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Options and Instruments for a Deep Cut in CO2 Emissions: 
Carbon Dioxide Capture or Renewables, Taxes or Subsidies?

Reyer Gerlagh* and Bob van der Zwaan**†

This paper compares both the main physical options and the principle 
policy instruments to realize a deep cut in carbon dioxide emissions necessary to 
control global climate change. A top-down energy-economy model is used that 
has three emission reduction options: energy savings, a transition towards less-
carbon-intensive or non-carbon energy resources, and the use of carbon dioxide 
capture and storage technology. Five policy instruments – carbon taxes, fossil fuel 
taxes, non-carbon (renewable) energy subsidies, a portfolio standard for the carbon 
intensity of energy production, and a portfolio standard for the use of non-carbon 
(renewable) energy resources – are compared in terms of costs, efficiency and their 
impact on the composition of the energy supply system. One of our main conclusions 
is that a carbon intensity portfolio standard, involving the recycling of carbon taxes 
to support renewables deployment, is the most cost-efficient way to address the 
problem of global climate change. A comprehensive introduction of the capture and 
storage of carbon dioxide would contribute to reducing the costs of climate change 
control, but would not obviate the large-scale need for renewables.

1. InTRODuCTIOn

Mostly through the combustion of fossil fuels, mankind is inducing a rise 
in the global average atmospheric temperature and thereby altering our planet’s 
climate system. The observed and expected temperature increase results to a large 
extent from an increase in the concentration of carbon dioxide (CO

2
) in the atmo-
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sphere, originating predominantly from the use of coal, oil and natural gas as our 
key energy resources. 

Several different options exist for reducing the rate of CO
2
 emissions, in 

order to stabilize the CO
2
 concentration in the atmosphere. These options include 

a reduction in the use of fossil fuels, a substitution of carbon-intensive coal and 
oil by lower carbon-content fossil fuels such as natural gas, a replacement of fos-
sil fuel technologies by carbon-free alternatives (among which renewables such 
as biomass, solar and wind, or hydropower and nuclear energy), and the biologi-
cal sequestration of CO

2
 through an enhancement of natural sinks (e.g. forests). 

Recently another option has been added to this list: the capture of carbon dioxide 
before or after the combustion of fossil fuels, and its subsequent storage in either 
geological formations or the ocean, or its re-use and/or chemical fixation. These 
physical and chemical approaches towards carbon sequestration, now commonly 
referred to as “carbon dioxide capture and storage” (CCS), constitute one of the 
main subjects of this article.

Whereas there is still much to be analyzed and understood about the 
technical, economic and policy dimensions of this new carbon reduction option, 
many specialists believe it is currently among the most promising alternatives to 
address the problem of global climate change. Of course, to become of any sig-
nificance, incentives must be available to induce technical change towards prac-
tical CCS application (Newell et al., 1999). The first objective of this study is 
therefore to analyze the potential deployment and importance of carbon dioxide 
capture and storage relative to alternative options such as energy savings and the 
utilisation of renewables.

While the physical options at hand characterize one fundamental dimen-
sion of emission abatement policies, economic instruments define another impor-
tant facet of such policies. Many kinds of policy instruments have been suggested 
to address the environmental problem of climate change. Among the proposed 
policy measures are instruments like carbon taxes, fossil fuel taxes, renewable 
energy subsidies, and portfolio standards for either the carbon intensity of energy 
production or the absolute or relative use of renewable energy sources. The sec-
ond objective of the analysis reported in this article is to compare these different 
climate change policy instruments. We thereby connect to the recent work by, 
for example, Fischer and Newell (2004). The comparison between instruments is 
made in terms of costs and efficiency, as well as effectiveness i.e. their impact on 
the composition of the energy supply system. Should one pull renewable energy 
sources, or push back fossil-fuel-based energy production? Should one tax car-
bon, tax fossil fuels, or subsidize non-fossil energy sources? Or should one per-
haps aim for budget-neutral recycling of carbon or fossil-fuel taxes as subsidies 
for new clean energy sources, by setting portfolio standards for, respectively, the 
carbon emission intensity or the non-fossil share in total energy supply? These are 
the kind of questions we try to answer in this article.

The methodology employed for our analysis is that of top-down econo-
my-energy-environment (E3) modeling. We have developed a long-term dynamic 
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top-down model that simulates fossil fuels, non-fossil energy, a decarbonization 
option through CCS, a simple climate module, as well as generic production 
and consumption behavior. The model is an extension of DEMETER, which has 
been used for the analysis of a number of different climate change issues already 
(see van der Zwaan et al., 2002; Gerlagh and van der Zwaan, 2003; Gerlagh and 
van der Zwaan, 2004; Gerlagh et al., 2004; van der Zwaan and Gerlagh, 2006). 
DEMETER connects to both models of endogenous growth (such as Bovenberg 
and Smulders, 1996, and Chakravorty et al., 1997) and to (top-down) models 
particularly focusing on energy and climate change (e.g. Buonanno et al., 2003, 
and Goulder and Mathai, 2000). While DEMETER fits in the tradition of mod-
els like DICE (Nordhaus, 2002), it is clearly much richer in technological detail 
than Nordhaus’ pioneering top-down model. It shares the endogenization of tech-
nical change through learning curves with bottom-up models as first developed 
by Messner (1997) and reported in Nakićenović et al. (2001). In this sense, our 
model is hybrid and especially useful for deriving insight for policy making (Jac-
card et al., 2003).

We simulate various climate stabilization targets and investigate different 
policy instruments in relation to a number of physical emission reduction options. 
We calculate the relative performance of these instruments under the different 
climate stabilization scenarios. Whereas an increasing number of existing bot-
tom-up models are today able to simulate CCS technologies (for example, Riahi 
et al., 2004, and Smekens and van der Zwaan, 2006, to mention only two), only 
few top-down models are available that incorporate CCS. To our knowledge, we 
are the first using a top-down model that both includes CCS and offers a fairly 
rich technological description involving endogenous cost reductions, in our case 
through learning curves. Still, at least two publications deserve attention in this 
context: Ha-Duong and Keith (2003) incorporate CCS in their top-down DIAM 
model, while Keller et al. (2003) include CCS in the top-down RICE model. Our 
work extends both studies, as we have a significantly more detailed specification 
of energy supply. In DEMETER-CCS (as we call our DEMETER extension), we 
distinguish between energy savings, a switch from fossil fuels to non-carbon en-
ergy sources, and the decarbonisation of fossil fuels e.g. through CCS. The two 
mentioned studies do not make this distinction. Also, we include a CCS-supply 
curve with non-constant marginal costs, and use our model to compare the cost-
efficiency of various policy instruments, whereas Ha-Duong and Keith (2003) and 
Keller et al. (2003) mainly focus on the economic value of CCS including carbon 
leakage as an additional abatement option in an inter-temporal emission reduction 
scheme. Below, in section 2 the major features of DEMETER are summarized, 
and it is explained how this top-down model is expanded to include the simula-
tion of CCS technology. Section 3 recalls our calibration principles and describes 
DEMETER’s new CCS properties. Section 4 gives a description of the scenarios 
we defined for the purpose of this article and reports our findings, while section 5 
draws our conclusions and discusses the main lessons following from this study.
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2. MODEl SpECIfICaTIOn fOR DEMETER-CCS

DEMETER is written in GAMS as a set of equilibrium conditions that 
are calculable with the CONOPT solver. In mathematical terms, the program’s 
solution involves dynamic time-paths for a set of policy variables that maximize 
aggregated and discounted welfare (see Eq. 1) subject to a combination of policy 
instruments and climate change constraints. The model’s optimization is truncated 
after 30 periods of 5 years, beginning in 2000 and ending in 2150. The investment 
share in 2150 is fixed, while those final-period prices for which the equations still 
include future variables (i.e., that involve dynamic relations) are resolved by using 
steady-state conditions.

As DEMETER has been used in a few papers already, that include ex-
tensive accounts of the adopted simulation characteristics, we restrict ourselves 
here to a presentation of its main features only. We refer in particular to Gerlagh 
et al. (2004) for a more extensive description of the model. The version used for 
the present study extends the earlier structure of DEMETER with a simulation of 
carbon dioxide capture and storage technology. Here we therefore limit ourselves 
to an explanation of the way CCS is modeled in DEMETER-CCS.1 

DEMETER distinguishes one representative infinitely-living consumer 
who maximizes welfare subject to a budget constraint:

W =  
∞

Σ
t=1

 (1 + ρ)–t Pop
t
 ln(C

t
/Pop

t
), (1)

where W is total welfare, ρ is the pure time preference, and C
t
 / Pop

t
 is consump-

tion per capita. Consumers supply labor inelastically, proportional to the size of 
the population.

There are four representative producers and corresponding sectors, de-
noted by superscripts j = C, F, N, CCS, for the producer of the final (consumption) 
good, the producer of energy based on fossil-fuel technology, the producer of 
energy based on carbon-free technology, and the producer of the CCS technol-
ogy, respectively. Output of the final good production sector is denoted by YC. 
The same good is used for consumption C, investments I in all four sectors, and 
operation and maintenance M in both energy sectors and for the use of CCS. Our 
distinction between investments costs, on the one hand, and operation & main-
tenance costs, on the other hand, is in line with most bottom-up energy system 
models. Fossil fuel energy is demanded by the final goods sector and supplied 
by the fossil-fuel sector. Likewise, carbon-free energy is demanded by the final 
goods sector and supplied by the carbon-free energy sector. The fossil fuel sec-
tor demands CCS technology from the CCS sector when carbon taxes are levied. 

1. A full description of the model and that of the 5 policy instruments as used in this study, in 
terms of analytic equations, is given in a document separate from this article, available from the 
corresponding author. The complete GAMS code of DEMETER is available through his home page 
at the Vrije Universiteit Amsterdam: www.vu.nl/english/o_o/instituten/IVM/organisation/staff/fb_
reyer_gerlagh.html.
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The price of fossil fuel energy consists of three parts: energy production costs (I 
and M), costs of applying CCS, and carbon taxes. The representative producers 
maximize the net present value of their cash flows.

There is a public agent that can set carbon taxes, fossil fuel taxes, and 
non-carbon energy subsidies. These three policy instruments may all serve to 
reduce the emissions of carbon dioxide. When the agent imposes a carbon tax, 
levied on carbon dioxide emissions, one of the possible reactions is a reduction 
in overall energy consumption. Producers can also shift from fossil energy to 
carbon-free energy, or, alternatively (as included in this analysis), decarbon-
ize fossil-based energy production through the application of CCS. Carbon 
dioxide emissions, Em

t
, are proportional to the carbon content of fossil fuels, 

denoted by eF
t 
, while CCSR

t
 represents the share of the emissions captured 

through CCS. The relation between emissions and fossil fuel energy produc-
tion (and use) thus becomes:

Em
t
 = eF

t 
 (1 – CCSR

t
)YF

t 
. (2)

Today, there is no scientific guarantee that carbon dioxide stored under-
ground will not once start leaking back into the atmosphere. In that case, natu-
rally, this leakage should be accounted for as a future additional source of CO

2
 

emissions. The central scenarios adopted in this study abstract from such carbon 
leakage phenomena. As part of our sensitivity analysis, however, we do include 
carbon leakage in our model.

The variable CCSR
t
 can be understood as the carbon dioxide capture and 

storage ratio: it is the share of the total amount of CO
2
 emissions from the com-

bustion of fossil fuels that is prevented through the application of CCS. Alterna-
tively, we can interpret CCSR

t
 in a broader sense, that is, as a generic endogenous 

decarbonization measure, in which eF
t
 is the carbon intensity of a benchmark fuel 

mix that is optimal without carbon tax, and CCSR
t
 represents an aggregation of 

all activities that reduce carbon dioxide emissions as a result of directed policies, 
not only through CCS implementation but also e.g. fuel-switching options. The 
parameter eF

t
 decreases over time exogenously and describes inter alia the ‘au-

tonomous’ substitution of e.g. gas for oil and coal. In principle, we do not simulate 
a carbon-tax-induced substitution between fossil fuels, in any case not through the 
parameter eF

t
. In practice, however, a broad interpretation of CCSR

t
 implies that we 

do account for an endogenous simulation of fossil-fuel substitution effects. Thus, 
while the thrust of this article’s findings relates to the nature of endogenous en-
ergy decarbonization, with the parameter eF

t    
DEMETER also possesses a feature 

describing a particular kind of exogenous energy decarbonization (as reported in 
Gerlagh and van der Zwaan 2004).2

The carbon dioxide capture and storage process is described through an 
‘effort variable’ Q

t
CCS, which is assumed to be a second-order polynomial func-

tion depending on the share of carbon dioxide that is captured and stored (3). In 

2. This exogenous decarbonization of fossil fuels amounts to 0.2% per year.
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DEMETER all activities are described per vintage. Tildes on top of variables refer 
to the most recent vintage installed, as for the fossil fuel use Y

t
F in this equation. 

The parameter κ describes the increase in marginal costs when a higher share of 
fossil fuels is decarbonized. For κ=0, in one period, costs of CCS are linear and 
marginal costs are constant. For κ=1, marginal costs double when the share of 
fossil fuels to which CCS is applied increases from almost nothing to all fossil 
fuels being combusted. This specification constitutes an important extension in 
comparison to the work by Ha-Duong and Keith (2003) and Keller et al. (2003). 
In our case, the low-cost CCS options are used first, when carbon taxes are low, 
while more expensive CCS alternatives are added to the set of applied CCS tech-
nologies under higher carbon taxes: these higher taxes justify the more elevated 
expenses and effort per unit of reduced emissions. CCS technology is only imple-
mented in response to carbon taxes. Under constant investment and maintenance 
prices, the share of fossil fuel energy from which carbon dioxide is captured and 
stored is assumed to be linear in the carbon tax.

The variable h
t

CCS is an inverse measure for the level of learning in CCS 
application. The higher its value, the lower the cumulative learning, the more 
effort is required to implement CCS. When CCS deployment accumulates and 
thus the amount of emissions avoided increases (4), the resulting (installation and 
operation) experience, X

t
CCS, leads to an enhancement of related knowledge, and 

a corresponding decrease in the cost parameter h
t

CCS (5). In eq. (5), cCCS and dCCS 
are constant technology parameters describing the experience (or learning) curve 
for CCS.3 When experience X

t
CCS accumulates, CCS options become cheaper, and, 

for constant carbon taxes, more CCS technology is applied. Investments, one pe-
riod before, are proportional to the effort Q

t
CCS (6), and so are maintenance costs 

(7). The parameters aCCS and bCCS define the investments and maintenance flows 
required for one unit of the effort Q

t
CCS. In every period, total CCS maintenance 

costs are summed over all vintages, through (8). The parameter δ denotes the 
share of vintage capital that is depreciated per period. Summarizing, we have:

Q
t
CCS = h

t

CCS (CCSR
t 
+ 1/2κ  CCSR

t 
2) eF

t 
 
~
Y

t
F, (3)

X
t+1
CCS  = X

t
CCS + CCSR

t 
eF

t 
 
~
Y

t
F, (4)

h
t

CCS  = 1 + c
t
CCS (1– dCCS)(X

t
CCS)–dCCS

, (5)

I
t–1
CCS  = Q

t
CCS/aCCS, (6)

~
M

t
CCS = Q

t
CCS/bCCS, (7)

M
t
CCS = (1–δ) M

t–1
CCS + 

~
M

t
CCS. (8)

3. For low values of X
t
CCS, the learning rate is given by (1–2 –d

ccs
).



The climate change dynamics used are as in DICE99 (Nordhaus and 
Boyer 2000). They describe a multi-stratum system, including an atmosphere, an 
upper-ocean stratum, and a lower-ocean stratum.4

3. CalIbRaTIOn anD DaTa fOR nuMERICal analySIS

Like with previous versions of DEMETER, the current version has been 
calibrated extensively to reflect as closely as possible the global (energy) econo-
my, for which we used data from many established sources (World Bank, 1999; 
IEA/OECD, 1999; IEA/OECD, 2000). Calibrations have been performed with re-
spect to such variables as world population growth, Gross World Product growth, 
the autonomous energy efficiency improvement, and the exogenous fossil fuel de-
carbonization, covering at least the time frame of the 21st century. For the param-
eter values used, we refer to the central values presented in Table 1 of Gerlagh and 
van der Zwaan (2004). In the current analysis, there is one significant difference 
with this table: we do not assume subsidies that internalize the learning spillover 
in the benchmark scenario. For more details about the calibration procedure we 
refer to previous publications (see van der Zwaan et al., 2002; Gerlagh and van 
der Zwaan, 2003; Gerlagh et al., 2004).5 We restrict ourselves here to explaining 
how CCS activity has been calibrated, since this feature is new to DEMETER.

The extent to which CCS technologies may contribute to greenhouse gas 
emission control and atmospheric CO

2
 concentration stabilization will, to a large 

extent, be determined by the costs of CCS technology. The cost components of 
CCS are related to the carbon dioxide capture process (including separation and 
compression), the transport of carbon dioxide, and its storage (including measure-
ment, monitoring and verification). The cost of employing a full CCS system for 
electricity generation with a fossil-fired power plant is dominated by the cost of 
the carbon dioxide capture process. The CCS cost ranges quoted in the current 
literature are large. In this paper, it is assumed that a spectrum of different CCS 
options is available, with costs from low values to relatively high levels. In the 
first modeling period, we assume that the first batch of CCS application can be ec-
onomically feasible at marginal costs of around 10 $/tC avoided (that is, 3 $/tCO

2
 

avoided). The explanation for this figure being relatively low is our assumption 
that, in early cases of deployment, CCS can be utilized to increase the production 
of liquid or gaseous fossil fuels through e.g. enhanced oil recovery (EOR). Hence, 
part of the costs of CCS application can be compensated by the economic gains 
of processes like EOR. At the high-cost end, it is assumed that if one nears the 
point of equipping all fossil-fuel electricity generation with CCS (about one third 

4. As DICE99 uses periods of 10 years, we recalibrated the DICE99 climate module parameters to 
fit our five-year period structure.

5. In these articles, also our assumptions regarding the values chosen for interest rates and 
depreciation rates, the benchmark gross investment ratio, the energy consumption-price elasticity, 
the energy substitution elasticity, and the evolution of energy prices (including learning rates, long-
term floor prices, and cost distributions between investments and maintenance&operation) have been 
argued in detail.
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of global energy demand in primary energy equivalents), marginal costs will be as 
high as 150 $/tC avoided. This high-cost value corresponds to the average of the 
typical cost ranges as currently provided by specialists in the field of CCS.6, 7 Ha-
Duong and Keith (2003) assume constant initial marginal CCS costs of 75 $/tC, 
while Keller et al. (2003) assume constant initial costs of 100 $/tC. In our model, 
these marginal costs would be reached after levels of 17% and 22% of emissions 
are prevented through CCS, respectively.

The capture technology part in CCS systems resembles the technologies 
used for sulphur and nitrous oxides removal from flue gases, since they are often 
based on similar techniques such as scrubbing.8 Worldwide, the costs of applying 
these technologies have decreased considerably over the past few decades (Rubin 
et al., 2004) and learning rates for capital costs of 11-12% have been observed. 
We assume that CCS will follow a similar route of technological progress, and 
take a learning rate of 10% for the simulation of CCS cost developments in DE-
METER. This is in line with the learning rates found for many other energy tech-
nologies, as reported in McDonald and Schrattenholzer (2001). As DEMETER 
does not distinguish between the capture and storage parts of CCS technology, it 
is supposed that the 10% learning rate is applicable to the employment of the total 
CCS system at large. Still, application of learning curves requires an estimation 
of the initial level of cumulative experience. No large-scale power plant has so 
far been retrofitted with carbon dioxide capture technology. On the other hand, 
carbon dioxide storage has been taking place for already a number of years at e.g. 
the Sleipner project (0.2-0.3 MtC/yr), at the Weyburn project (1-2 MtC/yr) and in 
West Texas (5-10 MtC/yr). For our calculations with DEMETER, we assume that 
the above CCS cost estimates are applicable when experience with installed CCS 
capacity has accumulated to about a level of X

t
CCS =20 MtC/yr.

4. SIMulaTIOn RESulTS

For our analysis of physical options and policy instruments, we define 
the 6 scenarios listed below. One of these is a benchmark (business-as-usual) sce-
nario that involves no constraint on carbon dioxide emissions. The other 5 scenar-
ios reflect cases in which a carbon dioxide stabilization target is reached through 
the implementation of a climate policy instrument. These 5 scenarios differ in 

6. The IPCC (Intergovernmental Panel on Climate Change, Working Group III) has produced a 
comprehensive overview of CCS technologies, including an assessment of their prospective costs, 
with the publication at the end of 2005 of the Special Report on Carbon Dioxide Capture and Storage 
(IPCC, 2005).

7. These values imply that the application of a full-cost CCS system would add some 2-5 $cent/
kWh to the costs of electricity from a pulverized coal power plant, which is of the order of magnitude 
of the electricity generation costs.

8. Flue gas desulphurisation (FGD) is a common method applied in large industrial installations 
like fossil-fuel power plants to remove sulphur oxides from the emitted exhaust gases. Selective 
catalytic reduction (SCR) is a widely applied industrial process for the reduction of nitrogen oxides in 
exhaust gases from large stationary fossil-fuel combustion installations.



the kind of policy used to reach the climate stabilization target. In all climate-
constrained scenarios the timing of instrument implementation and emission re-
duction achievement is calculated through the welfare maximization program as 
explained in section 2.

bau: No climate change policy is implemented. Energy consumption 
and carbon dioxide emissions are assumed to increase gradually 
over the entire 21st century.

taxC: The climate stabilization target is reached through a carbon tax. 
Carbon taxing is considered the most direct approach to realize 
a cut in emissions.

taxf: The climate stabilization target is reached through a fossil fuel 
tax. This is the simplest form of taxation.

subn: The climate stabilization target is reached through a subsidy on 
non-fossil energy. The rationale behind subsidies is to exploit 
the learning potential of non-carbon energy sources.

pfsC: The climate stabilization target is reached through a portfolio 
standard for the carbon dioxide emission intensity, by recy-
cling carbon taxes as subsidies to non-fossil energy.9

pfsf: The climate stabilization target is reached through a portfolio 
standard for the non-fossil energy share, by recycling fossil 
fuel taxes as subsidies to non-fossil energy.

One of the main differences between taxC and taxf is that in the latter 
case energy producers have no incentive to apply CCS. Only when carbon dioxide 
emissions are taxed does it become interesting to invest in CCS technology. Thus, 
only in the taxC and pfsC scenarios, CCS implementation materializes. In the 
bau, subn, taxf and pfsf scenarios there is no incentive to complement power 
plants (or other carbon-emitting energy uses) with costly CCS techniques. The 
taxf and pfsf scenarios may be realistic when e.g. the differentiation between 
the taxing of various kinds of fuels is difficult. In both portfolio standard sce-
narios, pfsC and pfsf, there is no net tax on energy. The pfsC scenario involves 
an instrument that combines the advantages of the taxC and subn scenarios: it 
addresses the problem of carbon dioxide emissions directly, while exploiting the 
learning potential of non-carbon energy resources. The pfsf scenario is similar, 
but replaces the carbon tax by a tax on the fossil energy source. Note that for the 
pure tax scenarios, the resulting revenues are handed back as lump-sum amounts 
to the central agent. Similarly, in the pure subsidy scenario, the social optimizer 

9. We define a carbon portfolio standard as a regulation that specifies a binding carbon intensity of 
energy use without levying a net tax or subsidy. In modeling terms, this is equivalent to demanding that 
the user-price of energy is equal to the per unit production costs (without a tax wedge). In our model, 
we implement this portfolio standard by applying both a carbon tax and a non-carbon subsidy, but at 
a level such that carbon tax revenues exactly match non-carbon subsidy expenditures. As a result, net 
tax payments are zero, and the combined tax-subsidy instrument is equivalent to a portfolio standard. 
The same mechanism applies to the non-fossil fuel portfolio standard.
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decides on the level of subsidies, without invoking any tax specification. For ease 
of modeling, we have abstracted in our scenarios from the costs associated with 
the raising of public funds through other taxes.

Four commonly applied emission reduction options exist: (i) energy sav-
ings, (ii) a decarbonization of the fossil energy system, mainly through inter-fos-
sil-fuel substitution (which in our analysis is moderate and exogenous), (iii) a 
transition towards non-carbon energy resources, and (iv) fossil-fuel decarboniza-
tion through the implementation of CCS technology (which in our model may 
be substantial and is endogenous). Table 1 gives an overview of which of the 
three endogenous physical options are utilized in our 5 different policy instrument 
scenarios. Energy savings are always used, except in the scenario with only sub-
sidies on non-carbon energy sources: since none of the energy options is affected 
negatively, no reduction in the use of energy is needed. A transition towards non-
carbon energy sources is always used to some extent (even in BAU), as we assume 
that there are always at least some niche markets in which their use is profitable. 
CCS is only interesting when carbon taxes (as opposed to fossil taxes) are im-
posed, so that CCS does not appear in 3 of the 5 policy scenarios. As one can see 
in Table 1, only the carbon tax and portfolio standard for the carbon intensity of 
energy supply scenarios employ all three available endogenous mechanisms to 
realize CO

2
 emission reductions.

Table 1. Summary of policy Instruments and Emission Reduction 
Mechanisms as Simulated in five Climate-constrained  
Energy/emissions Scenarios

   Transition to 
  Energy  non-carbon 
Scenario policy instrument savings energy sources CCS 

TaxC Carbon tax Y Y Y  
TaxF Fossil fuel tax Y Y N  
SubN Subsidy for non-carbon energy N Y N  
PfsC Portfolio standard for carbon intensity Y Y Y  
PfsF Portfolio standard for non-carbon energy share Y Y N 

To complete our framework of analysis, we define 5 climate stabiliza-
tion targets, of 450, 475, 500, 525, and 550 ppmv respectively. Before turning to 
our analysis of physical options and policy instruments required to reach a given 
carbon dioxide stabilization target, we briefly describe what the meaning of these 
different targets is in terms of emission profiles (see Figures 1 and 2).

As can be seen from Figure 1, the lower the stabilization target the more 
stringent has to be the carbon dioxide emissions profile and the earlier emission 
reductions need to be achieved. If one takes the horizontal 6 GtC/yr line as refer-
ence, one sees that with each 25 ppmv more stringent stabilization target, an about 
15-year earlier drop in emissions is required. In terms of the emission reduction 
that has to be realized with respect to the BAU emission path, every 25 ppmv 



more stringent stabilization target implies an approximately 10-year advance 
in the start of significant reduction efforts. As can be concluded from Figure 2, 
for one specified stabilization target (450 ppmv in this case), the carbon dioxide 
emission path is virtually independent of the policy instrument chosen to reach 
that particular target. When we thus calculate cost differentials between the vari-
ous policy instruments, the cost differences found cannot be due to timing issues 
– that is, the possibility to advance or delay emission reduction measures. They 
must mainly originate from the more or less efficient use of the various physical 
emission abatement options.10

10. Note that, in this paper at least, we abstract from uncertainty with regards to technological 
innovation and its effect on the timing of action (see e.g. Papathanasiou and Anderson 2002).
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figure 1. Carbon Emissions (GtC/yr) for Various Stabilization Targets 
(TaxC Scenario) 

figure 2. Carbon Emissions (GtC/yr) for Various Scenarios  
(450 ppmv Target)
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4.1 Instrument performance for climate stabilization

To analyze the performance of our 5 policy instruments in terms of costs, 
we calculate the loss of welfare (expressed in Equivalent Variation, in 2000 US$), 
compared to BAU, as a function of the stabilization target for each of the 5 in-
strument scenarios (see Figure 3). To further compare the 5 policy instrument 
scenarios, we also present the relative costs of the different instruments as a func-
tion of the climate stabilization target, for which we take taxC as the benchmark 
scenario (see Figure 4).

It comes to no surprise that the costs increase sharply when the climate 
stabilization target becomes more stringent. The obvious reasons are that more 

figure 3. Costs (billion 2000 uS$) of Reaching Climate Stabilization 
Targets (ppmv) for the Various Scenarios 

figure 4. Relative Costs of Various Instruments as a function of the 
Climate Stabilization Target (TaxC Scenario normalized to 1)



emission reduction investments need to be made when the climate targets become 
more ambitious, and that more stringent targets imply earlier actions that cannot 
be discounted as much as the later actions required for looser targets. We see that 
irrespective of the climate stabilization target, merely subsidizing the non-carbon 
energy resource is always the most expensive option, while the portfolio standard 
for the carbon emission intensity is always the cheapest option. Hence, taxing 
carbon and recycling the resulting revenues to the non-carbon energy resource 
is the most cost-efficient policy instrument to reach climate management goals, 
however ambitious these might be. 

Still, subsidies for non-fossil energy perform relatively well for fairly 
loose climate stabilization targets. For targets above 550 ppmv, there is no need 
for an immediate sharp reduction in emissions. A subsidy for non-carbon energy 
internalizes learning spill-over effects, and over time achieves a substantial cost 
reduction for non-carbon energy sources, so that the future substitution of fos-
sil fuels with non-carbon energy becomes feasible. Consequently, as long as the 
subsidy does not exceed the social benefits of the learning spill-over, it corrects 
a pre-existing market failure and is therefore the preferred instrument. For more 
stringent stabilization targets, the subsidy starts to exceed the social value of the 
learning spill-over: the instrument does not just correct the learning market fail-
ure, but also becomes a market distortion itself. Through this instrument, energy 
consumption rather than energy savings is stimulated, while energy savings con-
stitutes an essential mechanism to reach deep cuts in carbon dioxide emissions. In 
this case, non-carbon energy subsidies impose unnecessary high costs.

We also see that imposing a carbon tax is almost always an approximate-
ly cost-effective way to reach climate change control goals, and that the perfor-
mance of carbon taxes becomes better the more stringent the target. Clearly, when 
deep emission cuts are required, the direct targeting of carbon dioxide emissions 
through taxation becomes most powerful. 

For stringent climate change stabilization targets (around 450 ppmv), 
there is little difference between the case in which only carbon taxation is ap-
plied, and the case in which carbon taxes are combined with the recycling of the 
resulting revenues for the support of non-carbon energy resources. Interestingly, it 
appears that taxing fossil fuel usage is always about 20% more costly than taxing 
carbon dioxide emissions, independent of the stabilization target and of whether 
the tax revenues are recycled as non-fossil energy subsidies or not. Thus, employ-
ing the decarbonization potential of fossil fuels, through the application of CCS 
technologies, proves a valuable option.

4.2 Deployment of CCS and sensitivity analysis

The main reason why carbon dioxide emissions taxation is more advan-
tageous than fossil fuels taxation is that the former allows for the decarbonization 
of fossil fuels, specifically through the deployment of CCS, while the latter gives 
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no incentive to utilize this extra degree of freedom.11 Figure 5 depicts to what 
extent CCS is applied to new vintages of fossil-fuel energy production (with a 
450 ppmv climate change control target) in the two scenarios (taxC and pfsC) 
in which carbon taxation is implemented. BAU, depicted as the 0% bottom line, 
does not involve ‘spontaneous’ CCS application. Figure 6 indicates what the im-
plication of CCS implementation is for the deployment of the non-carbon energy 
source, for all 5 policy-instrument scenarios.

11. As said, we calibrated the model such that substitution between fossil fuels is in principle 
exogenous. Thus, the calculated differences between the carbon dioxide emissions taxation and fossil 
fuels taxation policies entirely result from the use or non-use of CCS. For actual policy making, fuel 
substitution is also part of the argument in favor of carbon taxing.

figure 5.  CCS application to new Capacity of fossil fuel Energy 
production for 450 ppmv Climate Target 

figure 6.  Share of non-carbon Energy Source for 450 ppmv Climate Target 



Given the central role of CCS in the carbon tax and carbon portfolio 
standard scenarios, and the uncertainties with regard to the costs of this new emis-
sion reduction option, we briefly investigate the sensitivity of the ranking of the 
different instruments against changes in the CCS cost assumptions. We ran two 
additional sets of scenarios. The first, presented in Figure 7 and Figure 8, is based 
on more pessimistic assumptions on CCS costs, compared to our central best 
guesses. For this set of scenarios, we assume that learning reduces CCS costs by 
only 5% per doubling of installed capacity, whereas it is 10% in the central case. 
We furthermore increase the high-end costs of CCS by a factor of five, and assume 
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figure 7.  CCS application to new Capacity of fossil fuel Energy 
production for the 450 ppmv Climate Stabilization Target,  
With High CCS Costs 

figure 8. Relative Costs of Various Instruments as a function of the 
Climate Stabilization Target (Taxc Scenario normalized to 1), 
With High CCS Costs
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that annually 1% of the stored carbon dioxide gradually leaks to the atmosphere. 
As a result of these more pessimistic assumptions, CCS never reaches a share 
higher than 9% of new capacity, and, if so, then only after 2050. CCS has now 
almost no effect on discounted and aggregated costs, and the advantage of the car-
bon tax over the fossil fuel tax virtually disappears. The taxC and taxF scenarios 
come close together, and the same applies for the pfsC and pfsf scenarios.

The second set of scenarios is based on more optimistic assumptions 
for the costs of CCS. Here, we assume that CCS is equally adaptive to learning 
as some renewable energy production, that is, we assume a learning rate of 20% 
per doubling of cumulative capacity. Still, we do not decrease the high-end costs 
of CCS, as in this respect we consider our central assumptions already relatively 
optimistic. We assume no carbon leakage, and also remove the threshold costs of 
10 $/tC below which no CCS activities were assumed to be possible in the central 
set of scenarios. The latter implies that at low carbon tax levels, for each 4.5 $/tC 
tax increase, the carbon intensity of fossil fuels decreases by another 1%, in ad-
dition to the 0.2% autonomous decrease in carbon intensity that is assumed exog-
enously. We could interpret this endogenous carbon intensity decrease through the 
CCSR variable as the inclusion of some inter-fossil-fuel substitution possibilities. 
Instead of letting it unequivocally represent carbon dioxide capture and storage, 
we may thus re-interpret CCSR as a generic endogenous type of fossil fuel decar-
bonisation (as compared to our benchmark) through the combination of inter-fuel 
substitution and CCS.

As a result of these more optimistic assumptions, our carbon tax scenar-
ios imply that, from 2050 onwards, fossil fuel decarbonization reduces emissions 
from new energy capacity by about two-thirds (Figure 9). The advantage of the 
carbon tax over the fossil fuel tax, and hence of pfsC over pfsf, further increases. 
The subsidy instrument does not become more expensive, but, relative to the car-
bon tax, its performance worsens (Figure 10).

4.3 Carbon intensity in the bau and 450 ppmv scenarios

Not just in the policy instrument scenarios but also in BAU, the carbon 
dioxide emissions per unit of energy consumed decrease. In BAU they decrease 
from about 20 gC/kJ in 2000 to about 14 gC/kJ in 2100. There are two mecha-
nisms behind this reduction: a transition to the non-carbon energy resource, and a 
decarbonization of fossil fuel use through a transition from carbon-intensive fuels 
like coal to carbon-poor fossil fuels such as natural gas. The share of non-fossil 
energy increases from 4% to 13% over the 21st century. Underlying the transition 
towards non-carbon energy sources is the assumption that some markets always 
exist for the non-carbon energy resource, even initially when costs are high, and 
that this market increases when costs decrease. Thus, under BAU some modest 
transition materializes towards less carbon-intensive energy production. Mean-
while, the carbon intensity of fossil fuels is also assumed to decrease (exogenous-
ly) from 20 gC/kJ to 17 gC/kJ, over the same time interval.



For the 5 policy instrument scenarios, except for the subsidy-only case, 
energy savings is among the options available to achieve a reduction in carbon 
dioxide emissions (Table 1). In addition, as with the BAU scenario, a transition 
towards carbon-poor fossil fuels and non-carbon energy sources can occur. In 
order to achieve a 450 ppmv carbon stabilization target, the carbon content of 
total energy consumption must decrease to values below 4 gC/kJ by the end of the 
century. For such deep cuts in emissions per unit of energy supply, the benchmark 
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figure 9.  fossil fuel Decarbonization (Compared to the benchmark) 
for new Capacity of fossil fuel Energy production for the 
450 ppmv Climate Stabilization Target, With low fossil fuel 
Decarbonization Costs

figure 10. Relative Costs of Various Instruments as a function of the 
Climate Stabilization Target (taxC Scenario normalized to 1), 
With low fossil fuel Decarbonization Costs
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replacement of carbon-rich with carbon-poor fossil fuels no longer suffices: non-
carbon energy must play a major role in total energy production, and, moreover, 
in the taxC and pfsC scenarios a considerable decarbonization of fossil fuels also 
needs to be reached through the application of CCS. 

Without the use of CCS (in the taxf, subn and pfsf scenarios), the car-
bon-intensity of fossil fuels will not fall below the BAU benchmark path, so that 
fossil fuels have to be phased out earlier, to a large extent at least, in order to stabi-
lize the climate. Figure 6 demonstrates that in these 3 policy scenarios, about 80% 
of the energy system, in 2100, has to be based on non-carbon energy. In the other 
two scenarios (taxC and pfsC), the implementation of CCS implies that less non-
fossil fuels are required: shares of 55% and 70%, by 2100, suffice to achieve the 
climate stabilization target of 450 ppmv. The reason for this more modest shift is 
shown in Figure 5: through carbon taxation, 30-50% (depending on whether one 
recycles taxes or not) of fossil energy production will be complemented with CCS 
technology from about the middle of the century onwards. The carbon intensity 
of fossil fuel use is thus approximately halved as a result. Still, to stabilize atmos-
pheric carbon dioxide concentrations at 450 ppmv much more radical emission 
reductions are needed than those reachable by CCS alone: a large-scale transition 
of the energy system towards non-fossil energy is required, whatever the policy 
instrument scenario, such that at least half of all energy supply is generated from 
non-carbon energy resources by the end of the century (see Figure 6). Interest-
ingly, the replacement of subsidies on non-carbon forms of energy by carbon taxa-
tion in combination with allowing CCS to be applied to fossil-fuel usage reduces 
the need for non-carbon (renewable) energy by about 30%, a welcome additional 
option given the demonstrated difficulties mankind faces in realizing a large-scale 
energy transition (Knapp, 1999).

4.4 Impacts on Gross World product and Consumption

We end by investigating two additional indicators – available in our 
modeling framework – for determining the cost effects of reaching a (450 ppmv) 
climate change control objective, or, alternatively, the welfare effects of reaching 
such a climate change stabilization target. These indicators are shown in Fig-
ures 11 and 12, depicting the change in Gross World Product (GWP) and change 
in total consumption opportunities, respectively, under the 5 policy instrument 
scenarios, in both cases relative to the BAU benchmark. These figures also allow 
us to investigate the timing of climate change control costs.

A carbon or fossil fuel tax leads to a fall in early investments in energy 
production capital, and thus to an increase in total consumption opportunities, 
in the initial stage of our modeling horizon. This explains why the two taxation 
scenarios (taxC and taxf) have curves below, respectively above the horizontal 
BAU line in Figures 11 and 12. After the first decade, consumption (Figure 12) 
falls significantly (between 0.3 and 0.4% with respect to BAU), with a minimum 



around the middle of the century, as a result of a decrease in output following the 
initial under-investments in energy capital. Both GWP and overall consumption 
may increase again, in the taxC and taxf scenarios, by the end of the century, 
since the economy starts to profit from cheaply available non-carbon energy as a 
result of learning phenomena.12

12. Compared to many other models, DEMETER calculates low costs for climate stabilization 
targets. A reason for this is the assumed good substitutability between fossil fuels and non-fossil 
energy sources, and substantial learning opportunities for the latter, while we abstract from rising costs 
related to e.g. siting scarcity for renewable energy sources. See Gerlagh and van der Zwaan (2003, and 
2004, Table IV) for a discussion and sensitivity analysis of climate stabilization costs.
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figure 11. Change in Gross World product under Various policy Instruments 
and the 450 ppmv Climate Stabilization Target, Relative to bau

figure 12. Change in Total Consumption under Various policy Instruments 
and the 450 ppmv Climate Stabilization Target, Relative to bau
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Subsidies on non-fossil energy have an opposite effect. They lead to an 
increase in the amount of energy production capital. Hence, in the scenario subn 
we observe an early decrease in consumption (Figure 12), but an increase in GWP 
(Figure 11), since investments in energy production capital contribute to our GWP 
expression. The increase in GWP is about 0.7-0.9% during the second half of the 
21st century. Given the higher energy capital investments, the consumption levels 
significantly decrease during at least the first half of the century. Only after about 
60 years does the enhanced learning start to pay off in terms of increased levels of 
overall consumption, as can be seen from Figure 12. Thus, if one mistakenly takes 
GWP (that is, overall output, including energy capital) as the measure for welfare, 
stimuli for non-fossil energy deployment like subsidies can be misinterpreted as 
welfare-enhancing. The pfsC and pfsf scenarios simultaneously involve taxation 
(on fossil-based energy capital) and subsidies (for non-fossil-based energy capi-
tal). Their effect on GWP and consumption is therefore a mix of the tax and sub-
sidy scenarios. Overall, we encounter an increase in GWP (by about 0.3% with 
respect to BAU), because non-fossil energy is assumed to be more capital-inten-
sive than fossil fuels. Consequently, the global economy experiences a decrease 
in consumption during the first half of the century.

5. COnCluSIOnS

In the version used for this paper, the top-down model DEMETER simu-
lates three main endogenous mechanisms behind reductions in the level of carbon 
dioxide emissions: (1) energy savings, (2) a decarbonization of fossil fuel use 
through either a transition from carbon-intensive fuels (like coal) to carbon-poor 
fossil fuels (like natural gas) or an application of CCS technology, and (3) a transi-
tion to non-carbon energy sources. The last two mechanisms explain why reduc-
tions can take place in the amount of carbon dioxide emissions per unit of energy 
consumed. Five policy instruments are explored that stimulate these three emis-
sion reduction options: carbon taxes, fossil fuel taxes, non-carbon (renewable) 
energy subsidies, a portfolio standard on carbon intensity and a portfolio standard 
on the use of non-carbon (renewable) energy sources.

In this article we have demonstrated that subsidies directed towards re-
newable energy sources generally constitute the most expensive way to control 
climate change, irrespective of the carbon dioxide stabilization target. Still, sub-
sidies for non-fossil energy production perform relatively well for loose climate 
stabilization objectives. A portfolio standard for the carbon dioxide emission in-
tensity of energy production is always the cheapest option at hand to mitigate 
global climate change. Taxing carbon dioxide emissions is an almost cost-effi-
cient policy instrument to reach more stringent climate change control goals. Re-
cycling the resulting tax-revenues to support non-carbon energy resources reduces 
the costs associated with climate change mitigation by up to 40% compared to the 
tax-only case. This reduction in costs is most pronounced for emission cuts at the 
low end of our investigated range.



We have made a comparison between two distinct ways in which tax-
ation can be implemented, that is, by either imposing taxes on carbon dioxide 
emissions or taxing the use of fossil fuels. We find that taxing fossil-fuel usage is 
about 20% more costly than taxing carbon dioxide emissions, independent of the 
climate stabilization target and of whether the tax revenues are recycled as non-
fossil fuel subsidies or not. The explanation for this finding is that carbon taxation 
allows for the application of CCS technologies, providing an additional channel 
and thus more flexibility to decarbonize fossil fuels.

We compare our ordering of instruments with the ordering found by 
Fischer and Newell (2004). Both their study and we find a substantial increase in 
costs when one replaces a carbon tax by a fossil fuel tax. In Fischer and Newell, 
the fossil fuel tax does not benefit from possibilities to substitute away from coal 
to gas; in our study the fossil fuel tax does not benefit from the available CCS 
technology. On similar grounds, we both find a preference for defining a portfolio 
standard in terms of a carbon intensity, rather than one for the share of non-car-
bon energy. Our results differ, however, in the ranking of the non-carbon energy 
subsidy, the carbon tax, and the carbon portfolio standard. There is agreement 
about the poor performance of non-carbon energy subsidies, but in our analysis, 
the mixed instrument (the portfolio standard) performs better than in Fischer and 
Newell (2004). Also, Fischer and Newell (2004) find much higher costs for a sub-
sidy on non-carbon energy sources. The main reason for this difference is their 
assumption of strongly decreasing returns-to-scale for non-carbon energy sources 
due to the scarcity of sites for the deployment of renewables. In their calculations, 
this ‘fixed factor’ effect makes non-carbon energy an expensive option for large-
scale application, irrespective of the decrease in costs as a result of learning phe-
nomena. Since the portfolio standard boils down to a budget-neutral mix of taxes 
and subsidies, in turn, Fischer and Newell also find higher costs for the portfolio 
standard. In their study, the carbon tax becomes the preferred instrument. From a 
comparison of these two studies, we can learn that the ranking of a portfolio stan-
dard vis-à-vis a carbon tax is closely linked to the balance between cost decreases 
for non-carbon energy sources as a result of learning and cost increases due to 
future siting scarcity. In our analysis, we assume a larger role for learning. There-
fore non-carbon energy sources and the portfolio standard perform well. Fischer 
and Newell (2004) assume a larger role for siting scarcity and consequently find a 
worse performance of the portfolio standard.

One of our other main findings is that, when the aim is to stabilize at-
mospheric concentrations of carbon dioxide at 450 ppmv through the use of car-
bon taxation, 30-50% of new capacity of fossil-based energy production will be 
complemented with CCS technology from about the middle of the century on-
wards. This corresponds to having all global large-scale electricity production 
(the majority of which today is based on the combustion of fossil fuels) retrofitted 
with CCS technology. To stabilize atmospheric carbon dioxide concentrations at 
450 ppmv, however, much more radical emission reductions are needed than those 
reachable by CCS applied to power generation alone. Hence, even with extensive 
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CCS deployment, a large-scale transition of the energy system towards the use of 
non-fossil energy extending beyond the power sector remains required, whatever 
the policy instrument scenario.

We conclude that at least half of global energy supply needs to be gen-
erated by renewable energy resources by the end of the century to reach a 450 
ppmv climate stabilization target. When no CCS implementation is allowed for, 
about 80% of the energy system, in 2100, has to be based on non-carbon en-
ergy. Since many energy specialists consider 80% an excessively high renewable 
energy share, CCS technology might be a welcome option to relax the require-
ments on renewable energy sources. The use of CCS technology implies that less 
non-fossil energy is needed to achieve climate change control: shares between 
55% and 70%, by 2100, then suffice to achieve the climate stabilization target of 
450 ppmv. The large-scale application of CCS needed for such a lower contribu-
tion of renewables would, in terms of climate change control, be consistent with 
the growing expectation that fossil fuels, and in particular coal, will continue to 
be a dominant form of energy supply during the 21st century (see, for example, 
Stephens and van der Zwaan, 2005; van der Zwaan, 2005).

We hope that this analysis will contribute to the policy dialogue on the 
question which emission reduction options should be promoted, and how. Some 
environmentalists and policy makers have expressed the fear that allowing for the 
deployment of CCS might imply precluding the development of renewables. Our 
analysis demonstrates that this fear is probably unjustified if governments use ge-
neric instruments such as a carbon tax or a carbon intensity standard. A carbon tax 
will not only stimulate CCS but non-carbon energy sources as well. According to 
our calculations, at least half of the energy system should consist of renewables by 
2100, even if CCS will be extensively promoted. Our study also made clear that 
subsidies for new forms of energy should not be the only policy instruments used, 
as their costs are generally high. Carbon taxation and possibly the recycling of the 
resulting revenues, in combination with allowing CCS to be applied to fossil-fuel 
usage at a large scale, reduces the need for non-carbon (renewable) energy by about 
30%. From a ‘hedging-against-risk’ perspective, such diversification of the energy 
system is desirable. It will be interesting and necessary to further compare research 
results concerning the usage of CCS in relation to that of renewables, in terms of 
notably diversification criteria, across the various integrated assessment models 
(IAMs). It is justified that these IAMs are now being adapted so as to become ca-
pable of simulating the introduction of CCS technologies in our energy system.
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