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Executive summary

R ecent events regarding governmental climate tran-
sition policy (e.g., UK announcement on electric
vehicle roll-out, statements on climate change by

political parties in the United States) and uncertainties
linked to the ability for industry sectors and consumers
to manufacture and purchase low carbon technologies,
respectively, have led to a wider need to embed a richer
framework for uncertainty in climate transition outcomes.
This uncertainty creates a number of financial risks for
firms, their investors, the banking sector, potentially also
including sovereign risks. With the current academic lit-
erature (for a review see Cormack & Shrimali) and doc-
umentation by professional bodies and institutions (e.g.,
ISDA, CFRF, NGFS, ECB, BoE) modelling has been focussed
on building frameworks that can transmit climate change
external risk factors from physical or transition pathways
to financial impacts. Furthermore, there has been an
increased interest in embedding the variability and uncer-
tainty of climate change risks, leading to a need to develop
a probabilistic framework (e.g., Rebonato & Kainth, and
Kenyon, Macrina & Berrahoui). In this article, we build
on these concepts and propose a probability space that
supports climate transition risk. The main objective is
to develop novel applications to develop financial instru-
ments for firms to reduce the risk of climate transition
policy changes and adverse economic environments. In
particular, we propose greenhouse gas (GHG) emission tra-
jectories on a probability space for firms within a specified
industry sector for regions worldwide. The GHG emissions
trajectories are specifically linked to defined emissions
policies. Here, we endeavour to develop a tangible prob-

abilistic approach with measurable quantities which are
clearly linked to policy objectives. An associated goal is
to build tools that can assist firms, their stakeholders,
and governments in reducing risks exacerbated by cli-
mate change. As an example of a risk-sharing instrument,
we propose a novel financial product, termed climate-
contingent convertible (CLoCo ) bond, whose financial
structure permits firms to reduce the risk of default due
to adverse climate transition policies over the product’s
lifetime. We utilise the transition probability space and
detailed firm-level models to develop the pricing theory
for such an instrument. The implications of the proposed
financial instrument are such that it can lead to not only
reduced risk of default for firms, thereby increasing the
expected firm value, but it also reduces the dependency of
firm failures on the banking sector and potential bail-out
costs incurred by sovereign nations.

1 Introduction

The drive by international governments to reach net-zero
greenhouse gas (GHG) emissions by 2050 has initiated a sig-
nificant change in corporate business strategies while driving
increased capital expenditure into new technologies and busi-
ness processes. This move to a lower emissions economy
has created a change in business models that may impact
energy security and prices, strain supply chains and have the
potential to impact the wider macroeconomy significantly.
The ability or otherwise for firms to affect a change in their
business models to address decarbonisation policies creates
an economic uncertainty termed transition risk. These risks
manifest themselves through a number of mechanisms, for ex-
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ample, reduced revenues from restrictions to carbon-intensive
products, impacts on pricing through taxation, supply and
demand adjustments, and direct policy-driven impacts.
These risks, alongside weather-driven physical damage to

economic assets and infrastructure, reduced food yields, and
the significant number of anticipated second-order effects
(Cormack and Shrimali, 2023), have led to the desire for gov-
ernments and their central banks to embed financial climate
risk assessments for both, the firms and commercial banks.
Within these assessment tests, commercial banks have been
mandated to test the financial viability for loans and deriva-
tives with counterparties 1 under several potential economic
and climate scenarios.

These scenarios consist of several government-determined
economic drivers that comprise of a combination of incen-
tives such as subsidies from the large scale, such as the United
States Inflation Reduction Act (Goverment, 2022b), to smaller
scale, such as the UK (fossil fuel) boiler replacement pro-
gramme (Goverment, 2022a). Alongside economic penalties
such as carbon taxation and emissions or production caps
(Government, 2023) on high GHG emitting technologies,
firms are subject to several pressures to decarbonise their
production. Firm interventions on the supply side, such as
the US IRA, can considerably reduce the risks for firms and
incentivise production within firms that are incorporated in
the US, and at the same time, create pressures on non-US
firms to decarbonise, thus creating further risks. Mechanisms
such as production caps and production fines, e.g., car pro-
duction in the UK, were implemented alongside consumer
subsidies to reduce the purchase cost of an electric vehicle
(EV) in the UK. However, as the size of the consumer subsidy
was reduced faster than the speed of cost reduction for EV
cars, the demand for EVs fell below the target number of the
mandated proportion of sales. This resulted in a change in the
mandate for production targets in the UK, creating concern
for manufacturers, who had already embarked on planned
capital expenditure in anticipation of demand.

This is one specific example of policy-driven transition risks
affecting firms where they have committed to a strategy util-
ising a specific technology and its associated capital expendi-
ture, which may lead to an adverse outcome for firms if the
forecast future business cash-flows do not cover their future
liabilities.

Recent events regarding changes in governmental climate
transition policy, ranging from the recent announcement in
the UK (Government, 2024) for vehicle manufacturers to
phase out internal combustion engine (ICE) cars, political
uncertainty on climate change policies by the major parties in
the US, rapid cost deflation for solar PV and other technolo-
gies (Reuters, 2023), and uncertainties linked to the ability
for industrial sectors and consumers to manufacture and pur-
chase low carbon technologies, respectively, to impacts to the
macro-economy from inflation driven interest rate increase
that curtail capital investment, have led to a wider need to
embed a richer framework for uncertainty in climate transi-
tion outcomes. This set of uncertainties creates challenges for
all economic agents subject to the transition.

This uncertainty creates many financial risks for firms, their

1As well as other assets and liabilities in their portfolio.

investors, and the banking sector and could impact sovereign
states adversely. For a review of the current academic lit-
erature in this context, see Cormack and Shrimali, 2023.
Moreover, industry and governmental organisations from the
ECB, BoE, NGFS, ISDA (Europen Central Bank, 2023; England
Prudential Regulation Authority, April, 2019; UK Department
for Energy Security and Net Zero, 2023; ISDA, 2024) have fo-
cused on building frameworks that can transmit external risk
factors induced by climate change from physical or transition
pathways to financial impacts. Furthermore, there has been
an increased need to embed (a) the variability and uncer-
tainty of climate (change) risks, requiring the development of
a probabilistic approach to assess the possibility of a firm fail-
ure (i.e., in financial terms, its probability of default), and (b)
a view on the impact that such a failure within the economy
may have on policy choices and hence the overall atmospheric
greenhouse gas concentration over time.

In this paper, we build on these concepts and put forward a
probability space that underpins climate transition risk, specif-
ically to develop novel applications and support the design of
financial instruments which enable firms to reduce the risk
arising from the variability of climate transition policies or
adverse economic environments. We note that a probability
space designed for the modelling of climate change policy risk
is also proposed in (Kenyon, Macrina, and Berrahoui, 2023b),
where the authors discuss the implications for firm defaults.
In this paper, this space is used directly to develop financial
instruments that are explicitly linked to the probability of
climate transition trajectories. This paradigm is then used
in (Kenyon, Macrina, and Berrahoui, 2023a) to calculate the
so-called CO2eVA charges based on a weighted average of
carbon price scenarios.

Building on previous work (D. Kainth and Rebonato, 2024
and F. Venmans, 2022), we propose conditional probabilities
for greenhouse gas emissions (GHG emissions) trajectories
for firms within a specified industry sector for regions around
the world. The GHG emissions trajectories are specifically
linked to emissions policies stated by regional governments
that would impact a specific commercial sector.

The objective of a probabilistic approach is twofold: first,
to develop a tangible probability space that supports and
links to policy objectives, and second, to develop a means to
help firms, their stakeholders, and governments reduce their
risks. Furthermore, we seek to develop a market-implied view
of these transition probabilities to enable a more effective
mechanism for financial markets to mitigate these risks.

To facilitate the development of such a market, we propose
a class of financial instruments that are directly sensitive to
transition risks and price in transition risk probabilities. As
an example, we propose the Climate-Contingent Convertible
Bond, abbrev. as CLoCo , whose financial structure permits
firms to reduce the risk of default due to adverse climate
transition policy trajectories over the product’s lifetime. In
developing the pricing theory for such an instrument, we
utilise the bespoke probability space on transition trajectories,
which underpin detailed firm-level models.
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1.1 Financial Instrument Objectives

The primary objective of instruments such as the CLoCo is
to reduce the risk of diminished returns or even default for
firms, thereby contingently increasing the expected firm value.
Whilst such instruments are designed to improve the robust-
ness of firms and hence the wider economy to climate tran-
sition risks, introducing such instruments has wider implica-
tions in providing improved market transparency of transition
risks through pricing. This can enable improved regulatory
oversight for climate risks across issuing firms and their in-
strument pricing agents. Such instruments would provide
further means to hedge climate risks in financial portfolios.
With increased transparency of transition risks on firms, such
instruments would provide a direct means for policymakers
to assess the impact of current and future policy choices on
firm valuations and capital flows.

Such instruments also provide a mechanism to reduce the
private sector’s reliance on public sector funding, allowing
public capital to address critical sectors of the global economy,
such as agriculture, that may not have easy access to financial
markets.

Achieving such objectives requires a number of factors from
clear policy communication, emissions measurement and vi-
able risk frameworks; these concepts are described in detail
in Sections 2 and 3, with the definition of the CLoCobond
described in Section 4.

2 Probability for climate policies

Within climate finance, there exist several means for investors
to engage in accelerating the transition to a net-zero economy
and society. Typical instruments such as loans, bonds, and
primary equity serve as direct funding to enable firms to
improve and add to improved lower emissions productions or
processes.

Alongside investor activities, commercial banks are develop-
ing frameworks to assess climate-linked financial risk related
to all counterparties, whether these seek to fund climate tran-
sition programs or just their susceptibility to weather events
or wider economic pressures.

As such the financial system that seeks, provides and man-
ages investment of these risks has taken an implied view of
the wider externalities that emerge with climate risk. On
inspection of an asset manager’s portfolio or a bank’s risk cap-
ital allocation (as far as risk capital is currently calculated) to
transition-related finance, there is an implied (market) view
of both risk and returns, where one might infer relative to
other investment or capital allocations the risk preferences.
As a consequence, investors have a view about the set of risks
that may manifest themselves. Expressed in mathematical
terms, a collective view is considered on probability distor-
tions in financial performance measures due to the impinging
impact of climate (change) events (e.g., a firm achieving its
returns targets and estimating and managing their associated
uncertainties). A firm’s use of productive assets is a function
of its risk appetite that faces uncertainties from input costs,
taxation, consumer demand, policy restrictions and market
factors. Future investment is defined by a firm’s forward-

looking view of its expected returns distribution.
With the introduction of frameworks such as TCFD, TPT,

and SEC disclosure rules and the direct introduction of gov-
ernmental net-zero pledges such as the Paris Accord, firms
and their investors impose constraints on firms’ capital de-
ployment. Such disclosures and policies have driven concepts
such as carbon taxation, carbon trading (carbon credits) and
cross-border trade tariffs linked to emissions (CBAM) in the
EU ( Europen Commission, 2023). Investors are operating in
a world where policymakers and regulators are applying a
set of constraints on activities that can decrease GHG emis-
sions. Risk to firms is manifested in a number of ways: (i)
enforced restrictions on emissions leading to prosecution or
direct economic/legal penalties, (ii) economic disincentives
such as carbon taxes, and (iii) the impact of competition from
firms with lower emission profiles. These constraints exist
alongside policy incentives to reduce GHG emissions, such as
consumer subsidies for new products. Furthermore, national-
level penalties may be imposed within the EU on nation-states
or further increased taxation on profits for firms with high
GHG emissions.

Investors in firms subject to such regional policies consider
the likely impact of such policies over the horizon they wish
to engage with. These views are formed alongside questions
about the specific nature of firms they engage with; these
factors include current knowledge of their financial position,
capital structure controls, business strategy and associated
plans, and competition. In addition, investors need to un-
derstand what a firm produces, its impact on its business
processes on key metrics such as GHG emissions, and its
by-products from designated pollutants to disposal costs.

2.1 Manifestation of transition risks

For firms subject to climate change policies, variation in fu-
ture policies may pose a material impact on their current and
future business performance and, hence, their market-traded
instruments. Within the EU, for example, the directive on
corporate sustainability due diligence (Commision, 2022) puts
forward the mandate that firms reduce their emissions in
their business process or else be subject to compliance orders,
legislated fines, as well as civil liabilities. Such a mandate
provides a clear vector for firms’ non-compliance. Whilst the
magnitude of the impact is uncertain, it is conceivable that
regulators would assess the feasibility of the speed of transi-
tion across a wide number of firms and assess whether a firm
has taken actions that are in line with other firms within an
industry. For example, the speed and cost of decarbonisation
may be economically prohibitive, so much so that consumers
do not engage with a new product, as has been seen with
the current uptake of electric vehicles and the challenge put
forward by manufacturers in the UK (Guardian, 2024) and
the purchase of heat pumps in the UK (National Audit Of-
fice UK, 2024). In the case of electric vehicle sales, UK firms
face a direct penalty for each vehicle produced that does not
meet the zero emissions criteria as part of the governmental
transition plan.

Alongside policy mandates, firms in different jurisdictions
are also subject to direct taxation on emissions (within their
legal jurisdiction), and are also subject to emissions-based
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tariffs on exports to other regions, e.g., mechanisms such as
the EU CBAM emission tariff scheme Europen Commission,
2023. Such taxation policies incur direct costs over time
and are designed to bring the cost of high-emitting processes
closer to the expected current and future costs of low-emission
technologies.

Typically, a policy choice for a firm will impose constraints
on its capital allocation. For firms to adapt to a specific pol-
icy, they need to deploy capital, whether from their funds
or investment. Either decision may impact a firm’s ability to
manage its debt or returns on equity. However, unlike an in-
vestor’s capital, for a firm to exit (or abandon) an asset invest-
ment for a potentially lower emissions technology inevitably
comes with considerable economic frictions (losses)—options
for hedging such capital risk are very limited. Consequently,
firms that allocate capital to new renewable technologies that
may not have reached a long-term and stable capital cost
per unit face several challenges, including reduced margins
and potential losses to maintain demand position with firms
that are later investors in cheaper technologies. This could
lead to increased default risk if firms cannot cover their lia-
bilities. This is significant for firms and their customers that
adopt transition technologies early, where it is conceivable
that such low-emission technologies may become unprofitable
compared to later emerging lower-cost technologies. There
are many ways to manage such risks, from subsidies (re-
quiring taxation) and investments from equity investors pre-
pared to subsidise early-stage firms to achieve a break-even
price to improved regulatory price-setting that ensures that
forward-looking prices reflect the needs to cover early-stage
investments across an industry. The use of regulatory price
setting is commonplace for UK and EU electricity generators
(UK Department for Energy Security and Net Zero, 2017)
where electricity prices are effectively fixed via contracts for
difference (CFD) to enable capital investments by utilities to
proceed.
Aside from emissions, firms are considering the cost of

adapting to a changed climate, whereby further investment
provisions are made (or allocation of own funds) to reduce
the level of potential damage from weather-linked events.
This emerges as a cost driven by the need to insure, repair,
retrofit, redesign and absorb losses from production outages.
In summary, the financial impact to a firm can include

the cost per unit emission CT ax/GHG(t) and the cost Cr,i,a,o

incurred from damage repairs, insurance, adaptation and
outage, and losses due to a demand reduction.

2.2 On corporate hedging

Firms are subject to a number of uncertain factors and engage
in a number of strategies to reduce risk, thus taking financial
positions in interest rates, foreign exchange and commodity
markets to hedge. They also manage their supply chain risks
through diversification and make assessments on operational
risks. Alongside these factors, firms engage in the assessment
of product investment and assess project-specific risks and
uncertainty. Project investments are decided by expected
returns on capital and their associated uncertainties. For
firms, each project choice can be based on real options models
of returns subject to uncertainty.

Adding climate policy uncertainty to the set of risk factors
will increase the uncertainty of future returns. The volatil-
ity of the returns, conditional on available information, is
expected to be higher.

For example, one might construct a probabilistic graphical
model of the uncertainty set of policies to infer the poten-
tial outcomes for firm project (capital investment) returns
and infer the range of impacts to a firm over the horizon
for decarbonisation. Firms undergoing a transition of their
business models from a set of high-emissions business pro-
cesses/products to low emissions should asses their robustness
to the set of uncertainty factors that will influence their prof-
itability. This uncertainty will cover input prices (costs) in
financial metrics andmarket factors, such as interest rates, for-
eign exchange rates, and credit and commodity prices. Most
large firms engage in some form of hedging or strategies to
reduce risk in financial markets. However, the impact of policy
change creates a significant shift in demand and supply factors
alongside potential impacts on taxation/subsidy/production
factors for a firm.

2.3 On the dynamics of policy choice

For firms, a high level of confidence in policy mandates (or
choice) is required to reduce risk. A recent example in the
UK regarding EV production has highlighted the challenges
firms face when policy changes and their tenure becomes
uncertain. Understanding and being able to model the un-
certainty attached to policies that may change before their
specified expiry date is of great importance to firms seeking to
mitigate the risk policy change brings forth. To address such a
challenge successfully, one must consider current policies and
the impact that may result from their modification. Across
the literature, there is a set of well-documented causal factors
that drive the trajectory of decarbonisation amongst climate-
linked policies; these fall into the following categories:

Enablers and technological factors

• Technological innovation: The creation and refinement
of new technologies and solutions to change and im-
prove business processes—this is the primary enabler of
mitigation and adaptation.

• Technological learning: This is the fundamental process
whereby the cost of deploying technology reduces in
value for each defined production unit over time. This
process comes about through improved processes such
as automation and the application of other new technolo-
gies or reduced material/capital/labour costs. Such cost
curves have dominated the switch to renewable power
with considerable reductions is deployment costs. In be-
havioural models, when presented with a choice of goods
of equal choice, economic agents would choose either
equally. However, the utility of a technology that has
reduced emissions is more likely to be chosen, especially
if the alternative solution may increase future risk (i.e.,
cost).

Drivers from direct policy factors
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• Fiscal policy and subsidies: These are designed to
switch customer preferences from high-emissions tech-
nologies/energy sources to lower a firm’s overall costs,
ideally leading to improved technological learning.

• Restrictive policies on firms leading to reduced economic
activity or legal liabilities for high emission firms.

• Removal of decarbonisation policies: This may have a
similar adverse impact on firms that have committed to
reducing emissions and adapted their investment strat-
egy to reflect their future demand forecasts. This could
include the removal of subsidies/tax breaks or consumer
incentives.

With the fundamental enablers/drivers from the list above,
once the set of technologies and their costs (and a view of
their likely future costs) are established, the ability to affect a
transition is driven by the rate of capital formation. For each
economic agent, there are operating constraints on the capital
formation process. These constraints are driven by, e.g., firm
or government credit quality management to reduce the risk
of default and maintain a target cost of funding to ensure its
continued function.
Any combination of the aforementioned policies will give

rise to uncertainty in the target decarbonisation trajectory
and, hence, the associated risks to a firm. Taking each set of
risks in turn, technological learning impacts firms directly be-
cause as new technologies become more affordable, firms that
have invested in more expensive technologies face increased
competition from lower-cost products. Reallocating capital
investment to new technologies, if commercially available,
will enable firms to adapt their costs. However, firms would be
likely to provide services that seek to maintain overall profit
margins. Radical price changes to consumers may be unlikely
if an industry sector has already invested in long-term higher
capital cost assets. Hence, the risk of significant price shocks
would be a function of the fraction of new technology versus
the fraction of legacy low-emissions technology and its opera-
tional lifetime. Alternatively, most large market capitalisation
firms may have taken similar investments with similar costs
(provide evidence on margin, credit ratings, etc.). Hence,
price competition may be marginal if a smaller firm enters
with a newer technology. Another typical behaviour that ex-
ists is that new technologies arise from smaller firms that are
typically funded by private equity (i.e., potentially subsidised
by investors at diminished capital costs); due to the potential
impact on larger firms’ business models, they become subject
to acquisitions, thereby mitigating the overall capital cost
pressure of the set of larger firms.
Further to the point of accelerated technological learning,

informed policymakers would be reasonably expected to be
knowledgeable about projected cost changes and utilise this
(e.g. through learning from frameworks such as IAMs) to
define decarbonisation policy rates to enable or accelerate
projects. Consequently, it is feasible that an informed policy-
maker might choose to enhance the decarbonisation policy
in light of future reduced costs. This choice may be made
more likely in the event of increased emissions concentration
or increased physical damage from adverse weather events.
Ultimately, the collective set of factors above, coupled with
the ability to deploy capital to affect the implementation of

a technology/process, is the economic observation and mea-
sure determining the likelihood of such a transition policy.
However, with the emergence of viable financial instruments
to help mitigate firm transition risk 2

Building a probabilistic view of climate policy con-
straints In looking at the constraints of climate policy
choice, it is natural to look for a set of metrics that would
define an optimal transition—or an optimal policy switch.
Such factors could include prices, impacts on inflation, em-
ployment, capital growth, asset values, population health,
GDP growth, etc. It makes sense to define what could or
should drive rational policy change. It is worth exploring
factors that set limits to the current expected tolerance for
a severe rapid decarbonisation and the concept of no new
technological changes to drive down emissions at the other
end of the decarbonisation scale.

Considering the case for no further action results in increas-
ing GHG emissions and a considerable increase in physical
damage to economic assets, and human and natural habi-
tats. The associated temperature increases are anticipated
to produce considerably larger second-order effects, such as
increased migration, political unrest and conflict. Under such
a scenario, choices are made regarding future values. Clearly,
in the policy space, many nations/firms have expressed a
vanishingly small desire for this to occur, and many nations
are on a path to decarbonise.

At the other end of the set of decarbonisation rates are the
policy choices to rapidly decarbonise. We may ask: Can we
decarbonise the system within the space of a few years, and
what would that take? To assess such a statement, one must
look at the factors limiting such a rapid transition. These
factors would include impacts on growth targets, GDP, cap-
ital investment rates, and capital costs. Current commonly
used IAMs such as those used by the NGFS (NGFS, 2022; UK
Department for Energy Security and Net Zero, 2023) have
usually used fixed GDP (or with calibrations that reproduce
the input GDP) growth trajectories such as those from the SSPs
(Riahi et al., 2017). Consequently, the models do not fully
propagate the impacts of externalities from climate-linked
damages or constraints imposed from restrictive emissions
policies. Due to impacts on growth and supply and demand
volatility, prices will face increased uncertainty.

Such model-dependent scenarios may be used to estimate
regional decarbonisation rates to the extent that the model
can capture actual regional policies and, hence, a probability
distribution derived from required decarbonisation. This is
explored in the next Section 3.

3 Uncertain decarbonisation policies

Building on work by (Kenyon, Macrina, and Berrahoui,
2023b), Rebonato et al. (D. Kainth and Rebonato, 2024),
and Venmans & Carr (F. Venmans, 2022), we propose a
probability space that supports the probabilistic modelling of
decarbonisation policies. The aim is to lay the foundations to

2Regulators and investors must be wary of higher emitting firms that may
wish to issue such instruments without viable (e.g., commonly accepted)
decarbonisation strategies.
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build an approach that enables the adoption of likelihoods
for decarbonisation trajectories at each point on a timeline.

3.1 Probabilistic policy scenarios for decar-
bonisation

We introduce a practical application of a probability space
designed to enable firms to reduce or improve their resilience
to climate transition risks. We investigate the concept of
policy decarbonisation trajectories (used here synonymously
to scenarios) that give rise to a tangible risk for firms actively
required to reduce their carbon emissions as part of their
business practice. This concept is explored in more detail in
Section 2 and, in summary, would cover policies that mandate
a reduction in Scope 1 and 2 grenhouse gas emissions (e.g.,
for electricity production and fuel transportation), see (Krach
et al., 2023), and firms whose products give rise to indirect
emissions, the so-called Scope 3 downstream emissions, such
as the automotive industry, where there are clearly defined
mandates to reduce overall emissions by a specified amount
and by a given date else face an economic penalty such as a
fine, restriction in economic activity, etc.
Roughly speaking, policy scenarios µ[Ti,Ti+1], i =

0, 2, . . . , n ∈ N, are defined as a planned decarbonisation
trajectory over a time period [Ti, Ti+1]. The instantaneous
emissions g(t)dt in any one period are accumulated over the
infinitesimal interval dt from cumulative economic activity
(production) P (t)dt in a region r for a given industrial sector
s. The region can be defined at a geo-spatial scale, i.e., from
the size of a city, a country, or all the way to global scale. The
cumulative emissions over [0, Ti] are given by

G(0, Ti) =
∫ Ti

0
g(t)dt, (1)

so that the emissions generated over any interval [Ti, Ti+1]
can be written as

G(Ti, Ti+1) = G(Ti+1) − G(Ti) =
∫ Ti+1

Ti

g(t)dt. (2)

A useful quantity is the change in emissions per period of
time given by

µs
G(Ti, Ti+1) = Gs(Ti+1) − Gs(Ti)

∆Ti,i+1
, (3)

where ∆Ti,i+1 = Ti+1 − Ti, and the superscript s denotes a
specific economic sector. Thus, µs

G is the emission policy rate
for sector s. For firm k, the policy-dependent decarbonisation
rate 3 can be written in the form:

µs
G(t, Ti, Ti+1) = −βs

[Ti,Ti+1] × Gs(Ti)/∆Ti,i+1 (4)

where for Gs(Ti) > 0 3 we have

βs
[Ti,Ti+1] = (Gs(Ti) − Gs(Ti+1))/Gs(Ti)

= −µs
G(t, Ti, Ti+1)∆Ti,i+1/Gs(Ti). (5)

3Not necessarily firms have overall negative emissions. However, this can
be incorporated as an additional requirement.

Hence βs
[Ti,Ti+1] can be used as the policy standard measure

of proportional decarbonisation for any firm k in sector s to
remain on target with the policy for sector s, ie.βs

[Ti,Ti+1] =
βk

[Ti,Ti+1]. This enables each firm to assess whether they are
aligned or otherwise with a policy µs

G specified for the period
[Ti, Ti+1].

To build an effective view of the decarbonisation rate across
a sector, the measure requires a reliable measurement and
audit of the values of associated emissions from firms and
the resulting sector (or product). A firm k in region r and
sector s may wish to express the rate µk

G(Ti, Ti+1) of decar-
bonization for each reporting period [Ti, Ti+1] or a relative
amount µk

G(Ti, Ti+1)/G(Ti) compared to the beginning of the
monitoring period. As we intend to use µG as a measure to
define policy trajectories, firms can also choose to indicate
their robustness to default (or Impact to earnings) to different
decarbonisation trajectories. Such an investigation will be
explored in Section 3.4.

3.2 Subjectivity of probability spaces for de-
carbonisation

We introduce a probability space (Ω, F ,P), where the proba-
bility space P is a subjective probability measure. Along with
this probability space, we also introduce a filtration (Ft)t≥0
(the information available up to time t), which will be neces-
sary to evaluate expectations about random variables. Before
we deal with the detailed construction of a filtered probability
space in the context of climate change, mathematical climate
finance, and the decarbonisation of economies, in general, we
shall first discuss the subjectivity of the probability measure
P and the approach to constructing the probability space.
The envisaged probability space shall be designed to al-

low the modelling of future scenarios on a probabilistic basis.
The question one would like to answer is: What is the proba-
bility that a specific future scenario will be realised among
all the possible ones? The answer might be 43% if given by
one entity but might be 77% if provided by another. So, we
consider the situation where the selection of a probability
measure employed to answer the above question depends
on who responds. This gives rise to the subjectivity of the
probability measure. One sees that the subjective probability
measure Pi, where i ∈ N is the i-th entity answering the
question, may have little to do with climate science (physics,
chemistry, etc.), but rather with the perceived subjective prob-
ability attributed by an entity to how likely a specific future
scenario will occur. One then may ask what lies at the basis of
the subjectivity of the selected probability measure, in other
words, what influences the subjectively perceived probabil-
ities attributed to future scenarios. Here, we can think of
experiences that an entity deems relevant, subjective beliefs
(climate change proponent versus climate change denier), but
perhaps most importantly, the information an entity considers
that impacts the perceived probabilities of scenario outcome.
If information is regarded as having a significant influence
on the subjective probability measure, then the role of the
filtration (Ft) moves to the foreground. One would consider
indexing the filtration, analogous to the probability measure
Pi, to obtain a subjective filtration (F i

t ) associated with the
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i-th entity. The result would be a subjective filtered proba-
bility space (Ω, F i, (F i

t ),P) linked to each entity i ∈ N. The
sample space Ω would be shared in common by all entities
and the filtrations could be ordered to obtain a sequence of
subfiltrations (F1

t ) ⊆ (F2
t ) ⊆ . . . (F i

t ) ⊆ . . . (Fn
t ).

Where does the role of subjective filtration matter in pin-
ning down a subjective probability measure? Consider the
evolution of a probability distribution over time; that is, we
consider a time-inhomogeneous distribution function. In the
next Section 3.3 we discuss how views on probabilities for
transition policies can be informed by improved modelling so
that one can price instruments such as CLoCos in Section 4.
Their pricing would reveal a direct view of implied transition
risks.

3.3 Construction of transition policy proba-
bility spaces for firms

To build a viable climate transition space, it is essential to
understand the likelihood of required policy decisions at any
given point in time. It is helpful to build an understanding
of the primary enablers for the transition, the factors that de-
termine the uncertainty in outcomes and a set of constraints
that may be regarded as uncertain in their own right. This
system will effectively constitute the space for asset allocation
strategies to address the need to evolve current production.
The asset allocation agents can be split into public expendi-
tures funded through taxation and private investors. The set
of asset allocation strategies is naturally large; however, it
is worth exploring several choices made in allocating capital
and ensuring returns on assets. Asset allocation choices are
primarily split in standard private investment models across
sectors for debt and equity investment; here, it is natural to
expect that investors in firms would demand returns compa-
rable to current expectations across their portfolio. Alongside
this, private investors will invest in sovereign and municipal
bonds/projects, usually providing lower yields but improved
credit loss protection.
Policymakers that choose to impose carbon taxation or

financial restrictions/penalties for firms with high emissions
will create a mechanism that will define a pathway that can
be modelled to permit an estimation of the economic impact
of each level of taxation. Other policies that impact firms by
’fining’ them for excess emissions will play a similar role. The
economic impact of such fiscal policies can vary significantly
depending on how the proceeds of taxation are redistributed;
for example, the tax funds can bemade available to consumers
to purchase low emissions solutions from the same company,
reducing the overall financial impact on the sector. As such,
the ability to capture such taxation effects will be required to
be included in the modelling.
In Rebonato et al. (D. Kainth and Rebonato, 2024), the

authors put forward a set of concepts that aim to set realistic
expectations in setting the set of future decarbonisation tra-
jectories; their set of limits defines a conditional probability
space based on the carbon taxation level. This is based on
the least cost hypothesis built into many IAM model paths.
Within the text (D. Kainth and Rebonato, 2024), the authors
explore reasonable bounds for decarbonisation trajectories
based on abatement expenditures as a fraction of GDP and

the required capital expenditure to install renewable energy
generation. Specifically, they estimate the SSP2-19 within
the DICE model ( Nordhaus, 1992; Riahi et al., 2017) would
require approximately USD 6 trillion in 2030 alone for wind
turbine installation, which at the cost of around USD 2 - 4 mil-
lion per turbine implies 1 million turbines. According to the
authors, this number contrasts with the current installation of
341,000 turbines. Furthermore, they use evidence of typical
expenditure/tax take as a fraction of GDP for other social
programs such as healthcare and use this to set likely upper
bounds on the tolerated level of carbon tax and propose that
the total increased tax take would be of order 3% to 8% of
GDP based on the distribution of taxation to GDP for other
social programs. Within this study, they conclude that some
of the SSP pathways imply an unrealistic level of emissions
taxation > 8% of GDP on top of already committed taxation.
The paper is focused mainly on carbon taxation policies as the
mechanism that defines the transition; this paper intends to
expand on this concept to explore other factors, whether from
the probability space implied from other models as proposed
by (F. Venmans, 2022) and future work proposed by our-
selves on improving firm-level modelling that will influence
decarbonisation rates.

In general, capital formation will consist of investment
from both public and private sectors, with an indication from
several studies citing a requirement to deploy USD 9 tril-
lion (McKinsey and Company, 2022) per annum to affect the
transition. This is decomposed into current spending require-
ments of USD 5.7 trillion and a future required spending of
USD 3.5 trillion.

Questions on the speed of capital expenditure, whether for
consumers or at the firm level, tax take and the ability of sup-
ply chains to meet the required demand for renewable energy
technologies also set bounds on the set of decarbonisation
trajectories that can be realistically implemented to define
the rate of decarbonisation over any period. Furthermore, in-
creasing disruption to current infrastructure, food production,
and company assets from rising adverse weather events over
time will impact firm earnings levels and volatility. Clearly,
anticipated capital expenditure is a function of anticipated
revenue growth for each of a firm’s business units that will
be invested in. This will naturally be a function of the uncer-
tainty in these processes, which may have an adverse impact
on expectations for decarbonisation rates.

From the perspective of a bank’s risk management function,
any policy choice may be feasible. However, it is important to
develop a richer understanding of the drivers of policy choice
to assign more informed likelihoods to expected and tail risk
events. A probability measure built on the capital formation
process conditional on economic activity provides a general
means to assess the likelihood of the rate of decarbonisation.
The capital formation process includes both public and pri-
vate corporate debt. Hence, an understanding of the capital
formation process and its associated drivers for private firms,
the allocation of private investment into government debt
(whether sovereign or municipal), and the cost of decarboni-
sation (abatement costs) allow all economic stakeholders to
build a view on the likelihood of transition speeds for each
industry, conditional on a growth target.
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3.3.1 Measuring market-implied climate transition
probabilities

In assessing climate transition probabilities, the capital for-
mation measure permits an observable estimate of the ex-
pectations of market implied returns and for a given risk
or, equivalently, a view on risk for a given expected return.
The use of reverse optimisation as outlined in Section 3.3.1
can provide an implicit view on climate change transition
probabilities based on the allocation of debt across firms in
a sector allocated to decarbonisation projects. More conven-
tional studies look at the potential impact on firms’ defaults as
part of a stress testing analysis much along the lines of recent
studies performed, for example, by the ECB and the BoE (Eu-
ropen Central Bank, 2023; Bank of England, 2022). Studies
of climate-linked probabilities of default (PD) through bond
or credit spreads may provide an indication of transition risk
exposure. As firms will look to adjust their business models to
control for such risks (and investors and financial firms may
be oblivious to them), the market may not be able to express
directly the implied transition risk. For example, for firms that
actively control their capital structure to mitigate default risks
(or, more generally, to be in line with their internal growth
and risk appetite), new factors such as climate transition poli-
cies (or other climate-driven costs) will likely be observed in
impacts to firms revenue/earnings hence their equity values.
Assessing such impacts is explored in the section below.

Measuring investor-implied climate risk from reverse
optimisation One other approach that can be applied to
assess returns distributions for any investment is the so-called
Reverse Optimisation, see e.g., (Dimitris Bertsimas, 2011).
The implications are that investors are (and likely will) be
engaged in either equity or, notably, bond investments with
firms. Consequently, the set of all asset allocations for firms in
a sector or across sectors reflects views of risk and returns over
the holding period of the investment. Whether this invest-
ment asset is a bond or equity, its valuation typically reflects
an implicit cashflow (e.g., coupon) or earnings expectation of
that asset for a period that may be longer than the investment
holding period 4. Two Sigma (TwoSigma, 2020), for example,
have performed a study looking at implied investor returns;
in this study, they used a study on a global market portfolio
consisting of exchange-traded equities, private equity, bonds
and loans, real estate, and commodities, with the portfolio
weights as given in Figure 1 based on the work of Doeswijk,
Lam, and Swinkels (2019) (TwoSigma, 2020).

3.3.2 Bayesian views of transition-linked risk

Within a model framework such as (Cormack et al., 2020)
and other scenario modelling frameworks it is possible to
ask ’What-If ’ scenario questions on potential outcomes for
firms under different policy decarbonisation trajectories. Of
particular interest here is the question of how default probabil-
ities may be affected by adopted or imposed decarbonisation
policies given the other usual constraints, such as prevailing

4This is clear for most bonds and for equity valuation models that account
for future net earnings or dividend growth in valuation which has been
demonstrated through empirical observation.

Figure 1: Global investor asset allocation as determined by (TwoSigma,
2020).

market conditions and available balance sheet information.
Assessing the specific market-implied transition-dependent
probability of default for a firm based on the relevant credit
spread curve over a period [Ti, Ti+1] and determining the
model-implied view of default for the same period is central
to any firm performance scrutiny. Aside from assessing default
risks, it is also possible for firms to assess the potential impact
on revenues and earnings and to explore the requirements of
pricing or cost reduction to maintain target business margins.
Such analysis can be used to form a discrete set of outcomes
and hence test a firm’s resilience (robustness) to potential de-
carbonisation policies. Extending such probabilistic analysis
requires a richer dynamic probability space that is considered
in Section 3.4.

3.4 Construction of the decarbonisation
measure

We propose that the capital expenditure rate for low emissions
technologies probability measure that defines the outcome
is based on the likelihood that this capital formation is split
between investment in corporate securities (debt or equity)
and government expenditure driven by sovereign and/or mu-
nicipal debt issuance or from direct taxation. The framework
below will outline allocation strategies by governments and
private investors and highlight how we can derive a proba-
bilistic distribution for likely decarbonisation.

3.4.1 Company capital formation process — Mathe-
matical Formulation

Company capital investment is expected to be the most signifi-
cant driver of decarbonisation. Furthermore, this rate is likely
to inform policymakers about the likely achievable emissions
reduction rate, informing government investment strategies
to reduce emissions in hard (expensive) industry sectors. For
the firm-level capital formation process, let Fk,s correspond to
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a firm k in industry sector s. Each firm will currently or in the
future have an investment in a production or service where the
annual production output is defined as Pk,j(Ti, Ti+1), where
j is the index over the list of technologies, i is the annual time
index. For each production unit, we introduce the concept
of a capacity unit to produce Γj(Ti, Ti+1) units over the in-
terval [Ti, Ti+1], each unit Pj of production gives rise to an
amount of emissions gj . Each capacity unit Γj is utilised at
a rate Uj(t) ∈ (0, 1) with efficiency Ej(t) ∈ (0, 1), and has a
production rate of P (t) per unit time; hence the amount of
production is given by:

P T OT
k,j (Ti, Ti+1) = Γj(Ti, Ti+1) ∗ Uj(Ti, Ti+1) ∗ Ej(Ti, Ti+1)

∗P (Ti, Ti+1)
(6)

this production gives rise to a total emissions Gj given by

Gj(Ti, Ti+1) = Pk,j(Ti, Ti+1) × gj . (7)

The capital cost to develop a unit of capacity for technology
j at time t is κj(t). For a firm operating in a given busi-
ness segment, it may expect future demand for its product
at time t to be Dk,j(t)∆t the demand over an interval de-
noted as Dk,j(Ti, Ti+1) =

∫ Ti+1
Ti

D(t)dt such that P T OT
k,j =

Dk,j(Ti, Ti+1). For each unit of production, the firm sells this
product at a price pk,j(t) giving rise to total revenue for that
product of:

Rj(Ti, Ti+1) = P T OT
k,j (Ti, Ti+1) × ⟨pk,j⟩ (8)

where ⟨pk,j⟩ is the average price of the product sold over
the period. Further, a firm may expect specific changes in
revenue from the sale of its products based on the demand
functions Dk,j(t); this expected demand will inform its capital
expenditure commitments to each product j. Alongside the
revenue generated, each unit produced incurs a cost cj(t)
with a total cost:

Cj(Ti, Ti+1) = P T OT
k,j (Ti, Ti+1) × ⟨ck,j⟩ (9)

the total earnings from the sale are given by:

EBITDAj(Ti, Ti+1) = Rj(Ti, Ti+1) − Cj(Ti, Ti+1) (10)

Firms are also subject to uncertainty in demand, price
and costs denoting PR(Ω, F ,P), Pp(Ω, F ,P), Pc(Ω, F ,P),
PEBIT DA(Ω, F ,P), the set of probability spaces for revenue,
prices, costs and earnings for the firm at time t. Within this
proposal, we will investigate likely stochastic processes that
describe these probability spaces to enable the development
ultimately of a viable probability space for climate transitions.
Denoting the set j ∈ Λ̃ as the set of all high emissions

solutions and the set j ∈ Λ̂ such that the product (e.g. Energy)
from the set Λ̃ has at least one replacement from the set Λ̂, the
set Λ̂ may contain the null replacement i.e. a firm may choose
not to replace its high emissions production. The Implication
is that the firm will be required to substitute its production or,
equivalently, find alternative sources of revenue by investing
in new capabilities.

If the value of a capital asset is denoted as Kk,j , where k is
the index over firms deploying technology j. Denoting the rate

of depreciation for an asset as (Kk,j/Tk,j)∆T over a period
of time ∆Ti,i+1 = Ti+1 − Ti as ∆Kk,j(Ti, Ti+1), this function
may be the commonly used straightline depreciation function
∆K(Ti, Ti+1) = κj(t) × Γj × (∆Ti)/TT OT where κk,j(t) is
cost of capital per unit of capacity production for product j
or can be substituted with other depreciation functions that
reflect the future value of production assets on a firms balance
sheet.

A firm subject to a regional policy requiring it to reduce its
overall emissions at a policy rate of µs

G will require that the
firm reduce its overall level of production of its high emissions
products j ∈ Λ̃, this results in an effective reduction in utilisa-
tion of the high emissions capacity units. Whilst a firm may
have an optimal strategy to retire certain high emissions pro-
duction over others, under a decarbonisation mandate, the set
of firms must decarbonise the ensemble of technologies at the
required sectoral rate. As an approximation, an expectation
across the set of firms reducing output from emissions can
be taken such that a reduction in emissions corresponds to a
decrease in production for high emissions technologies:

∆Pk,j(Ti, Ti+1) = G(Ti+1) − G(Ti)
gj

, (11)

where gj > 0. For a firm investing to achieve an anticipated de-
mand Dk,j(t) for its production or, more specifically, revenue
and earnings targets, the change in high emissions production
may need to be replaced by low emissions solutions, hence
requiring a portion of the investment to replace the equivalent
output with a lower emission product ĵ by an amount:

Pk,ĵ(Ti+1, Ti+2) = Γĵ(Ti+1, Ti+2) × Uĵ(Ti+1, Ti+2)
×Ej(Ti+1, Ti+2) × ρĵ (12)

This would incur an emissions reduction-driven capital expen-
diture of:

Γg

ĵ
(Ti+1, Ti+2) × κĵ (13)

Alongside this sum is a potential required investment for
replacing current high—and low-emission technology and
new investment in anticipation of future demand growth.

(Γr
ĵ
(Ti+1, Ti+2) + Γd

ĵ
(Ti+1, Ti+2)) × κĵ (14)

Factors that impact firm capital growth Firm lending
and equity issuance are driven by the anticipation of returns,
as a consequence each firm engages in financial forecasting,
design of business plans and strategy and the management
of the associated risks whether related to business operations,
trading environment and financial risks. Consequently, firms
manage their debt and equity levels (capital structure) to
maintain a desired risk profile. This can be measured as a set
of operating bounds Θu,bk where u, b correspond to a set of
upper and lower bounds that may be regarded as absolute or
fuzzy boundaries with defined probabilistic support for the
boundary condition. These operating bounds are generally a
function of the current firm’s financials, market variables such
as interest rates and the firm’s views of its future financials
and market conditions. Such rules are ultimately linked to
the firm’s projections of its profitability, its ability to service
its liabilities and maintain its targets for its asset utilisation.
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Hence, the rate of capital formation for a given set of firms in
a sector can be defined by

Ks(t; Ti, Ti+1) =
∑

k

∑
j

Ks
k,j(t|Θu,b). (15)

In Section 3.5, we investigate the distributions over time for
a commonly used set of financial operating bounds for firms
to develop a process in a later paper for pricing securities
introduced in Section 4.

Impact of climate policies on firm growth Policies that
require strict adherence to emissions levels and a decarbon-
isation policy will force a direct reduction (shutdown) of
high-emitting production in firms. Consequently, a firm’s de-
carbonisation policy has a strict upper bound, which is the
policy-mandated trajectory. Firms with a sufficiently strong
balance sheet and access to technologies to decarbonise their
production can narrow the uncertainty about achieving a set
decarbonisation goal.

3.5 Empirical observation of capital forma-
tion process

One can analyse several company operating ratios for capital
formation to assess the rate of capital formation. Forecasting
anticipated future revenue and earnings is at the core of any
well-managed capital formation process. Ultimately, a firm’s
earnings define its ability to service its debt, and hence, firms
typically monitor the total amount of debt to earnings (usually
EBITDA); further management ratios can be deployed to build
a richer set to define the complete set of operating bounds
Θu,bk. However, it is informative to look at the process that is
implied from monitoring the ratio Net-Debt-to-EBITDA ratio
θebitda

k across each sector k:

θebitda
u,k = NetDebt

EBITDA
(16)

Within each sector, each firm’s earnings are contingent on
several factors as highlighted in Section 3.4.1, which will
result in an emergent set of uncertainties that will define
the process volatilities of the values of θebitda

k . The observed
time-series of P (θebitda

k ), t|θebitda
k,0 , t0) are given below for the

S&P 500 in Figure 2.

3.5.1 Firm revenues and earnings ratios

Knowledge of a firm’s likely earnings is required to under-
stand a sector’s ability to raise debt. Rich agent-based model
frameworks allow one to assess the impact of several scenarios
on a firm’s revenue and earnings at any given time. Knowing
how a sector (at the product level) would perform is essential
for policymakers; hence, knowledge of likely earnings for a
given demand forecast is informative. In figure 3, we plot the
EBITDA margins defined as EBITDA/Revenue for the set
of US firms in our sample as an illustration. The ratios demon-
strate that industrials and utilities typically actively manage
business margins within the sector. The margin and inventory
management process in an industry sector provides the set
of rules for an ABM to manage future prices and impacts on

Figure 2: Examples of annual NETDEBT/EBITDA ratios for the S&P
500.

supply. Firms in each sector will have planned their business
strategies on forecasts for demand and prices for their prod-
ucts within this competitive environment, hence with a view
on the distribution of revenue defined by the probability space
P k

R(Ω, F ,P), the earnings margin P k
M (Ω, F ,P) and the set of

rules defining capital formation Θk
u,b.

As a consequence to complete the picture of a firms ability
to deploy capital to decarbonise, we utilise a process for future
revenues based on a set of firm-level processes P k

R(Ω, F ,P),
that gives rise to the sectoral revenue P s

R(Ω, F ,P).

Figure 3: Example of quarterly median profit margin for the S&P 500
index.

3.6 Modelling Process: Agent-based models

Building a process that captures the set of constraints on
a firm and the effect of climate externalities from policy to
the impacts of climate-linked losses requires detailed model
frameworks. Model frameworks such as agent-based models
(ABM) offer a powerful means to explore such impacts.

A firm-level Agent-Based Model (Firm-ABM) consists of
a number of rules that effectively govern investment deci-
sions, dividends, cash-flow management, capital structure,
risk appetite, and hedges and ultimately give rise to the firms’
emergent state. Within the academic literature, the firm
agent-based model from ( Cormack et al., 2020) has an inter-
face to a wider scale technology and macro-economic scenario
set from integrated assessment models such as those used by
the NGFS (the model used in the paper is based on the par-
tial equilibrium model framework GEM-E3 POLES). The IAM
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in this model architecture provides a temperature pathway
due to the energy production and utilization models. These
demand and supply pathways are used to drive expected
demand predictions for the modelled firms. The firms that
are modeled are subject to a set of agent rules that define
the management of their capital structure and profitability
targets based on known data of the firms. Such data on the
firm involves knowledge of specific costs covering operational,
variable and funding and information on its credit quality
metrics and investor engagement communications covering,
for example, dividend payments. Furthermore, the firms en-
gage in micro-competition based on price and capacity to
supply. The model framework integrates macroeconomic fac-
tors such as government yields and inflation and detailed
specific economic supply and demand drivers. The output of
such a model consists of financial data on the firm’s perfor-
mance (eg. Balance sheet, income statement and cash flow
statements) and information on its non-financial performance,
such as emissions, physical production and capacity. Also, spe-
cific data on firm-level physical damage. In terms of financial
performance, the model produces a value for the firm’s equity
and returns, its probability of default, losses given default,
credit rating and funding costs. Such frameworks provide a
means to assess a firm to a set of policy choices, changes in
demand, and funding costs as part of a full stochastic analysis.
Such micro models can be used in conjunction with macroeco-
nomic ABMs (Macro-ABM) such as that from ( Poledna et al.,
2023) to inform the overall potential emerging impact from
decarbonisation policies 5.

3.6.1 Macro-Economic, Micro-Economic, Industrial
Sector- and firm-level revenue process

Central to determining the rate of decarbonisation is an under-
standing of expected economic activity (growth or otherwise)
over the firm’s forecast horizon. Within this framework, we
use concepts such as firm-based forecasts (that do not have
perfect foresight) that is based on to use a forecast of firms’
revenues based on predictions of GDP/sectoral demand, for
example. In general, as part of the proposed ABM for the
firm, these predictions would be based on the model’s inter-
nal forecast period on period. For illustrative purposes for
this paper, the forecast for GDP from the IIASA SSP forecasts
( Rogelj et al., 2018; Riahi et al., 2017; Gidden et al., 2018),
the latest set of SSP pathways are shown in figure 4.

A further publication will fully construct the processes out-
lined above, expanding on concepts such as a firm-level ABM
and exploring alternative modelling frameworks.

3.7 Summary of the Implications for sectoral
and firm level climate decarbonisation
probability distributions

In this section, we propose the set of microeconomic factors
to be considered for each firm when assessing its ability to
achieve a target decarbonisation rate alongside its views on
potential growth. With a view on a firm’s revenue, margin and
set of capital constraints with a risk modelling framework of

5This study is reserved to a future analysis

Figure 4: SSP pathways for global GDP (Source IIASA SSPs 2023
update).

a firm and its sector, it is possible to perform forward-looking
stress analysis and determine the set of policy-mandated de-
carbonisation trajectories µ̃G(t) that could lead to either de-
fault or a significant reduction in financial performance for
said firm. More generally, the ABM permits us to investigate
the set of decarbonisation rates amongst firms in a sector
and the implications for firm revenues and earnings growth.
Consequently, this allows us to assess the expected rates of
decarbonisation for a sector given a revenue/earnings growth
target and, hence, the distribution of decarbonisation across
the firms in a sector.
For a firm, understanding the lower bound on the decar-

bonisation rate (the decarbonisation trajectory is negative)
conditional on a growth target 6 is critical for firm-level tran-
sition risk management. Furthermore, this concept can be
extended to explore the likely speed at which capital for-
mation can take place to effect a transition and, hence, sec-
toral emissions trajectories. With a hypothesis for the process
P k

R(Ω, F ,P), the earnings margin P k
M (Ω, F ,P) and the set

of rules defining capital formation Θk
u,b and a defined set

of decarbonisation solutions with their associated costs it is
possible to build a set of conditional decarbonisation likeli-
hoods, i.e. P (µs

G(t)|G(t0, {k})), this can be extended to build
a process for µG(t)s, P s

µG
(Ω, F ,P).

For policymakers, such insights enable the assessment of
growth rates given a sectoral decarbonisation rate, permit-
ting a deeper understanding of how a policy change may
affect risks in a sector. Its our intention with the proposal of
the CLoCo (described in detail in Section 4)to permit poli-
cymakers to understand the potential impact in firm market
valuations across the firms within a sector as an equivalence
of the potential value of required governmental funding that
would have been required to ensure no erosion of firm market
values.

6The growth target will be defined to link to firm fundamentals eg. rev-
enue/earnings not to its stock price, for example„ to avoid further uncertainty.
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4 Climate contingent convertible
bonds (CLoCos )

A CLimate contingent Convertible bond CLoCo is a convert-
ible bond designed to be issued by firms engaged in funding
a clearly defined transition to lower GHG emission processes.
Specifically, they permit the issuer of the bond to convert it
to Equity at a defined put price SCP or an alternative bond
where a reduced notional NCP (the so-called trigger event)
is returned to bondholders should a government introduce an
adverse climate policy for an industry sector over the lifetime
of the bond. In a standard contingent convertible, the trig-
ger event may be motivated by a firm’s capital requirements
based on capital ratios and firm or market value. However,
for a CLoCo , the trigger event is defined by a policy-driven
decarbonisation trajectory µG(t), or the evolution of sectoral
emissions. For example, an increase in emissions in a sector
over time would effectively increase the magnitude of the
decarbonisation policy trajectory, triggering the bond.

The implications for a firm that issues such a security would
be to improve the firm’s default or financial risk robustness
under policy uncertainty with the objective. This allows the
firm to issue Equity in the event of an adverse policy to reduce
debt levels and may result in a significant risk reduction for
both bond and equity holders.

In addition to a firm being able to reduce its own risk, the
broader issuance of CLoCo bonds at potentially different de-
carbonisation trigger rates µG(t) or otherwise would permit
the development of an implied view of transition risks and de-
carbonisation rates across a regional sector, offering investors
a means to engage with or hedge this risk.

4.1 CLoCo bond features

The principal risk management feature of the CLoCo bond is
that it is designed to reduce a firm’s liabilities, specifically in
the event of an adverse subsequent policy choice for decarbon-
isation companies in a given sector and regional jurisdiction.
The ability of the firm to convert the bond in such an event
provides a means for the firm to reduce its probability of de-
fault and reduce the potential need for governments to bail
out firms as a consequence of adverse policy choices. This last
feature may be desirable for all stakeholders in regions where
a transition firm may play a significant role in that economy.

4.1.1 What Constitutes an Adverse Policy Choice and
how would firms and markets engage with CLo-
Cos

The characteristics of an adverse policy impact on a firm must
be clearly defined by each firm issuing the security. Clearly,
the region the firm operates in needs clarity in its policy com-
munication, with well-defined decarbonisation rates µs

G, for
example. Defining an adverse policy can be communicated to
investors using, for example, scenario analysis of increasing
decarbonisation rates and how this may impact a firm’s rev-
enue or earnings or potentially even lead to default. Firms
would likely wish to benchmark their potential performance
relative to other firms in their sector if seeking to maintain

their relative competitive position. The use of an instrument
such as the CLoCowould be best used to strengthen the bal-
ance sheet of those firms who find they are less robust to
changes in policy before default rather than as an alterna-
tive to default. As part of the analysis of choosing to issue a
CLoCo a firm would assess the impact of likely credit ratings
downgrades or the cost equity is given that at the time of a
policy announcement, markets in a sector may be suffering
from increased volatility and investor risk aversion and hence
find it difficult and/or expensive to raise further funding(In
equity or debt) in likely adverse market conditions.
Conversely, it is unlikely that firms in jurisdictions that

have poorly communicated or have uncertainty in policies
and their enforcement would be able to engage investors.
This lack of certainty relative to jurisdictions with improved
certainty with access to a CLoComarket would likely attract
more investment due to its ability to reduce risk

4.2 Climate trigger: the conversion to equity

The trigger event specifies the exact circumstances where the
bond will be converted into shares or where a write-down
of the bond notional will occur. Setting aside market-based
triggers such as share price levels, which have been well
studied (Martynova and Perotti, 2018), trigger events based
on defined
The principal feature of the CLoCobond is an option to

convert to equity contingent on an adverse climate policy
introduced by governments. The issuance of the bond should
be linked to funding a well-defined decarbonisation project7,
it is in the firm and investors’ interests to be able to limit
the subsequent risks related to such a project, specifically
those linked to policy changes away from government com-
mitments at the time of issuance. The manifestation of these
risks could occur in several different scenarios. For example
a firm that has made a clear strategy statement to engage
in decarbonising its production in line with a government-
mandated average decarbonisation rate µs

G(t, T0, Tn) where
T0 is the time of issuance, Tn is the time stated policy target
time for GHG emissions such that emissions at Tn are specified
as G(Tn) and µs

G(t, T0, Tn) is defined in equation 3. Evidently,
observing the trigger threshold requires well-defined, trans-
parent reporting and measurements of firm-level emissions
in their respective legal jurisdictions. This measurement and
reporting process may happen rapidly for individual firms; it
is already conceivable that this data will become available an-
nually ( Carbon Data Project, 2024) and potentially at higher
frequencies in the future. Hence, it would be possible for
investors and governments to obtain a realised measurement
of sectoral emissions and determine if a firm may choose to
trigger the bond if it is not a policy adjustment. For the case
where policymakers explicitly change policy, CLoCo ’s would
provide investors with a view on such likelihoods. Further-
more, policymakers could assess the economic impact of the
policy shift implied by a change in decarbonisation policy,
providing an improved insight into financial risks.
In the event of a decarbonisation policy rate set below

the trigger, the firm would then have the right to convert the
7This is to avoid arbitrary use of the bond for general funding and to

provide clear incentives for investors to invest in the firm.
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CLoCo . The firmmay ormay not exercise this right depending
on several factors, such as its strength of balance sheet and
equity value relative to the cost of debt. The structuring of
the bond trigger will define the relevant pricing factors.

• NCLoCo corresponds to the notional of the CLoCo bonds
issued by the firm

• cj corresponds to the coupon payment for the standard
corporate bond.

• m the number of coupons paid by the CLoCoup to time
Tn

• α is the fraction of the bond notional that may be returned
to the investor upon conversion α ∈ (0, 1)

• Conversion Price is set to the price on the trigger. The
conversion price is set to Cp = S∗, the share price ob-
served at the trigger time T ∗. Unlike COCOs issued by
banks due to reduced capital ratios, the impact on a
climate transition firm’s share price may be somewhat
lower as the firm may still have a strong balance sheet.
Bond investors would likely prefer this trigger conversion
price mechanism and set an expectation of the impact on
shareholders from the dilution of equity upon conversion.
Hence, the conversion ratio Cr = 1

• {To, To+p} corresponds to the period where a firm may
observe decarbonisation policies relevant to the bond.

• {Tl, Tl+q} corresponds to a time interval where the firm
may hold the right to convert the bond, contingent on
the change in decarbonisation policy. The time To+p ≤
Tl+q < Tn and To ≤ Tl

The features of the CLoCo are highlighted in figure 5.

Figure 5: Diagram highlighting the features for the CLoCo .

4.3 Potential opportunities arising from
CLoCo bond issuance

The opportunity for firms issuing CLoCoprovides a clear
means to reduce default risks and improve longer-term capital
structure, reassuring current investors and financial stakehold-
ers in the event of an adverse policy choice that the firm can
deploy further capital when general market conditions may
be adverse for investors.

4.3.1 Shareholder and bondholder engagement in
firms issuing CLoCos

Firms issuing a CLoCowould naturally wish to engage their
current investor base before issuing such a security. It is likely
that whilst firms may wish to issue CLoCo s to hedge implicit
policy risks, those firms most likely to benefit are those with
an elevated exposure to policy uncertainty. This exposure may
manifest specifically in a given sector or from worldwide un-
certainty in regional policy choices. For example, a firm may
wish to improve its growth plans’ robustness and anticipate
adverse policy impacts across its global markets. Hence, by
engaging with current investors, other finance stakeholders,
such as banks/governments, may find the contingent ability
of the firm to convert debt to Equity attractive. The impli-
cation is that the firm would be provided with an option to
further increase its investment in decarbonisation solutions
rather than suffering a default with all the disruption that
may cause. As highlighted in section 4.2, designing the bond’s
trigger features such that the bond’s total notional value is
converted to shares at the trigger price S∗ improves the loss
profile for both bond and equity holders.

4.4 CLoCo valuation models

In this section, we address the pricing of a coupon paying
CLoCo that converts to shares on the realisation of a policy
trigger event at time T ∗. We consider a bond that pays m
coupons with notional value cj , paid at times {Tj}, in the
event of conversion, the coupon value, in general, is reduced
to αcj . As a consequence, the value of each coupon is trans-
formed into a set of binary down-and-in options. Upon ex-
ercise of the trigger, the bondholder will receive equity in
the firm at the conversion strike price S∗ at time T ∗. The
price of the CLoCo can be defined in the simple case where
the observation window and the trigger window exist for the
lifetime of the bond as:

PCLoCo(T0, Tn) =



PB(t, T0, Tn), if T ∗ ≥ Tn

PB(t, T0, Tn) +
F (t; S∗, T0, T ∗, Tn, NCLoCo) T ∗ < Tn

−
∑m

j=1 αcjDCF (r(T ∗, Ti))
(17)

where

• PB(t, T0, Tn) is a standard fixed coupon bond paying a
periodic coupon of cj at times Tj;

• DCF (Ta, Tb) = DCF (T0, Tb)/DCF (T0, Ta) is the for-
ward discount factor for a cash flow at time Tb discounted
to time Ta whee Tb ≥ Ta;

• F (S∗, T0, T ∗, Tn, NCLoCo) is the value of the forward on
the firm’s stock received at the conversation time T ∗.
This is explicitly defined below.

The total value of the stock received S∗ = nsST ∗ at the time
of the trigger T ∗ in this bond is taken to be equal to the value
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of the bond notional NCLoCo at time T ∗:

F (S∗, T0, T ∗, Tn, NCLoCo) (18)

= Cr ×
(

nsST − αDCF (T ∗, Tn)NCLoCo

Cr

)
1{T ∗≤Tn}

where Cr = 1, α = 1 and ns ∗ ×ST ∗ = NCLoCo ∀t, where ns

is the number of shares issued at the so-called floating strike
S∗. Consequently, the expected forward value upon conver-
sion is identically zero for all time. For the case where the
observation and conversion period covers the whole lifetime
of the bond, the valuation formula for the CLoCo at time t is
given by

PCLoCo(t, T0, Tn) =
m∑

j=1
EQ

t

[
cje

−
∫ Tj

t
rudu

1{T ∗>Tj}|Ft

]

+ NCloCo × EQ
t

[
e

−
∫ Tn

t
rudu

1{T ∗>Tn}|Ft

]
+ NCloCo × EQ

t

[
e

−
∫ Tn

t
rudu

1{T ∗<Tn}|Ft

]
+ EQ

t

[
ns∗ST ∗e

−
∫ T ∗

t
rudu

1{T ∗<Tn}|Ft

]
− NCloCo × EQ

t

[
e

−
∫ Tn

t
rudu

1{T ∗<Tn}|Ft

]
(19)

where ru is the relevant zero coupon yield used to discount
the firm’s cash flows. It can be seen that a holder of the
convertible bond does not have direct valuation exposure to
the equity during the lifetime of the bond, only interest rate,
default and climate transition policy risks.

This can be rewritten as:

PCLoCo(t, T0, Tn) =
m∑

j=1
EQ

t

[
cje

−
∫ Tj

t
rudu

1{T ∗>Tj}|Ft

]

+ NCloCo × EQ
t

[
e

−
∫ Tn

t
rudu

1{T ∗>Tn}|Ft

]
+ NCloCo × EQ

t

[
e

−
∫ Tn

t
rudu

1{T ∗<Tn}|Ft

]
+ EQ

t [F (S∗, T0, T ∗, Tn, NCLoCo)|Ft]
(20)

where the equity forward F (S∗, T0, T ∗, Tn, NCLoCo) is de-
fined to be identically zero for all time t.

4.4.1 Alternative CLoCo pricing models

An alternative approach that practitioners have used to price
contingent convertible bonds is the so-called “credit derivative”
approach. We include this approach as a means to interpret
the pricing of the bond using a conventional spread asjust-
ment8 to a normal coupon-bearing bond with an effective
CLoCo credit spread sCLoCo(t). The price of a coupon-paying

8Recognising that CLoCopricing will, in general, be approached using
conventional derivatives pricing methods outlined in section 4.4.

bond is written as:

PCloCo(t, T0, Tn) =
m∑

j=1
cje(−yCloCo∗Ti)

+ NCloCoe(−yCloCo∗Tn) (21)

where yCloCo = r(t) + sCloCo(t). The CLoCo credit spread
can be calculated using:

sCloCo(t) = (1 − RCloCo) × λCLoCo (22)

where λCloCo is given by the probability up to time t of an
adverse climate policy. In terms of the survival probability
indicator introduced, the survival probability is given by:

Q(0, t) = EQ
t

[
1{T ∗>t}

]
(23)

Where u is the transition policy-triggered conversion time.
The total probability that an adverse climate policy would be
introduced is given by the integration of per-period transition
scenario probabilities:

∫ T

0
−dQ(0, t)dt = 1 − Q(0, T ) (24)

Using a Poisson distribution where the policy change may hap-
pen unexpectedly with intensity λCLoCo, the survival proba-
bility can be written as:

Q(0, t) = e
−

∫ t

0
λCloCo(u)du (25)

The probability of an adverse climate policy is given by:

−dQ(0, t) = Q(0, t)λCLoCo(t)dt (26)

where λCLoCo(t) is constant, giving rise to the valuation of
the CLoCo as given in equation 21.
In developing the model framework, impacts across other

market factors can be included alongside the impact of default
probabilities. One must consider the correlation between pol-
icy events and interest rate levels in evaluating the complete
pricing formula. Indeed, the impact of using instruments
such as CLoCoprovides an option for firms to reduce their
longer-term cost of funding relative to firms with a similar
risk profile that do not issue CLoCos . This will form the basis
of future studies.

4.4.2 Alternative CLoCo payoffs

In the pricing in equation 18, only the value of the notional
was taken to convert at time T ∗; alternative CLoCos can, of
course, be constructed where the value of the outstanding
coupons, as well as the notional, is converted, to equity, this
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further simplifies the valuation of the bond to:

PCLoCo(t, T0, Tn) =
m∑

j=1
EQ

t

[
cje

−
∫ Tj

t
rudu

1{T ∗>Tj}|Ft

]

+ NCloCo × EQ
t

[
e

−
∫ Tn

t
rudu

1{T ∗>Tn}|Ft

]
+ NCloCo × EQ

t

[
e

−
∫ Tn

t
rudu

1{T ∗<Tn}|Ft

]
+

m∑
j=1

EQ
t

[
cje

−
∫ Tj

t
rudu

1{T ∗<Tj}|Ft

]
+ EQ

t [F (S∗, T0, T ∗, Tn, PCLoCo)|Ft]
(27)

where F (S∗, T0, T ∗, Tn, P ∗
CLoCo) is the equity forward where

the instantaneous value of the cash term of the forward
P ∗

CLoCo is the value of the outstanding notional and coupons
of the bond at the time on conversion T ∗.

4.5 Liquidity considerations

Whilst it is evident that currently, investors in firms that may
issue CLOCOs have an implicit view of the risks of the firm,
including climate transition-related risks (see section 3.3.1),
for the CLoCo to be effective, will require a liquid market.
To enable widespread engagement with the bond by issuing
firms and their investors, this will naturally require not only
sensible pricing that reflects the risk appetite of firms and
investors but also the desire for banks to provide liquidity
for the issuances. furthermore, the increase in liquidity in
the issuance creates an opportunity to provide a market in
derivatives to hedge transition risks associated with the bond.
Ultimately, this would give rise to a market-implied view of
transition risks. There are also some regulatory limitations,
such as the Non-modellable risk factor requirements that
require banks to increase capital for instruments that trade
fewer than 24 days in a year, alongside liquidity risk capital
adjustments that may arise on a bank’s sales trading desk.
However, it is anticipated through considered structuuring
of the features of an issued CLoCo an attractive risk-return
profile would become more actively traded in practice. As
the benefit for the bond will be a function of its liquidity,
banks or actively trading asset managers would have some
improved visibility on relative levels of liquidity and have
some indications of the BID and ASK of such instruments to
infer the liquidity premium. This can naturally be used to
derive a liquidity-adjusted spread adjustment within a pricing
framework highlighted in section 4.4. To the extent that
firms can provide a view on the liquidity premium applied
to the price upon transaction and the BID/ASK spreads, it
would be informative from a regulatory perspective to track
the price history and the implied model transition risk spread
to infer market maker and investor views on the transition
risk implied by each instrument. Consequently, building a
transition risk curve for firms and regions will be possible.

4.6 Designing hedge instruments for climate
transition risk

With the establishment of instruments such as the CLoCo ,
inevitably, this will create a desire to hedge the specific risks
of the instrument, whether this is the resulting impact of an
equity holding or the specific nature of the transition risk.
A number of hedging instruments can be synthesised from
CLoCos . For example, as can be seen from the pricing formula
for the CLoCo as structured in equation 19, it may be possible
to synthesise an asset swap whereby one of the legs is a
CLoCo and the other leg a standard coupon-bearing bond
with the same knock-in features as the coupon payments leg
as the CLoCo .
Whilst the pricing of the CLoCohighlighted in this paper

has been designed to eliminate the value of the equity compo-
nent, investors do have an exposure to equity risk contingent
on default. A firm that converts a given amount of CLoCo bond
notional will incur an adjustment to its stock price from the
effective dilution implied by its conversion. Investors may
wish to hedge this equity-holding risk. Firms issuing CLo-
Coswould need to engage their investor base regarding the
reasons for conversions, such as enhanced further investment
in a lower-cost technology.

5 Summary

In this paper, we have introduced a number of concepts for
developing an understanding of transition risk probabilities.
We have built on concepts put forward by a number of authors
such as (Kenyon, Macrina, and Berrahoui, 2023b), (D. Kainth
and Rebonato, 2024 and F. Venmans, 2022) and frameworks
that leverage detailed firm-level agent-based models such as
(Cormack et al., 2020)to build a framework that is used by
firms and their financial counterparties to assess transition
risks.

Climate financial risk modelling is developing significantly,
enabling improved risk assessment of the set of external risks
impacted firms. Recent developments in risk assessment from
bodies such as ISDA (ISDA, 2024) leverage agent-based mod-
els to estimate the impacts of various market factors. Models
such as ( Cormack et al., 2020)) that can model the impact
of transition policies, impacts on demands, and costs permit
a view for investors on the balance sheet and future mar-
ket impact. With these insights, firms looking to assess their
forward-looking financial performance can improve their risk
management and resilience planning. Furthermore, such
model frameworks permit banks to build financial products
that provide innovative hedging solutions. Innovations in
risk frameworks and an improved understanding of transi-
tion probabilities enable instruments such as the CLoCo to
be structured and an enhanced risk assessment performed
on the range of valuations of the instrument, contingent on
the set of uncertainties. Specifically, the ability to embed the
impacts of the policy uncertainty and their impacts in the risk
modelling framework can give rise to a clearer understanding
of transition risk probabilities, enabling pricing of instruments
such as the CLoCo .
Whilst it is recognised that the development of a market
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in CLoCoswill take a while and faces initial increased bank
capital costs within the global banking sector (e.g. Basel IV
- FRTB), the instrument offers an opportunity for firms to
restructure their capital at the moment they need, rather than
face the challenge of raising finance when market conditions
for transition firms after a policy announcement will likely be
disadvantageous.

Establishing a liquid market in CLoCos brings several more
comprehensive benefits to the firms, banks, and assets man-
agers and provides a means to hedge transition policy risks
widely and permit more comprehensive structuring of other
hedging instruments (e.g. callable swaps triggered by a policy
change). Such a more comprehensive market would allow
other stakeholders to assess the potential economic impact
or advantage of policy choices within their economies. A
market in CLoCoswill provide a means for investors, banks,
and financial regulators to agree on the price of transition
risk; this would help standardise such risks and improve trans-
parency. Furthermore, hedging (or mitigating) transition risks
may provide improved stability, reduce policy uncertainty,
and improve economic robustness. Such an instrument as
the CLoComay allow regulators to enable faster transitions
should new lower-cost technologies be developed.
In future work, we intend to utilise detailed ABM frame-

works for macro and microeconomics to build and explore
the set of probability measures for decarbonisation and pro-
vide a pricing model with examples for the CLoCo covering
the interaction of wider factors such as interest rates and
defaults. Further work will also involve the development of
firm-level ABM framework with the integration of the the use
of CLoCos for a firm’s capital structure optimisation.
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