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Introduction 

In 2010, about 30 billion tons of anthropogenic carbon dioxide were emitted into earth’s 

atmosphere. In the absence of climate change policies, this amount is projected to double in the next 40 

years. Carbon dioxide levels affect not only the atmosphere but also the exchange of carbon between 

the world’s oceans, fauna, and flora. Changes to the carbon cycle have been shown to contribute 

significantly to global warming, which may lead to desertification of agricultural lands, floods and rising 

sea levels, and other severe consequences for the human race.  

Many coordinated international efforts attempt to limit the amount of anthropogenic carbon 

emitted; and while some have slowed the rate of increase, no one solution has emerged which can 

economically restore the carbon cycle to its pre-industrial-era balance. Perhaps the most well-known 

idea to stem carbon emissions is to use regenerative energy sources such as wind, water, and solar 

power. While carbon neutral, these energy sources are currently significantly more expensive than 

burning fossil fuels, and cannot yet provide the truly massive amounts of energy each year we derive 

from fossil fuels. Nuclear power does have the potential to offset significant carbon emissions, yet 

invokes considerably public risk, demonstrated as recently as spring of 2011 when a tsunami caused 

nuclear meltdowns in Japan. 

Another well-publicized idea is to capture and store carbon at the point of combustion—

generally coal power plants—referred to as “clean coal.” One of the most difficult problems with carbon 

capture technology is storage. Once captured, it is expensive and sometimes unsafe to put carbon in 

storage areas underground.  While the impact of clean coal is potentially large (over 20% of the United 

States’ carbon footprint is caused by burning coal),it still costs between $100 and $150 per ton of carbon 

dioxide sequestered—adding roughly 9 cents per kilowatt hour to (nearly doubling) consumer energy 

bills without subsidies (Johnson, 2009). Thus it is only possible with generous subsidies from the 
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government and is far from a self-sufficient solution. Finally, such technology usually results in a 

decrease of approximately 15% in productivity of the affected power plant (King, 2007).  

Another proposal to stem the emission of greenhouse gasses is to grow our energy as biofuels. 

The math here does not work in favor of sequestering carbon. For example, corn ethanol actually takes 

more energy to produce than it provides (Pimentel, 2004). Additionally, even at the small scale at which 

we have already tested biofuels, the resulting price increase in basic food supplies around the world has 

triggered shortages and even political unrest around the globe.  If the United States were to fuel just its 

motor vehicles with biofuels, it would consume roughly 97% of our food supply (Pimentel, 2004). 

Fortunately, there is one untapped carbon sink that has the potential to dramatically reduce the 

amount of anthropogenic carbon: the world’s forests. Trees (young trees in particular) naturally absorb 

carbon dioxide as they photosynthesize and grow.  Left on their own, these trees will eventually die, rot 

or burn, and so the forest will be carbon neutral. Even if much of it is harvested for lumber and  

sequestered in houses, furniture, and other wood products for many decades, much of the wood is left 

on the forest floor after harvesting, where it is eventually rereleased as carbon dioxide into the 

atmosphere—either via rotting or forest fire. 

While this method does involve costs in some environments, with an appropriate carbon tax or 

cap-and-trade system in place as currently in the European Carbon Trading Scheme, we believe it has 

the potential to be profitable. One of the goals of this paper is to estimate the cost per ton of carbon 

dioxide sequestered so as to determine the necessary cap-and-trade rates. 

There are a number of strategies available to prevent the carbon sequestered in this wood from 

being rereleased into the atmosphere, the simplest of which is to bury wood in holes dug on-site. Under 

proper burial conditions, carbon buried in this fashion would have a half-life of up to thousands of years 

(Zeng, 2008 ). The other idea we will advance in this paper is to pyrolyze the wood. Pyrolysis is a fast-
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burning at elevated temperatures in the absence of oxygen, producing a small amount of syngas; 

carbon-rich biochar, which can be used as fertilizer; and bio-oil, which can be refined into type-2 diesel 

fuel. While not sequestering as much carbon as burial, pyrolysis has the potential to generate revenues, 

and in certain cases is a more cost-effective method of sequestering carbon.  

In this paper we will focus primarily on the vast expanses of boreal forest in Canada, which—

under certain management techniques—could offset nearly 50% of worldwide carbon dioxide 

emissions. We have chosen to focus our research on Canada not only because of its large expanse of 

forests, but also due to the large amount of research and publicly available information regarding the 

relevant costs associated with sequestering carbon in its forest, compared to forests in less developed 

countries, like Brazil. In particular, we will study the economics of such steady state forest management 

solutions and conclude that the cost of these schemes is significantly lower than that of the present 

assortment of carbon-emissions-reducing schemes (below $50). 

Over the course of the past couple years, we have developed a dynamic model in Excel which 

allows the user to determine the cost of various carbon sequestration schemes in boreal Canada. The 

schemes are burial in currently managed forest, pyrolysis in currently managed forest, burial in currently 

unmanaged forest, and pyrolysis in currently unmanaged forest.  

In this paper, we analyze the cost and benefit of various methods of sequestering wood in the 

forests. Section 1 discusses the options is detail.  Section 2 discusses the Excel model that is used to 

estimate relative costs. Section 3 introduces linear programming techniques to optimize the costs, and 

section 5 gives conclusions and suggestions for further research. 

Section 1: Discussion of Options 
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One of the major inputs to the model is the rotation length, the time between harvests of the 

same land. Trees in Canada generally grow slowly, reaching their peak lifetime average growth rate at 

around 75 years old although this varies considerably based on species and climate. When the costs of 

harvesting are taken into account however, the optimal rotation time may be longer than one 

determined by purely physical factors. For more details regarding this issue, please refer to my colleague 

Hans Kist’s paper on the same subject, 2010. The reason this impacts the model so profoundly is that we 

hope to implement these proposals across boreal Canada—for example, if we choose to harvest the 

same plot of land every seventy five years, we will want enough labor and capital to harvest one seventy 

fifth of Canadian forest per annum. Thus, while the rotation time does not directly affect the price per 

ton of carbon dioxide sequestered, it does affect the total amount of carbon dioxide that is able to be 

sustainably sequestered annually at that price. 

The model will output four statistics for each of four proposals described in the next section of 

this paper. The first is the price per ton of carbon dioxide sequestered under the proposal. This is 

determined by dividing the discounted amount of carbon dioxide sequestered in the proposal by the 

discounted cost of enacting the proposal. We are also interested in the total amount of carbon dioxide 

sequestered were each proposal enacted across Canada’s boreal forests, the total cost of such wide-

scale enactment, and, the percent of anthropogenic carbon dioxide that could be offset by such an 

enactment. For this we will use the United Nation’s estimate that in 2010, approximately there were 29 

billion tons of anthropogenic carbon emitted. 

The Four Proposals 

We first discuss wood burial in currently unmanaged forests. For simplicity, in this paper we 

have defined a managed boreal forest to be any boreal forest which is regularly harvested. We justify 

this by assuming that Canada’s harvesting laws are such that any logging company which harvests wood 
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in a given area must then be responsible for its well-being and regrowth in the future—thus managing it. 

We will assume that currently unmanaged forests are currently unmanaged for the reason that it is not 

economically feasible to harvest the wood for industrial or construction use from those regions. Note 

that in figure 1, the unmanaged forests in Canada lie almost exclusively geographically more distant 

from wood purchasers and in a harsher climate than managed forests. In its current state, the trees in 

unmanaged forests are largely left to decompose or burn in fires, thus releasing much of the carbon 

absorbed in their biomass.  

In this proposal, 

teams would first go into 

a relatively small plot of 

land, and harvest most 

of the woody biomass. 

We would then put the 

wood in holes 

approximately 10 meters 

by ten meters in surface 

area and 25 meters deep 

as outlined in “Carbon 

Sequestration via Wood Burial,” (Zeng, 2008 ). There are of course many ecological concerns with this 

proposal (and the other proposals) which will be addressed in a later section of the paper. The top five 

meters of the holes would be filled with a buffer-zone of soil to prevent carbon dioxide leakage with the 

rest of the displaced soil left on the forest floor. Please see the headers on soil carbon and sustainability 

below for a discussion of the environmental effects of these actions. Each of the holes would roughly 

hold the woody biomass of one acre of boreal forest. Finally, the team would replant with seedlings. 

Figure 1: The managed forest lies nearly exclusively closer to lumber markets than 
unmanaged forests. There are between two and three times as much managed forest as 
unmanaged forest in Canada. 
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Every year the forest team would systematically move from plot to plot so as to minimize wildlife 

habitat disruption, eventually moving in a rotation of roughly 75 years over which all of the harvestable 

areas of Canada’s unmanaged boreal forest would have been harvested, buried, and replanted.   

Major fixed costs in this proposal are modest: the creation of a sustainable and environmentally-

friendly management plan, putting in roads where needed, and the initial cost of the harvesting and 

earth-moving equipment. The variable costs are maintaining the roads and equipment and labor costs to 

harvest the wood and replant the trees. A central cost in all of this and the following proposals is the 

cost of wood harvesting and processing. The goal of this paper is more to provide order-of-magnitude 

predictions for overall costs.  One of the major simplifications of the model is assuming a single value for 

the cost of harvesting wood per ton across different species and regions. Having looked over many 

studies and breakdowns of the costs of harvesting, I have determined that $14/ton will serve as an 

adequate estimate of the cost of wood-harvesting across Canadian boreal forests although future users 

of the model may adjust this as they see fit. (Farveau, 1999) (Favreau, 1998) (Kronrad, 2001) (Zeng, 2008 

).  

I say that, because all of these costs and major inputs can be manipulated on the front tab of the 

model. In order to determine acceptable values for these values, I referenced existing research, talked 

with forestry experts, and read forestry journals. On the right-side of the user-interface tab in my model, 

I provide references to all of my sources for my researched variables. The tab in the model labeled 

reference key includes the full citations. Future users of this model will be able to use the references to 

choose values for these cost parameters 

The burial in unmanaged forest scheme will release carbon dioxide when using and producing 

the harvesting machinery (that is, unless the machinery is purchased in a “capped carbon” country, 

where its price already factors in the amount of carbon released from the machines’ production), as well 
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as by disturbing the carbon already in the soil to dig trenches (this issue is discussed in detail later); it 

will sequester all of the carbon in the trees at the time of their burial. 

My model incorporates all of these costs and changes in carbon and discounts them at a rate 

acceptable for government investments (10%). This is also adjustable in the Excel spreadsheet. If one 

were interested in private funding for these proposals for example, the discount rate would have to be 

raised to at least 15%. This discounting causes the model to have non-linear dependence on nearly all of 

the input prices and costs. 

Wood burial in currently managed forests has somewhat different costs and benefits. The main 

difference between this proposal and the one outlined above is that, in this case, we would work around 

existing harvesting operations in the boreal forests. Specifically, harvesting of merchantable wood would 

continue as usual in managed forests except that we would bury the waste/submerchantable wood 

instead of leaving it to rot and release its sequestered carbon back into the atmosphere in the form of 

carbon dioxide. Generally, only about 50% of live wood by mass is merchantable, so sequestering the 

remaining 50% underground would still be significant on a global scale. 

For this proposal, we only need consider the costs of burying the submerchantable wood (not 

the entire cost of harvesting as this is already being done in these forests). Similarly we will only count 

the additional carbon sequestered from the base-case harvesting. We expect this proposal to be less 

expensive per ton of carbon sequestered than burial in unmanaged forests, because here the wood to 

be buried here has already been chopped down (and roads have been built, etc.) 

A final consideration in the burial proposals is whether to chip the wood before burying it. For 

simplicity, we will assume that approximately 30% more wood can be fit into any given trench if it has 

been run through a chipper first. An industrial chipper in 2010 cost $500,000 to buy new and roughly 
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$18 per ton to run (Taylor, 2010). By updating values in my model to reflect this change to the proposal, 

it became clear that it was significantly cheaper to leave out the chipping.  

The final two proposals we will introduce involve a process known as pyrolysis. Before discussing 

the details, I will provide the reader with more information regarding the pyrolysis process and its 

outputs. First the wood is dried and chipped to prepare it to be put in the pyrolyzer. In the pyrolyzer the 

wood is heated at between 400 and 500 degrees Celsius. (The relative amounts of the outputs is 

partially dependent on the exact burning temperature—high-temperature pyrolysis for example at 700 

degrees Celsius produces little to no solid output.)   

There are two types of pyrolyzers: portable and non-portable. Portable pyrolyzers have smaller 

capacity but are much easier to move from site to site, significantly reducing the cost of transporting the 

wood to pyrolysis sites. As our proposal involves returning to the same parcel of land only once or twice 

a century, we have decided to use portable pyrolyzers in our model. Additionally, some portable 

pyrolyzers on the market today have capacities of 50 tons/day, which we have determined to be more 

than adequate for clearing a plot of land in a two week period. 

The main difference between pyrolysis and other means of converting biomass to energy is that 

the primary output of the burning is biochar, which is both carbon-rich and solid at room temperature, 

(Page-Dumroese). Biochar is currently used as fuel in pre-dry biomass feedback in chemical briquettes, 

but neither of these uses have the advantage of sequestering the carbon in biochar. Recently, much 

focus has been on the potential to use biochar as fertilizer for numerous reasons: it decays slowly even 

under adverse conditions, it retains nutrients more efficiently than other organic matter, and it 

improves the quality of the soil to which it is added. Archaeologists in the Amazon and Greece have 

found biochar-like substances which have been preserved underground for thousands of years, 

frequently older than any other forms of carbon in these soils. (Ruivo, 2003). As a soil amendment, 
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biochar has been found to reduce nitrate leaching by nearly 50%, effectively prevent methane leakage, 

and increase yields anywhere from 40% to 140% depending on the initial quality of the soil. Finally, 

biochar is an approved Clean Development Mechanism under the U.N. Framework Convention 

Biochar may be sold at different price levels depending on its intended use. As a heat product, 

the Canadian Pyrolysis Manufacturing Dynamotive estimated in 2010 that its value was $150 per ton 

(Page-Dumroese). By comparing the benefits of biochar to soil as a fertilizer to current fertilizer prices, 

the authors of Biochar for Environmental Management found that at present coal, fertilizer, and crop 

prices, biochar had a lower value as a fertilizer than as a heat product (only $47.36 per ton). For the 

purposes of this model, we are taking the fertilizer-value of biochar, as this is the only way in which this 

proposal would sequester any carbon. 

Bio-oil is the second product of pyrolysis. In order to best be integrated into current fuel supply 

chains, the consensus is that bio-oil should be refined into number 2 fuel oil, a distillate home heating 

oil. Unlike biochar, burning bio-oil for its energy content is the only means of extracting a significant 

profit from its production. Page-Dumroese et al estimated that the cost of refinement is $1.29 per gallon 

which, assuming a price of $3.00 per gallon of number 2 fuel oil, gives a price of $1.71 per gallon or $300 

per ton of bio-oil upon delivery to a refiner. For the purposes of this project, we will assume that bio-oil 

will be sold for its burn-value, and that the carbon in bio-oil will be released immediately. Pyrolysis has 

the added benefit of being sulfur-dioxide-neutral and produces roughly half the nitrous oxides when 

burned for fuel compared to traditional fossil fuels (Bradley, 2006). 

One of the most difficult aspects of evaluating the economics of our pyrolysis proposals is 

determining the cost of transporting the bio-oil to markets (via refiners if necessary). There is currently 

minimal infrastructure in Canada’s forest (especially unmanaged forest) to support economies of scale in 

transporting these goods to market. Additionally, the market for pyrolysis products still must be 
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developed yet we are optimistic that many as yet undiscovered uses and applications will be found once 

the supply is assured. We will attempt to forecast the steady state cost in the long term of transporting 

these commercial products; however this is one of the most uncertain aspects of the proposal at this 

time (Bradley, 2006).  

The third output of pyrolysis is syngas, a mixture of carbon monoxide and hydrogen. Syngas is 

significant because it can and has been used to power the very pyrolyzers that produced it. Thus, the 

pyrolyzers can be run off its own products without consuming additional fossil fuels. (ABC TV Science, 

2007). In addition, the chippers and dryers used in the process could also be powered with syngas. 

The process in mind, I will now discuss the details of the third proposal: pyrolysis in unmanaged 

forests. Similar to our burial in unmanaged forest proposal, teams would first be sent into plots of land 

to harvest the wood in environmentally-friend non-invasive ways. The harvested wood would then be 

dried, ground, and chipped in preparation for pyrolysis. After pyrolysis the bio-oil and biochar would be 

transported to markets and sold. This proposal involves the highest fixed costs of any, because of all the 

machinery needed to prepare and pyrolyze the wood (portable pyrolysis units alone cost well over a 

million dollars).  

The fourth proposal, pyrolysis in managed forest, has lower fixed costs because in it we are 

assuming that we will only pyrolyze the submerchantable debris left after a plot of land is harvested 

normally.  

Leakage and Permanence 

There is substantial evidence to suggest that, once properly buried, carbon from fallen trees will 

remain sequestered underground for hundreds if not thousands of years. For example, wooden 

furniture left in landfills for over 30 years has released only 0-3% of its carbon dioxide (Skog, 1997), and 
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we are proposing a much thicker layer of buffer (perhaps using biochar) between the stored wood and 

the environment. The 0-3% rate over 30 years translates into a half-life of about 1000 years.  

In addition to carbon dioxide leakage, there also are concerns regarding methane leakage, a far 

more potent greenhouse gas, which has a global warming potential that is 300-fold greater than carbon 

dioxide (Tank, 2010). As mentioned above, soil additives like biochar completely prevent methane 

leakage. Thus, we believe the buffer zone of approximately five feet must include a layer of biochar.  

When doing initial research for this project, we considered another proposal for some time as 

well, which eventually had to be discarded due to methane leakage worries. The proposal was to sink 

the fallen trees in nearby bodies of water. The costs for this were lower for plots of land near suitable 

bodies of water, but there was no conceivable way to prevent methane leakage in these cases. Thus, we 

have limited the proposals in this paper to those involving pyrolysis and wood burial. 

Synergies 

One of our goals when considering these four proposals was to determine what synergies 

existed that would result in a combination of both of these proposals optimal (instead of simply finding 

that proposal A is cheaper than proposal B and discarding proposal B all together). Perhaps the most 

relevant connection between the pyrolysis and burial proposals involves biochar’s many soil benefits 

including its ability to prevent carbon and methane leaking discussed above and to reduce nutrient 

leaching and soil acidity (Danny Day, 2007).  For this reason, we believe that biochar should be included 

in the five meter buffer zone in the burial schemes to minimize carbon dioxide, methane or nitrous 

oxide leakages. That being said, the cost of biochar does not significantly increase the price of the burial 

models (under $.50/ton of carbon dioxide sequestered according to my model), so while certainly some 

benefits exist to producing biochar alongside burial schemes, it is unlikely worth the complications of 

combining both proposals for each plot of land.  



13 
 

Pine Beetles 

Downed timber in unmanaged forest provides a significant source of carbon that can be 

sequestered. Since this wood is typically quite damp, it is not suitable for pyrolysis, and thus should be 

buried. We would need some biochar to cover this buried wood, but as mentioned above, it makes the 

most sense to simply purchase the biochar on the open market.  

Pine beetles have destroyed 17.5 million hectares of forest in British Columbia, the most 

affected providence, and if these trees are not removed and destroyed promptly, the beetles will spread 

and destroy more. Once the forest has been cleared of infected wood and replanted efficiently, the 

chances of re-infection will be greatly reduced. Thus foresters and the government have a vested 

interest in paying to remove these trees. Were all the infected trees in British Columbia to be removed 

and buried, it would sequester about 15 billion tons of carbon, or half of a year’s anthropogenic carbon 

emissions. The Canadian Forest Service has acknowledged that accelerated harvesting of this will greatly 

help reduce the climate change impacts of the infestation (Canadian Forest Service Science-Policy Note, 

2007). Throughout this paper we will examine the specific case of pine-beetle-damaged forests in the 

context of our models. 

Forest Fires 

The proposals in unmanaged forests have the added benefit of preventing naturally caused 

forest fires (Forest Fires), which are costly in terms of both prevention and containment and damage to 

property and lives as well as in terms of the carbon they release. Road access may increase the 

occurrence of man-induced forest fires, but since the forest which is currently unmanaged is so removed 

from population centers, we expect this increase to be minimal, although more research regarding this 

issue is needed. On average nearly 10,000 forest fires occur annually in Canada, and the mean national 

area burnt is 2.5 million (roughly half of a percent of all of Canada’s forests). About $300 million is spent 
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annually in Canada on preventing and controlling forest fires (Forest Fires). Thus, in both the burial-in-

unmanaged and pyrolysis-in-unmanaged proposals, our model accounts for a reduction in the money 

currently being spent to prevent and contain forest fires. The USDA and Alberta Forest Services have 

documented that managed forests have significantly lower rates of forest fire when controlling for other 

ecological factors, justifying this addition to our model, (Graham, 1999) (Woodward, 1982).  

Environmental Sustainability 

 . One of the most important aspects of this research was to ensure that our harvesting and 

sequestration techniques would not only help reduce anthropogenic carbon emissions, but also lead to 

healthier and more sustainable forests in the future—lest these seeming solutions result in other serious 

environmental problems once implemented on a large scale. Unfortunately, there have been no 

significant test-cases to determine the environmental impact of my proposals. There is however 

significant data regarding the beneficial impact of managing forests in general, which I will outline 

below. For the past few decades, Canada’s boreal forest ecosystem has become a significantly smaller 

carbon sink than it was for much of the century. This fluctuation is most correlated with forest fires as 

described above. In Canada’s managed forests, full fire-suppression responses are used to control fires 

as quickly as possible, and thus, per acre, Canada’s managed forests reduce significantly less carbon 

dioxide back into the atmosphere via forest fires (Canadian Forest Service Science-Policy Note, 2007). 

This had led the Canadian Forest Service to call increased sustainable forest management of the variety 

we are discussing in this paper to be the “good news story” of the boreal forests today (Canadian 

Council of Forest Ministers, 2008). 

 While endorsed by the government, it is generally the large logging companies that are the 

agents of implementing this sustainable forest management in the land they lease from the Canadian 

government. Weyerhaeuser, a major logging company, notes that trees in its managed forest frequently 
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outlive and are healthier than those in unmanaged forests, due to the frequency of forest fires. It also 

can now replicating natural fires in its harvesting techniques in order to minimize disruption to the 

permanent animal inhabitants of the boreal forest. Additionally, its forest management expertise has 

allowed it to be the agent of successful protection and reintroduction of endangered species in boreal 

forests (Weyerhaeuser, 2011). Were our plan to be implemented on a large scale, companies such as 

Weyerhaeuser would likely play an important role in ensuring operations are done in the most 

sustainable way possible, so that the forests would not only sequester more carbon, but be healthier 

and ecologically richer than when they were left unmanaged. As I mentioned above, our proposals and 

Weyerhaeuser’s current management techniques do still differ significantly, so more research is still 

needed concerning how these differences would change the effect these proposals have on the forests, 

and we hope the cost estimates in the results section spur funding to this end. Additionally, more 

research needs to be done regarding the amount of forest displaced by road-building in unmanaged 

forests, and the changes to the nutrient cycles in managed forests where submerchantable wood is no 

longer left to simply rot on the soil. 

 Finally, the water table in Canada’s boreal forest ought to be studied in more detail before any 

of these proposals are enacted. As much of the soil can be quite peaty, harvesting could raise the water 

table by reducing evapotranspiration, which could impede forest regeneration as has been documented 

in tropical soils. Furthermore, should the water table already be high, some of the burial trenches could 

collapse or fill with water before wood can be placed in them.  

Soil Carbon 

An important consideration in our proposals is the concern that carbon already stored in soil 

may be released as carbon dioxide. Our burial proposals involve displacing approximately 4000 cubic 

meters of soil per hectare in digging the holes themselves. Additionally, the harvesting, road-building, 
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and other industrial activities of all proposals will also result in soil carbon being released. I have sought 

to put a ceiling on the amount of soil carbon released to demonstrate that even assuming worse-case 

scenario for soil carbon densities, the resulting change in our proposal’s price is negligible.  

According to the United States Department of Agriculture’s Natural Resources Conservation 

Services, the amount of soil carbon in the first meter of soil ranges from 40-100 kg/m^2 across Canada’s 

Boreal Forest (Natural Resources Conservation Service Soil Survey Division, 1997). Unfortunately, while 

there are numerous sources which discuss carbon levels in the first meter of soil, there are fewer results 

published for deeper pits. In a 2000 journal article, E. G. Jobbagy documents that in temperate soils, the 

amount of soil carbon decreases as one increases in depth below the surface up to three meters. 

(Jackson, 2000). Thus for the purposes of establishing a reasonable ceiling on the amounts of soil carbon 

down to 25 meters, for which there has been no extensive research, we will use 100kg/m^3. Before any 

of these proposals are enacted, this number should of course be determined by actually digging to these 

levels in numerous layers across Canada’s boreal forest as these are fairly liberal extrapolations.  

Soil Depth 

 In order for on-site burial to be feasible as described above, the soil depth must be at least 25 

meters. As a result of the cool temperatures and low evapotransmission rates in Canada, most of the 

boreal forests are covered with think deposits of peat and organic soil of up to 35 meters in depth. 

(Northern Coniferous Forest Biome). In the few locations without enough soil, Zeng suggests that the 

harvested wood could be transported before burial or, if that proves too expensive, that we would not 

harvest these areas for burial at all. However, he also advises that soil terrain can vary greatly even 

within small areas, so most given parcels of cleared land likely have at least one suitable burial site near 

enough not to require additional transportation. (Zeng, 2008 ) 

Credit Redemption 
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 Another aspect of these proposals that it is critical to discuss in this paper is at what point the 

carbon credits can be claimed. I will first discuss this issue for the burial proposals, since it is more 

straight forward, and then move to the pyrolysis proposals. One could argue that the carbon 

sequestration credits could be claimed upon cutting down and replanting the patch of forest, since it is 

at this point that the carbon stored in the trees is officially protected against being released back into 

the atmosphere. On the other hand, one could also argue that the sequestration credits ought to be 

redeemed at the rate that the new, replanted trees sequester CO2 from the atmosphere, although this 

would be more difficult to calculate and would of course depend on the type of trees used to reforest 

the land afterwards. After discussing the issue with people familiar with the carbon credit marketplace, 

however, it appears that this method of accounting for the carbon credits is the most appropriate, since 

the physical carbon would only be taken out of the atmosphere at the rate of the growth of the new 

trees. This is currently the basis behind the discounting of the carbon credits in my model. Since any 

carbon credit scheme in Canada would be intricately tied to its forest management, hopefully the 

eventual guidelines will be something along the lines of those I have outlined above. 

 

Section 2: Description of Excel model  

To estimate the costs of sequestering carbon using the various methods described in section 1, I 

have developed an Excel spreadsheet which takes all of the above concerns into account. There are a 

handful of sheets running in the background which perform calculations, but the user only needs to 

interface with the first one, which includes all of the inputs and outputs.  

 Perhaps the most useful feature of my Excel model is its flexibility. As mentioned above, the 

user is able to change the values of most input parameters of the calculations. In this results section, I 
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will include screenshots of various scenarios users of the model may wish to investigate in order to 

demonstrate some of its many possibilities.  

The first scenario we will investigate is what I will refer to as our baseline case. The values here 

(see figure 2) represent the best approximations of all parameter values available to me from journals, 

periodicals, reports, and interviews, and assume mature markets in all products of pyrolysis. 

 

Figure 2: Baseline Calculations 

There are a couple items to note in the above screenshot. The main results of the calculations 

are displayed at the top of the image under the column “Cost per Ton of Carbon Dioxide Sequestered” 

and represent the price at which carbon credits would have to be trading in Canada for this scheme to 

be economic on a large scale. There currently is no mandated carbon credit trading scheme in Canada as 
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there is in Europe, so these numbers are only useful in comparing the costs of these schemes to those of 

other schemes in the absence of such exchanges. The other important column above is on the far right 

and gives the percent of total anthropogenic carbon emissions offset assuming the schemes are 

implemented across Canada’s boreal forests. Thus, implementing the wood burial scheme in both 

Canada’s managed and unmanaged forests would sequester 28% + 19% = 47% worth of anthropogenic 

carbon emissions annually. Implementing the pyrolysis schemes in both managed and unmanaged 

forests would sequester only 5% + 8% = 13% of anthropogenic carbon emissions, but at significantly 

lower costs per ton. In fact, in both managed and unmanaged forests, pyrolysis is the cheaper option, 

but burial sequesters more carbon. In the next section we will use linear programming methods to more 

thoroughly analyze the optimal mix of these various proposals. 

A final aspect of this set of input parameters is that the cost per ton of carbon dioxide 

sequestered column for the pyrolysis in managed forest row is negative, indicating that this proposal 

would be profitably even in the absence of a carbon credit trading scheme. This leads one to ask why 

then, do logging companies such as Weyerhaeuser not already pyrolyze their submerchantable wood 

and sell the products to supplement their bottom lines. To answer this, we return to our assumptions in 

crafting this scenario—namely the one that assumes mature and developed markets for bio-oil and 

biochar. In fact, the infrastructure required to refine, package, and sell these products to consumers on 

such large scales does not yet exist. Perhaps, though developing said infrastructure should be something 

industry should be considering doing already, even in the absence of the carbon credit trading scheme 

required for the other proposals to reach profitability.   

Flexibility 

In order to demonstrate the flexibility of my model, we will assume that the end user seeks to 

only look at the cost of these schemes in terms of the price of carbon credits required to make them 
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economically feasible in areas especially distant from markets for bio-oil and biochar, and thus having 

significantly higher transportation costs. The user could then for example double the values of those two 

inputs to 60 and 46, respectively and see how much the price of the pyrolysis scheme increases (see 

figure 3). 

 

Figure 3: Baseline with Increased Transportation Costs 

This had a dramatic effect on the cost per ton of carbon dioxide offset in both of the pyrolysis 

schemes. Pyrolysis in currently managed forests still is economic today assuming mature bio-oil and bio-

char markets, but it comes close to only breaking even. More interestingly, in unmanaged forest, burial 

now is cheaper (and still sequesters more) than pyrolysis. Thus we can conclude from this that in 
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particularly inaccessible areas (or perhaps if fuel prices were to double), then in unmanaged forest, 

burial is a universally better option than pyrolysis.  

Pine Beetles Revisited 

A final test of this model I will discuss in this section will highlight the model’s ability to adapt to 

a specific area of interest—in this case a forest of dead or dying wood due to pine beetles. When using 

the model for this question, it is useful to simply go through all the input variables in the Excel model 

and think about which ones would change from the baseline case. Specifically, we will examine the 

forests of British Columbia which were struck with the pine beetle infestation of the early 2000s. In this 

case, the affected areas of British Columbia are closer than average to North American markets, 

reducing transportation costs for all products. The forests are denser as they are a bit more temperate, 

and harvesting costs are lower due to the fact that many of the trees are already dead and fallen. 

Finally, the products of pyrolysis from damaged woods have little value. See figure 4 for the full 

spreadsheet.  
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Figure 4: Pine Beetle Scenario 

 Since the forest damaged by pine beetles has no merchantable wood left and is currently not 

under management for harvesting, the only scenarios relevant here are two for unmanaged forests: 

burial or pyrolysis or some combination of them. Also, since we are only looking at a small area of the 

forest, the only column of relevance is the cost per ton of carbon dioxide, because the other ones 

assume similar management across all of boreal Canada. As we might imagine, pyrolysis is not 

economically feasible for the damaged wood, as we might expect, since its products are modeled as 

worthless. Wood burial is the best option here, and we note that its cost is slightly lower than the 

previous scenario, which is a reflection of the lower cost of the initial harvest. 
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Section 3: Linear Programming 

While the Excel model outlined above is useful for calculating the costs associated with the 

different proposals, linear programming techniques are required for an adequate discussion of 

optimization across the proposals. For big-picture considerations we will seek the lowest-cost way to 

sequester a given percent of annual anthropogenic carbon emissions given a set of constraint equations. 

As I alluded to earlier in this paper, only a certain percentage--roughly 50% (Sampson, 2009)—of lumber 

in a cleared plot is merchantable; furthermore, of this merchantable wood, certain wood is of higher 

quality than others. For the sake of simplicity, we will assume that approximately 50% of merchantable 

wood (or 25% of total wood) is what we will deem “high-quality merchantable” and the remaining 50% 

of merchantable wood will be considered “low-quality merchantable.” Our baseline will assume that 

when clearing a plot of land (our unit of study will continue to be a hectare), one must cut down HQ 

merchantable (HQM), LQ merchantable (LQM), and submerchantable (SM) wood in a 1:1:2 ratio, 

although this may be changed by the user to reflect the nature of the forest of interest.  

I will assume that, once harvested, the wood may either be sold as lumber, pyrolyzed for bio-oil 

and biochar, or buried on site. We will use the costs from the above excel model for the pyrolysis and 

burial options, but putting a price on selling the lumber from currently unmanaged forest is more 

nuanced. In section 1, I made the assumption that boreal forest in Canada is currently either managed 

or unmanaged based on whether wood may be harvested there profitably. Thus, in unmanaged forest 

selling the harvested wood as lumber would have to be done at a loss. This still must be considered with 

the pyrolysis and burial proposals too as both of them would also operate at a loss, and all three would 

sequester carbon. Presumably, all three could operate profitably however once carbon credit revenues 

are accounted for. We will determine the magnitude of the loss of selling lumber from currently 

unmanaged forests by estimating the transportation cost to the nearest managed forest, where 
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presumably the operation again becomes profitable again. Furthermore, we have assumed that even 

the LQM and SM wood could also be harvested for sale as lumber, but for an even higher cost. As 

estimating losses for attempting to sell low quality wood at market is well outside my initial research, I 

simply put down order of magnitude guesses for exactly how unprofitable selling the lower quality 

lumber.  

I have placed constraints on the amount of labor available in Canada, the amount of harvestable 

boreal forests in Canada, and the amount of initial capital which could be used to finance these 

proposals. With further research and different conditions, one can easily change these constraints. In 

some cases the constraint equations give minimum allowed values (such as for total carbon 

sequestered), while in others they give maximum allowed values (such as for total capital available). I 

have relied on Excel’s Simplex LP algorithm, Microsoft’s automation of the Simplex algorithm, which is 

the most convenient means of solving linear programming problems. Many of the numbers used in this 

linear programming model such as the cost per ton of sequestration for various techniques were derived 

in the first excel model that I built. 

Results 

Like my original model, we may input different values into this linear programming spreadsheet 

and observe different optimal solutions. This flexibility allows users of the program to determine 

optimal management strategies as information regarding the cost of the proposals, the density and 

quality of wood in the forests, the percent of anthropogenic carbon emissions one seeks to offset per 

year, and other factors. Unlike the first part of this proposal, the numbers in the model do not update 

themselves with each entry of the inputs. This is because the Simplex algorithm in Excel requires non-

negligible calculation time to find a global solution. To run the model in Excel 2010/11, press: [alt], a, y, 

1, 1, [enter]. 
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First I will run through a base-case scenario for unmanaged forests, where the costs of the 

various proposals are based on the results given by part 1 of the modeling, we seek to sequester at least 

5% of anthropogenic carbon dioxide emissions in the unmanaged forests, and the ratio of 

HQM:LQM:SM=1:1:2.

 

Figure 5: Baseline Linear Programming for Unmanaged Forest 

Before discussion the results, I will provide some orientation regarding the setup of this 

screenshot. Based on my research and results of the first model, I have filled in the amount of labor and 

capital required to pyrolyze, bury, or sell the wood in the labor hours and capital columns. This is also 

how I determined the amount of carbon sequestered for the various proposals, given in the Carbon 

Sequestered column. Note we are assuming that the amount of labor to pyrolyze, bury or sell the wood 

is independent of the quality of wood. The LQM Amount and HQM Amount columns give the constraint I 

mentioned earlier that the ratio of HQM to LQM to SM is 1:1:2. The land area column is the constraint 

that on the amount of land available. The Minimize Cost column gives the cost of the various proposals 

per acre. Note that here we have the cost for pyrolysis as negative, reflecting the fact that in many of 
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our scenarios above, we saw that pyrolysis is already economically feasible. After pressing the 

keystrokes noted above, the solutions column will populate with the amount of land which should be 

dedicated to each proposal in the optimal solution.  

Here, reading off the results (%) column on the far right, we see that we should plan on selling 

100% of the HQM wood on all the land in our proposal (given by the solved value of the Land Area 

column = 83,581 hectares); we should bury 100% of the LQM wood on the 83,581 acres; and then bury 

83% and pyrolyze 17% of the SM wood. Note that in the cases which call for a split of proposals, we are 

not advocating going into every single plot of land and working at a ratio of 83:17. Rather we are 

suggesting that on 83% of the plots of land we should bury 100% of the SM wood, and on 17% of the 

plots of land we should pyrolyze 100% of the SM wood.  

The Solved Value row shows what values of the constraint equations were realized. For 

example, we are using all 480 million of the labor hours available to us, but only 83 thousand acres of 

the nearly one million acres available to us per year.  

We see here that pyrolysis is incredibly labor and capital intensive compared with burial. 

Although in terms of cost per ton of carbon dioxide sequestered, we found burial to usually be inferior 

to pyrolysis, when we take into account limited capital and labor, burial becomes much more favorable. 

Implementing wood burial on a large scale would not dramatically alter labor or capital markets in 

Canada, yet implementing pyrolysis on a large scale generally would. As the user will see when testing 

different inputs in this model, one needs to allow for totally unrealistic amounts of labor and capital for 

pyrolysis to be the optimal solution for the majority of harvested wood.  

Another interesting effect of the labor and capital constraints is that we are rotating through 

only 85,000 hectares, which is less than ten percent of the available unmanaged forest, indicating that 

our capital and labor constraints prohibited us in this case from undertaking this proposal to extend 
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through all of Canada’s forest. This is likely because our goal for this run was only to sequester 5% of 

anthropogenic emissions per year, which can be done in just a fraction of the available forest. This is 

also consistent with the fact that the Simplex algorithm calls for pyrolysis, the proposal which sequesters 

the least carbon per hectare, to be used the least in this run. 

The results in this linear programming spreadsheet do vary significantly for slightly different 

input parameters, which I will demonstrate in the next example. Suppose we keep all the assumptions 

the same, save the ratio of HQM to LQM to SM. We will assume we are in a mixed wood forest that has 

a particularly high proportion of its wood as LQM. 

 

Figure 6: A Different Ratio of Woods Leads to Significantly Different Optimization 

The results (%) column is indicating that, as before, we should still sell all of the high quality 

merchantable wood (at a loss, as before). For the LQM, however, we now only are to bury 82% of it, and 

pyrolyze the remaining 18%; and for the SM, we are now to bury all of it. Intuitively, this should make 

sense, because in this proposal we are assuming that there is proportionally more LQM, so although as a 

percent of the LQM, we are not burying as much of it, in absolute terms, we are burying more of it. 
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A final example of this linear programming spreadsheet will continue our discussion of pine 

beetle-infested forests. Using the results from the above section on pine beetles, we populate the cost 

cells of the constraint equations. Furthermore, as noted above there is very little high quality 

merchantable wood, so we have used the ratio of 1:2:5 for HQM:LQM:SM—of course, the reader may 

adjust these values too.  

 

The results here make intuitive sense. Pyrolysis is clearly not going to be selected for, since its 

price is now roughly $300 per ton, and selling the lumber is also not selected for, partially because there 

is no high quality wood which makes up the majority of the lumber to be sold according to the previous 

two runs of this model. This leaves wood burial as the optimal way to manage the millions of acres of 

trees left dead from pine beetles.  

The Lumber Market 

A final consideration regarding this experimental setup that ought to be discussed is the effects 

on the worldwide lumber market. Part of this linear programming model is assuming that selling lumber 
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at a loss might not actually be at a loss when carbon credits are taken into account. If these proposals 

are done across Canada one day, as I am suggesting they might, this has the potential to seriously 

disturb the lumber markets worldwide. The price of lumber could fall noticeably due to the excess 

supply, making it even more expensive to try to sequester the carbon in wood by selling it on the open 

market. One can also assume though, that as the price declines, manufacturers would be more likely to 

make things out of wood compared to other materials (the desired effect—for it is this which would 

allow for more wood every year to be sequestered in their products). A side benefit of harvesting in the 

boreal forests is that the lower lumber prices will mean less of a motivation for illegal and often 

destructive logging in the Amazon and other areas.  

 

Section 4: Conclusions and Discussion 

From my work in Part I of this project, it is clear that the costs of sequestering carbon via wood 

burial or pyrolysis are lower than those associated with the current assortment of methods of reducing 

anthropogenic carbon dioxide emissions. In all of the simulations I have run in the results section, the 

cost per ton of carbon dioxide sequestered for all four of the proposals were below $100, the cost of 

sequestration via clean coal, and were occasionally below $50 or even $25. However, when considering 

the results section, it is also important that one not overemphasize the exact numbers the model is 

returning for a number of reasons. Firstly, they are designed to change as more information regarding 

the various proposals is gathered. Additionally, I have made many assumptions and simplifications in the 

construction of this model, which I have pointed out to the reader as they have come up in my 

description of the model. Finally, many of my sources are out-of-date. For example, an article that 

describes the cost of harvesting an acre of wood in 1980 is not good for much else besides a ballpark 

guess for how much it costs today. I have tried to mitigate this problem by finding multiple and up-to-
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date sources, but some of the inputs can be order of magnitude approximations at best. The orders of 

magnitude should still be enough to convince the casual reader that these proposals should be given 

due consideration.  

Currently in many developed nations, governments are spending money on research and 

subsidies for some of the current carbon-control alternatives. Based on the results summarized above, 

perhaps some of this money ought to be spent on learning more about pyrolysis or wood burial. One of 

the central ideas behind the carbon trading scheme in Europe is that the market will encourage 

investment in methods of sequestering carbon which are the cheapest. In the absence of such a scheme 

in North America, governments are forced to make centralized decisions regarding the allocation of 

limited carbon sequestration research funds. As these proposals may be the cheapest means of 

sequestering carbon dioxide, we can hope that some of this funding will allow for more research 

regarding the potential of optimizing the management of Canada’s boreal forest. Of course, it would not 

make sense to jump into any of these proposals on a large scale without first redoing much of what I 

have done at a much higher level of detail. It is my hope that this paper will encourage others to explore 

these options more thoroughly.  

One area in particular we should explore in the future is how the economics of burial and 

pyrolysis change in forests elsewhere in the world. In the Amazon for example, growth rates are 

significantly higher than in Canada, so rotation times might only be a couple decades instead of nearly a 

century, possibly allowing for significantly more sequestration per annum. There may be a couple 

downsides to the Amazon as well—as I mentioned above, there is not as much literature on the subject 

(especially in English), digging holes for burial might be trickier, and capital markets in South American 

are not nearly as developed as they are in Canada. Fortunately, my models are sufficiently flexible to be 

adapted to this and other ecosystems. This global expansion is exciting, because we may find there to be 
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the potential to offset 100% of anthropogenic carbon dioxide emissions entirely. It is our hope that 

future research on wood burial and pyrolysis based on these models can ensure this goal is met in the 

most efficient manner possible. 
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