ) 197,441 146,000 

Plant CH4 output (million m3) 4.96 3.67 

CH4 Yield (m3 bdt-1) 165 282 

Conversion efficiency1  35% 59% 

Pretreatment method Hammermill + Stream explosion Hammermill 

Upgrading method Water Scrubbing PSA 

Feedstock type used Bark, hog fuel, harvest residues Harvest residues 
1 Energy content of RNG divided by total energy content of feedstock 
 
 

2.3.5 Determination of Technology Readiness Level  

The technology readiness level (TRL) classification is the most commonly used method for determining a 

given technology’s readiness for application in its intended end use. The TRL of the bioenergy options 

considered for the Cochrane case study were assessed according to NASA’s nine standard technology 

readiness levels (Mankins, 1995).  Table 2-6 provides an approximate guide as to how each TRL 

corresponds to specific stage of technological development.  

Table 2-6: Description of Technology Readiness Levels (TRL) 

Technology Readiness Level 
(TRL) 

Description 

1 Exploratory research and laboratory applications 

2 Technology concepts and/or application formulated 

3 Proof-of-concept validation 

4 Subsystem or component validation in a laboratory environment  

5 Early system validation demonstrated in laboratory or limited field application 

6 Early field demonstration and system refinements completed 

7 Complete system demonstration in an operational environment 

8 Early commercial deployment 

9 Wide-scale commercial deployment 

Source: National Academies of Sciences, 2016   
 

2.3.6 Capital cost  

Efforts were made to ensure that capital cost estimations were as realistic as possible by confirming 

values from the literature with industry contacts whenever possible.  Total capital investment for all 
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systems includes the cost of equipment, installation, engineering and construction of the energy plant 

and a 25% contingency.  All costs are reported in 2017 CAD. 

Capital cost for district heating systems includes the cost of the energy centre, the heat distribution 

system and energy transfer systems (ETS) in each building. 

2.3.6.1 Energy centre  

The energy centre for all systems were assumed to be housed in a new building.  The small scale 

systems would be powered by two 1,250 kW biomass boilers and a 1.7 MW natural gas boiler.  Including 

two boilers allows for more flexibility and improves efficiency, allowing one boiler to be shut down 

during low demand periods (Community Energy Association, 2014).  A quote for all equipment - 

including two biomass boilers, natural gas boiler, all piping, fittings, electrical and the feedstock handling 

and storage system - was acquired from a biomass boiler distributer in Ontario.  An installation factor of 

1.9 was used to approximate the cost of construction of the energy centre and installation of equipment 

(Salter, 2013; Hendricks et al., 2016; Stephen et al., 2016).   The estimated energy center cost was 

checked against values in the literature which ranged from 600 – 1,500 CAD per kW, including 

contingency, for systems in the 2 – 5 MW range (Carbon Trust, 2009; Salter, 2013; Community Energy 

Association, 2014; Stephen et al., 2016).  Larger scale systems benefit from economies of scale and fall 

below this range (Carbon Trust, 2009).   

The energy centre for DH-L would consist of two biomass boilers summing to a capacity of 13.5 MW 

with a 10 MW natural gas boiler.  Equipment costs were scaled up from the smaller scale estimate using 

Equation 1: 

                                                                          
𝐶1

𝐶0
= (

𝑀1

𝑀0
)

𝑠

                                                                               (1) 

where M0 is the capacity of the base facility, M1 is the capacity of the study facility, C0 is the total 

installed cost of the base facility, C1 is the total installed cost of the study facility, and s is the scaling 

factor, assumed to be 0.6 (Stephen et al., 2016).  The same installation factor was used as for the small-

scale systems. 
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2.3.6.2 Distribution system 

Heat would be distributed via water flowing through insulated cross-linked polyethylene (PEX) pipes 

buried underground. Required pipe diameters were determined based on peak head loads and the 

installed cost was estimated according to Table 2-7 (Ahlgren, 2013; Stephen et al., 2016).  For DH-S2, 

inner city costs were used because installation of the 

pipe network downtown would require roads and 

sidewalks to be torn up and replaced.  Outer-city 

installed pipe costs were used for DH-S1 and DH-L.  

The pipe network for houses in DH-L was designed 

such that a main line would run through front lawns 

on each side of the road with feeder lines into the 

houses, assumed to be an average length of two 

meters.   

2.3.6.3 Energy transfer systems 

Each building in the DH systems would have an energy transfer system (ETS) to transfer heat from the 

pipes to be distributed via the existing heating system.  Based on values in the literature, the ETS cost 

was estimated at 7,500 CAD for single-family homes, 15,000 CAD for commercial buildings and 25,000 

CAD for institutions and multi-unit residential complexes (Salter, 2013; Hendricks et al., 2016; Stephen 

et al., 2016).   

2.3.7 Combined heat and power systems 

Capital costs for the CHP systems were estimated based on values in the literature, which range from 

approximately 4,500 to 9,700 CAD kWe
-1 of CHP capacity for ORC units and from 3,900 to  

8,400 CAD kWe
-1 for gasification systems (Preto, 2014; AHDB, 2016; IFC, 2017; Zheng et al., 2018).  A 

value of 7,100 CAD kWe
-1

 was used for CHP-OS, and 5,800 CAD kWe
-1

 for CHP-GS, which includes 

installation and construction of the energy centre.  The cost of the heat only biomass boiler and natural 

gas boiler were estimated based on the quotes previously provided.   

An installed cost of 4,500 CAD kWe
-1 was used for both large-scale biomass CHP systems.  The per-unit 

cost of the two technologies converge at larger scales and benefit from economies of scale (AHDB, 2016; 

Diameter 

(DN, mm) 

Capacity 

(kW) 

Cost (CAD m-1) 

Inner city Outer city 

25 114 420 280 

32 222 462 350 

40 293 532 420 

50 520 560 490 

65 1,000 672 532 

80 1,500 700 560 

100 3,200 770 602 

125 5,500 854 700 

150 9,000 980 770 

Source: Ahlgren, 2013, updated to 2017 CAD 

Table 2-7: Installed cost for PEX distribution pipe  
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IFC, 2017).  The installed cost of the natural gas boiler was assumed to be 80 CAD kWth
-1 (Sandvall, 

Ahlgren and Ekvall, 2017).  

The cost of the distribution network and ETS were assumed the same as for the DH scenarios.  Upgrades 

to the electrical distribution system for the buildings connected to the microgrid would be required. The 

cost of the upgrades was based on a confidential estimate from a recent microgrid project in Canada 

and scaled to the appropriate size using equation 1.  Required battery size and approximate cost were 

estimated from (Zheng et al., 2018).   

2.3.8 Renewable natural gas systems 

2.3.8.1 Anaerobic digestion 

Costs for the RNG-AD scenario were modelled using the best available information from the literature.  

A thorough search of online journals and databases resulted in only three publications that provided a 

detailed economic analysis of AD of forest residues (Shafiei et al., 2014; Teghammar et al., 2014; Kabir et 

al., 2015).  Several pretreatment options have been explored for anaerobic digestion of forest residues 

and are reviewed in Matsakas, Rova and Christakopoulos (2016).  Steam explosion pretreatment was 

selected for this case study because it resulted in the lowest cost per unit of RNG produced (Shafiei et 

al., 2014).  Cost estimates for the pretreatment and digestion units of RNG-AD system for Cochrane 

were modelled based on (Shafiei et al., 2014), adjusted to 2017 CAD using the Chemical Engineering 

Plant Cost Index and scaled using equation 1 (Shafiei et al., 2013).   Cost estimates for the equipment 

and infrastructure required for upgrading, compression and grid injection of RNG provided in Electrigaz 

Technologies Inc. (2011) were used as the basis for RNG-AD estimates.   

2.3.8.2 Pyrocatalytic hydrogenation  

Cost details for PCH technology have not been published.  An estimate for the total plant cost was 

provided by the technology developer.  The capital cost for the equipment to compress the RNG and 

inject it into the pipeline was assumed to be the same as for the RNG-AD scenario (Electrigaz 

Technologies Inc., 2011) and was added to the capital cost provided by the company.   

2.3.9 Operation cost  

A break-even price (BEP) per gigajoule (GJ) of heat produced was calculated for all scenarios to aid 

comparison.  The BEP is the total annual cost for a given system divided by the annual heat output 
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(Gutierrez and Dalsted, 1990).  Annual costs include capital recovery, feedstock and operation and 

maintenance.  

A credit was applied for electricity produced by the CHP systems.  An electricity price of 11.55 CAD 

MWh-1 was assumed, the equivalent of the 2017 average cost for Class B customers (IESO, 2017).  The 

purchase price of electricity for the large scale systems would likely be set through a contract with the 

Independent Electricity System Operator (IESO) but was assumed the same as the Class B rate for the 

purpose of this study.  Carbon pricing and renewable fuel credits are discussed at the end of the paper, 

as both can play a critical role in the financial feasibility of the bioenergy projects.   

2.3.10 Capital repayment 

The annual cost of capital was calculated according to Equation 2: 

                                                              C = Ctot (
𝑖(1 + 𝑖)𝑁

(1 + 𝑖)𝑁 − 1
)                                                      (2) 

where C is the annual cost of capital, Ctot is the total cost of capital, i is the interest rate and N is the 

lifetime of the equipment in years (Mani et al., 2006).   A payback period of 20 years was used for all 

systems.  For the DH and CHP systems, an interest rate of 5% was used.  An interest rate of 7% was used 

for RNG systems to reflect the greater risk associated with investing in an emerging technology (Stephen 

et al., 2016).  

2.3.11 Feedstock cost 

2.3.11.1 District heating systems 

Small-scale modern wood boilers are able to handle wood fuels with a moisture content of up to 50% 

and sometimes small particles such as sawdust, as per manufacturer specifications available on 

manufacturer websites.  Sawdust and shavings from the two local mills were assumed to be used as 

feedstock for the small-scale systems at a cost of 40 CAD bdt-1, with 15 CAD bdt-1 added for handling.  

Assuming an average energy content of 19 GJ bdt-1 of biomass (Stephen et al., 2016), the annual 

feedstock demand at 30% moisture was estimated to be 3,600 tonnes for DH-S1 and 2,800 tonnes for 

DH-S2.   
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The annual feedstock demand for DH-L of approximately 20,000 tonnes at 30% moisture, is greater than 

what could be easily supplied by the two local mills, given the current market, and is assumed to be 

enough to justify collection and processing of harvest residues.  The delivered cost of chipped forest 

harvest residues, at 30% moisture, was estimated at 55 CAD bdt-1, plus 15 CAD bdt-1 handling (Ralevic, 

Ryans and Cormier, 2010).  The cost of natural gas for peak heat was assumed to be 12.50 CAD GJ-1 

(Union Gas, 2017)   

2.3.11.2 Combined heat and power systems 

Small-scale CHP units, particularly gasification, require high-quality feedstock for efficient operation.  

Gasifiers require a wood fuel of uniform size and no more than 15% moisture (Cambero, Alexandre and 

Sowlati, 2015; AHDB, 2016).  It was therefore assumed that CHP-GS would use sawmill chips at a cost of 

90 CAD bdt-1 plus 15 CAD bdt-1 for handling.  Sawmill chips are assumed to be 30% moisture so heat 

from the HOB would be used to dry the chips to 15% moisture, resulting in a 4% increase in wood fuel 

requirement.  Wood shavings and sawdust at 30% moisture were assumed to be a suitable feedstock for 

CHP-OS and would cost 40 CAD bdt-1, plus handling. 

The large-scale CHP systems require more biomass fuel than is likely to be available from the local mills.  

The large-scale ORC system, CHP-OL, is assumed to use chipped forest harvest residues as the feedstock 

at a cost of 55 CAD bdt-1 plus handling, similar to DH-L.  Large-scale gasification units still require a very 

high quality feedstock, at a maximum moisture of 15% (AHDB, 2016).  It is possible to produce clean, 

high quality chips from harvest residues but it would require more sorting and processing than what is 

required for the ORC system.  To be conservative, the cost was assumed to be equivalent to sawmill 

chips and heat from the natural gas boiler would be used for drying. 

2.3.11.3 Renewable natural gas systems 

The RNG-AD system would require approximately 60,000 tonnes of fresh biomass, at 45% moisture, 

equivalent to about 30,000 bdt annually.  Studies have shown that the needles and bark of softwoods 

have similar biomethane yields as white wood of the same species (Matsakas, Rova and 

Christakopoulos, 2016) so it is assumed that a portion of the feedstock for RNG-AD would be low-cost 

bark from the sawmill operations.  Based on the estimated volume of bark produced at the mills (see 

Table 2-1), about 40% of the biomass feedstock requirement for RNG-AD could be met with bark, at a 
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cost of 30 CAD bdt-1.  The remaining 60% of the feedstock would be supplied by forest residues.  The 

average cost of feedstock for the RNG-AD system is modelled at 55 CAD bdt-1 including handling.   

The annual feedstock requirement for RNG-PCH is approximately 26,000 fresh tonnes of forest biomass, 

or 13,000 bdt.  Because it is not known how high quantities of bark would affect the PCH process, it is 

assumed that 100% of the feedstock requirement for this system is met with harvest residues at a total 

cost of 70 CAD bdt-1.   

2.3.12 Operation and maintenance cost 

Operating and maintenance costs for the district heating systems were estimated as a proportion of the 

capital cost of each system component: 2.5% of the energy centre cost; 1% the distribution system cost; 

2% of the ETS cost (Hendricks et al., 2016).  For the CHP systems, the operation cost of ORC units 

consisted of a fixed cost, equivalent to 2.5% of CAPEX and a variable cost of 10 CAD MWh-1 of electricity 

produced, while the fixed portion for the gasification unit was included in the variable cost of 30 CAD 

MWh-1 (IFC, 2017).  Operation and maintenance costs for the HOB and distribution system for CHP 

scenarios were the same as for the heat only systems.   

Annual operating costs for the RNG systems are split into raw material and other operating costs.  Raw 

materials for RNG-AD include steam and water and are estimated at 1.8% of the capital cost while other 

operating costs amount to 11.5% of total capital investment (Shafiei et al., 2014).  Raw materials for 

RNG-PCH include purge gases and chemicals for boiler feed water treatment and amount to 2.4% of 

capital.  Other operating and maintenance costs are estimated at 12.5% of capital (personal 

communication, technology developer, 2018).   

2.3.13 Sensitivity analysis 

Due to the uncertainty associated with the economic analysis and estimated break-even prices, 

particularly for emerging technologies, sensitivity analysis was carried out.  Unless otherwise noted, 

inputs were varied by 20% for DH scenarios, 25% for CHP scenarios and 30% for RNG scenarios to reflect 

the greater uncertainty associated with the cost estimates for less mature technologies.   
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2.3.14 Estimation of greenhouse gas reductions 

 Greenhouse gas reduction potential was estimated based on 2006 Intergovernmental Panel on 

Climate Change (IPCC) Guidelines for National Greenhouse Gas Inventories (Gómez et al., 2006).  As per 

the IPCC guidelines, only the emissions related to fuel combustion and electricity generation were 

considered.  Wherever possible, country-specific emissions factors from Canada’s National Inventory 

Report were used (ECCC, 2019).  According to IPCC guidelines, combustion emissions from biomass are 

considered carbon neutral, with CO2 emissions related to biomass use accounted for in the land use 

change category (use of residues does not result in land use change).  Potential emissions reduction is 

the difference between the emissions of biomass systems and the existing systems that will be avoided.  

Emissions are reported as an annual total as well as total per dry tonne of biomass consumed.  Finally, 

the CO2 abatement cost of the bioenergy systems (CAD t-1 CO2eq abated) is calculated using Equation 3:  

                                                                        𝐶 =
𝐶𝑖 − 𝐶𝑟𝑒𝑓

𝐸𝑟𝑒𝑓 − 𝐸𝑖
                                                                      (3) 

where C is the abatement cost (per tonne of CO2eq), Ci is the annual cost of the bioenergy system, Cref is 

the annual cost of the reference system, Eref is the annual emissions from the reference system and Ei is 

the annual emissions from the bioenergy system (Rehl and Müller, 2013). 

2.3.15 District heating systems 

For the DH scenarios, the replaced natural gas heating equipment was assumed to be 90% efficient 

(Union Gas, 2018) and the emissions factor for natural gas combustion in Ontario, 50,928 kg CO2eq TJ-1, 

was used (ECCC, 2019).   Commercial biomass boilers have an emissions factor of 2,401 kg CO2eq TJ-1, due 

to the release of methane (CH4) and nitrous oxide (N2O) (Gómez et al., 2006).  Emissions from the 

biomass DH systems in the study also include those from natural gas combusted to meet peak heat 

demand.   

2.3.16 Combined heat and power systems 

Avoided emissions for the CHP systems include those from the replaced heating systems as well as grid 

electricity.  The emissions intensity of the Ontario power grid is relatively low with an average emissions 

factor of 29 g CO2eq kWh-1 in 2017 (Navigant, 2017).     
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2.3.17 Renewable natural gas systems 

Emissions reductions for the RNG systems result from replacing natural gas used for heating with a 

renewable alternative.  The RNG output of each system was multiplied by the natural gas emissions 

factor used in the previous scenarios to determine avoided emissions and by the IPCC emissions factor 

for biogas (136 kg CO2eq TJ-1) to determine bioenergy emissions (Gómez et al., 2006). 

2.4 Results 

2.4.1 Technology Readiness Levels  

2.4.1.1 District heating systems 

Small-scale (<2MW) pre-fabricated, heat only biomass boilers are available commercially in Canada from 

several companies (e.g. Viessmann, Fröling, Herz) and would be the technology of choice for a small DH 

system such as DH-S1 or DH-S2.  Larger heating plants, such as that required for DH-L, would be custom-

built and constructed on-site and are common in Canadian sawmills.  Community heating plants would 

require more advanced particulate matter emission control equipment than industrial boilers but these 

systems are common in the UK.  Heat only biomass boilers, both small and large scale, are at TRL 9.    

2.4.1.2 Combined heat and power systems 

Having been successfully installed and operated in a number of projects internationally, both biomass 

ORC and gasification CHP technologies are proven and approaching full commercialization.  The ORC 

technology is at a slightly more advanced stage of development, with several hundred installations in 

Europe and a handful in Canada (Preto, 2014; IFC, 2017).  Biomass ORC is at TRL 8, with further 

development of the technology expected to bring costs down and lead to the availability of more 

‘turnkey’ units.  Gasification CHP systems are an active area of research and development, with several 

demonstration and early commercial plants in operation, again mostly in Europe (Preto, 2014; Hrbek, 

2016).  There are two companies that offer small-scale (<150 kWe) gasification units in Canada, with a 

combined three Canadian installations as of 2018.  A larger scale demonstration gasification CHP was 

installed at the University of British Columbia in 2012 but has operated only intermittently.  Small-scale 

gasification CHP units (~150 kWe) are at TRL 8, while the larger scale units are at TRL 7 (Eija Alakangas et 

al., 2014; Preto, 2014; IFC, 2017). 
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2.4.1.3 Renewable natural gas systems 

Anaerobic digestion is a well-established method for converting organic wastes into a useable gas but is 

not generally considered for forest residues because the recalcitrant material is not easily digested 

(Matsakas, Rova and Christakopoulos, 2016).  A handful of papers published since 2014 that explore the 

possibility of anaerobically digesting forest residues have found that forest derived material will digest, if 

pretreated to break the material down and extract the lignin before digestion (Shafiei et al., 2014; 

Teghammar et al., 2014; Kabir et al., 2015; Matsakas, Rova and Christakopoulos, 2016).  While anaerobic 

digestion is a proven technology for converting organic wastes such as manure to biogas, it is still at an 

early research stage for forest residues, and thus is assigned a TRL of 2.   

Pyrocatalytic hydrogenation (PCH) is designed to produce pipeline-quality RNG on a distributed basis 

using residues from the forest industry.  This technology has not reached commercialization but a 

demonstration unit in Edmonton operated successfully for six months in 2019.  The RNG produced was 

tested and injected into the natural gas distribution grid (Renewable Natural Gas Start-up Company 

Completes Key Milestone Converting Alberta Forest Residues into Pipeline-Quality Gas, 2019).  In light of 

this successful demonstration, PCH is assigned a TRL of 5.   

2.4.2 Economic analysis 

The results of the economic analysis are summarized in Table 2-8 for DH and CHP scenarios and  

Table 2-9 for RNG scenarios.  For small scale DH and CHP systems, the majority of the capital cost was 

attributed to the energy centre, while for large scale systems the distribution networks accounted for 

the majority of the required capital investment.  Energy centre costs benefit from economies of scale 

whereas distribution network and ETS costs do not.  Annual costs are higher for CHP systems than for 

the heat only systems but are balanced by the credit for electricity production to bring the break-even 

price of heat in line with that of the DH systems, or even lower at large scale.  The small scale district 

network heating the hospital, schools and other multi-unit residential buildings is associated with the 

lowest cost of heat for both DH and CHP systems. 

The total capital investment required for either of the RNG systems is lower than for the DH or CHP 

systems but generally higher than the cost of the energy centre alone.  This demonstrates the advantage 

of utilizing an existing distribution system for the energy product as all capital costs are related directly 

to the energy conversion technology as opposed to the development of new infrastructure as in DH and 
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CHP scenarios.  Annual operation and maintenance costs are significantly higher for the more complex 

RNG technologies, resulting in a notably higher break-even heat cost than for DH and CHP scenarios. 

Table 2-8: Summary of DH system details and capital and annual costs  
Capital costs include 25% contingency. Electricity infrastructure upgrades and energy storage costs for CHP-OS and CHP-GS are 
included in the cost of the distribution network. 

   District heating systems Combined heat & power systems 

DH-S1 DH-S2 DH-L CHP-OS CHP-GS CHP-OL CHP-GL 

Capital 

Costs 

(million 

CAD) 

Energy centre  3.15 3.15 8.89 3.89 5.16 13.88 26.81 

Distribution network 1.46 1.84 21.92 1.86 2.16 21.92 21.92 

Energy transfer systems 0.73 1.33 13.03 0.73 0.73 13.03 13.03 

Total CAPEX  5.34 6.32 43.84 6.47 8.05 48.83 61.76 

Annual  

Costs       

(million 

CAD) 

Fuel (biomass + NG) 0.17 0.13 1.13 0.17 0.35 1.59 2.59 

Capital recovery  0.43 0.51 3.52 0.52 0.65 3.92 4.96 

Operations & maintenance 0.09 0.10 0.56 0.11 0.15 0.52 0.65 

Electricity credit  n/a n/a n/a -0.12 -0.29 -1.53 -3.12 

Total OPEX 0.68 0.74 5.21 0.68 0.85 4.49 5.07 

Break-even price (CAD GJ-1) 16.00 21.44 21.27 15.91 19.85 18.35 20.74 

 
 
Table 2-9: Summary of RNG system capital and annual costs 

 RNG-AD RNG- PCH 

Capital Costs  

(million CAD) 

Pretreatment 4.50 - 

Digestion/conversion 15.26 - 

Gas upgrade, compress, inject  4.51 - 

Balance of system 10.90 - 

Total CAPEX 35.17 17.00 

Annual Costs  

(million CAD) 

Feedstock 1.65 0.91 

Capital cost recovery  3.32 1.61 

Operations and Maintenance 4.69 3.03 

Total OPEX 9.66 5.55 

Break-even price (CAD GJ-1) 48.93 37.99 

 

2.4.3 Sensitivity analysis results 

The results of the sensitivity analysis for four of the large-scale scenarios are shown in Figure 2-4.  

Results for only one of the large-scale CHP scenarios is shown, CHP-OL, because the economic analysis 

suggests this is the lower cost of the two CHP technologies modelled.  For both combustion scenarios, 

where heat is distributed through a district network, the heat cost is most sensitive to the payback 

period and interest rate associated with capital repayment as well as the capital cost of the DH 

infrastructure (including the pipe network and ETS).  The selling price of the electricity produced by the 
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CHP system, which would be set through a contract with the provincial government, also has a notable 

impact on the break-even heat price.  A 5% change in heat conversion efficiency has very little impact on 

heat cost for DH-L, while varying the electric conversion efficiency by 4% for CHP-OL has a notable 

impact on heat cost, particularly if efficiency is reduced.  Varying biomass feedstock cost and annual 

operating costs for these systems results in less than a 5% change in heat cost.   

The estimated break-even cost for RNG conversion scenarios are also sensitive to changes in capital cost 

but are much more sensitive to changes in conversion efficiency and operating cost than are the 

combustion scenarios.  Improvements in both of these areas are foreseeable as technologies mature.  

The RNG scenarios are also less sensitive to changes in the terms of capital repayment than are the 

combustion scenarios.  Biomass feedstock again has a minimal impact on the break-even cost of RNG, as 

do costs associated with upgrading (RNG-AD only) and distributing the gas.  
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Figure 2-4: Sensitivity analysis for four large scale systems  
Graphs show the range in estimated break-even heat cost attained by varying model inputs. Unless otherwise noted, inputs for 
DH-L are varied by 20%, inputs for CHP-OL are varied by 25% and inputs for RNG scenarios are varied by 30%. 

  

2.4.4 Greenhouse gas reduction potential 

A summary of the net emissions reduction potential, reduction efficiency per dry tonne of biomass and 

CO2 abatement cost are provided in Table 2-10.  The large scale DH system has the greatest net annual 

emissions reduction potential, followed closely by the large scale CHP systems.  In general, net emission 

reduction and abatement costs are similar for DH and CHP systems.  The emissions reduction potential 

per tonne of biomass is somewhat lower for CHP than for heat only scenarios because of the relatively 

lower emissions intensity of electricity production.  The higher abatement costs for the large scale DH 

and CHP systems reflect the higher break-even price of heat for the large scale systems relative to the 
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small scale.  The RNG systems have comparable emission reduction potential to the DH and CHP systems 

but the reduction efficiency and abatement costs are much higher due to the lower conversion 

efficiency and higher break-even heat cost. 

Table 2-10: Summary of GHG reduction potential for modelled systems 

System Avoided emissions              
(t CO2eq a-1) 

 Emissions from 
biomass system      

(t CO2eq a-1) 

 Emission reduction      
(t CO2eq) 

Abatement cost               
(CAD t-1 CO2eq) 

Natural gas Electricity  Biomass Natural gas Net annual /t biomass 

DH-S1 2,422 n/a  115 121  2,186 0.87 40 

DH-S2 1,947 n/a  92 97  1,757 0.87 146 

DH-L 13,853 n/a  657 693  12,503 0.87 136 

CHP-OS 2,423 30  122 121  2,210 0.83 38 

CHP-GS 2,423 73  139 121  2,236 0.73 113 

CHP-OL 13,854 383  634 2,771  10,832 0.79 100 

CHP-GL 13,854 783  778 2,771  11,088 0.66 150 

RNG-AD 10,055 n/a  27 n/a  10,028 0.33 894 

RNG-PCH 7,436 n/a  20 n/a  7,416 0.57 607 

 

2.5 Discussion 

2.5.1 Comparison of bioenergy systems 

2.5.1.1 Technological risk and opportunities 

Biomass boilers and CHP technologies are at a more advanced stage of development (TRL 8-9) than are 

technologies to convert forest biomass to a renewable natural gas (TRL 2-5) and thus are more likely to 

be deployed in the short term (5-10 years).  There would be relatively low risk associated with the 

deployment of commercialized biomass heating and CHP technologies, whereas there would be 

significant risk, to the developers and the community, associated with the development of emerging 

RNG conversion technologies (Hitchner, Schelhas and Brosius, 2017).  As RNG conversion technology 

matures, costs may come down and it is expected that technologies like PCH will become very attractive 

for their ability to make use of existing infrastructure.  Anaerobic digestion of forest residues on the 

other hand, though shown to be technically possible in laboratory experiments, is not likely to be 

feasible at a large scale in the foreseeable future as forest biomass requires too much pre-processing 

and yields are too low.  
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In the shorter term, development of community-based energy systems and district heating 

infrastructure would provide many benefits to rural, forest-based communities using technologies and 

infrastructure that are common-place in cold-climate European countries and becoming increasingly 

common in Canada (Stephen, Blair and Mabee, 2017).  Taken on its own, the development of district 

heating infrastructure enables the use of flexible fuels sources, allowing the community to heat with the 

fuel that makes the most sense at a given time (based on cost, emissions targets, job creation, etc.).  As 

a deployment strategy, particularly while natural gas is inexpensive, communities could work on 

building-out district heating infrastructure, leaving the door open for increased use of local fuels in the 

future.  The district heating systems proposed for the rural town of Cochrane, particularly the large-scale 

systems, would take community-based energy to a new level in Canada and could serve as a proof-of-

concept project for other communities looking to utilize local fuels and reduce heating emissions. 

Similarly, the development of a community-based microgrid allows for the integration of other 

renewable energy sources and can enhance the resilience of the local energy infrastructure, providing 

power to critical buildings during outages in the provincial grid. Community-based energy systems, such 

as district heating networks and microgrids, are gaining the attention of developers and decision-makers 

across Canada for the ability to improve the resilience of local energy systems, enable the use of local 

and renewable fuels and reduce the need for costly infrastructure upgrades [37,53,57,58,59].   

2.5.1.2 Cost of energy production 

Despite the significant infrastructure required to lay pipes and retrofit buildings for biomass DH, the cost 

per GJ is still significantly lower than the cost to convert forest biomass to RNG.  At current natural gas 

prices, biomass district heating, with or without CHP, is getting very close to being economically 

competitive with traditional natural gas heating systems, while RNG from forest biomass is considerably 

more expensive.  The delivered cost of natural gas for consumers in Northern Ontario in 2017 was 

approximately 12.50 CAD GJ-1 (Union Gas, 2017).  If furnace efficiency (90% on average) is taken into 

account, the cost of heat is somewhere around 14 CAD GJ-1 using a natural gas furnace, which does not 

include the cost of purchasing or maintaining the unit.  At 16 CAD GJ-1 for biomass-produced heat in the 

highest density network, biomass district heating is not far off, even without government subsidies or a 

price on carbon.  It should be noted that the price of heat for consumers would necessarily be 

somewhat higher than the break-even cost in order to cover other costs such as billing and profits, 

depending on the ownership model. 
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The results for the DH scenarios demonstrate the importance of network heat density and economies of 

scale on the cost of heat.  Because DH-S1 and DH-S2 are a similar size and use the same heating 

equipment, this example clearly demonstrates the importance of heat density in a district network, 

particularly when competing with natural gas.  If the system were replacing other heating fuels, such as 

propane (~30 CAD GJ-1), oil (~40 CAD GJ-1) or electricity (~50 CAD GJ-1)1, the lower density networks 

would still be competitive.  DH-L has a lower heat density than either of the smaller networks but is still 

within the same cost range as DH-S2 due to economies of scale for the biomass heating plant.  

The estimated break-even price of heat in the CHP scenarios is similar to or higher than heat only 

scenarios at small scale but somewhat lower at large scale, suggesting that CHP systems benefit more 

from economies of scale than do heat only systems.  The break-even heat cost for the large scale CHP 

systems is sensitive though to the price that the provincial government is willing to pay for electricity, 

which could significantly impact the overall feasibility of the project. Of the two CHP technologies, 

gasification costs more than ORC at both scales considered.  Stringent feedstock requirements not only 

add cost but can cause issues with the operation of the gasification equipment, leading to significant 

downtime if not met (Preto, 2014; Cambero, Alexandre and Sowlati, 2015).   The higher capital and 

feedstock costs for gasification may be justified if there is a large incentive for electricity production, or 

if the goal is to have as much infrastructure as possible connected to a microgrid.   

Regardless of the cost difference, RNG production and injection into the existing infrastructure may be 

the more accepted option by both governments and local residents as development of new 

infrastructure (i.e. the DH network) would be a huge undertaking and potentially quite disruptive.  

Historically, policies at federal and provincial levels in Canada aimed to support bioenergy and the 

bioeconomy have tended to prioritize technologies that do not disrupt the status-quo, such as large-

scale electricity and transportation fuels (Majumdar et al., 2017).   

2.5.1.3 GHG reduction potential 

Heat-only boilers (small and large scale) are the most efficient technology for reducing emissions, 

though CHP systems, particularly when using ORC technology with a higher heat to electricity ratio, are 

                                                           
1 Energy costs were calculated based on average residential heat consumption of 85 GJ per year using fuel and 
delivery costs available on the websites of local distributors 
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not far off.  In communities without natural gas access, particularly where heating oil is the primary fuel 

replaced, emission reductions per tonne of biomass would be much higher. 

If GHG reduction is a primary goal of the project, the CO2 abatement cost, or cost per tonne of CO2 

reduced, becomes an important measure for comparing different options.  For DH-S1, CHP-OS and CHP-

GS, all of which connect to the same district network, the abatement cost is lower than what the federal 

tax on carbon emissions is planned to be by 2022 (50 CAD t-1 CO2).  The abatement cost of all DH and 

CHP scenarios examined compare well to other measures for reducing GHG emissions, many of which 

have already been implemented (see Figure 2-5).  If heating oil were the fuel replaced, the abatement 

cost would become negative (see DH-L oil in Figure 2-5).  All DH and CHP systems have a lower cost per 

tonne of CO2 abated than solar PV or nuclear electricity in Ontario, which have received considerable 

government support.  The abatement cost for RNG scenarios (not shown in Figure 2-5) are similar to 

other emerging technologies (Gillingham and Stock, 2018).   

From the perspective of a federal or provincial government, providing a grant worth 50% of the capital 

cost for DH-S1 (2.9 million CAD) would lead to an emissions reduction cost to the government of 60 CAD 

t-1 CO2e over the 20 year lifetime of the project.  This calculation does not take into account the avoided 

cost of the system replaced (as is done using equation 1), rather it estimates the efficiency of a potential 

government investment aimed at reducing GHG emissions.  A 50% government investment would 

reduce the break-even cost of heat for DH-S1 to 11 CAD GJ-1, potentially reducing heating costs in the 

community relative to natural gas.  For governments and decision makers looking to maximize the 

impact of investments into GHG reduction measures, biomass DH and CHP are good options, even if 

replacing low cost natural gas. 
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Figure 2-5: CO2 abatement costs for clean energy technologies, multiple jurisdictions 
CO2 abatement costs are reported for Ontario and selected abatement measures studied and implemented in other 
jurisdictions.  CCS is the acronym for carbon capture and storage. 
Sources and notes: (a) Clean Air Alliance, 2017 (b) Gillingham and Stock, 2018 (c) Rehl and Müller, 2013 (d) Leeson et al., 2017 
(e) Smith et al., 2013 (f) If fuel oil were replaced instead of natural gas 

 

2.5.2 Impacts of carbon pricing and clean fuel standard 

The introduction of carbon pricing and a clean fuel standard would improve the economic 

competitiveness of biomass DH and CHP relative to traditional natural gas heating systems.  The 

Canadian Federal Government has plans to implement both measures by 2022.  A federal tax on carbon 

emissions from fossil fuels was applied in 2019 in all provinces without their own plan, including Ontario.  

The tax is started at 20 CAD t-1 in 2019 and will increase by 10 CAD a-1 to 50 CAD t-1 in 2022, adding 0.51 

CAD GJ-1 to the cost of natural gas for every 10 CAD increase (ECCC, 2017).  By 2022, the planned 50 CAD 

t-1 carbon tax would increase the cost of natural gas heat to nearly 17 CAD GJ-1 (assuming the base rate 

is unchanged from 2017), greater than the estimated cost of heat in DH-S1.   

The Government of Canada also plans to implement a Clean Fuel Standard (CFS), which would place 

lifecycle carbon intensity requirements on liquid fuels in 2022 and on gaseous and solid fuels in 2023 

(Government of Canada, 2017).  The specifics of the regulations have yet to be determined but the 
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legislation does state that distributors of natural gas delivered via pipeline will be the regulated party 

(Government of Canada, 2017).  This would mean that natural gas distribution companies would need to 

either invest in RNG technologies themselves or purchase RNG to meet carbon intensity requirements.  

Under these regulations, RNG technologies would compete with each other directly to fulfill that 

requirement.  Techno-economic studies on other RNG technologies have estimated production costs in 

the range of 25 - 60 CAD GJ-1 (Electrigaz Technologies Inc., 2011; Ahlström et al., 2017; Walker, Fowler 

and Simakov, 2018).  The PCH technology compares favourably to these studies at just under 38 CAD GJ-

1 and even RNG from anaerobic digestion is within the reported range.  The implementation of the CFS 

would help to create a market for RNG from forest biomass but direct combustion is undeniably the 

most efficient way to reduce GHG emissions from natural gas heating using forest biomass. 

2.5.2.1 Other factors  

Other broad-scale benefits of the bioenergy scenarios relative to the existing heat and power systems 

should also be considered.  The natural gas in Ontario’s pipelines is imported from western Canada, and 

increasingly from the Eastern United States (MOE, 2017).  Natural Resources Canada estimates that in 

Ontario, 90% of expenditures on imported fossil fuels leave the region where they are consumed, while 

70 – 80% of the revenues from forest-based fuels would remain within the community and contribute to 

the local economy (Stephen and Cecil-Cockwell, 2018).  Local economic benefits would be greatest for 

projects where biomass is sourced from the forest (as opposed to from a mill) as jobs would be created 

to collect, process and transport residues.  Using a locally-produced fuel also means that energy prices 

would be insulated from fluctuations and long-term increases related to the global fossil fuel market.  In 

the microgrid scenarios, the community would benefit from improved resilience of the electrical 

infrastructure.  In the case of a power outage, the hospital could continue operating as usual and 

schools could serve as a shelter for those without generators at home.   

A central component of the argument for biomass heating projects is that there are not many options 

for reducing GHG emissions from buildings.  Forest biomass is the only cost-effective, low-carbon 

heating fuel that is available for immediate, large-scale implementation.  Communities with an active 

forest industry and access to relatively low-cost forest biomass, such as Cochrane, must be the ones to 

lead the way in the development of this burgeoning industry in Canada. 

There are also many other potential socio-economic impacts associated with the development of a 

community-scale forest bioenergy project that are less tangible and difficult to quantify but that could 
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be very important to northern and rural communities struggling to retain their populations.  For 

example, the development of an innovative, forward-thinking community energy project could increase 

desirability of the town for residents, particularly young people, who want to be involved in the 

transition to a low carbon future (Gubbins, 2010; Fast and McLeman, 2012; Vaidya and Mayer, 2016).  A 

community bioenergy project could help to attract new business, through guaranteed and stable long-

term energy prices, or the opportunity to be involved in the forest bioeconomy and located in a 

progressive region.  Finally, the creation of a market for low-quality forest biomass and harvest residues 

generates an opportunity for improved forest management and creates a market for deadfall and other 

materials that serve as fuel for forest fires, which are expected to worsen with climate change (Stephen 

and Cecil-Cockwell, 2018).  The existence of a biomass market, and a centralized heat demand, can also 

work to support future development of advanced biomass conversion technologies (Wolf, 2012). 

2.6 Conclusions 

Biomass heat is not often considered as an option for communities with natural gas access, as the sunk 

cost of natural gas infrastructure is high, and the cost of natural gas fuel has been very low for an 

extended period.  This study demonstrated that a well-designed biomass DH system (with or without 

CHP) is very close to being competitive with traditional natural gas heating systems, particularly if 

carbon pricing and low carbon fuel policies are implemented in the near future.  Deploying biomass 

heating systems, even when replacing natural gas, is one of the lowest cost ways to significantly reduce 

greenhouse gas emissions in the short term.  For governments looking to invest in GHG reduction 

technologies, biomass DH and CHP systems achieve significant emission reductions for a relatively low 

cost.  The findings suggest that it would require a relatively small2 provincial or federal government 

investment (e.g. 2.9 million CAD for DH-S1, equivalent to 50% of estimated capital) to make a biomass 

DH system competitive with existing natural gas heating systems.     

RNG conversion technologies may be appealing to decision-makers as RNG is fungible with existing 

natural gas distribution infrastructure, which suggests that these options would be less disruptive and 

potentially more cost-effective.  The study finds that current technologies, even those designed to be 

low cost and scaled to the forest resource, do not efficiently convert biomass to energy.  The resulting 

                                                           
2 While 50% of the capital cost is not a small incentive from the perspective of a project developer, an investment 
of less than 3 million CAD is a relatively small amount of money for the government to invest in the grand scheme 
of things. 
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CO2 abatement costs are in the range of 600 – 900 CAD t-1 CO2, significantly higher than for direct and 

CHP combustion technologies providing heat to a district network at 40 – 150 CAD t-1 CO2), which 

includes the cost of new infrastructure.  

As fossil fuel prices - and possibly the cost to emit CO2 - increase in the future, communities with access 

to local biomass fuels could use emerging biomass energy infrastructure (such as DH and microgrids) to 

control energy costs while stimulating local economic development.  Biomass heating deserves more 

attention for its potential to be developed immediately, the relatively low investment required to 

achieve significant greenhouse gas reductions, the long-term socio-economic benefits that it could bring 

to forest-based communities and its potential as a building-block to other, more advanced, forest 

bioenergy and bioproduct technologies. 
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3 Options for supplying a large-scale forest biorefinery in eastern Canada  

 

3.1 Abstract 

Size reduction and densification of forest biomass reduces transportation costs and may allow for 

improved efficiency for large-scale forest biofuel producers.  The additional processing though comes at 

a cost, which may or may not be worthwhile for a biofuel facility.  The primary objective of this research 

is to explore the conditions under which the added cost of feedstock densification may be of value for a 

forest biofuel facility. The added step of pelleting woody biomass leads to a reduced delivered feedstock 

cost, relative to wood chips, only when feedstock is delivered by rail from a distance of at least 800 km or 

delivered by truck from a distance of at least 1000 km from the biorefinery.  The use of wood pellets over 

wood chips may allow for greater economies of scale, reduced risk related to feedstock supply and 

improved process efficiency, which may or may not translate to a lower cost of fuel production.  The 

estimated cost reductions at the biorefinery associated with the use of wood pellets a feedstock range 

from $32 - $78 per dry tonne of biomass. Combined with the increase in the delivered cost of feedstock, 

this results in ethanol production costs that range from 11% lower to 9% higher than when using wood 

chips as feedstock 
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3.2 Introduction 

Fuelled by the downturn in traditional markets and incentives for renewable fuels, biorefining has 

become an increasingly important area of research for the Canadian forest sector.  Forest biorefineries 

will use a combination of wood processing by-products, harvest residues and unmerchantable wood to 

produce a mix of fuels, energy and high value chemicals and materials (Blair, Cabral and Mabee, 2016).  

Most biorefineries that exist today are crop-based and fuel-focused, partly due to mandates for biofuel 

adoption in Canada and the US that have driven much of the research and development.  Achieving 

competitive economies of scale for biofuel production in the forest sector is challenging due to the 

geographically dispersed and low-density nature of forest fibre, which leads to high transportation costs 

for feedstock (Gnansounou and Dauriat, 2010; Gonzales, Searcy and Ekşioĝlu, 2013). 

Forest biorefineries will likely use wood that is comparable in quality and origin to pulpwood, for which 

there is much lower demand than there was ten years ago (Mabee and Mirck, 2011).  Traditionally, 

residual wood chips and pulp logs were transported directly to centralized pulp mills from sawmills and 

cut blocks.  This system works well for the scale at which pulp mills operate in eastern Canada (approx. 

500,000 to 1 million m3.a-1) but recent research suggests that much larger scale biorefineries (at least 2 

million m3.a-1) will be required for biofuel to be produced economically (Stephen, Mabee and Saddler, 

2012; Gonzales, Searcy and Ekşioĝlu, 2013; Muth et al., 2014).  To supply a biorefinery of this size the 

feedstock would need to be sourced from a greater distance than is typical for forest processing 

facilities.  In the forest industry, feedstock cost increases linearly with plant capacity and does not 

benefit from economies of scale.   

In order to supply large-scale forest biorefineries, it has been proposed that feedstock should be 

densified in smaller, distributed pre-processing facilities located close to the forest, before being 

delivered to the biorefinery (Eranki, Bals and Dale, 2011; Muth et al., 2014; Kim and Dale, 2015; Lamers 

et al., 2015).  Feedstock transportation costs would be reduced but the cost of densification may be 

greater than the reduction in transportation cost.   

Much of the literature on this ‘distributed’ biorefining model focuses on agriculture or mixed forest-

agriculture supply chains (Blair, Cabral and Mabee, 2016).  Because of the prominence and recent 

struggles of the Canadian forest industry, this work applies the concept of distributed biorefining to the 

Canadian forest sector.  It has been suggested that the likely uniform, densified feedstock produced 

from forest biomass would be wood pellets, as the technology is well established (Lamers et al., 2016).  
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A distributed supply model in which wood pellets feed a large-scale biorefinery will be compared to a 

centralized biorefining model in which wood chips supply are supplied directly to the biorefinery. 

Comparisons between centralized and distributed biorefining systems have generally focused on logistic 

costs and favour the centralized system due to the added cost of processing at the depot (Sultana and 

Kumar, 2011; Lu et al., 2015).  A recent study carried out by the Idaho National Laboratory (INL) and the 

National Renewable Energy Laboratory (NREL) in the United States took a more holistic approach to 

evaluate the impacts of a distributed feedstock supply system on operation and production costs at a 

biorefinery (Lamers et al., 2015).  This study will combine feedstock logistics analysis with the estimation 

of cost impacts of feedstock form on biorefinery operation to assess whether the savings at the 

biorefinery could outweigh the added processing costs for a biorefinery supplied with wood pellets 

compared to one supplied with wood chips.  Because supply chain costs are impacted by regional 

feedstock distribution and transportation networks, a regional analysis for eastern Canada is presented.   

3.3 Methods  

3.3.1 Study area and biorefinery location  

Eastern Canada was selected as the case study region because it has historically been a very important 

region for pulp and paper production but many of the operations have permanently closed over the last 

10 – 15 years, creating an overabundance of pulp-quality fibre and an opportunity for new technologies 

to enter the marketplace (Levin, Krigstin and Wetzel, 2011; Mabee and Mirck, 2011; American Appraisal, 

2015).   

The question of whether to locate a commercial scale biorefinery close to the feedstock or close to 

markets is still under debate, and the answer may vary regionally.  Traditionally, pulp mills tend to be 

located close to the feedstock to minimize the transportation cost of incoming fibre.  Perhaps a better 

comparison though is to oil refineries, which also produce multiple products, and tend to be located 

closer to markets than to the crude oil (Gonzales, Searcy and Ekşioĝlu, 2013).  Paper mills that receive 

pulp as a pre-processed feedstock also tend to be located close to markets (CFS, 2013).  Growing 

evidence exists that because of the high capital and operating costs of a forest biorefinery and the 

potential for multiple outputs, that a single large facility with good access to markets is likely more 

economical than smaller facilities closer to the feedstock (Gonzales, Searcy and Ekşioĝlu, 2013; Lamers 

et al., 2015). 
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Montreal, Quebec was selected as the biorefinery location for this case study for several reasons.  First, 

there are many large sawmills in eastern Ontario, Quebec and New Brunswick and Montreal is centrally 

located relative to the sawmills (Figure 3-1).  The forests in this region are mostly mixed wood 

(especially in the southern and eastern portions) meaning that there are potentially large volumes of 

unmerchantable fibre, mostly hardwood, which could be made available for biofuel production.  With a 

deep-water port, rail yards and close vicinity to important markets in the northeastern United States, 

Montreal is accessible to international markets for multiple products.  Finally, Montreal is one of the oil 

refining hubs in Canada.  As such, there is not only physical refining infrastructure in the city that could 

be leveraged, but also existing human resources and expertise and established connections with 

international markets for fuels and high-value chemicals produced in the biorefinery.   

 
Figure 3-1: Map of study area including sawmills and theoretical biorefinery 
Figure shows sawmills with capacity >50,000m3.a-1 and theoretical biorefinery in the Montreal area. 

 

3.3.2 Estimating fibre supply 

Existing large sawmills in eastern Canada were used to represent fibre supply for this study.  Large 

sawmills are defined as those with an annual capacity of greater than 50,000 m3.  Mill locations and 

capacity values were found and verified using a variety of resources including the Sawmill Database, 

provincial web databases and company websites, and are current as of 2016.  It was assumed for the 
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purpose of this study that a volume of fibre equivalent to 20% of mill capacity is available from each 

sawmill or the surrounding area from which the mills draw fibre.  Previous GIS analysis suggests that 

sawmills provide a good proxy for fibre availability when compared to estimates based on forest 

resource inventory data.  It is further assumed that 20% of mill capacity is a conservative estimate for 

potential feedstock volumes, as described below. 

Biorefinery feedstock could be sourced from unmerchantable timber, harvest residues, or wood 

processing/mill residues.  Approximately 15-30% of total biomass in any given stand is unmerchantable 

(small diameter or undesirable species) and is left standing or piled at roadside and could be harvested 

for bioenergy (Ralevic, Ryans and Cormier, 2010; Ter-Mikaelian et al., 2014).   Current harvest in the 

study region is only about half of the sustainable level (annual allowable cut, AAC), so increasing harvest 

is a definite possibility and could be beneficial for the industry as a whole (OMNRF, 2016).  Much of this 

unmerchantable wood was once harvested for pulp production but due to the drop in pulp and paper 

demand, fibre needs can be mostly fulfilled with lower cost sawmill residues (Levin, Krigstin and Wetzel, 

2011).  With no market for this wood, the value of mixed stands is low and some areas cannot be 

harvested without a market for the low quality wood in order to protect future stand quality and ensure 

sustainable regeneration (Levin, Krigstin and Wetzel, 2011). 

Harvest residues are another possible fibre source.  It is estimated that about 35-40% of a typical tree 

harvested for lumber is left in the forest as residues after a clear cut(Ralevic, Ryans and Cormier, 2010).  

Approximately half of this amount, or 15-20% of the tree, is estimated to be technically available for 

bioenergy in the form of roadside harvest residues (Ralevic, Ryans and Cormier, 2010; Ter-Mikaelian et 

al., 2014).  While there may be large quantities available, harvest residues tend to be low quality with a 

high proportion of leaves and bark and are not usually collected in Canada.   

Approximately 45% of the fibre delivered to sawmills (or 28% of a typical tree) is converted to lumber; 

the other portion (about 34% of the tree) ends up in the form of sawmill residues (wood chips, sawdust 

and shavings) (Krigstin et al., 2012).  While much of these mill residues are used for other products 

(Levin, Krigstin and Wetzel, 2011), there is recent evidence that sawmills in eastern Canada are 

producing more woodchips than they can sell as mill production in the region was nearly 40% higher in 

2016 than in 2011 (Wood Resources International LLC, 2017).   
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Fibre flows from forest stand to sawmill, showing the three potential sources for bioenergy, are 

summarized in Figure 3-2.  The mostly likely fibre sources are residues at the mill, followed by harvest 

residues and finally by unmerchantable woods.  This paper does not speculate on which sources would 

be accessed, but assumes that a volume equivalent to 20% of sawmill production is a reasonable (and 

probably conservative) estimate for the fibre that could be made available for biorefining from the fibre 

basket of each sawmill. 

 

 

Figure 3-2: Approximate fibre flows from forest stand to sawmill 

 

3.3.3 Feedstock format details 

Wood chips and pellets are the two most common forms in which woody biomass is supplied to 

bioenergy facilities globally.  Chipping wood residues is a common practice in the forest industry and is 

low cost compared to pelleting but still improves bulk density and ease of handling compared to harvest 

residues or unmerchantable wood.  The quality and moisture content of woodchips varies depending on 

the fibre source (e.g. mill residues vs. harvest residues), how recently the wood was harvested and the 

storage conditions before and after chipping.  Fresh woodchips have a moisture content around 45%, 

which, to be conservative, is the value used for estimating transportation costs in this study.  The bulk 

density of woodchips at 45% moisture ranges from about 300-400 kg m-3 (Stephen, Mabee and Saddler, 

2010).  

Wood pellet production in Canada has increased substantially in the last decade and while most pellets 

are currently exported for energy generation overseas, they are increasingly being considered as a 

feedstock for biorefineries (Sultana and Kumar, 2011; Kumar et al., 2012; Lamers et al., 2015).  Wood 
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chips vary in size, moisture level and quality and supply may vary temporally.  Dealing with variation at 

pre-processing facilities and supplying biorefineries with a uniform, high-quality feedstock can reduce 

costs at the biorefinery.   Wood pellets are also drier (~10% moisture) and denser (~650 kg m-3) than 

wood chips (30-50% moisture and ~250-400 kg m-3), resulting in lower transportation costs and easier 

handling (Stephen, Mabee and Saddler, 2010; Sultana and Kumar, 2011; Lu et al., 2015).  The cost to 

produce wood pellets is much higher than the cost of chipping, so in order for cost savings to be realized 

in the overall supply chain, the savings in transportation must be greater than the cost to produce the 

pellets; or there must be other downstream benefits to using pellets.   

3.3.4 Estimation of biomass densification and transportation cost 

The procurement cost of biomass varies greatly depending on the source, quality and competing 

demand for the fibre.  All costs in the following analysis are reported in US dollars.  The average cost of 

residual woodchips purchased from sawmills in 2016 was approximately $85 per bone dry tonne (bdt), 

down from a high of over $130 bdt-1 in 2012 (Wood Resources International LLC, 2012; Macdonald, 

2016).  The cost of collecting roadside residues in Ontario and Quebec is estimated to be approximately 

$25 bdt-1, though residue collection is not common practice in Canada and quality is low (Yemshanov et 

al., 2014).  The cost of harvesting unmerchantable roundwood from the forest is estimated to be $50-65 

bdt-1 (Maure, 2013; Boukherroub, LeBel and Lemieux, 2017) for birch and poplar and closer to $80 bdt-1 

for small diameter or defect softwood trees (Boukherroub, LeBel and Lemieux, 2017).  

The cost of chipping biomass ranges from $10-25 bdt-1 depending on the location (Sultana and Kumar, 

2011; Yemshanov et al., 2014; Boukherroub, LeBel and Lemieux, 2017).  Chipping at a sawmill using a 

stationary chipper is generally lower cost than at the roadside using a mobile chipper.  For the purpose 

of this study, the cost of biomass for chips was assumed to be approximately $65 bdt-1 ($35 per green 

tonne (gt) at 45% moisture) and the cost of chipping at roadside was assumed to be around $17 bdt-1 

($10 gt-1, 45% moisture).  The total cost of woodchips before transportation used for this study is thus 

$82 bdt-1 or $45 gt-1.   

The estimated cost of wood pellet production varies widely (from less than $30 t-1 to over $100 t-1) 

depending on scale and location of the operation, feedstock used and the year of the study or report.  

Three recent studies estimate the cost in North America to be approximately $40 - 55 per tonne of 

pellets (Deloitte, 2008; McDow and Qian, 2013; Boukherroub, LeBel and Lemieux, 2017).  The cost was 
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optimistically assumed to be $40 per tonne of pellets for this study.  Because low cost mill residues such 

as sawdust and shavings can be used for pellets, the biomass cost for pellets is assumed to be slightly 

less than for chips.  An estimated biomass cost of $55 bdt-1 ($30 gt-1) was used for the pellet scenario.  

The cost to transport the biomass to the pellet plant was estimated using GIS as described in Section 

3.3.5.  Approximately 2.1 tonnes of biomass at 45% moisture is required to produce one tonne of pellets 

at 10% moisture with some of the biomass used to produce heat to dry the pellets (Stephen, Mabee and 

Saddler, 2010).  The estimated cost to produce a tonne of wood pellets is thus $121, or approximately 

$139 bdt-1 biomass. 

The cost of truck transportation was estimated using the model described in Stephen, Mabee and 

Saddler (2013).  Cost estimates for feedstock transportation range from $0.12 - 0.15 per tonne-

kilometre depending on speed limits and variation in driver wages and fuel prices between provinces.  

Costs were incorporated into the road network in ArcGIS and network analysis tools were applied to 

approximate feedstock transportation cost from supply nodes (sawmills) to the theoretical biorefinery in 

Montreal.  All distances used were actual driving distance based on the road or rail network. 

Estimates for the cost of rail transportation were obtained directly from Canadian National Railway (CN).  

Quotes for transporting both wood chips and pellets from several sawmills in eastern Canada to the 

Montreal wharf (approximate biorefinery location) were provided by CN and an average cost per tonne-

kilometre was estimated from this.  In general, rates drop as distance increases, with some variation 

depending on the rail lines used.  For the region of interest in this study, the cost of transporting wood 

chips by rail ranges from about $0.11-0.14 bdt-1 and pellets range from $0.04-0.07 bdt-1.  Companies 

shipping pellets by rail must also lease covered hopper cars for a cost of $600 per month per car (pers. 

comm., Market Manager Industrial Products, CN, 2015).  Chip cars are supplied by CN.  Figure 3-3 

compares the cost, including procurement and processing, of supplying chips and pellets by truck and 

rail using the average values as described above.  
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Figure 3-3: Comparison of the delivered cost of feedstock  
Costs shown are for wood chips and pellets delivered by truck and by rail at increasing supply distance. The y-axis represents 
the delivered cost of the feedstock 

 

Based on these estimates, wood chips are a more economical feedstock than pellets for transportation 

distances of less than 700 km.  When pellets are trucked, they are not more economical than chips 

unless delivered from a distance greater than 1000 km.  Interestingly, the cost to transport wood chips 

by rail is very similar to the trucking cost for distances up to 600 km but rail transport of wood pellets is 

more economical than trucking at distances of only 200 km or more.  This is largely due to the greater 

bulk density of wood pellets, which are able to utilize the entire 90 tonne weight capacity of the hopper 

car.  Wood chips on the other hand, max out on volume before weight such that each rail car holds only 

60 tonnes of chips.  Regional variation in transportation costs and the geography of feedstock supply 

were not taken into account for these estimates.  For example, longer distance road transport may 

actually be less than estimated in the graph due to a higher proportion of highway driving and thus a 

higher average speed limit.  Transportation cost estimates for the following analysis are based on the 

actual transportation network so may vary from the values in 3-3.  

3.3.5 Estimation of delivered feedstock costs 

Feedstock supply costs were compared for biorefineries at three scales: 100, 250 and 488 million litres 

per year (MLY) - the theoretical maximum scale if all large sawmills in the study region supplied a 

volume of fibre equivalent to 20% of mill capacity to the biorefinery.  Assuming that 300 L of ethanol is 

produced from one dry tonne of forest biomass (Stephen, Mabee and Saddler, 2013), approximately 0.5, 
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1.5 and 3 million green tonnes of wood chips at 45% moisture would be required for biorefineries of 

100, 250 and 488 MLY respectively.  Bioconversion was selected as the model system for this study 

because the scales examined are representative of the optimal size proposed for biochemical conversion 

(Mabee, 2012).  The biochemical process is also better suited to hardwood, which is abundant in the 

region, than to softwood (Lu et al., 2015).  Furthermore, there is evidence that the cost savings at the 

biorefinery resulting from using a densified feedstock are greater for biochemical than for 

thermochemical biorefineries (Lamers et al., 2015).  The bioconversion process producing ethanol as a 

primary product is used here for illustrative purposes; biorefinery outputs could be any mix of fuel, 

chemicals or other materials and a detailed feasibility study and market analysis would be required to 

determine the best configuration in any particular location.   

It is assumed that fibre is drawn from all supply points closest to the biorefinery until demand is filled.  

While this may not be realistic, comparison to Agriculture and Agri-Food Canada’s Biomass Inventory 

Mapping and Analysis tool (BIMAT), suggests that this methodology does provide a reasonable 

approximation of the supply area that would be required (AAFC, 2016).  The cost of supplying wood 

chips and wood pellets transported by road and by rail were compared for each of the three scales.  

Pellets were not considered for a 100 MLY facility, as feedstock transportation costs are actually greater 

for pellets than for chips due to the added step of shipping fibre to the pellet plant.  Rail transportation 

of wood chips to the biorefinery was considered only for sawmills located on a rail line and more than 

200km away.  

For the pellet scenarios, the number and location of pellet mills were determined using the location-

allocation tool in ArcGIS.  The parameters were set to find the minimum number of facilities required to 

cover the demand with a maximum transportation distance of 250 km from supply points to pellet mills, 

beyond which economics are not favourable (Boukherroub, LeBel and Lemieux, 2017).  Given these 

parameters, five pellet mills are required to supply a 250 MLY facility, and nine pellet mills are required 

to supply a 353 MLY facility, the largest possible biorefinery supplied by pellets in eastern Canada.  The 

maximum size for a biorefinery supplied with pellets is smaller than with chips because some sawmills 

are outside the 250 km radius of the pellet mills and some of the biomass is used to dry the pellets.   
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3.4 Results and discussion 

The estimated costs to supply forest feedstock in the form of woodchips or wood pellets to a biorefinery 

in Montreal are summarized in Table 3-1.  Figure 3-4 depicts feedstock supply for three scales of wood 

chip biorefineries while Figure 3-5 depicts feedstock supply for wood pellet biorefineries. 

It is clear from this analysis that it is considerably more expensive to supply a large biorefinery with 

wood pellets than with wood chips when biomass is sourced as close to the biorefinery as possible 

(within about 700km).  At a scale equivalent to 250 MLY of ethanol, feedstock is transported an average 

of 300km and the transportation cost for wood pellets is about equal to that of wood chips due to the 

additional cost of shipping biomass to the pellet mill, an average distance of 125 km.  At the largest 

scale, feedstock is transported approximately 500 km on average and savings in transportation cost in 

the range of $10-20 bdt-1 are realized for the pellet scenario.  Even at this very large scale and wide 

collection radius, savings in transportation costs alone are not sufficient to make up for the production 

cost of pellets (see Table 3-1).   

There are other potential advantages to using pellets over woodchips that may result in reduced 

investment risk and cost savings in downstream operations.  Possible cost reductions associated with 

using wood pellets instead of woodchips to supply a biofuel facility are estimated in Lamers et al. (2015).  

Those estimates are applied to the eastern Canada case study in Section 3.4.1 to exemplify the 

conditions under which it may be beneficial to supply a biorefinery with wood pellets instead of wood 

chips.   
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Table 3-1: Summary of costs and travel logistics 

Biorefinery   
size 

Feedstock Feedstock 
requirement 

(gt) 

Transport 
mode 

Average 
distance to 
biorefinery 

(km) 

Transport 
costa ($ 
bdt-1) 

Delivered 
feedstock 

cost 
($/bdt-1) 

Number 
of trucks 
per day 

Number 
rail cars 
per day 

100 MLY Chips 605,498 Truck 183 31 113 39 - 

250 MLY Chips 1,515,040 Truck 288 46 128 98 - 

Rail 291 45 126 84 10 

Pellets 1,952,323 Truck 292 50 168 60 - 

Rail 308 44 163 - 30 

Max                 
(488 MLY) 

Chips 2,955,960 Truck 485 74 156 191 - 

Rail 506 74 156 111 56 

Max                
(353 MLY) 

Pellets 2,742,695 Truck 504 64 183 84 - 

Railb 518 54 172 38 25 

  a transport cost for pellets includes transport of biomass to pellet mill and pellets to biorefinery 
  b three closest pellet mills not on rail line so pellets are transported by truck to biorefinery 
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Figure 3-4: Feedstock supply for the biorefinery at different scales 
Feedstock supply required for three scales of wood chip-fed biorefinery. The average delivered cost of biomass at each scale 
is reported based on delivery by truck and is estimated using the road network. 
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Figure 3-5: Feedstock supply radius for pellet mills to support the biorefinery 
Feedstock supply radius for pellet mills with locations optimized to supply pellets to biorefinery.  Pellets would be transported 
by truck (top left) or train (top right) or both (bottom - truck transportation from three closest pellet plants only) to the 
biorefinery. 

 

3.4.1 Opportunities for downstream savings 

3.4.1.1 Economies of scale and risk reduction  

One of the most apparent benefits of using wood pellets as a biorefinery feedstock is reduced 

congestion linked to feedstock deliveries.  In the case study above, 98 trucks per day (4 trucks an hour, 

24 hours a day) would be required to fulfil the feedstock requirement for a 250 MLY biorefinery (Table 
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3-1).  In a populated urban centre such as Montreal, and most other refining hubs, this could cause 

major traffic congestion issues and logistical challenges.  Pelletizing biomass close to the fibre source 

would reduce the required number of truck deliveries to 60 per day (2.5 an hour, 24 hours a day).  If 

pellet mills are located on the rail line, rail delivery becomes a very attractive option requiring 30 rail 

cars daily to deliver the required feedstock volume for a 250 MLY biorefinery.  

The use of densified feedstock and rail transportation simplifies logistics at the receiving end and allows 

for a larger scale facility than may be feasible with a bulkier feedstock, especially in a congested urban 

setting.  According to Lamers et al. (2015) the reduced unit costs associated with an increase in scale 

above 2,000 tonnes per day (approximately 220 MLY) are estimated to be $22 per tonne of feedstock.  

Because the largest biorefinery scales in this study are only marginally greater than 220 MLY, a more 

conservative cost reduction estimate of $10 per tonne of feedstock is used.  This also assumes that the 

biorefinery fed by chips would be limited by logistical challenges and the maximum feasible size is less 

than 2,000 tonnes per day. 

In theory, if all available fibre in eastern Canada were used, a larger biorefinery would be possible using 

woodchips as a feedstock than using pellets (Table 3-1).  In practice though, a biorefinery in an urban 

setting requiring up to 200 truckloads of woodchips a day is not likely to be developed.  Because the 

delivered cost of pellets transported by rail is less than chips if the transportation distance is greater 

than 800 km (Figure 3-3), it may be possible to source pellets from existing producers outside of eastern 

Canada to further increase the scale of the biorefinery.  This also reduces risk related to fluctuation and 

seasonality of feedstock supply.   

The use of a commodity product (i.e. wood pellets) as feedstock should make the biorefinery less 

vulnerable to price volatility (Lamers et al., 2015).  Mitigating supply risk through the use of a consistent, 

commodity feedstock produced by a mature industry would likely decrease the investment risk relative 

to the conventional system, which would be reflected in the interest rate for the biorefinery loan.  An 

interest rate reduction of 2-5% on the loan would result in saving of $2-10 per tonne of feedstock 

converted (Lamers et al., 2015). 
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3.4.1.2 Process improvements 

If biomass is pelletized before being transported to the biorefinery, storage, handling and processing 

requirements as well as wear on machinery at the biorefinery are reduced, resulting in lower capital and 

operating costs.  The homogeneity and increased density of pellets also improves flow-ability, allowing 

for the use of high-efficiency and high-volume handling systems and equipment.  The reduced need for 

storage and handling equipment and improved efficiency at the biorefinery could result in cost savings 

of $24 bdt-1 (Lamers et al., 2015).  Because the comparison in this study is to white wood chips, a fairly 

homogenous feedstock, a conservative estimate for savings resulting from reduced equipment and 

processing requirements is $12 bdt-1. 

The quality of the feedstock can also impact pretreatment efficacy, conversion performance and ash 

disposal.  In general, industrial operations perform best when inputs are consistent and predictable.  

Pelleting allows the physical (e.g. particle size, moisture and ash content) and chemical (e.g. species, 

bark content) characteristics of the feedstock to be controlled and biorefinery design to be optimized to 

the standardized feedstock, thereby improving conversion efficiency.  If wood chips are used as a 

feedstock, dealing with varying moisture and ash contents creates challenges and adds cost to the 

operations.  The chemical properties of tree species vary significantly, especially between hardwoods 

and softwoods, and the biorefining process works best if it is optimized to a particular feedstock mix (Lu 

et al., 2015).  Controlling the feedstock mix during the pelleting process allows for this optimization and 

simplifies operations at the biorefinery.   

Additional evidence that pretreatment and conversion efficiency is improved when using pellets over 

wood chips comes from Kumar et al. (2012) in which the influence of densification on steam pre-

treatment and enzymatic hydrolysis of softwoods was tested experimentally.  It was found that the 

sugar yield was slightly higher for pellets than for wood chips at the same pre-treatment severity.  In this 

study the wood chips used were clean chips of uniform size and moisture content.  In a large-scale 

biorefinery this would be difficult to control and variations in wood chip quality and moisture content 

would likely lead to an even greater advantage for pellets.  Cost reductions as a result of conversion 

yield improvements could range from $8-22 bdt-1 of feedstock (Lamers et al., 2015).   

According to the most conservative estimates of potential cost reductions (summarized in Table 3-2), 

using standardized pellets as a biorefinery feedstock could reduce capital and operating costs at the 

biorefinery by up to $32 bdt-1 of forest biomass, not quite offsetting the cost of pellet production of $40 
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per tonne of pellets ($46 bdt-1).  When the difference in transportation cost is accounted for, the cost of 

using pellets for a biorefinery feedstock is up to $23 bdt-1 more than the wood chip-fed system, 

according to the most conservative estimates.  Savings of up to $28 bdt-1 feedstock may be possible 

according to more optimistic, but probably less realistic, estimations.   

Given that the estimated cost to produce ethanol from forest fibre ranges from about $220 to $280 bdt-1 

biomass (Stephen, Mabee and Saddler, 2013; Lamers et al., 2015), even the most optimistic scenario 

results in cost reductions of only 10-12%.  On the other hand, the most conservative estimates result in 

cost increases of only 8-10%, which is less than the range in estimated production costs.  If the use of 

wood pellets as a biorefinery feedstock simplifies handling and storage, improves efficiencies and 

reduces risk, it may be worthwhile even if production costs are marginally increased.  Supplying a 

biorefinery located in an industrial area such as Montreal with wood chips would be very challenging 

logistically.  If depots produced a more refined product, such cellulosic sugar, that existing refineries are 

better equipped to handle, there could be significant downstream cost savings and potential for greater 

job creation and value generation from by-products in the communities where depots are located 

(Lamers et al., 2016).  

Table 3-2: Value-chain cost impacts of pellets vs. wood chips 
Value-chain cost impacts of using pellets instead of wood chips at a forest biorefinery in Montreal. Positive values represent a 
cost increase of pellets compared to chips while negative numbers indicate a cost decrease.  The most conservative and most 
optimistic estimates from Lamers et al., (2015) are presented to capture the full range of possible cost impacts.  Assumes that 
chip-fed biorefinery is constrained to 100 MLY due to transportation logistics and pellet-fed is 250 MLY with pellets transported 
by truck for the conservative scenario and by rail for the optimistic scenario. 

Supply system process  Cost impact  
(per tonne of dry biomass processed) 

Conservative Optimistic 

Delivered chip cost $113 $113 

Delivered pellet cost $168 $163 

Difference in delivered feedstock cost $55 $50 

Economies of scale  - $10 - $22 

Interest rate savings - $2 - $10 

Reduced equipment (storage, processing, 
handling) 

- $12 - $24 

Conversion yield improvements - $8 - $22 

Sum of cost reductions due to pellets - $32 - $78 

TOTAL $23 - $28 

Percent change relative estimated 
production cost of $250 bdt-1 wood chips 

9% increase -11% decrease 
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3.5 Conclusions 

Based on this analysis, a biorefinery producing nearly 500 MLY of ethanol equivalents could theoretically 

be supported on forest fibre from eastern Canada, made up of some combination of mill residues, 

timber harvesting residues, and unmerchantable timber.  Securing up to four million cubic meters of 

forest biomass annually, at a reasonable cost, is a massive challenge.  Supplying the biorefinery with 

wood pellets could help to reduce supply risk and expand the fibre supply radius to meet the demand of 

the biorefinery.  Due to the added cost of pelletization, using wood pellets as a feedstock only reduces 

feedstock supply cost when feedstock is being transported very long distances (i.e. >800 km).  Most of 

the potential cost savings at the biorefinery associated with using pellets instead of wood chips (Table 

3-2) are also amplified at large scales.  Based on the results of this analysis, it is possible that wood 

pellets would reduce biofuel production costs, if the use of pellets allows the scale to be significantly 

increased relative to what would be possible using wood chips.  Even then, it is possible that production 

costs would actually be increased using pellets, depending on the specific situation at the facility.   

The estimates of process and scale-related savings at the biorefinery are based upon a single study, as 

this is the only publication to date that has attempted to monetize the benefits of using wood pellets 

over chips for biofuel feedstock.  Detailed analysis should be done on a case-by-case basis but this paper 

provides a good starting point for deciding when pelletization of forest biomass should be considered 

and the types of savings that may be realized downstream as a result of using the more uniform 

feedstock.  These results also suggest that future studies on the decentralized forest biorefining model 

should explore more advanced preprocessing options for biomass depots capable of producing an even 

more homogeneous and easy-to-handle feedstock that would result in more significant savings for 

downstream biorefineries.  Technologies suitable for advanced forest processing depots are explored in 

Chapters 4 and 5.   
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4 Technologies for deployment in distributed forest biorefineries 

 

4.1 Abstract 

Growth in the forest bioeconomy, and development of forest biorefineries, will build on the strengths of 

regional forest sectors.  A vision for future forest biorefineries, including promising pathways and products 

should therefore be established on a regional basis, in order to develop strategic plans toward an end 

goal.  In regions with a strong pulp and paper sector, pulp mills will likely form the basis for integration of 

new products and processes in integrated forest biorefineries, as is being demonstrated in several projects 

around the globe.  In regions with a strong sawmilling sector but little pulping capacity and opportunity 

for integration, appropriately-scaled stand-alone forest biorefineries may be developed instead. Stand-

alone forest biorefineries in the northern hemisphere will most likely follow a distributed model.  It is not 

clear what the intermediate product(s) will be though previous work has led to the conclusion that the 

intermediate product will need to be more processed than wood pellets. Several companies are now 

piloting technologies that could fit this model but there is little recognition of these technologies in 

academic literature and the potential fit with the distributed biorefining model has not been evaluated.    

Several technologies are identified that have reached pilot scale, produce a variety of high-value materials 

and could be deployed to form the basis of a distributed biorefinery in eastern Canada.  A focus on high-

value lignin and cellulose-based materials represents a fundamental shift from earlier research efforts 

focussed primarily on fuel production and could lead to earlier commercialization and added sustainability 

and resilience benefits but process and economic details on these processes are scarce.  Further analysis 

on the economics and sustainability of these emerging technologies is required. 
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4.2 Introduction  

Forest biorefining - the sustainable processing of (forest) biomass into a spectrum of marketable 

products and energy (de Jong, Langeveld and Ree, 2009) - has been the focus of significant research and 

development over last fifteen years.  In regions with strong forest sectors, governments at all levels have 

invested heavily in forest biorefining and associated technologies for the potential to reinvent the forest 

sector, strengthen rural communities and as an integral aspect of a future low carbon economy.   

Interest in forest biorefining is tied to the growth of the bio-based economy, or bioeconomy, spurred by 

sustainability concerns and a desire to transition away from fossil fuels (European Commission, 2018; 

BIC, 2019).  More than half of all member countries of the OECD have developed a dedicated national 

Bioeconomy Strategy to guide and support the advancement of the bioeconomy across all sectors 

(OECD, 2018).  Most strategies suggest innovation in the forest sector will play a key role in bioeconomy 

development and that novel, high-value bioproducts will be produced from wood in the future 

bioeconomy.  In Canada, the Canadian Council of Forest Ministers (CCFM) published a sector-specific 

Forest Bioeconomy Framework aimed to position Canada as a leader in the use of forest biomass for 

advanced products and innovative solutions (CCFM, 2017).  

Growth in the forest bioeconomy, and development of forest biorefineries, will build on the strengths of 

existing (regional) forest sectors, with structural wood products, and in some regions pulp and paper, at 

the core (Paleologou et al., 2011; Saddler, Karatzos and Hu, 2012; Näyhä and Pesonen, 2014; CCFM, 

2017).  Forests, and by extension forest sectors, look very different in different geographic regions, both 

globally and within Canada (Blair, Cabral and Mabee, 2016).  A vision for future forest biorefineries, 

including promising pathways and products should therefore be established on a regional basis, in order 

to develop strategic plans toward an end goal and coordinate activities amongst industry stakeholders, 

governments and communities (Benali et al., 2018; European Commission, 2018).  In regions with a 

strong pulp and paper sector, pulp mills will likely form the basis for integration of new products and 

processes.  Integration of new technologies and products into existing pulp mills has been a significant 

area of research, leading to several successful biorefinery demonstration projects and commercial sales 

of new high value products (Bajpai, 2012; Celluforce, 2012; Benali et al., 2018).   

The implementation of integrated biorefining technologies that take advantage of existing infrastructure 

is a crucial step toward the development of new industrial biorefining processes, and enables research 

into end products and creation of markets for new bio-based materials.  In order to achieve widespread 
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displacement of fossil fuels though, novel stand-alone forest biorefining processes will need to be 

developed.  Appropriately scaled, stand-alone biorefineries may form the backbone of the advanced 

forest bioeconomy, particularly in northern regions with strong structural wood products sectors but 

little pulping capacity with which to integrate new technologies.  Northern regions across the globe have 

seen a significant decline in pulp production over the last decade as production shifts to larger scale and 

lower cost mills in the south (Fisher International, 2015), adding to the motivation to develop new 

processes to add value to pulpwood and mill residues.  Without a market for the lower quality fibre 

typically used by pulp mills, costs for sawmills become prohibitive (Beeton and Galvin, 2017). 

Much of the research on stand-alone forest biorefineries focuses on centralized production of 

transportation fuel, primarily ethanol.  Because transportation fuel is a relatively low value product and 

conversion of forest biomass to fuel is a complex and inefficient process, very large scale refineries are 

required to be economically viable (Stephen, Mabee and Saddler, 2012).  In northern regions, including 

Canada, USA and Europe, achieving a viable scale is hindered by the geographic dispersion of forest 

biomass and disparity between the location of the forest resource (northern and rural regions) and fuel 

demand and refining infrastructure (urban regions) (Blair, Cabral and Mabee, 2016).  This challenge has 

led to a number of studies on developing supply chains for distributed forest biorefineries that would 

consist of regional depots to densify or pre-process biomass to an intermediate product that would feed 

a large-scale biorefinery (Eranki, Bals and Dale, 2011; Kim and Dale, 2015; Lemire et al., 2019).   

Biorefineries in the northern hemisphere will most likely follow a distributed model, though it is not 

clear what the intermediate product(s) will be (Blair, Cabral and Mabee, 2016).  Previous work has led to 

the conclusion that the intermediate product will need to be more processed than wood pellets and 

must have an existing market to support development of the supply chain prior to the establishment of 

a large scale biorefinery (see Chapter 3).  Several companies are now piloting technologies that produce 

intermediates fitting this description but there is little recognition of these technologies in academic 

literature and the potential fit with the distributed biorefining model has not been evaluated.   

The purpose of this study is to identify and review technologies in early stages of development that 

could be deployed in rural forestry communities to produce high value intermediates that could be 

integrated into existing downstream manufacturing processes and potentially feed a downstream 

biorefinery.  The first section will provide an overview of the evolution in forest biorefining concepts and 

associated technologies over the last 15 years that has led to the development of promising distributed 
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biorefining technologies.  The next section will review seven emerging biorefining technologies with 

potential for deployment in northern forest regions.  Chapter 5 draws on this review and presents a 

high-level techno-economic and market analysis for two promising technologies. 

4.3 Overview of forest biorefining concepts 

The term forest biorefinery first appeared in academic literature in 2006, though references to 

biorefining of forest-based and agriculture feedstocks can be found as early as 1980 (Levy et al., 1981; 

Mabee, Gregg and Saddler, 2005; Heiningen, 2006; Wising and Stuart, 2006).  In 2007, Industry Canada 

produced a “Technology Roadmap for Canadian Forest Biorefineries” in which a conceptual pathway for 

the development of forest biorefineries was put forth (Industry Canada, 2007).  The document 

suggested that emerging technologies will first be demonstrated through integration with existing pulp 

and paper mills, leading to the eventual establishment of stand-alone forest biorefineries that will 

maximise use of the forest feedstock to produce a mix of fuels and chemicals (Industry Canada, 2007).  

While progress may be slower than some had hoped, this is essentially what is happening.  The following 

sections summarize the progress made in the development of forest biorefining technologies over the 

last decade, as well as the evolution in the conceptualization of forest biorefineries toward a distributed 

model.   

4.3.1 Centralised biorefinery 

The biorefinery was first conceptualized as a large scale industrial plant, analogous to an oil refinery, 

that would produce transportation fuel and a range of higher value co-products from agricultural or 

forestry biomass (Levy et al., 1981; Mabee, Gregg and Saddler, 2005).  The focus on fuel production has 

been driven, at least in part, by the introduction of Renewable Fuels Standards in the USA (2008) and 

Canada (2010) and programs to support development of domestic production (Blair et al., 2014; 

Majumdar et al., 2017).  Production of grain ethanol has flourished under these programs but 

production of cellulosic ethanol is not economically competitive, even with a specific requirement for 

cellulosic biofuel in the USA (Wenger and Stern, 2019).  The extra steps required for production of fuel 

from cellulosic feedstock (crop residues or forest biomass) combined with the dispersed nature of the 

feedstock and the geographic disconnect between feedstock and markets render the centralized 

production of cellulosic ethanol not viable in most locations.  Additionally, the primary focus has been 

on fuel production, which uses only about 30-40% of the total biomass (Zabed et al., 2016).  While it is 
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recognized that co-products are important to improve the economics of cellulosic ethanol, this has not 

been a primary focus of research and development activities. 

Despite well over a decade of government-funded and industry-backed research and development 

toward the commercialization of forest-based biofuels, no successful scale up has been achieved.  It is 

worth noting that there have been advances recently in the development of cellulosic biofuels from crop 

residues, with the announcement of a handful of commercial scale projects in 2018 and 2019 (e.g. Poet, 

Verbio, Aemetis, Clariant), but it is yet to be seen if these projects will be successful (Lane, 2019).  In 

addition to co-product valorization, one of the greatest stumbling points for centralised forest 

biorefineries is the challenge of supplying spatially dispersed forest biomass at the (very large) scale that 

would be required to be economically competitive (Stephen, Mabee and Saddler, 2012; Lemire et al., 

2019).  To address this challenge, a distributed biorefining model has been proposed in which regional 

processing depots, scaled to the resource, would produce a standardized intermediate product to feed a 

downstream biorefinery, or existing chemical plant, located close to markets (Kim and Dale, 2015; Blair, 

Cabral and Mabee, 2016; Lemire et al., 2019).  This model, and potential intermediates are described in 

Section 4.3.3.  Prior to this, Section 4.3.2 gives an overview of technologies that have been integrated 

into existing pulp mills.  These integrated technologies primarily serve to add value to existing 

operations, but are also an important stepping stone toward the development of stand-alone 

distributed biorefineries (Industry Canada, 2007). 

4.3.2 Integrated forest biorefineries 

The concept of converting a chemical (Kraft) pulp mill into an integrated forest biorefinery was 

described, almost simultaneously, by authors based in the US (van Heiningen, 2006) and Canada (Wising 

and Stuart, 2006).  Both suggested that the focus of an integrated forest biorefinery (IFBR) would be on 

diversifying and adding value to chemical pulp mills through the addition of new products from waste 

streams and improved energy efficiency.  While there are many possible high-value end products, 

integrated biorefining technologies generally fall into three categories: 1) Lignin extraction and up-

grading from black liquor; 2) hemicellulose extraction and upgrading prior to pulping; or 3) upgrading of 

a portion of pulp to nanocellulose.  Nanocellulose producing technologies are being explored to produce 

both cellulose nanocrystals (CNC) and cellulose nanofibers (CNF).  Examples of all three technologies 

have been deployed at pilot, demonstration or even early commercial scale in North America and 

Europe.  Recent developments are summarized in Table 4-1.   
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Research and development of integrated forest biorefinery technologies is concentrated in only a few 

countries, with Canada among the leaders.  Of the 13 pilot and demonstration projects in Table 4-1, five 

are in Canada, three are in the United States, Sweden and Finland have two each and there is one in 

Japan.  In addition to these bolt-on IFBR projects, in 2017 the Metsa Group began operations at their 

newly constructed bioproduct mill in Finland.  The primary output of the mill is 1.3 million tonnes of 

Kraft pulp, but the mill utilises 100% of its wood raw material and is producing a broad range of other 

bioproducts, such as tall oil, turpentine, bioelectricity, product gas, sulphuric acid and biogas, fitting the 

definition of an integrated forest biorefinery (Metsa Fibre, 2017).  
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Table 4-1: Pilot, demonstration, and early commercial integrated forest biorefinery projects 
This is a list of projects active globally in 2019. Attempts have been made to include all significant producers but this list may 
not include all small-scale producers as biorefining is a very active field of R&D. 

Product Company/ 
Organization 

Location Technology Commercialization 
status (TRL) 

Scale of Pilot 
(Product) 

Kraft 
Lignin 

RISE Bioeconomy 
(formerly 
Innventia) 

RISE facility, 
Sweden 

LignoBoost – Acid 
precipitation  

Demonstration 
plant, 2007 

(TRL 7-8)  

8,000 t per year 

Domtar (Valmet) Plymouth 
Mill, USA 

LignoBoost First commercial 
plant, 2013 

(TRL 8-9) 

25,000 t per year 
(BioChoiceTM) 

Stora Enso (Valmet) Sunila mill, 
Finland 

LignoBoost Second commercial 
plant, 2015  

(TRL 8-9) 

50,000 t per year 
(Lineo, dry lignin) 

West Fraser 
(developed by 
FPInnovations) 

Hinton mill 
Canada 

LignoForce – acid 
precipitation with 

oxidation  

Commercial 
demonstration, 
2016 (TRL 7-8)  

30 t per day 
(~9,000 t per 

year) 

Hemi-
cellulose 
Sugars 

American Process 
Inc. 

Cascades, 
Norampac-

Cabano mill, 
Canada 

GreenBox+TM – hot 
water extraction  

First commercial 
plant, 2016  

(TRL 7-8) 

n/a 

CNC CelluForce 
(developed by 
FPInnovations) 

Domtar, 
Windsor 

mill, Canada 

Sulphuric acid 
hydrolysis with 

recovery, spray dry 

Pilot plant, 2011 
Upgraded 2019      

(TRL 6-7) 

300 t per year 

(CelluForce NCC®) 

Innotech Alberta  Alberta 
Innovates, 

Canada 

Sulphuric acid 
hydrolysis, spray 

dry 

Pilot plant, 2013    
(TRL 6) 

100 kg per week 

USDA Forest 
Products 

Laboratory  

University of 
Maine, USA 

Sulphuric acid 
hydrolysis, freeze 

dry  

Pilot plant, 2012    
(TRL 6) 

75 kg per week 

CNF RISE Bioeconomy 
(formerly 
Innventia) 

RISE 
research 
facility, 
Sweden 

Pretreatment, (low-
energy) mechanical 

extraction  

Pilot plant, 2011 
Mobile demo, 2017 

(TRL 6-7) 

100 kg per day 

USDA Forest 
Products 

Laboratory  

University of 
Maine, USA 

Mechanical (disk 
refining) 

Pilot plant, 2012     
(TRL 6) 

30 t per year 

Kruger Biomaterials 
(developed by 
FPInnovations) 

Kruger, 
Trois-

Rivières mill, 
Canada 

Mechanical 
extraction  

Demo plant, 2014                        
(TRL 7) 

6,000 t per year 
(FiloCellTM) 

Nippon Paper 
Industries  

Ishinomaki 
Mill, Japan 

TEMPO Catalytic 
Oxidation 
(chemical) 

Demo plant,  2017                         
(TRL 7) 

500 t per year  

VTT Technical 
Research Centre  

VTT Facility, 
Finland 

High-consistency 
enzymatic 

fibrillation (HefCel) 

Pilot scale, 2016                
(TRL 4-5) 

Small batches, no 
dedicated pilot 

plant 
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4.3.2.1 Lignin extraction and upgrading 

Lignin extraction technologies are the most advanced of the three types, with the first pilot project 

implemented in 2007 and three larger scale, integrated plants constructed since.  In Kraft mills 

constrained by the capacity of the recovery boiler, diversion of a portion of the black liquor for lignin 

extraction debottlenecks the process and pulp production can be increased (Benali et al., 2014, 2018).  

The additional pulp production improves the overall economics of integrating the lignin extraction 

process, facilitating early development (Valmet, 2015; Benali et al., 2018).  Extracted lignin can be used 

internally as a fuel but as markets for lignin continue to mature, most is now packaged and sold (Valmet, 

2015).  Production of Kraft lignin is limited by the need to maintain the heating value of the remaining 

black liquor for operation of the recovery boiler, which is negatively affected at extraction rates greater 

than about 20% of total black liquor volume (Vakkilainen and Välimäki, 2009).  End uses for lignin are 

still being developed and research into upgrading the crude lignin product for integration into chemical 

and materials value chains is on-going (Yamakawa, Qin and Mussatto, 2018).  Recent research activity 

suggests that initial lignin products may include carbon black, polyurethane insulation foam or phenol 

formaldehyde resins used in plywood production, while future, higher value markets include carbon 

fibre, plastics and aromatics (Ivanov et al., 2016; Benali et al., 2018; Dessbesell et al., 2018; Gursel et al., 

2019).      

4.3.2.2 Hemicellulose extraction and upgrading 

Hemicellulose extraction and valorization has been studied extensively but to date, only one 

hemicellulose-based IFBR project has been implemented.  Hemicellulose extraction takes place prior to 

pulping and alters both the characteristics of the resulting pulp, and the energy available in black liquor 

for the (Kraft) recovery process.  Ajao et al. (2018) suggest that hemicellulose extraction in a Kraft Mill 

would not be economically viable unless the mill were converted to produce dissolving pulp, in which 

hemicellulose extraction is a required first step (Ajao et al., 2018).  At Cascade’s Cabano Mill in Quebec, 

Canada, a hot water hemicellulose pre-extraction process replaced a sodium-carbonate chemical 

process resulting in reduced energy demand and chemical requirement.  It is not clear what is being 

done with the extracted hemicellulose sugars at this point (Ajao et al., 2018).  The most investigated 

hemicellulose derivatives are ethanol and other bio-chemicals but materials such as paper coatings and 

adhesives are gaining traction as potential applications (Ajao et al., 2018).  
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4.3.2.3 Nanocellulose production  

Interest in nanocellulose production has increased almost exponentially over the last decade, as 

outlined by Abbati de Assis (2017) and evidenced by the construction of several pilot and demonstration 

facilities producing cellulose nanocrystals (CNC) or nanofibers (CNF).  A number of other companies are 

producing specialty cellulose fibres larger than nanoscale but still with unique properties (e.g. 

Borregaard, Imerys, Performance BioFilaments) (Miller, 2015).  Nanocellulose producing technologies 

are not always considered within the realm of IFBR technologies as full integration with a host mill is not 

necessarily required for the process to be viable but they do offer pulp mills an opportunity to diversify 

their product portfolio by diverting a portion of the pulp to be upgraded to a niche product (Ajao et al., 

2018).  These technologies use cellulose pulp (generally Kraft or dissolving) as the feedstock and apply a 

chemical (CNC) or mechanical (CNF) treatment to further process the cellulose into nano-sized particles 

for which there are many possible applications being developed including additives for paints and 

coatings, 3D printing polymers, cosmetics, electronics, and many others (de Assis et al., 2017).  The 

developer of a commercial scale nanocellulose plant would have to weigh the trade-offs between co-

locating with a pulp mill (where there is no transport cost for pulp but users are far away) or with end 

users such as a chemical cluster (where pulp would be transported but multiple possible users are 

nearby). 

4.3.2.4 IFBR Products as intermediates 

The outputs of these IFBR projects – lignin, sugar and CNC/F – are intermediates; building block 

chemicals that can be incorporated into downstream chemical or fuel conversion processes.  In order to 

be seamlessly substituted for fossil-based chemicals, the products often require additional modification 

and processing.  The challenge is to do this while maintaining a price that is competitive with fossil-

based alternatives.  Bio-based molecules also have different properties than fossil-based molecules, 

which may impact the characteristics of the end product in positive or negative ways (Miller and 

Faleiros, 2016; Nelson et al., 2016).  The development of IFBR technologies has been, and will continue 

to be, instrumental in advancing research in these areas by making the products commercially available 

for market research and development.  Companies have recognized the value of these products as 

intermediates for existing chemical refining processes and eventually for future biorefineries.  Stand-

alone processes are now being developed for the production of cellulosic sugars, lignin and 

nanocellulose from forest biomass, as detailed in the following sections. 
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4.3.3 Distributed forest biorefineries  

A distributed forest biorefinery, as proposed by several authors in the literature, consists of a network of 

upstream feedstock preprocessing depots designed to supply a downstream conversion facility with a 

uniform feedstock (Kim and Dale, 2015; Blair, Cabral and Mabee, 2016; Lemire et al., 2019).  The 

downstream biofuel conversion facility would most likely be located in an existing industrial area, ideally 

with chemical processing or fuel refining capacity (Blair, Cabral and Mabee, 2016; Lemire et al., 2019).  

The distributed biorefining model was conceptualized primarily to address feedstock supply challenges, 

but also takes advantage of existing industrial knowledge, human resources and infrastructure that do 

not exist in rural forest-based communities.  To facilitate development of distributed biorefineries, there 

must be an existing (or at least emerging) market for the intermediate product(s) that come out of the 

preprocessing facility so that value can be derived from the intermediates prior to the development of 

the biofuel refinery (Lamers et al., 2016).  That is to say, preprocessing depots must be viable as stand-

alone facilities.  Learning form the lessons of centralized biofuel refineries, it is also crucial that 

preprocessing facilities have high conversion efficiencies such that value is derived from as close to 

100% of the biomass as possible and can be scaled to the regional availability of forest biomass.   

4.3.3.1 Possible intermediates for distributed production 

Size reduction and/or densification are the processes most often proposed for a depot and the 

economics of centralised forest biorefinery supply chains have been compared in the literature to 

distributed supply chains in which wood pellets are produced at regional depots (Lamers et al., 2015, 

2016; Lin et al., 2016).  The general consensus from these studies, which agrees with the findings in 

Chapter 3, is that overall supply chain costs are actually increased in the distributed model because the 

cost of manufacturing pellets outweighs transportation savings (Lamers et al., 2015; Lin et al., 2016).  

Increased transportation costs could be mitigated by savings at the biorefinery as a result of using a 

more uniform feedstock but there is little evidence to suggest that the use of pellets as a feedstock 

significantly reduces conversion costs relative to wood chips (Chapter 3; Lamers et al., 2015; Nie and Bi, 

2018).  Bio-oil produced via pyrolysis has also been proposed as a potential intermediate that could be 

dropped into petroleum refineries but the cost to stabilize the bio-oil and incompatibility with 

petroleum refining equipment are prohibitive (Braimakis et al., 2014; Li, 2018).  Sugars are another 

possible intermediate that have been shown to reduce transportation costs for a biorefinery located in 

an existing industrial park, but the distributed production of sugars from forest biomass is only feasible 



96 
 

with the co-production of a marketable product from waste streams (i.e. lignin) (Brandt et al., 2018; 

Lemire et al., 2019).  Importantly, it must also be recognized that the intermediates produced at 

distributed depots do not necessarily need to be converted to fuel downstream.  In fact, more 

favourable economics and environmental impacts may be achieved by displacing fossil-based chemicals 

or materials in other manufacturing processes (Benali et al., 2014; Ajao et al., 2018; Kumar, Sabu and 

Tiwari, 2018).  With this in mind, sugars, lignin and nanocellulose can all be considered intermediates.   

4.3.3.2 Emerging distributed biorefining technologies 

Advancements in the development of integrated forest biorefining technologies, and the challenges 

with scaling up centralized forest biorefineries, have led to the demonstration of new stand-alone 

biorefining technologies producing high-value intermediates, designed to operate at a scale that fits 

with forest operations in the northern hemisphere.  While these technologies could form the basis for a 

distributed supply chain for a large scale biofuel refinery in the future, the focus right now is on 

integrating the outputs into existing chemical and material production chains.  A number of companies 

and research institutes have recognized the need for efficient (stand-alone) biorefining technologies 

that can operate at smaller scales and produce high value outputs from at least two of the three major 

wood components (cellulose, hemicellulose and lignin) using forest biomass as a feedstock.   

At least seven different biorefining technologies have been demonstrated at pilot scale that fit the 

above description and could be deployed in a distributed fashion in forest-based communities 

throughout Canada and the northern hemisphere.  All produce either nanocellulose with lignin and 

hemicellulose sugar co-products, or mixed (cellulose + hemicellulose) sugar and a lignin co-product, and 

do not rely on integration with a pulp mill.  Because all technologies reviewed include sugar as one of 

the products, they could potentially form the basis for a large-scale distributed cellulosic biorefinery in 

the future.  It is possible that different technologies could be deployed in different regions to best fit the 

local conditions and fibre availability, with the sugar from all feeding the same downstream refinery.  

Importantly, there are other markets for the sugar and other co-products in the meantime so 

development of the regional depots is not dependent on the existence of a downstream biorefinery. 

As all of these pilot-scale technologies have been developed by private companies or institutions, there 

is very little information in academic literature on the processes used, yields obtained or inputs required 

and certainly no publicly available cost estimates or economic analysis.  Aside from a handful of recent 

papers (Baral and Shah, 2016; Brandt et al., 2018; Lemire et al., 2019), there is also very little in the 
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literature that places sugar, nanocellulose and/or lignin-producing processes or technologies within the 

context of a distributed forest biorefining model or the broader transition to an advanced bioeconomy 

(Dessbesell et al., 2017).  The remainder of this paper will provide an overview of seven technologies 

that have been deployed at pilot scale, designed to convert forest biomass to high value intermediates.  

Details of the pilot plants and processes used were compiled from various public sources including 

company website, conference presentations and proceedings, book chapters, reports and patents.  

Simplified process diagrams were created for each with the best information available but do not 

necessarily represent the exact process used by the companies reviewed. 

4.4 Distributed biorefining technologies for high-value intermediates  

Key to any forest biorefining process is a low-cost, high-yield pretreatment.  The goal of pretreatment, 

or fractionation, is to separate biomass into its three principle components; cellulose, hemicellulose and 

lignin.  The structure of wood is very complex, with the three components tightly integrated within the 

cell walls to support tall vertical growth.  The primary goal of pretreatment for biofuels production has 

been to allow enzymes to access the cellulose (about half of wood by weight), while lignin and 

hemicellulose are generally dissolved and treated as a waste stream (Miller, 2015).  Without generating 

significant value from the hemicellulose and lignin side streams, these processes are not commercially 

viable (Stephen, Mabee and Saddler, 2012; Tanase-Opedal et al., 2019).  Having realized this, a number 

of companies are now demonstrating various pretreatment/fractionation technologies that aim to 

produce at least two valuable chemical intermediate products.  Each is touted as being ‘simple’ or ‘low 

cost’ and is designed to operate at a smaller scale than would be required for a biofuel refinery or a new 

pulp mill.  Several of these companies initially set out to produce cellulosic ethanol but have shifted the 

focus to higher value intermediates, or platform chemicals, and full utilization of the biomass to achieve 

a commercially viable process.   

The processes reviewed in the following sections fall into three categories: four facilities produce sugars 

with a lignin-based side stream; two produce nanocellulose with a lignin and/or hemicellulose side 

stream; and one produces a purified lignin with an undefined carbohydrate side stream.  To be included 

in this review of potential distributed forest biorefinery technologies, processes must: 

1. Be at least at pilot scale 

2. Use raw forest biomass (i.e. wood chips) as feedstock 
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3. Aim to extract as much value as possible from biomass (e.g. >90% valorization) through 

production of 2+ intermediates  

4. Be designed to operate at a scale similar to pulp mills in the northern hemisphere 

4.4.1 Technologies producing sugar and lignin streams 

Several companies are currently demonstrating technologies that produce a purified, easily fermented 

sugar stream, in some cases both a C5 (hemicellulose) and C6 (cellulose) sugar stream, alongside a lignin 

product.  In most cases, the process has been designed to optimize the quality and yield of sugars, it has 

been recognized that lignin may ultimately be the more valuable product and the timeline for 

establishment of a commercial-scale biorefinery will likely be driven by growth in demand for lignin 

(Lane, 2017).  The production of a lignin product alongside the sugars may generate the additional value 

necessary to improve the competitiveness of cellulosic sugars.   

4.4.1.1 Borregaard Advanced Lignin (BALITM) 

Norwegian pulp and paper company, Borregaard currently operates what is considered by many to be 

the ‘world’s most advanced biorefinery’ – a sulphite pulp mill with four main outputs: cellulose specialty 

pulp, lignin performance chemicals, vanillin and bioethanol.  The BALITM process was designed to be 

simpler, with only two outputs (sugar and lignin), to allow for operation at smaller scales.  A 

demonstration plant, with a capacity to process up to three metric tonnes of dry biomass per day, has 

been operating since 2013 (Johansen, 2018).  The process has been successfully tested on several 

difference biomass feedstocks including pine, poplar and sugarcane bagasse but Norway spruce is the 

feedstock used in the demonstration plant (Johansen, 2018).  The BALITM process uses a modified, low 

temperature sulphite pretreatment that allows for early separation of water-soluble lignin (illustrated in 

Figure 4-1).  If the pretreatment is performed under acidic conditions, the hemicelluloses are dissolved 

and separated with the lignin stream and fermented to ethanol to purify the lignin.  If the pretreatment 

is performed under neutral conditions, the hemicelluloses remain with the cellulose solids to be 

enzymatically hydrolyzed to sugar (Rodsrud et al., 2012).  Research on the enzymatic hydrolysis of the 

cellulose (and hemicellulose) is ongoing but the pretreated cellulose substrate has been shown to be 

relatively free of inhibitors and easily hydrolysed by several difference enzyme cocktails.  The resulting 

hydrolysate has similarly been shown to be easily fermented to ethanol (Rodsrud et al., 2012).   
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A key motivation for the BALITM project was to enable expansion of the lignin market (Tjos, 2017).  

Production of lignosulfonates from sulphite pulping liquor currently approaches one million tonnes 

annually, much of it using Borregaard’s LignoTechTM technology.  The lignosulfonate produced through 

the BALI process would be very similar, allowing for expansion of the market well beyond the 3 million 

tonnes per year maximum that could be produced from existing sulphite mills (Miller and Faleiros, 

2016).  Lignosulphonate is water soluble, unlike Kraft lignin, has a high molecular weight and is highly 

reactive, making it well-suited as a dispersant, emulsifier or cement additive (Bruijnincx et al., 2016).  A 

portion of the lignin produced at the Borregaard biorefinery is upgraded to vanillin, a valuable aromatic.  

Borregaard has been clear that commercial scale deployment of BALITM plants will be driven by a ‘lignin 

pull’, an increase in the market demand for lignin that the company expects to occur between 2023 and 

2028 (Johansen, 2018).  Despite the lignin market being the diver of BALITM biorefinery development, 

the process has been designed to optimize the production of high-quality sugars, with the lignin stream 

as a coproduct.  Borregaard has indicated that a full-scale commercial plant would process in the range 

of 300 – 500,000 dry tonnes of biomass annually, producing 140 -200,000 tonnes of lignin and 175 - 

250,000 tonnes of sugar (Johansen, 2018). 

 
Figure 4-1: Simplified block diagram of the BALI process 
Modified from Johansen, 2018. Process under acidic pretreatment conditions shown. 
 

4.4.1.2 FPInnovations’ TMP-Bio 

The TMP-Bio process was designed by Canadian not-for-profit research organisation, FPInnovations, as a 

solution for struggling or idled thermomechanical (TMP) and chemi-thermomechanical (CTMP) pulp 

mills, allowing them to convert from production of publication papers (i.e. newsprint) to higher value 

bio-refined products (Williamson, 2018).  Based on traditional TMP or CTMP equipment, the TMP-bio 

process adds a mild chemical treatment and high-solids enzymatic hydrolysis to produce a concentrated 

cellulosic sugar and hydrolysis lignin (H-Lignin) as illustrated in Figure 4-2 (Mao et al., 2015).  TMP-Bio is 

not a bolt-on process, like those that extract lignin from Kraft liquor, but converts the entire woody 
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feedstock to bioproducts, at very high efficiency.  While the process was designed for mill conversion, it 

is a stand-alone process so a new facility using this technology could in theory be designed.   

The conversion efficiency of the TMP-bio process is approximately 90% overall, with 40% of the biomass 

converted to H-Lignin and 50% to sugars (Mao et al., 2015).  FPInnovations’ patented FP3 enzyme 

formula is capable of simultaneously hydrolysing cellulose and hemicellulose to sugars and results in a 

concentrated (120 – 140 g/L) sugar product consisting of both glucose and xylose in approximately a 3:1 

ratio (Mao et al., 2017).  This sugar can be directly fermented to lactic acid, succinic acid, ethanol and 

butanol without detoxification (Mao et al., 2015).  Hydrolysis lignin consists of 50-60% near-native lignin, 

balanced by the residual cellulose and carbohydrates.  It has a high molecular weight, low reactivity and 

is insoluble in most solvents, thus requiring modification before incorporation into downstream 

products (Mahmood, Yuan and Paleologou, 2015).  Applications for H-lignin are still being developed, 

with recent studies looking at depolymerisation for use in insulation foams, epoxy resins and polyolefins 

(Mahmood, Yuan and Paleologou, 2015; Li et al., 2017; Kabir et al., 2018).   

FPInnovations has operated a 200 kg per day pilot plant based on the CTMP process at their laboratory 

since 2011, adding TMP-bio equipment in 2013.  The process has now been scaled up, with a 100 tonne 

per year pilot plant inaugurated at Resolute’s Thunder Bay pulp mill in May of 2019 (FPInnovations, 

2019).  The TMP-Bio pilot plant was designed to use poplar chips as a feedstock, a readily available but 

underutilized species in northern Ontario.  The process may be further developed for softwood but 

would require a harsher chemical treatment and advanced enzyme development (Williamson, 2018).  

Similar to BALITM, the TMP-Bio process was designed to optimize sugar production, with H-lignin as a 

valuable by-product.  FPInnovations has suggested that commercial scale plant would produce in the 

neighbourhood of 500 tonnes of sugar per day (~150,000 tonnes per year) with an annual feedstock 

requirement of approximately 300,000 dry tonnes (Mao et al., 2015). 
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Figure 4-2: Simplified process diagram for TMP-Bio process  
Adapted from Mao et al. (2017). Option I is for CTMP mills, Option II is for TMP. 
 

4.4.1.3 Renmatrix’s Plantrose®  

Renmatrix is an American company that specializes in the deconstruction of non-food biomass into 

building blocks for renewable chemicals and materials (Renmatrix, 2019).  Their Plantrose® process uses 

Supercritical water as both a solvent and a catalyst to quickly hydrolyse biomass from many sources into 

Plantro® sugars and OMNOTM polymers, a lignin co-product (Figure 4-3) (Renmatrix, 2019).  Supercritical 

water, created using heat and pressure, exists in a state between liquid and gas that gives it unique 

properties, allowing for biomass to be rapidly hydrolysed without consuming any acids, solvents or 

enzymes (Renmatrix, 2019).  The short retention time allows for the use of relatively small reactors, 

lending the process to modular, capital-efficient designs and plant sizes that can be tailored to feedstock 

availability (Capanema and Balakshin, 2015).  The lack of consumables eliminates the need for expensive 

recovery operations, also lowering capital and operating costs.   

Initially focused on the delivery of Plantro® cellulosic sugars, Renmatrix now markets lignin-based 

OMNOTM polymers and Supercritical Crystalline Cellulose (SC3), as well as a range of more refined 

bioproducts with applications in the food, cosmetic and industrial sectors (Renmatrix, 2019).  The lignin 

product is in the form of a solid residue, left over from the supercritical hydrolysis process, which 

consists of 50 – 60% lignin and varying amounts of carbohydrate (Capanema and Balakshin, 2015).  

Because the lignin was only every exposed to heat and water, it is less modified, less heterogeneous and 

more reactive than other industrial lignin (Balakshin and Capanema, 2016).  As is the case with other 

lignin-based intermediates, research into specific applications for OMNOTM polymers and processes to 

purify the lignin are on-going (Capanema and Balakshin, 2015; Balakshin and Capanema, 2016).  The 

crystallized cellulose product is produced by stopping the Plantrose® process early and has unique 

properties that are still being explored (Renmatrix, 2019). 



102 
 

To facilitate commercialization Renmatrix operates three research, demonstration and production 

facilities.  At their headquarters in Pennsylvania, the company operates the Bioflex Conversion Unit to 

analyze a range of biomass feedstocks for use in the Plantrose® process.  Renmatix also operates a 

production facility in Georgia, the Integrated Plantrose™ Complex (IPC), which was upgraded to in 2015 

to convert 3 tonnes per day of woody biomass into samples of sugar and lignin for partners and 

customers to test and evaluate.  Most recently, Renmatix established a Feedstock Processing Facility in 

New York, where the first step in the Plantrose™ process, extraction of hemicellulose, takes place to 

provide a consistent feedstock supply to the IPC.  Renmatrix has signed several development 

agreements with major players in the energy, pulp, chemical and waste management industries. 

 
Figure 4-3: Simplified process diagram for Renmatrix's Plantrose® process 
Modified from Capanema and Balakshin, 2015. Water and steam are recycled in the process. 
 

4.4.1.4 Sweetwater Energy’s Sunburst Pretreatment 

Sweetwater Energy, headquartered in Rochester, NY, holds the patent on the Sunburst Pretreatment 

technology, a process capable of converting up to 94% of the carbohydrates in woody biomass to 

monomeric sugars and resulting in a clean lignin co-product (Sweetwater Energy, 2017).  The process 

relies on a modified twin screw extrusion that is reliably used in many other industries globally.  Biomass 

is first mixed with water and a dilute acid to create a slurry, which is fed into the extruder at the feed 

zone, passes through the grinding zone, where particle size is reduce, then fed through the pressurized 

reaction zone and out of the extruder (Lumpkin, 2016).  The reaction happens very quickly under the 

conditions created, with a total residence time of only 20 seconds (Sweetwater Energy, 2018).  The C5 

sugars from the hemicellulose, converted to monomers at 97%, can be separated after this step as a 

separate stream, or sent with the easily-hydrolysed cellulose stream to undergo enzymatic hydrolysis.  

Due to the effectiveness of the pretreatment, only a small amount of enzyme is required to convert 93% 

of cellulose to glucose.  The clean lignin product, with very low carbohydrate content, is separated from 

the sugars after hydrolysis (Sweetwater Energy, 2017).  Sweetwater’s process is illustrated in 
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Figure 4-4.  

 The monomeric sugars produced are relatively free of inhibitors and easily fermented to alcohol, or 

used in other industrial processes.  The processes can also be modified to produce a microcrystalline 

cellulose product with many potential applications (Nu Conversion LLC, 2019). The UltraClean lignin 

product has can be easily activated to form a high-quality activated carbon, or further purified and 

fractionated for direct use in downstream chemicals and materials manufacturing processes.  

Sweetwater partnered with Finnish company, MetGen Oy, in 2017 to further develop their LIGNO 

technology platform which facilitates the enzymatic breakdown of the UltraClean Lignin into its 

fundamental components (Lane, 2017).  

Of the fractionation technologies reviewed, Sweetwater’s is probably the closest to commercialization.  

A demonstration facility at their New York headquarters was upgraded in 2017 to process up to three 

tonnes per day of biomass and consistently achieves an overall conversion rate of greater than 90% of 

the hardwood feedstock to useable products (Sweetwater Energy, 2019).  The Sunburst technology is 

also at the core of the SWEETWOODS project, selected by Europe’s Horizon 2020 program to receive 

€20.96 million in funding to develop a first-of-a-kind bio-fractionation flagship plant in Estonia that 

processes 50,000 tonnes of hardwood biomass annually (Sweetwater Energy, 2019).  The project brings 

together nine European companies, from all parts of the value chain – biomass procurement through to 

development of end products and financing – to create new industrial value chains from biomass 

(Sweetwater Energy, 2019).   
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Figure 4-4: Simplified process diagram of Sweetwater's fraction process  
Sweetwater’s process uses Sunburst pretreatment technology.  Dashed arrow show optional separation of hemicellulose 
sugars. 
 

4.4.2 Nanocellulose technologies 

At least two companies have decided to focus on the production of nanocellulose as a potentially much 

higher value intermediate (compared to sugar) from the cellulose stream.  Similar to most of the sugar-

producing processes, hemicellulose and lignin end up in contaminated side-streams and must undergo 

additional processing to generate value.  The CNC manufactured through these processes have different 

properties and potentially different applications than CNC produced through the acid hydrolysis of pulp 

and market development research is ongoing (Nelson et al., 2016; Reid, Villalobos and Cranston, 2017).  

American Process Inc. envisions the commercialization timeline for nanocellulose products to be similar 

to that of plastics. One hundred years after the development of the first fully synthetic plastic in 1907, 

plastics impact every aspect of our lives but it was not until nearly 50 years after the first plastic was 

developed in lab that industrial production ramped up.  As the first nanocellulose gel was developed in 

1977, it is expected that by 2050 nanocellulose will be a commercially important material with 

significant industrial production (Nelson et al., 2016).  In general, the technologies producing 

nanocellulose as the primary output are further from commercialization than those with sugar as a 

primary product as the market for industrial sugars is mature while the market for nanocellulose is in its 

infancy. 

4.4.2.1 American Process Inc.’s AVAP 

American Process Inc. (API) has a long history in the development of technologies to produce ethanol 

from forest materials and constructed a facility in Thomaston Georgia to demonstrate their patented 

American Value Added Pulping (AVAP) process in 2010.  Outputs of the AVAP demonstration facility 
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initially consisted of cellulose, cellulosic sugars and cellulosic ethanol from three dry tons per day of 

biomass.  In 2015, API added a nanocellulose production unit as their focus shifted from sugars and 

ethanol to nanocellulose products (AVAPCO LLC, 2016).  The AVAP fractionation process, shown in 

Figure 4-5, uses hot water extraction technology with the addition of ethanol and sulphur dioxide (SO2), 

known as SO2-ethanol-water (SEW) fractionation.  The ethanol allows for rapid impregnation of the 

biomass while the presence of SO2 eliminates unwanted lignin precipitates and hydrolyses the 

hemicellulose (Heiningen et al., 2011).  Ethanol and SO2 are recovered through a low cost distillation 

process that leads to the hemicellulose fraction being almost fully hydrolyzed to monomers.  Two 

separate lignin fractions can also be recovered from the liquor in approximately equal proportions, a 

native lignin (AVAP Lignin) and a lignosulfonate (AVAPCO LLC, 2016).   

After separation from the liquor, the cellulose pulp is prepared for mechanical treatment CNC, CNF or 

lignin-coated version of either (L-CNC, L-CNF), marketed as BioPlusTM nanocellulose.  Because the 

amorphous cellulose regions are dissolved in the pretreatment process, the energy requirement is much 

lower than is required to produce CNF from Kraft or dissolving pulp (Nelson et al., 2016).  The 

production of CNC versus CNF is controlled through adjusting the severity of the pretreatment while the 

lignin-coated particles are created via a proprietary washing step.  Lignin-coating renders the 

nanoparticles hydrophobic allowing them to be incorporated into plastics, addressing a barrier to 

commercialization (Nelson et al., 2016).  The AVAP process achieves similar depolymerization rates for 

various different biomass feedstocks (e.g. softwoods, hardwoods, annual plants) and thus is one of the 

few fractionation processes capable of simultaneously processing biomass from multiple sources 

(Heiningen et al., 2011).   
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Figure 4-5: Simplified process diagram of API's AVAP process  
Modified from Nelson et al., 2016. Dashed lines show optional processes.  If native lignin is used for power production, the 
process is energy self-sufficient but potentially valuable co-product stream is lost. 
 

4.4.2.2 Blue Goose Biorefineries 

Blue Goose Biorefineries (BGB) are a Canadian company, founded in 2007, with the intent to develop a 

cost effective process for the production of cellulosic transportation fuels.  As research progressed, it 

was realized that the process was technically and economically better suited for the production of 

crystalline cellulose and the focus shifted (BGB, 2019a).  BGB operates a pilot plant in Saskatoon that 

produces several kilograms of CNC per week, available in the form of an aqueous gel (BGB UltraTM) for 

research and development of downstream applications.  The surface chemistry of BGB UltraTM differs 

from CNC produced through acid hydrolysis and BGB encourages researchers and developers to test 

their product against other CNC as they do not know how the unique chemistry will impact performance 

downstream (BGB, 2019a).   

The process used by BGB to produce nanocellulose is unique in that it utilizes a series of reduction-

oxidation (redox) reactions, catalysed by a transition metal (e.g. iron), as opposed to hydrolysis or 

mechanical treatment to produce nanocellulose particles.  The pilot plant currently produces CNC from 

dissolving pulp but BGB has patented an acid-based pretreatment method that allows them to process 

various raw feedstock types, producing lignin and hemicellulose side streams (Olkowski, Laarveld and 

Arrison, 2017).  Very little information is available publicly on the characteristics of these side streams.  

Blue Goose envisions a network of community-based biorefineries (E-HubsTM) across the country that 

draw resources from an 80 km catchment area (BGB, 2019b).  
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Figure 4-6: Simplified process diagram of the Blue Goose Biorefinery system 

 

4.4.3 ‘Lignin-first’ technologies 

In all the processes above, the lignin stream is a by-product of cellulose extraction and purification and 

contains significant amounts of carbohydrates and other contaminants, with as little as 50% lignin.  As 

new applications and high-value markets for lignin emerge, it is being realized that the value of purified 

lignin, with properties desired by downstream manufacturers, may exceed that of cellulose (Renders et 

al., 2017).  New processes are being developed, most of which are still at lab scale, which target the 

extraction of lignin from biomass resulting a pure lignin product with a carbohydrate pulp by-product.  

Described by Renders et al. (2017, 2019), these lignin-first processes represent a shift in traditional 

thinking that puts lignin valorisation at the forefront of the biorefinery and employs active stabilisation 

strategies during fractionation that preserve the structural integrity of the lignin (Renders et al., 2017, 

2019).  Because cellulose has a more rigid structure than lignin, it is not as susceptible to degradation 

and can still be valorized after lignin extraction (Renders et al., 2017).   Only one example could be found 

of a lignin-first technology that has been developed beyond lab scale. 

4.4.3.1 Advanced BioCarbon 3D (ABC3D)  

Canadian company Advanced BioCarbon 3D (ABC3D) is developing a process that targets the extraction 

of lignin from poplar wood.  Few details have been exposed about the process, except that it involves a 

solvent, which is recycled, and a series of pressurized heating and cooling steps (Figure 4-7) (Iftikhar, 

2019).  The process can be fine-tuned to create lignin with different characteristics (e.g. molecular 

weight, reactivity, heat resistance) depending on desired use.  The initial target market for the lignin is 

plastics, and ABC3D has successfully created a 3D printing filament that combines their purified lignin 
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with a petroleum-based polymer (Iftikhar, 2019).  Potential future applications for ABC3D lignin include 

carbon fibre and heat-resistant plastics that could be used to manufacture car parts, for example 

(Iftikhar, 2019).  In testing, lignin-based composites have been shown to be lighter weight than oil-based 

alternatives which could reduce the weight of vehicles and ultimately lead to improved fuel efficiency 

(Personal Communication, technology developer, 2019).  The valorization route for the carbohydrate 

pulp has not been defined but ABC3D’s ultimate goal is to produce a plastic (e.g. 3D printing filament) 

that is 100% bio-derived and biodegradable, using a polymer derived from cellulose and blended with 

lignin (Backlund, 2014).  This model may represent the ‘ultimate’ future biorefinery, where wood is 

broken down into its constituent parts then reassembled to create a new material with superior 

qualities to petroleum-based alternatives (Backlund, 2014).  ABC3D has demonstrated their process at 

small pilot scale and are working on scaling-up to a larger pilot plant.   

 

Figure 4-7: Simplified ABC3D process diagram  
Process illustrates optional end goal producing 100% bio-derived plastics, as well as cellulose polymers. 

 

4.5 Conclusions 

The development of stand-alone forest biorefineries is trending toward a distributed model in which 

biomass is fractionated into its constituent components in advanced processing depots, with some 

additional processing to create usable chemical intermediates to displace fossil fuel-derived materials in 

downstream manufacturing processes.  Several emerging technologies could be deployed to form the 

basis of a distributed biorefinery but little information on process design or cost is available in the 

literature and the fit with the distributed model has not been explicitly discussed elsewhere in the 

literature.  This paper presents an overview of emerging advanced processing technologies and 

discusses the fit within a distributed biorefinery structure.  A primary output of most emerging 
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technologies is cellulosic sugar, which could eventually feed a large-scale biofuel refinery located in an 

existing industrial area, but which also has many other uses in the meantime.  In order for cellulosic 

sugars to be cost-competitive, value must be derived from lignin or another high-value co-product such 

as nanocellulose.  A number of technologies are being developed that produce lignin and/or 

nanocellulose alongside cellulosic sugar but developers are still struggling to find valuable uses for the 

former.  Complicating market development efforts is the fact that process details and production costs 

for emerging technologies are not known within the research community.  

The four companies that have developed technologies producing sugar and lignin have taken the 

traditional approach used in the development of biofuel technologies of optimizing (fermentable) sugar 

production with the lignin as a by-product.  There is huge variation in the purity, quality and properties 

of the lignin stream between technologies as well as significant variation from batch-to-batch within 

technologies because properties of the lignin by-product stream are not controlled in the process.  The 

variation in lignin products creates major challenges for developing downstream applications with 

different streams requiring varying degrees of post-processing and suited for different applications.  This 

also means that technology developers are more or less on their own to find uses for their own specific 

lignin stream but often have limited resources to do so.  It is generally thought that commercialization of 

these, or similar, technologies will follow a market-driven ‘lignin-pull’ but with so many different lignin 

products out there, a market for one does not necessarily mean a market for all.  Developers may be 

wise to look to ways to standardize lignin streams through further processing or perhaps to go even a 

step further to produce a bio-composite material that can directly replace an oil-based composite rather 

than trying to mimic existing oil-derived polymers used in established (chemical) manufacturing chains 

that have been optimized for existing inputs (Tanase-Opedal et al., 2019).  There is of course increased 

cost associated with further processing but there could be significant benefits in terms of value creation 

and market penetration that need to be further explored.   

Recognizing the potential of lignin, and the challenges with heterogeneous lignin by-product streams, a 

handful of researchers and emerging technology developers have turned the focus to optimizing lignin 

extraction, with carbohydrates as the by-product.  The properties of the pure lignin stream from these 

‘lignin-first’ technologies can be tailored to a specific end product from the beginning rather than 

attempting to modify a contaminated, degraded lignin stream after the fact.  It is not clear what the 

carbohydrate stream will be used for in this case but there is still potential to generate sugars, which are 

heavily degraded relative to cellulose and hemicellulose found in the wood, or to create a polymer to 
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recombine with the lignin, generating a completely bio-based composite.  While this technology is far 

from commercialization, it is this type of outside-the-box thinking that that could lead to meaningful 

transformations in the way that wood is processed and used and presents real potential for the 

distributed production of advanced bioproducts.  The production of bio-composites in forestry 

communities could also enable local manufacturing chains that are not possible without a locally-

produced material. 

Nanocellulose has potential to generate even more value than lignin but nanocellulose-producing 

technologies face similar challenges to those with lignin as a by-product in that nanocellulose properties 

vary significantly between production methods.  Most market development activities utilize 

nanocellulose produced from Kraft or dissolving pulp via acid hydrolysis, the most common production 

method, but the properties of nanocellulose produced using wood as a starting point are quite different.  

An obstacle to nanocellulose adoption in manufacturing is the high cost relative to existing fibres 

(Ribeiro et al., 2019). Emerging production methods for nanocellulose have potential to be lower cost 

than acid hydrolysis but economic analyses are not publicly available so researchers and potential end 

users have no idea how production costs compare to fossil-based equivalents, or which markets to 

target based on the value that needs to be achieved for the process to be economically viable.  The 

same is true for lignin-producing technologies. 

It is important to have a high-level understanding of process economics to inform market development, 

or to get an idea of how much can realistically be invested into further processing to produce a more 

desirable product.  Basic information on process economics is not available in academic literature for 

any of the reviewed processes.  For most reviewed technologies, some information on process details 

and required inputs has been published in scientific journals, presented at conferences or is available in 

patents such that it may be possible to come up with reasonable, albeit high-level, cost estimates using 

available information and knowledge of the base processes, which are often similar to other 

manufacturing processes with published costs (Tsagkari et al., 2016).  The following chapter presents an 

early-stage economic assessment for two emerging distributed biorefining technologies for which some 

process information has been published that serve as a framework for future economic assessments of 

emerging biotechnologies. 
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5 Techno-economic analysis of two emerging distributed forest biorefining 

technologies  

5.1 Abstract 

A new forest-biorefining model is emerging in which lignin and/or nanocellulose would be produced 

alongside industrial sugars in facilities scaled to match fibre availability in northern forests.  As these 

emerging biorefining technologies are being developed by private entities, the economics associated with 

them are little known.  The goal of this study is to use publicly available information, in patents and 

previously published literature, to carry out an initial economic assessment for two emerging biorefining 

technologies; TMP-Bio that produces sugar and H-lignin product and AVAP, which produces sugar, 

lignosulfonate and nanocellulose.  The break-even price for H-lignin and nanocellulose is estimated for 

the respective technology and a credit is applied for sugar (and lignosulfonate) sales based on the market 

value of industrial sugars.  It was found that the break-even price for H-lignin from the TMP-Bio plant was 

higher than for other types of lignin under base case conditions but could be reduced to a competitive 

price through process optimization or repurposing of existing infrastructure.  The estimated cost to 

produce nanocellulose using the AVAP technology was found to be considerably lower than more 

conventional nanocellulose-producing methods that use Kraft or dissolving pulp as a starting point but 

the AVAP nanocellulose also has different properties than conventional nanocellulose.  While these 

technologies start to address some of the issues related to scale and biomass conversion efficiency that 

have plagued biorefinery development, there is still much work to be done to develop commercial 

applications. 
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5.2 Introduction  

Forest biorefining - the production of cellulosic fuels, sugars and/or other products from forest biomass - 

has been the focus of significant research and development efforts over the last decades (e.g. Humburd 

et al., 2011; Marrs, Spink and Gao, 2016; Zabed et al., 2016; Thunman et al., 2018).  As a result of 

policies and related research dollars dedicated to the production of renewable fuels specifically, fuels 

have been a primary focus of biorefining research (Majumdar et al., 2017).  Several forest biofuel 

technologies have been piloted but technical and economic barriers to scale-up remain.  One major 

barrier for forest biofuel facilities in the northern hemisphere is the ability to reach the scale required to 

compete with other biofuels, given the low growth rates, high cost and relative sparsity of the forest 

feedstock (relative to crops, plantations and southern forests) (Stephen, Mabee and Saddler, 2012; 

Thunman et al., 2017).  Deriving value from co-products, particularly lignin-based co-products, is 

another challenge.  While it is well recognized that the sale of high-value, co-products alongside lower 

value fuels or sugars will be key to enabling the forest biorefinery model, co-products are often an 

afterthought and commercialization of high-value co-products has so far eluded researchers and 

developers (Gnansounou and Dauriat, 2010; Song et al., 2014; Lane, 2017). 

Cellulosic biomass consists of cellulose, hemicellulose and lignin in varying proportions, depending on 

species.  In the conventional interpretation of a forest biorefinery, cellulose and hemicellulose are 

converted to sugars, and further refined into a fuel, while lignin, sometimes referred to as hydrolysis 

lignin, makes up the majority of the potential co-product stream (Ajao et al., 2018).  Pulp mills also 

produce a waste stream containing primarily lignin, which is most often combusted for process energy, 

in the case of Kraft mills, or sold as (low value) lignosulfonate, in the case of sulphite mills (Benali et al., 

2014).  In all cases, the lignin stream is the by-product of the core process and is degraded and mixed 

with chemicals and unconverted carbohydrates.  Technologies have recently been commercialized to 

extract lignin from pulp waste streams (e.g. LignoBoost, LignoForce) but the extracted lignin must then 

be upgraded before it can be incorporated into downstream products (Mahmood, Yuan and Paleologou, 

2015).  There is now a significant body of research focused on upgrading and developing market 

applications for extracted lignin to improve the economics of existing pulp mills as well as future 

biorefineries (e.g. Benali et al., 2018; Gursel et al., 2019).   

Another possibility for the production of a valuable co-product is to divert a portion of the carbohydrate 

stream to a product with significantly higher value than fuel or sugar.  One such product that has been 
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extensively studied recently is nanocellulose (de Assis, Houtman, et al., 2017).  Nanocellulose can be in 

the form of nanofibers, with one dimension in the nano scale, or nanocrystals with two dimensions in 

nano scale and produced from only the crystalline portion of the cellulose (see de Assis, 2019 for 

definitions and an overview of recent research).  Technologies to produce nanocellulose from Kraft or 

dissolving pulp have recently been commercialized but pulp is an expensive feedstock and requires 

harsh, energy-intensive chemical or mechanical processing (de Assis, Houtman, et al., 2017; de Assis, 

Iglesias, et al., 2017).  Applications for these products are being developed but the market is very limited 

at this point (Isogai, 2013; Ozcan et al., 2016; Kumar, Sabu and Tiwari, 2018).   

A new distributed forest biorefining model is emerging in which lignin and/or nanocellulose are a 

primary product, alongside industrial cellulosic sugars.  In this new model, processing technologies have 

been designed to operate at a scale that fits the northern forest industry.  The sugars and co-products 

can then be sold to downstream industrial customers, or eventually to a large-scale biorefinery.  These 

facilities may be considered ‘advanced biomass depots’ in a distributed biorefining model, as described 

in (Blair, Cabral and Mabee, 2016; Lamers et al., 2016).  Several technologies are now being piloted that 

produce high-value co-products along with sugar and are designed to be deployed at a scale that fits 

with northern forest industries, as reviewed in Chapter 4.  Because sugar is a product of all, it is possible 

that different technologies could be deployed in different regions depending on local conditions, with 

sugars from all eventually going to a large-scale biorefinery.  A recent study by Lemire et al., (2019) 

shows that a distributed biorefining model in which depots produce cellulosic sugar from agriculture 

residues does result in reduced costs for a biorefinery located in an existing industrial park but no similar 

study has been carried out looking at forest feedstocks.  Prioir to the downstream biorefinery being 

established, other markets exist for cellulosic sugars allowing sugar-producing depots to be established 

before a downstream biorefinery is constructed.  Perhaps more importantly, a market for the high value 

lignin and/or nanocellulose coproducts must exist for scale-up of any technology producing sugar from 

forest feedstock to be feasible.  There is very little understanding in published literature of the value 

that co-products would need to achieve to make these processes viable.  Gaining an understanding of 

the process economics, including the value of co-products, will help to inform market development as 

well as help to identify the most promising technologies on a regional basis. 

A limited number of economic studies have been published detailing the cost to extract lignin from Kraft 

liquor, and to produce cellulose nanocrystals (CNC) and cellulose nanofibers (CNF) from pulp (de Assis, 

Houtman, et al., 2017; de Assis, Iglesias, et al., 2017; Benali et al., 2018).  Economics of emerging 
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biorefining technologies producing sugar and lignin and/or nanocellulose co-products are little known.  

These technologies are often touted as ‘low-cost’ and ‘scalable’ (Mao et al., 2015; Nelson et al., 2016) 

but are being developed by private entities and economic data is not published.  As research moves 

toward developing markets and downstream applications for lignin and nanocellulose, it is important to 

have at least a high-level understanding of the production costs related to these new technologies, and 

how they compare to existing production methods.   

 The goal of this study is to use publicly available information to carry out an initial economic assessment 

of two emerging biorefining technologies; one that produces sugar and a lignin product and another 

that produces sugar, lignosulfonate (which has an established market value) and nanocellulose.  

Previous techno-economic studies looking at sugar production from cellulosic feedstocks have estimated 

a manufacturing cost or minimum selling price (MSP) for sugar, assigning credits for the sale of co-

products (if included) (Baral and Shah, 2016; Brandt et al., 2018).  This study will take a different 

approach and will estimate the manufacturing cost for the lignin or nanocellulose co-products, while 

assigning a credit for sugar based on the market value of industrial sugars.  The rationale for this is that 

sugar is a commodity with established market price, while markets for lignin and nanocellulose are 

emerging and there are many possible end uses with differing market sizes and values.   

Estimating the manufacturing cost for lignin and nanocellulose co-products can inform research and 

investments into the development of end uses for these products, direct focus toward end uses that fit 

with the estimated production cost and facilitate budgeting for any further processing that may be 

necessary for downstream applications. A sensitivity analysis will also help to identify financially 

controlling variables and possible cost-reduction strategies.  The methods used for this analysis can be 

applied to other emerging technologies to gain insight into the economics of processes for which little 

information is publicly available.   

5.3 Methods 

A techno-economic analysis was carried out for two emerging biorefining technologies that produce 

sugars and at least one valuable co-product.  The modelled processes were selected from those detailed 

in Chapter 4 based on availability of information.  One of the modelled technologies, TMP-Bio, produces 

sugar with a lignin co-product, while the other, American Value Added Pulping (AVAP), produces sugar, 

lignin and nanocellulose.  In both cases, the facilities are assumed to be stand-alone, greenfield (i.e. built 

form bare ground) and are located in northeastern Ontario, taking into account regional feedstock 
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availability and cost estimates and energy costs.  Northeastern Ontario is a region with a healthy 

sawmilling industry but little remaining pulp capacity, thus significant volumes of pulpwood are available 

for other uses but there is limited opportunity to integrate biorefining technologies into existing pulp 

mills (OMNRF, 2019b, 2019a).  Patents and other published literature were used to model the processes 

upon which cost estimates are based.  Most process steps and equipment used in modelled processes 

are similar to those used in existing pulp mills or other biomass conversion processes for which 

economics have been published, allowing costs to be estimated and scaled from published data.  

Estimates from equipment suppliers were obtained when data for similar process could not be found.  

This level of analysis is considered satisfactory for early-stage cost estimations that can allow investors 

and decision-makers to gauge the feasibility of a given technology for a given region (de Assis, 2019). 

5.3.1 Process description 

Process flowsheets for both technologies were derived from patents and available literature and are 

high-level but capture all major process steps and inputs.  An economic spreadsheet model was created 

in Microsoft Excel for each process and was also used to perform sensitivity analyses.  The base-case 

scale for both plants is 150,000 bone dry tonnes (bdt) of woodchips per year.  According to the Ontario 

Available Wood Report (OMNRF, 2019b), this is the volume of poplar (used by TMP-Bio) that is available 

in the Gordon Cosens and Abitibi River forest management units (FMUs) - the two FMUs that would 

supply the modelled biorefining facilities in northeastern Ontario.  The available volume of softwood 

(used by AVAP) is significantly higher but the same base-case scale is used for comparison.  The 

theoretical maximum wood volume available in the two FMUs, used in additional analysis, is the 5-year 

average difference between planned and actual harvest levels between 2013 and 2018 (OMNRF, 2019a).  

Energy for base-case scenarios comes from provincial utilities.  Opportunities for cost saving and carbon 

footprint reduction exist if biomass CHP incorporated, which should be considered in future analysis but 

outside scope of current study 

5.3.1.1 TMP-Bio 

The TMP-Bio process was developed by the Canadian not-for-profit research organisation 

FPInnovations.  A pilot-scale facility demonstrating this technology began operation in Resolute’s 

Thunder Bay mill in early 2019 (FPInnovations, 2019).  The TMP-Bio process was envisioned as a 

transformation strategy to convert existing TMP mills to biorefineries but, given the limited availability 

of TMP infrastructure in northeastern Ontario and many other regions, the base-case scenario for this 



122 
 

study assumes a new plant is constructed.  The possible cost reduction associated with conversion of 

existing infrastructure is examined in the additional analyses section.   

TMP-Bio uses poplar chips with no bark, as feedstock.  Poplar is an underutilized species across northern 

Ontario and is generally easier to process than softwood, though overall availability is lower (Mao et al., 

2017).  Products of the TMP-Bio process are sugar, consisting of glucose and xylose in approximately a 

3:1 ratio, and a hydrolysis lignin (H-Lignin) consisting of 50-60% near-native lignin, balanced by the 

residual carbohydrates and other extractives.  The process diagram for TMP-Bio is presented in Figure 

5-1, with the major process steps detailed below. Details on process yields and inputs are provided in 

Table 5-1.   

 

Figure 5-1: Process diagram for TMP-Bio 
Yields shown in bracket are percent weight of dry biomass feedstock. 
 

Main process steps for TMP-Bio (informed by Mao et al., 2015, 2017; Del Rio et al., 2016): 

1. TMP pulping – woodchips are processed using thermomechanical pulping (TMP), a fully 

commercialized technology, producing a slurry (pulp) of mixed carbohydrates and lignin.  Steam 

generated via the TMP process is used as process heat for other steps 

2. Chemical treatment – treatment with a swelling agent (e.g. sodium carbonate) and peracetic acid 

in atmospheric digester  

3. Enzymatic hydrolysis – an enzyme formula containing both cellulases and hemicellulases is added 

to the hydrolysis reactor, at relatively low loading, to simultaneously hydrolyse cellulose and 

hemicellulose to mixed sugars at a concentration of 120 – 140 g L-1.  The liquid sugar stream is 

separated from solid lignin stream using a centrifuge. 
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4. Sugar concentration and storage – the sugar solution is concentrated to 400 g L-1 using a multi-

effect evaporator and stored in a tank for up to one month before shipment to customers. 

5. Lignin grinding and drying – H-Lignin is ground and dried using a fluidized bed drier and stored for 

shipment.  

  
Table 5-1: Process information used in modelling of the TMP-Bio process 

Process information  Unit  Value  Reference 

Initial Composition of Poplar       

Lignin  % (wt) of dry biomass 22.6 Del Rio et al., 2016 

Cellulose % (wt) of dry biomass 52.2 Del Rio et al., 2016 

Hemicellulose % (wt) of dry biomass 17.7 Del Rio et al., 2016 

Pulp Yields       

After TMP % (wt) of dry biomass          95.0  He et al., 2013 

After chemical treatment % (wt) of dry biomass          91.6  Del Rio et al., 2016 

Input Data       

TMP electricity consumption  MWh t-1 dry pulp 2.6 Akhundzadeh and Shirazi, 2017  

TMP steam production  GJ t-1 dry pulp  5.2 Akhundzadeh and Shirazi, 2017 

Sodium carbonate concentration  % (wt) of dry biomass 2.5 Del Rio et al., 2016 

Peracetic acid concentration  % (wt) of dry biomass 4.5 Del Rio et al., 2016 

Enzyme loading FPU/g glucan 5 Del Rio et al., 2016 

Sugar Conversion Rates        

Glucan to Glucose % conversion          84.9  Del Rio et al., 2016 

Xylan to Xylose % conversion           92.9  Del Rio et al., 2016 

Product Yields       

C5/C6 Sugar  % (wt) dry basis 55.7 Calculated 

H-Lignin   % (wt) dry basis 35.9 Calculated 

Overall efficiency % (wt) dry basis 91.6 Calculated 

 

5.3.1.2 AVAP 

The AVAP fractionation process is patented by American Process Inc. and uses SO2-ethanol-water (SEW) 

pulping as the primary fractionation step.  Ethanol aids the impregnation of SO2 into the wood such that 

size reduction smaller than chips is not necessary and because the process is aqueous, wet chips can be 

used (Heiningen et al., 2011).  Additionally, the AVAP process has been shown to be feedstock agnostic 

at lab scale as it is capable of processing different feedstocks at approximately the same rate (Heiningen 

et al., 2011).  These feedstock attributes could lead to reduced feedstock cost and potential for 

increased scale in the future but for this study, the process is modeled using clean softwood chips as 

feedstock as much of the published data is based on conversion of spruce chips and the availability of 
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pulpwood quality softwood in northeastern Ontario is high due to the closure of several pulp mills in the 

region over the last 10-15 years (OMNRF, 2019a) 

Products of the AVAP process include sugar (C5 only or C5/C6), lignosulfonate, native lignin and 

nanocellulose.  The process can be easily adjusted to produce either cellulose nanocrystals (CNC), 

cellulose nanofibers (CNF) or lignin-coated versions of either, which may be more easily incorporated 

into plastics (Nelson et al., 2016).  When the process is tailored for CNC production, the amorphous 

cellulose is enzymatically hydrolysed producing a mixed C5/C6 sugar, when the process is tailored for 

CNF, only C5 sugar is produced and a greater proportion of native lignin remains bound to the pulp and 

is lost during washing and bleaching (Iakovlev, 2011).  The process diagram for AVAP is provided in 

Figure 5-2 with major process steps outlined below.  Details on process yields and inputs are provided in 

Table 5-2.  The AVAP process was modelled for both CNC and CNF production, with a manufacturing 

cost estimated for each 

It should be noted that yields have not published for all products and possible feedstocks used.  The 

values used in the analysis were the best estimates possible based on publicly available information.  

Nanocellulose yields were based on published yields for SEW pulping of eucalyptus (Nelson and Retsina, 

2014) and adjusted to the composition of spruce wood as published in Iakovlev (2011) and to the 

proportion crystalline versus amorphous cellulose in spruce according to Fernandes et al. (2011).  Lignin 

product yields were estimated based on delignification rates and lignin sulfonation of spruce wood 

under varying SEW fractionation conditions (Iakovlev, 2011).  A sugar conversion rate of 85% for 

hemicellulose and cellulose in CNF production was used, which is assumed to be reasonable based on 

other literature values (Del Rio et al., 2016; Brandt et al., 2018).  



125 
 

 

Figure 5-2: Process diagram for AVAP fractionation and production of CNC/F and co-products 
Values in brackets show estimated yield of each product, first value is for CNC production, second value is for CNF production. 
 

Main process steps for AVAP (informed by Iakovlev et al., 2014; Nelson and Retsina, 2014; Wang et al., 

2015; Nelson et al., 2016; Retsina and Nelson, 2016): 

1. Fractionation, washing, separation – softwood chips are treated in a pressurized continuous 

digester with ‘cooking liquor’ – a 50/50 mix of water and ethanol - and sulphur dioxide (SO2).  

After fractionation, the slurry is subjected to pressure reduction in an external flash tank and flash 

vapours are returned to the cooking liquor make-up tank.  The biomass is then washed in a 

counter-current washer, separating the biomass into a solid cellulose pulp stream and a liquid 

hydrolysate stream containing hemicellulose, lignin and amorphous cellulose. 

2. Pulp bleaching – the cellulose pulp stream is bleached using elemental chlorine free (ECF), a well-

established process. 

3. Mechanical treatment – the cellulose pulp is mechanically treated using a disk refiner to generate 

nanocellulose.  Mechanical treatment of SEW pulp requires much less energy than other pulp due 

to removal of amorphous cellulose regions (~500 kWh t-1 pulp compared to ~1500 kWh t-1) 

4. Hemicellulose autohydrolysis - meanwhile, the liquid hydrolysate is directed to another reactor 

where it is heated under pressure.  When heated, the hemicelluloses auto-hydrolyse to sugar in 

the presence of the lignosulphonic acids produced during fractionation. For CNC production 

process, cellulase enzymes are added to hydrolyse the amorphous cellulose.  

5. Recovery and sugar concentration – ethanol and SO2 are recovered from the hydrolysate using a 

steam stripper and excess water is evaporated using a mechanical vapor recompression (MVR) 

evaporator to concentrate the sugar to 400 g L-1. The clean condensate (evaporated water) is used 

to wash the pulp. 
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6. Lignin precipitation, sugar separation – the native lignin and lignosulfonate streams are separated 

from the sugar in two steps, resulting in two separate lignin streams if desired.  Native lignin 

precipitates on its own after ethanol is removed from the hydrolysate and removed using a filter 

press. Calcium oxide (lime) is then added to the remaining solution to precipitate the 

lignosulfonate and the solution run through a second filter press.  

 

The AVAP process can be tailored to produce CNC, CNF or a mixture of the two, by altering the severity 

(e.g. time, temperature) of the fractionation process (Retsina and Nelson, 2016).  Lignin-coated 

nanocellulose can also be generated by using a proprietary washing process and eliminating the 

bleaching step (Nelson et al., 2016).  For this study, the process was modelled to accommodate 

switching between production of CNC or CNF such that the equipment was sized to whichever process 

had the larger requirement.  Conversion economics were modelled for both processes but the sensitivity 

analysis and discussion focuses on CNC. 

Table 5-2: Process information used in modelling of AVAP process 

Process information  Unit Value 
CNC 

Value 
CNF 

Reference 

Initial Composition of Spruce   
  

  

Cellulose 

% (wt) of dry biomass 

40 40 

Iakovlev and Heiningen, 2012 Hemicellulose 28 28 

Lignin 27 27 

Input Data   
  

  

Ratio liquor to biomass weight ratio (dry biomass) 4:1 4:1 Iakovlev, 2011 

Ratio water to ethanol weight ratio   1:1 1:1 Iakovlev, 2011 

SO2 concentration  % of cooking liquor mass 12 12 Iakovlev, 2011 

Ethanol, SO2 recovered %  97 97 Nelson et al., 2016 

Stripper steam demand  kg steam per kg ethanol  4.5 4.5 Rohani, 2014 

Electricity use disk refiner kWh t-1 CNC/F (dry eq.) 500 500 Nelson et al., 2016 

Enzyme loading  % enzyme dose on glucan 2.6 n/a Nelson et al., 2016 

Sugar conversion rate % conversion  85 85 assumed 

Yields   
  

  

Cellulose Pulp  

% (wt) of dry biomass 

30 42 

Fernandes et al., 2011; Iakovlev, 
2011; Nelson and Retsina, 2014 

 

Nanocellulose  28 38 

Mixed C5/C6 Sugar 40 25 

Lignosulphonate  13 13 

Lignin  13 7 

Overall 
 

 91 83 
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5.3.2 Cost information  

All costs are reported in 2019 USD (the currency used in studies referenced) and important cost 

information is summarized in Table 5-3.  All chemical costs were retrieved from previously published 

scientific literature (see references in Table 5-3) and adjusted to 2019 USD.  Feedstock costs, estimated 

from the references in Table 5-3, were verified with an industry representative familiar with fibre prices 

in northeastern Ontario.  The utility rates used are specific to northern Ontario.  In general, costs used 

are average values and the range is tested in the sensitivity analysis.  For the TMP-Bio scenario, steam 

demand is met internally using steam generated in mechanical pulping process such that no natural gas 

is required (He et al., 2013). 

Table 5-3: Cost of chemical and energy inputs and product values used in analysis 

Input    Cost Unit Reference 

Softwood chips $76.0 USD bdt-1 Ralevic, 2013; Benali et al., 2016 

Hardwood chips $68.4 USD bdt-1 Ralevic, 2013; Benali et al., 2016 

Electricity $51.32 USD MWh-1 IESO, 2019 

Natural Gas  $0.146 USD m-3 Enbridge Gas Inc., 2019 (Rate 100, North) 

Water $1.68 USD m-3 Cochrane, 2019 

Peracetic Acid (PAA) $431 USD t-1 Dancey, 2009 

Swelling Agent ( 
Na₂CO₃) 

$75 USD t-1 Nie and Bi, 2018 

Caustic Soda (NaOH) $600 USD t-1 de Assis, Houtman, et al., 2017 

Enzymes  $4,240 USD t-1 Davis et al., 2018 

Ethanol  $741 USD t-1 Davis et al., 2018 

Sulphur Dioxide (SO2) $455 USD t-1 Davis et al., 2018 

Lime (Ca(OH)₂) $299 USD t-1 Davis et al., 2018 

Bleaching Chemicals  various USD t-1 Benali et al., 2016; Davis et al., 2018; de Assis, 2019 

Effluent treatment $0.6 USD t-1 de Assis, Houtman, et al., 2017 

Mixed C5/C6 Sugar   $340 USD t-1 Brandt et al., 2018; Sweetwater Energy, 2018 

Lignosulfonate  $300 USD t-1 Assis et al., 2018; Sweetwater Energy, 2018 

Lignin (heat value) $180 USD t-1 Estimated based on energy content  

All chemical prices updated to 2019 values using consumer price index for industrial chemicals 
 

5.3.3 Financial assumptions 

The financial assumptions used in the estimation of capital and operating costs are adopted from previously published 
previously published techno-economic assessments of biomass conversion facilities and listed in  

Table 5-4 (Marrs, Spink and Gao, 2016; de Assis, Houtman, et al., 2017; Brandt et al., 2018).  Capital and 

operating costs were estimated and used to estimate a break-even price (BEP) for H-Lignin, CNC and 

CNF.  The BEP is the price required, at a given level of production, to cover all costs, equivalent to the 
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manufacturing cost (Gutierrez and Dalsted, 1990).  Because a primary goal of this analysis is to inform 

market development and further processing efforts, BEP is the most useful metric.  A full plant 

profitability analysis would not be particularly useful at this time due to the high uncertainty in cost 

estimates and market value of the novel co-products.  The detailed data generated will provide a 

starting point to assess impacts of process integration, energy savings measure, integration of CHP and 

policy measures on BEP and paves the way for more detailed assessment in the future. 

The plant was assumed to operate a full load equivalent of 7,680 hours a year, as suggested in (de Assis, 

Houtman, et al., 2017), and have a life span of 25 years.  The weighted average cost of capital (WACC, or 

interest rate) was assumed to be 8%, the average value for specialty chemicals, for TMP-Bio and 

somewhat higher at 10% for AVAP due to greater risk associated with the novel fractionation process.  

The annualized capital investment was calculated using Equation 1: 

                                                              C = Ctot (
𝑖(1 + 𝑖)𝑁

(1 + 𝑖)𝑁 − 1
)                                                      (1) 

 
Table 5-4: Financial parameters and assumptions used in analysis 

Parameter Value Unit Reference, notes 

Currency 2019 USD   

Biomass input 150,000 Bdt wood chips annually See Section 5.3.1 

Annual operating days 320 days de Assis, Houtman, et al., 2017 

Plant life 25 years Assumed 

Weighted average cost of 
capital (WACC) 

8% TMP-Bio Assumed 

10% AVAP Assumed 

Site preparation 4% % Installed Equipment Cost Dutta et al., 2011 

Engineering & management 22% % Installed Equipment Cost de Assis, Houtman, et al., 2017 

Contingency 20% % Installed Equipment Cost de Assis, Houtman, et al., 2017 

Working capital  20% % Variable OPEX Brandt et al., 2018 

Maintenance & operations 6% % Purchased Equipment Cost Brandt et al., 2018 

Number direct employees 
56 TMP-Bio Adapted from Brandt et al., 2018 

61 AVAP Adapted from Brandt et al., 2018 

Employee benefit 60% % Employee Wages Brandt et al., 2018 

 

5.3.4 Capital investment 

The early-stage analysis carried out in this study is also known as an order of magnitude study (Peters, 

Timmerhaus and West, 2003) or Class 5 cost estimate, according to the American Association of Cost 
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Engineering (AACE) and has an uncertainty of +/-30% (de Assis, 2019).  A combination of power law 

method and factorial estimate, as described in de Assis (2019) was used to estimate capital costs.  Major 

process steps (detailed in Section 5.3.1) were outlined from patents and other published literature and 

equipment cost was estimated for each step, drawing heavily on recent techno-economic assessments 

published by the National Renewable Energy Laboratory (NREL) and Northwest Advanced Renewables 

Alliance (NARA) that provide detailed equipment costs for each step in the modelled processes 

(Humburd et al., 2011; Davis et al., 2015, 2018; Marrs, Spink and Gao, 2016). 

For TMP-Bio, the cost of constructing a TMP mill was estimated from literature (see Table 5-5) and 

included the cost of wastewater treatment.  The installation factor was adjusted for other process steps 

to account for this, as described below.  For most process steps, at least one of the reference papers 

provided detailed costs for a similar process, with similar parameters (e.g. temp, holding time, pressure) 

to the one modelled.  In this case, the total installed equipment cost was scaled to the modelled process 

using the power law, assuming a scale factor 0.6 (de Assis, 2019).  If no similar process step could be 

found, the necessary equipment for that step was outlined and equipment cost was estimated from 

literature or vendor quotations when not available in the literature and scaled using the power law.  

Process flow rates used to size equipment were roughly estimated using the annual production of a 

given stream and the annual operating hours.  An installation factor, or Lang Factor, was applied to 

estimate installed equipment cost from the purchased cost.  For TMP-Bio an installation factor of 2.47 

was used – this is the direct cost portion of the revised Lang Factor (Peters, Timmerhaus and West, 

2003), not including portion for wastewater treatment equipment as it was included in cost of TMP mill.  

The installation factor for AVAP was 3.01, the direct cost portion of the Lang Factor. 

Fixed Capital Investment (FCI), including site preparation, engineering and project management costs and contingency, were 
and contingency, were all estimated as a percent of the Total Installed Equipment Cost (TIEC), as outlined in  
outlined in  

Table 5-4 (de Assis, Houtman, et al., 2017).  The land cost was estimated based on advertised land cost 

in northeastern Ontario and is relatively low (Realtor.ca, 2019).  Working capital was estimated as 20% 

of variable operating cost (Brandt et al., 2018).  For the AVAP scenario, the initial purchase cost of 

ethanol and SO2, both of which are recycled in the process, was added to working capital. Total Capital 

Investment (TCI) includes fixed plus working capital. 
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5.3.5 Operating cost and break-even price 

Variable operating costs were estimated based on the projected annual requirements for chemical and 

energy inputs using cost data from literature (Table 5-3).  A credit was applied for sugar sales for both 

modelled processes, as well as for lignin and lignosulfonate sales for the AVAP process.  Lignosulfonate 

has an established market, albeit relatively small, as it is a by-product of sulphite pulping (Ivanov et al., 

2016).  The native lignin stream was considered only for its heat value in this study, though higher value 

uses are certainly possible in the future.  The co-product credits were subtracted from the total annual 

cost to determine the net annual cost, which was then divided by the annual output of H-lignin or CNC 

respectively to determine the BEP of each.   

The electricity and natural gas rates used in the analysis were the industrial rates for Northern Ontario, 

averaged over the last three years.  The TMP pulping step was the most energy-consuming step of the 

TMP-Bio process, using 2.6 MWh of electricity per dry tonne of pulp, the average value for a modern 

TMP mill as reported by Akhundzadeh and Shirazi (2017).  This study also reported that in an advanced 

TMP mill, electricity consumption could be reduced by 0.3 to 0.8 MWh per tonne of pulp, the impact of 

which was tested in the sensitivity analysis.  The steam and electricity consumption of the steam 

stripping and evaporation units in the modelled AVAP plant, by far the most significant consumer of 

steam and electricity in this scenario, was estimated based on the values reported in Rohani (2014) and 

were assumed to scale linearly with the amount of ethanol to be removed annually.  Fixed operating 

costs included labour, other maintenance and overhead (e.g. property taxes, insurance).  The labour 

requirement and cost was adapted from Brandt et al. (2018) to represent wages for northern Ontario.  

Maintenance and overhead was estimated to be 6% of TCI (Brandt et al., 2018). 

5.3.6 Sensitivity analysis 

A sensitivity analyses was carried out to assess the impact of uncertainties on BEP.  For the sensitivity 

analysis, inputs were varied by ± 30% independently and the impact on BEP was recorded.  Results are 

reported for the ten inputs with the greatest impact on BEP.  

5.3.7 Additional analysis 

In addition to the analysis described above, additional analysis was carried out to explore the 

opportunities for repurposing existing infrastructure into a biorefinery, based on the existing pulp mill 

infrastructure in northeastern Ontario, and across Canada.  Where an opportunity was identified for 
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repurposing infrastructure, the impact of doing so on BEP was explored.  The impact of varying facility 

scale was also examined for both technologies, taking into account the increasing delivered cost of 

feedstock at scales beyond what is theoretically available in Gordon Cosens and Abitibi River FMUs.  The 

impact of varying product yields was not examined because there are too many different products and 

increasing the yield of one may decrease another and vice-versa.  This warrants further study but is 

beyond scope of this analysis. 

5.4 Results 

5.4.1 Capital cost 

The estimated total capital investment (TCI) for the TMP-Bio scenario is USD 198 million and for the AVAP scenario is USD 
AVAP scenario is USD 317 million (Figure 5-3).  In both cases the TIEC represents approximately 65% of the total cost and is 
detailed for each major process step in Table 5-5 and  

 

 

 

 

 

Table 5-6 for TMP-bio and AVAP respectively.  Costs such as packaging of final products, refrigerated 

storage and drying of CNC were not included but a high contingency value (20%) was assumed to cover 

extra and unexpected costs.   

The greatest contributor to capital cost for TMP-Bio is the initial TMP pulping, suggesting there may be 

an opportunity to greatly reduce cost by repurposing existing TMP infrastructure.  For the AVAP process, 

the primary fractionation step – SEW pulping – was found to have a relatively small contribution to total 

capital cost, while other process equipment, particularly for the bleaching and mechanical treatment 

steps, contribute much more.  The recovery process also contributes more than 20% to total cost of the 

AVAP plant but is worthwhile as the annual cost to purchase the required ethanol and SO2 annually 

would exceed USD 250 million.  The AVAP plant also requires greater working capital than TMP-Bio to 

cover the initial purchase of ethanol, SO2. 
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Figure 5-3: Capital investment summary for TMP-Bio and AVAP scenarios 
 

Table 5-5: Breakdown of installed equipment cost for major process steps in TMP-Bio scenario 

Area Cost      
(Million USD) 

Includes Reference (adapted from) 

0. Feedstock Handling & 
Processing  

$11.9 Storage, conveyors, 
scales, heavy equipment 

Davis et al., 2015 

1. TMP Pulping $84.9 All milling equipment, 
effluent treatment 

Hekkert and Worrell, 1997; 
Holmberg and Gustavsson, 2006 

2. Chemical Treatment  $9.3 Atmospheric digester, 
storage, pumps 

Matches, 2014; Davis et al., 2018 

3. Enzymatic Hydrolysis  $13.7 Hydrolysis, separation of 
sugar stream 

Davis et al., 2015 

4. Sugar Concentration & 
Storage 

$8.2 Multi-effect evaporator, 
storage tank 

Brandt et al., 2018 

5. Lignin grinding & drying $1.6 Grinder, 2 parallel 
fluidized bed dryers 

Matches, 2014; Davis et al., 2018 

Total Installed Equipment 
Cost  

$129.5 
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Table 5-6: Breakdown of installed equipment cost for major process steps in AVAP scenario 

Area Cost      
(Million USD) 

Includes Reference (adapted from) 

0. Feedstock Handling & 
Processing  

            
$11.9  

Storage, conveyors, 
scales, heavy equipment 

Davis et al., 2015 

1. SEW Fractionation               
$31.4  

Equipment for digestion, 
pulp separation, washing 

Marrs, Spink and Gao, 2016 

2. Pulp Bleaching               
$19.6 

ECF bleach plant de Assis, Houtman, et al., 2017 

3. Mechanical Treatment               
$48.0  

Disk refining system de Assis, Iglesias, et al., 2017 

4. Hemicellulose Hydrolysis                
$7.6  

Pressurized reactor, 
pumps 

Matches, 2014; Davis et al., 2018 

5. Recovery               
$70.7  

Steam stripper, MVR 
evaporator 

Rohani, 2014; Davis et al., 2018 

6. Lignin-Sugar Separation               
$14.6  

Two filters, product 
storage tanks, lime 

addition  

Davis et al., 2015 

Total Installed  
Equipment Cost  

          
$203.8  

    

 

5.4.2 Break-even price 

A summary of the annual manufacturing costs and BEP for H-Lignin, CNC and CNF are shown in Figure 

5-4.  The net annual manufacturing cost (total costs minus co-product credit) is USD 42.7 million for H-

Lignin, corresponding to a break-even price of 794 USD t-1.  For the AVAP scenario, the net annual 

manufacturing costs are USD 60.6 million and USD 66.2 million for CNC and CNF, respectively.  Because 

the yield of CNC is considerably lower than CNF, this corresponds to a BEP of 1,461 USD t-1 CNC and 

1,121 USD t-1 CNF.  In all scenarios, the main cost drivers are capital repayment and utilities.  Because 

utilities, namely electricity and natural gas for steam production, make up a large portion of the 

operating costs, the incorporation of biomass CHP systems should be considered in future assessments.  

Feedstock is also a significant cost contributor, accounting for 12-15% of the total manufacturing cost in 

all scenarios.  The base case scenario in all cases assumes that clean, white wood chips are used and cost 

could be potentially reduced by using residues.  On the other hand, the use of lower quality feedstocks 

could reduce yields, necessitating further assessment.  In the TMP-Bio scenario, chemicals, particularly 

peracetic acid, also represent significant cost.   
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Figure 5-4: Summary of manufacturing costs 

Break-even price per tonne (USD t-1) of product is indicated in brackets at top of graph. 

 

5.4.3 Sensitivity analysis 

The ten inputs with the greatest impact on BAP are displayed in Figure 5-5 and Figure 5-6 for TMP-Bio 

and AVAP, respectively.  For TMP-Bio the selling price of sugar, electricity rate/consumption and capital 

investment were found to have the greatest impact on the BEP of H-Lignin.  A 30% increase in the value 

of the C5/C6 cellulosic sugar sold as a co-product reduced the BEP of H-Lignin by 20%.  Improving the 

electrical efficiency of the TMP pulping step had almost as significant an effect on the BEP for H-Lignin as 

reducing the electricity price, confirming that this step accounts for the majority of the electricity 

consumption in the TMP-Bio process.  Feedstock cost also has a notable impact on BEP, with a 30% 

variation in delivered cost corresponding to an 8.5% change in BEP.  Peracetic acid was the only 

chemical input with a significant impact on BEP, resulting in a 7% change in BEP with 30% variation in 

peracetic cost.  Peracetic acid is a relatively rare chemical and thus quite expensive, it is possible that 

costs will decrease as its use becomes more common, or another peroxy acid could be used.  The TMP-
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Bio process has been tested with several different peroxy acids and while peracetic acid performs the 

best, others are suitable (Del Rio et al., 2016).  Varying other inputs results in <5% change in BEP. 

Results for the AVAP scenario are shown only for CNC as similar results were obtained for CNF in terms 

of the inputs that most impacted BEP.  Capital investment, interest rate (on capital) and natural gas 

price were found to have the greatest impact on the BEP of CNC.  If capital investment could be reduced 

by 30% to approximately USD 220 million, or if the government provided 30% of the estimated capital 

cost in the form a non-repayable grant, the BEP of CNC would be reduced to 1,211 USD t-1.  The selling 

price of sugar was also found to have a significant impact on BEP in the AVAP process, though not as 

significant as for TMP-Bio, with 30% variation in sugar price leading to 9% variation in BEP.  The energy 

efficiency of the steam stripper recovery system greatly impacts BEP as well, with both the steam and 

electricity consumption of the system landing in the top ten.  Similar to TMP-Bio, feedstock cost is 

important but not one of the top 5 primary drivers of BEP for CNC.  Adjusting other inputs by +/- 30% 

results in <5% change to BEP.  It is worth noting that while adjusting the heat value of lignin by 30% did 

not result in significant changes to BEP, if a much higher-value market was found for the native lignin 

stream (i.e. in the range of the BEP estimated for H-lignin), the impact would be significant.  For 

example, if the native lignin could be sold for 700 USD t-1, the BEP of CNC would drop to 1,220 USD t-1. 

 
 
Figure 5-5: Sensitivity of TMP-Bio process to varying input costs 
Tornado diagram for TMP-Bio showing impact of varying inputs by +/-30% on BEP of H-Lignin 
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Figure 5-6: Sensitivity of AVAP process to varying input costs 
Tornado diagram for AVAP showing impact of varying inputs by +/- 30% on BEP of CNC 

 

5.4.4 Additional analysis 

5.4.4.1 Opportunities for repurposing infrastructure  

Opportunities for repurposing existing pulping infrastructure for an AVAP plant are negligible because 

the fractionation and recovery technology is very different from anything used in a Kraft pulp mill, the 

dominant chemical pulp mill technology in Canada.  TMP-bio on the other hand, is essentially an 

extension of the existing TMP pulping process that is common across Canada so opportunities to use 

operational and idled mill infrastructure were explored.  Locations of existing TMP mills as well as those 

that have closed since 1990 across Canada are shown in Figure 5-7. 

In Ontario, where the modeled TMP-Bio plant is located, opportunities for mill conversion are limited.  

There is a single operational TMP mill located in Kapuskasing and built a century ago.  Across Canada, 

the opportunity is greatest in the province of Quebec where there are still a dozen operating TMP mills, 

smaller opportunities may exist in British Columbia and the Maritimes.  Any repurposing of these mills 

would need to proceed with caution as existing infrastructure is old and inefficient and upgrades could 

be costly.  In Quebec, the most recent TMP mill was constructed in 1965 and all others constructed 

between 1901 and 1936.  

The opportunity to repurpose shuttered TMP mills was also explored as Canada has lost 21 of the 46 

TMP mills that were operating in 1999, all but one of which were east of Saskatchewan.  In northeastern 

Ontario, a TMP mill was shut down as recently as 2015 but the mill has already been demolished and 

1,496 

1,503 

1,503 

1,526 

1,545 

1,586 

1,597 

1,598 

1,661 

1,712 

1,427 

1,420 

1,420 

1,397 

1,378 

1,337 

1,326 

1,325 

1,277 

1,211 

Labour cost

Stripper electricity consumption

Lignosulfonate value

Electricity rate

Feedstock cost

Stripper steam consumption

Natural gas rate

Sugar value

Interest rate

Capital investment
1,461 (base case)

BEP (USD/t CNC)



137 
 

redevelopment is underway.  More than half of the 21 shuttered TMP mills across Canada were closed 

more than 10 years ago so chances are the infrastructure no longer exists or is in severe disrepair.  

In general, opportunities for repurposing existing TMP infrastructure are limited but some do exist so 

the impact on the BEP of H-lignin was explored.  It was assumed that some capital investment into the 

TMP mill itself would need to occur to upgrade equipment and improve energy efficiency so the capital 

cost of the TMP pulping step was reduced by 50-75% and the impact of BEP was observed.  A 50-75% 

capital reduction in the cost of the TMP equipment led to a BEP of 577-649 USD t-1 H-Lignin and a total 

capital investment of USD 92- 128 million.   

 
   Figure 5-7: Locations of operational and closed TMP mills across Canada 

 

5.4.4.2 Impact of scale 

As would be expected due to economies of scale, the break-even cost of H-Lignin and CNC/F declines as 

scale is increased, as shown in Figure 5-8.  At scales beyond the maximum fibre availability for the 
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modelled facilities (see Section 5.2.1), minimal decrease in BEP is achieved due to the increased cost 

associated with having to source fibre from greater distances. 

 

Figure 5-8: Facility scale and minimum selling price relation for various bioproducts 
Figure shows break-even price (BEP) for H-Lignin (TMP-Bio) and CNC and CNF (AVAP).  Maximum scales indicated are the 
maximum theoretical availability of poplar and SPF harvested from Gordon Cosens and Abitibi River FMUs. 

 

5.5 Discussion 

5.5.1 Comparison of BEP 

5.5.1.1 H-Lignin 

A handful of techno-economic studies on extraction or upgrading of lignin have been published recently 

in which the assumed market price for “high-purity” lignin ranges from 700 to 900 USD t-1  (Hodasova et 

al., 2015; Benali et al., 2016; Ashok et al., 2018).  The value of lignin from the Kraft process is reported to 

have a market value of 260-500 USD t-1 (Hodasova et al., 2015).  Keeping in mind that the lignin price 

estimated in this study is the break-even price and the selling price would need to be higher for the 

plant to profit, the estimated H-Lignin price is higher than reported elsewhere but within the same order 

of magnitude.  If the TMP-Bio process were optimized based on the results of the sensitivity analysis, or 
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It is also worth noting that the H-Lignin produced in modelled TMP-Bio plant has a different composition 

and properties than more common Kraft or Sulphite lignin.  H-lignin consists of only 50-60% lignin but in 

more native form than Kraft lignin, which has a lignin content of 92-98% but in a more degraded form 

(Kouisni et al., 2016; B. Li et al., 2017).  Most economic analyses and studies on lignin applications have 

been carried out on Kraft lignin.  It is not known which type of lignin is “better or worse” for specific 

applications and there is still much research being done on characterizing lignin from different sources 

and determining the most appropriate applications (Mahmood, Yuan and Paleologou, 2015; B. Li et al., 

2017; Kabir et al., 2018).  Even at the base-case BEP, the process could be viable if the properties of H-

lignin were found to be superior for certain higher value applications compared to other lignin. 

5.5.1.2 CNC/CNF 

The production cost and market value of nanocellulose are even more uncertain than for lignin.  While a 

small amount of CNF is sold commercially, cost data is difficult to find.  One of the only detailed 

economic assessments available for CNF production estimates the manufacturing cost of CNF to range 

from 1,493 to 1,899 USD t-1 (de Assis, Iglesias, et al., 2017).  In that case, CNF was assumed to be 

produced from Kraft pulp (purchased for 1,016 USD admt-1) and disk refined using 2.5 MWh of electricity 

per tonne of CNF produced (compared to 0.5 MWh t-1 for AVAP CNF).  This estimate is comparable to 

the BEP estimated for AVAP CNF in the current study and the slightly higher cost in (de Assis, Iglesias, et 

al., 2017) is primarily due to higher energy requirement for disk refining of Kraft pulp compared to AVAP 

pulp.  If the electricity requirement for AVAP CNF production is increased to 2.5 MWh USD t-1 CNF, the 

manufacturing cost increases to 1,219 USD t-1.  Scale also plays a significant role in production cost, at a 

scale of 17,000 t y-1, equivalent to that modelled in de Assis and Iglesias, et al., (2017), manufacturing 

cost increases to 1,857 USD t-1 CNF. 

The reported production costs for CNC vary greatly in the literature, ranging from around 2,000 USD t-1 

to nearly 10,000 USD t-1 (Nelson et al., 2016; de Assis, Houtman, et al., 2017; Jiang et al., 2018; 

Sweetwater Energy, 2018).  Again, there has only been one detailed economic assessment published for 

CNC production, which estimates the break-even price of CNC to be 3,600 – 4,400 USD t-1 (de Assis, 

Houtman, et al., 2017).  In that study, CNC production from dissolving pulp using acid hydrolysis was 

modeled, a similar process to that recently commercialized by CelluForce in Canada.  At 1,461 USD t-1, 

the estimated manufacturing cost for AVAP CNC is significantly lower than other reported costs and less 

than half the estimated cost of CNC produced in a greenfield plant using acid hydrolysis (as shown by de 
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Assis et al. (2017).  This difference is further explored below by comparing the manufacturing and capital 

cost of AVAP CNC to that reported in de Assis et al. (2017). 

Table 5-7 provides details of the capital and manufacturing cost components, on a per-tonne basis, 

estimated for AVAP CNC compared to those reported in de Assis, Houtman and others (2017) for acid-

hydrolysis CNC.  In the reference study, only 16,000 tonnes of CNC were produced annually compared to 

42,000 tonnes in the current study.  To control for this difference, the scale of the AVAP plant was 

adjusted to 16,000 tonnes per year for the comparison presented in Table 5-7.  The capital cost of the 

two facilities was found to be very similar. The greatest difference in manufacturing cost was found to 

be the cost of feedstock - woodchips for AVAP versus dissolving pulp for acid hydrolysis.  The purchase 

cost of dissolving pulp in de Assis et al. (2017) was 763 USD t-1, which works out to a feedstock cost per 

tonne of CNC that is almost as much as the BEP of AVAP CNC.   

Using the economic model created for this study, the cost to manufacture AVAP pulp was estimated 

(assuming the same base case conditions as for CNC production) to be 1,144 USD/t (1,776 USD/t if no 

co-product sales).  This is higher than the purchase cost of dissolving pulp in de Assis et al. (2017), 

demonstrating that AVAP is not a low-cost method of producing pulp.  Rather, the key to the low 

manufacturing cost for CNC is the low-cost conversion from SEW pulp to CNC, requiring only low-energy 

mechanical processing.  This is made possible by the removal of amorphous cellulose during 

fractionation, and the overall purity of AVAP pulp.  In contrast, the conversion from market dissolving 

pulp to CNC requires a high cost, complex and chemical intensive process to be converted to 

nanocellulose.  

The co-product credit is also much greater for AVAP CNC production.  There is simply more opportunity 

to generate co-products when starting from woodchips compared to pulp that contains primarily 

cellulose.  The combined maintenance, overhead and other fixed costs are also higher in (de Assis, 

Houtman, et al., 2017) than in the modelled AVAP process.  Increasing these costs to match the estimate 

in de Assis et al. (2017) brings the break-even cost of AVAP CNC to 2,378 USD t-1 – still nearly 2,000 USD 

t-1 less than estimated for the acid hydrolysis process.  The larger scale of the AVAP CNC plant also 

contributes to lower price per tonne CNC in the base case.   
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Table 5-7: Manufacturing and capital cost, AVAP CNC and CNC produced via acid hydrolysis  
Source: de Assis, Houtman, et al., 2017.  The scale of the AVAP facility was adjusted to match CNC output of acid hydrolysis 
scenario (16,000 tonnes CNC annually, equivalent to 57,000 bdt of feedstock).  

  Area Cost (USD t-1 CNC) 

AVAP Acid Hydrolysis 

Feedstock  271 1740 

Utilities  557 374 

Chemicals  88 173 

Enzymes 34 n/a 

Labour and Benefits 304 233 

Maintenance and Overhead 143 415 

Other fixed costs n/a 186 

Capital Repayment 1,199 1,148 

Total Manufacturing Cost 2,596 4,269 

Co-product revenue  - 677 -21 

Net Manufacturing Cost (BEP) 1,919 4,248 

Capital Costs Million USD 

Installed Equipment Cost 115 117 

Total Capital Investment 174 188 

 

5.5.2 Potential markets  

5.5.2.1 H-Lignin 

Many possible applications exist for lignin, despite its complexity, its susceptibility to degradation, and 

the variation that exists between lignin from different sources, all of which present significant challenges 

for downstream users (Lane, 2017; Renders et al., 2017).  Developing a high-value application for lignin 

is often thought of as the key to unlocking the advanced forest biorefinery model and is a primary focus 

of recent biorefining research (Johansen, 2018).  For most applications, the technical lignin isolated from 

pulp mills or biorefineries requires additional processing, such as depolymerisation or fractionation 

before it can be incorporated into downstream products.  Some of most commonly proposed lignin 

applications are summarized in Table 5-8, highlighting the wide range in market price and size of 

products that could be replaced by lignin.  Good overviews of potential lignin markets and applications 

are provided in Hodasova et al. (2015), Bruijnincx et al. (2016), Ashok et al. (2018).  

When assessing possible applications for H-lignin, it is important to have an idea of the additional 

processing required, and the estimated cost associated with that additional processing.  For example,   

because H-lignin consists of only 50-60% lignin, the yield of depolymerised (DP) lignin is only 
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approximately 70% on H-Lignin (Kabir et al., 2018), with a production cost estimated to be in the 

neighbourhood of 400 USD t-1 (Gursel et al., 2019).  Thus, the total manufacturing cost of DP lignin from 

H-lignin would be around 1,400 USD t-1, which eliminates some of the markets in Table 5-8 for which DP 

lignin is required.  In another example, the average market value of activated carbon (AC) is 1,500 USD t-

1, while the estimated cost to produce AC from lignin-rich fermentation residues is estimated to be 375 

USD t-1 (Marrs, Spink and Gao, 2016).  While the cost may differ somewhat for production of AC from H-

lignin, margins would likely be very tight given than H-lignin is only 60% lignin.  The production of 

aromatic chemicals (BTX) is also not likely to be viable as they are generated from processing of DP 

lignin, with a yield of only ~40% of the original lignin (Hodasova et al., 2015).  While more research is 

needed on the end uses and related processing costs specific to H-lignin, this initial analysis suggests 

that lower cost production methods are necessary for many markets.  Alternately, a “lignin-first” 

biorefining strategy has been proposed by some authors that would see the extraction of lignin early in 

the biorefining process to avoid degradation and reduce need for additional processing (Bruijnincx et al., 

2016; Renders et al., 2017).  This model is still in the early stages of design but warrants further 

development.  
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Table 5-8: Market summary of some of the potential applications for lignin  
Adapted from (Ashok et al., 2018); informed by (Hodasova et al., 2015; Benali et al., 2016) 

Application Product used 
currently 

Market price 
(USD/t) 

Global market 
size (kt y-1) 

Status 

Activated 
carbon (AC) 

Coconut shell or 
wood-based 

powdered AC 

500 – 2,500  3,500 Commercialized by Sweetwater 
Energy, superior pore structure, 

outperforms alternatives 
(Sweetwater Energy, 2017) 

Carbon fillers Carbon black 1,000 12,000 Lignin needs to be carbonized first, 
performance similar except for 

electrical conductivity (Snowdon, 
Mohanty and Misra, 2014) 

Benzene, 
Toluene, 
Xylene (BTX) 

Petroleum-based 
BTX 

800 – 1,500 100,000 Can be derived from DP lignin, yield 
of BTX from lignin ~40 wt%  

(Bruijnincx et al., 2016) 

Phenol-
formaldehyde 
(PF) resins 

Phenol 1,000 – 2,000 5,000 DP lignin can substitute up to 50% of 
phenol in lab without affecting PF 

resin or foam performance (Qiao et 
al., 2015; B. Li et al., 2017) 

Polyurethane 
foam 

Polyol  3,000 – 3,500 10,000 Lignin-based polyol substitution rate 
of 20% has been achieved; the 

estimated cost to transform (Kraft) 
lignin into polyol is USD 800/t (Benali 

et al., 2016) 

Carbon fibre 
(CF) 

Polyacrylonitrile 
(PAN) 

15,000 – 20,000 140 Potential for lignin-based CF to 
reduce prices but need to improve 
strength, e.g. through fractionation 

(Miller and Faleiros, 2016; Q. Li et al., 
2017) 

 

5.5.2.2 Nanocellulose 

Similar to lignin, nanocellulose fibres and crystals show great potential for use in a number of high-value 

applications but have trouble competing with traditional materials on price (Nelson et al., 2016).  Nelson 

et al. (2016) predict that nanocellulose will follow a similar commercialization timeline to that of 

plastics, with full commercial potential being realized around the year 2045.  Comprehensive reviews of 

potential applications for nanocellulose are provided in Kumar, Sabu and Tiwari (2018) and Sharma et al. 

(2019).  Cellulose nanofiber (CNF) products have already hit the market as biomaterials solutions for 

packaging and composites, mainly in Japan, but commercial production currently exceeds market 

demand (Future Markets Inc., 2019).  Products currently made with CNF include disposable diapers, 

ballpoint pen ink, thickeners for cosmetics and paints, transparent films, strengthening resins for rubber 

and plastics and automotive air filters (Yuzawa, 2017; de Assis, 2019).  There is also potential for CNF to 
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be used as a carbon fibre alternative (Yuzawa, 2017).  Demand for CNF is predicted to be five times 

larger than for CNC over next 4-7 years, though that is likely to change in the long run (de Assis, 2019).   

The primary commercial application of CNC so far is in fluids for oil and gas drilling (CelluForce, 2019) 

but there is great potential for CNC to be incorporated into many different materials to improve 

performance, decrease weight and infer new properties.  The Oak Ridge National Laboratory (ORNL) is 

investigating the incorporation of CNC into composites as light-weight reinforcing fibres (e.g. for vehicle 

components) or as a potential 3D printing substrate (Nelson et al., 2016).  Cellulose nanocrystals also 

have potential as a high performance cement-filler that increase the strength and flexibility of cement, 

reducing of cement required for some applications (Kumar, Sabu and Tiwari, 2018).  Due to the 

antimicrobial properties of CNC, they could also be used to create a new type of ‘active’ food packaging 

that could reduce the need for preservatives (Azeredo, Rosa and Mattoso, 2016).  Other potential 

markets include pharmaceuticals, paints, cosmetics, filtration, electronics, aerogels and more (Miller, 

2015; Nelson et al., 2016; Sharma et al., 2019). 

While the extraction and production of nanocellulose has been extensively reviewed over the last 

decade, research has recently turned to focus on application and potential for novel and improved 

materials (Sharma et al., 2019).  It is difficult to estimate a market value for nanocellulose used in 

different applications because it often is not directly replacing an existing product but is being added or 

substituted to improve properties, which may in turn mean that less of the resulting material is required 

for the end product.  In other cases, such as active packaging, nanocellulose forms the basis of an 

entirely new product, without an established market value.   

One of the major challenges for incorporating nanocellulose into composites is that it is hydrophilic and 

thus has high water absorption and is not easily incorporated into plastics (Nelson et al., 2016; Sharma 

et al., 2019).  Surface modification of CNC to increase hydrophobicity and improve compatibility with 

hydrophobic media (e.g. plastic polymers) is an active area of research but treatments currently are 

costly (Nelson et al., 2016).  This is where commercialization of AVAP nanocellulose may have a 

significant advantage.  The AVAP process can be modified to precipitate dissolved lignin back onto 

cellulose nanoparticles, without significantly affecting production cost, to create hydrophobic lignin-

coated CNC or CNF particles (L-CNC/F) that can more easily be integrated into plastic composites.  

Lignin-coated CNC has been shown in the lab to effectively disperse in polymers such as poly lactic acid, 
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polypropylene, polystyrene, and polyethylene (Nelson et al., 2016).  This research is very promising 

application but much more work is required for commercialization. 

5.5.3 Market challenges  

Many exciting opportunities exist for the commercialization of both lignin and nanocellulose, but many 

challenges remain, production cost being just one.  For both products, the properties are widely variable 

depending on the starting material and the extraction process used.  In both cases there has been more 

research carried out on the more traditional products - Kraft lignin and acid hydrolysis nanocellulose – 

than on H-Lignin and AVAP CNC, which have different compositions and properties (B. Li et al., 2017; 

Reid, Villalobos and Cranston, 2017).  In many cases, the products from lignin and nanocellulose are not 

molecularly-identical to the fossil-based product being substituted but are instead bio-based 

alternatives with somewhat different properties.  The differences may be positive or negative, 

depending on the application, but in any case, the new products require adoption by industries with 

long-established value chains and efficient manufacturing processes.  Adoption of new bio-based 

products is not likely to happen without incentives in place, particularly in industries where the forest 

sector has not traditionally been a player (e.g. the chemical industry).  Early success may be more likely 

in sectors where the forest industry already holds a significant stake, such as packaging or building 

materials.   

Not only are these processes dependent on novel lignin and nanocellulose products being adopted by 

established manufacturers, the co-products (sugar and lignosulfonate) also need to be marketed and 

distributed to different established manufacturers, at a price that is competitive with existing products.  

Perhaps then, the ‘ultimate’ biorefinery would recombine (nano)cellulose and lignin into a single new, 

superior, ‘100% bio’ product that could be marketed directly to users (Backlund, 2014).  Examples of 

such a product include: a paper coffee cup with a lignin coating; 100% bio-based active packaging; rigid 

insulation foam with a built-in vapour barrier; or a 100% bio-based 3D printing substrate.  There is some 

indication that this may be the direction that biorefinery development is headed (e.g. Backlund, 2014; 

Iftikhar, 2019) but the idea is still in its infancy.  

5.5.4 Cost optimization and future potential 

For both processes modelled, capital cost, sugar value and energy cost or consumption have the 

greatest impact on product manufacturing cost.  The value of sugar used in the study (340 USD t-1) is 



146 
 

thought to be relatively conservative for a cellulosic sugar as Brandt and others (2018) talk about prices 

up to 600 USD t-1.  There is a good chance that cellulosic sugar could demand a premium price above 

what was modeled in the base case, particularly as carbon prices increase or if credits are offered for 

cellulosic sugar.  Capital cost could be reduced through government investment, or repurposing 

infrastructure.  There is little opportunity to repurpose infrastructure for AVAP plants but some regional 

opportunity exists for TMP-Bio, particularly in eastern Quebec, and possibly British Columbia.  

Repurposing existing TMP mill could reduce the production cost of H-lignin to below 600 USD t-1, but 

there is little to no opportunity to do so in Ontario. 

Energy costs could be reduced through increased process efficiency or internal generation.  The ratio of 

steam to electricity required for AVAP matches well with that of industrial biomass CHP plants (e.g. 

higher steam than electricity demand, (AHDB, 2016)) which could be fuelled by lignin from the process 

and/or harvest residues and other waste wood.  Most of energy requirement for TMP-Bio, on the other 

hand, is electric so unless there were another large heat user nearby, biomass CHP would not make 

much sense.  There may be other ways to increase efficiency or generate (renewable) electricity would 

significantly reduce cost of process.  For example, new advanced TMP technology is significantly more 

efficient than most existing mills.  If a new, advanced TMP mill were constructed, it may be possible to 

construct the plant such that outputs are flexible and could be varied between TMP pulp and 

sugar/lignin depending on market conditions, allowing the mill to adapt to changing conditions 

(Akhundzadeh and Shirazi, 2017).  

Production cost could also be reduced significantly with increased scale.  Increasing the scale of a plant 

in eastern Ontario would be easier for AVAP than for TMP-Bio because the availability of softwood is 

greater than poplar.  The AVAP process is also touted as feedstock agnostic, meaning that a combination 

of hardwood and softwood, as well as harvest residues, could potentially be used to further increase 

scale (Heiningen et al., 2011). 

5.6  Conclusions 

For TMP-Bio, a manufacturing cost of 550-800 USD t-1 of H-lignin is quite high considering the relatively 

low lignin content and additional processing that needs to occur before it can be incorporated into an 

end product.  The literature suggests that early markets for lignin will be foam, resins or activated 

carbon, such that lignin would replace products worth 1,000-3,000 USD t-1, leaving little room for the 

cost of additional processing.  If lignin is the high-value product of interest, technology development 
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should focus on early and optimized lignin extraction to reduce or eliminate the need for additional 

processing.  In this case, sugar or other cellulose-based products would be by-products of a lignin-first 

extraction process (Bruijnincx et al., 2016; Renders et al., 2017). 

The AVAP technology is capable of producing CNC and CNF at a considerably lower cost than other 

nanocellulose because the pulp generated is well suited to the production of nanocellulose.  Many 

potentially high-value markets exist for nanocellulose but most work on application development to 

date has used acid-hydrolysis CNC, which has very different properties.  More research on applications 

specifically for AVAP CNC is needed as it has much lower production cost than other CNC and greater 

potential for scale-up and replication due to the fact that woodchips are used as the feedstock instead 

of pulp.  Researchers have indicated that a barrier to the adoption of nanocellulose is the production 

cost; AVAP nanocellulose has the potential to overcome this barrier, the focus now needs to turn to 

applications and developing partnerships with end users.  Lignin-coated nanocellulose that can be 

produced for a similar cost, has good potential for integration into plastics due to its hydrophobicity.   

In general, there are already well-established manufacturing chains for the products that bio-based 

materials would be replacing, thus the bio-based products must perform as well or better than the 

established alternative; they must compete on cost; they must have steady supply with consistent 

quality; and must be easily incorporated into existing processes.  These are very challenging 

requirements to meet but there is early evidence that this is possible, particularly for (lignin-coated) 

nanocellulose. 

For biorefining facilities in rural forest regions that are distant from markets, a better strategy might be 

to develop an entirely new (end) product that recombines carbohydrates and lignin and has superior 

properties to existing products on the market.  The focus of research and development moving forward 

should be on: 1) lignin/nanocellulose products that are optimized for incorporation into downstream 

value chains (e.g. L-CNC/F for plastics, depolymerized or fractionated lignin); or 2) novel end products 

that reincorporate lignin and cellulose to create new completely bio product (e.g. 3D printing substrate, 

insulated building panel, active packaging, or something totally new). 
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6 Enhancing community resilience with the forest bioeconomy  

6.1 Abstract 

A stated goal of forest bioeconomy development in Canada is to enhance the resilience of rural and forest-

dependent communities.  However, details on how bioeconomy development may impact resilience or 

characteristics of a future forest bioeconomy that would maximize the community resilience are scare in 

both academic literature and government reports. A forest bioeconomy that contributes positively to 

community resilience should (i) have diverse markets and stakeholders, (ii) lead to economic growth of 

the community and the forest sector, (iii) involve the development of resilient energy infrastructure, (iv) 

maximize contributions to climate change efforts, (v) improve forest quality and health, (vi) use resources 

as efficiently as possible, (vii) involve local residents and governance structures, (viii) build local skills, 

knowledge and social capital, (ix) keep opportunities open for future developments, and (x) balance 

technological and market risk with the risk of carrying on with business as usual. A community-based, 

resilience-building forest bioeconomy will be built-up over time and will require strong municipal 

leadership, enhanced collaboration between communities and forest companies and a strategic plan to 

build-up human and industrial capacity over time. 
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6.2 Introduction  

Canada’s Forest Bioeconomy Framework, like other national bioeconomy strategies, emphasizes the 

potential for bioeconomy development to boost the economies and build the resilience of rural, 

resource-dependent communities (CCFM, 2017; European Commission, 2018).  For the most part 

though, this idea is not expanded upon within the strategies to define what is meant by community 

resilience or how it can be enhanced through efforts to build the bioeconomy.  Also unclear are the 

characteristics of bioeconomy projects or pathways for development that have the greatest influence on 

local resilience, and how these might vary regionally.  It seems to be generally assumed that all efforts to 

build the bioeconomy will lead to enhanced resilience for local communities but surely some initiatives 

will do this to a greater extent than others, while some may even erode community resilience by 

appropriating resources and limiting future opportunities, if not well-planned (Hitchner, Schelhas and 

Brosius, 2017).  Projects that fall within the realm of the forest bioeconomy could use a multitude of 

feedstock sources, technologies and scales and produce a variety of end products.  Each of these are 

associated with unique opportunities and constraints, many of which are context and place dependent 

(Beeton and Galvin, 2017).  Viewing forest bioeconomy development through the lens of resilience 

could help to guide decision-making around near-term initiatives and to generate a long-term vision for 

the regional bioeconomy.   

Bioenergy and bioproduct options are most often assessed at the project or technology level based on 

economic, social or environmental sustainability metrics (Cambero and Sowlati, 2014; Wenger and 

Stern, 2019).  Studies evaluating multiple aspects of sustainability are increasingly common but there is 

still a need for practical implementation studies that place projects within a broader context (Wenger 

and Stern, 2019).  The impacts that development may have on the broader region, or on a community 

over the long term, are not often considered (Wenger and Stern, 2019).  For example, the role that 

renewable or community-based energy systems can play in enhancing adaptive capacity (e.g. to 

fluctuations in oil price or supply or change in the forest products market) is often overlooked in 

feasibility or scoping studies (Hitchner, Schelhas and Brosius, 2017).  Another unique challenge 

associated with evaluating options for forest bioeconomy development is that there are many different 

technologies that utilize the same resource to achieve the same goals (i.e. emission reduction, fossil fuel 

displacement, economic development), which may present different opportunities and challenges 

within different regional contexts (Efroymson et al., 2013).  Further, priorities may differ greatly 

between regions and amongst stakeholders, impacting the selection and interpretation of indicators to 
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measure potential impacts of bioeconomy development (Efroymson et al., 2013).  A community 

resilience framework is proposed to guide bioeconomy development that would ensure the regional 

context is considered, take into account the perspective of different stakeholders, highlight the impacts 

on the broader region and allow for careful consideration of trade-offs between stakeholders and 

between short and long-term priorities. 

The following section provides an overview on the concept of community resilience and the foundations 

that are critical for building resilience.  Following that, ten factors for enhancing the resilience of forest-

dependent communities through development of the forest bioeconomy are identified through a review 

of literature on measuring community resilience and the sustainability of bioenergy and bioproducts.  To 

provide context and give concrete examples of how these factors can be applied to guide decision-

making related to the bioeconomy, potential pathways for near and long-term bioeconomy 

development pathways for forest-dependent communities in northeastern Ontario are described and 

discussed in terms of their resilience building potential.  Through the discussion, the ten factors 

identified are related back to the foundations for resilience-building, considerations for designing a 

resilient forest bioeconomy are presented and examples of possible indicators are provided.   

6.2.1 Community resilience 

Resilience refers to the ability of a system to absorb change and reorganize while essentially maintaining 

the same structure, identity and functions (Holling, 2001).  The origins of resilience in academic 

literature can be traced back to C.S. Holling’s work in the early 1970’s looking at the response of 

ecosystems, and later socio-ecological systems (intertwined systems of human and nature), to 

disturbance and changing conditions (Welsh, 2014).  The concept has since been expanded and applied 

as both a descriptive and prescriptive theory to regional economies, disaster preparedness efforts, 

financial systems, businesses, communities and more (Jabareen, 2013).  The community is increasingly 

recognized as the most appropriate scale at which to apply resilience building efforts (Lerch, 2017b).  A 

scale at which there are social and governance structures in place, but not so rigid that they cannot be 

changed, as may be the case at larger scales, and regular citizens can be actively involved in and initiate 

meaningful changes that have positive impacts on their everyday life (Lerch, 2017b).  The perception of 

resilient communities has evolved from a focus on natural disaster preparedness to a more all-

encompassing view of community resilience as the ability to prepare for anticipated hazards, adapt to 

and take advantage of changing conditions and withstand and recover rapidly from disruptions brought 
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about by globalization, climate change, technological advancement, economic collapse, etc (Magis, 

2007; Jabareen, 2013; Welsh, 2014).   

The systems thinking perspective that originated in the social-ecological resilience literature is a central 

aspect of community resilience, highlighting the importance of considering the contribution of smaller 

subsystems (e.g. individual, infrastructure project) to the overall resilience of the community as well as 

the conditions in larger systems within which the community is embedded that may constrain or 

enhance resilience building efforts (Welsh, 2014; Lerch, 2017b).  Building community resilience is an 

ongoing and iterative process that involves first understanding the identity, values and strengths of the 

community as well as the vulnerabilities within the community as a whole as well as each of its 

subsystems (Lerch, 2017b).  Finding new, creative ways to build relationships and actively involve 

community members in the resilience building process not only helps to increase the acceptance of 

resilience-building initiatives but also works to improve the resilience of the community itself by creating 

the social foundation for self-organization and rebuilding (Magis, 2010; Berkes, 2013).   

Improving resilience in the built environment is a primary goal of community resilience building efforts 

but is also a very complex challenge due to differing, and often competing, values and ingrained land-

use patterns resulting from nearly a century of rapid development centred on seemingly limitless fossil 

fuel resources (Magis, 2007; Berkes, 2013; Jones, James and Mastor, 2017).  It is important to consider 

that physical infrastructure that is resilient to disturbances, does not necessarily contribute to the 

overall, long-term resilience of the community.  Building truly resilient communities will require a 

dramatic shift in human behavior, thinking and values and will require relationship building, education 

and time.  Important questions about the future must be considered now within the context of building 

resilient communities (for example producing renewable natural gas to somewhat reduce the carbon 

intensity of a fossil fuel versus building out new infrastructure that can directly utilize local renewable 

fuels) (Lerch, 2017b).  Adoption of a resilience strategy could be challenging from a political viewpoint as 

it does not guarantee short-term stability, rather the survivability of the community over the long term 

(Longstaff et al., 2010).  Nonetheless, the concept of community resilience as a planning model is 

increasingly being adopted by planners, municipal leaders and residents who want to enact positive 

change within their communities and ensure its long-term viability (Longstaff et al., 2010; Jabareen, 

2013). 
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Resilience-building is particularly important for resource-dependent communities that have historically 

been dependent on a single industry with one or two large employers and are significantly impacted by 

the boom and bust cycles of the industry (Joseph and Krishnaswamy, 2010).  The scholarship on the 

resilience of resource communities often emphasizes the importance of expanding the economic base 

to become less dependent on the (forest) resource itself.  Resilience could also be built by finding new 

ways to use the resource and taking greater local control over its use and management (Joseph and 

Krishnaswamy, 2010).  This is where efforts to develop forest bioeconomies should focus.       

6.2.2 Foundations for building community resilience  

Many frameworks and tools for measuring and building community resilience have been developed by 

academics, non-profit groups and government agencies over the last two decades (e.g. Beckley et al., 

2002; Lynd et al., 2005; Joseph and Krishnaswamy, 2010b; Longstaff et al., 2010; Magis, 2010; Berkes, 

2013).  Different approaches work for different communities and within different contexts but in 

general, the factors that contribute to resilience within the frameworks are similar (Lerch, 2017b).  

Daniel Lerch (2017b), nicely summarizes from past literature six foundations for community resilience-

building that are crucial ‘no matter what’: people, systems thinking, adaptability, transformability, 

sustainability and courage (Lerch, 2017b).   

The first foundation, people, recognizes that community members are key to envisioning the future and 

that resilience-building efforts are most effective when (local) stakeholders are engaged and invested 

and there are strong leaders within the community.  Systems thinking refers to the importance of both 

understanding subsystems and viewing the community as part of a broader social-ecological system and 

recognizing the feedbacks between systems at different scales.  The adaptability of a community is its 

capacity to change, either in response to disturbance, changing conditions in other systems or to take 

advantage of opportunities, and is related to characteristics such as diversity, modularity and resources 

(capital).  Initiatives to enhance adaptability may necessitate the consideration of trade-offs between 

short-term stability and long-tern vulnerability.  Transformational efforts tackle those aspects of the 

community that require a fundamental change in structure or function in order to build resilience is 

ways better suited to a new reality (e.g. raising carbon prices, fossil fuel shortages).  Sustainability 

provides the guiding light for resilience-building efforts, which should also contribute the sustainability 

of the region, the country and the world.  Ultimately, resilience-building and sustainability efforts both 

aim to allow communities to persist indefinitely.  Finally, resilience-building takes courage to tackle the 
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complex and systemic issues that we as a society face.  The factors outlined in the following section, and 

discussed in the remainder of the paper, directly contribute to building one or more of the foundations 

for resilience (See Table 6-1). 

6.3 Community resilience and forest bioeconomy development  

The factors listed below for building resilience in forestry communities through bioeconomy 

development were identified from literature on measuring and building community resilience, 

sustainability impacts of bioenergy and bioproducts and work on the opportunities and constraints of 

forest bioeconomy development (e.g. Joseph and Krishnaswamy, 2010; Beeton and Galvin, 2017; 

Grafakos, Enseñado and Flamos, 2017; Karvonen et al., 2017; Muizniece et al., 2017; Ribeiro and Bailey, 

2017).  A discussion of these factors is presented within the context of bioeconomy development in 

forest-dependent communities in northeastern Ontario.  The discussion demonstrates that, while 

concrete indicators are important, particularly to measure impacts of implementation, even qualitative 

consideration of the factors identified can help to guide early stage decision-making around desired 

characteristics of a future bioeconomy and the actions that could be taken in the short term to achieve 

that vision. 

Factors to consider for building resilience in forestry communities through bioeconomy development 

include: 

 Economic diversity  

 Economic growth  

 Resilient energy infrastructure 

 Contribution to climate targets 

 Forest quality 

 Resource efficiency 

 Local control of enterprise/governance 

 Human resources and social capital 

 Flexible development pathways 

 Balancing Risk 
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6.3.1 Background – communities in northeastern Ontario 

Northeastern Ontario is a vast, mostly forested region, dotted with relatively small rural communities 

carved out of the forest in the late nineteenth and early twentieth centuries to support resource 

extraction industries.  Forestry is the primary industry, with most communities still dependent on 

traditional forestry for 50% or more of household income (CFS, 2018).  As such, economic diversity, 

particularly in the smaller and more isolated towns, is low and the economic well-being of communities 

is very closely tied to the boom and bust cycle of the forest sector.  The population of nearly every town 

and city in northeastern Ontario has declined over the last decade, and continues to decline, even as 

Ontario’s population grows steadily (Statistics Canada, 2016).  The youth population is shrinking faster 

than other age groups as young people leave northern communities to seek education or better career 

opportunities and do not return, leaving an aging and inflexible workforce with lower than average 

education levels (Robichaud, 2014).  While housing costs are generally lower than in most of Ontario, 

energy costs are relatively high to cover the cost of the infrastructure required to distribute energy 

across the sparsely populated region (Harrison, 2016).  Nearly all the energy consumed in communities 

in northeastern Ontario is imported from other regions (electricity from elsewhere in province and 

natural gas from western provinces and the US), making energy costs a significant drain on local 

economies (Stephen and Cecil-Cockwell, 2018).  Taken together, these factors limit the ability of 

communities in northeastern Ontario to respond to changing conditions or downturns in traditional 

forest product markets and mean that towns are vulnerable to external shocks.  In other words, 

community resilience is low. 

Municipal leaders and others in the region have long recognized the lack of economic diversity, 

downward population trends and youth outmigration as significant issues that negatively impact 

communities’ long-term viability, but community development plans have done little to reverse trends 

(Robichaud, 2014).  One exception may be Kapuskasing where a Youth Attraction and Retention Strategy 

was developed specifically to address the issue of youth outmigration.  The strategy focused on 

connecting youth with potential employers, staying in touch with those who left town and promoting 

employment opportunities and highlighting the community’s quality of life (Robichaud, 2014).  While it 

is not clear what the impact of this strategy specifically has been (there was also a mining project started 

nearby in the same time period), Kapuskasing’s total population did see a slight increase between 2011 

and 2016 (Statistics Canada, 2016).  Economic development plans for communities in the region (e.g. 

Kapuskasing, Cochrane) are generally focused on economic diversification, improving access to markets, 
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attracting and retaining skilled labour, promoting entrepreneurship and finding new and innovative uses 

for natural resources.  Opportunities in the forest sector are recognized but not a primary focus of any 

future development plans (McSweeney & Associates, 2012; Denault, 2018; NeCN, 2019).   

6.3.2 Background – forest industry 

With communities in northeastern Ontario being so closely tied to the forest industry, the resilience and 

economic well-being of the regional forest sector is a crucial aspect of community resilience for these 

and other forest-dependent communities.  The Canadian forest industry, including in northeastern 

Ontario, has been established over the last century around a small number of core commodity products, 

namely lumber, pulp and paper.  While there has always been periods of boom and bust, overall the 

industry grew steadily and was extremely profitable, contributing significantly to the national GDP and 

supporting many rural communities, until the early 2000s (Couture and Macdonald, 2013).  Production 

of lumber, pulp and paper became increasingly efficient, as the majority of research and innovation 

within the industry was concentrated on increasing the productivity of existing processes (Albert, 2007).  

Regional forest processing facilities were tightly interconnected with sawmill residues and wood not 

suitable for lumber going to pulp mills and pulping residues used for on-site energy production 

(Bogdanski, 2014).  Overall, the forest sector operated as a stable and efficient system in which forest 

companies controlled the flow of forest resources such that value from the resource was optimized and 

ecological integrity of the forest was maintained.  

In the early part of the millennium, a number of external forces, mainly shifts in international market 

demand for traditional products and competition from developing nations, led to a significant downturn 

in the traditional Canadian forest industry (Mockler and Fairbain, 2009).  From 2003 to 2009 the 

country’s forest sector lost 130,000 jobs and saw 455 mills close temporarily or permanently (CFS, 

2013).  The contribution of the forest sector to the national GDP dropped from 3% to just over 1% over 

the same time period.  Annual pulp production dropped sharply from a peak of approximately 26 million 

tonnes annually in the early 2000s to just over 17 million tonnes in 2009 (Bogdanski, 2014).  

Employment and production in wood product manufacturing and woodland operations remained steady 

from 2009 to 2017 but has not rebounded, while the decline in the pulp and paper sector has continued 

(CFS, 2018).   
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The trend has been similar In Ontario.  While lumber production has stabilized, only five of the fourteen 

pulp mills that operated in 2004 are still operational due to a fundamental shift in the production of, and 

markets for pulp and paper products (Couture and Macdonald, 2013; Bogdanski, 2014; OMNRF, 2017).  

Without a demand for pulpwood, harvest rates have declined to approximately half of what is deemed 

sustainable under the annual allowable cut (AAC) and lower quality fibre streams are going unused, as 

shown in Figure 6-1 (Levin, Krigstin and Wetzel, 2011; OMNRF, 2019b).  This has led to a significant 

decrease in the value that is extracted from the forest resource and the profitability of the industry as a 

whole, as well as concerns about hi-grading and reduced stand quality over the long term (Mockler and 

Fairbain, 2009; Couture and Macdonald, 2013).  

 
Figure 6-1: Historic forest harvest levels and Annual Allowable Cut in Ontario, 2003-17 
Source: Natural Resources Canada (OMNRF, 2019b) 
 

In northeastern Ontario, more than two dozen sawmills operate across the region but only two of the six 

pulp mills that historically sourced fibre from northeastern Ontario forest management units (FMUs) are 

still operating (OMNRF, 2017).  Annual forest management reports confirm the poor pulpwood markets 

in the region, indicating that harvest levels are well below the planed level and that certain stand types 

cannot be harvested, limiting the capacity to sustainably manage forests (OMNRF, 2019a).  Because the 

dominant harvest method in the region is clear cutting, merchantable timber for which there is no 

market is still harvested but is left in the forest (OMNRF, 2019a).  The Ontario Ministry of Natural 

Resources and Forestry (OMNRF), the governing body for Crown forests, limits how much merchantable 

timber can be left in the forest, meaning that stands with a high proportion of non-marketable wood 
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cannot be harvested (Andrews, 2018).  Improving the market for pulpwood would allow access to these 

stands and would help forest operators to manage harvest costs (Beeton and Galvin, 2017). 

As is the case in most of Canada, the forest industry in northeastern Ontario is dominated by large 

corporations, who also control access to most of the fibre.  Historically, this has limited access to fibre 

for new entrants to the industry and stifled entrepreneurship but given the current situation, companies 

recognize the need for new markets and may be willing to work with new users (Majumdar et al., 2017).  

The harvest residues generated from clear-cutting are another potential fibre source for the 

bioeconomy.  Residues are currently piled by roadside and either burnt, to increase the regenerated 

forest area and reduce fire risk, or left at the roadside because burning is too costly (OMNRF, 2019a).  

Residues would be a lower cost feedstock than standing wood but new methods for collecting them 

would need to be established in the region and quality is somewhat lower (Yemshanov et al., 2014).  

New markets for any of the unused would most certainly be welcomed and broadening the product 

portfolio of the industry beyond traditional forest products could provide some insulation from volatility 

in the global market. 

6.4 Forest bioeconomy pathways for northeastern Ontario 

The need for action in the forest bioeconomy is becoming urgent, both from the perspective of the 

forest industry and the climate.  A number of bioenergy technologies are already commercialized and 

could be deployed immediately, while more advanced bioproduct technologies are still being developed.  

In the short term, bioeconomy development efforts should focus on deployment of commercialized 

technologies.  It is also important to develop a long-term vision for an advanced bioeconomy to ensure 

that any developments in the near-term support the long-term vision.  Previous analysis identified 

biomass district heating systems, powered by either a heat only boiler (HOB) or combined heat and 

power (CHP) system, as having strong potential for communities in northeastern Ontario from a 

technical, economic and emission-reduction standpoint (Blair and Mabee, 2019).  If CHP is used, 

electricity could be sold to the provincial grid or be used to power a microgrid and consumed locally.  

Other commonly proposed bioenergy technologies, that could be deployed immediately, include large-

scale electricity production and wood pellet plants.  These options were not included in the previous 

analysis for various reasons but will be discussed and compared to biomass district energy from a 

resilience perspective in the following section.        
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Over the longer term, it is generally thought that advanced forest biorefineries will be developed to 

produce a mix of high value chemicals, materials, fuels and/or energy to displace fossil fuels and add 

value to the forest sector (Wising and Stuart, 2006).  Most research to date has assumed that 

(transportation) fuel will be the primary output of forest biorefineries, with some higher value by-

products, though this does not necessarily need to be the case (Wenger and Stern, 2019).  In 

northeastern Ontario, and most northern forest regions, achieving the large scale required to be 

economically competitive with other fuel sources is a significant challenge (Stephen, Mabee and 

Saddler, 2013).  To address this challenge, a distributed biorefining model has been proposed in which a 

network or preprocessing depots, located near and scaled to the forest resource, is built-out to 

eventually feed a larger-scale biorefinery, likely in an urban industrial location (Eranki and Dale, 2011).   

It is not clear what technology is best suited to the depots, and the answer likely varies geographically, 

but previous analysis of the supply chain in eastern Canada found that processing would need to be 

more advanced than pelleting in order to realize meaningful supply chain cost reductions (see Chapter 

3; Li et al., 2017).  Without getting into technology specifics, depots that produce sugar alongside more 

valuable lignin and/or cellulose-based products are a possibility (see Chapters 4, 5).  A network of sugar 

and by-product-producing depots, potentially using different technologies as dictated by local 

conditions, could be deployed across eastern Canada to eventually feed a large cellulosic biofuel 

refinery.  In the meantime, it is important that any products made at the depots can be sold into existing 

markets.  Large-scale gasification of forest biomass to produce heating (renewable natural gas (RNG)) or 

transportation fuels will also be included in the discussion as the ‘centralized’ technology option.  

Gasification is an emerging technology that has been studied intensively and is of interest to the 

Canadian government.  Options for long term bioeconomy development will also be discussed within 

the resilience framework with attention to synergies between short term initiatives and the long term 

vision.   

6.5 Factors for resilience 

6.5.1 Economic diversity  

Diversity of the local economy is one of the primary factors contributing to the resilience of 

communities and is a top priority for resource-dependent communities is northeastern Ontario, as 

reflected by community economic development plans (McSweeney & Associates, 2012; Denault, 2018).  

Resource towns, including those in the study region, have relatively low economic diversity and low 
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levels of entrepreneurship due to the high degree of dependency on a single employer (Robichaud, 

2014).  Any developments in the forest bioeconomy will of course utilize the forest resource; however, it 

is possible to use the resource in new and innovative ways to enhance resilience.  From the community’s 

perspective, projects that are locally-owned and take advantage of non-traditional forest markets, will 

serve to enhance the diversity of the local economy.  A spin-off benefit that has been noted by 

communities that have developed innovative projects, particularly renewable energy projects, is an 

increase in tourism as delegates from other communities across the country and even internationally 

come to view and learn from the project (Gubbins, 2010).  Other spin-off businesses in the service and 

retail sectors are also likely, especially if a culture of entrepreneurship is fostered (Albert, 2007).  

Enhancing economic diversity is also a priority from the perspective of the forest industry as the creation 

of new markets and a value for low quality wood will increase the ability to deal with rising costs and 

fluctuating prices associated with traditional products (Beeton and Galvin, 2017).  Ideally, new markets 

for forest fibre should be as stable as possible and not at the whim of the volatile housing and export 

markets (Crandall et al., 2017).  Process flexibility (in terms of what is produced) or production of with 

several possible buyers would allow a biorefinery to respond to changing market conditions.  Comparing 

bioenergy options for the short term, the local market afforded by the district energy system is certainly 

most stable.  The sale of power from a bio-electricity plant would be dependent on a fixed-term contract 

with the provincial government at above market rates (Moore, Durant and Mabee, 2013).  There are 

several examples of biomass power plants, including one in Cochrane, Ontario, that have been 

mothballed when contract renewal negotiations fall through (Snook, 2015; Hrbek, 2018).  A biomass 

CHP plant in Güssing, Austria that heated a district network in the community and sold electricity to the 

grid was idled when the government failed to renew the power contract (Hrbek, 2018).  This example 

demonstrates the importance of a local market for both heat and power from a CHP system, as would 

be the case if a microgrid and district network were constructed.  In the case of wood pellet production, 

local pellet demand is limited by the fact that most of northeastern Ontario is serviced by natural gas 

pipelines, thus pellets would most likely be exported to power producers oversees.  Again, the market is 

dependent on a few large players and subject to changes in government subsidies.  Pellets produced in 

northeastern Ontario would have a long distance to travel to get to the nearest port and producers in 

the region would likely be the first suffer if the market dropped. 

Over the longer term, products such as technical lignin, nanocellulose and even cellulosic sugar have far 

more potential buyers, in many more markets (see Chapter 5), than transportation fuels or RNG, which 
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would be purchased by large energy companies and at the whim of the global market.  Applications for 

these products are still emerging but there is strong potential for both lignin and nanocellulose to be 

incorporated into a wide range of high-value products (e.g. adhesives, plastics, insulation, paints and 

coatings, pharmaceuticals and more).  Processes are being developed that could be tuned to produce 

different variations of these products (e.g. AVAP, ABC3D) for different applications or even recombine 

lignin and carbohydrates to create an entirely new material (Backlund, 2014; Iftikhar, 2019).  This 

flexibility would allow the producer to adapt to changing markets and take advantage of opportunities in 

new markets.  At least one innovative start-up in Canada is working on developing a 3D printing 

substrate by recombining lignin and cellulose polymers (Iftikhar, 2019).  Such a product could also open 

up opportunities for local manufacturing that would not be possible if the printing substrate has to be 

imported to the community.   

6.5.2 Economic growth 

Closely tied to economic diversity is economic growth.  This is most commonly measured in terms of 

direct impacts within the community, such as job creation and income growth, or sometimes in terms of 

impact on GDP (Joseph and Krishnaswamy, 2010; Karvonen et al., 2017).  Indirect and trickle-down 

economic benefits of forest bioeconomy would also likely be seen for the municipality (e.g. increase in 

business/property taxes, direct income if community-owned), local businesses (e.g. increased consumer 

spending), the industry (e.g. increased profits, increase support and service businesses, ability to 

reinvest) and the province (e.g. increased income taxes, stumpage fees) (Gubbins, 2010; Cairns, 2016; 

Northern Forest Center, 2019).  A major benefit of any biomass-based development is the large number 

of indirect jobs associated with the provision of forest biomass collected or harvested for feedstock.  It is 

estimated that five to seven people are required to process and transport 150 dry tonnes of biomass per 

day (Crandall et al., 2017).  

Projects where at least a portion of the outputs are consumed locally will likely have the greatest overall 

benefits for the community, while projects that increase forest harvest (and thus stumpage fees) and 

maximize job creation would likely offer the greatest benefits for the province and the industry would 

be most concerned with profits and perhaps the value added per tonne of biomass or area harvested.  In 

the case of a community biomass district heating system, all energy produced would be consumed 

locally and would displace imported natural gas.  Not only would this result in more stable (and possibly 

lower) energy prices for consumers over the long term, but most of the money spent on heating would 
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end up in the hands of locally-owned companies, or the municipality, to be recirculated and reinvested 

in the community.  In contrast, the cost of heating with natural gas is a significant drain on the local 

economy, with 80 – 90% of the money spent benefitting companies situated outside of the community 

(Stephen and Cecil-Cockwell, 2018).  Additionally a community energy development could work to 

attract new businesses as communities with district energy systems are generally viewed favourably by 

businesses looking for long-term stability (Gubbins, 2010; Hoppe et al., 2015; Stephen and Cecil-

Cockwell, 2018).  While this ‘trickle-down’ impact is more difficult to measure than direct employment 

and income impacts, there are frameworks to do so and local benefits can be considerable (Cairns, 

2016).  Importantly, even with all the spin-off benefits, a community energy system is not likely to be 

developed if the cost of energy for consumers is higher than the cost of energy from fossil fuels.  At 

current prices, biomass district heating results in a consumer heat cost that is higher than heating with 

natural gas but with government incentives or low-cost financing, a competitive price can be achieved 

(Blair and Mabee, 2019).       

In the long run, any large-scale biomass processing plant developed will lead to significant indirect job 

creation in fibre supply.  More advanced biorefining facilities will result in a greater number of high-

paying jobs at the plant itself compared to simpler, more automated facilities such as power or pellet 

plants (Crandall et al., 2017).  The ability of the local workforce to fill these highly-technical positions as 

well as the risk associated with deploying complex, emerging technologies should also be considered, as 

discussed in following sections.  Of course for any economic growth to be realized, the plant must be 

profitable, in other words total production costs must be less than the value that can be realized from all 

plant outputs.  Though a simple concept, this is a major stumbling point for forest biorefineries.  

Production costs are incredibly high, scale is limited by fibre costs and transportation distance, fuel is a 

relatively low value product and markets for by-products (i.e. lignin) are limited at best (Stephen, Mabee 

and Saddler, 2012; Amore et al., 2016).  Additionally, publicly available cost and processes data for 

emerging technologies is often inadequate to perform detailed economic assessment.  In the early 

stages of technology selection, data from patents and publications can be compiled to put together a 

high-level process flow and get a general idea of required inputs and production costs which can then be 

compared to the potential value of the products (See Chapter 5).  This will at least help to identify 

technologies with good potential, as well as opportunities to lower production costs (e.g. through 

integrating with a community energy system).  It is also important to keep in mind that until a 

commercial or large scale demonstration plant is constructed, any estimate of production costs is highly 
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variable and technological learning, and the associated cost reductions, will never happen if technology 

is not deployed.    

6.5.3 Resilient energy infrastructure 

Resilience of the built environment is a prominent focus of efforts to build more resilient communities 

as it is the one of the most tangible things we associate with the community and is threatened by 

increasing extreme weather events, age and obsolescence (Lerch, 2017a).  The built environment 

includes all physical infrastructure in a community – buildings, roads, pipes, power lines, etc. – but it is 

the energy infrastructure which could be directly impacted by bioenergy projects.  Of the bioenergy 

options outlined, those that include the build-out of a district energy system have the potential to 

greatly improve the resilience of the local energy infrastructure and contribute to the resilience of the 

community.  Though the build-out of district energy infrastructure is expensive in the short term, it is an 

enabling and transformative infrastructure that permits flexibility in the fuel source, allowing operators 

to select the fuel that makes the most sense for local conditions at a given time (Werner, 2017).  It also 

enables the use of sustainable, local biomass fuels that are not subject to global price or supply 

fluctuations or carbon taxes.  The transition from a dependence on imported fossil heating fuels to 

locally-sourced fuels would also serve to empower the community and redistribute wealth from large 

energy corporations to local businesses or the community itself, depending on the ownership structure 

(Islam, 2019).   

The integration of an electricity microgrid into a community-based district energy system could further 

enhance energy system resilience as it would allow critical infrastructure to continue to operate during a 

power outage in the provincial grid (Bourgeois et al., 2014).  It is also possible to integrate other sources 

of renewable energy into a local microgrid, creating redundancy in supply and a more robust and 

sustainable system (Bourgeois et al., 2014).  Decentralized electricity production and distribution serve 

to reduce the load on the provincial grid and can help to delay or decrease necessary investments in 

aging electricity distribution infrastructure (MaRS Cleantech, 2017).  Rural communities often obtain 

their electricity via a single electricity transmission line that conveys power from a distant source, 

making the community vulnerable to disruptions in supply.  In general, community-based energy 

generation and distribution systems can enable the transformation of the community from energy 

importer to energy self-sufficiency or even energy exporter (Lerch, 2017b).  As mentioned in the 

previous section, the existence of a community energy system can also enable integration with an 
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advanced biomass processing facility, potentially improving the financial feasibility of the latter and 

making the community a more desirable place to locate (Kurkela et al., 2019). 

6.5.4 Contribution to climate targets 

If it is assumed that efforts to reduce CO2 emissions will strengthened in the near future, than 

technologies that maximize carbon removal from the atmosphere and minimize the time until emission 

reductions are achieved, will be most likely to be sustainable over the long term and therefore positively 

impact community resilience.   Buildings are the second largest source of emissions in Ontario, behind 

only transportation, with the majority of those emissions from heating (ECCC, 2019).  Biomass district 

heating is one of very few ways that significant emissions reductions can be achieved in existing 

buildings using existing technology.  Forestry communities are in a unique position to take advantage of 

biomass district heat with an abundance of relatively low cost wood available locally and reasonably 

dense development (Robichaud, 2014; Blair and Mabee, 2019).  Even when the cost of the new 

infrastructure is considered and the heating fuel replaced is natural gas, biomass district heating in 

northeastern Ontario communities is one of the lowest cost options to achieve significant emissions 

reductions and would have a lower CO2 abatement cost than solar photovoltaic or wind electricity (Blair 

and Mabee, 2019).  Biomass district heating also has greater greenhouse gas reduction potential than 

bio-electricity or wood pellet production, two other options commonly considered for short term 

development (Blair and Mabee, 2019).       

Another important consideration for any developments in the forest bioeconomy, and one that is not 

always explicitly considered, is the time until emission reductions are achieved.  The time until emissions 

become negative depends on the source of the feedstock, the product made and, in the case of 

bioenergy products, the fuel displaced.  Bioenergy is often considered to be carbon neutral and while 

over time this is usually true, it is not always the case in the short term.  For example, if clear cut harvest 

intensity in northeastern Ontario is increased to feed a large scale bioenergy system that displaces 

electricity, or even natural gas, emission reductions would not be realized within the next century due to 

slow regrowth rates of the boreal forest and the relatively low emissions intensity of the energy 

displaced (Ralevic, 2013).  On the other hand, if harvest residues, which would normally be burnt at the 

roadside, are the feedstock used, emission reductions would be realized in less than a decade (Ralevic, 

2013).  Emission reductions also occur sooner if more carbon intensive fuels such as heating oil or coal 

are displaced.   
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Many advanced processing technologies convert at least portion of the biomass feedstock to a product 

that stores carbon as opposed to an energy product that results in immediate release of carbon (see 

Chapters 4, 5).  There is potential for deep emission cuts if carbon sequestered in biomass can be stored 

in long-lived products such as plastics, carbon fibre, insulation or other building materials, paints or 

adhesives, to name a few.  Even single-use plastics such as bottles or grocery bags will store carbon for a 

significant length of time if they do not degrade.  Focusing on non-biodegradable plastics seems a little 

counter-intuitive but from a purely emissions standpoint, the longer the material persists in the 

environment, the longer carbon is locked up.  Bio-based composites have also been demonstrated to be 

lighter weight than oil-based equivalents, which could lead to lighter weight vehicles and improved fuel 

efficiency (Competitive Green Technologies, 2019).  The end use and carbon storage potential of all 

products from a harvested forest stand must be considered to get an accurate picture of the overall 

impact of forest harvest on atmospheric CO2.  As the proportion of harvest converted to carbon storing 

products increases, the time since harvest for overall ecosystem emissions to become negative (i.e. 

reduced relative to business as usual) is decreased (Ralevic, 2013).   

6.5.5 Forest quality 

The creation of a market for harvest residues and low quality wood will allow forests to be more actively 

managed for stand improvement, regeneration and forest fire risk reduction (Beeton and Galvin, 2017; 

Crandall et al., 2017).  Active management activities such as thinning and slash (harvest residue) 

management are costly and without value generated from the biomass that is removed, they are not 

always carried out.  A prime example of this in northeastern Ontario is in the Gordon Cosens forest 

management unit where slash piles are left by the roadside because burning is not economical (Rayonier 

AM Canada GP, 2017).  This is despite the recognition that burning the piles is the preferred practice in 

the region as it increases the forest area that can be regenerated and reduces forest fire risk (Rayonier 

AM Canada GP, 2017).  The collection of harvest residues for bioenergy generation would have the same 

benefits in terms of regeneration and fire management with the added benefit of displacing fossil fuels 

and reducing particulate matter emissions associated with open burning (Beeton and Galvin, 2017; 

Crandall et al., 2017).  Needless to say, if value can be generated from these activities, they are more 

likely to be carried out.    

It is also important to grow the market for low quality standing pulpwood in northeastern Ontario.  As 

pointed out previously, stands with high proportions of low quality wood are not being harvested 



171 
 

without a market for pulpwood (as per sustainable forest management guidelines for the region) 

(OMNRF, 2019a).  If this trend continues over the long term, and only stands with lots of merchantable 

saw-log quality stems are harvested, the proportion of low quality wood across the landscape will 

increase and the overall quality, and value, of the forest will decline (Polk and Hall, 2006; Levin, Krigstin 

and Wetzel, 2011; Beeton and Galvin, 2017).  Again, growth of the pulpwood market would allow these 

stands to be harvested and would prevent long-term hi-grading.  It would also help forest managers to 

meet the milestones, such as increasing the area of conifers and old growth forest, set out in the 

Regional Landscape Guides that direct forest management plans in Ontario.  The guides aim to maintain 

or improve biodiversity and ecological processes compared to unmanaged forest (OMNR, 2014). 

A strong pulpwood market would also allow for more intensive stand management, with potential 

benefits for forest value, carbon sequestration, habitat and recreation.  Active stand management 

activities, such as thinning, are not often carried out in northeastern Ontario but there is potential for 

increased stand value and productivity with an increase in large, timber quality trees in the final harvest 

compared to no thinning, as well as additional value generated from the thinnings (Tahvonen, Pihlainen 

and Niinimäki, 2013).  Thinning has also been investigated as a way to increase landscape level carbon 

storage.  While thinning does not increase carbon stored in the thinned stand in boreal forests, the 

increased productivity can allow more stands to be set aside for conservation (Triviño et al., 2015).  In 

addition to providing important habitat, conserved, unmanaged stands have also been shown to store 

more carbon than managed stands over the long term (Triviño et al., 2015).  The improvement in stand 

quality as a result of thinning can also lead to a greater proportion of wood used for timber rather than 

pulp or energy, thereby increasing the long term carbon storage potential of harvested wood (Powers et 

al., 2011).  The collection of harvest residues and removal of small stems from standing forests could 

also open up forest area for recreational or non-timber harvest activities (Triviño et al., 2015).  In terms 

of the bioeconomy, it is important to match the scale of any new project to the available sustainable 

wood supply in the region and any increased management activities should be evaluated at both the 

stand and landscape level.   

6.5.6 Resource efficiency 

A resilience-building bioeconomy will use the forest resource efficiently, minimizing waste streams and 

converting as much of the harvested fibre as possible into a valuable product.  Efficiency can be 

improved by using more of the tree (e.g. harvest residues, waste streams) or by improving the efficiency 
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of the conversion technology that utilizes the wood.  Using bioenergy as an example, the use of harvest 

residues as a feedstock improves the wood-use efficiency by increasing the proportion of harvested 

wood utilized regardless of the end use but overall efficiency is greatly impacted by the efficiency of the 

conversion technology.  Combined heat and power, where the heat is used for space or process heat, is 

the most efficient bioenergy conversion technology with up to 95% of the energy content of the wood 

converted to useful energy (AHDB, 2016).  Biomass heat only boilers are the next most efficient 

technology, with modern boilers achieving nearly 90% conversion efficiency, while the conversion of 

biomass to electricity only is 30 – 35% efficient, highlighting the need for a local heat consumer (Zhang 

et al., 2010). 

Advanced biomass conversion technologies generally separate wood into its constituent components 

(cellulose, hemicellulose and lignin), then convert all or some of the components into a useable end 

product.  Lignin, the resinous binding material that makes up about a third of the wood, is a common by-

product of most conversion processes, including pulp and biofuel production.  Lignin is often combusted 

to provide process power (i.e. in Kraft pulp mills) but there is potential to make higher-value, longer-

lasting products from lignin such as adhesives, plastics and other carbon-based materials (Bruijnincx et 

al., 2016; Benali et al., 2018).  Though the importance of valorizing lignin is well-recognized, it is a 

notoriously nasty material to work with and is degraded in most fractionation processes (Bruijnincx et 

al., 2016).  Lignin is not often considered beyond its heat value in techno-economic studies for advanced 

biomass conversion facilities (such as cellulosic ethanol plants) but without generating significant value 

from lignin, such plants are not generally feasible (Gnansounou and Dauriat, 2010; Shafiei, Karimi and 

Taherzadeh, 2011; Abbati de Assis, 2017).  Conversion technologies that generate value from lignin, in 

addition to the other wood components should be prioritized.  Heat is also a common by-product of 

industrial wood conversion processes (e.g. gasification), in this case it is important to have a local 

consumer for the heat produced to improve wood use efficiency and economic and environmental 

performance of the facility (Kurkela et al., 2019).  

6.5.7 Governance and local control of enterprise 

The governance model and degree to which resources and enterprise are controlled within the 

community can have a major impact on the social acceptance of a proposed development within the 

community, the local benefits of development and risk associated with fibre supply and (energy) 

markets.  In general, smaller-scale, decentralised energy projects are viewed more favourably by 
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residents of communities pursuing bioenergy development (Wüste and Schmuck, 2012; Beeton and 

Galvin, 2017).  Social acceptance is further enhanced when locals are included in the planning process 

and even more so when the municipality or a local non-profit group, for example, has a stake in the 

ownership of the project (Rydén, 2015; Islam, 2019).  Local ownership boosts the trust of citizens that 

the project will be developed with local interest in mind and also provides opportunity for reinvestment 

of the profits realized into the community, further supporting community development (Gubbins, 2010; 

O’Brien and Hope, 2010).  Market risks associated with bioenergy projects are also reduced when the 

energy market is local, as with district heating systems and microgrids, and does not depend on 

contracts with higher-level governments (i.e. when selling electricity to the grid) or international buyers 

(i.e. for wood pellets).   

Another important consideration for projects utilizing forest biomass is the degree to which the forest 

resource (particularly the wood supply for the project) is locally controlled.  Tenure (i.e. harvest rights) in 

most forest management units in northeastern Ontario is held by the large forest companies that 

dominate wood processing operations.  There are some exceptions to this whereby tenure is held by an 

association of local producers, which in some cases also includes representatives from local 

communities (First Resource Management Group Inc, 2017).  It appears that in either case, community 

members have the opportunity to review forest management plans but are not overly involved in 

creating them (First Resource Management Group Inc, 2017).  Access to fibre for new entrants to the 

forest economy has been cited as a barrier to forest bioeconomy development in Ontario and elsewhere 

in Canada (Majumdar et al., 2017).  Growing the involvement of locals in biomass supply and forest 

management planning could help to enhance local understanding of the quality and quantity of locally 

available fibre and empower community groups to find innovative ways to use that fibre (Albert, 2007; 

O’Brien and Hope, 2010).  A public-private partnership between the community and forestry companies 

could also serve to improve relations, open access to fibre and pave the way for future collaborations 

and entrepreneurship in the forest sector  

6.5.8 Human resources and social capital 

If a goal of bioeconomy development if to enhance community resilience, it is important to think about 

how the people in the community will be involved in the future bioeconomy.  Some authors have noted 

concern over the fit between the skills possessed in forestry communities and the skills required to 

operate a biorefinery (Blair, Cabral, & Mabee, 2016; Näyhä & Pesonen, 2014).  The reality is though that 
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the number of skilled operating jobs will be much fewer than the number of jobs created in biomass 

supply for any advanced biorefinery or bioenergy facility that is developed.  The workforce in forestry 

communities possesses a skillset that is generally well-suited to supplying biomass and it is on the supply 

side of the operations that the community may be most meaningfully involved in the bioeconomy.  New 

processes would likely have to be established to harvest, collect, process and supply the new type of 

forest biomass required for energy or biorefining, generating opportunities for locals in expertise in 

wood supply to get involved.  As existing forest companies currently hold tenure over much of the 

forest, strong partnerships between communities and forest companies could allow control over the 

biomass resource to be shifted to the forest communities.   

Starting with a small-scale bio-heat project to start to establish new supply chains, then building-up to 

larger, more advanced projects over time could be a good way to ensure that sustainable practices are 

implemented and the necessary human capacity, skills and infrastructure are in place to guarantee a 

reliable supply of biomass as demand increases.  On the operation side, there are already several 

examples of rural communities in Canada that successfully operate their own biomass heating plants 

and the skills required for this are picked up easily by mechanically-inclined local trades-people, as long 

as training and support is provided by the developer.  Again, is the first step is to develop a heat plant, 

interest in biomass technology would be generated and training programs could be developed that 

could be a starting point for more advanced training in the future.  A biorefinery, or pilot plant, could 

initially be staffed by employees of the forest industry partner, with training programs developed in 

partnership with the community and the forest company to support the long-term development of local 

knowledge to fill the highly skilled and desirable positions at the biorefinery. 

Community ownership over and involvement in the establishment of a local bioeconomy will help to 

build social cohesion within the community, which makes a community feel nurturing and is essential for 

getting through acute crisis (Lerch, 2017b).  This enhanced sense of community, along with the new 

economic and knowledge-building opportunities that could be achieved through strategic bioeconomy 

development may also work to make northern communities more attractive to youth and others in the 

workforce that may otherwise leave for opportunities in larger population centres (Robichaud, 2014).  

Communities, or community networks, will need to think outside the box to come up with ways to 

market the bioeconomy vision and associated opportunities to youth in order to retain the local 

workforce and will also need a plan to develop the skills and knowledge of the workforce to fit what is 
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desired for an advanced bioeconomy.  It is also important that implementation of the plan happens 

relatively quickly or there is risk of the potential workforce moving on.   

 

Well thought-out bioeconomy developments will lead to more dynamic local communities as a result of 

accumulation of new technologies, skills and innovations, enhanced learning capacity and adaptation of 

the workforce to labor market needs.  On the other hand, large bioenergy or biofuel plants that are 

corporate-owned and ‘imposed’ on communities would generate few of the societal benefits discussed 

above and may have trouble finding operators due to the mismatch between local knowledge and the 

skills required to run the plant. 

Collaboration with neighbouring, like-minded communities to develop a vision for the region could also 

be a good strategy for pooling resources and achieving favourable economies of scale for investment. 

Several communities in northeastern Ontario came together to form the Northeastern Community 

Network (NeCN) with a primary focus on regional economic development.  According to the network’s 

website, steering committees and/or strategic plans have been formed for mining, agriculture and 

tourism but not for forestry, though the potential for forestry-related development is recognized (NeCN, 

2019).  The NeCN provides a platform for the formation of a forest-sector steering group, which could 

have a focus on bioeconomy but someone with the courage to forge new relationships with established 

forest industry players needs to take the lead.  A forestry steering committee would be wise to employ 

external input on both the inventory and the future vision to bring new perspective and to help to 

match local opportunities with developments in the macro-environment (e.g. technological, political, 

environmental) (Albert, 2007).  Once local opportunities are identified, targeted actions can be taken to 

attract entrepreneurs and to forge new relationships with industry and with academic and research 

institutions to find ways to take advantage of those opportunities (Albert, 2007). 

6.5.9 Flexible development pathways 

In planning for the future forest bioeconomy, decisions made now must not limit opportunities for 

future developments.  There is a push right now across the developed world to introduce advanced 

biomass processing technologies that lead to high-value, low carbon products.  The development of a 

very large-scale bioenergy or wood pellet plant in the near term, could limit the potential to take 

advantage of future technological developments that could generate greater benefits for the community 
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and the environment, if too much biomass feedstock is tied up in energy production (Hitchner, Schelhas 

and Brosius, 2017).   

The potential for system expansion or integration should also be considered in the design and 

development of community-scale energy systems.  For example, a community may not be comfortable 

with, nor have the means to commit to the development of a community-wide district energy system 

right away, especially without successful examples of such a system in other nearby communities.  

Instead, the community could start with a smaller system connected to buildings with high-heat loads 

such as schools, hospitals or recreation centres, but design the system, and the energy centre, to allow 

for future expansion as the town becomes comfortable with operation of the system and as conditions 

permit (Blair and Mabee, 2019).  Of course, the scale is limited by the energy demand of the community, 

which is often far lower than the energy potential in the locally available feedstock.  In the future, there 

is potential for an advanced processing facility to integrate with a community-based energy system, 

either as a low-cost energy producer (i.e. waste heat) or large-scale energy consumer (Kurkela et al., 

2019).  Future integration with an advanced processing facility should also be considered in the planning 

of the energy system, for example by locating near industrial land. 

6.5.10 Balancing Risk 

A certain level of risk will be associated with any new development and is increased with emerging or 

unproven technology.  However, this risk must be weighed against the risk of the status quo as forest 

communities are shrinking and forest companies have long-recognized the need for diversification.  The 

risk associated with development of a < 5 MW district heating project would be relatively low compared 

to the risk associated with more advanced technologies, particularly if a large portion of the capital cost 

were covered by federal or provincial grants. Most of the financial risk associated with the development 

of a biorefinery would likely be borne be an established forestry company and would be significant, 

though benefits could also be significant over the long-term.  Strong partnerships along the supply 

chain, and with the community could help to spread out financial risk and minimize market risk.  

It may be the communities that have the most to gain, and the least to lose, from taking a risk as most 

forestry communities are already in a state of decline with populations shrinking and aging and 

residents leaving to seek educational and employment opportunities elsewhere (Robichaud, 2014; 

Denault, 2018).  Many forestry companies are also struggling to find ways to keep their head above 
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water. Skilled workers will be needed for any bioeconomy developments and communities risk losing 

them if something is not done in the short term to retain or attract them.  Further, as other jurisdictions 

come on board with new developments, they become first to market and may end up controlling the 

market, with everyone else left to catch-up (Albert, 2007).  While very difficult to quantify, there is a 

cost associated with losing workers and lagging behind in development, which could be greater in the 

long term than the cost of developing new technology.  

The development of new, innovative technology creates opportunities to involve young people and 

generate attractive, high-tech, high-paying jobs to retain and attract talented and educated workers 

(O’Brien and Hope, 2010; Beeton and Galvin, 2017).  Pilot, demonstration and early commercial projects 

can also serve to boost tourism, attracting developers and decision makers from other jurisdictions 

come to see the project in action (Gubbins, 2010).  Getting involved in the emerging bioeconomy in the 

short term (e.g. hosting a pilot plant), particularly if locals are involved in the planning and operation of 

the project, could bring significant benefits to the community and position it as a bioeconomy leader, 

poised for future developments, even if the initial technology is not successful (Hrbek, 2018).   

While a certain level of risk must be tolerated, there are also actions that can be taken to minimize risks 

associated with emerging technologies and markets.  Technological risk can be minimized by selecting 

technologies that have been successfully scaled-up beyond lab scale elsewhere, or that use existing, 

proven technology in a new way.  Market risk can be minimized through different approaches.  If 

energy, is the product, the local market is certainly the lowest risk.  In the case of biorefineries, 

production of commodity products, such as transportation fuel, means that there is a large global 

market but that market is controlled by international entities, with a handful of large corporations that 

actually purchase the product, and is subject to fluctuations in price and supply (Albert, 2007; Stephen, 

Mabee and Saddler, 2012).  Forest biorefineries producing commodity products would also have to 

compete with lower cost producers in the southern hemisphere that benefit from faster biomass growth 

rates and lower wages for their workers, not to mention fossil fuel producers in the case of biofuel 

producers (Albert, 2007).   

Niche products and chemicals on the other hand, have smaller markets but it may be easier for smaller, 

higher cost producers to find their footing and secure off-take agreements with local or socially or 

environmentally just customers (Dessbesell et al., 2017).  Common outputs of forest biorefining 

processes currently being developed include lignin and nanocellulose, which are pre-cursors to many 
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potentially high-value products (Chapters 4, 5; Dessbesell et al., 2017).  Producers may be able to reduce 

market risk, and create more local jobs, by further processing these intermediates into a usable end 

product, such as a 3D printing substrate or foam insulation for example, which has an open market and 

a wide range of buyers (Backlund, 2014).  Industrial sugar is a likely co-product of many biomass 

processing technologies but production alongside the higher value product would allow it to be more 

competitive in the commodity market.  Because many forestry communities are located a significant 

distance from major markets, but usually are accessible by rail, products should be designed such that 

they can be used locally or transported by rail to markets in North America but do not compete directly 

with lower cost alternatives.   

6.6 Potential indicators of resilience 

If a goal of forest bioeconomy development is to enhance community resilience, indicators to define and 

measure progress should be established.  A number of criteria and indicator frameworks have been 

developed to measure community resilience and others to assess the feasibility, sustainability or local 

impacts of bioenergy projects.  The example indicators explored in Table 6-1 combine aspects of all of 

the above to assess the impact that developments in the bioeconomy have on local resilience.  

Indicators should be easy to measure and understand, comparable across locations and time and, 

perhaps most importantly, meaningful to members of the community.  Indicators should be selected on 

a case-by-case basis, with input from and based on the priorities of the community.  Some should be 

quantitative, while others might be qualitative and involve peoples’ feelings or perceptions as these are 

the indicators that are often most meaningful to those impacted, sometimes more-so than actual 

conditions (Joseph and Krishnaswamy, 2010).  By establishing a baseline measure of selected indicators, 

progress related to developments in the bioeconomy can be tracked and measured.  Indicators can also 

be useful in guiding decisions on future development.  In some cases the impact of a future 

development on specific indicators can be anticipated or estimated, while other indicators could be 

useful as basis for a public survey and others may only be measured after implementation.  Table 6-1 

gives examples of indicators that might be useful in anticipating or measuring the contribution of 

bioeconomy project on local resilience, but again, specific indicators should be selected based on local 

priorities.  Table 6-1 also indicates which foundations of resilience, outlined in Section 6.1.2, are 

associated with each factor. 
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Table 6-1: Indicators to measure resilience impacts of bioeconomy development 

Factor Foundations Built Example Indicators 

Economic Diversity  Adaptability 
Transformability 
Systems Thinking  

- Tonnes (or %) harvest used for non-traditional products 
- Added tourism dollars from bioeconomy projects 

- % wages from forest sector (traditional/non-traditional) 
- % wages from ‘non-traditional’ forest sector (direct/indirect) 

Economic Growth Adaptability  
Transformability 

  

- Difference in industry profit before/after project implementation 
- Production cost of new product ($/tonne, compared to value) 

- $ added to local economy (direct, indirect, trickle-down) 
- Number direct/indirect jobs added 

- New vehicle sales, number new business start-ups 

Enabling Infrastructure  Adaptability 
Transformability 

Sustainability 

- # critical buildings connected to microgrid/DH 
- % of all buildings that use local/renewable fuel  

- % of energy imported vs. produced locally 

Contribution to Climate 
Targets  

Adaptability 
Sustainability 

Systems Thinking  

- Annual net (life cycle) CO2 emissions reduction  
- % of feedstock converted to product that will store CO2 > 100 yrs 

- Timing of CO2 emission release relative to current use of fibre 
- GJ fossil fuels displaced 

Forest Quality  Sustainability 
Adaptability 

Systems Thinking 

- % forest biomass used relative to available 
- % harvest that is marketable  

- # slash piles used (instead of burnt, left) 
- # forest stands that cannot be harvested due to market conditions 

- Volume harvested for thinning, improvement cut 
- % of harvest area successfully regenerated 

Resource Efficiency  Sustainability 
Adaptability 

- % of harvest used to generate value 
- Conversion efficiency of technology 

- CO2 abatement cost (lower when resource converted efficiently) 
- Value generated per tonne wood 

Governance and Local 
Control of Enterprise 

People  
Adaptability 

Courage 
 

- Level of public support for project/vision  
- Reinvestment into community 

- % of project locally/community-owned  
- Level of community representation/input/consultation in FMU 

management planning creation  
- Dependence on outside markets 

Human Resources and 
Social Capital 

People  
Adaptability 

Transformability 
Courage 

 

- Post-secondary education rate 
- Number of jobs (or companies) created to support operations 

- Median annual salary of added jobs 
- Existence of networks linking communities  

- Change in median age, population change by age class 

Keeping Opportunities 
Open  

Adaptability 
Sustainability 

Systems Thinking 

- % wood used of available (reserve some for higher value) 
- Feedstock type (residues vs harvest) 

- Capacity for system expansion/scale increase  
- Capacity for system integration (e.g. with bioproduct facility) 

Balancing Risk Courage 
Adaptability 

- Commercialization status (TRL) 
- Capital cost 

- Maturity/existence of market for primary product/by-product 
- Competition for products 

- Risk of business as usual (how to measure?) 
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6.7 Recommendations 

The following are actions that could be taken in the near future (e.g. next five years) by forest-

dependent communities in northeastern Ontario toward the development of a community-centric, 

resilience-building forest bioeconomy. 

i. Develop a biomass-fuelled district heating system to provide heat to several municipal or 

provincially-owned buildings, as dictated by local geography.  This project should beled by the 

community but involve several local stakeholders. Communities may have access to funding 

through federal and provincial governments for communities to upgrade and build-out 

infrastructure to help support this endeavor (e.g. Ontario Community Infrastructure Fund).  

 

ii. Form community (or locally-owned private) entity to coordinate biomass fuel supply for the 

community district heating system.  Ideally, this entity would work with local tenure holders 

(forest companies) to gain access to low quality wood and harvest residues from stands closest 

to the community to begin to establish a local biomass supply chain.  Use of this fibre would also 

support forest fire management efforts, which could potentially also serve as another source of 

project funding. 

 

iii. Develop a training program for biomass boiler operators and biomass suppliers to ensure the 

community can keep the operations staffed into the future and to provide opportunities for the 

local workforce.  The program could also be open to people from other communities who decide 

to follow-suit.  This is an example of an initiative that could be supported and/or coordinated by 

a network such as the NeCN. 

 

iv. Develop a task force within a network such as the NeCN to develop a detailed and realistic 

inventory of resources, infrastructure and skills across the region and to envision what a regional 

advanced (community-based) bioeconomy might look like in a region that is dominated by 

lumber production.  Stakeholders from major forest companies operating in the region will need 

to be involved to determine how the groups might work together to advance a bioeconomy that 

will benefit all, recognizing that risks will have to be taken and new ways of thinking will need to 

be employed.  Ideally, local youths should also be involved in the task-force as it is their future 

that is being planned. 
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v. In cooperation with forest company(ies), and possibly (northern) universities or consulting firms, 

look at advanced technologies that could be piloted in a forestry community that would fit with 

the fibre available and the bioeconomy vision for the region and identify potential funding 

sources for the pilot.  Involve local youths in this process by supporting research projects to be 

filled by students from the community (or nearby communities) who are pursuing post-

secondary education. 

 

vi. Working with the regional forest companies, build on the training program suggested above (iii) 

to include an introduction to more advanced biomass processing.  Some of the forest companies 

that operate in the region have pilot projects or research facilities elsewhere that could be 

leveraged to build local knowledge through apprentice or internship programs.  A module could 

be developed for high school student to introduce students to the possibilities of an advanced 

bioeconomy and build interest in pursuing the idea further. 

6.8 Conclusions 

Developed countries across the globe, including Canada, are actively pushing for the development of 

advanced (forest) bioeconomies.  In addition to displacement of fossil fuels, an often-cited benefit for 

bioeconomy development is the positive impact on the long-term well-being, or resilience, of rural and 

resource-dependent communities (Lamers et al., 2016; CCFM, 2017).  Bioeconomy-related 

developments may not always lead to enhanced local resilience, particularly if projects are ‘imposed’ by 

corporations or appropriate resources limiting future opportunities (Hitchner, Schelhas and Brosius, 

2017).  This paper outlined characteristics of bioeconomy development that will lead to enhanced 

resilience in forest-dependent communities.  Ten factors that will maximize the contribution of forest 

bioeconomy development to the resilience of forest-based communities were identified based on 

previous work and the vast literature on community resilience and sustainability impacts of bioenergy 

and biorefining.    

The ten factors identified, and the ensuing discussion, highlights the need for communities and 

municipal leaders to get involved and take charge of the bioeconomy development process, rather than 

sitting back and waiting for the industry.  This could be a challenge in forestry communities as forest 

operations, and the resource itself, are controlled by large, international corporations.  The industry 

recognizes the need for new markets and does not have a plan to create them so there is an opportunity 

for community groups or regional networks to forge new relationships (with industry) and to help come 
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up with new, creative uses for biomass that will benefit the industry, the forest and the community.  

Projects with some degree of local ownership and where residents are actively involved in planning and 

implementation, are more likely to be received positively by the community as a whole and more likely 

to be successful over the long term.   

An area where communities members can be actively involved, regardless of the technology deployed, 

is in biomass supply.  If some control over the local (non sawlog-quality) resource were shifted to 

communities, it would allow locals to be meaningfully involved in the bioeconomy and open 

opportunities for future development.  A focus on local energy markets in the short-term leads to 

greater opportunities for local involvement and ownership, more money circulated in the local 

economy, greater opportunity to build-out enabling and transformative infrastructure, higher resource 

efficiency and a more stable market compared to a focus on provincial electricity or international pellet 

markets, for example.  It is also important to be realistic and start small with the ability to expand in the 

future as trust is built, experience is gained and conditions in the macro-environment become more 

favourable to renewable, community-based energy projects or other technological developments are 

realized.  Local involvement and small wins for community groups can lead to significantly enhanced 

social capacity to adapt to changing conditions and overall greater resilience of the community to 

adversity (Gubbins, 2010). 

If the goal over the long run is to develop an advanced bioeconomy in which biomass is processed into a 

range of fossil-fuel displacing and emission-reducing products, the focus should be on high-value, non-

commodity products that store carbon and have a wide range of end users or applications.  

Commodities such as transportation fuel have a large market but compete with fossil fuels, and lower 

cost biofuel from other sources, in a tightly regulated market.  Communities should work together, and 

with industry, to develop a vision for a regional forest bioeconomy in order to lay the foundations for 

future success.  Complicating this is the fact that technical and economic information on advanced 

processing pathways and technologies with potential for deployment in northeastern Ontario and other 

similar communities is limited.  Governments and research institutions could support future 

development efforts by compiling as much information as possible on emerging biotechnologies and 

finding ways to engage with communities that may benefit from development to make them aware of 

opportunities and support development.  Getting youth involved in the planning processes and 

developing training programs for the future needs of the bioeconomy could help communities to build a 

flexible workforce and to develop and retain young talent.  While there are certainly risks associated 
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with the development of emerging technologies, these must be weighed against the risks of sticking 

with the status-quo (e.g. declining populations and a stagnant industry) and lagging behind the rest of 

the world in the build-out of the advanced forest bioeconomy. 
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7 Conclusions and future work 

The work described in this thesis sought to determine the characteristics of a future forest bioeconomy 

that will contribute to the resilience of forestry communities across northeastern Ontario to inform 

bioeconomy development in the region.  To contribute to resilience, developments must also contribute 

to broader sustainability goals and be viable over the long term within the context of the regional forest, 

energy and manufacturing sectors and global markets.  Much of the analysis focused on identifying and 

evaluating existing and emerging biomass conversion pathways to address gaps in knowledge that may 

hinder further development.  The final chapter explicitly discusses how the forest bioeconomy can be 

purposefully deployed to enhance the resilience of forest-based communities as well as the regional 

forest sector and contribute significantly to emission reduction goals.  The need to take action to 

combat climate change is becoming increasingly urgent but actions taken now must not limit 

opportunities for more advanced development and deeper emissions cuts in the future, thus both short 

and long term development pathways are considered.  

7.1 Short term use of biomass to meet regional energy demand  

In the short term, bioenergy generation using commercialized technologies can reduce emissions and 

displace fossil fuels but there is significant variability in emission reduction potential and cost 

effectiveness amongst conversion pathways, which is compounded by regional differences in energy 

systems and forest biomass supply chains.  Because electricity generation in Ontario has a fairly low 

emission intensity, much greater emission reductions can be realized when biomass is used to displace 

heating fuels.  Most communities in northeastern Ontario are serviced by a natural gas pipeline, which 

makes it difficult for biomass heating to compete economically but also creates an opportunity to 

produce renewable natural gas (RNG) from forest biomass to inject into the pipeline.  Analysis of options 

for displacing natural gas determined that direct combustion of biomass to fuel a district heating 

network is closest to being competitive with natural gas heating even when the cost of building out 

district heat infrastructure is considered.  Modern wood heating and biomass combined heat and power 

(CHP) technologies convert wood to energy very efficiently, reducing the overall feedstock requirement 

and therefore the cost of energy production compared to RNG conversion technologies.  These 

technologies are also fully commercialized and could be deployed immediately whereas technologies to 

convert forest biomass to RNG are still being developed.   



191 
 

Without government investment, biomass district heating systems result in a higher heat cost than 

current natural gas heating systems and are not likely to be adopted in northeastern Ontario 

communities, regardless of the social and environmental benefits that could be realized.  A government 

grant equivalent to 50% of capital costs for a biomass district energy system modeled in the case study 

community would allow the purchased heat cost to be equivalent to that of natural gas and would result 

in a CO2 reduction cost of approximately $60 t-1 of CO2 over the 20-year life of the project (amount of 

grant divided by total emission reductions over 20 years).  This is significantly less than the CO2 

abatement cost associated with government investments into solar and wind energy that have already 

occurred.  In addition to being an economical and efficient way to reduce building heat emissions, 

biomass district energy systems could provide many other benefits to forestry communities and position 

them as leaders for the future forest bioeconomy. 

The introduction of the planned Clean Fuel Standard by the federal government in the coming years 

could create a market for RNG as natural gas distributors will be required to reduce the carbon intensity 

of the delivered fuel.  It was found that RNG produced from forest biomass can be economically 

competitive with other methods of producing RNG; however, conversion to RNG is a much less efficient 

way to convert forest biomass to energy than biomass district heat or CHP and results in a much higher 

energy cost.  The market for RNG would also be completely reliant on the existence of the Clean Fuel 

Standard, or similar policy, and vulnerable to changes in leadership and policy.  As the Clean Fuel 

Standard stands, end-use fuel switching from liquids to solids is not allowed as a compliance mechanism 

for stationary applications.  The rules for gaseous fuels have not yet been established but if end use fuel 

switching (e.g. natural gas to biomass district heat) is not allowed as a compliance mechanism, 

compliance costs will end up being higher and environmental benefits lower than if a mechanism 

existed for reducing the carbon intensity of heating fuels using solid biomass.  There would also be 

significant risk associated with deploying RNG conversion technology that has not been commercially 

proven.  If it stands that end use fuel switching is not allowed, the integration of a district heating 

system with an RNG plant could still help to minimize the cost of RNG production from forest biomass 

and enable the construction of facilities that may not otherwise be feasible.   

7.2 Long-term development of distributed biorefining  

Over the long term, it is envisioned that forest biomass will be processed into a variety of materials, 

fibres, chemicals and fuels to displace fossil fuels and an advanced bio-based economy will emerge.  
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Despite the efforts put into research and development of cellulosic biofuel production and biorefining 

over the past decades, many challenges to commercialization remain, including those related to scale 

and feedstock supply.  A distributed biorefining model has been proposed to achieve economies of 

scale, reduce feedstock supply costs and optimize production costs at the biorefinery.  In this model, 

biomass is densified, and perhaps further processed, at regional biomass depots then transported to a 

biorefinery in an industrial location.  Pelleting is a commonly proposed process for regional depots but 

the analysis carried out in Chapter 3 determined that production costs at the biorefinery are unlikely to 

be reduced using wood pellets from facilities across eastern Canada as a feedstock and that a 

biorefinery in an urban industrial area would face significant challenges in dealing with very large 

volumes of solid biomass feedstock.  It was concluded that pellet production at regional depots would 

rarely make sense at the distances involved in Canadian biorefining operations.  More advanced 

technologies might be more suitable for preprocessing, but very little could be found in existing 

literature in terms of examples of the kind of processing technologies that could be deployed on a 

regional basis to (eventually) feed a biorefinery. 

7.3 Emerging advanced biomass separation technologies for distributed biorefining 

There are a number of emerging advanced biomass separation technologies that could be deployed to 

form the basis of a distributed biorefinery in eastern Canada.  Seven technologies were identified that 

have reached pilot scale and that produce a variety of high-value materials with cellulosic sugar as a co-

product.  Though the technologies are not necessarily being designed to be part of a distributed 

biorefinery, they are designed to fit the scale of operations in the forest sector and the cellulosic sugars 

produced from any of them could eventually feed a large-scale downstream biofuel facility.  

Importantly, there are also existing markets for the sugar before a large-scale biorefinery is developed 

and the focus of technology developers on the production of valuable co-products could allow the 

facilities to be economically viable while keeping sugar costs competitive.  A focus on high-value lignin 

and cellulose-based materials represents a fundamental shift from earlier research efforts focussed 

solely (or at least primarily) on fuel production and could lead to earlier commercialization and added 

sustainability and resilience benefits.  Applications for lignin and nanocellulose are still being developed 

and properties of both vary significantly with production process and feedstock used.  Additionally, very 

little information has been published in terms of process details or economics of any of the identified 

technologies. 
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7.4 Process economics of new biorefining technologies 

The techno-economic analysis performed for the two emerging technologies demonstrates that it is 

possible to estimate ball-park production costs of emerging biorefining technologies using the limited 

public data found in scientific literature and patents, and a method for doing so is presented.  Estimation 

of production costs for lignin and nanocellulose products, assuming market value for the sugar co-

product, helps to determine the potential economic feasibility of emerging technologies and informs the 

development of downstream applications as having an idea of production cost will help to determine 

markets that can be targeted.  Process inputs defined in the techno-economic analysis can also be used 

to carry out environmental and sustainability assessments in the future and to help identify 

opportunities for integration and optimization.   

The cost of producing H-lignin using the modelled technology, TMP-Bio, was found to be slightly higher 

than Kraft lignin production costs.  Given that early applications for lignin are anticipated to be relatively 

low value products such as foam, resins or activated carbon, H-lignin would likely have trouble 

penetrating existing markets.  H-Lignin also has a different composition and different properties than 

more common technical lignin so market development needs to be carried out separately.  The 

nanocellulose-producing technology modeled, AVAP, was found to be capable of producing both 

crystalline and fibrillated nanocellulose (CNC and CNF) at a considerably lower cost than other, more 

widely studied, technologies.  An often-cited barrier to the adoption of nanocellulose is the production 

cost; AVAP nanocellulose has the potential to overcome this barrier, the focus now needs to turn to 

applications and developing partnerships with end users.  AVAP nanocellulose technology also has 

greater potential for scale-up and replication than conventional nanocellulose technologies because 

woodchips are used as the feedstock instead of pulp.   

A challenge for both nanocellulose and lignin as chemical precursors is the fact that there are already 

well-established manufacturing chains for the products that the bio-based materials would be replacing, 

thus the bio-based products must perform as well or better than the established alternative.  They must 

compete on cost, have steady supply with consistent quality and must be easily incorporated into 

existing processes.  It is suggested that future research and development efforts should focus on further 

processing to create 1) lignin/nanocellulose products that are optimized for incorporation into 

downstream value chains (e.g. L-CNC/F for plastics, depolymerized or fractionated lignin) or 2) novel end 

products that reincorporate lignin and cellulose to create new completely bio product (e.g. 3D printing 
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substrate, bio-composite material, insulated building panel, active packaging, or something totally new) 

that can be marketed to users of the material as opposed to creators of the material.  Drawing on 

ongoing research efforts to develop high-quality sugars (e.g. for biofuel production) and ensuring that a 

usable sugar is generated as a co-product will improve resource use efficiency and the economic viability 

of the bioproduct facility.  The sugar stream from the envisioned facilities could eventually form the 

basis of a distributed forest biofuel refinery. 

7.5 Forest bioeconomy and community resilience 

A stated goal of forest bioeconomy development in Canada is to enhance the resilience of rural and 

forest-dependent communities, though few details could be found on how bioeconomy development 

may impact resilience, nor on the characteristics of a future forest bioeconomy that would maximize the 

community resilience.   

The development of community-based bioenergy systems has the potential to contribute to the 

resilience of forest-dependent communities in many ways.  Build-out of district heating infrastructure 

enables the use of a locally-produced fuel, which improves energy security and the stability of long term 

energy cost and supply, generates jobs along the biomass supply chain, creates a market for residues 

and keeps the money spent on energy within the local economy, stimulating further economic 

development.  Further social benefits are realized if the bioenergy project is (at least part) owned by the 

local municipality or other community group and local residents are meaningfully involved in planning.  

The experience gained and bonds formed throughout the planning and development process enhance 

the capacity of individuals and community groups to respond to future adversities or take advantage of 

new opportunities.  Local control of the project and reliance on the local energy market, as opposed to 

provincial or international markets, also limits the vulnerability of the supply chain to external 

fluctuations.  The existence of community energy infrastructure insulates the community from increased 

fossil fuel costs and disruptions to supply and positions them to take advantage of future developments 

in renewable energy technologies that may have even greater sustainability benefits, or lower costs.  

The build-out of community energy infrastructure, particularly electrical infrastructure, is also beneficial 

from the viewpoint of the province as it could delay or reduce the requirement for costly infrastructure 

upgrades over the coming decades and could allow for increased economic development in regions 

where grid capacity is limited.  The existence of a community district energy system also opens up 

opportunities for integration with future biomass processing or other manufacturing operations, which 
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could reduce operation costs for both parties and make the community a more desirable location to do 

business.  All of this could work to improve the attractiveness of the community for business and for 

residents, potentially helping to reverse undesirable population trends. 

This dissertation has identified ten factors that will maximize the contribution of forest bioeconomy 

development to the resilience of forest-based communities and will enhance the ability of the 

community to adapt to changing conditions.  A forest bioeconomy that maximises community resilience 

building would: 

i. Contribute to local economic diversity by creating innovative new uses for forest biomass and 

pulp wood that take advantage of local energy markets and other non-traditional forest 

products markets and are (at least part) owned by companies/organizations not affiliated with 

large forestry companies.  

ii. Grow the economy by allowing money spent on energy to stay local, generating tourism activity 

through showcasing innovative developments, supporting ancillary and spin-off businesses and 

maximizing the amount of processing done locally. 

iii. Involve the development of resilient energy infrastructure that enables a transition from an 

energy-importing community dependent on fossil fuels toward an energy self-sufficient 

community reliant primarily on local renewable fuel. 

iv. Maximize the contribution to climate change targets by efficiently converting as much wood as 

possible to products that will store carbon long-term and using residues and waste streams to 

generate energy, prioritizing the displacement of fuels with high carbon intensity. 

v. Improve forest health by generating value from harvest residues to allow for improved 

regeneration and creating a market for pulpwood to allow for improved forest management, 

within the guidelines of sustainable management for the region. 

vi. Use the forest resource efficiently by maximizing the amount of harvested wood utilized and by 

developing technologies that maximize the conversion of biomass feedstock to valuable 

products. 

vii. Involve governance models in which local municipalities, companies or community groups have 

a stake in development as well as a degree of local control over the forest resource through 

meaningful participation in management planning, holding tenure or establishing community 

forests. 
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viii. Build the collective skills and knowledge of the community’s human resources, create local 

employment opportunities in high-tech jobs to match these skills and, cultivate social capital 

through local engagement, creation of new partnerships and community networks and 

encouraging entrepreneurship. 

ix. Keep opportunities open for future development by planning for future system expansion or 

integration and ensuring resources are not appropriated for low value or inefficient conversion 

projects in the short term 

x. Balance risks (technological and market) with the risk of business as usual and minimize market 

risk by focusing on local markets and non-commodity products with an open market have a wide 

range of end users or applications 

 

7.6 Future work 

In this work, a practical and all-encompassing approach was taken to identify and begin to evaluate 

pathways for forest bioeconomy development in terms of technical and economic feasibility, emissions 

reduction potential and, most importantly, the potential to enhance the resilience of forest-dependent 

communities.  Some gaps in existing research were filled but many assumptions were made and a 

number of questions were raised to be addressed by future research.  The following research 

opportunities build off of the work in this thesis and would further inform the design and development 

of a sustainable and resilient forest bioeconomy: 

i. The analysis carried out in chapter 2 served to identify promising bioenergy development 

pathways for forest communities.  With solid evidence in place to show that community-based 

biomass district energy systems are feasible and generate many local benefits, social science 

research should engage communities to gauge interest in pursuing development, identify and 

address local concerns and priorities and develop community-specific resilience indicators that 

can be used to establish baseline conditions and impacts of project implementation in the 

future. 

ii. A regional analysis similar to that in chapter 3 should be carried out to assess the supply chain 

economics of a distributed biorefinery with cellulosic sugar produced in depots and fermented 

to fuel in refining facility located in an industrial location close to markets. 

iii. Process and economic data on the advanced processing technologies identified in chapter 4, and 

other similar emerging technologies should be compiled and used to perform techno-economic 
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and lifecycle assessments to help gauge (regional) viability and impacts and opportunities for 

process improvements, preferably in partnership with technology developers.  Ultimately, the 

development of a (publicly accessible) decision support tool to compare emerging (forest) 

biomass processing technologies would be very useful. 

iv. Building off of the findings in chapter 5, research focus should turn to the development of 

valuable end products from advanced processing depots that can be marketed to end users and 

potentially used to attract local manufacturers.  Ideally this research should be carried out in 

partnership with end users such as vehicle (part) manufacturers or packaging producers. 

v. Once end uses and further processing costs are clearer, more detailed techno-economic and 

sustainability assessments should be carried out to get a better sense of life cycle costs and 

impacts and model the impacts of energy system integration. 

vi. Apply the resilience-building framework presented in chapter 6 in case study communities that 

have implemented bioeconomy projects, or are interested in implementing projects, to begin to 

quantify impacts on community resilience and better understand the more qualitative impacts 

and the experiences of these communities 

vii. Expand on existing forest carbon accounting models to ensure carbon stored in forest products 

are accounted for and the landscape carbon emissions impacts of thinning and other more 

intensive forest management practices can be quantified, including increases in protected land 

due to more productive forests, fuels displaced or carbon stored in products from the fibre 

removed for management and increased regenerated area due to removal of residues.    

 
The government can support resilience-building bioeconomy development efforts by: 

i. Providing financial support for community-based bioenergy projects and providing guidance on 

best-practice 

ii. Allowing end-use fuel switching as a mechanism for compliance with the Clean Fuel Standard for 

stationary combustion of solid and gaseous fuels 

iii. Helping communities and forest-sector entrepreneurs to gain access to forest fibre 

iv. Supporting development of pilot, demonstration and early commercial advanced processing 

facilities in forest-based communities to ensure technologies being developed in Canada (and 

elsewhere) are developed in Canada such that knowledge is retained and imported, not 

exported  
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v. Developing requirements or incentives for inclusion of bio-based materials in certain (non-

energy) products 

vi. Supporting the development of internships and training opportunities in the advanced forest 

bioeconomy for youth in northern communities 

vii. Promoting partnerships and network creation through direct financial support or requirements 

for collaboration in projects that are supported 

viii. Develop a mechanism for including increases in forest carbon uptake in carbon pricing schemes 

ix. Directly incentivise utilization of harvest residues (until collection methods are established) or 

stand improvement practices such as stand thinning. 

 

7.7 Final remarks 

For development of an advanced forest bioeconomy to take off in Canada, traditional models need to be 

challenged, new partnerships need to be forged and bold steps need to be taken by communities, 

governments and the forest industry to move in a new direction.  This work starts to look at how this 

can be done and lays the groundwork for a new direction in forest bioeconomy research and 

development focussed on communities and longevity.   

 


