1  Understanding Deep
Decarbonisation over
the Long Run

I.I INTRODUCTION

Economists use theoretical models to understand which mechanisms
drive an economy. Models, be they economic or otherwise, are sim-
plified representations of the world. The art of modelling consists in
deciding which aspects of the world can be ignored in order to focus
on the main mechanisms of interest. With the exception of a specific
subfield, most economic models have assumed that the interaction
between the economy and the broader natural environment is of sec-
ondary importance. One notable exception stands out. A specific field
of large computational models, so-called Integrated Assessment Models
(TAMs), emerged in the 1990s to challenge the view that the greenhouse
gas (GHG) emissions resulting from economic activity do not matter
(Nordhaus, 1992). The researchers in this field set out to quantify the
trade-off between economic activity and environmental degradation, in
particular global warming resulting from GHG emissions.

This chapter presents the main structure of IAMs and discusses
the lessons that have emerged from this literature. These models
have been used to address two broad types of questions. The first
consists in describing an optimal path of GHG emissions over mul-
tiple decades. The second seeks to quantify the impact of achieving
a given path of emissions on economic activity. This second exer-
cise has given rise to some clear recommendations concerning which
policy options deliver on emissions targets at the lowest possible cost
to the economy.

Finally, we present the main theoretical limitations of this

field of research. They highlight important economic trade-offs and
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call for additional analytical tools found in other branches of eco-
nomics. First, we argue that the nature of the climate change crisis
has considerably shrunk the timescale left to address the problem
of GHG emissions. Hence, in addition to considerations around a
smooth long-term transition to a carbon-free economy, a number
of short-run transitory effects are likely to become more relevant.
Second, we argue that IAMs make unsatisfactory assumptions about
the nature of technological progress and about the ability of econo-
mies to allocate resources. Finally, these models completely abstract
away issues of policy credibility and fairness considerations, which
are nevertheless key components of the success of a decarbonisation

strategy.

I.2 HOW ECONOMISTS HAVE THOUGHT ABOUT
DECARBONISATION

Starting with the seminal Dynamic Integrated Climate Economy
model of William Nordhaus (1992), a prolific field of economics
has emerged to link economic activity to the resulting GHG emis-
sions and the feedback of climate conditions on the economy.
This class of models adds three elements to a standard model of

the economy.

1. An emissions module describes how economic activity generates GHG
emissions, often offering a very detailed breakdown of which sectors
are responsible for emissions. For example, they can separate fossil
fuel-based electricity production from renewables, or carbon-intensive
manufacturing, such as steel, cement and paper, from the rest of the
manufacturing sector. They make use of databases that measure the
flows of goods and services between sectors of the economy, so-called
Input-Output Tables. These models can also easily integrate trade
considerations. They are particularly useful to identify the extent of
sectoral reallocation implied by decarbonisation and its distributional
consequences.

2. A climate module draws on climate science to map how the level of
emissions translates into environmental damage, especially global tem-
perature increases.
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3. A damage module describes the feedback mechanism whereby climate
change will impose costs on economic activity through, for example,
the destruction of economic assets from extreme weather events or the
loss of productivity from heatwaves. This damage module builds on a
diverse literature quantifying the costs of climate and weather events on

economic activity (see Box 1.1 for a detailed overview).

BOoX 1.1 The impact of climate change on
economic activity

Developments in empirical studies documenting the effect of climate
change on the economy are well summarised in Carleton and Hsiang
(2016) and Dell et al. (2014). Some studies focus on the whole
economy, while others focus on specific dimensions of the economic
system. In either case, temperature is by far the most used metric
to represent climate change across studies. Other less used metrics
include precipitation, used in the literature analysing the impacts on
agriculture, and extreme weather events, used in the studies focusing
on the impact on the financial sector.

Regarding economic output, consensus seems to emerge regarding
the negative effect of temperature on output and the uneven
impact of climate change on different regions across the globe. For
example, Dell et al. (2012) find that temperature rises have a negative
effect on economic growth for poor countries — namely a 1°C rise
in temperature in a given year reduces economic growth by 1.3
percentage points on average — while the results for rich countries
are not statistically significant. Using a larger sample, Acevedo Mejia
et al. (2018) estimate that for the median low-income country a 1°C
increase from a temperature of 25°C lowers growth in the same year
by 1.2 percentage points.

Burke et al. (2015) argue that higher temperatures affect both poor
and rich countries, especially because the evidence does not seem
to suggest any significant differences in adaptation between the
two groups of countries. Nonetheless, given that poorer countries
are predominantly located in regions with warmer climate, they

are still the ones most affected by increases in temperature. Kahn
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et al. (2021) support the view that both poor and rich countries are
affected by increases in temperature and argue that by 2100 gross
domestic product (GDP) per capita of all countries will suffer in the
absence of climate change mitigation policies. This is mainly because
both persistent increases in temperatures and the degree of climate
variability affect economic growth. Kahn et al. provide estimates
for the global economy by 2100 under three different scenarios:
(i) the absence of mitigation policies and an average increase in global
temperature; (ii) the absence of mitigation policies combined with
country-specific variability of climate conditions; and (iii) compliance
with the 2015 Paris Agreement objective. For the three scenarios, the
reduction in world GDP per capita would be 7 per cent, 13 per cent
and 1 per cent, respectively, highlighting the crucial role of climate
action in reducing the negative long-run economic effects.

Labour productivity is frequently analysed alongside other key
economic variables. Evidence of reduced productivity as a result
of temperature increases also highlights the importance of climate
adaptation. Kjellstrom et al. (2009) quantify the impact of climate
warming on labour productivity, for several regions, assuming a trend
towards less labour-intense work but no adaptation to climate change
under two scenarios: (a) a moderately high emissions scenario and
(b) a scenario that assumes reduced GHG emissions. By the 2080s,
the increase in the percentage of workdays lost could be as high as
27 per cent for Central America under scenario (a) and 16 per cent
under scenario (b). There would be regions, however, experiencing
productivity increases under scenario (b), for example, Oceania and
Central and South Sub-Saharan Africa. Under the mitigation scenario
(b), Europe would barely experience any changes in productivity (in
a range between 0.1 per cent and O per cent), while North America
could experience productivity losses of up to 5 per cent.

The size of this last figure can somewhat explain the findings
of Deryugina and Hsiang (2014). When considering several forms
of adaptation, they estimate a negative impact of temperature on
productivity for the United States. These findings emphasise that,

although the country is an advanced economy, adaptation there is

still sub-optimal and insufficient to cancel out the negative effects of
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high temperatures. In China, high-temperature subsidies are granted
to employees who work under extreme heat conditions, which means
that an increase in the frequency of high-heat events will lead to a
rise in labour costs (Zhao et al., 2016).

Furthermore, there are research efforts dedicated to understanding
the mechanisms through which climate change impacts different
economic sectors, human health and natural systems (Auffhammer,
2018). Agriculture, forestry and fishery are highly dependent on
climatic conditions and hence are among the sectors most affected
by climate change. Thiault et al. (2019) analyse the effect of climate
change on the agriculture and fishery sectors for countries around
the globe in a comprehensive manner. They consider a country’s
dependency on each sector for food, economic output and employment
and also the respective adaptive capacity. The results are striking: by
2100, under a high emissions scenario, around 90 per cent of the world
population would be in countries estimated to have productivity losses
in agriculture and fisheries. When considering a strong mitigation
scenario, this figure could be reduced to 60 per cent of the population.'

Climate change is also changing energy consumption patterns
(Auffhammer & Mansur, 2014) and could have negative impacts
on the supply side (Ciscar & Dowling, 2014). For example, lower
water availability due to reduced rainfall could force power plants
to reduce production capacity given the essential role of water for
power plant cooling. Financial institutions are also greatly affected
by climate change and its consequences (Financial Stability Board,
2020). For instance, natural disasters can have a significant impact
on the value of certain assets, such as real estate (Ouazad & Kahn,
2019). The transition to a low-carbon economy can lead to necessary,
sometimes sudden, value adjustments of assets and liabilities,
potentially creating stranded assets (Shimbar, 2021). Accounting for
climate risk has become crucial to ensure the resilience and stability

! Thiault et al. (2019) compare different Representative Concentration Pathway
(RCP) scenarios, which are reference scenarios adopted by the Intergovernmental
Panel on Climate Change. The RCPs - originally RCP 2.6, RCP 4.5, RCP 6 and
RCP 8.5 — are labelled after a possible range of radiative forcing values in the year
2100 (2.6, 4.5, 6 and 8.5 W/m?, respectively). Thiault et al. (2019) use RCP 8.5 as
their high emissions scenario and RCP 2.6 as the strong mitigation scenario.
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of the financial system (Brunetti et al., 2021; European Central Bank,
2021). The impacts of climate change are not limited to economic
activity; there is also evidence of its negative impact on population
health and mortality (Carleton et al., 2020; Romanello et al., 2021).
The increased intensity of heat waves and the heightened risk of

infectious disease transmission are just two examples of climate

change consequences that can have serious health implications.

I.3 EMPIRICAL LESSONS FROM IAMS

Integrated Assessment Models are designed to simulate the steady
state of an economy according to given emissions targets and to map
its evolution to this steady state over the long run, for example up to
100 years ahead. This framework has been used to answer two types
of questions. The first approach is to use this modelling infrastruc-
ture to determine what is the socially optimal quantity of emissions,
given different characteristics of the model, such as the value of eco-
nomic activity and people’s impatience. The main concept that is
associated with this approach is the social cost of carbon (SCC).

The second approach is the reverse: these simulations can tell
us how specific paths of emissions lead to changes in economic activ-
ity. This is the approach used by policy institutions to estimate how
many points of GDP will be lost or gained from achieving specific
emissions targets. The relevant concept in this second approach is
the ‘shadow price of carbon’, which tells us by how much could out-
put increase if an additional tonne was added to the carbon budget.

This shift in the debate happened following the Paris Agreement
in 2015 (Weder di Mauro, 2021). The expert debate moved away from
a Pigouvian internalisation approach to carbon pricing, namely one
that estimates the present value of the flow of marginal damages of
one tonne of CO,. Instead, the focus has increasingly shifted to a max-
imum quantity approach, which consists in estimating the optimal
dynamic path for the shadow carbon price compatible with the carbon
budget that would limit warming to 1.5 or 2°C (Gollier, 2021).
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1.3.1 Social cost of carbon

Most of the academically oriented research using IAMs has focused
on estimating the SCC. This is the net marginal economic loss com-
ing from an additional tonne of atmospheric carbon. In other words,
it measures the trade-off between an extra unit of GDP and the addi-
tional climate damage associated with emitting an additional tonne
of carbon. This number is used to assess the urgency needed to reduce
emissions: a higher SCC implies larger damages from emissions and
hence suggests that faster mitigation action is economically desir-
able. It also corresponds to the optimal value of a carbon tax, which
is the preferred policy tool to address GHG emissions.

There is little consensus over the actual value of the SCC, and
there are rising concerns about its usefulness as a concept, precisely
because of its sensitivity to particular assumptions and to model-
ling shortcomings. Golosov et al. (2014) find that the SCC depends
on only three quantities: the discount rate, the damage function and
the rate at which carbon depreciates in the atmosphere. Researchers
such as Pindyck (2013) and Heal (2017) argue that this simplification
weakens the framework, because the assumptions that economists
make on the first two dimensions are particularly arbitrary.

Choosing the right discount rate has sparked a vivid debate. On
the one hand, researchers such as Nordhaus argue for using a discount
rate close to the market interest rate, around 1.5 per cent (Nordhaus
& Boyer, 2003). On the other hand, researchers such as Nicholas Stern
(2007) argue for using a much more conservative interest rate, as low
as 0.1 per cent. Golosov et al. (2014) estimate the SCC using these two
discount rates to illustrate this sensitivity. In their baseline model, the
SCC is equal to $57/ton of coal when using a discount rate of 1.5 per
cent and $500/ton of coal when using the more conservative discount
rate of 0.1 per cent. They also provide estimates calculated over a range
of possible damages. For a discount rate of 1.5 per cent, the SCC ranges
from $25/ton for moderate damages to $489/ton in the case of cata-

strophic damages. For a discount rate of 0.1 per cent, these estimates
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Table 1.1 Estimates of the SCC from Golosov et al. (2014), in $/ton

of coal

Discount rate ~ Low damages Baseline Catastrophic damages
1.5% 25 57 489

0.1% 221 500 4,263

range from $221/ton to $4,263/ton. The range of estimates is sum-
marised in Table 1.1. The work of Gerlagh and Liski (2018a) shows
that the value of the SCC is also sensitive to the shape of the discount
rate and to the ability of decision-makers to commit to a given path of
emissions. Comparing various approaches, Gerlagh and Liski estimate
values of the SCC that differ from each other by an order of 20.!

The strongest criticism addressed to the IAM framework con-
cerns its inability to take into account the possibility of catastrophic
climate events (Wagner & Weitzman, 2016). This is not a specificity
of climate models. In fact, all economic models are notoriously ill-
suited to include non-linearities and threshold effects, therefore rul-
ing out the possibility of extreme scenarios. However, in the field of
climate economics this is a major shortcoming, given that not only
the damages but also the response of the economy are very likely to
have these characteristics.

Cai and Lontzek (2019) address this concern by allowing for both
threshold effects in the damage function, that is, climate tipping points,
and uncertainty around the response of the economy to productivity
shocks. They circumvent the theoretical limitations by exploiting the
opportunity offered by massive computational power and estimate
these effects numerically. They argue that including both economic and
climate risks in an IAM leads to higher estimates of the SCC than are
common in the literature. Gerlagh and Liski (2018b) additionally test

how sensitive the estimate of the SCC is to society’s ability to learn

! Gerlagh and Liski (2018a) assume hyperbolic, as opposed to exponential, discounting.
This assumption introduces a discontinuity between the discount rate used for the
near future and that used for the distant future.
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about future damages. They find that if past events are poor predictors
of future damages then the optimal SCC should rise faster than GDP.
The SCC remains a controversial concept and has been super-
seded in the policy debate, at least in European policy circles. Climate
policy is increasingly being seen as an insurance mechanism against
catastrophic damage (Wagner & Weitzman, 2016). Along with compa-
nies, cities and financial institutions, more than 130 countries have
now set or are considering a target of reducing emissions to net zero by
mid-century (United Nations, 2022). In the rest of this book, we take
these commitments as given and credible and focus on understanding

how reaching these commitments will affect economic structures.

1.3.2 Long-Term Impacts of Decarbonisation

Policy institutions such as the European Commission, the International
Monetary Fund (IMF) and the European Bank of Reconstruction and
Development (EBRD) also make use of IAMs to answer a different
question. These institutions seek to evaluate the economic impact of
reaching specific emissions targets or adopting specific climate policy
packages. In this section, we discuss how IAMs are used to quantify
the net effect on the economy of reaching net zero emissions within
the next three decades. In practical terms, this involves simulating the
evolution of the economy in a reference scenario and in an emissions
reduction scenario and comparing the level of GDP and associated
employment between these two scenarios in 2050.

Comparing the different estimates produced by the literature
is difficult, because different exercises use different assumptions,
focus on different geographic areas and assume different reference
scenarios. Most point estimates are often reported with margins of
error that increase with the time horizon of the exercise, to warn the
reader of the amount of uncertainty.

The choice of reference scenario is particularly important. It
can range from a business-as-usual scenario — which would imply
global warming beyond 3°C - to relatively ambitious targets, such as
the Nationally Determined Contributions (NDCs) submitted under
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the Paris Agreement — which would imply global warming of around
2°C (Climate Action Tracker, 2021). Studies that use an ambitious
reference scenario, such as the NDCs, lead to smaller estimates of the
costs associated with an additional tightening of emissions targets.

It is also worth noting that many reference scenarios do not
fully account for the benefits of avoiding climate change, as these are
difficult to estimate. This is a reasonable assumption given the time
lag involved between emissions and realised climate damage. The
climate consequences felt within the next decades will depend on
the accumulation of past emissions more than on current emissions.
Although unrealistic, this omission does not alter the nature of the
conclusions: including these averted damages in the analysis only
strengthens the case for climate action, by lowering the total burden
of mitigation especially over long time horizons.

Koberle et al. (2021) argue that reports estimating mitigation
costs tend to misrepresent their results, to the detriment of the policy
dialogue. A key assumption of the reference scenario that is rarely
emphasised is that there is a constant rate of technological progress
that drives GDP growth in the background. Hence, reporting a 1 per-
centage point drop in GDP compared to a growing baseline means
that the economy in 2050 will nevertheless be larger than it is today,
although not quite as large as it would be without climate policies.
It is often mistaken to mean that the economy in 2050 will be 1 per-
centage point smaller than it is today. The correct interpretation puts
the mitigation costs in the appropriate perspective and suggests that
mitigation costs can be manageable.

Finally, Koberle et al. (2021) make a methodological proposal to
use the JAM framework in a more policy-relevant manner. They sug-
gest using this modelling infrastructure to compare various policy sce-
narios that achieve the same path of emissions or of temperature.” This
would reduce the sensitivity of the results to the choice of reference
scenario and circumvent the need to estimate averted climate damages.

2 The former exercise allows for temperature overshooting, while the latter is the
stricter target.
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Despite the difficulty in comparing these different results, a
consensus seems to emerge. Decarbonisation appears achievable
and affordable given the present state of technology, projections for
technological improvement and realistic strengthening of existing
policy instruments. This conclusion crucially depends on assuming
that full decarbonisation is indeed technically possible given exist-
ing technologies and some form of exogeneous technological progress
that improves energy efficiency. In particular, the models allow for a
wide array of substitution options,® which ensures a lot of flexibility
in the economy and means that estimated costs will be on the lower
end of those proposed by the literature.

For example, estimates for the European Union suggest that
achieving net zero emissions by 2050 will come at moderate costs in
terms of GDP. Vrontisi et al. (2020) compare the effect on the EU-28
of achieving the NDCs submitted to the Paris Agreement (namely
reducing emissions by 40 per cent by 2030 compared with 1990 lev-
els) with a pre-Paris Agreement scenario. They find that GDP will
be 0.2 percentage points lower than the baseline scenario in 2030
and between -0.6 and +0.4 percentage points different by 2050.
This difference between a positive and a negative effect depends on
whether there is international coordination on emissions reductions.
Additionally, when, in 2020, the European Commission proposed to
tighten the European Union’s emissions reduction target for 2030
from at least 40 per cent to at least 55 per cent, it published a thor-
ough impact assessment based on the conclusions of three IAMs. The
results suggest that there would be an additional loss of 0.3 percent-
age points of GDP compared to the targets set in the Paris Agreement
(European Commission, 2020; Varga et al., 2021).

3 For example, in the more fine-grained models, firms can substitute between fossil fuel
and carbon-free energy, and they can substitute energy for other factors of production,
such as labour and capital. Another dimension that allows for flexibility is the sec-
toral breakdown available in the model. In general, the more margins of response are
present in the model, the quicker the transition and the lower the estimated impact
on the economy.
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At the global level, an IMF report paints a similar picture (IMF,
2020). Using a combination of a green investment push, carbon pric-
ing and redistributive transfers delivers a net positive effect on global
growth in the initial years. But in the medium run, after fifteen years,
GDP is lower by up to 1 per cent compared to the reference scenario
and does not fully recover to the baseline level by 2050. The report
argues that this is in line with other estimates, which range between
1 and 6 percentage points of GDP lost by 2050. In a sensitivity analy-
sis that allows for faster technological progress, world GDP goes back
to baseline by 2050, suggesting no loss of output in the long run.

These recent results stand in contrast to those reported in the
2010s, when renewable energy, especially wind and solar photovol-
taic, was still very inefficient and expensive compared to existing
sources of energy. For example, the EBRD reported in 2011 average
global GDP losses of around 1.5 per cent compared to a business-
as-usual scenario and losses of up to 5 percentage points of GDP for
the EBRD’s region of interest (Bowen & Albertin, 2011). In these
scenarios, nuclear energy makes a much larger contribution to the
final energy mix and the switch to decarbonised electricity creates
more significant productivity losses than would be predicted in 2020.
Indeed, during the 2010s, the levelised cost of energy of onshore wind
declined by 70 per cent while that of utility-scale solar photovoltaic
costs declined by 90 per cent (Lazard, 2021), as shown in Figure 1.1.

Unsubsidised Wind Unsubsidised Solar PV
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FIGURE 1.1 Evolution of the levelised cost of energy from onshore
wind and solar photovoltaic
Source: Authors’ calculations, from Lazard (2021).

https://doi.org/10.1017/9781009438353.002 Published online by Cambridge University Press

23


https://doi.org/10.1017/9781009438353.002

24 DECARBONISATION’S LONG-TERM MACRO IMPLICATIONS

I.4 POLICY LESSONS FROM IAMS

Beyond the general conclusion that a transition to a decarbonised
economy by 2050 is achievable with manageable shifts in the econ-
omy, the main value of the exercises reported in the previous section
is in identifying the conditions under which the economic costs of
the transition can be minimised, and even turned into net gains.
Using economic models, even with limitations, helps us to under-
stand the transmission channels and reallocations that are predicted
to take place. Three policy lessons emerge from simulations run
using IAMs:

1. Carbon pricing is a necessary policy tool to spur the transition.

2. The ways in which carbon revenues are redistributed make the most
difference in the total economic impact.

3. Global coordination is necessary to achieve ambitious emissions

reduction at the lowest possible cost.

1.4.1 Carbon Pricing Is Necessary

The reduction in global GHG emissions necessary to limit global
warming to 1.5°C, which we take as our starting point, will not be
achieved without making all actors in the economy take into account
the societal damage caused by their GHG emissions. Policies need to
be introduced for this externality to be internalised.

Charging a price for carbon emissions is widely recognised as
the single most important policy tool to align incentives with this
objective. By directly addressing the externality to be tackled, it cre-
ates a clear signal concerning which harmful behaviour needs to
be corrected. But it also leaves enough flexibility for the market to
determine which margin of adjustment is most efficient (e.g. demand
switching, energy efficiency, investment in abatement technology).
In practice, the design of the carbon pricing mechanism matters for
how effective emissions reduction will be. See Box 1.2 for an over-

view of the main carbon pricing schemes.
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BOX 1.2 Implementation of carbon pricing

Carbon pricing is the preferred instrument of economists to tackle
climate change because it directly addresses the main externality at
the heart of this problem. Setting a price on carbon requires emitters
to pay for the GHG emissions they release into our collective
atmosphere, which affect our collective climate system. This forces
them to take into account the consequences of their action on
everyone else. However, it does not prescribe how this is to be done.
This flexibility ensures that firms and consumers who can lower
their emissions at the lowest cost will do so first. In practice there
are two mechanisms to introduce a price on carbon: through the
creation of a market or through taxation.

Creating a market for carbon requires assigning emissions
certificates to companies and allowing them to exchange these
among each other. The reduction in emissions is obtained by
reducing the number of certificates through time. The efficiency of
reductions is achieved by letting firms decide whether they would
rather reduce emissions, for example through changing practices or
investing in abatement technology, or rather purchase certificates
at the going market price. The clear advantage of this mechanism is
that it ensures certainty regarding emissions, as these are fixed, but it
leaves firms to bear the risk in terms of price volatility.

The other mechanism is the imposition of a carbon tax, whereby
governments require firms to pay a fixed monetary amount per
quantity of emissions. This is often referred to in economic theory
as a Pigouvian tax. For this tax to achieve the promised result
efficiently, its level needs to be calculated precisely. It needs to
reflect the trade-off between the societal benefits of reducing
emissions and the additional abatement costs borne by firms. In
other words, the level of the tax should equal the SCC. In contrast to
market-based mechanisms, carbon taxes provide firms with certainty
regarding the price they have to pay for emissions and leave society
to bear the risk in terms of the quantity of GHG being emitted.

As the discussion on the SCC suggests, the optimal carbon price
is difficult to estimate. The High-Level Commission on Carbon
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Prices (2017) provides a useful focal point. It suggests that a carbon
price level consistent with 