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Abstract: Climate projections are based on emission scenarios. The emission scenarios used
by the IPCC and by mainstream climate scientists are largely derived from the predicted
demand for fossil fuels, and in our view take insufficient consideration of the constrained
emissions that are likely due to the depletion of these fuels. This paper, by contrast, takes a
supply-side view of CO 2 emission, and generates two supply-driven emission scenarios based
on a comprehensive investigation of likely long-term pathways of fossil fuel production
drawn from peer-reviewed literature published since 2000. The potential rapid increases in
the supply of the non-conventional fossil fuels are also investigated. Climate projections
calculated in this paper indicate that the future atmospheric CO 2 concentration will not
exceed 610 ppm in this century; and that the increase in global surface temperature will be
lower than 2.6o C compared to pre- industrial level even if there is a significant increase in the
production of non-conventional fossil fuels. Our results indicate therefore that the IPCC’s
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climate projections overestimate the upper-bound of climate change. Furthermore, this paper
shows that different production pathways of fossil fuels use, and different climate models, are
the two main reasons for the significant differences in current literature on the topic.
Key words: Supply Constraints; Emission Scenarios; C limate Projections; Fossil Fuel
Resources
1. Introduction and Research Background
Climate change has been seen as perhaps the biggest environmental threat to the future
development of human society (Alley et al., 2003), and anthropogenic greenhouse gas (GHG)
emissions, especially CO 2 emissions mainly due to the usage of fossil fuels, have been
considered as the dominant cause of the observed change in the global climate to-date (IPCC,
2007, 2013). The results of climate projections are crucial for international climate
negotiations. Therefore, as the basic input and a major uncertainty in climate projections
(Stott and Kettleborough, 2002; Garrett, 2011), anthropogenic emissions should be given
substantial research attention (Webster et al., 2002).
Until recently, emissions scenarios from the Special Report on Emissions Scenarios
(SRES) of the Intergovernmental Panel on Climate Change (IPCC) (IPCC, 2000) are most
commonly used by the IPCC itself, and by much other scientific literature in order to analyze
relevant impacts on natural, social, and economic systems, and to recommend policies or
measures to cope with climate change effects (IPCC, 2001, 2007; Stott and Kettleborough,
2002; Arnell et al., 2004, 2013). However, the anthropogenic future emissions resulting from
energy usage in these scenarios were all largely derived from a demand-side analysis (Brecha,
2008; Vernon et al., 2011; York, 2012; Höök et al., 2013). In that analysis fossil fuel
resources were assumed to be abundant, especially if non-conventional fossil fuel resources
were included (Rogner, 1997). Moreover, it was assumed that these resources could be
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extracted at the required flow rate to meet demand due to the improving technical and
economic conditions. Thus the future usage of fossil fuels largely only depended on demand,
which in turn was set by the assumed future levels of socio-economic development. This
‘demand-driven’ approach to setting emission scenarios has been supported by most
economists, and as mentioned, was adopted by IPCC in developing the emissions scenarios
contained in SRES.
In 2009, a set of new emission scenarios (the representative concentration pathways or
RCPs) were developed and released, and used in the Fifth Assessment Report (AR5) of
Climate Change by the IPCC (Moss et al., 2010; Rogelj et al., 2012). However, these new
emission scenarios are still fundamentally demand-driven, and are based on similar socioeconomic models as those used to develop the SRES scenarios (Ward et al., 2012). Therefore,
both SRES and RCPs include some extremely high emissions scenarios, such as A1FI in
SRES, and RCP8.5 in the RCPs. Furthermore, all of the scenarios in SRES and RCPs are
considered equally plausible, since no probabilities or likelihoods are given to these (IPCC,
2000; Moss et al., 2010; Höök et al., 2013).
In this paper we look at the issue of CO 2 emissions from the supply side, and hence from
the need to recognize that fossil fuels, the main energy sources and dominant contributor to
current and future anthropogenic CO 2 emissions, are finite. This is mainly reflected in two
aspects: one is in geology, which means the total volumes existing in the earth are finite (i.e.,
the total resources); the other is in technology and economics, which means the recoverable
volumes from the total volumes, are also limited (i.e., the recoverable resources). Generally,
the volumes of total resources are much larger than the volumes of recoverable resources.
However, compared to the total resources, the recoverable resources are the more important
for future production, since the production rate of any fossil fuel is influenced not only by
geological factors, but also by technical and economic factors. In the IPCC's SRES and RCPs,
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the total resources are chosen as the base for analyzing future supply (IPCC, 2000). Moreover,
even if the recoverable resources are large this does not automatically permit their production
to be large. This is because empirical evidence shows that the production of fossil resources
in most regions reaches a peak even when up to more than a half of the recoverable resources
still remain (Brandt, 2007). As a result, the production curves of fossil fuels should generally
be modeled as rising to a peak and then decreasing.
An early peak study of fossil fuel production was that by Hubbert (Hubbert, 1949).
Since then much scientific literature has been written analyzing the possible peaks in
exploitation of global or regional fossil fuels and their possible impacts on the development
of the economy and human society (see, for example, Nel and Cooper, 2009; Nel and van Zyl,
2010). Today the concept of peak fossil fuel production is generally widely accepted (Zhao et
al., 2009; de Almeida and Silva, 2011; Bentley and Bentley, 2015), and an increasing number
of scientific and commercial forecasts have shown that the world will experience a near-term
production peak (or at least, plateau) of conventional fossil fuel production, and especially of
the production of convention oil and conventional gas (Campbell and Laherrere, 1998; Kerr,
2011; Heinberg and Fridley, 2010; Murray and King, 2012). Moreover, the International
Energy Agency (IEA), one of the world’s main energy forecasting organizations, has been
steadily reducing its forecast global production levels for conventional fossil hydrocarbons
(i.e., oil & gas) in its annual flagship reports, the World Energy Outlooks (WEOs) (Miller,
2011). The IEA first mentioned the issue of peak oil in its WEO 1998, and later in all WEOs
published since 2008; and also indicated that the global production of conventional crude oil
(less natural gas liquids, NGLs) had possibly peaked in 2006 (IEA, 2008).
The peak in fossil fuel production has been seen as an extremely important issue for
humankind (Krumdieck et al., 2010), and as mentioned above the coming of peak fossil fuels
may have significant influence on climate change due to the close relationship between usage

4

of fossil fuels and the anthropogenic CO 2 emissions (Newbery, 2011; Friedrichs, 2011).
Hence, in our view, supply-side analysis is needed to examine the likely upper-bound usage
of fossil fuels, and hence related emissions, even though we recognize that technological
progress can mitigate such constraints to some extent (Meadows and Randers, 2004).
A number of studies have already paid attention to possible supply-driven emission
scenarios, and hence their impacts on climate projections. These include Grubb (2001),
Doose (2004), Brecha (2008), Kharecha and Hansen (2008), Nel and Cooper (2009), Tans
(2009), Chiari and Zecca (2011), Ward et al. (2011, 2012) and Höök et al. (2013). However,
many of these studies use their own, and often rather simple, analyses of future fossil fuel
production; and moreover the production in some of these analyses covers only conventional
fossil fuels, and not all fossil fuels, thus giving insufficient consideration of the likely
increasing production of the non-conventional fossil fuels (Brecha, 2008; Kharecha and
Hansen, 2008; Nel and Cooper, 2009; Chiari and Zecca, 2011). As a result, such studies are
likely to give a less than convincing conclusion (Kharecha and Hansen, 2008). Furthermore,
the significant differences among these current supply-side studies call for a comprehensive
analysis of the reasons for these differences. Note also that such supply-side analyses, and
their related emission scenarios, are still largely excluded by many economists and climate
scientists in climate change analyses (Ward et al., 2012).
The aim of this paper, therefore, is to present a comprehensive analysis in order to
understand the impacts of supply constraints of all fossil fuels (oil, gas and coal, and both
conventional and non-conventional) on future climate change.
2. Research ideas and methodology
To design supply-driven emission scenarios, we need to know the future usage of fossil fuels,
and where, as this is an supply-side analysis, this usage depends on predicted supply (i.e.,
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production) rather than on simply predicted demand (based on the predicted status of the
world economy). To better understand the future production trends of fossil fuels, and as
opposed to most current studies in this area, we will not try to forecast these trends ourselves,
but to present firstly a comprehensive investigation of the long-term projections (out to 2100)
of conventional fossil fuel production drawn from the peer-reviewed scientific literature
published since the year 2000 (i.e., after the original SRES scenarios were generated). In
addition, for estimating the future production of the non-conventional fossil fuels, both the
scientific literature and also reports from the mainstream energy institutes have been
examined in order to account for the possible significant growth in the production of these
non-conventional fossil fuels.
The production scenarios we present in this paper are based on investigation of the fossil
fuel forecasts contained in the scientific literature and energy institute reports just mentioned.
Then the emission factors for each type of fossil fuel are used to convert the fossil fuel
production data we derive into carbon emissions. Then, in turn, these carbon emissions from
fossil fuel production are combined with the assumed emissions from other sources to
generate two supply-driven emission scenarios. Finally, a reduced-complexity and coupled
carbon cycle and climate model, MAGICC 6.3, which has been calibrated to 19 CMIP3
AOGCM and 9 C4 MIP carbon cycle models (Meinshausen et al., 2011a), is used to project
the future climate change expected under the two different emission scenarios.
We use MAGICC as it has been a commonly used model in past IPCC assessments, and
also as it provides sufficiently accurate global mean predictions of climate change under both
SRES and RCP emission scenarios of the IPCC (Rogelj et al., 2012). Although the CMIP5
model has been more recently developed, and is used as the new model in the fifth IPCC
assessment report (AR5), this progress in modeling, in terms of narrowing the uncertainties is
limited and MAGICC can still provide largely consistent results with CMIP5 (Knutti and
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Sedlacek, 2013). Therefore we judge that, the conclusions of this paper, using MAGICC,
would not change significantly if more recent models were used. Moreover, our results will
be comparable with those from the mainstream institutes, such as the IPCC. A detailed
description of MAGICC 6.3 can be found in Meinshausen et al. (2011a; 2011b).
3. Supply-driven scenarios
By reviewing the peer-reviewed literature published since the year 2000, we found and
examined 36 long-term forecasts for the world's conventional oil production, 18 long-term
forecasts for the world's conventional gas production, and 18 long-term forecasts for the
world's coal production. These forecasts are shown in Appendix A.
Also, as mentioned previously, for forecasts of the global production of nonconventional hydrocarbon (i.e., oil and gas) resources, we investigated forecasts from both
the peer-reviewed literature and from the mainstream energy institutes. By doing so, we
found and examined 29 long-term production forecasts for non-conventional oil, and 15 longterm production forecasts for non-conventional gas. These forecasts are also shown in
Appendix A.
By assuming that all these forecasts are equally likely, and by making a random
assortment among these, we arrive at 11664 (= 36×18×18) and 435 (= 29×15) different
supply pathways for the global production of conventional and non-conventional fossil fuels,
respectively. The mean values of these multiple pathways for the global production of
conventional and non-conventional fossil fuel are shown in Figure 1.
The results of this analysis is that the mean forecast indicates that the global production
of conventional fossil fuels will peak in 2028, at 11.42 Gtoe/yr, and also that the cumulative
probability that this peak in the production of conventional fossil fuels will have occurred by
2050 is about 93.6%.
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It is widely expected that the production of the non-conventional fossil fuels will see a
rapid increase in future, and this is borne out by the forecasts by the mainstream institutes.
For example, the US' EIA (2011) and the IEA (2012a) forecast that the production of the nonconventional fossil fuels will reach, respectively 1.75 Gtoe (Low and High cases: 1.63 - 2.05
Gtoe) by 2035, and 1.82 Gtoe (Low and High cases: 1.50 - 1.94 Gtoe). Based these forecasts
and on other literature, our results suggest that the production of non-conventional fossil fuels
will reach a mean forecast value of 1.82 Gtoe by 2035, and with a 95% confidence interval of:
1.77-1.87 Gtoe, in keeping with the trends indicated by the mainstream institutes.
This rapid increase in the production of the non-conventional fossil fuels can indeed
raise total global production of all fossil fuels, but we cannot expect this rise to continue for
long, because of the approaching peak and subsequent decline in the production of the
conventional fossil fuels. Based on the sources described above, we conclude that a very
likely pathway for the total production of all fossil fuel resources in future is to keep
increasing in next two decades to reach a maximum at 12.40 Gtoe/yr, and then to decline.
Therefore, the contribution of the non-conventional fossil fuels, though significant, is only to
delay the appearance of the supply constraints of all fossil fuel resources, and to reduce the
decline rate of total production after peak; but not to avoid such a peak completely (see
Figure 1). The direct effect of this lack of increase in all fossil fuel supply is to limit the
growth of annual CO 2 emissions.
As mentioned previously, based on the analysis described above, we have generated two
supply-driven carbon emission scenarios. The first is named the ‘supply-driven peak
conventional fossil fuels’ scenario (labeled SD-PC). In this scenario, only CO 2 emissions
from conventional fossil fuels are considered. The second scenario is called the ‘supplydriven peak conventional & non-conventional fossil fuels’ scenario (SD-PCU). In this
scenario the emissions from non-conventional fossil fuels are also included. There are two
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reasons for developing a SD-PC scenario: one is to better compare our findings with literature,
since most current literature only consider conventional fossil fuels; the other is to better
understand the impacts of non-conventional fossil fuels on climate change, and where the SDPC scenario will be seen as a benchmark for comparison in this analysis. Total CO 2
emissions from fossil fuels in our two SD scenarios are shown in Figure 2, and are compared
to a number of SREC and RCP emissions pathways. It can be seen from this figure that the
upper-bounds of the IPCC’s ‘demand-driven’ SRES and RCP emission scenarios are
significantly higher than the one presented in this paper.
Note that CO2 emissions from other (i.e., non fossil fuel) sources, and also other nonCO2 emissions, are also included in these two SD scenarios. To be specific, CO 2 emissions
from cement production and gas flaring are assumed to keep changing with a constant
proportion to the fossil CO 2 emissions rate (Chiari and Zecca, 2011). CO 2 emissions from
land-use changes are expected to keep declining in future due to a slow-down in the
deforestation rate and rising initiatives of reforestation (IPCC, 2007). Here, a 2.5% annual
decrease rate is applied to future CO 2 emissions from land-use changes (Chiari and Zecca,
2011), where this ratio is also consistent with the latest observed data (Friedlingstein et al.,
2010). For other non-CO2 GHG emissions, the median values of the RCPs are used
(Meinshausen et al., 2011c).
4. Results of climate projections
4.1 Simulation results
We are now in a position to turn the above CO 2 emissions levels into climate projections.
Figure 3 shows the projected climate results obtained by using MAGICC 6.3. In the SD-PC
scenario, and taking the median value, it can be seen that atmospheric CO2 concentration, and
also the global- mean surface temperature, will keep increasing, and reach about 550 ppm and
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2.33 o C, respectively, by 2100. In the SD-PCU scenario, as would be expected both the
atmosphere CO 2 concentration and global- mean surface temperature are higher than for the
SD-PC scenario, and reach median values of about 610 ppm and 2.63 o C, respectively, by
2100. Significantly, even in our low SD-PC scenario, the simulated results suggest that
atmosphere CO 2 concentration will be higher than 450 ppm, and the global- mean surface
temperature increase higher than 2 o C this century. This result is in agreement with most
climate studies, which indicate that the global climate system will exceed a dangerous level
(taken as 450 ppm and 2 o C, respectively) this century even if only consuming current
conventional fossil fuel resources (Meinshausen et al., 2009).
4.2 Comparison with IPCC projections
A comparison of climate projections under the SD scenarios generated in this paper and those
under the IPCC SRES and RCPs scenarios is shown in Figure 4.
From this comparison, it is clear that climate results of IPCC scenarios, especially for
their high-emission scenarios SRESA1FI and RCP8.5, appear extremely high. According to
the IPCC scenarios, the median value of CO 2 concentration and increase in global
temperature can reach as high as about 1000 ppm and about 4.8 o C respectively by 2100.
However, our SD scenarios show that the likely upper-bound of median CO 2 concentration
and increase in global- mean surface temperature are only about 610 ppm and 2.63 o C
respectively by 2100, even if considering rapid growth in the global production of the various
non-conventional fossil fuels.
It is recognized that the actual likely climate changes may be larger than those indicated
by the SD-PCU scenario because we assume, for simplification, that conventional and nonconventional fossil fuels have the same emission factors, while some of the literature
indicates that the GHG footprint of the various non-conventional fossil fuel resources are
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higher than for the equivalent conventional resources (Howarth and Ingraffea, 2011; Weber
and Clavin, 2012; Mckellar et al., 2009; Brandt and Farrell, 2007 ). For example, Howarth et
al. (2011) claimed that life-cycle GHG emissions from shale gas are at least 30% more than
those from conventional gas. However, this number is highly uncertain and could be only 3%,
according to Jiang et al. (2011). Due to this highly uncertainty and the same emission factors
applied by mainstream institutes, this paper also uses the same emission factors for both
conventional and non-conventional fossil fuels.
Thus overall, the results suggested by the SD-PCU scenario presented in this paper, and
which is based on a wide range of ‘supply-side’ fossil fuel projections published since 2000,
are in agreement with virtually all ‘peak’ studies, which concur that most climate projections
made with current knowledge (i.e. given the range of similar climate models used within the
mainstream institutes) overestimate future climate change due to making what appear to be
unrealistic assumptions on the increase in usage of fossil fuels (Chiari and Zecca,2011).
Two reasons might be suggested to explain the IPCC’s apparently extremely high
projections. Firstly, that the global total resources of fossil fuels are treated as recoverable
resources. As we mentioned in the Introduction, only the recoverable resources should be
considered when forecasting crucial long-term production growth, and not the total resources.
Rogner’s reports (Rogner, 1997; Gregory and Rogner, 1998) are the main sources for the
resource availability of fossil fuels used for generating the original IPCC’s SRES. For
deriving the RCPs, there was no analysis of fossil fuel resource availability. Therefore, the
RCPs are probably implicitly assuming the same high resource availability as the SRES, or
possibly even larger.
It should be noted that resource estimates in Rogner’s reports are total resources because
they include the resource category of ‘additional occurrences’. For instance, gas hydrates are
expected to provide energy supply assurance for the 21st century due to large size of their
11

resources (Majorowicz and Osadetz, 2001). However, 93.5% of the total resources of gas
hydrates are the additional occurrences (Rogner, 1997). Many analysts see the availability of
such resources as being very unlikely, where the still- uncertain estimates of very large
quantities of gas hydrates assumed worldwide have little to do with the likelihood that these
hydrates will provide energy supply assurance fo r the future (Beauchamp,2004). Rogner
himself agrees that these ‘additional occurrences’ should not be expected to be technically
and economically recoverable before the end of this century (Rogner, 1997). For this reason,
these ‘additional occurrences’ are excluded from the totals of potential energy supply
assumed by many institutes.
A second reason why some of the IPCC SRES and RCPs look to be much on the high
side is that it seems that generation of the original SRES may have treated resource
exploitation as a stock problem instead of a flow problem. In the perspective of stock
problem, future supply can essentially be determined by evaluating of the available stock (i.e.
resource availability) in ground, and where fear of resource constraint to future supply can be
dismissed if the stock of the fossil fuel is shown to be sufficiently large to meet assumed
demand. For example, the IPCC (2000) conveys this notion by stating that “the sheer size of
the fossil resource base makes fossil sources an energy supply option for many centuries to
come.” However, in the perspective of flow problem the stock in ground is of secondary
importance, as it is flow rate of the resource that governs the supply to society. The clearest
example of the difference in these two views is the many empirical studies that show that
production flows of oil, gas and possibly of coal in most regions reach a peak when more
than a half of recoverable resources still remain (Brandt, 2007). This lack of understanding of
the phenomenon of ‘mid-point’ peak has bedeviled much of oil and gas forecasting to the
present day.
4.3 Comparison with current literature
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As mentioned previously, a number of studies in the literature have indeed paid attention to
the potential impacts of supply-driven emissions scenarios on climate projections.
Comparison of our projections made in this paper with those in the literature is shown in
Figure 5. From this it can be seen that much of the rest of this ‘supply-driven’ literature
suggests that future atmospheric CO 2 concentration will likely peak in 21 st century. This
contrasts with our results, which show no peak in CO2 concentration over this period. Indeed,
as a result, some of the ‘supply-driven analysis claims that dangerous climate change will be
avoided (i.e. that atmospheric CO 2 concentration will be lower than 450ppm over the entire
21st century) due to the resource constraints on the production of fossil fuels (for example,
Nel and Cooper, 2009). However, according to our projections, even in the SD-PC scenario,
atmospheric CO 2 concentration will exceed 450 ppm, and indeed reach about 550ppm by
2100. Furthermore, as Figure 5 shows, there are significant differences between the CO 2
projections generated by this ‘supply-driven’ literature.
Two main reasons can be suggested to explain the differences in Figure 5. The first is
that much of this class of literature does not give a comprehensive investigation of the future
production of fossil fuels, especially of the non-conventional fossil fuels. For example, Nel
and Cooper (2009) use Hubbert linearization (HL) to estimate the ultimate recoverable
resources (URRs) of the various fossil fuels based on their historical production, and
forecasts future production based on these URR values. However, a URR determined from
historical data reflects largely only the production of conventional fossil fuels, since the
production of non-conventional fossil fuels accounts for only a very small proportion to-date.
This insufficient investigation of the future fossil fuels' production will result in different CO 2
emission pathways, which are the basic input variables for climate models. Currently,
although our study and most other literature show that the CO 2 emissions from fossil fuels
will peak in this century, the peak rate and peak date could differ significantly.
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The second reason for the different CO 2 concentration projections shown in Figure 5 is
the different nature of the climate models used. In broad terms, three types of climate models
are used in current literature. These are: coupled carbon cycle and climate models (Brecha,
2008; Chiari and Zecca, 2011), the Bern carbon cycle models (‘Bern CC’) (Kharecha and
Hansen, 2008), and empirical models (Nel and Cooper, 2009). For the first type of models,
MAGICC 5.3 is the most widely used of these for current studies, although the version used
in the literature quoted is not the latest. This type of model can generate not only the
atmospheric CO2 concentration, but also the climate response, for example the changes in
global- mean surface temperature. Bern CC models are simple carbon cycle models also
widely used by mainstream institutes. However, this type of model is not coupled with
climate change models, and therefore their results may not reflect the impacts of climate
change on the global carbon cycle. There are also different versions of the Bern CC models,
for example, the Bern CC model used by Kharecha and Hansen (2008) was originally built in
1996 (Joos et al., 1996), and where this model was also used in the second and third
assessment reports of the IPCC. In IPCC’s fourth assessment report (AR4), a new version of
the Bern CC model is used (IPCC, 2007). Currently, the most recent version of the Bern CC
model is that built by Joos et al. in 2012 (Joos et al., 2012). As opposed to the MAGICC
model, the Bern CC models can only generate results in terms of atmospheric CO2
concentration, not the global-mean surface temperature also.
In addition to the above two types of models, some empirical models - built on actual
data – have also been used in recent studies. For example, Nel and Cooper (2009) used three
models in their paper, one of which is the Bern CC model which was also used for IPCC AR4,
and the other two models were empirical models, namely AH(0.03) and AL(0.022). Tans
(2009) also established an empirical model; however, his model structure is the same as the
Bern CC model.

14

To illustrate the impact of using these different models, in terms of their final results, we
used these models to simulate the same emission scenarios; in this case the two SD emission
scenarios developed in this paper. The results are shown in Figure 6. It can be seen from this
figure that the impacts of the different models in terms of their forecast results are indeed
significantly different. MAGICC 6.3 gives the highest simulation results. For example, the
result under the SD-PC scenario shows atmospheric CO 2 still rising by the end of the century,
whereas for this same emission scenario the other models show either a move towards plateau,
or else a clear peak in CO 2 concentration around mid-century. The latest version of the Bern
CC model (i.e., Joos et al., 2012-BernCC) gives simulation results close to those of MAGICC
6.3, but with a different growth pathway. The empirical models used by Nel and Cooper
(2009) show the lowest results, and indeed are those that give a peak for atmosphere CO 2
concentration in this century. Thus with the Nel+Cooper-AH(0.03) model the atmospheric
CO2 concentration could be limited to under 450ppm, which is significantly lower than the
results from the MAGICC 6.3 and those of the Bern CC models. The empirical model built
by Tans (2009) shows similar results with the latest version of Bern CC model, the reason
being, as mentioned, that the model structure is the same as the Bern CC model, although the
parameters used are those estimated by the author. In addition, the models of Nel+Cooper are
based on empirical analysis, and the results of the MAGICC 6.3 model are constrained by
historical observed data, which is why both these types of model fit the historical data well.
The reason for this significant difference in the output of these current models, as
indicated in Figure 6, can be explained by different assumptions on CO 2 atmospheric lifetime,
which is used to describe the remaining airborne fraction of emitted CO 2 in the atmosphere
after t years, because emitted CO 2 will be partly absorbed gradually by a variety of natural
sinks, such as terrestrial ecosystem uptake, or air-sea diffusion plus surface-deep ocean
mixing (Zecca and Chiari, 2010).
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Generally, the remaining airborne fraction of emitted CO 2 will decline rapidly in the first
few years after the emission pulse, and then continue to decline but with a slower decline rate.
Most models (see Figure 7) indicate that about 37.2% ±3.9% of anthropogenic CO 2 emissions
remain in the atmosphere after 100 years and 21% ±2.3% after 1000 years. However,
Nel+Cooper-AH(0.03) and AL(0.022) assume a very rapid uptake rate of emitted CO 2 , and
that nearly all the emitted CO 2 is absorbed after only 200 years (Figure 7).
Considering other scientific studies, it may be that Nel+Cooper-AH(0.03) and AL(0.022)
models are overestimating the uptake capacity of natural sinks (Zecca and Chiari, 2010; Joos
et al, 2012). Note however that the capacity of ocean uptake, the main natural sink, is
decreasing because of the warming caused by increasing CO 2 concentration in the
atmosphere (Mckinley et al., 2011). It is for this reason that the IPCC is modifying its models,
and increasing the remaining airborne fraction of emitted CO 2 in the atmosphere (Joos et al.,
2012). Except for the empirical models built by Nel and Cooper (2009), the lower uptake rate
assumptions of the other models are consistent with current mainstream understanding of the
carbon cycle as two-way transfers of carbon between different reservoirs and with different
time scales (Joos et al.,2012). Most importantly, as mentioned, a relatively low uptake rate
assumption is now being applied by IPCC. Therefore, to compare the projection results under
SD scenarios with IPCC’s results, and to know the impacts of fossil fuel supply constraints
on climate change, it is suggested that models with the same assumptions in this area should
be used to avoid the influence of different models assumptions on uptake on the projected
results.
5. Summary, Conclusions and Policy implications
The following conclusions can be drawn:
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1) We assembled 116 long-term forecasts for the global production of fossil fuels (oil,
gas or coal), using peer-reviewed literature published since 2000, and recent reports from the
mainstream energy forecasting agencies. These comprised 36 forecasts for conventional oil,
18 for conventional gas, 18 for coal, 29 for non-conventional oil and 15 for non-conventional
gas. We assumed the forecasts to be equally likely, and statistically combined the range of
possible combinations to yield median and probabilistic values for total global fossil fuel
production. Two key forecasts were then generated: that for the global production of
conventional fossil fuels (comprising conventional oil, conventional gas, and coal); and that
for the global production of all fossil fuels (i.e., including also the production of nonconventional oil and gas).
According to these peer-reviewed literature, we find it is likely that the world production
of conventional fossil fuels will reach a supply- limited maximum (i.e., ‘peak’) in this century.
The production of non-conventional oil and gas is expected to increase rapidly in future, and
hence increase the total fossil fuel production. However, the forecasts in the literature suggest
that these contributions of non-conventional fossil fuels, though significant, will only delay
the peak date of total fossil fuel production by some years. As a result, we conclude that
supply constraints of fossil fuels supply are likely and should be considered in climate change
projections.
2) We then calculate the CO 2 emissions produced by these fuels. This is done by
multiplying the global production of oil, gas and coal, respectively, by their CO 2 emissions
per quantity produced. This generates two fossil fuel supply-driven CO 2 emission scenarios
that are used in this paper: the ‘SD-PC’ scenario, which gives CO 2 emissions from the global
production of conventional fossil fuels; and the ‘SD-PCU’ scenario which gives CO 2
emissions from the global production of all fossil fuels. We then input these CO 2 emissions
levels, plus allowance for non-fossil fuel GHG emissions, into the MAGICC 6.3 climate
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change model to calculate the expected resulting atmospheric CO 2 concentration levels, and
expected temperature changes above pre-industrial.
Based on this analysis, we find that supply constraints on total fossil fuels production are
likely to provide an upper-bound to climate change over the time horizon considered in this
paper (out to the end of 2100). Specifically, based on the SD-PCU emissions scenario, the
median atmospheric CO2 concentration, and global- mean surface temperature increase, are
likely to reach about 610 ppm and 2.63 o C respectively by 2100, even when the rapid growth
in the production of the non-conventional fossil fuels (specifically, oil and gas) is considered.
Note that these results are significantly lower than those projected by the IPCC under its
earlier high-emission scenarios, such as SRESA1FI, or in its later high-concentration
pathway of RCP8.5. Therefore, we conclude that the IPCC is likely to be overestimating the
upper-bound of possible climate change over this time horizon; where this conclusion is
supported by most of the ‘peak fossil fuel production’ studies published after the year 2000
that we examined.
3) If the contribution of the non-conventional fossil fuels is excluded, i.e. as in the SDPC scenario developed in this paper, we find that the median atmospheric CO2 concentration,
and global- mean surface temperature increase, reach about 550 ppm and 2.33 o C respectively
by 2100. Unfortunately, these results are significantly higher than the world's ‘target’ values
of 450 ppm and 2 o C increase that are the current goals of international effort. Therefore, we
conclude that the supply constraints of fossil fuels production may be insufficient to solve the
climate change problem. Overall, we conclude that future climate change may exceed
currently proposed dangerous levels in this century even considering the production limits of
the fossil fuel resources. This agrees with the conclusions reached by many other climate
scientists.
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4) The differences within the current literature on expected climate change can be
largely explained by the different assumptions made on the production growth of fossil fuels,
and on different climate models then applied.
4.1) On the production growth of fossil fuels, some authors made their own forecasts,
and used resource estimates based on limited sources of information. Furthermore, the fossil
fuel production growth assumed in some of the literature appears to be only, or largely, that
of the growth in conventional fossil fuels supply; and hence lacks proper consideration of the
growth in the non-conventional fossil fuels. In order to present a more rigorous and complete
supply-side analysis of the impact of fossil fuel use on climate change, we investigated the
fossil fuel production growth forecasts for both conventional and non-conventional fossil
fuels given in the scientific literature and in reports of mainstream energy institutes that have
been published after 2000, that is after the date at which the original IPCC SRES scenarios
were generated.
4.2) We then also examined aspects of the differences in the climate change models
themselves. The differences in these models in terms of climate projections are significant,
and should not be ignored. A significant part of the difference between some of the models
we illustrated here lay in the CO 2 residence times in the atmosphere assumed. To compare the
impacts of the two fossil fuels supply-driven emissions projections generated within this
paper (SD-PC and SD-PCU) with the IPCC’s fossil fuels demand-driven projections (SRES
and RCP), the latest version of MAGICC was used. Based on this, we expect that the
conclusions in this paper are likely to be more robust than those in a number of other papers
that have been published in the current literature.
5) We suggest that the robustness of findings presented here derives from the following:
the wide range of post-2000 fossil fuel supply projections examined; the fact that we took
account of both the growth in supply of the conventional as well as non-conventional fossil
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fuels; and the fact that we examined the outputs from a number of current recognized climate
change models. But even so, of course uncertainties remain. Most of these apply to climate
change modeling in general (such as economic assumptions; the correct handling of the
complex feedbacks of the climate; CO 2 residence time, and so on). But here we point out two
uncertainties specific to this paper. These are:
5.1) That in the two emissions scenarios we use here we assume equal CO 2 emissions
from the conventional and non-conventional fossil fuels. We recognize that this is an
oversimplification, though probably not large in terms of impact compared to some of the
other uncertainties (as mentioned above) in this sort of climate change modeling.
5.2) That while the forecasts of supply of both conventional and non-conventional oil
and gas as given in the literature may be thought of as being not too uncertain, the forecast
for coal has to have an even greater degree of uncertainty attached. This is because various
authors disagree significantly as to the extent that the known potentially very large resources
of coal, especially that in thin or deep seams, and in non-bituminous coal, can be technically
developed at any reasonable cost. Thus some forecasts see global coal supply as peaking (see
Figure A3); while others see coal supply as being potentially very large if not constrained by
measures to limit climate change.
Based on the above conclusions, here we summarize some policy implications that result,
as follows:
1) Climate projections from a fossil fuels supply-side analysis should be considered into
the international climate-change negotiations and in government decision making. Climate
projections are the basis of international climate change negotiations. However, current
‘mainstream’ climate projections are still, we judge, based on a fossil fuels demand-side
analysis. In this current mainstream analysis, the emission scenarios assumed cover a very
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wide range of future emissions, including those from extremely high fossil fuel usage, and
where, importantly, these extremely high emission scenarios are seen as equally plausible as
lower emission scenarios. This analysis thus has resulted in a large uncertainty range being
attached to the final climate projections, which in turn implies a high risk, and cost, for
decision- making. However, as we show in this paper, based on extensive literature published
since 2000 on of the likely future constraints on global fossil fuels supply, the current
extremely high fossil fuel usage scenarios should be excluded from consideration, or at least
given a very low weighting.
2) Most people today see climate change and fossil fuel resource constraints as being
two key challenges to be faced in the modern world (Friedrichs, 2011). A debate has taken
place as to which is the more urgent, and hence should be given the greater attention. Based
on the analysis in this paper, we find that climate change is the more urgent question. This is
because even we ignore the likely contribution to fossil fuel supply of the non-conventional
fossil fuels (in this case, of oil and gas), (i.e., in our SD-PC scenario), the exploitation of
current conventional fossil fuels alone will be sufficient to make climate change exceed its
currently-agreed dangerous level of 2 o C above pre-industrial level.
3) As a consequence, the world should be very cautious about the exploitation of the
non-conventional fossil fuel resources. To deal with the resources shortage, many countries
are trying to extract their own non-conventional fossil fuel resources, especially following the
US shale oil and gas revolution. However, based on our analysis, extracting all of the current
low-cost conventional fossil fuel resources alone will make climate change exceed the
dangerous level, not to mention extracting the non-conventional fossil fuels. Therefore, if the
world wants to control the climate change, extracting high-cost non-conventional fossil
energy should be avoided.
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It should be noted that policy implications 2 and 3 proposed above are only based on this
paper's projections, which are largely influenced by future fossil fuel usage and climate
models. The most important contribution of this paper is to fully consider the future fossil
fuel usage, and where the uncertainty of climate models is not considered in this study in any
depth. Currently, there are still some studies claiming that climate models applied by
mainstream institutes are incorrect and may overestimate climate change significantly
(Hansen and Sato, 2004). Therefore, these policy implications do not necessarily reflect this
uncertainty in climate models and should be treated with caution in practice. Improving the
accuracy of climate models is still an important work in future climate studies.
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Appendix A: Investigated long-term production trends for world fossil fuels
The published long-run forecast production trends for each type of fossil fuels that we have
incorporated into this study are shown in Figures A1-A5.
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Figure 1. Mean value of expected future supply of global fossil fuel resources, based on
peer-reviewed literature and on forecasts from the mainstream energy institute s. Note
that the production of coal is treated as solely a conventional fossil fuel; while both oil and
gas production have conventional and non-conventional components.
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Figure 2. Comparison of total CO2 emissions from fossil fuels in the two SD scenarios
generated in this paper and those in the IPCC SRES and RCP scenarios/pathways.
Shadow area is the range of 40 SRES scenarios. CO 2 emissions from fossil fuels are
calculated by multiplying the production by an average emission factors (coal: 1.08 GtC/Gtoe;
gas: 0.6409 GtC/Gtoe; oil: 0.8737 GtC/Gtoe). Note that the SD scenarios presented here are
based on fossil fuel forecasts published since 2000, i.e., after the date at which the SRES
scenarios were generated. The RCPs were generated more recently, but largely reflect the
assumptions used for the SRES scenarios.
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Figure 3. Probabilistic values for atmospheric CO2 concentration and twe nty-first
century global-mean surface tempe rature unde r our two SD scenarios; (a), Atmospheric
CO2 concentration based on the SD scenarios; (b), Corresponding global- mean surface
temperature relative to pre- industrial level. (The color range shown in a also applies to b;
solid lines indicate the median values for each of the two scenarios)
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Figure 4. Comparison of atmospheric CO2 concentration and twe nty-first century
global-mean te mpe rature resulting from the two SD scenarios generated in this paper,
and with those of the IPCC SRES and RCP. (a), Atmospheric CO 2 concentration; (b),
Global-mean surface temperature increase.
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Figure 5. Comparison of atmos pheric CO2 concentration under SD scenarios with those
from a range of current lite rature that examines ‘supply-driven’ fossil fuel emission
scenarios. Data sources: Doose (2004), Brecha (2008), Kharecha and Hansen (2008), Nel
and Cooper (2009), Tans (2009), Chiari and Zecca (2011).
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Figure 6. Comparison of atmospheric CO2 concentrations forecast based on the models
used by recent related literature: (a), Atmospheric CO 2 concentration under the SD-PC
scenario; (b), Atmospheric CO 2 concentration under the SD-PCU scenario. Observed data are
based on Law Dome data, 1850-1958 (Etheridge et al., 1996), Maunna Loa data, 1959-1979
(Tans, 2013), and on global average data, 1980-2012 (Dlugokencky and Tans, 2013). The
detailed equations of these models can be found in Kharecha and Hansen (2008), IPCC
(2007), Joos et al. (2012), Nel and Cooper (2009) and Tans (2009).
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Figure 7. Comparison of the percentage of emitted CO2 re maining in the atmosphere
after t years, as assumed in the different models.
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Figure A1. Thirty-six long-term production scenarios for the annual production of
world conventional oil, drawn from peer-reviewed literature published since the year
2000. Data sources: Gallagher (2011), Maggio and Cacciola (2012, 2009), Wang et al. (2011),
Kontorovich (2009), Valero and Valero (2010, 2011), Mohr and Evans (2008, 2007a,2010a),
Nashawi and Malallah (2010), Laherrère (2002a,2002b), Rehrl and Friedrich (2006),
Tsoskounogloua et al. (2008), Zerta et al. (2008), Brecha (2008), Kharecha and Hansen
(2008), Nel and Cooper (2009).
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Figure A2. Eighteen long-term production scenarios for the annual production of world
conventional gas, drawn from peer-reviewed literature published since the year 2000.
Data sources: Maggio and Cacciola (2012), Valero and Valero (2010, 2011), Laherrere
(2002b), Zerta et al. (2008), Brecha (2008), Kharecha and Hansen (2008), Nel and Cooper
(2009), Mohr and Evans (2007b, 2011).
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Figure A3. Eighteen long-term production scenarios for the annual production of world
coal, drawn from peer-reviewed literature publis hed since the year 2000. Note: Forecasts
for coal production are especially uncertain. While undoubtedly large volumes of coal exist
as resources, particularly in thin and deep seams, and also as non-bituminous coal, it is not
well established how much of these resources constitute recoverable resources under any
realistic scenarios on the future price of coal, and on technology levels. It is recognized that
increased automation, and use of in-situ recovery methods can – at least in principle - access
large quantities of the coal currently considered uneconomic to extract. Data sources: Maggio
and Cacciola (2012), Valero and Valero (2010, 2011), Brecha (2008), Kharecha and Hansen
(2008), Nel and Cooper (2009), Mohr and Evans (2009), Rutledge (2011), Höök et al. (2010),
Patzek and Croft (2010).
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Figure A4. Twe nty-nine long-term production scenarios for the annual production of
world unconventional oil, drawn from peer-revie wed lite rature and mainstream energy
institutes’ reports published since the year 2000. Note: the very high curve shown in this
figure is from Ward et al. (2012). The purpose of Ward et al. (2012) is to overestimate the
potential supply of fossil fuels. To do so, they first consider all kinds of fossil fuel resources,
such as gas hydrates, and then, they assume that the recoverable resources of these fossil
fuels are extremely large and the growth rate for future production is very high (see detailed
description in Ward et al. (2012)). Data sources: Laherrere (2002b), Rehrl and Friedrich
(2006), Mohr and Evans (2010b), Greene et al. (2006), de Castro et al. (2009), Brecha (2012),
Brandt et al. (2010), Jackson (2006), EIA (2011), ExxonMobil (2013), BP (2013), OPEC
(2012), IEA (2012a), BGR (2004,2011), Sweetnam (2008), Ward et al. (2012).
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Figure A5. Fifteen long-term production scenarios for the annual production of world
unconventional gas, drawn from peer-reviewed literature and mainstream energy
institutes’ reports published since the year 2000. Note: the very high curve is also from
Ward et al.(2012). Data sources: Mohr and Evans (2007a, 2011), EIA (2011), ExxonMobil
(2013), IEA (2012a,2012b), Ward et al. (2012).
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