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ABBREVIATIONS

Abbreviations

CAPM

Capital Asset Pricing Model

CBA

Cost-benefit analysis

CE

Certainty equivalent

CEA

Cost-effectiveness analysis

CO2

Carbon dioxide

DCCEE

Australia’s Department of Climate Change and Energy Efficiency

DECC

UK’s Department of Energy and Climate Change

Defra

UK’s Department for Environment, Food and Rural Affairs

ETS

Emission Trading Scheme

EU

European Union

GDP

Gross Domestic Product

GHG

Greenhouse gas

IAMs

Integrated Impacts Assessment Models

IPCC

Intergovernmental Panel on Climate Change

PPP

Purchasing power parity

SCC

Social cost of carbon (typically estimates from the damage costs
approach)

SOC

Social opportunity cost of capital

SRTP

Social Rate of Time Preference

USG

United States Government

WACC

Weighted average cost of capital

WTP

Willingness to pay
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Executive summary
Transport accounts for nearly a quarter of carbon dioxide emissions from fuel combustion. The way
these emissions are considered in economic appraisals of transport policies and investments in the
transport sector has a significant impact on climate policy and trade-offs made between mitigation of
climate change and other policy objectives. Inappropriate valuation of carbon emissions will affect the
level of mitigation achieved and is likely to undermine social welfare through an inappropriate allocation
of resources. There are three inter-related issues around incorporation of climate change effects in
transport appraisals. They are the valuation of carbon dioxide, the treatment of uncertainty and the
approach used to discount future costs and benefits.
The valuation of carbon dioxide emissions (or carbon value for brevity) is subject to high
uncertainty due to the complex feedback effects between emissions, mitigation, adaptation and carbon
dioxide concentration in the atmosphere. While climate models to estimate likely impacts on the climate
and resulting damage costs have greatly improved, these models are still subject to limitations. In theory,
alternative approaches to deriving carbon values can substitute for damage cost estimates. Abatement
costs and carbon market prices have been employed by many jurisdictions as substitutes for damage cost
estimates. Under certain conditions these approaches should yield the same estimate as climate models,
notably if mitigation policies are set at the optimal level and if no distortion exists in emissions trading
markets. In reality these three approaches yield different results. Thus far, there is no consensus
internationally on the approach to use to value carbon dioxide emissions.
To account for long-term uncertain climate effects in transport appraisal, it is necessary to
distinguish between risk, i.e. uncertainty that is characterised by an objective probability distribution, and
unquantifiable uncertainty or “Knightian” uncertainty (after Knight, 1921). Risk can be dealt with by
incorporating the probability distribution of climate events in cost-benefit and related analyses. For
Knightian uncertainty, other techniques could be used to supplement or inform the cost-benefit analysis
(CBA). Presenting a separate uncertainty analysis to decision-makers will assist in making better policy
and investment decisions.
CBA requires the conversion of future costs and benefits into present values through discounting.
Ramsey (1928) proposed a social rate of time preference formula (i.e. the Ramsey formula) to do this.
This formula reflects the impact of savings and investment on consumption and the time preference
individuals have for consumption today over the same level of consumption at a later date. To account
for consumption risk, the standard Ramsey formula can be extended by subtracting a precautionary term
that reflects the tendency for individuals to invest more for the future by reducing the discount rate. The
resulting formula is often referred to as the extended Ramsey formula. Projects are also usually subject to
systemic risk linked to uncertain macroeconomic conditions. A systemic risk premium can be added to
the extended Ramsey formula to account for this. The risk premium is likely to increase with uncertainty.
Therefore, when the precautionary effect is combined with the systemic project risk effect, the discount
rate may increase or decrease over time, depending on the relative weights of the two effects.
In recent literature, models have been developed to examine how uncertainty affects the discount
rate by applying a subjective probability distribution over objective probability distributions. Early
results indicate that a decision-maker who is more averse to uncertainty will have a lower discount rate.
As this area of research develops, practical steps to account for Knightian uncertainty may become
possible.
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To conclude, risk and uncertainty are key challenges for incorporating climate effects in transport
appraisal. They affect the assessment of the value to place on carbon emissions as well as the
quantification of climate impacts. Risk and uncertainty also affect the choice of discount rate, which in
turn also affects the valuation of carbon through the damage cost modelling process. This report presents
techniques to deal with risk in transport appraisals, such as risk-adjusted discount rate. More research is
still required to develop a robust framework for addressing uncertainty, e.g. in setting the discount rate
schedule. Below is a list of key messages for decision-makers.

Key messages for decision-makers
•

Uncertainty is different from risk. Risk refers to cases where it is possible to estimate the
likelihood of occurrence for each possible state. (Known unknowns in popular expression).
Uncertainty on the other hand, refers to situations where it is not possible to assign a robust
probability distribution around the possible outcomes (unknown unknowns or in technical terms
Knightian uncertainty).

•

Climate effects are subject to uncertainty. The unknowns around climate effects largely fall
under the category of uncertainty. Some climate change effects are largely unknowable due to
modelling limitations. It is also unknown how the economy and society might respond to
climate effects in the future.

•

There are techniques to deal with risk. Risk can be addressed with a number of techniques.
These include risk-adjusted discount rates for incorporation in cost-benefit analysis and
carrying out scenario analysis, sensitivity testing and simulation exercises to produce a likely
range of outcomes from cost-benefit analysis.

•

There is currently no robust method to treat Knightian uncertainty. However, models are
being developed in this area and there may be a practical approach to account for uncertainty in
the future as research matures. In the interim, decision-makers should be provided with a
separate uncertainty analysis to highlight the key parameters that are subject to uncertainty and
to explain how uncertainty could alter overall costs and benefits of policy or investment
proposals.

•

Risk, uncertainty and discount rate all affect carbon value. Risk and uncertainty affect how
people respond to climate effects by changing their consumption patterns and hence affect the
implicit discount rate. These changes vary over time as the level of risk and uncertainty
increases. This means the discount rate may vary over time. The choice of discount rate
schedule will affect the valuation of carbon through the modelling process. It also has
significant impact on the discounted carbon value used in a CBA. Even with a discount rate
that would be considered moderate in most investment contexts (e.g. 3-5% per year) the
discounted carbon value will be significantly smaller than the undiscounted carbon value.
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Chapter 1

Summary and recommendations

This chapter summarises the three key aspects of the assessment of climate change effects in
transport appraisal considered in this report: the valuation of carbon; the treatment of risk and
uncertainty; and methods for discounting long-term effects.
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Valuation of carbon
This report examines four types of estimates for the cost of carbon commonly used to inform policy
and investment appraisals. They are damage costs, two variants of abatement costs and the carbon market
price. These estimates are established for different purposes. Only the damage cost estimate attempts to
measure the marginal cost of carbon emissions.
The price of carbon on current emissions trading markets is strongly influenced by decisions on the
total number of emission allowances to be issued and by the exemptions accorded to specific sectors of
the economy. As limits on emissions allowances have tended to be relaxed over time and large parts of
the economy are not included in the trading systems in operation so far, current prices are unlikely to
reflect efficient abatement cost levels and are extremely unlikely to give a useful indication of the social
cost of CO2 emissions. Therefore, current market prices are not suitable for use as a direct indicator of
the cost of carbon in transport CBA.
The value of carbon derived from the abatement cost approach varies with the policy options
selected in the emissions mitigation strategy and with the CO2 emissions target chosen. It will reflect the
true cost of CO2 emissions only if the emission target is set at the economically optimal level. If
countries believe their emission target is set at the right level, then cost of abatement can be used in CBA
without creating internal inconsistencies, especially if CBA is performed from a national and not a global
perspective.
Theoretically, the damage cost approach is the most appropriate approach for assessing the climate
effects of CO2 emissions. The approach reflects mitigation options and adaptation potential in calculating
costs. A range of Integrated Impact Assessment Models (IAMs) have been developed by scientists and
modellers to calculate damage costs. The resulting estimate is usually referred as the social cost of
carbon (SCC). The SCC intends to be a comprehensive measure of a wide range of climate effects
covering environmental, social, economic, health and ecosystem effects. In practice, estimating the SCC
is very difficult and modelling work is still subject to a number of limitations including inconsistent
assumptions between models, potentially inappropriate assumptions and omitted effects.
At this stage, there is no consensus as to which carbon value estimates should be adopted globally.
Different jurisdictions adopt different values and different approaches to estimating the cost of carbon. In
some jurisdictions different values for carbon are used in appraisal from sector to sector.
There is, however, consensus that carbon values are not constant over time as the impact of the
emission of an extra tonne of CO2 will vary depending on the current concentration of CO2 in the
atmosphere. As the concentration of CO2 in the atmosphere is expected to rise with emission level, a
number of jurisdictions apply different carbon values to different time periods in appraisal. This report
shows that the choice of discount rate schedule can have significant impact on the discounted carbon
value used in a CBA. Even with a moderate discount rate (e.g. 3-5% per year), the discounted carbon
value will be much lower than the undiscounted value.
Since future carbon values are likely to be subject to high uncertainty and change over time, it is
perhaps more important to ensure CBA consider these uncertainties than to determine a point estimate
for the value of carbon.
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Recommendations on the valuation of carbon
•

A common carbon value should be assigned for national investment and mitigation policy
appraisal in all sectors within the same jurisdiction.

•

There is merit in countries working together to develop a set of principles on how carbon
values used in assessment should vary over time in real terms.

Risk and uncertainty
Treatment of climate change risk
As distinguished by Knight (1921), measurable uncertainty refers to risk that can be approximated
by a statistical distribution of possible outcomes whereas uncertainty refers to circumstances where
statistical quantification is not possible. This distinction has important implications because it means that
methodologies designed to reflect risk in CBA do not address the issues associated with uncertainty.
This report looked at possible tools to supplement CBA in face of climate change risk. These
include adoption of risk-adjusted discount rates and conduct of separate impact assessments, costeffectiveness analysis, sensitivity testing or scenario testing; and the use of real-option approaches to
improve the development and selection of projects. While CBA continues to play a key role to inform the
value for money of policy or investment decisions, these supplementary analyses can improve the
richness and robustness of the results of a conventional CBA.
Treatment of climate change related uncertainty
Climate change effects are subject to two types of uncertainty – scientific uncertainty resulting from
incomplete knowledge about the climate system and socio-economic uncertainty due to unknowns about
how societies and economies will function in the future and how they will respond to climate effects.
To ensure the quality of policy and investment decisions, decision-makers need to be informed
about how uncertainties (e.g. around future demand, economic conditions and climate impacts) affect the
estimated costs and benefits of an intervention or investment. This can be done by carrying out an
uncertainty assessment, which will be similar to sensitivity testing or scenario analysis but rather than
testing a distribution of statistically likely outcomes around a mean will assess project or investment
outcomes under a number of different uncertain future states that cannot be assigned a statistical
likelihood. The assessment will provide decision-makers with explicit information about the
uncertainties involved and how they impact on the overall cost and benefit positions. In the absence of a
statistical technique to account for uncertainty, a separate uncertainty assessment will be of value to
decision-makers.
In practice, this would mean providing a likely range of results after considering risk and another
wider range of results that consider the impacts of uncertainty. The latter will need to be supported by
descriptions of the sources of uncertainty, its determinants and potential impacts.
Recommendations on the treatment of risk and uncertainty
•

CBAs should be supplemented with information on long-term impacts that are subject to a high
level of uncertainty.
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•

Risk should be factored into CBA by using appropriate tools such as adoption of risk-adjusted
discount rate or use of sensitivity analysis or scenario testing.

•

A separate uncertainty assessment should be carried out to better inform decision-makers on
the potential impacts of uncertainty on the costs and benefits of an intervention or investment
decision.

Discounting under risk and uncertainty
Discounting is an integral part of CBA for policy or project appraisals with costs and benefits that
spread over a number of years. The choice of discount rate has a significant impact on assessment
outcomes. There is no consensus on what discount rate to use. The uncertainty involved in estimating the
climate effects, which affect generations further into the future most, complicates selection of an
appropriate discount rate schedule to use in CBA.
The Ramsey formula is usually used as a basis for determining intergenerational discount rates. The
Ramsey formula can be extended by subtracting a precautionary term to account for consumption growth
risk (extended Ramsey formula). To account for systemic project risk, a risk premium term can then be
added (systemic risk-adjusted Ramsey formula).
Uncertainty around interest rates and/or components of the social discount rate, such as
consumption growth or expected project benefits, can both affect the choice of the discount rate used in
CBA. In the absence of project risk, the discount rate would be close to the risk-free rate. In this
situation, taking account of uncertainty (by introducing a precautionary factor in the extended Ramsey
formula) reduces the discount rate. The adjustment is larger the greater the uncertainty and this can
justify adoption of a declining risk-free discount rate.
If there are project risks, the risk premium component of the discount rate is likely to increase with
uncertainty. The overall effect of uncertainty is thus ambiguous. If the effect of uncertainty on the riskfree rate is less than the effect on the systemic risk premium, the discount rate (in the systemic riskadjusted Ramsey formula) may increase over time.
Thus far, common methodologies to consider uncertainty in the discount rate can only capture risk.
More recent literature has developed models to capture part of the Knightian uncertainty in the discount
rate by applying a subjective probability distribution over the objective probability distribution. As
research matures, practical steps to establish a discount rate that can partly capture some aspects of
uncertainty should become available.
Recommendations around discounting under risk and uncertainty
•

As the debate around which discount rate method to use and what parameter values should be
used within the chosen method is unlikely to be resolved in the near future, one way to reflect
‘Knightian uncertainty’ is to carry out a sensitivity analysis of CBA results using a high and a
low (but constant) discount rate.

•

On-going work on reflecting uncertainty in discounting through statistical techniques shows
promise and its value in informing long-term policy and investment decisions should be kept
under review.

ADAPTING TRANSPORT POLICY TO CLIMATE CHANGE: CARBON VALUATION, RISK AND UNCERTAINTY — © OECD/ITF 2015

1. SUMMARY AND RECOMMENDATIONS

15

Concluding remarks and next steps
Risk and uncertainty are key challenges for incorporating climate effects in transport appraisal.
They affect the assessment of the value to place on carbon emissions and the quantification of climate
impacts. Risk and uncertainty also affect the choice of discount rate, which in turn affects the valuation
of carbon through the damage cost modelling process. This report presents techniques to deal with risk in
transport appraisals, such as risk-adjusted discount rate. More research is still required to develop a
robust framework for addressing uncertainty, e.g. in setting the discount rate schedule.
This report can be extended by carrying out the following additional analysis:
•

Identify international best practices around life-cycle assessment in transport appraisal and
understand the impact of such practices on the estimated costs and benefits of transport
interventions.

•

Identify other international CBA practices that affect the valuation of carbon and the estimated
costs and benefits of proposals.

•

Examine the desirability of harmonising key CBA practices (e.g. discount rate, carbon value,
evaluation period and procedure for treating residual value) and identify the benefits from
doing so.
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Chapter 2

Challenges for including climate change effects in transport appraisal

This chapter lays the foundation for the remainder of the report. It first provides background on the
nature of transport appraisal, climate change effects and the challenges for including these effects
in appraisals. The remainder of the chapter defines the scope and structure of the report.

ADAPTING TRANSPORT POLICY TO CLIMATE CHANGE: CARBON VALUATION, RISK AND UNCERTAINTY — © OECD/ITF 2015

18

2. CHALLENGES FOR INCLUDING CLIMATE CHANGE EFFECTS IN TRANSPORT APPRAISAL

Background
Human induced warming of the climate is a major policy issue, shared by all countries. It is of
particular importance to transport decision-makers because transport produces around 25% of carbon
dioxide emissions from fuel combustion. Transport policies and investment decisions can influence
transport activities, which in turn affect vehicle emissions and the associated climate change impacts.
Current appraisal frameworks have several limitations when it comes to assessing climate change effects.
Conventional transport appraisal is based largely on the cost-benefit analysis (CBA) framework,
which considers the trade-offs between socio-economic benefits and socio-economic costs. CBAs
typically require monetisation of a range of benefits and costs to enable various effects to be compared
using a common metric. Climate change effects are subject to a high level of uncertainty. In particular, it
is difficult to determine the benefits from mitigating catastrophic climate impacts that have a low
probability of occurrence but high potential impacts.
There are three key challenges in considering the effects of carbon dioxide (CO2) emissions
(referred to as carbon impacts for brevity) in transport appraisal in the CBA context. The first relates to
estimating the physical relationships and impacts (including effects of CO2 emissions on atmospheric
concentration, and the effects of concentration on temperatures). The second relates to the valuation of
carbon dioxide (including any economic effects resulting from climate effects). The third concerns the
treatment of long-term uncertain impacts in project appraisals.
Many transport interventions and infrastructure investments can result in costs and/or benefits that
span decades. The cumulative nature of greenhouse gases (GHGs) such as carbon dioxide means that
“the climatic impact of any given increase in the [GHG] stock in a given year is not confined to that year
and may persist over many years” (Rhys, 2011). As GHG concentrations in the atmosphere rise,
incremental emissions are likely to produce larger effects. This means future emissions are expected to
produce larger incremental damages, implying they should be assigned a higher value or cost (in real
terms). The level of uncertainty related to the timing and outcomes of some climate change impacts
means it is difficult to accurately determine the resulting economic impacts and the value to place on
reducing carbon dioxide emissions.
There are three interrelated issues regarding the challenge of putting a value on carbon:
•

While there has been significant development in modelling the impacts of climate change on
the environment, people and the economy, countries that use the same approach often arrive at
different estimates due to differences in data, models and/or assumptions used.

•

Several different approaches to valuing carbon have been used for climate policy appraisal.
Estimates of the marginal cost of damage from climate change provide the basis for estimating
the marginal benefit of abating CO2 emissions. Estimates of the cost of reducing CO2 emissions
by a tonne (now or in the future with improved technology) provide a measure of the marginal
cost of abatement. These estimates measure different things and each approach has its own
limitations.

•

There is evidence of different values being used by different sectors even within the same
jurisdiction.

Inappropriate and inconsistent assessment of the value of carbon will undermine the efficiency of
policy responses and increase costs.
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Uncertainty in estimating elements of a CBA, especially when the element accounts for a significant
share of costs or benefits, could make the outcome questionable and potentially unreliable. Accounting
for low probability but potentially extremely severe climate impacts in CBA is not an easy task. Views
are divided as to whether and how such damages should be taken into consideration. Inclusion of this
type of impact in the assessment framework may change the outcome of the analysis, but again, views
are divided on how significant the difference is likely to be.
Most fundamentally, under a conventional CBA approach with a constant discount rate, a large
proportion of the benefits or costs will be discounted away by the end of an assessment period of 40 to
60 years. The discount rate, which applies to future costs and benefits to derive their present values,
plays an important role and can have significant influence on the outcome of policy analysis. For policies
designed to address very long term effects such as climate change the influence of the discount rate is
very large. Choosing appropriate discount rates is critical to the value of CBA in these circumstances.

Research questions
These challenges lead to three sets of important questions for the assessment of policies for more
sustainable transport:
•

Valuation of carbon: What is the correct approach to value the social cost of carbon
emissions? How should the carbon value evolve over time? Should the carbon value be the
same across different sectors within a jurisdiction? Should the carbon value be the same across
jurisdictions?

•

Climate change related uncertainty: How does uncertainty affect the results of traditional
cost-benefit analysis? Does the scale of uncertainty associated with some climate change
effects require special treatment?

•

Discounting long-term effects: Should the discount rate be constant over time? If a declining
discount rate schedule should be used in project appraisal, how should the schedule be
determined?

Drawing from international literature, results from a preliminary OECD survey of monetary carbon
values in selected member countries and discussions at the ITF working group meetings of 1213 December 2013, 27 February 2014 and 10 October 2014, this report discusses these three issues in
turn.

Scope of the report
This report covers only the key research questions outlined in section 1.2. The working group has
identified other research areas that are also important when incorporating climate effects in transport
appraisal. Due to time constraints, the topics listed below are not included in this report and need to be
addressed separately.
•

Challenges around quantification of CO2 emissions – Due to imprecise estimates of factors
such as emission intensity, vehicle occupancy rates and modal splits, estimates of CO2
emissions for a given jurisdiction can be highly variable. These challenges have important
implications because errors and subsequent improvements can make a significant difference in
the cost and benefit estimates. Since the present report focuses on valuation and long-term
issue, this subject is excluded from the discussion.
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•

Embedded carbon – Greenhouse gas emissions from transport sector can result directly from
the use of fossil fuels and indirectly from the use of materials for the construction and
maintenance of transport infrastructure (e.g. production of steel and aggregates may require
burning fossil fuels) or from the disposal or recycling of transport wastes (e.g. tyres and scrap
metals). For some projects, a CBA should take a whole-of-life perspective to understand the
impact of transport decisions on carbon emissions. Issues for CBA in relation to life-cycle
assessment also include evaluation horizon and treatment of residual values, which are not
discussed in this report. A survey of international practices and framework for carrying out a
life-cycle analysis could usefully be developed as a separate exercise.

•

Other health and environmental effects due to emissions – Transport emissions have
significant health and environmental effects. Presently, the Environment Directorate of the
OECD is carrying research on these issues under the “Cost of Inaction and Resource Scarcity;
Consequences for Long-Term Economic Growth”. Amongst other things, the research will
examine health impacts from air pollution, quantifications of macroeconomic costs of climate
effects through climate modelling; the consequences of reduced availability or quality of land
and assessment of the consequences of the loss of biodiversity and ecosystems. In view of the
broader work programme within OECD Environment Directorate, the current report has
excluded these issues.

•

Internal and external cost of carbon emissions – National cost-benefit analysis should cover
both internal and external costs. However, in the case of climate effects the situation is
complicated by the presence of emissions trading schemes (ETS). Sectors included in the ETS
will need to either reduce emissions or purchase additional emissions units in order to meet the
emission allowance. When emission units are purchased from the ETS markets, there will be no
net change in the emission level. In those situations, there may not be a need to place a value on
carbon for the purposes of estimating the external cost of carbon emissions in project appraisal
as there is no change in emissions level. On the other hand, if the sectors choose to reduce
emissions instead, the benefits of the CO2 reduction may be higher than the carbon market
price; to date carbon market prices do not generally reflect damage cost of emissions. In those
situations, it may still be necessary to place a value on carbon to understand such benefits. The
internalisation impacts of ETS on carbon value will need to be explored separately in detail.

Structure of report
The structure of the remainder of this report is as follows:
•

Chapter 3: Estimating the social cost of CO2 emissions.

•

Chapter 4: Uncertainty and transport appraisal of climate change effects.

•

Chapter 5: Discounting long-term effects of climate change for transport.
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Chapter 3

Estimating the social cost of CO2 emissions

This chapter considers the alternative approaches to estimating the social cost of CO2 emissions
that can be applied in cost benefit analysis (CBA). The first sections describe the analytical
approaches, and how values can vary through time. The final section describes how selected OECD
countries value carbon in their jurisdiction.

ADAPTING TRANSPORT POLICY TO CLIMATE CHANGE: CARBON VALUATION, RISK AND UNCERTAINTY — © OECD/ITF 2015

24

3. ESTIMATING THE SOCIAL COST OF CO2 EMISSIONS

Approaches to valuation of carbon emissions
Valuation of carbon aims to translate the implicit value of a given amount (e.g. a tonne) of CO2
emitted into a monetary value. There are four types of estimate for the cost of carbon:
•

damage cost estimate

•

abatement cost estimate based on emission target

•

abatement cost estimate based on current mitigation policies

•

market price of carbon.

An arbitrary value can also be assigned. The next four sections discuss each analytical approach.

Damage cost estimates
Overview
The present value of the stream of future damages associated with an incremental increase (by
convention, one metric tonne) in carbon dioxide (CO2) emissions in a particular year is commonly
referred to as the Social Cost of Carbon (SCC). Theoretically, the damage cost approach is the most
appropriate approach for assessing the economic effects of CO2 emissions. A range of Integrated
Assessment Models (IAMs) have been developed by scientists and modellers to assess mitigation and
distributional impacts and to calculate damage costs. IAMs combine the information available on the
natural mechanisms behind climate change with estimates of the economic impacts in a single modelling
framework, in order to estimate the physical impacts and the monetised benefits and costs. Most IAMs
incorporate adaptation potential and the effects of mitigation options when estimating the damage costs.
The SCC is intended to be a comprehensive measure of climate change damage. It typically
includes changes in net agricultural productivity, energy demand, human health, property damage from
increased flood risk and changes in the value of ecosystem services. In practice, estimating the SCC is
very difficult and modelling work is still subject to a number of limitations including inconsistent
assumptions between models, potentially inappropriate assumptions and omitted effects.
To estimate the total or marginal damage cost of climate change, it is necessary to first estimate the
physical impacts of climate change under given climate change scenarios including low-probability highimpact scenarios. This includes estimating how CO2 emissions contribute to CO2 concentration in the
atmosphere, global surface temperature and the associated climate change effects. The estimated impacts
are then translated into monetary terms. Estimations of the physical impacts and the monetary value are
complex tasks because climate change impacts include both market and non-market goods, covering
health, environment and wider social aspects, and many of the impacts may only occur in the distant
future.
For market goods (e.g. agriculture), impacts may be directly estimated based on market data. For
non-market goods (e.g. health), indirect measures using revealed preference approaches and stated
preference approaches are required. Revealed preference approaches measure the value indirectly on the
basis of market prices for surrogate products or services (e.g. house price to measure the value of
environment amenity). Stated preference approaches ask the public directly about their willingness to
pay (WTP) for an improvement in their health, traffic safety and environmental quality, etc. Irrespective
of whether goods are traded in marks or not, obtaining future values is a challenge for understanding the
SCC.
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In a review of SCC estimates (211 estimates from 47 studies) using different IAMs, Tol (2008)
(cited in Mandell, 2013) found a wide distribution of carbon value estimates,1 from –EUR 1 to EUR 451
per tonne of CO2. A number of factors affect the value of carbon (Figure 3.1). Many of these factors are
self-explanatory but two of them are worth mentioning here. Since climate change has global impacts,
aggregating damages require summing up effects from different localities (or countries). The way the
aggregation is completed (e.g. output weighted and equity weighted) can have significant impacts on the
marginal aggregate damage cost. For estimating future SCC in present value terms, the choice of
discount rate is also an important factor. This aspect will be discussed in Chapter 4.
Figure 3.1. Factors affecting the social cost of carbon

Source: Adapted from IPCC (2007).

Limitations and issues
There are several challenges in measuring marginal damages from CO2 emissions.
The first relates to the level of uncertainty associated with climate change and its impacts. While
IAMs try to count all the damages to be expected from climate change, based on the best available
scientific knowledge, it is extremely difficult to specify climate impacts over a long time scale. Further,
many items remain difficult to quantify (e.g. agriculture) and/or monetise (e.g. loss in biodiversity).
There could be other unexpected future damage (such as the potential for “catastrophic” impacts) caused
by global warming that are at best imperfectly captured in some models, and not at all in others.
Therefore, many of the SCC estimates are considered as low-end estimates.
The second challenge relates to the equity concerns when aggregating impacts across very different
countries. The two alternative approaches – output versus equity weighting – each have difficulties.
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Under output weighting, low income countries are given little weight, even though they are more
vulnerable to climate change (Kuik et al., 2008 and Anhoff and Tol, 2010). Therefore, using output
weighting will result in a low estimated marginal aggregated damage costs.
Alternatively, an equity weighting can be applied during the aggregation process by first
aggregating regional welfare losses, then applying monetary values (Anhoff and Tol, 2010). The equity
weighting approach confronts other equity issues. Climate damage is likely to be worse in low income
countries, which are likely to have lower ability and, hence, willingness to pay (WTP) for the reduction
of mortality risk (e.g. in estimating Value of Statistical Life) (OECD, 2012). In addition, there may be
other factors (such as risk level and attitude towards risk) that affect individuals’ WTP. This raises the
ethical question of whether human life should be given the same value and treated equally regardless of
country of origin, or whether it should be different to reflect income and other differences.
The use of equity weighting also means climate change mitigation is valued lower in the rich
countries in the model than an average person would be prepared to pay in those countries. This
inconsistency has importance policy implications. Researchers attempt to overcome this by assuming
different global welfare function, depending on whether the model assumes the national decision maker
is altruistic towards other countries and whether decision maker compensates damages done abroad.
Modelling suggests results vary widely between scenarios (Anhoff and Tol, 2010).
The third limitation of the damage cost approach relates to the uncertainty with the key parameters
or assumptions used in the modelling process. These include the extent of the climate change effect, the
discount rate schedule, the structure of the damage function and information on mitigation and adaptation
measures. This means the damage cost estimates are usually subject to high uncertainty.

Abatement cost estimates
Overview
Abatement cost estimates are also commonly used to inform carbon policy appraisals. These
estimate the marginal cost of CO2 emission reductions, rather than estimating the damage cost.
Abatement costs do not represent the social cost of carbon, except under the condition that the abatement
strategy is set at the optimal level, in which case the two approaches produce the same result.
There are two common approaches to determining the cost of abatement:
•

estimates based on the cost of measures required to achieve a specific emission target (e.g. a
reduction by 20% by 2020)

•

estimates based on the costs of current mitigation policies.

Estimating the cost of abatement involves deciding on the intended action(s) to reduce CO2
emission and estimating how much emissions and costs will change over time with and without the
policy. These estimates are then combined to establish the marginal cost of abatement per tonne of CO2
reduced. This approach enables comparison of the cost-effectiveness of different policy options.
The cost of abatement can be measured in terms of the total resource cost to the economy or the
fiscal cost to government. The fiscal cost measure is only useful for comparing the fiscal implications of
different policy options. The resource cost approach is more appropriate for understanding total
abatement costs.
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To assist decision-making, carbon prices (e.g. under an emission trading scheme or ETS) are
sometimes used as a benchmark for the cost of carbon. If the cost of abatement is lower than this
benchmark it indicates that the policy may be a cost-effective measure to reduce carbon pollution
(DCCEE, 2011).
Limitations
The abatement cost approach is a useful way to identify cost-effective policy measures to reduce
emissions. However, it has limitations.
First, the cost of abatement represents the cost of mitigation and therefore does not represent the
potential benefit from mitigation or the potential costs of inaction. Hence, using the cost of abatement in
CBA will not represent the true damage cost from climate change if the emission targets are not set at an
economically optimal level. This limitation may be overcome by estimating the abatement costs using an
economic model that equalises carbon values across all sectors while achieving the emission targets.
Secondly, the cost of abatement varies with policy options (e.g. the use of ineffective policies such
as mandating the use of biofuels will result in extremely high cost per tonne of CO2 abated) and the CO2
reduction target chosen.

Market price of carbon
A preliminary OECD survey indicates some countries use a carbon market price to assign a value to
carbon in transport appraisals. A global emission trading scheme covering emissions from all economic
sectors and with a cap on emissions that is set at an optimal level derived from climate change models,
would be the most cost-effective way to mitigate climate change. Under these conditions the price at
which carbon is traded would faithfully track the value of carbon. This would be the value to use in
investment and policy appraisals.
Today’s carbon markets do not meet these conditions. They are not global, many sectors are
excluded from local and regional trading schemes and caps on emissions are not set in relation to damage
cost estimates but on the basis of political acceptability. Caps are frequently revised, altering prices. The
prices that result carry limited information relevant to establishing a value of carbon for project of policy
appraisal (Figure 3.2).
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Figure 3.2. Carbon market prices for selected Emissions Trading Schemes
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Notes: All prices have been converted to USD using Purchasing Power Parity data sourced from OECD statistics.
* Prices for 17 October 2014. Source: www.chinacarbon.net.cn.
** Price for 16 October 2014. Source: https://rggi-coats.org/eats/rggi/ .
*** Price for 17 October 2014. Source: http://www.carbonforestservices.co.nz/carbon-prices.html.
# Price for 15 October 2014. Source: http://calcarbondash.org/
## Price from 26 August 2014. Source : Gouvernement du Québec (2014).
### Average price in October 2014.
Source: http://www.reuters.com/article/2014/10/23/us-eu-ets-autos-idUSKCN0IC14520141023.

More broadly, carbon pricing can be an effective way to reduce emissions. Pricing emissions
through a carbon tax on fuel, for example, will reduce fuel consumption and associated CO2 emissions
and stimulate development of more fuel efficient technologies. The response may not be sufficient to
achieve optimal mitigation of emissions (because of market imperfections that can dilute the effect of
carbon pricing) but carbon taxes are one of the most effective tools available for implementing climate
policy (OECD, 2013a). The level at which the carbon tax should set raises exactly the same issues as the
valuation of carbon in general. It needs to be related to damage costs or to efficient abatement costs or
the clearing price in an efficient trading system. Transport fuels were taxed long before climate change
became a policy issue today and are taxed for a range of purposes that differ from jurisdiction to
jurisdiction. Fuels attract taxes for revenue raising purposes because fuel consumption is relatively
inelastic and taxing it results in less distortion in the allocation of resources than, for example, taxing
labour. In some jurisdictions fuel tax revenues are partly earmarked to fund investment in roads. Because
fuel is taxed for a range of purposes, the overall level of tax on petrol or diesel is often far above the level
of a carbon tax based on damage cost estimates.
Figure 3.3 summarises the wide range of prices derived from carbon pricing schemes in place in
2014. Prices in emissions trading schemes tend to be the lowest, influenced as they are by arbitrary
decisions on the total number of emission allowances issued and exemptions for certain industry sectors.
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Most traded carbon prices (between USD 2 and USD 14 – Figure 3.2) are much lower than estimates of
the cost of abatement or the social cost of carbon generally used in transport appraisals. Carbon tax
prices that are derived arbitrarily from existing taxes on fuel tend to be much higher than estimates of the
cost of abatement or the social cost of carbon generally used in transport appraisals.
Figure 3.3. Prices from carbon pricing schemes in 2014

Note: The term “Pricing schemes” used in the World Bank report refers to a range of instruments including carbon taxes,
emissions trading schemes and crediting mechanisms. CPM is the Carbon Pricing Mechanism, in place 2012-2014; RGGI is the
Regional Greenhouse Gas Initiative; CaT is Cap and Trade.
Source: Adapted from World Bank (2014)

Another issue with using carbon pricing as a proxy carbon value is that prices can vary significantly
between countries and over time. These variations have important implications for policy
recommendations.
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Relationships between Social Cost of Carbon, abatement cost and carbon prices
As noted, the cost of abatement is sometimes compared with a carbon tax or traded carbon prices to
inform decision-makers as to whether a mitigation policy is worthwhile (e.g. compared to simply buying
more carbon units in the ETS market).
Under restrictive assumptions, the cost of abatement could be the same as the Social Cost of Carbon
(SCC) if the emissions target were set at the economically optimal level such that the target sufficiently
reflects the damage estimation of climate change (Defra, 2007). This is, unfortunately, often not the case
due to political consideration of the cost of mitigation and their impact on short-term economic
prospects.
In theory, only estimates established using the damage cost approach (i.e. the SCC estimates) are
appropriate for use in CBA. However, it is acknowledged that research is needed to improve on current
SCC estimates. Moreover CBA is often undertaken from a national perspective while SCC is about
damages assessed at the global level. In such a context, abatement costs reflecting the economic burden
for a given country to meet its emission target may be a more appropriate basis for valuing carbon than a
global SCC.

How should carbon value evolve over time?
Carbon value in nominal and real terms
It is important to differentiate nominal and real values when assessing climate change effects
because both estimates tend to increase over time. Nominal estimates refer to estimates that are expressed
in current prices (i.e. during the year when the costs or benefits occur). Real estimates refer to those that
are expressed in constant price (i.e. at a chosen base-year price level which typically refers as “prices”).
One of the basic requirements of CBAs is that all monetary estimates should be expressed in the
same price level in order to allow consistent comparison between benefits and costs. The variations in the
time series estimates of SCC in nominal terms include both the inflationary effects and the cumulative
effects of climate change whereas the variations in the counterparts in real terms exclude the inflationary
effects. For CBA, it is the latter that is relevant. Therefore, SCC estimates established in an earlier year
(e.g. 2010 prices) need to be adjusted to the price year of the benefit and cost items (e.g. 2014 prices).
There are different ways to adjust the carbon value in real terms. If the carbon value was established
based on the results of IAMs, the inputs used in the monetisation process can be updated to reflect
changes in monetary values of various components. This process can be resource-demanding and
therefore is not carried out on an annual basis.
A more common approach to price level adjustment is to apply an inflation adjustment factors (e.g.
Consumer Price Index or GDP deflator) to a time profile of the SCC reported in real terms. For example,
the SCC estimates in USG (2013) are expressed in 2007 USD. Adjusting the price level of real SCC
estimates in a consistent manner should maintain the relativity between estimates in real terms, with only
the price level changed.
Future carbon value
Climate damage is expected to increase over time as CO2 concentration increases. Further, the
damage functions typically used in IAMs imply that climate damage increases more than proportionately
as concentration increases, so the estimated SCC tends to increase over time (Agrawala et al, 2010;
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CGSP, 2013). However, the level of CO2 concentration is affected by mitigation efforts to slow down the
rate at which CO2 accumulates.
A key element of IAMs is how individuals and society maximise consumption utility over time,
considering society’s rate of time preference (or the social discount rate). The time profile of the discount
rate affects the level of mitigation (and adaptation if relevant and available) adopted in the IAMs. The
topic of discount rates will be discussed in detail in Chapter 4 but Table 3.1 shows that the discount rate
used in a number of IAMs varies between 1.4% and 6%.
Table 3.1. Discount rate used in various Integrated Assessment Models
Model

Discount rate (%)

Welfare maximisation models
DICE

Dynamic Integrated Climate-Economy Model (developed by William Nordhaus)

5.5

MERGE

Model for Estimating the Regional and Global Effects of Greenhouse gas reduction (developed
by Stanford University)

5.0

FUND

Climate Framework for Uncertainty, Negotiation, and Distribution (developed by Richard Tol)

5.0

WITCH

World Induced Technical Change Hybrid model

n/a

Computable General equilibrium model
EPPA 4.0

Emissions Prediction and Policy Analysis Model Version 4.0 (developed by MIT)

4.0

Worldscan

Developed by CPB Netherlands Bureau for Economic Policy Analysis

3.0 to 6.0

GTEM

Global Trade and Environmental Model (developed by Australia Department of Agriculture,
Fisheries and Forestry)

5.0

Other
PAGE 2002 (Hope)

Policy Analysis of the Greenhouse Effect used in Hope (2006 & 2008)

3.0 – 4.7

PAGE 2002 (Stern)

Policy Analysis of the Greenhouse Effect used in Stern (2006)

1.4

Note: The discount rate used in different models might have changed since the review carried out by Weisbach and Moyer.

Source: Weisbach and Moyer (2010).

Figure 3.4 illustrates the impact of different discount schedules2 has on the estimated climate change
damages in present values using the Dynamic Integrated Climate-Economy model developed by William
Nordhaus (Phan, 2011).
Under each set of discount rate assumptions, the level of mitigation implementation could be
different (as indicated by the difference between the ‘no control’ estimate and the ‘optimal policy’
estimate3) and therefore the final CO2 concentration would also be different. Although it is difficult to
infer the corresponding carbon value from Figure 3.4 a declining discount schedule generally yields
higher future carbon values in present value terms than that of a constant (but high) discount schedule
(Chapter 4). As discussed in the literature, the assumptions such as the discount rate used in many IAMs
are different, therefore results between different models can vary substantially (Kane, 2012).
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Figure 3.4. Examples of present value of climate change damage using declining discount rate schedule

Source: Phan (2011).

International comparison
This section briefly summarises carbon valuation practices from the partial survey of OECD
member countries. Box 3.1 provides more details on each country’s approach.
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SCC-based estimates of carbon value vary between countries using the same approach as there is no
agreement on what inputs or scenarios should be used in IAMs. As noted earlier, Tol (2008) (cited in
Mandell, 2013) reviewed 211 SCC estimates from 47 studies using different IAMs and found a wide
distribution of estimates, from EUR -1 to EUR 451 per tonne of CO2.
Carbon values derived from the abatement cost approach also differ across countries and sectors
because the cost of reducing CO2 emissions depends on the social, economic and technological
circumstances in each country and sector, the scope and opportunities for emission reduction, as well as
on the policy instruments used to trigger the emission reductions (Ireland, 2004 and OECD, 2013a).
Differences between countries exist, not just in how they estimate the value of carbon, but also in
how they value carbon over time. In some countries, the carbon value increases over time, in others it
does not (Table 3.2). The picture looks somewhat different when the carbon values are discounted at
each jurisdiction’s chosen discount rate schedule (Figure 3.5). Even with a discount rate that would be
considered moderate in most investment contexts (e.g. 3-5% per year), the discounted future carbon
value will be substantially lower than the undiscounted value. The impact of discounting is more
pronounced when the carbon value is low and the discount rate is high (e.g. in NZ’s USD 28 per tonne
per CO2 in 2010 will fall to USD 2 by 2050 using a 8% discount rate).
Table 3.2. Carbon value used in transport project appraisal in different countries
(expressed in USD 2013 value per tonne of CO2)
USD/tCO2

Approach adopted

France

Abatement cost

U.K. (non-traded)

Abatement cost

Norway

Abatement cost

The Netherlands

Abatement cost

Germany

Damage and abatement costs

U.S.

Damage cost

New Zealand

Damage cost

Japan

Damage cost

Sweden

Fuel tax on CO2

2010

2020

2030

2040

2050

39

123

295

Grows at 4.5% p.a.

40-122

47-142

55-164

106-319

Before
2015-2030:
2015:
interpolated
24
12.6 to 194.90

After 2030:
91

2010:
54-161

2030:
94-288

12-97

13-140

18-174

158-473

2050:
174-523
23-209

28-241

34.4
25.7
For investments < 10 years:
128

For investments >10 years:
172

Notes: All carbon values were first inflated to 2013 prices in domestic currency using GDP deflators and then converted to USD using PPP
conversion factors. GDP deflators and PPP data are sourced from OECD Statistics. A conversion factor of 3.67 is used to convert tC to tCO2
(for Japan).

Source: OECD survey of monetary carbon values in selected member countries.

In addition to the discount rate, other CBA practices such as evaluation horizon and the estimation
of the residual project value can have a major influence on the final value of CO2 used in CBA. Further
work in this area is being conducted as part the OECD’s international survey of monetary value of
carbon.
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According to this survey, only a few of the countries have established common guidelines across all
sectors and types of projects for compulsory CBA. For countries that have not established a standardised
practice, different carbon values are sometimes used by different sectors within the same jurisdiction. In
New Zealand, for instance, the transport sector carbon value is set at NZD40/tCO2e (2004 prices) but
their health and environmental agencies sometimes use carbon market prices or other measures. In
Sweden, there were also reports of different values used in different sectors due to a lack of guidance
provided. This practice is problematic because it can lead to inconsistent climate policy being adopted by
different agencies.
One of the reasons why different sectors have different carbon values is if the abatement cost
approach is applied. In this case, differences in each sector’s capacity for further CO2 reduction and the
availability of new emission reduction technologies within that sector will affect the relevant carbon
value. However, the interagency variations appear to be largely due to a lack of communication between
ministries and agencies, rather than intentional disjunction.
Since the policy actions in one sector can often affect the outcomes of other sectors, the use of
inconsistent carbon values across sectors can hinder correct assessment of the overall national impacts.
For the purpose of assessing the benefits of alternative approaches to mitigation, it would be preferable
for different sectors to use the same carbon value within the same jurisdiction and for countries to use
relatively similar carbon values. This would ensure consistent assessment of the national impacts and
enable more efficient policy mix to be adopted by the jurisdiction.
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Figure 3.5. Effects of discounting on carbon value by country
(expressed in USD 2013 value per tonne of CO2)

Source: ITF calculations based on OECD survey of selected member countries (Tables 2 and 7).
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Box 3.1. Carbon value: International practices
Japan
In Japan, a working group of Government Committee on Project Evaluation Method was set up in 2008 to review
their project evaluation method. One of the areas they looked into was the valuation of environmental impacts.
After considering the common approaches for establishing carbon value, the working group recommended the use
of the damage cost approach. Based on the results of Tol (1999), the working group recommended that one tonne of
carbon be priced at JPY 10,600,4 with a range of 50% (JPY 5,300/tC) and maximum 200% (JPY 21,200/tC). More
details of Japan’s approach are provided in Annex A.
Netherlands
Because climate change effects and the associated social cost of carbon are highly uncertain and difficult to
estimate using the damage cost approach, the Netherlands uses the abatement cost approach to value CO2 emission.
For 2010, the recommended carbon value5 ranged from EUR 10 and EUR 155 with a median value of EUR 78 per
tonne of CO2 (Schroten et al., 2014). The upper limit of EUR 155 is based on Kuik et al. (2008) and is associated
with a very strict target of 450 parts per million. The lower limit is associated with the current EU policy target of
20% reduction of greenhouse gases in 2020 compared to 1990. All carbon values are expressed in 2010 price level.
More details of the Netherlands’ approach are provided in Annex B.
Sweden
Prior to 2012, Sweden used the abatement cost approach to determine carbon value. Since then, for short-term
projects (with evaluation period of less than 10 years), the carbon value6 is set at 1.08 SEK per kg of CO2e emitted
in 2010 prices, based on the fuel tax7 on CO2. For long-term projects (with evaluation period of 40 years or longer),
the carbon value is set at 1.45 SEK per kg of CO2e emitted in 2010 prices.
Germany
Germany established their carbon value based on the damage cost approach. The current carbon value is set at
EUR 80 per tonne of CO2 in 2010 prices. For longer term effects, it is set at EUR 145 for emissions in 2030 and
EUR 260 for emissions in 2050. UBA (2012) also provides lower and upper values for sensitivity testing (Table
3.3). More details of Germany’s approach are provided in Annex C.
Table 3.3. UBA recommendation for carbon value (EUR 2010 / t CO2)
short term

medium term

long-term

2010

2030

2050

minimum value

40

70

130

central value

80

145

260

maximum value

120

215

390

Source: German Federal Environment Agency (UBA, 2012).

New Zealand
As part of a Land Transport Pricing Study conducted in 1996, the New Zealand (NZ) Ministry of Transport looked
at the average damage cost of carbon dioxide emissions and established a social cost value of NZD 30 per tonne of
CO2. This value was later adopted by the NZ Transport Agency and updated to NZD 40 in 2004 dollars. The
estimate was also converted to cents per litre of fuel used and percentage of vehicle operating costs. Since then, one
of these three measures has been used in transport appraisals. In non-transport sector, carbon prices or other
measures are sometimes used.
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Box 3.1. Carbon value: International practices (cont.)
United States
In 2008, the United States (US) Federal Government established an interagency working group to develop a SCC
value to be used in CBAs conducted by all the departments and agencies in the US Government.8 The SCC
estimates are based on three commonly used IAMs:
•

the Policy Analysis of the Greenhouse Effect, developed in 1991

•

the Dynamic Integrated Climate and Economy, developed by William Nordhaus in 1990; and

•

the Climate Framework for Uncertainty, Negotiation, and Distribution, developed by Richard Tol in the
early 1990s.

These models calculate the damage associated with global warming by using CO2 emissions projections as an input.
To account for the unknown long-term effects, the models use five different socioeconomic scenarios, based on the
results of a Stanford Energy Modelling Forum exercise, and three discount rates – 2.5%, 3% and 5% (chosen by the
interagency group to be applied in operating the IAMs). Based on these variables, each model produces 15 separate
SCC distributions for a given year (45 estimates in total).
The distributions from each model and scenario were equally weighted and combined to produce three separate
probability distributions for SCC in a given emissions year, one for each of the three discount rates. From the three
distributions, the interagency group selected four final values in order to produce a range that reflects sensitivity to
discount rate assumptions and uncertainty in climate impacts: the average SCC at each discount rate (2.5%, 3%, and
5%), and the 95th percentile at a 3% discount rate, representing higher than expected economic impacts further out
in the tails of the distribution. The SCC estimates were originally established in 2010, and were updated in 2013.
They are currently applied in CBAs of all major U.S. regulatory policies (USG 2013 and Greenstone et al., 2013).
Table 4.6. The US social cost of carbon (2007 USD/tCO2)

Source: US Government (2013).
One example of the SCC being applied in the United States was a Federal Government CBA of the emissions and fuel efficiency
standards for light-duty vehicles. The analysis indicated that the regulation had a benefit of more than USD 170 billion (2007
dollars) from carbon reduction alone (Greenstone et al., 2013).

France
France uses the abatement cost approach to estimate the carbon value in CBAs. To calibrate the marginal
abatement cost curve, simulations were conducted based on three different models:
•

POLES, developed in the early 1990s at the Institute of Energy Policy and Economics IEPE (now
LEPII-CNRS) by Criqui (1996);
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Box 3.1. Carbon value: International practices (cont.)
•

GEMINI E3, developed in 1994 at the Energy Atomic Agency under the supervision of Alain
Bernard; and

•

IMACLIM-R, developed by the Centre International de Recherche sur l’Environnement et le
Développement.

The simulations looked at three different scenarios on the constraints of CO2 emissions, based on different
assumptions of international commitments. Nine different carbon values were derived as a result. By synthesising
these multiple elements of information and knowledge, the final chosen carbon value in France was
EUR 32 per CO2 ton in 2010, increasing (at 5.8% per year) to EUR 100 in 20309. After 2030, the increase in carbon
value is assumed to follow the Hotelling rule10 (i.e. same growth rate as discount rate or 4.5%) and reach EUR 240
by 2050. All estimates are expressed in 2010 monetary value.
United Kingdom
Prior to 2009, the UK Government used what they called the shadow price of carbon, an estimate that is based
on the SCC for a given stabilisation goal, with adjustments for marginal abatement cost and the willingness-to-pay
for reductions in carbon emissions (Defra, 2007).
Following a review in 2009, the UK Government adopted a “target-consistent” approach to carbon valuation.
For sectors that are covered by EU-ETS (EU Emissions Trading System), the market price of CO2 has been used.
This has been considered as the market value of the marginal abatement cost, which proxies an optimal unit price of
CO2 reduction. For sectors that are not covered by EU-ETS, the marginal abatement costs are developed separately,
based on their own cost estimation model. While the initial values for the two markets differ, they are expected to
converge in the long run under a carbon trading system (DECC, 2009).
In 2012, DECC’s methodology for producing short-term traded carbon values was updated. Since then, shortterm traded carbon values are based on expected future market prices. The values were updated in 2013 (Table 3.7).
Table 3.7. The UK carbon value (2013 GBP Per tonne of CO2e)
2013 £
2010
2015
2020
2025
2030
2035
2040
2045
2050

Low
12
0
0
19
38
56
74
92
110

Traded
Central
12
4
5
41
76
112
148
183
219

High
12
18
26
70
114
168
222
275
329

Low
28
30
33
36
38
56
74
92
110

Non traded
Central
57
61
66
71
76
112
148
183
219

High
85
91
99
107
114
168
222
275
329

Source: UK DECC (2013a).

Norway
Based on the Climate Cure 2020 modelling results of achieving Norwegian climate goals by 2020, the Norwegian
Public Roads Administration recommended the carbon value for the years to 2015 to be NOK 210 per tonne of
CO2, and NOK 800 of for the years from 203011. The values between 2015 and 2030 are interpolated based on
NOK 210 and NOK 80012.
Source: Smith, S. and N. A. Braathen (2015).

ADAPTING TRANSPORT POLICY TO CLIMATE CHANGE: CARBON VALUATION, RISK AND UNCERTAINTY — © OECD/ITF 2015

3. ESTIMATING THE SOCIAL COST OF CO2 EMISSIONS

39

Notes
1.

Negative values are due to an initial positive impact on crops, etc. (Mandell, 2013).

2.

The discount rates used were (i) a constant 3%; (ii) the declining discount rate based on UK
Treasury Green Book’s discounting schedule – 3.5% for the first 30 years, 3% for next 40
years, 2.5% for next 50 years, 2% for next 75 years and 1.5% for next 100 years; and (iii) the
declining discount rate schedule as suggested by Weitzman (1998) – 3.5% for the first 20 years,
2% for the next 50 years and 1% for the next 230 years.

3.

While this example used in Phan (2011) focuses on policy optimization, other IAMs focus on
welfare maximisation and those that look at general or partial equilibrium effects (Ortiz and
Markandya, 2009).

4.

This roughly equals to USD 25.7 (2013 value) using GDP deflators and PPP conversion.

5.

These can be expressed in USD 12.6 (low), USD 98.1 (median) and USD 194.9 (high), using
GDP deflators and PPP conversion to convert to 2013 USD (Schroten et al., 2014).

6.

For evaluation period of less than 10 years, the carbon value is equivalent to USD 128 per
tonne. For evaluation period of 40 years or longer, the carbon value is around USD 172 per
tonne. Both figures are expressed in 2013 value using GDP deflators and PPP conversion.

7.

In Sweden, the fuel tax contains two components – an energy tax and a CO2 tax. The energy tax
is levied on most fuels based on their energy contents. The aim is primarily fiscal but also to
improve energy efficiency and increase the use of renewable energy. Tax rates are higher for
motor fuels in order to take account of external effects such as noise, congestion and road wear
from traffic. The CO2 tax was introduced in Sweden in 1991. Over the years the tax rate has
been significantly increased, in order to take account of the need to fight climate change. At
present, the general CO2 tax rate corresponds to more than USD 125/tonne.

8.

See Kopits et al. (2013).

9.

Sources: Quinet (2013) and CGSP (2013).

10.

Hotelling rule states that the use of an extractive resource should be distributed over time
optimally at all points in time. Therefore, the “present value of the resource price must rise over
time at the discount rate” (Heal, 1997).

11.

These are equivalent to USD 24 and USD 91 (2013 value) using GDP deflators and PPP
conversion.

12.

Norwegian Ministry of Finance (2012), p.145.
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Chapter 4

Uncertainty and transport appraisal of climate change effects

This chapter will first clarify the difference between risk and uncertainty. It will then discuss climate
change-related uncertainties and possible approaches to deal with them in transport appraisal
processes.
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Risk and uncertainty
Climate change effects are cumulative. Without mitigation, the expected damages in the future
could be catastrophic and irreversible. At the same time, the potential to adapt to climate change is
poorly understood. For both reasons, estimation of the environmental and economic effects of climate
change (with and without a policy) in a distant future is subject to tremendous uncertainties.
To ensure long-term effects are appropriately captured in transport decision-making, it is necessary
to consider how risk and uncertainty in the context of climate change impacts can be treated in transport
appraisal. Risk and uncertainty are often used interchangeably to refer to unknown events. However,
there are subtle differences between these terms.
•

Unknown refers to the state where the occurrence of a given event cannot be known prior to the
event. This can refer to both risk and uncertainty.

•

Risk refers to unknown outcomes with well-defined probabilities and typically with reference
to the probability of incurring a loss. Risk can be loosely referred as the known unknowns. A
stylised example is the probability (or statistical average) of getting a 3 when rolling a fair dice
is 1/6, but the number that will turn up on any particular roll of the dice is unknown.

•

Uncertainty refers to unknown outcomes with unknown probabilities. Therefore, uncertainty
can be loosely referred as the unknown unknowns. In this case, the probability of occurrence
cannot be determined (Knight, 1921). Long-term climate change effects on the environment
and economy fall largely in this category. Scientific evidence suggests the effect of climate
change could be catastrophic, and that the timing of future climate change, the probability of a
catastrophic event and the extent of its effects are all unknown.

Transport infrastructure appraisals are subject to both risk and uncertainty. With estimates of the
probability of occurrence and likely outcomes, preventative measures can be implemented to mitigate
certain risks. For example, to address the risk of damage to a man-made structure (e.g. coastal highways
or railway tracks) due to sea wall erosion, the existing sea wall could be strengthened with improved
materials or features.
Quantifiable risk can also be incorporated in assessment practice by using a probability distribution
of likely values rather than using a simple average or certain percentile point. In the case of risk
neutrality, the equivalent value of the distribution is simply the average value of the distribution.
However, in the presence of risk aversion there will be a risk premium in addition to the expected value.
When calculating the net present value over a time period, the risk premium associated with risk aversion
may be introduced as an additive correction to annual expected value, and discounted at a risk free rate.
Another way to deal with risk is to adjust the discount rate used in assessment, as suggested by Quinet
(2013). This will be discussed further in Chapter 4.
In infrastructure project appraisal, uncertainty exists both in the short and long-term, and on both the
cost and benefit sides. Some of the transport investment uncertainty relates to costs, such as construction
cost and operational costs. What has been more problematic for transport project appraisal is the
uncertainty around long-term traffic demand. Demand projections1 typically rely on many uncertain
factors (such as population and economic growth; technological and land-use developments; lifestyle
changes and future fuel prices) which are difficult to predict. However, transport demand uncertainties
are considerably more tractable because scenarios can be constructed to test the robustness of demand
projections and the resulting impacts can be calculated accordingly. It is much harder to deal with
uncertainties related to climate science and its economic impacts because it is very difficult to assign a
robust probability distribution to such events. This subject is taken up in the next chapter.
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Climate change-related uncertainties
Catastrophic events related to climate change and the potential socio-economic impacts of extreme
climate change are extremely difficult, if not impossible, to quantify. Scientific knowledge is currently
insufficient to predict the magnitude or probability of such impacts. Economic theory has little to say
about the potential impact of large temperature increases, and the potential for adaptation compounds
uncertainty over impacts. Figure 4.1 provide a stylised representation of the key uncertainties around
estimating the climate change impacts. This shows a continuous sequence of stages. Mitigation measures
can affect the emission outcomes (level and concentration) and the flow-on impacts on the climate, while
adaptation measures affect the outcomes for the natural and man-made systems and so forth.
Figure 4.1. Uncertain impacts of climate change

These uncertainties can be categorised into ‘scientific uncertainty’ and ‘socio-economic uncertainty’
(Heal and Millner, 2014). Scientific uncertainty reflects our incomplete knowledge of the climate system.
Despite efforts that have been made to develop complex climate models based on scientific evidence and
observations, such work is still imperfect. As shown in Figure 4.2, the probability distributions of
modelled average surface warming, resulting from a doubling of the atmospheric concentration of CO2,
vary significantly between models. There has been disagreement among economists and scientists about
the nature and the extent of the uncertainties, the measurement of social welfare and key behavioural or
policy parameters that affect it (Pindyck, 2013).
Socio-economic uncertainty, on the other hand, relates to what is unknown about how societies and
economies will function in the future and how they respond to climate change. As temperature rises,
societies will be subject to changing weather patterns. However, the extent of the damage and cost to
society from these changes will be highly dependent on future infrastructure, technology, how economies
and societies operate, and other future policies. Society’s ability to adapt to climate change will also have
an impact on the value associated with mitigation policies. The more successful is adaptation to climate
change the lower the value of policies that aim to cut emissions. It is clear that we have the capability to
adjust our life and economic activity to some extent in response to climate change. The unknowns are
just how much adaptation is possible in the timeframe considered, and what climate we will be adapting
to.
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Figure 4.2. Estimates of the probability distribution for climate sensitivity

Source: Millner et al. (2012).

Dealing with uncertain long-term impacts in transport appraisal
A key uncertainty associated with transport policies to mitigate climate change effects relates to the
occurrence of catastrophic events. Catastrophic events, in relation to the economic analysis of climate
change, are characterised by a low probability of occurrence but a high potential of severe damages. This
is where the difficulty arises in handling catastrophic impacts in assessments. There is no clear scientific
evidence that catastrophes will occur in the future but neither is there any scientific basis for them not
occurring. Likewise, the magnitude of damages and their probabilities are unknown and may be largely
unknowable. This characteristic has important implications for policy appraisal.
A number of recent papers debated the theoretical framework for analysing catastrophic impacts
(e.g. Weitzman, 2009 and Pindyck, 2011). But the academic community has yet to come to a consensus
on how catastrophes should be incorporated into assessment practice, particularly in CBA. Weitzman
(2009) introduced a so-called “Dismal Theorem”, which asserts that the impact of catastrophic events
such as climate change is likely to follow a fat-tailed probability distribution, meaning that its upper tail
declines to zero only very slowly. The implication of this assertion is that the probability of catastrophic
events will be large enough to make expected marginal utility (which declines as consumption grows)
effectively infinite (Pindyck, 2011). This means the expected gain from any climate change mitigation
policy would be unbounded. This theory challenged the results of traditional climate change-related CBA
that uses thin-tailed distribution (e.g. normal distribution or exponential function) in the IAMs, on the
ground that these models will underestimate the gains from abatement.
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Pindyck (2011 & 2013) argued that even as consumption approaches to zero (which implies death),
the marginal utility of consumption would become very large but should still be finite (e.g. approaching
multiples of the value of statistical life). Once an upper bound is added to marginal utility, Pindyck
argued that expected marginal utility will be finite irrespective of the shape of the damage function.
Pindyck’s papers also demonstrated that the value of climate change abatement policy depends on two
equally important factors – the probability distribution of the catastrophic events and the impact of a
catastrophic outcome.
Pindyck tested different probability distributions and calculated the willingness-to-pay to mitigate
climate change effects and found that thin-tailed distribution can actually yield a higher marginal utility
and willingness-to-pay than a fat-tailed one. This is because when different distributions are calibrated to
the same mean and standard deviation, the thin-tailed distributions actually used in IAMs have more
mass at the upper tail than that of the fat-tailed distribution (Pindyck, 2011). In other words, the
aggregate probability for a thin-tailed distribution is higher in the upper tail. This means higher expected
marginal utility for the thin-tailed distributions. Another related point made by Pindyck is that due to the
presence of other potential catastrophes (such as nuclear wars or pandemics of a serious disease) the
willingness to pay (WTP) for avoiding serious climate change would have to fall when all other
catastrophes are considered simultaneously.
The key implication of these arguments is that if the expected gain from climate change mitigation
policy is bounded and there are multiple types of catastrophes, the WTP, i.e. the carbon value, would not
be unbounded. Therefore, there is still a role for IAMs and CBA and these tools continue to be relevant
for analysing the likely climate change impacts. Pindyck (2013) recommended the use of “plausible”
estimates of probability of various large economic impacts from various “plausible” temperature change
scenarios in climate change policy research with application of standard CBA techniques.
As a modelling tool to estimate climate change impacts, IAMs play an important role in
understanding the true costs of climate change. Inadequate modelling of catastrophic events in IAMs has
been a common criticism. Kopits et al. (2013) recommended several near-term modelling improvements
such as developing better mapping of how physical changes relate to economic damages and improving
representation of the key physical future outcomes through which economic consequences are most
likely to be significant and incorporating more recent findings and data from scientific literature into
IAMs. The same authors also recommended improved communication between transport practitioners
and IAM modellers to ensure any limitations of the modelling results are appreciated in the appraisal and
subsequent decision-making process.
Under traditional transport appraisal frameworks, unknown impacts that are likely to occur in the
distant future are typically excluded from the analysis. This is based on the view that once such future
values are discounted back to present values they will be close to zero. However, in assessing climate
change effects this may not be appropriate and adjustments to both discount rates and future carbon
values have been used to encompass such potential impacts. Carbon values increase in real terms over
time in some assessment methodologies and in some approaches assessed using a very low or declining
discount rate (this is discussed in Chapter 4).
Climate change-related policy or investment decisions include adaptation and mitigation aspects.
Tools that supplement conventional CBA when considering long-term uncertain impacts for policy
decisions can vary between the types of decision at hand.
•

Impact assessments – For benefits or costs that are difficult to monetise, individual impact
analysis can be considered to supplement traditional CBA. This approach is common with
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effects such as biodiversity, distributional impacts and changes in landscape. However, as the
number of non-monetised factors increase, the level of influence CBA has will weaken since
the result represents smaller part of costs and benefits being considered in policy appraisal.
•

Cost-effectiveness analysis (CEA) – Given the uncertainty involved in calculating the carbon
value for a CBA, CEA is often used (such as Ackerman et al., 2009 and Official Norwegian
Reports, 2012). A CEA typically involves comparison of the relative costs of different courses
of action that aim to achieve the same outcomes or relative outcomes of courses of action that
incur the same costs. The key distinction between a CEA and CBA is that a CEA does not
require monetisation of the outcomes. While CEA may be a useful alternative to CBA, it would
not provide any indication as to the value for money of a project. Another disadvantage is that a
CEA does not provide a measure of the long-term sustainability. Furthermore, ranking policy
options using CEA is not sufficient because there are other policy measures for which carbon
abatement is not the primary goal (Defra, 2007). Other approaches would still be needed to
compare climate change-related projects with other projects.

•

Sensitivity testing and scenario analysis – Sensitivity testing and scenario analysis involve
having several choices of data inputs for a CBA or setting up different scenarios for modelling
a range of possible impacts. These approaches provide decision-makers a range of estimates
and scenarios to consider. In some cases, such an analysis would be sufficient to inform policy
decisions. In cases where there is a wide range of possibilities, analysts need to exercise careful
judgement when selecting the scenarios to investigate. It is also necessary to provide sufficient
explanations to decision-makers to ensure the limitations of the analyses are appreciated.

•

A real options approach2 to adaptation policies – There is a strong possibility that, over the
long-term, the frequency, intensity and nature of extreme weather events may accelerate
infrastructure degradation, inducing unexpected repair and maintenance costs, or even to
catastrophic failures. A first reflex, from a transport decision-making perspective, would be to
enlarge the policy questions: rather than just ask “should we build the project or not?” also
address “build now or postpone the decisions for a few years?” (Quinet, 2013). From the
project design perspective, infrastructure could be maintained to a high standard to lower its
vulnerability to out-of-norm events. Incorporating strategic redundancy in networks could
ensure overall network performance would not be too severely impacted even if some assets
were to fail. Another possibility is to deliberately under-design parts of the network to “safefail” to allow rapid restoration of services.

Mitigation of climate change requires large sunk costs in the near term with highly uncertain
benefits occurring in the far future. Different mitigation or adaptation options come with different costs
and have different value for money implications. As many mitigation investment options are irreversible,
the timing of the investment is crucial. Researchers (such as Hendricks, 1992 and Pindyck, 2000 cited in
Kopits et al., 2013) have used a real options framework to examine the characteristics of optimal climate
change policy to enable policy makers to learn about the expected damages over time. Based on the
assumption that climate change-related uncertainty can be partially resolved over time, many of the real
options studies suggested that delaying abatement actions may be optimal3 (for a review, see Kopits et
al., 2013).
Dobes (2008), on the other hand, looked at the strategy to invest in climate change adaptation
measures and demonstrated the benefit of using an adaptive investment strategy based on the real options
framework. Dobes demonstrated that the real options approach is not just about having strategies to delay
decisions until uncertainty is resolved. He used simple examples to demonstrate strategies that could be
used to adapt to climate change, including staged investment and more flexible design of infrastructure to
allow its scope or coverage to be extended if necessary. An example is the decision to address the
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potential problem of flooding in low-lying areas: instead of building a full size sea wall, the option would
be to engineer a suitable base first to allow an expansion of the sea wall in the future if required. Other
real options strategies include the option to abandon or temporarily shut down staged investment, the
option to switch the way a demand is met, and the option to adopt a non-asset approach (such as research
and development).
Each of these options – deferral, expansion, contraction, abandonment and modification – adds
value to a project by allowing decision makers to exploit upside opportunities (e.g. through project
expansion) while limiting downside losses (e.g. by abandoning or downsizing projects).
The real options framework is not new4 and it has been used for investment decisions such as oil
field development (Lund, 1999), electricity capacity expansion (Gahungu and Smeers, 2012) and ship
investment (Pires et al, 2012). It has not received the same level of attention in the public sector.
However, in 2009, real options approach was included in HM Treasury’s Supplementary Green Book
Guidance5 for assessing activity that has uncertainty, flexibility and learning potential. More recently,
some Australian experts and New Zealand transport officials6 have been actively investigating the use of
the real options approach (using decision tree analysis)7 in policy and investment decisions.
The real options framework supplements conventional CBA for assisting investment decisions in
the face of uncertainty and improves the option development and selection process. Under this
framework, CBA is still a useful tool to inform the value for money of projects because all costs and
benefits are monetised and compared in a consistent manner.
Uncertainty as described by Knight (1921) refers to circumstances where statistical quantification of
the unknowns is not possible. Since the above approaches require assumptions on the probability of
occurrence, they can only address risk that can be reasonably reflected by a formal probability
distribution.
To ensure the quality of policy and investment decisions, decision-makers need to be informed
about how uncertainties (such as those on future demand and economic conditions) affect the estimated
costs and benefits of an intervention or investment. This could be done by carrying out an uncertainty
assessment, which should be similar to sensitivity testing or scenario analysis but with a focus on
assessing the relative project or investment outcomes under different uncertain future states. The
assessment will provide decision-makers with explicit information about the uncertainties involved and
how they impact on the overall cost and benefit positions. While no robust method to incorporate
uncertainty in CBA is currently available, having a separate uncertainty assessment would be of value to
decision-makers.
In practice, this would mean providing a likely range of results after considering the probability of
occurrence (i.e. consideration of risk) and another wider range of results that consider the impacts of
uncertainty. The latter will need to be supported by descriptions of the sources of uncertainty, its
determinants and potential impacts.
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Notes
1.

An example of demand risk is the UK Channel Tunnel Rail Link (which became fully
operational in 2007). During the PPP bidding phase in the mid-1990s, consultants consistently
over-estimated passenger forecasts. The final passenger forecasts were out by a factor of 3 or
more compared to the realised patronage levels. Aside from the possibility of the result of a
commercial bidding strategy, the project was the first of its kind and there was no precedent of
similar projects anywhere in the world to allow consultants to base their forecasts on (OECD,
2013b).

2.

In the financial markets, a financial option gives the bearer the right, but not the obligation, to
buy (a put option) or sell (a call option) a financial security in the future, under pre-determined
terms and conditions. The real options approach applies this financial options theory to real
investments such as roads. The real options approach allows decision makers to retain the
right, but not the obligation, to exploit various ‘go’ and ‘no go’ opportunities in the future.

3.

This is because the expected payoff (the probability weighted average of possible payoffs) from
delaying decisions is higher than if actions are implemented before resolving the uncertainty.

4.

The real options approach was first mentioned in the literature by Stewart Myers (Myers, 1977)
and more recently by Dixit and Pindyck, 1994; Trigeorgis, 1996 and Brennan and Trigeorgis,
2000, etc. (cited in de Neufville, 2003).

5.

HM Treasury and Defra (2009), Chapter 3.1.

6.

This is based on private communications with ACIL Allen Consulting (Australia) and NZ
Ministry of Transport.

7.

The decision tree approach traces the evolution of the option’s key underlying variables in
discrete-time (e.g. Copeland and Tufano, 2004). Each node in the tree represents a possible
value of the underlying asset at a given point in time. The option value is calculated iteratively,
starting from the final node of each branch of the tree, and then working backwards through the
tree towards the first node. The decision tree approach is simple to apply but yet flexible for
analysing complex decisions. Other common approach includes the Black-Scholes model (see
Luehrman, 1998 and ACIL Tasman 2013).
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Chapter 5

Discounting long-term effects of climate change for transport

This chapter looks at the theories and approaches to establish a discount rate for assessing longterm projects, discounting under risk and uncertainty and a comparison of how various countries
have applied discount rates for climate change projects and policies.
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The importance of the discount rate
Discounting is an integral part of any analysis such as cost-benefit analysis (CBA) that considers the
costs and benefits over a number of years. Its aim is to express all costs and benefits in terms of their
present value by assigning smaller weights to those that occur further in the future than to those that
occur more immediately.
The CBA of long-term projects is particularly sensitive to the choice of the discount rate. For
example, at an annual discount rate of 3%, the present value of $1 000 in 30 years’ time is $412,
compared to $231 at 5% and $742 at 1% (Figure 5.1). In 100 years’ time, the present value of $1 000
reduces to $52 (at 3%), $8 (at 5%) and $370 (at 1%).
Figure 5.1. Present value (of $1 000) varies by discount rate and time
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“While everyone agrees that the choice of discount rate is a crucial determinant of the value of
public projects, there is less agreement on the appropriate discount rate to use to calculate present value.
Academics, cost-benefit guides and textbooks give widely conflicting advice.” (Harrison, 2010)

Discount rates and intergenerational concerns
Discounting can be adjusted to address intergenerational problems, which are often emphasised in
the climate context. In tackling climate change there is a perceived need for the current generation to
sacrifice their well-being in order to preserve the well-being of future generations. There are a number of
ways that the current generation can protect the welfare of future generations, including leaving them
with physical capital stock or better environmental stock (Harrison, 2010).
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The choice of discount rate reflects the level of altruism the current generation has towards future
generations. A higher discount rate ascribes future benefits lower weightings. With a high discount rate,
few climate policies would pass the CBA test, resulting in less investment to protect future generations
from global warming. But a low discount rate can sometimes also encourage counter-productive policies
or projects from a climate policy perspective (OECD, 2007). For example, a low discount rate can
encourage investment in long-lived coal-fired power stations with low operating costs but long pay-back
periods for recovering capital investment instead of investment in gas-fired plants that have the opposite
characteristics; high operating costs but a shorter pay-back period. Using a low discount rate also means
that the current generation could invest in low-return projects at the expense of investments with higher
return and thus make future generation worse off (Harrison, 2010).
There are two main approaches to determine discount rates for projects affecting future generations.
They are the “prescriptive” and “descriptive” approaches to discount rate selection (Arrow et al., 1996;
Harrison, 2010; Arrow et al., 2013a).
The prescriptive approach directly specifies a discount rate or parameters used in estimating the
discount rate based on ethical principles or policy choices. Where the “prescriptive” approach to setting
the discount rate is chosen, setting a high discount rate or even a flat discount rate could be seen as
“unethical” (e.g. Ramsey, 1928). Under this approach, the social pure time preference becomes a “policy
parameter” (Pindyck, 2013), which balances the welfare of current and future generations. If both
generations are to be treated equally, the social rate of pure time preference should be lower (or zero),
implying a lower discount rate. If the current generation is to be given more weight than the future
generation, the rate of pure time preference increases, leading to a higher discount rate.
The descriptive approach, on the other hand, sets the discount rate based on observation of market
behaviour (Pearce and Ulph, 1999; OECD, 2007; Kane, 2012). For example, the parameters in the
Ramsey formula can be inferred by using empirical evidence to estimate the population’s rate of time
preference. Proponents of the descriptive approach suggest that the discount rate should approximate the
market interest rates for long-term financial assets (such as government bonds) (Barro and Becker, 1989;
Harrison, 2010; Kane, 2012). However, “market rates are conceptually distinct from a social discount
rate” and “only reflect the preferences of current individuals, about their current decisions” and “not the
interests of future individuals nor the preferences of current individuals about intergenerational matters”
(OECD, 2007).
In a traditional transport appraisal framework, the discount rate is often assumed to be constant over
time. Having a constant discount rate means individuals are time-consistent and that their later
preferences confirm earlier preferences (Frederick et al., 2002). The theory of a declining discount rate
was first developed by Weitzman (1998) and subsequently by Gollier and Weitzman (2010) and Freeman
(2010). A key conclusion from those studies is that when future discount rates are uncertain, then the
“effective” (or certainty-equivalent) discount rate must decline over time towards its lowest possible
value (Gollier and Weitzman, 2010; Freeman, 2010 and USG, 2010).
Empirical literature seems to conform to the theory that discount rates are not constant over time
(OECD, 2007 or Frederick et al., 2002). In their literature review, Frederick et al. (2002) found some
empirical regularities regarding to discount rate including: asymmetric preference between gains and
losses (gains are discounted more); small amounts are discounted more than large amounts and people
seem to have a preference for spreading consumption over time. In addition, results from experiments1
suggest that the discount function at the individual level declines over time (OECD, 2007).
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Typical arguments for a declining discount rate include: falling economic growth rates, the
uncertainty associated with future growth in per capita consumption and economic conditions, shocks to
consumption due to catastrophic risks, changes to or heterogeneity in future preferences and
intergenerational equity (OECD, 2007; Gollier and Weitzman, 2010; Arrow et al., 2014).
To illustrate the effects of discount rate on real SCC, Figure 5.2 provides a stylised illustration of
the effect where real SCC grows at 5% per annum. Assuming the real SCC in year 0 is $50 per tonne of
CO2, it increases to around $6 600 after 100 years (before discounting).
If these values were discounted at a constant 5% per annum (i.e. same as the rate of increase in real
SCC), the present value of real SCC will remain unchanged over time (at $50 in this example). On the
other hand, if the estimates were discounted at a declining discount rate (e.g. from 5% reducing to 3.7%),
the real SCC in present value after 100 years would be much higher. In this stylised example, it is around
$175 per tonne of CO2.
Figure 5.2. Stylised interpretation of the effect of discounting on carbon value (t/CO2)

Discount rates for long-term projects
Discounting is a means for assessing outcomes over time by reference to individual, market or
social preferences (especially for decisions that affect a long time-horizon). There are two commonly
cited arguments for why this is necessary – positive time preference and the opportunity cost of
investment (Harrison, 2010). These two arguments vary by the assumption as to whether private
consumption or private investment will be displaced by public investment decisions. The marginal social
cost of capital approach2 based on the Capital Asset Pricing Model framework is a common approach to
establish a discount rate to account for the displacement of private investment. This approach has been
used by some countries (e.g. New Zealand and Japan) to determine the public sector discount rate.
However, the pure time preference and the displacement of private consumption approach have received
most attention in the current social discount rate literature due to its relevance to the assessment of the
welfare of future generations (e.g. Weitzman, 2012 and Armtiage, 2014). The following chapters briefly
outline three such approaches.
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Ramsey formula
The positive time preference argument asserts that most individuals have a “pure preference” for the
present, and also expect that as incomes increase over time the marginal utility of consumption declines
and therefore they would prefer to consume now than to consume in the future. Otherwise, they would
have to be compensated (e.g. through interest on savings) for delaying the consumption until the future.
The approach used to determine the discount rate under the positive time preference argument is the
social rate of time preference (SRTP). This approach reflects the impact of savings and investment on
domestic consumption and the time preference individuals have on consumption today over the same
level of consumption at a later date. It suggests the correct discount rate should be the rate at which a
society is willing to postpone current consumption in exchange for future consumption without any
change in overall wellbeing.

Box 5.1. Ramsey formula
The Ramsey formula, which has led academic research since the 1920s (Ramsey 1928) defines the
discount rate ( t) as follows:
t

=

+

gt.

represents pure time preferences, which reflects individuals’ preference for consumption now
rather than in the future
the absolute value of the elasticity of marginal utility of consumption
the expected growth rate in per capita consumption between now and time t.

gt
gt

represents the wealth effect related to the idea that future generations will be better off compared
to present generations.

Although literature has suggested using the after-tax rate of return of low-risk marketable securities
(such as government bonds) to approximate SRTP, the commonly used approach is the formula
developed by Ramsey in 1928 (Box 5.1). The Ramsey formula has two key components, the pure time
preference ( ) and the diminishing marginal utility of consumption over time ( gt). The elasticity of
marginal utility of consumption ( ) represents the curvature of the utility function, a measure of aversion
to interpersonal inequality and a measure of personal risk aversion3 (Weitzman, 2007).
In the Ramsey formula, the discount rate is expressed as a function of expected growth rate in per
capita consumption, therefore the resulting discount rate is not constant over time. If future consumption
growth will be positively correlated with economic cycles (i.e. cyclical), the discount rate should vary
with the economic cycles (OECD, 2007).
Extended Ramsey formula
The Ramsey formula has often been used as a basis for intergenerational discounting by including
an extra term to account for the precautionary effect around future rate of growth in consumption
(Box 5.2) (Gollier, 2002; Weitzman, 2007; OECD, 2007; Arrow et al., 2013b and Cropper et al., 2014).
According to this formula, the precautionary effect gets bigger as the variance of future consumption
increases and therefore results in a lower discount rate.
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Box 5.2. Extended Ramsey formula to account for precautionary effect (note)
The modified Ramsey formula is given by:
t

= +

gt – ½

2

2
g

where:
t,

,

and gt are defined as in Box 5.1.

2
g

½

variance of consumption at time t, and
2

2
g

a precautionary effect.

Note:
This formula assumes growth rate in consumption is independently and identically distributed over
time (i.e. it follows a random walk or arithmetic Brownian motion).

Systemic risk-adjusted Ramsey formula
Although there has been no consensus on the discount rate for public sector appraisal, there is some
consensus on the need to account for the uncertainty associated with the linkages between future project
benefits and future macroeconomic conditions (e.g. Weitzman, 2007 & 2012; Quinet, 2013; Gollier,
2013 & 2014). Related literature mentions another conceptual version of the Ramsey formula, the
systemic risk-adjusted SRTP4. This approach is similar to the extended Ramsey formula with an extra
term that links project benefits and costs with Gross Domestic Product (GDP).
In this approach, the discount rate is expressed as the sum of the risk-free interest rate plus the
product of the risk premium5 ( ) and the correlation between project benefits and economic activity ( )
(Box 5.3). The risk-free interest rate is the same as the extended Ramsey formula (Box 5.2). This
systemic risk-adjusted Ramsey formula is referred as the consumption-based CAPM by Gollier (2014)
because of its similarity to the standard CAPM6. Gollier (2014) shows that systemic risk premium
increase with uncertainty over time and therefore the risk-adjusted discount rate can increase over time if
the beta is higher than /2.
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Box 5.3. Systemic risk-adjusted Ramsey formula (note)
The systemic risk-adjusted social rate of time preference is given by:
r = rf +
where:
r

is the risk-factored discount rate specific to the project

rf

is the risk-free rate (i.e. the extended Ramsey formula);
rf = +

gt – ½

2

2
g

is the general risk premium, a parameter common to all projects, that measures the amplitude of the
long-term systemic risks linked to macro-economic trends;
=

2
g

is beta, a project-specific parameter that measures the correlation between project benefits and
economic activity.
Note:

This formula assumes the evolution of economic activity is independently and identically distributed
over time (i.e. it follows a random walk or arithmetic Brownian motion).

The key rationale of this approach is that each project entails various types of risk, including those
that are associated with the future overall macroeconomic conditions (i.e. ). If the project’s benefits are
positively correlated with the macro-economic conditions (i.e. is positive), the risk on project returns
gets amplified, particularly in the case of large-scale transport projects in which the returns would be
unexpectedly lower under bad macro-economic outcomes.
For transport projects, key benefits (such as time savings) are typically subject to uncertainty. There
is also a risk around unexpected change in travel demand. Facing this risk, investors (including
governments) would be more cautious in their decision making, leading them to increase the discount
rate: whenever future travel demand is heavily affected by the macroeconomic conditions, the
distribution of future outcomes becomes more spread, hence inducing a positive risk premium.
For climate policy, on the other hand, the issue is more complicated as the correlation between the
returns from climate policy and the risk at the macro-economic level is unclear. As the economy grows,
more activities, including transport, produce more GHG. This implies a positive correlation between
GHG emissions and the macroeconomic conditions. However, emissions may also have a negative
impact on economic growth, as climate impacts may cause significant damages to the economy. Due to
the presence of this feedback effect, the overall effects are ambiguous.
One benefit of this systemic risk-adjusted SRTP is that it allows calculation of the discount rate
project by project (Quinet, 2013). Since the discount rate is determined by three factors (the risk-free
rate, the beta correlation between projects and the economy, and the risk premium), it can be constant or
it can vary over time-period depending on the values of the parameters chosen.
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Discounting under risk and uncertainty
There are two broad categories of uncertainty that affect the choice of discount rate. They are the
uncertainty around future interest rates and/or the components of the social discount rate (such as
growth) and the uncertainty around future benefits7 due to project risks.
Uncertainty without project risk
Without project risks, a risk neutral social planner will adopt a discount rate close to the risk-free
rate (based on the extended Ramsey formula). When the discount rate is unknown, the literature suggests
using different choices of discount rate to derive the certainty equivalent (CE) discount rate (e.g.
Weitzman, 1998 and Gollier and Weitzman, 2010). The key argument of this approach is that what
should be probability-averaged are not the future discount rates at various time periods but the future
discount factors (Weitzman, 1998; Freeman, 2010 and Traeger, 2013). Discount factors are the factors by
which future cash flows must be multiplied to obtain the present value, i.e., if the discount rate is d, the
discount factor for year i is represented by
.
To illustrate the approach, Table 5.1 shows how discount rates can be combined. The average
discount factors for 3% and 7% discount rates are higher than the discount factors for a 5% discount rate
(i.e. average of 3% and 7%). The implicit discount rate derived from the average discount factors is
called the certainty-equivalent (CE) discount rate (Weitzman, 1998). In this example, the CE discount
rate declines over time and approaches the low-end of the discount rate range over time. Thus, the riskfree rate may decline over time due to uncertainty.
Table 5.1. Numerical example of a declining certainty-equivalent discount rate
Year

Discount factor for a 3% rate

Discount factor for a 7% rate

Certainty-equivalent discount
factor (average) - note

Certainty-equivalent discount
rate

1

0.971

0.935

0.953

5.0%

10

0.744

0.508

0.626

4.8%

20

0.554

0.258

0.406

4.6%

30

0.412

0.131

0.272

4.4%

40

0.307

0.067

0.187

4.3%

50

0.228

0.034

0.131

4.1%

60

0.170

0.017

0.093

4.0%

70

0.126

0.009

0.068

3.9%

80

0.094

0.004

0.049

3.8%

90

0.070

0.002

0.036

3.8%

100

0.052

0.001

0.027

3.7%

200

0.003

1.33E-06

0.001

3.4%

300

1.41E-04

1.53E-09

7.04E-05

3.2%

400

7.33E-06

1.76E-12

3.67E-06

3.2%

Note: This example assumes the probability for the two discount rates to occur is the same. If the estimates of probability for
different discount rates (could be more than two) are available, the probability-weighted average should be used. These
probability-weights can differ between time periods (Gollier and Weitzman, 2010).
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The CE approach is one way to gauge what the average discount rate would be at different points in
time. However, for the CE approach to be valid, it is necessary for the discount rate to be persistent (i.e.
period of low or high will tend to be followed by further periods of low or high rates). Literature has
found evidence to support this persistency in interest rate (e.g. OECD, 2007; Groom et al., 2007;
Freeman et al., 2013).
Uncertainty with project risk
According to Arrow and Lind (1970) the total risk of public investment can be shared between a
large number of individuals and therefore the risk burden to individuals for inclusion in CBA becomes
negligible. Due to transaction costs and market imperfections, however, the risk premium for a public
investment is not zero. It has been suggested (e.g. Sandmo, 1972; Weitzman, 2012; Quinet, 2013 and
Gollier, 2014) that the public sector’s discount rates should include a risk premium. With project risks,
project benefits become uncertain. In theory, the risk premium is likely to increase with uncertainty. As
noted, while the risk-free rate may decline over time due to uncertainty, the risk premium is likely to
increase over time. Therefore, the systemic risk-adjusted discount rate (e.g. using the systemic riskadjusted Ramsey formula) can increase or decrease over time, depending on the relative force of the two
effects (Gollier, 2014).
Risk and uncertainty
To account for the preceding treatment of uncertainty with and without project risk in CBA, a
common approach would be to apply objective probability distributions (of risk) to economic growth and
project returns, taking account of correlations. Theoretically speaking, however, such an approach only
considers risk but not Knightian uncertainty. As distinguished by Knight (1921), measureable uncertainty
(i.e. risk) is “so far different from an unmeasured one that it is not in effect an uncertainty at all”. Since
uncertainty is not measureable, it is simply not possible to assign a probability or statistical distribution
to estimate the expected outcomes. In practice though, the magnitude of the macro-economic risk
premium captures a certain degree of uncertainty. This risk premium may be supported by probability
distributions of growth scenarios, and in Quinet (2013) by a more general subjective description of the
magnitude of the uncertain macro-economic risk. In the latter case, risk and uncertainty are mingled
together and their combined consequences are captured to a certain degree, which overstates low risk and
small Knightian uncertainty but understates extreme risks and high Knightian uncertainty.
In recent literature (e.g. Klibanoff et al., 2005 and Traeger, 2014), there are models that attempt to
examine how ambiguity (one of the multiple forms of uncertainty) affects the discount rate. These
models apply a subjective probability distribution over objective probability distributions to capture the
uncertainty about the correct objective probability distribution (Traeger, 2014). Results show that “a
decision-maker who is more averse to ambiguity than to risk will lower the discount rate more for
[ambiguity] than for [risk]” (Traeger, 2014). As the wide area of research currently being developed
beyond the classical expected utility maximising framework produces results and improves over time,
practical steps to account for some aspect of Knightian uncertainty may become possible.

International comparison
This section briefly summarises discount rate practices from the partial survey of OECD member
countries. Box 5.4 provides more details on each country’s approach.
Currently, different countries apply different discount rates in CBAs (Table 5.2). The marginal
social opportunity cost of capital and the social rate of time preference are the two key approaches used
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by most jurisdictions to estimate discount rates. The former methodology tends to result in a higher
discount rate. Differences in preferences, term structure of interest rate, correlation between projects and
economic conditions also contribute to the observed differences in the discount rates chosen.
The United Kingdom and Norway adjust the discount rate8 for the risk associated with long-term
effects by adopting a declining schedule. The Netherlands, Germany and the United States instead adopt
a lower but constant discount rate.
Table 5.2. Transport sector discount rate in different countries
Country

Method

Discount rate

France

Risk-adjusted SRTP

Constant: 4.5% or project specific rate

The Netherlands

Risk-adjusted SRTP

4% for climate change effects and 5.5% for other effects

Norway

Risk-adjusted SRTP

<40 years: 4%

40-75 years: 3%

>75 years: 2%

UK

SRTP

0-30 years: 3.5%

31-75 years: 3%

Reducing to 1% for over
300 years

Sweden

SRTP

Constant 3.5%

Germany

SRTP

Constant 1% for long-term climate change effects, 1.5% for other effects and 3% for
short term effects (0-20 years)

US

Certainty equivalent

Constant: 2.5%, 3%, and 5% (for estimation of SCC)

Japan

SOC

Constant 4%

New Zealand

SOC

8% as recommended by NZ Treasury
(6% used by NZ Transport Agency)

Note: SOC – Marginal social cost of capital; SRTP – Social Rate of Time Preference (based on variants of the Ramsey formula).
Source: A preliminary OECD survey of carbon values in selected countries (Chapter 5).

To illustrate the impact of risk-adjusted discounting on the final carbon value used in CBA, the
carbon values used by France, The Netherlands and Norway are discounted first using the risk-free
component of the risk-adjusted discount rate and then by the additional risk-premium (i.e. the riskadjusted discount rate) (Figure 5.3). The effects of risk-adjustment are not insignificant.
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Figure 5.3. Carbon value with risk-adjusted discounting for selected countries (in USD 2013 values/tCO2)

Source: ITF calculations based on OECD survey of selected member countries.
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Box 5.4. Discount rates: International practices
United States
Government agencies in the United States traditionally used constant discount rates of 3% and 7% in their CBAs.
However, after considering intergenerational issue, the interagency group ultimately chose three certaintyequivalent constant discount rates: 2.5%, 3%, and 5% per year (Greenstone et al., 2013).
France
In France, the discount rate is based on the systemic risk-adjusted SRTP approach to take into account systemic risk
with a risk-free rate of 2.5% (falling to 1.5% from 2070) and a risk premium of 2% (rising to 3% from 2070)
multiplied by a sector specific (or, when available, a project specific) beta value (Quinet, 2013). The increasing risk
premium reflects the increase in project-specific systemic risks as the time horizon extends. With a beta of 1, the
standard discount rate is 4.5%. However, the discount rate can vary between projects as the beta value varies.
United Kingdom
The UK uses Social Rate of Time Preference to set the discount rate. Because of the uncertainty about the
future values of time preference, a certainty equivalent rate taking into account the range of this uncertainty was
calculated (HM Treasury, 2011). In the end, the UK Green Book recommends the following discount rate for
different time periods (Table 5.3).
Table 5.3. Green Book discount rates
Years from current year

Discount rate

0-30

3.5%

31-75

3.0%

76-125

2.5%

126-200

2.0%

201-300

1.5%

301 and over

1.0%

Source: HM Treasury (2011).

Norway
In Norway, the discount rate has two components – a risk-free rate and a risk premium. For evaluation periods
under 40 years, Norway uses a risk-adjusted rate of 4%, which is the sum of a 2.5% risk-free rate and a 1.5% risk
premium. Based on a declining risk-free rate and a declining risk premium, the discount rate in Norway reduces to
3% for years from 40 to 75 and to 2% from year 75 onwards (Table 5.4).
Table 5.4. Discount rate in Norway
Discount rate
Risk-free rate
Risk premium
Risk-adjusted rate

Years 0 -40
2.5%
1.5%
4.0%

Years 40 -75
2%
1%
3%

Source: Norwegian Ministry of Finance (2012: 78-79).
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Box 5.4. Discount rates: International practices (cont.)
Japan
Japan uses the SOC approach to determine discount rate for CBA. The current discount rate is set at 4%, and
it is constant throughout the evaluation period (maximum 50 years). More details of Japan’s approach are provided
in Annex A.
Netherlands
The discount rate for the Dutch government CBA has two components – a fixed risk-free rate based on
information obtained from the capital market (of 2.5%) and a risk premium (of 3%) to account for relative risk in
the future. Therefore the discount rate is set at 5.5%. However, for external effects that are irreversible (such as
climate change), the risk premium is 1.5% (instead of 3%), giving a discount rate for climate change effects of 4%.
More details of the Netherlands’ approach are provided in Annex B.
Sweden
Sweden uses social rate of time preference (SRTP) and the Ramsey formula to set the social discount rate.
After considering the arguments for a declining discount rate due to increasing risk over time, Sweden chose to set
a discount rate at a lower level to approximate a declining schedule with a single average figure. The discount rate
in Sweden is currently set at 3.5%.
Germany
The standard social discount rate (based on SRTP) in Germany for cross-generational valuations is 1.5%. For
long-term climate change effects, UBA recommends a constant discount rate of 1%. This corresponds to a more
conservative estimate of an annual economic growth rate of 1% over the next 100 years. In Germany, the constant
discount rate applies to the entire evaluation period. More details of Germany’s approach are provided in Annex C.
New Zealand
Prior to 2008, the public sector discount rate used in New Zealand was set at 10%. In 2008, following a
review of discount rate methodologies and parameters for establishing the discount rate, the NZ Treasury
recommended an 8% discount rate (after tax, real) for use in transport investment decisions. This estimate was
based on the social opportunity cost of capital (SOC) approach and used industry data to estimate the parameters.
Following the 2008 update, NZ Transport Agency also amended the discount rate to 8% in the same year. In 2013,
NZ Transport Agency reviewed the parameters used in the SOC formula and decided to use a 6% discount rate
instead.
At present, transport infrastructure projects that are funded by NZ Transport Agency are assessed using a 6%
discount rate (and a 40-year evaluation period). However, for investment decisions that require Crown funding
(e.g., the decision on whether to build a new ferry terminal at Clifford Bay to replace an existing ferry terminal at
Picton) and for policy decisions (e.g. whether to reduce the adult legal blood alcohol concentration limit), the NZ
Ministry of Transport adopts NZ Treasury’s 8% discount rate.
Source: OECD survey of selected member countries.
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Notes
1.

The shape of the discount function can be constructed by asking people to choose between a set
of delayed rewards, such as money and sweets (OECD, 2007).

2.

The marginal social cost of capital (SOC) can be simplified into three key terms: the after-tax
real risk-free interest rate (rf), an asset beta ( ) and a (tax-adjusted) risk premium (Rp). The
formula is given by: r = rf + Rp (see for example: Spackman, 2008; NZ Treasury, 2008;
Weitzman, 2012 and Armitage, 2014). A major criticism of the SOC approach is the lack of a
logical mechanism to derive the risk premium for a public project as the standard approach is
based largely on the financial markets (Spackman, 2008). Furthermore, SOC does not consider
the interest of future generations and how the current generation sees intergenerational matters
(OECD, 2007 and Armitage, 2014).

3.

There are three categories of risk preference: risk aversion, risk-neutral and risk-taking. The
utility function under a risk aversion assumption is concave, whereas it is linear and convex
under the risk-neutral and risk-taking assumptions respectively.

4.

By considering the correlation between the increased output of the project and returns to the
economy as a whole, Weitzman (2007) demonstrated that discount rate at time t can be
expressed as rt = re + (1- ) rf (where re is the expected return from investment for the
economy as a whole and rf is the risk-free rate). By substituting the standard risk premium
2
expression re – rf = g2, the discount rate equation reduces to rt = rf +
g . One result of
Weitzman’s discount rate equation is that the discount rate declines monotonically over time to
approach the risk-free rate (Weitzman, 2007 p.711 and Weitzman, 2012 p.25).

5.

In this case, the risk premium measures the amplitude of the long-term systemic risks linked to
macro-economic trends.

6.

Capital Asset Pricing Model.

7.

In transport appraisal, uncertainty occurs in many areas, such as the level of emissions due to
changes in technological advancement and/or modal changes, which will affect the expected
project benefits.

8.

Term structure of interest rate (also known as the yield curve) is financial term that describes
the relationship between interest rates and time to maturity (known as the “term”).
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Introduction
In recent years, public concerns about global warming have been growing in Japan1. In 2011, carbon
dioxide (CO2) emissions from the transport sector accounts for 17.9% in Japan, which represents an
increase of 5.2% compared to the 1990 level (Ministry of the Environment, Japan (MOE), 2013). To
reduce the level of CO2 emissions from the transport sector, Ministry of Land, Infrastructure, Transport
and Tourism, Japan (MLIT) has in recent years implemented a number of measures such as:
development and promotion of environmental-friendly automobiles; promotion of smart car use,
improvement of traffic conditions; improvement in freight transport efficiency, promotion of public
transport use; and improving energy consumption efficiency in rail, ship and aviation transport (MLIT,
2012).
Transport related CO2 emissions are highly dependent on the level of demand for transport that is
fuelled by fossil energy. Transport infrastructure investment (e.g. public transport projects) can play a
role to reduce the overall CO2 emission level, which in turn should contribute to the achievement of a
more sustainable transport system in the long run. Thus, incorporating CO2 emission effects in the
evaluation of transport projects is important.
This annex first summarises the current cost-benefit analysis (CBA) practice for evaluating
transport infrastructure investment in Japan. It then discusses the valuation of the CO2 emissions in the
CBA of transport projects.

CBA practice in Japan
A formal CBA process for evaluating transport infrastructure investment was first introduced by the
Government of Japan in the late 1990s. All publicly-funded transport projects are evaluated in
accordance with the CBA Manuals published by MLIT (to be discussed below). The CBA estimates the
benefits and costs to be expected from a transport project. These benefits and costs include user’s benefit,
supplier’s profit, and external impacts (including CO2 emissions) in monetary terms.
The CBA Manuals for various types (i.e. airport, rail, road and seaport) of transport infrastructure
investment projects have been revised several times by MLIT since their initial development in the
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1990s. These manuals were independently prepared by different bureaus under the MLIT to reflect the
different characteristics of the transport facilities or services and were last updated between 2008 and
2012 (see Table A.1). Transport projects that are funded or subsidised by the national government are
required to follow the CBA Manuals in their project evaluation.
Table A.1. CBA Manuals in Japan
Project type
Airport
Rail
Road
Seaport

Manual title

Latest updated

Cost-effectiveness Analysis Manual of Airport Development Projects Version 4

March 2008

Project Evaluation Manual of Rail Projects

July 2012

Cost-benefit Analysis Manual

November 2010

Cost-effectiveness Analysis Manual of Port Development Projects

June 2011

In addition to the CBA Manuals, MLIT also publishes the “Technical Guideline of Cost-benefit
Analysis for Public Project Evaluation” (“TG” hereafter), which presents the general recommendations
for all the CBA Manuals of transport projects (MLIT, 2009). The latest TG was published in June 2009.
The TG includes a wide range of external impacts including: air quality, water quality, noise,
vibration, soil quality, biodiversity, etc. For estimating the environmental-related benefits, the TG
recommends alternative cost method, hedonic valuation method, contingent valuation method (CVM)
and travel cost method (TCM).
Transport projects generate different benefits to the society. These benefits may vary between
projects, infrastructures, locations, timing and designs of the investment. Although the CBA Manuals
generally follow the TG, there is no statutory requirement for them to adopt all the recommendations
included in the TG. Some of TG’s recommendations may be over-ridden or amended if they are not
applicable to or appropriate for the specific infrastructure evaluation. For example, the treatment of CO2
impacts differs between the CBA Manuals.
As the potential reductions in travel time and cost resulting from a project are relatively easy to
establish and value in monetary terms, they are covered by all the CBA Manuals. Environmental-related
benefits are covered only by the airport and rail CBA Manuals. The airport CBA Manual includes the
procedure for estimating noise effects while the rail CBA Manual include the procedures for estimating
NOx, noise and CO2 impacts. In terms of valuation methods, these CBA Manuals recommend abatement
cost approach in addition to those recommended by the TG.
It is unclear why the road and seaport CBA Manuals do not include guidance on and value of
environmental impacts. Two possible reasons for the two CBA Manuals to exclude the CO2 impacts
could be related to the difficulty in determining the quantum of CO2 emission reductions and a potential
disagreement with the TG’s recommended carbon value.

Discount rate and carbon value in Japan
Evaluation period and discount rate
The TG requires reporting of three set of summary results from a project evaluation. These are: Net
Present Value (NPV), Cost-benefit Ratio (CBR), and Economic Internal Rate of Return (EIRR). The
prescribed evaluation period for obtaining the three summary results varies with project types: 50 years
for airports, 30 or 50 years for rail, 50 years for roads, and 20 to 50 years for seaports.
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The TG considers two potential approaches to setting the social discount rate (SDR): the capital cost
approach and the social time preference approach. It concluded that the social time preference approach
is too difficult to establish in practice and therefore the TG recommends the capital cost approach.
Using the long term government bond rates (Table A.2) and the capital cost approach, the TG
recommends setting the SDR at 4%, which is constant throughout the evaluation period. However, the
TG does not give any reason for the constant SDR.
Table A.2. Japanese Government Bond Yield from 1980s to 2000s
Period
1991 to 1995
1986 to 1995
1993 to 2002
1983 to 2002

JGB 10 year Yield (Nominal, average)

JGB 10 year Yield (Real, average)

4.09%

3.91%

4.78%
2.23%
3.95%

3.85%
3.10%
3.52%

Source: MLIT (2009).

CO2 value
A “Working Group of Government Committee on Project Evaluation Method” (“WG” hereafter)
was set up under MLIT in October 2008 to review the project evaluation method and to facilitate the
revision of the TG. Following the growing concerns around global warming in recent years, one of the
review items was the valuation of environmental impacts.
In preparation for the review process, an extensive consultation process was carried out during
January 2007 to June 2008. During that process, various methodological issues were discussed with eight
domestic experts from economics, civil engineering and transport research fields.
As the external impacts are typically non-market goods for which no market price is set, there are
some technical difficulties in determining their values. The study team and the WG examined three
potential methods for valuing CO2 emissions: damage cost approach, abatement cost approach and
emissions trading price approach.
The study team reviewed an extensive number of existing literature as well as current practices in
international jurisdictions through desktop research (such as IPCC reports and academic research
reports), interviews and survey questionnaire. The countries reviewed include Austria, Denmark,
Finland, France, Germany, Netherland, New Zealand, Sweden, Switzerland, the UK and the US.
The key conclusions made by the study team and the WG are summarised as follows:
•

“The assumptions of abatement technologies and expected damages significantly influence the
values.”

•

“Emissions trading price highly depends on the market design and regulations. The emissions
trading market has not been well matured. The market price could be seriously biased.”

•

“Abatement cost approach should be excluded because abatement technologies cannot be
clearly identified. The willingness-to-pay for reducing CO2 should be reflected into the value.”

•

“National value of CO2 emissions may have some strong message to the public and
international/domestic market.”
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•

“Simple reviews of past studies in other countries may be biased by currency exchange rate.”

•

“The accuracy of estimating future damage cost may be quite low, thus the sensitivity analysis
should be carried out in its application.”

•

“Results including state-of-the-art studies should be used. The regular updating process is
strongly recommended.”

Table A.3 summarises the comparisons of the three approaches to value CO2 emissions. After
considering the pros and cons of the three approaches, the WG recommended adoption of the damage
cost approach using the methods shown in Tol (1999 and 2005) and the IPCC Second Assessment Report
(1996).
Table A.3. Summaries of three approaches to valuing CO2 emissions
Method
Damage cost approach

Advantage
Easy to integrate findings of past research with
increased use of meta-analysis on damage cost
estimates.

Disadvantage
Estimated values vary among studies depending on
models used and assumptions around future
damages

Abatement cost approach

Possible to establish a value that is consistent with
government’s target of CO2 reduction in the future

Emissions trading price
approach

Theoretically reasonable as the market price

Estimated values highly depend on the government’s
target of CO2 reduction and the technology
development in the future.
Emissions trading market has not been well
developed, thus the trading price may not reflect the
marginal cost.

Source: Document prepared for the Study Team meeting held in July 2007.

The review concluded that the value of CO2 emissions should be set at 10 600 JPY per tonne of
carbon2 (or t-C) (2006 value). This value was established by first converting Tol’s 1999 value (60 USD/tC) to 2006 value using GDP deflator for the US. The resulting value was converted into JPY (2006
value) using Purchasing Power Parities (PPPs) for 2006. The review also recommends a sensitivity range
based on 50% (low) and 200% (high) of the recommended value.
The recommendations made by the WG were sent to the Government Committee on Project
Evaluation Method in March 2009. As a result of the discussions with the Government Committee, the
TG was updated accordingly.

Discussion and conclusion
This annex summarises the current CBA practice for evaluating transport infrastructure investment
in Japan. It also discusses the valuation of the CO2 emissions in the CBA of transport projects.
Although the value of CO2 emissions is recommended in the TG, it has not been fully introduced
into all the four CBA Manuals (airport, rail, road and seaport infrastructure). This may reflect the highly
decentralised system within the Japanese government. Carbon emissions typically account for only a
small percentage (between 0.1%3 and 3%) of the total transport benefits to be expected from a transport
project. Therefore, there is a lack of incentive within the Japanese government to investigate into whether
a common CO2 value should be used for all modes.

ADAPTING TRANSPORT POLICY TO CLIMATE CHANGE: CARBON VALUATION, RISK AND UNCERTAINTY — © OECD/ITF 2015

ANNEX A. CARBON VALUE AND DISCOUNT RATES IN JAPAN

77

Notes
1.

According to Cabinet Office of the Government of Japan (CAO, 2007), over 90% of
respondents in the regular opinion survey are either “concerned” or “concerned to some extent”
with the global environmental issues. Since then, this percentage has been gradually increasing.

2.

A tonne of carbon can be converted to a tonne of CO2 using a conversion factor of 3.67.

3.

For example, in an urban rail development project, the benefit of reducing CO2 emissions is
less than 0.1% of the estimated total users benefit.
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Introduction
This annex describes the current Dutch practice of incorporating the cost of carbon dioxide (CO2)
emissions in Cost-Benefit Analyses (CBAs) for the transport sector. It gives a brief overview of the
Netherland’s CBA guidelines and discusses the value of CO2 and discount rates used in the CBA
process.

Incorporating climate effects in cost benefit analysis
Background of cost benefit analysis in the Netherlands
The use of CBAs in infrastructure planning in the Netherlands dates back to 1953, when Nobel
Prize winner Jan Tinbergen carried out a CBA of the Dutch Delta works (Smits et al., 2006). The
importance of the non-monetised effects (human lives and ecological values) was already recognised at
that time. Since then, CBAs have been carried out to estimate the impacts of infrastructure projects using
various methodologies. In 1998, the Dutch Ministry of Transport, Public Works and Water Management
commissioned a research programme (called OEI) to develop uniform guidelines for evaluating the
economic effects of transport infrastructure.
Since 2000, national projects on transport infrastructure and spatial development financed by the
Ministry of Infrastructure and the Environment are required to carry out a CBA in accordance with the
OEI-guidelines (Eijgenraam et al., 2000) (Dutch House of Representatives, 2000). CBAs are also
required for large regional projects for which government funding is requested (Rijkswaterstaat, 2012).
The OEI-guidelines require all impacts to be expected from the planned project to be described,
quantified and monetised, wherever possible. The guidelines also stipulate the discount rates and the unit
value to use for different impacts (e.g. value of time and external effects). The benefit values are
regularly updated by the Ministry of Infrastructure and Environment (Witteveen and Bos, 2011).
In addition, the OEI-guidelines require the effects from any project to compare a counterfactual,
preferably using at least two scenarios to reflect the level of uncertainty involved, with that of a businessas-usual scenario. For infrastructure projects, the time horizon is 100 years1 (Rijkswaterstaat 2012).
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In 2013, the CBA requirement was further expanded to include non-transport sectors (such as health
care, education and energy) in which CBAs were not as common at that time (Romijn and Renes, 2013).
This practice aims to improve ‘evidence-based’ policy making.
Discount rate
The discount rate has two components – a fixed risk-free rate and a risk premium. In the
Netherlands, the current fixed risk-free rate used, derived from the interest rate on the capital market, is
2.5%. As future costs and benefits are relatively uncertain, an additional project risk premium rate of 3%
is added to capture the uncertain future outcomes. The overall discount rate in most cases is therefore
5.5% (2.5% + 3%). This applies for all sectors, not only the transport sector.
However, for external effects that are irreversible – such as climate change - the additional risk
premium rate is 1.5% instead of 3 %. Therefore, the overall discount rate for climate change impacts is
4% (2.5% + 1.5%).
Carbon value
The impacts of CO2 and, hence their monetary valuations, are subject to high level of uncertainty.
The Netherlands used the abatement cost approach to value CO2 emissions because they believe the
approach has a lower level of uncertainty compared to that of the social cost approach. An abatement
cost of 78 EUR per tonne CO2 are currently being used (Schroten etl al, 2014).
Annema and Koopmans (2010) analysed 37 transport and 10 spatial development related CBAs
performed since 2000. They found that because climate costs are relatively easy to calculate with the
prescribed CO2 value, the effects of CO2 emission are mostly included and monetised in transport CBAs
despite the estimated impacts were relatively minor. However, the climate impacts of spatial
development projects were not included in any of the CBAs reviewed.
Table B.1. Inclusion of different external effects in CBAs of transport and spatial development
Environmental
effect

Project type

Noise and emissions

Nature and landscape

(CO2 , NOx, PM10)

Transport (37)

35, often monetised

18, seldom monetised

Spatial development (10)

0

8, monetised in 6

Source: Annema and Koopmans (2010).

CBAs of non-infrastructure policies
In contrast to infrastructure projects, for which the use of CBA in the decision-making process is
common, obligatory and supported by well documented guidelines, the application of CBAs in noninfrastructure transport projects is less common. In the 2000- 2012 period, around 10% of all Dutch
transportation-related CBAs concern non-infrastructure projects.
Examples of policy projects where a CBA is available include the policy to reduce congestion by
rewarding commuters not driving during peak hours (Goudappel Coffeng, 2012), the introduction of
personal mobility budgets (Annema and Van Wee, 2012) and road pricing (Besseling et al., 2005). In all
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three CBA studies, the impacts on climate were calculated and monetised, more or less in accordance
with the OEI-guidelines for infrastructure projects.
To the best of the author’s knowledge, in the Netherlands no CBA has been conducted specifically
aimed at assessing climate policies within the transport sector (such as tightening of CO2 emission
standards or policies aimed at supporting the introduction of electric cars).

Conclusion
In the Netherlands, the use of CBAs in the transport sector is widespread and supported by well
documented guidelines. CBAs are mostly used in the decision-making process on transport
infrastructure. Within the transport sector, no CBAs exist on transport climate policies specifically.
Impacts on climate are usually incorporated in transport infrastructure CBA. Cost estimate for CO2
is based on the abatement cost approach and is updated regularly. In the Netherlands, the long term
nature of climate impacts is acknowledged by the adoption of a relatively low discount rate compared to
other effects and a long time horizon.

Note
1.

For residential, industrial and recreational projects with a shorter life-span, a more limited
scope, for example, of 50 years may be chosen.
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Introduction
Having a technically sound basis of information for estimating environmental costs is important
from an environmental policy making perspective as it allows an objective debate on the costs and
benefits of environmental interventions. Sound environmental cost estimates make it possible to quantify
and compare the economic benefits of various mitigation measures that have impact on the health and
environment of current and future generations.
Scientific advances have improved the estimation of climate costs, through better ways of
estimating cause-effect relationships, better modelling of transport emissions and further developments
in the estimation of emission factors. Latest best-practice estimates of environmental costs have been
calculated for a number of cost categories on the basis of the UBA's Methodological Convention (UBA
2009) and its underlying research project. In 2012, the UBA released an updated version of the
methodological convention for estimating environmental costs (UBA, 2012a). This paper draws heavily
on the updated methodological convention and its annexes.1
Transport activities have many harmful effects on people and the environment, such as effects
resulting from climate change, air pollution, noise, accidents, losses of biodiversity, landscape and
nature, soil and water pollution, additional problems in urban areas and problems arising from up- and
down-stream processes (Figure C.1).
In order to make transport activities more sustainable, a whole gamut of measures must be
implemented within as well as outside the transport sector. For example, measures to incentivise the
development and uptake of technological innovation such as fuel efficiency must be complemented by
measures that encourage a reduction in travel and/or modal shift. A successful transition to sustainable
transport can only be achieved by using a combination of these approaches (UBA 2013).
To support the research of the working group, this paper focuses on the calculation of carbon value
for cost benefit analyses for transport infrastructure projects.
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Figure C.1. Average external costs 2008 for EU-27*: passenger transport (excluding congestion)

Source: CE/INFRAS/ISI (2011), External Costs of Transport in Europe, Delft.

Best practice cost rates for carbon emissions
Estimating the amount of carbon dioxide emissions (hereinafter referred as carbon emissions) and
the damage caused by them in physical units and then calculating a monetary value for this damage are
important for the application of cost benefit analysis. Monetisation of carbon emissions can make
different costs and benefits comparable, not only between different climate mitigation policies but also
between different types of public policy interventions. The benefit in the case of climate policy is the
decrease in carbon emissions that can be achieved by the policy measures.
There are two broad approaches to estimate the cost of carbon emissions: abatement/avoidance costs
or Social Costs of Carbon (SCC). While abatement cost estimates are a good indicator of the costs that
have to be borne by an economy to achieve a specific emission target, they do not give any indication of
the extent of the damage. Therefore, they are not suitable for use in cost-benefit analyses. For carrying
out cost benefit analyses, estimates of the damage costs of carbon emissions (also referred as social costs
of carbon) are required.
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Table C.1. UBA recommendation for best practice climate cost rates (€2010 / t CO2)
Short term

Medium term

Long term

2010

2030

2050

Minimum value

40

70

130

Central value

80

145

260

Maximum value

120

215

390

Source: German Federal Environment Agency (UBA 2012b).

To estimate the climate damage costs of CO2, the research project that led to UBA‘s Methodological
Convention 2.0 reviewed and evaluated several studies on the estimation of damage costs. The results of
the research project showed that the cost rate suggested by the Methodological Convention 1.0 (UBA
2009), of70 EUR 2000 (2000 value) per tonne of CO2, is still valid in order of magnitude.2 Based on a
range of existing cost estimates and following the principle of erring on the conservative side, the UBA
considers a best-practice cost rate should be updated to 80 EUR 2010 per tonne of CO2.3
When applying the cost rates in a cost benefit analysis, UBA recommends carrying out sensitivity
analyses using 40 EUR to 120 EUR per tonne of CO2 as a reasonable range. Furthermore, UBA
recommends the use of short, medium and long-term cost rates to account for the tendency for the
damage costs and the avoidance costs to increase over time. For example, UBA recommends that the
central cost rate for emissions in 2030 is 145 EUR 2010 and 260 EUR 2010 per tonne of CO2 emitted in
2050 (Table C.1).
The cost rates for the greenhouse gases methane (CH4) and NOx are calculated in the same way as
the global warming potential. The costs for CH4 are estimated at 25 times the rate for CO2, and the costs
for N2O are 298 times the rate for CO2.4
In Germany, Greenhouse gas emissions from air transport are treated as a special case with the cost
rates multiplied by an emission weighting factor of two. This treatment considers the greater damage
potential from high-altitude emissions.

Why discounting is necessary
In economic analyses, it is important to consider how and when costs and benefits of today’s
decisions will materialise over time. Benefits or costs arise today are not directly comparable to those
that will arise in twenty or a hundred years’ time. Discounting can make costs and benefits that arise in
different points in time comparable.
Frequently, the valuation of environmental costs requires understanding the damages to be incurred
far into the future: Depending on the type of effects considered (e.g. climate change), the resulting
damage may only occur far, e.g. hundreds of years, into the future. The farther the damage to be assessed
extends into the future, the greater the influence the discount rate has on the estimated result.
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The choice of discount rate for use in evaluating inter-generational impacts cannot be substantiated
scientifically because choosing a discount rate requires making certain value judgements.5 Setting the
discount rate requires, firstly, an assumption about the preferences of future generations. Secondly, it
requires establishing how costs and benefits for future generations should be weighed against those for
the present generation. Thirdly, it requires assumptions for determining the other parameters required for
determining the social discount rate (e.g. growth rate of consumption and marginal utility of
consumption used in the standard Ramsey formula).
The UBA recommends a social discount rate of 1.5 per cent to be applied as a standard value for
inter-generational assessments.6 This standard value reflects an optimistic value judgement on future
economic growth potential and on changes in the marginal utility of consumption.7 If there are any
reasons to suggest a different economic growth rate or elasticity of marginal utility of consumption, the
social discount rate can be adjusted accordingly.
In the context of climate effects, the best-practice cost rates recommended by the UBA are based on
literature that uses a constant discount rate of 1% p.a. This corresponds to a more conservative estimate
of an economic growth rate of 1% p.a. over the next 100 years. A constant discount rate applies over the
entire period of time considered.

How to cope with uncertainty
There are different ways uncertainty comes into play when estimating the effects of carbon
emissions in the transport sector. A key aspect of climate effects related uncertainty is the timing of the
climate effects. For one thing, there is uncertainty about future technological development and how that
may impact on carbon emission as well as mitigation opportunities. Secondly, as climate effects vary
with the level of carbon concentration and mitigation interventions, the value of carbon is not constant
over time in real terms. Thirdly, it is uncertain whether and how the relationship between carbon
emissions (e.g. from transport use) and economic growth may change over time. This aspect is important
for transport decision-making as transport activities account for a sizeable portion (around one-quarter)
of the total amount of emitted greenhouse gases. Uncertainty regarding global economic development
and its connection to carbon emissions has a major impact on the estimated damage costs of carbon.
Conventional economic valuation is based on the assumption that the effects of the alternative
actions are sufficiently well known with regard to both its extent and its frequency of occurrence (or the
distribution of the probabilities of occurrence). Multiplication of the extent of damage by the probability
of occurrence gives the expected value of the damage. The use of expected values makes it possible to
compare different courses of actions and weigh them against each other, provided that they can be
converted to a uniform yardstick (e.g. monetary value). In this case, accepting the risk of a specific
course of action may be referred to as accepting a “calculable risk“.
Calculating the expected values is a common practice in economic analysis whenever there are
different possible states with different possible outcomes. This process enables comparison of measures
that may result in different set of outcomes with different distributions of probability of occurrence. This
approach, however, is based on the assumption of risk neutrality. Under the risk neutrality assumption,
the product of the probability of occurrence and the effect (e.g. the extent of climate damage) has the
same weighting whether a low probability is associated with a high impact outcome (e.g. climate
damage) or a high probability with a low impact outcome. In reality, the expected value of a high impact
outcome is often rated higher than that of the low impact outcome. This reflects the so-called risk
aversion behaviour.
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In principle, the expected value of the climate damage should be used for the valuation of
environmental costs. If the estimated probability is based on a probability distribution, the standard
deviation of the climate cost estimates should also be established.
With risk aversion, the actual value of climate effects is likely to be higher than the expected value.
Therefore, the expected value should be treated as the lower limit. The risk and the reasons for risk
aversion existing among the population should be described qualitatively in any economic analysis that
requires the use of carbon value.8

Notes
1.

A detailed description of the recommendations on “best-practice cost rates” can be found in
“Annex B to the Methodological Convention” (UBA 2012b). In each case, the basic data and
the assumptions used are documented in detail to provide a transparent picture of how the cost
rates were derived.

2.

When correcting for inflation, a figure of 80 EUR 2010 (2010 value) per tonne of CO2 emitted
in 2010 results.

3.

This is based on a 1 percent discount rate and an equity weighting of damage by income. For
details, see Annex B to the Methodological Convention, UBA (2012b).

4.

Cf. IPCC (2007) and Blasing (2012).

5.

In order to understand the influence of value judgements on the level of the discount rate, it is
helpful to interpret the discount rate as the result of an inter-temporal utility calculation.

6.

In the case of intergenerational valuations, we recommend performing a sensitivity analysis
using a discount rate of zero. This case reflects a value judgement characterised by risk
aversion and precautionary orientation.

7.

This implies for example that the utilization of resources will improve owing to technological
progress, and future generations will therefore need relatively fewer resources to satisfy their
needs than the generations living today.

8.

In addition, sensitivity calculations should be performed to take account of risk aversion, cf.
UBA (2012a).
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Transport accounts for nearly a quarter of carbon dioxide emissions
from fuel combustion. The price attached to these emissions is critical
to climate policies and emissions mitigation eﬀorts in the sector.
As the impact of emissions on climate does not depend on where CO2
is released, the price of carbon should be uniform. In reality, however,
it varies immensely, reﬂecting the complexity of assessing climate
impacts.
This report reviews the three key challenges in considering the eﬀects
of carbon dioxide emissions in economic appraisal: the valuation of
carbon dioxide emissions, the treatment of uncertainty in climate
change and the approach used to discounting future costs and beneﬁts.
The report reviews current approaches in selected countries (France,
Germany, Japan, The Netherlands, New Zealand, Norway, Sweden,
the United Kingdom and the United States) and provides examples
of good practice and recommendations for national and international
policy making.

