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Introduction



Overview

What you will learn:

• Why climate risks differ from traditional risks analysed in finance

• What are the climate change scenarios, how they are obtained and
implications for use in climate economics and finance

• Main climate policies (fiscal, monetary, macro-prudential) and why they
differ in terms of implementation

• Metrics and methods for disclosure and risk assessment

• Models to anticipate and estimate climate risk impact

Contact: regis.gourdel@wu.ac.at

2/56



Motivation: real economy

Climate change would impact the real economy through many channels

• Lower productivity in some sectors

• House prices and insurance contracts

• Disruption in key sectors due to transition

• Inflationary risks

• Losses for individuals through financial ownership of stranded assets [35]

• Impact on the evolving expectations of households and firms about the
future trajectory of the economy [21]
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Motivation: financial side

Why worry about climate change in finance?

• Possibility of “green swan” events [7]: costs to insurance and devaluation
of assets

• A disorderly transition to a low-carbon economy could trigger losses for
financial institutions [2]

• Losses can be amplified by the interconnectedness of financial networks

• Sovereign debt issuance to become more risky [4, 19, 38]
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Regulators started taking action on climate

• Several central banks and financial
regulators joined the Network for
Greening the Financial System
(NGFS) [28]

• Countries assess their exposure to
climate risk [30]

• Multi-national institutions make
effort to integrate it in their toolbox
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Financial corporations

• Institutions commit to greening their
portfolio

• Groups of financial corporations are
created to act jointly on the matter

• But the industry is still massively
financing “carbon bombs” and very
exposed to high-carbon industries
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Methodological framework

Assessing the relation between climate change and the financial system:

1. Climate financial risk disclosure: assess investors’ exposure to climate
relevant activities (beyond emissions and energy technology)
• Through standardized, granular classification of economic activities, e.g. EU

Taxonomy
• Through ad hoc taxonomy, e.g. Climate Policy Relevant Sectors (CPRS)

2. Climate financial risk assessment:
• Climate scenarios: consider the role of finance and its complexity because it

can alter orderly/disorderly trajectories [3]
• Climate stress test: consider network effects because financial actors’

interconnectedness can amplify risks (eg second, third rounds)
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Climate change and policies



Past carbon emissions
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Figure 1: Annual CO2 emissions from the burning of fossil fuels for energy and cement
production. Land use change is not included.
Source: Global Carbon Project, OurWorldInData.
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The climate science report

• The Intergovernmental Panel on Climate Change (IPCC)
founded in 1988, is a UN body in charge of assessing
(mostly) peer-reviewed research on climate and
impacts, every 7 years

• It review climate mitigation scenarios (not predictions!)
of emissions concentration evolution based on
assumptions (population, GDP growth, technological
change, etc)

• IPCC [18]: world is on track for 3°C of warming by 2100.

• Limiting warming to 1.5°C will require drastic action by
2050: curb emissions by at least 49% of 2017 levels by
2030, carbon neutrality by 2050

Figure 2: http://www.
ipcc.ch/report/sr15/
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Gree House Gas (GHG) trajectories

Future emissions cause future additonal warming, with total warming
dominated by past and future CO2 emissions.

Methane (MtCH₄/yr)

Nitrous oxide (MtN₂O/yr)

Sulfur dioxide (MtSO₂/yr)

SSP1-1.9
SSP1-2.6

SSP2-4.5

SSP3-7.0

SSP5-8.5

SSP1-1.9
SSP1-2.6
SSP2-4.5

SSP3-7.0

SSP5-8.5

SSP1-1.9
SSP1-2.6

SSP2-4.5

SSP3-7.0

SSP5-8.5

0
200

400

600

800

0

10

20

0

40

80

120

2015 2050 2100

2015 2050 2100

2015 2050 2100

-20

0

20

40

60

80

100

120

140

2015 2050 2100

Carbon dioxide (GtCO₂/yr)

SSP1-1.9

SSP1-2.6

SSP2-4.5

SSP3-7.0

SSP5-8.5

Selected contributors to non-CO₂ GHGs

One air pollutant and contributor to aerosols

Figure 3: Future
annual emissions of
CO2 and of a subset
of key non-CO2

drivers (right), across
five illustrative
scenarios. Source:
IPCC [17].

IPCC pathways

10/56



Limiting the impact of climate change to 2°C: the Paris Agreement

• At COP21 in Paris, on 12 December 2015, Parties to
the UNFCCC reached a landmark agreement to
combat climate change and to accelerate and
intensify the actions and investments needed for a
sustainable low carbon future.

• The Paris Agreement brings all nations into a
common cause to undertake efforts to mitigate
climate change and adapt to its effects

• Max global temperature increase to 2°C above
pre-industrial levels (desirable 1.5°C)

• Achieving this goal requires decarbonizing our
production and consumption system by 2050, i.e.
cut anthropogenic CO2 emissions
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Are we on track?
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Figure 4: Global GHG emission pathways for estimates of policies and action: 2030 targets
only, 2030 and binding long-term targets and an optimistic pathway based on net zero targets
of over 140 countries in comparison to a 1.5°C consistent pathway.
Source: Stockwell et al. [36]
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An economic addiction to fossil fuels

Figure 5: Share of fossil fuels’ gross
value added in GDP.
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Economic and financial risk from
climate change



Types of risk

The risks to the financial system can be categorized in two categories [26]:
Physical risk
Impact of extreme weather events on economic activities:

• Insurance, banks: losses on value of financial contracts owned and traded

• Government: lower GDP growth → lower fiscal revenues → impact on eco.
competitiveness, budget balance, creditworthiness

Transition risk

• Shocks from policy shifts or technology changes

• Losses on carbon-intensive assets → investors’ portfolios → cascading
effect on their investors in the financial network
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Climate physical risk

• Climate change physical risk refers to risk of damages to physical assets,
natural capital and/or human lives resulting into output losses, as a result
of climate induced weather events.

• Based on the available scientific information, in the current Greenhouse
Gases (GHG) emission trajectory: severe socio-economic consequences
are likely to occur (IPCC reports)

Distinction between two types:

• Chronic risk: sea level rise, hotter climate with diminished crop yields

• Acute risk: increased frequency of extreme weather events such as
drought, floods and heatwaves
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Consequences of physical risks for financial institutions

Adverse consequences of physical risk include:

• Destruction of immobilized productive capital, with negative implications on
firms’ performance and values of securities and loans

• Drops in productivity, employment and Gross Domestic Product (GDP) and
sovereign credit risk

• Loss of arable land productivity with implications on food commodities’
production and prices, famine and social unrest; relocation of millions of people
living in areas exposed to climate physical risks, even within developed countries.

• Drops in properties’ values, with implications for banks and insurance companies

Impacts of climate change on physical assets are interconnected:

• Effect of droughts and high-intensity rainfalls reinforce each other via soil drying
and soil erosion

• Even European countries are exposed in the short-term
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Example of materiality of climate risk
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Climate risk is new for financial actors

• Deep uncertainty: climate forecasts and its impact contain irreducible
uncertainties e.g. presence of tail events (Weitzman 2009) and tipping points
(Solomon et al. 2009) that may trigger domino effects (Lenton et al. 2019)

• Non-linearity: distribution of extreme climate-related events (heat/cold waves) is
highly non-linear (Ackerman 2017) and makes historical data poor proxy of future
events

• Forward-looking nature of risk: climate impacts are expected in mid to long term
while time horizon of finance is shorter (months for investors, 3y for central
banks)

• Endogeneity: successful transition depends on governments and firms’
investment decisions (policy, investments). But both decisions depend on
perception of climate risk → occurrence of climate risk scenarios (above 2°C) to
realize depends on risk perception of decision makers.
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Transition risk

Unanticipated changes in asset values resulting from not transitioning smoothly:

• We tend to think market players are good at anticipating price changes, so policy
makers are unlikely to pass climate policies that could entail risks.

• However, past events show that market players may collectively make wrong
predictions and policies that entail new risks are sometimes adopted, and
unexpectedly so.

Case of unanticipated carbon tax (CT) increase:

• CT can be transferred to households via mark-up pricing, affecting demand
• May induce a relative price effect in favor of green capital goods
• Both channels contribute to decreasing the profitability of brown firms, lowering

their ability to service loans
• NPL risk can be transferred to bank, revising capital ratio and worsening lending

conditions
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Transition risk, winners and losers

• “The (premature) obsolescence of capital stock is a recurring feature [...] as new
products and industries replace old ‘sunset’ ones, and is not typically associated
with systemic financial risks because the financial sector is buoyed by the new
‘sunrise’ sectors. Yet, in the case of the low-carbon transition, the rate of
industrial change required for achieving a 2°C, let alone 1.5°C, goal is so large 11
that the rapid collapse of fossil-fuel ‘sunset’ industries presents major transition
risks.” [35]

• The cheapest fossil fuel producers are likely to survive longer, while those with
more costly extraction are exposed in the short-term [25]

• Western countries with little fossil fuel productions are also exposed through
financial ownership [35]

• Engaging in decarbonization is optimal for fossil fuel importers [12, 25]
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Climate risk disclosure and data



A push for disclosure

• General lack of reliable data is a key
issue for climate assessments

• Climate-related information has an
intersection with ESG data

• Mandatory ESG disclosure is found to
have beneficial informational effects
(pricing on financial markets) and real
effects (incidents become less likely)
[20]

• Transparency can address behavioral
biases, and improve pricing and
market efficiency, but is not enough
alone for transformation [1]

Key examples of data used:

• carbon emissions (and other GHG)

• commitments/investments to
abatement and decarbonization

• biodiversity-related metrics

• exposures to extreme weather events

• investments in adaptation to physical
risk

• use of voting rights (for financial
institutions)
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Disclosure of climate-related financial risks

Governance

Strategy

Risk 
Management

Metrics 
and Targets

Governance
The organization’s governance around climate-related risks 
and opportunities

Strategy
The actual and potential impacts of climate-related risks and 
opportunities on the organization’s businesses, strategy, 
and financial planning

Risk Management
The processes used by the organization to identify, assess, 
and manage climate-related risks

Metrics and Targets
The metrics and targets used to assess and manage relevant 
climate-related risks and opportunities

Figure 6: Core elements of recommended climate-related financial disclosures, from the
G20-FSB Task Force Climate-Related Financial Disclosure (TCFD) [33]
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Known issues with climate-related data

For carbon emission, abatement and mitigation policies:

• ESG ratings vary a lot between providers [5]

• Transition risk metrics also vary as they rely on different scenarios [6]

• Carbon emissions often inferred and not reported

• Makes preferences and pricing less meaningful

For physical risk exposure:

• Hain et al. [15] find substantial divergence between six physical risk scores
scores, even among those based on similar methodologies

• Lack of clear values also impedes pricing
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Exposures can lead to carbon stranded assets

The term stranded assets refers to assets the value of which could decrease (i.e. be
“stranded”) as a result of either:

• The introduction of climate policies or regulations that discourage the utilization
of the fossil fuel in the context of climate change mitigation

• If the introduction of such policies is uncertain and investors cannot anticipate
them → disorderly transition

• More frequent/extreme natural hazards (floods, hurricanes, etc) that destroy
firms’ capital stock affecting productivity and value of the activities

When it comes to a precise definition, there seem to be different uses of the term in
the literature [22]:

1. oil and gas reserves and infrastructures for drilling
2. 1 + financial assets of firms that own the rights to use reserves
3. 2 + plus other activities related to fossil industry 24/56



Limits with the definition of carbon stranded assets

• No standardized definition of carbon stranded assets

• No classification of sectors at risk (no detailed list of NACE codes)

• Only negative connotation (shadows green opportunities → low market
signaling/high moral hazard)

• Difficult to compare estimates of stranded assets across models, countries
or investors

• The Climate Policy Relevant Sectors (CPRS) [2] are developed to overcome
this limitation: identified based on general criteria, cover activities
affected both in terms of risk and opportunities, based on 4-digit NACE
codes
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How material is the risk of stranded asset?
Depends on how we transition

Orderly
Introduction of credible and stable policies → investors can anticipate the
policy and price it (e.g. increase (decrease) exposure to sustainable (dirty)
assets → smooth price adjustment

Disorderly
Delayed policy introduction (late and sudden wrt targets, eg EU2030) →
investors do not fully anticipate the policy impact on the economy and
finance → no portfolio alignment to sustainability

Stranded assets can lead to asset price volatility:
• If large asset classes and systemic investors involved → financial instability
• In reality, most fossil firms are buying renewable plants and buy insurance

to hedge against risk (Exxon) 26/56



Do we have the right data?

Currently available data are sufficient to carry out a rough estimate of
climate risk of financial institutions. However, there are knowledge gaps:
a) Non financial information

• Firm revenues from energy tech (fossil/renewable) across business lines
• Science-based classification of stranded assets to complement EU taxonomy

b) Financial information: data on holdings classified by their climate risk
(physical, transition) and counterparty

Are we looking at the right variables?

• Transition risk: see above

• Physical risk: beyond emissions and geo-referenced location of activities,
downscaled (local) assessment of disasters’ losses by sector needed
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Climate risk assessment frameworks
and scenarios



What are climate mitigation scenarios?

• Climate mitigation scenarios are not predictions.
• They describe what the economy and land use might look like in the next

decades.
• Climate mitigation scenarios are paths forward to achieve mitigation

goals in time, constrained by:
• laws of physics (e.g., cumulative CO2 emissions, i.e. terms of carbon budget

until 2100 leading to global warming levels with associated probabilities)
• technological constraints (e.g. technological efficiency, limits to speed of

technology deployment) and finite nature of the planet.

• Process-based, large-scale Integrated Assessment Models (IAM): used to
develop long-term scenarios of emissions and socio-economic variables
assessed by IPCC [23].
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Network for Greening the Financial System’s scenarios
The NGFS [27, 29] is the main source of
climate scenarios for finance.

• Set of archetypical IAM scenarios
assessed by the IPCC with distinct
features of the transition
• timing of carbon price increase

(2020, 2030);
• temperature target (1.5C, 2C)
• extent of reliance on Carbon

Dioxide Removal (CDR)

• NGFS has followed these dimensions
to identify 4 high-level scenarios

• Climate transition risk happening
sooner and more financially relevant
than physical risk
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Figure 7: NGFS scenarios framework.
Positioning of scenarios is approximate, based on an
assessment of physical and transition risks out to
2100. Source: NGFS [27]
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Short-term alternative to scenarios: input-output models

To simulate the impact of policies in the
near term, frameworks can rely on so
called IO models:

• Supply chain view: what are the flows
from a sector to others

• Capture production dependencies

• Can be used to model the transmission
of carbon prices [10, 14] or the impact
of stranded assets [8]

• Key refinements that can be missing:
reallocation of flows to different
sectors (replacement) and emergence
of “sunrise” industries

Figure 8: A symmetric input–output table.
Source: Owen [32].
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The role of contagion

Figure 9: Propagation of a shock affecting firms in the real economy
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Examples of climate stress test outcomes

• Battiston et al. [2] find that 43-45% of the equity holdings portfolios of
pension funds and investment funds are exposed to disorderly transition.
In the US, two thirds of banks’ syndicated loans are exposed to transition
risk (via fossil fuel and utility firms in particular).

• Guth et al. [14] find that a short-term introduction of a carbon pricing
mechanism in Austria would cause a 2.7% decrease for the CET1 ratio of
the Austrian banking system in a disorderly scenario
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Asset-level calculations



Why does this matter?

For financial instability: missing feedback loop expectations – scenarios can lead to
underinvestments wrt to climate targets and disorderly transition (transition risk) or
missing the transition (physical and/or transition risk).

Example: consider a utility firm that seeks financing to shift its power plants from
high to low-carbon technologies.

• If the bank perceives the strategy as less risky than status quo (high carbon),
because climate policy (e.g. carbon price) is perceived as credible, it will charge a
lower interest rate on the loan, thus facilitating the firm’s technological
conversion.

• If the bank perceives the strategy as more risky than status quo (high carbon),
because climate policy is perceived as non credible, it will charge a higher
interest rate on the loan, thus delaying the firm’s technological conversion.
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Enabling or hampering

Possible hampering role:

• If investors interpret NGFS orderly transition as scenario where
high-carbon firms only slightly more risky than low-carbon (firms adjust
tech mix and spread stranded assets over time)

• Limited reallocation of capital could be insufficient to fund investments
assumed in scenario

• Transition more costly for society, because it can lead to abrupt
reallocations of capital and price adjustments.

The enabling or hampering roles of the financial system can explain how the
orderly and disorderly transition in NGFS scenarios emerge endogenously
from the interplay of policy timing and investors’ reactions.
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For real assets of companies: the NPV approach

• Investments in assets for a company are often informed by their Net Present
Value (NPV), i.e. the time-discounted expected gain to realize from the asset.

• This value relies on the purchase as well as projecting future cash flows related to
the asset → can be impacted by climate risk [12]

Typically, the key revenues and input purchases related to an asset are assumed not
to change directly from climate variables/policies1 So, we can isolate an adjustment
due to climate specifically, such as

∆NPV =
∞∑

t=0

qtνt∆pE(t, τt) + γtτt
(1 + r)t

with r a discount factor, q the production level, τ the carbon tax rate, γ the carbon
intensity, ∆pE the difference in energy prices induced by τ , and ν the energy
intensity.

1Although climate physical risk could cause decreases in production for instance, regardless
of commercial inputs.
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Real-options valuation (from Flora and Tankov [11])

• Applies option valuation techniques to capital budgeting decisions.
• Real option = right to undertake certain business initiatives, such as deferring,

abandoning, expanding, staging, or contracting a capital investment project.
• To evaluate energy assets and potential investment projects under transition

scenario uncertainty
• Realization of scenarios is uncertain, and economic agents attach different prior

probabilities to it
• Information about the scenario path is acquired progressively by observing a

signal yt → Bayesian update
• Formulation as an American option pricing problem: calculates a vector Pt of risk

factors
• Associates a profit an loss function: h(Pt)

• Can be used to determine the optimal exit from a carbon-intensive power plant
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Risk metrics: Value at Risk (VaR)

Value-at-risk
Given some confidence level α ∈ ]0, 1[, the VaR of a portfolio with loss L at the
confidence level α is given by the smallest number l such that the probability that
the loss L exceeds l is no larger than 1 − α. Formally,

VaRα(L) = inf{l ∈ R | P(L > l) ≤ 1 − α}

In probabilistic terms, VaR is therefore simply a quantile of the loss distribution.
Typical values for α are α = 0.95 or α = 0.99; in market-risk management, the time
horizon ∆t is usually one or ten days, while in credit risk management and
operational risk management, ∆t is usually one year.

→ VaR has been adapted to the losses from climate risk, especially disorderly
transition scenarios [31].
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Risk metrics: illustration
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Risk metrics: Expected Shortfall (ER)

Expected shortfall (ES)
ES at level α is the expected return on the portfolio in the worst part α of
the cases (hence also called “conditional value at risk” because
conditioned to returns lower than worst α). Formally,

ESα(L) = 1
1 − α

∫ 1

α
qL(u)du,

where qL is the quantile function of the distribution of L.

ES is closely related to VaR and there is an ongoing debate on the strengths
and weaknesses of both measures.
With sufficient regularity conditions, we have

ESα(L) = E[L | L ≥ VaRα(L)] .
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Input shocks: how to use the risk metrics?

General challenge: infer the distribution of future returns

• In the short-term: could be determined by current measurable exposures
and past market movements [13]
• Currently available data relevant for shocks happening now, and informing

contemporaneous investors’ reaction
• The recent volatility and performance of an asset could delimit the scope of

near-term market reaction
• In the long-term:
• More assumptions needed and highly non-linear effects
• Tipping point in climate could change the shock distribution brutally
• Scenarios are a first approximation that reduce the scope of possibilities to a

discrete set, but could be generalized sometimes
• Can use the metrics on the outcome linked to a scenario when it is stochastic

(so the values measured are conditional on the scenario’s assumptions)
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Climate-adjusted probabilities of default (PD)

• PDs are at the core of credit risk and asset pricing more generally

• Climate risk would imply an adjustment of individual financial
contracts/securities
→ climate spread: difference between the original PD and the one induced
by a scenario and reflective of climate risks (both transition and physical)

• Key variable to understand markets’ reaction
• Paris agreement has an effect on the credit rating of high polluting firms [9]
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The Merton approach

In Merton’s structural credit risk model [24], the market value of assets are

• For equity: MVE(t) = VtΦ(d1)− Le−r(T−t)Φ(d2)

• For debt: MVD(t) = Le−r(T−t)Φ(d2) + VtΦ(−d1)

where we have

d1 =
ln(Vt/L) + (r + σ2

V/2)(T − t)
σV

√
T − t

, d2 = d1 − σV
√

T − t

• V the value of the company’s assets
• L the value of the company’s debt
• σV the standard deviation of stock

returns

• T the debt’s time to maturity
• r the risk-free interest rate
• Φ the c.d.f. of the normal

distribution
Merton model assumptions
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A Merton approach to climate-adjusted PDs

A shock ξ is applied to the company’s assets [34], such that V becomes
V∗ = (1 − ξ)V . Then

• d∗
1 and d∗

2 are calculated using V∗,

• MV∗
E and MV∗

D are computed similarly to the initial case.

The initial shock ξ is obtained such that ξ/Vt = ∆NPVtax, where

∆NPVtax =
T∑

t=0
(1 − r)tγt(1 − ϕt)(−τt)

is the carbon tax adjustment in NPV, with r a discount rate, γ the carbon
emissions, ϕ a pass-through rate, and τ the carbon tax rate.
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Additional policy information



The types of carbon trajectories

Figure 11:
Trajectories for
carbon emissions.
Source: UNEP [37]



The Nationally Determined Contributions

Figure 12: Emission trajectories based on Nationally Determined Contributions (NDCs) for a
selection of G20 countries. Source: UNEP [37]



The IPCC pathways

• IPCC scenarios are used to make projections, especially of GHG emissions.

• They are based population size, economic activity, lifestyle, energy use,
land use patterns, technology and climate policy.

• Representative Concentration Pathways (RCPs): IPCC [16] uses four
different 21st century pathways.

• Shared Socio-economic Pathways (SSPs): IPCC [17] uses five illustrative
scenarios that cover the range of possible future development of
anthropogenic drivers of climate change found in the literature.



Representative Concentration Pathways

• Four 21st century pathways of GHG emissions and atmospheric
concentrations, air pollutant emissions and land use:
1. Stringent mitigation scenario (RCP2.6),
2. Two intermediate scenarios (RCP4.5 and RCP6.0)
3. Scenario with very high GHG emissions (RCP8.5).
4. Baseline scenarios (without additional efforts to constrain emissions ) lead to

pathways ranging between RCP6.0 and RCP8.5

• RCP2.6 is representative of a scenario that aims to keep global warming
likely below 2°C above pre-industrial temperatures.

• Consistent with the wide range of scenarios in the literature as assessed
by WGIII



Shared Socio-economic Pathways

• Start in 2015

• Include scenarios with high and very high GHG emissions (SSP3-7.0 and
SSP5-8.5), scenarios with intermediate GHG emissions (SSP2-4.5), and
scenarios with very low and low GHG emissions, followed by varying
levels of net negative CO2 emissions.

• Emissions vary between scenarios depending on socio-economic
assumptions, levels of climate change mitigation and air pollution
controls.



Financial risk appendix



Merton model assumptions

(i) We have frictionless markets with continuous trading.

(ii) The risk-free interest rate is deterministic and equal to r ≥ 0.

(iii) The firm’s asset-value process (Vt) is independent of the way the firm is
financed, and in particular it is independent of the debt level B.
Moreover, (Vt) is a traded security with dynamics given by the
Black–Scholes model

dVt = µV Vtdt + σV VtdWt

for constants µV ∈ R, σV > 0, and a standard Brownian motion (Wt).
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