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ABSTRACT

Mark Jaccard (jaccard@sfu.ca) has been a Professor in the School of 

Resource and Environmental Management at Simon Fraser University, 

Vancouver, since 1986 – interrupted from 1992-97 while he served as 

Chair and CEO of the British Columbia Utilities Commission.

Many people believe we must quickly wean ourselves 

from fossil fuels to save the planet from environmental 

catastrophe, wars and economic collapse. However, 

we have the technological capability to use fossil 

fuels without emitting climate-threatening greenhouse 

gases or other pollutants. The natural transition 

from conventional oil and gas to unconventional 

oil, unconventional gas and coal for producing 

electricity, hydrogen and cleaner-burning fuels will 

decrease energy dependence on politically unstable 

regions. In addition, our vast fossil fuel resources, 

perhaps especially coal, are likely to remain among 

the cheapest sources of clean energy for the next 

century and perhaps longer, which is critical for the 

economic and social development of the world’s 

poorer countries. By buying time for increasing energy 

efficiency, developing renewable energy technologies 

and making nuclear power more attractive, fossil 

fuels will play a key role in humanity’s quest for a 

sustainable energy system.
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Both of these conditions are inherent in most working definitions of sustainability. If the system 
cannot endure, perhaps because some irreplaceable input is exhausted, it cannot be sustainable. If 
the system is ultimately toxic to humans and the environment, then it also will not endure, this time 
not because of resource exhaustion but because of disruption and destruction of natural systems 
and harm to humans.

It is commonly assumed that the way we consume the earth’s fossil fuels must certainly be 
unsustainable given that fossil fuels are a rich and irreplaceable endowment produced from 
millennia of biological and geological processes. Consumption of them today leaves nothing for the 
future, and the alternatives will be difficult to develop and much more expensive. This seems like a 
safe assumption. But is it?

3.  The global energy mix: what is it and where is it headed?

To determine if our energy system is sustainable, we need to estimate where it is headed. I reviewed 
several forecasts of the long-term evolution of the global energy system and from these selected 
two mainstream scenarios to guide my ‘current-trends estimate’. The scenarios I used are from 
the 1992 Intergovernmental Panel on Climate Change (scenario IS92a) – as reported in Leggett  
et al. (1992) – and the 2001 World Energy Assessment (scenario B) – as reported in Goldemberg and 
Johansson (2004). Both of these scenarios share many assumptions, but they also differ in certain 
respects. Both assume similar trends for income growth: a global level of gross world product rising 
from $32 trillion in 2000 to above $200 trillion (in 2000 prices) in 2100. Both assume similar trends for 
energy use: rising from 430 exajoules (EJ) to about 1,500 EJ in 2100. Both assume a global population 
above 11 billion in 2100. They both show a stagnation of large hydropower as land use conflicts 
intensify, a decline in conventional oil as its supplies are exhausted, and a healthy growth rate for 
biomass (for electricity generation and production of biofuels) and other renewables such as solar, 
wind, and small hydro. In meeting the huge increase in energy demand, however, scenario B relies 
on a dramatic expansion of nuclear and natural gas while the scenario IS92a suggests that coal will 
be more dominant. My scenario takes a median position between these contrasting views.

Relative to the two scenarios discussed above, I project a somewhat lower population in 2100 of 
10.5 billion, a value recently suggested by the United Nations and other population forecasters. My 
current-trends projection has global economic output increase (in constant prices) from $32 trillion 
in 2000 to $80 trillion in 2050 and $230 trillion in 2100. This implies an average global economic 
growth rate of 2 percent per year, similar to the average growth rates of recent decades, and results 
in global economic output that is seven times the current level. Dividing global world product by 
the smaller population in my current trends means that average income (GDP/POP) grows from 
about $5,000 per capita in 2000 to $8,500 and $22,000 in 2050 and 2100.� The average income of 
$22,000 is comparable to current levels in industrialised countries. This is a global average; I make 
no specific assumption about the relative incomes between developing and industrialised countries 
other than to include some narrowing of the disparity in my estimated energy uses in different parts 
of the world.

I assume that global primary energy intensity (E/GDP) will continue the downward trend of the past 
five decades, although its rate of decline will be slower in the first half of the century as developing 

�  I call global economic output ‘GDP’, although a more accurate term is global world product.
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countries expand their more energy-intensive sectors, and then more rapid as these countries adopt 
more sophisticated technologies and shift to a greater role for the services sector. Primary energy 
intensity falls from 13.6 (megajoules) MJ per dollar of gross world product in 2000 to 9.6 in 2050 and 
6 in 2100. This represents an annual rate of decrease of 0.69 percent from 2000 to 2050 and 0.93 
percent from 2050 to 2100. The 0.93 percent is close to the rate of decrease that occurred during the 
15 years following the oil price shocks of the late 1970s and early 1980s.

As in the past, increases in population and especially economic output swamp declines in energy 
intensity so that total primary energy use grows from 429 EJ in 2000 to 770 in 2050 and 1,390 in 
2100, more than a three-fold increase over the next 100 years. For comparison, the global energy 
system grew 16-fold over the past century. On a per person basis, this translates into an evolution 
from 70 GJ per capita in 2000 to 80 and then 130 in 2050 and 2100 – a doubling of per capita energy 
use in 100 years. It is important not to get too fixed on specific numbers. Whether the future size 
of the system is 860 EJ (a doubling) or 1,720 EJ (a quadrupling), most observers would agree that 
the system is likely to be significantly larger in 100 years. That information is sufficient for assessing 
system sustainability.

In setting my current-trends values for the relative contribution of primary forms of energy, I 
struggled with several major uncertainties. While some experts believe that production of oil and 
gas will drop off significantly in the next few decades because of supply constraints, others believe 
that advancing technological capabilities will enable us to sustain output and perhaps expand it. My 
current-trends assumption has oil and gas declining after 2050, albeit not as dramatically as some 
analysts predict.� 

There is also much uncertainty about the relative prospects for nuclear and coal in meeting the 
widening gap between expanding energy use and stagnant oil and gas output. My current-trends 
scenario has nuclear and coal both growing significantly although coal’s share grows the most, 
reaching 47 percent of total primary energy by 2100. This is because coal is often less expensive 
for making electricity and for producing the liquid and gaseous fuels that might replace declining 
oil and natural gas stocks. Remember that my projection sustains the general character and trends 
of the current energy system, which means that there are no major policy initiatives to achieve 
environmental or security objectives. As for renewables, my current-trends projection assumes an 
increase from 61 EJ in 2000 to 380 EJ by 2100, with most of this increase coming from modern uses 
of renewables such as wind and solar power and the conversion of biomass into gaseous and liquid 
fuels and electricity. 

For assessing sustainability in this paper, my current-trends projection shows only energy-related 
CO2 emissions, which are estimated to account for at least 60 percent of the climate change effect 
– ignoring other greenhouse gas (GHG) emissions such as nitrous oxides and methane. Figure 1 
shows the resulting primary energy use and GHG emissions. Energy-related GHG emissions are 
projected to increase from 6.4 gigatonnes of carbon (GtC) per year in 2000 to 19.6 GtC in 2100. This 
substantial increase is consistent with many of the scenarios generated by the Intergovernmental 
Panel on Climate Change (IPCC) and other organisations.

� � That fossil fuels are plentiful – certainly in economic terms – is discussed in greater detail in Jaccard (2006, Chapter 5).
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Figure 1.  Current-trends primary energy and GHG emissions

My current-trends case would generate cumulative CO2 emissions in the 100 years between 2000 
and 2100 of about 1,200 GtC. For reference, the total anthropogenic CO2 emissions from 1860 to 
1995 are estimated at 360 GtC, of which 240 GtC were from fossil fuel combustion and 120 GtC 
from deforestation and other forms of land use change. According to the current models of carbon 
cycling between the atmosphere and the earth, the CO2 emissions from my current-trends case 
would result in 2100 in a CO2 concentration in the the earth’s atmosphere of over 650 parts per 
million by volume (ppmv) compared to the pre-industrial concentration of about 280 ppmv, and this 
concentration would keep increasing rapidly into the following century. Climate scientists suggest 
that concentrations above 450 ppmv could substantially affect the earth’s climate.

4.  The scope for zero-emission use of fossil fuels: the case of coal

My current-trends projection confirms today’s conventional wisdom that our energy system is 
unsustainable: combustion of the world’s still-plentiful fossil fuels causes a continuous rise in 
atmospheric greenhouse gas emissions, which is just what scientists are warning us is unsustainable. 
However, there is also a growing awareness that abolishing fossil fuels is not necessarily the only or 
indeed even the best way of reducing GHG emissions. In this section, I summarise the latest evidence 
on how we might benefit from fossil fuels without emitting greenhouse gases into the atmosphere 
– what are referred to as ‘zero-emission’ fossil fuel technologies.

The body of literature on preventing carbon emissions from fossil fuel use seems to double every 
year, making it precarious to say anything definitive about which paths are more likely to emerge 
when the inevitable technological shake-out occurs.� I provide here an overview of the major 
technological options that are likely to remain relevant in the years to come. Because coal is 
considered to be the most plentiful fossil fuel, but also the least desirable in terms of cleanliness of 
use, I focus below on options that can use coal as the primary energy source.

First, I must clarify the terminology. Although these options are generally referred to as ‘zero 
emission’, this is not entirely accurate. The emission prevention techniques that are currently under 

� � For an overview of the options see Intergovernmental Panel on Climate Change (2005); Anderson and Newell (2004); 
International Energy Agency (2004); and http://www.fossil.energy.gov
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consideration and whose costs are seen as reasonable all allow at least some escape of CO2 into the 
atmosphere. A more precise term, therefore, would be ‘near-zero-emission’ processes. I stick with 
the term zero emission for simplicity and to signify that if any of these processes were to become 
the global norm, the effect would be a profound reduction in CO2 emissions that would reverse the 
trend of rising atmospheric concentrations.

Capturing carbon as a solid or as CO2 gas is one thing. Disposing of it is quite another. I focus first 
on processes for capturing carbon, then turn to the carbon storage question, and finish the section 
with a look at costs. Consistent with most current views, I focus on processes involved in capturing 
and storing carbon in the form of CO2. 

4.1  Carbon capture

Some commentators have suggested that the challenge of preventing CO2 emissions from fossil 
fuel combustion is fundamentally different from the previous emission reduction challenges that 
the industry has dealt with – by virtue of the fact that CO2 is an inescapable by-product of fossil 
fuel combustion. But academic and industry researchers seem unimpressed with this apparently 
daunting task, and have tackled this new challenge no differently than their predecessors solved 
earlier problems in reducing SO2, particulates, NOx and other emissions.

Indeed, one of the most promising approaches is to install yet another process for purging an 
unwanted emission from the post-combustion flue gases of fossil fuel electricity generation plants. 
Using existing technologies, it is possible to react the flue gas with a solvent that attracts the CO2. 
The solvent then releases a stream of pure CO2 in a separate stage, and finally is recycled back into 
the flue gas to repeat the process. The residual flue gas (mostly N2, O2 and H2O) is released into the 
atmosphere. Some CO2 escapes along with this gas.

This ‘CO2 scrubbing’ technique can be integrated into new coal-fired power plants, and even 
retrofitted into existing plants if there is enough room. The energy required to run the capture 
process, however, would decrease the efficiency of a typical plant by 14 percent. To reduce this 
energy penalty, researchers are exploring ways to increase the efficiency of the scrubbing process 
by raising the CO2 concentration in the flue gas from its typical level of 5-15 percent. This is achieved 
by increasing the oxygen content and pressure of the air fed into the combustion chamber through  
an air separation unit. Each option progressively increases the concentration of CO2 and thus the 
efficiency of the chemical extraction process, but is only viable if the extra costs of concentrating 
oxygen are compensated by lower costs of CO2 extraction. At an extreme, pure oxygen could be fed 
into the combustion chamber, resulting in a flue gas rich in CO2 and water vapour. The latter could 
then be condensed in order to isolate the CO2-rich gas stream. Because of the energy requirements 
of the air separation unit, this approach would decrease the efficiency of the coal plant by 11 
percent.

Thermal power stations and some types of large industrial plants are stationary sources of CO2 
emissions for which this post-combustion capture approach would be relatively easy to implement. 
When it comes to smaller-scale fossil fuel combustion, however, the technological challenge is 
daunting. Carbon capture implies that equipment like home furnaces and personal vehicles would 
be fitted with miniature versions of the elaborate processes involved in CO2 extraction, concentration 
and disposal in a coal power plant. This seems unlikely, although technological surprises cannot be 
rule out.
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