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ABSTRACT
This paper examines the implications of uncertainty in the carbon cycle for the cost of stabilizing carbon dioxide
concentrations. Using a state of the art integrated assessment model, we find that uncertainty in our understanding of the
carbon cycle has significant implications for the costs of a climate stabilization policy, with cost differences denominated
in trillions of dollars. Uncertainty in the carbon cycle is equivalent to a change in concentration target of up to 100 ppmv.
The impact of carbon cycle uncertainties are smaller than those for climate sensitivity, and broadly comparable to the

effect of uncertainty in technology availability.

1. Introduction

The increase in atmospheric carbon dioxide (CO;) concentra-
tions over the past century has been driven, by the most part, by
human use of fossil fuels and land use changes. Substantial in-
creases in emissions from fossil fuel are likely to occur over the
next several decades (Nakicenovic and Swart, 2000). At present
about half of the carbon released into the atmosphere is taken up
by the oceans and terrestrial biosphere. The relative magnitude
of the mechanisms behind this uptake are unclear (Houghton,
2003), which leads to uncertainty in future behaviour, and the
future rate of carbon uptake in particular.

A number of studies have explored the economic implica-
tions of stabilizing the concentration of CO, (see e.g. Metz
etal., 2001). However, these studies treat the carbon cycle as if it
were known with certainty. We use a state-of-the-art integrated
assessment model, MiniCAM, to show that the economic cost
associated with stabilizing the concentration of CO; is highly
dependent on the representation of carbon cycle processes. We
consider here only the effect of uncertainties in our understand-
ing of the carbon cycle by using a single emissions scenario.
Other uncertainties, such as those associated with demographic,
economic and technological developments are not considered.
We report a range of costs that vary by a factor of 5 in response
to carbon cycle uncertainty alone. Reducing this uncertainty
has obvious economic value to managing the risks of climate
change.

2. Method

2.1. Introduction

We will approach this issue by posing the following question:
given a CO, concentration target, how do carbon cycle uncer-
tainties affect the economic cost of achieving the target? The
models and scenarios used will be described below. The overall
philosophy behind this approach is similar to that in Edmonds
and Smith (2006), except that in this work a CO, concentra-
tion target is used instead of a global-mean temperature change
target.

2.2. The OYECTS MiniCAM

The Object-Oriented Energy, Climate, and Technology Systems
(OYECTS) MiniCAM is a long-term, global integrated assess-
ment model of energy, economy, agriculture and land use, that
considers the sources of emissions of a suite of greenhouse
gases (GHGs), emitted in 14 globally disaggregated regions,’
the fate of emissions to the atmosphere, and the consequences
of changing concentrations of greenhouse related gases for cli-
mate change over a time period ranging from 1990 to 2095.
The MiniCAM begins with a representation of demographic and
economic developments in each region and combines these with
assumptions about technology development to describe an inter-
nally consistent representation of energy, agriculture, land-use
and economic developments that in turn shape global emissions
and concentrations of GHGs. GHG concentrations in turn deter-
mine radiative forcing and climate change.
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I'The United States, Canada, Latin America, Western Europe, Eastern
Europe, the Former Soviet Union, the Mideast, Africa, India, China,
other South and East Asia, Australia and New Zealand, Japan and Korea.
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The equation structure of the MiniCAM is described in
Edmonds et al. (2004a). Its energy-economy roots can be traced
back to Edmonds and Reilly (1985). The MiniCAM begins with
ademographic profile for each region, derives the regional labour
force, and combines this with assumptions about the long-term
equilibrium rate of labour productivity to derive potential gross
domestic product (GDP). Realized GDP is the potential GDP
modified by the feedback effect of energy costs. Realized GDP
sets the system scale. Energy, agriculture, land and emissions-
rights markets are solved endogenously within this aggregate
economic frame. The model provides an internally consistent,
equilibrium analysis of technologies within the global system.
General equilibrium effects and connections, however, are not
modelled. That is, the allocation of capital and labour across
production processes are assumed to occur within the context
of larger long-term economic equilibrium. While this simplifi-
cation could exert a downward bias on the estimate of economic
costs of emissions mitigation, in practice the effect seems small
(see e.g. Weyant, 2004).

The MiniCAM has a strong focus on energy production, trans-
formation and use. The model tracks the production of fossil
fuels, namely oil, natural gas and coal as well as non-fossil pri-
mary energy forms including nuclear, wind, solar, and hydro.
The model transforms primary energy forms to those that are
consumed in final use. Transformation processes include, refin-
ing, power generation, and hydrogen production. A variety of
technology options are available to produce all of the end-use
energy forms: liquids, gases, solids, electricity and hydrogen.
In this exercise, we assume that hydrogen technology is never
competitive in transport and that CO, capture and storage in ge-
ologic reservoirs is not employed as a mitigation option. Energy
is consumed in three final-use sectors: buildings, industry and
transportation.

The model has been continuously revised and updated to in-
clude an expanded set of processes, such as agricultural produc-
tion and land-use allocation, and additional technology options.
The MiniCAM was one of the models employed to develop the
IPCC emissions scenarios described in the Special Report on
Emissions Scenarios (SRES, Nakicenovic and Swart 2000). We
employ the version of MiniCAM implemented in the OYECTS
framework (Kim et al., 2006). The OYECTS framework is a
flexible modelling system written in the C44- language using
eXtensible Markup Language (XML) input and output formats.
The same general equation structure as used in previous model
versions was implemented within the OYECTS framework.
The general equilibrium Second Generation Model (SGM; Ed-
monds et al., 2004b) has also been implemented in the OYECTS
framework.

The agriculture and land-use portion of the model is not used
for the results presented here as our focus is on the effect of the
carbon cycle on climate stabilization. We wish to examine this
effect absent the complex interactions between future land-use
changes, carbon policy, and commercial biomass production.
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Accordingly, anthropogenic net land-use change emissions are
assumed to follow a fixed time path for all scenarios consid-
ered here and commercial biomass production is not utilized.
Feedbacks between CO, fertilization and the carbon cycle are,
therefore, included (see below), but the potential effects of an-
thropogenic land-use changes that differ between scenarios are
not considered. The interactions between land-use changes and
climate policy will be examined in future work. In addition,
emissions of non-CO, GHGs are held fixed at the levels deter-
mined in the multigas stabilization scenario reported in Smith
and Wigley (2006).

2.3. Carbon dioxide stabilization scenarios

The OYECTS MiniCAM incorporates the MAGICC simple cli-
mate model (Wigley and Raper 1992, 2002; Raper et al., 1996)
as used in the IPCC Third Assessment Report (Cubasch et al.,
2001). The carbon cycle component of the MAGICC model op-
erates with a balanced global carbon cycle for both historical
and future time periods. Input assumptions are specified for net
anthropogenic deforestation and ocean fluxes for the decade of
the 1980s as well as the strength of temperature-feedbacks. The
MAGICC model then adjusts the strength of the CO, feedback in
order to balance the carbon cycle over this decade (Wigley, 1993).
Terrestrial carbon cycle feedbacks are included as temperature
dependent reductions in carbon-pool timescales. A temperature
feedback on respiration and gross primary productivity are also
included. While the detailed behaviour of climate feedbacks on
the carbon cycle is undoubtedly complex, these representations,
as shown below, are capable of reproducing the range of results
from more complex carbon cycle models.

For this study we will use the carbon cycle component of
the MAGICC model to construct scenarios that span a plausible
range of carbon cycle behaviour. Following Wigley and Raper
(2001) terrestrial climate feedback and net deforestation param-
eters were adjusted in the MAGICC model to produce high, mid
and low carbon feedback scenarios. In the high feedback sce-
nario, current net deforestation emissions are assumed to be low,
which implies that the CO, fertilization effect is also relatively
small (Houghton, 2003). Coupled with a high level of temper-
ature feedback, this scenario results in higher atmospheric CO,
concentrations for a given emissions scenario. The opposite as-
sumptions were used to construct a low carbon cycle feedback
scenario.

The sensitivity studies conducted with the ISAM and Bern
models, as reported in appendix II of Houghton et al. (2001),
were used as guides to set the values of these parameters.
Figure 1 shows a comparison of the SRES B2 illustrative scenario
with our high, medium, and low carbon cycle parameters with the
sensitivity cases from Houghton et al. (2001). Our high, mid, and
low feedback cases are close to those from these two intermedi-
ate complexity carbon cycle models. Our high case was chosen
to match the Bern model high case, which is significantly higher
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than the ISAM high case. The three sensitivity cases presented
here, therefore, represent a plausible range of potential carbon
cycle responses. While we have not explicitly considered poten-
tial future changes in the behaviour of ocean carbon uptake, to
the extent which such changes are included in the model uncer-
tainty exercises used for calibration (Houghton et al., 2001) we
have covered the overall magnitude of the potential uncertainty
range.

The results here use the SRES B2 scenario as implemented in
the OYECTS MiniCAM, see Smith et al. (2005) for implemen-
tation details. The SRES B2 scenario is a ‘dynamics as usual’
scenario where, in the MiniCAM implementation, emissions of
CO, increase to 22 GtC yr~! by 2100.

Three stabilization cases were constructed corresponding to
these three carbon cycle scenarios. To construct these cases we
began with the 550 ppm concentration stabilization paths from
Wigley et al. (1996), updated to correspond to recent historical
concentration data as used in the MAGICC model and new Mini-
CAM baseline emissions pathways. These concentration paths

at 550 ppmv for three carbon cycle scenarios.

were inverted to determine CO, emissions pathways for each of
the carbon cycle scenarios discussed above. The resulting emis-
sions paths are shown in Fig. 2. Emissions in the mid carbon
cycle case peak at slightly below 10 GtC yr~—! in midcentury. For
the high carbon cycle feedback case emissions must peak earlier
and at a lower level, just over 8 GtC by 2030, in order to follow
the specified concentration pathway. If the carbon cycle exhibits
a lower level of feedbacks then emissions can increase further
while still achieving the same concentration goal.

The high and low emissions paths shown in Fig. 2, if used with
the medium carbon cycle assumptions, result in stabilization at
650 and 500 ppmv, respectively. In other words, our carbon cycle
uncertainty cases are equivalent to +100 and —50 ppmv change
in the CO, concentration target.

Another way to view the impact of these assumptions is to
examine the carbon uptake in these scenarios. We define total
carbon uptake as the net carbon uptake by the terrestrial ecosys-
tem and the oceans, which includes the assumed fixed pathway
for net deforestation. In the mid case, the net carbon uptake
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increases from a current value of 1 GtC yr~! to nearly 2 GtC/year
by midcentury. In the high carbon-feedback case total net uptake
decreases over the century and changes sign, with a net release of
around 1 GtC yr~!r by the end of the century. In the low carbon
feedback case total carbon uptake increases to over 4 GtC yr~!
by the end of the century.

We now turn to our main result, the economic implications of
carbon cycle uncertainty.

3. Results

In order to examine the economic implications of carbon cycle
uncertainty we have constrained the OYECTS MiniCAM model
to follow each of the emissions paths shown in Fig. 2. We assume
that all nations participate in the emissions mitigation activities
and that all mitigation is undertaken such that at any point in
time the cheapest mitigation options are always undertaken first,
regardless of where and in what sector they may be found. This is
sometimes referred to as ‘where’ flexibility (Richels et al., 1996).
While these assumptions are admittedly unrealistic, it is beyond
our ability to predict a ‘realistic’ international emissions mitiga-
tion regime. Because we assume perfect ‘where’ flexibility, our
costs, in any period are an idealized representation.

In each model period where emissions are above the con-
straint, a common global price is applied to fossil-fuel carbon
emissions everywhere and in all applications. The carbon price
is adjusted until emissions equal the specified value in each pe-
riod. As the carbon price increases, the energy system adjusts by
a combination of shifts to lower carbon technologies, more effi-
cient use of energy, and lower consumption of energy services.
These shifts are illustrated in Edmonds et al. (2004a).

The resulting carbon price pathways are shown in Fig. 3. The
carbon price for the mid case increases to over $750/TC by the
end of the century. Note that, while this scenario does contain
significant technological advances in terms of energy end-use
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Table 1. Total discounted cost of a CO, concentration
stabilization policy in millions of year $2005 USD (see text)

Carbon cycle scenario Total mitigation cost

Low C cycle feedback 1,190,000
Mid C cycle feedback 3,250,000
High C cycle feedback 6,290,000

efficiency and electric generation technologies, we have not in-
cluded advanced technologies such as CO, capture with geologic
storage or hydrogen use for passenger transportation.

Achieving the same result for the high carbon feedback sce-
nario requires a carbon price that is 50% higher than the central
case by the end of the century. This higher cost represents the
lower level of emissions that would be allowed (Fig. 2) under a
case where there is significantly lower uptake of anthropogenic
carbon by the terrestrial carbon cycle. The opposite occurs for
a more favourable behaviour of the carbon cycle where greater
uptake of anthropogenic carbon takes place. In the low carbon
feedback scenario, the carbon price is lower and the carbon price
is not applied until a later date.

A summary of the results is provided in Table 1, which presents
the total discounted cost of the carbon policy. The total carbon
payments over time are discounted from to 2095 to 2005 at an
interest rate of 5% and are presented in 2005 USD. At this dis-
count rate, payments in 2095 are reduced by a factor of 81 as
compared to payments made in 2005. The total cost of achieving
CO;, concentration stabilization ranges from 1.2 to 6.3 trillion
USD. In the more favourable case, the lower carbon tax plus the
later need for policy implementation contributes to a significantly
lower cost.

We can compare the results here to those of Edmonds and
Smith (2006), although only approximately because of the
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different policy target considered. Uncertainty in the climate
sensitivity has a larger effect on costs than uncertainty in the
carbon cycle (Edmonds and Smith, 2006). The economic impact
of carbon cycle uncertainties are larger than the effect of any
individual technology choice, although the effect of technology
combinations (i.e. the presence or absence of multiple technolo-
gies) can have a larger impact than carbon cycle uncertainties.
‘We note, however, that it is somewhat difficult methodologically
to rigorously compare uncertainties in physical parameters with
assumptions about future technology availability.

We have shown that uncertainty in the carbon cycle results in
a large range in the cost of achieving CO,concentration stabi-
lization. While the carbon cycle model used is relatively simple,
the range in carbon cycle response used here is illustrative of
the range determined by more complex models. It should be
pointed out, however, that the range of carbon cycle behaviour
represented here does not necessarily encompass the entire range
of possible responses. For example, it is possible that feedback
effects could have quite different dynamics than presently in-
cluded in carbon cycle models. Experimental evidence, for ex-
ample, suggests that CO, feedbacks might be transient, effec-
tively saturating much sooner than modelled. Other feedbacks,
such as stimulation by nitrogen deposition, could also be oper-
ating. Further, there are important interactions between land-use
changes and the carbon cycle that have not been considered here.
Nevertheless, these calculations provide a sense of economic im-
portance surrounding uncertainty in carbon cycle processes and
underlines the value of research to improve on the present state
of scientific understanding of the carbon cycle.
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