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Abstract
This thesis applies concepts and techniques in geography in order to contribute to our understanding
of the opportunities and challenges associated with the transition toward renewable energy. The
work is best understood as the sum of two parts. In the first part, the methodological and
philosophical underpinnings of the field of energy geography are explored in order to situate the
research in the broader constellation of geographical practices surrounding energy. I make the case
that energy transitions are not merely shifts in energy supply but are also simultaneously fundamental
shifts in prevailing spatial relations, so that energy transition management is best conceived as a
spatial strategy with emphasis on regional level land-energy planning. In the second part of the
thesis, I aim to provide decision support in favour of this spatial strategy. This begins in Chapter 4
with a comprehensive critical review of how GIScience and remote sensing has been applied in RE
assessments and spatial planning. The next three chapters engage key gaps in this literature and are
the analytical contributions of the thesis. The focus of the research is on biomass and solar energy in
(eastern) Ontario. In Chapter 5 I develop geographically explicit supply-cost curves for forestry and
agricultural biomass and assess the relative merits of a mixed biomass feedstock stream. In Chapter
6 I recognize and address the issue that developers of dedicated bioenergy crops and ground-mount
solar PV systems prefer the same type of land. Land-energy trade-offs are modeled and their
implications in the context of incentivizing RE development are discussed. In Chapter 7 I explore
ways in which targeted facility siting can capture ancillary benefits related to RE production. I argue
that focusing on the benefits as well as the costs of system siting is critical to linking developer and
public interests. Ontario’s feed-in tariff program is evaluated in the light of this claim. Chapter 8
concludes with a summary of key findings and describes the ways in which this thesis can be used as
a platform upon which a broader research program can be raised.
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Chapter 1

1. Background
In the face of growing pressure to transition from non-renewable energy resources toward
renewable energy (RE) resources, policymakers are often forced to make decisions without sufficient
knowledge of the options available to them or of the ground-level impacts and challenges to
implemetation associated with their stated policy objectives. This information deficit undermines the
capacity of government to bring alternatives to bear on our current energy predicament: without
sufficient baseline information, stable policy environments that effectively (re)allocate resources and
mobilize stakeholders toward a more desirable energy future are difficult to implement. In fact, lack
of sufficient knowledge with which to bring RE alternatives to bear is among the primary reasons
why their contribution to local and global primary energy supply greatly lags their potential (Negro et
al., 2012). In this context, policy-oriented research surrounding RE development has proliferated.
There is an emerging recognition within this research movement that technological, business and
policy solutions cannot be developed or assessed independently of geographical context and, by
extension, geographical issues are at the core of sustainable energy problems and solutions. And yet
many of the geographical questions surrounding RE remain underexplored (Solomon et al., 2004;
Bridge et al., 2013).
This thesis develops and employs theoretical and analytical tools in geography, with emphasis on
assessing RE options in the context of physical and technical geographies, in order to reduce these
gaps in our understanding. The work contained in these pages is not only intended to provide
baseline information for RE policy, planning, and investment strategies within a specific region of
Ontario, Canada, but also to identify critical questions and commensurate research methodologies of
general significance that must be considered as governments and corporations within and outside of
Ontario move forward with vigorous RE implementation programs. The purpose of this
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introductory chapter is to define the objectives which guide and structure the work and briefly
discuss the geographical area and RE resources that are the primary subjects of analysis in the thesis.
2. Thesis objectives
The primary goal of this thesis is to better understand the challenges and opportunities related
to RE development, and, in the light of this understanding, to construct a methodology for selecting
and implementing renewable energy (RE) technologies across a distinct geographical region. For the
purposes of the thesis eastern Ontario was selected as the region of study although due primarily to
data limitations the final thesis objective listed below expands its focuses to the province of Ontario.
The specific objectives of the thesis are to:
1. Clarify the value and relevance of geographical thought and practice as they relate to the
study of renewable energy;
2. Bring a geographical perspective to energy transitions in order to understand the
opportunities as well as the impacts associated with the transition from conventional and
centralized energy generation to alternative, distributed energy options, and to provide
corresponding policy recommendations;
3. Provide a systematic and critical review of the ways in which applications of GISystems and
remote sensing techniques have been used to address some of these opportunities and
challenges;
4. Assess the opportunities and barriers to ‘second generation’ bioenergy development within
an ecologically and socio-economically diverse region (southeastern Ontario);
5. Address the issue of competition for a limited land base, using bioenergy and solar energy as
an example, and to explore how fuel mix targets and RE land use plans should be
implemented in a geographically distinct area;
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6. Develop an approach to address social conflict surrounding RE development through
spatially targeted RE developments that capture monetary and non-monetary efficiency gains.
Use this framework to assess Ontario’s FIT program and provide policy recommendations
for the design of future procurement programs.
2.1 Discussion of thesis objectives
The first three objectives listed above (chapters two through four) operate mostly at a theoretical
and conceptual level. Firstly, I aim to clarify the value and relevance of geographical thought and
practice as they relate to the study of (renewable) energy. This objective is achieved through a highlevel overview of the field of energy geography, wherein I explore its methodological foundations
(i.e., how to do energy geography) as well as its philosophical foundations (i.e., what energy
geography is). While this discussion is by no means exhaustive of the state of the field, it helps the
reader to situate the contributions of this thesis within the broader constellation of research and
scholarly activities that define energy geography. Secondly, I aim to bring a geographical perspective
to our understanding of energy transitions; a perspective that is generally perceived to be significant
but lacking (Solomon et al., 2004; Bridge et al., 2013). More specifically, I consider the ways in which
the unique physical qualities of RE disrupt existing spatial relations and, in turn, challenge
conventional modes of energy governance. The insights derived from this endeavour help to
substantiate the significance of spatial analysis in RE research, as well as the particular questions that
are asked in the thesis and the scale at which those questions are addressed. Thirdly, I provide a
systematic and critical review of the ways in which applications of GISystems and remote sensing
techniques have been used to address some of the challenges identified in the previous chapter. The
concept of a geo-information infrastructure is used as a way to bring some coherence to this growing
body of scholarship. Through this review it becomes clear that many of the critical issues facing RE
policy and planning identified in the previous chapter have been insufficiently addressed. Chief
4
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among these critical issues are scalar discordance, lack of engagement with spatial planning for the
purpose of sustainable resource development, and a poor understanding of how the spatially
coincident nature of RE is best managed based on trade-offs and opportunities for resource
integration.
Collectively, I think of these first three chapters as shells that I have cracked open. The
objectives of my next three chapters are to pick up some of the pieces through original research and
in so doing to make contributions at a methodological and empirical level. In Chapter Five
(objective #4), I provide an assessment of the opportunities and barriers to bioenergy development
within an ecologically and socio-economically diverse region. This is an important area of research if
bioenergy production is to expand into regions that are not strictly agricultural or strictly forestry
centers. In addition, the work compares the supply-cost of a range of fibre options and explores the
relative merits of a homogenous and a mixed feedstock stream. I synthesize spatial and statistical
data of forest and agricultural resources within eastern Ontario in order to resolve uncertainties
surrounding the quantity and spatial distribution of biomass resources within the region. 1 The
method to assimilate and synthesize multiple land-cover data sources used in this analysis, as well as
an exploration into the ‘fitness for use’ of the integrated product, is detailed in Appendix A. I then
review existing and emerging bioenergy technologies that can be deployed in the area, with emphasis
on those technologies that are most feedstock agnostic and therefore capable of maximizing use of
biomass resources available within a heterogeneous landscape. While many of the cartographic and
analytical services provided in this chapter are available through the Biomass Inventory Mapping and
Analysis Tool (BIMAT) developed by Agriculture and Agri-Foods Canada, I identify aspects of my
research that can be leveraged to increase the resolving power of BIMAT.

1

All geo-processing tasks performed throughout the thesis use ArcGIS 10.1, unless otherwise specified.
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In Chapter Six (objective #5) I address key questions about how fuel mix targets and RE land
use plans should be implemented in an area given competition over limited land base between
multiple RE resource options. An integrated GIS-based RE resource management system is
developed and applied in order to identify ‘mutual lands’ – i.e., land that could support more than a
single RE system. Key trade-offs associated with allocating mutual land toward biomass or solar
energy systems are modeled in terms of the scale, form, and timing of energy services as well as
economic and ecological impacts of system deployment. As renewable energy development and
implementation intensifies, these trade-off scenarios will become increasingly common and more
acute. Informing decisions related to land allocation and zoning will help to structure a pattern of
RE development that makes the best use of an area’s land resources.
The final research objective (Chapter 7, objective #6 above) is to address the ‘where to develop’
question that figures so prominently in discussions of resource management generally (Mitchell,
1989) and RE development more specifically. I first explore the twin assumptions stated in Chapter
3 that a) geographically indiscriminate RE implementation programs lead to sub-optimal patterns of
investment and b) spatially targeted policy programs can capture economic efficiencies as well as
social and ecological returns on investment: an outcome I refer to as ‘locational value’. After a
thoughtful review of literature whereby I identify a number of ways in which value can be located
and quantified, this chapter demonstrates how a geographically discriminate feed-in tariff (FIT) price
path related to the locational marginal price of electricity can help to reduce the overall costs of the
program and at the same time engage ancillary benefits related to electricity transmission
infrastructure and system planning. A case study of Ontario, Canada is used to illustrate the
opportunity costs associated with spatially uniform incentives as well as the real benefits associated
with geographically variable FIT rates. On the basis of this analysis, a number of recommendations
are made that might improve future RE procurement programs.
6
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The ways in which these objectives are interwoven, and the extent to which I achieve my thesis
objectives, are discussed in the concluding chapter.
2.2 Discussion of study area
As mentioned, the research focuses on the Canadian province of Ontario, Canada with emphasis
on the eastern region of the province (see Figure 1.1). The relevance of this research to Ontario
should not be understated. Where RE development is concerned Ontario is a ‘living laboratory’,
having recently leveraged its constitutional authority over its electricity sector and natural resources
to embark on a number of ambitious RE implementation programs. On one hand this provides
researchers interested in RE potential and development with a wealth of data and research
opportunities. On the other hand the rush to develop RE resources and secure funding under these
programs has created a series of problems across Ontario’s landscape and within Ontario’s electricity
and fuel industries which lend practical incentive to engage these research opportunities. These
problems include stagnant capital due to lack of distribution capacity to honour contracts as well as
administrative log jams that have slowed project approval; conflicts around development, especially

Figure 1.1: Study area. Note that these boundaries closely resemble those of the Ontario East

Economic Development Commission (see www.onteast.ca).
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wind farms and bioenergy facilities, due to ‘unacceptable’ impacts to landscape amenity; and a
perception among the public that RE investments are the primary driver behind increasing energy
prices. In this context, the threat of a rapid transition from a bull to a bear market in Ontario’s RE
sector as a result of fundamental and rapid policy change weighs heavily on future progress as well as
on the gains that have already been made. Well-considered RE resource management frameworks
predicated on reliable, valid, and transparent baseline data and decision support, of the kind
developed in this thesis, are requisite to developing a policy environment that meets these challenges
and alleviates points of stress and friction.
Partly in response to many of the challenges listed above, Ontario’s feed-in tariff program
(brought to force in 2009 under the Green Energy and Green Economy Act) was revised after a scheduled
two year review (Amin, 2012). Most of the changes relate to geographical issues, including
strengthening land use rules by placing spatial constraints on development; stronger emphasis on
local citizen participation; the establishment of a task force to monitor land-use conflicts; and
continued research into geographically targeted policy solutions (Bentley, 2012; OPA, 2012b).
Furthermore, federal and provincial bioenergy policies are increasingly shifting their emphasis toward
technologies and resources that will expand bioenergy development beyond agricultural regions so
that demands on arable land for energy production are reduced. These policy changes suggest that
greater geographical awareness will form the basis of the evolution of RE program designs within
Ontario and elsewhere.
The boundaries used to delineate ‘eastern Ontario’ have been adopted from on-going research
within Dr. Warren Mabee’s Renewable Energy Development and Implementation Lab as well as the Queen’s
Institute for Energy and Environmental Policy, into the potential, challenges, and risks of achieving regional
energy self-sufficiency. This region has so far attracted over 1000 MW of investment into emerging
renewable electricity systems including solar, wind, biomass, and biogas under various federal and
8

Chapter 1

provincial RE development programs operating since 2006. In addition, federal and provincial
biofuel programs support 310 Ml of corn-based bioethanol refining capacity in the region as well as 2
Ml of straw-based bioethanol production at the Iogen plant in Ottawa (CRFA, 2011), along with
more than 60,000 t of expected pellet production capacity. With continued government assistance
and an established industry, RE is expected to continue to develop across the region.
Regional-level analyses are necessary to ensure scientifically valid, reliable, and politically relevant
decision support in the RE domain (this argument is woven throughout the thesis). In fact, regionallevel energy planning is becoming an international best practice in energy governance. Research and
experience in Germany and other ‘first mover’ jurisdictions has shown that, on one hand, large urban
areas are incapable of satisfying their energy needs entirely through domestic resources and will
therefore need to procure from the surrounding land base, while on the other hand national and
international authorities fail to consider local contextual factors that are crucial to effective policy
design and implementation. To use Smith’s (2007) vocabulary, units of energy governance are
therefore ‘emerging in between’. This trend is beginning to take shape in Ontario: the Ontario
Power Authority (soon to be folded into the Independent Electricity System Operator) has initiated a
regional planning process for a number of regions across Ontario, with support from the Ontario
Energy Board, Hydro-One, and Ontario’s Electricity Distribution Association and in collaboration
with municipalities, communities, and the energy sector (OPA, 2012a; Ontario, 2013). This work is
directly aligned with that spatial strategy, and in fact helps to make the case for it. And it is worthy
to note that although this research is undertaken within a specific region and focuses on a limited
number of resources and technology options, the conceptual and methodological edifice of the
research is designed to be scaled, extrapolated, and extended so that multiple resources can be
assessed in an integrated approach at any scale.
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While the thesis recognizes that a portfolio of renewable energy resources and technologies is
required in order to transition toward a sustainable energy system, the focus is primarily upon solar
and bioenergy. Solar energy is the most ubiquitous and accessible energy resource on the planet. In
fact, solar space and water heating is in many areas among the cheapest forms of renewable energy
and can already compete with conventional energy resources (meaning coal, oil, gas, or uranium).
Biomass is the only renewable resource that can provide the full range of energy products including
base-load heat and electricity as well as solid, liquid, and gaseous fuels. Biomass, and especially solid
biomass fuels such as pellets, will be critical to the transition to sustainable energy in the nearmedium term (Jacobson et al., 2013), and in the long term biomass could replace petroleum as a
feedstock for the production of plastics, lubricants, and platform chemicals. Solar energy systems are
highly compatible with the built environment while bioenergy systems can procure feedstock
through re-allocations of biomass from managed forest and agricultural land, so that both energy
systems ‘fit’ into existing energy landscapes and land-use plans. Careful integration of biomass and
solar energies in their various forms can, in theory, satisfy the entirety of regional energy needs in
many bio-productive areas (Schmidt et al., 2012). The best way to bring these alternatives to bear on
policymakers and prospective investors and to identify the social and environmental risks of shifting
technological and political-economic preferences toward these resources, is to bring reliable and
organized intelligence to the table. This intelligence gathering must be approached as if one is a
judge and not a lawyer: i.e., to carefully weigh options prior to making a deliberate argument in
favour of one or another roadmap for RE development and implementation.
3. Final opening remarks
Research projects can be broken down into two types: those that dig a deep hole, and those that
dig a wide hole. I think the reader will agree that this thesis is an example of the latter, the value and
relevance of which is different only in kind (and not degree) from the former. Due to the nature and
10
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purpose of the work, and to the fact that many of the chapters are direct descendants of work that
has already been published, the reader will notice some redundancies, especially as the problem
statements justifying each empirical chapter are articulated. These redundancies are necessary in
order to showcase the fact that the thesis is an integrated body of work but also identifies a number
of themes that can be considered stand-alone or independent research streams.
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Chapter 2
What is Energy Geography? Perspectives on a fertile
academic borderland

Abstract
Patterns of energy production, distribution and use are undergoing a period of fundamental change. The
purpose of this chapter is to highlight contributions of geographical thought and practice in the study of
energy and energy transitions; a topical field of geographical scholarship often referred to as energy geography.
The chapter is broken down into two parts. First, I discuss the methodological and philosophical
underpinnings of energy geography. Drawing on notions of pluralism and interdisciplinarity, the field of
energy geography is conceptualized as an ‘academic borderland’. Second, I identify the main areas in which
energy geographers are currently helping to describe, understand, inform, and resolve political tensions and
scientific uncertainties surrounding energy futures. While this discussion is by no means exhaustive of the
state of the field, its purpose is to bring some clarity to the social, policy, and academic relevance of energy
geography while identifying critical issues for further scholarship.
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1. Introduction
Fossilized hydrocarbons in the form of coal, oil, and gas currently represent over 80 per cent of
the global primary energy supply (IEA, 2012). While familiar to so-called ‘developed’ national
economies, dependence on fossil energy is intensifying in so-called ‘underdeveloped’ or ‘emerging’
economies where growing middle class demands related to electricity and transport services,
especially in China, India, Indonesia, and Brazil have contributed to nearly 80 per cent of the global
demand growth for fossil resources in the last decade (Simon, 2005). Globally, growth in demand
for fossil energy resources is expected to increase by as much as 30 per cent over the next 25 years
(IEA, 2012).
Generally speaking there are two fundamental problems associated with our persistent and
expanding reliance on fossil energy resources: (1) they are inherently finite and (2) their production
and use has significantly compromised the ecological integrity of terrestrial, aquatic and climatic
systems at all geographic scales. The first problem, resource scarcity, has become increasingly acute
in the wake of surging appetites in more populous developing nations driven by a desire to achieve a
higher standard of living (Leach, 1992), as well as the growing concentration of (especially oil)
resources in politically unstable regions of the world. In order to delay resource shortages, especially
politically motivated ones, industry and governments have focused their investments into production
and technological developments to increase oil production from unconventional domestic reserves.
To put it another way, geologic and political-economic imperatives are driving technological
innovations and loosening environmental regulations to turn lands once considered frontiers, such as
oil sands, shale formations, and the deep ocean (8,000-10,000ft), into mainstream plays (see Greene
et al., 2006; Banks, 2007; Montgomery, 2010; Yergin, 2011).2

2

In 1950 offshore drilling for oil in the U.S. existed only in conceptual plans, but by the 1980s it came to account for
over 20 per cent of their oil production and continues to be the largest area of expansion (Montgomery, 2010).
Commercial oil sands production in Canada began only in 1967 and as of 2011 reached a production rate of 1.7 million
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While this transition toward unconventional fossil energy resources has temporarily allayed
concerns of resource scarcity, it has done nothing to solve the problem of environmental
degradation. In fact, there is considerable evidence which suggests that the social and ecological
externalities associated with fossil energy production and consumption are growing more severe due
primarily to increased material inputs and landscape alterations that are required to produce and
manage unconventional fossil energy deposits (Fritz et al., 2010; Entrekin et al., 2011; Kurek et al.,
2013). In this process, we are bearing witness to the economic manifestation of the laws of
thermodynamics, particularly as they apply to exhaustible energy reserves: as we exploit the highest
grade and most accessible reserves we proceed to a state of higher entropy – i.e., marginal energy
gradients and thus less ‘useful’ energy – in which capital and energy expenditures increase and future
returns on investments decrease. Indeed, the average energy return on investment in oil production
has decreased from 100:1 to approximately 20:1 over the last 75 years (Solomon, 2010). Harper
(2008) encourages us to think of these trends as analogous to squeezing a sponge (Earth): more
effort is required for less return as we come to the end of its water (fossil energy) deposits.
In the light of availability and environmental concerns surrounding fossil energy, a deliberate
(i.e., policy-driven) transition toward the production and use of domestic renewable energy is
underway in some nations and sub-national jurisdictions; in many cases (e.g., Canada) in parallel with
the transition toward unconventional fossil energy production.3 Renewable energy (RE) resources
can, in theory, provide many times the world’s current primary energy demand with minimal social
and ecological externalities compared to fossil and nuclear energy resources (Lovins, 2011; Jacobson

barrels per day and attracted 56% of all investments into oil production in the province of Alberta (Alberta Energy,
2012). The rapid upscale of production at what were less than half a century ago considered ‘frontier lands’ is remarkable
when considering the fact that society has been using oil for less than 0.01% of our time on the planet (Cook, 1976).
3
The International Energy Agency (IEA) estimates that in 2009 approximately 13.3 per cent of global primary energy
supply was being recovered from renewable energy (RE) resources; 0.08 percent of which included emerging source
options such as geothermal, wind, and solar (IEA, 2011a). Investment into, and installed capacity of, these emerging RE
technologies continue to grow at impressive rates even if they are not keeping pace with total energy consumption and
are therefore stagnant as a proportion of overall global energy supply (REN21, 2012)
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& Delucchi, 2011; Deng et al., 2012; Pickard, 2012). Conversion technologies are maturing rapidly
with significant efficiencies and cost reductions to be achieved through technical innovation and
scale economies that follow market adoption (Kobos et al., 2006; Budischak et al., 2013). And even
as the often-cited predicates of a RE transition are debated, including climate change and peak oil,
RE systems have inherent functional and strategic advantages over incumbent energy systems which
strongly recommend widespread adoption. In the near term RE systems provide useable forms of
energy in remote or isolated locations without the need to bear the economic costs and
environmental risks of resource transport (Thompson and Durrigala, 2009); offer decentralized and
embedded micro-scale electricity generation which has the benefit of alleviating utility system
congestion (Brandstätt et al., 2011), reducing infrastructural sprawl (Pepermans et al., 2005;
Brandstätt et al., 2011), and enabling community ownership in the energy sector (Lauber, 2004); and
present opportunities for a more diverse and indigenous fuel mix that has potential to be more
resilient than one that relies on a monoculture of foreign resources (Li, 2005; Bhattacharya and
Kojima, 2012). In the long term a transition to RE will place corporations and states at the
competitive edge of the most lucrative sector in the global economy. In fact, the RE option must
precede the development of a sustainable hydrogen economy, which itself would establish the
theoretical and technical scaffolding for the climb to fusion technology (Montgomery, 2010).
Academic research and scholarly thought surrounding energy has mirrored these trends in energy
supply and use. This is especially the case in the field of geography, where academics and
professionals have grown increasingly interested in the spatial dimension of (changing patterns of)
energy production, distribution, and use (Zimmerrer, 2011). This topical field of study is referred to
here as ‘energy geography’.
In 1961, John Chapman described energy geography as an ‘emerging field of study’ (Chapman,
1961). And yet more than 50 years later at the 2012 Annual Meeting of the Association of American
16

Chapter 2

Geographers a panel of leading North American geographers studying energy found it difficult to
answer a question posed by an audience member about the ‘specificity’ of energy geography.
Articulating definitively how energy geography might distinguish itself from energy studies more
broadly is an understandably difficult task; as Pasqualetti (2011a) reminds us, the ties between energy
and geography are so common that they ‘escape casual notice’. In other words, we simply take it for
granted that, when it comes to energy, geography always matters. But we must be careful not to
suggest that everything is energy geography, because this would be the same as suggesting that energy
geography is nothing in particular. An all-encompassing notion of energy geography might compromise
the clarity, validity and value of the academic contributions and policy recommendations of
geographers working to identify essential problems and solutions surrounding the energy transitions
described above.
What is energy geography? Where does this research agenda fit within the geographical tradition,
and within the broader field of energy studies? How can energy geographers make an impact in
existing and emerging scientific, policy, and political/cultural questions surrounding energy futures?
These are important questions; not for the sake of carving out some esoteric niche for particular
research(ers), but to bring some clarity as well as scientific and social relevance to geographical
perspectives and geographical research in energy. And in order to retain both academic integrity and
social relevance it is crucial that we engage not only with the methodological foundations of our field
(i.e., how to do energy geography) but also with its philosophical foundations (i.e., what energy
geography is).
2. What is energy geography?
Fortunately, a number of scholars have already begun to establish the philosophical and
methodological basis for the field of energy geography, so that retrospection will help to identify the
shoulders upon which future energy geographers might stand. A useful starting point can be found
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in Solomon and Pasqualetti (2004: 831), who define energy geography as the application of
geographical thought and practice at multiple scales to “the study of energy development,
transportation, markets, or use patterns and their determinants from a spatial, regional, or resource
management perspective” (see also Solomon, 2004). During the formative years of the subject, the
primary tasks of energy geographers included describing and explaining the spatial pattern of
investment into energy production; assessing and managing environmental and economic risk in
facility siting, especially in the context of large scale nuclear energy development; understanding
energy technology diffusion; and the exhaustive description (reconnaissance) of patterns of energy
production, distribution, and use within a particular area (see Luten, 1961; van Zyl, 1968; Manners,
1971; Hauser, 1971; Spooner, 1981 & 2000). Cook (1976: 225) defines energy geography as “the
study of the global distribution of energy resources, the production, distribution and utilization of
those resources, and of the organization structures for exploiting those resources”. While this
definition is similar to that above, Cook takes care to emphasize the role of energy in binding
humans to nature and in mediating the environment-society relationship (see also Smil, 2008). This
emphasis breaks free from energy geography’s traditional focus on geo-economic factors and situates
the field firmly within geography’s man-land or human-environment tradition.
The way in which energy geography has been conceived and practiced has evolved considerably
over time. As energy issues generally, and facility siting in particular, have became increasingly
politicized and as our understanding of the role of energy in (the spatialization of) the environmentsociety relationship has developed, energy geographers have broadened their craft in kind. Recent
work on understanding the relationship between energy use and (the politics of) urban / rural
development (Owens, 1986; see also Anderson, 1996; Rutter and Keirstead, 2012) as well as on the
concept of ‘energy landscapes’ (Pasqualetti et al., 2002; Nadaï & van der Horst, 2010; Pasqualetti,
2011b), has shown that the spatial implications of energy are both material and immaterial. In other
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words, the energy geographer’s object of study has extended beyond issues related to location,
energetics, and physical / natural landscapes to include the study of energy in shaping, and being
shaped by, cultural and symbolic spaces (e.g., geographical imaginaries and landscape representations;
see Spinney et al., 2012). In this context, a more inclusive definition of energy geography is helpful;
e.g., as the study of the ‘spatial implications of energy’ (see Calzonetti and Solomon, 1985).
Clearly, contemporary energy geographers are not only concerned with the study of basic
(geo)metric and quantitative questions related to distance, location and scale including where primary
energy resources can be found; the scale and spatial distribution of supply-chain infrastructure; and
geographical constraints on development, distribution, and use. Equally important is to understand
how energy production and use are entangled within the (re)production of space and socio-ecological
/ socio-technical relations in particular areas. As such, the philosophical and methodological
foundation of energy geography is fluid and open. Indeed, theoretical, conceptual, and
methodological tools have been borrowed from (evolutionary) economic geography (Luten, 1961;
Chapman, 1989; Kedron and Bagchi-Sen, 2011); cultural geography (Spinney et al., 2012; Nadaï and
Labussière, 2013); political geography (Neville and Dauvergne, 2012); history (Harrison, 2013);
political economy (Huber, 2009); science and technology studies (Furlong, 2011; Bickerstaff, 2012);
urban planning (Owens, 1986); regional geography (Feder, 2004; Mabee and Mirck, 2011);
climatology (Li et al., 2011); GIScience (Horner et al., 2011); remote sensing (Sabins, 2004; Wang et
al., 2011); and engineering economics (Zvoleff et al., 2009; Nguyen & Pearce, 2010), among many
others, in order to apply geographical thought and practice to energy studies (for other entry points
into key works, see Calvert and Simandan, 2010; Zimmerer, 2011; Pasqualetti, 2011). Calvert and
Simandan (2010: 15) use the term ‘geographies’ when discussing energy studies in geography in order
to “embrace the variegated nature of … geographical practices” that constitute the field of energy
geography.
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From this perspective, energy geography is best conceived as a borderland in geography: i.e., a
topical field of study where unlike minds and sometimes disparate or disjointed systems of
geographical thought and practice, borne out of the core sub-fields of geography (see Pattison, 1964;
Robinson, 1974; Livingstone, 1992; Sui, 2004; Martin, 2005), converge on the study of past, current,
and future patterns of energy production, distribution, and use (see Figure 1.1 below).4 As in nature
where a borderland (or ‘ecotone’ to be more specific) is defined by ecologists as an area where more
than a single ecosystem or biome meet, academic borderlands are often the richest, most diverse, and
most interesting areas of study. More importantly, working at the borderland is necessary to fully
engage with the most important policy and academic questions surrounding energy, and to
understand not only essential energy problems but also potential solutions. This is true to the extent
that energy is simultaneously (a) a physical entity derived from natural processes and therefore partly
the domain of the ‘physical geographer’; (b) the primary mediator of our relationship with the
environment and therefore partly the domain of the ‘nature-society geographer’; (c) socially
constructed but also an agent in the spatialization of society and therefore partly the domain of the
‘human geographer’; and (d) non-uniform over space and made accessible or not by its surroundings
and therefore partly the domain of the ‘GIScientist’ and ‘cartographer’.

4

Credit for the concept of an academic borderland is given to Dr. Karl Zimmerer, who discusses borderlands in
geography within the Strategic Plan of Pennsylvania State’s Department of Geography (see
http://www.geog.psu.edu/sites/default/files/pdf/GeographyDepartmentStrategicPlan2008-13.pdf).
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Figure 2.1: Core subfields and borderlands (overlapping subfields) in geography.
Geographical subfields exchange concepts and techniques with other academic and applied
research domains. Figure adapted from Zimmerer (2008).

With this in mind it can be argued that the strength of energy geography is its lack of ties to some
common doctrine or particular mode of inquiry, and therefore its lack of specificity (see Sheppard &
Plummer, 2007; Barnes & Sheppard, 2009). The challenge here is to ensure that, to paraphrase
Simandan (2011), a ‘rich diversity of approaches’ does not digress into a ‘confusing hodgepodge of
approaches’; in other words, building on all of geography’s ‘turns’ (quantitative, cultural, discursive,
and so forth) might have us walking in circles. In this light, the recent work of Bridge et al. (2013) to
define a set of concepts around which energy geographers might organize research and “map the
geographies of a low-carbon energy system and so guide choices among different potential energy
futures” (p. 531) is useful, if not vital, in clarifying the specificity of, and productive tensions created
by, a geographical perspective relative to perspectives from other schools of thought. My objective
in the next section is similar in degree but different in kind; instead of concepts I focus on some of
the critical issues / questions surrounding energy futures that are particularly suited to the skills and
expertise of (energy) geographers.
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3. Recent trends in energy geography scholarship
Foremost among the recent trends in energy geography scholarship is a renewed interested in the
geographical aspects of energy transitions (Bridge et al., 2013). I qualify this research priority as
renewed because this vein of research can actually be traced back to the work of Cook (1976) and
Hoare (1979) who began to explore how societal reliance on alternative energies might lead to, or
demand an active construction of, alternative social, political, economic, and physical geographies
(see also Spooner, 2000).5 Building on this early work, energy geographers have greatly improved our
understanding of energy transitions. Recent applications of modern landscape theory (Nadaï & van
der Horst, 2010) have shown how energy transitions are not only expressed in material energy
landscapes (i.e., the spatial arrangement of activities related to energy production, distribution, and
use) but also in energy landscape representations (i.e., the way we perceive, relate to, behave toward,
and represent our surroundings). Cultural and political geographers are helping to dilute the sense of
energy and economic determinism in previous work on energy transitions by elucidating the role of
social norms, spatial politics and spatial identities in steering the trajectory energy transitions (e.g.,
Calvert, 2009; Coutard and Rutherford, 2010; Späth and Rohracher, 2010; Coenen and Truffer, 2012;
Spinney et al., 2012). This work has also made it clear that (the politics of) energy transitions in
particular, and sustainability transitions more generally, do not necessarily inhere in particular scales
or places since they are simultaneously territorially embedded and multi-scalar.
It is an established notion in energy geography that “political-economic and cultural factors coevolve with changes in the quality, location, and environmental impact of energy resources” (Juisto,
2009: 533) so that “major shifts in the ... energy mix have often underpinned broad social and
geographical change” (Bridge et al., 2013: 531; see also Pasqualetti, 2013), and vice versa. In other
words, energy transitions are increasingly conceived by energy geographers as (a) a dynamic co5

The work of Lovins (1977) and Haberl (2006) are also clearly situated within this research agenda, if not from a
‘geographical’ perspective strictly speaking.
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evolution of human and physical components rather than as a pre-ordained climb up some ‘energy
ladder’; and (b) a fundamental re-configuration to, and re-conceptualization of, spatial relations
rather than simply a shift in the fuel mix. Significant academic and policy questions have emerged
from this geographical perspective on energy transitions, especially in the context of a shift in
emphasis from centralized, fossil energy toward decentralized RE. A sample of some key
unanswered questions includes the following: How and why are RE technologies dispersing
geographically, and in what ways are they being made to adapt to regional/local geographies? Do
small regional or local differences matter in explaining the pace, scale, and outcome of energy
transitions and if so, which ones? In what ways are shifts in energy supply entangled within (changes
to) socio-technical and socio-ecological systems? How do different ontologies of space and nature
influence individual and public perception of (particular forms of) energy production and use? How
and with what effect is space (or scale or nature) politicized in the construction and negotiation of
energy futures? What will a sustainable energy landscape look like (e.g. how will solar and wind
access laws change the morphological evolution of urban city-scapes)? (How) can we proactively
adjust the spatial organization of social, economic and institutional activities to expedite uptake of
sustainable energy technologies? At what spatial (and temporal) scale are energy transitions best
analyzed and managed? How are regional and national economies responding to the distortive
effects (in, e.g., socio-spatial relations and global value chains) of emerging energy industries? What
are the links between energy transitions and other socio-political spatial strategies (e.g., the poststaples economic transition; landscape conservatism; nature conservation; neo-liberalism)?
The resurgence of oil and gas production in some high consumption countries such as the U.S.
can, in one sense, be conceived of as an energy transition from conventional to unconventional fossil
resources and is therefore subject to many of these questions. It is important to recognize, however,
that this transition is actually an expansion of the existing energy system and a commitment to our
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existing spatial legacy rather than a fundamental transition in energy and spatial relations.
Nonetheless the production and consumption of unconventional energy resources have important
spatial implications and therefore remain a focal point for geographers studying energy (see Huber,
2008; Pasqualetti, 2009; Bradshaw, 2010; Bridge, 2010 & 2011).
For starters, understanding the co-production of technology, geo-politics, and the geography of
extractive energy industries is crucial to understanding the dynamics of international relations and
political-economic globalization more generally. Indeed, trade in energy resources helps to ‘knit’
states together through “productive connection and shared vulnerabilities” (Montgomery, 2010: 58)
so that new geo-political alliances and power inbalances are forged through the discovery and
exploitation of new resources (Misiagiewicz, 2012). The ‘shared vulnerabilities’ side of this geopolitical equation helps to explain investment into more flexible transport technologies which can reroute distribution in response to (threats of) politically motivated disruptions in supply. The Suez
Canal crisis of the 1950’s which closed a crucial choke-point in oil transport between supply in the
Middle East and demand in Western Europe provided the impetus to invest in super-tankers that
could carry large volumes of oil around the horn of Africa (Cook, 1976). A more recent example
involves disputes between Russia and Ukraine which led to natural gas supply disruptions in Europe.
The need to avoid such ‘conflict areas’ in distribution networks, as well as to maximize market price
and market share by reaching global rather than regional markets, has helped to build the case for
investments into natural gas liquefaction terminals so that gas can be moved by tankers rather than
pipelines. Along the same vein, renewed political emphasis on energy security (loosely defined as the
uninterrupted flow of affordable energy within a specific territority or jurisdiction) in high
consumption countries has helped to support the technological advancements and environmental
management practices necessary to exploit unconventional domestic fossil energy production. This
has changed the global energy map profoundly; contrary to conventional wisdom of just a few years
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ago, for example, natural gas is relatively cheap and the US could become a net energy exporter (if
only for a few decades) as a result of efforts to unlock reserves of oil and gas held in tight shale
formations (IEA, 2012).
Bringing a geographical perspective to fossil energy production and use is also crucial to
understanding our past and present energy systems and, by extension, the material and immaterial
barriers that prohibit rapid development of a more sustainable energy system. Of particular interest
in the context of the discussion above is the ways in which spatial identities, especially nationalism,
are tightly wrapped up in prevailing and emerging patterns of fossil resource discovery and extraction
(Bouzarovski and Bassin, 2011). In the case of conventional extractive industries, these spatial
identifies have been forged for centuries. We see geo-politics at work
in Figure 2.2; the notion that particular energy resources are inherent
to national / regional identity and vitality runs counter to energy
secularism and attempts to gain legitimizing, and in some ways
subversive, power in energy politics. One can find an emerging
exemplar in Canada, as oil sands production has helped to (re)frame
the country as an ‘energy superpower’. Indeed, ‘Canadian-ness’ is
increasingly defined in these terms so that it is often difficult to

Figure 2.2: A t-shirt
exemplifying the way in which
spatial identities are entangled
with (particular types of) energy
resources.

distinguish debates over whether or not to exploit oil sands from debates about Canada’s future and
what it means to be Canadian. The ways in which, and the extent to which, the spatialization of
political agendas involving fossil energy decelerates or prohibits the transition toward emerging,
sustainable energy resources remains a matter for continued research. Perhaps more importantly,
future work in understanding the co-production of energy, space, and society should balance the
‘state-centric’ views above with analyses at more localized levels (e.g., Leach, 1992; Spinney et al.,
2013).
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The third major research trajectory worthy of noting here involves the application of concepts
and techniques of the resource and environmental geographer to the study of emerging energy
resources. As in all resource sectors (see Mitchell, 1989), ‘where to develop’ questions are important
for emerging RE industries. Where are reserves of high quality energy resources? Through which
transportation or distribution networks are they best brought to market? Where can resource
development occur with minimal impact on social and ecological systems? What communities /
stakeholders should be involved in development decisions? What mix of energy resources best
serves the energy end-uses in a particular community/region/nation? Through these and other
questions, energy geographers are working to establish roadmaps for the development of RE
resources within particular areas.6
The use of geographical information systems and remote sensing has figured prominently in
these endeavours (Voivontas et al., 1998; Sabins, 2006; Horner et al., 2011; Calvert et al., 2013), as
has the geographical tradition of ‘area studies’ or traditional regional geography (Feder, 2004; Mabee
and Mirck, 2011). In many cases, the primary objective is to ascertain the ways in which unique
regional geographies (infrastructure, land cover, bio-productivity, economic activities) provide
barriers and comparative advantages for the development of particular resources and the
implementation of particular technologies. In the spirit of traditional energy geography this work
mostly focuses on crisp geo-economic criteria for specific resource options, although more recent
work has applied multi-criteria decision-making tools and fuzzy set theory to consider the nonmonetary merits of multiple resource/technology options in an area (Aydin et al., 2013). Of
increasing interest, especially in the context of intensive RE development and political aspirations of
local energy independence, are questions related to the economic and ecological risks of RE
implementation including the extent of land-use competition, land-use changes and re-allocation of
6

Remote sensing techniques are also becoming more prevalent in the exploration for conventional and unconventional
fossil energy resources, especially as easily accessible reserves are tapped (Sabins, 2004).
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ecosystem services (Schmidt et al., 2012; see also Moriarty and Honnery, 2011). Map algebra
techniques which identify suitable and preferred areas for RE development help to make projections
about how these burdens will be spatially distributed in a given area as policy action moves from
target setting to implementation (e.g., Mann et al., 2012; Mellino et al., in press). Through the use of
such extensive and intensive geo-information, fuel mix targets and spatial plans can be co-developed
such that the transition toward sustainable energy stays within acceptable social and ecological limits
(Calvert et al., 2013). Cowell (2010) has pointed out, however, that while spatial planning for RE
development is apparently driven by such objective research, the identification of resources and
‘acceptable locations’ for development is also an inherently political project. In other words,
“cartography and global information systems must be acknowledged as representing relations of
power, rather than acting as objective tools of measurement and management (Neville and
Dauvergne, 2012: 287) – fact which energy mappers must be sensitive to in order to perform
politically as well as scientifically attuned research.
4. Conclusion
There is a policy and a scholarly imperative to describe, understand and facilitate the uptake of
more sustainable energy resources and technologies, and to understand and ameliorate the potentially
disruptive and regressive impacts to existing technical, social, and cultural value systems that are
necessary to achieve this goal. Energy geographers are well positioned to contribute to this agenda
given our privileged position at the borderland between various philosophical and methodological
traditions where interdisciplinary research that can engage with the complexities of energy realities
can flourish. Indeed, energy geography is a topical field of study wherein concepts and techniques
borne out of geography’s core sub-fields converge to study past, prevailing, and future patterns of
energy production, distribution, and use. This includes matters of material (e.g., physical,
technological) as well as immaterial (discursive, cultural) consequence with emphasis on their
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interconnections and spatial relations. With this definition in mind, a number of core areas of
research were identified and explored in this paper. Given the broad pluralism that characterizes
energy geography, the discussion above is by no means exhaustive or definitive. In fact, it is the start
of (or, perhaps more accurately, a contribution to an on-going) lengthy discussion about energy,
geography, and the geographical tradition.
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Chapter 3
Geographies of renewable energy implementation and
their implications on energy transition management:
insights from Ontario, Canada

Abstract
Government support for the deployment of renewable energy (RE) technologies is imperative to realizing a
sustainable energy future. The success of these efforts is dependent on anticipating and managing the real and
perceived (material and immaterial) negative impacts related to the development of new resources and the
deployment of associated infrastructure. The purpose of this chapter is to gain a sharper understanding of the
risks associated with a transition to RE and to identify institutional design principles that can respond to these
pressures. Two arguments are advanced: (1) a RE transition is not a simple shift in fuel-mix but requires more
fundamental re-configurations to, and re-conceptualizations of, prevailing socio-technical spatial relations; so
that (2) the theory and practice of energy transition management must expand on its conceptualization of
geography as merely an ‘exogenous selection factor’ for technology solutions to conceive of energy transition
management as a spatial strategy. The chapter examines Ontario’s attempted transition toward renewable
energy (RE) in the light of these propositions. The geographical qualities of RE resources are reviewed, and
the impacts of RE implementation are discussed. Two institutional adjustments are suggested in order to
modernize governance systems to be reflective of the changing geographies of energy: devolve RE planning
and policy implementation to the regional (sub-national) level; and re-focus the integration of land-use and
energy planning on production as well as consumption.
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“It is unnecessarily restrictive to think that human inventiveness and creativity apply only in the sphere of technology –
human beings can and do create social structures as well as machines” (Harvey, 1974: 271).
1. Introduction
A societal imperative to transition toward sustainable renewable energy (RE) resources is clear.
What’s more, the technological means by which to achieve this goal are available and improving.
The problem, however, is that social activities and physical infrastructures, as well as the
organizational structures that guide their development, have co-evolved with unsustainable fossil
energy inputs over the last three centuries; an era referred to as ‘carbon lock-in’ (Unruh, 2000), ‘fossil
capitalism’ (Huber, 2009), or ‘hydro-carbon man’ (Shaffer, 2009). Energy services unique to
fossilized hydrocarbons, which range from greater convenience in basic provisions (e.g., high-yield
food production) to expanded access to luxury items (e.g., timely travel to exotic places and yearround fresh vegetables), are often perceived to be imperative to social and economic life even though
the era of hydrocarbon man is equivalent to only 0.01 per cent of humanity’s ‘terrestrial tenure’
(Cook, 1976). Herein lay a challenge that extends well beyond technological innovation:
organizational / political-economic systems, physical infrastructures, social practices, and cultural
norms have developed an implicit, self-referential, and rigid preference for incumbent energy
resources. This challenge can only be met with direct government intervention and collective
societal action (Podobnik, 2006; Fouquet, 2010).
Indeed, we are entering a new era of energy affairs; one of ‘transition management’. While
alternative transition management models have been proposed (van den Bergh & Bruinsma, 2008;
Doern & Eberlein, 2009; Weiss & Bonvillian, 2009), transition management writ large is by definition
a set of practices concerned with the development of new energy resources and the deployment of
emerging energy technologies. The era of ‘transition management’ is therefore one in which energy
policy actions are directly responsible for substantive changes to (the interface of) natural, technical,
and social systems that must occur in order to accommodate new patterns of energy production,
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distribution, and use. Where these disruptions are (perceived to be) negative or regressive and are
not counterbalanced with appropriate adaptive management responses, social license for continued
RE development is weakened (Wolsink, 2000 & 2007; Stokes, 2013). In other words, the success of
RE transition management is not based solely on high rates of uptake and industry development.
Equally important is the capacity of transition managers to identify the limitations and negative
impacts associated with the intensive development of RE resources, and to devise appropriate
institutional and organizational responses which aim to minimize them (see also Doern & Eberlein,
2009; Hessing et al., 2005).
With this in mind, the objective of this chapter is to apply insights from energy and resource
geography in order to gain a sharper understanding of the risks associated with a transition to RE
resources, and to identify institutional design principles that can respond to these pressures. Simply
stated, the argument developed in the paper is two-pronged: 1) the transition toward a sustainable
energy future is not a simple matter of fuel-switching from non-renewable toward renewable
resources, but also involves more complex and contested changes to prevailing spatial relations; and
2) the efficacy of transition management is dependent on corresponding adjustments in the
organizational structures and procedures through which transition management is delivered and
monitored. The chapter proceeds in five sections. In the following section I develop the theoretical
edifice upon which the arguments in the paper are built. Section three reviews the data and methods
used in the study. Section four presents the results of the analysis and section five discusses these
results from the perspective of transition management. The paper concludes with a discussion of the
role of geographical thought and practice in helping to facilitate a rapid, responsible transition
toward RE.
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2. Toward a geographical theory of energy transitions
Energy transitions are often described with emphasis on their historical or temporal dimension:
i.e., as a sequence of events that break down one energy system or fuel mix and replace it with
another (Fouquet, 2010; Solomon and Krishna, 2011; Agustoni and Maretti, 2012).7 A recent
intellectual movement within geography is beginning to emphasize the geographical or spatial
dimensions of energy transitions (Calvert and Simandan, 2010; Smil, 2010a; Zimmerer, 2011; Bridge
et al., 2013). This section leverages some of this work in order to theorize the spatial implications of
resource development and technology implementation and, in turn, to establish a working
understanding of the limitations and risks which underpin structural changes in energy supply. Three
foundational principles are integral to this theoretical framework.
Firstly, energy mediates the co-production of nature and society (Cook, 1976; Smil, 2008). Since
humans are not primary producers we must necessarily locate, recover, and re-direct energy stocks
and flows from the environment to service our basic needs and higher-order desires. This
relationship is manifested as the transformation of nature and the appropriation of land for energy
recovery, conversion, and waste management; the spatial pattern of which is determined by the
spatial distribution of accessible resources and their mobility (I elaborate on the latter below).
Furthermore, specific patterns of energy consumption are instrumental in shaping how societies
relate to their environment. High-energy societies, for instance, tend to be more competitive in
terms of securing natural resources and maximizing social welfare and are therefore able to alter
natural forms and processes at a much greater pace and scale than low energy societies; a
phenomenon referred to as the ‘maximum power principle’ (Harper, 2008; see also Rebane, 1995).
Secondly, energy is as much a social relation as a physical entity (Harper, 2008; Huber, 2008;
Juisto, 2009; Gouldsblom, 2012; see also Mitchell, 1989; Bridge, 2009). A physical entity is deemed
7

Fuel mix: proportions of different primary energy sources satisfying the energy demands of a particular individual or
collective end-user (Manners, 1971).
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permissible or not as an energy resource based on its capacity to satisfy technical value system (e.g.,
conventional engineering practices), political-economic value systems (e.g., local employment needs)
and cultural value systems (e.g., lifestyles; social norms). The existence of an accessible resource is
therefore necessary but not by itself sufficient to explain why a given resource is included in a fuelmix, nor are energy density and ‘market price’ the only metrics used to determine which energy
resource is ‘superior’ (see van der Kroon et al., 2013). More importantly, fuel-mix decisions are
entangled in and expressed through socio-spatial relations; e.g., ideas about national destinies and
national identities underpin public and policy support for specific energy industries (Bouzarovski and
Bassin, 2011); personal and collective perceptions of, and meaning attached to, particular landscapes
underlie how and which land and resources are utilized for energy recovery (Nadaï and van der
Horst, 2010); notions of ‘home’ and ‘comfort’ actively govern patterns of energy use that reproduce
those categories (Spinney et al., 2013). These value systems and geo-political imaginations are in
many cases formalized through political negotiations in laws and regulations which operate within
clearly demarcated administrative boundaries or jurisdictions (e.g., obligatory fuel-mix mandates;
publicly supported power purchase agreements; excise taxes on some fuels and tax exemptions on
others; national or state level phase-out of an unwanted fuel source). In other words, the
development of an energy system is not only inherently a political project (Meadowcroft, 2009); it is
also deeply territorial. And given that an energy network (e.g., an interconnected set of supply
centers; distribution infrastructure; and demand centers) is inseparable from its social setting, energy
systems are best conceptualized as socio-technical, not just techno-economic, systems (Walker and
Cass, 2007; Moloney et al., 2010).
Thirdly, the mobility of an energy resource is a function of its physical energetic qualities
(Manners, 1971; ter Brugge, 1984). If an energy resource exists as a material stock (e.g., coal;
biomass), it is possible to concentrate the resource base through transportation systems. Those
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resources with higher energy densities are worth transporting longer distances from where they are
found to where they are used. An energy flow (e.g., solar insolation), however, must be recovered
on-site – only the product (i.e., heat; electricity; a fuel derivative) can be transported. The relative
mix of stocks and flows used by a given society, as well as their energetic quality, become internalized
within the built environment as material energy landscapes. Indeed, systems of production,
consumption, and use are spatially organized to match the energetic properties of energy inputs in
order to maximize efficiency and productivity (Chapman, 1961 & 1989; Luten, 1971; Owens, 1986;
Haberl, 2006; Calvert and Simandan, 2010; Rutter and Keirstead, 2012), and the extent to which this
harmonization is achieved determines the economic potential of a given society (Smil, 2010b).
These three basic principles suggest that energy systems and energy landscapes acquire their
character through the dynamic interplay of human and physical components. More specifically,
social values, especially those surrounding natural territorial assets, drive patterns of energy
production, distribution, and use, while the location and energetic quality of those resources deemed
permissible for use shapes the way in which social actors organize institutional structures; structure
and interact with the built environment; and perceive / behave toward the natural environment. The
character of these energy landscapes shapes spaces of experience so that over time social norms,
relations, and routines are established in and through energy landscapes. In this way, energy
landscapes become a cultural as well as a visual representation and possess an emotionally charged
aesthetic (Selman, 2010). In other words, energy systems do not simply inhere in, or interact with,
their social and physical surroundings; they are entangled with them and eventually co-produce a
spatial legacy.
Within this theoretical context it is intuitive that an energy transition requires fundamental reconfigurations to, and re-conceptualizations of, prevailing socio-technical spatial relations in order to
accomodate the geographical and energetic properties (i.e., quality, location, and environmental
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impact) of emerging energy resources (see also Juisto, 2009, Bridge et al., 2013). As value systems
surrounding energy resources and energy technologies change, societies must interact with the
natural world in new ways and create new landscape features (e.g., infrastructure). These unfamiliar
changes to material landscapes challenge conventional notions of, and meaning vested into, existing
energy landscapes. Debates surrounding energy transitions are therefore often debates about how to
re-configure, re-commodify, and re-conceptualize space and nature (i.e., the politics of energy is
entangled with the politics of place). What is perhaps most important is that while the decision to
transition from one energy system to another might be socially acceptable in principle (e.g., due to
new social values surrounding the energy-environment interface as is currently the case), the
willingness to endure these more fundamental disruptions to the prevailing spatial legacy lags behind,
especially where costs and benefits associated with these changes are (perceived to be) unevenly
distributed. This is part of what Hall et al. (2013) refer to as the ‘social gap’.
The implications of this for energy transition managers are clear: (a) an energy transition is not
merely a shift from one mix of resources and technologies to another but involves fundamental reconfigurations to, and re-conceptualizations of, prevailing spatial relations; (b) failing to anticipate
and adapt to these changing geographies of energy compromises the capacity of government to
(re)allocate resources effectively and to manage political and economic risk as energy transition
policy moves from enactment to implementation; so that (c) successful re-formulation of the fuelmix requires re-formulation to the spatiality of political organization through which transition
management schemes are implemented. This raises profound questions in the context of active
government support for RE: (1) in what ways are the geographies of energy changing through the
integration of RE into existing socio-technical and socio-ecological systems; (2) how will these
changes (continue to) challenge stated policy objectives related to energy transition management; and
(3) what specific institutional reforms might help to manage these risks and overcome these
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limitations? Currently, however, the geographical qualities of RE remain underexplored (Hoare,
1979; Solomon et al., 2004; Bridge et al., 2013) and the energy transition management literature is
silent on how they influence the development and implementation of transition management
schemes (Smith et al., 2010). The persistence of these gaps in our understanding can at least partly
be attributed to the fact that these questions are difficult to answer prior to any substantial rates of
RE development (Brown & Sovacool, 2007). In what follows, I aim to address the questions raised
above through a geographical analysis of Ontario’s attempts at facilitating a sustainable energy
transition.
3. Research approach
The Canadian province of Ontario, among the latest jurisdictions to actively facilitate a RE
transition through various procurement mechanisms, provides the primary empirical basis of the
research. At the turn of the century Ontario’s transport sector was serviced almost entirely by
petroleum-based liquid fuels, and in 2003 provincial electricity supply was generated predominantly
by the usual suspects - uranium, coal, oil and natural gas (see Figure 3.1). Over the last decade,
transformation in the fuel mix of both sectors has been driven by changes in public policy. Notable
among them are the Ontario Ethanol in Gasoline Regulation (2007) (EGR), the federal Renewable Fuels
Regulation (RFR) (2011), and the Green Energy and Green Economy Act (2009). To date, over 1100 Ml of
ethanol production capacity and 300 Ml of biodiesel production capacity is installed or under
construction in the province as a result of the EGR and RFR (CRFA, 2011). The GEGEA is
primarily focused on renewable electricity generation. Its fiscal incentive is a feed-in tariff (FIT)
program which has succeeded and greatly outpaced previous bidding and standard offer programs.
As of the latest round of public announcements, contracts for over 4,600 MW of installed capacity
have been executed under the program (Amin, 2012; Stokes, 2013). In total, more than 2,500 MW
of renewable electricity has achieved commercial operation in the province, with more than 7,000
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additional MW under contract and the province is on-track to increase non-hydro RE production
capacity to 10,700 MW by 2018 (OPA, 2012a).8

Figure 3.1: Ontario’s changing electricity fuel-mix profile. Percentages represent proportion in 2012,
with all renewables grouped into a single value (4%). The relative share of renewables is expected to
grow significantly by 2018. Source of data: IESO.

In order to answer the stated research questions, this study leverages empirical research into the
current state of RE implementation within Ontario against existing literature. An exploratory mixedmethod research approach is taken whereby data are triangulated from a) content analysis of policy
and planning documents surrounding RE development within Ontario, including public posts and
appeals on Ontario’s Environmental Registry regarding RE projects;9 b) information gathering
through personal attendance and informal discussions at public meetings held by Ontario’s electricity
system planning authority; and c) a systematic review of current literature, which involved boolean
search queries and subsequent citation tracking within GoogleScholar based on combinations of the
following key terms: ‘renewable energy’, ‘energy’, ‘location’, ‘space’, ‘landscape’, and ‘geography’. The
findings of this research were iteratively coded into five primary geographic qualities.

8

Currently, the electricity system operator contracts, on average, approximately 21,000MW at any given time, which
includes contingency reserve (Amin, 2012).
9
The Environmental Registry is an online consultation (‘e-consultation’) platform where proposals for infrastructure
projects that will have environmental impacts in Ontario are made available for public viewing, comment, and appeal
before project approval (see Winfield, 2013: 73-74).
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4. Results: Geographies of renewable energy implementation
4.1 Immobile and localized.
Physical separation between the places where energy can be collected and where it is needed has
always been a fundamental constraint in energy systems (Manners, 1971; Solomon, 2004). This
constraint was all but overcome as transportation networks co-developed with the global distribution
of primary energy resources such as coal, oil, gas, and uranium. The transition toward RE, however,
re-introduces the friction of distance into our energy systems (Calvert and Simandan, 2010). Natural
flows of RE (including solar insolation, air-mass transfers, hydrological discharge, wave and tidal
movements, and geothermal temperature gradients) must be converted into useable forms of energy
at the site where they occur. Only the secondary energy product – the electrons, the heat, or some
intermediate fuel such as hydrogen – can be transported, but the primary energy source (sunlight,
wind, tides) cannot. Biomass can be transported so that energy conversion is not limited to the
immediate site of resource occurrence, yet the relatively low energy density by weight and volume of
unprocessed biomass makes bioenergy supply chains highly sensitive to the energetic and economic
costs of transportation so that bioenergy systems are localized (Hamelinck et al., 2005). 10
It is important to note that it is technically possible to dislocate RE production activities and to
import RE products such as electricity, especially where potential economies of scale exist. An
example of this is the proposed DESERTEC project which would bring solar electricity generated in
North Africa to European markets. A similar system could be developed between the Ontario

10

Conversion of immobile energy flows into a mobile energy carrier can overcome the friction of distance associated
with RE flows. The obvious example here is hydrogen (Dunn, 2002). The development of a hydrogen economy is
significantly delayed, however, given that few of the conversion pathways in the hydrogen domain are anywhere near to
economical and there are still significant technical uncertainties surrounding hydrogen storage and distribution (Romm,
2007). Furthermore, raw biomass can undergo an energy densification process – e.g., pelletization or gasification – to be
distributed globally. It is important to keep in mind, however, that (a) while global distribution of RE products is
possible, in all cases these supply chains begin with the use of more localized energy resources than is currently the case;
and (b) due to relatively low energy density, the net energy returns of long distance transport of RE products degrades
rapidly with distance and, depending on total distance and final conversion efficiency, could be negative (see Moriarty
and Honnery; 2011; Magelli et al., 2009).
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market and solar resources in the American southwest and wind resources in the American midwest.
There are, however, significant challenges associated with this development strategy, most of which
are related to the major pan-continental electricity transmission trunk lines (often referred to as a
“super grid”) that would be required. Transmitting electricity from wind and solar systems long
distances is less efficient (Xydis, 2013) and more expensive (Hoppock and Patiño-Echeverri, 2010)
than local distributed systems, even in the case where local resources are poorer in quality (see also
Moriarty and Honnery; 2011). Higher net costs might be more difficult to justify in the minds of
ratepayers and taxpayers since the benefits of RE development (e.g., employment; project
ownership) would in this case be accrued in another country, state, or region. Significant
investments into transmission system redundancy would also be necessary in order to mitigate risks
related to security of supply in the event of a disruption to either the generating station or the power
lines.11 Fossil and fissile resources, in contrast, are more agile; in the event of supply disruptions at
one location or to one route, resources can be procured from a different source using a different
medium (e.g., tanker rather than pipeline). They can also be stored locally in strategic reserves.
Finally, increasing opposition to electricity transmission and distribution infrastructure for aesthetic
reasons as well as the need to dissect ecologically significant areas to acquire rights-of-way (Vajjhala
and Fishbeck, 2007; Fischlein et al., 2013) suggests that dislocating RE production facilities would
not by itself solve the social friction issue.
4.1.2. Shrinking scales of production
The fact that most RE resources are immobile while others are sensitive to transport distance
adds natural limits to the scale of energy production that can be achieved using RE resources. This
is especially the case in bioproductive and populated areas; indeed, planned and operational RE
facilities that approximate the scale of centralized, non-renewable production facilities are in all cases
11

The real and perceived risks of such a disruption are primary barriers to these types of long-distance RE projects,
especially those with their origin (energy recovery activities) in politically unstable countries or regions.
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located in desert(ed) areas or open oceans.12 In Ontario, however, where land-use and land-cover
constraints as well as public opposition to such changes (discussed further in Section 4.2 and 4.3) are
prohibitive to scale-up, implementation patterns are decentralized and distributed. Under Ontario’s
FIT program, for instance, the average installed capacity of renewable energy projects awarded
contracts is approximately 17 MW per site. The largest RE project in Ontario is an on-shore wind
farm, for which there are no regulated caps on facility sizes, rated at approximately 300 MW. In
contrast, over 6000 MW of nuclear power can be delivered from a single site by the Bruce
Generating Station in Ontario, and the average installed capacity of the province’s natural gas fleet is
approximately 300 MW. These differences also exist in the fuel sector. Techno-economic models of
advanced biorefiners show that a large scale facility might process up to 6000 oven dry tonnes (ODT)
of material per day (see Kocoloski et al., 2011) which represents approximately 104,400 gigajoules
(GJ) of material (assuming an average higher heating value of 17.4 GJ/ODT). In stark contrast the
average oil refinery in Ontario is five times larger, with an average daily throughput of approximately
85,000 barrels or 518,500 GJ (assuming an average higher heating value of 6.1 GJ/barrel).

Figure 3.2: Graphical depiction of relative nameplate capacity on a GJ basis for fuel
(left) and electricity production (right) using renewable and non-renewable resources.
12

The largest solar farm in the world will be the Topaz solar farm in California (550 MW), expected to be operational by
2015 (Davis & Jordan, 2013). The largest on-shore wind farm is the Alta Wind Energy Center in Kern County, California
(1,370 MW) while the largest off-shore wind farm, at 870 MW once fully completed, is the London Array (SmartMeters,
2012). The largest operational biopower plants are in Europe: the 742 MW plant in Tilbury (UK) and the 810 MW plant
in Copenhagen are notable. The average oil refinery in the U.S. has a throughput of approximately 124,000 barrels per
day. Only large-scale hydropower challenges incumbent energy systems on scale: the Three Gorges Hydroelectric Dam
in China (22,500 MW) is more than twice the size of an average oil refinery on a GJ basis.
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As RE is integrated into the fuel mix the average capacity of sites of energy production is clearly
shrinking and, by extension, the number and heterogeneity of conversion units on a per area basis is
increasing (Smil, 2011).13 This change to the geography of energy production results in a number of
more fundamental changes to existing socio-technical spatial relations. Firstly, RE technologies are
beginning to erode the economy-of-scale argument which on one hand enables community and
household ownership models in energy production due to reduced up-front capital costs, but on the
other hand might make energy production difficult to regulate (Crew and Kleindorfer, 2003: 25),
especially since RE development involves single land-owner decisions and private rather than public
space and resources. Secondly, private and public energy investment planning is no longer a matter
of finding a single project that can deliver energy services to a significant portion of the consumer
base. On the contrary, there is a greater responsibility of choice in location, as the number of siting
decisions for energy generation units that need to be made at various levels of society is greatly
increased. Each of these issues is discussed in subsequent sections of this paper.
What we would like to focus on here is that the friction of distance in RE supply chains means
that, in a RE future, society will no longer be estranged or alienated from energy production and
conversion activities; Ontario’s light switches and thermostats will be connected to local land and
energy resources rather than a coal seam in Pennsylvania, U.S.A.; an oil pool in Venezuela; or a
uranium mine in the Canadian province of Saskatchewan. This trend is illustrated in Figure 3.3
which documents the spatial distribution of energy production facilities in Ontario before and after
the coordination and execution of RE implementation programs.

13

It is important to note that this trend is being observed across the energy sector writ large given the “steady progress
of new technologies that erode economies of scale” (Crew and Kleindorfer, 2003: 25) such as combined cycle, combined
heat and power, and modular systems. De-regulation also plays a role in this trend, since private investors are more likely
to sink capital into smaller systems with less risk and shorter lead times than into large systems with long construction
periods and greater risk.
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Figure 3.3: The changing geography of energy and fuel production in Ontario. Facilities are located by city name. Note that in the FIT
category a single city hosts as many as 2-7 individual projects. This does not include small scale (<10kW) projects, of which contracts for
approximately 14,000 projects totalling 130 MW have been executed. The biomass category includes landfill gas and digester gas. All coal
fired power plants are expected to be decommissioned by 2014-2015, and the two plants in northern Ontario are being planned for
conversion to wood pellet combustion.

4.1.3. Unfamiliar energy landscapes
Since RE resources are relatively fixed in place, associated infrastructure for conversion and
distribution is highly visible. These aesthetic changes are particularly acute and obvious against the
backdrop of a fossil energy landscape, wherein resources are recovered, distributed, and converted
'out of sight out of mind'. In other words, a fossil energy landscape is one in which local land has
been liberated from energy provision activities, and only downstream infrastructure such as
electricity distribution wires and gas terminals are visible to the general public. In addition to new
local landscape aesthetics, RE implementation also re-configures local landscape values and meaning.
Indeed, the provision of energy often clashes with, or displaces entirely, existing landscape functions.
This includes the provision of cultural services (e.g., urban-fringe pastoral landscapes fused with the
industrial flavour of wind turbines or heritage landscapes mixed with high-tech landscapes, as in the
recent solar development on Dunster Castle in the United Kingdom (see Vaughan, 2008)); ecosystem
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services (e.g., native grassland being converted to grow and cultivate dedicated bioenergy crops); or
non-energy land-based services (e.g., edible landscapes converted to energy landscapes as in regional
corn-to-ethanol supply chains).
RE systems therefore violate well established notions of what a landscape ought to look like
(Pasqualetti, 2011; see also Ellis et al., 2009; Miner, 2009); we simply prefer a world in which the
landscape is devoid of activity related to energy recovery and conversion, rather than one in which
we would have to live with it on a daily basis. It is in this context that RE systems are perceived as
foreign ‘space invaders’ rather than as acceptable additions to the local landscape. This sentiment is
exemplified in claims that communities in Ontario have become “infested” with wind turbines (see
Smith, 2012); a perception that is often rooted in the notion that the impacts of RE development are
not being shared evenly. This has created what is often called a ‘social gap’ (Hall et al., 2013); a
fissure between support for the global benefits of RE related to climate change and resource scarcity
on one hand, and opposition to RE implementation due to its impacts on local landscapes and the
spaces of everyday experience on the other. Indeed, RE development raises new issues related to
distributive justice at the local level, especially where local land and resources have multiple uses
which are not always monetized or recognized by the market (Finley-Brook and Thomas, 2011). On
the upside to all of this, there is some evidence to suggest that these unwanted additions to the
landscape may be the most effective motivator to reduce personal energy consumption and to
maximize energy efficiency (see McEvoy et al., 2000; Luna, 2008).
4.1.4. New (local) political economies
More frequent and profound social interaction with energy infrastructure has changed the way in
which ‘the public’ is implicated and involved in policy and business decisions in the energy sector
(Walker and Cass, 2007; see also Furlong, 2011). In fact, RE development has spawned a noticeable
(re)localization of spatial energy politics. This trend is driven by more active citizen involvement and
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the desire of local governments to gain autonomy over the management of RE developments within
their jurisdiction (Coutard and Rutherford, 2010). The rise of ‘community energy plans’ in Ontario is
evidence of this (St. Denis & Parker, 2009; McIntyre et al., 2011; Tozer, 2013), while in Germany,
the UK, and Denmark local governments are increasingly leading the transformation toward a
renewable future through mandates and local support of RE projects (Bale et al., 2012; Yapp, 2012;
Klagge and Brocke, 2012). New social networks are also forming beyond official governance
spheres. There are two exemplars of this in Ontario: 1) the Trillium Energy Alliance (TEA) which
has “…an ongoing initiative to develop a province wide network of non-profit renewable energy cooperatives (50-60 large scale social enterprises helping support community economic sustainability)”
(TEA, 2012; see also TREC, 2012) and 2) ‘Ontario Wind Resistance’ which is composed of over 50
local wind opposition groups from across the province. Moreover, the number of registered
community energy co-ops in Ontario has grown from zero to almost 80 in under a decade; a trend
aided in part by rule changes within the GEGEA which loosened the red tape surrounding co-op
formation. In all of these cases, linkages between sometimes disparate groups (e.g., cottage
associations; bird watchers; nature conservancy groups; aboriginal peoples) are created through
shared interests in ensuring that corporate growth strategies in the RE sector engage local citizens
their values, and to be sure that RE projects “earn their place” where the use of local landscapes and
natural resources is concerned (see Parkinson, 2013).
The immobility of RE resources is also driving noticeable changes to the space economy of
energy production. Since it is highly unlikely that distant and foreign RE resources will be able to
satisfy a significant proportion of domestic energy markets as is currently the case under
conventional systems, new localities have emerged as outlets for investment and capital
accumulation. Ontario, notorious for a structural deficit in the balance of trade in energy resources,
experienced a CAN$26B boost in investments within its primary energy sector under its FIT
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program (Amin, 2012). These changing spatial patterns of investment raise interesting questions
about the role of the RE policy in Canada’s alleged transition to a ‘post-staples’ economy (see
Hessing et al., 2005; Howlett & Brownsey, 2008). Indeed, the opportunity to revive rural economies
or marginalized areas through new sources of employment and revenue is the most cited and most
compelling driver of local support for all RE developments in Ontario, but especially those that are
most opposed such as wind and ethanol (Ontario, 2004; Curry, 2012; Walker, 2012; see also Rygg,
2012; Slattery et al., 2012; Bidwell, 2013).
This realization is mirrored in the evolution of Ontario’s ethanol and renewable electricity
policies. Ontario’s initial support for ethanol was expressed through an excise tax exemption which
ultimately stimulated investment into the economies of those nations where ethanol could be
produced and supplied at the cheapest rate (e.g., Brazil). With the introduction of the EGR, the tax
was reinstated and the subsequent revenue was re-allocated toward the subsidization of a provincial
or ‘home-grown’ industry through capital grants and operational support. In response, the province
experienced the highest recorded annual increase in acreage under corn in the year after the EGR
was implemented (see Grain Farmers of Ontario, 2012), and over 1100 Ml of ethanol production
capacity continues to provide a market for more than 2 Mt of corn. Under Ontario’s latest FIT
program rules, municipal / community engagement and general acceptance is now a requirement for
project approval. Moreover, aboriginal groups are allocated a portion of overall program funding,
and some aboriginal groups are viewing RE development as a ‘new path forward’ in their quest for
economic self-sufficiency as well as environmental stewardship which stands in stark contrast to the
suspicious and confrontational manner in which these groups have traditionally viewed and
approached extractive energy industries (Krupa, 2012).
While local economic activity is a benefit of RE implementation, the shift toward distributed and
localized RE systems will not by itself completely counterbalance the dynamics of economic
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globalization and international economic integration that characterize energy markets. The World
Trade Organization ruling against Ontario’s attempt to bootstrap provincial RE project development
to a provincial energy technology manufacturing and development sector through a content
requirement on parts and labour exemplifies this fact (ITCSD, 2012; Stokes, 2013). Moreover, while
RE resources are almost always sourced locally, the capital, knowledge, and technologies that are
necessary to realize the transition to RE are not (see Vinodrai et al., 2012). In many cases in Ontario,
local shareholders who initiated RE projects and secured contracts through various programs
partnered with international developers with experience and competencies that could see the project
through to completion. As Yergin (2011) points out, it was American developers stimulated by
Californian tax credits that drove the scale economies of the Danish wind turbine manufacturing
industry. Merger and acquisition activity following reduced government support for RE in many
first-mover jurisdictions has seen most domestic manufacturers of RE system components being
purchased by Chinese interests and in many cases production is being outsourced to low-cost
countries (Ernst and Young, 2012).14 And while community ownership of RE projects is growing in
Ontario, this was not always the case. Prior to recent ‘carve outs’ of system capacity and program
funding allotments for community projects, the vast majority of contracts were awarded to foreign
investors and developers as only 3.5 per cent of applications submitted to the FIT program by June
2013 were considered ‘community owned’ despite ‘price adders’ that paid a premium for such
ownership models (OPA, 2012b); this is not unique to the Ontario experience (see Gipe, 2012).
4.2 Geographically sensitive
Physical, social, and regulatory settings at regional, local and site-level scales play a key role in
structuring (the value of) patterns of investment in the RE sector (Zahran et al., 2008; FergusonMartin and Hill, 2011; Knight, 2012; Mann et al., 2012; Brown et al., 2013; see also Izquierdo et al.,
14

Seven of the top 10 solar PV manufacturers are located in China, with Yingli Green Energy of China claiming the top
spot (Lian, 2013).
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2010; Monjas-Barroso and Balibrea-Iniesta, 2013). While siting has always been a fundamental
problem for energy production, the issue is magnified for RE systems since recovery and conversion
processes must occur at or near the site of resource occurrence which increases the weight of
location as a factor in driving resource development (Calvert and Simandan, 2010). Indeed, the
decision to exploit a given RE resource, and the size and design of the system deployed to recover
energy, is “closely linked to the peculiar characteristics” of the site from which energy will be
transformed (Angelis-Demikas et al, 2011: 1183). This geographic sensitivity is expressed in three
ways.
First, RE production is site-specific. The physical constraints and primary productivity of a given
area – including aspects related to climate, land-cover, and terrain – cannot be modified and
therefore set absolute limits on the scale and intensity of energy production that can be achieved
within an area (Mellino et al., in press). Where site-level physical conditions are deemed suitable for
deployment, the terrain and intensity of RE flows strongly impacts project design including
technology selection, facility size, and micro-siting (i.e., the layout of individual solar or wind units)
(Searcy and Flynn, 2009; Leijon et al., 2010; Skoglund et al., 2010). Area-based RE fuel mix targets
and project-level system designs must therefore reflect the specific constraints and comparative
advantages offered at a particular area or site which often precludes ‘one size fits all’ policy and
technology solutions.
Physical constraints and resource densities are not the only variables that drive RE siting. A
given area or plot of land must also satisfy social and technical criteria. In other words, RE
development is site selective, even for those resources that can be found anywhere on Earth’s surface
(e.g., wind and solar). The development of RE as well as associated infrastructure can be excluded
from an area if one or a combination of the following conditions are not met (a) within a reasonable
distance of consumers and / or distribution infrastructure; (b) politically accepted as designated for
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such purposes; and (c) not currently supporting some other (higher) valued activity. These selection
criteria, especially those related to (b) and (c), are place-based (i.e., subject to existing socio-technical
conditions and rooted in local value systems) so that areas with similar resource endowments can
experience very different outcomes in terms of actual RE development. In a recent study of
Sweden’s wind power sector, for example, Ek et al. (2013) found that community enthusiasm and
accumulated institutional capacity were more important than wind speed in explaining high rates of
installed capacity. The same trend holds in Ontario where wind and solar developments are accepted
in some communities and aggressively opposed in others, with the most influential variable being
initial economic conditions and perceived economic benefits (Walker, 2012; Rigg, 2012; Slattery et
al., 2012). High wealth along with low infrastructure complexity of a neighbourhood are key factors
for success in uptake of residential-scale solar energy systems such as solar heating (Zahran et al.,
2008). Distribution system architecture and capacity are also important (Ferguson-Martin and Hill,
2011). Electricity distribution system operators, for example, often impose restrictions on the
proportion of intermittent RE that can be accepted at a given entry point into the system in order to
maintain system balance and control.
While site-selective constraints are place-based, they can change over time through
modifications to the environment including infrastructural conditions, social attitudes, engineering
practices, and regulatory reform. Moreover, site-selection criteria change with innovations to RE
technology. In most cases the former lags the latter, especially where exclusion areas are
administratively determined; Möller (2010), for instance, demonstrates how existing land-use
restrictions for wind energy development based on visibility and ecological impacts became obsolete
as hub heights and rotor diameters increased. Consideration of these changing land-technology
relationships are especially significant in areas where sites that have been deemed suitable for
development are saturated and must be repowered with larger and more efficient systems (e.g.,
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replacing a 1MW wind turbine with a 5MW turbine) in order to increase productive capacity (see Ohl
and Eichhorn, 2010; Ernst and Young, 2012). These spatio-temporal dynamics make it difficult to
extrapolate the findings of spatial regression techniques that attempt to explain and predict patterns
of RE investment into a particular technology or resource (e.g., Mann et al., 2012).
4.2.1 The geography of niche markets
The existence and perseverance of niche markets is crucial to energy transitions, because they
represent a set of actors willing to pay a premium for the superior services provided by emerging
technologies (Fouquet, 2010). The existence of niche markets for RE production has always been a
matter of location; solar and wind energy technologies have long been competitive against other
options on a levelized cost basis for electric loads in remote locations. As technologies have
improved and petroleum prices have risen, the economics of fuel switching from diesel to biomass,
solar, and / or wind in remote locations is increasingly attractive (Thompson and Duggirala, 2009).
With increasing emphasis on sustainability as an energy service that consumers are willing to pay
for through government support, the RE market is expanding geographically (with some limitations,
as discussed above). But there are still geographically specific ‘niche’ applications to the extent that
the economic, social, and environmental value of a given project changes simply as a function of
where the system is located; an outcome that might be referred to as ‘locational value’ (see also van
der Horst, 2007). Areas where locational value is captured represent areas where developer interests
and public interests are linked and therefore where ratepayers or taxpayers might be more willing to
pay for RE. Examples include one or a combination of the following: siting decentralized RE
systems to alleviate congestion in the electricity system (Lewis, 2010; Brandstätt et al., 2011);
subsidizing wood pellet use in a low-income rural area relying on heavy oil to maximize greenhouse
gas emissions abatement (Samson et al, 2008) as well as social welfare (Kaygusuz, 2011); growing
dedicated bioenergy crops on or near contaminated sites to decrease leaching of specific heavy
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metals and / or to recycle saline waste water (Mirck et al., 2005); and siting off-shore wind turbines
to create artificial reefs and / or to delineate commercial fishing exclusion zones (Punt et al., 2009;
Nienhuis and Dunlop, 2011). Targeting investments accordingly might help to alleviate some of the
social friction related to project siting and high program costs. The value of one location over
another beyond resource concentration and site suitability are not considered by project developers
whose primary objective is to maximize profit, especially in the case where price signals and
regulatory mechanisms are spatially uniform.
4.3 High local land requirements (spatially dispersed).
With the exception of geothermal energy, all RE resources are derivatives of incoming solar
energy. So rather than digging for mineral deposits, RE recovery involves surface mining of
reproductive surpluses of net primary productivity. The surface area available to support energy
production, described as an area’s ‘carrying capacity’ (Carrion et al., 2008), is therefore the primary
constraint on RE potential and development. Site-specific constraints discussed above can reduce
overall carrying capacities by 40-50 per cent (Dominguez et al., 2007), while site selective constraints
including the need to maintain alternative local land-use provisions as well as other technical and
economic criteria can often reduce actual land availability or realizable potential by up to 99 per cent
(Walker, 1995; Dawson and Shlyter; 2012). This raises significant questions about land requirements
of, and land availability for, RE developments. While the land use debate remains heated (see
Lovins, 2011; Smil, 2010b), this section aims to demonstrate that differences in land requirements
between renewable and non-renewable energy resources are more a matter of kind than degree. This
fact is an outcome of two key energetic considerations: the difference between power and energy;
and the difference between mobility and immobility.
The land use requirements of an energy resource can be measured in terms of energy density
(e.g., giga-joules (GJ) or megawatt-hours (MWhr) per square meter) or power density (e.g, megawatts
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(MW) installed per square meter). The former is a measure of the amount of work that can be
performed using the resources derived from one square meter of land. On an annual basis (i.e.,
expressed as TWhr/m2/yr), and even accounting for full-life cycle land requirements, the majority of
fossil and fissile energy systems have lower land requirements than RE systems (McDonald et al.,
2009; Fthenakis and Kim, 2009). Because fossil and fissile resources are finite, however, it is fair to
say that RE resources unequivocally outperform non-renewable energy resources on the basis of
energy density. The primary source of RE–i.e., nuclear fusion reactions in the sun–will drive RE
flows (e.g., solar; wind) and the growth of RE stocks (e.g., biomass) for billions of years, so that
higher land occupation times of a RE conversion system yield higher levels of energy recovered per
unit area. In fact, one square meter of land collects more solar energy than is contained in a barrel of
oil after only a single year, and will continue to provide energy over the lifetime of the system
without ever running out of energy inputs (Lovins, 2011). Conversely, the energy contained in fossil
fuels per unit area is available once every epoch.
Power density, in contrast, is a measure of the rate at which work can be performed. Where
power density is concerned non-renewable energy resources outperform RE resources (MacKay,
2009; Smil, 2010a). Non-renewable resources are available in sub-surface pools or seams and useful
amounts of energy can be extracted from a barrel of oil or tonne of coal as quickly as technical
limitations allow. Greater flow rates in resource recovery (e.g., larger boreholes and pipelines) and
larger energy conversion facilities can greatly increase power potential per unit area. Natural flows of
RE, on the other hand, are mostly available at Earth’s surface and travel at fixed rates. This means
that power necessarily scales with the surface area involved in resource recovery. So while a solar,
wind, or geothermal system occupying 1 ha for 10 years yields approximately the same amount of
energy as one that occupies 10 ha for one year (see Kim and Fthenakis, 2009), these systems are
functionally different in terms of the rate at which energy can be delivered, and since the rate at
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which energy can be delivered is more important to society than energy per se (Peet, 1992; Bryce,
2010), the latter is better suited to our prevailing energy needs. Furthermore, while there is
considerable energy potential in renewable resources there are critical questions about the rate at
which that energy can be extracted at a given site without compromising the integrity of the local
ecosystem functions they currently provide (see Kludze et al., 2010). Indeed, “the [renewable energy]
limit is one of rate, not quantity” (Cook, 1976: 118), and the only way to overcome this limitation is
to expand the overall land footprint of our energy system.
Where wind and solar electricity is concerned, it is important to note that turbines and panels
must have sufficient space between them to avoid wake interference and shadowing, respectively,
and to allow room for associated infrastructure such as inverters and power lines. These
requirements further reduce power potential per unit area (MacKay, 2009; Smil, 2010a). The number
of units installed per meter area or, stated differently, the proportion of area covered by panels or
wind turbines relative to the overall operational footprint of the system, is referred to as the ‘packing
factor’ (PF). An optimal PF is rarely achieved, especially in non-homogenous, multi-purpose, and
multi-owner landscapes where factors such as topography, land-cover, and land-owner participation
interfere with optimal micro-siting of the system.
All of this is to say that our ability to match the rate of energy production achievable through
fossil and fissile energy resources using RE resources is land intensive at local scales. When
allocating a certain percentage of a fuel mix toward fossil or fissile energy systems within a
jurisdiction that imports those resources, land requirements can be mostly discounted as a domestic
policy concern since activities related to resource recovery, as well as their direct environmental
impacts, are located outside of jurisdictional boundaries. When allocating the same percentage
toward immobile and localized RE resources, however, the implications on (limited) local land base
must be seriously considered since all aspects related to RE are centralized at or near the site of
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resource occurrence. Data on various electricity systems within Ontario, shown below in Table 3.1,
substantiates the point. Note that uranium and coal are no longer mined in Ontario.
Table 3.1: Comparison of land use intensity by electricity facility in Ontario.
Installed Capacity
Plant
Land intensity
Facility
(MW)
Footprint (ha)a
(ha/MW)
Bruce GS (uranium)
6300
929
0.15
Atikokan GS (coal)
211
300
1.42
b
Kingston North Solar
100
261
2.61
Enbridge Solar
80
456
5.56
Enbridge Wind Farm
181
5600
30.94
Melancthon Wind Farm
199.5
15,000c
75.19
Atikokan GS (biomass)
211
79,428d
376.44
Source of data: company websites, unless stated otherwise.
aIncludes unit spacing; excludes indirect impacts such as visibility, distribution
infrastructure, health impacts
bBased on project planning report; facility not yet constructed
cFrom personal communication, Melancthon Wind Farm Operator
dAssuming 20 year facility operation at 8 per cent capacity, and an annual pellet
throughput of 90,000 tonnes (see Arnott, 2010) or approximately 139,000 gt of wood.
The average yield of forest harvest residues and unutilized wood in the region is 35
gt/ha, with an average rotation period of approximately 60 years (see Alam et al.,
2012a and 2012b).

Bioenergy and biofuels deserve particular attention where land use is concerned, since they are
by far the most land intensive (Fthenakis and Kim, 2009; McDonald et al., 2009). While land
demands associated with current and future bioenergy and biofuel production are not a concern
from a global perspective, they have significant impacts on local agriculture and local landscapes (see
also Leal et al., 2013). Between 2006 and 2011, when federal and provincial governments in Canada
began to regulate blending requirements for bioethanol and biodiesel, land planted under corn and
soybean in Ontario increased by 15 and 29 per cent respectively while the land planted under all
other crops decreased by 14 per cent (OMAFRA, 2012). In fact, the same year Ontario’s ethanol
regulation came into force, over 188,000 more hectares of land were planted under corn than in the
year prior; the highest absolute increase on record, and the highest relative increase since World War
II (Grain Farmers Ontario, 2012). Ontario requires on average over 2.14 Mt of grain corn annually
in order to satisfy the 5% blending requirement mandated by the EGR which, depending on planted
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area and yields, represents anywhere from 20-30% of the average corn harvest.15 Assuming an
average corn yield of approximately 9.5 t/ha, this level of production consumes 212,000 ha of
agricultural land which represents 20-25% of the annual corn planting (grain and silage) or 4-5% of
the total area of farmland in the province (source of data: OMAFRA, 2012). This rate of land uptake
relative to fuel displacement is clearly unsustainable, and policymakers readily admit that there was a
woeful lack of attention paid to the implications of ‘scaling up’ bioethanol production in the
province (Calvert, 2009).
Fortunately, there are a number of technological advancements that could reduce the land-use
requirements of RE production. For solar PV systems, this includes maximizing the efficienc y of
single junction PV panels or developing multi-junction PV cells that absorb multiple a wider range of
electro-magnetic
wavelengths (Figure 3.4;
see also Şen, 2004;
Luque et al., 2005).
Solar PV/thermal
systems, which capture
solar irradiation that is
not absorbed in the PV
process, are also being
developed (Ibrahim et
al., 2011).16 Power

Figure 3.4: The relationship between solar PV efficiency and land-use intensity based on
confirmed and modeled panel efficiencies reported in Green et al. (2009). Output is
estimated assuming mid-day sun (1000W/m2) and 5% power loss after conversion from
DC to AC. Packing factors (PF) vary based on panel tilting, land slope and landscape
complexity. CdTe = cadmium telluride; CIGS = copper indium gallium selenide; Si =
silicon.

output from individual wind turbines is increased by extending rotor diameter and hub-height,
although this means that unit spacing must also increase in order to minimize interference between
15
16

This assumes an optimistic average ethanol yield of 410 litres per tonne of corn.
Irradiation is the sum of direct and diffuse solar energy that reaches a unit area per unit time (e.g., kWh/m2/yr).
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the individual units (Möller, 2010; Djikman and Benders, 2010). Land-use efficiencies of bio-energy
production can follow the trajectory o f the trend-line shown in Figure 3.4 via the increased use of
cellulosic biomass as opposed to, or in addition to, primary grain such as corn (Leal et al., 2013) as
well as advancements to biomass productivity (e.g., through genetic modification or efficient cultivar
selection) or to conversion efficiency (e.g., higher hydrolysis rates; combined heat and power
systems) (Lynd et al., 2009). As I discuss in the following section, there are also synergies within and
between energy and non-energy land uses that should be explored in the near-term.
4.4 Spatially coincident.
Multiple sources of RE exist at any given location. This means that RE resources share a
fundamental input: land. Biberacher et al. (2008) note that RE potentials are not always additive and
therefore land base is in some cases available for only one RE project. As RE carrying capacities are
strained within an area, RE systems will increasingly compete for limited land resources and trade-off
scenarios will become an important policy concern. This issue is discussed in Chapter 6.
Where feasible, however, RE systems can be combined on the same land-base and in some cases
two source-options can be incorporated into a single system; what is referred to as ‘hybridization’ or
‘synergy’ (Nema et al., 2009; Leone, 2011; Shafiullah et al., 2012). Given the spacing requirements of
wind turbines, for example, dedicated bioenergy crops could be grown between the series of
generating units. Additionally, solar panels might be installed directly on wind turbine structures in
which case panels would be spaced vertically rather than horizontally. Biogas systems can be
combined with solar or wind systems to be used as back-up generation, or to heat the liquid
intermediate of a concentrated solar power system so that the location is productive even when the
sun is not shining. These hybrid systems have obvious benefits to planners and policymakers to the
extent that they (a) mitigate intermittency associated with solar and wind energy without resorting to
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utility scale battery or mechanical storage; and (b) maximize energy production per unit area and
thereby reduce the footprint of RE infrastructure.
It is also important to note that land used for RE production in some cases remains viable for
non-energy uses. This presents opportunities to ration and economize the RE carrying capacity of a
specific area through multi-purpose land use schemes that include RE production. Included in this
category would be biomass residue collection, since the land base retains its primary societal function
– i.e., food or fibre supply. Furthermore, there are options available that are unique to RE from
which we can intensify the use of existing infrastructure for energy production – e.g., PV systems
mounted on static infrastructure exposed to the sun for long periods of the day such as rooftops
(Wiginton et al., 2010) or highway sound barriers (de Schepper et al., 2012). Thin-film and screen
printed organic solar cell technologies are especially worthy to note here, and recent efforts have
incorporated them into window construction (Singh, 2012). With these advanced technologies in
mind, researchers at the National Renewable Energy Laboratory (NREL, 2004) found that, in theory
and landscape impacts notwithstanding, the US would not have to appropriate a single acre of new
land to produce its electricity needs if existing infrastructure were used. A key issue to consider here
is to balance supply with demand while ensuring constant access to the sun over the lifetime of these
projects.
4.5 Intermittent (interruptible) and fugitive (transboundary).
Solar, wind, and water energy are ‘intermittent’, which means that the availability and intensity of
their energy flows fluctuate at daily and seasonal time scales. Since power systems and energy
markets have evolved to expect a continuous flow of energy at a known rate, considerable social and
technical manipulations must occur in order to accommodate these inconsistencies. The
intermittency of energy supply tends to be a strong source of political friction. Conventional energy
systems are often required for back-up power generation when RE resource flows are interrupted
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which raises questions related to net environmental benefits. Furthermore, when natural energy
flows are being converted at rates that exceed demand, useful energy must be exported or dumped.
From a balance-of-trade perspective net exports of a commodity such as electricity are usually
favourable. In the case of RE, however, its production is usually subsidized above its international
market value which results in a net-loss to the taxpayer. This is currently the case in Ontario;
opponents of RE development stress the fact that wind electricity is paid $0.13/kWh per the FIT
rate but receives only $0.025-$0.045/kWh when sold out of province (see NEB, 2012).
One of the ways to manage the intermittent or interruptible nature of RE resources is to ensure a
geographically diffuse pattern of development.17 Given that the wind blows and the sun shines at
different times at different locations, geographically dispersed and interconnected systems will
increase the capacity credit of these resources since it is likely that at least a portion of them will be
operating at any given time (Archer & Jacobson, 2007; Grothe & Schneiders, 2011; Hart & Jacobson,
2011; Hoicka & Parker, 2012). Alternatively, intermittent RE systems can be co-located with RE
systems that can be controlled for output, such as biogas or hydro systems, so that renewable rather
than non-renewable resources are used for back-up generation. This geographic relationship is best
described as ‘production complementarity’ or ‘economic symbiosis’ (Li et al., 2011). Indeed, when
RE resources are managed collectively rather than individually, issues associated with market
integration, system optimization, and net environmental benefits can be resolved.
In addition to being interruptible and therefore requiring careful and sophisticated integration
into power systems, many RE resources are also fugitive or transboundary resources that require
careful integration into legal systems. A resource is described as fugitive when it travels unpredictably
through space and therefore does not lend itself well to stationary uses or to the fixed delineations of
space upon which conventional political-economic systems and socioeconomic institutions (e.g.,

17

Alternatively, a co-located hydrogen production facility could be developed. This idea is not taken up in this paper.
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sovereignty and private property) are based (Giordano, 2003; see Figure 3.5). This is in stark contrast
to fossil and fissile energy resources which are relatively fixed in place (although they certainly have
their own ‘conflicted geographies’ as witnessed in pipeline politics at national and state levels).
The fugitive nature of RE resources presents two challenges to the organization and
management of RE development (see also Elder, 1984; van der Horst & Vermeylen, 2010). Fi rstly,
it places absolute limitations on our ability to decentralize energy systems within complex built
environments. Although building-integrated wind and solar systems are desirable compared to
industrial or utility-scale systems, surrounding obstructions can inhibit the recovery of energy and
therefore jeopardize the economic
viability of an existing system
operating downstream of the resource
flow. This is particularly important
within areas where obstructions have
yet to take shape – for instance within
large urban areas where condominium
developers are racing to the skyline
and planners are striving for greater
density, or in young suburban areas

Figure 3.5: Complications with the trans-boundary nature of RE
resources creates new challenges with property and resource
rights. Top: Property rights exercised in one domain (A)
intercepting the energy flow available within another domain (B).
Adapted from Giordano (2003). Bottom: Recovery systems
developed upstream (A) reducing the consistency and intensity of
resource flows at a downstream location (B).

where planted trees have yet to mature. Nguyen and Pearce (2012) have shown that such
obstructions eliminate 50% of otherwise suitable rooftops from hosting micro-scale solar projects,
although actual impacts are specific to the morphology of a given city. Furthermore, and secondly, it
raises issues about access to resources. A RE project operating ‘upstream’ of the resource origin will
greatly reduce the energy potential and therefore viability of an energy system operating
‘downstream’ (e.g., disturbed wind profiles; reduced river discharge). These impacts are especially
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problematic for resources that do not have a permanent origin or direction of flow, such as wind
(van der Horst & Vermeylen, 2010).
5. Discussion: implications on transition management
The prevailing spatial legacy that has evolved over centuries of fossil (and fissile) energy
resource production and consumption is, and will continue to be, disrupted by the integration of RE
resources and technologies. This notion, when interpreted through a policy lens, suggests that in
order to manage the challenges to implementation of emerging energy resources, energy transition
management must be conceived as a spatial strategy so that our governance systems (as well as our
energy systems) are modernized in a way that reflects the changing geographies of energy
production, distribution, and use.
The problem, however, is two-fold. Firstly, those tasked with resource and environmental
management tend to focus on elements of policy enactment – e.g., problem definition; reviewing
alternatives; building coalitions; and clarifying policy objectives – “without adequate attention being
paid to the difficulties of implementation” (Hessing et al., 2005: 236). In other words, the
distribution of effort and attention throughout the policymaking process, which is crudely visualized
below, tends to be ‘front loaded’. As some critics have observed, the specific area of energy
transition management is not unique in this regard (Wolsink, 2007; Shove & Walker, 2007; Stokes,
2013). Ontario’s RE transition policies are exemplary here; while the EGR and GEGEA have been
very effective at attracting investment through developer-biased policies that are focused primarily
on accelerating the deployment of chosen solutions, they were by design insensitive to the challenges
and limitations related to implementation especially in their original formulations (Calvert, 2009;
Stokes, 2013). This inbalance has created a series of problems including program over-subscription,
siting conflicts, distrust between developers, government, and citizens, waning investor confidence,
and questionable land and resource management activities. Secondly, literature on energy transition
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management currently conceives of geography as merely an ‘exogenous selection factor’ for
technology solutions (e.g., van den Bergh & Kemp, 2008) and often focuses only on the shift from
centralized to decentralized system designs. It is clear, however, that energy systems are not simply
connected to their physical, social, and technical surroundings; they are intricately entangled with and
folded / embedded into the interface of this complex web of spatial relations. So while energy
transition management is in large part a matter of connecting energy solutions to particular
geographical settings, this shallow conceptualization of the energy, space, society relationship does
not capture essential problems nor essential solutions in the transition toward a RE future.
Indeed, it is not enough to assume that a well articulated argument in support of RE along
appropriately chosen technologies will overcome challenges related to implementation. Moreover,
legislative, market, economic, and technological changes are necessary but by themselves insufficient
as a means of facilitating sustained RE uptake. Adapting political and organization frameworks
through which these efforts are channeled to the changing geographies of energy is also crucial. In
what follows, two structural (geo-institutional) adjustments are proposed as design principles toward
this end.
5.1 The scale of management.
Good governance requires that policy strategies, planning, and implementation are proportional
to the nature of that problem in terms of financial resources, man-power, temporal scale, and
geographical scale. The latter is the focus of this section. Traditional spaces of energy planning and
implementation are designed to manage conventional energy resources and are therefore not
sufficiently scaled to manage RE. Fossil and fissile energy systems operate at global scales and
dislocate production activities over long distances. Furthermore, the environmental impacts
associated with these energy resources extend well beyond their point of production, conversion and
use. As such, national and provincial/state level strategies are required in order to manage and
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monitor these long-distance flows of resources along with the geo-political implications that come
with such economic integration. In stark contrast, RE systems were shown to operate at much
smaller geographic scales so that optimal service areas and trade in energy resources are localized
And due to the strong dependencies between technology and regional / local geographies, there is
no global or national solution where RE is concerned technically or politically. As such, the
administrative and the political requisite of scale in RE policy and planning is missing because the
scale at which energy is predominantly organized and managed (national or state level) does not
match the scale at which RE systems operate (regional or local level);18 a problem known as poor
‘institutional fit’ (see Cash & Moser, 2000) which manifests itself as tension and disengagement
between national-level RE targets and local-level capacity and willingness to accept RE development
(Elder, 1984; Schenk et al., 2007; O’Brien and Hope, 2010; Agustoni and Maretti, 2012).
In this context, there has been a recent trend among ‘first mover’ jurisdictions in the RE domain
toward decentralizing energy management units; a strategy which many observers attribute to more
successful RE procurement programs (Mez, 2009; Droege, 2009; see also Gipe, 2013). Underlying
this trend is the governance principle of subsidiarity, which states that policy implementation is most
effective when political power and responsibility are devolved to the lowest order of government
capable of managing a given program and where the social and environmental impacts of a given
policy program are most severe. Through decentralized forms of management, top-down directives
can be implemented in a way that considers (a) the highly differentiated terrain that impacts
limitations and opportunities to energy recovery as well as (b) ‘community appropriate’ procedural
justice including the ways in which attachments to place are recognized and local voices and value
systems are heard (see Anderson, 2013; Hall et al., 2013). Furthermore, in order to achieve RE
technology diffusion local governments must support entrepreneurs within the community who are

18

By ‘scale’ I mean spatial extent.
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determined to prove that RE systems work and in turn provide a nucleus for broader community
acceptance and support (Pursley &Wiseman, 2011; Fast and McLeman, 2012).
It is important to recognize that in most cases municipalities will have a difficult time identifying
large tracts of available land or energy resources of sufficient spatial density to satisfy their own
energy demands (see Yappa, 2012). This helps to explain why the notion of ‘energy regions’ and the
active regionalization of RE planning and authority are beginning to shape state spatial strategies in
the energy policy domain (Smith, 2007; Droege, 2009; Späth & Rohracher, 2010; Loorbach &
Rotmans, 2010). This new regionalized (i.e., supra- or inter-municipal) political landscape is an effort
to “translate broader and rather abstract visions of [global or national] sustainable energy futures into
more concrete agendas reflecting the specific requirements and opportunities of a particular regional
context” (Späth & Rohracher, 2010: 456); and to bring some ‘synchronicity’ and solidarity to national
energy planning through network building and knowledge transfer between various levels of
government and business (Smith, 2007). A region, unlike a single municipality, is generally large
enough in area to provide sufficient carrying capacity and thereby achieve high production capacity,
including some of the co-located and geographically dispersed options discussed above, yet small
enough to facilitate a sense of local energy citizenship and coordinated planning. Moreover, studies
indicate that the environmental impacts of RE development cannot be properly assessed on a caseby-case basis; rather, their spatial distribution and collective impact at a regional scale must be
considered (Schaub, 2012; Schmidt et al., 2012). Allowing regional governments and planners to be
responsible for deliverables on the RE file will help to consider this collective impact in policy design
and policy evaluation, while at the same time consider local and regional comparative advantages and
facilitate local citizen involvement in RE projects. Furthermore, RE is the largest new influx of
revenue and infrastructure into municipal systems while the primary motivation to establish a
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regional administrative unit is to coordinate infrastructural and economic development between
sprawling municipalities (Higgins, 1986). In this sense, the regional scale ‘fits’.
The problem, however, is that it is still not obvious how regional boundaries should be drawn for
the purpose of RE planning and policy implementation. The natural systems from which RE is
procured and the socio-technical systems through which energy is distributed and consumed are
open and operate at multiple spatial scales. Indeed, while RE development and implementation is
often claimed to be ‘home grown’ it is in many ways entangled with, and driven by, ‘external’
political-economic relations through real links (e.g., commodity markets) and discursive framings
(e.g., geo-politics) (Calvert, 2009). ‘Region’ is inherently a vague term with no pre-defined
boundaries and often lacks an existing territorial basis, thus leading to questions of its ontological
status and suitability as a geographical concept upon which to structure resource management
schemes (Morgan, 2004). Some critics have noted that ‘region’ has been used more as a geographic
rhetorical device to appeal to policymakers for the sake of creating a ‘spatial policy niche’ (i.e., a
preferred area for policy intervention) than as a robust planning tool (Gatrell & Fintor, 1998), while
others have noted that socially or ecologically desired outcomes are not inherent to decentralized
resource management (Brown and Purcell, 2005; Larson and Soto, 2008). Local and regional
authorities often lack the resources necessary to perform strategic functions and to coordinate
activities with higher levels of government (Bale et al., 2012). Even where these resources exist, an
appropriate degree of autonomy from higher levels of government to carry out such functions is
required in order to ensure that the establishment of a new regional authority will not shroud or
increase regulatory risk. So while it is apparent that the delineation of ‘energy regions’ leads to more
effective RE transition management, questions remain about how (if) to redistribute political
authority given existing territorial rights and service area delineation; how to reconcile the functional
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and territorial scales of RE; or to what extent existing regional administrative units, delineated
independently of concerns related to RE development, are valid for RE management.
The other glaring issue is the risk of introverted and disconnected (or ‘balkanization’ of) energy
planning within a jurisdiction. This would be counterproductive for three reasons: 1) as local
resources are developed energy distribution systems may need to expand into neighbouring regions
in order to access land and resources; 2) as the share of intermittent resources on the electricity grid
increases, coordinated inter-regional flows of power will need to occur to achieve load balancing
(Fischlein et al., 2013); and 3) it is difficult to facilitate and maintain market development if rules are
disparate and conflicting over small geographic areas. In other words, intelligent and sustainable
development of RE resources will require coordination between regions. This can be achieved
through ‘boundary organizations’ which are socio-political institutions designed to bring together
stakeholders from various regions to plan system expansion and to discuss ways to allocate those
costs (Cash and Moser, 2000). In other words, these boundary institutions would coordinate interregional energy planning in the same way regional bodies would coordinate inter-municipal energy
planning. Furthermore, some guidance and structure must be provided at higher levels of
government in order to bring some consistency to regional planning and therefore clarity and
predicatability to developer constraints.
5.2 Spatial (land-energy) planning.
The spatial organization of built infrastructure strongly influences the scale and spatio-temporal
pattern of energy consumption within cities and communities (Marique et al., 2013; see also
Beddington, 2008). It is with this in mind that community energy planning (CEP) has traditionally
been practiced by designing and implementing land-use plans with the aim to increase energy
efficiency and decrease energy consumption (Beaumont and Keys, 1982; Owens, 1986; Anderson et
al., 1996). This emphasis has emerged through the need to reduce energy imports into a given city,
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and to limit urban emissions through fossil fuel combustion. In the context of RE development,
however, cities and regions are no longer passive centers of demand as they become active in RE
supply; i.e., the lines between spaces of consumption and spaces of production are blurred. As such,
CEP must also engage land-use planning from the perspective of energy production. On one hand,
land is the primary input into RE production so that overall production capacity and the shape of
supply-cost curves are dependent on the quantity and quality of land suitable or permissible for RE
recovery activities. On the other hand, siting of RE projects is a primary source of social conflict
while appropriate siting can help to mitigate social friction.
In other words, preparedness of communities and regions to accommodate rapid yet sustainable
RE resource development requires coordinated land-energy planning (see also Stoeglehner et al.,
2011; Wächter, 2012). Good governance of land-use in relation to RE development and
implementation can be conceived as the sum of five parts: 1) a search for land and resources with the
potential to achieve low production costs and high productivity as well as for 2) preferred and
restricted areas for energy infrastructure development and RE system deployment (see also Nadaï &
Labussière, 2009; Cowell, 2010); 3) geographically discriminate RE procurement mechanisms that
target RE development toward preferred areas; 4) clearly defined ‘land-energy rules’ including
zoning and resource access laws that anticipate and mediate conflicts related to the fugitive and landintensive nature of RE (see also Pursley & Wiseman, 2010); and 5) stronger preference for RE
systems that limit energy sprawl and infrastructural requirements while increasing base-load RE
capacity (e.g., co-located hybrid energy systems). Land-energy planning is therefore a form of siteprospecting that seeks to balance market facilitation, local distributive justice, and energy system
operational planning. Of course, these planning principles will be executed differently within unique
regional / urban-rural contexts (see Stoeglehner at al., 2011).
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Land-use planning related to RE production is a growing, but so far insignificant, component of
local energy planning (Tozer, 2013). Where it does occur, there are fundamental inadequacies that
need to be addressed. Firstly, “although the identification of preferred areas sounds like a positive
process, in reality they are mostly identified through negative reasoning based on ruling out areas that
are deemed unsuitable because of nature conservation, amenities and other planning priorities” (van
der Horst & Vermeylen, 2010: 73). In addition to these simple searches for low-conflict locations,
more positive reasoning is required; if an investment will bring RE into the system at one location
but will achieve this goal while also engaging an ancillary technical, environmental or a social concern
at another location–for example helping to alleviate fuel poverty or electricity system congestion–the
procurement mechanism should favour the latter. In this way, localized benefits can be engaged and
articulated thereby closing the ‘social gap’ between global level support for RE but local level conflict
over its impacts (see Hall et al., 2013). Secondly, RE spatial plans are usually established at the
national level where the tendency is to favour qualities measurable ‘at a distance’; for example only
regulating development on land which has some national or provincial significance, to say nothing of
any regional or local significance (Cowell, 2010; Wolsink, 2010). Alternatively, local or regional level
actors can design spatial plans that work to exploit uniquely local comparative advantages and that
are sensitive to local, contextual conditions and landscape preferences and which consider plans for
residential and commercial developments (see van den Dobbelsteen et al., 2013). Expanding the
mandate of local energy officers beyond their current focus on conservation to include planning for
energy recovery is a potentially useful institutional adjustment here. Thirdly, spatial planning is often
highly reactive to political fall-out from policy decisions. As van der Horst (2007) points out, this is
all too common: spatial plans that define preferred areas for development, when established at all,
often favour narrow administrative concerns and are only loosely based on rigorous spatial analysis.
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6. Conclusion
Policy interventions aimed at accelerating the implementation of RE production are socially
desirable and ecologically sustainable. In reality, however, the implementation of RE systems is not
socially or environmentally benign. This paper has shown that, due to centuries of increasingly
intensifying use of fossil energy resources and intractable material differences between renewable and
non-renewable energy resources, the transition toward RE will require fundamental re-configurations
to, and re-conceptualizations of, prevailing socio-technical and socio-natural spatial relations.
Most importantly, RE systems re-introduce the friction of distance into energy systems. This
means that policy support for RE necessarily creates a new and unfamiliar local land-based economy
and landscape aesthetic. In many cases activities related to RE production clash with existing
landscape functions (e.g., economic or cultural services) and their social / cultural meaning (e.g.,
national identities or attachments to place). This increased social interaction with energy
infrastructure drives the formation of new social networks within and beyond official government
spheres. The re-localization of energy systems also increases the difficulty of system siting on a perMW basis due to the difficulties of resource concentration which requires more siting decisions to be
made; higher local operational footprints; local land suitability and land-use constraints; and local
distributive justice issues including those related to the fugitive nature of the resource.
To be sure, these challenges and impacts are manageable and preferable when compared to those
related to fossil energy production and consumption. There is every reason to believe that we will
‘learn to love’ a RE landscape (see Selman, 2010), for instance, and the land-use issue can be resolved
through technological innovations that reduce the operational footprint of RE systems.
Nonetheless, it is unwise and irresponsible to proceed with RE implementation without some
framework in place that attempts to manage the impacts of intensive development of RE resources.
Grappling with these challenges means rethinking the existing governance structures through which
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transition management is executed since they have co-evolved to manage fossil energy development
and maintain its spatial legacy; i.e., where energy transitions are concerned, institutional innovations
must co-evolve with technological and market innovation. Toward this end, this paper has identified
two institutional adjustments that form part of a broader spatial strategy: devolve RE planning and
policy implementation to the regional (sub-national) level in order to resolve prevailing scalar
mismatches between RE management and implementation / operation; and integrate land-use and
energy (or land-energy) planning in order to facilitate sustainable development of local land and RE
resources and to help link investor and public interests. The former will of course require the codevelopment of boundary organizations to coordinate planning across regions and to resolve issues
surrounding the uneven distribution of costs and benefits associated with inter-regional system
expansion. The latter can be achieved by expanding the mandate of municipal energy officers or
creating a renewable energy facilitation office at the regional level. Overall, it is clear that the
transition toward RE will be best managed as a spatial strategy through the careful coordination of
energy policy, technology implementation, and regional geography.
The capacity of government to bring these institutional adjustments to bear on the transition
toward RE relies on the sustained application of geographical thought and practice to energy studies.
A number of areas which require immediate scholarly attention are apparent. These include
theorizing ‘region’ for energy sustainability and thinking through the delineation of regional borders
for energy governance; ways to integrate energy recovery into urban / regional planning; detailed
analysis of the (missing) links between RE development and property rights; and the integration of
concepts and techniques from various sub-fields of geography with the aim to construct
jurisdictionally relevant technology road-maps that guide RE development. The remainder of this
thesis focuses its attention mostly on the latter objective.
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Chapter 4
Toward renewable energy geo-information
infrastructures: Applications of GISystems and remote
sensing that build institutional capacity

Abstract
This chapter provides a systematic review of how geographic information systems and remote sensing
techniques have been applied to reduce uncertainties surrounding renewable energy development and
implementation, with emphasis on policy and planning needs. The concept of a ‘geo-information
infrastructure’ is used to bring coherence and direction to this growing body of literature. The review
highlights four underdeveloped research areas, including: (1) resolving issues of scalar discordance through
comprehensive analysis at local and regional scales; (2) mapping interactions in space of multiple supply
options to deliver more accurate and sophisticated estimates of RE potential in an area and to identify
competitive and symbiotic land-use situations; (3) using energy resource maps as primary inputs into the
development of technology road-maps; and (4) developing geographically explicit indicators which can signal
priority areas for RE recovery based on social and environmental returns on investments. In each case,
suggestions moving forward are provided.
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1. Introduction
Institutional capacity is defined as the ability of government to allocate public resources,
organize institutional structures, and mobilize key stakeholders in order to realize stated policy
objectives within acceptable social, economic and environmental limits (see also Wolsink, 2000;
Burkard and Doern, 2009). The ability of government to bring institutional capacity to bear on the
transition to a RE future hinges on the quality of base-line information related to resource
availability; technical capacity to recover energy from RE resources; and the risks associated with
achieving stated policy objectives. Currently, there is a lack of certainty and clarity at relevant
political scales about the extent to which RE resources can be procured sustainably at a scale and
intensity that matches conventional patterns of energy use, and of the capacity of existing technical,
institutional, and ecological systems to accommodate new infrastructure and resource management
practices and deliver new services (Painuly, 2001; Berndes, 2003; Negro et al., 2012). Compounding
these uncertainties is the fact that a ‘silver bullet’ RE solution does not exist which means that
governments must consider and incorporate an unprecedented range of resource and technology
options in policy directives and energy planning (Arvizu et al., 2012).
The application of geographical thought and practice is integral to developing the baseline
information that is requisite to simplifying the solution space within particular geographical areas.
Inspired by the work of Ryerson and Aronoff (2010), this chapter argues for the development of a
renewable energy ‘geo-information infrastructure’ which is an information management model that
relies heavily on the use of GISystems and remote sensing techniques in order to acquire, query,
analyze and visualize spatial data related to RE availability, production, distribution, and use. Such an
infrastructure requires three primary components: 1) a data domain which includes input functions
related to data acquisition procedures, data storage within a flexible and interoperable geodatabase,
and data pre-processing techniques to ensure that data are structured to meet end-user needs; 2) an
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analysis domain which includes concepts and techniques from GIScience and remote sensing that can
synthesize and process these datasets in order to derive relevant information; and 3) a communication
domain which includes output functions related to all derived geographic information products.
Figure 4.1 illustrates how this information management model can be leveraged for decision support
to expand institutional capacity in the energy policy domain through data sharing, knowledge
generation, knowledge transfer, and collaboration with various stakeholders.
In fact, a RE geo-information infrastructure is already taking shape in some jurisdictions. In the
US, the National Renewable Energy Laboratory (NREL) and the Oak Ridge National Laboratory
(ORNL) are highly active in the development of energy maps and other tools for the spatial analysis
of RE potential and development. Canada’s
Federal Ministry of Natural Resources (NRCan)
has published online energy maps for solar and
wind resources, while Agriculture and Agri-Food
Canada has released the Biomass Inventory
Mapping and Analysis Tool (BiMAT). Canada’s
federal government also sponsored the
development of RETScreen, a freely available
Figure 4.1: Communication links between key
stakeholders made possible through a RE geo-information
infrastructure

system-analysis software that draws from a wealth
of underlying spatial data to determine primary

inputs while providing decision-support for a prospective developer and investor at the prefeasibility level. CIEMAT, an energy and environmental research group based in Spain, has
developed a stand-alone RE spatial analysis system called IntiGIS which is currently used as a
primary decision-support tool in a number of Latin American countries seeking to develop
sustainable energy policies (Dominguez et al., 2008).
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With all of this in mind, the objectives of this chapter are two-fold. Firstly, the concepts and
techniques that are currently used to generate geo-information related to RE potential and
deployment are assessed. The focus here is on issues related to policy and planning including
resource inventories; site assessments and the generation of spatially explicit supply-cost curves; and
spatial planning of RE infrastructure. Secondly, the paper identifies ways in which existing research
techniques can be leveraged, improved, and unified to maximize the ability of geo-information
infrastructures to increase institutional capacity in the RE domain. Four general underdeveloped
research areas are identified here: resolving issues of scalar discordance by selecting a scale of analysis
conducive to effective resource inventorying, monitoring, and knowledge transfer; mapping
interactions in space of multiple supply options to deliver more accurate and sophisticated estimates
of RE potential in an area and to identify competitive and symbiotic land-use situations; using energy
maps as primary inputs into the development of technology road-maps; and developing
geographically explicit indicators which can signal priority areas for RE recovery and therefore
suggest a pattern of development that more closely approximates an optimal situation in accordance
with broader policy objectives. The paper concludes by discussing knowledge-based institutional
networking as a pathway through which public authorities can be equipped with the resources
necessary to build and mobilize a domestic geo-information infrastructure.
2. Progress in RE mapping
Conventionally, RE mapping exercises have been focused on site-suitability through a top-down
approach to locating and quantifying resource potential (Voivontas et al., 1998; Dominguez et al.,
2007). Analytical frameworks begin by identifying the physical factors which determine the scale and
intensity of RE over the landscape – i.e., the ‘theoretical potential’ – and then include various social
and technical restrictions from which to distinguish resources that can be accessed and converted at
a reasonable cost to economic and ecological systems – i.e., the sustainable technical and economic
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potential. The review of progress in RE mapping conducted below is structured around this
hierarchical logic.
2.1 Resource inventories: modeling the geographic distribution of theoretical RE
Locating and estimating theoretical RE potential involves a search for physical expressions of a
reproductive surplus of useful energy. In other words, mapping theoretical potential is a resourceoriented task and is therefore often referred to as measuring the ‘physical limit’ (Gómez et al., 2010),
because this category considers only how geophysical properties dictate the scale and intensity at
which a given resource is able to ‘do work’. These aspects include solar irradiance; wind speed and
density; biomass density and distribution; range and rate of change of sub-surface temperature
gradients; wave frequency and structure; tidal ranges; and the structure of a hydrological ‘chokepoint’. The form, timing and intensity of RE stocks and flows are sensitive to site-specific variables
related to land cover, latitude, altitude, climate and terrain. Energy process modeling techniques
draw from fundamental research in geophysics and Earth science, and more specifically climatology,
meteorology, geomorphology, geology, and forestry, to relate these variables to theoretical energy
potential (Kaltschmidtt et al., 2007; Angelis-Dimakis et al., 2011; Mellino et al., in press).
Primary spatial data acquisition and modeling are critical to the inherent quality of the
information derived from these geophysical models in terms of accuracy and precision, and to the
ability of this information to meet the expectations of the user (Wing and Bettinger, 2008). Spatial
data are ideally structured to reflect the spatial qualities of the geographic features of interest
(Goodchild, 1992). The distributed, low-density, and often remote nature of many RE resources has
instigated a trend toward remotely sensed (RS) data and the use of raster data structures; what Wang
et al. (2009) qualify as a ‘new way of thinking’ about energy analyses (see also Herr and Dunlopp,
2011). For illustrative purposes specific examples of applications of RS to energy research for a
broad range of RE sources are listed in Table 4.1. Many of these methods do not measure RE
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potential directly. In some instances, RS techniques quantify measureable parameters such as tree
height or light reflection that are subsequently soft-linked to external (spreadsheet) software packages
to run a physical model, or are used as input layers into GIS-based physical modeling (e.g., the r.sun
package in GRASS). Alternatively, RS methods can measure phenomena that are spatially correlated
with a potential source option and therefore identify the existence of an energy resource rather than
quantitatively estimate a physical potential. The separate methods identified for geothermal
resources in Table 4.1 are exemplary of this distinction.
Table 4.1. Application of remote sensing methodologies to locate and estimate renewable energy potential
RE Resource Remote sensing methodology
Literature Source
Mapping thermal anomalies using thermal infrared
Pryde, 1977
wavebands available from LANDSAT 7 and ASTER satellite
Sen, 2004
systems.
Geothermal
Hyper-spectral image classification to identify minerals and
Pryde, 1977
vegetation stress associated with near-surface geothermal
Jones, 2009
venting.
Using false-color composites to map hydrological regimes.
These must be evaluated in the context of topographical
Defne et al., 2011
measurements to identify ‘choke points’ at which optimum
Hydro
Larentis et al., 2010
reservoir height and size can be achieved. Images are
Dudhania et al., 2006
classified to identify the surrounding land cover and land-use
types potentially affected by flooding patterns.
Review time series of satellite images to empirically measure
annual cloud cover to determine quantity of solar energy
Wang and Koch, 2010
reaching lower atmosphere.
Absorption of high energy electromagnetic wave bands
measured via high radiometric resolution sensors used to
Hammer et al., 2003
characterize earth-atmospheric reflectivity and detect levels of Janjai et al., 2011
atmospheric turbidity.
Solar
Object-oriented image recognition to determine available
Wiginton et al., 2010
rooftop area suitable for solar photovoltaic deployment in
Jo and Otanicar, 2011
urban landscapes.
LiDAR data classification used for highly accurate irradiation
mapping at the urban scale by modeling annual and monthly
Levinson et al., 2009
irradiation incident on building facades given shadowing and
reflectivity from nearby objects.
Scatterometers and synthetic aperture radar systems map offshore wind energy by measuring backscatter intensities from
Wind
Hasager et al., 2008
sea surface roughness as an indirect way of measuring wind
speed and direction.
Bioenergy analyses draw from established methods in forestry
and agricultural science to identify structural and floristic
Ahamed et al., 2011
characteristics which help estimate extractable volumes of
Biomass
Calvert, 2011
biomass and to identify the biochemical characteristics which
Shi et al., 2008
are relevant to biomass-to-bioenergy conversions (e.g., the
distinction between hardwood and softwood species).
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Although resource inventories are increasingly based on aerial or satellite RS tools, ground-based
measurements are still used extensively and are necessary for RS data validation and triangulation.
Agencies such as NASA and NREL continue to maintain a significant network of ground-based
measurement devices including radiometers / pyranometers and anemometers to measure solar
irradiance and wind speed respectively at specific sites (Angelis-Dimakis et al., 2011), while buoy
measurements remain the dominant source of data from which to derive wave energy potential
(Lenee-Bluhm et al., 2011; Arinaga and Chueng, 2012). In many cases national forest and
agricultural resource inventories are still derived primarily from a combination of ground surveying
and manual interpretation of air photos to gather information related to biomass resource supply
(Calvert, 2011). Nygaard et al. (2010) demonstrate how some of these ground-based datasets are
requisite to performing a rapid and more accurate assessment of theoretical energy potentials over a
wide area, even when RS data are available. Ground-based data often prove to be more precise and
comprehensive in the sense that a wider range of physical attributes can be measured simultaneously;
e.g., topographical and hydrographical characteristics that determine the power of falling water
including head-height and the volume and density of the water column (Yi et al., 2010); biomass
characteristics including moisture content and particle density that determine the viability of using
secondary biomass from industrial processing plants or livestock manure (Noon and Daly, 1996;
Batzias et al., 2005); and the depth and geological structure of geothermal wells (Noorollahi et al.,
2009). Each of these variables can be stored as fields in an attribute table within a vector dataset and
then related through a physical model to estimate energy densities at these sites. In contrast, the
raster data structure would require multiple raster layers and the use of raster algebra to store and
process the same information.

91

Chapter 4

2.2 Modeling constraints to RE resource accessibility
The real potential of RE is only a fraction of its theoretical potential. The process of estimating
actual RE potentials in a given area must therefore include an analysis of all limiting variables. Spatial
data overlay and map algebra techniques can be used to integrate these variables to yield a map which
identifies locations that have a combination of characteristics making them suitable for RE
development (e.g., Schneider et al., 2001; Belmonte et al., 2009; Janke, 2010; Van Hoesen and
Letendre, 2010; Sukumar et al., 2010). At the strategic level, these mapping techniques can be used
to establish fuel-mix quotas that consider limitations to RE recovery in the management area
(Dominguez et al., 2007). At the level of policy implementation or project pre-feasibility, these
methods can be used in the ‘site searching’ process to locate optimal sites for development (e.g., Dael
et al., 2012), and in fact if this information is made publicly available it could facilitate investment
decisions by drastically reducing the time required to search for an acceptable location for
development. Using a review of various sources Table 4.2 provides a list of relevant geospatial
variables which place limits on RE recovery and which influence site decisions related to RE
development. Following Carrion et al. (2008), these variables are categorized here as ‘restrictions’
and ‘impact factors’. The distinction within and between restrictions and impact factors is important
to consider, and there are a number of ways in which these variables can be used to derive geoinformation about resource accessibility.
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Table 4.2: Synthesis of spatial constraints on RE development. Compiled from various sources.
Restrictions
Criteria
Impact Factors
Hard
Soft
Slope
Land area
Aspect
Land cover type
Land cover type
Environmental
Seismic instability
Natural reserves
Latitude
/ Ecological
Extreme slope
Species habitat reserves
Climate
Extreme altitude
Altitude
Extreme climate
Soil type
Water depth
Distance to infrastructure
Proximity to water
Extreme distance to
(road, rail, wires, pipes)
Technical /
Proximity to airports
distribution infrastructure
Capacity and stability of
Economic
Land contiguity
Extreme distance to demand
infrastructure
Land value
Culturally sensitive areas
Land ownership
Social /
Set-back requirements
Population density
Political
Land use (zoning laws)
Distance to urban area

Restrictions are criteria that automatically eliminate a site as a potential supply point. Within this
category one can distinguish between ‘hard’ and ‘soft’ variables (see also Angelis-Dimakis et al., 2011)
to reflect the difference between locations where energy recovery cannot occur due to absolute limits
and locations where energy recovery should not occur due to prevailing institutional and infrastructural
conditions. In other words, ‘hard’ restrictions are for all intents and purposes fixed and indefinite
and therefore define the sites at which energy recovery is not physically or technically possible while
‘soft’ restrictions can be more readily overcome through technical innovation, infrastructural
development, or changes to legislation, land-use patterns, and cultural attitudes. The latter
distinguish sites at which energy recovery is politically unacceptable or technically cumbersome, but
not impossible. The analyst has some discretion in terms of whether or not to make soft restrictions
exclusive; the alternative is to adjust the relative influence of these variables to perform scenario
analyses or to run a sensitivity analysis based on forecasting political decisions (e.g., allowing RE
development on increasingly higher value agricultural land), social change (e.g., reducing wind
turbine setback distances from residential zones due to broader acceptance of their intrusion) or
technical development (e.g., expansion of the electricity grid, pipeline network or transport system).
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Ultimately, analysts should look to established land-use policies and regulations or seek input from
users and citizens within their study area to make determinations about how best to categorize and
incorporate a spatial restriction within the analytical framework.
In any case, restricted sites are often located and eliminated by way of simple geo-processing
techniques, including ‘buffering’, ‘clipping’, ‘masking’, ‘erasing’ or ‘reclassification’ (see Wing and
Bettinger (2008) for a discussion of these techniques in the context of resource management). An
important insight drawn from such analyses is that, commonly, constraints which restrict land
availability alone reduce the physical availability of land potentially devoted to energy production by
at least half (Zubaryeva et al., 2012; Dawson and Shlyter, 2012); the land that is remaining defines the
area’s RE ‘carrying capacity’ and ultimately the potential for RE production within an area (Carrion
et al., 2008).
In contrast to restrictions, impact factors are geographical attributes that structure the degree to
which a potential resource is technically and economically recoverable for energy end-use at a
particular site and eliminate a site as a potential supply point only if some threshold is reached.
Impact factors can be mapped in a number of ways. Most commonly, they are represented on an
ordinal scale with a value of 0 or ‘NoData’ indicating that a threshold (i.e., restriction) was reached
and therefore the site is not suitable at all, and the highest value on the scale indicating that the site is
ideal based on its specific characteristics. Terrain and topography expressed as slope offers a useful
example. A flat surface is more suitable for biomass extraction, wind turbine deployment, and
energy distribution infrastructure development while a slope nearing 20 or 30 degrees makes it
increasingly uneconomical or physically impossible to perform any of these tasks (Janke, 2010;
Sukumar et al., 2010; Panichelli and Gnansounou, 2008). Using data reclassification techniques,
measurements of slope can be inputted into mutually exclusive and collectively exhaustive bins of
successive measures of compatibility: e.g. with 0-3 degree slopes being most suitable and therefore
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reclassified as the highest suitability value; 28-30 degree slopes as being least suitable and therefore
reclassified as a value of 1; values in between divided amongst the remaining bins; and all values over
30 degrees reclassified as 0 or ‘NoData’. If all relevant input variables are reclassified accordingly,
map algebra can be used to develop a multi-criteria site suitability evaluation wherein the values are
summed and the highest output values indicate the most suitable locations within the area. Impact
factors can also be assigned varying weights in situations where one input variable holds greater
influence and can therefore compensate for other input variables, as in the analytical hierarchy
process and weighted sum analysis (e.g., Zubaryeva et al., 2012; Yi et al., 2010; Nobre et al., 2009;
Palmas et al., 2012). Given that impact factors and decision criteria rarely follow crisp boundaries
fuzzy quantifiers are also used in which case variables are represented as real numbers to a prespecified precision rather than as integers or whole numbers (Charabi and Gastli, 2011).
Using the techniques discussed above, energy maps classify locations by their degree of
suitability relative to some ‘ideal’ situation. There are two alternatives to these techniques. First,
impact factors may be equally valued via the Boolean operation ‘AND’, in which case all conditions
must hold for a site to be identified as ‘suitable’, or what Nguyen and Pearce (2010) call ‘candidate
sites’. In this case every location is classified as either suitable or not rather than falling within a
gradient of suitability. Second, map overlay and algebra techniques can be used to derive quantitative
rather than qualitative conclusions about resource accessibility based on specific cost and supply
parameters. Impact factors must first be re-classified using an economic function (e.g., $/km from
distribution infrastructure to account for connection costs) or a physical function (e.g., a fraction of
biomass recovery from an agricultural field per degree slope to consider soil erosion) depending on
the specific factor and resource involved, rather than on a gradient from ‘worst’ to ‘best’ or into
binary format as ‘suitable’ or ‘unsuitable’, as is the case above. This form of arithmetic reclassification is essential to the development of geographically explicit supply-cost curves, as in
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Izquierdo et al. (2010) and van der Hilst and Faaij (2012). Depending on the precision of the spatial
data, these methods are also essential to project-level analyses. In Richardson et al. (2011), the
impacts of uncertainty in specific parameters are considered through varying upper and lower bound
multipliers which are more or less extreme depending on the level of certainty associated with the
cost estimate.
In most of the cases discussed above, the assumption has been that the location of the RE
source is also the location where electricity or heat will be generated. Bioenergy is unique in this
respect, given that biomass is a stock of RE that can be transported in its raw form so that aspects of
bioenergy production are distributed throughout space rather than concentrated at the site of
resource occurrence. This adds the element of feedstock transportation into the analysis. In most
cases, transportation costs are the primary constraint for bioenergy development in an area thusly
presenting a constrained-optimization problem solvable through location-allocation modeling (Noon
and Daly, 1996; Perpina et al., 2009). If high quality transport infrastructure data are available in
vector format, factors related to transportation costs are included into the analysis through network
analysis with further restrictions related to speed and hauling capacity coded as attributes that
influence the movement of material across the landscape (Bai et al., 2011; Richardson et al., 2011;
van der Hilst and Faaij, 2012). If, on the other hand, road infrastructure data are unavailable or if
transportation infrastructure has yet to be developed (e.g., logging roads), a winding coefficient or
tortuosity factor can be applied to convert straight-line distance into real driving distances (Yagi and
Nakata, 2011).
A common mistake with employing many of the constraint-based analyses discussed above is a
narrow pre-occupation with site-suitability and a lack of consideration toward the ‘hidden costs’
associated with RE development. In fact, the capacity of an area to support RE development is not
only determined by land area and site suitability, nor is a resource exploited simply as a function of
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its existence or economic merits. Chief among the hidden costs and limitations on development
within an area are geotechnical variables related to the technical absorptive capacity of proximal
infrastructure, defined here as the ability of local infrastructure and demand structures to
accommodate new capacity or system expansion, ideally with minimal overhead and minimal impacts
on current system functions. In the electricity sector specifically, the most important variable is the
state of local distribution infrastructure with respect to capacity on the grid and the ability to
accommodate voltage contingencies associated with intermittent resources such as solar and wind
(Sukumar et al., 2010). Site-specific data on access points into distribution infrastructure are best
classified as soft-restrictions since any restrictions can be overcome through investments into system
upgrades. System-level restrictions are often difficult to assess with a high degree of certainty,
however. In many cases spatial data on the status of a distribution network is proprietary due to
security issues or is buried in an administrative and bureaucratic matrix and can therefore be difficult
to access. Another important geo-technical variable is the sustainable water yield of an area Berndes
(2003). Water availability needs to be included as a hard restriction to the development where waterintensive bioenergy systems (e.g., to generate steam in the case of heat and electricity or to facilitate
hydrolysis in the case of biofuel production) are being considered. These ‘hidden costs’ are crucial to
distinguishing areas that are technically feasible for RE development from areas that are actually
likely to be developed; a distinction that can decrease land area by as much as 95-99 per cent (see
Schlyter and Dawson, 2012).
2.3 Bringing local knowledge to geo-information infrastructures
The political absorptive capacity of an area is shaped by local sentiments toward infrastructure
expansion or facility siting that may stall or prevent the development of an otherwise economical
resource. While detailed mapping can eliminate all locations unsuitable because of physical,
technical, and economic constraints, there is no universal process for defining the impacts of these
97

Chapter 4

preferences on RE potential and infrastructural development (Smil, 2010), although as noted above it
is standard practice to immediately restrict development on ecologically or culturally sensitive
landscapes to avoid obvious conflict. Some analysts utilize ‘viewshed’, ‘population density’, or
‘distance to population centers’ as indirect metrics for assessing amenity impacts and the likelihood
of local resistance to the development of a particular site (Molina-Ruiz et al., 2011; Möller, 2011).
Van Hoesen and Letendre (2010), however, argue that direct community input is the only way to
enhance our understanding of these local restrictions on system deployment and therefore resource
use.
Incorporating participatory mapping exercises into the RE deployment process is a useful
method to identify socially optimal patterns of investment and to guide spatial planning of system
deployment (Higgs et al., 2008; Ahamed et al., 2009; Simao et al., 2009; Berry et al., 2011).
Participatory techniques can be distinguished based on whether they are used as part of the creative
process in energy mapping and spatial planning, or used as the basis of feedback on existing plans.
Citizen survey techniques enable a broad range of stakeholder input in terms of the variables that
should be included and the weights that should be applied to specific siting variables that are
included in energy mapping efforts. Similarly, interactive web mapping applications or spatial
decision support systems offer the ability to allow individuals to drive the mapping process,
independently or as part of a group-mapping effort (Gorsevski et al., 2013). Rojanamon et al. (2009)
employ a questionnaire survey and focus group discussions to perform a social impact study after the
most feasible sites for RE development in their study area were located through expert analysis. In
fact, through social surveying techniques Bruinsma and Vreeker (2008) found that the ‘most suitable’
location based on an expert techno-economic analysis was perceived by the general public and other
stakeholders to be a ‘moderately suitable’ location.
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2.4 Summary
Geographic information technologies have been used to answer questions at three levels of RE
decision-support: the strategic level through the establishment of realistic fuel-mix directives as
supported by geo-information of technical energy potentials or an area’s ‘carrying capacity’; the
tactical level via planning and implementation of public procurement programs as supported by sitesuitability analysis including aspects related to the technical and political absorptive capacity of an
area; and the operational level via specific project development as supported by geographically
explicit supply-cost curves and more detailed analyses of site-suitability through high precision data
which consider the ‘hidden costs’ related to RE development. Ultimately, the form, precision, and
scale of the analytical framework are dependent on the intended end-use of the information as well
as data availability. The following section highlights key research areas which need to be addressed
to maximize the practical value of mapping exercises within the RE policy and planning domain.
3. Directions in RE mapping: issues for policy and planning decision support
Better decisions can be made through better mapping. Although the previous section
highlighted some key areas that have been engaged through the integration of GISystems and RS
into energy studies, a number of deficiencies still need to be addressed at the strategic and tactical
level. This section focuses on four of the most pressing issues: 1) issues of scale discordance that
embed uncertainty into baseline data and prohibit communication of information to a relevant
audience; 2) insufficient attention to the implications of the spatially coincident nature of RE
resources; 3) a lack of ‘pre-screening’ metrics that consider issues related to land uptake; and 4)
failure to suggest optimal spatial patterns of development based on opportunity investments within
the management area. In what follows we identify key geospatial concepts and techniques that can
help address these gaps.
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3.1 Selecting appropriate scales for data collection, analysis and communication
The first step in the energy mapping process and in the development of a geo-information
infrastructure more generally is the identification and delineation of the area of interest. This step
requires careful consideration because, generally speaking, the way in which space is partitioned for
analytical purposes has an impact on the outcome and the usefulness of the analysis. Certain areas
may be favoured due to a high concentration of resources simply as a function of the way in which
data are aggregated (‘aggregation effects’; see also Herr and Dunlopp, 2011), while limiting the
analysis to a specific area may not fully appreciate the potential contribution of resources that lie
immediately beyond study boundaries (‘boundary effects’). The problem of identifying the correct
study area, including the spatial extent, minimum mapping units, means of spatial data aggregation,
and location of analytical boundaries, is known in the geographic literature as the modifiable areal
unit problem (MAUP) (Dark and Bram, 2007). The MAUP is a persistent problem, meaning that it
cannot be fully resolved, only mitigated. Furthermore, an ‘optimal’ scale of analysis is contextspecific and generally a function of study limitations related to funding, data availability, and
established institutional practices and configurations. Recognizing these limitations, this section
attempts to identify the factors which need to be considered when selecting the unit of analysis and
delineating analytical boundaries for a mapping exercise aimed at energy policy and planning decision
support. These factors include the scale of RE operation and the scale at which RE systems are best
organized and managed.
As noted in Chapter 3, renewable energy systems are site specific and regionally confined,
meaning that supply chains are either concentrated at the site of resource occurrence or are highly
localized. With the exception of small quantities of bioenergy, RE resources are not globally traded
and it is unlikely that a given area will be able to rely to any significant degree on the RE resources of
a distant area. In other words, RE systems operate predominantly at local scales. The scope of the
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analysis must be structured accordingly. Large-scale analyses increase the minimum mapping unit
and therefore rely on the use of aggregated data whereby average values are privileged over spatial
distributions. This fails to fully appreciate the geographic nuances that structure RE resource
availability and system performance. Indeed, spatial resolution of data inputs is the primary limiting
factor to the accuracy of geospatial analysis of RE potential (Biberacher et al., 2008; Van Hoesen and
Letendre, 2010) which helps to explain the fact that estimates of RE potentials at the global scale
vary by one or two orders of magnitude due largely to uncertainties related to local geographical
nuance (Berndes et al., 2003; Moriarty and Honnery, 2011; Trainer, 2012). Even national-level
assessments, for example those coming out of the US, can yield entirely competing views about the
extent to which RE can satisfy national demand (Sobin, 2007; Bryce, 2010). While perhaps useful for
developing global consciousness and healthy debate, and for encouraging national level governments
to begin to inject money and political will into the RE sector, this variance is entirely unacceptable at
the level of policy development and implementation. The uncertainty embedded in coarse resolution
data and large scale analyses is clearly an insufficient baseline upon which to develop informed
discussion, let alone the inventorying and monitoring programs that are vital to successful RE
procurement programs. Smaller scale analyses, on the other hand, are able to limit the assumptions
required in order to derive reliable conclusions.
Energy production and consumption is inherently territorial. The unit of analysis must
therefore reflect the scale at which potential energy resources are politically managed, so that the
results are communicated to an audience who is willing and able to incorporate the findings into
active policy or into concrete investment. With this in mind it is important to recognize that
management does not always occur at the national scale. In fact, to more closely align the scale at
which RE operates with the scale at which they are managed, nations have begun to decentralize
authority over RE supply and planning decisions (Smith, 2007; Mendonça et al., 2009; Droege, 2009;
101

Chapter 4

St. Denis and Parker, 2009; Cowell, 2010; McIntyre et al., 2011; Pursley and Wiseman, 2011). Locallevel jurisdictions clearly want a greater sense of autonomy in energy planning and in many countries,
Canada especially, there is a growing number of ‘community energy plans’ being developed at the
municipal level (St. Denis and Parker, 2009; McIntyre et al., 2011; see also Gipe, 2013).
Information management must respond to these trends in energy production and energy
governance: just as RE technical operations and political authority have decentralized, so too must
RE analyses. A review of literature, however, reveals a problem with scalar discordance: i.e., the
scale of analysis is not reflecting the (optimal) scale of management. Mapping exercises continue to
privilege the global, international, or national level (e.g., Sørensen and Meibom, 1999; Hoogwijk et
al., 2004; De Vries et al., 2007; Biberacher et al., 2008; Jacobson and Delucchi, 2012; Muth et al.,
2013) and researchers have cited a noticeable absence of studies which employ integrated analyses at
regional scales thereby failing to connect local energy analyses and planning to national or global
energy analyses and planning (Schenk et al., 2007; Hiremath et al., 2007; Angelis-Dimakis et al.,
2011). This is problematic for the institutional capacity of RE governance regimes, since scalar
discordance in knowledge resources and a lack of multi-scalar knowledge transfer are among the
primary barriers to effective governance (Cash and Moser, 2000).
Organizing and managing an efficient energy system which incorporates RE is a matter of
understanding the interconnections between available resources, existing infrastructure and land-use
patterns, consumer demand profiles, and constituent preferences for energy futures that both
constrain and enable the recovery of energy from particular resources within specific geographic
areas and at particular sites. While community or municipal level analyses engage these issues at a
very high resolution, in almost all cases a city cannot be energy self-sufficient based on resources
derived from within city boundaries; all urban areas will have a supply-shed that is proportional to
the energy demand of that city and since energy consumption is far more concentrated than energy
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demand this supply shed extends beyond the boundaries of the city (see Yappa, 2012). This supply
shed may overlap with that of an adjacent or proximal city, so that as carrying capacities are
constrained and land becomes scarcer, community energy plans will no longer be capable of
developing independently of each other. In other words, the most important issues surrounding the
integration of RE into existing energy landscapes are inherently ‘regional’ or ‘inter-municipal’
questions. To solve issues of scale discordance in RE mapping, it is therefore prudent to mobilize
geo-information resources at the regional scale. Adjacent regions can then be modeled as ‘sinks’ (net
consumers) or ‘sources’ (net producers) of energy.
The merits of regional-level energy mapping are well established in some aspects of the
literature. Analysts have demonstrated the adequacy of the regional scale as a practical unit of
analysis for renewable energy inventory and monitoring (Cormio et al., 2003; Cai et al., 2009; Arnette
and Zobel, 2011; Mabee and Mirck, 2011). Sarafidis et al. (1999) in particular demonstrate that, in
contrast to a centralized approach, a bottom-up regional approach can match potential supply
scenarios with a particular energy demand profile (see also Mabee and Mirck, 2011), while Lovett et
al. (2007) and Narodoslawsky and Stoeglehner (2010) demonstrate that issues related to land-use and
system integration can only be decided in a particular regional context. Terrados et al. (2007), Feder
(2004) and Ramachandra (2009) identify the region as an effective unit for energy resource and
system management given the ability of regional studies to synthesize broader technical and political
conditions into the analytical domain while respecting local nuance and absorptive capacity.
Furthermore, the regional concept is flexible and open and therefore lends itself well to multi-scalar
analyses and adaptive management.
The missing link in these studies, however, is in developing an approach through which to
delineate regional boundaries. In some jurisdictions, existing national or sub-national administrative
boundaries might suffice (e.g., the state or the district level in India as per George and Banerjee
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(2011) and Hiloidhari and Baruah (2011), respectively), but in others such as Canada where subnational (i.e., provincial) administrative areas can be very large, new regional bodies may need to be
delineated for analytical and management purposes (see OEB, 2011). Such approaches might
include using pre-existing political regional units such as regional development agencies (Smith,
2007); taking the major load center in an area and calculating its theoretical energy footprint (see
Narodoslawsky and Stoeglehner, 2010); or scaling the analysis to include only a single power system
or liquid fuel market.
Regardless of the specific approach taken, three basic principles that must be considered when
identifying regional boundaries for RE analytical purposes are identified here. Firstly, the unit of
analysis must be a politically contiguous (i.e., territorial) area in order to be sensitive to incumbent
levels of authority and responsibility, primarily those outlined in constitutions and which are
established political and social conventions. Secondly, size matters. Ideally, the unit of analysis
should be large enough to evaluate the potential for relevant economies of scale and base-load
capacity (particularly for biomass processing facilities which may require large areas of marginal
land), but also small enough to incorporate relatively high resolution data from which to evaluate
local comparative advantages in system design and resource availability. In other words, the scale of
analysis should not privilege RE development at either the centralized or the decentralized scale, but
it must recognize the land intensiveness and site-specificity of RE deployment. Thirdly, shape and
orientation are critical. It is important to capture a heterogeneous landscape from which multiple
resource options can be evaluated and integrated into an energy system, and to ensure that energy
flows are drawn from all directions to fully represent the supply-shed.
The issues which drive and constrain RE are ultimately cross-scalar, and some political levels are
best for steering, others for planning, and others for implementation. Furthermore, there are valid
reasons to operate at different analytical scales to consider the unique spatial qualities of specific
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source-system interactions. Zubaryeva et al. (2012) for example, use pre-defined ‘waste-management
zones’ to study the feasibility of deriving biogas from municipal sources of waste given the
established authority, information management schemes, and logistics that provide a strong
foundation upon which a biogas industry might flourish in these zones if it were supported by higher
level policy and planning toward that end. There are similar arguments to be made with respect to
other RE resources: e.g., a ‘watershed’ approach to hydro-energy assessment or an ‘urban’ approach
to solar energy assessment. Palmas et al. (2012) demonstrates how GISystems can be used at the
municipal level to locate new housing developments in optimal areas for micro-renewable energy
generation. None of these resources and technological options are sufficient on their own, however,
and a more flexible regional approach allows policy analysts to study how a mix of RE can be
integrated into the landscape and in turn the fuel mix. As an open and flexible concept with the
ability to link the global and the local, the regional concept is well suited for cross-scalar knowledge
transfer and therefore the coordination of energy planning at various political and administrative
levels.
3.2 Assessing spatial interactions between RE source options
No single RE source is available in sufficient concentrations to satisfy regional energy needs,
especially at costs that are acceptable to the current economic system (Droege, 2009; MacKay, 2009).
A sustainable fuel-mix will include a range of sources, all of which must be recovered from a limited
land base. Interaction of various RE technologies on the landscape is therefore a key factor in
defining the ‘net energy’ available from a given RE source and in defining trade-off scenarios
between different source options. Where feasible, an obvious solution is to combine RE options or
to combine energy and non-energy land-uses on the same land-base; what is referred to as
‘hybridization’ (Nema et al., 2009; Shafiullah et al., 2012) or ‘multi-purpose schemes’ (Hoare, 1979).
When these land-preserving and energy-maximizing tactics are not feasible, decisions must be made
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about which source options will be given priority. Currently, there is a lack of quantitative and
spatially explicit analysis which engages the issue of trade-off scenarios involving land-use conflict
and land footprints in specific regional contexts (de Vries et al., 2007; Seager et al., 2009; Wächter et
al., 2010), largely because RE simply has not reached a scale where these conflicts arise which makes
the issue largely hypothetical. The increasing rate of local RE deployment, however, will be a
significant source of future land-use conflicts, thus presenting an important technical and policy
problem to solve.
Recently, attempts have been made to model the spatial interactions between various RE source
options using GIS. The approach taken by Biberacher et al. (2008) begins from the premise that RE
potentials are not always additive and therefore land base is only available once. Working from this
logic, the authors map the spatial distribution of various RE resources and assume that existing land
cover at that site will be the selective driver for RE development. Dominguez et al. (2007) take a
similar approach; their method introduces siting rules early in the mapping process to ensure that
more than a single energy source option is not considered within the same land base. Alternatively,
and as mentioned above, in many cases RE systems do not necessarily require the exclusive use of
land, and in fact RE systems can be designed to extract multiple sources of energy from the same
land-base. A recent example of this synergistic logic can be found in Li et al. (2011) who identify
sites where solar and wind energy can be co-located to provide power at complementary intervals
(i.e., solar in the day, wind at night). This ensures that solar and wind power systems operate
collectively to maximize facility usage rates and thus the profitability of the overall system (see also
Reichling and Kulacki, 2008; Hoicka and Rowlands, 2011).
Given the opportunities to co-locate energy systems and thus diversify fuel-mixes while
rationing land-base, a given site can not be characterized only by the energy source most likely to be
liberated but must be described by the multiple energy sources that exist at that location (e.g., van
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den Dobbelsteen et al., 2013; Mellino et al., in press) and the relative potential of that location to
support various technological options. This is the difference between a binary (either / or) approach
and a fuzzy approach to mapping preferred energy resources and land allocations. To be relevant to
policy and planning, this logic must be spread over a broad area rather than performed on a case-bycase basis, and must include multiple source options. Exposing the geographic pattern of RE
complementarity at a policy-relevant scale will more closely approximate RE potentials per unit area;
elevate hybrid energy systems and multi-purpose land use schemes from the conceptual level to the
planning level; and enable the design of more cost-effective procurement programs. It will also
identify possible candidates for a zoning variance: i.e., locations at which municipal land use and land
development rules might need to be changed to allow shared land uses.
Mapping shared potentials will increase the relevance and power of geo-information in three
ways. First, it provides the basis to search for sites that can potentially support some of the hybrid
systems discussed above. Second, it helps to forecast the point at which land-use trade-offs are
inevitable. If the fuel-mix directive requires that solar energy provide a quantity of energy above that
which can be recovered from sites that can only support solar energy – i.e., south-facing rooftops
that are close enough to existing distribution infrastructure are saturated – solar energy infrastructure
will need to sprawl. Maps of ‘shared potential’ offer insight into where this sprawl will impact an
area’s capacity to recover energy from a different source option. Quantifying the aggregate potential
of multiple source options at specific locations also helps to identify areas of heat sources (excess
energy supply) and heat sinks (excess energy demand) which is useful for urban planning and nature
conservation efforts in the context of the policy goal to achieve a fully renewable energy system (van
den Dobbelsteen et al., 2013; Mellino et al., in press).

107

Chapter 4

3.3 Choosing among the options: geographical approaches
To choose appropriate subsidy structures or fuel mix quotas, and to invest appropriately in
research and development, policymakers and planners require some understanding of those RE
systems which are closer to market readiness, more competitive, and / or more appropriate for their
jurisdiction. This requires a jurisdictionally-relevant technology roadmap, defined as a fuel-mix
directive and a set of possible conversion technologies that are currently or potentially viable in a
management area given specific geographical opportunities and constraints. Currently, however, the
synthesis of spatially explicit resource assessments with in-depth evaluations of an area’s technical
and political absorptive capacity for a range of conversion options is lacking. In cases where multiple
resource or technology options are assessed, analysts presuppose the exploitation of resources (e.g.,
Ramachandra and Shruthi, 2007; Nygaard et al., 2010), are conservative on the technology side of the
mapping exercise (e.g., Dominguez et al., 2007; Yue and Wang, 2006), or use national or global
averages as inputs into detailed technology assessments. This precludes the development of
forward-looking and jurisdictionally-relevant technology roadmaps that consider the current and
future technological potential of RE generation within a specific area, and in turn makes it difficult to
design technologically discriminate and fiscally responsible procurement mechanisms. To achieve
this goal, a set of analytical techniques wherein various technological configurations can be evaluated
and compared under site-specific resource conditions is required.
Since at least the 1970s mathematical computer modelling has been among the preferred modes
of analysis for providing a base-line understanding of energy-economy-environment (E3)
interactions (Nakata, 2004; Solomon and Pasqualetti, 2004; Wei et al., 2006). Specifically, bottom-up
engineering models dissect an energy system into its respective operational stages: i.e., primary energy
availability, energy extraction processes, feedstock transportation regimes including storage if
necessary, capital expenses to build the facility, operation and maintenance costs, and
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decommissioning / replacement values. Using this approach, each component can be evaluated
separately, but when employing a systems approach they are pieced together using disaggregated data
to represent them as a network of stocks and flows of energy, material, cash, and various
combinations thereof to accurately model energy systems. There are a number of ‘off-the-shelf’
modeling programs currently employed to achieve this goal in the RE sphere (Connolly et al., 2010).
While there are many ways to classify these tools, a notable distinction is between those tools which
analyze specific projects (e.g., RETScreen International 4.0; the ASPEN models developed at NREL)
and those which are capable of modeling integrated power systems at either the system-level (e.g.,
HOMER) or at the national or regional fuel-mix level (e.g., NEMS). Coupling geo-spatial data with
these modeling packages delivers model outputs that better reflect the situation on the ground.
In order to compare and prioritize public investments into different conversion options, it is
important to derive theoretically and practically robust criteria from these E3 models. These are
known as ‘measures of merit’. Typically, economic measures such as net-present value (NPV) and
levelised energy costs (LEC) are privileged so that least-cost options can be chosen, thereby
minimizing the burden of publicly funded procurement programs on ratepayers and taxpayers. The
functional unit against which the costs of opposing options are calculated is generally the kilowatt
hour or gigajoule delivered. In other words, it is common to compare energy systems on a
$/MW(/MJ) basis.
Prioritizing public procurement decisions based on $/MW(/MJ) alone risks catalyzing suboptimal decisions about which systems should be privileged in policy design because it neglects three
crucial facts. Firstly, RE policy seeks to engage multiple economic, environmental, and social
objectives simultaneously. This is especially true in the context of the rhetoric and practice of
‘sustainable development’ and given the fact that energy policy necessarily operates at the crux of
other policy domains (industrial; economic; social; environmental). Non-monetary goals are not
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captured in an economic or financial metric alone, which helps to explain the trend identified by
Pohekar and Ramachandran (2004) toward multi-objective decision-support systems using multicriteria analyses (MCA) (see also Polatidis et al., 2006; Shen et al., 2010). Similarily, Terrados et al.
(2007) employ a SWOT approach, whereby relevant technologies for a jurisdiction are identified and
their strengths, weaknesses, opportunities, and threats (i.e., SWOT) are assessed based on economic,
social and environmental merits. Simao et al. (2009) and Ahamed et al. (2009) employ participatory
approaches that build upon expert analyses, such that local preferences are included in the decisionmaking process. Secondly, a $/MW(/MJ) metric fails to take seriously the fact that energy recovery
from RE resources is a very land-intensive process with considerable implications on local land-use
planning. The value of a RE system is not only a matter of the quantity and quality of energy it can
deliver at reasonable costs, but is also a matter of the efficiency with which it can ration its primary
input and that which fundamentally limits RE availability in an area: local land base (Narodoslawsky
and Stoeglehner, 2010; Larson, 2006). Indeed, decision-makers need to know the local land-use
implications of RE system deployment in their jurisdiction, and an area-based index such as
$/MW(/MJ)/ha will help to consider this in policy design, especially for utility-scale applications
which will have the greatest land footprint. This valuation will also shed a more favourable light on
hybrid energy systems given that they are most likely to return a high energy-to-land ratio and
thereby limit infrastructural footprints. Currently, however, issues of land uptake are insufficiently
addressed in geographical analyses of RE potential, although general ‘footprint accounting’ methods
are being developed for RE (Narodoslawsky and Stoeglehner, 2010; Dijkman and Benders, 2010;
Fthenakis and Kim, 2009) that can be applied in specific regional contexts using a combination of
spreadsheet analysis and GIS. The third shortcoming of a $/MJ(/MW) metric is that it focuses on
costs and impacts alone, and therefore does not capture the spatially-explicit collateral benefits that
can be derived from RE deployment and operation.
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3.4 Mapping value for RE: the ‘where to develop’ question
The “where to develop” question is one of the core problems for resource geography generally
(Mitchell, 1989) and, as described in Chapter 3, is increasingly becoming a problem for energy
planning more specifically (see also Malinchik, 2010). The review above indicates that geoinformation techniques are increasingly used to develop constraint-based map products and
geographical supply-cost curves from which the issue of site decisions or the order of resource
development can be engaged. As with all other resources, those RE resources that are concentrated
above some average with minimal restrictions on land use, and which are within close proximity to
demand centers or infrastructure, are typically preferred. The present focus on constraints, costs,
and density, however, is only capturing part of the story.
Patterns of investment are determined based on the perceived benefits of a resource option
relative to its alternatives. Generally speaking, RE provides a broad range of benefits that extend
beyond the delivery of energy, not the least of which is the development of a new high-technology
and manufacturing industry to support economic growth and reduced atmospheric pollution. It is
important to note, however, that many of these social and environmental returns on investment are
not inherent but are rather a function of where the system will be located (see also Wilbanks, 1982).
Furthermore, many of the strongest contributors to the corrosion of public support (e.g., landscape
amenity loss) can be mitigated simply through better spatial planning, especially when planning is
done in consultation with local citizens.
Geospatial analysis can be employed to identify ‘opportunity’ investments; i.e., investments
which will minimize public burden and maximize collateral benefits, all while achieving a desired
NPV or LEC and therefore ensuring investor confidence; what we refer to as ‘locational value’. The
concept of ‘locational value’ can be used to provide a working basis from which a strategic search for
acceptable and effective locations for public investment and system development might proceed,
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thereby facilitating a local planning approach that considers broader issues related to energy
investments. These broader issues include long-term system planning (i.e., the ‘techno-economic’
dimension of value); ecological integrity (i.e., the ‘environmental’ dimension of value); and social
development (i.e., the ‘social’ dimension of value). Each of these dimensions of value, what are
collectively referred to as the ‘triple bottom line’, are considered below in Table 4.3. The equal
consideration of these technical and social issues in the searching and spatial planning process will
help to bring greater symmetry to analytical and policy frameworks.
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Table 4.3: The conceptual and analytical dimensions of ‘locational value’
Value category
Type of collateral benefit
Spatial signal of potential benefit

Congestion management

Locational price of electricity

Efficient use of distribution
network or system upgrading

Distance to infrastructure with available capacity; age
of existing generating units

Greenhouse gas alleviation or
‘capacity credit’

Reliance of an area (community, region) on heavy oil,
low-grade coal, or other high-emitting sources

Ecological impact

Extent of local unproductive land and land that is not
ecologically or culturally sensitive; minimal land useconflicts (e.g., edible vs. energy landscapes) or
favourable land-use tradeoffs (e.g., brownfield site
development)

Employment

Spatial patterns of socio-economic welfare (e.g.,
income levels) and of local economic productivity

Energy poverty

Local cost of heat and electricity relative to household
purchasing power; local access to clean and reliable
energy resources

Social friction

Local attitudes toward renewable energy systems

Technical

Environmental

Social

Examples from literature

RE can alleviate system congestion and are closer to
market value at locations where importing power
supply is constrained (Lewis, 2008 & 2010).

Remote community-level bioenergy facilities drawing
from forest thinning operations will replace distributed
diesel generating units while also reducing the local risk
of forest fire hazards (Yablecki et al, 2011); bioenergy
crops can be used to decrease leaching of specific
heavy metals from contaminated sites and / or to
recycle saline waste water (Mirck et al., 2005; Bryan et
al., 2008).
Locating a facility far from residential areas will reduce
amenity impacts (e.g., visibility of wind turbines, traffic
flow into bioenergy facilities) and thus social friction
(Jones and Eiser, 2010); subsidizing wood pellets in a
low-income rural area relying on heavy oil would not
only maximize GHG abatement but also social welfare
(see Kaygusuz, 2011).
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Priority areas for system deployment can be identified using any one or a combination of the
indicators listed above. The indicators incorporated into geo-information products can be based on
stated objectives of the procurement and deployment program and its implicit and explicit links to
broader policy arenas such as social policy, environmental policy, or infrastructural policy. If, for
instance, economic development is an important secondary goal of RE development, then areas
where resources exist and employment levels are low should be weighted heavier in the mapping
process. In the case where these objectives are unknown to the analyst, some of the participatory
techniques discussed above can be used to determine the meaning of ‘locational value’ in a specific
regional or community-level context based on citizen input.
Once chosen, the indicators can be formatted into an appropriate spatial data structure, and
used to extend constraint-based mapping simply by layering them into the constraint map. Sites that
return a higher value on any of these indicators would therefore not only be suitable, but preferred
due to added collateral benefits that can be achieved if a system or investment is appropriately sited.
If value maps are made publicly available, the searching phase for a prospective investor will be
drastically decreased while the chance of project approval will increase.
3.5 Summary
This section has identified a number of analytical deficiencies associated with conventional
models of geo-information management and has suggested concepts and techniques that can be used
to address them through the sustained application of geographic thought and practice. First, the
application of scale-aware thinking and a firm understanding of modifiable areal unit problems (and,
more specifically, analytical boundary issues) will help to identify optimal scales at which RE are
analysed and best managed. Second, taking seriously issues of land-use will help to extend hybrid
energy system designs from concept to planning consideration while at the same time providing the
information required to forecast, assess, and communicate the scale of land-use trade-offs required
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to integrate RE into the regional fuel-mix. Third, employing the concept of locational value and
spatial energy balances can move beyond issues of site suitability and toward firm suggestions of
optimal patterns of investment and patterns of energy flows that can not only inform procurement
program design, but also industry level site-searching and site-assessment.
4. Conclusions
The review above assessed the status of current research into mapping realizable renewable
energy potential, and provided a generalized set of questions, concepts, and techniques to guide
future research in this area. The analysis of progress to date revealed a number of ‘off-the-shelf’
analytical techniques that can be readily applied in the RE decision-support domain. A critical
assessment of this research identified ways in which information can better reflect the challenges,
barriers and opportunities surrounding RE development. More specifically, the review highlighted
the significance of scale-aware thinking and data modeling techniques; cautions against a purely
techno-economic analysis; encourages researchers to consider the implications of land-use conflicts
and potential means by which different RE technologies might be co-located on a single site to
increase land use efficiency; and re-orients the ‘where to develop question’ toward ancillary social and
ecological benefits of RE development. The figure below illustrates how these advanced concepts
and techniques can operate within a geo-information infrastructure.
There are two primary limitations to the development and application of this information
management model. The first limitation is data quality, particularly in terms of precision and scale.
For the purpose of RE source assessment, technology selection and deployment, data quality is in
most cases insufficient and introduces considerable uncertainty into otherwise robust analytical
frameworks. Decision-makers are therefore often presented with broad information – i.e.,
summaries of global, national, or state/provincial potentials – without a clear understanding of the
underlying opportunities – i.e., the potential and constraints that collectively define their
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jurisdiction’s ability to access renewable energy sources, and the political motivations / intervention
required to realize its potential. Continued deployment of ground-monitoring stations and advanced
data acquisition techniques through very high resolution RS would help to rectify this limitation, but
this highlights the second primary limitation: RE decision support generally, and mapping exercises
specifically, are typically concentrated at the state/provincial or national level and through
international agencies, because these institutions are able to internalize the costs associated with the
quality of research discussed here. As a result, information is presented in aggregated form and
analysis of this data thus occurs at inappropriate scales.

Figure 4.2: The primary components of a geo-information infrastructure, with selected examples of key concepts, techniques
and information products.

To resolve issues related to data quality and scalar discordance and to build and mobilize
effective geo-information infrastructures, industry partners, public authorities, and academic
institutes will need to pool resources and develop knowledge-based networks within common areas
of interest. Knowledge-based networking will help to alleviate the pressures associated with the
capital and data intensiveness of geo-information infrastructures. Financially, this might be
facilitated through cost-sharing mechanisms to build the analytical capacity and computer
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networking capabilities of research institutes and to drive the application of the concepts and
techniques reviewed above in common areas of interest. Computationally, this can be facilitated
through the practical application of geospatial cyberinfrastructure or ‘CyberGIS’ which are terms that
describe fully integrated research environments that operate beyond the scope of a single institution
or data user (e.g., through geospatial data portals and high-powered virtual computer labs) (see
Wang, 2010).
In any case, decentralizing information management through advanced integration of GIS, RS
and energy research are critical to bringing institutional capacity to bear on the RE transition. Fuelmix directives and policy programs aimed at increasing the capacity of RE are not ‘one-size-fits-all’,
but rather are shaped by local geographies. There is a clear need for jurisdictionally-relevant fuel-mix
directives that reflect the availability of RE sources, technology roadmaps that are sensitive to
regional conditions to ensure the most efficient use of these sources, and deployment strategies that
take advantage of the local landscape and societal preferences. A geo-information infrastructure is
the most powerful information management model with which to address these concerns, and can
therefore greatly expand institutional capacity for RE assessment and deployment and operate as a
powerful lever with which to remove the barriers that prohibit the sustained deployment of
renewable energy systems.
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Chapter 5
Mapping bioenergy potential in a heterogeneous
region: the case of eastern Ontario, Canada.

Abstract
Local bioenergy development has a crucial role to play in national and regional sustainable energy strategies.
Geographic information of available feedstock options is required for informed policy, planning, and
investment strategies toward development and implementation in the bioenergy sector. This chapter engages
two primary needs within the domain of bioenergy spatial decision support: 1) the need to consider the full
range of resource options available to prospective bioenergy developers, especially within regions that have a
large presence of both forestry and agricultural activities; and 2) the need for a spatially distributed approach
to resource analysis that considers the barriers and comparative advantages posed by local and regional
geographies. With this in mind, this chapter soft-links geographic information from GISystems to
spreadsheet-based models in order to estimate and compare the quantity and supply-cost of various biomass
types. The production potential, supply-cost, and cost drivers of various biomass options are described. The
relative merits of a mixed feedstock stream versus a homogenous feedstock stream are assessed. Existing and
emerging bioenergy technologies that are most feedstock agnostic and therefore capable of maximizing use of
biomass resources available across a heterogeneous landscape are reviewed.
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1. Introduction
Plant biomass is the only renewable resource that can directly provide the full range of energy
products including a continuous and dispatchable supply of heat and electricity as well as solid,
liquid, and gaseous fuels.19 The fungible nature of biomass highlights the importance of bioenergy in
regional and national energy strategies aimed at achieving a sustainable energy future. In the context
of social conflicts over ‘first generation’ bioenergy technologies such as corn-ethanol, as well as their
marginal energy and environmental benefits, greater emphasis is being placed on ‘second generation’
bioenergy production for which net energy and ecological benefits are greater and implementation is
less disruptive to food security (Koh and Ghazoul, 2008; Solomon, 2010). Second generation
bioenergy refers to the conversion of lignocellulosic plant material (i.e., forestry wood; agricultural
residues; dedicated woody or herbaceous crops; municipal solid waste) into energy or energy carriers
through modern conversion technologies (Faaij, 2006; Sims et al., 2010; Mabee et al., 2011a&b).
Geographic information of available lignocellulosic feedstock options is required for informed
policy, planning, and investment decisions related to the implementation and commercialization of
second generation bioenergy production (Wyman, 2007; Calvert, 2011). Due to low bulk density and
low energy content of biomass, it is not economically or energetically worthwhile to transport
resources long distances. Decisions about facility size, process mix and product portfolio are
therefore in large part dependent on the availability, cost and composition of local (i.e., < 200km)
biomass availability (Kamm and Kamm, 2004; Foust et al., 2009; Hayes, 2009; Gan and Smith, 2011).
The market success of a bioenergy system, especially those which are less efficient and operate in
low-value markets, hinges on the coordination of a continuous, sustainable and cost effective
feedstock (McCormick and Kåberger, 2007; Stephen et al., 2010; Gold and Suering, 2011). In most
cases business models are predicated on finding a site at which a critical mass of bioresources can be
19

Biomass for energy production can also be derived from waste streams including human and animal excrement as well
as municipal solid waste. This chapter focuses on plant biomass only.
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procured within a 30-100km radius, and in all cases (but especially where technology risk is high, e.g.,
an emerging technology) project financing cannot be secured without demonstrating a low level of
feedstock risk.
Accordingly, there is increasing emphasis on using geographic information systems (GIS) as a
tool for supply chain management in terms of locating, inventorying and costing biomass resources
(Calvert, 2011). The primary strengths of GIS-based resource assessments is their capacity to
synthesize and quantify the geographical factors which affect the supply and the cost of the resource
base within a specific area, and to visualize the results in relatively intuitive map form (see also
Voivontas et al., 1998). This study leverages these analytical and communicative strengths for the
purpose of developing and applying a method for bioenergy spatial decision-support within an
ecologically and economically diverse landscape. In the next section, a brief review of literature
establishes the significance of this objective and the novelty of the approach.
2. Literature background and research approach
GIS-based bioenergy resource assessments typically locate and quantify potential availability of a
limited range of biomass source options in an area, focusing on either agricultural resources (e.g.,
Hellman and Verburg, 2008; Rentizelas et al., 2009; Fiorese and Guariso, 2010; Herr and Dunlop,
2011; Kocoloski et al., 2011; Monforti et al., 2013) or forest resources (e.g., Freppaz et al., 2004;
Nord-Larsen and Talbot, 2004; Ranta, 2005; López-Rodriguez et al., 2009; Vasco and Costa, 2009;
Viana et al., 2010; Yagi and Nakata, 2011; Yoshioka et al., 2011; Zambelli et al., 2012). In many
regions, however, there is a significant presence of both forestry and agricultural activities.
Examining the full range of resource options is critical to objective evaluations of near- and longterm prospects for bioenergy production within these areas. Few GIS-based biomass resource
assessments have integrated geo-information related to forestry and agricultural activities that might
yield bioenergy feedstock, however, and in the rare case that this occurs (e.g., Perpiñá et al., 2009;
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Gómez et al., 2010; Fernandes and Costa, 2010; Richardson et al., 2011; Sun et al., 2013) two
shortcomings are apparent: 1) discussions of technological options for conversion are limited to
electricity and heat; and 2) opportunities for synergy between available biomass resource options are
under-explored. The latter is an especially critical oversight given that multi-biomass supply chains
help to overcome the seasonality and therefore greater storage requirements as well as the low spatial
density and therefore greater transport requirements that challenge single biomass supply chains
(Rentizelas et al., 2009; Stephen et al., 2010; Gold and Seuring, 2011; Maung et al., 2013). In other
words, diverse regions which are neither strictly forestry nor strictly agricultural centers are
insufficiently evaluated for bioenergy production potential and opportunities. In Figure 5.1, the
resources that might be utilized in these areas are situated within the entire supply chain which
includes (variations of) harvesting, logistics, conversion and energy products.

Figure 5.1: The supply chain of a second-generation bioenergy production facility.
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Recently, the Canadian government made important investments into the development of a
publically-available web-based GIS tool to support the emerging bioenergy sector, called the biomass
inventory mapping and analysis tool (BIMAT) (Agriculture and Agri-Food Canada, 2012a). Using
BIMAT, potential forest and agricultural residuals can be estimated within a user-defined area
anywhere in Canada. Resource data from the system can be soft-linked with techno-economic data
to model the opportunities, costs and risks related to bioenergy development at any user-defined
location (e.g., Stephen et al., 2010; Ebadian et al., 2011; Sampson et al., 2012). BIMAT is limited,
however, in two ways. On one hand, the system does not locate or estimate available land for
dedicated energy crop growth, nor does it provide any information related to the cost of supply.
These are critical elements of effective decision-support, even at the pre-feasibility stage of
investment planning. On the other hand, BIMAT draws on low resolution data sources (data are
spatially aggregated to a 10km2 grid), which reduces precision in the location and spatial density of
the resource base or of factors affecting resource cost and access (Herr and Dunlop, 2011;
Richardson et al., 2011). These analytical shortcomings could result in misallocation of resources
and suboptimal siting decisions. Efforts toward decreasing the size of the basic spatial unit of
analysis are therefore preferred and there is a strong need for high resolution spatially distributed
approaches which minimize data aggregation (Walsh, 2004; Herr and Dunlop, 2011; Batidzirai et al.,
2012).
Decreasing the overall geographic scale of analysis from broad national level approaches to
smaller scale regional or local level approaches has also been shown to increase the resolving /
analytical power of spatial decision-support in the bioenergy domain. Regional level analyses (with
scales generally in the range of 200-500km2) are capable of describing and incorporating local
contextual factors that are central to resource access and project viability. The two most critical
factors are land availability and biomass yield (Berndes et al., 2003), both of which are driven by
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secondary regional factors such as land tenure; market conditions; land management and harvesting
practices; existing infrastructural linkages; and community acceptance of new infrastructure and landuse practices (Van Hoesen and Letendre, 2010; Richardson et al., 2011). At larger geographic scales
of analysis, such as under the BIMAT format, assumptions related to these parameters are highly
generalized and uncertain so that their capacity to provide reliable and transparent decision support
is compromised (Cope et al., 2011; Kautto and Peck, 2012).
In many studies (e.g., Schmidt et al., 2010; Kocoloski et al., 2011; van Dael et al., 2012),
‘greenfield’ sites for technology deployment are identified through multiple criteria analyses
considering factors such as (but not limited to) proximity to sufficient feedstock production;
availability of transportation infrastructure connecting biomass to the proposed site (roads and rail),
and the site to market (roads, rail, or utility lines); and local access to amenities in order to attract and
retain a labour force. Large-scale implementation is in some cases conceptualized as a cost or profit
optimization problem solvable through complex location-allocation algorithms, whereby multiple
sites are chosen based on the pattern of deployment that minimizes transportation costs subject to
various constraints, including minimum facility scales (Johnson et al., 2012). In fact, many of the key
selection criteria are already fulfilled by existing production facilities (whether idle or operational).
Furthermore, the towns in which these facilities are located are familiar with the high level of road
and rail traffic associated with intensive forestry and agricultural activities. This is important, because
higher traffic activity associated with biomass transport and processing is a source of local resistance
to project development (Gold and Seuring, 2011; Sampson et al., 2012). These distinct qualities
make towns where biomass processing facilities already exist “logical hubs” for bioenergy production
(Towers et al., 2007), even if those hubs are not ‘optimally’ spaced or sited according to some
objective techno-economic criteria.
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With all of this in mind, the purpose of this chapter is to estimate bioenergy potential within a
region that supports a mixture of forestry and agricultural resource management practices and
economic activities. The study soft-links high resolution geographic information with spreadsheetbased models in order to estimate technically available second generation feedstock; identify cities
with existing capacity to host a bioenergy production facility; and estimate supply and delivered cost
at two of these sites – one located along the transition zone between forestry and agricultural
activities and one within a relatively homogenous region – in order to compare the relative merits of
a homogenous and a mixed biomass feedstock stream. Existing and emerging bioenergy
technologies that can be deployed in heterogeneous landscapes are then reviewed, with emphasis on
existing technological capacity to process a mixed feedstock stream.20
3 Study area
South-eastern Ontario, illustrated in Figure 5.2, covers over 5.2 million ha or approximately five
percent of the total land base of the Canadian province of Ontario. The region contains two major
eco-zones according to the Ontario Ministry of Natural Resources (OMNR) – the ‘Mixed-wood
Plains’ to the south-southeast and the ‘Great Lakes Boreal Shield’ to the north-northwest (OMNR,
2011). Moving from the south-east corner toward the north-west corner of the region, there is a
clear shift from predominantly small urban centres with suburban and agricultural land covers to
predominantly forested land covers managed within five separate forest management units (FMUs)
with some recreational land use (e.g. cottages) and decreasing amounts of agriculture.

20

The results of the supply model developed throughout this paper are compared with results derived from BIMAT
operations in Appendix B. The intention of this latter objective is to assess the relative merits of a regional versus a
national approach to resource assessments and identify ways to improve the reliability of BIMAT.
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Figure 5.2: Map of study area and primary land cover datasets

The forestry industry in eastern Ontario has experienced large contractions as a result of
changing market conditions (Mabee and Mirck, 2011; Mabee et al., 2011a; Levin et al., 2011).
Shifting patterns of investment toward international production and paperless products has left a
surplus of underutilized low-quality wood, which once supported pulp and paper production, across
the forested land-base. In contrast to most regions of Canada, these resources are largely (~80%)
privately owned within smaller woodlots. Energy and chemical production are increasingly being
considered as viable market alternatives for these ‘stranded’ forest resources (Lawn, 2005; Layzell et
al., 2006; Deloitte and Touche L.L.P., 2008; Hall, 2009; Mabee and Mirck, 2011; Levin et al., 2011),
and since value-added processing of lower quality wood is already diminished due to macroeconomic
factors, government intervention toward this end will be helpful rather than disruptive to the
regional economy. A noted limitation of past studies aimed at informing such policy and investment
decisions, however, is an insufficient understanding of the spatial distribution of the resource base
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and therefore lack of precision in availability and cost of potential feedstock (Layzell et al., 2006;
Deloitte and Touche, 2008).
4. Data and Methods
This study focuses on the supply-cost and energy production potential from agricultural
residues, dedicated crops, forestry residuals, and underutilized round-wood. Mill wastes (i.e., chips
and bark) are not considered, since these resources are currently inaccessible in the region (Levin et
al., 2011). Data used to locate and quantify all considered biomass resources are listed in Table 5.1.
Spatial data were acquired from the Land Information Ontario data warehouse, while statistical data
of forestry and agricultural productivity were collected from Ontario Ministry of Natural Resources;
Ontario Ministry of Agriculture, Food and Rural Affairs; and personal communication with woodlot
owners / managers and civil servants across the region. There are four primary steps in the method
developed in this study to relate these variables in order to locate and quantify bioenergy potential.
Table 5.1: Data sources used to locate and quantify bioenergy potential

Statistical Data

Spatial Data

Data Source

Data Specifications
Date of Release

Format

Ontario Land Cover Database (OLCDB)

2004

Raster, 25m

Southern Ontario Land Resource
Inventory (SOLRIS)

2008

Raster, 15m

Forest Resource Inventory (FRI)

Updated irregularly

Polygon, 1:50,000

Soil Survey Complex

Printed in 1983;
digitized in 2010
2011

Agricultural Census
(OMAFRA)

Annual reports; comprehensive
census every five years

Statistics at the county-level
(2003-2010)

"Forest Resources of Ontario" Reports
(OMNR)

Annual; latest 2011

Statistics at the forest
management unit level

Review of academic literature

Mabee and Mirck (2011); Levin
et al. (2011)

These studies lack a
rigorous spatial component

Review of grey literature (i.e., literature
which has not been formally peer
reviewed)

Jannasch et al. (2001); Helwig et
al. (2002); Layzell et al. (2006);
Polk and Hall (2006); Hastings
Stewardship Council and
ELORIN (2007); Deloitte and
Touche (2009); Hall (2009);
Kludze et al (2010)

Polk and Hall (2006) and
Hall (2009) are independent
studies, while others were
commissioned by various
government agencies

Agricultural Resource Inventory (ARI)

Polygon, 1:50,000
Polygon, 1:50,000
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4.1 Spatial data synthesis
A common challenge with mapping and quantifying the full range of second generation
feedstock within an area is that detailed land-use information pertaining to forest and agricultural
activities is mapped separately. Multiple datasets must therefore be carefully integrated in order to
synthesize geo-information into a single analytical domain. Figure 5.2 shows the spatial extent of the
forest resource inventory (FRI) and the agricultural resource inventory (ARI) maps used in this
study. A generalized land cover raster map of the study area created through the assimilation and
synthesis of the Southern Ontario Land Resource Inventory System (SOLRIS) and the Ontario Land
Cover Database (OLCDB) is used as a base map in order to control the synthesis of the FRI and
ARI.21 Using a general base map for control ensures that all data are assimilated into a similar
structure; are precisely geo-referenced relative to each other; and result in a seamless product. In this
case, all data are assimilated into a 25 m raster which is achieved through vector-to-raster conversion
using the center-cell method as well as nearest neighbour re-sampling where necessary. All datasets
are precisely geo-referenced by ‘snapping’ each dataset to the base map when performing the raster
conversion, and any gaps that exist between the FRI and the ARI are assigned a (albeit less precise)
land-cover code by the base map. For a complete discussion of the data integration process, as well
as information into the overall accuracy of the integrated product, see Appendix A.
Table 5.2: The land cover classification system used in this study to map regional biomass resources.
OLCDB/SOLRIS Product*
ARI*
FRI*
1 - Unsuitable Land
4 - Unclassified Crop Agriculture
4 - Unclassified Crop Agriculture
2 - Unclassified Forest
5 - Corn System
8 - Livestock System
3 - Unclassified Agriculture
6 - Mixed Grain System
11 - Non-regenerating Hardwood Stand
17 - Tree Plantation
7 - Hay System
12 - Non-regenerating Softwood Stand
8 - Livestock System
13 - Regenerating Hardwood Stand
9 - Specialty Agriculture
14 - Regenerating Softwood Stand
10 - Idle Land
15 - In-harvest Hardwood Stand
16 - In-harvest Softwood Stand
*See Appendix A for details on the method/ logic employed to derive this system and synthesize the maps.
21

Updated versions of the ARI and FRI will be released over the next few years and at that time can be immediately
incorporated into the study. The updates to the ARI, however, do not include extended spatial coverage or the
reconciliation of divergent thematic emphases between forest and agricultural resource inventories. See Appendix A for
a method to assimilate and synthesize these disparate map series into a single product.
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4.2 Mapping constraints on biomass accessibility
Access to biomass resources for the purpose of bioenergy production is constrained by
geographical, sustainability, and economic factors, many of which can be mapped directly to
delineate exclusion areas. Geographical factors are first considered by eliminating from the map
those land-cover types which are (a) not bio-productive; and (b) not considered in this study due to
data limitations (e.g., unclassified agriculture and specialty agriculture such as greenhouse systems).
Sustainability constraints are considered in two ways. First, those land-cover types that are unable to
provide a sustainable reproductive surplus of biomass resources in the near to medium term (e.g.,
land in pasture as well as forest stands which are scattered/barren, inaccessible due to natural
features, have been recently depleted, or are not meeting renewal standards) are eliminated. Second,
binary maps which locate (a) riparian zones represented by a 30 m buffer surrounding all
hydrological features in the region; and (b) provincial parks and ecologically significant areas are
created, where ‘0’ locates the respective feature. Multiplication of these maps with the land-cover
map eliminates these sites from further processing but retains all other sites.
Geo-economic constraints are then considered. When assessing the potential to grow dedicated
bioenergy crops, those areas that are currently active in crop agriculture are not considered. Only
land identified by the ARI as abandoned or idle is included in the spatial and numerical assessment
of potential dedicated energy crop production. Land under hay and fodder corn is also excluded
from the study, as these crops are economically unavailable in the region due to competing uses in
the food industry (Research Park, 2010; Kludze et al., 2010; see also Richardson et al., 2011).
Residues from soybean production are difficult to harvest and typically low-yielding (Research Park,
2010) and are therefore also excluded from the study. As shown in Table 5.2, each field crop just
mentioned lacks a corresponding land cover code. It is therefore assumed that all soybean
production in the region is part of a corn-soy rotation and is planted within the area mapped ‘corn
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system’, and that all fodder corn, beans, and canola are planted within the area mapped as
‘unclassified crop agriculture’. The average annual seeded area for hay, fodder corn and soybeans
from 2003-2010 is derived for each county and at the regional scale (see Figure 5.3) and is subtracted
from the total land area of ‘corn’ and ‘unclassified crop agriculture’.

Figure 5.3: Average agricultural land allocation to crop types as a percent of total land under crops in each county

4.3 Mapping biomass production potential
Mapping biomass quantities is a three step process. First, yield estimates are derived from
statistical data. Second, these estimates are disaggregated from their original units (e.g., bushels per
acre) into a value that is normalized to the basic spatial unit of analysis which, in this case, is a 25 m2
pixel. Third, yield estimates are matched with their respective land-cover type, and reclassification of
land cover codes is used to map per-pixel estimates of residue production.
4.3.1 Estimating agricultural biomass from crop residues
Annual crop residues are estimated at the county level based on statistical analysis of historical
agricultural census data, and are then estimated at the field level by adjusting yields based on soil
quality. The logic through which available crop residue biomass (CRB) in dry tonnes for each crop
type (i) is quantified at the pixel level is described in Equation 1:
 y r e 
CRBi   i i i   (1  m)
 16


(1)
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where y represents average grain yield i; r represents the residue-to-grain production factor; and e
represents the residue extraction rate. Values are divided by 16 in order to disaggregate values from
per ha estimates (t/10,000 m2) into map unit estimates (t/25 m x 25 m pixel, or 625 m2). Moisture
content, m, is the standardized moisture content used to weigh annual yields for statistical reporting
purposes which in Ontario is 15 per cent (Zhang et al., 2007).
Grain yields are computed as eight year averages (2003-2010) (Figure 5.4). I assume that all
wheat, barley, and oats are mapped by the ARI as ‘unclassified crop agriculture’. Mixed grain and
corn have directly corresponding land cover codes. Residue-to-grain ratios are taken from Research
Park (2010) since they are the most recent and comprehensive and have been derived from empirical
research conducted in
Ontario (Table 5.3).
Following Mabee and
Mirck (2011), this study
takes a conservative
approach to residue
extraction and assumes that
only 30 per cent of

Figure 5.1: Average grain yields (2003-2010) in bushels per hectare

theoretically available residues are able to be diverted toward bioenergy production. This
conservative approach accounts for constraints related to soil conservation and competing market
demand. Generally speaking, however, residue removal is sustainable only within more complex
cropping systems that generate a higher amount of residues on an annual basis (Kludze et al., 2010;
Research Park, 2012). Helwig et al. (2002) argue that residue extraction should only occur on fields
which deliver yields greater than 145-170 bushels per hectare (bu/ha), because these fields generally
produce enough above and below ground biomass to maintain sustainable levels of soil organic
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matter to allow for partial residue removal. For the purposes of this study, residue extraction is
restricted to those map units which consistently demonstrate yields above 150 bu/ha. The exception
to the threshold rule is winter wheat, which I assume is part of a corn-soy-wheat or a corn-wheat
rotation. In this case, residues from either the primary corn or soy harvest will provide the necessary
material for nutrient retention and erosion control, so that winter wheat residues are considered even
if absolute yield is below the 150 bu/ha threshold.
Table 5.3: Agricultural residue production factors.
Residue
Production
t/150
Residue Type
Factora
bushelsb
Corn Stover
1
3.8
Wheat Straw (Spring)
1.3
5.30
Wheat Straw (Winter)
1.7
6.93
Oat Straw
2
4.6
Barley Straw
1.5
4.91
Rye Straw
1.5
5.71
Mixed Grainc
1.2
3.74
aSource: Research Park, 2010.
bSource: Canadian Farm Income Program, 2002
cIncludes lower-grade grains that are sown and
harvested together, largely for animal feed.

4.3.2 Estimating biomass from grassland plantations
As mentioned previously, only land classified as idle / abandoned is considered for dedicated
biomass production. This differs from an approach whereby dedicated crops are restricted only to
‘marginal’ land. In Canada, ‘marginal’ is typically defined in terms of soil quality (e.g., Liu et al.,
2012). In the farming community, however, ‘marginal’ is as much an economic as an agronomic
classifier and is relative to the quality of the regional land base, state of the agricultural market, and
farming practices within a given area (Cope et al., 2011). In other words, any land not currently
active in agricultural production might be considered marginal for different reasons and therefore
used to grow dedicated crops.
A review of field studies conducted within the region suggest that switchgrass is among the
most suitable dedicated crop in the area given prevailing climate, soil types, and land management
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practices (see Jannasch et al., 2001; Kludze et al., 2011). A native perennial grass with deep root
structures, switchgrass production can help to inhibit soil erosion and accumulate soil organic matter.
As opposed to short rotation woody coppice options such as willow and poplar, switchgrass
production ‘fits’ into existing farming practices to the extent that, once established, it can even be
harvested on an annual basis using standard straw / hay equipment. Indeed, Figure 5.3 shows that
hay is already the most prevalent crop across the region. Based on existing studies conducted in and
around the region, an average switchgrass yield of 10 ODT/ha is used in this study, although it is
important to recognize that yields will vary with species and cultivar selection as well as soil
management practices (Kludze et al., 2010; see also Chapter 6).
4.3.3 Estimating biomass from forests
The quantity and quality of forest biomass available for energy production in any given year is
determined by harvest activities in terms of intensity (i.e., recovery of biomass on a per hectare basis)
and rate (i.e., the proportion of total productive forest area that is harvested in any given year), along
with market and techno-economic constraints. Harvest intensity and rate vary based on market
demand; the technical ability of machinery and workers to collect and process various components
of the forest resource; and resource management restrictions that attempt to ensure the harvest rate
is sustainable. In regions where a healthy demand for saw-logs and pulpwood exists, biomass for
energy is largely derived from harvest residuals (i.e., tops, branches); unutilized wood (i.e., species not
used in pulp production); and mill waste. Typically, residuals are easier to collect within full-tree and
more extensive harvest systems such as clear cutting or strip cutting where residues are higher in
yield and concentrated at road-side, and are more difficult to collect using cut-to-length selective or
shelter-wood cutting systems due to low yield and wide geographical dispersion (Wolf, 2012). In
regions where the saw-log market is healthy but the pulp and paper industry is not, as is generally
reflective of the situation in eastern Ontario, pulp-grade wood becomes a potential bioenergy
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feedstock since the market constraint otherwise imposed by pulp and paper production is lifted. In
fact, standing pulp-wood can inhibit growth of higher quality trees, so that there is a practical
incentive to selectively remove this wood even in the absence of a pulp-wood market in order to
increase the future economic value of a given stand.
Given the downturn in pulp and paper production in eastern Ontario, this study includes
harvested pulpwood within the estimation of forest biomass for bioenergy. Yields on a per-hectare
basis are a function of the developmental stage of a given stand. Sites identified as ‘regenerating’
(i.e., stands that are newly regenerated or free-to-grow) are assumed to yield a small amount of sawlog quality wood and therefore the bulk of potential bioenergy feedstock comes from thinning
operations. Experiments in stand improvement in a forest in Lanark are showing that approximately
12-25 ODT/ha can be removed for the purpose of stand improvement (personal communication,
local woodlot owner). A mean value of 17.5 ODT/ha is used for the purpose of this study. This
harvest intensity is also applied to forested areas classified as ‘tree plantations’.
Sites identified as ‘in harvest’ are assumed to yield feedstock through harvest residuals, including
tops/branches, as well as non-commercial or unutilized round-wood. According to the FRI, more
than 70 per cent of all harvests in the region are selective or partial cuts. As mentioned previously,
forest residuals are difficult to collect in a partial cutting system. Through a modified cut-to-length
harvest system employed at the Haliburton Forest Wildlife Reserve where the critical diameter for
crown removal was reduced from 16 cm to 8-10 cm and some branches were left on the stem to be
skidded to roadside, Wolf (2012) observed an average roadside residual yield of approximately 1.32.7 ODT/ha, not including fine branch material. I assume that this (or some similar) practice would
be more widely adopted in the context of an active bioenergy market and that 2 ODT/ha of forest
residuals can be made available on selectively cut forest land. In addition to harvest residuals,
woodlot managers estimate that 30-70 per cent of all wood harvested in the region is pulp-wood (see
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also Levin et al., 2011). In this study, I use a ratio of 60 per cent which includes ‘incidental’ roundwood or species not suitable for pulpwood. On average, a full harvest in the region yields
approximately 100 m3/ha which means that 60 m3 or approximately 26 ODT of pulpwood might be
available on a per hectare basis across the region. The total average yield from a hectare of harvested
forest (i.e., residuals, stranded pulpwood and other unutilized wood) is therefore assumed to be 28
ODT/ha.22 Based on the most recent best-estimates from regional forest managers, biomass
availability is calculated using a harvest rate of 2.2% so that total potential biomass availability within
the area is multiplied by 0.022 in order to derive an annual availability.
4.4 Spatial analysis of biomass supply-cost and bioenergy production potential
This study is seeking opportunities to develop large-scale bioenergy, with potential access to
export markets. As such, cities considered as potential hosts for a bioenergy facility are short-listed
using access to product markets via rail lines or deep-water ports as well as the availability of skilled
labour and proximity to existing saw mills as selection criteria. I build upon earlier reports by
Deloitte and Touche L.L.P. (2009) and the Ontario Power Authority (2011), where cities in the
region were already filtered using these criteria. I include Smith’s Falls in the list of cities given its
access to a rail junction that includes five commercial lines and a recent closure of a large
manufacturing plant which has opened up industrial land for a new use. Smith’s Falls is located
directly on the boundary between forest and agricultural land-use activities in the region and is
therefore optimally located to support a multi-biomass feedstock stream. All of these cities are
mapped in Figure 5.2.
City centroids are assumed to be the collection point for incoming biomass. One hundred
kilometer service areas for all prospective facilities in the region are generated through network
analysis. Land cover and yield maps are clipped to these service areas in order to compare the size,
22

Note that I am assuming one cubic meter of green forest biomass to be equivalent to 0.876 green metric tonnes (GMT)
(Alam et al., 2012a) or 0.438 ODT at 50 per cent moisture.
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composition, and yield of each catchment area. On the basis of this initial comparison, two sites are
subjects of further study – one surrounded by a diverse fuel supply and one surrounded by a
relatively homogenous fuel supply – in order to analyze and compare the supply-cost and supply
cycles of their respective resource bases. This comparison allows for an empirical evaluation of the
relative merits of a mixed rather than a homogenous feedstock stream.
Geographically explicit supply-cost curves are estimated by taking into account harvesting costs
and transportation costs. The supply-cost model is predicated on the following assumptions: a)
wood from forests is sorted and bundled at roadside and transported to the facility at 50 per cent
moisture content in a 40 t truck; b) agricultural residues are harvested separately from the grain and
baled in round bales; c) switch-grass is wind-rowed and overwintered, and then baled into round
bales in spring;23 d) residues and grasses are baled are stored field-side temporarily, and then
transported to the facility at 20 per cent moisture content in a 30 t truck; e) average trucking speed is
60 km/hr; and f) any processing such as chipping and drying is performed at the bioenergy facility.
Table 5.4: Biomass supply-cost model inputs.
Yield (ODT/ha)
Stover
2.04a
Straw - Oat, Barley, Wheat
1.10a
Straw - Mixed Grain
0.96a
Forest harvest residues (FHR)
2b
Unutilized round-wood
26c
Stand thinning
17.5c
Switchgrass
10d

Cost Factors ($/ODT)
Stover harvest & processing
76.86d
Straw harvest & processing
65.51d
Switchgrass harvest & processing
74.38d
FHR harvest & processing
20.00d
Unsorted round-wood harvest & processing
31.25d
Biomass loading & unloading
6.00e
Agriculture transport costs ($/ODT-km)
0.14f
Forestry transport costs ($/ODT-km)
0.18f
aRepresents an average only - actual yield varies in model by county.
bEstimate derived from Wolf (2012)
cEstimate derived from Levin et al. (2011) as well as personal communication with local woodlot managers
dTriangulation of literature (e.g., Ralevic et al., 2010) and personal communication with local producers
eAlam et al. (2012b); Richardson et al. (2011)
fModel calculations (model courteousy of Jamie Stephen)

Information to estimate production costs, summarized in Table 5.4, are derived from literature
mining and techno-economic modeling as well as personal communication with local woodlot

23

Over-wintering leads to field drying and therefore lower moisture contents at harvest and has also been shown to
result in a loss of minerals and alkali metals, especially chlorine and potassium, through leaching (Jannasch et al., 2001).
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owners and managers. A tortuosity factor (TF) is used to convert euclidean (cell-to-cell) distances
into real-world driving distances for the purpose of estimating transport costs. The TF is chosen
based on conformity tests whereby the 100 km service area calculated through network analysis is
compared to the area within a 100 km radius after various tortuosity conversions of straight-line
distances. The raster representation of distance from facility based on tortuosity is used as the ‘zone’
field in order to run the zonal statistical function ‘sum’ over the yield map, so that fibre supply is
quantified at each distance zone. The mask function is used to run this process for specific
feedstock types. Data are exported to excel, where supply-cost curves are generated by inputting the
distance and yield values into the supply-cost model (see Figure 5.5).

Figure 5.5: Workflow describing method used to generate spatially
explicit biomass supply-cost curves.

Technologies compared in this study are listed in Table 5.5. Conversion efficiencies are derived
from literature, with preference for the most recently published values. Examples from Rudie (date
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unknown) are from large demonstration facilities that are currently being operated by Iogen and
BlueFire Ethanol. In all other cases efficiencies are derived from detailed techno-economic models.
Technology

Conversion
Efficiency

Units

Source

Bioconversion to ethanol (stover)

279

l/odt

Kim and Dale, 2004; Foust et al., 2009

Bioconversion to ethanol (wheat straw)
Bioconversion to ethanol (hardwood)

268
257

l/odt
l/odt

Rudie, no date - citing Iogen
Rudie, no date - citing BlueFire Renewables

Bioconversion to ethanol (softwood)
200
l/odt
Mabee and Mirck, 2011
Power - simple combustion steam turbine
0.2-0.4
%
Caputo et al., 2005
Power - gasification / combined cycle
0.35-0.52
%
Caputo et al., 2005; Searcy and Flynn, 2009
Pellet Production
0.65
tout/tin
Own estimatea
Table 5.5: Second generation bioenergy technology conversion efficiencies based on literature averages.
aAssumes biomass enters the pellet process at 20% moisture (wet basis) and exits the process at 5% moisture per OMNR
pellet specifications (see Delloitte and Touche, 2009), 5% dry matter loss throughout the system, and 15% of the biomass
input is used for drying.

5. Results
Over 2.3 Mha of land will, on average, yield over 2.1 M ODT of biomass for bioenergy
production in eastern Ontario. The minimum grain production threshold for residue removal of 150
bu/ha eliminates canola and bean residues from consideration, as well as most straw residues. Still,
almost 70 per cent of potential fibre production within the region is derived from agricultural
sources including dedicated energy crops.
Table 5.6: Regional annual biomass production potential
Area
Annual Yield
Land Cover Type
(ha)
(ODT)
Unclassified Forest
282,557
108,784
Unclassified Crop Agriculture
352,072
221,084
Corn
144,508
294,797
Mixed Grain
34,493
33,131
Idle / Abandoned Land*
89,134
891,336
Regenerating Hardwood Stand
894,274
344,296
Regenerating Softwood Stand
346,476
133,393
In-Harvest Hardwood Stand
107,286
66,088
In-Harvest Softwood Stand
28,783
17,730
Tree Plantations
22,282
8,578
Totals
2,301,865
2,119,218
*Assumes full allocation to switchgrass production.

The biomass catchment area that is accessible by road within 100 km of each prospective facility
location is described in terms of size, composition, and yield in Table 4.7. Facilities located within
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agricultural centers have access to a much larger resource base within their catchment area due to
more regular harvest intervals and higher geographic concentration of resources. Lower road
tortuosity in the southern portion of the region also increases the overall area that can be accessed.
Table 5.7: Comparison of 100 km biomass catchment areas for selected cities in eastern Ontario
100km service area (ha)
Location of
% of suitable
% of suitable Estimated
prospective
land under
land under
Annual
Area accessible
Suitable
facility
agriculture
forest
Yield (t)a
by road
land area
Bancroft
1,347,114
766,932
0.05
0.95
363,377
Cornwall
725,573
251,836
0.81
0.19
628,706
Pembroke
605,452
387,220
0.20
0.80
212,524
Peterborough
1,161,482
381,940
0.43
0.57
417,507
Prescott
1,049,295
311,255
0.65
0.35
762,800
Renfrew
1,177,165
650,446
0.21
0.79
480,909
Roslin
1,328,299
499,217
0.30
0.61
527,528
Smith's Falls
1,485,760
550,218
0.42
0.58
873,172
Trenton
1,018,839
324,462
0.56
0.44
487,989
Region
N/A
2,301,865
0.27
0.73
2,119,218
aAssumes all abandoned / idle agricultural land is converted to switchgrass production

Figure 5.6: Comparison of biomass supply-cost curves at Bancroft and Smith’s Falls.

The biomass catchment areas of Bancroft and Smiths Falls are similar in size but drastically
different in composition; the former being relatively homogenous and the latter showing potential to
support a mixed feedstock stream. The supply-cost comparison between Bancroft and Smith’s Falls
is shown in Figure 5.6. While Bancroft has access to more material at the lowest end of the supplycost curve due to proximity to relatively inexpensive forest biomass, a facility at Smith’s Falls could
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achieve a larger processing scale at a lower overall supply-cost if it included a dedicated bioenergy
crop input.
Cost drivers are shown to vary by feedstock type. The cost of forest wood is driven by a lack of
market opportunities for high value standing wood which are typically allocated the vast majority of
harvesting costs (see also Polk and Hall, 2006). Switchgrass production costs are primarily driven by
land clearing, baling, and yield. In contrast to agricultural residues, dedicated biomass production
systems must capture the costs of land acquisition / rent since those are not absorbed in the sale of
primary products (e.g., grain).24 Where land is already cleared and rents are cheap, switch-grass
production is reduced by as much as $12-18/ODT and begins to compete with lower-quality forest
wood liberated through thinning operations (but is still considerably more expensive than forest
residuals). Although stover and straw are touted as a low-cost feedstock, nutrient replacement rather
than transportation or handling drives the cost of this resource higher than other sources of fibre.25
Identifying farms with the appropriate mix of soil and land management activities (e.g., no-till
agriculture) that can extract material from the landscape without the need to compensate for nutrient
loss can reduce the marginal cost of stover and straw to below $60/ODT. Note that, in line with
this study, the majority of published findings report a range of break-even cost estimates for stover
removal (excluding transport) of $55-80/ODT (Petrolia, 2006), although some estimates are as low
as $36-41/ODT (Zhang et al., 2007; Thompson and Tyner, no date).
The comparison of various conversion technologies, shown in Table 5.8, assumes that a given
facility will accept a homogenous feedstock stream and is therefore broken down into specific
feedstock-technology combinations. It is worthy of noting that ethanol systems typically require an
output of 100-150 million litres to achieve an optimal scale economy (Sims et al., 2010) while
24

Based on Kludze et al. (2010), a regional average of $74/ha was assumed due to data limitations (values generally range
from $35 – 100). Cheaper land can be found in the Lanark highlands and east of Peterborough, while rents can be as
high as $200 in the Ottawa area.
25
Nutrient fertilizer costs were estimated from Agriculture and Agri-Foods Canada (2012b: Figure 11).
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bioelectricity systems achieve an optimal scale economy within the 150-250 MW range (Searcy and
Flynn, 2009). In this context, using stover and / or dedicated crops at the Smith’s Falls site offers
the greatest range of options at scale. Larger facility sizes can be achieved at a much lower feedstock
cost using wood rather than stover, straw, or switchgrass, but only if stand-improvement harvests are
performed at the rate assumed in this study so that round-wood is available as a bioenergy feedstock.
If, however, dedicated crops are integrated into the feedstock stream, facility sizes can achieve scale
at lower supply-costs than a wood-only scenario. This is especially the case at Smith’s Falls, where
dedicated grasses begin to enter the feedstock stream at $80/ODT and eliminate the need to increase
the procurement radius and transport costs in order to reach the same volume of biomass using only
forest resources. Indeed, access to a greater range of potential feedstock in closer proximity, as well
as access to cleared but abandoned agricultural land upon which to grow dedicated feedstock could
be achieved if a facility is located along transition zones between forestry and agricultural activities.

Regional
Total

Smith's Falls
(100km)

Bancroft
(100km)

Table 5.8: Potential bioenergy production capacity based on low and high conversion efficiencies
Biofuels
Bioenergya
PowerPowerPowerEthanol Pellets
Power-GCC
Location Feedstock
ST (low) ST (high)
GCC
(Ml)
(000's t)
(high) (MW)
(MW)
(MW)
(low)(MW)
Hardwood
57.23
144.73
32.15
64.30
56.26
75.55
Softwood
14.42
46.88
10.41
20.82
18.22
24.47
Straw
9.54
23.14
4.50
9.00
7.88
10.58
Switchgrass
7.35
17.83
3.67
7.35
6.43
8.64
Stover
3.58
8.33
1.65
3.31
2.89
3.89
Hardwood
21.03
53.18
11.81
23.62
20.67
27.76
Softwood
8.44
27.44
6.09
12.19
10.67
14.32
Straw
42.04
101.96
19.83
39.65
34.70
46.59
Switchgrass
134.34
325.83
67.16
134.32
117.53
157.82
Stover
37.59
87.58
17.38
34.77
30.42
40.85
Hardwood
125.04
316.25
70.24
140.49
122.93
165.07
Softwood
38.47
125.02
27.77
55.54
48.60
65.26
Straw
81.40
197.42
38.39
76.77
67.18
90.21
Switchgrass
238.88
579.37
119.42
238.83
208.98
280.63
Stover
83.22
193.87
38.48
76.96
67.34
90.43
aAssumed capacity factor of 83 per cent (7200hrs)
Ml = million litres; ST = steam turbine; GCC = gas combined cycle
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The results of this analysis show that while there is sufficient biomass available for
implementation of bioenergy systems, very little of it is economically accessible under existing market
conditions and in the absence of any subsidy. Techno-economic analyses of typical facilities using
the technologies reviewed above often assume a delivered feedstock cost of $40-50/ODT (e.g.,
Wyman, 2007; Stephen et al., 2012; see also Hayes, 2009). At sites in close proximity to an
abundance of forest harvest residues, such as Bancroft, a throughput of approximately 30-40,000
ODT might be achieved (see Figure 5.6). Discussions with stakeholders across the region, however,
revealed that the majority of recently proposed bioenergy production facilities in the region (mostly
small-scale bioelectricity and combined heat and power) are asking for long-term supply contracts at
a guaranteed cost of $30-40/ODT. The absence of mill residues in the region or some guarantee
that primary markets will be capable of absorbing the majority of harvesting costs means that this
price point is all but impossible to guarantee over the lifetime of a given facility, especially at scale.
6. Discussion
The results of the study above are discussed here in three sections. First, I address the
assumptions made in the study related to feedstock availability with emphasis on ecological
sustainability. Second, I discuss the merits of a mixed-feedstock stream with emphasis on feedstock
risk, and briefly review the technological options for processing multiple types of biomass. Third, I
compare the results of the analysis with those from BIMAT and reflect on observed differences.
6.1 Biomass resource availability
Bioenergy markets add a new demand on the net primary productivity of local farms and
forests. It is important to ensure that these demands do not extend beyond the reproductive
capacity of local ecosystems to produce biomass. In this study, care was taken to ensure that
conservative agricultural residue extraction rates were assumed to ensure material was returned to the
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landscape. From a forestry perspective, the most critical factor is to ensure that net removals do not
exceed net growth.
Existing market conditions in eastern Ontario suggest that diverting round-wood toward
bioenergy production is possible while staying within prevailing sustainable harvest limits. Prior to
2000, more than 90,000 ODT of round-wood from crown-land alone (which represents only 20-25%
of the forested land in the region) was allocated toward pulp and paper production (OMNR, 2004).
Since 2006, eastern Ontario has lost more than 700,000 ODT of pulp wood processing, along with
additional losses in other types of wood processing (see Table 4.9). The loss of this market has
implications on the overall forestry value chain. As stands become over-stocked with lower quality
and small diameter wood, high value species are starved of nutrients and sunlight. In this context,
local woodlot owners grow increasingly concerned about the long-term viability of their operations
and are eager to selectively remove this wood (Polk and Hall, 2006; Hall, 2009; see also Wilnhammer
et al., 2012).
Table 5.9: Permanent market losses for eastern Ontario wood since 2006
Resource
Utilization
Owner
Mill Type
Location
(GMT)
Smurfit-Stone
Domtar
Domtar
ATC

Pulp
Pulp
Paper
MDF

Portage Du Fort, QC
Cornwall, ON
Gatineau, QC & Ottawa, ON
Pembroke, ON

200,000a
240,000a
600,000b
350,000b

Combi-Board
Particle Board
Bancroft, ON
300,000b
only round-wood resources sourced from eastern Ontario
bTotal capacity of plant, some of which is satisfied by mill residues and round-wood
sourced from outside the region.
*GMT = green metric tonnes; MDF = medium density fibreboard
Sources: Levin et al. (2011); Pulp and Paper Canada (2011)
aIncludes

Perhaps most importantly, the total regional annual forest biomass estimate calculated in this
study is within the incremental growth of eastern Ontario’s forests. To substantiate this point, forest
biomass (FB) is estimated as a sub-set of gross volume per Equation 2 (see also Ramachandra, 2007):
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FB  a  p  e

(2)

where a represents productive forest area; p represents forest productivity; and e is an assumed
extraction rate of biomass for energy. Forested area is estimated by summing the accessible and
productive forested land area within the GIS. Forest productivity is the most recent current annual
increment (CAI) of forest growth which, in this region, is estimated to be 2.5 m 3/ha (OMNR, 2006).
It is assumed that 65 per cent of the gross volume can be recovered, 60 per cent of which (i.e., 40 per
cent of the total incremental growth, so that e = 0.40 in Equation 2) could enter the bioenergy
market as harvest residuals, non-commercial wood and pulpwood. In total, over 736,000 ODT of
forest biomass is available across the region based on a gross-yield analysis, compared to the 690,000
ODT estimated using the methodology above. It is important to note that these estimations do not
include biomass from riparian zones or forests that are protected for the purpose of preserving
ecological heritage. In other words, this analysis is conservative where forest biomass is concerned;
fact which was verified through post-analysis discussions with local woodlot managers.
Although energy crops have considerable promise in the region, there is evidence to show that
growers will not establish these crops unless there is a guaranteed market while developers will not
provide that market without a guaranteed supply (Sendich and Dale, 2009). This persistent chickenand-egg situation, along with the risk aversion of the general farming community with respect to
fundamental changes to their target market and their planting-growing-harvesting activities (see Cope
et al., 2011; Ostwald et al., in press), means that the establishment of dedicated crops is unlikely to
achieve its full potential in the near to medium term. The biomass potential estimated in this study is
therefore very optimistic in terms of its assumption that all idle land will be allocated toward the
production of dedicated energy crops.
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6.2 The merits of a mixed-feedstock stream
In order to increase uptake of second generation bioenergy production, facilities must be
insulated from localized disruptions in the availability, composition, and cost of supply. These
disruptions are related to environmental and economic factors that add uncertainty and feedstock
risk to bioenergy supply chains (see the ‘drivers of systemic change’ highlighted in Figure 5.1, as well
as the discussion in the preceding sub-section). The primary way to reduce feedstock supply risk is
to increase the area available from which to procure feedstock (Mabee et al., 2011b). This can be
achieved in two ways. First, a given facility can expand the radius of its procurement area. This
tactic comes with significant economic costs, however, since systems will be forced to increase
transportation distances and therefore procure resources at the steepest portion of supply-cost
curves in order to sustain throughput (Papadopoulos and Katsigiannis, 2002; Perpiñá et al., 2009).
Alternatively, developers can increase the range of land-cover types from which their feedstock can
be procured through a multi-biomass supply chain.
Indeed, the coordination between forestry and agricultural activities greatly increases the spatial
density of the resource base which reduces the overall supply-cost of biomass resources. The growth
and supply cycles of agriculture and forestry source options do not necessarily overlap in time so that
multi-biomass supply chains ensure a consistent flow of feedstock from field to facility through time,
thereby reducing on-site storage requirements. This is especially the case if perennial grasses are
over-wintered and delivered to the facility in spring. This is shown in the supply-flow chart above
(Figure 5.8). In this figure, perennial grasses are harvested in the spring (April-June); agricultural
residues in the fall (September-November); and forest biomass is brought to site when these harvest
periods are over. Within a 100 km driving distance at both Smith’s Falls and Bancroft, a consistent
feedstock flow of approximately 20,000 ODT per month, or approximately 650 ODT per day, could
be ensured through a mixed feed-stock stream without the need for long-term on-site storage. This
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biomass flow rate could support the
production of 60 Ml of ethanol;
150,000 t of pellets; or anywhere from
30-70 MW of biopower using assumed
conversion efficiencies listed in Table
5.5. The flow rate could be more than
doubled if facility managers were willing
/ capable to accept multiple types of
feedstock in the same month. From a

Figure 5.7: The dashed line marks the minimum monthly biomass flow
rate of 20,000 ODT that could be achieved through a multi-biomass
supply chain. At Bancroft, forest resources would need to be collected
to cover shortfalls during primary agricultural harvest periods (April-June
and September-November). Only a fraction of potential agricultural
residues would be required at Smith’s Falls.

technological perspective, encouraging technologies that can process lignocellulosic fibre from
various source option s (so-called ‘Phase III’ biorefineries; see Kamm and Kamm, 2004) is required
in order to make this supply strategy viable.
Lignocellulosic conversion technologies can generate fuels, energy, and chemicals through three
primary means: biochemical conversion which involves hydrolysis, saccharification and fermentation;
thermochemical conversion (combustion; gasification; pyrolysis); and physical processing (pellets;
briquettes) (see Faaij, 2006; Hayes, 2009; Sims et al., 2010; Mabee et al., 2011b). Most operational
and near-commercial technologies are sensitive to variations of ash and lignin content within the
feedstock mix. Since these can vary considerably between feedstock types (not to mention interspecies variation), most technologies require a relatively homogenous biomass mix in order to
maximize product recovery and to control product quality. Where lignin-rich resources (e.g.,
softwood) are included into the feedstock mix, for example, bioconversion into ethanol requires
concentrated acids (Hamelinck et al., 2005) or ionic liquids (JBI, 2011) in order to compromise the
structural integrity of lignin and hydrolyze available sugars; both of which are cost prohibitive inputs.
Combustion and gasification technologies do not achieve temperatures high enough to thermo153
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chemically destroy silica and other trace metals found within herbaceous material such as straw and
stover. Resulting ash deposition causes clinkering and slagging within the systems which lowers the
system efficiency and increases cost of operation and maintenance (Faaij, 2006; Foust et al., 2009).
Furthermore, the minimum ethanol selling price (i.e., the price required to achieve a 10 per cent
internal rate of return) of ethanol from syngas has been shown to rise 50 percent when the ash
content within the feedstock increases from 1 to 15 per cent (Hayes, 2009). This means that
relatively homogenous feedstock streams of hardwood or softwood are preferred to mixed or
homogenous feedstock streams that include stover, straw, or dedicated grasses (Gonzalez et al.,
2012).
Clearly, a heterogeneous feedstock is difficult to process on an industrial scale. One way to
incorporate heterogeneous feedstock into a bioenergy system is to create a homogenous
intermediate. There are currently two conversion pathways capable of achieving this goal. The first
is pyrolysis. Pyrolysis systems operate at extreme temperature and pressure in order to convert the
total mass of feedstock including ash and lignin into char, gas, and oils, the relative breakdown of
which is dependent on operating temperatures and residence time. Based on current energy markets,
however, pyrolysis systems are cost-prohibitive (Mabee and Mirck, 2011), although some facilities are
using pyrolysis in order to produce food ingredients and specialty chemicals which are high value
markets compared to energy (e.g., the Ensyn facility in Renfrew). Pelletization is the second
technology that can homogenize a heterogeneous feedstock. In fact, some pellet facilities are
currently accepting and processing a mixed feedstock stream including green forestry wood, straw,
and municipal waste (e.g., the Woodville Pellet Corporation plant at Kirkfield, Ontario; see also Liu
et al., 2013). In both cases, pyrolysis and pelletization provide a platform fuel that can be used as an
intermediary input into subsequent energy, fuel, or chemical production.
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The insights of this study related to multi-biomass supply chains are also important in the
context of increasing emphasis on biomass-based industrial (bio-industrial) parks. Conceptually
speaking, a bio-industrial park is an agglomeration or cluster of industrial activities focused on the
conversion of biomass feedstock into one or a combination of energy, fuels, and products (e.g.,
platform chemicals) within separate but interconnected industrial processes. The cluster can take a
number of forms: e.g., co-location of facilities operating at different stages in the bioenergy supply
chain or the co-location of facilities which add value to the activities of the others. Using this
concept, multi-biomass feedstock streams could be processed within multiple optimized units (i.e.,
parameterized to manage specific ash and lignin contents) rather than a single unit. Locating such a
park within the transition zone between forestry and agricultural will ensure access to a greater range
of feedstock options within a shorter distance and at lower cost, along with a most consistent flow of
feedstock.
7. Conclusion
In order to achieve the widespread commercialization of bioenergy production, technology
selection must consider the composition of local biomass; scale economies must be balanced with
feedstock cost; and lenders need to be assured that a continuous cost effective feedstock is available
over an annual planning horizon. In some regions, forest and agricultural resources are available in
sufficient quantity to achieve these goals, and in fact can be coordinated into a mixed-feedstock
stream with multiple economic and ecological benefits. With this in mind, this paper compared the
quantity and supply cost of a range of second generation feedstock options along with the potential
production capacity of various conversion options for specific feedstock-technology combinations at
a regional scale. In contrast to previous studies, this study employed a spatially distributed approach
and considered the potential for synergy between forest and agricultural biomass. Land cover data
assimilation and synthesis, described more fully in Appendix A, allowed for the full range of resource
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options to be identified and located. Variations in agricultural productivity were considered by
taking a county-level approach to residue estimation rather than averaging production over the entire
region. Since GIS data are soft-linked to spreadsheet-based analyses and data, the method is able to
adjust parameters in order to estimate quantity and cost under different scenarios or harvesting
pathways. This is especially critical when modeling production potential of dedicated crops, for
which there are a number of options (e.g., switchgrass; miscanthus; poplar; willow).
Leveraging the complimentary nature of forest and agricultural resource options will bring
flexibility, resiliency, and scale economies to the emerging bioenergy sector. Rather than expanding
search areas and increasing feedstock delivery costs, or controlling feedstock flows through large
monocultures, the spatial density and daily flow rate of biomass feedstock can be increased by
developing mixed feedstock streams. The study found clear advantages toward this end when
locating along transition zones between forestry and agricultural activities. While advanced
processing technologies that are feedstock agnostic are few and costly, deploying technologies that
can homogenize a heterogeneous feedstock or developing bioenergy industrial clusters offer nearterm technology and business solutions to help bring resiliency and flexibility to the emerging
biorefining sector through multi-biomass supply chains.
The study found that where primary wood processing is slow and therefore mill wastes are not
available in bulk, utilization of low quality round-wood is critical to achieving scale economies in
forest-based bioenergy production. The lack of alternative markets and the fact that removal of this
wood from the landscape is within the reproductive capacity of regional forests suggests that
feedstock risk is quite low especially over a 20 year time horizon. The ‘rub’, of course, is that some
push or pull factor needs to drive the profitability of these harvesting activities in order to liberate
the resource base for energy production and to make the feedstock cost-effective for bioenergy
production. The profitability of this harvesting activity is dependent on either (a) allocating the vast
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majority of harvesting and processing toward a primary market such as saw-logs of veneer; (b) a
bioenergy market that can pay the full cost of harvest; or (c) subsidies to support the removal of this
wood. The downturn in the forestry sector and the overabundance of pulp wood in regional forests
eliminates (a) as an option, and the analysis above made it clear that bioenergy producers are unable
or unwilling (or both) to pay the full costs of harvest. Future policy interventions might therefore
consider subsidizing this harvest activity. This style of intervention is currently practiced in Finland,
and has shown to maintain employment while ensuring the long-term viability of regional forestry
economies (Hänninen and Sevola, 2010). And since the support is merely tied to ensuring
sustainable silviculture, any value-added industry is able to bid for the material so that government
does not outright choose winners and losers in particular technologies or markets. In the absence of
these types of political interventions, a rebound in primary market activity (mill-level wood
processing for lumber and veneer) could open up opportunities in the bioenergy sector. These
market conditions have yet to materialize, however, and further site-level research into specific
applications under various scenarios is required in order to identify these near-term opportunities.
The method used in this study leverages publicly available data, so that it is easily replicated.
The need to integrate disparate map series in order to bring detailed land-use data related to forestry
and agricultural activities across the entire study area, however, was found to introduce uncertainties
into the analysis. These uncertainties can be reduced if either 1) forest and agricultural activities are
mapped together within a comprehensive biomass assessment or 2) forest inventory mapping is
extended into so-called ‘agricultural centers’ while agricultural inventory mapping is extended into socalled ‘forestry centers’. Renewable energy development generally, and bioenergy development more
specifically, places new demands on our land / biomass resources. In order to assess the capacity of
the landscape to satisfy these demands, we must continue to invest in baseline information.
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Chapter 6
More solar farms or more bioenergy crops? A GISbased analysis of land-use and energy trade-offs in
easetern Ontario, Canada

Abstract
The purpose of this chapter is to understand and evaluate land-use changes and competition for land between
solar and bioelectricity production at a regional scale. A methodology is developed from which to (a) locate
land that is most likely to support both biomass and solar energy production in an area (referred to as ‘mutual
land’); (b) estimate total production potentials; and (c) identify the point at which mutual land must be used in
order to achieve the market potential of each resource. Trade-offs associated with choosing one system over
another at mutual land, in this case total potential electricity production and energy density (MWhr/ha), are
then evaluated in the context of regional energy needs and existing renewable electricity assets. The study
compares a range of fixed-axis solar PV technologies against two short rotation woody coppice systems
(poplar; willow) and two perennial grass systems (switch grass; miscanthus). Relative electricity production
potential is shown to be related to soil quality and the efficiency of the conversion system. Approximately 1.2
per cent of all agricultural land and 8.4 percent of land most likely to be re-allocated toward energy production
would be required in order to achieve a penetration rate for ground-mount solar PV systems of 20 percent.
Rooftop space is sufficient, however, to provide the area required for solar PV to meet mid-day electricity
requirements, however, and achieving a 100 per cent renewable electricity system in the absence of large-scale
storage would require that all mutual land be allocated toward bioenergy rather than solar PV systems.
Stronger siting regulations could be placed on solar PV systems without compromising their technical capacity
to contribute to a sustainable energy system. The use of biomass resources to provide back-up electricity for
solar PV systems is discussed.
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1. Introduction
The goal to achieve an energy system powered entirely by renewable resources is dependent on
the extent to which local land can be (re)allocated toward energy production activities with minimal
compromise to existing landscape / ecosystem services (Stremke, 2010; Stoeglehner et al., 2011;
Schmidt et al., 2012). In order for a given parcel of land to be capable of supporting RE production,
the site must meet the following basic criteria: (a) physically capable of supporting energy production
activities; (b) within a reasonable distance of consumers and / or distribution infrastructure; (c) not
exclusively supporting some other (higher) valued activity; and (d) socially accepted as designated for
such purposes. There are two challenges apparent here. Firstly, even where all these criteria are met
only a small subset of overall area will be considered practically available once investment criteria and
hidden technical costs (e.g., distribution infrastructure capacity) are applied (Dawson and Shlyter,
2012). Secondly, criterion (a) is a physical limitation and criterion (b) is overcome only at significant
economic costs and energy security risks so that RE development programs mostly focus on
constraints related to (c) and (d) in order to open up enough land to achieve relevant production
levels. This has the effect of changing social and economic values surrounding land-use which can
be disruptive to prevailing land-based economies and raise concerns, especially among landscape
conservationists, about the integrity of ecosystem services. Indeed, decisions over how to allocate
local land for the purpose of RE production are at the center of political and scientific debates
surrounding RE (Walker, 1995; Ohl and Eichorn, 2010).
1.1 The ‘mutual land’ issue
Compounding debates surrounding land-use and RE development is the fact that while site
selection criteria vary based on specific resource-technology combinations and project sizes, different
RE systems in many cases actually prefer the same types of land (de Vries et al., 2007; Denholm and
Margolis, 2008). Those sites that are considered suitable for more than a single technology are
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referred to henceforth as ‘mutual land’. Given the twin facts that land area which can be
(re)allocated toward RE production activities is practically very limited and more than a single RE
resource can be found at any location, mutual land will at some point in the development process
become a space of conflict or engagement between multiple RE options.
Production potential from multiple resources at mutual land is not always additive because in
many cases infrastructure and energy production activities cannot co-inhabit the same space (de
Vries et al., 2007; Biberacher et al., 2008). In these cases, the allocation of mutual land toward one
RE option might reduce or preclude the production potential from another option. Each system has
its own unique benefits / advantages and costs / disadvantages, so that there are a number of tradeoffs to consider prior to making a decision. Land-use trade-offs in the RE sector can be minimized
(if not eliminated), however, through various development strategies. Firstly, multiple technologies
can be integrated or co-located at a given site in order to liberate more than a single source of RE
from the same land base (Nema et al., 2009; Leone, 2011; Li et al., 2011; Shafiullah et al., 2012). An
example might be solar photovoltaic (PV) systems installed on a wind turbine or a biogas facility, or
dedicated bioenergy crop systems integrated with a wind farm. In this way, RE systems cooperate
rather than compete where mutual land is concerned, and this increases the quantity of energy
recovered per unit area occupied. Secondly, RE systems can be incorporated into shared land-use
schemes involving energy and non-energy activities. Integration of solar energy systems into the
built environment (Wiginton et al., 2010; de Schepper et al., 2012; Singh, 2012) or wind turbines into
traditional farming activities are the most prevalent examples of this land-use strategy.
This discussion raises a number of questions which are critical to planning and engineering a
sustainable RE system. What is the cumulative production potential of various source options, and
from where can they be sourced? At which locations will RE systems compete for the same land?
What are the trade-offs associated with choosing one technology over the other at these locations?
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In what ways can trade-offs be avoided? If trade-offs cannot be avoided, what criteria should
determine how to allocate mutual land?
These questions have particular relevance in the context of solar energy and bioenergy selection
and implementation. Dedicated biomass production systems are an integral part of bioenergy
development strategies and bring numerous local benefits related to ecosystem services and
employment (Sims et al., 2006; Gelfand et al., 2013). In order to avoid conflict between food and
fuel production it is often suggested that dedicated bioenergy crops ought to be grown only on
‘marginally’ productive land, especially that which is highly erodible, or at least on land that is not
currently supporting food production (Fargione et al., 2010; Gelfand et al., 2013).26 Ground-mounted
solar photovoltaic (PV) systems are also being deployed on marginally productive and idle
agricultural land (Elkind et al., 2011; Goodrich et al., 2012). The panel area of a solar PV system is
typically 30-40% of the total PV farm surface and casts shadows (Djikman and Benders, 2010) which
prohibits biomass harvesting activities and brings solar PV panels in direct competition with
dedicated bioenergy crops for land and sunlight. On one hand, loss of bio-productive land for the
purpose of recovering intermittent solar resources might have serious consequences on the capacity
of an area to achieve energy sustainability, since regional RE independence requires a substantial
increase in the use of forest and agricultural resources, especially dedicated bioenergy crops, for the
provision of base-load or dispatchable heat and power (Schmidt et al., 2012). On the other hand, the
sprawl of solar energy systems over land that could otherwise be used for agricultural production is

26

I am not suggesting that the growth of dedicated bioenergy crops should be restricted to marginal land in the same way
the deployment of solar PV systems is regulated. If only marginal land were eligible for bioenergy crop production, two
negative outcomes are likely: 1) bioenergy would come at an increased economic cost than if dedicated crops were
allowed to be grown on more productive land and 2) owners of marginal land might in the end capture higher rents
selling bioenergy crops than owners of highly productive land who in a ‘marginal land only’ scenario would be forced to
grow and sell traditional food crops; this limits the ability of a farmer to diversify his/her production activities and might
incentivize poor land-management decisions (see Bryngelsson and Lindgren, 2013). It is also important to note that
Ontario currently allows the production of corn for the purpose of conversion into ethanol on prime agricultural land,
and corn-to-ethanol systems have lower net energy yields and greenhouse gas emissions reductions than could be
accomplished using lignocellulosic bioenergy crops.
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often claimed to be insignificant, especially since land supporting ground-mount solar PV systems
can be reverted to its original use upon decommissioning (CANSIA, no date; Denholm and
Margolis, 2008). The reality, however, is that the significance of land-use trade-offs are not absolute
or universal; they are a function of place-based or regionally-specific resource endowments, existing
land-use patterns, and policy goals in relation to the capacity of the area to support RE production.
Although great progress has been made toward the accuracy and validity of resource and land
suitability assessments for solar and bioenergy technologies in particular areas (Calvert, 2011;
Dawson and Shlyter, 2012), much less work has been done on questions related to potential lad-use
trade-offs. In the case where multiple RE resources are mapped collectively, analyses are often based
on the assumption that land suitable for energy production activities is only available once and will
be allocated toward the recovery of the highest quality resource (e.g., Dominguez et al., 2007;
Biberacher et al., 2008). Similarly, Djikman and Benders (2010) compare energy resources at a given
site based only on their energy density. In order to plan and engineer a sustainable energy system,
however, energy resources must be evaluated not by quantity alone but also by form and timing, and
how all three properties relate to regional energy demand profiles. In other words, analyses need to
shift their focus from “how much” toward “what energy services” when distinguishing energy
options (see also Feder, 2004; Blaschke et al., in press). Other geographical studies of RE potential
assume that land suitable for RE system deployment is available to support energy recovery activities
from more than one resource, but the implications of competition over limited land are not
examined (e.g., Yue and Wang, 2006; de Vries et al., 2007; Lopez et al., 2012).
With all of this in mind, this chapter develops and applies a GIS-based method to (a) locate land
that is most likely to support both biomass and solar energy production in an area; (b) estimate total
and collective production potentials; and (c) identify the point at which mutual land must be used in
order to achieve their market potential. Trade-offs associated with choosing one system over
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another at mutual land, in this case total potential electricity production and energy density
(MWhr/ha), are then evaluated in the context of regional energy needs and existing renewable
electricity assets. The study compares a range of fixed-axis solar PV technologies against two short
rotation woody coppice systems (poplar; willow) and two perennial grass systems (switch grass;
miscanthus). These crops are widely agreed to show the most promise as dedicated bioenergy crops
in the region (Jannasch et al., 2001; Kludze et al., 2010; see also ORNL, 2008), and all but
miscanthus are native to North America. The analysis builds upon recent work into modeling the
potential of, and pathways for, energy sustainability in eastern Ontario (see Wiginton et al., 2010;
Nguyen and Pearce, 2010; Mabee and Mirck, 2011; Chapter 5) and is intended as a contribution to
the study of the potential opportunities, barriers, and risks to achieving regional energy selfsufficiency.
2. Method
2.1 Locating mutual land
A hierarchical approach to energy mapping, initially conceptualized by Hoare (1979) and most
recently described in Voivontas et al. (1998) and Angelis-Demikas et al. (2011), is applied in order to
estimate solar and bioenergy carrying capacities as well as to
locate mutual lands (see Figure 6.1). There are two
fundamental differences between these earlier approaches and
the approach taken in this study. Firstly, existing classification
systems for mapping and analyzing RE resources tend to be
sector-specific; i.e., designed to map solar or biomass
resources only. In contrast, the nomenclature used in this
study is resource agnostic. A standardized approach helps to
bring clarity to (the communication of) scientific comparisons

Figure 6.1: A structured approach to RE
mapping and assessment.
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between different source options in terms of their land requirements and production potential within
an area. Secondly, earlier systems use a top-down notion of hierarchy, while this study applies a
bottom-up conceptual framework. In this way, the conceptual model more closely reflects reality:
i.e., there is a resource base (theoretical potential) that we are prevented from fully recovering due to
hard and soft restrictions which determine accessible and permissible resources. These restrictions
are accounted for by identifying locations where energy recovery cannot occur due to absolute limits
(hard restrictions that distinguish accessible resources) and locations where energy recovery should not
occur due to prevailing socio-political and investor preferences surrounding land-use (soft
restrictions that distinguish acceptable resources). This ontological framework is modeled by
layering geographic information upon baseline resource data within a geographic information system
(GIS), with each layer representing a specific restriction.27
The method operates by first identifying land that is accessible and permissible where the
recovery of energy from each respective resource is concerned, and then overlaying those maps to
locate mutual land. A map of accessible and permissible biomass resources was created in Chapter
Five. For the purpose of this chapter, this map only needs to be intersected with a map of suitable
areas for solar PV development in order to identify mutual land. A map of annual solar irradiance in
the region has been provided by Ha Nguyen (see Nguyen and Pearce, 2010 for details). These data
are filtered in order to identify accessible and permissible solar resources. Riparian zones and
wetlands are removed, and remaining lands are clipped to a 50 km buffer around transmission
stations in order to meet acceptable distance standards enforced through the Ontario Power
Authority (OPA, 2013). Before a solar PV project is approved under Ontario’s FIT program, it must
be issued a Renewable Energy Approval (REA). An REA is issued only when a developer
demonstrates that the guidelines surrounding land-use and ecological heritage, outlined in the REA

27

All geo-processing tasks are performed in ArcGIS 10.1.
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Regulation (359/09) under Ontario’s Environmental Protection Act, are followed. This regulation is
designed to ensure that RE development (a) is not at odds with existing environmental legislation,
including the Provincial Parks and Conservations Reserves Act and the Endangered Species Act, and (b) does
not compromise policy objectives related to the preservation of Ontario’s natural heritage. The
guidelines that must be met prior to project approval are described in the second edition of the
Natural Heritage Assessment Guide (NHAG) (OMNR, 2012). All of the spatial data which locate
and describe significant land related to these guidelines are listed and described in Table 6.1.
Datasets which locate all of these restrictions are rasterized and reclassified into binary format, where
‘1’ represents an acceptable location and ‘0’ represents an unacceptable location due to the presence
of a restriction. Multiplication of these layers with the biomass and solar maps isolates only those
areas at which solar energy and biomass energy might be deployed after all physical, technical, and
social constaints have been considered.
New rules imposed on ground-mount solar PV systems in Ontario prohibit their development
on ‘prime’ agricultural land. In Ontario, the quality of agricultural land is summarized by the Canada
Land Inventory (CLI) soil classification system, where CLI 1-3 is considered ‘prime’ and 4-6 is
considered ‘marginal’. Class 7 lands are entirely unsuitable for agriculture and include rocky and
barren land as well as forested land with poor substrate where agriculture is concerned. A regional
map of soil quality per the CLI classification scheme is compiled through a mosaic of the Soil Survey
Complex provided by the Land Information Ontario data warehouse as well as the National Soil
Data Base. Land classified as 1-3 and 7 is removed from consideration.
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Table 6.1: Data used to identify exclusion areas based on ecological and cultural value.
Dataset
Description
Significant Ecological
Area

Area of interest to the Ministry that is ecologically significant and warrants special
consideration, excluding all areas listed below.

Areas of Natural
Special Interest
(ANSI)

Area of land and water that represent significant geological (earth science) and biological
(life science) features. Earth science ANSIs include areas that contain examples of rock,
fossil and landform features in Ontario. Life science ANSIs are areas that contain
examples of the many natural landscapes, communities, plants and animals found in the
14 natural regions of the province. ANSIs are identified by surveying regions and
evaluating sites to decide which have the highest value for conservation, scientific study
and education.

Provincial Park
Regulated

Public lands set aside under the Provincial Parks and Conservation Reserves Act, 2006, to
1) permanently protect, manage, and maintain representative ecosystems, biodiversity and
provincially significant elements of Ontario's natural and cultural heritage; 2) provide
opportunities for ecologically sustainable outdoor recreation opportunities and encourage
associated economic benefits; 3) provide opportunities for residents of Ontario and
visitors to increase their knowledge and appreciation of Ontario's natural and cultural
heritage; and 4) facilitate scientific research and to provide points of reference to support
monitoring of ecological change on the broader landscape.

NGO Nature
Reserves

Lands held by nature trusts and other non-government agencies for the purpose of nature
conservation.

Natural Heritage
System Area
(NHSA)

Systems of natural core areas and key natural corridors or linkages, such as rivers and
valleys, with significant ecological value that have been identified by the Ministry of
Natural Resources for use in land use planning. It includes those NHSAs that have been
defined and enabled by provincial plans such as the Greenbelt Plan, the Oak Ridges
Moraine Conservation Plan and the Niagara Escarpment Plan. It does not include any
modifications to the systems as made by municipal governments as part of their Official
Plans.

Federal Protection
Areas

Areas protected by the Federal government for natural or cultural reasons. Includes
National Parks, National Marine Conservation Areas, Heritage canals, National Wildlife
Areas or other Federal Protected areas.

Landform
Conservation Area

Area of prominent landform which are protected from development largely through
municipal bodies. The level of protection is often correlated to the complexity of the
landform (i.e., more complex, more stringent). The Oak Ridges Moraine is perhaps the
best example of an area that falls under this category.

Land set aside under the Provincial Parks and Conservation Reserves Act, 2006, in order
to 1) permanently protect representative ecosystems, biodiversity and provincially
significant elements of Ontario's natural and cultural heritage and to manage these areas
Conservation Reserve
to ensure that ecological integrity is maintained. 2. To provide opportunities for
Regulated
ecologically sustainable land uses, including traditional outdoor heritage activities and
associated economic benefits. 3. To facilitate scientific research and to provide points of
reference to support monitoring of ecological change on the broader landscape.
Note: many of these land-use designations do not prohibit (but can sometimes place restrictions on) agriculture or
logging, which explains why they are not all considered as constraints on biomass resource access in Chapter 3.
Source: Land Information Ontario Metadata Directory
(www.appliometadata.lrc.gov.on.ca/geonetwork/srv/en/main.home)
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In some studies, marginally productive or non-commercial forested land is considered
acceptable for solar PV development (Nguyen and Pearce, 2010). A review of documentation for 48
ground-mount solar PV projects in Ontario, however, shows that more than 95% of the total area
utilized by solar PV farm development in Ontario is classified as agriculture – most of it used for
crop or grazing within the last few years.28 Additionally, all postings on Ontario’s Environmental
Registry related to the environmental impacts of solar PV development refer to the conversion of
natural or artificial grasslands, not forested land, into solar PV farms.29 In other words, solar PV
developers clearly prefer agricultural land and avoid forested land (see also Blaschke et al., in press:
Figure 5; Elkind, 2011; Aydin et al., 2013). All forested land cover types are therefore removed from
the map of mutual land. Remaining map units could support both solar PV and dedicated biomass
production and are therefore considered ‘mutual land’.
The cartographic model derived from the method discussed above is shown in Figure 6.2. Note
that while input data include both raster and vector formats, the final output map is conformed to a
regional Albers Equal Area map projection system in raster format at 25 m resolution.

28

The residual 5% of land was found to be classified as undeveloped commercial land along with a very small amount of
undeveloped or unproductive wooded areas. In many cases the latter were a secondary land cover type within the same
project area. Construction plan reports which provided this information were collected online from various developers,
including Recurrent Energy, (www.ontariosolarfuture.ca/projects); Solray (http://solray.ca/projects/); Ontario Solar PV
Fields Inc. (www.ontariosolarpvfields.com/project7.html); Penn Energy Renewables
(www.pennenergyrenewables.com/solar-farms-ontario.html); and First Solar (http://canada.firstsolar.com/#). This
sample of documents represents 42% of all projects and 49% of the total installed capacity for ground-mount solar PV
farms approved for contracts under the first three rounds of Ontario’s FIT program.
29
The Environmental Registry is an online consultation (‘e-consultation’) platform where proposals for infrastructure
projects that will have environmental impacts are made available for public viewing and comment before project
approval.
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Figure 6.2: The cartographic model used to locate mutual land

2.2 Allocating land to electricity markets
In this study, the point at which solar PV and bioelectricity systems must compete for mutual
land is identified through a variant of energy end-use analysis (see Feder, 2004), whereby land uptake
is related to market demand. Mutual land is required by one or another system only if market
demand exceeds the electricity production capacity of land that could be used exclusively for solar PV
or bioelectricity systems. Land available exclusively for bioelectricity production includes forest
biomass as well as agricultural residues or dedicated crops derived from prime agricultural land (i.e.,
CLI 1-3). These resources are estimated by removing mutual land from the original biomass
resource map created in Chapter Five and then estimating remaining biomass energy. Land available
exclusively for solar PV production includes accessible rooftop space. Production potential from
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these areas is assumed to be the average estimate from Wiginton et al. (2010), who used a feature
extraction technique on aerial photographs to estimate and extrapolate rooftop solar PV potential in
the region.
The regional electricity demand profile is derived from 2011 consumption data provided by
Ontario’s Independent Electricity System Operator (IESO). Total regional electricity demand in
2011 was approximately 18,570 GWhr.30 Data are filtered on an hourly basis in order to derive the
minimum, average, and
maximum electricity
demand for each hour
throughout the day (see
Figure 6.3). Bioelectricity
and solar PV electricity
systems operate at different

Figure 6.3: Daily electricity load curves in eastern Ontario in 2011. Source of
data: IESO.

points along this demand profile. Bioelectricity systems are mostly used to provide base-load
electricity. I assume bioelectricity systems will operate for 7,000 hours total (or an 80% capacity
factor) (Layzell et al., 2006), for which demand in the region is no less than 1,300 MW. While
eastern Ontario has approximately 2,200 total daylight hours (Muneer et al., 2011) I assume that solar
PV systems will produce a total of 1,200 MWh per MW intalled (Nguyen and Pearce, 2010). 31
Demand during daylight is estimated as the hours between 10 am and 5 pm for which there is a total
load of no less than 1,700 MW.

30

Regional demand is the sum of demand from the ‘Ottawa’ and the ‘East’ transmission zones; see Figure 7.1 in the next
chapter. The year 2011 was chosen because it is representative of near to mid-term regional electricity demands. Total
electricity demand in eastern Ontario in 2011 was approximately 300,000 MWh higher than in 2012 and 100,000 MWh
lower than in 2010.
31
Solar PV systems do not reach their rated output during low-light hours, which explains why there are fewer MWh
than daylight hours.
175

Chapter 6

It is important to note that eastern Ontario has existing hydropower generating assets which
would also contribute to bioelectricity and solar PV markets. Regional hydropower assets are
summarized in Table 6.2. In addition, there is also a 200 MW wind farm currently operating in the
region. For the purposes of this study I assume that solar PV and bioelectricity systems are granted
priority dispatch so that market access for solar PV and bioelectricity systems is unconstrained by
existing RE generation assets.
Table 6.2: Hydropower generating facilities in eastern Ontario.
Installed
Production
Plant Type Counta
Capacity (MW)
Average (GWhr)
Base Load
14
463.77
1482.51
Peak Load
6
951.84
1905.63
Run-of-River
22
74.60
348.70
Data source: Waterpower Generation Station dataset (OMNR, 2012)
aIncludes only those facilities with recorded production average.

2.3 Assessing land-energy trade-offs
Electricity production potential from solar PV systems (EPV) for a given panel technology (i) is
modeled as follows:
(1)
where A is available surface area measured in ha; PF is the packing factor of a given system
expressed as ha/MW; and CF is the system capacity factor. The packing factor is related to the panel
output capacity and land characteristics (e.g., topography; complexity), so that packing factors are site
and project specific. An average packing factor is therefore derived from a review of Construction
Plan and Project Description Reports for 34 ground-mount solar PV projects in Ontario. These
construction reports were collected from various developer websites including Recurrent Energy
(www.ontariosolarfuture.ca/projects.php); Solray (http://solray.ca/projects/); Ontario Solar PV
Fields Inc. (www.ontariosolarpvfields.com/project7.html); Penn Energy Renewables
(www.pennenergyrenewables.com/solar-farms-ontario.html); and First Solar
(http://canada.firstsolar.com/#). It is important to note that land requirements listed in these
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documents refer to initially leased or purchased land, and therefore include buffers that are either
required by legislation (e.g., setback requirements) or are retained for risk-management purposes to
ensure the project has enough land to support its full capacity. In other words, initially leased or
purchased land can be as much as 1.5-2 times the land actually required by the system (Goodrich et
al., 2012). As such, these data are triangulated with secondary reports which have estimated the land
uptake of solar PV systems that are currently operating in Ontario in order to derive the mean landuse intensity for solar PV systems in Ontario.
The results of this research are summarized below in Table 6.3. A typical solar farm in Ontario
requires approximately 5.41 ha/MW installed including setbacks from residential areas or significant
landscape features as well as for ‘site screens’ that obscure the view of the solar farm from the
general public. As expected, land use intensities are shown to vary by peak panel output. The
Construction Reports from First Solar, which uses 75 W thin film panels in their solar PV farms,
show an average land-use intensity of 7.38 ha/MW while the Construction Reports from Recurrent
Energy, which uses 230-280 W crystalline panels, show an average land-use intensity of 3.38 ha/MW.
This range, as well as model estimates shown in Figure 3.3, is used to provide high and low packing
factors from which production scenarios are developed. In all cases, system capacity factor is
assumed to be 1200 MWhr/MW in order to reflect regional solar conditions (Nguyen and Pearce,
2010; Wiginton et al., 2010).
Table 6.3: Land-use efficiencies of solar PV farms in Ontario.
Installed Land-Use
Area
Capacity Efficiency
Solar Farm
(ha)
(MW)
(ha/MW)
Average of reviewed
1827
337.5
5.41
construction reports
West Carletona
80.94
20
4.05
Sault Sainte Mariea
202.34
40
5.06
Sarniaa
445.15
80
5.56
aFrom Nguyen and Pearce (2010)
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Electricity production potential from biomass is modeled as follows: 1) all mutual land is allocated
to a specific dedicated crop type; 2) the average yield of the crop is adjusted based on soil quality (see
Table 6.4), where yields are 90% of the observed average on class four lands, 80% of the average on
class five lands, and 60% of the average on class six lands; 3) all biomass is harvested in the spring
(and in the case of grasses, over-wintered in windrows); and 4) all biomass is converted into
electricity using either a steam turbine (ST) or an integrated gasification and combined cycle system
(GCC). Scenarios are derived based on combinations of biomass type and facility conversion
efficiency, where a steam turbine is assumed to be 35% efficient and a gasification combined cycle
system is assumed to be 52% efficient (see Caputo et al., 2005; Searcy and Flynn, 2009).
A description of biomass types considered in this study is provided in Table 6.5. Biomass LHV
(dry, ash free), ash content, and moisture content are all median values collected from a statistical
analysis of the Phyllis database of biomass characteristics made available by the Energy Research
Centre of the Netherlands (http://www.ecn.nl/phyllis). Note that the ash content of grasses has
been reduced by 50% to account for the leaching of contaminants (especially chlorine and
potassium) that occurs when grasses are over-wintered (see Adler et al., 2006; REAP, 2009).
Table 6.4: Biomass yield coefficients based on soil quality.
Soil
Class
4

Description
Severe limitations making them suitable for a limited range of crops,
including severe climatic conditions. Risk of crop failure is high.

Yield
coefficient
0.9

5

Very severe limitations which preclude sustained production of annual field
crops. Suitable for forages with some improvements.

0.8

6

Capable of producing only perennial forage crops. Improvements are not
feasible. Marginal for any agricultural use but generally suited to periodic
grazing. Severe climate and terrain are the most common limitations, and
soils are unresponsive to improvement efforts

0.6

7

All land cover types that cannot support agricultural production of any
kind for whatever reason. Some areas can be cleared to provide wild
pasture, but in this case they must have a capability higher than Class 6
soils in order to merit designation as 'Class 6'

NoData

Adapted from Kludze et al. (2010) and Liu et al. (2012)
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Table 6.5: Biophysical description of dedicated bioenergy crops considered in this study.
Biomass Characteristics
Moisture
Ash
Average
Content
Content (%
LHV as
Biomass
yield
LHV dry, ash
(% wet
dry
received
Dry Matter
Type
(t/ha)a
free (GJ/t)
basis)b
matter)b
(GJ/t)
Losses (%)
Switchgrass
11.5c
17.91
13
3.0
15.10
35.0c
Miscanthus
16.0c
18.79
13
2.0
16.05
35.0c
Poplar
17.0d
18.78
10
1.0
16.70
5.0
Willow
14.0d
18.18
11
2.0
15.85
5.0
aEnd of growing season estimate (i.e., not including dry matter losses).
bAssuming spring harvest
cFrom Jannasch et al. (2001) and Kludze et al. (2010); see also Price et al (2004).
dFrom Labrecque and Teodorescu (2005); see also Nassi O Di Nasso et al. (2010); Fortier et al. (2010);
Castellano et al. (2009).

Bioelectricity potential (EBIO) for each biomass type (i) derived from soil class j is modeled as:
(2)
where A is the area of land with soil class j; y represents average biomass yield in t/ha; sc is the yield
multiplier for each soil class j (see Table 6.4); l represents dry matter losses after overwintering and
handling; LHV is the lower heating value on a dry and ash free basis in GJ/t; a is ash content; mc is
moisture content; 0.27777 converts LHV from GJ/t to MWh/t; and e represents the efficiency with
which the facility converts biomass into electricity.
3. Results
3.1 Where might dedicated bioenergy crops and solar PV systems compete for land?
Approximately 440,000 ha of land in eastern Ontario is classified as accessible and acceptable
for both solar PV development and dedicated bioenergy crop production. This represents
approximately 30 percent of all agricultural land in the region. It is important to note that all land in
eastern Ontario was found to be within 50 km of an electricity transmission system connection
point.
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Figure 6.4: A snap-shot of land-uses on marginal land in eastern Ontario.

A histogram chart of all mutual land by land-use is shown in Figure 6.4. Clearly, marginal
agricultural land in eastern Ontario is already supporting a range of land-based economic activities.
In other words, new restrictions established by the OPA to limit solar PV systems to marginal land
will not necessarily avoid conversion of cropland to solar PV farms. This also means that while there
is a significant quantity of land that is technically suitable for solar PV and dedicated energy crop
growth, the amount of land that would be practically or economically available is far more limited.
Indeed, only 38,000 ha of land that could support solar PV or dedicated bioenergy crop production
is currently idled or abandoned. It is also important to note, however, that land in use for pasture
across Ontario has declined precipitously from 1.01 Mha in 1996 to just over 660,000 ha in 2011,
without any equivalent counterbalance or growth of other farming activities (OMAFRA, 2012).
Assuming a proportional attrition rate in eastern Ontario, an estimated 60,000 additional hectares of
mutual land have likely come available in recent years. Prevailing idle land and newly idled pasture
land are most likely to be re-purposed to support either dedicated bioenergy crops or ground-mount
solar PV systems. All marginal idle and pasture land is mapped below in Figure 6.5. In Figure 6.6
and 6.7, I provide two visual examples of these land cover types.
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Figure 6.5: A map of land most likely to be re-purposed toward solar PV or dedicated
bioenergy crop production. Total area (approximate): 170,000 ha.

Figure 6.6: Images abandoned (left) and idled (right) agricultural land. Sites selected at random.
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3.2 What are the electricity production potential trade-offs between solar PV and dedicated energy crops?
Electricity production potential from lands that are considered exclusive to solar PV and
bioelectricity systems, respectively, is telling. Solar PV systems could be allocated their full market
demand in the region without sprawling beyond regional rooftops. According to information in
Wiginton et al. (2010), rooftops within the region could support 2,250-5,757 MW of installed solar
PV capacity depending on accessible rooftop space and system efficiencies. The mid-range
production potential is approximately 4,000 MW. When operating at full capacity, collective rooftop
solar PV system output would closely match the mid-day electricity load in eastern Ontario which is
shown to range from 1,800-3,300 MW. Annual solar PV rooftop production would represent a 26
per cent penetration rate into the regional electricity system on a GWhr basis. The story is vastly
different where bioelectricity is concerned. Biomass resources from forestry operations as well as
agricultural operations on ‘prime’ agricultural land in eastern Ontario could support 370-540 MW of
installed electricity capacity assuming a facility capacity factor of 80 per cent. This is well below
base-load requirements in eastern Ontario, which is shown to be approximately 1,400 MW.
Hydropower generating stations are incapable of supplying the difference, and this is especially the
case in the fall months when water levels and therefore production output would be low.
Bioelectricity systems would need to procure biomass from mutual land in order to achieve relevant
production rates.
Trade-offs in electricity supply associated with choosing solar or biomass at mutual land is
summarized in Table 6.6. In the scenarios tabled here, I assume that only prevailing idle agricultural
land is being considered for solar PV systems or dedicated bioenergy crops. On class four
agricultural land solar PV systems in eastern Ontario are expected to deliver 4-48 times more
electricity on a per-hectare basis than bioelectricity systems. On class six lands the range widens to
13-72 times more electricity on a per hectare basis. Solar PV panels that can use a wider range of
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electromagnetic energy require less land for the same power output. When assuming the full
allocation of marginal idle land toward energy recovery, the least productive scenario for solar
electricity involves thin film technology at a land requirement of 7 ha/MW which equates to 5,088
MW of installed capacity and an overall production potential of 6,106 GWh. The mid-range
production potential (i.e., the average potential from all scenarios) is 11,719 GWh or an installed
capacity of 9,766 MW. The most productive scenario for bioelectricity generation is a combination
of poplar plantations converted into electricity by a gasification combined cycle plant for which
electricity generation potential is only 1,045 GWh or an installed capacity of 149 MW. The midrange bioelectricity production potential is only 616 GWh. Due to lower expected yields, switchgrass systems are the least productive option for bio-electricity systems, although as mentioned in
Chapter 5 they have the advantage of requiring harvesting techniques and equipment that are familiar
to farmers relative to short rotation woody coppice systems.
The mid-range production potential for both bioelectricity and solar PV systems is broken down
by land-use type in Figure 6.8. The mid-range estimated production potential of solar PV systems
from rooftops is equivalent to an installed capacity of just over 4,000 MW which, as noted above, is
sufficient to satisfy peak demand in the region; i.e., re-allocation of marginal agricultural land is not
required if feasible rooftop space is saturated by commercially available solar PV panels. The sum of
all biomass resources, including those procured from prime agricultural land, forested land, and
marginal agricultural land, is equivalent to an installed capacity of 905 MW which, when adding 431
MW of capacity from base-load hydropower generation stations, would still fall short of regional
base-load requirements. Solar PV systems require only a small piece of the pie in order to achieve
their market potential while bioelectricity systems would require the whole thing. This is to say that,
where electricity services and market potential are concerned, mutual land is far more important to
achieving scale for bioelectricity systems than for solar PV systems.
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Table 6.6: Electricity production potential at marginal idle agricultural land for bioelectricity and solar PV systems
EBIO (MWh)
CLI Class

Area
(ha)

Switchgrass

Miscanthus

EPV (MWh)
Poplar

Willow

ST

GCC

ST

GCC

ST

GCC

ST

GCC

7.38ha/MW

5.41ha/MW

4ha/MW

3.5ha/MW

2.5ha/MW

4

1
10,595a

9.88
104,625

14.67
155,443

14.61
154,756

21.70
229,923

23.61
250,102

35.07
371,580

18.45
195,463

27.41
290,402

162.60
1,722,744

221.81
2,350,065

300
3,178,463

396
4,195,571

480
5,085,540

5

1
5,531a

8.78
48,549

13.04
72,129

12.98
71,811

19.29
106,690

20.98
116,053

31.17
172,422

16.40
90,700

24.36
134,754

162.60
899,319

221.81
1,226,798

300
1,659,244

396
2,190,202

480
2,654,790

1

6.58

9.78

9.74

14.47

15.74

23.38

12.30

18.27

162.60

221.81

300

396

480

21,428a

141,071

209,591

208,665

310,016

337,223

501,018

263,552

391,562

3,484,278

4,753,045

6,428,494

8,485,612

10,285,590

37,554

294,245

437,164

435,231

646,629

703,378

1,045,019

549,714

816,718

6,106,341

8,329,908

11,266,200

14,871,384

18,025,920

6
Total
Mid-rangeb

616,012
EBIO = bioelectricity; ST = steam turbine; GCC = gasification combined cycle; E PV = solar PV electricity
aRepresents total area of idle land within the respective CLI class.
bThe mid-range production potential represents the average of all scenarios

11,719,590

Figure 6.7: Electricity production potential (in GWh) of bioelectricity (left) and solat PV systems (right), broken down by land use. Values
represent mid-ranges, or the average of all scenarios considered in Table 6.6. Only 40 percent of pasture land is assumed to be converted to
energy production in these scenarios. Note that resources wthin prime agricultural land and forest land are not available to solar due to
government regulated restrictions on land use.
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4. Discussion
In bioproductive regions which lack vast open and abiotic spaces, developers are interested in
siting solar PV farms on the same quality, type, and location of land required for dedicated bioenergy
crops: marginal agricultural. These are two energy production activities that cannot co-inhabit the
same space. This situation is best explained through the maco-economic concept of a ‘production
frontier’: as the maximum production of one resource is reached, the marginal production potential
from the other resource is necessarily reduced. This scenario is illustrated in Figure 6.7.
This is not a hypothetical scenario. Currently, contracts for approximately 400 MW of groundmount solar PV projects ranging between 1 MW and 10 MW have been awarded in eastern Ontario,
which represents a demand for over 2,100 ha of marginal agricultural land. As a direct result of
allocating this land to solar rather than dedicated bioenergy crops,
base-load bioelectricity production potential has been reduced by
anywhere from 20 to 60 GWhr, or 2-10 MW of installed capacity.
Of course, dedicated bioenergy crops could also be used to
deliver solid and liquid fuels for the transport and heating
Figure 6.8: Illustrating the production
frontier for bioenergy and solar energy
production potential given a limited
geographical area. Trade-offs
associated with increasing production
from one option are direct and
immediate at the dark circle where the
frontier has been reached. Adapted
from Parkin and Bade (2000).

markets. If trends continue and ground-mount solar PV systems
acquire a 20 per cent share of the region’s electricity market, land
uptake for solar PV farms could reach almost 19,000 ha. In
eastern Ontario, this represents only 1.2% of all agricultural land.

As a fraction of land that is most likely to be re-purposed to energy activities the figure is more
significant at 50% of all idle and abandoned marginal agricultural land and 8.4% of land that is most
likely to be dedicated to energy production activities (i.e., all existing idle land as well as recently idled
pasture land).
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In addition to trade-offs in energy (electricity) services, there are also ecological trade-offs to
consider. Data acquired through a search of Ontario’s Environmental Registry show that 15 solar
ground-mount PV projects representing no less than 650 ha, are being appealed because they will
displace natural and artificial grasslands which support a range of protected and endangered bird
species, notably the Eastern Meadowlark and the Bobolink. 32 In response to these appeals, Ontario
Ministry of Natural Resources (OMNR) requires that a 1:1 ratio of compensatory land be secured
and maintained as grassland, and if used for agriculture must be in-use for hay production for five
consecutive years for each seven-year period.33 The rationale behind this response is that flat land in
close proximity to distribution infrastructure is sparse so that it is in many cases unreasonable to ask
that a new location for a solar PV farm be selected, especially after much of the project planning has
been conducted. Effectively, the Bobolink and the Meadowlark are being asked to move away from
electricity transmission infrastructure. While grassland and woody coppice plantations do not
necessarily increase biodiversity relative to previous land-cover types they are clearly more ‘wild-life
friendly’ (Campbell et al., in press) and, in stark contrast to solar PV systems, can maintain the
habitats already provided by natural and artificial grasslands (see also McDonald et al., 2009),
especially when harvest is delayed until spring (Adler et al., 2006). In other words, dedicated
bioenergy crops will help to alleviate the impact of RE production on wildlife habitats compared to
solar PV farms.
Decisions to allocate agricultural land toward solar energy production are rational economic
responses by private land-owners in the context of policy intervention by the Ontario government
through a feed-in tariff (FIT) program. Across Ontario, over 1,000 MW of ground-mount solar PV
systems have successfully been awarded contracts. Bioelectricity projects, in contrast, have
32

Information current as of February 2013.
These areas must be monitored and studied, with annual and long-term scientific reports submitted to the OMNR, to
determine the extent to which the area provides an overall benefit to the affected species. This strategy is not unique to
the Ontario experience (see Turney and Fthenakis, 2011).
33
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experienced comparatively dismal success with only 58 MW of contracts executed. With the
exception of off-shore wind systems which are currently subject to a moratorium, bioelectricity
projects have the highest rate of application attrition under Ontario’s FIT program (see Table 6.7).
Previous analysis shows that this is mostly attributed to an insufficient tariff rate as well as unrealistic
expectations of project developers regarding the real cost of biomass feedstock (Chapter 5). Without
a competitive FIT rate for bioelectricity systems or the development of a local bioenergy market,
solar PV farm development (as well as wind farm development) is the most promising option for
farmers to re-purpose large areas of land in order to capture part of the RE market. Indeed, local
news media reports suggest that the opportunity to generate new revenue through the electricity
market, which currently means the development of solar and wind farms, is seen as a way to help
make a profit from otherwise idle or economically marginal land (Bromberg, 2010; see also Mbzibain
et al., 2013).
Table 6.7: Failure rate of RE technologies under Ontario’s FIT program.
Applications
With Outcome
Failure Ratea
Capacity Proportion
Proportion
Technology
Count
(MW)
of Count
of Capacity
Biogas
28
29
21%
21%
Biogas (on farm)
27
5
30%
40%
Biomass
13
120
69%
84%
Hydroelectric
62
211
21%
11%
Landfill
5
15
20%
7%
PV Rooftop
2843
551
48%
52%
PV Ground-mount
366
2042
60%
54%
Wind On-shore
126
5288
40%
47%
Total
3477
8623
48%
47%
Note that off-shore wind which is not included in this table.
aIncludes applications withdrawn, rejected, expired, or terminated
Source of data: OPA, 2012b.

It is also important to note that agricultural land satisfies developer siting criteria in terms of
minimizing the lifetime costs and maximizing lifetime returns of solar PV systems. Agricultural land
tends to be flat and already cleared of many obstructions. This presents opportunities for scale that
fit with corporate growth strategies in the PV sector. There is also a cost advantage associated with
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ground-mount solar PV systems. The average cost per watt-peak in direct current (DC) of
residential (5 kW) and commercial (217 kW) rooftop PV systems is $5.71 USD and $4.79 USD,
respectively (Goodrich et al., 2012). This is compared to $3.80 USD and $4.40 USD per watt peak
(DC) for fixed-axis and one-axis ground-mount systems, respectively (ibid).34 A policy focused only
on rooftop systems would therefore achieve high rates of production more slowly and would come
at higher overall costs to taxpayers and ratepayers. It is important to note, however, that rooftop
solar PV systems, especially commercial-scale facilities between 10 kW-1 MW, are closer to gridparity than ground-mount solar PV systems since the real cost and therefore retail price of bringing a
unit of electricity into an urban area is higher than in a rural area, once infrastructure is already inplace (Reichelstein and Yorston, 2013). Given that Ontario’s FIT rate is spatially uniform, these
price differentials are obscured so that rural and more remote land is preferred by developers. This
issue is discussed in more detail in the following chapter.
4.1 Coordinating solar PV and bioelectricity production
If all mutual land were reserved for dedicated bioenergy crop production and all available
rooftop space saturated with solar PV systems, eastern Ontario would be well on its way to achieving
100 per cent renewable electricity with only a six percent shortfall (Figure 6.9). The problem with
this scenario relates to the intermittent nature of solar PV systems. Back-up generation must be
available for cloudy days, and electricity supply from solar PV systems trends in the opposite
direction as demand during low-light hours of the day. Biomass, while much less plentiful than solar
energy, has the advantage of being available when required (it is, after all, stored solar energy).
Rather than developing bioelectricity systems as base-load options where systems would operate 80
per cent of the time, the alternative option is to dispatch bioelectricity systems in coordination with
intermittent resources in their service area. In this case, intermittent sources of RE such as wind and
34

Note that these are U.S. prices. In Germany, where the solar PV market is more mature, prices have been reported to
be half of U.S. prices (Shahan, 2012). In Canada, actual installation costs are likely to be higher than U.S. prices.
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solar could be supported by renewable as opposed to non-renewable resources such as gas and coal,
which helps to further reduce the contribution of the electricity sector to greenhouse gas emissions.
Reducing the number of hours
that a biomass facility operates
can also (a) reduce demand for
biomass feedstock and therefore
reduce the transportation
requirements of the system,
assuming that the installed
capacity of the system is not
increased or (b) allow the

Figure 6.9: The cumulative production potential of RE resources in eastern
Ontario. All mutual land has been reserved for dedicated bioenergy crops.
Planned Re projects include those announced as of June 2012. Capacity
factor for wind assumed to be 25%.

installed capacity of the system to increase, assuming that feedstock requirements are kept constant
(see Figure 6.10 below). Is it technically feasible to utilize biomass resources in eastern Ontario to
compliment solar PV electricity production?
Total mid-day electricity demand in 2011 in eastern Ontario, defined for the purposes of this
analysis as the hours between 10 am and 5 pm, was approximately 5,800 GWh. Although mid-range
production estimates for rooftop solar PV systems suggests that these systems would be sufficient to
cover high-peak loads, cloudy days and low sunlight hours mean that the actual mid-range
production potential of rooftop solar PV systems is approximately 4,800 GWh. This leaves a
difference of approximately 1,000 GWhr with an annual peak production requirement of 3,300 MW
(refer back to Figure 6.3). In order to coordinate production with solar PV downtime, (a group of)
bioelectricty system(s) would need to operate during low-light and cloudy periods, which might
represent roughly 60 percent of all potential daylight hours. This equates to a system capacity factor
of 1460 hours. At this capacity factor, the mid-range estimate of installed capacity is 4,358 MW (see
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Figure 6.10). This is more than sufficient to cover demand when solar PV systems are not
productive.
A similar concept is being considered in northern Ontario, where a coal facility is being
converted to pellets and will run four hours per day, five days a week for a total of 1040 hours in
order to backup wind generation (Arnott, 2010). Eastern Ontario has an all but idled gas-powered
electricity plant with four units totalling 2100
MW of capacity. This system is utilized for
peak loads and back-up generation (OPG,
2013) but has not yet been dispatched in 2013
(IESO, 2013). Conversion of this facility to
biomass at a capacity factor of 17 per cent

Figure 6.10: Bioelectricity capacity that might be achieved
in eastern Ontario under different capacity factors

could be achieved using less than 50 percent of estimated biomass resources in the region, but would
still require a considerable push to develop dedicated bioenergy crops.
6. Conclusion
Vigorous deployment of ground-mount solar systems in (eastern) Ontario has driven land use
change from traditional agricultural activities toward large-scale ground-mount solar PV production.
This will remain the case even under new restrictions which limit solar PV to so-called ‘marginal’
land. Benefits of this new land-based economy include (a) diversification from traditional farming
practices which is welcomed for owners of low quality land conventionally used for grazing and
pasture; (b) significantly higher energy densities over alternative energy uses, particularly dedicated
energy crops; and (c) lower installation costs relative to rooftop solar PV systems.
These benefits must be weighed against costs. While solar PV development on agricultural land
is unlikely to displace a significant amount of food production, its impacts on the capacity of an area
to achieve 100 per cent renewable energy are much more acute. In eastern Ontario, all mutual land
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would need to be allocated toward dedicated bioenergy crops in order to achieve a continuous supply
of renewable electricity at scale, especially in the absence of utility scale storage options. Land-energy
trade-offs are likely to be even more severe where bio-productive land is required to generate liquid
fuels and heat, neither of which is considered as land-use alternatives in this study. Indeed,
bioenergy potential is highly sensitive to land availability and, unlike solar PV systems, it cannot be
easily integrated into existing land-use practices and infrastructures. Furthermore, ground-mount
solar PV development has displaced habitat of endangered rangeland bird species in Ontario while
dedicated bioenergy crops, perennial grasses in particular, are capable of sustaining these
populations.
Although solar PV systems and dedicated bioenergy crops cannot coordinate in space, they can
certainly coordinate in time. This study has assessed the installed capacity of bioelectricity at various
capacity factors, and has shown that biomass resources could be available in sufficient quantities to
operate in conjunction with solar PV and therefore provide a continuous supply of electricity
without the need for battery or mechanical storage devices. Retrofitting an existing facility would
reduce the need for added infrastructure. Perhaps more importantly, developing a bioelectricity
market for the purpose peak generation and solar PV supply following would establish a biomass
supply chain wherein complications and risks related to feedstock logistics could be worked out prior
to larger scale developments in the bioenergy and biorefining sector.
The amount of land that can be dedicated to energy production services without impacting
existing land-based economies and land-use objectives is a small fraction of the overall land base. If
ambitious RE objectives are to be met they must be guided by an integrated approach to land-use
and energy (or land-energy) planning. Requisite to the development of such plans is understanding
the collective production potential from various RE source options; land availability from which to
deploy the systems capable of recovering these resources; and the trade-offs associated with
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allocating limited land toward one energy system and not another. The decision about how best to
allocate mutual land is strongly dependent on the land-energy mix that is required to meet electricity
services in an area. As such, the method and findings from this study should be used to guide future
research in other areas but cannot be directly extrapolated. Future research should assess the landuse impacts and land-use interactions of all potential RE options in an area.
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Chapter 7
Spatial planning for renewable electricity procurement:
a congestion management approach for Ontario,
Canada

Abstract
A common challenge with all government-driven renewable electricity (RE) procurement programs is to
balance sustained levels of RE uptake with public support, long-term system planning, and ecological
sustainability. One of the ways policymakers and planners attempt to manage this balance is through spatial
planning, whereby geographic constraints on RE deployment guide the pace and spatial distribution of project
development in order to minimize negative impacts. This chapter argues that constraint-based approaches are
necessary but by themselves insufficient as a means of addressing challenges associated with RE
implementation and siting. Balancing the cost of new developments with the benefits of a new development
will result in a more efficient use of taxpayer/ratepayer money while also avoiding system-level and land-use
impacts. This chapter identifies a number of indicators that can be used in the design of spatially targeted RE
procurement programs aimed at maximizing economic, social and environmental benefits at local scales.
Using a case-study of Ontario, Canada, I demonstrate how a geographically discriminate feed-in tariff (FIT)
price path related to the locational marginal price of electricity can help to reduce the overall costs of the
program and at the same time engage ancillary benefits related to electricity transmission infrastructure and
system planning. The opportunity costs associated with spatially uniform incentives as well as the real benefits
associated with geographically variable FIT rates are estimated. On the basis of this analysis, a number of
recommendations are made that might improve future RE procurement programs. In the future, ways to
identify and capture local value through RE development should be explored as a way to foster local support
for RE projects through the realization of local benefits to compliment existing global benefits.
198

Chapter 7

1. Introduction
Faced with growing public concerns about the negative social and environmental impacts of the
production and consumption of non-renewable energy resources, governments have begun to
actively transition to renewable energy (RE) resources through energy sector regulation and RE
market development. Common policy tools include renewable fuel portfolio standards; certificate
trading schemes based on RE generation or CO2 emissions credits; standard offer programs for
renewable electricity generation; loan guarantees; plant subsidies and tax-breaks for RE system
deployment or technological development; and the implementation of carbon taxes on fossil fuels
(Haas et al, 2004, 2011; Menanteau et al, 2003). Active development of RE through one or a
combination of these policy mechanisms stands in stark contrast to the ‘hands-off’ market oriented
approaches that characterized energy strategies in industrialized nations over the last few decades
(Helm, 2005; Weiss and Bonvillian, 2009).
The relative cost-effectiveness and overall impact of these options remains a point of debate
(Menanteau et al, 2003; Palmer and Burtraw, 2005; Butler and Neuhoff, 2008; Haas et al, 2011;
Oikonomou et al, 2011). What is clear, however, is that in all cases these programs are perceived as
an added burden on consumers since they are funded either directly through increased electricity
rates or indirectly through increased taxes (Haas et al, 2011). Moreover, poorly managed programs
can burden electricity network operators and system planners while encouraging misguided land-use
decisions (Moriarty and Honnery, 2011; Chapter 6 of this thesis). In this context, a critical challenge
faces policymakers and planners tasked within increasing renewable electricity generation to balance
private revenue, investment security and therefore sustained RE development with the broader
interests of citizens, electricity consumers and system operators.
Achieving this balance is fundamentally a matter of prioritizing investments. With this in mind,
efforts have been made to design more balanced and cost-effective procurement mechanisms
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through rate-caps, competitive bidding processes, fuel-mix optimization, and rate structure
optimization (Haas et al., 2004 & 2011; Lesser and Su, 2008; Ayoub and Fuji, 2012; Kim and Lee,
2012; Wang and Cheng, 2012) and to prioritize community-owned projects (Corscadden et al., 2012;
Stokes, 2013). These measures are often underpinned by geographic restrictions on project
development, otherwise known as ‘spatial planning’ measures, that are intended to mitigate or
minimize siting conflicts and to control the economic and ecological costs of program
implementation (Cowell, 2010).
This chapter reviews the different ways in which policymakers and planners have employed
spatial planning principles in order to manage siting conflicts while facilitating RE development and
implementation. The review demonstrates that spatial plans guiding RE development are cost- and
constraint-based and are therefore designed with the sole aim to minimize program costs. Drawing
from research in agri-environmental management (van der Horst, 2007; Uthes et al., 2010), I argue
that spatial planning could be used to increase program efficiencies if designed to incentivize RE
development at locations where monetary and non-monetary benefits are maximized – referred to
henceforth as capturing ‘locational value’. While a number of ways in which the concept of
locational value can be embedded into RE procurement program designs are considered based on a
range of stated policy objectives, the research builds on the work of Lewis (2008, 2010) to focus on
siting in relation to locational marginal price and system congestion. Using a case-study of a feed-in
tariff (FIT) program in Ontario, Canada, the LMP-based measure of ‘locational value’ is used to
assess the opportunity costs associated with a spatially uniform FIT rate. The analysis reveals a suboptimal pattern of investment, as developers are given the false impression that a RE system is
equally valuable regardless of where it will operate. Policy recommendations for future designs of
RE procurement mechanisms are then provided. In the next section I establish the background and
argumentative basis of the study which includes a brief overview of Ontario’s FIT program; a review
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of how geography and location are currently considered in existing RE procurement program
designs; and a technical discussion of how locational marginal pricing relates to RE-FITs.
2 Background
2.1 Ontario’s FIT program
The government of Ontario recently declared its intention to decommission all coal burning
power plants within the province by 2014. As part of its replacement strategy, and also to meet
environmental goals in the electricity sector while establishing a technology manufacturing base,
Ontario introduced the Green Energy and Green Economy Act (2009) which includes a FIT
program. Ontario’s FIT rates are cost-based and therefore designed to recover all capital costs
associated with project development along with a fair rate of return on investment, ideally 11 per
cent. The FIT rate structure therefore varies based on technology type and project scale. The
highest highest rates are paid to the smallest projects as part of a separate and more streamlined
‘microFIT’ program for projects under 10kW. Beginning in October 2011 the entire program was
put under a scheduled review, which resulted in a revised pricing schedule, shown in Table 7.1 (for a
fuller discussion of the review process and of Ontario’s FIT program, see Amin, 2012; Stokes, 2013).
It is estimated that the program has supported the development of 30 manufacturing plants and over
20,000 jobs, and represents an estimated $26 B of investment to the province (OMEI, 2011). In
2011 wind and solar projects produced more electricity in the province than coal (Amin, 2012).
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Table 7.1: Comparison of original and revised FIT prices. Source: Ontario, 2012
Original FIT Price
New FIT Price
Project Type
Project Size
(C$/kWh)
(C$/kWh)
≤10 kW
.802
.549
> 10 ≤ 100 kW
.713
.548
Solar Rooftop
.713 (>100 ≤ 250kw)
> 100 ≤ 500 kW
.539
.635 (>250 ≤ 500kw)
>500 kW
.539
.487
≤ 10 kW
.642
.445
> 10 kW ≤ 500kW
.443
.388
Solar Groundmount
> 500 kW ≤ 5 MW
.350
.443
> 5 MW
.347
Wind
All sizes
.135
.115
≤ 10 MW
.131
.131
Water
> 10 MW ≤ 50 MW
.122
.122
≤ 10 MW
.138
.138
Biomass
> 10 MW
.13
.13
≤ 100 kW
.195
.195
Biogas On Farm
100 kW ≤ 250 kW
.185
.185
≤ 500 kW
.16
.16
Biogas
> 500 kW ≤ 10MW
.147
.147
> 10 MW
.104
.104
≤ 10MW
.111
.111
Landfill Gas
> 10 MW
.103
.103

%
Change
-31.5
-23.1
-15.1
-9.6
-30.7
-12.4
-21.0
-21.7
-14.8
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

Ontario’s success in increasing the capacity of RE through its FIT program is not without
drawbacks. In fact, the rush by policymakers to increase installed capacity and by project developers
to secure a portion of the program funding has created a series of problems. With over 20,000 MW
(and growing) of potential installed capacity waiting in the program queue, investor interest has
outpaced the physical ability of Ontario’s electricity system to absorb new power (the Ontario
transmission grid is estimated to have only 1,000-2,000 MW of available capacity, although 5,0006,000 MW are expected to be added by 2015) and has exceeded stated policy goals (the non-hydro
RE fuel-mix targets established in Ontario’s Long Term Energy Plan are currently set at 10,700 MW
by 2018) (OPA, 2010). Overwhelming program response has also contributed to an administrative
log jam which has forced the Ontario Energy Board to grant the owner and operator of the
transmission system, Hydro One, an extra six months to connect projects already approved by the
Ontario Power Authority (OPA). The fact that Ontario’s RE sector has reached technical and
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political limitations so quickly leaves the industry vulnerable to the tribulations associated with a
rapid transition from a bull to a bear market, including widespread bankruptcy of small developers
and suppliers, deterioration of employment opportunities, the significant loss of investor capital, and
waning confidence among the public and prospective investors. And while system deployment and
contract execution are delayed, an overall deterioration of investor confidence spreads throughout
the province. RE projects have also experienced debilitating social conflict around project siting
which has led to unified local opposition within the ‘Ontario Wind Resistance’ activist group and a
recent moratorium on off-shore wind energy development in the Great Lakes. Indeed, the situation
in Ontario has begun to resemble a ‘stop-go’ policy environment due to inconsistent management
and regulatory reform (Holburn, 2012), which is one of the primary barriers to sustained growth in
the RE sector (Negro et al., 2012).
2.2 Geographic considerations in existing FIT program designs
The challenges described above are not unique to the Ontario experience. Other jurisdictions
have chosen to manage these challenges in a variety of ways, including setting geographic constraints
on project development. Controlling the spatial pattern of development through spatial planning can
help to ensure that as private interests rush to secure a slice of the taxpayer funded market, the
economic and environmental costs and social burden associated with program implementation stay
within acceptable limits. In Wales and Germany, for example, top-down spatial planning focused
predominantly on landscape amenity impacts and encroachment of infrastructure into
environmentally and culturally sensitive areas are employed in order to identify areas to be restricted
from RE development (Cowell, 2010; Ohl and Eichorn, 2010). Likewise, projects seeking a contract
under Ontario’s FIT program must adhere to strict guidelines that prohibit developments at sites
with natural heritage or ecological value (OMNR, 2012), and there are also geographic restrictions
which prevent system development beyond 50km of the closest transmission system connection
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point and prohibit development of solar photovoltaic (PV) systems on high-value agricultural land.
Tariff rates in Germany and France are adjusted based on the average capacity factor experienced at
a given site over a limited number of years in order to ensure project viability. This tactic reduces the
level of risk absorbed by the developer due to variable and unpredictable resource supply, and has
led to a relatively even distribution of development across the country (Gipe, 2007). In Germany,
recent revisions have defined a minimum productive standard which will help to avoid paying off
grossly inefficient sites (Ohl and Eichhorn, 2010). Early reports out of China suggest that the
Chinese FIT rate for solar will also vary based on insolation levels, so that the FIT rate is lower in
sunnier areas of the country (Bloomberg News, 2012).
This selective yet representative review shows that geographic design issues are either (a)
constraint-based, so that developer behaviour is driven by negative reasoning (e.g., avoiding
‘exclusion zones’) and development occurs in low-conflict areas; or (b) focused only on project cost
(see also van der Horst and Vermeylen, 2010). Spatial planning schemes which focus solely on cost
(payout) are only considering one side of the equation because they fail to consider the benefits
(return) that can be accrued from thoughtful siting of RE projects. Balancing this equation means
that spatial planning exercises must apply positive reasoning (benefits / returns) in addition ot
negative reasoning (costs / payouts) when guiding spatial patterns of RE system deployment (van
der Horst, 2007; Uthes et al., 2010). Positive reasoning involves targeting developments or
interventions at sites where monetary and non-monetary benefits are captured – what we refer to as
capturing ‘locational value’.
In the context of publicly supported procurement programs such as a FIT, there are ways to
capture these benefits through targeted spatial planning, and to monetize these benefits through the
tariff rate. Using a review of literature, Table 7.2 compiles measureable indicators that can be used in
the design of geographically discriminate RE development programs in order to capture desired
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collateral benefits as they relate to stated policy objectives. The concept of ‘locational value’ as it is
used here expands beyond energy services and monetary returns to include social and environmental
considerations. In this way, indicators of value reflect the public concerns that guide energy policy
design more generally (see Shen et al., 2010). More importantly, emphasising positive returns on
investment that extend beyond developers or equity investors can be leveraged to close the ‘social
gap’ – i.e., the gap between support for the global-level benefits of RE production including reduced
greenhouse gas emissions on one hand, but conflict over local level impacts on the other (see Hall et
al., 2013). These indicators can be used in a proactive way (e.g., embedded into program design and
operation in order to guide the spatial pattern of investment) or in a reactive manner (e.g., used as
criteria to filter existing contract submissions). In any case, the information in Table 7.2 makes it
clear that intelligent spatial planning of RE system deployment will help to ensure that the social and
ecological benefits of RE are maximized which in turn ensures that the value of the premium
payments and preferential support for the local development of RE is maximized.

Table 7.2: Indicators that can be used to produce geographically explicit procurement mechanisms for RE
Spatially explicit signals of potential collateral
Dimensions of value
Collateral benefit
benefits
Techno-economic

Environmental

Social

Congestion management

Locational price of electricity

Long term electricity supplydemand management

Population growth rates; age of existing generating units

Greenhouse gas alleviation

Communities that are reliant on heavy oil, low-grade coal,
or other high-emitting sources

Ecological integrity /
environmental services

Favourable land-use trade-offs (e.g., brownfield
development)

Employment

Low-income regions or regions in economic decline

Energy poverty alleviation

High cost of heat and electricity relative to household
purchasing power; low access to clean and reliable energy
resources
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2.3 Locational marginal price and renewable electricity
The impacts of location and geography on the cost of electricity generation and distribution are
captured in the locational marginal price of electricity (LMP). The LMP is the incremental cost of
bringing one additional unit of electricity to a market location. It is calculated by summing dispatch
costs and electricity transportation costs. The latter cost component includes impedances as well as
line losses between the plant(s) and any load(s) involved in the market transaction (Harris, 2006;
Phillips, 2004). Assume the marginal production cost of a generator is $50/MW. If a given load
requires 100 MW of supply and line losses are 10 per cent, then the LMP represents 111 MW of
generation – i.e., 100 MW in addition to a compensatory generation of 11 MW which cover line
losses – so that the actual marginal cost is not $5000 but $5550, and therefore the locational marginal
cost is $55.50/MW. If this line was unable to accommodate 111 MW of power (i.e., if the system is
saturated or congested), then only 90.9 MW would come from this generator and the remaining 10
MW would be sourced from a more distant generator which may have a different marginal
production cost. It is important to note that these are only the technical components of a given
LMP; bidding behavior and interconnectedness with external markets can also influence the overall
price (see Leonard et al, 2003).
A strong spatial correlation between RE development and LMP can “minimize network
investment to an efficient and necessary level and guide least cost integration of generation from [RE
systems] into the electricity system” (Brandstätt et al., 2011: 247; see also Lewis, 2008). This
outcome is the result of two factors. First, since many RE systems are by nature distributed and
(micro-) scalable, they can be situated close to demand thereby reducing the impact of line loss on
the price of electricity, or located downstream of a congestion point in the system in order to
alleviate bottlenecks and mitigate the price impacts of system congestion (Pepermans et al., 2005;
Lewis, 2010). Priority dispatch for RE systems can also lead to a more efficient dispatch pattern as
206

Chapter 7

well as reductions in demand and therefore price of conventional generation, and in turn decrease
spot electricity prices; an outcome known as the ‘merit order effect’ (Sensfuß et al., 2008; Cutler et al.
2011; McConnell et al., 2013). Under publicly funded subsidy programs, electricity customers are
effectively shareholders in these projects so that lower power prices are the equivalent of dividends –
hence we have an instance of maximized locational value. Merit order effects are most pronounced
at sites where zero-fuel and thus low marginal cost RE systems will replace higher cost dispatchables,
especially under conditions of high coal or natural gas prices. Secondly, many RE systems are nondispatchable market participants. They are incapable of providing offers and do not receive dispatch
instructions. Instead, they accept the market clearing price at the time they produce electricity. In
other words a RE system delivering power within a zone or at a node with high LMP will by default
deliver said power at costs that are closer to the true market value.
2.4 Toward spatially sensitive FIT programs
While FIT rates in Ontario were recently put under review in order to improve the program,
they remain geographically indiscriminate.35 As such, developers assume that the value of an
investment is equal no matter where it will operate, because they are not given any price signal that
tells them otherwise. In the remaining sections of the paper, the opportunity costs associated with
spatially uniform procurement mechanisms are assessed, and the role that LMP can play in ensuring
that these opportunity costs are minimized while still securing a fair rate of return for project
developers is identified.

35

There are two caveats to go along with this observation. Firstly, the Green Energy Act (2009) includes a ‘micro-FIT’
program for renewable energy projects with a nameplate capacity below 10 kW. This program is more generous with its
tariff, partly to encourage investors to locate their facilities inside of distribution systems and thus closer to demand
centers. As of 23 December 2011, conditional offers for 138.5 MW had been granted and 85 MW had been executed
under the micro-FIT program. Given the limited overall impact of this component and the fact that public spatial data
for awarded contracts are unavailable, it has been excluded from this analysis. Secondly, Ontario’s FIT program includes
a non-trivial ‘adder price’ to a maximum of $0.015/kWh for community / aboriginal owned projects. Although this
encourages community power, the adder is based on ownership and not location.
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3. Methods
3.1 Mapping Ontario’s FIT program
The breakdown of technologies awarded contracts as of the third and most recent round of
announcements for medium and large-scale projects, released 24 July 2011, is shown in Figure 7.1.
All projects included in this study were awarded contracts based on the original FIT rate. The
present study focuses only on these projects since detailed data on subsequent contract executions
(which have been sparse) and on the micro-FIT projects were not available at the time of writing.
Projects are mapped using the coordinates of the city centroid in which they are located, because
more precise spatial identifiers are not available.

Figure 7.1: Breakdown of FIT contract data analyzed in this study by number of contracts
(left) and nameplate capacity (right). Source of data: OPA.

3.2 Mapping electricity prices in Ontario
Ontario’s electricity pricing methodology currently results in a spatially uniform (i.e.,
unconstrained) consumer price called the Hourly Ontario Energy Price (HOEP). Ontario’s
Independent Electricity System Operator (IESO), however, publishes ‘shadow’ LMPs for a series of
nodes on the transmission system to provide insight into the geographic variability of the cost of
electricity supply. Hourly LMPs are published for 14 buses (points of connection in the electrical
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grid) across Ontario. Each bus is a reference node from which the province is effectively divided
into 10 transmission zones on the basis of unique transmission conditions and thus LMP
differentials (see Figure 7.2). In the case of two zones, the Northwest and the Northeast, prices are
derived from the weighted average of the LMP at three buses. This process creates a simplified
geographic cost model of Ontario’s transmission system. It is important to note that these prices are
marginal prices and not market prices: i.e., they do not consider the influence of bidding behavior or
interaction with external markets (e.g., Manitoba, New York, Quebec).

Figure 7.2: Map of FIT contracts awarded in Ontario, per Figure 7.1.
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Hourly LMPs calculated at the respective buses from January 2005 – December 2010 were
downloaded from the IESO website at http://www.ieso.ca/imoweb/consult/mep_lmp.asp. The
data were imported into Microsoft Excel and organized by year. Data are filtered to derive three
hourly average values for each of the 10 zones – annual; summer peak; and winter peak. These
values represent the cost of generating and transporting electricity within and between these zones.
A comparison of these values shows with previous research (IMO, 2004) shows strong consistencies
in inter-zonal LMPs over the last decade. The overall hourly average from 2005 – 2010 is used
henceforth to represent the LMP within each zone. Note that a complete dataset for 2011 was not
available at the time of writing and was therefore omitted from this analysis, although preliminary
results suggest that the pattern of inter-zonal differences will continue to hold for the foreseeable
future.
The transmission zones delineated by the IESO were manually digitized in a GIS, since requests
by the authors for raw spatial data were denied. A map image of the transmission zones was
downloaded from the IESO website and converted into a file that could be recognized by the
GISystem; georeferenced using the boundaries of the province from an existing shapefile as the
reference data; and the zones were traced using the ‘editor toolbar’ in ArcGIS 10.1. Each zone was
assigned their respective average hourly LMP and their average hourly demand in an attribute table.
The map of Ontario’s FIT contracts is then superimposed onto this map in order to spatially
correlate FIT contracts with LMP.
In order to determine the extent to which investment patterns under Ontario’s FIT program
reflect geographic variability of electricity demand and the cost of electricity, the 10 transmission
zones are rank-ordered according to their LMP, and the total capacity of the projects that fall within
each zone are summed. A ratio of overall installed capacity relative to overall zonal demand is then
derived to determine the extent to which high consumption areas are being serviced by new RE
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installations. FIT prices are compared to the average LMP within each zone in order to estimate
cost differences and to quantify opportunity costs of sub-optimal siting decisions.
4. Results and Discussion
As illustrated in Table 7.3, it is clear that electricity prices within Ontario are highly spatially
variable. In less populated northern regions LMPs are, on average, significantly lower than in the
highly populated southern regions, which is exemplified by the net export of electricity out of the
north. In some cases, northern LMPs are negative which suggests a striking imbalance between
supply and demand and a situation where certain types of generators, in this case hydroelectric
facilities, are unable to reduce their output without incurring significant economic losses or technical
stresses and would therefore be inclined to pay wholesale consumers to take their power.
With this in mind, an optimal pattern of investment would see the bulk of new RE development
occur within zones with the highest LMP and, by extension, the greatest need for new electricity
distributed generation capacity. On the contrary, Ontario’s spatially uniform price path has yielded a
poor spatial correlation of LMPs, consumer demand, and installed capacity of FIT projects (see
Table 7.4). Approximately 45 per cent of the planned capacity under the first three rounds of
contracts will be installed in the three zones with the lowest average LMP and largest regional surplus
of hydroelectricity and baseload generation (the Northwest, Northeast, and East zones) while the
three zones with the highest average LMP (the Ottawa, Toronto, and Southwest zones) have been
allocated only 36 per cent of total planned capacity, most of which is planned for the Southwest
region which has the lowest LMP among that group. Furthermore, the zones with the highest
overall demand will procure the smallest proportion of their overall electricity supply from FIT
projects, while 70 per cent of the projects awarded contracts under Ontario’s FIT are within
municipalities that have less than 20,000 residents.
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Ontario’s FIT program supports relatively low-density rings of RE projects around, rather than
within, heavily populated and constrained zones. This pattern of development can be most aptly
described as ‘energy suburbs’. In the same way as residential suburbs, energy suburbs expand the
infrastructural footprint of urban centres and create conditions for bottlenecks and inefficiencies in
transportation that increase the costs of bringing the next individual unit into the market. The
urbanization of RE, or at least the development of RE within high-cost zones, would be more
desirable as this would bypass constrained entry points into high consumption distribution networks
and ensure that development patterns reflects market needs.
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Table 7.3: Spatial and temporal breakdown of hourly LMP data as published by the IESO.
Electricity Rate ($/MWh)
2005

2006

2007

2008

2009

2010

Zone

Hourly

Winter
Peak

Summer
Peak

Hourly

Winter
Peak

Summer
Peak

Hourly

Winter
Peak

Summer
Peak

Hourly

Winter
Peak

Summer
Peak

Hourly

Winter
Peak

Summer
Peak

Hourly

Winter
Peak

Summer
Peak

Northwest
Northeast
Essa
East
Bruce
Niagara
West
Southwest
Toronto
Ottawa

39.28
69.77
82.34
84.69
84.76
84.80
85.04
85.80
87.79
90.47

50.02
75.04
92.03
95.97
95.67
98.82
96.11
96.51
97.81
100.93

45.49
109.04
135.48
134.74
137.94
129.96
137.23
139.56
144.63
148.74

30.08
45.46
50.11
51.69
51.60
52.65
52.32
52.26
53.11
55.00

38.87
58.48
73.21
74.35
74.79
74.26
75.07
75.50
77.09
80.74

32.50
50.26
67.30
67.17
68.01
67.12
70.32
69.44
70.59
73.06

-8.25
43.95
53.53
54.15
54.71
54.30
54.96
55.33
56.56
58.59

22.84
60.49
73.21
74.35
74.79
74.26
75.07
75.50
77.09
80.74

-21.13
55.49
78.48
76.50
79.86
74.97
80.90
80.96
82.80
85.70

-37.88
30.42
58.53
56.39
58.59
57.42
58.86
58.94
60.21
61.43

-16.14
57.09
70.35
67.42
69.14
69.17
69.62
70.34
71.71
73.25

-62.92
14.86
90.40
87.93
90.28
88.85
90.04
91.10
92.83
94.95

-193.64
2.05
30.42
28.84
30.68
28.19
30.74
31.03
31.12
32.11

-163.42
14.86
36.55
35.77
36.68
35.50
36.61
36.99
37.58
38.97

-227.26
-18.55
32.17
27.91
33.49
31.74
33.76
34.04
32.88
33.70

-84.19
39.64
38.42
37.06
36.64
36.49
37.37
37.67
38.44
41.43

-84.25
30.70
33.89
31.77
33.36
31.93
34.07
33.80
34.06
35.23

-146.95
60.73
60.35
59.36
53.93
57.82
55.50
57.58
60.22
65.19

Note: Summer peak is defined as 11am-5pm between May 1 and October 31 of each year. Winter peak is defined as the hours from 7-10am and 5-8pm between November 1
and April 31. This is consistent with the IESO’s definition upon which their ‘time of use’ pricing is based.
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Table 7.4: Comparison of installed capacity to zonal LMP and electricity demand.
Transmission
Zone
Ontario
Northwest
Northeast
East
Essa
Niagara
Bruce
West
Southwest
Toronto
Ottawa

Average Hourly
LMP ($/MW)
2005 – 2010
46.75 (HOEP)
-42.43
38.55
52.14
52.22
52.31
52.83
53.22
53.51
54.54
56.51

Average Hourly
Demand (MW)
2005 – 2010
16929.43
643.16
1335.28
1035.93
955.15
594.79
61.23
1841.06
3266.64
5856.76
1259.06

Number of
Contracts
Awarded
248
20
45
65
38
2
3
16
45
16
3

Total Installed
Capacity (MW)
4377.57
209.5
330.767
1027.921
571.75
20
8.5
613.1
1414.452
138.312
43.4

Capacity as % of
Average Demand
2005 – 2010
25.7
32.6
24.8
99.3
59.9
3.4
13.9
33.3
43.3
2.3
3.4

The ‘energy suburb’ phenomenon that has been observed here is associated with significant
opportunity costs. While industry is investing based on a FIT rate that is equal across the province,
it is clear that the premium above the real price of electricity supply is geographically variable and,a s
such, savings could be accrued if appropriate signals were sent and projects were sited accordingly.
For example: when operating at full capacity under the revised tariff schedule, a 10 MW on-shore
wind installation would be paid $115/MWh – i.e., 11.5 cents/kWh – regardless of time or location.
If the project were located in the Northeast zone, which has a five-year hourly average LMP of
$38.55, it would be paid approximately $76/MWh above the true cost of delivering electricity in that
area under existing conditions. The same project located in the West and Southwest zones would be
paid only approximately $61/MWh more; located in the Ottawa zone, only $58/MWh more. Thus,
the difference between the FIT rate and the localized price of electricity is less within more heavily
populated and technically constrained zones. Locating the project in these zones effectively
translates into an average savings of $14-18 per MWh. The premium (i.e., price above market value)
paid to a 2 MW wind turbine with a capacity factor of 25 percent, for example, would be $30,000 to
$40,000 less on an annualized basis if located in a high cost zone. These savings exist across the full
spectrum of RE generation systems.
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For solar PV systems specifically, the supply profile closely (though imperfectly) matches the
load profile in summer peak hours within Ontario (Brown and Rowlands, 2009; Pelland and
Abboud, 2008) and therefore it is instructive to use summer peak prices in the calculation (as shown
below in Table 7.5). This analysis shows that the solar PV FIT price is significantly closer to the true
market price in the most populated areas of the province (i.e. Ottawa and Toronto). Indeed, peak
demands in Ontario are closely related to urban schedules and driven by mid-day summer energy
demands related to building climate control. Solar PV systems are among the few sources of
renewable electricity that can satisfy restrictive social and technical constraints on development to be
deployed at the MW scale in the heart of urban environments (e.g., through extensive rooftop
installations), and therefore directly supply urban energy services (although with proper planning
other systems might economically compete in these areas).
Table 7.5: Comparison of average peak summer LMP with solar PV FIT rates
Average Hourly Summer
Transmission
FIT for Solar PV
Difference from LMP
Peak LMP ($/MW)
Zone
>5MW ($/MW)
($/MW)
2005 – 2010
Northwest
-63.38
350
413.38
Northeast
45.30
350
304.70
Niagara
75.38
350
274.62
East
75.89
350
274.11
Bruce
77.25
350
272.75
Essa
77.66
350
272.34
West
78.35
350
271.65
Southwest
79.15
350
270.85
Toronto
81.01
350
268.99
Ottawa
83.88
350
266.12

4.1 Policy recommendations
Generally speaking, the business model of solar PV developers is to locate at sites where peak
rates are high and where existing electricity supply is scarce, especially during peak daytime hours (see
Montgomery, 2013). The current tariff price in Ontario is spatially uniform, however, so that price
signals are not directing investment at these locations. In fact, when planning for solar PV
investments from a developer’s perspective Muneer (2011) observed that the most optimal location
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for an investor was the Bruce zone where land costs are low and system capacity factors are expected
to be high. In a subsequent study which planned investment from a system operator’s perspective,
however, optimal areas for PV investment were found to be the Ottawa and Toronto zones (see Das
et al., 2012). As shown in this study, this pattern of investment could be encouraged if LMP is
considered in the design of FIT price paths. Through spatially variable FIT rates, developers would
be positively biased to seek optimal loading conditions in close proximity to infrastructure with
available capacity to minimize their own costs and to guarantee project approval, with the added
benefit of engaging high cost areas; alleviating weaknesses or bottlenecks in the electricity system;
and contributing to long term system planning.
In fact, there are notable examples in practice of renewable electricity procurement programs
that attempt to capture the benefits of appropriate RE system siting as it relates to LMP and system
congestion. After the most recent amendment to Germany’s FIT program, only 90 per cent of
project output is awarded an incentive payment and developers must sell the remaining 10 per cent
of their output on the wholesale market (see Fulton and Capalino, 2012). This, in effect, encourages
siting decisions in areas where electricity prices are highest. The FIT program in Greece pays a
higher tariff to systems developed on its islands to reflect the combined value of increasing RE
production capacity in more remote areas of the national grid and the avoided economic and
environmental costs of fossil resource transport across aquatic ecosystems (Gipe, 2009). The
application of one or more of the following methods might also be considered:
i.

Index tariffs to LMP: if feed-in tariffs were indexed to the average on-peak and offpeak LMP of the node into which a given facility will feed, it would encourage
development inside high-cost zones and in turn ensure that the FIT price is closer to
market value (see also Couture and Gagnon, 2010);
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ii. Merit-order effect rents: if the market response to a RE development is positive such
that the constraint-based dispatch pattern is cheaper after installation, the difference
could be passed down to the developer. This is similar to what Harris (2006) calls
‘congestion rents’;
iii. Index tariffs to infrastructure needs: this will help to bring a critical mass of new RE
system developments into a highly congested zone, in turn justifying enabler lines and
upgrades where existing capacity is unable to accommodate a potentially beneficial RE
development, but where demand for electricity is high;
iv. Consider a RE installation within a highly constrained zone as a ‘system improvement’,
which could make it eligible for a ‘System Improvement Charge’. This mechanism
could be similar in principle to ‘Local Improvement Charges’ used at the municipal
level, where a project deemed to benefit a local area more than the entire municipality
is able to be financed via a low interest loan which is paid through the property tax
system. As long as annual payments through property taxes are lower than annual
revenue generated by the electricity system, this would reduce many of the barriers
facing RE implementation including high capital expenditures and long payback
periods while reducing the cost of project financing (see Peters et al., 2005);
Of course, the price and system operation impacts of renewable energy systems cannot be fully
assessed at the provincial level because RE systems are relatively small in scale and have localized
impacts. Regional (or intra-zonal) level planning would be useful here. Sweden, in fact, has divided
its electricity market into four separate ‘bidding areas’ that are delineated based on clear transmission
constraints. This form of spatial delineation offers policy-makers, planners, and market participants
a “more distinct view of supply and demand in different regions as well as where the grid needs to be
expanded” (Ernst and Young, 2012: 30). Regional planning can be used to guide future patterns of
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investment in Ontario along similar principles, and the transmission zones delineated in Figure 7.2
would be a useful start.
4.2 Study limitations
For practical reasons an assumption was made in this analysis that if a RE system was located
within one of the zones identified by the IESO, it was operating under the LMP conditions indicated
by its representative node. This might not be the case, since a given system may actually be using a
cheaper gateway into the system – e.g., it may be tied into a bus located in a neighbouring zone. Few
of the projects are directly adjacent to zonal boundaries, however, and so it was assumed that the
cumulative effect of these occurrences on the overall findings is minimal. A related limitation is that
the LMP data used in this study is published by the IESO for ‘informational purposes’ only. Most
importantly, they do not consider changing patterns of generator bidding behaviour, and therefore
changing supply-demand dynamics, that might occur if the nodal LMP were used to set the market
price at each zone. As such, the metrics returned in the quantitative analyses within which they are
used are also intended for informational purposes only. In other words, while the magnitude of the
differential might change, the general spatial trends would not and the premise that distributed and
appropriately sited RE systems can alleviate the system impacts of congestion and line losses still
holds. Finally, this analysis is based on only 4,400 MW of RE, which is less than half of the 10,700
MW that is expected to be installed by 2018 according to the projections identified in Ontario’s Long
Term Energy Plan of 2011, and only a quarter of the total submissions currently waiting in the
program queue. It will be important to sustain this research after new contract announcements to
determine if the patterns of investment identified in this paper continue as more systems are brought
online.
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5. Conclusions
Spatially uniform procurement mechanisms are administratively simple and provide a sense of
stability and certainty for the developer. For the purpose of policy and planning, however, they are
costly and fail to meet broader and longer-term policy objectives. Indeed, in the absence of some
spatially discriminate price signal or regulatory mechanism, siting decisions are driven by reducing
costs and maximizing returns for a given project which results in a pattern of development that is
different from that which would be achieved if investments in energy production were planned as a
whole and with the intent to capture ancillary benefits. This study has shown that the pattern of RE
investment under Ontario’s FIT is taking the form of ‘energy suburbs’. This pattern of development
expands the footprint of urban centres dramatically; disrupts more desirable land-use patterns; and
entirely negates the true benefit of RE as a distributed source of electricity that enables system siting
in the areas where electricity is needed most.
If an investment will bring RE into the electricity system at one location but will achieve this
goal while also engaging a technical, environmental or a social policy concern at another location, the
incentive or regulatory mechanism would deliver greater value for the tax-payer if directed toward
the latter. This study has shown that where LMP is considered in program designs, the value to the
rate-payer is also increased since the incremental costs of public RE support can be minimized while
the contribution of RE to long-term system planning can be maximized. The benefits of ensuring
that the FIT price path is as close as possible to market value while still offering a suitable rate of
return; reduced transmission and distribution costs; and an electricity system that is able to deliver
more than just moving electrons is a compelling reason to consider spatially-specific procurement of
renewable electricity based on high LMP. There are four policy approaches that could help to design
FIT programs accordingly, including indexing FIT rates to LMP or infrastructure needs; the redistribution of merit-order effect rents toward RE projects; the integration of RE planning with
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regional electricity system planning; and / or considering an appropriately sited project a ‘system
improvement’ that could be made eligible for low-interest loans.
In some circles, spatial planning is considered an unnecessary ‘bottleneck’ in the development
process (Ellis et al., 2009). In the absence of spatial planning in Ontario, however, a number of
challenges have emerged, including a bloated program queue that is disconnected from Ontario’s
electricity system limits and fuel mix directives; long project delays and stagnant capital caused by the
practical inability of RE developers to connect to the system; deteriorating investor confidence;
growing public concerns surrounding new developments; and the narrative (deserved or not) of REdriven rises in electricity costs. Many of these challenges can be (1) attributed to reactionary
adjustments to program design as well as dramatic oversubscription; and (2) overcome through proactive spatial planning which not only guide a more rational spatial pattern of development but
which also locate facilities based on the services they provide. The latter is especially important since
the location of a new project is often the most contested aspect of RE development.
Although the proposed FIT design change favours locational value as determined by economic
returns on investment, there are also myriad examples in literature of how spatially targeted RE
policies can return social and environmental returns on investment. In the future, ways to maximize
each of these returns while increasing RE capacity should be explored as a way to foster local
support for RE projects through the realization of local benefits to compliment existing global
benefits, with careful consideration of how geographically-sensitive procurement mechanisms will
impact the pace and scale of development.
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1. Brief Overview
This thesis has demonstrated how the sustained application of geographic thought and practice,
particularly through theories in energy geography and the use of GISystems, is requisite to identifying
the opportunities and risks involved with continuing the aggressive implementation of RE. I laid the
foundation for the research by defining what energy geography is, and then drew on theories in
energy geography to identify some of the ways the geographical qualities of RE (will continue to)
frustrate policy objectives. I then reviewed some of the ways that GISystems and remote sensing
could alleviate these sources of frustration by bringing reliability to the provision of decision support
and ultimately increase institutional capacity to achieve policy objectives in the RE domain. Indeed,
the ability of GISystems to integrate a broad range of geographical factors which affect the site
suitability and production potential of RE systems make geo-information infrastructures crucial to
the development of technological roadmaps, responsible fuel-mix targets, and spatial planning.
With the next three chapters, I delivered case studies which developed methodologies to engage
specific challenges and information deficits surrounding RE development. In chapter five I
compared resource and conversion options in the bioenergy domain within a diverse region. It is
clear from the analysis that dedicated crops are required to supplement residues from forestry and
agricultural activities in order to achieve scale in bioenergy production. The corollary of this,
however, is that bioenergy and solar energy systems begin to compete for the same type of land –
i.e., marginal agricultural land that does not support primary agricultural activities. This issue was
addressed in chapter six, where I identified locations at which solar and bioenergy will compete for
limited land base and assessed some of the trade-offs involved where mutual land is allocated to one
energy system rather than another. In chapter seven I continued on the theme of land-energy
planning. I first evaluated the state of RE development in Ontario from a spatial perspective, and
used locational marginal pricing information to identify at which locations or zones the marginal
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costs of RE could be decreased, while at the same time increasing the long-term benefits of RE
procurement. The purpose of this final chapter is to summarize key findings and methodological
contributions of this research, as well as to identify key questions moving forward.
2. Major contributions
2.1 Key findings of the research
i.

The spatiality of RE production and distribution is not compatible with the spatiality of
existing institutional and organizational frameworks surrounding energy management. The
transition toward RE requires significant re-configuration of spatial relations, especially in
terms of how we utilize land and how we organize social and institutional structures related
to energy production and consumption;

ii.

There is an extensive literature dealing with the application of GIS and remote sensing to
spatial decision support in renewable energy development and implementation. Key areas of
research are so far underexplored, including the spatial interaction / competition for land of
various RE systems and the identification of preferred areas of development. Furthermore,
this research operates predominantly at the national level and therefore suffers from scalar
discordance with management and implementation. Overall, the research requires stronger
coherence and consistency;

iii.

Under Ontario’s feed-in tariff program, bioelectricity projects have the highest rate of
attrition (i.e., applications submitted and then withdrawn or rejected). The estimated cost of
feedstock calculated in this study relative to the assumed cost of feedstock used in literature
models and project proposals suggests that this attrition rate likely stems from a
disconnection between the expectations of developers regarding feedstock costs and the
actual cost of harvesting and transporting biomass across the region;
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iv.

Locating a bioenergy facility within proximity to both forestry and agricultural activities has
significant advantages over a facility located within a homogenous land base, including
greater potential for scale economies as well as reduced feedstock risk. Advancements in
bioconversion technologies need to occur in order to leverage these opportunities, however,
since the technological capacity to process a mixed feedstock stream is currently limited;

v.

Bioenergy potential from dedicated energy crops grown on idle land constitutes more than
30 per cent of the total potential biomass available for energy end-uses. This highlights the
significance of dedicated energy crops to achieving scale in the bioenergy sector;

vi.

A large area of pasture land in Ontario has been taken out of production without a
corresponding increase in crop production. Renewable energy markets offer a pathway to
bring this land back into production, and / or to diversify the investment portfolio of a
landowner / farmer. Since bioelectricity markets are not being established, solar PV and
wind turbines offer the only viable option and uptake of dedicated bioenergy crops continues
to be slow;

vii.

Solar PV systems and dedicated bioenergy crop developers ‘prefer’ the same type of land:
marginal agricultural. Almost all ground-mount solar PV systems in Ontario are developed
on agricultural land, much of it recently in crop or hay production. New restrictions on landuse which allow solar PV system deployment only on marginal land will not avoid the
displacement of cropland or land potentially useful for dedicated energy crops for solar PV
systems. Land considered ‘marginal’ according to CLI soil classifications in eastern Ontario is
actually supporting a number of socially, ecologically, and economically valuable services;

viii.

Where the provision of electricity is concerned, solar PV systems are far more productive on
a per-hectare basis than dedicated bioenergy crop production;
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ix.

The continued deployment of solar PV systems on land that could otherwise support
dedicated energy crops for the provision of base-load power, heat, or fuels could
compromise long-term goals of energy sustainability;

x.

Fifteen ground-mount solar PV projects are being appealed due to their impacts on the
habitats of grassland bird species, notably the Meadowlark and the Bobolink. These appeals
have not prohibited the development of the PV farm, but have resulted in compensatory
habitat creation at a nearby area;

xi.

While the land requirements of solar PV systems is relatively large compared to conventional
energy systems, in fact only 1.2 per cent of all agricultural land would be required for solar
PV systems to achieve scale in eastern Ontario. This represents 50 percent of all idle /
abandoned land, and 8.4 per cent of land that is most likely to be dedicated to energy
production activities (i.e., recently idled pasture land as well as existing idle land), including
dedicated bioenergy crop production;

xii.

Even under optimistic assumptions, biomass resources are not sufficient to satisfy all baseload electricity requirements in the region. Bioelectricity production potential is, however,
sufficient to provide back-up power for intermittent solar PV systems. Indeed, solar PV
systems and bioelectricity systems could collectively provide a continuous supply of
electricity during daylight hours. The Lennox and Addington Generating Station could be
re-tooled for this purpose (similar to the Atikokan proposal), with additional peak
requirements coming from either an additional stand-alone bioelectricity system or existing
hydropower generating assets in the region;

xiii.

Where considered at all, geographical considerations in RE procurement program designs are
predominantly constraint based. In other words, they focus only on exclusion areas and do
not consider the spatial heterogeneity of (particularily non-market) benefits of a given
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project. Furthermore there is an explicit focus on deploying renewables in low-cost areas,
which is not always the most efficient site from a social or even an energy system-level
perspective;
xiv.

The marginal cost of electricity is highly variable across the province. The locational marginal
electricity price at the node through which RE systems will transmit / distribute its electricity
determines the real premium that is paid through feed-in tariffs and other subsidies. The
premium paid to RE systems, and therefore the overall cost of procurement programs, could
be reduced if development is encouraged within high-cost zones;

xv.

When interpreted through the lens of locational marginal price, the spatial pattern of RE
development in Ontario currently has significant opportunity costs. Overall, generous
subsidies in the absence of spatial planning to control development leads to patterns of
investment that are optimal from a developer’s perspective, but which are suboptimal from a
system-level perspective;

2.2 Key methodological contributions
i.

Energy geography has been conceptualized as an academic borderland, and this position (i.e.,
a natural inclination for inter-disciplinary research) is its value and specificity relative to
energy studies more generally. Critical issues for future scholarship were identified;

ii.

Energy transitions have been (re)conceptualized as not only a shift in fuel-mix, but in
prevailing spatial relations. I have argued that energy transition management should
therefore be considered a spatial strategy so that energy governance structures reflect the
changing geographies of energy;

iii.

A general method for the synthesis and assimilation of multiple land cover map series, with
emphasis on data quality issues, was developed. This includes a new method to measure
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‘magnitude of disagreement’ between two discrete raster data sources, in this case thematic
land cover, which is a new method for data quality assessment in GIScience;
iv.

Data and methods to estimate biomass resource availability in eastern Ontario have been
improved. In contrast to previous studies (e.g., Mabee and Mirck, 2011), I provided a
spatially distributed approach. In contrast to BIMAT which already offers these services, I
consider a) tortuosity and therefore real distance when delineating a biomass catchment area;
b) land suitability and spatial distribution for dedicated energy crops; and c) stranded
pulpwood that can be made available as bioenergy feedstock. I have also developed a GISbased cost-model which can be integrated into BIMAT. Ultimately, stronger awareness of
local conditions is requisite to reliability in biomass supply models which suggests that
BIMAT should develop along regional rather than national lines;

v.

A conceptual model for the simultaneous (integrated) mapping of multiple renewable energy
resources has been developed. In contrast to previous models, I use a standardized
nomenclature and a bottom-up approach;

vi.

A method to evaluate renewable energy resources available in a region on the basis of their
form and timing relative to energy end-uses, rather than on the basis of energy density alone;

vii.

Regional level analysis is an important addition to the scales at which RE potential,
development, and distribution are analyzed. While a strong methodological argument on its
own, this point is also politically relevant given the trend toward the regionalization of energy
management in Ontario and elsewhere. In other words, regional level analysis is as much a
matter of resolving scalar discordance between decision-support and management as it is
about scientific validity and rigour;
In each case, these methodological contributions provide the foundation for future research

within and outside the walls of academia. As I discuss in the next section, these methods can be
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used / adjusted for the development of a broad academic research program or for client-based
research.
2.3 Key policy recommendations
i.

Governance systems have evolved to manage a fossil (centralized; non-site specific; relatively
homogenous; ‘out of sight, out of mind’) energy system and are therefore not fitted to
manage a renewable (decentralized; site-specific; heterogeneous; localized and highly visible)
energy system. In order to facilitate technological change with minimum impact on sociotechnical and natural environments, governance systems must evolve accordingly. Re-scaling
the locus of political power to regional governments / agencies and a (re)new(ed) emphasis
on spatial planning are effective adjustments toward this end. Indeed, regional land-energy
planning supported by geo-information infrastructures is critical to the long-term success of
energy transition management, and ultimately to developing an energy system that minimizes
its impacts on socio-technical and natural systems at local and global scales;

ii.

Geographically indiscriminate RE implementation programs lead to suboptimal patterns of
RE development with significant opportunity costs. Land-energy planning coupled with
geographically targeted implementation programs can be used as a mechanism to avoid the
latter, and to garner support for RE projects by capturing ancillary benefits associated with
RE development beyond private projects and GHG emissions reductions;

xvi.

The implications of RE development on land-use patterns need to be fully assessed prior to
initiating development. And due to the facts that (a) biomass (and therefore bioenergy)
production is compromised by continued deployment of solar PV systems; (b) solar PV
systems are closest to market value when located adjacent to load in highly constrained areas;
and (c) a relatively small area is required in order to deliver all of the energy services solar
electricity can provide (i.e., peak electricity), it is prudent to place very tight restrictions
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around solar PV development and / or force development to focus on shared land-use
schemes;
iii.

A focus on production synergy in the RE sector will help to overcome land-use constraints
and reduce infrastructure costs. In the bioenergy sector this means investing in technologies
that are capable of being feedstock agnostic, as well as helping to commercialize bioelectricity
systems that can coordinate output with intermittent systems. For solar PV systems, focus
on shared land-use schemes through, e.g., a campaign and funding program dedicated to
rooftop solar.

3. Limitations of the study and future research questions
A number of assumptions were necessary in order to move forward with the spatial analyses
conducted over such a large area. Furthermore, a number of important questions were not
addressed in, or were identified by, the research contained within this thesis. Each of these
assumptions and remaining questions could be addressed in future research. In addition to many of
the ‘big questions’ raised in Chapter 2, I offer the following extensions of my thesis project as well as
research questions that are tangential to this work:
i.

As is common in GIS analyses that are performed mostly from the ‘armchair’, the primary
limitation of this study is data quality. The most recently updated land cover data (i.e.,
SOLRIS and OLCDB) are not very accurate spatially and thematically, while the most precise
land-cover data (i.e., the ARI and FRI) are not updated. The methods developed in this
paper would benefit greatly from new versions of the FRI and ARI (which are currently in
production), as well as spatial data into the planned and actual harvests from Sustainable
Forest License holders operating within specific Forest Management Units. Integrating
updated land-cover data into the cartographic models derived in this study would greatly
contribute to our understanding of regional bioenergy and solar energy production potential.
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Notable updates include the emerging Agricultural Operations Inventory which is so far only
available for parts of southern Ontario, as well as the new Canada Land Inventory Soil
Classification System which will measure soil quality based on climatic as well as agronomic
factors;
ii.

Assumptions were made regarding the capacity of specific cities (e.g., Bancroft and Smith’s
Falls) to accommodate a new biomass-based enterprise. It would be useful to inventory the
industrial land base that could be accessed for such a venture, and / or to speak with local
mill owners (whether those mills are idle or operational) to get a sense of their capacity to
accept new flows of biomass material to their site and at what scale;

iii.

The study focused largely on geographical questions and energy production potentials.
Future research should extend the work to examine key techno-economic details. Case-study
research should evaluate the techno-economic merits of a pellet facility procuring from a
mixed feedstock stream as suggested in Chapter Five (i.e., weighing benefits of continuous
supply against costs related to equipment that can process multiple types as well as the ability
to actually pay for all biomass types). It would also be helpful to assess the techno-economic
potential to utilize a bioelectricity facility at low capacity factors as suggested in Chapter Six.
Since this may stress the system (e.g., changing the temperature of the boiler on a daily basis),
accelerated capital cost allowance (rapid depreciation of the value of the asset for tax
purposes) may be necessary, and should be examined for its potential merits;

iv.

The study in Chapter 6 focused only on the policy-level implications of allocating mutual
land toward either solar PV or dedicated bioenergy crop production. With minor
modifications to the scope of the analysis, the methods and findings can be used to inform
decisions at the land-owner or land parcel level. An important question from an energy-land
perspective is: at what point should a land-owner decide to re-purpose their land to either a)
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dedicated bioenergy crops; b) large scale solar PV; c) wind; or d) some shared-land use
scheme. The framework developed in Chapter 6 could be used to answer this question by (a)
organizing the criteria that must be met for each technology to be considered as a viable
option at a given site; (b) assessing the potential of a given plot of land to support more than
a single option based on its size, soil quality / site conditions, and exposure to wind/sunlight;
and then (c) running a techno-economic model of each option which weighs geographically
explicit supply-costs of bringing the product based on access to and distance from
distribution infrastructure (roads and wires) against prevailing and forecasted market
demands and market prices;
v.

Trade-offs considered in Chapter 6 are estimated only in terms of electricity production
potential and electricity services. The analysis needs to be broadened to consider heat and
fuel production also, as well as non-energy trade-offs including greenhouse gas emissions
(life-cycle assessment) and employment support;

vi.

Based on previous research in (eastern) Ontario, only switchgrass, miscanthus, willow and
poplar were considered for bioenergy crop production in Chapter 5 and 6. In fact, there is a
much wider range of species (and cultivars) from which to choose, especially where grasses
are concerned. Future work should survey the state of research in genomics and agronomy
to match the most promising bioenergy crops to specific soil types across the region. This
would amount to a regional-level geographical screening program for bioenergy crop
production. New CLI and ARI data will provide ample opportunity to perform this research
at a reasonable level of accuracy and certainty;

vii.

Riparian zones were excluded from consideration as a source of biomass in Chapter 5.
Alternatively, these could be considered zones for intensive growth of woody coppice
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systems such as willow and poplar, as is currently being considered by the IEA (Abrahamson
et al., 2012);
viii.

Due primarily to data limitations the study in Chapter 6 relied on highly aggregated locational
marginal electricity price data. If possible, e.g. through contacts at the IESO, LMP data with
finer granularity should be acquired to generate smaller and more precise cost zones. These
data would also be very helpful to develop a model that would determine the impact of a new
development on LMPs at specific locations.

3.1 Future research questions that are tangential to those above
i.

While it is certainly true that solar PV development removes the entirety of previously
existing habitat at a given site, there is remarkably little information about what ‘new’ type of
habitat a solar PV farm creates and about the complexity of this habitat relative to that which
occupied the site previously. Most studies merely speculated on the potential impact of solar
PV construction and operation, and draw comparisons against fossil energy resource
development rather than alternative RE resource development. This presents a critical area
for future research; from a land-use policy and planning perspective, it would be helpful to
know species density and diversity at solar PV farms relative to previous or alternative landuses;

ii.

RE is a land-based economy. The challenge here is that most local land and ecosystem
services are already allocated toward non-energy services such as food production and / or
are being used to sustain ecological systems and wildlife populations. How can policymakers
and planners balance state-level sustainable energy objectives with local-level ecological and
wildlife management objectives? Are property values responding to RE development, so that
those sites which are optimal for RE development are increasing in value? Are there
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instances of, or potential for, property speculation and land-grabbing? Are these significant,
and what broader (macro-level) effects might these changes bring?
iii.

Most studies of 100% RE focus on rural areas, typically of low population density. At what
economic costs and land uptake would it be possible to power urbanized areas using only
renewable resources? In other words, what is the energy footprint of a major city on land
and ecosystem services?

iv.

Case-study research is needed to provide policymakers and developers with examples of ways
in which hybrid energy systems might actually be deployed. An example would be a
feasibility study of deploying biogas electricity generation systems co-located with solar or
wind farms. The wind farm on Wolfe Island is ideal for this research.

4. Final Closing Remarks
Understanding the policy, technology, and regional geography interface is crucial to facilitating
the transition toward an energy system and to minimizing its impacts on socio-economic and natural
systems. Through carefully crafted research procedures and the integration of energy geography,
GIS, and spread-sheet based techno-economic modeling, this thesis has provided decision-support
toward this end. The innovative concepts and techniques developed within the work can (and will)
be used to mobilize and expand this research program within private as well as academic settings.
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Appendix A
Thematic land cover map assimilation and synthesis:
the case of locating above-ground biomass in Eastern
Ontario, Canada

Abstract
Insufficient spatial coverage of existing land cover data is a common limitation to timely and effective spatial
analysis, especially over large study areas. Where various sources of secondary data exist, land cover map
assimilation and synthesis can resolve this research problem. In what follows, I develop a reliable and
repeatable method for assimilating pre-classified data sets, in this case the Southern Ontario Land Resource
Inventory; Ontario Land Cover Database; Agricultural Resource Inventory; and the Forest Resource
Inventory. I begin with the SOLRIS and OLCDB, since these are the most up-to-date land cover maps
available. Assimilation is achieved through data re-formatting and map legend reconciliation in the context of
the specific application. The individual input maps are assessed for accuracy at various levels of thematic
precision in order to decide which map will take precedent at areas where data overlap. The quality of the
synthesized dataset is evaluated using advanced accuracy assessment methods, including a new measure
describing the ‘magnitude of disagreement’. While the method derives a seamless thematic map with known
uncertainties of the land cover of eastern Ontario from two disparate map series, the thematic accuracy and
precision of the synthesized product is poor. Integration of the ARI and FRI maps increasing the thematic
accuracy and precision of the final land cover map. The importance of assessing data quality throughout the
assimilation and synthesis process using multiple reference datasets is highlighted, and study and dataset
limitations are discussed.
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1. Introduction
Among the primary barriers to the deployment of renewable energy technologies is a lack of
baseline information at relevant geographical scales (Negro et al., 2012). Development opportunities
in renewable energy production are dependent on local geographic factors including climate, terrain,
infrastructure, and existing patterns of land-use (Cassedy, 2000; Dominguez et al., 2007). In this
context, spatial decision support for renewable energy implementation is an increasingly important
area for geographic research generally, and geographic information science more specifically
(Voivontas et al., 1998; Horner et al., 2011; Calvert et al., 2013). Large-area and high resolution
thematic land cover maps derived from remotely sensed imagery are required in order to bring
consistency, reliability, and transparency to these research endeavours. Where bioenergy is
concerned, these data inputs are requisite to resolving crucial uncertainties related to the quantity and
quality of the resource base; the spatial density and location of resources in relation to existing
infrastructure; geographic constraints on resource access and system deployment; and how to
prioritize resource extraction in the context of competing resource options and land uses (Calvert,
2011).
In some study areas existing land cover maps derived from remotely sensed data are spatially
incomplete. In other words, some areas are not mapped for land cover or they are not classified in
sufficient detail by a single land cover dataset. This is especially common where a study area straddles
ecological or administrative boundaries or where an area is not currently an object of analysis due to
insufficient scientific or political interest. Often, the development of new large-area land cover
datasets in these areas is prohibitive due to financial or time constraints. Controlled assimilation and
synthesis of existing land cover information from multiple sources can overcome this limitation. This
is especially important for individuals and agencies that lack the access to raw data or the means with
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which to process raw data to derive full area land-cover maps, and must therefore rely on secondary
information.
The problem, however, is that the correspondence between available secondary datasets is often
poor. The objectives and the personnel involved in developing independent land cover products
often vary such that the datasets may be incompatible in terms of: the spatial data model and
structure; classification methods (ontologies and nomenclature); land cover types (map emphasis);
and quality (Durbha et al., 2009). These differences are problematic when attempting to integrate
multiple datasets in order to derive a single land cover map. How can the incompatibility of
disparate secondary land-cover map series derived from remotely sensed data be managed in order to
develop a seamless product with sufficient fitness for use toward a given application? Where two or
more datasets overlap, what determines which land cover map should take precedence?
This research problem is fundamentally a matter of map co-registration and map comparison.
Concepts and techniques in these areas have been applied to manage disparate land cover datasets in
order to integrate remote sensing and other geospatial data (Lunetta et al., 1991); choose among
different maps which cover the same area (Finn, 1993; Stehman, 1999; Foody, 2007); harmonize
various map products to develop a time-series of the same area (Petit and Lambin, 2001); map land
cover changes over time (Olofsson et al., 2013); and derive ‘best estimates’ of land cover from the
convergence and synthesis of maps that cover the same area (Jung et al., 2006). 36 To date, however,
the issue of data integration to achieve complete areal coverage (spatial completeness) has not been
engaged. As such, the works identified above are not immediately transferable to our specific
research problem. A number of important considerations when dealing with multiple disparate land
cover maps are, however, identified. Firstly, the ‘value’ of each contributing map must be assessed in

36

There is also a burgeoning literature on ‘data fusion’ (for an early review, see Pohl and Van Genderen, 1998). These
methods / algorithms are designed to synthesize raw remotely sensed data rather than secondary land cover data, and so
they are not considered in this paper.
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order to make informed decisions in subsequent processing. The value of a map can be assessed
using an objective measure of quality such as thematic accuracy, positional accuracy, or area
estimates, or it can be assessed based on the specific qualities of the map relative to end-use
requirements such as spatial resolution or thematic precision. In the case where quantitative
measures are used, statistical significance of differences must be evaluated (Foody, 2004). Secondly,
controlling for and communicating data quality throughout the process and in the integrated product
is critical to bringing transparency about the ‘fitness of use’ of the derived product.
With this in mind, the objective of this paper is to apply concepts and techniques in map
comparison in order to develop a reliable and replicable method for the assimilation and synthesis of
disparate land cover map series for the purpose of achieving complete areal coverage of land cover
data; and to apply the method to generate a seamless land cover map from which to locate potential
sites for bioenergy recovery in a region of Ontario, Canada. The relevance of this method for
bioenergy feedstock mapping is especially important. After a comprehensive review of literature on
the use of geospatial techniques to locate and quantify bioenergy potential, Calvert (2011) identifies
insufficient baseline data and a lack of data quality reporting as primary methodological concerns. It
is important to clarify, however, that although conditioned to a specific research problem and study
area the proposed method and findings are scalable and have broader relevance to the GIS
community. As noted throughout the paper, the method is designed to be extrapolated to different
research programs within different study areas, where the problem of spatially incomplete data
prohibits effective and timely spatial analysis.
2. Description of study area and data
Eastern Ontario, illustrated below in Figure A1, covers an area of almost 5.2 million hectares
(ha). The problem of spatially incomplete land cover data presents itself in this region. The most
recent and highest resolution large area land cover data currently available in Ontario are derived
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from two independent land cover mapping series produced under the directive of the Ontario
Ministry of Natural Resources (OMNR) – the second edition of the Ontario Land Cover Database
(OLCDB) and the Southern Ontario Land Resource Information System (SOLRIS). Neither map
covers the entire province, while both datasets are produced on only a five to seven year cycle
without plans to extend their respective study areas or to reconcile diverging thematic emphasis.

Figure A.1: Map of study area and datasets as of 2012.

The SOLRIS dataset covers all of the area south of the red overlap area shown in Figure A1,
inclusive of the ‘area of overlap’. SOLRIS was created using a combination of supervised
classification of Landsat Enhanced Thematic Mapper spectral data collected from 1999-2002, GIS
landscape modeling using elevation as the independent variable, manual interpretation of aerial
photography and county-level field data collection. The system follows a standardized approach for
ecosystem description and interpretation used in Ontario known as Ecological Land Classification,
wherein ecosystem types, identified by bedrock, climate, physiography and corresponding vegetation,
serve as the basic ontological units which are then aggregated into eco-districts, eco-regions, and
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then eco-zones in order to satisfy the informational needs of management and planning at larger
geographic scales (see Lee et al., 1998; OMNR, 2007). The SOLRIS product was released in 2008
and is available in both vector and raster format (15 m spatial resolution) in order to satisfy mapping
needs at the 1:10,000 to 1:50,000 scale. Overall accuracy is 75.60% with a kappa coefficient of 0.736
(OMNR, 2008a).
The OLCDB dataset covers the area north of the red overlap area in Figure A1, inclusive of the
area of overlap. This map was produced using supervised classification of Landsat Enhanced
Thematic Mapper spectral data collected from 2000-2002, and post-classification processing via
manual interpretation and interactive editing of land covers that could not be positively identified by
spectral character alone. The OLCDB was released in 2004 in raster format at 25 m spatial
resolution without being formally assessed for accuracy beyond an intuitive ‘looks good’ approach.
Reviewing the individual map legends, shown in Table A1, confirms that the SOLRIS and the
OLCDB identify different land cover types at various levels of precision. An independent and
internationally recognized classification system — in this case the Anderson Land Cover
classification scheme (Anderson, 1976) — is used to manage semantic differences. Differences in
the original land cover classification of these map series are a direct result of three factors. First,
although both maps are produced under the directive of OMNR, the personnel involved in
developing the products differ. These groups may have widely different ontological positions about
specific land cover types (e.g., the definition of a wetland) (see Durbha et al., 2009). Second, the
surface characteristics of the mapped areas are dissimilar which means that certain land cover types
are not common between the two maps. In fact, the area of overlap between the two maps is
spatially coincident with an ecological boundary that marks a gradual transition between two ecozones – the ‘mixedwood plains’ to the south-southeast and the ‘boreal shield’ to the north-northwest.
This transition manifests in contrasting land covers due to fundamental changes in substrate, climate,
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topography, and human activity. Third, each map has a different audience and end-use. The
southern portion of the region is largely agricultural, but, is undergoing urbanization, urban sprawl,
and land use densification. Primary concerns surround the ecological impacts and loss of agricultural
land associated with those land-use development patterns. The northern portion of the region
supports a forestry industry with scattered areas of recreational land uses (e.g. cottages) where
landscape preservation must be reconciled with industrial and economic goals. These distinct land
management priorities and socio-economic issues, along with different biophysical traits, help to
explain differences in points of emphasis between the two maps. The reader is referred to Ontario
Ministry of Natural Resources (2005 & 2008b), Spectranalysis Inc (2004) and Smyth (2008) for a
more detailed discussion of metadata.
Table A1: Existing classification scheme and numeric labels for the Ontario Land Cover Database (OLCDB)
and Southern Ontario Land Resource Information System (SOLRIS)
Anderson Level I
OLCDB Classification
SOLRIS Classification
Water – Deep or Clear
1
Water
Open Water
66
Water – Shallow or Turbid
2
Transportation
42
Urban or built-up land Settlement / Infrastructure
3
Built-Up Area Pervious
44
Built-Up Area Impervious
45
Pasture
25
Undifferentiated (includes crop,
Agriculture
99
Cropland
27
pasture, and residual land covers)
Coniferous Forest
13
Coniferous Forest
28
Mixed Forest
12
Mixed Forest
29
Deciduous Forest
11
Deciduous Forest
30
Forest
Sparse Forest
10
Regenerating
9
Cuts
7
Burns
8
Open Tallgrass Prairie
20
Tallgrass Savannah
21
Tundra
Tundra Heath
24
Tallgrass Woodland
22
Alvar
24
Intertidal Marsh
15
Supertidal Marsh
16
Marsh
63
Inland Marsh
17
Deciduous Swamp
18
Swamp
50
Wetland
Coniferous Swamp
19
Open Fen
20
Fen
55
Treed Fen
21
Open Bog
22
Bog
59
Treed Bog
23
Open Sand Barren and Dune
10
Sand / Gravel / Mine
Barren land
4
Treed Sand Barren and Dune
12
Tailings
Shoreline
5
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Other Classes

Undefined
Cloud and Shadow

28
29

Open Shoreline
Extraction
Hedge Rows
Plantations – Tree Cultivated

6
43
37
36

3. Method: Integrating OLCDB and SOLRIS
The logical framework developed in this paper to assimilate and synthesize disparate sources of
land cover data is discussed briefly here and illustrated below in Figure A2. This method proceeds in
three main steps. First, the datasets are assimilated into a common data structure, including spatial
resolution; projection system; and classification scheme. Second, the reformatted datasets are
analyzed and compared. Thematic disagreements between the two maps at areas of overlap are
located through a spatially explicit (i.e., pixel level) simple difference of the map data. If the data
agree entirely then the map output will be blank (showing no disagreement), and a simple mosaic
process will yield the desired product. For reasons discussed above this is a rare outcome. In order
to locate and measure disagreement between the two maps the numerical coding system which
reconciles the original map legends is designed such that a difference of the two maps provides
information into the magnitude of disagreement at a specific location (‘magnitude’ is described in
section 3.3). The greater the quantity and magnitude of disagreement between the two maps, the
more consequential the decision about which map will be used to assign the final land cover code
becomes to the overall quality of the final product. Land cover assignments at overlapping areas are
based on an assessment of the relative value of the two maps. In this study, value is assessed based
on measures of agreement with reference data derived from a contingency or error matrix. The map
that has a higher thematic accuracy, with emphasis on the area of overlap, is chosen as the ‘master’
dataset in the third processing step, wherein the source map products are mosaiced. Finally, the
integrated product is assessed for accuracy.
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Table A.2: Graphical depiction of the framework used to assimilate and synthesize disparate landcover map series

It is important to recognize that the proposed method requires a number of subjective
decisions, particularly when choosing a common data structure and classification scheme, the
appropriate measure of map value, and what distinguishes a ‘high magnitude’ from a ‘low magnitude’
of disagreement. These decisions are directly related to the intended end-use of the dataset. In what
follows, the factors that must be considered at these decision-making steps are discussed. Indeed,
the remainder of the paper follows a consistent pattern: the general logic of each step shown in
Figure A1 is a) described so that the process can be extrapolated to different study areas and source
data, and then b) applied to the specific research problem at hand. All geo-processing tasks
discussed below are performed in ArcGIS 10.1.
3.1 Initial pre-processing – selection of data model and georeferencing system
Per Goodchild (1992), the chosen data model must reflect the spatial qualities of the
geographical object of interest. Most renewable energy resources, and especially biomass, are
geographically dispersed rather than point-source or bounded geographic features. The raster data
model is adept at representing these spatial qualities (Goodchild, 1992; Luciani, 2011). This spatial
awareness helps to explain why raster data are becoming standard inputs into bioenergy assessments
specifically (Ahamed et al., 2011; Calvert, 2011), and into renewable energy assessments more
generally (Wang et al., 2009). With this in mind, the raster data model is chosen for this study. The
SOLRIS dataset is resampled using the nearest neighbour algorithm into a 25 m grid to match the
spatial resolution of OLCDB.
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Slocum et al. (2009) and Tyner (2010) state key considerations in selecting a georeferencing
system. Chief among them are the absolute location of the study area; the geographic orientation of
the study area; and the metric properties which are most essential to the intended use of the map.
Accordingly, the source maps and all derived products are projected into the Great Lakes and St.
Lawrence Albers Equal Area (GLSL AEA) projection system based on the NAD83 datum, with
standard parallels at 42 and 49 degrees north and latitude of origin at 45 degrees north. This system
is selected as: all native datasets used in the study are produced on the NAD83 datum; it is suitable
for regional mapping in northern latitudes with study areas that are oriented in an east-west direction
and therefore matches the position and orientation of the study area; the system preserves area which
is a critical property when estimating the quantity of land that could support bioenergy; and it is a
local secant projection system so that shape and distance are only minimally distorted in the study
area.
3.2 Thematic aggregation
In order to ensure compatibility between the two disparate mapping series, the original land
cover labels/codes are reclassified to a common land cover classification system summarized in
Table A2. The system strives to produce a map legend that is parsimonious, mutually exclusive,
collectively exhaustive, and capable of meeting the requirements of the applications for which the
data are intended (Jung et al, 2006; McCallum et al, 2006; Tchuenté et al., 2011). Data are assigned
numerical codes such that differences between land cover classes are meaningful for the purpose of
locating and measuring disagreement between the two maps at the overlap area (discussed in the next
section). The Anderson Level I classification system is again used as a reference to organize land
cover codes and control the nomenclature.
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Table A2: Reclassification scheme of OLCDB and SOLRIS data
Anderson Level I
Original thematic classes (refer to Table 1)
New Land Cover
New Land
Class
Cover Code
OLCDB
SOLRIS
Water
Open Water
1
1
66
Built-up / Barren /
2,3,4,5,18,19,20,21, 3,6,10,20,21,22,37,42,43,
Unsuitable
6
Wetland
22,23,29
44,45,50,55,59,63
Recently
20
7,8,9,10
N/A^
Disturbed Forest
Mixed Forest
21
12
27,29
Forest
Coniferous Forest
22
13
28
Deciduous Forest
23
11
30
N/A
Tree Plantations
24
N/A^
36
Agriculture
Agricultural Land
30
25,27
99
* Only those land cover types that are found in the study area are included in this table.
^ Not applicable: the land cover class is not present in the respective map series

The crop and pasture land cover classes from OLCDB are aggregated into a single and presumably
more accurate (though less precise) agricultural land class which is consistent with the undifferentiated
class identified in SOLRIS. This commonality allows agricultural land to be aggregated in the final
product. Land classes are retained if a land cover class is not common to both map series in order to
maintain critical information and original integrity of each dataset. Specifically, the tree plantations land
cover class from the SOLRIS map and the cuts/burns and regenerating land cover classes (hereafter
aggregated into the recently disturbed forest land cover class) from the OLCDB are retained as these
specific land covers are crucial to estimating biomass availability in the near term. Furthermore, water
is differentiated from other unsuitable land cover types as a sustainable supply of water resources is
vital to supporting the local operation of a bioenergy facility (Yang and Lant, 2011). It is assumed
that the water - shallow or turbid class from the original OLCDB could not yield a reproductive surplus
of water required for an industrial process, and is therefore aggregated with the unsuitable land cover
class.
3.3 Locating and quantifying disagreement between the two maps
The area of overlap (374,319 ha) between the OLCDB and the SOLRIS land cover data
represents approximately seven per cent of the total study area. Understanding the severity and
spatial distribution of disagreement between the land cover maps in this region is germane to map
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synthesis (Stehman, 1999; Foody, 2002). If the two maps exhibit perfect agreement, a simple mosaic
process would produce the desired final product. If, on the other hand, there are locations at which
the two maps disagree, then a decision must be made about the source of the land cover class
assignment in the final map at these locations. The magnitude of disagreement between the two
maps is measured by the absolute difference at the pixel-level between the classification from map A
and from map B, keeping in mind that the numerical codes used to classify each map have been
structured such that differencing the two maps provides a meaningful output (see Table A3):
[OLCDB] – [SOLRIS] = [Magnitude of disagreement]

(1)

When dealing with categorical data which lacks a formal numerical basis, ‘magnitude’ is a
subjective measure; i.e., it is based on expert or user judgement regarding the extent to which the
disagreement might compromise the integrity of the dataset based on the intended end-use of the
final synthesized land-cover map. In this case, disagreement magnitude (i.e., the map output
[Magnitude of Difference]) is classified as follows: a pixel value of 0 signifies that there is complete
agreement between the two datasets; an absolute value of 1-4 signifies that the respective datasets
disagree only on the type of forest, and is a ‘minor disagreement’; an absolute value of 5 is an
‘inconsequential disagreement’, since in both maps the pixel is classified as an unsuitable land-cover
type (i.e., code one or six); an absolute value of 6-10 signifies that a pixel is classified as a forest type
in one dataset and as agricultural land in another, and is an ‘intermediate disagreement’ due to both
land covers being potential biomass source options; and an absolute value of 14-29 signifies that the
same pixel is classified as a suitable land cover in one dataset and as an unsuitable land-cover in
another dataset and is therefore a ‘major disagreement’.
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Map A

Map B
Open
Water
(1)

Unsuitable
(6)

Recently
Disturbed
Forest
(20)

Open Water (1)

0

5

19

20

21

22

23

29

Unsuitable (6)

5

0

14

15

16

17

18

24

Recently Disturbed Forest (20)

19

14

0

1

2

3

4

10

Mixed Forest (21)

20

15

1

0

1

2

3

9

Coniferous Forest (22)

21

16

2

1

0

1

2

8

Deciduous Forest (23)

22

17

3

2

1

0

1

7

Tree Plantations (24)

23

18

4

3

2

1

0

6

Mixed
Forest
(21)

Coniferous
Forest (22)

Deciduous
Forest (23)

Tree
Plantations
(24)

Agricultural
Land (30)

Agricultural Land (30)
29
24
10
9
8
7
6
0
Table A3: Classification scheme for magnitude of map disagreement at overlap area
0 = agreement; 1-4 = minor disagreement; 5 = inconsequential disagreement; 6-10 = intermediate disagreement; 14-29 = major disagreement

3.4 Accuracy (value) assessment of the individual maps
The final land cover classification for pixels within the overlap area must be selected from only
one of the maps. Since land cover data are categorical, the final decision is ‘either / or’ and cannot
be a numerical or statistical derivative of the two values. The decision is therefore exclusive, and
must be determined based on the relative value of each map to the final product which, when dealing
with categorical land cover data, is most commonly expressed as relative thematic accuracy
(Stehman, 1999; Boots and Csillag, 2006; Foody, 2007). If the derived measures of accuracy show
that one dataset clearly outperforms another dataset, then the decision is clear: the map data that are
most agreeable with reference data are chosen to assign values at areas of overlap.
Information on the accuracy of the original OLCDB and SOLRIS datasets is limited. Although
the OLCDB has not been formally assessed for accuracy, Maxie et al. (2010) observed 55–63%
correspondence between the data and a self-conducted field-based classification of selected forest
cover types at 144 sample sites located northwest of the area examined in this study. The complete
SOLRIS dataset, spanning all of southern Ontario, has been formally assessed for accuracy. Overall
accuracy and kappa coefficient are 74.5% and 72.4%, respectively. A ‘fuzzy’ accuracy assessment –
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i.e., an accuracy assessment wherein ‘minor’ disagreements (as defined above) are considered
acceptable and accordingly certain land cover types aggregated – is found to be 85.5% (OMNR,
2008a). In all cases the measures of accuracy represent the original data structure and category
aggregation and are therefore not applicable to the new data structure and category aggregation that
have been developed in this study in order to synthesize the SOLRIS and OCLDB. Furthermore,
these accuracy metrics and not necessarily indicative of the specific study area in this analysis, and
they are global measures which do not consider local variations in accuracy / agreement. As such,
error matrices are produced for each map series on a local and a global level to derive decision
variables used to determine which map will take precedence at areas of overlap.
Given the sheer volume of data involved in large area land cover maps, only a small portion of
the map data are able to be verified. The accuracy assessment and sampling protocol must be
statistically valid and appropriate for the requirements of the particular study (Stehman and
Czaplewski, 1998; Congalton and Green, 1999; Foody, 2002). When assessing accuracy for the
purpose of integrating multiple data products, two areas are important – 1) the area of overlap, so
that the analyst knows which dataset to give authority; and 2) the overall map, so that the analyst
knows the quality of the map upon integration. The sampling frame has been designed in order to
yield these results. For the purpose of this study a sampling frame is designed to ensure that: the
sample data contain a representative proportion of values from each dataset; the south-east to northwest transition of land cover types (discussed previously) is captured; and sampling is weighted to the
area of overlap so that areas with a large proportion of the ‘major’ disagreement are reflected in the
accuracy measures. In this case, the sampling frame is delineated by three counties: Hastings,
Frontenac, and Lanark (refer back to Fig. 3). Ideally, Peterborough would be included in this list but
unfortunately the reference data used in the study are not available for that area. This limitation
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notwithstanding, the location, spatial extent and spatial orientation of the chosen counties satisfy the
criteria listed above.
Samples were selected within this frame using a simple random procedure. A total of 2126
sample points are randomly selected across the three counties with preference at the area of overlap
and especially in areas of ‘major’ disagreement to ensure more reference points are selected at these
sensitive areas. This sample size is considerably larger than is suggested in literature to ensure
statistical validity (see Lillesand, 2004; Congalton and Green, 1999). A large sample size will also
ensure that the same set of reference data can be used throughout the study as it will need to be
divided in order to assess specific sub-regions (e.g., only SOLRIS; only OLCDB; only the area of
overlap; the full synthesized product). More sample points are gathered for OLCDB than for
SOLRIS due to the fact that this dataset covers a greater proportion of the sampling frame (this is
necessary in order to capture the north-south transition in dominant land covers and economic
activities – refer back to section 2).37
Experience demonstrates that while field surveys are ideal as reference data, high resolution
aerial photographs are a cost-effective source of reference data for large areas possessing
heterogeneous land cover types (Yang et al, 2001; Franklin and Wulder, 2002; Wulder et al, 2006; Lu
and Weng, 2007) and enable a random sampling procedure rather than restricting the sample
selection to easily accessible areas (Foody, 2002). In this study, reference land cover at the sample
points is determined by manual interpretation of 50 cm resolution true color aerial imagery collected
during “leaves-off” periods in 2009. The sample unit is a 30 m radius circle surrounding the sample
point. The most dominant land cover class by area within the unit is assigned as the primary
reference class. An ‘alternate’ or secondary reference class label is recorded where the sample unit

37

Incidentally, the average difference between the number of samples collected for each class through a random process
and what would be expected using a stratified sample is only 3.2% in the OLCDB map and 3.5% in the SOLRIS map,
which means that all classes are well represented relative to their map proportion.
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straddles the boundary of multiple land cover types and in cases where a sample label could not be
positively identified. This response design (i.e., a 30 m radial support region and an alternate label) is
used in order to control for bias in final estimations and analysis caused by mixed pixels, positional
inaccuracies, and by human error during the interpretation of the aerial imagery (see Stehman and
Czaplewski, 1998). The latter issue came forth with difficulty distinguishing, for example, a treed
swamp / wetland (otherwise classified as unsuitable) from a forested area of a suitable substrate for
biomass harvesting operations (otherwise classified as one of the forest types). After primary and
alternate reference labels are assigned, an ‘extract values to points’ function is used to collect the land
cover labels for the sample points from both land cover maps. The data are exported to Excel where
a conditional statement assigns the final reference label in a new column. The conditional statement
accepts the alternate reference label as the final reference label if it matches the classified data;
otherwise the primary reference label is retained.
Agreement between map and reference data is assessed at the pixel level. A contingency or
error matrix is generated using these final labels for each map within each county. This first step is
designed to identify local variations in the range and extent of disagreement with reference data.
Where local differences are glaring, map synthesis should proceed through local-level aggregation of
map data. Where local differences are not significant, a global level synthesis will suffice. The
information from the county-level contingency tables is then aggregated to provide a global-level
map assessment with emphasis on the area of overlap to provide a global level assessment of the
map products. Following Congalton and Green (1999) and Liu et al. (2006), the following map-level
and category-level measures of accuracy are derived: overall accuracy (with confidence limits at the 95% level
of confidence); kappa agreement; user’s and producer’s accuracy; average user’s and producer’s accuracy; average of both
user’s and producer’s accuracy; magnitude of disagreement; and fuzzy accuracy, which is overall accuracy when
data are classified (aggregated) at Anderson Level I (see Table A2). The latter metric is important in
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the case that a map remains useful at lower levels of precision. Kappa agreement is used in this case
to help determine the statistical significance of our thematic map comparison, being appropriate
given that sample data are independent (see Foody, 2004). Note that ‘magnitude of disagreement’ in
this case refers to agreement with reference data rather than other land cover maps, and is classified
per Table A3.
3.5 Product quality reporting
Upon completion of the assimilation process the fitness of the final map product relative to its
intended end-use, in this case for bioenergy mapping application, is assessed. Fitness for use is
assessed here using two metrics: thematic accuracy and area estimations. A global measure of
thematic accuracy is measured per the method described above. A map of disagreement (offdiagonals) is produced in order to assess the spatial distribution of thematic discrepancies between
the mapped land covers and reference land covers. Where renewable energy production potential is
concerned, overall land area is a critical variable. As such, I verify land area estimations based on
simple pixel counting between mapped data and independent data drawn from forest and agricultural
resource inventories (where available).
4. Results
4.1 Data integration
The SOLRIS and OLCDB maps exhibit extensive disagreement at the area of overlap. Table
A4 provides a breakdown of the magnitude of this disagreement. Approximately 58 % of the
overlap area is classified differently by the two maps. Major disagreements, displayed in red in Figure
A3, account for 40.5% of these disagreements and represent 24% of the entire overlap area (or
88,416 ha). The greatest density of disagreement exists in Peterborough and Lanark counties.
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Table A4: Breakdown of the
magnitude of disagreement between
SOLRIS and OLCDB overlap area.
Magnitude of
Percent of
Disagreement
overlap area
None (0)
41.8
Minor (1-4)
20.7
Intermediate (6-10)
11.6
Irrelevant (5)
2.3
Major (14-29)
23.6

Table 7.5: The spatial variability of captured value based on LMP in Ontario

A comparison of the county-level accuracy assessments for both maps revealed that there are no
significant local variations in relative accuracy. In other words, aggregating map data at the local
level (where ‘local’ is in this case defined as a county) would not result in a different or more accurate
product than a global-level approach to map synthesis. Table A5 provides a summary of key locallevel accuracy measures.
Table A5: Comparison of local (county) level accuracy measures
SOLRIS land cover
OLCDB land cover
map
map
OA
AUA
APA
OA
AUA
APA
Hastings
0.7
0.71
0.57
0.49
0.53
0.52
Frontenac
0.74
0.59
0.58
0.55
0.56
0.57
Lanark
0.7
0.59
0.54
0.53
0.48
0.47
OA = overall accuracy; AUA = average user’s accuracy; APA =
average producer’s accuracy

Since the relative accuracy between the maps is consistent at each county, global measures of
accuracy for each map, summarized in Tables A6 through A8, are therefore used to drive the
assimilation process. Note that magnitude of disagreement is expressed as a proportion of total
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error. Global measures of thematic accuracy clearly show that the SOLRIS dataset performed better
in terms of overall accuracy and yields a stronger kappa value. However, an examination of offdiagonals reveals that a high proportion of disagreement between the SOLRIS map and reference
data are considered ‘major’. In contrast, the majority of misclassifications identified in the OLCDB
map are considered ‘minor’ (i.e., confusion between forest classes). In fact, the OLCDB land cover
map actually performs slightly better where overall accuracy is concerned at Anderson Level I
(otherwise known as ‘fuzzy accuracy’).
Table A6: SOLRIS error matrix
Map Data
Water
Unsuitable
Mixed Forest
Coniferous Forest
Deciduous Forest
Tree Plantations
Agriculture
Total

1
45
11
2

3
61

Reference Data
6
21 22 23 24
2
188 36
13 9
1
18
46
4
8
3
6
6
16
7
29
3
34
3
28
13
2
2
8
247 132 38 53 15

30
19
5
4
270
298

Total
47
277
86
28
77
3
326
844

Overall accuracy = .71 (+/- .029)
Kappa = .61
Fuzzy accuracy = .77
Minor disagreement = .21
Major disagreement = .59
Intermediate disagreement = .15
Inconsequential disagreement = .05

Table A7: OLCDB error matrix
Map Data
Water
Unsuitable
Mixed Forest
Coniferous Forest
Deciduous Forest
Tree Plantations
Agriculture
Total

1
96
8
23
13
8
5
1
154

6
7
64
45
38
29
12
35
230

Reference Data
20
21
22
1
14
4
10
20
6
72
57
22
22
250 51
11
100 152
9
66
16
1
3
1
126 510 252

23
2
8
18
34
9
46
2
119

30
5
9
7
5
89
115

Total
124
121
246
415
314
154
132
1506

Overall accuracy = .51 (+/- .025)
Kappa = .40
Fuzzy accuracy = .79
Minor disagreement = .56
Major disagreement = .38
Intermediate disagreement = .04
Inconsequential disagreement = .02
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Table A8: Comparison of user’s and producer’s accuracies.

Class

Producer’s Accuracy
SOLRIS
OLCDB

User’s Accuracy
SOLRIS
OLCDB

Average of User’s and
Producer’s Accuracy
SOLRIS
OLCDB

Water
.74
.62
.96
.77
.85
Unsuitable
.76
.28
.68
.53
.72
Recently Disturbed Forest
N/A
.57
N/A
.29
N/A
Mixed Forest
.35
.49
.53
.60
.44
Coniferous Forest
.42
.60
.57
.48
.50
Deciduous Forest
.64
.39
.44
.30
.54
Tree Plantations
.20
N/A
1.00
N/A
.60
Agriculture
.91
.77
.83
.67
.87
Overall Average
.57
.53
.72
.52
.66
N/A = not applicable because specific land cover class is not mapped in that land cover dataset.

.70
.41
.43
.55
.54
.35
N/A
.72
.53

3.5 Product quality assessment
In order to bring greater clarity to the relative quality of each map, all map data are mosaiced
twice; in the first mosaic the overlap values come from the SOLRIS data while in the second mosaic
these values are taken from the OLCDB data. Each map is assessed for accuracy and then
compared, with emphasis on the area of overlap which uses only the sample points collected within
the area of overlap. The final accuracy reports for all areas assessed in this study are summarized
below in Table A9. Based on information from the area of overlap it is clear that, as a distinct map
series, the SOLRIS map is more accurate than the OLCDB. Overall, it is clear that map synthesis
should proceed using the SOLRIS land cover data for the entire area of overlap. In other words, the
recommended synthesized product for subsequent bioenergy supply analyses in eastern Ontario is
the SOLRIS-based mosaic. Although in many cases the accuracy measures are closely related, the
SOLRIS products returned superior measures of data quality on a more consistent basis than the
OLCDB products.
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Table A9: Comparison of all regions and sub-regions assessed
for accuracy
Overall
Fuzzy
(Sub-)Region
Accuracy
Accuracy
n
SOLRIS map
.71
.77
844
OLCDB map
.51
.79
1506
SOLRIS area of overlap
.714
.800
247
OLCDB area of overlap
.441
.658
247
SOLRIS-based mosaic
.597
.797
2126
OLCDB-based mosaic
.566
.781
2126

The overall accuracy of the final integrated product (SOLRIS-based mosaic) can be found in
Table A9 above. The spatial pattern of disagreement between the SOLRIS-based synthesized
product and reference data, as well as information regarding user and producer accuracies, is
illustrated in Figure 4. A clear and expected pattern emerges from the map. Minor disagreement is
more common in the northern part of the study area where the mixture of coniferous, deciduous,
and mixed stands are easily confused through large-area land cover mapping procedures, especially
those that are based predominantly on spectral analysis. If these confusions are ignored and grouped
into a single ‘forest’ land cover class, a large proportion of disagreement is reduced and the accuracy
(or what is referred to in this paper as ‘fuzzy accuracy’) is increased to approximately 80 per cent.

Figure A4: A map of the magnitude of disagreement between the SOLRIS-based
land cover map mosaic and reference (DRAPE) data.
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Since land area is a crucial variable when assessing RE production potential generally, and
bioenergy production potential more specifically, another important measure of data quality is the
accuracy of area estimations. While some studies utilize the contingency matrix to perform these
area estimations (see Olofsson et al, 2013; Stehman, 2013), I have chosen to compare simple pixel
counts against independent data. The results of this assessment are summarized in Table A10. Area
estimations based on pixel counting shows that the area is dominated by forested land. Mapped
agricultural area is compared to the most recent agricultural census (AC) data (OMAFRA, 2006).
County level statistics are summed to find total agricultural land area within the study area. Mapped
forest area is compared to forest resource inventory (FRI) data within the region’s forest
management units (refer to Figure 5.2). In both cases the SOLRIS-based mosaic shows better
agreement with independent data than the OLCDB-based mosaic. Agricultural land is slightly
underestimated, while forest land area is overestimated.
Table A10: Comparing land area estimates of integrated product with independent data
SOLRIS OLCDB
Independent
Comparison
Comparison
Mosaic
Mosaic
Resource
with SOLRIS
with OLCDB
(ha)
(ha)
Inventories (ha)
Mosaic (%)
Mosaic (%)
a
Agricultural Land 1,497,371 1,473,661
1,517,998
-1.359
-2.921
Forest Land
1,987,906 2,031,696
1,892,444b
5.044
7.358
aAverage total area of farms in region, 2001-2011; from OMAFRA (2012)
bTotal area of forest land within the region's forest management units; calculated for forest resource
inventory data

5. Discussion
A simple mosaic of the OLCDB and the SOLRIS is not possible due to considerable
disagreement at the areas of overlap, even after the classification systems had been reconciled using a
common legend. In order to determine which values should take precedent in the area of overlap,
the relative thematic accuracy of each map is derived. Local level assessment is an important feature
of the method because we cannot assume that the range and extent of disagreement is equal over the
entire mapped area. Map data integration may need to occur from the ‘bottom-up’, or through a
local-level combination of map data. The relative thematic accuracy of both maps in this study did
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not vary at the local level, however, so that a global level assimilation process was possible.
Furthermore, it was found that the decision regarding the master data is not obvious prior to data
integration. In this case, we proceeded by assessing the relative value of two integrated products
which used the values from the SOLRIS map and the OLCDB map, respectively, to determine land
cover at the area of overlap.
After data assimilation and synthesis, the map product which uses SOLRIS values at areas of
overlap shows a higher thematic accuracy than the map product that uses the values of the OLCDB
map series. Indeed, the SOLRIS map consistently out-performed the OLCDB map on all measures
of accuracy. This result is likely due to the fact that the original SOLRIS data was derived from the
triangulation of spatial, terrain, and spectral variables in order to resolve differences in land cover
characteristics while the OLCDB was derived solely based on the classification of electro-magnetic
reflectance values (see Trietz and Howard, 2000). Consequently, the SOLRIS-based mosaic is
determined to be the most ‘fit for use’ for any subsequent analyses.
It is clear, however, that neither the SOLRIS-based product nor the OLCDB-based product is
particularly strong by objective measures of data quality. In both cases the kappa coefficient is below
60% which, per Jensen (2005), is considered insignificant, and only through aggregation of all forest
types into a single class does the overall accuracy of these maps approach 80 per cent. These metrics
lend impetus to employ the synthesized product with caution. They are not grounds for outright
dismissal, however. Wulder et al. (2006) and Foody (2002) state that benchmarks are application
dependent which means that the accuracy measures cannot be evaluated until they are set in context
of the overall research program. Furthermore, Lo and Yueng (2007) remind us that knowledge of
the uncertainty embedded in a map is equally as important as overall accuracy, because it allows the
analyst to control for the ‘unknowns’ when performing subsequent analytics.
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Although the SOLRIS map is approximately 80 percent effective at locating forested and
agricultural land as aggregated types, it does not effectively differentiate within these land cover
classes. This is crucial, because different forest types (e.g., coniferous versus deciduous, and even
different tree species) and agricultural products (e.g., corn stover versus wheat straw) yield biomass
with often widely divergent biophysical properties including overall yield, moisture content, bulk
density, and heating values. These are important factors to consider prior to choosing a specific
feedstock mix and biomass-to-energy conversion option (McKendry, 2002). Furthermore, this
research has confirmed previous concerns raised in Maxie et al. (2010) that the OLCDB map is very
inaccurate. With this in mind, more detailed resource inventories are added to the spatial data in an
attempt to increase the resolving power of the land cover data used in this thesis – Ontario’s Forest
Resource Inventory published by the Ministry of Natural Resources, and Ontario’s Agricultural
Resource Inventory published by the Ministry of Agricultural, Food and Rural Affairs.
5.1 Integrating resource inventory maps
The SOLRIS-based land-cover mosaic created above is generalized to only three land covers:
forest, agriculture, and unsuitable. This generalized raster map is used as a base map in order to
control the synthesis of the forest resource inventory (FRI) and the agricultural resource inventory
(ARI) map series. Using a general base map for control helps to ensure that all data are assimilated
into a similar structure (25m2 raster through vector-to-raster conversion using the center-cell
method); are precisely geo-referenced relative to each other (by ‘snapping’ to the base map while
performing the conversion); and result in a seamless product (any gaps in data coverage between the
ARI and FRI are assigned a less detailed land-cover code by the base map).
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Accessible and production regenerating forests:
"FORMOD" = 'RP' AND ("DEVSTAGE" = 'NEWPLANT' OR "DEVSTAGE" =
'NEWSEED' OR "DEVSTAGE" = 'NEWNAT' OR "DEVSTAGE" = 'FTGNAT' OR
"DEVSTAGE" = 'FTGPLANT' OR "DEVSTAGE" = 'THINCOM' OR "DEVSTAGE" =
'THINPRE') AND ("ACCESS1" = 'NON')

Accessible and production in-harvest forests:
"FORMOD" = 'RP' AND ("DEVSTAGE" = 'FIRSTCUT' OR "DEVSTAGE" = 'FRSTPASS'
OR "DEVSTAGE" = 'IMPROVE' OR "DEVSTAGE" = 'LASTCUT' OR "DEVSTAGE" =
'PREPCUT' OR "DEVSTAGE" = 'SEEDCUT' OR "DEVSTAGE" = 'STRIPCUT' OR
"DEVSTAGE" = 'SELECT') AND ("ACCESS1" = 'NON')
Where:
FORMOD = productive forest modifier
RP = production forest
DEVSTAGE = developmental stage of stand
NEWPLANT = recently renewed; mainly planted
NEWSEED = recently renewed; mainly seeded
NEWNAT = recently renewed; mainly naturally regenerated
FTGNAT = free growing; mainly natural regeneration
FTGPLANT = free growing; mainly planted regeneration
THINCOM = received a commercial thinning
THINPRE = received a pre-commercial thinning
PREPCUT = undesirable species are removed (shelterwood harvest)
FIRSTCUT = received a first removal (shelterwood harvest)
LASTCUT = all remaining trees in overstorey are harvested (shelterwood harvest)
FRSTPASS = first harvest operation to remove specific merchantable trees
IMPROVE = selection cut in uneven stand to improve stand structure
SEEDCUT = mature trees are removed to create spaces for natural regeneration
STRIPCUT = removal of trees in progressive strips, less than or equal to 100m
SELECT = selective cutting system
ACCESS1 = Accessibility constraints
NON = none
Figure A5: Boolean selection query used to extract FRI polygons by attributes. See OMNR (2009) for a
description of these attributes

Table A11 describes the original land cover classification system of each inventory map along
with the way in which these codes were aggregated for the purposes of integration with the SOLRISbased land cover mosaic. For the FRI data, forested land was first extracted based on the
developmental stage of the given stand (developmental stage is a key determinant of biomass yield in
this study). Three distinct developmental stages were identified: non-regenerating or depleted;
regenerating; and in-harvest or harvestable. The selection query in Figure A5 describes how forested
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land is located along these lines using FRI data extractions. Each of the three forested land cover
types were then rasterized based on their ‘working group’ (or dominant overstorey species) and then
aggregated through reclassification into hardwood and softwood stands. The ARI data are also
rasterized to 25 m, and data reclassification techniques are used to convert the original ARI codes
into a classification system that is relevant to this study.38 Table A12 provides a complete breakdown
of the land cover classification system used in this study.
Table A11: Land cover classification system of Ontario’s FRI and ARI.
ARI
FRI
Original
Built-up
Extraction
Water
Recreation
Sod Farms
Recreational Land
Swamp, Marsh or Bog
Unknown
Woodland
Reforestation
Monoculture System
Continuous Row Crop
Mixed System
Corn System

Aggregated

Original

Aggregated

Unsuitable

Water
Small Island
Unclassified
Open Wetland
Treed Wetland
Rock
Brush and alder

Unsuitable

Unclassified Forest

Developed
Agricultural Land

Unclassified Crop Agriculture

Unclassified Crop
Agriculture

Grass and
Meadow

Livestock System

Corn System

See Figure A6

Non-regenerating Hardwood Stand

Grain System

Mixed Grain System

See Figure A6

Non-regenerating Softwood Stand

Hay System
Pastured Woodland
Grazing System
Pasture System
Berries
Extensive Field Vegetables
Market Gardens
Nursery
Orchard
Specialty Agriculture
Tobacco System
Vineyard
Idle Agricultural Land
Abandoned Land

Hay System

See Figure A6

Regenerating Hardwood Stand

Livestock System

See Figure A6

Regenerating Softwood Stand

Specialty Agriculture

See Figure A6

In-harvest Hardwood Stand

Idle Land

See Figure A6

In-harvest Softwood Stand

38

Vector-to-raster conversion did not result in any significant changes to the overall land base from the original data
(<1%).
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Table A12: Land cover classification system used to integrate all land cover data products in this study
OLCDB/SOLRIS Product
ARI
FRI
1 - Unsuitable Land

4 - Unclassified Crop Agriculture

4 - Unclassified Crop Agriculture

2 - Unclassified Forest
3 - Unclassified Agriculture

5 - Corn System
6 - Mixed Grain System

8 - Livestock System
11 - Non-regenerating Hardwood Stand

17 - Tree Plantation

7 - Hay System
8 - Livestock System

12 - Non-regenerating Softwood Stand
13 - Regenerating Hardwood Stand

9 - Specialty Agriculture
10 - Idle Land

14 - Regenerating Softwood Stand
15 - In-harvest Hardwood Stand
16 - In-harvest Softwood Stand

The method used to synthesis all three land cover maps is designed to ensure that, whenever
possible, pixel assignment is based on the inventory maps while the SOLRIS-based land-cover
mosaic is used to fill in any gaps with low-precision but relatively accurate land cover data. This goal
is achieved using the ‘maximum value’ mosaic procedure, whereby the maximum value at
overlapping pixels is selected for pixel assignment. The numerical codes have been arranged such
that this method ensures the ARI will assign a code to all agricultural lands in the southern portion of
the region while the FRI will assign a code to all forest lands in the northern portion of the region.
Where the two datasets overlap, the land-cover code of the highest precision is selected. As
described in Chapter 3, this final map is processed further in order to remove unsuitable and
inaccessible land covers.
5.2 New accuracy measures
The same reference data are then used in order to assess the accuracy of the new SOLRISOLCDB-FRI-ARI integrated product. The map data are aggregated to three simple classes based on
information learned above: it is at this level of precision that the map data are most accurate. The
results are broken down in Table A13, which shows an overall accuracy of 83 per cent.
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Table A13: Accuracy measures for the OLCDB-SOLRIS-FRIARI integrated map product at its lowest level of precision.
Reference Data
UA
Map Data
1
2
3
Total
(Average)
Unsuitable
0.13 0.02
0.00
0.15
0.85
Forest
Agriculture

0.09
0.03

0.53
0.02

0.01
0.16

0.63
0.22

0.85
0.74

Total

0.25

0.58

0.17

1.00

(0.82)

PA (Average) 0.52 0.92
0.94
(0.79) OA = 0.83
PA = producer’s accuracy; UA = user`s accuracy; OA = overall
accuracy

6. Conclusion
This appendix has described the concepts and techniques that were used to integrate multiple
disparate land cover data products in order to achieve spatial completeness of land cover data in my
study area. The method employs an intuitive ‘magnitude of difference’ accuracy metric that is derived
from translating information classes to numeric accuracy labels. The translation is based upon expert
interpretation of known vegetative bioenergy reserve/supply eligibilities and qualities for specified
land covers. The magnitude of difference between the labels of various land cover series at areas of
overlap is used to guide the assimilation process and to assess the overall ‘fitness for use’ of the
assimilated product. The study demonstrates that the decision at areas of overlap is not always
obvious through assessing individual map value, and as such, further comparison after map synthesis
might be necessary. Indeed, while it is difficult to generate an accurate map through the synthesis of
two disparate map series, knowing the uncertainties of the synthesized product is, arguably, more
important. In this case, accuracy measures are derived before and after map synthesis using multiple
reference datasets, which mitigates bias stemming from using a single accuracy measure and/or
reference dataset.
Although the OCLDB and SOLRIS datasets are the most up-to-date land cover maps publicly
available in the province they are not highly accurate or precise, especially as an integrated product.
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The OLCDB was found to be inaccurate overall, while SOLRIS does not distinguish different
agricultural land uses. In order to overcome these limitations, I decided to integrate the FRI and the
ARI into the land cover data. The fully integrated data product used in this study to estimate and
locate bioenergy resources is, at best, 83% accurate at describing a low precision of land cover, based
on a pixel-level accuracy assessment. It is unclear whether or not this relatively low accuracy
measure is a function of a) the conversion of polygon data to raster data which could introduce
error; b) the use of a pixel-level accuracy assessment which tends to be more stringent than, say, a
technique that uses the average of a region of pixels as the basis of land cover identification at a
given point; or c) some element of human error throughout the process. Most likely it is a
combination of these factors. What is clear, however, is that the quality of publicly available datasets
as well as the lack of spatially complete inventory data will greatly limit the accuracy of my biomass
supply model. Of course, this is not unique to my study – many GIS-based resource analyses suffer
the same fate. In this context, knowledge of the uncertainties within the data is just as important as
the quality of the data itself, and this method certainly helped to identified those uncertainties. What
is encouraging, however, is that the map seems to be very accurate in terms of land area; i.e., there is
less than 1% difference between the map product used in this study and the total agricultural land
area estimated by OMAFRA in their agricultural census, and after integrating rasterized FRI data the
same can be said of forested land area estimations. This is a crucial point, because land area
determines real energy potential.
Discussions with civil servants on these matters revealed that there are efforts underway to
enhance both the FRI and the ARI in terms of accuracy and precision. None of these updates,
however, will expand the geographic reach of the respective inventories. Land in the north will
continue to be described with emphasis on forestry, while land in the south will continue to be
described with emphasis on agriculture. The method developed in this paper for the controlled
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assimilation and synthesis of disparate land cover map series is therefore necessary in order to
continue to resolve these deficiencies, primary data acquisition and in-house land cover classification
using remote sensing notwithstanding.

268

Appendix A
References
Ahamed, T., Tian, L., Zhang, Y., and Ting, K.C. 2011. Review of remote sensing methods for biomass feedstock
production. Biomass and Bioenergy 35: 2455-2469.
Anderson, J. R. 1976. A land use and land cover classification system for use with remote sensor data (Vol. 964). US Government
Printing Office.
Banting, D. 2002. Data quality management in GIS. The Operational Geographer 10: 22–26.
Boots, B., and Csillag, F. 2006. Categorical maps, comparison, and confidence. Journal of Geographical Systems 8: 109-118.
Calvert, K. 2011. Geomatics and bioenergy feasibility assessments: taking stock and looking forward. Renewable and
Sustainable Energy Reviews 15: 1117-1124.
Cassedy, E.S. 2000. Prospects for sustainable energy: a critical assessment. Cambridge University Press, Cambridge.
Chrisman, N.R. 1991. The error component in spatial data. In: Maguire, D.J., Goodchild, M.F., Rhind, D.W. (Eds.)
Geographical Information Systems - Principles and Applications. Longmans, London, pp. 165–174.
Congalton, R.G., and Green, K. 1999. Assessing the accuracy of remotely sensed data: principles and practices. Lewis Publishers:
Boca Raton.
Congalton, R.G. 1991. A review of assessing the accuracy of classifications of remotely sensed data. Remote Sensing of
Environment 37: 35–46.
Deloitte & Touche LLP. 2008. Wood pellet plant cost study for the forests of North Eastern Ontario. Retrieved October
10, 2010 at http://www.canadiancleanpowercoalition.com/index.php/clean-power-projects-andtechnology/reports/industry-reports/
Dominguez, J., Casals, X.G., and Pascua, I.P. 2007. GIS approach to the definition of capacity and generation ceilings of
renewable energy technologies. Energy Policy 35: 4879-4892.
Durbha, S.S., King, R.L., Shah, V.P., and Younan, N.H. 2009. A framework for semantic reconciliation of disparate
earth observation thematic data. Computers and Geosciences 35: 761-773
Finn, J.T. 1993. Use of the average mutual information index in evaluating classification error and consistency.
International Journal of Geographical Information Systems 7: 349−366.
Foody, G.M. 2007. Map comparison in GIS. Progress in Physical Geography 31: 439-446.
Foody, G.M. 2004. Thematic map comparison: evaluating the statistical significance of differneces in classification
accuracy. Photogrammetric Engineering & Remote Sensing 70: 627-633.
Foody, G.M. 2002. Status of land cover classification accuracy assessment. Remote Sensing of Environment 80: 185–201.
Franklin, S.E. and Wulder, M.A. 2002. Remote sensing methods in medium spatial resolution satellite data land cover
classification of large areas. Progress in Physical Geography 26: 173-205.
Goodchild, M.F. 1992. Geographical data modeling. Computers and Geosciences 18: 401-408.
Goodchild, M.F., Parks, B.O. and Seyaert, L.T. (Eds.) 1993. Environmental Modeling with GIS. New York, Oxford
University Press.
Herr, A., and Dunlop, M. 2011. Bioenergy in Australia: an improved approach for estimating spatial availability of
biomass resources in the agricultural production zones. Biomass and bioenergy 35: 2298-2305.

269

Appendix A
Horner, M.W., Zhao, T., and Chapin, T.S. 2011. Toward an integrated GIScience and energy research agenda. Annals of
the Association of American Geographers 101: 764-774.
Jensen, J.R. 2005. Introductory digital image processing: a remote sensing perspective. Prentice Hall: Upper Saddle River N.J.
Jung, M., Henkel, K., Herold, M., and Churkina, G. 2006. Exploiting synergies of global land cover products for carbon
cycle modeling. Remote Sensing of Environment 101: 534-553
Layzell, D.B., Stephen, J., and Wood, S. 2006. Exploring the potential for biomass power in Ontario: a response to the
OPA Supply Mix Advice Report. BIOCAP Foundation. Available online at
http://www.biocap.ca/files/Ont_bioenergy_OPA_Feb23_final.pdf
Lee, H., Bakowsky, W., Riley, J., Bowles, J., Puddister, M., Uhlig, P. and McMurray, S. 1998. Ecological land classification
for southern Ontario: First approximation and its application. Ontario Ministry of Natural Resources, Southcentral
Science Section, Science Development and Transfer Branch. SCSS Field Guide FG-02.
Lillesand, T.M., Kiefer, R.W., and Chipman, J.W. 2004. Remote Sensing and Image Interpretation: Fifth Edition. John Wiley and
Sons, New York.
Liu, C., Frazier, P., and Kumar, L. 2006. Comparative assessment of the measures of thematic classification accuracy.
Remote Sensing of Environment 107: 606-616.
Lo, C.P. and Yeung, A.K.W. 2007. Concepts and techniques in geographic information systems. Prentice Hall, New Jersey
Lu, D. and Weng, Q. 2007. A survey of image classification methods and techniques for improving classification
performance. International Journal of Remote Sensing 28: 823-870.
Luciani, P.D., Li, J.Y., and Banting, D. 2011. Distributed urban stormwater modeling within GIS integrating analytical
probabilistic hydrologic models and remote sensing digital image analysis. Water Quality Research Journal of Canada 46: 183–
199.
Lunetta, R.S., Congalton, R.G., Fenstermaker, L.K., Jensen, J.R., McGwire, K.C., and Tinney, L.R. 1991. Remote sensing
and geographic information system data integration: error sources and research issues. Photogrammetric Engineering and
Remote Sensing 57: 677-687.
Mabee, W. and Mirck, J. 2011. A regional evaluation of potential bioenergy production pathways in Eastern Ontario,
Canada. Annals of the Association of American Geographers 101: 897-906
Mabee, W.E., Mirck, J., and Chandra, R. 2011. Energy from forest biomass in Ontario: Getting beyond the promise.
Forestry Chronicle 87: 61-70.
Maxie, A.J., Hussey, K.F., Lowe, S.J., Middel, K.R., Pond, B.A., Obbard, M.E., and Patterson, B.R. 2010. A comparison
of forest resource inventory, provincial land cover maps and field surveys for wildlife habitat analysis in the Great Lakes
– St. Lawrence forest. The Forestry Chronicle 86: 77-86.
McCallum, I., Obersteiner, M., Nilsson, S., and Shvidenko, A. 2006. A spatial comparison of four satellite derived 1km
global land cover datasets. International Journal of Applied Earth Observation and Geoinformation 8: 246-255.
McKendry, P. 2002. Energy production from biomass (part 1): overview of biomass. Bioresource Technology 83: 37–46.
Negro, S.O., Alkemade, F., and Hekkert, M.P. 2012. Why does renewable energy diffuse so slowly? A review of
innovation system problems. Renewable and Sustainable Energy Reviews 16: 3836-3846.
Olofsson, P., Foody, G.M., Stehman, S.V., Woodcock, C.E. 2013. Making better use of accuracy data in land change
studies: estimating accuracy and area and quantifying uncertainty using stratified estimation. Remote Sensing of Environment
129: 122-131.

270

Appendix A
Ontario Ministry of Natural Resources. 2005. Ontario Land Cover Database Metadata Detail Page. Accessed online 4
July 2011 at http://lioapp.lrc.gov.on.ca/edwin/EDWINCGI.exe?IHID=4711&AgencyID=1&Theme=All_Themes
Ontario Ministry of Natural Resources. 2007. Ecological land classification: a primer. Accessed online 25 September
2012 at http://www.mnr.gov.on.ca/stdprodconsume/groups/lr/@mnr/@lueps/documents/document/264777.pdf
Ontario Ministry of Natural Resources. 2008a. SOLRIS accuracy assessment report 2: SOLRIS V. 1.2 (2008 release).
ISBN 978-01-4249-8448-0 TN001
Ontario Ministry of Natural Resources, 2008b. SOLRIS Metadata Detail Page. Accessed online 4 July 2011 at
http://lioapp.lrc.gov.on.ca/edwin/EDWINCGI.exe?IHID=4933&AgencyID=1&Theme=All_Themes
Ontario Ministry of Natural Resources. 2009. Forest information manual 2009: Forest resources inventory technical
specifications.
Ontario Ministry of Natural Resources. (2011). Explore Ontario’s ecological landscapes. Accessed online 9 August 2011
at http://www.mnr.gov.on.ca/en/Business/Biodiversity/2ColumnSubPage/STEL02_166891.html
Ontario Ministry of Agriculture, Food and Rural Affairs. 2012. Area of Census Farms (Acres) by County, 1991, 1996, 2001,
2006 and 2011. Accessed online 16 May 2013 at http://www.omafra.gov.on.ca/english/stats/census/cty30a.htm
Petit, C.C. and Lambin E.F. 2001. Integration of multi-source remote sensing data for land cover change detection.
International Journal of Geographical Information Science 15: 785-803
Pohl, C., Van Genderen, J. L. 1998. Multisensor image fusion in remote sensing: concepts, methods and applications.
International Journal of Remote Sensing 19: 823-854.
Slocum, T.A., McMaster, R.B., Kessler, F.C., and Howard, H.H. 2009. Thematic cartography and geovisualization. Upper
Saddle River, NJ: Prentice Hall
Smyth, I. 2008. SOLRIS Phase 2 – Data specifications version 1.2. Ontario Ministry of Natural Resources.
Spectanalysis Inc. 2004. Introduction to the Ontario land cover data base, second edition: outline of production methodology and description
of 27 land cover classes. Report prepared for the Ontario Ministry of Natural Resources.
Stehman, S.V. 1999. Comparing thematic maps based on map value. International Journal of Remote Sensing 20: 2347-2366.
Stehman, S.V. 2013. Estimating area from an accuracy assessment error matrix. Remote Sensing of Environment 132: 202-211.
Stehman, S.V. and Czaplewski, R.L. 1998. Design and analysis for thematic map accuracy assessment: fundamental
principles. Remote Sensing of Environment 64: 331-344.
Tchuenté, A.T.K., Roujean, J.L., and De Jong, S.M. 2011. Comparison and relative quality assessment of the GLC2000,
GLOBCOVER, MODIS and ECOCLIMAP land cover data sets at the African continental scale. International Journal of
Applied Earth Observation and Geoinformation 13: 207-219.
Trietz, P. and Howard, P. 2000. Integrating spectral, spatial, and terrain variables for forest ecosystem classification.
Photogrammetric Engineering and Remote Sensing 66: 305-317
Tyner, J.A. 2010. Principles of map design. New York, Guilford Press
Voivontas, D., Assimacopoulos, D., and Mourelatos, A. 1998. Evaluation of renewable energy potential using a GIS
decision support system. Renewable Energy 13: 333-344.
Wormstead, S. and Zuccarino-Crowe, C. 2009. Forest Lands - Maintenance of Productive Capacity of Forest Ecosystems. State of
the Great Lakes Forest Report, Indicator # 8501 396-400.
271

Appendix A
Wulder, M.A., S.E. Franklin, J.C. White, J. Linke and S. Magnusssen. 2006. An accuracy assessment framework for largearea land cover classification products derived from medium-resolution satellite data. International Journal of Remote Sensing
27: 663–683.
Yang, L., Stehman, S.V., Smith, J.H. and Wickham, J.D. 2001. Thematic accuracy of MRLC land cover for the eastern
United States. Remote Sensing of the Environment 76: 418-422.
Yang, X. and Lant, C. 2011. A geographical and temporal analysis of U.S. thermoelectric withdrawals in comparison to
renewable water supplies. Applied Geography 31: 1154-1165.

272

Appendix B
BIMAT analysis at Bancroft and Smith’s Falls

Abstract
This document displays the results of the BIMAT analysis at Bancroft and Smith’s Falls. These
results are compared to my own model results in Chapter Three. Note that the farmer participation
rate in BIMAT is set at 33% and all above-ground biomass resources mapped by BIMAT are
included in the study, so that the analysis is parameterized as closely as possible to my own analysis.

Appendix B

This study in Chapter 5 replicates many of the spatial decision-support and information
management services provided through BIMAT operations. Concerns were raised early in the study,
however, that the coarse resolution and national-level focus of BIMAT compromised the validity of
its conclusions. In order to directly compare the results of this study with the BIMAT tool, I
calculated herbaceous and woody biomass within a 100km radius of Smiths Falls and Bancroft using
BIMAT. These results are displayed in Figure B.1 and are summarized in Table B.1.
Table B1: Comparison in relative terms of BIMAT with supply model developed in this study.
Stover
Straw
Wood
Total
Contributing
Location
Supply
Supply
Supply
Biomass
Area (ha)
(ODT)
(ODT)
(ODT)
(ODT)a
Smith's Falls
0.62
1.06
4.41
1.03
1.33
Bancroft
0.49
0.68
1.69
2.35
2.13
Note: these are presented in relative terms. A value over 1 signifies that my model overestimates
relative to BIMAT and a value under 1 that my model underestimates relative to BIMAT.
aNot including production potential from dedicated energy crops.

There are some glaring differences to report. The ‘contributing area’ identified by BIMAT as
being within a 100km radius of each site is greatly over-estimated compared to the analysis above.
BIMAT assumes straight-line distances when calculating the contributing area. This is grossly
misleading, since real-world constraints on transportation increase actual driving distances and
therefore decrease biomass catchment areas. While Ebadian et al. (2011) use a tortuosity factor of
1.2 to correct for this in their study, a factor of 1.45 within the forestry region surrounding Bancroft
and 1.3 within the rural / forestry region surrounding Smith’s Falls is found to be most appropriate.
These differences have considerable impact on the estimated supply-cost of biomass. Users of
BIMAT should correct the supply-shed radius considered by the program using the simple equation
below:
( )

(1)

where the actual distance from a given location (AD) is a function of the tortuosity factor (TF)
coefficient multiplied by the straight-line distance (SLD) that is of interest to the user when
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delineating a 360 degree supply-shed. In this way user-defined catchment areas will be closer to the
true distance. TF should vary depending on the structure and capacity of local infrastructure, with
logging roads typically higher (1.4-1.7) and urban / rural roads typically slightly lower (1.2-1.5) (see
also Ranta, 2005).
Given that BIMAT overestimates the contributing area within 100km of a prospective facility, it
is also expected to overestimate available biomass since biomass yield is directly related to land area.
This logic holds only for stover at Bancroft, where southerly corn fields are located within 100km of
the site in the BIMAT model but are inaccessible when considering road tortuosity in the model
developed in Chapter 5. Where straw is concerned, there are clear disagreements between BIMAT
and my own model. Further investigation is required to explain this result, but it is worthy to note
that agricultural census data clearly show over 129,000 ODT of straw residues are available in the
region even when recovering only 30 per cent of the resource, which gives reason to favour my
higher estimate. Differences in wood availability are explained by the fact that BIMAT considers only
roadside residuals and does not consider harvested round-wood that no longer has a regional market.
Difference in model transparency is another glaring issue to report. Since BIMAT does not
provide any information into the total area from which biomass is expected to be recovered, it is
impossible for a user to determine what yields (t/ha) are being assumed or to assess the sensitivity of
the conclusions to the assumption made within the model. This lack of transparency makes it
difficult to determine why there is such a large discrepancy in estimates of straw availability, for
instance. Providing land cover as well as yield data would allow for scenario development by the
user, for example to estimate production potential from pre-commercial thinning material and / or
stranded pulpwood, or from idle or abandoned agricultural land within the region. As the
comparison with BIMAT showed, greater awareness of local conditions is requisite to the validity
and reliability of supply models.
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Figure B1: BIMAT analysis at Bancroft and Smith’s Falls.
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