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Abstract 

This thesis describes research to model how a biorefinery supply network can be 

optimized for Manitoba. Using spatial optimization methods, the analysis considers an 

efficient biomass supply network for a hypothetical biorefinery, then examines how the 

configuration could change if it were optimized for enhancing ecosystem services by 

reducing phosphorus loading to Lake Winnipeg. A computer model, SpatialES, was 

designed for this analysis, and intermediate outputs of the model revealed the phosphorus 

fertilizer balance for Manitoba, the cost of phosphorus pollution, and the supply of biomass 

feedstocks. The analysis considered agricultural waste biomass as well as biomass from 

riparian areas and wetlands. This thesis has made several contributions in biosystems 

engineering. 

A main finding is that Manitoba farmland is accumulating phosphorus from fertilizer 

excess at a rate of 3.6 kg/ha/yr. This surplus has the potential to eventually run off, further 

loading Lake Winnipeg. Water quality measurements indicate lower loading of 0.98 kg/ha 

from agriculture, suggesting that the surplus is not yet reaching the lake.  

The contamination of Lake Winnipeg by phosphorus loading has significant costs in 

terms of loss of ecosystem services. The total cost of loss of Lake Winnipeg ecosystem 

services due to phosphorus over-enrichment is approximately $371M/yr.  

The ultimate objective of this thesis has been to model an optimal biorefinery 

supply network for a single hypothetical biorefinery in Manitoba demanding cellulosic 

biomass as a feedstock. As the emphasis of this analysis is the dynamics of biomass supply, 
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the biorefinery product is not defined, as there are multiple products in development and 

presently few facilities operating commercially at scale.  

This work affirms that an optimal biorefining network is achievable and will result 

in reduced nutrient loading. The model tested the implications of an ecosystem services 

payment to incent wetland and riparian biomass based on potential for reduced 

phosphorus loading. To increase use of all biomass, including non-conventional wetland 

and riparian biomass, measures must be taken to increase demand for biomass. 

Future work on this topic should involve additional spatial optimization to test 

different bioproduct supply and demand scenarios, and to test different assumptions. 
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Preface 

 

Engineering is the application of scientific and mathematical principles to 

innovation, design and problem-solving. It is truly an interdisciplinary endeavour. This 

thesis has been written by an accredited biosystems engineer as part of a doctorate in 

biosystems engineering. True to the profession, this work is highly interdisciplinary. This 

research draws on principles of management, operations research, biotechnology, 

agronomy and ecological economics and brings them together in a numerical computer 

model to devise an innovative approach for future development. While this work is 

specifically designed for Manitoba and Lake Winnipeg, the same approach can be applied to 

similar issues elsewhere if factors of local relevance are considered. 

 



 

1 

 

1. Introduction 

 

The globe is facing unprecedented changes due to human activity as the planet verges into the 

Anthropocene. Effects such as habitat destruction, species extinction and global warming are causing 

changes in how ecosystems function, with implications for human health and well-being. The 

emerging bioeconomy has the potential to wean humankind from the destructive impacts of the 

fossil-fuel-powered economy by replacing fuels and products with biologically-derived alternatives. 

The bioeconomy has been growing steadily and is poised to grow exponentially over the next few 

decades.  

Encompassing the manufacturing and health sectors and driven by advances in biology and 

chemistry, the bioeconomy offers potential for continued increased demand for unused biomass. The 

bioeconomy, through technological innovation, can bring solutions for many of the health and 

resource challenges facing the world. It can increase the supply and environmental sustainability of 

food, feed, and fibre production, improve water quality and provide renewable energy (OECD 2009a, 

2018). However, the bioeconomy will require careful planning and consideration if it is to develop in 

a sustainable manner (Langeveld et al. 2009). 

This thesis describes unique research to model a spatially-optimized biorefining supply 

network in Manitoba. The analysis focuses on the optimal feedstock supply network to biorefineries 

while examining trade-offs between operational efficiency, defined for this analysis as the minimal 

cost of receiving feedstocks; and the environmental benefits of reduced phosphorus loading to Lake 

Winnipeg. In the process of performing this spatial optimization exercise, a mass-balance of 

phosphorus fertilizers applied on Manitoba farmland was performed. 
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This thesis is organized into eight chapters. This introductory chapter includes some 

conceptual background, describes the geographic context, and sets out the research objectives. 

Chapter 2 provides a literature review of spatial optimization and its use in biorefining. The second 

chapter also provides a literature overview of the concept of ecosystem services and how they apply 

to Lake Winnipeg.  Chapter 3 details SpatialES, the computer program coded in MATLAB developed 

for carrying out this research. Chapter 4 consists of the results of an analysis of phosphorus use by 

Manitoba farmers. Chapter 5 consists of an analysis of available biomass feedstock in Manitoba. 

Chapter 6 considers phosphorus loading to Lake Winnipeg under the ecosystem services paradigm 

and includes a valuation of phosphorus pollution. Chapter 7 combines the work into an examination 

of how a biorefining network should be set up for Manitoba to maximize both ecological and 

operational benefits, and the final chapter (8) presents general conclusions from this research.  

1.1. Background and Rationale 

Humanity has seen several waves of innovation throughout its history. These waves are often 

precipitated by new innovations that lead to greater efficiency and progress over the old ways. These 

waves have led us sequentially from the Stone Age, through the industrial revolution to today’s 

digital era. The continued trajectory of human development remains to be determined but increasing 

interconnection with biological systems holds considerable potential for both future human 

development, and for sustainability (Langeveld et al. 2009; OECD 2018). Currently, most energy used 

by humans comes from fossil fuels, and growth of this energy source is finite due to both supply 

limitations and environmental effects. Concerns are mounting over the availability of additional 

petroleum reserves (OECD 2009a, 2018). Similarly, the environmental effects of fossil fuels and their 

role in global warming has spurred countries of the world to join forces in limiting future warming to  

two degrees Celsius though the Paris Agreement (United Nations 2015).  
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The bioeconomy has no formally-accepted definition, but it is broadly understood to be “…the 

set of economic activities in which biotechnology contributes centrally to primary production and 

industry” (OECD (2018), page 14). Encompassing the manufacturing and health sectors and driven by 

advances in biology and chemistry; the bioeconomy offers potential for increased demand for 

unused biomass. Biotechnology offers technological solutions for many of the health and resource 

challenges facing the world. It can increase the supply and environmental sustainability of food, feed, 

and fibre production, improve water quality and provide renewable energy (OECD 2009a, 2018).  

The bioeconomy encompasses primary production (food, feed, and fibre) which feeds 

industry (making chemicals, fuels, and materials), and has implications for the health sector through 

new treatments and diagnostic techniques (OECD 2009a, 2018). This is being driven by primary 

research on biology and bioprocessing as well as genomics.  

The use of biotechnology in agriculture has long been a cornerstone of development. Plant 

breeding and genomics have resulted in advances in both GM (genetically modified) and non-GM 

crops. This has led to advances in crop production for herbicide tolerance, pest resistance, improved 

yield, better nutrient and water use, and improved quality with the result of improved agricultural 

production efficiency throughout the world (OECD 2009a, 2018). The spread of this technology 

continues. Investment in primary production has also resulted in better diagnostics, allowing for 

better prevention of the spread of plant diseases (OECD 2009a, 2018). Continued investment in 

primary production will fuel the bioeconomy as emphasis on primary production shifts away from 

food production and into other areas, such as providing inputs to industry. 

In the healthcare sector, biotechnology has led to considerable advances. Investment in 

therapeutics has led to the development of biopharmaceuticals, often produced by micro-organisms. 

Approvals of new biopharmaceutical compounds has increased since the 1980s (OECD 2009a, 2018). 

Biotechnological advancement in healthcare has resulted in new experimental therapies and 
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treatments, many involving regenerative technologies such as cell and tissue engineering (OECD 

2009a, 2018). Health-care diagnostics has also become much more accurate with immunological and 

molecular genetic testing, based on recent advances in biotechnology. These advances have also 

translated into new medical devices that monitor health through biosensors that involve proteomics. 

Functional foods and nutraceuticals are essentially crossovers between primary production 

and the health care sector. These are foods designed to be consumed as part of conventional diets 

but have enhanced nutritional characteristics. Biotechnology can enhance this field of food science 

by allowing for the design of foods with enhanced micro-nutrients, or with added nutrients (OECD 

2009a, 2018).  

Much of the recent investment of biotechnology for industry has taken place in the realm of 

biofuels (OECD 2009a). The past generation of research and development has focused on the 

transport sector. This has resulted in the creation of large-scale production of ethanol (to be blended 

or used in place of gasoline), or biodiesel (to substitute for petroleum-derived diesel). This ethanol is 

primarily “first-generation” or ethanol made from starch or sugars. In the United States, the world’s 

largest ethanol producer, ethanol is mainly produced by hydrolyzing corn starch in to glucose which 

is then fermented (OECD 2009a; SCOPE 2015; Lynd et al. 2017; Souza et al. 2017; Dale 2018; OECD 

2018). In Brazil, the second major global producer, it is made by fermenting cane sugar. First 

generation production methods are currently the cheapest but require government subsidies and 

production mandates to be commercially viable. First generation ethanol is also criticized in that it is 

a poor use of food crops that would otherwise feed humans. While first generation ethanol is not a 

particularly advanced process, it forms a significant part of the bioeconomy (OECD 2009a; SCOPE 

2015; Lynd et al. 2017; Souza et al. 2017; Dale 2018; OECD 2018). 

Biotechnology plays a stronger role in the development of advanced fuels. Cellulosic ethanol 

involves using lignocellulosic material, particularly wastes from agriculture, as feedstocks. The 
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materials are pre-treated using mechanical, chemical or biological methods to make the cellulose 

more accessible (OECD 2009a; SCOPE 2015; Lynd et al. 2017; Souza et al. 2017; Dale 2018; OECD 

2018). The cellulose can then be hydrolyzed into glucose and subsequently fermented into ethanol. 

Beyond cellulosic ethanol, biotechnology is generally pursuing more advanced techniques for 

producing ethanol and other compounds, for example through consolidated bioprocessing using 

optimized microorganisms, such as e coli and clostridium thermocellum (Agbor et al. 2014; Islam et 

al. 2015; SCOPE 2015). 

Biodiesel is typically made by combining vegetable oils with alcohols. The use of biodiesel is 

growing; however, its development is frequently cited in concerns about the use of food products for 

fuel. As well, it has been cited in the destruction of sensitive natural habitats, for example mangroves, 

which have been uprooted to grow oil-producing palm (SCOPE 2015). 

Besides fuels, the bioeconomy also encompasses the production of chemicals and 

biomaterials. Chemicals such as enzymes, solvents, and acids are being produced as a result of 

biotechnology. These advances are largely market-driven, and typically involve having bioprocesses 

substitute for one or more process steps (Dale 2017; OECD 2018).  

Biomaterials is an area of growing research and application. Bioplastics such as PLA, PHA, and 

PHB are growing in demand as they are more sustainable by not requiring petroleum in their 

production, and also because they can often biodegrade in commercial composting facilities (OECD 

2018). Similarly, bio composites are seeing increased use in place of traditional composites such as 

fiberglass. The use of biofibers with conventional or bio-based resins is seeing growing application in 

manufacturing. 

Biorefineries are factories that take low-value biological inputs and turn them into high-value 

end products (OECD 2009a; Johnson and Virgin 2010; Cai et al. 2011; López-Díaz et al. 2017; 

Palmeros Parada et al. 2017; Schröder et al. 2018). By producing multiple products and by-products, 
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biorefineries are able to produce biofuels, bioproducts such as gases, plastics, chemicals, 

pharmaceuticals, and nutraceuticals (Levin et al. 2007; Langeveld et al. 2009; OECD 2009a; Cortez et 

al. 2010). Biorefineries employing second and third generation technology can use lignocellulosic 

biomass as feedstocks, essentially generating value from agricultural waste products (Levin et al. 

2007; Diaz-Chavez 2010; Johnson and Virgin 2010). A side benefit of biorefineries is that nitrogen 

(N) and phosphorus (P) can be recycled, preventing these valuable nutrients from entering 

watersheds and the atmosphere (OECD 2009a; Sendich and Dale 2009). 

1.2. Drivers of the bioeconomy 

Already, considerable growth has occurred in renewable energy generation from solar, wind 

and biomass. The recent Paris accord will likely affect future fossil fuel consumption, spurring a shift 

towards renewables. 

Research and development is demonstrating the potential for novel industrial technologies 

for manufacturing chemicals, fuels, enzymes, fertilizers, drugs, composites and foods from renewable 

sources (Levin et al. 2007; Langeveld et al. 2009; OECD 2009a; Marvin et al. 2011; Agbor et al. 2014; 

Islam et al. 2015; OECD 2018). It has been predicted by the OECD that several factors will drive the 

bioeconomy: the global population is continuing to rise, along with standards of living and energy 

use; concern about climate change that has placed greater emphasis on energy sources that do not 

emit as much GHG; and increased demand for water. This places additional demands on agriculture, 

leading to additional biotech research (OECD 2009a, 2018). 

It is forecast that the global population will rise to over 8 billion over the next dozen years 

(OECD 2009a, 2018). At the same time, rising incomes and standards of living will compound the 

increase in demand. However, education levels will ease the transition to newer and more 

sustainable technologies as higher education leads to greater capacity for research and development 

(OECD 2009a, 2018). 
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Despite the wide-ranging potential of the bioeconomy, much of the focus has been placed on 

biofuels. Production of ethanol from corn and sugar cane has grown in the US and Brazil. Increases in 

ethanol production have also come from cellulosic ethanol (SCOPE 2015). This is where much of the 

growth in biofuels will come from in a post-Paris world (Fulton et al. 2015; Souza et al. 2017).  

In October 2016, the Paris climate accord came into force when it had been ratified by the 

requisite number of countries. The accord calls for greenhouse gas emissions to be reduced to a level 

that keeps global warming below 2 degrees Celsius. While the accord leaves it up to individual 

countries to determine how to reduce their emissions, fossil fuel use must be curtailed if the target is 

to be met (United Nations 2015).  

Over the past ten years, considerable growth has taken place from renewable solar and wind 

energy, exceeding expectations, while growth in biofuels has been slower and below expectations 

(Lynd et al. 2017; Dale 2018). The growth of cellulosic ethanol has slowed considerably since 2008 

and the industry has recently been the subject of significant divestment (Lynd et al. 2017).  

Research and development on cellulosic ethanol has centred on later stages of the process, 

particularly in hydrolysis and fermentation of cellulosic material. However, the constraints cited by 

developers have been challenges with pretreatment and biomass sourcing, which have proven to be 

expensive processes lacking in research and innovation (Dale 2017; Dale 2018). Despite the 

challenges faced by cellulosic ethanol, there will be a need for such liquid biofuels in future. Much of 

the world’s vehicle fleet has been electrifying, but it has been estimated that the potential is limited 

to no more than half of the world’s transportation energy needs (Lynd et al. 2017). Fuels for vehicles 

such as ships and aircraft are unlikely to shift from liquid fuels in short order (Lynd et al. 2017). 

Thus, if Paris Accord targets are to be met, a considerable movement to cellulosic ethanol and other 

biofuels will need to take place. 
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1.2.1. Bioeconomy and the Environment 

Biofuels and bioproducts hold considerable promise at delivering environmental benefits. 

These benefits can come through more sustainable feedstocks, or from bioproducts that substitute 

for less sustainable materials and fuels. In fact, the premise of greater sustainable development 

benefits has been a major rationale for the bioeconomy. 

Bioproducts are essentially derived from biomass. While this includes food crops such as 

sugar cane and corn, the major opportunity for growth comes from lignocellulosic material. This 

includes both waste materials (agricultural residues such as straw and stover) as well as purpose-

grown crops such as switchgrass. The potential growth in use of purpose grown crops holds 

considerable promise for the sustainability of bioproducts, in several ways (OECD 2009a; SCOPE 

2015; Palmeros Parada et al. 2017; Souza et al. 2017; OECD 2018). Purpose-grown crops can 

frequently be grown on marginal lands, presenting the potential for enhanced use of these areas, 

creating economic incentives to prevent them from being converted to annual cropland. Additionally, 

because they are perennial rather than annual, the land is less disruptively managed (SCOPE 2015). 

There is greater potential for maintaining soil carbon levels, and for preventing runoff of nutrients 

such as nitrogen and phosphorus. Perennial crops offer more in the way of wildlife habitat. 

Feedstocks from agricultural waste products can also offer sustainability benefits in that they 

can make productive use of material that has little or no value. Essentially this creates fuel or 

products without expanding the land base or creating conflict with food. 

To optimize the efficiency of feedstock supply, biorefineries should be placed at optimum 

distance to sources of feedstocks and to centres of demand for bioproducts. It is estimated that 

feedstock procurement accounts for 35% to 50% of the cost of production of cellulosic ethanol in the 

United States (Hess, Wright, and Kenney 2007; Marvin et al. 2011). The availability of feedstock 

within this cost-range is generally from within 100 km of the plant, as sourcing feedstock from 
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greater distances becomes uneconomic (Hess, Wright, and Kenney 2007). In addition to locating 

relative to feedstock supply sites, the scale of biorefineries has been shown to be an important factor 

(Wright and Brown 2007). Based on an economic analysis, it was determined that the feasibility of 

cellulosic ethanol production is more scale-sensitive than for conventional ethanol plants, due in part 

to the greater amounts of feedstock required, sourced from a greater area than comparable 

conventional ethanol plants (Wright and Brown 2007). Thus, the setup and placement of 

biorefineries is a location science problem, specifically, a spatial optimization exercise.  

1.3. Bioproducts and the Environment in Manitoba 

The province of Manitoba is one of many jurisdictions actively encouraging bioproducts as a 

means of growth in the value-added agricultural product sector (Manitoba Agriculture Food and 

Rural Initiatives 2012). Much of this growth will come through the development of products and 

industries that use biomass as a feedstock (Manitoba Agriculture Food and Rural Initiatives 2012). If 

bioeconomy feedstocks are produced sustainably they can reduce greenhouse gas emissions, 

enhance wildlife habitat, improve water cycling, and remove nutrients from water systems burdened 

by urban and agricultural nutrient loading. Production of cellulosic ethanol can help meet national 

demand generated by Canada’s Renewable Fuel Regulations (Government of Canada 2010) and alter 

the extent to which Manitoba imports energy.  

Manitoba is taking on several ecological challenges that could be partially addressed through 

coherent biofuel and bioproduct development. Two of the most relevant issues being tackled are 

climate change and Lake Winnipeg degradation. The province has made a commitment to reduce 

greenhouse gas emissions, and biofuels are cited in the current plan (Manitoba Sustainable 

Development 2017). Also, Lake Winnipeg, the world’s 10th largest freshwater body is under 

ecological stress from algal blooms, and loading of phosphorus must be reduced to preserve the 

lake’s ecology (Lake Winnipeg Stewardship Board 2006a). 
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Lake Winnipeg is considered to have the largest watershed area to surface area ratio of any 

great lake in the world (Lake Winnipeg Stewardship Board 2006a). The Lake Winnipeg watershed 

covers an area of 953,000 km2, encompassing portions of four Canadian provinces (Alberta, 

Saskatchewan, Manitoba, and Ontario) and four American states (Montana, North Dakota, South 

Dakota, and Minnesota). The water quality of the lake has been subject to significant loading of N and 

P, leading to major algal blooms in recent years. Around 66% of the annual P loading and 79% of the 

annual N loading in Lake Winnipeg is estimated to be from Canadian sources (Lake Winnipeg 

Stewardship Board 2006a). Manitoba is the jurisdiction that contributes the most nutrients to Lake 

Winnipeg and is estimated to be responsible for 47% of annual P loading and 49% of annual N 

loading (Lake Winnipeg Stewardship Board 2006a). 

The biofuel and bioproduct industry in Manitoba has the potential to address the two 

environmental objectives of reduced GHG emissions and lower P loading to Lake Winnipeg. 

However, for these benefits to be realized—if not maximized—for the benefit of all Manitobans; 

bioeconomy development must be implemented with careful coordination across sectors. Strategies 

must be developed to ensure the bioeconomy unfolds without mirroring the adverse effects of the 

fossil fuel economy (Langeveld et al. 2009; López-Díaz et al. 2017; Palmeros Parada et al. 2017).  

The sustainable harvest of biomass from agricultural residues, riparian areas and wetlands 

has the potential to significantly improve water quality in Manitoba. Riparian biomass consists of 

vegetation harvested from the shores of waterways. This may include woody biomass such as willow 

from near the water’s edge, grass species, or forage crops. Wetland biomass consists of plant species 

that grows in water saturated areas. This biomass includes reed grasses such as phragmites, and 

typha, commonly known as cattail (Cicek et al. 2006; Jeke et al. 2015).  If this biomass is used for 

processing into high-value bioproducts, there is the potential to prevent the nutrients in this biomass 

from entering the Lake. With sustainable feedstock production an objective of the Manitoba 
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Bioproducts Strategy (Manitoba Agriculture Food and Rural Initiatives 2012), it becomes apparent 

that an appropriately designed strategy for producing and harvesting biomass is essential to 

ensuring the public benefits of a biorefining industry in Manitoba. An optimized strategy can be 

designed to extract multiple environmental benefits. Besides improving energy efficiency and 

reducing greenhouse gas emissions, the amount of nutrients being loaded to surface waters and 

fouling Lake Winnipeg can be reduced. With harvesting from restored natural areas such as riparian 

and wetland habitats, ecosystem services can be further enhanced. Harvest and use of biomass can 

address other environmental benefits as well (Venema and Calamai 2003; OECD 2009a; Johnson and 

Virgin 2010; Ravindranath et al. 2010).  

1.4. Purpose and Objectives 

The purpose of this research is to determine how supplying cellulosic biomass to biorefineries 

can be optimized in Manitoba, for both efficient biomass supply and for reducing nutrient loading to 

Lake Winnipeg. It is hypothesized that when prioritizing operational benefits, the configuration of a 

biomass supply network in Manitoba will be arranged differently from when phosphorus reductions 

incorporated into the model. When improvements to Lake Winnipeg water quality are maximized, 

the biomass feedstock choice and biorefinery location may change when compared with simply 

optimizing supply logistics. This difference may be quantified in monetary terms and represents the 

implicit value of restoring Lake Winnipeg’s ecological health. 

This thesis is intended to make contributions in the following areas: 

 Understanding the dynamics of phosphorus fertilizers in Manitoba, through the first fertilizer 

balance analysis to be performed for the province (Chapter 4), 

 Estimating the total biomass available to be harvested sustainably in Manitoba from 

agricultural waste as well as from wetland and riparian biomass (Chapter 5), 



 

12 

 

 Evaluating the ecosystem services benefits from improving water quality in Lake Winnipeg by 

providing an economic valuation of phosphorus pollution (Chapter 6), 

 Using spatial optimization analysis to determine the optimal location of a cellulosic 

biorefinery in Manitoba (Chapter 7). 

1.5. Modeling Approach 

This research is being carried out through an analysis of available agronomic and geographic 

information system (GIS) topographic and land use data. The data is being assembled into a purpose-

built computer program made for this research. The spatial problem is being treated as a p-median 

spatial optimization. An equation has been set up and a model, SpatialES, was created in MATLAB, a 

mathematical programming language. The solution to this p-median problem is the optimized 

biorefinery network. The nutrient balance, biomass quantification and ecosystem services valuations 

are intermediate outputs of the model. 
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2. Literature Review 

 

This chapter features a review of selected literature on topics relevant to this analysis. The 

analysis is essentially an application of location science, used for spatial optimization. Incorporated 

into the spatial optimization is the concept of ecosystem services valuation. A significant portion of 

this review focuses on the background of location science and spatial optimization, and how the 

practice has been applied to biorefining industry to date. The review also provides an overview of 

ecosystem services and how they are valued in economic terms. 

2.1. Location Science  

The emerging biorefining industry is increasingly ripe for the study of location analysis problems. 

Biorefining using renewable lignocellulosic material as feedstock is poised to take an increasing role 

in the future of the world’s energy and material supply. The Energy and Security Act in the United 

States calls for 16 billion gallons of cellulosic ethanol to be produced by the year 2022 (Congress 

2007). While this increase is mandated in the United States, similar increases are likely to occur 

elsewhere in the world as a result of decreasing petroleum reserves, and concerns about human-

induced global warming (IPCC 2007). In addition to transportation fuels (ethanol), lignocellulosic 

feedstocks can be used to produce chemicals, plastics, pharmaceuticals, and nutraceuticals (OECD 

2009a). The optimal configuration of biorefineries is essential for ensuring the feasibility and 

sustainability of this emerging industry. To optimize economic and operational efficiency, 

biorefineries should be placed at optimum distance to sources of feedstocks and to centres of 

demand for bioproducts.  

This literature review section provides a broad overview of location analysis research and how it 

has been applied to biorefining. It covers location analysis theory and its application, and reviews 
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literature in which location analysis has been applied to biorefining. While location science has long 

been used in planning for public services such as health care, education, and emergency services, its 

application for biorefineries is limited mainly to studies appearing in the last 10 years, with many 

being published in journals relating to computers, management, and economics.  

As the lignocellulosic biorefining industry is nascent, location analysis can increasingly be applied 

by policy-makers and industry developers to determine the ideal location and scale of new facilities, 

as well as to determine the level of retrofitting required to convert first-generation ethanol facilities 

into modern biorefineries. Appropriate location planning will help to ensure the feasibility and 

resilience of the sector. The literature search on the application of location analysis to biorefining 

was primarily restricted to academic journal publications. However, conference proceedings and 

book chapters were also examined. The majority of the papers reviewed in detail were published in 

peer-reviewed publications. Papers were excluded from consideration in this review only if their 

solution algorithms were not given, or if there were errors or omissions in the algorithm. 

2.1.1. Location Science Fundamentals 

Location Science is an area of analytical study dating back centuries, linking to the work of 

Pierre de Fermat and Battista Cavallieri (Hale and Moberg 2003; ReVelle and Eiselt 2005). The 

modern study of Location Science research began early in the 20th century with increasing study of 

determining Euclidian spatial median such as centroids (Hale and Moberg 2003; ReVelle and Eiselt 

2005). There are four components that characterize location problems: (1) supply (or demand) 

points presumed to be fixed in space; (2) facilities that satisfy the supply (or demand) that must be 

located; (3) space in which customers and facilities are located; and (4) a measure of relating the 

space between supply and demand points, such as distance or cost (ReVelle and Eiselt 2005). There 

are several types of objectives for location problems: the median objective (minisum-for minimum 

sum; or p-median objective); the shortest maximum objective (minimax, or p-centre objective); the 



 

15 

 

maximum covering objective, and fixed-charge objective (Narula 1984; Hale and Moberg 2003; 

ReVelle and Eiselt 2005; ReVelle et al. 2008). 

Firstly, in the p-median problem, the objective is to locate p facilities among n locations such 

that the demand-weighted total travel distance between the p facilities and n locations is minimized 

(Scott 1970; White and Case 1974; Hale and Moberg 2003). A typical p-median problem would be the 

decision where to locate a warehouse to service several retail locations. Secondly, the p-centre 

problem involves locating p facilities among n locations such that the single longest travel distance is 

minimized; this is also termed the minimax criterion (Scott 1970; Narula 1986; ReVelle and Eiselt 

2005). The decision of where to base an emergency service is a typical p-centre problem. For 

example, the decision of where to station an ambulance such that no location in the ambulance’s 

service area is beyond a maximum travel time from the central station location is a p-centre problem. 

Thirdly, maximum coverage problems address the range of coverage provided by central facilities 

(White and Case 1974). The objective can be to determine the minimum number of facilities required 

for coverage (set coverage criterion) or to maximize coverage from a given number of facilities 

(maximum coverage criterion) (Sahin and Sural 2007). A coverage problem would be to determine 

the minimum number of postal outlets required to adequately service a region. A fixed-charge 

objective involves minimizing total facility construction and transportation costs, where 

construction costs may vary as a function of location (Hale and Moberg 2003; ReVelle and Eiselt 

2005). Location problems can also be multi-objective, comprising more than one of the above 

objectives (Sahin and Sural 2007) 

The most basic p-median problem (Equation 1), can be stated as: given m central facilities 

with unknown locations, and n demand points; locate the m facilities such that flow (w) weighted 

distance d between demand points and central locations is minimized (Scott 1970; ReVelle et al. 

2008).  
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𝑀𝑖𝑛𝑖𝑚𝑖𝑧𝑒 𝑧 = ∑ ∑ 𝑑𝑗𝑘

𝑛

𝑘=1

∙ 𝑤𝑗𝑘 ∙ 𝑎𝑗𝑘

𝑚

𝑗=1

[1] 

 

Where ajk = 1 if supply from point k is allocated to central facility j, 0 otherwise. Distances can 

be rectilinear or Euclidean, as described in Equations 2 and 3: 

𝑑𝑟𝑒𝑐𝑡𝑖𝑙𝑖𝑛𝑒𝑎𝑟 𝑗𝑘 ((𝑥𝑗 , 𝑦𝑗), (𝑧𝑘, 𝑡𝑘)) = |𝑥𝑗 − 𝑧𝑘| + |𝑦𝑗 − 𝑡𝑘| [2] 

 

𝑑𝑒𝑢𝑐𝑙𝑖𝑑𝑖𝑎𝑛 𝑗𝑘 ((𝑥𝑗 , 𝑦𝑗), (𝑧𝑘, 𝑡𝑘)) = √(𝑥𝑗 − 𝑧𝑘)
2

+ (𝑦𝑗 − 𝑡𝑘)
2 [3] 

 

 

Where {(𝑧1, 𝑡1), (𝑧2, 𝑡2), ⋯ , (𝑧𝑗 , 𝑡𝑗), ⋯ , (𝑧𝑚, 𝑡𝑚)} is the set of coordinates in space for potential 

central facility locations and {(𝑥1, 𝑦1), (𝑥2, 𝑦2), ⋯ , (𝑥𝑘, 𝑦𝑘), ⋯ , (𝑥𝑛, 𝑦𝑛)} is the set of coordinates for 

potential demand locations. These points would be in geographic coordinate systems such as 

latitudes and longitudes, or eastings and northings. Euclidean distances can be measured from any 

point in continuous space in which candidate locations may be located. The use of rectilinear 

distances reduces the number of possible central facility locations to a discrete set of intersection 

points. This set is established by crossing the coordinates {𝑥1, 𝑥2, ⋯ , 𝑥𝑛} and {𝑦1, 𝑦2, ⋯ , 𝑦𝑛} together 

and subtracting demand locations, to form a set of I intersection points (𝐼 = 𝑛2 − 𝑛) which are 

candidate locations for the central facilities (ReVelle and Eiselt 2005; Jackson et al. 2007).  

Treating this as a discrete integer problem reduces the number of possible solutions, reducing 

the computational effort required in determining solutions (Jackson et al. 2007). Decreasing grid size 

toward zero allows the discrete integer problem to resemble a continuous system.  
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Location analysis problems generally have thousands of possible solution combinations. 

Determining the optimum solution involves evaluating as many solutions as possible through an 

iterative process. Generally mixed integer linear programming has been used to determine optimum 

solutions, with genetic algorithms emerging as a methodology to solve more complex location 

analysis problems (Hosage and Goodchild 1986; Murray and Church 1996; Estivill-Castro and 

Torres-Velazquez 1999; Alp et al. 2003; Resende and Werneck 2004). Increasingly, Geographical 

Information System software packages have been including methods to solve location analysis 

problems, often using a linear programming method (Murray 2010). The above-noted equations 

describe the unconstrained p-median problem in its basic form. Real world applications generally 

involve constraints and complications 

2.1.1.1. Constraints 

There are several types of constraints that can be placed on location science optimization 

functions. This section details several of the common ones.  

Capacity constraints are inherent in networks; a processing facility will have a limit to how 

much can be processed. In general, the capacity of the jth central facility (qi) is not exceeded, and the 

demand of all n points is satisfied, as depicted in Equation 4 (Scott 1970). Similarly the kth supply 

point can not provide to central facility j more than its maximum (rk), as illustrated in Equation 5 

(Scott 1970). 

∑ 𝑤𝑗𝑘 ≤ 𝑞𝑗 

𝑚

𝑗=1

          (j = 1,2, ⋯ , 𝑚) [4] 

∑ 𝑤𝑗𝑘 ≤ 𝑟𝑘 

𝑛

𝑘=1

          (𝑘 = 1,2, ⋯ , 𝑛) [5] 
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The problem formulated above assumes the costs of establishing a facility are the same for all 

facilities. As this is not always the case, additional provisions can be added to account for differing 

cost structures of certain plants (Equation 6): 

𝑀𝑖𝑛𝑖𝑚𝑖𝑧𝑒 𝐶𝑜𝑠𝑡 = ∑ 𝑓𝑗𝑐𝑗

𝑚

𝑗=1

[6] 

 

Where fj is the cost of facility j. The cost function f may be independent of distance, or it may 

be related to distance from the plant in a linear or non-linear manner; cj can represent a modification 

to the cost function, such as a distance function. This leads to questions of cost efficiency (Hale and 

Moberg 2003; ReVelle and Eiselt 2005). Location problems with cost functions generally have as an 

objective the minimization of cost or maximization of profit. 

Network congestion is another factor that can potentially impede operations. Processing 

times for central facilities may vary, and can exceed the supply rate, causing queuing to occur. The 

addition of queuing theory to the algorithm can account for network congestion as supply begins to 

back up at the central facility (Marianov and Serra 2000; Jackson et al. 2007; Bai et al. 2011). 

Another variation or constraint involves siting new facilities in a network that already 

contains old facilities. This involves reallocating supply sites among existing and new central 

facilities (Scott 1970). 

A reverse of the p-median problem involves the siting of undesirable facilities. Examples of 

this problem may include hazardous waste facilities that should be located as far as possible from 

homes. In this case, the objective is to maximize the shortest distance to the facility (Scott 1970; 

White and Case 1974). 

Location-allocation problems do not always occur at a single level. Nested hierarchies are 

common among networks, and location science analysis of hierarchical allocation problems is 
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extensive (Scott 1970; Narula 1984; Narula 1986; Marianov and Serra 2000; Sahin and Sural 2007; 

Dias et al. 2008).  In their basic form, hierarchical allocation problems are nested versions of the 

single-level allocation problem, where supplies are from a supply point, to a central location, then to 

a third type of facility (Scott 1970). However, there can also be interactions between levels which 

add complexity. Classifications of hierarchical location-allocation problems have been proposed by 

Narula (1984), as well as Sahin and Sural (2007). The number of distinct types of facilities in a 

network can be denoted as H. In the single-level p-median problem, the challenge is to locate p 

central facilities of the same type. However, it is possible that there is more than one type of facility 

in the hierarchy. 

Hierarchical location problems can be successively inclusive or successively exclusive. 

Successive inclusivity/exclusivity refers to the relationship between different levels on the hierarchy. 

A successively exclusive hierarchy is one where each level of facility provides only services exclusive 

to that level. A successively inclusive hierarchy is where each level provides its own level of service, 

as well as the same services as all lower levels (Narula 1984). An example of a successively exclusive 

hierarchy is a manufacturing and distribution facility where at one level are manufacturing facilities, 

another level consists of warehousing facilities, and a third level consists of retail facilities, with each 

service type unique to that level on the hierarchy. A successively inclusive hierarchy could include a 

banking system with automated teller machines, suburban branches, and main branches where even 

the main branches provide customers with all the services available from an automated teller 

machine. 

In addition to facility inclusivity and exclusivity, flows between nodes can be unique to 

hierarchical systems. Flow discipline describes the incremental movement between levels. Flow is 

defined as integrated if it can move from any lower-level facility to any higher-level facility. Flow is 
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classified as discriminating if it runs from a lower-level facility to the next higher-level facility 

(Narula 1984). 

The direction and routing of flow can be modelled as a further constraint. Flow is defined as 

“unipath” or “multipath”, depending on how allocations are assigned. In a unipath network, flow is 

not referred from one facility to another, while in a multipath network flow can be referred by a 

lower-level facility to a higher-level facility (Narula 1984; Sahin and Sural 2007). A health care 

system where a patient can be referred by a walk-in clinic to a hospital is an example of a multipath 

network. By contrast, in a unipath network a patient visiting a walk-in clinic cannot be referred to a 

hospital. The patient must proceed directly to the hospital from home. 

Coherency refers to the spatial configuration of the levels. In a coherent system, demand 

assigned to a lower-level facility will all be allocated to the same higher-level facility, whereas non-

coherent systems are not constrained in which facilities supply can be allocated to (Sahin and Sural 

2007). As with single-level location problems, there are several types of objectives possible in 

hierarchical problems including the median objective (minisum, or p-median objective), the shortest 

maximum (minimax or p-centre objective) the covering objective, and the fixed-charge objective 

(Narula 1984; Narula 1986; Sahin and Sural 2007). Hierarchical location problems may also include 

multiple objectives at one or all the levels in the hierarchy. 

2.1.2. Application of Location-Allocation Analysis 

Location analysis has been studied and applied extensively. The applications encompass both 

public and private enterprises. 

To date most application of location analysis has been in the health care sector, as health care 

systems are typical hierarchical location-allocation problems. A health care system consists of 

demand points (the general population), health clinics, hospitals, and regional hospitals, with each 

higher-level facility providing more services than lower-level facilities, as well as all lower-level 
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services. Typically, health care systems are successively inclusive, as each higher-level facility 

provides the same services as lower-level facilities, in addition to unique services lower-level 

facilities do not offer. Depending on patient allocation protocols, flow can be discriminating if 

patients must pass through lower-level facilities before accessing higher-level facilities, or integrated 

if patients may proceed directly to hospitals or regional hospitals. Flow can be unipath or multipath, 

depending on whether lower-level facilities refer demand for services not offered to higher-level 

facilities, or whether patients must proceed directly to higher-level facilities. 

Solid waste systems are hierarchical, from waste generation points, to transfer stations, to 

processing sites and finally to disposal sites. These systems are discriminating in that the waste must 

pass through each level of facility, they are coherent, and they are unipath in that lower-level 

facilities refer waste to higher-level facilities. Solid waste facilities with recycling may incorporate 

reverse flow, as a portion of recycled waste may return to its origin point once recycled. Solid waste 

systems may also incorporate an exceptional objective. As solid waste facilities are often considered 

undesirable, an objective may be to locate facilities as far as possible from homes, with the objective 

of longest minimum distance to the nearest home. 

A manufacturing company may manufacture goods, ship them to distribution centres, then to 

retail facilities. Flow can be multipath as manufacturing centres may ship to retail locations directly, 

bypassing distribution centres in some cases. Flow is generally coherent, and integrated. 

Education systems typically consist of schools, universities and graduate schools, where a 

student graduates progressively from lower-level facilities to higher order ones. The system is 

discriminating in that each student must clear a lower-level facility before progressing to the next. 

The system is multipath in that lower-level facilities do not refer to higher-level facilities.  

Emergency systems, such as fire or ambulance systems, are typically p-centre problems in 

that stations are located to minimize the maximum travel distance or time to the furthest outline 
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region of the coverage zone. In the instance of hierarchical ambulance systems, first response units 

may be stationed locally, while ambulances may be stationed further away at locations such as 

hospitals. 

Two level telephone networks have been modeled using location analysis. 

Telecommunications differ from simpler location analysis problems in that their linkages are 

typically horizontal, passing through several levels in a hub and spoke system, similar to that of an 

airline. Generally telephone systems are unipath and coherent, and the decision may revolve around 

the number of levels in the hierarchy to select. 

2.1.3. Application of Location Science to Biorefining 

Due to the geographic variability and scale-sensitivity of biorefinery feasibility, the analysis of 

the appropriate location, number and size of cellulosic biorefineries to locate in a network study area 

is a growing field (Ba et al. 2016). To date, several dozen studies of biorefinery location problems 

have been published in academic journals (Elia and Floudas 2014; Ba et al. 2016; Atashbar et al. 

2018). Most of these articles have been focused on the southern and Midwestern United States, in 

areas where first-generation corn ethanol facilities are already present. This section reviews 

pioneering publications focusing on the application of the p-median problem to biorefineries and 

outlines how the literature has evolved over the past ten years. 

The origins of location research for lignocellulosic biorefineries facilities are similar to many 

of the earlier problems explored for agricultural spatial optimization and following is an example of 

an early agricultural location analysis for grain terminals (Hilger et al. 1977). The problem set up by 

Hilger et al. (1977)  involves locating grain terminals to service 124 smaller country elevators. The 

grain terminals would provide shipments to 13 export centres located throughout the eastern, 

Midwestern and southern United States. The 124 elevators may also ship to the 13 final destinations, 

bypassing grain terminals. There are 19 possible grain terminal sites, of which four already exist. 
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Essentially this is a multipath non-hierarchical p-median problem with ultimate destinations 

following categorizations outlined earlier in this paper. The problem algorithm formulated by Hilger 

et al. (1977) in Equation 7 is to minimize the total fixed plant costs plus the grain handling costs over 

the course of one year: 

𝑀𝑖𝑛𝑖𝑚𝑖𝑧𝑒 𝐶𝑜𝑠𝑡

= ∑ 𝐹𝐶𝑗𝑃𝑗  

19

𝑗=1

+ ∑ [∑ ∑ 𝐶𝑖𝑗𝑡𝑋𝑖𝑗𝑡 + ∑ ∑ 𝑑𝑖𝑘𝑡𝑌𝑖𝑘𝑡 +

19

𝑗=1

124

𝑖=1

19

𝑗=1

124

𝑖=1

∑ ∑ 𝑒𝑖𝑘𝑡𝑍𝑖𝑘𝑡

13

𝑘=1

19

𝑗=1

12

𝑡=1

+ ∑ 𝑏𝑡𝐻𝑖𝑡

124

𝑖=1

+ ∑ 𝑏𝑡𝑅𝑗𝑡 + ∑ 𝑀𝐸𝑖𝑡 + ∑ 𝑀𝐹𝑗𝑡

19

𝑗=1

124

𝑖=1

19

𝑗=1

] 

 [7] 

 

Where FCj is the summed annual fixed cost of grain terminal j, Pj is a 0 or 1 operator indicating 

terminal existence; plus the summed grain handling costs over the course of one year (time 

t=1,2,...,12). The monthly cost components include Cijt-the cost of shipping from country elevator i to 

grain terminal j in month t, times Yikt-the quantity shipped; plus dikt-the costs of shipping from 

country elevator i to final destination k in month t times Yikt-the quantity shipped; plus eikt-the cost of 

shipping from grain terminal j to final destination k in month t, times Zikt-the quantity shipped; plus 

bt-storage cost in month t times Hit, the volume stored at elevator i for month t; plus bt-storage cost 

times Rjt- the amount stored at terminal j for time t; plus M-temporary storage cost for month t, times 

Eit-the quantity stored temporarily at elevator i for time t; plus M-temporary storage cost times Fjt, 

the quantity stored temporarily at terminal j for time t (Hilger et al. 1977).  
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There are several constraints placed on the above algorithm. Flow through is conserved. For 

example, the amount of grain an elevator receives in a month must equal the amount shipped to 

terminals, to destinations, or into storage. Similarly, the grain received by a terminal must be shipped 

to a destination or placed in storage. The grain received at each final destination in a month should 

equal demand. The amount stored at elevators and terminals shall not exceed storage capacity 

(Hilger et al. 1977). 

This linear programming problem has 31,656 possible solutions. Using Benders 

Decomposition, 79 iterations were conducted to determine the optimum minimum cost 

configuration (Hilger et al. 1977).  This problem set up contains many of the elements required in 

setting up location problems for siting biorefineries. Typically, biorefineries will involve moving 

biomass from fields, to storage or pre-processing facilities, to biorefineries, and finally to markets. 

Following are outlines of some of the major location analysis work conducted on biorefinery siting. 

The following sections provide detailed reviews of a cross-section of pioneering studies of 

biorefining spatial optimization.  

2.1.3.1. Lignocellulosic Biorefining in Indiana with Existing Corn Ethanol Plants 

Many American studies of biorefining follow cases where biorefineries will be located in a 

network with existing first-generation facilities, including a recent study in the state of Indiana 

(Perkis et al. 2008). The analysis assumed new biorefineries could be of two types: small plants of 50 

million gallons per year production, and large plants of 100 million gallons per year. The plants 

would be supplied with either corn stover or switchgrass. The analysis assumed that each county in 

Indiana could have at most one biorefinery, the construction and operating costs (per unit 

production) are the same for all facilities but the larger facilities will have fixed economy of scale 

advantage, and the two feedstock types will differ only in harvesting and transportation costs (Perkis 

et al. 2008). The problem formulation is as follows in Equation 8: 
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𝑀𝑖𝑛𝑖𝑚𝑖𝑧𝑒 𝐶𝑜𝑠𝑡 = ∑ ∑ ∑(𝑝𝑘 + 𝑠𝑘 + 𝑓𝑑𝑖𝑗)𝑥𝑖𝑗𝑘 + ∑ 𝐼𝑗
50

𝐽

𝑗=1

𝐶𝑝

𝐾

𝑘=1

𝐽

𝑗=1

𝐼

𝑖=1

[8] 

 

Where xijk is the amount of biomass shipped between counties; i is the set of counties where 

biomass is produced (i=1,2,..,I); j the set of counties where ethanol could potentially be produced 

(j=1,2,...,J); and k is the set of potential biorefinery feedstocks (switchgrass, corn stover), pk is the 

production cost for biomass feedstock k; sk is the shipping cost for feedstock k; f is the freight rate for 

shipping biomass per tonne; dij is the distance from county i to county j; Cp is the added plant cost for 

a 50 million-gallon facility; Ij50 is a binary operator indicating the presence of a 50 million-gallon 

facility in county j (Perkis et al. 2008). 

The constraints on the optimization are that counties can have only one plant (of either size); 

ethanol production will use the entire feedstock base; and the amount of biomass available per 

county shall not exceed the total amount available less harvest and storage losses, and that the 

biomass demand of each biorefinery shall be met (Perkis et al. 2008). This analysis was conducted 

with and without considering economies of scale. When economies of scale were not considered 

(Cp=0), it is most feasible to construct only 50 million-gallon plants, regardless of the price of ethanol. 

The analysis revealed that the most economic biorefineries are in the northern portion of Indiana, 

making ethanol from corn stover. The higher-cost plants would be located in the southern portion of 

the state, using primarily switchgrass as a feedstock (Perkis et al. 2008). 

2.1.3.2. Field-to-Refinery Model in North Dakota 

An analysis was conducted to determine appropriate locations for lignocellulosic biorefineries 

in the northern portion of the Red River valley in north-eastern North Dakota and north-western 

Minnesota. The analysis attempted to minimize cost while considering competing uses of 
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lignocellulosic feedstocks, such as for animal feed and as soil conditioner (Lambert and Middleton 

2010). The objective function of this model is given in Equation 9: 

𝑀𝑎𝑥𝑖𝑚𝑖𝑧𝑒 𝑍 = 𝐸𝑝𝑟𝑖𝑐𝑒 ∑ ∑ ∑ 𝐸𝑡ℎ𝑡𝑝,𝑠𝑖𝑧𝑒

𝑠𝑖𝑧𝑒

𝑃

𝑝=1

𝑇

𝑡=1

+ 𝑆𝑜𝑖𝑙𝑉𝑎𝑙 ∑ 𝐿𝑒𝑎𝑣𝑒𝑖

𝐼

𝑖=1

+ 𝐹𝑒𝑒𝑑𝑉𝑎𝑙 ∑ ∑ 𝐹𝑒𝑒𝑑𝑡𝑖

𝐼

𝑖=1

𝑇

𝑡=1

− 𝐻𝑎𝑟𝑣𝑒𝑠𝑡 ∑ 𝑥𝑖 + ∑ ∑ ∑ 𝑆𝐶𝑜𝑠𝑡𝑖𝑗𝑆𝑆𝑡𝑖𝑗

𝐽

𝑗=1

𝐼

𝑖=1

𝑇

𝑡=1

𝐼

𝑖=1

+ ∑ ∑ ∑ 𝑃𝑃𝑆𝐶𝑜𝑠𝑡𝑖𝑗𝑃𝑃𝑆𝑡𝑖𝑗 + ∑ ∑ 𝑆𝑆𝐶𝑜𝑠𝑡

𝐼

𝑖=1

𝑆𝑆𝑡𝑜𝑟𝑒𝑡𝑖

𝑇

𝑡=1

𝐽

𝑗=1

𝐼

𝑖=1

𝑇

𝑡=1

+ ∑ ∑ 𝑃𝑃𝑆𝐶𝑜𝑠𝑡

𝐼

𝑖=1

𝑃𝑃𝑆𝑡𝑜𝑟𝑒𝑡𝑖

𝑇

𝑡=1

+ ∑ ∑ ∑ 𝑃𝑃𝑉𝐶𝑖,𝑠𝑖𝑧𝑒𝑃𝑟𝑒𝑃𝑟𝑜𝑐𝑡𝑖,𝑠𝑖𝑧𝑒

𝑠𝑖𝑧𝑒

𝐼

𝑖=1

𝑇

𝑡=1

+ ∑ ∑ 𝑃𝑃𝐹𝐶𝑠𝑖𝑧𝑒𝑃𝑃𝐵𝑢𝑖𝑙𝑑𝑖,𝑠𝑖𝑧𝑒

𝑠𝑖𝑧𝑒

𝐼

𝑖=1

+ ∑ ∑ ∑ 𝑉𝐶𝑝,𝑠𝑖𝑧𝑒𝐸𝑡ℎ𝑡𝑝,𝑠𝑖𝑧𝑒 + ∑ ∑ 𝐹𝐶𝑠𝑖𝑧𝑒𝐵𝑢𝑖𝑙𝑑𝑝,𝑠𝑖𝑧𝑒

𝑠𝑖𝑧𝑒

𝑃

𝑝=1𝑠𝑖𝑧𝑒

𝑃

𝑝=1

𝑇

𝑡=1

 

 [9] 

Where Eprice is the price of ethanol; SoilVal is the soil nutrient value of unharvested straw; 

FeedVal is the value of biomass for animal feed; Harvest is the cost of harvesting and baling straw; 

SCostij  is the cost to ship straw from i to j; PPCostij is the cost to ship pretreated biomass from i to j; 
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SSCost is the cost to transport straw between time steps; PPVCsize is the cost of constructing a 

pretreatment plant of size size; VCsize is the cost of refining ethanol in a plant of size size; PPFCsize is 

the annualized cost of constructing an ethanol plant of size size; Ethtp,size is the amount of ethanol 

produced in plant p of size size at time t; Usetp,size is the amount of biomass converted to ethanol at 

time t in plant p of size size; Leavei is the amount of straw left in the field at location i; Feedti is the 

amount of pretreated biomass fed to livestock at location i in time t; xi is the amount of straw 

harvested at location i; SStij is the amount of straw transported from i to j in time t; PPStij is the 

amount of pretreated biomass transported from i to j in time t; SStoreti is the amount of straw stored 

in time t at location i; PPStoreti is the amount of pretreated biomass stored in time t at location i; 

PreProcti,size is the amount of straw processed at time t at location i in a plant of size size; PPBuildi,size 

is a binary function denoting the existence of a pretreatment plant; Buildp,size is a binary operator 

denoting the existence of an ethanol plant; VCsize is the cost of producing ethanol in a plant of size 

size; and PPFCsize is the annualized cost of an ethanol plant of size size (Lambert and Middleton 2010). 

The first term in the equation is the total cost of production of the ethanol, the second term is 

the total value of straw left on fields as soil conditioner, the third term is the total value of pretreated 

biomass fed to livestock, the fourth term is the total cost of harvesting and baling straw, the fifth 

term is the total straw transport cost, the sixth term is the total cost of transporting pretreated 

biomass, the seventh term is the total cost of storing straw, the eighth term is the total cost of storing 

pretreated biomass, the ninth term is the total cost of pretreatment of biomass per unit pretreated, 

the tenth term is the total cost of establishing a pretreatment plant, the eleventh term is the total 

variable cost of producing ethanol, and the twelfth term is the total cost of establishing an ethanol 

plant (Lambert and Middleton 2010). 

The analysis looked at corn stover as well as straw from spring wheat, durum and barley as 

biorefinery inputs. The analysis considered ammonia fibre expansion as a pretreatment technology. 
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The process technology to produce ethanol was not chosen as production cost estimates were drawn 

from literature. The model results suggest that the production of cellulosic ethanol in the study 

region in north-eastern North Dakota and north-western Minnesota is economic only when the 

market price of ethanol reaches $0.45 per litre, at which point the study region could support two 

pretreatment facilities and one ethanol plant. Interestingly, the number of pretreatment facilities and 

ethanol plants would not increase significantly, even at ethanol prices over $0.90 per litre (Lambert 

and Middleton 2010). 

2.1.3.3. Assessment of a Lignocellulosic Ethanol Industry in Oklahoma 

The objective of this research was to determine the ideal locations of biorefineries for 

considering the most economic sources of biomass, the timing of harvest and storage, the most 

efficient transport, biorefinery size, and potential locations at which to construct a gasification-

fermentation lignocellulosic ethanol biorefinery. The analysis was conducted for the state of 

Oklahoma, with each of the state’s 77 counties as production regions. Potential biorefinery locations 

were limited to 10 counties (Tembo et al. 2003). The variable being maximized in this analysis was 

net present worth, as modelled in Equation [10]: 
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Where q is the quantity of process outputs; A is acres of biomass harvested; xs is tonnes of 

biomass stored; xt is tonnes transported between production regions and biorefinery locations; s is 

biorefinery size (s=1,2,...,S); j is biorefinery location (j=1,2,...,J); i is biomass production region 

(i=1,2,...,I); g is product type (g=1,2,...,G); f is level of fertilizer applied (f=1,2,...,F); βjs is a binary 

variable indicating the existence of a biorefinery of size s at location j; there are two harvesting 

regimes possible, denoted by h (h=1,2); there are two types of facilities: storage and processing, 

denoted as ft (ft=1,2); k is the type of biomass feedstock (k=1,2,...,K); m is month (m=1,2,...,12); ρg is 

output price and is positive for acetic acid, ethanol or any other positive externality, or negative for a 

negative externality; α represents the cost of producing and harvesting biomass per unit of land; γ 

represents the cost of storing a ton of biomass for one month; τ is the cost of transporting a ton of 

biomass; TAFC is facility construction cost; PVAF is the present value annuity factor. 

The first term of the equation is the total value of bioproducts produced; the second term of 

the equation represents the cost of biomass production; the third term represents total storage 

costs; the fourth term represents transportation costs; the fifth term represents facility construction 

costs. The results of the modeling suggested that there would be five lignocellulosic ethanol plants in 

Oklahoma with capacity greater than 100 million gallons and one plant with capacity around 50 

million gallons with a breakeven price around $0.76 per gallon (Tembo et al. 2003). 

2.1.3.4. Biorefining in Illinois 

This analysis optimized the potential locations of new lignocellulosic and corn ethanol 

facilities in the state of Illinois, by minimizing feedstock procurement, storage, pretreatement and 

transportation costs (Equation 11): 
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Where 𝑡𝑟,𝑗
𝑚  is the transportation cost per unit amount and unit distance for feedstock m at 

location r and biorefinery j; 𝑦𝑟𝑗
𝑚,𝑡 is the amount of biomass shipped from production region r to 

refinery j in year t; 𝑏𝑗
𝑚 is annual fixed investment cost for refinery of type m at location j; 𝑥𝑗

𝑚,𝑡 is a 

binary variable indicating the presence of a biorefinery of type m at location j in year t; 𝑜𝑗
𝑚 is the 

annualized operation cost of a facility of type m in year t; 𝑐𝑗
𝑚,𝑡 is the capacity of a refinery of type m 

built at location j in year t; 𝑣𝑚
𝑗

 is annual processing cost of feedstock at a refinery of type m at 

location j; 𝑡𝑘𝑛
𝐸  is the transportation cost of delivering ethanol from blending terminal k to consumer 

centre n; 𝑒𝑘𝑛
𝑡  is the amount of ethanol shipped from blending terminal k to consumer centre n; pf is 

the price of feed corn; 𝑡𝑟𝑙
𝑓

 is the transport cost of feed corn and dried distillers grain from region r to 

region l; 𝑓𝑟𝑙
𝑡  is the amount of feed corn shipped from region r to livestock farm l; pG is the market 

price for dried distillers grain; 𝑡𝑗𝑙
𝐺  is the price of shipping dried distillers grain from region r to region 

l; and 𝑔𝑗𝑙
𝑡  is the amount of dried distillers grain shipped from refinery j to livestock farm l in year t 

(Kang et al. 2010).  
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Collectively, this equation aims to locate ethanol facilities in suitable locations where the cost 

of producing, transporting and manufacturing ethanol (as well as the cost of handling and disposing 

co-products) is minimized. This is done considering existing first-generation ethanol facilities in the 

region, biomass supply regions, and ultimate ethanol demand locations (Tursun et al. 2008; Kang et 

al. 2010). Because this analysis took a multi-year approach, it was also determined that Illinois’s corn 

ethanol production potential would be realized by 2015, while cellulosic growth could continue until 

2022 (Kang et al. 2010). This analysis was further refined to consider the effect of biomass 

transportation on traffic patterns (following section). 

2.1.3.5. Biorefining in Illinois under Traffic Congestion 

The recognition that the transport of cellulosic biomass to biorefineries will increase 

demands on transportation networks has spurred the need to conduct analysis on the effects of a 

biorefining industry on the road network, and the recognition that biorefinery siting should be done 

while taking into consideration its effect on traffic patterns (Bai et al. 2011). Analysis was conducted 

to determine the most efficient arrangement of a biorefining network in Illinois, taking into account 

traffic assignment (Bai et al. 2011). The optimization is set up as follows in Equation 12: 

𝑀𝑖𝑚𝑖𝑚𝑖𝑧𝑒 𝑍 = ∑ 𝑚𝑗𝑌𝑗 + 𝛼 ∑ 𝑥𝑎𝑡𝑎(𝑥𝑎)

𝐴

𝑎=1

𝐽

𝑗=1

[12] 

Where mj is the cost of building a refinery at location j; Yj is a binary variable indicating the 

existence of a biorefinery at j; α is a factor that converts travel time into a cost; xa is biomass flow 

along roadway link a; and ta(xa) is total travel time, which is a function of total biomass transport 

flow along the link (Bai et al. 2011). The first term in the equation denotes total biorefinery location 

costs, the second sums traffic congestion costs which are a function of the total biomass traffic along 

the roads (Bai et al. 2011). Several constraints were placed on this analysis to facilitate solution by 

Lagrangian Relaxation.  
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The results of the iterations suggest biomass traffic will have an impact on traffic congestion, 

and will increase transportation costs for shipping to biorefineries. This analysis was also compared 

to the earlier study of biorefining in Illinois (Tursun et al. 2008; Kang et al. 2010). This comparison 

revealed that when traffic congestion is taken into account, transportation costs will be higher for 

the earlier configuration where congestion was not considered (Bai et al. 2011). 

2.1.3.6. Additional Studies 

The studies reviewed above are among the earliest papers presenting and demonstrating the 

concept of spatial optimization in the biorefining sector. These pioneering papers all follow similar 

methods true to the concept of spatial optimization. Over the past five years or so the number of 

studies of optimization of biorefining networks has expanded significantly (Elia and Floudas 2014; 

Ba et al. 2016; Ghaderi et al. 2016; Atashbar et al. 2018). While the number has expanded to over 100 

publications, around 40 of these use spatial optimization methods as described above. Non-spatial 

biorefining optimizations include optimizing product portfolios, economic efficiency and other 

factors (Sharma et al. 2013; Elia and Floudas 2014; Mafakheri and Nasiri 2014; Ba et al. 2016; 

Ghaderi et al. 2016; Sharma et al. 2017; Atashbar et al. 2018).  

Commonly, all studies on biorefining network optimization start with the premise that 

biomass needs to reach its destination most efficiently. There are several recent examples, such as a 

study by Ebadian et al. (2013) on storage systems in Saskatchewan. Judd et al. (2012) examined 

storage systems and considered different loading systems in the optimization. Schröder et al. (2018) 

modelled a holistic German bioproduction system looking at the entire product supply chain. Ng and 

Maravelias (2017) modelled a three-level system for Wisconsin which considered intermediate 

regional depots. Cucek et al. (2014) optimized a hypothetical network and examined how it would 

differ under five scenarios that explored food and fuel demands. 
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Some papers have taken sustainability criteria into the optimization. A recent work by Zhong 

et al. (2016) considered the Tennessee landscape under scenarios where land would be converted to 

switchgrass production, with minimizing GHG emissions and soil erosion as objectives (individually 

and in combination) compared with a base case scenario. López-Díaz et al. (2017) modelled an ideal 

biorefining network for a water stressed Mexican region, with consideration to water use, 

wastewater discharge, as wells as feedstock and end product selection. In a Canadian forestry 

example, Cambero and Sowlati (2016) examined social benefits in terms of location of new jobs. Guo 

et al. (2016) examined land use changed because of biorefining in the UK, and the aggregate change 

in ES as a result.  

2.1.4. Summary: Location Science Applied to Biorefining 

Location analysis has been studied and applied extensively in recent decades. Previously the 

most significant limitations to wide-scale application of location science was computing capacity. As 

the optimum solutions to such problems are found typically through iterative numerical methods 

such as linear programming and genetic algorithms, finding solutions would require significant 

amounts of computing power. With advances in computing, it has become increasingly feasible to 

run complex spatial optimization problems, often featuring multiple objectives and multiple 

hierarchical levels. 

This increase in computing power has allowed location analysis to be applied in a growing 

number of applications, including bioenergy planning. With the production of first-generation 

ethanol from sugar nearing capacity in North America, the next major wave of biofuel development 

will come from lignocellulosic feedstocks. This will arise due to a combination of factors, including 

concern over human-induced climate change, increasing fossil fuel prices, and the need for 

agricultural diversification. The lignocellulosic biofuel industry is nascent but is expected to grow 

significantly. As the industry is emerging, charting its development would allow the industry to 
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maximize its economic and environmental efficiency. Location analysis is a technique that would 

facilitate efficient development and management of biorefineries. 

Location analysis has seen some applications for lignocellulosic biorefining. To date, these 

studies have primarily focused on enhancing operational efficiency by minimizing transport costs for 

feedstocks and end products. The specific objectives and analysis of each case differed. Consequently, 

each algorithm used in the cases examined would produce different results when applied in other 

contexts. It is unlikely that any two algorithms would produce the same solution set in any region.  

In the Indiana case study, the purpose of the analysis was to examine operational efficiency 

and economies of scale. In the North Dakota case, the purpose was to examine operational efficiency 

while considering competing uses of feedstock (soil quality and livestock feed). The Oklahoma case 

examined operational efficiency while considering start-up costs. The two Illinois analyses examine 

operational efficiency, with the added dimension of transportation network congestion. The optimal 

solution for the biorefinery network changed when traffic congestion was included.  

The results of the different analyses suggest that optimal biorefining network configurations 

change when the factors under consideration change. Thus, it becomes important to select the 

factors carefully. When optimizing operational efficiency, private benefits are maximized. However, if 

public investments are being made into biorefining development, it is important that public benefits 

should be considered as well. In the Thai case, which was not evaluated in detail, considerations 

were made for human health. 

Operational efficiency is an important objective, but other private and public goods should be 

maximized alongside it. Ecological objectives, human health objectives or other public benefits could 

be given consideration.  Much of the existing body of research focuses on ethanol as the product of 

interest, and most papers reviewed do not differentiate between feedstocks for their thermodynamic 

properties. This could add another dimension to the optimization. Lignocellulosic feedstocks can be 
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refined into other high-value products, such as plastics, chemicals, pharmaceuticals, and 

nutraceuticals. Location analysis could also be applied to determine the best range of products to 

produce with lignocellulosic feedstocks 

2.2. Ecosystem Services 

The concept of economic externalities is presented in first-year economics textbooks, for example 

Mankiw (2014), and the example frequently given is pollution: a polluter may benefit by discharging 

harmful substances to air, land or water, but the corresponding costs are borne by those who suffer 

the detrimental effect on their health and livelihoods (Green 2012). Externalities are a fundamental 

fact of economics, and environmental externalities are the most common examples of the concept. 

Typically, environmental protection is accomplished through regulation and subsidy. Does it need to 

be this way? Can we not find ways to eliminate environmental externalities from our markets?  

Humans benefit in many ways from healthy functioning ecosystems, but most of these ways are 

positive externalities. The concept of ecosystem services (ES) is a notion that serves to enumerate 

and evaluate how humans benefit from ecosystems. The premise is that determining an economic 

value for ES can create ways for markets to account for the benefits that ecosystems provide, and the 

costs of ecosystem damage—the positive and negative environmental externalities.  

The concept of ES has existed for decades, but began receiving greater attention in the 1990s, and 

many studies and publications of ES have been carried out. Despite the increased focus on ES, 

application of the concept in policy-making and markets has been slow. Carbon pricing to reduce 

greenhouse gas emissions, conservation easements, and water quality improvement offsets are a few 

of the schemes that apply ES, but these remain contested and/or beyond the mainstream.  

This section explains the concept in detail, traces the evolution and theory of ES from its early 

days, and provides examples of its use.  
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2.2.1. Ecosystem services defined 

Human development has long been guided and constrained by the availability of natural 

resources (Diamond 1997). Human settlement and movement patterns have been shaped by the 

pursuit of food and arable land. This dependence on the planet’s biological, ecological and geologic 

systems continues today in that much of what people use originates as natural resources.  The 

concept of ecosystem services, broadly defined as the “benefits that humans obtain from the 

environment and from ecosystem functions”, relates ecological systems to human benefits, through 

active or passive use (Costanza et al. 1997; Millennium Ecosystem Assessment 2005; TEEB 2010b; 

Gunton et al. 2017).  

ES can be divided into four categories: provisioning services; regulating services; supporting 

services; and cultural services (Millennium Ecosystem Assessment 2005). Provisioning services are 

those that make up the material commodities we receive from ecosystems, including for example, 

food, raw materials, water, and medicinal resources (Millennium Ecosystem Assessment 2005; TEEB 

2010b). Regulating services are those that provide beneficial control of natural resources, for 

example regulation of air quality, water quality, climate, erosion, and pollination (Millennium 

Ecosystem Assessment 2005; TEEB 2010b). Supporting services underpin other services, for 

example: providing habitat for species and by maintaining genetic diversity (Millennium Ecosystem 

Assessment 2005; TEEB 2010b). Cultural services are the benefits people obtain through direct 

experience and contact with ecosystems, for example: recreation, tourism, scenery appreciation and 

spiritual sites (Millennium Ecosystem Assessment 2005; TEEB 2010b). These are depicted in Figure 

1.  
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These ES benefit humans in multiple ways. They are responsible for security, basic material 

for good life, health, good social relations, and freedom of choice and action (Millennium Ecosystem 

Assessment 2005). Figure 1 illustrates the connections between ES and the constituents of well-

being. Security includes personal safety, secure resource access, and security from disasters. Basic 

material for good life includes ensuring adequate livelihoods, sufficient and nutritious food, shelter, 

and access to goods. Health services include the concepts of strength, feeling well, and access to clean 

air and water. Good social relations include the services of social cohesion, mutual respect, and the 

ability to help others (Millennium Ecosystem Assessment 2005). 

 

 

Figure 1: ES and their links to human well-being, © Millennium Ecosystem Assessment (2005), p.vi. 
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2.2.2. State of Ecosystems in the World 

Ecosystem change can be driven by multiple factors. Direct drivers of ecosystem change 

include changes in ecology and land cover, invasive species and species extirpation or extinction, 

technological advances, and resource consumption. Direct drivers could also be non-human in origin, 

through natural physical and biological changes (Millennium Ecosystem Assessment 2005a). 

The Millennium Ecosystem Assessment (2005) further revealed the extent of ecosystem 

changes throughout the world. Many of the world’s natural areas had been significantly altered by 

1990 (Millennium Ecosystem Assessment 2005a). If current loss trends continue, significantly more 

ecosystems will be transformed from their natural areas. Figure 2 depicts past and projected loss of 

several ecosystems. 
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Figure 2: Losses of ecosystems since 1950 and projected losses to 2050, © Millennium Ecosystem Assessment 

(2005a); (Manitoba Agricultural Services Corporation 2018), p.4. 
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In most cases when ecosystems are lost, they are converted to farmland (Millennium 

Ecosystem Assessment 2005a). One quarter of the earth’s surface is under cropland or livestock 

production. (Foley et al. 2005).  

Water is necessary for plant growth and photosynthesis. Water movement also transports 

nutrients and minerals around the world by carrying particulate and dissolved compounds in flows. 

Through ecosystem and water management, the global hydrologic cycle has been altered by 

damming and diverting rivers and storing water for irrigation, hydroelectricity and municipal use in 

reservoirs. The amount of water in reservoirs has increased four-fold since 1960, while water 

withdrawals have doubled since 1960 (Millennium Ecosystem Assessment 2005a). 

The nitrogen cycle has also been profoundly altered. While nitrogen is essential for life on 

earth, it is abundant in the atmosphere in a form not readily usable. A few crops can fix nitrogen from 

the atmosphere through bacteria in their roots, but most crops rely on nitrogen fertilizers produced 

in factories using fossil fuels. Two fifths of the world’s population today exist today because of food 

grown using nitrogen fertilizers (Smil 2001b; Smil 2001a; Smil 2002a). Once nitrogen is in crops, it 

moves through the food chain, and can become waste with the potential to pollute lakes and rivers if 

not treated. The nitrogen cycle has been altered significantly because of the need for fertilizers for 

agriculture. Since the Haber Bosch process was first developed in 1913 flows of nitrogen have 

increased in terrestrial systems, tripling since 1960 (Smil 2001b; Smil 2002a; Millennium Ecosystem 

Assessment 2005, 2005a).  

The phosphorus cycle differs from the carbon and nitrogen cycles in that there is little 

interaction with the atmosphere, and the cycle is much slower (Smil 2002b; Cordell et al. 2009; 

Carpenter and Bennett 2011). Phosphorus is found in rock and mineral deposits that slowly release 

phosphorus through weathering. Phosphorus is an essential plant nutrient and is applied as 

fertilizer. It cycles through food chains and loading of phosphorus to watersheds is a major cause of 
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eutrophication (Carpenter et al. 1998; Carpenter et al. 1999; Smil 2001b, 2002b; Garnache et al. 

2016).  

The carbon cycle sustains life and regulates the global atmosphere (Millennium Ecosystem 

Assessment 2005; IPCC 2007). Carbon is fixed from the atmosphere by plants through 

photosynthesis. Carbon cycles through the food chain and can decompose and return to the 

atmosphere as gas or accumulate in soil. The carbon cycle is not in balance due to our reliance on 

fossil fuels, leading to a build-up of carbon dioxide in the atmosphere (Millennium Ecosystem 

Assessment 2005). The carbon cycle is driven by solar energy and water, but also requires several 

nutrients including nitrogen and phosphorus to function. The carbon cycle has been similarly 

disrupted. Since 1750 the atmospheric concentration of carbon dioxide has increased by around 

32%, primarily as a result of the combustion of fossil fuels and land use changes (Millennium 

Ecosystem Assessment 2005; IPCC 2007). 

2.2.3. Values and Benefits 

Humans have gained tremendous wealth from the exploitation of ES and the alteration of 

cycles. Today nearly one quarter of the world’s population is engaged in agriculture (Millennium 

Ecosystem Assessment 2005). Agriculture can make up to one quarter of GDP in developing 

countries (Millennium Ecosystem Assessment 2005). The total economic wealth derived from the 

exploitation of ES for agriculture has been estimated at nearly one trillion dollars per year. The 

forestry industry alone accounts for over $400 billion in global revenue. Fisheries are worth around 

$80 billion, and marine aquaculture is worth over $57 billion. In the United States alone, recreational 

hunting and fishing is worth around $75 billion dollars (Millennium Ecosystem Assessment 2005a). 

Humans have benefited also through declining food prices. Increased food production over 

the past 40 years has come mainly from intensification of farming resulting in higher yields (Smil 
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2001b; Foley et al. 2005). The exception is sub-Saharan Africa, where productivity has remained low 

and the area of land cultivated has increased (Smil 2001b).  

The loss of ES has led to greater damage from natural disasters. The capacity of ecosystems to 

buffer from extreme events has been reduced through loss of wetlands, forests and mangroves. As 

well, people are increasingly living in regions exposed to extreme events (Millennium Ecosystem 

Assessment 2005a).  The loss of wealth due to ecosystem degradation represents the loss of a capital 

asset. Loss of wealth due to ecosystem degradation is not reflected in economic accounts (Costanza 

et al. 1997; Johnson 1993; Nunes and van den Bergh 2001; Olewiler 2004; Pearce 1993). ES as well 

as resources such as mineral deposits and soil nutrients and fossil fuels are capital assets. Traditional 

national accounts do not include measures of resource depletion or of the degradation of these assets 

(Pearce 1993). So, a country could cut its forests and deplete its fisheries and it would register as a 

positive gain in GDP; however, the loss of these productive ecological features would not register as a 

decline in assets. The total economic value associated with managing ecosystems more sustainably is 

often higher than the value associated with their exploitation and destruction. However, exploitation 

and destruction may still occur because private economic benefits are often greater for the converted 

system (Millennium Ecosystem Assessment 2005).  

The distinction between public and private benefits has to do with how value is realized 

(Johnson 1993). Landowners typically gain income from their land by developing it, often into 

farmland. Typically, farmers will only make money from growing crops and livestock, even when this 

comes at the expense of other ES that people depend on (Groffman et al. 2007; Jess et al. 2010; 

Sampson 1992; Foley et al. 2005). An Anthropocentric View of Ecosystems 

The ES concept is distinct from but related to other concepts such as biodiversity, and natural 

capital. The key distinction from biodiversity is that it relates to human benefits from ecosystems 

(Mace et al. 2012; Reyers 2012). Natural capital is a concept that characterizes the limited stock of 
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earth’s physical and biological resources in economic terms (TEEB 2010b). As with the concepts of 

biodiversity and natural capital, the ES concept’s strength is that is allows ecosystems to be valued in 

economic terms to systematically ensure their conservation. Valuation of ES leads to incorporation of 

ecosystems into cost-benefit analysis.  

The ES concept is highly anthropocentric (Fisher and Brown 2015). The main impetus for 

pursing the concept, according to its proponents is that relating ecosystems to human benefits may 

provide impetus for their better management and protection (Costanza et al. 1997; de Groot et al. 

2010; Reyers 2012; Fisher and Brown 2015; Gunton et al. 2017). Extending the argument further is 

that assigning an economic value to ecosystems provides an economic incentive for their protection 

and management (de Groot et al. 2010; Gómez-Baggethun et al. 2010; Norgaard 2010; Davidson 

2013; Laurans et al. 2013). To date, ES assessments have formed the basis of policies and strategies 

for environmental management, but the concept remains largely outside of the mainstream, 

overshadowed by traditional attempts to regulate ecosystem protection (Schägner et al. 2013; 

Ruckelshaus et al. 2015; Harrison et al. 2018). 

2.2.4. History of ES 

The current concept of ES originates out of the emergence of environmentalism in the 1960s 

but has conceptual links that connect to early thought on economics (Gómez-Baggethun et al. 2010; 

Liu et al. 2010). Observations around the impacts of human activity on natural ecosystems have been 

made for millennia, with observations about the connections between deforestation and rainfall 

made in ancient Rome and Greece (Gómez-Baggethun et al. 2010).  

Classical economists viewed the benefits from ecosystems as a rather unique factor of 

production because the services they offer are free (Gómez-Baggethun et al. 2010). Adam Smith 

viewed timber, pastures, and crops as natural production, and valued only as the rent that could be 

gained though harvest (Gómez-Baggethun et al. 2010). This view gradually evolved with Karl Marx 
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who viewed value not just from labour, but also from nature, as described by Gómez-Baggethun et al. 

(2010).  

Nature gradually became recognized for its exchange value as economists moved from 

viewing land as a factor of production (Gómez-Baggethun et al. 2010). In the 1960s with the advent 

of environmentalism, increasing focus was placed by economists on the environment (Gómez-

Baggethun et al. 2010; Liu et al. 2010). The emphasis was on exploring methods of rationalizing 

impacts on the environment and incorporating the environment into decision-making. This was the 

dawn of the field of environmental economics (Gómez-Baggethun et al. 2010). This field of study led 

to the incorporation of environmental values into cost-benefit analyses of various undertakings, 

mainly by assigning economic values to environmental impacts and benefits (Gómez-Baggethun et al. 

2010; Liu et al. 2010). In terms of natural resources, the environmental economics paradigm moved 

the view of the environment from being limitless to being finite, with natural resources having limits 

to their exploitation (Liu et al. 2010).  

Beginning in the 1980s, a difference in the philosophy around the ecological underpinnings of 

environmental economics led to a separate discipline branching off. Ecological economics differs 

from environmental economics in how it conceptualizes nature and sustainability (Gómez-

Baggethun et al. 2010). Environmental economics considers there to be substitutability between 

ecosystems service and human-made substitutes, while ecological economists question this view 

(Fitter 2013). Ecological economists tend to view nature as paramount (Gómez-Baggethun et al. 

2010). Essentially, environmental economists see the economy as paramount, while ecological 

economists see economics as a sub-system being governed by earth’s bio-geo-chemical systems. 

2.2.5. Valuing ES 

The economic valuation of ES is viewed as how the concept of ES can integrate with economic 

systems. With the concept of ES broadly intended as a way to include environmental externalities 
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into economic consideration, “valuation has a clear role in correcting market failures” (Bockstael and 

McConnell 2007: 336).  As described in Section 2.2.1, ES values can broadly be defined into four 

categories of services: supporting, provisioning, regulating and cultural (Millennium Ecosystem 

Assessment 2005). The challenge of ES valuation is to determine the equivalent cost of these 

services, which can be especially challenging since externalities in many cases do not correspond to 

existing economic datasets, so estimates and interpolations must be made (Barbier 2007; Bockstael 

and McConnell 2007; de Groot et al. 2010; Gómez-Baggethun et al. 2010; Liu et al. 2010; TEEB 

2010a). This section outlines the main accepted methods for valuing ES. 

There are several techniques for evaluating ES. The methods vary according to how valuation 

estimates are made, and the services they represent. The three broad ES valuation methodologies 

are: direct market valuation, cost-based approaches and production function-based approaches (Liu 

et al. 2010; TEEB 2010a). 

2.2.5.1. Direct Market Valuation 

There are three main categories of direct market evaluation techniques, all aimed at 

estimating ES based on market prices. (Chee 2004; Liu et al. 2010; TEEB 2010a; Brown 2017). The 

values are drawn from market analysis and data of individual behaviour relating to that service 

directly, indirectly, or hypothetically (TEEB 2010a). 

The first type of direct market valuation techniques, market price-based approaches, are best 

suited for quantifying provisioning services as they generally lend to commodities that are traded, 

such as agricultural crops, timber, or seafood (TEEB 2010a). Generally, these are seen as accurate 

representations of the value of ES, so long as the market is efficient. Concerns about market-based 

methods relate to whether the markets from which values are drawn are in fact, efficient. Production 

and cost data is not necessarily efficient and can be affected by subsidies, monopolies, and other 

distortions (Barbier 2007). 
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When market information is not available, cost-based approaches are used. The costs are 

estimated based on the cost of replacing the service with alternate means, such as through 

technological options (Bockstael and McConnell 2007; Liu et al. 2010; TEEB 2010a). There are three 

primary types of cost-based approaches. ES can be estimated through avoided costs that is 

expenditure not required as long as the service remains intact; replacement costs, the cost of 

replacing a service with a substitute; or restoration cost, the cost of rehabilitating an ecosystem to a 

state where it services are restored (Barbier 2007; TEEB 2010a; Brown 2017).  

Production function approaches use models of ecosystem function to determine changes in 

services; the changes are then valued in terms of the market value of the underlying commodity, 

often by market, avoided, or replacement cost methods (TEEB 2010a). Production functions require 

a sophisticated and accurate understanding of ecological process and functioning, and this is 

frequently not possible or available as it requires a detailed understanding of ecological interactions 

(Daily and Matson 2008; Liu et al. 2010). 

There is considerable caution around cost-based approaches, in that they may not correspond to 

actual market values (National Research Council 2005; Bockstael and McConnell 2007; Liu et al. 

2010). However, such methods have been used even to guide investment decisions, such as a famous 

ES procurement whereby New York City opted to restore Catskill watersheds rather than invest in 

water treatment technology (Brown 2017). Because of the caution around the feasibility of cost-

based methods, the following conditions are to be present in order for replacement cost valuations to 

be accurate (Barbier 2007; Brown 2017): 1) There are feasible alternatives that produce the same 

service; 2) The alternatives under consideration are the least-cost options; and 3) There is evidence 

that the service is of demand; 
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2.2.5.2. Revealed Preference Approaches 

Revealed preference models are methods that use prices for market goods that can be 

derivatives of ES (TEEB 2010a). The main methods of valuing ES through revealed preference 

methods are the travel cost method, and hedonic methods (Liu et al. 2010; TEEB 2010a) 

The travel cost method assumes the value of the ecosystem service is equal to the expenditure 

people will make in order to benefit from it, and is used mostly for measuring ES related to outdoor 

recreation. (de Groot et al. 2002; Chee 2004). Recreation, such as boating, swimming, hiking, hunting 

and fishing require intact functioning ecosystems, and the costs people incur to travel to these areas 

is assumed to approximate the value of these services (Freeman et al. 2014; Phaneuf and Requate 

2017). If there is a change in the level of ES, the corresponding value change can be measured by the 

increase or decrease in travel costs (TEEB 2010a). 

Rather than examining direct expenditures related to an ecosystem service as in the travel 

cost method, hedonic approaches look for implicit pricing based on actual markets (TEEB 2010a). 

Hedonic models will compare the difference in prices between, for example homes located next to 

forests or other natural areas compared to homes without such proximity. The difference between 

the two is assumed to be the value of the ES provided by the natural area. The method can also be 

used to track changes in ES, where prices may change following an ES degradation or enhancement 

As with market price approaches, revealed preference methods assume that markets are 

functioning efficiently. However, market failures and imperfections may distort the valuation. These 

methods also assume a direct connection between the ES and the costs being analyzed, which may 

not always be the case (TEEB 2010a). 

2.2.5.3. Stated-Preference Approaches 

These approaches are generally carried out by focus-group surveys intended to simulate a 

market demand for an ES (TEEB 2010a). State-preference approaches have the unique attribute of 
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being able to estimate both use and non-use values, which can be useful when no direct or surrogate 

markets exist from which ES values can be deduced (TEEB 2010a). There are three main types of 

state-preference approaches, distinguished by how the surveys are carried out.  These are contingent 

valuation, choice modelling, and group valuation. 

Contingent valuation is a simple method to elicit ES values from people by asking them how 

much they would be willing to pay to protect and maintain it (Phaneuf and Requate 2017). 

Alternatively, the question could be phrased to ask the respondent how much they would be willing 

to accept as compensation in the event of its loss (TEEB 2010a). 

This is a method whereby values are determined by asking survey respondents to make a 

choice from a few discrete options (Freeman et al. 2014; Phaneuf and Requate 2017). For example, 

respondents could be asked to select from a list of lakes they wish to visit, each with differing travel 

times and water quality, and the resulting responses could be used to determine the water quality 

values based on the travel times of the selected lakes (Phaneuf and Requate 2017). 

This approach uses stated preference techniques but combines them with philosophies and 

techniques from other social science disciplines to capture broader values (TEEB 2010a).  

The main criticism of stated preference techniques is that they are overly hypothetical, which 

spurs doubts about validity of results (TEEB 2010a). Analysis has revealed that survey respondents 

supply different values depending on how questions are framed, as responses for valuation of 

attributes differ whether the question is set as determining a willingness to pay for something or 

willingness to accept compensation for its loss (TEEB 2010a). 

2.2.6. Applications of ES 

Research activity around the concept of ES has accelerated since the release of the Millennium 

Ecosystem Assessment in 2005. Much of the research is theoretical, examining the concept itself and 

devising methods and frameworks for its application (Daily and Matson 2008; Carpenter et al. 2009; 
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TEEB 2010a; Schägner et al. 2013; Saarikoski et al. 2018). To date, some of the applications of ES 

have been in the area of damage assessments, cost-benefit analysis, natural capital accounting, 

payments for ES (Gómez-Baggethun et al. 2010; Liu et al. 2010; Agbor et al. 2011; Schägner et al. 

2013; Ruckelshaus et al. 2015; Grêt-Regamey et al. 2017; Pascual et al. 2017). 

2.2.6.1. Damage Assessments 

Values of ES are frequently incorporated into damage assessments when events or disasters 

affect swaths of ecosystems. Examples may include disaster-related events such as oil spills, 

hurricanes, or events that take place over longer terms, such as deforestation, habitat destruction, or 

urban encroachment. The purpose of valuation of damage assessments is to ascribe monetary values 

to the services lost (Liu et al. 2010). An early example of the application of ES valuation took place 

following the Exxon Valdez spill in Alaska in 1989. Researchers were hired to determine the 

economic value of the ES affected by the spill and came to a figure of $2.8B (Phaneuf and Requate 

2017). 

2.2.6.2. Cost-Benefit Analysis 

Cost-benefit analysis (CBA) is a decision-making framework to examine the relative benefits 

of a project or undertaking. Related to CBA is cost-efficiency analysis (CEA) focusing more on the 

costs of various options for achieving a desired benefit (Liu et al. 2010). Traditionally, CBA and CEA 

have been applied to undertakings with quantifiable market costs and benefits, but attempts have 

been made to incorporate environmental values into CBA and CEA analyses (Liu et al. 2010). A 

famous example of the incorporation of ES into CEA is analysis by New York City who compared the 

cost of funding ecological restoration in the Catskill Mountains upstream of New York’s water intake 

with increased filtration. The decision was made to invest in ecological restoration, as it was less 

costly than the technological option (Barbier 2007; Liu et al. 2010; Brown 2017).  
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2.2.6.3. Natural Capital Accounting 

As described in Section 2.2.3, typical measures of national wealth such as GDP do not include 

the values for available ES. For example, with all other factors equal two countries could differ in 

terms of natural resources, with one country being desertified and having depleted fish stocks, while 

the other country has abundant forests and fish. With all other factors being equal the two countries 

may register the same GDP despite the first country’s lower capacity to increase wealth. The concept 

of natural capital accounting is intended to measure ecosystems’ actual and potential contributions 

to wealth. The concept was popularized in 1997 with the release of a seminal paper by Costanza et al. 

(1997) whereby the total contributions of the world’s ecosystems was values at $16-54 trillion 

dollars per year. Generally, the purpose of natural capital accounting is to make the case for an 

ecosystem’s preservation or protection. 

2.2.6.4. Payments for ES 

Payments for ES (PES) is an exchange whereby a purchaser buys an ecosystem service from a 

provider (Barbier 2007; Gómez-Baggethun et al. 2010). Examples of this would include the market 

for CO2 emissions, biodiversity markets, conservation easements, and financial incentives to farmers 

who enact beneficial management practices (BMPs). Most PES schemes can be categorized in one of 

three ways: voluntary, compliant or government-mediated. Typically, objectives of PES programs 

include conservation, pollution control or environmental enhancement (Liu et al. 2010; Lawley and 

Towe 2014).  

2.2.7. Criticisms of the ES Paradigm 

Characterizing the world’s ecosystems in relation to human values is a highly anthropogenic 

concept motivated by an interest in ensuring greater environmental protection (Reyers 2012). It is 

presumed that by making it clearly in the human interest to preserve ecosystems, the case for 

ecosystem protection will be clearer (Norgaard 2010; Reyers 2012; Davidson 2013; Mace et al. 2014; 
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Silvertown 2015; Gunton et al. 2017). This contrasts with the concept of biodiversity, where the 

interest is in protecting biodiversity for its own sake regardless of its relation to humans (Reyers 

2012). This key distinction between the two approaches belies considerable discussion and debate 

on the ethical merits of an ES perspective. It is suggested that even the most rigorous analysis of 

ecosystem functions could not fully account for the true value of ecosystems. The ES concept focuses 

primarily on exchange values and use values. 

2.2.8. Barriers to Application of ES 

Despite the promise of the ES concept to foster better awareness of ES, the concept has seen 

limited application and few mainstream examples of its use. It remains a niche concept while 

ecosystems rely primarily on policy and regulation for their protection, and economic valuation of ES 

remains limited to tradeable goods and services with market value. However, ES is a relatively new 

concept and interest has been growing, particularly since the release of the Millennium Ecosystem 

Assessment (Ruckelshaus et al. 2015; Grêt-Regamey et al. 2017; Dick et al. 2018). Much analysis has 

been done of peer-reviewed literature on ES implementation, finding that it remains used primarily 

for communication, and not for integration into markets (Saarikoski et al. 2018). 

Part of the challenge in overcoming this obstacle is the need for better ways to characterize 

the value of ES. Several valuation methods have been developed that can assign values to ES. The 

challenge for decision-makers is how interventions can change these values. There are several 

valuation techniques around, and they are explored in the following section. 

2.2.9. Ecosystem Services and Lake Winnipeg 

Lake Winnipeg is the largest remnant of Lake Agassiz, formed after the retreat of the 

Wisconsin glaciation approximately, 13,000 yeas ago (Wassenaar and Rao 2012). Lake Winnipeg has 

two basins, a smaller south basin and a larger north basin, out of which water drains northwards to 

Hudson’s Bay via the Nelson River. Lake Winnipeg is fed primarily by three rivers: the Saskatchewan 
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River which provides nearly half of Lake Winnipeg’s inflow, and originates in the Rocky Mountains in 

western Alberta; the Winnipeg River, which provides around 25% of inflow to the lake which drains 

land east of Lake Winnipeg extending within 100 km of Lake Superior; and the Red River whose 

watershed spans much of southern Manitoba, southeastern Saskatchewan, eastern North Dakota and 

western Minnesota (Lake Winnipeg Stewardship Board 2006a). The Lake Winnipeg watershed is 

over 1 million square kilometers in area and is home to over 5 million people in the Canadian 

provinces of Ontario, Manitoba Saskatchewan and Alberta, as well as the U.S. states of North Dakota, 

Minnesota, South Dakota, and Montana. Major cities (with populations over 100,000) in the basin 

include Calgary AB, Edmonton AB, Winnipeg MB, Saskatoon SK, Regina SK, Fargo ND, and Red Deer 

AB.  

Lake Winnipeg’s large ratio of watershed to lake surface area makes the lake especially 

sensitive to land use in the watershed, and the trend has been increasingly eutrophic. The lake’s 

trophic status was characterized in the early 1970s as being mildly eutrophic (Schindler et al. 2012). 

Paleolimnology records indicate the algal community structure has been relatively stable since the 

1930s. However, a dramatic shift began in the 1990s, coinciding with a period of increasing inflow to 

the lake (Bunting et al. 2016). It has been shown that lake inflow is highly correlated to precipitation 

in the basin (McCullough et al. 2012). While increasing P-loading to the lake has been widely 

observed, the loads do not directly correspond to the presence of algal blooms. Recent research has 

further examined the connection between P and algal blooms and has determined that they are 

related most closely to P-loading and temperature (Binding et al. 2018). A regression of the 

relationship based on satellite-derived data has been determined as (Equation 13): 

𝐵𝑙𝑜𝑜𝑚 𝑆𝑒𝑣𝑒𝑟𝑖𝑡𝑦 =  −1042.8 +  .021 𝑇𝑃 + 60.6 𝐿𝑆𝑇 [13] 

Where bloom severity is an indicator of the prevalence of algal blooms between June and 

September in units of µg/l; TP is total phosphorus loading in t/yr; and LST is mean summer lake 
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surface temperature. The implication of the above function is that reducing algal blooms in Lake 

Winnipeg requires reducing phosphorus inflows to the lake. 

The present loading to Lake Winnipeg is estimated to be 7,900 tonnes per year, and the 

breakdown of phosphorus sources is listed in Table 1. Further uncertainty is driven by the fact that it 

is unknown how phosphorus use in the watershed affects P loading rates to the lake (Benoy et al. 

2016).  

  

2.3. Literature review synopsis 

The impacts of these algal blooms on the lake are various and wide ranging, including effects on 

fisheries, recreation and human health. Numerous beach closures have occurred due to toxins from 

algae, while nuisance algae has the effect of reducing people’s enjoyment of the lake. These 

Table 1: Phosphorus loading to Lake Winnipeg, reproduced from Lake Winnipeg Stewardship Board (2006a) 

Category Average total phosphorus 
(t/yr) 

% of total phosphorus entering 
Lake Winnipeg 

Upstream jurisdictions 4200   53   

United States (Red River)  2500   32  

United States (Souris River)  200   3  

Saskatchewan and Alberta  400   5  

Ontario (Winnipeg River)  800   10  

Ontario (Other Rivers)  300   3  

       

Manitoba sources 3700   47   

Manitoba point sources  700   9  

City of Winnipeg wastewater   400   5 

All other MB wastewater   300   4 

Manitoba watershed processes  2500   32  

Background and undefined sources   1300   17 

Present day agriculture   1200   15 

Atmospheric deposition  500   6  

Internal Lake Processes Data unavailable 

       

Total loads to Lake Winnipeg 7900   100   
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ecosystem services effects have been tabulated, but not closely valued in economic terms. The 

sustainable harvest of biomass from agricultural residues, riparian areas and wetlands has the 

potential to significantly improve water quality in Manitoba. If this biomass is used for processing 

into high-value bioproducts, there is the potential to intercept the nutrients in this biomass from 

entering the lake.  With sustainable feedstock production an objective of the Manitoba Bioproducts 

Strategy (Manitoba Agriculture Food and Rural Initiatives 2012), it becomes apparent that an 

appropriately designed strategy for producing and harvesting biomass is essential to ensuring the 

public benefits of a biorefining industry in Manitoba. An optimized strategy can be designed to 

extract multiple environmental benefits. Besides improving energy efficiency and reducing 

greenhouse gas emissions, the amount of nutrients being loaded to surface waters and fouling Lake 

Winnipeg can be reduced. With harvesting from restored natural areas such as riparian and wetland 

habitats, ecosystem services can be further enhanced. 
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3. Methodology: SpatialES Model 

 

3.1. Modeling Approach 

A spatial optimization model, SpatialES, was set up in MATLAB to determine whether it is feasible 

to analyze the spatial optimization of a biorefining network while optimizing ecosystem services. 

This section details the SpatialES model and its implications. MATLAB®, the name derived from the 

words MATrix LABoratory is a numerical computing programming language with origins in the 

1970s at the University of New Mexico (Wikipedia 2017).  It is a specialized mathematical 

programming language, with a well-developed capacity to perform matrix operations, and produce 

graphical illustrations (Attaway 2017).  MATLAB’s primary use is for scientific and engineering 

applications, particularly mathematically intense operations including numerical modeling and 

signal processing analysis (Attaway 2017). Spatial optimization involves large input datasets with 

data specific for each element. Structuring inputs as matrices allows the analysis to be conducted 

much more simply than with programming languages that require treatment of matrix elements as 

vectors or single data points. With MATLAB, spatial optimization can be conducted in fewer steps 

than with other popular languages. 

3.2. Input Data 

The main inputs for this model are biomass tonnages, Rural Municipality (RM) coordinates, 

transport cost, and ecosystem services value for phosphorus removal. The following sections provide 

detail on the input data and parameters used. As well, biomass capacity (in terms of mass of biomass 

demanded by the biorefinery) is a user-set value. 
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3.2.1. Agricultural Biomass 

Biomass tonnages were estimated based on crop production data. Crop production and 

fertilizer application statistics are available from the Manitoba Agricultural Services Corporation 

(MASC) which compiles insured crop data through its Manitoba Management Plus Program 

(Manitoba Agricultural Services Corporation 2018). In this study, 13 prevalent crop types were 

included for analysis. These include (in no particular order) winter wheat, hay/fodder, forage seed, 

sunflower, alfalfa, argentine canola, barley, fall rye, corn, oats, soybeans, spring wheat, and flax. Data 

was retrieved from this database for all crop types for all RMs for the years 1993 to 2017 (inclusive). 

The crop database tabulates areas seeded, yield, and fertilizer application (nitrogen, phosphorus, 

potassium, sulfur) by RM and by year (Manitoba Agriculture 2016).  

Comparing the MASC database of insured crops with Statistics Canada data from the Census of 

Agriculture, it appears that MASC data accounts for 58% of the cropland under cultivation in 

Manitoba in the years 1996, 2001, 2006, 2011, and 2016; the years for which data is available from 

both sources (Statistics Canada 1997, 2002, 2007, 2012, 2017; Manitoba Agricultural Services 

Corporation 2018). The total area of cropland for which data is available for these years from 

Statistics Canada and for MASC is compared in Figure 2. If the Statistics Canada portion of cropland 

represents the total land under cultivation in Canada, then the MASC database represents the 

proportion of those crops that are insured. Table 2 lists the total area seeded for the 13 crops used in 

this analysis for the years at which the datasets align: 1996, 2001, 2006, 2011, and 2016. These data 

indicate that Manitoba farmers are more likely to obtain crop insurance for wheat and canola, and 

very unlikely to insure alfalfa and hay crops. In this analysis, only the MASC dataset was used. 
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Table 2: Comparison of crop area totals from Statistics Canada (1997, 2002, 2007, 2012, 2017) and Manitoba 

Agricultural Services Corporation (2018) for the years 1996, 2001, 2006, 2011, and 2016. 

Crop Statistics 
Canada crop 

area in 
hectares 

MASC crop 
area in 

hectares 

% 

Winter wheat 358,634  209,848  59% 

Other hay/fodder 1,043,680  40,209  4% 

Forage seed 190,636  54,394  29% 

Sunflower 218,155  111,745  51% 

Alfalfa and alfalfa mix 2,880,971  61,386  2% 

Canola 4,942,090  4,008,530  81% 

Barley 1,805,063  1,098,302  61% 

Fall rye 155,040  46,385  30% 

Corn 533,052  245,108  46% 

Oats 1,633,342  894,747  55% 

Soybeans 1,113,541  423,254  38% 

Spring wheat 6,519,090  5,182,789  80% 

Flax 663,385  437,103  66% 

TOTAL 22,056,679  12,813,800  58% 

 

 
Figure 3: Total Manitoba cropland according to Statistics Canada, and total Insured Cropland according to 

MASC (Statistics Canada 1997, 2002, 2007, 2012, 2017; Manitoba Agricultural Services Corporation 2018) 

0

500,000

1,000,000

1,500,000

2,000,000

2,500,000

3,000,000

3,500,000

4,000,000

4,500,000

5,000,000

1
9

9
6

2
0

0
1

2
0

0
6

2
0

1
1

2
0

1
6

h
ec

ta
re

s 
(h

a)
Census and MASC Crop Area

MASC

Statistics Canada



 

58 

 

Of the total straw from crop production, it was assumed 22% of the total amount of 

agricultural straw would be available for biorefining. This 22% represents the portion of straw 

biomass that may be removed form the field without negatively impacting soil organic carbon 

(Lafond et al. 2012). Of the available biomass for biorefining, it was assumed that 18% of it (a further 

4% of the total amount) would be lost during storage and transport, for a total available amount of 

biomass representing approximately 18% of the original total agricultural straw amount. The 

resulting data input for agricultural biomass is an Excel spreadsheet listing available biomass in 

tonnes for each of 13 crop types, for each of 96 RMs, for each of 25 years of available data (1993-

2017). SpatialES is programmed to read crop data for a spreadsheet formatted in this way. 

Data was sought and sourced for Saskatchewan, but it was omitted from this study as only 

crop harvest data was available. Fertilizer application data was not accessible. Furthermore, the data 

parameters, timelines and resolutions did not match with the Manitoba data used. For this reason, 

Saskatchewan was omitted from the analysis. 

3.2.2. Wetland and Riparian Biomass 

The data available for estimating available wetland biomass is more limited than for 

agricultural biomass. Available wetland biomass was determined through a Geographic Information 

Systems (GIS) analysis. The provincial ‘waterbodies’ GIS database was downloaded from the 

Manitoba Land Initiative (Manitoba Land Initiative 2012). This layer was intersected with RM 

boundaries to determine the wetland surface area in each RM. It was assumed that biomass could be 

harvested from 25% of existing wetlands. Sustainable wetland harvest is possible when vegetation is 

removed above the root zone, as wetland vegetation such as typha easily regenerates yearly in 

response to water levels (Cicek et al. 2006; Jeke et al. 2015; Jeke et al. 2017). 

Wetland restoration was estimated to occur up to 25% of pre-settlement wetlands in the 

Interlake Plain, Aspen Parkland, Boreal Transition and Mid-boreal Uplands ecoregions. Restoration 
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up to 5% of pre-settlement wetlands was estimated for the Lake Manitoba plain. Pre-settlement 

wetland area was obtained from an analysis by IISD (International Institute for Sustainable 

Development 2008). Total implementable riparian buffer zone length per ecoregion was estimated 

from the ‘waterways’ classification on Manitoba Land Initiative’s Watercourses GIS layer. Riparian 

buffer biomass yield was modelled based on three vegetation types: grass in 5 m strips (based on 

MASC grass yield), alfalfa in 5 m strips (based on MASC alfalfa yield) and willow in 15 m strips (based 

on results from (Perttu 1993). As yearly data was not available, it is assumed this would be an annual 

average available for analysis purposes. 

3.2.3. Rural Municipality (RM) Coordinates 

As Manitoba is subdivided on a township and range system with road allowances separating 

each section, it is practical to assess distances between candidate locations as the rectilinear 

distances between RM centroids. This information was derived through GIS analysis of available 

political boundary delineation from the MLI.  As RM boundaries have changed through amalgamation 

since 1993 (year of earliest crop production data used); the most up-to-date RM boundaries were 

used. The data input to the model is a table of RM centroids in eastings and northings (metres). 

3.2.4. Transport Cost 

The costs of hauling biomass in Manitoba were estimated based on assumptions in Manitoba’s 

biomass report to be $5.50 per loaded mile, which equates to approximately $0.24 per tonne per 

kilometer (Manitoba Agriculture 2016). 

3.2.5. ES Dividend 

The use of wetland and riparian biomass for biorefining would also remove phosphorus from 

the landscape, resulting in less nutrient loading to Lake Winnipeg. As this is a positive environmental 

externality, there is no market cost for this benefit. For the purposes of this model, it is assumed that 

the value Manitobans place on preventing one kilogram of phosphorus from entering Lake Winnipeg 
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is $410 per kg of phosphorus removed (this value is explained in detail later in Chapter 6), rounded 

to $400/kg in this analysis.  

3.2.6. Biorefinery Capacity 

This is a parameter set by users. SpatialES is programmed to accept any value of zero or greater. 

Cellulosic ethanol biorefineries previously considered for Manitoba have been at scales of 

demanding between 250,000 t and 600,000 t of biomass per year. 

3.2.7. SpatialES Data Summary 

The data inputs to the model are summarized in Table 3. 

 

 

Table 3: List of parameters used in the SpatialES model. 

Input parameter Value Unit Resolution Data source 

Biomass – wetland and 
riparian 

Various Tonnes/RM/yr 96 RMs Manitoba Land 
Initiative (2012) 

Crops yield  Tonnes/hectare 13 crops, 96 RMs, 
25 years (1993-
2017) 

Manitoba 
Agricultural Services 
Corporation (2018) 

Crops harvest Various Tonnes 13 crops, 96 RMs, 
25 years (1993-
2017) 

Manitoba 
Agricultural Services 
Corporation (2018) 

Straw:grain ratio Various Ratio 13 crops Prairie Practitioners 
Group (2008) 

Phosphorus uptake Various Ratio 13 crops Heard and Hay 
(2006) 

Phosphorus application Various Tonnes 13 crops, 96 RMs, 
25 years (1993-
2017) 

Manitoba 
Agricultural Services 
Corporation (2018) 

RM Eastings Various Metre RM Manitoba Land 
Initiative (2012) 

RM Northings Various Metre RM Manitoba Land 
Initiative (2012) 

Transport cost 0.24 $/t/km Province-wide (Manitoba 
Agriculture 2016) 

Phosphorus ES value 400 $/kg Province-wide This study (Chapter 
6) 

Plant Capacity User input Tonnes For one plant User defined 
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The major assumptions made in this modelling exercise are as follows: 

 A harvest of 22% of agricultural biomass would have no adverse effect on soil organic carbon, based 

on AAFC field trials 

 18% of harvest biomass would be lost during storage and transport 

 25% of available wetland biomass could be harvested, along with up to 25% of modelled pre-

settlement wetlands 

 Riparian harvest would occur from 15m strips consisting of alfalfa, willow and grass 

 All RMs in MB are candidates for a biorefinery demanding biomass 

 Transport cost is $5.50 per loaded mile 

 P loading is primarily from cropland 

 P surpluses remain in the watershed and bioavailable, with the potential to eventually reach Lake 

Winnipeg 

 P in biomass would otherwise have remained on the land 

 Manure will not affect the P balance as much of the P in Manitoba originates from Manitoba crops 

 

3.3. SpatialES Model Design 

The model developed in this exercise has been designed as a simple algorithm to determine 

where to site a single biorefinery in Manitoba. The model considers agricultural waste straw as an 

input, along with wetland and riparian biomass. The unit of optimization is dollars, with the objective 

of siting a biorefinery considering amount of available biomass and transport costs. The model has 

been designed for three scenarios: 1) the basic scenario involves siting a facility that receives 

agricultural biomass; 2) a second scenario that includes wetland biomass; and 3) a third scenario 

that accounts for the public ES benefits of reduced P loading to Lake Winnipeg.  

3.3.1. Scenario 1 

This scenario involves siting a biorefinery that receives only agricultural biomass. The 

candidate locations for biorefinery siting are Manitoba’s rural municipalities (RMs). The basic 

problem statement modeled in this exercise is: one biorefinery with v possible locations, and x 

possible biomass supply points, locate the biorefinery such that the supply cost is minimized, as 

described by Equation 14: 
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𝑀𝑖𝑛𝑖𝑚𝑖𝑧𝑒 $ = ∑ ∑ 𝑚𝑘 ∙ 𝑑𝑗𝑘 ∙ 𝑡

𝑥

𝑘=1

𝑣

𝑗=1

[14] 

Where m is the mass of biomass available to be transported from source location k; d is the 

distance from location k to biorefinery location j, and t is transportation cost. The output of the 

function is a unit of cost ($) as m is mass, d is distance and t is a cost per unit mass-distance.  

3.3.2. Scenario 2 

The second scenario includes wetland biomass on an equal basis to agricultural biomass, 

meaning that the biorefinery does not discriminate between biomass types. This involves a slight 

modification to the problem function as follows in Equation 15: 

𝑀𝑖𝑛𝑖𝑚𝑖𝑧𝑒 $ = ∑ ∑(𝑚 + 𝑤)𝑘 ∙ 𝑑𝑗𝑘 ∙ 𝑡

𝑥

𝑘=1

𝑣

𝑗=1

[15] 

Where w, the mass of wetland and riparian biomass, is added to m, the mass of agricultural 

biomass available from source location k. As with Scenario 1, d is the distance from location k to 

facility location j, and t is transportation cost. 

3.3.3. Scenario 3 

This final scenario calculates the optimal biorefinery location with consideration to the public 

benefits of using wetland biomass over conventional agricultural waste biomass. This is modeled as a 

public value of removing phosphorus from Manitoba’s hydrologic system. The function for Scenario 3 

is as follows in Equation 16: 

𝑀𝑖𝑛𝑖𝑚𝑖𝑧𝑒 $ = ∑ ∑〖[(𝑚 + 𝑤)〗𝑘 ∙ 𝑑𝑗𝑘 ∙ 𝑡 − 𝑤𝑘 ∙ 𝑃]

𝑥

𝑘=1

𝑣

𝑗=1

[16] 

Where P is the imputed monetary value of preventing a unit of phosphorus from entering 

Lake Winnipeg. All other variables are consistent with Scenarios 1 and 2. Further information on 

input values is given in the following section. 



 

63 

 

3.4. Fertilizer Balance 

For tracking loading of nutrients to Lake Winnipeg, an initial baseline of P balances was 

calculated using Equation 17 as the difference between total P added from commercial fertilizer 

application and P removed within the harvested portion of crops:   

PBALANCE = PFERTILIZER − PHARVESTED [17] 

Nutrient inputs from manure were not included in the nutrient calculation.  It is assumed that 

livestock in Manitoba consume feed grown in Manitoba and thus nutrients in livestock waste would 

have originated from the watershed.  However, manure nutrients would not be completely absorbed 

by crops and other vegetation, thus the mass-balance presented will represent a very conservative 

estimate based on known commercial fertilizer application from data collected by the Manitoba 

Agricultural Services Corporation (MASC).  Methods were adapted from previous nutrient balance 

studies of jurisdictions in the United States (Lanyon et al. 2006; Swink et al. 2009; 2011).  The studies 

determined fertilizer inputs from municipal fertilizer sales data which is not available in Manitoba. 

3.4.1. Total Nutrients Added 

To determine the total P and N added, total land area per crop was multiplied by municipality-

specific fertilization rates obtained from the MASC’s Manitoba Management Plus Program fertilizer 

data (Manitoba Agricultural Services Corporation 2011). This calculation is presented in Equation 

18:  

PFERTILIZER(kg) = PAPPLIED(kg P ha−1) × Total Crop Area (ha) [18] 

 

The average yearly fertilization rate was determined in SpatialES across all crops and soil 

types for each year from 1993 to 2017. This data represents the application of solely commercial 
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fertilizers and does not include manure and other non-commercial fertilizers that have been 

applied1.  

3.4.2. Total Nutrients Removed in Harvest 

Ratios of nutrients added to agricultural land and removed in the harvested portion of the 

crop were estimated based on available analysis of straw-to-grain ratios. In this study, values from 

the Heard and Hay (2006) were used where available rather than values from the Canadian Fertilizer 

Institute (2001a, 2001b) as the former is are more locally relevant and conservative.  

 

                                                        
 

 

1 Doug Wilcox, Manitoba Agricultural Services Corporation, personal conversation 

Table 4: Crop N and P removal rates as determined by Canadian Fertilizer Institute (2001a, 2001b) and Heard Hay 

(Heard and Hay 2006), assuming optimal yields recorded in Canadian Fertilizer Institute (2001a, 2001b). 

  Nutrient Removal in Harvested Portion of Crop (kg ha-1 year-1) 

Crop Assumed Yield 
(kg ha-1) 

P 
(source: CFI 
2001a) 

P (source: 
Heard & Hay 
2006) 

N 
(source: CFI 
2001a) 

N (source: 
Heard & Hay 
2006) 

Spring Wheat 2690 11 10 67 79 

Winter Wheat 3360 12 12ⱡ 58 99ⱡ 

Canola 1960 18 12 76 69 

Barley  4300 16 11 53 72 

Oats 3584 12 11 69 83 

Total Rye 3450 12 12ⱡ 66 102ⱡ 

Flax Seed 1492 7 7 57 59 

Sunflower 2240 8 9 60 57 

Corn 6272 21 19 109 77 

Soybean 3370 20* 25 217* 195 

Alfalfa & Alfalfa 
Mix 

11,200 34 Used CFI 
Value 

326 Used CFI Value 

Other 
Hay/Fodder 

6700 15 Used CFI 
Value 

115 Used CFI Value 

Forage Seed 6700 15 Used CFI 
Value 

115 Used CFI Value 

*obtained from (Canadian Fertilizer Institute 2001b) 
ⱡ Used spring wheat nutrient removal rates (Heard and Hay 2006)  

 

 



 

65 

 

Nutrients removed in harvested portion of crops were calculated using Equation 19 using 

published nutrient removal rates (Heard and Hay 2006; Malhi et al. 2006, 2007).  Nutrient removal 

values for forage crops were only reported by the Canadian Fertilizer Institute (CFI) which were also 

used in the Heard and Hay (H&H) nutrient mass-balance calculations (Table 4). 

PH&H(kg) =  
H&HOPTIMAL P REMOVAL RATE (kg P ha−1)

H&HOPTIMAL YIELD (kg P ha−1)

× Actual Yield (kg P ha−1)  ×  Total Crop Area (ha) 

 [19] 

Removal rates were adjusted to reflect the actual average yields reported to MASC for each 

crop and in each representative municipality. It was also assumed that agricultural residues were 

returned to the field 

3.5. Model Structure 

The resulting SpatialES model consists of approximately 250 lines of MATLAB code, with 87 

computational variables, most representing multidimensional matrices. The full code is included as 

Appendix B: SpatialES Source Code. The program is separated into the following modules: 

1. Input of basic parameters; 

2. Determining distances between RMs; 

3. Assembling input data into arrays; 

4. Determining yearly biomass totals for each RM; 

5. Determine weighted hauling costs between RMs; 

6. Site the biomass plant; and 

7. Tabulate and plot results. 

The model evaluates all possible combinations of plant siting and supply. The model output is the 

name of the RM with the lowest supply cost along with the list of RMs from which biomass would be 
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sent. It also produces matrices with the total masses and costs for all the possible combinations, from 

which values could be extracted.  

The number of combinations of biorefinery location and source RMs is equal to the factorial of 

the number of RMs. In the case of this model with 112 RMs, there are 9.92 × 10149 spatial 

arrangements possible. However, the model does not evaluate all combinations. Instead, for each 

potential biorefinery RM it ranks potential supply RMs according to distance. It then selects supply 

RMs beginning with the nearest until the modeled plant capacity is reached at which point it stops 

computing for that particular RM. In essence, the model produces 96 possible solutions (the lowest 

possible supply cost for each RM) and selects the lowest cost RMs as the optimal solution. The 

amount of computing time required is therefore a function of the capacity of the biomass plant. Using 

a desktop computer with a 3.4 GHz i7-6700 processor with 16 GB of RAM and a solid state hard 

drive, SpatialES computes the optimum solution in approximately 16 seconds.  
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4. Manitoba Phosphorus Fertilizer Balance 

 

Phosphorus is an essential plant nutrient and an important fertilizer in agriculture, but when 

it escapes into the environment it has the potential to impact surface waters, primarily by over-

enriching them and contributing to eutrophication (Schindler et al. 2016). Beginning in the 1960s, 

researchers at the Experimental Lakes Area in Ontario, Canada, conducted whole-ecosystem 

experiments that showed unequivocally that phosphorus is the nutrient causing eutrophication 

(Schindler et al. 2008). The clear majority of lakes around the world are eutrophying, as a result of 

increasing amounts of phosphorous entering waterways (Schindler 2012). Lake Winnipeg, the 10th 

largest lake in the world, is no exception, once having been referred to as the most threatened large 

lake in the world due to the proliferation of algal blooms. Lake Winnipeg and its watershed are 

relatively unstudied. There has been measurement of water quality of its tributaries, and phosphorus 

loading is generally known, but the upstream watershed processes are less understood. The mass of 

phosphorus entering the lake has been ascertained and has been shown to fluctuate from year to 

year, often corresponding to precipitation and runoff rates in the basin (McCullough et al. 2012). The 

question of how much phosphorus is being applied and removed from the Lake Winnipeg basin is 

less well understood. This section details the results of analysis of data on fertilizer application to 

cropland to determine the amount of phosphorus applied and removed. The result of this section is a 

phosphorus fertilizer balance for Manitoba. 

4.1. Lake Winnipeg Overview 

As described in detail in Section 2.2.9, Lake Winnipeg is considered to have the largest 

watershed area to surface area ratio of any great lake in the world (Lake Winnipeg Stewardship 

Board 2006b). The Lake Winnipeg watershed covers an area of 953,000 km2, encompassing portions 
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of four Canadian provinces and four American states (Lake Winnipeg Stewardship Board 2006b; 

Benoy et al. 2016). The water quality of the lake has been subject to significant loading of 

phosphorus, leading to major algal blooms in recent years (Benoy et al. 2016; Bunting et al. 2016; 

Rattan et al. 2017).  

The cause of these blooms is P loading entering the lake from the vast watershed (Lake 

Winnipeg Stewardship Board 2006b; McCullough et al. 2012; Schindler et al. 2012; Benoy et al. 2016; 

Bunting et al. 2016; Morales-Marín et al. 2016; Rattan et al. 2017) as well as suspended bottom 

sediment (Nürnberg and LaZerte 2016; Matisoff et al. 2017). The loading of nutrients to Lake 

Winnipeg is strongly correlated to precipitation in the lake’s catchment, and is on an increasing trend 

(McCullough et al. 2012). 

The analysis presented in this chapter on the fate of phosphorus fertilizers applied to land will 

assist in determining actual state of phosphorus loading to the Lake. 

4.2. Study Methods 

The methodology for carrying out the nutrient balance is described in detail in Section 3.4. It 

follows methods used by others in similar exercises in the United States, such as by Swink et al. 

(2009); Swink et al. (2011) and Lanyon et al. (2006). It involves examining available data of 

phosphorus application to farmland, and estimating the amount of phosphorus removed in harvest 

with Equation 20:  

PBALANCE = PFERTILIZER − PHARVESTED [20] 

Available data for Manitoba is from the Manitoba Agricultural Services Corporation (MASC) 

and their Manitoba Management Plus Program (MMPP) which tracks insured crops in Manitoba 

(Manitoba Agricultural Services Corporation 2018). The dataset used for this study consists of crop 

area, crop yield and phosphorus fertilization rates for each of the 13 most prevalent crops grown in 
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Manitoba for each of 99 municipalities in Manitoba for the years 1993-2017 (Manitoba Agricultural 

Services Corporation 2018).  

To determine the total P added, total land area per crop was multiplied by municipality-

specific fertilization rates (Equation21):  

PFERTILIZER(kg) = PAPPLIED(kg P ha−1) × Total Crop Area (ha) [21] 

Determining nutrients and phosphorus removed from the landscape involved analysis of 

nutrients applied to the landscape, and the nutrients removed in the harvested portion of the grain. 

Removal rates were adjusted to reflect the actual average yields reported to MASC for each crop and 

in each RM. It was also assumed that agricultural residues were returned to the field.  

4.3. Nutrient Balance Results 

Results of the analysis were tabulated and analyzed in terms of changes over time and 

location. 

4.3.1. Manitoba Phosphorus Balance and Trend 

The results of the phosphorus budget were completed demonstrating status and trends in 

Manitoba’s phosphorus balance. Yearly provincial commercial P application ranged from 16,283 t in 

1994 to 49,375 t in 2017, with a median value of 39,289 t in 2002.  Yearly provincial commercial P 

removals ranged from 7,633 t in 1993 to 49,399 t in 2017, with a median value of 28,805 t in 2004. 

These results are depicted as a time series graph in Figure 4. 

Yearly provincial commercial P application per unit area of cropland ranged from 13.34 kg/ha 

in 2009 to 17.28 kg/ha in 2017 with a median of 14.68 kg/ha in 2004. Yearly provincial P removal 

per unit area cropland ranged from 6.37 kg/ha in 1993 to 17.29 kg/ha in 2017 with a median of 

10.60 kg/ha in 2017. Fertilization rates are plotted as a time series graph in Figure 5. 

The provincial P balance ranged from -1,247 t in 2013 to 18,643 t in 1997 with a median of 

9,235 t in 2004. This is depicted as a time series graph in Figure 6. The provincial P balance per unit 
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area cropland, calculated using Heard and Hay (2006) nutrient removal rates, ranged from -0.43 t/ha 

in 2013 to 7.74 t/ha in 1993 with a median of 3.56 t/ha in 2004. The average of the period was 3.6 

kg/ha. This data is plotted as time series in Figure 6. 

Phosphorus removal efficiency, defined as the percentage of applied phosphorus removed in 

harvest, is graphed in Figure 7. This graph demonstrates that efficiency of phosphorus removal has 

been climbing steadily, with initial rates below 50%, rising to over 100% in later years.  

During the 25-year study period, there was a significant increasing trend in commercial P 

removal by crops per unit area of cropland. Application rates per unit area were relatively steady, 

but phosphorus balances and efficiency of use were rising, partly in concert with rising yields. 

Overall, phosphorus use is becoming more efficient in Manitoba. 

 

 

 
Figure 4: Phosphorus added and removed to insured Manitoba crops from 1993 to 2017 based on data from 

Manitoba Agricultural Services Corporation (2018) 
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Figure 5:Phosphorus application and removal rate for insured Manitoba cropland from 1993 to 2017 based on 

data from Manitoba Agricultural Services Corporation (2018). 
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Figure 6: Average phosphorus balance of insured crops from 1993 to 2017 based on data from Manitoba 

Agricultural Services Corporation (2018). 
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Figure 7: Average phosphorus balance per unit area from 1993 to 2017 based on data from Manitoba 

Agricultural Services Corporation (2018). 
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Figure 8: Phosphorus removal efficiency in insured Manitoba cropland from 1993 to 2017, based on data from 

Manitoba Agricultural Services Corporation (2018) 

y = 0.0184x + 0.503
R² = 0.6942

0%

20%

40%

60%

80%

100%

120%

1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017

Phosphorus removal efficiency



 

73 

 

4.3.2. Use of Phosphorus by Crop 

Analysis of crop fertilization rates reveals that certain crops consistently receive more 

phosphorus than they need, while others tend to use more than they receive. The three crops being 

fertilized at the highest annual rate are forage seed, alfalfa mix, and corn; all being fertilized at rates 

greater then 15 kg/ha. Flax, hay and rye are fertilized the least, at rates around 10 kg/ha. 

Fertilization rates by crop are plotted in Figure 9. The greatest users of phosphorus are corn, alfalfa 

and soybeans with corn removing phosphorus at a rate of approximately 23 kg/ha, while alfalfa and 

soybeans remove around 15 kg/ha. Rates for all crops are plotted in Figure 10. The crop that has the 

greatest phosphorus surplus is forage seed with a surplus greater than 20 kg/ha, while corn, 

soybeans, and alfalfa are in a phosphorus deficit on average for the 25-year period of record. These 

data are plotted in Figure 11. Table 5 lists the total addition and removal of P over the 1993-2007 

period for each crop. 

 

 
Figure 9: Phosphorus fertilization rates per crop from 1993 to 2017, (Manitoba Agricultural Services 

Corporation 2018). 
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Figure 10: Phosphorus removal rates per crop from 1993 to 2017 based on data from Manitoba Agricultural 

Services Corporation (2018). 
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Table 5: Total P addition, removal, balance and removal efficiency of for Manitoba farmland from 1993 to 2017. 

Crop P Added (t) P Removed (t) P Balance (t) Removal 
efficiency 

 Winter wheat  20,582 22,060 -1,478  107% 

 Other hay/fodder  1,263  1,324  -62  105% 

 Forage seed  2,028  397  1,631  20% 

 Sunflower  7,947  4,029  3,918  51% 

 Alfalfa and alfalfa mix  5,956  4,556  1,400  76% 

 Canola  333,321  255,797  77,524  77% 

 Barley  74,509  44,101  30,408  59% 

 Fall rye  2,239  2,116  123  95% 

 Corn  21,537  34,148  -12,612  159% 

 Oats  58,336  43,398  14,938  74% 

 Soybeans  29,093  34,320  -5,227  118% 

 Spring wheat  351,661  252,743  98,918  72% 

 Flax  21,249  13,423  7,826  63% 

 TOTAL  929,720  712,414  217,306  77% 

 

 
 
Figure 11: Phosphorus balance rate per crop from 1993 to 2017 based on data from Manitoba Agricultural 

Services Corporation (2018). 
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4.3.3. Geographic Distribution of Phosphorus 

Total phosphorus applied to Manitoba fields follows some spatial clustering. Regions of 

highest total application include central Manitoba near Winnipeg and Portage la Prairie, and along 

the western border. Lower total application is observed in the Interlake and eastern Manitoba. 

Removal rates are highest near Winnipeg and near Swan River. The mass-balance is highest along 

the Saskatchewan and international borders, and declines to deficit in the Interlake and in eastern 

Manitoba. Total phosphorus application is mapped in Figure 12. 

The majority of Manitoba’s municipalities are applying commercial P fertilizer to agricultural 

fields at rates greater than 15 kg/ha. The highest municipal commercial P fertilizer application rates 

are found in the eastern Red River Valley, the northern Interlake region, and north of Riding 

Mountain National Park with rates generally exceeding 15kg/ha. The lowest application rates are 

found in eastern Manitoba, and in the southwestern corner. The phosphorus applications and 

removals are mostly in balance the area between Portage La Prairie and Brandon, in eastern 

Manitoba, and in south of Portage La Prairie to the international border. Phosphorus deficits are 

most pronounced east of the Red River Valley near Steinbach and La Broquerie. Phosphorus 

application, removal, and balance rates are mapped in Figure 13.  
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Figure 12: Average annual phosphorus addition, removal and balance for the years 1993 to 2017, based on 

analysis of data from (Manitoba Agricultural Services Corporation 2018). 
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4.4. Discussion 

This analysis revealed that Manitoba farmers are becoming increasingly efficient in their use 

of phosphorus. The overall trend has been towards higher efficiency, likely due to improvements in 

fertilizer application technology and soil testing that allow for more efficient application as well as 

improved yields. At the same time, crop yields have been on an upward trend, which results in years 

where Manitoba is in a net phosphorus deficit. If current trends continue, Manitoba will see more 

frequent phosphorus deficits, which has the potential to mine down the accumulated surpluses of 

past years. When compared with other jurisdictions, it seems Manitobans are within the range, at the 

lower end. The average phosphorus balance from this study is compared with others in Table 6. 

This is an analysis only of crops insured by Manitoba Agricultural Services Corporation, which 

does not account for all crops grown in Manitoba, so it is uncertain whether non-insured crops may 

 

Figure 13: Average annual phosphorus rate of application, removal and balance for the years 1993 to 2017, 

based on analysis of data from (Manitoba Agricultural Services Corporation 2018). 
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be facing the same trend. Overall, increasing phosphorus use efficiency suggests there are benefits 

for Lake Winnipeg in that less phosphorus is accumulating in the Manitoba portion of the basin, with 

the effect that less has the potential to enter waterways, and ultimately into Lake Winnipeg.  

The data used in this study does not include manure application. Manure is a source of 

fertilizer, but is generally applied for its nitrogen content, not phosphorus content. Southeastern 

Manitoba was shown in this analysis to be an area of phosphorus fertilizer deficit, but is an area with 

many intensive livestock operations (hog barns), and data from Statistics Canada (2016) shows this 

to be an area of high manure application rates, as shown in Figure 14. This region has also been 

shown to have high phosphorus loading rates to surface waters, as indicated by water quality 

measurements (Bourne et al. 2002; Lake Winnipeg Stewardship Board 2006a). Manure tends to have 

a lower nitrogen-to-phosphorus ratio than commercial fertilizer applications, so it is possible that 

manure leads to lower phosphorus use efficiency.  

 

It is notable that the phosphorus balance from this study does not correspond to the loading 

rates as determined through water quality measurements available from Bourne et al. (2002) and 

Lake Winnipeg Stewardship Board (2006a), as listed in Table 6. Phosphorus loading rates to Lake 

 

Figure 14: Percentage of total land area subject to manure application, based on data from data 

from Statistics Canada (2016). 
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Winnipeg as determined through water quality studies in 2002 and 2006 determine average 

watershed loading rates to be 0.98 and 0.32 kg/ha respectively (Bourne et al. 2002; Lake Winnipeg 

Stewardship Board 2006a). This suggests that the surplus fertilizer is not reaching watersheds and is 

likely accumulating in soils, vegetation, and sediment upstream. This surplus has the potential to 

eventually reach Lake Winnipeg, especially during times of high precipitation (McCullough et al. 

2012; Benoy et al. 2016). 

 

While this study does not account for phosphorus loading from manure, the phosphorus 

contained in manure in Manitoba likely originated from Manitoba cropland, and phosphorus from 

manure will remain in Manitoba. Manure is generally land-applied or treated in wastewater facilities, 

but the phosphorus does remain in the province, with the continued potential to eventually reach 

surface waters and Lake Winnipeg. Presently, straw and cereal grains grown in Manitoba are used as 

livestock feed. In the case of straw, the phosphorus loading from its use of feed is accounted for in 

Table 6: P Balance estimates (kg/ha) from studies within Manitoba, Canada, United States, and Europe. 

Nutrient Balance Study P Balance (kg/ha) Source 

Manitoba 
 

 

Commercial Fertilizer Balance 3.6 This study 

Fertilizer & Manure +2.5 to +6.2 (MacDonald et al. 2011) 

Total Loading – Water Quality Data +0.98 (Bourne et al. 2002) 

Agricultural  Loading – Water Quality 
Data 

+0.32 (Lake Winnipeg Stewardship 
Board 2006a) 

New York State +1.7 and +8.0 (Swink et al. 2009) 

Baltic Sea Basin -3.2 (Hong et al. 2012) 

Wisconsin +3.7 and +9.75 (Bennett et al. 1999; Bundy 
and Sturgul 2001) 

Lake Erie and Lake Michigan Basins +2.9 (+0.03 to +9.9) (Han et al. 2011) 

Chesapeake Bay Region +4.5 (+0.02 to +78.5) (Russell et al. 2008) 

Saint Lawrence River Watershed -0.23 to +22.3 (MacDonald and Bennett 
2009) 

Pennsylvania +14.1 (Lanyon et al. 2006) 
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this study, as it is assumed that only the phosphorus in the harvested portion of the grain is removed 

from the area. Phosphorus in manure from animals fed cereal grains is not accounted for in this 

study, potentially adding further to the amount of phosphorus accumulating the Lake Winnipeg 

basin. 

4.5. Nutrient Balance: Conclusions 

This study was an estimate of the phosphorus balance on Manitoba farmland. The study used 

available data on insured crops in Manitoba and tabulated phosphorus application and removal for 

96 Manitoba municipalities for 13 prevalent crops for the years 1993-2017. This study is a highly 

accurate estimate of the P balance from these crops but is likely only a portion of the phosphorus 

originating from Manitoba’s agriculture industry. The study does not examine non-insured crops as 

no data is available for them. Similarly, the study does not account for phosphorus from manure, 

which may have a significant impact on phosphorus loading to Lake Winnipeg. This study does 

indicate that Manitoba farmers who insure their crops are efficient in their use of fertilizers and have 

been becoming more efficient over time as crop yields rise. 

The impacts that this phosphorus is having on Lake Winnipeg are unknown as there are many 

steps a molecule must face on the journey from farmland to Lake Winnipeg. Further soil science and 

hydrology study in this regard will shed light on the potential for interventions that can improve 

water quality in the lake. Until then, the trend towards greater phosphorus use efficiency by 

Manitoba farmers is encouraging.  
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5. Biomass Availability in Manitoba 

 

The bioeconomy has the potential to shift the world from a paradigm of being one based on 

fossil fuels to one based on renewable inputs. Understanding the bioeconomy’s potential requires an 

understanding of the abundance and composition of available biomass in a region. As biomass is 

relatively expensive to transport relative to bioproducts produced, biorefineries are more likely to 

locate in areas of abundant biomass supply. The province of Manitoba has historically had a strong 

history of cropland agriculture. In addition to farmland, southern Manitoba has abundant natural 

areas that produce biomass, such as riparian areas and wetlands. Presently these areas are in decline 

as landowners face economic pressure to generate revenue from them. The harvest of biomass from 

these areas has the potential to provide an economic incentive for their preservation and 

maintenance. This chapter details analysis of agronomic and GIS data to determine the potential 

biomass supply from the agricultural regions of southern Manitoba. 

5.1. Bioproducts in Manitoba 

Advanced bioproducts can be produced through processes such as densification, 

decortication, torrefaction and pyrolysis, hydrolysis and microbial fermentation into a wide range of 

products including liquid and solid fuels, plastics, industrial chemicals, pharmaceuticals, and 

hydrogen gas (OECD 2009a; Smil 2013). The spectrum of bioproducts that can be made ranges from 

low-value products for which simple production technology exists, such as fuel pellets, to high-value 

products, like chemicals and pharmaceuticals, that will require additional investment in research and 

development (OECD 2009a). In these applications, products made from renewable biomass 

feedstocks can improve energy efficiency, reduce reliance on fossil fuels, and reduce greenhouse gas 

emissions. 
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Manitoba has approximately 12 million acres of cropland that can be a source of biomass 

feedstocks (Statistics Canada 2007). Manitoba’s insured cropland is primarily devoted to growing 

wheat and canola, with additional cereals and forages making up the balance (Manitoba Agricultural 

Services Corporation 2018). Increasing amounts of corn and soybeans are being grown in Manitoba 

with barley and oats on decreasing trends. Figure 15 and Figure 16 detail the total crop area and 

harvest in Manitoba over the past 25 years. A fuller characterization of Manitoba’s cropland is 

provided in maps and graphs in Appendix A: Manitoba Agricultural Characterization. 

 

 
Figure 15: Cropland area in Manitoba 1993 to 2017, , based on analysis of data from Manitoba Agricultural 

Services Corporation (2018). 
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All Manitoba crops have the potential to provide waste biomass to be used as feedstocks for 

biorefineries. In addition to agricultural residues, wetland and riparian areas and become sources of 

biomass feedstock. Presently landowners are dissuaded from growing commercial crops in these 

areas due to their ecological significance, but this is not always the case. Additionally, riparian areas 

can be sources of woody biomass such as willow, and the upper reaches can produce other biomass 

feedstocks such as grasses and forage crops. One biomass feedstock that holds considerable promise 

is one not frequently associated with the development of advanced bioproducts: harvested cattail 

(Cicek et al. 2006). This fast-growing water-tolerant plant is abundant on Manitoba wetlands, and 

produces considerable biomass within a single growing season with low input costs (Cicek et al. 

2006; Jeke et al. 2015; Jeke et al. 2017). 

 
Figure 16: Crop production in Manitoba from 1993 to 2017, based on analysis of data from Manitoba 

Agricultural Services Corporation (2018). 
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5.2. Biomass Availability Methods 

As described in Section 3, the SpatialES model was used to calculate available biomass inputs 

from agricultural residues, from riparian areas, and from wetlands. The objective of the methodology 

was to assume that biomass removal would not have an adverse effect on the environment. In this 

case, the objective was to model a biomass harvest quantity that would not affect soil carbon content. 

Agricultural biomass data was derived from crop production data, based on available harvests and 

estimated straw-to-grain ratios. The SpatialES method of determining agricultural biomass is 

described in detail in section 3.2.1.  

Harvest data is not available for wetland and riparian biomass, so estimates were made based 

on analysis of available GIS data layers. The results of this analysis were tabulated in a spreadsheet 

that was then input into SpatialES. This is described in detail in section 3.2.2.  

5.3. Biomass totals in Manitoba 

Running SpatialES revealed that Manitoba has an average of 8.78 Mt of biomass available per 

year. This total consists of 1.45 Mt of agricultural biomass, 630 kt of riparian biomass, and 6.70 Mt of 

wetland biomass. The most abundant agricultural biomass is wheat straw, with 578 kt available per 

year on average. Canola straw is viewed as having lower potential, but it is rather abundant also, 

with 355 kt available per year. Biomass availability data is plotted in Figure 17 and Figure 18. 

Data was not available to formulate annual totals for riparian and wetland biomass, but is 

available for agricultural biomass. Overall the results reveal an increasing trend, with available 

agricultural biomass essentially doubling over 25 years; however, there are interannual fluctuations. 

This is depicted in Figure 19.  
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Figure 18: Average biomass availability by type, based on analysis of data from Manitoba Agricultural Services 

Corporation (2018). 
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Figure 17: Agricultural biomass crop average annual availability 1993 to 2017, based on analysis of data from 

Manitoba Agricultural Services Corporation (2018). 
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5.4. Geographic Distribution of Biomass Supply 

Biomass is generally available readily through agricultural regions of Manitoba. With most 

RMs having quantities of biomass available from all three categories. Agricultural biomass is in 

highest supply in the region around Winnipeg and Portage la Prairie. Riparian biomass is most 

available in the Duck Mountain region, in the area around Russell, and north of Portage la Prairie. 

Wetland biomass is highest in the Interlake region, and lowest in the Red River valley where 

agriculture dominates land use. Biomass supply is mapped in Figure 20 and Figure 21. 

 
Figure 19: Agricultural biomass availability per year, based on analysis of data from Manitoba Agricultural 

Services Corporation (2018). 

y = 52792x - 1E+08
R² = 0.5902

0

500,000

1,000,000

1,500,000

2,000,000

2,500,000

1
9

9
3

1
9

9
4

1
9

9
5

1
9

9
6

1
9

9
7

1
9

9
8

1
9

9
9

2
0

0
0

2
0

0
1

2
0

0
2

2
0

0
3

2
0

0
4

2
0

0
5

2
0

0
6

2
0

0
7

2
0

0
8

2
0

0
9

2
0

1
0

2
0

1
1

2
0

1
2

2
0

1
3

2
0

1
4

2
0

1
5

2
0

1
6

2
0

1
7

to
n

n
es

Biomass availability per year



 

88 

 

 

 

 

Figure 20: Average annual agricultural, riparian, and wetland biomass availability throughout Manitoba, 

based on analysis of data from Manitoba Agricultural Services Corporation (2018). 

 

Figure 21: Average annual biomass of all categories available throughout Manitoba, based on analysis 

of data from Manitoba Agricultural Services Corporation (2018). 
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5.5. Biomass Supply Synopsis 

This analysis of available biomass is relatively consistent with other assessments performed 

on potential supply in Manitoba, for example in studies available from Prairie Practitioners Group 

(2008) and Levin et al. (2007). In the Prairie Practitioners study, a less-conservative requirement for 

soil conservation was used with an assumption 750 kg/ha of straw to remain on soil. For this study it 

was determined that the more conservative 22% harvest was a stronger assumption based on the 

experimental basis for that harvest rate (Lafond et al. 2012). While the agricultural biomass 

availability is better understood in Manitoba, it is potentially overwhelmed by the supply of wetland 

and riparian biomass.  
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6. Phosphorus and Ecosystem Services in Lake Winnipeg 

 

As the concept of ES is relatively nascent and not yet incorporated into mainstream decision-

making, it may be useful to examine it in the context of a challenging ecological problem: the 

eutrophication of Lake Winnipeg. This section provides background on Lake Winnipeg’s ecological 

situation, considers the concept of ES in the Lake Winnipeg context, and attempts to put an economic 

value on ES lost due to algae pollution. 

6.1. Overview of Lake Winnipeg and Ecosystem Services 

As described in detail in sections 2.2.9 and 4.1, Lake Winnipeg, the 10th largest freshwater 

body in the world, is suffering from algal blooms caused by nutrient over-enrichment.  

There is widespread concern at the state of Lake Winnipeg, largely due to the proliferation of 

algal blooms that have intensified since the 1990s, in concert with increasing P-loading to the lake. 

Anecdotal evidence suggests this loading has resulted in decreased ES to the lake, primarily in terms 

of water-based recreation activities, and commercial fishing. Data on commercial fishing impact of 

eutrophication is not available, but the impacts of increased P-loading are documented, as outline in 

section 6.1 above. The concerns have resulted in the government pursuing a reduction in P-loading 

by 10% to pre-1990 levels (Lake Winnipeg Stewardship Board 2006a). While this is a notable goal, 

the physical basis for such for such a target is unknown, as there is considerable uncertainty in the 

amount of P-loading to Lake Winnipeg. For example, in 2006 the Lake Winnipeg Stewardship Board 

estimated total P-loading to be 7800 t/yr, while data used recently by Binding et al. (2018) using 

2002-2011 data estimates an average of 9048 t/yr (Lake Winnipeg Stewardship Board 2006a; 

Binding et al. 2018). Additionally, quantification of the sources of phosphorus has been done, but 

there remain questions around these data (McCullough et al. 2012; Schindler et al. 2012; Mann and 



 

91 

 

Grant 2015; Benoy et al. 2016; Bunting et al. 2016). Following the question of loading sources, there 

is uncertainty on exactly how P-loading results in algal blooms in the lake, with unanswered 

questions about the role of internal loading and hydrology (Mayer et al. 2006; McCullough et al. 

2012; Matisoff et al. 2017). Finally, the connection between algal blooms an ES is unassessed. Overall, 

a framework following the steps between P-loading and ES is presented in Figure 22. 

 

 

 

The concept of ES has been used for looking at lake and watershed systems extensively, looking 

at both total values and marginal values of changes. A global meta-analysis of lake ES concluded that 

the world’s lakes are worth between $169 and $403 per person, per year (Reynaud and Lanzanova 

2017). While the literature on this topic is extensive, there are a few studies of relevance. An 

examination of Lake Rotorua, used a combination of market pricing and hedonic methods, 

determined that eutrophication damage has a cost of $14M-$48M per year (Mueller et al. 2016). The 

Replacement cost method was used to quantify the impact of water resource development on 

Indigenous Australians through reduced freshwater and marine seafood availability (Jackson et al. 

 

Figure 22: A depiction of how phosphorus loading affects Lake Winnipeg ES  
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2014). With much of the damage and enhancement of ES from freshwater bodies coming from 

watershed processes, studies have examined the impact of watershed activities on ES, with relevant 

examples on the Minnesota and Treene river catchments (Johnson et al. 2012; Haas et al. 2017).  

6.2. An Estimate of Lake Winnipeg’s Lost ES 

Several methods for estimating economic valuation of ecosystem services are presented in 

section 2.2.5. These methods have been applied widely, including for determining ES related to water 

quality. For this analysis the various methods were reviewed, but it was determined that the 

replacement cost method would be the most effective. The particular challenge has been to 

determine how measured changes in phosphorus loading in Lake Winnipeg’s watershed can relate to 

changes ES values to the resulting impact on the Lake’s trophic status.  

Stated preference techniques would be a challenge due to the difficulty in relating responses 

to algal abundance to P loading. Travel cost may not accurately reflect – visits may become shorter, 

requires data not available. For Lake Winnipeg, direct market valuation techniques would be a 

challenge as many of the variables related to the Lake’s ecosystems do not correspond to the 

provisioning services most applicable to this approach. The most direct market effect would be 

fishing revenue. Ultimately, the challenge is in relating P loading reductions to increases in ES values 

in the Lake. 

As described in section 2.2.5.1, replacement cost methods must be used only under the following 

conditions (Barbier 2007): 1) There are feasible alternatives that produce the same service; 2) The 

alternatives under consideration are the least-cost options; and 3) There is evidence that the service 

is in demand. This section will explore the valuation of the ES lost due to eutrophication of Lake 

Winnipeg using the replacement cost method, as information exists that would allow the method to 

be used in such a way as to satisfy the three above conditions. 
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The main support for this contention is derived from ICF Marbek (2012), which examined 

options for reducing P-loading to Lake Winnipeg through beneficial management practices (BMPs), 

as well as from wastewater treatment plant upgrades. The use of information presented in this 

report on abatement costs satisfies conditions #1 and #2 above. The Manitoba government has 

stated a policy of reducing P to 1970s levels, by reducing 10% of the P-loading to the lake. This policy 

appears to constitute evidence that the ES lost by the eutrophication of Lake Winnipeg is an issue, 

which, satisfies condition #3 above.  

Therefore, the valuation of ES lost due to algal blooms in Lake Winnipeg is equivalent to the cost 

of replacing these services through other means, namely by the options listed in the ICF Marbek 

(2012) report.  The value of the ES lost due to eutrophication is equal to the mass of P-loading 

reduction required, multiplied by the lowest cost options for reducing that P-loading as described in 

Equation 22: 

$𝐸𝑆𝑙𝑜𝑠𝑡(𝑝𝑒𝑟 𝑦𝑒𝑎𝑟) =   𝑃𝑟𝑒𝑑𝑢𝑐𝑒𝑑 (
𝑡𝑜𝑛𝑛𝑒𝑠

𝑦𝑒𝑎𝑟
) ∗ 𝐶𝑜𝑠𝑡𝑃𝑟𝑒𝑑𝑢𝑐𝑒𝑑 (

$
𝑡𝑜𝑛𝑛𝑒
𝑦𝑒𝑎𝑟

) [22] 

 

The Province of Manitoba has declared a 10% reduction target. If one assumes the higher P 

loading estimate used by Binding et al. (2018) to be most up-to-date, rather than that of the Lake 

Winnipeg Stewardship Board (2006a); a 10% reduction equates to 905 tonnes per year. The cost 

curve presented by ICF Marbek (2012) shows the average cost per tonne of a 700 tonne reduction is 

$410,473/t (based on a weighted average of the values presented in Exhibit 20 of the ICF Marbek 

(2012) report (their analysis does not does not contemplate reduction above 700 t).  

The cost of lost ES to Lake Winnipeg is therefore approximately $371,478,185 per year. This 

value would also be approximately equal to the cost of restoring the lost ES. It must be noted that 

this valuation of $371.4 M is mainly for demonstration purposes. There are several factors which 
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serve to undermine this process. The primary reasons for caution around this valuation are as 

follows. Firstly, actual Lake Winnipeg P-loading rates have not been definitively ascertained, as 

demonstrated by the difference in values used by the Lake Winnipeg Stewardship Board (2006a) and 

Binding et al. (2018).  Secondly, despite progress in understanding the relationship between P- 

loading and algal blooms as depicted by Binding et al. (2018), further study in this regard is required 

to understand the relationship and the role of internal P-cycling within the lake as highlighted by 

Matisoff et al. (2017) and Nürnberg and LaZerte (2016). Thirdly, the connection between point and 

non-point P loading to Lake Winnipeg is not clear (Bourne et al. 2002; Benoy et al. 2016; Rattan et al. 

2017). Fourthly and perhaps most importantly, the connection between algal blooms and human 

values has not been definitively ascertained. However, this methodology is useful and does provide 

some context for understanding the complexity of Lake Winnipeg restoration, and the value 

calculated can serve as a guide to the level of investment required for the Lake Winnipeg to return to 

an earlier, more desirable, trophic state. 

6.2.1. Additional Lake Winnipeg Valuation Studies 

The valuation of $371M can be taken into context of other studies to determine the ES of Lake 

Winnipeg. A valuation exercise was conducted in 2008 by the International Institute for Sustainable 

Development to determine how ES in the Manitoba portion of the Lake Winnipeg watershed have 

changed since settlement by Europeans, and the subsequent transformation of natural forest, 

wetland and prairie areas to agricultural farmland (International Institute for Sustainable 

Development 2008).  The estimates were made by using agricultural soil maps for Manitoba and 

inferring the land cover types that led to the formation of those soils. An exercise was then 

performed to estimate the value of a suite of ES that those habitats provided. Those services were 

classified broadly as water quality and quantity, climate change, biodiversity, material benefits, and 

environmental integrity. The values for all these services before settlement were estimated at $0.5B 



 

95 

 

to $3.1B per year (in 2007 dollars). It must be noted that the valuation exercise is rather coarse and 

subject to an unquantified margin of error. 

While the ES values above are ballpark values, they can be compared with the actual 

economic value from this land in its present agricultural state. From Statistics Canada’s 2010 farm 

financial statistics, 15,690 Manitoba farms had average operating revenues of around $344 K with 

expenses of $284 K, for net income of around $60 K (Statistics Canada 2016). Aggregated for the 

15,690 farms, this equates to around $942 M. It is also worth noting that agriculture has a multiplier 

effect on the provincial economy, so the $942 M is likely amplified two or three times (OECD 2009b). 

While the pre-settlement ES estimates are considerably rough, the implication of this figure in 

comparison with net farm income for the same region is that the value of the ES lost by converting 

natural areas into farmland ranges considerably higher (up to three times) than the commercial 

value of goods produced on those farms. 

While these estimates are for the entire Manitoba portion of the Lake Winnipeg watershed, it 

could be inferred that the phenomenon of net loss of value is more pronounced in the Red River as 

this is an area where the majority of original habitat (over 90% in some municipalities adjacent to 

the river) has been converted into agriculture and includes some of the best farmland in Manitoba. 

Table 7 summarizes the two valuation studies above along with the one calculated in this 

exercise.  
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6.3. Lake Winnipeg ES Valuation Summary 

The results of this exercise produced a value for a narrow range of ES using the replacement cost 

method. This effort did result in a value of the ES lost through increased algal abundance on Lake 

Winnipeg. However, this exercise has demonstrated the considerable challenges in estimating ES in a 

robust manner for a waterbody such as Lake Winnipeg. The main challenges in performing this type 

of exercise are around ecological understanding and on human values. Assumptions must be made 

about ecological cause and effect relationships that may not be defensible. In this case, the recent 

paper by Binding et al. (2018) was able to provide context for the relationship between P-loading 

and algal blooms, the research was limited by the amount of available data such as the lack of data on 

P loading and algal blooms in lower P loading years such as the 1970s. A second challenge is to 

determine the connection between ecological functioning and human values. While little is known 

about how P loading affects algae, even less is known about how algae affects human behaviour and 

values. The province of Manitoba has determined 1970s-era algal abundance to be the desired state, 

but there is little to substantiate this announcement.  Despite the challenges, this approach used 

above is useful for determining the value of ES lost, and for determining how much investment will 

be required to restore the lake. 

Table 7: Results of ES studies for Lake Winnipeg 

Study ES examined Value 

This study Loss of ES due to 
eutrophication 

$371.4M 

International Institute for 
Sustainable Development (2008) 

Pre-settlement ES (water 
quality and quantity, climate 
change, biodiversity, material 
benefits, and environmental 
integrity) 

$500M-$3.1B 

Agricultural receipts (Statistics 
Canada 2016) 

Post-settlement agricultural 
production 

$942M 
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7. Spatial Optimization of a Biorefining Supply Network to Enhance 

Lake Winnipeg 

 

Considerable research and analysis has been carried-out on the siting of facilities to maximize 

operational efficiency. The concept of spatial optimization analysis has existed for centuries and has 

seen wider application with the development of computing power and numerical methods for more 

effective computation of such calculation-intensive analysis. The concept of spatial optimization has 

seen application in a diversity of areas, including health care, manufacturing, emergency services, 

transportation, and communication networks.  

Several studies have been conducted on spatial optimization for biorefining in recent years. A 

number of these are described in Section 2.1.3. These studies mainly consider the setup of a 

biorefining supply network to maximize various operational aspects. However, as part of the original 

premise of biorefining is improved environmental outcomes, sustainable development outcomes 

should also be considered. This exercise was designed to examine the potential for a biorefining 

network in Manitoba to optimize both efficiency of feedstock supply and reducing P loading under 

three scenarios. The scenarios being considered are: 1) a biorefinery supplied by agricultural 

biomass; 2) a biorefinery supplied by both agricultural biomass as well as riparian and wetland 

benefits which have a greater potential to improve water quality; and 3) a biorefinery network that 

includes an ES incentive subsidy to increase the use of riparian and wetland biomass. 

7.1. Optimization Methods 

This optimization analysis was conducted using SpatialES, a computer model developed for 

this purpose. SpatialES (described in Chapter 3) is a model coded in MATLAB that uses agronomic 

production data and GIS land use data to determine available biomass, to determine potential for 
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phosphorus reductions through biomass harvest, and to site a biorefinery to maximize both supply 

logistics efficiency and removal of phosphorus from watersheds. Data input includes crop production 

for 96 Manitoba RMs, for the 13 major crops, for 25 years of available data.  

The number of combinations of biorefinery location and source RMs is equal to the factorial of 

the number of RMs. In the case of this model with 96 RMs, there are 9.916779e+149 spatial 

arrangements possible. However, to maximize computational efficiency, the model does not evaluate 

all combinations. Instead, for each potential biorefinery RM it ranks potential supply RMs according 

to distance. It then selects supply RMs beginning with the nearest until the modeled plant capacity is 

reached, at which point it stops computing for that particular RM. In essence, the model produces 96 

possible solutions (the lowest possible supply cost for each RM) and selects the lowest cost RMs as 

the optimal solution.  

7.2. Biorefinery Siting Results 

The model can analyze for any biorefinery plant demand greater than 0 but will be limited by 

the total available supply. In this exercise, the model has been run using the three scenarios: 

1) Biorefinery receiving only agricultural biomass as feedstock; 

2) Biorefinery receiving agricultural biomass, as well as riparian and wetland biomass; 

3) Biorefinery receiving agricultural, riparian and wetland biomass along with an incentive 
payment based on the phosphorus removal potential from riparian and wetland biomass. 

 

The results presented in this section are for four model runs, representing four different plant 

capacities: Run 1 is for a hypothetical 1.7 Mt biorefinery. While not typical a typical size, it was 

selected to illustrate the difference in supply geography when riparian and wetland biomass is 

included. Run 2 is for a 700 Kt biorefinery, Run 3 for a 250 kt biorefinery. These represent a range of 

sizes for typical cellulosic ethanol facilities. Run 4 for a 50 kt biorefinery, typical for a pellet mill. The 
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use of different refinery sizes is intended to test how the SpatialES model will shift the optimum 

position based on scale.  

The results for the 1.7 Mt and 700 kt plants are plotted in Figure 23. The results of Run 3 and 

Run 4 are presented in Figure 24. The total amount of biomass used in these scenarios is 

summarized in Table 8 and Table 9 respectively. 

Predictably, the model demonstrates that biorefineries should be sited in areas of high 

biomass concentration and should be sourced by the closest RMs. Also, it reveals that larger 

biorefineries must draw from a wider area. The results also demonstrate that drawing wetland and 

riparian biomass (Scenarios 2, and 3) alters the spatial configuration significantly, with facilities 

siting in areas with high concentration of wetland areas. Due to the higher concentrations of wetland 

biomass, the area of demand for biorefineries using wetland biomass is considerably smaller. 

Interestingly, incenting phosphorus removal through a payment equivalent to the ES value of P 

removal (Scenario 3) does not produce significantly different results from Scenario 2. The results 

also reveal the effectiveness of biorefineries at removing phosphorus, with Scenarios 2 and 3 

removing the most, though with little difference between the two (see Table 10 and Table 11). Table 

10 and Table 11 also detail results in terms of P loading and hauling costs. Scenarios with wetland 

and riparian biomass included reveal that greater P loading reductions are possible with such 

biomass included. The results also reveal the extent to which biorefinery scale may be limited by 

capacity. As biorefinery size increases, the unit cost of transporting biomass per tonne increases 

dramatically, from nearly $40 per tonne in Scenario 1 of the 1.7 Mt plant, to less than $10 for 

Scenario 2. Similarly, the transport costs per tonne for smaller plants are below $2 per tonne. In all 

cases they are considerably lower when wetland and riparian biomass is included. 
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Figure 23: Results of Run 1 and Run 2 under the three scenarios, based on analysis of data from Manitoba 

Agricultural Services Corporation (2018). 

Table 8: Quantities of biomass types demanded by biomass plants under Runs 1 and 2. 

Run  1 1 1 2 2 2 

Scenario  1 2 3 1 2 3 

Plant capacity t 1,700,000 1,700,000 1,700,000 700,000 700,000 700,000 

Agricultural biomass used t 1,447,200* 241,860 241,860 705,340 51,825 51,825 

Riparian biomass used t 0 114,800 114,800 0 6,560 6,560 

Wetland biomass used t 0 1,384,980 1,384,980 0 786,380 786,380 

Total biomass used t 1,447,200 1,741,600 1,741,600 705,340 844,760 844,760 

 *maximum available agricultural biomass 
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Figure 24: Results of Run 3 and Run 4 under the three scenarios. 

 

Table 9: Quantities of biomass types demanded by biomass plants under Runs 3 and 4. 

Run 
 

3 3 3 4 4 4 

Scenario 
 

1 2 3 1 2 3 

Plant capacity t 250,000 250,000 250,000 50,000 50,000 50,000 

Agricultural biomass used t 254,220 223 223 50,950 23,714 23,714 

Riparian biomass used t 0 820 820 0 12,300 12,300 

Wetland biomass used t 0 252,560 252,560 0 29,520 29,520 

Total biomass used t 254,220 253,600 253,600 50,950 65,534 65,534 
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Table 10: Quantities of biomass types demanded by biomass plants under Runs 3 and 4. 

Run 
 

1 1 1 2 2 2 

Scenario 
 

1 2 3 1 2 3 

Plant capacity t 1,700,000 1,700,000 1,700,000 700,000 700,000 700,000 

P removed from 
agricultural 
biomass 

t 1,568.1 291.1297 291.1297 758.1046 38.8137 38.8137 

P removed from 
riparian biomass 

t 0 287 287 0 16.4 16.4 

P removed from 
wetland biomass 

T 0 3,462.5 3462.5 0 1966 1966 

Total P removed T 1,568.1 4,040.6 4040.6 758.1046 2021.2 2021.2 

Total biomass 
hauling costs 

M$ 59.3 43.7 40.9 27.9 12.3 11.0 

Value of P 
reductions 

M$ 627.2 1.616 1,616.2 303.2 808.4 808.4 

Average hauling 
distance 

Km 166 40.2433 40.2433 84.5119 6.3232 6.3232 

Delivery cost per 
unit of biomass 

$/t 39.84 9.67 9.67 20.20 1.52 1.52 

 

Table 11: Quantities of biomass types demanded by biomass plants under Runs 3 and 4. 

Run 
 

3 3 3 4 4 4 

Scenario 
 

1 2 3 1 2 3 

Plant capacity 
(tonnes) 

 
250,000 250,000 250,000 50,000 50,000 50,000 

P removed from 
agricultural 
biomass 

t 278.6701 0.5299 0.5299 56.6609 38.2787 38.2787 

P removed from 
riparian biomass 

t 0 2.05 2.05 0 30.75 30.75 

P removed from 
wetland biomass 

t 0 631.4 631.4 0 73.8 73.8 

Total P removed t 278.6701 633.9799 633.9799 56.6609 142.8287 142.8287 

Total biomass 
hauling costs 

$ 
millions 

9.4 4.3 4.3 1.4 1.8 1.5 

Value of P 
reductions 

$ 
millions 

111.4 253.5 253.5 22.7 57.1 57.1 

Average hauling 
distance 

km 38.2163 1.6698 1.6698 7.397 4.9922 4.9922 

Delivery cost per 
unit of biomass 

$/t 9.17 0.38 0.38 1.78 1.24 1.24 
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7.3. Optimization Discussion 

The development of the SpatialES model is an exercise aimed at determining the optimum 

spatial arrangement of a biomass facility and its supply locations considering the environmental 

benefit of wetland and riparian biomass. SpatialES results are designed to demonstrate that the 

optimal location of a biorefinery depends on biorefinery scale, as well as biomass feedstock type, 

considering agricultural wetland and riparian biomass. The exercise was also an exploration to 

determine how the spatial arrangement of a biorefining network could change if consideration is 

made for ES when considering the P removed from watersheds when harvesting biomass from 

natural areas such as wetlands and riverbanks.  

Consistent with expectations, the model demonstrates that biorefineries should be situated in 

areas of abundant biomass supply. Similar results have been demonstrated by many other 

biorefining optimization studies. However, these results also demonstrate that the spatial 

arrangement can change under different scenarios. Manitoba’s abundant wetlands, if harvested for 

biomass can considerably alter the optimized spatial configuration of biorefineries. When wetland 

and riparian biomass is used, the optimization shifts the optimum position to regions with abundant 

wetlands. In fact, the availability of a subsidy to incent biomass with higher phosphorus removal 

potential does not significantly alter the phenomenon. It seems the ability to access abundant supply 

close enough is sufficient to incent producers to set up where wetlands are prevalent.  

However, the current situation in Manitoba is that biomass is not being used to a large degree, 

be it agricultural, riparian, or wetland biomass. Public policy should be directed at spurring the 

development of biomass-demanding industries. Furthermore, as there are few processes that have 

been tested for wetland biomass, it seems that rather than incenting phosphorus removal through 

wetland harvesting, public policy would be better placed to develop and promote technologies that 

can make greater use of biomass, increasing its demand. 
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The SpatialES objective function was influenced by the objective functions of similar biomass 

optimizations that incorporate external factors. Examples of external factors that have been included 

are: road traffic congestion, location of competing industries, land use change, needs for inventory 

tracking, and others (Bai et al. 2011; Wang et al. 2013; Li et al. 2015; Almeida et al. 2016; Chugh et al. 

2016; Golecha and Gan 2016).  As the development of SpatialES was heavily informed by these 

studies, the objective function was set up in such a way that other factors could be included rather 

easily. Further research could be done to test the scale of biorefining potential in Manitoba. 

Questions could be asked about the products and by-products of the refining process. Finally, while a 

hypothetical phosphorus ES policy was tested, additional policy options could be modelled in a 

spatial optimization. 
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8. Conclusions 

 

The bioeconomy holds the promise of shifting humanity away from fossil fuels as the basic 

building blocks of much of the energy and materials we use today. Reaching this objective will 

involve considerable development in a variety of fields including biotechnology, genomics, 

agronomy, and crop science as well as in advanced technologies relating to human health. The 

bioeconomy has been on a growth trajectory, and this is expected to outpace other sectors for 

several decades (OECD 2009a, 2018).  

One of the main advantages of the bioeconomy over the fossil fuel economy is that it can lead 

to sustainable development outcomes and enhanced ecosystem services; such as reduced 

greenhouse gas emissions, improved biodiversity, and better water quality. The purpose of this study 

was to test the bioeconomy’s potential for improving water quality by reducing phosphorus loading 

to Lake Winnipeg, ultimately enhancing its ES. The test was conducted by modelling an optimized 

biorefinery supply network for Manitoba, a province where much of the land drains into Lake 

Winnipeg, which is increasingly eutrophying. The use of biomass, and novel sustainable biomass 

feedstocks such as cattail, can reduce nutrient loading. The analysis conducted in this study tested 

how a biorefinery can be designed to optimize this benefit by creating incentives for biorefiners to 

use wetland and riparian biomass, which can reduce P loading. A computer model, SpatialES, was 

designed for this study and used agronomic and GIS data, but the model also revealed several 

relevant features about biomass and nutrient loading in Manitoba.  

This thesis is intended to make contributions in the following areas: 

Understanding the dynamics of phosphorus fertilizers in Manitoba, through the first fertilizer 

balance analysis to be performed in Manitoba (Chapter 4), 
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Estimating the total biomass available to be harvested sustainably in Manitoba from 

agricultural waste as well as from wetland and riparian biomass (Chapter 5), 

Evaluating the ecosystem services benefits from improving water quality in Lake Winnipeg by 

providing an economic valuation of phosphorus pollution (Chapter 6), 

Using spatial optimization analysis to determine the optimal location of a cellulosic 

biorefinery in Manitoba (Chapter 7). 

 

8.1. Balance of P fertilizers in Manitoba 

The first objective was to understand the dynamics of phosphorus fertilizers in Manitoba, 

through the first fertilizer balance analysis to be performed for the province. The findings of this 

exercise were described in Chapter 4. This exercise used available data for insured crops in Manitoba 

(approximately 58% of total Manitoba cropland) for which detail was available for a 25 year period 

(1993-2017). The analysis revealed that Manitoba farmers are largely efficient in their use of P. Over 

the 25 year period of record, 929,720 t of P fertilizer were added, and 712,414 t, or 77% or it, was 

removed in the harvested portion of the crop. Some crops, mainly soybeans, corn, winter wheat and 

hay crops saw P deficits, in that more was removed by crops than was added to the fields. The 

greatest P surpluses were in the Interlake region, while the greatest deficits were in south-central 

Manitoba. Over time, greater proportions of P were removed, suggesting Manitoba farmers are 

becoming more efficient in their use of these fertilizers. Some possibility may be that there has been 

increasing focus on precision nutrient application, which may lead to less P being applied. Also, 

commodity prices have fluctuated over the period of record, and farmers may not have been 

fertilizing at the same rates during periods of high prices. 
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This was the first nutrient balance conducted for Manitoba farmland and revealed that P may 

be accumulating in Manitoba’s watersheds as the rates of surplus are not being seen in water quality 

measurements, suggesting that the surplus has not yet made its way to Lake Winnipeg. 

8.2. Total available biomass in Manitoba 

The availability of biomass for biorefining in Manitoba was quantified for agricultural straw 

and stover, from riparian biomass, and from wetland biomass. Available agricultural biomass was 

modelled based on straw-to-grain ratios for crops produced in Manitoba from 1993 to 2017. It was 

assumed that 22% of biomass could be removed without affecting soil carbon levels. Available 

riparian and wetland biomass availability was based on modelled assumptions of what could be 

removed from along Manitoba’s riparian areas and wetlands. 

The analysis indicates Manitoba would have had an annual average of 1.4 Mt of agricultural 

biomass available; around 630 kt of riparian biomass, and 6.7 Mt of wetland biomass available. The 

estimate of agricultural biomass is in line with other estimates for the province, but no other 

estimates have been done for riparian and wetland biomass. Agricultural biomass is abundant 

throughout the province, riparian biomass is more abundant in western Manitoba, while wetland 

biomass is highly abundant in the Interlake region.  

This was the first analysis to quantify non-conventional wetland and riparian biomass and 

revealed its abundance relative to more conventional agricultural residues, suggesting it is worthy of 

further consideration. 

8.3. Lake Winnipeg ES valuation 

Evaluating ecosystem services, and particularly marginal changes in ES due to changes in 

management practices can be challenging. Part of the challenge is to develop an understanding of 

how incremental changes in inputs affect the whole system. Ecological study of the watershed and 

limnological study of the lake has not yet reached the point that we can confidently predict the effect 
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of reduced P loading. However, to develop a reasonable estimate, the value of ES from reduced P 

loading was estimated using least-cost replacements as a proxy. It was estimated that the costs of 

reducing P loading by 10% to a level of lower algal abundance and improved ES would be around 

$410 per kg of P reduced. This valuation essentially places the cost of reduced ES to Lake Winnipeg 

due to P over-enrichment at over $371M per year. 

8.4. Optimizing biomass supply to a biorefinery 

The SpatialES model was designed to integrate the concepts of the above objectives: spatially 

optimizing supply to a hypothetical biorefinery to maximize efficiency of supply (minimizing 

transportation costs), as well as a scenario whereby Lake Winnipeg ES could be enhanced by 

incenting wetland and riparian biomass P removal. The model was run for four hypothetical 

biorefinery sizes: a hypothetical scenario demanding a quantity equivalent to all of Mantioba’s 

agricultural biomass; two scenarios approximately equivalent to a small and large cellulosic ethanol 

plants, and a small plant roughly equivalent to a pellet mill.  

When these concepts are brought together into the design of a spatially-optimized biorefining 

network, it is revealed that there is a potential for enhancing the public ecosystem services benefits 

from Lake Winnipeg. This study tested how a $400/kg/yr subsidy for harvesting phosphorus in 

wetland biomass would shift biorefining production towards wetlands, but the results suggest 

maybe be unnecessary. Overall, the research demonstrated the considerable potential that increased 

demand for biomass of all types would have for reducing P loading to Lake Winnipeg. In fact, a 10% 

reduction target could be achieved with a biorefinery making use of 700,000 t/yr of biomass. When 

wetland and riparian biomass is included in the supply, the amount of biomass required to reach the 

target is much lower. 

The abundance of biomass from wetlands as compared with agricultural wastes is enough to 

shift biorefiners towards wetland biomass, and an incentive based on the ES value of P loading 
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reduction. This research suggests that the role for public policy would be to invest in technologies 

that use wetland biomass, thus allowing the market to create the demand.  

Taken together, these findings reveal that spatial optimization can apply to the design of a 

biorefinery supply network in Manitoba, but also that it can apply to the design of policies to enhance 

the environmental benefits of the bioeconomy. In fact, this analysis reveals the opportunity that 

would be lost from not doing so.  

For the bioeconomy to evolve in a sustainable manner in Manitoba, there needs to be a focus 

on developing bioproducts that will use Manitoba’s wealth of biomass. To achieve this, significant 

effort needs to be invested in the development of new technologies and products that can make 

productive use of Manitoba’s biomass. 

8.5. Recommendations for future research 

This research revealed that Manitoba has a large supply of available biomass. This biomass is 

presently underutilized, and represents a tremendous opportunity for innovation and development, 

as well as for environmental improvements to Lake Winnipeg, and reduced GHGs. The analysis 

revealed the potential for reducing phosphorus loading to Lake Winnipeg, but the results also lead to 

additional research questions and possibilities. 

8.5.1. Further biomass supply optimization 

The current analysis considered biomass supply points essentially as being at the farm gate. 

However, there is considerable effort involved in getting biomass to the farm gate. In the case of 

agricultural biomass, this effort may involve swathing and baling of straw as the cutting is normally 

done as part of harvesting grains and oilseeds. Purpose-grown biomass crops such as switchgrass, 

wetland and riparian biomass is not necessarily a by-product of another process; it is the main 

product. For that reason, additional effort is required in harvesting these forms of biomass. 

Therefore, the cost of production of various biomass sources is a variable that could affect spatial 
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optimization. Such a process could easily be done with a slight modification to the SpatialES objective 

function as presented in Equation 23: 

𝑀𝑖𝑛𝑖𝑚𝑖𝑧𝑒 $ = ∑ ∑〖[(𝑚 ∙ 𝑐𝑚 + 𝑤 ∙ 𝑐𝑤)〗𝑘 ∙ 𝑑𝑗𝑘 ∙ 𝑡 − 𝑤𝑘 ∙ 𝑃]

𝑥

𝑘=1

𝑣

𝑗=1

[23] 

With the cm and cw are the costs of production of agricultural and wetland/riparian biomass 

respectively.  

Further work on biomass could explore the physical and chemical properties of various 

biomass crops, as these properties will have implications for their suitability for bioindustrial use.  

8.5.2. Scaling 

The SpatialES setup presented in this thesis had two levels: supply points and a single 

demand point. As described in Section 2.1.3, biorefining networks can be modelled for multiple 

levels, and for multiple demand points. It is conceivable that Manitoba could have multiple 

biorefineries as well as intermediate facilities where biomass may be collected and preprocessed or 

densified.  

The SpatialES model generally focuses on supply of biomass and the optimal siting of facilities 

relative to the supply. Research in other jurisdictions generally shows that it is uneconomic to haul 

biomass more than 80km to make cellulosic ethanol (Hess et al. 2007; Wright and Brown 2007). 

Ethanol is a mid-value bioproduct, but economies of scale are such that siting relative to biomass 

supply is more important than siting relative to demand locations for this product (Bai et al. 2011; 

Wang et al. 2013). For example, a biomass pellet mill may service demand locations relatively 

nearby. A cellulosic biorefinery located near a railway could be shipping product within a larger 

region, or across a continent. For a facility producing a very high value product, such as astaxanthin, 

its location relative to demand points may be less relevant as its product may be shipped by air 

profitably worldwide.  
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One strategy for mitigating the effect of shipping is to have intermediate densification 

facilities, whereby biomass is compressed into cubes or bales before being shipped elsewhere. This 

strategy is particularly relevant for low to mid value bioproducts such as ethanol, where large 

quantities of biomass are required but the costs of shipping input material can be a problematic 

factor.  

Scaling could also look at the implications of including jurisdictions outside Manitoba in the 

analysis, for example considering biomass sources from neighboring states and provinces, and 

demand points also located outside Manitoba. 

8.5.3. End products and by-products 

SpatialES was modeled with a hypothetical ethanol biorefinery as the demand location. This is 

because the greatest momentum for larger-scale biorefining has been ethanol. It is but one of many 

possible end products. Future research could be done to model the proximity to railheads, to cities, 

to airports, or to industrial facilities as factors contributing to the selection of an optimal location.  

Biorefineries can generate many by-products. These by-products can be considered waste, or 

they can be additional value streams. Examples of potential by-products include sludges such as 

leftover biomass, lignin, stillage, and wastewater. Below in Equation 24 is an example of the 

SpatialES objective function with additional terms added for two waste streams, one with a disposal 

cost, and one with market value. 

𝑀𝑖𝑛𝑖𝑚𝑖𝑧𝑒 $ = ∑ ∑[(𝑚 + 𝑤)𝑘 ∙ 𝑑𝑗𝑘 ∙ 𝑡

𝑥

𝑘=1

𝑣

𝑗=1

− 𝑤𝑘 ∙ 𝑃] 

− ∑ ∑ 𝑔 ∙ 𝑑𝑘𝑙 ∙ (𝐺 − 𝑡𝑔)

𝑦

𝑙=1

𝑣

𝑘=1

+ ∑ ∑ 𝑠 ∙ 𝑑𝑘𝑚 ∙ 𝑡𝑠 ∙ 𝑆

𝑧

𝑚=1

𝑣

𝑘=1

[24] 

The first line of the equation is the Scenario 3 of the SpatialES model (Equation 16), with two 

additional terms added for values of byproducts. The second term is for a hypothetical gaseous by-
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product with a market value (such as CO2).  The third term incorporates a hypothetical by-product 

with a net disposal cost (such as stillage). The variables in the second term are y, the number of CO2 

demand locations, g is the mass of CO2 produced, dkl is the distance from potential biorefinery 

location k to CO2 demand location l, and tg is the cost of transporting CO2 as a volume per unit 

distance, and G is the price per unit. 

The third term represents stillage disposal and treatment cost where z is the number of 

candidate stillage disposal locations, s is the volume of stillage produced, dkm is the distance from 

biorefinery candidate site k to stillage disposal site m, ts is the stillage transport cost, and S is the 

stillage treatment cost per unit volume. 

8.5.4. Policy options 

The SpatialES model was designed to test a policy of incenting biomass that has a benefit to 

the ES of Lake Winnipeg. Other policy priorities could suitably be modelled. For example, reducing 

GHG emissions is a goal of many governments. In this instance, the benefits of GHG emission 

reductions would be dependent on the end product portfolio, as biofuels could substitute for fossil 

fuels in many cases. Spatial optimization could be used to select between end products considering 

GHG incentives for various products. 

Other policies that could be tested include the prioritization of: energy security, increased 

rural employment, increased use of renewables, and crop diversification among many others. 
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Appendix A: Manitoba Agricultural Characterization 

 

Contained in this section are maps and graphs based on additional data from Manitoba 

Agricultural Services Corporation (2018). The data includes application of nitrogen, phosphorus and 

sulfur fertilizers, as well as crop production data for 13 crops. 
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Nitrogen total addition and application rate 

 

 

Figure A- 1: Total nitrogen added to insured crops in Manitoba, 1993-2017. 

 

Figure A- 2: Average nitrogen addition rate to insured Manitoba crops, 1993-2017. 
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Potassium total addition and application rate 

 

 

Figure A- 3: Total potassium added to insured crops in Manitoba, 1993-2017. 

 

 

Figure A- 4: Average potassium addition rate to insured Manitoba crops, 1993-2017. 
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Sulfur total addition and application rate 

 

Figure A- 5: Total sulfur added to insured Manitoba crops, 1993-2017. 

 

Figure A- 6: Average sulfur addition rate to insured Manitoba crops, 1993-2017. 
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Nitrogen Potassium and Sulfur application rate by crop type 

 

 
Figure A- 7: Average nitrogen addition rate per insured Manitoba crop, 1993-2017. 

 
Figure A- 8: Average potassium addition rate per insured Manitoba crop, 1993-2017. 
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Figure A- 9: Average sulfur addition rate per insured Manitoba crop, 1993-2017. 
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Nitrogen Potassium and Sulfur Total Addition per RM 

 

 

 

 

 

Figure A- 10: Average total annual nitrogen, potassium, and sulfur addition to insured crops per RM, 1993-2017. 
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Nitrogen Potassium and Sulfur application rate per RM 

 

 

 

 

 

Figure A- 11: Average annual nitrogen, potassium, and sulfur addition rate to insured crops, 1993-2017. 
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Most Prevalent Crop in Each RM by Area 

 

 

 

 

Figure A- 12: Most prevalent crop in each RM, 1993-2017. 
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Winter Wheat Crop Production 

 

Figure A- 13: Total yield (top panel), average yield per hectare (middle panel) and growing area for insured 

winter wheat in Manitoba, 1993-2017. 
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Figure A- 14: Average growing area, total harvest and yield of insured winter wheat, 1993-2017. 
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Hay and Fodder Production 

 

Figure A- 15: Total yield (top panel), average yield per hectare (middle panel) and growing area for insured hay 

and fodder crops in Manitoba, 1993-2017. 
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Figure A- 16: Average growing area, total harvest, and yield of insured Manitoba Hay and Fodder, 1993-2017. 
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Forage Seed Production 

 

Figure A- 17: Total yield (top panel), average yield per hectare (middle panel) and growing area for insured 

forage seed in Manitoba, 1993-2017. 
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Figure A- 18: Average growing area, total harvest and yield of insured forage seed, 1993-2017. 
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Sunflower Production 

 

Figure A- 19: Total yield (top panel), average yield per hectare (middle panel) and growing area for insured 

sunflower in Manitoba, 1993-2017. 
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Figure A- 20: Average growing area, total harvest and yield of insured winter wheat, 1993-2017. 
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Alfalfa Production 

 

Figure A- 21: Total yield (top panel), average yield per hectare (middle panel) and growing area for insured 

winter wheat in Manitoba, 1993-2017. 
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Figure A- 22: Average growing area, total harvest and yield of insured alfalfa, 1993-2017. 
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Canola Production 

 

Figure A- 23: Total yield (top panel), average yield per hectare (middle panel) and growing area for insured 

canola in Manitoba, 1993-2017. 
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Figure A- 24: Average growing area, total harvest and yield of insured canola, 1993-2017. 

 

  



 

143 

 

Barley Production 

 

Figure A- 25: Total yield (top panel), average yield per hectare (middle panel) and growing area for insured 

barley in Manitoba, 1993-2017. 
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Figure A- 26: Average growing area, total harvest and yield of insured barley, 1993-2017. 
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Fall Rye Production 

 

Figure A- 27: Total yield (top panel), average yield per hectare (middle panel) and growing area for insured rye 

in Manitoba, 1993-2017. 
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Figure A- 28: Average growing area, total harvest and yield of insured rye, 1993-2017. 

 

  



 

147 

 

Corn Production 

 
Figure A- 29: Total yield (top panel), average yield per hectare (middle panel) and growing area for insured corn 

in Manitoba, 1993-2017. 
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Figure A- 30: Average growing area, total harvest and yield of insured corn, 1993-2017. 
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Oat Production 

 

Figure A- 31: Total yield (top panel), average yield per hectare (middle panel) and growing area for insured oat 

production in Manitoba, 1993-2017. 

  



 

150 

 

 

 

 

 

 

Figure A- 32: Average growing area, total harvest and yield of insured oat production, 1993-2017. 
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Soybean Production 

 

Figure A- 33: Total yield (top panel), average yield per hectare (middle panel) and growing area for insured 

winter wheat in Manitoba, 1993-2017. 
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Figure A- 34: Average growing area, total harvest and yield of insured soybean, 1993-2017. 
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Spring Wheat Production 

 

Figure A- 35: Total yield (top panel), average yield per hectare (middle panel) and growing area for insured 

spring wheat in Manitoba, 1993-2017. 
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Figure A- 36: Average growing area, total harvest and yield of insured spring wheat, 1993-2017. 
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Flax Production 

 

Figure A- 37: Total yield (top panel), average yield per hectare (middle panel) and growing area for insured flax 

in Manitoba, 1993-2017. 
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Figure A- 38: Average growing area, total harvest and yield of insured flax, 1993-2017. 
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Appendix B: SpatialES Source Code 

 

 

%% basic parameters 

  

%  

  

UserIncludeWetlandMass=1; 

UserIncludeWetlandValue=1; 

UserPValue=400; %%per kg of P in wetland and riparian; 2.3kg/t 

UserPlantCapacity=700000; 

UserHaulCost=0.24; %%cents per tonne per kilometer, from MB biomass 

worksheet 

NumYears=25;  %%Number of years of input data 

BiomassAvailable=0.22;  %%Available biomass according to Heard and Hay 

BiomassLossSpoilage=0.18; %%assumed amount of biomass loss and spoilage 

UserWetlandPContent=2.5; %%kg P/tonne biomass 

  

%% Input Data from Excel 

ZZExcelData=importdata('C:\MATLAB\Fertilizer Data 1993-2017 B.xlsx'); 

MuniName=ZZExcelData.textdata.RMs; 

NumCrops=numel(ZZExcelData.textdata.CropHeading)/8; 

NumUnits=numel(ZZExcelData.textdata.UnitHeading)/8; 

NumMuni=numel(ZZExcelData.textdata.RMs); 

NumEasting=numel(ZZExcelData.data.GeoCoordinates(:,1)); % imported from 

MS Excel 

MuniEasting=ZZExcelData.data.GeoCoordinates(:,1); 

MuniNorthing=ZZExcelData.data.GeoCoordinates(:,2); 

for CountCrop=1:NumCrops 

    

TextCropName(CountCrop)=ZZExcelData.textdata.CropHeading(CountCrop*8); 

end 

  

for CountCrop=1:NumCrops 

    TextUnit(CountCrop)=ZZExcelData.textdata.UnitHeading(CountCrop); 

end 

ImpOptimalCropYield=ZZExcelData.data.NutrientRemovalRates(1,:)';  

ImpCFIrate=ZZExcelData.data.NutrientRemovalRates(2,:)'; 

ImpHHrate=ZZExcelData.data.NutrientRemovalRates(3,:)'; 

  

  

%% Fertilizer Balance 

%%P added 

  

for CountMuni=1:NumMuni 

    for CountCrop=1:NumCrops 
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        for CountYear=1:NumYears 

            Column=CountCrop*8-6; %%crop area appears on second column 

for each crop, out of 8 colums per crop 

            

CropTonnageAllMuniAllCropAllYear(CountMuni,CountCrop,CountYear)=ZZExcel

Data.data.(sprintf('x%04d',CountYear+1992))(CountMuni,Column+1);%%*ZZEx

celData.data.(sprintf('x%04d',CountYear+1992))(CountMuni,Column+1); 

%%ouputs total annual tonnage for year __ of crop i in tonnes 

            

NAddAllMuniAllCropAllYear(CountMuni,CountCrop,CountYear)=ZZExcelData.da

ta.(sprintf('x%04d',CountYear+1992))(CountMuni,Column+3)*0.453592/1000;  

%%  calculates elemental N added per crop from input data of pounds of 

P2O5 per area, converted to tonnes             

            

PAddAllMuniAllCropAllYear(CountMuni,CountCrop,CountYear)=ZZExcelData.da

ta.(sprintf('x%04d',CountYear+1992))(CountMuni,Column+4)*0.453592*0.44/

1000;  %%  calculates P added per crop from input data of pounds per 

area, converted to tonnes 

            

KAddAllMuniAllCropAllYear(CountMuni,CountCrop,CountYear)=ZZExcelData.da

ta.(sprintf('x%04d',CountYear+1992))(CountMuni,Column+5)*0.453592/1000;  

%%  calculates K added per crop from input data of pounds per area, 

converted to tonnes 

            

SAddAllMuniAllCropAllYear(CountMuni,CountCrop,CountYear)=ZZExcelData.da

ta.(sprintf('x%04d',CountYear+1992))(CountMuni,Column+6)*0.453592/1000;  

%%  calculates S added per crop from input data of pounds per area, 

converted to tonnes 

            

CropArea(CountMuni,CountCrop,CountYear)=ZZExcelData.data.(sprintf('x%04

d',CountYear+1992))(CountMuni,Column)*0.404686; 

        end 

    end 

end 

  

  

CropMassAllMuniAllCropPerYear=squeeze([sum(CropTonnageAllMuniAllCropAll

Year,1)]); %%calculates sums tonnage for each crop for all 

municipalities for each year into a NumCropxNumYear matris 

CropMassPerCropAllYearAllMuni=squeeze([sum(CropMassAllMuniAllCropPerYea

r,2)]); %%calculates total for each crop for all years into a NumCrop 

by 1 Matrix 

  

CropAreaPerYearAllMuniAllCrop=squeeze([sum(CropArea,1)]);  %%calculates 

crop area for each crop for all municipalities for each year 

CropAreaAllYearAllMuniPerCrop=squeeze([sum(CropArea,2)]); %% calculates 

crop area for each crop for all years all municipalities 
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CropAreaPerMuniAllYearAllCrop=squeeze(sum(CropAreaAllYearAllMuniPerCrop

,2))/NumYears; %%calculates crop area average for all years for all 

municipalities 

  

  

PAddPerYearPerMuniAllCrop=squeeze(sum(PAddAllMuniAllCropAllYear,2)); 

%%calculates total P addtions per municipality per year for all crops 

PAddPerYearPerCropAllMuni=squeeze(sum(PAddAllMuniAllCropAllYear,1)); 

%%calculates total P additions per year for each crop aggregated for 

all municipalities 

PAddPerYearAllCropAllMuni=squeeze(sum(PAddPerYearPerCropAllMuni,1));%%c

alculates total P addtions per year aggreagated for all municipalities 

and crops 

PAddPerMuniAllYearAllCrop=squeeze(sum(PAddPerYearPerMuniAllCrop,2))/Num

Years; %% calculates average additions per year for all municipalities 

PAddPerAreaPerCropPerYearAllMuni=PAddPerYearPerCropAllMuni/CropAreaPerY

earAllMuniAllCrop; 

  

NAddPerYearPerMuniAllCrop=squeeze(sum(NAddAllMuniAllCropAllYear,2)); 

%%calculates total P addtions per municipality per year for all crops 

NAddPerYearPerCropAllMuni=squeeze(sum(NAddAllMuniAllCropAllYear,1)); 

%%calculates total P additions per year for each crop aggregated for 

all municipalities 

NAddPerYearAllCropAllMuni=squeeze(sum(NAddPerYearPerCropAllMuni,1));%%c

alculates total P addtions per year aggreagated for all municipalities 

and crops 

NAddPerMuniAllYearAllCrop=squeeze(sum(NAddPerYearPerMuniAllCrop,2))/Num

Years; %% calculates average additions per year for all municipalities 

  

KAddPerYearPerMuniAllCrop=squeeze(sum(KAddAllMuniAllCropAllYear,2)); 

%%calculates total P addtions per municipality per year for all crops 

KAddPerYearPerCropAllMuni=squeeze(sum(KAddAllMuniAllCropAllYear,1)); 

%%calculates total P additions per year for each crop aggregated for 

all municipalities 

KAddPerYearAllCropAllMuni=squeeze(sum(KAddPerYearPerCropAllMuni,1));%%c

alculates total P addtions per year aggreagated for all municipalities 

and crops 

KAddPerMuniAllYearAllCrop=squeeze(sum(KAddPerYearPerMuniAllCrop,2))/Num

Years; %% calculates average additions per year for all municipalities 

  

SAddPerYearPerMuniAllCrop=squeeze(sum(SAddAllMuniAllCropAllYear,2)); 

%%calculates total P addtions per municipality per year for all crops 

SAddPerYearPerCropAllMuni=squeeze(sum(SAddAllMuniAllCropAllYear,1)); 

%%calculates total P additions per year for each crop aggregated for 

all municipalities 

SAddPerYearAllCropAllMuni=squeeze(sum(SAddPerYearPerCropAllMuni,1));%%c

alculates total P addtions per year aggreagated for all municipalities 

and crops 
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SAddPerMuniAllYearAllCrop=squeeze(sum(SAddPerYearPerMuniAllCrop,2))/Num

Years; %% calculates average additions per year for all municipalities 

  

  

  

  

%%Caclulating P removal under different scenarios %%only HH used in 

thesis 

  

for CountMuni=1:NumMuni 

    for CountCrop=1:NumCrops 

        for CountYear=1:NumYears 

             

%%PRemCFI(CountMuni,CountCrop,CountYear)=ImpCFIrate(CountCrop)/ImpOptim

alCropYield(CountCrop)*PAddAllCropAllMuniAllYear(CountMuni,CountCrop,Co

untYear); 

             

PRemHH(CountMuni,CountCrop,CountYear)=ImpHHrate(CountCrop)/ImpOptimalCr

opYield(CountCrop)*CropTonnageAllMuniAllCropAllYear(CountMuni,CountCrop

,CountYear); 

        end 

    end 

end 

  

  

%%PRemCFIPerCropPerYearAllMuni=squeeze(sum(PRemCFI,1));  

PRemHHPerCropPerYearAllMuni=squeeze(sum(PRemHH,1)); %%matrix of P 

removed per crop per year all munis 

PRemHHPerMuniPerYearAllCrop=squeeze(sum(PRemHH,2));   %%matrix of P 

removed per Muni per Year all crops 

PRemHHPerMuniPerCropAllYear=squeeze(sum(PRemHH,3)); %%matrix of P 

removed per muni per per year all crops 

PRemHHPerYearAllMuniAllCrop=squeeze(sum(PRemHHPerMuniPerYearAllCrop,1))

; 

PRemHHPerMuniAllCropsAllYears=squeeze(sum(PRemHHPerMuniPerYearAllCrop,2

))/NumYears; 

  

  

  

  

%%PBalCFIAllYears=PAddAllCropAllMuniAllYear-PRemCFI; 

PBalHHAllMuniAllCropAllYear=PAddAllMuniAllCropAllYear-PRemHH; 

PBalHHAllMuniAllCropPerYear=squeeze(sum(PBalHHAllMuniAllCropAllYear,3))

/NumYears; 

PBalHHAllMuniPerCropAllYear=squeeze(sum(PBalHHAllMuniAllCropAllYear,2))

; 

PBalHHAllMuniPerCropPerYear=squeeze(sum(PBalHHAllMuniPerCropAllYear,2))

/NumYears; 
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%% Spatial Optimization 

%% determine rectilinear distances between RMs 

  

  

if NumMuni==NumEasting 

    MuniDists=zeros(NumMuni); 

else 

    disp('error in array') 

end 

for CountMuni=1:NumMuni 

    for CountMuni2=1:NumMuni 

    MuniDists(CountMuni,CountMuni2)=abs(MuniNorthing(CountMuni)-

MuniNorthing(CountMuni2))+abs(MuniEasting(CountMuni)-

MuniEasting(CountMuni2)); 

    end 

end 

  

%% Assemble biomass array from input tables 

%tables imported as MS Excel worksheets with names b[year] 

  

  

BiomassAllMuniAllCropAllYear=zeros(NumMuni,NumCrops,NumYears); 

  

for CountMuni=1:NumMuni 

    for CountCrops=1:NumCrops 

        for CountYear=1:NumYears 

            

BiomassAllMuniAllCropAllYear(CountMuni,CountCrops,CountYear)=CropTonnag

eAllMuniAllCropAllYear(CountMuni,CountCrops,CountYear)*ZZExcelData.data

.StrawGrainRatios(CountCrop); 

        end 

    end 

end 

  

  

  

  

  

%% determine yearly biomass totals for each RM 

%scenario: 22% of biomass removed, allowing for 18% post removal loss 

  

BiomassCropAvailAllMuniAllCropAllYear=BiomassAllMuniAllCropAllYear*Biom

assAvailable*(1-BiomassLossSpoilage); %%3 dimensional matrix of 

available biomass per year per crop per municpality 



 

162 

 

BiomassAvailAllCropAllYear=sum(BiomassCropAvailAllMuniAllCropAllYear,3)

/NumYears; %% 2 dimensional matrix of available biomass available per 

crop per municipality averaged over the number of years 

BiomassAvailAllCropAllMuniPerYear=squeeze(sum(BiomassCropAvailAllMuniAl

lCropAllYear,2)); %% 2 dimensional matrix of available biomass per 

municipality per year for the total of all crops 

  

BiomassRipPerMuniPerYear=ZZExcelData.data.WetlandRiparian(:,1)*(1-

BiomassLossSpoilage)*1000; %%imports Riparain data from excel, converts 

to tonnes from kilotonnes, and removes spoilage 

BiomassWetlandPerMuniPerYear=ZZExcelData.data.WetlandRiparian(:,2)*(1-

BiomassLossSpoilage)*1000; %%imports Wetland data from excel, converts 

to tonnes from kilotonnes, and removes spoilage 

BiomassAgPerMuniAllCropAllYear=sum(BiomassAvailAllCropAllYear,2); 

BiomassAvailAllYearsPerMuni=BiomassAgPerMuniAllCropAllYear+(BiomassWetl

andPerMuniPerYear+BiomassRipPerMuniPerYear)*UserIncludeWetlandMass; 

%Total Biomass Available for Analysis 

  

%% conduct spatial optimization of biomass totals 

  

  

HaulCostMetre=UserHaulCost/1000; 

HaulToMuniCost=zeros(NumMuni,NumMuni); 

  

  

%% determine hauling costs per tonne between municipalities 

  

UnitCostToMuni=MuniDists*HaulCostMetre; 

SortUnitCost=zeros(NumMuni); 

Index=zeros(NumMuni); 

for CountMuni=1:NumMuni 

    [SortUnitCost(CountMuni,:), 

Index(CountMuni,:)]=sort(UnitCostToMuni(CountMuni,:)); 

end 

  

  

%% Determine optimal RM for siting plant 

  

POptAg=zeros(NumMuni,1); 

POptRip=zeros(NumMuni,1); 

POptWet=zeros(NumMuni,1); 

POptTotal=zeros(NumMuni,1); 

NumOfMunis=zeros(NumMuni,1); 

BiomassRipUsed=zeros(NumMuni,1); 

BiomassWetUsed=zeros(NumMuni,1); 

BiomassAgUsed=zeros(NumMuni,1); 

MuniMass=zeros(NumMuni,1); 

DistTracker=zeros(NumMuni,NumMuni); 

for CountMuni=1:NumMuni     
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    for CountMuni2=1:NumMuni 

        if MuniMass(CountMuni)<UserPlantCapacity 

        

HaulToMuniCost(CountMuni,CountMuni2)=BiomassAvailAllYearsPerMuni(Index(

CountMuni,:)==CountMuni2)*SortUnitCost(CountMuni,Index(CountMuni,:)==Co

untMuni2)-

UserIncludeWetlandValue*UserPValue*UserWetlandPContent*(ZZExcelData.dat

a.WetlandRiparian(CountMuni2,1)+ZZExcelData.data.WetlandRiparian(CountM

uni2,2)); %%multiplies hauling cost by biomass cost, subtracts subsidy 

value by multiplying P value by weltnad biomass totlas (note, 

converting wetlandriparian to tonnes from kt) 

        

%%DistTracker(CountMuni,CountMuni2)=BiomassAvailAllYearsPerMuni(Index(C

ountMuni,:)==CountMuni2)*SortUnitCost(CountMuni,Index(CountMuni,:)==Cou

ntMuni2);%%/MuniDists(CountMuni,Index(CountMuni,:)==CountMuni2); 

        

DistTracker(CountMuni,CountMuni2)=MuniDists(CountMuni,Index(CountMuni,:

)==CountMuni2); 

        

MuniMass(CountMuni)=MuniMass(CountMuni)+BiomassAvailAllYearsPerMuni(Ind

ex(CountMuni,:)==CountMuni2);             

        

POptAg(CountMuni)=POptAg(CountMuni)+PBalHHAllMuniPerCropPerYear(Index(C

ountMuni,:)==CountMuni2)*BiomassAvailable*(1-BiomassLossSpoilage); 

        

POptRip(CountMuni)=POptRip(CountMuni)+BiomassRipPerMuniPerYear(Index(Co

untMuni,:)==CountMuni2)*UserWetlandPContent*UserIncludeWetlandMass/1000

; 

        

POptWet(CountMuni)=POptWet(CountMuni)+BiomassWetlandPerMuniPerYear(Inde

x(CountMuni,:)==CountMuni2)*UserWetlandPContent*UserIncludeWetlandMass/

1000; 

        

BiomassAgUsed(CountMuni)=BiomassAgUsed(CountMuni)+BiomassAgPerMuniAllCr

opAllYear(Index(CountMuni,:)==CountMuni2); 

        

BiomassWetUsed(CountMuni)=BiomassWetUsed(CountMuni)+BiomassWetlandPerMu

niPerYear(Index(CountMuni,:)==CountMuni2)*UserIncludeWetlandMass; 

        

BiomassRipUsed(CountMuni)=BiomassRipUsed(CountMuni)+BiomassRipPerMuniPe

rYear(Index(CountMuni,:)==CountMuni2)*UserIncludeWetlandMass; 

        else 

            HaulToMuniCost(CountMuni,CountMuni2)=0; 

            MuniMass(CountMuni)=MuniMass(CountMuni)+0; 

        end           

         

    end 

end 
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%% Determine optimal and plot results 

  

  

scatter(MuniEasting,MuniNorthing) 

hold on 

SumMuniCosts=mean(HaulToMuniCost,2); 

  

  

[MM,II]=min(SumMuniCosts); 

%%DistTrackerAverageThisScen=DistTrackerAverage(II)/BiomassAvailAllYear

sPerMuni(II)/UserHaulCost; 

DistTrackerAverage=mean(DistTracker(II,:))/1000; 

MuniName(II) 

hold on 

for CountMuni=1:NumMuni 

    if HaulToMuniCost(II,CountMuni)>0 

  

        NumOfMunis=NumOfMunis+1; 

        disp(MuniName(Index(II,CountMuni))); 

        

scatter(MuniEasting(Index(II,CountMuni)),MuniNorthing(Index(II,CountMun

i)),'filled','g'); 

        hold on 

    end 

scatter(MuniEasting(II),MuniNorthing(II),'filled','r'); 

hold on 

text(6e5,5.72e6,MuniName(II)); 

end 

POptTotal=POptAg+POptRip+POptWet; 

BiomassUsedTotal=BiomassRipUsed+BiomassWetUsed+BiomassAgUsed; 

  

disp (POptAg(II)); 

disp (POptRip(II)); 

disp (POptWet(II)); 

disp (POptTotal(II)); 

disp(BiomassAgUsed(II)) 

disp(BiomassRipUsed(II)) 

disp(BiomassWetUsed(II)) 

disp(BiomassUsedTotal(II)) 

disp (SumMuniCosts(II)); 

disp (DistTrackerAverage) 

  

 

 


