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RISK BENEFITS OF CLIMATE-FRIENDLY ENERGY SUPPLY OPTIONS

S. Hirschberg, P. Burgherr

One of the central goals of sustainable development is the reduction of Greenhouse Gas (GHG)
emissions. This is needed in order to prevent the anticipated climate change, and the potentially serious
consequences for human beings and the environment. Energy supply systems constitute the dominant
contributors to GHG emissions. This paper examines three illustrative emission scenarios for world-wide
energy supply in the 21st Century. These scenarios, including the associated GHG and major pollutant
emissions, were chosen from a set established by the Intergovernmental Panel on Climate Change
(IPCC). Using the emissions as a starting point, and based on recent findings concerning the impact on
the environment and the financial costs resulting from global climate change on the one hand, and
regional air pollution on the other hand, the present work provides estimates of the scenario-dependent,
world-wide cumulative damage. The fossil-intensive reference scenario leads to overall damages which
correspond to very substantial losses in Gross Domestic Product (GDP), and which widely exceed the
damages caused by the scenarios reflecting climate-friendly policies. Generally, the somewhat speculative
estimates of the GHG-specific damages are much less significant than damages to human health and the
environment caused by the major air pollutants. This means that the secondary benefits of climate-
friendly, energy-supply options, i.e. those which avoid the impacts due to air pollution, alone justify
strategies protecting the climate.

1 INTRODUCTION
The Intergovernmental Panel on Climate Change
(IPCC) concludes in its latest assessment report [1]
that the Earth’s climate system has changed, globally
and regionally, with some of these changes being
attributable to human activities. Carbon dioxide,
surface temperatures, precipitation and sea level are
all projected to increase globally during the 21st

Century because of human activities. Models also
project an increase in extreme weather events.
Fossil energy systems are the dominant contributors
to the emissions of major Greenhouse Gases (GHGs).
At the same time, most currently used fossil systems
emit large quantities of air pollutants, such as sulphur
dioxide, nitrogen dioxide and particulate matter. The
impacts associated with these emissions include
health effects, manifested by millions of years of
human life lost, and by degradation of the
environment. Particularly in developing countries, the
damage caused by air pollution is very extensive, and
backfires on economic growth. As a result, the three
pillars of sustainability — environmental, economic
and social — are each strongly affected.

The extended use of climate-friendly technologies is
associated at least initially with increased costs. One
additional benefit of such policies may be that not only
are the climate-related risks being reduced, but there
is also a simultaneous potential for mitigating the
health and environmental impacts of air pollution. This
may then constitute the main secondary benefit of the
deployment of climate-friendly technological options.
In fact, the reduction of air pollution, whose effects are
here and now, is considered by many developing
countries to be the primary benefit. Of main interest
are strategies which lead to much improved air quality
at a reasonably low additional cost, and which also
result in reduced GHG emissions. Such scenarios

may also exhibit one additional secondary benefit: i.e.
reduction of the expected accident risks, another
controversial issue in the energy policy debate.

The present work addresses the costs of impacts
caused by climate change and air pollution. More
specifically, the benefits of averting the ‘climate
catastrophe’, and simultaneously avoiding serious
health and environmental effects, are estimated in
monetary terms. The analysis covers damages world-
wide, and its time horizon is set at the end of the 21st

Century.

2 ENERGY SCENARIOS
The most comprehensive state-of-the-art assessment
of GHG emission scenarios, reported in [2], was used
as the starting point in the present work. The
scenarios provide the basis for future assessments of
climate change and possible response strategies. The
report shows that the choices of preferred energy
technologies, along with energy conservation policies,
have a decisive influence on the magnitude of future
emissions. The characterization of scenarios supplied
in [2] stops at the level of emissions; thus, no
estimates of impacts or financial damage have been
provided, though such estimates are necessary for
cost-benefit considerations.
Four scenario families, including in total 40 scenarios,
have been developed. For the purpose of the present
work, two scenario families (A and B1), and three
associated “illustrative” scenarios, have been
selected.
“Family A scenarios” are characterized by rapid
economic growth with substantial reduction of regional
differences in per capita income, global population
peaking in mid-century, but declining thereafter, and
by rapid introduction of new and more efficient



16

technologies. The two considered “illustrative”
scenarios are: the fossil-intensive A1F1, and non-
fossil (“sustainable”) A1T.
The “Family B1 scenario” is characterized by
significantly lower growth than for “Family A”,
practically the same population pattern as A, rapid
changes in economic structures towards a service and
information economy with reductions in material
intensity, and by forceful introduction of clean and
resource-efficient technologies.
Among all “illustrative” scenarios, A1F1 has the
highest cumulative CO2 emissions in the period 1990-
2100, while B1 has the lowest, closely followed by
A1T. It needs to be emphasized that the fossil-
intensive scenario A1F1 by no means represents a
“worst case”, since substantial credit is taken for
expansion of clean and efficient fossil technologies.
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Fig. 1: Shares of primary energy for the selected
IPCC scenarios (following [2]).
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Fig. 2: CO2, SO2 and NOx emission characteristics for
selected IPCC scenarios (following [2]).

Figures 1 and 2 show the characteristics of the
selected scenarios in terms of primary energy shares,
CO2 and other major pollutant emissions, respectively.
Some additional, implicit characteristics of the
scenarios are provided in Table 1.
Table 1: Additional characteristics of selected IPCC

scenarios (following [2]).

Feature/Scenario A1F1 A1T B1

Share of coal in
primary energy (%)

2020: 29
2050: 33
2100: 29

2020: 23
2050: 10

  2100: 1

2020: 22
2050: 21

  2100: 8
Share of zero carbon
in primary energy
(%)

2020: 15
2050: 19
2100: 31

2020: 21
2050: 43
2100: 85

2020: 21
2050: 30
2100: 52

CO2 emissions
(GtC), 1990–2100 2 189 1 068 983

3 DAMAGE COSTS

3.1 Global warming
The CO2 damage costs are highly uncertain, given the
complexity and limited state of knowledge of the
underlying phenomena. The estimates are sensitive to
assumptions that are not only of methodological
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character but also reflect ethical positions. Use of
mitigation costs could be an alternative approach, but
is based on two arbitrary assumptions: (a) the
marginal costs of abating emissions equal the
marginal damages; and (b) environmental regulation
is economically efficient.
The recent damage estimates reported in [3] are
based on the FUND 2.0 model. The considered
impacts include: health, agriculture, water supply, rise
in sea level, ecosystems and biodiversity, and
extreme weather events. The numerical results tend
to be lower than earlier estimates, since it has been
taken into account that, for rich countries with
temperate climates, the climate change may bring
some benefits. Toll and Downing’s estimates [3] were
obtained for the time horizon 2100, though the
emissions take place in the period 2000-2009. The
costs of emissions taking place later could be higher.
All cost estimates are discounted to the year 2000,
using a 1% discount rate. The world average is as
follows (the reference gives the estimates in
EURO/tCO2, but, taking the year 2000 as the
reference year, we obtain roughly the same numbers
expressed in US$):

Minimum: 0.1 US$/tCO2

Central estimate: 2.4 US$/tCO2

Maximum: 16.4 US$/tCO2

The later review paper by Toll et al. [4] confirms that
the marginal costs of CO2 emissions are unlikely to
exceed 50 US$ per ton of carbon; a result fully
consistent with the maximum value given above.

3.2 Air pollution
The damage costs due to air pollutants are very
dependent on where the emissions actually take
place. In Western Europe, the resulting damages for
specific pollutants may differ by a factor of ten,
depending in which country the pollutants are emitted.
Here, three main pollutants are considered: SO2, NOx
and PM10 (primary aerosols). For SO2 and NOx, the
principal damages caused by the formation of
secondary fine particles (sulphate and nitrate
aerosols) are included.
The methodology used for the estimation of external
costs is the “impact pathway” approach, established
within the ExternE Project of the European Union [5].
The main features of this approach are summarized
below.
- The analysis steps are: Technology and Site

Characterization; Prioritisation of Impacts;
Quantification of Burdens (e.g. emissions);
Description of the Receiving Environment;
Quantification of Impacts (using, whenever
applicable, dispersion models for atmospheric
pollutants and dose-response functions); and
Economic Valuation. The pathways of pollutants
are followed from the point of release to the point

where damage take place. Quantification of health
and environmental impacts is achieved through the
damage function.

- All relevant stages in the various energy chains are
covered (Extraction, Fuel Processing, Transport,
Power Generation, Waste Management and
Storage).

- The impacts covered in a full-scope analysis
include: Occupational and Public Health Effects
(Mortality, Morbidity); Impacts on Agriculture and
Forests; Biodiversity; Impacts on Water (Ground
and Surface); Impacts on Materials (Buildings and
Cultural Objects); and Global  Impacts
(Greenhouse Effect). Both normal operation and
severe accidents are considered.

Based on our research within the China Energy
Technology Program (CETP), the ExternE results for
Western Europe, and on similar analyses for South
America, the average damage costs in US$ per ton of
pollutant were established. All these studies use the
respective regional implementations of the multi-
source version of the EcoSense software [6, 7].
Figure!3 shows the variation of damage costs by air
pollutants for different plant locations in the Chinese
Province of Shandong, for the power sectors in
Shandong and the whole of China, and for all
emission sources, both in Shandong and for China as
a whole. The results available for the regions
analysed are summarized in Table 2. It should be
noted that the variation between the various sites,
sectors and geographical regions is very large. Thus,
the estimates provided for whole continents should be
regarded as aggregates of a rather wide spectrum of
contributing components. In order to estimate the
damages for the whole world, it was assumed that
USA and Oceania have the same average damage
costs as EU-15, the Economies in Transition the same
as Asia, and the Middle East and African countries the
same as South America.
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Fig. 3: Monetary damages per ton of pollutant
emitted at various locations in China [7].

Table 2: Regional pollutant-specific damage estimates.
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Region/Pollutant SO2

(US$/tSO2)
NOx

(US$/tSOx)
PM10

(US$/t PM10)

EU-15 [6] 3!600 3 500 7 000
Switzerlanda [8] 7 500 9 400 11 000
Asia [7] 3 000 1 800 2 400
South America [6] 150 200 450
a These estimates are based on the use of a single-source
model, while the other data sets were generated by running
a  multi-source model. The results from the single-source
case are representative for the Swiss power plants and may
differ from the average country-specific damage costs. The
Swiss values were not used in the current analysis, but are
included in the Table for comparison purposes.

3.3 Total damages
Combining scenario characteristics (emissions) with
damage cost per emitted ton leads to the results
summarized in Table 3, and illustrated in Figs. 4 and
5. For air pollution, this was done separately for each
of the six world regions. It should be noted that the
damage effect due to Greenhouse Gases other than
CO2 has been ignored, along with the cooling effect of
aerosols. In addition, the estimated damages have
been corrected for GDP growth. The monetization of
impacts due to air pollution is based on contingent
evaluation, employing the Willingness to Pay (WTP)
method. Since health effects dominate the damages,
and the value of life lost is dependent on GDP per
capita, the corrected numbers were obtained by
scaling up the results based on the current monetary
values using the scenario-specific ratios between the
regional average GDP per capita in the year in
question and the year 2000. Given the large increase
of GDP per capita over the last hundred years, this
approach may be debatable.
Combining scenario-specific air pollutant emissions
with damage costs per emitted ton is based on the
assumption of linear exposure response functions
without thresholds. The impacts are, in most cases,
dominated by sulphates formed from SO2 and NH3
emissions through chemical reactions in the
atmosphere. The formation of nitrates from NOx
depends in a more complicated way on the conditions
in the atmosphere. Thus, the extrapolation of
damages into the future is more uncertain for NOx.
The contribution from primary PM10 is neglected, since
the corresponding scenario emission data are lacking.
The cumulative estimates of the global warming
damages are based here on the maximum values,
since the coverage in terms of damages and time is
limited. The large uncertainty interval reflects the
relatively low confidence in the estimates of the
damages due to global warming. However, the total
estimates are dominated by the damages due to air
pollution, whose assessment is much more robust.
The “sustainable” scenarios A1T and B1 exhibit much
lower cumulative damage costs than the fossil-
intensive scenario A1F1.

Table 3: Estimated world-wide damages associated
with selected scenarios (all numbers are
rounded).

Cost
Type/Scenario

A1F1 A1T B1

CO2 Damage
in billions of
(2000)US$

1990: 3–400
2020: 5–70
2050: 8–1400
2100:11–1800

1990: 3–400
2020: 4–600
2050:5 –700
2100: 2–300

1990: 3–400
2020: 4–600
2050: 4–700
2100: 2–300

Air Pollution
Damage
in billions of
(2000)US$

2020: 1800
2050: 8700
2100: 28700

2020: 1700
2050: 620
2100: 11500

2020: 1100
2050: 3000
2100: 3400

Cumulative
Carbon Dioxide
Damage in the
period 1990 –
2100
in trillions of
(2000)US$

0.8–130 0.4–65 0.4–60

Cumulative Air
Pollution
Damagea, 1990
– 2100
in trillions of
(2000)US$

1140 600 250

Total
Cumulative
Damagea in the
period 1990 –
2100
in trillions of
(2000)US$

1140–1270 600-670 250–310

a Based on interpolation



19

28748

8667

1812

484

100

1000

10000

100000

1990 2020 2050 2100
A1F1 A1F1 A1F1A1TA1T A1TB1 B1 B1A1F1 A1TB1

11472

6233

1702

553

34003032

1107

563

OECD 90 REF Asia ALM

Fig. 4: Estimated world-wide damages associated
with selected IPCC scenarios; the shares for
the OECD90, REF, Asia and ALM regions are
also indicated.
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Fig. 5: Total cumulative damage for the period 1990-
2100, based on interpolation.

4 CONCLUSIONS
The total damage estimate for fossil-intensive power
generation is dominated by the impact of air pollution.
In the case of scenario A1F1, this impact would
constitute about 5.5% of the world GDP in the year
2100, while the corresponding losses for more
sustainable scenarios A1T and B1 would be 2.2% and
1.0%, respectively. Thus, it can be claimed that, on
the basis of the current level of knowledge, the
secondary benefits from mitigating the air pollution
risks alone make a very strong case for the promotion
of climate-friendly systems. Based on a comparison of
the damage costs assessed in this paper with the
increased system costs associated with climate-
friendly scenarios analysed in [9], and with the year
2050 used as the time horizon, there are strong
indications that the avoided damage costs associated
with the environmentally friendly scenarios widely
exceed the increased investment costs. Furthermore,
using the findings of the comparative assessment of
severe accidents in [10], it can be shown that the
more sustainable scenarios exhibit lower expectation
values for severe accident risks. However, the
expected damages due to such severe accidents, in
view of their frequencies, are much lower than those
caused!by!air!pollution.
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