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Editorial

Dear Readers,

Welcome to the Spring Edition of Argo Magazine, a publication that
continues to explore the evolving landscape of financial regulation, modelling
methodologies, and sustainable finance.

This issue brings together contributions spanning Credit Risk, In-
surance, and Environmental, Social and Governance Risks, offering a com-
prehensive perspective on the challenges and opportunities shaping todays
financial industry. Each article provides practical insights supported by
rigorous quantitative frameworks, reflecting the ongoing transformation of
risk management and regulatory practices.

We open this edition with the Credit Risk section. The first contribu-
tion, "An Interpretable Machine Learning Framework for Credit Risk
Satellite Models" by A. Mauri et al., introduces an innovative approach to
developing Credit Risk Satellite Models using interpretable machine learning
techniques. Leveraging the Explainable Boosting Machine (EBM), the au-
thors aim to enhance predictive power and flexibility while maintaining the
governance and transparency expected under regulatory standards. Through
an empirical application based on Bank of Italy data, the paper compares
ML-based methodologies with traditional econometric models across several
dimensionsincluding predictive accuracy, robustness, interpretability, and
operational feasibilityoffering a nuanced view of their performance under
varying macroeconomic scenarios.

The section continues with "Revenue Based Finance: an Evalua-
tion Framework" by A. Castagna, which presents a structured framework
for evaluating revenue-based contracts with different contractual clauses.
Through a practical application, the author illustrates the frameworks useful-
ness for both issuers and investors, highlighting its relevance for evolving
credit strategies.

In the Insurance section, we feature "Multilevel Monte Carlo for
Solvency II SCR: Efficient Nested Simulation" by G. Mori et al., a paper
that addresses one of the key computational challenges in insurance mod-
elling: the calculation of Solvency Capital Requirements using nested Monte
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Carlo simulations. Recognising that traditional proxies may introduce model
risk and require complex governance, the authors propose the Multilevel
Monte Carlo method as an efficiency-enhancing alternative that preserves the
nested structure without relying on proxy functions. By employing a hierar-
chy of simulations - from coarse to increasingly refined - they demonstrate
how the method reduces variance and computational burden while main-
taining accuracy. The authors further introduce an adaptive extension that
concentrates computational effort on tail-risk scenarios, delivering additional
improvements in efficiency and offering a risk-preserving, validation-friendly
solution aligned with Solvency II expectations.

We close this edition with the Environmental, Social and Governance
Risks section. The contribution "SFDR 2.0 and EU Taxonomy in Asset
Management Field" by L. Corna et al., examines the European regula-
tory architecture governing sustainable finance, focusing on its implications
for asset management firms. The authors provide an integrated overview
of the SFDR, EU Taxonomy, and CSRD, three pillars that together shape
transparency obligations, the classification of environmentally sustainable
activities, and corporate sustainability reporting. Particular attention is
devoted to the proposed revision known as SFDR 2.0, which seeks to re-
fine product categorisation and streamline disclosure requirements. This
reform marks a significant step toward a more consistent and comparable
sustainability framework, aiming to reduce greenwashing risks. For the
asset management industry, the evolution of the regulatory regime presents
both challenges and strategic opportunities, especially in relation to portfolio
construction and ESG data governance. The authors conclude that firms
capable of credibly integrating sustainability into their investment processes
will be best positioned to navigate this changing environment.

We hope that the articles featured in this Spring Edition will inspire
reflection and support practitioners in navigating the ongoing transformation
of financial regulation, risk modelling, and sustainable investment practices.
As always, we invite you to engage with these topics, share your perspectives,
and continue the dialogue with us.

We wish you an enjoyable reading.

Antonio Castagna
Luca Olivo
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EBA - Discussion Paper on the Simplification and Assessment of the Credit Risk

The EBA has launched a public consultation on its Discussion Paper
on the simplification and assessment of the EU credit risk
framework, open until 10 May 2026. The initiative seeks to enhance
simplicity, efficiency, and consistency across the framework, while
preserving risk sensitivity and alignment with Basel III standards.

read more

Date March 2026

Draft guidelines on Credit Conversion Factor estimation

The draft Guidelines specify the methodology for estimating and
applying Credit Conversion Factors (CCF) within the IRB approach,
continuing the IRB repair programme and ensuring consistency with
PD and LGD modelling.

read more

Date March 2026

SFDR Legislative Proposal: Key Changes at a Glance

Since March 2021, the Sustainable Finance Disclosures Regulation
(SFDR) has outlined the requirements for financial market
participants to disclose sustainability-related information to
investors, with the objective of enabling these market participants to
make informed decisions regarding their investments.

read more

Date February 2026
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ISDA: Climate Risk Scenario Analysis for the Trading Book Phase 4 - NGFS Short-
Term Scenarios

The ISDA paper addresses a critical gap in climate risk analysis for
financial institutions by focusing on short-term climate
scenarios (three-to-five-year horizons) and their applicability to
the trading book.

While most existing climate scenarios emphasize long-term horizons
(often 30 years or more), supervisory expectations and market risk
management frameworks increasingly require near-term, market-
consistent shocks that can be integrated into trading book stress
testing, capital planning and risk governance.

read more

Date February 2026

Mapping Climate-Related Metrics in the Financial Sector

The OECD paper examines the state of climate-related metric
disclosures in the financial sector, with a particular focus on
greenhouse gas (GHG) emissions, emission reduction targets, and
net-zero commitments.

It identifies persistent data gaps, methodological challenges, and
inconsistencies that limit the transparency, comparability, and
credibility of climate-related disclosures by financial institutions.

read more

Date March 2026

Hydrogeological and Credit Risk: The Italian Firms’ Physical Risk-adjusted
Probability of Default

The paper (1) analyses the impact of climate-related physical risks on
the one-year probability of default (PD) of Italian non-financial firms,
with a specific focus on hydrogeological (HG) risks, namely floods
and landslides. These risks are particularly relevant in Italy due to
the country’s geomorphological characteristics and increasing
frequency of extreme weather events.

read more

Date March 2026
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Banking on Assumptions? How Banks Model Deposit Maturities

The paper investigates euro-area banks estimates on the effective
maturity of non-maturing deposits (NMDs), which technically have
no fixed term but often stay with banks for years. Banks rely on
historical customer behavior to assign these deposits to maturity
buckets rather than treating them all as having zero maturity.

Results show wide variation: roughly 20% of deposits are considered
to have zero maturity, while about 10% are assumed to last more
than seven years, reflecting the perceived “stickiness” of deposits.

read more

Date February 2026

EBA IRRBB Heatmap Implementation - Second Phase: Medium/Long Term Action
Plan

The European Banking Authority (EBA) has published a second
report on the IRRBB Heatmap, setting out medium and long-term
guidance for its implementation action plan.
As for the first phase, it contains observations and recommendations
for Institutions and Supervisors, including some tools for
Supervisors to support them in the assessment of Interest Rate Risk
arising in the Banking Book (IRRBB) on several dimensions.

read more

Date March 2026

GenAI Model Risk Management and Governance in Financial Services - From
Principles to Practice

Generative Artificial Intelligence (GenAI) is rapidly being adopted by
Financial Institutions to support analytical, operational, and decision-
support activities. While these systems deliver significant efficiency
gains, they introduce new and material sources of model risk that
challenge traditional Model Risk Management (MRM) frameworks -
namely the U.S. Federal Reserve’s SR 11-7 and the UK PRA’s SS1/23.

read more

Date February 2026
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Model Risk Management of GenAI Workflows

The paper examines how generative artificial intelligence (GenAI)
fundamentally expands the model risk surface in financial
institutions and challenges established model risk management
(MRM) frameworks. While GenAI offers significant efficiency and
productivity gains, it introduces novel failure modes, including
open-ended outputs, composable architectures, reliance on heuristic
design choices, vendor opacity, and continuous change without
formal redevelopment.

read more

Date February 2026

Algorithmic Trading: EU Regulatory Framework and Compliance Validation Playbook

Algorithmic trading has become a central component of modern
financial markets, enhancing automation, execution efficiency, and
advanced risk-management capabilities. Its use, however, requires
robust organisational structures and rigorous process controls, given
the speed and complexity of interactions with market microstructure.

read more

Date February 2026
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Regulatory/Supervisory Pills

Among iason's various publications we also find the iason Pills.

With these daily Pills, iason aims to offer a summary on information,
mostly, of the main regulatory and supervisory news in the banking
and finance sector on both Pillar I and Pillar II risks of the Basel
framework. The main purpose of these publications is to give the
reader an effective, timely and brief overview of the main topics of
the moment.

The author of the Iason Pills is Dario Esposito.
read more

Market View

Among iason’s weekly insight you can also find the iason Market
View, a weekly update on financial market by Sergio Grasso.

The author, with almost three decades of investment experience,
presents an accurate analysis of market fluctuations of the week,
giving a critical view of observed phenomenos and suggesting
interesting correlations with the main world events.
read more

iason Weekly Insights 

Argo Magazine
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T his paper proposes an innovative framework to develop Credit Risk Satellite Models, based
on interpretable Machine Learning techniquesspecifically the Explainable Boosting Machine
(EBM)to enhance flexibility and predictive performance while preserving governance and

transparency requirements. The proposed methodology is compared with traditional econometric
models in terms of predictive accuracy, robustness, interpretability, and operational feasibility, using
an empirical application based on Bank of Italy data and evaluating model performance under
different macroeconomic scenarios.

Satellite models represent a key sta-
tistical tool within modern credit risk
management frameworks. They are

extensively employed to translate macroe-
conomic scenarios into risk parameter pro-
jections, particularly in the context of regu-
latory and internal stress testing exercises,
as well as within ICAAP and ILAAP pro-
cesses. Moreover, satellite models play a
central role in embedding forward-looking
information into credit risk parameters un-
der IFRS 9, ensuring consistency between
macroeconomic expectations and the mea-
surement of expected credit losses.
Despite their strategic relevance, industry
practice still largely relies on relatively stan-
dard statistical methodologiesmost notably
linear Ordinary Least Squares (OLS) regres-
sionsto capture the relationship between
macroeconomic variables and credit risk
metrics (e.g., PD, LGD, or transition rates).
While linear models offer transparency,
interpretability, and ease of governancefea-
tures that are particularly valued in regu-
latory environmentsthey also present well-
known limitations. In particular, linear
specifications may fail to adequately cap-
ture non-linear dynamics, structural breaks,
and regime-switching behavior that often
characterize macro-financial relationships,
especially during periods of stress.
In addition, the model development and se-
lection process typically combines statistical
criteria with economic reasoning and ex-
pert judgment. Expert-based interventions
often influence variable selection and the
final choice between models with compa-
rable statistical performance[5]. Although
this hybrid approach enhances economic
interpretability and governance, it may also

introduce subjectivity and lead to complex,
highly customized modeling frameworks.
As a consequence, the overall modeling
architecture can become cumbersome and
difficult to recalibrate. Recalibration exer-
cises frequently require full re-estimation of
the models, entailing significant operational
effort and potentially reducing responsive-
ness to rapidly changing macroeconomic
conditions.
To address these limitations, alternative
modeling approaches have been proposed.
These approaches aim to move beyond
purely linear approximations and incor-
porate more systematic, algorithm-driven
procedures for model selection. One rel-
evant example is Bayesian Model Averag-
ing (BMA), which explicitly accounts for
model uncertainty by combining multiple
candidate specifications according to their
posterior probabilities.
We have previously explored this method-
ology in detail, proposing an algorithmic
framework for developing PD [12], sectoral
PD [2], and LGD satellite models [3]. This
framework also leverages the introduction
of specific constraints on the model space
to ensure a better economic interpretability
of the resulting models [2].
Building on this line of research, the present
paper introduces an innovative approach
based on Machine Learning (ML) tech-
niques, the so called Explainable Boosting
Machine (EBM) [9]. The proposed frame-
work is designed to preserve key gover-
nance requirementssuch as interpretability,
stability, and regulatory transparencywhile
enhancing flexibility in capturing non-
linearities and complex interactions among
macroeconomic drivers.
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We conduct a comparative analysis be-
tween the proposed EBM methodology and
more traditional approaches, highlighting
their respective advantages and limitations
in terms of predictive performance, ro-
bustness, interpretability, and operational
feasibility. After discussing the general
methodological aspects, we apply the pro-
posed framework to estimate a set of PD
Satellite Models for both Retail and Corpo-
rate counterparties, with the latter further
segmented by industry sector. The calibra-
tion relies on data sourced from the public
statistical database of the Bank of Italy.
We provide empirical evidence on model
performance, feature explainability, and
sensitivity to macroeconomic drivers. In
addition, we perform empirical tests by
applying the framework under different
macroeconomic scenarios designed to de-
pict an adverse global economic outlook.
Finally, we conclude with a set of overall
considerations and propose several direc-
tions for future research.

Methodological Overview

Main Methodologies: a Quick Review

A common workhorse for PD satellite mod-
eling is represented by linear models, that
relates a transformed measure of credit risk
to a set of macro-financial drivers. In the
aggregate setting, the dependent variable
is often a default rate or a portfolio PD,
mapped to the real line via a link function
such as the logit. The resulting specification
typically takes the form of a regression with
lagged macroeconomic variables. This class
of models is widely adopted in practice
due to its transparency and ease of gover-
nance, as well as its suitability for scenario
translation in macro stress testing exercises
[7]. Early and influential contributions link-
ing default rates to macroeconomic factors
include [14] and [13]. The General Autore-
gressive Distributed lag structure is defined

as:

yt = α +
p

∑
j=1

φjyt−j +
n

∑
k=1

l

∑
i=0

βkxk,t−i + εt,

(1)
where yt = logit(DRt) and xk,t−i are trans-
forms of macro variables observed at times
t − i. In many implementations, a large
set of candidate specifications of (1) is es-
timated typically corresponding to differ-
ent subsets of macroeconomic drivers and
lag structures and a single model is ul-
timately selected based on in-sample fit
or ad hoc validation criteria. This ap-
proach is somewhat limited because the
true data-generating process is unknown,
and the issue is exacerbated by the rela-
tively small sample sizes that are common
in macro-financial datasets. As a conse-
quence, model choice may become sensi-
tive to discretionary decisions and may vary
across business units or institutions, under-
mining comparability and potentially lead-
ing to biased risk estimates. In particular,
discretionary specification selection can en-
tail the following risks:

• Under-provisioning risk: selecting
an overly optimistic specification may
lead to systematically underestimated
DR forecasts and, consequently, an
under-provisioned institution.

• Lack of comparability across simi-
lar exposures: institutions (or differ-
ent units within the same institution)
with similar exposures to macroeco-
nomic conditions may obtain materi-
ally different DR projections simply
because they rely on different hand-
picked specifications.

• Distorted differentiation across het-
erogeneous exposures: conversely, in-
stitutions (or different units within
the same institution) with different
sensitivities to macroeconomic drivers
may end up producing insufficiently
differentiated DR projections if model
selection choices inadvertently offset
or mask true exposure differences.
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A way to account for model specification
uncertainty is provided by Bayesian Model
Averaging (BMA), which formalizes the
idea that the data-generating process is
unknown and multiple competing model
specifications may be plausible ([8]). Let
M = {M1, . . . , MN} denote the set of poten-
tial satellite models, and define the target as
yt := logit(PDt). Under BMA, the (model-
averaged) posterior predictive distribution
of yt given the data D is:

p(yt | D) =
N

∑
i=1

p(yt | Mi, D) p(Mi | D),

(2)
where the posterior model probabilities are
obtained via Bayes rule:

p(Mi | D) =
p(D | Mi) p(Mi)

∑N
j=1 p(D | Mj) p(Mj)

. (3)

Here p(Mi) denotes the prior probability as-
signed (by the analyst) to model Mi, while
p(D | Mi) is the marginal likelihood,

p(D | Mi) =
∫

p(D | θi, Mi) p(θi | Mi) dθi,

(4)
which integrates the likelihood over the
model-specific parameter vector θi. In prac-
tice, evaluating (4) can be computationally
demanding, and applications often rely on
approximations (e.g. information-criterion-
based weights).
An application in the credit-risk settings
is the Bayesian Averaging of Classical Es-
timates (BACE) proposed by [4] and [5].
Consider the previous linear satellite model
specification:

yt = β0 +
q

∑
j=1

β jxj,t + εt, (5)

where to each model Mi corresponds a dif-
ferent set of β with the convention that
β j 6= 0 if the variable is included in the
model specification Mi, β j = 0 otherwise.
At this point the posterior estimation given

the data is:

E[yt | D, xt] = E[β0 | D] +
q

∑
j=1

E[β j | D]xj,t.

(6)
and by definition:

E[β j | D] =
N

∑
i=1

β̂
(i)
j p(Mi | D), (7)

with P(Mi|D) as in equation (3) and β̂
(i)
j

OLS estimate of β j under model Mi. A
practical and algorithmic implementation
of BACE methodology has been introduced
and discussed in details for PD [12], sec-
toral PD [2] and LGD [3] Satellite Models.
Alternatives to the previous approaches are
machine learning (ML) methods, which can
approximate complex nonlinear relation-
ships with fewer explicit functional-form
assumptions than traditional parametric
satellite models. In the satellite PD set-
ting, ML can potentially improve predic-
tive performance and capture richer macro-
to-PD dynamics, including nonlinearities
and interaction effects. At the same time,
the adoption of generic ML models raises
challenges that are particularly relevant un-
der stress testing and model governance re-
quirements: limited transparency, sensitiv-
ity to hyperparameter choices, and poten-
tially unreliable extrapolation outside the
historical support of the data. Following [6]
the principal models applied in the credit
risk space are: Boosting Machines, Random
Forest, Neural Networks. Although not
all of them satisfy interpretability require-
ments by design, this property has become
an increasingly important topic in the ma-
chine learning literature (see [1]). Thus, we
define interpretability as the analyst’s abil-
ity to understand and predict the behavior
of a model. In this paper, we focus specifi-
cally on those ML approaches that explicitly
address this constraint, prioritizing trans-
parency as a core modeling requirement
alongside predictive performance. This is
particularly important because a model may
learn a misspecified relationship, for in-
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stance one that is inconsistent with eco-
nomic theory, while still achieving satis-
factory performance on the historical data.
A sufficiently interpretable model should
allow the analyst to detect such potential
issues. In contrast to other ML methods,
which are both non-linear and non-local,
we consider Explainable Boosting Machines
(EBM) [9], an interpretable boosting frame-
work closely related to Generalized Additive
Models (GAM) which solves the non-locality
problem, thereby facilitating model inter-
pretation.

EBM Estimation Approach: a Quick Re-
view

The Explainable Boosting Machine is a Gen-
eralized Additive Model that uses machine
learning techniques such as gradient boost-
ing in a way that maintains model inter-
pretability. This type of machine learning
models is called glass-box models, so mod-
els that are interpretable by design, since
the way it is built allows understanding of
how the model responds to the variables
used in the estimation and it is possible to,
for each prediction, see how a feature has
contributed to the final result. The EBM
takes the form:

g(E[y]) = β0 + ∑ f j(xj), (8)

where g(x) is a link function that depends
on whether the model is estimating a re-
gression or a classification. The satellite
model estimation is solved through a re-
gression, hence g(x) is the identity function.
Whereas, the ∑( f j(xj)) term is the sum of
contribution predicted by each feature of
the model. Moreover, the EBM allows for
pairwise interaction between the features
[10] with this form:

g(E[y]) = β0 +∑ f j(xj)+∑ fij(xi, xj). (9)

However, to maintain simplicity and pre-
serve maximum interpretability in the satel-
lite model case we have decided not to
adopot this extension.

The EBM learns a function for each feature
f j through a gradient boosting procedure;
this ensemble procedure operates on each
feature independently and is implemented
with a low learning rate to mitigate the
impact of feature order on model training.
The idea behind boosting is to train many
weak learners and make them into a strong
learner by combining them, so the algo-
rithm trains the predictors sequentially and
each predictor tries to fit on the residual
error of the previous one [6]. The pseu-
docode relative to the estimation procedure
is reported in Algorithm 1.
The interpretability of the EBM stems from
the ability to plot each f j and actually see
the function of the contribution of each
feature; moreover, since the prediction is
obtained by summing the effect of individ-
ual features, it is possible to understand
how each variable has contributed to the
prediction.
In satellite model estimation, features carry
economic meaning and a positive or neg-
ative relationship with the target variable
might be expected; for this reason, in the
training of the model some monotone con-
straints were implemented, this assures an
economic variable, such as GDP, affects
the model, following the economic expecta-
tions.
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TABLE 1: Satellite PD modeling approaches: strengths and trade-offs.

Algorithm 1: EBM Estimation Proce-

dure
Input: Data (X, y), learning rate η, cycles C,

outer bags B.
Output: Shape functions { f̄ j}

p
j=1 for each

regressor in X.
for b = 1 to B do

Draw a bootstrap sample Db;

Initialize: f (b)j ← 0 for all j;

set F(x)(0) = ∑j f (b)j (xj);

Initialize the Step Number: k = 1;
for c = 1 to C do

for j = 1 to p do
// round-robin cycle over

features;
Create Bins for variable j;
Fit a small regression tree

(using the gradient boosting
steps) leveraging the bins to
variable j and obtain

estimations h(c,b)
j ;

Update f (b)j ← f (b)j + η h(c,b)
j ;

Update F(x)(k) ←
F(x)(k−1) + η hj(xj)

(c,b);
Update k = k + 1;

Aggregate: f̄ j ← 1
B ∑B

b=1 f (b)j for all

j = 1, ..., p;

Overall, the EBM approach appears to be
a promising candidate for Satellite Models
estimation. Table 1 summarizes the main
advantages and disadvantages of each of
the aforementioned modeling approaches.

Model Calibration

In this chapter we present the calibration
framework of EBM model applied to sec-
toral probability of default, incorporating
macroeconomic stress variables. The cali-
bration process encompasses the specifica-
tion of the dependent variable, the selec-
tion and preprocessing of macroeconomic
regressors, and the definition of hyperpa-
rameter settings.

Target Variable Selection

The dependent variable is the default rate
(DR) segmented by economic sector and ag-
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gregated at quarterly frequency. The de-
fault rate series are derived from Banca
d’Italia Statistical Database for Italian Non
Financial Corporates (NFC) and Retail [15].
Strictly speaking, the time series represent
decay rates, which approximate default
rates well, as both measure the flow of
loans transitioning into severe distress (sof-
ferenze rettificate vs. formal default), cap-
turing similar systemic credit deterioration
patterns over time. They thus serve as a
proxy for PD, reflecting Italy’s system-wide
response to macroeconomic changes. First,
we performed a global comparison between
corporates and retail counterparties. Then,
we selected five NACE sectors to analyze
in greater depth how the EBM framework
operates from a sectoral perspective. The
selected NACE sectors are:

• Manufacturing of Construction Mate-
rials (C24-25);

• Construction and Related Services
(F41-43);

• Real Estate Activities (L68);

• Power, Steam and Cooling Services
(D35);

• Wholesale and Retail Trade of Vehi-
cles (G45-47).

Separate DR series are maintained for each
sector and segment, resulting in seven dis-
tinct dependent variables that are indepen-
dently modeled.
To facilitate the application of the EBM
framework and ensure compatibility with
standard econometric assumptions regard-
ing probability bounds, raw DR estimates
are subjected to a logit transformation. The
logit-transformed variable becomes the ac-
tual target in the EBM estimation procedure,
after which predictions are transformed
back to probability space through the in-
verse logit (logistic) function, ensuring all
model predictions remain valid probabili-
ties bound between zero and one.

Macroeconomic Regressors Set

The model incorporates a comprehensive
set of macroeconomic variables selected on
the basis of both theoretical economic rea-
soning (i.e. default rates rise during periods
of macroeconomic contraction and finan-
cial stress) and empirical evidence from the
stress-testing literature, particularly ECB
and EBA methodologies for credit risk mod-
eling.
The regressor set is gathered from publicly
available standard data providers (Istat,
Banca d’Italia, European Central Bank) and
includes the following time series: Brent
crude oil price, disposable income of Italian
households, FTSE MIB index, Italian Gross
Domestic Product (GDP), Italian House
Price Index (HPI) and Italian unemploy-
ment rate.
Each regressor is a quarterly time series
and it is considered with 0, 1, 2, 3 and 4
lags. Subsequently, all regressors are stan-
dardized to zero mean and unit variance,
following the convention x̃it =

xit−x̄i
σx

, where
x̄i is the mean and σx is the standard de-
viation of regressor both computed on the
in-sample period. This standardization pro-
cedure prevents scale-dependent regressors
from dominating the boosting algorithm’s
feature selection process and improves nu-
merical stability during the iterative gradi-
ent boosting procedure.
Eventually out-of-sample macroeconomic
scenarios are defined following two alter-
native paths: a baseline scenario reflecting
consensus macroeconomic forecasts condi-
tional on current policy settings, and an ad-
verse scenario depicting a severe but plau-
sible economic downturn consistent with
historical financial crisis episodes. Table 2
summarizes the design of the main scenario
variables.

Model Estimation Framework

Following input preprocessing, models are
estimated as described in the methodolog-
ical overview above. Additionally, models
were fitted using the following hyperparam-
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TABLE 2: Scenario Macro Variables Projection. All variables are expressed as percentage variation.

TABLE 3: In-Sample R2 Performance.

eters:

• No interactions: The model excludes
feature interactions, estimating only
univariate partial dependence func-
tions for each regressor.

• Monotonic constraints were applied
across all segments and sectors to en-
sure compliance with economic the-
ory. For example, GDP growth was
consistently assigned a negative con-
straint, preventing higher GDP val-
ues from increasing DR predictions
and enforcing intuitive relationships
between economic expansion and re-
duced credit risk for enhanced man-
agerial interpretability.

• Stopping criteria: R2
min = 0.8 or boost-

ing max cycles, Cmax = 100, to guaran-
tee adequate explanatory power and
avoid overfitting, ensuring stable and
generalizable estimates across sectors.

Results

In this section we present the results ob-
tained from the in-sample and out-of-
sample analyses. The first part is there-
fore devoted to the metrics used to assess
the goodness-of-fit of the models to the
data, while the second provides evidence
on model performance in forecasting sce-
narios. For further results, please refer to
the Annex.

In-sample Analysis

The primary indicator used to determine
how well the models explain the variabil-
ity of the observed data is the Rš. Table 3
reports the value associated with this mea-
sure.
Due to the early stopping criteria, most
of the models present R2=0.8, preventing
overfitting while ensuring a good adaptabil-
ity to the data. The only exceptions are
represented by sector D35 and by Corpo-
rate segment, where the algorithm stops
after 100 iterations, preventing an increase

Issue n. 31 / 2026 27



Argo Magazine

FIGURE 1: Feature importance for Corporate, Retail and sector L68.

in computational time in the presence of
only marginal improvements, while still en-
suring a satisfactory level of fit. It is worth
noting that in-sample goodness of fit should
always be assessed alongside out-of-sample
behavior. In this regard, we verified that,
starting from the same set of regressors, the
goodness-of-fit levels achieved under the
OLS framework are, on average, lower than
those obtained with EBM. This might be
attributable to EBM’s ability to capture non-
linear relationships in the final model.
The EBM methodology also provides fea-
ture importance, a measure of the average

contribution that each variable makes to
the models in-sample predictions. For ex-
ample, as shown in Figure 1, the Corporate
segment is primarily driven by overall na-
tional economic performance (GDP feature
importance ≈ 0.03), with households labor
market conditions playing secondary roles
(feature importance ≈ 0.02).
Throughout this paper, we indicate with
"txx" the level of the corresponding variable
and with "tyyxx" its year-on-year percent-
age variation. With respect to the Retail
segment, greater relevance is attributed to
macroeconomic variables that reflect house-

FIGURE 2: Historical values of DR and forecasts - Sector C24-25.
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holds labor market and financial conditions,
as well as the overall performance of the na-
tional economy. Indeed, the top three posi-
tions in Figure 1 are occupied by disposable
income, GDP, and the unemployment rate.
Furthermore, with reference to sector L68
(Real Estate Activities), the most influen-
tial variables are the House Price Index and
GDP (Figure 1).
An additional evidence is the graphical il-
lustration of DR time series and how the
models replicate the data. Figure 2 reports
the series related to sector C24-25 (manu-
facture of basic metals and fabricated metal
products). As already reported in table 3,
the model appears to fits the historical data
well.
Starting from the quarters following the last
available observation (2023Q4), the model
projections are also presented under the
baseline and adverse scenarios.

Out-of-sample Analysis

After describing the in-sample results, the
analysis was further extended to the out-of-
sample behaviour of the models. From the
graph in Figure 2, it is possible to observe
that the baseline forecasts tend to settle at
values consistent with those of the preced-
ing period. Under adverse conditions, how-
ever, the projections appear inclined to re-
flect past periods of instability.
As an indicator of the model discriminatory
power we introduce the Generalized Sce-
nario Factor (Table 4), that quantifies how
much more severe the adverse scenario is
compared to the baseline one (for a more
detailed description, please refer to the An-
nex).
The sector/segment with the largest impact
is C2425, which exhibits a value of 2.23, in-
dicating that in 2026Q4 the DR forecast un-
der adverse conditions is 2.23 times higher
than that projected under baseline condi-
tions (0.0226 vs. 0.0101). The sector/seg-
ment least affected is Retail, with a Gener-
alized Scenario Factor of 1.37.
To complete the set of useful indicators, a

sensitivity analysis has been conducted on
the most important features reported in the
previous paragraph. This measure repre-
sents the average change over the forecast
period in the DR, associated with an in-
crease or decrease in a given variable, ex-
pressed both in basis points and in percent-
age terms.
Table 5 reports the sensitivity values for
the Corporate and Retail segments, respec-
tively. For the selected models in case of a
decrease of Italian GDP of 1% in the fore-
cast period, the DR of Italian Corporate and
Retail are expected to increase by 6.08% and
by 0.85% respectively, over the three years
of projection. Meanwhile, in case of a in-
crease of Italian LBR of 1% in the forecast
period, the DR of Italian Corporate and Re-
tail are expected to increase by 1.31% and
by 0.89% respectively, over the three years
of projection. These results indicate that
Corporate segment predictions are more
sensitive to GDP declines than to other vari-
ables. In contrast, Retail segment predic-
tions show greater sensitivity to the unem-
ployment rate, which impacts them nearly
as much as equivalent GDP changes.
Since the EBM algorithm’s bucketing can
leave low variable variations within the
same prediction level, for Retail HPI the
table above shows a sensitivity of 0% over
the chosen variation unit.
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TABLE 4: Generalized Scenario Factors Table.

TABLE 5: Sensitivity in Corporate and Retail segments.

Conclusions

In light of the analyses and results dis-
cussed in the previous sections, we draw
conclusions regarding (i) the empirical per-
formance of the proposed framework, (ii)
the economic interpretability of the iden-
tified drivers, and (iii) potential directions
for further development.
From a predictive and scenario-consistency
perspective, the model performs well across
all the provided time series. In the in-
sample analysis, the EBM closely fits the his-
torical DR series for every segment and sec-
tor considered. Importantly, this fit remains
credible when moving beyond the estima-
tion window. Indeed, in the out-of-sample
evaluation, there is no evidence of overfit-
ting: projections follow the scenario design
and preserve coherence between the base-
line and adverse paths. Moreover, DR pro-
jected levels remains consistent with the his-

torical range. Overall, these results indicate
an appropriate trade-off between explana-
tory power (as measured by R2) and out-of-
sample robustness. This positive trade-off
is further supported when also considering
the computational effort. Although EBM
is inherently more computationally inten-
sive than a single OLS estimation, its overall
computational burden proves to be lower
when considered in the context of a full
model selection workflow. In a standard
OLS framework, achieving a reliable speci-
fication typically requires estimating a large
number of candidate models followed by a
post-estimation selection step. With EBM,
this entire process is bypassed, as the algo-
rithm directly delivers a single, data-driven
specification. Moreover, the training time of
EBM can be substantially reduced through
appropriate hyperparameter tuning for in-
stance, by decreasing the number of outer
bags making it well-suited for the limited
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sample sizes typical of stress testing exer-
cises.
Building on this performance evidence,
the model outputs also provide econom-
ically meaningful insights into the drivers
of credit risk dynamics. In the compari-
son between corporate and retail segments,
EBM confirms intuitive relationships: GDP
emerges as the main explanatory feature
for corporate DR, while labor market in-
dicators and disposable income play a pre-
dominant role for retail counterparties. This
segment-level consistency strengthens con-
fidence that the model is not only accurate,
but also behaviorally plausible.
The same interpretative value extends natu-
rally to the sectoral dimension, where EBM
is able to distinguish heterogeneous sen-
sitivities across the five sectors analyzed.
In particular, the Manufacturing of Con-
struction Materials sector (C24C25) appears
to be the most affected under the adverse
scenario, whereas the Wholesale and Re-
tail Trade of Vehicles sector (G45G47) is the
least sensitive. Coherently, these differences
are reflected in the feature-importance evi-
dence, which highlights sector-specific lead-
ing macroeconomic variables and suggests
that sectoral PD dynamics are driven by dis-
tinct macroeconomic channels.
These empirical and economic findings mo-
tivate the methodological conclusion that
EBM represents a particularly effective com-
promise between model flexibility and in-
terpretability. The approach can capture
non-linear relationships between macroeco-
nomic variables and DR while retaining a
level of transparency comparable to linear
specifications. Additionally, the availabil-
ity of monotonic constraints is especially
valuable in stress testing contexts, where
sign-consistency and economic rationale are
pivotal.
Finally, the results suggest several exten-
sions that could further strengthen the
framework and clarify its applicability
boundaries. First, testing additional scenar-
ios and expanding the set of sectors/seg-
ments would enable more robust conclu-

sions on model stability under alternative
macro-financial conditions. Second, mov-
ing from quarterly to monthly DR series
could improve learning capacity by increas-
ing the number of observations, which is
often beneficial for machine learning meth-
ods. Third, other extensions incorporating
pairwise terms while preserving both the
explainability and the ability to impose con-
straints on the functional form should be in-
vestigated. Lastly, extending the approach
to Loss Given Default (LGD) modeling, typ-
ically harder to explain using macroeco-
nomic variables alone, would provide a
meaningful benchmark to evaluate whether
the interpretability advantages observed for
PD also hold for other risk parameters.
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Annex

In this annex, for illustrative purpose, we present a more detailed set of results for industrial
sector C24-25 (Manufacturing of Construction Materials). We report the DR forecasts for
the different scenarios at first, the second section examines the sensitivity of the forecasted
DR with respect to the GDP macro variable, and the third section presents the feature
importance analysis. Some of the presented output were obtained using the InterpretML
package [11].
Final Results Summary

In this part of the annex a comparison between the Baseline scenario and the Adverse
scenario is reported. Table 6 presents the predicted DR values (for Baseline and Adverse),
the predicted delta DR with respect to the last observation in the historical set (2023q4),
and the Generalized Scenarios Factor, calculated as DRadv,t/DRbl,t.

Sensitivity

In this section we report the plots of the sensitivity to GDP of the DR. The sensitivity is
calculated by taking the last predicted DR in the in sample (2023q4) and seeing how it
changes by keeping all the regressors fixed except the current GDP level (2023q4) normalized
to 1, which is multiplied by a factor changing between −15% and +15% by steps of size
1%. The results for sector C24-25 are presented in Figure 7.

TABLE 6: Comparison Baseline vs Adverse predictions, Sector C24_25.

FIGURE 3: GDP sensitivity for sector C24_25.
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TABLE 7: Sensitivity in sector C24_25.

Furthermore, sensitivity analysis for different explanatory variables is reported in the table
below. As we mentioned in the previous sections of this research, this measure represents
the average change over the forecast period in the DR, associated with an increase or
decrease in a given variable, expressed both in basis points and in percentage terms. As
it can be noted, in the Table 7 above we report also the result for Disposable Income,
which exhibits 0% sensitivity over one-percent variation, because its scenario projections
fall outside observed historical boundaries. Similarly, the FTSE MIB shows no sensitivity
over the chosen variation unit, as the EBM algorithm’s bucketing can leave low variable
variations within the same prediction level.
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Feature Importance

In this final part we report the Feature Importance graphs, calculated as 1
n ∑n

i=1 | f j(xij)|.
The Second graph represent the mean importance grouping by regressors name.

FIGURE 4: Feature Importance for sector C24_25.

FIGURE 5: Mean Feature Importance for sector C24_25.
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We present a framework to evaluate Revenue-Based contracts, with different clauses. The
framework is used in a practical application.

Revenue-Based Financing (RBF) has
recently experienced remarkable
growth among private companies.

In a nutshell, RBF is an alternative funding
model in which investors provide capital to
a business in exchange for a fixed percent-
age of the business’s future gross revenues.
There are both advantages and disadvan-
tages for debtor companies when they ac-
cess this form of financing, and we will
examine them below. We will also show
that, under the umbrella of RBF, several
funding schemes can be grouped together,
even though we will focus on the pricing
and contract evaluation of arrangements
strictly linked to cash flows derived from
the company’s revenues.
More specifically, we will outline a frame-
work for evaluating RBF contracts that ac-
counts for the main features of typical
agreements and the risk factors affecting
their value. In some cases, this framework
can be easily adapted and extended to dif-
ferent types of agreements, as we will see
below.

An Overview of Revenue-Based
Finance

Revenue-Based Financing is a form of al-
ternative funding that may be preferable
to more traditional financing contracts for
several reasons. Firstly, it is non-dilutive, as
it does not involve equity shares; secondly,
it allows for flexible repayments, since pay-
ments are proportional to the revenues gen-
erated by the business; thirdly, unlike most
traditional loans, no collateral is required,
whether in the form of personal guarantees
or assets.
To these advantages, one can also add the
typically faster access to funding offered
by RBF compared to loans granted through
the banking channel, and the alignment of
interests between the debtor company and

the financing investor, since the loan’s re-
payment depends on actual future business
revenues.
On the other hand, RBF also has some dis-
advantages: the cost of capital is typically
higher than traditional funding; it is not
ideal for seasonal or volatile businesses, as
investors prefer constant and stable repay-
ments; the impact on available cash can be
significant, especially when repayment is
based on monthly revenues; finally, the size
of funding is limited and usually smaller
than equity rounds or traditional loans.
Different funding arrangements can fall un-
der the definition of "Revenue-Based Fi-
nance". In Table 6, we provide a quick sum-
mary of the types of contracts and their
main repayment terms. The first three-
Merchant Cash Advances, Royalty-Based
Financing, and SaaS (Software-as-a-Service)
Financing-are the only ones strictly aligned
with the definition provided above: repay-
ment derives from the stream of revenues
generated by the business. These revenues
can originate, respectively, from sales, from
fees related to royalties, or from fees for the
use of software products.
The last two types of contracts, Invoice Fi-
nancing and Inventory Financing, are in-
directly related to the revenues of debtor
companies. Invoice Financing is currently a
very common funding product for working
capital, and many web-based platforms pro-
vide the infrastructure for smooth process-
ing of all phases of the negotiation between
companies and financing investors. The ba-
sic features of this financing arrangement
are presented and analysed in Castagna [1].
Inventory Financing, although still related
to the company’s sales, is a form of financ-
ing collateralised by the inventory of prod-
ucts: it is suitable only for businesses selling
physical goods.
In this work, we will focus on the first three
types of contracts. The evaluation frame-
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FIGURE 6: Types of revenue-based contracts and their main features.

work outlined below can be applied to all of
them, their differences being mainly termi-
nological. Apart from the typical (implicit)
duration of each of the three contracts, the
mechanics of the funding arrangement can
be summarized in the following points:

• The company receives upfront fund-
ing from the investor.

• The business agrees to pay a fixed per-
centage (typically 5-15%) of recurring
revenues for a given period; for ex-
ample, monthly recurring revenues
(MRR) or annual recurring revenues
(ARR).

• Payments continue until the investor
receives a multiple of the original in-
vestment (e.g., 1.4x); this amount is
usually termed the repayment cap.

We can delve into each of these points to
analyse some usual contract terms.

Lent Amount

Generally, the debtor company receives a
given sum of funds at the inception of the
contract; the repayment amount is typically
expressed as a multiple of the lent amount.
Sometimes, the contract terms provide for
a notional amount from which an upfront
fee is deducted. This net amount is what
is actually lent to the debtor company,
which will then make payments in the fu-
ture based on business revenues until the
notional amount is fully repaid. The differ-
ence between the "multiple" and "upfront
fee" methods of indicating the lent amount
and the repayment cap is merely semantic,
with no impact on the financial evaluation
when the two alternatives are brought to
comparable actual lent amounts.

Expiration Date
As can be easily seen from the points above,
there is no fixed end date, and the con-
tract duration depends on revenue per-
formance: higher-than-expected recurring
revenues will accelerate repayment and
hence shorten the expected duration, while
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the opposite will occur with lower-than-
expected revenues.
In some cases, to protect the lender from an
unreasonably long duration if revenues per-
manently collapse, a term date can be set
in the contract. If this is the case, upon the
term date all the outstanding lent amount
is repaid to the lender, regardless of the per-
centage that this amount represents with
respect to the revenues of the last reference
period. When a term date is provided in
the contract, the maximum duration of the
contract is known, whereas the amounts
on each repayment date still depend on
business revenues-except for the last one.

Types of Revenues

An RBF contract typically defines "rev-
enues" as the cash receipts generated by
the business activity during the reference
period: a dedicated bank account that can
be monitored by the lender is set up by the
borrower, and all cash receipts are paid into
it.
A much less common variation, for com-
panies not selling to retail clients but only
to other businesses, is the definition of
revenues as all invoices issued in a given
period, regardless of their actual payment
by the client. In this case, outstanding in-
voices issued during the reference period
can be transferred to the lender, who will
receive payment directly from the clients.
The transfer of invoices can be with or with-
out recourse, depending on whether the
borrower remains ultimately liable for any
missing payments for any reason.
The cash flows needed for the repayment
are those generated by the overall business
of the debtor company, but in some cases
they can originate from specific receivables
that are transferred to the lender. As an ex-
ample, in royalty-based and SaaS financing,
the underlying contracts can be transferred
to the lender so that the cash flows paid
by the counterparties of these contracts are
(possibly fractionally) used to repay the
loan. In addition, invoices issued by the
debtor company when the loan starts-or to

be issued at future dates-can be transferred
to the lender, and the cash flows arising
when they are paid by the debtor’s clients
are directly used to repay the debt.

Repayment of the Lent Amount
The repayment of the amount by the debtor
is made at the end of each reference period
and consists of a share, or rate, of the busi-
ness revenues or receipts from a royalty or
SaaS contract (e.g.: 5% of monthly recurring
revenues).
Sometimes, a floor can be provided in the
contract, so that repayment at the end of a
reference period occurs only if business rev-
enues exceed a given amount. If this is the
case, a floor may slow down the repayment
of the lent sum and extend the duration of
the contract, if a term date is not specified.

Default Risk
The main credit risk that the lender bears is
that the borrower defaults: if the business
of the debtor does not generate sufficient
revenues to cover costs, the default of the
debtor company becomes inevitable, and
the lender will likely suffer a loss on the
outstanding lent amount. This case applies
to RBF contracts where business cash re-
ceipts received by the debtor company are
used to repay the debt.
When revenues are collected directly by the
lender through the assignment of invoices-
whose payment produces the cash to repay
the debt-we must also consider the default
risk of the debtor company’s clients, de-
pending on the terms of the RBF contract.
In more detail, we may have two cases:

• Full Recourse Loan;

• Limited Recourse Loan.

In the first case, the debtor company is li-
able for all missing invoice payments by its
clients, so the relevant default risk to con-
sider in evaluating an RBF contract is only
that of the borrower. In the second case, the
lender bears the risk of missed payments,
even if no immediate loss on the outstand-
ing capital occurs. In fact, if one or more
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FIGURE 7: Relevant default risks to consider in the evaluation of different RBF contracts.

invoices are not paid, the repayment of the
lent amount is smaller than expected, but it
can still be completed in the future. Only if
the debtor company defaults and business
activity stops does the lender suffer a loss
on the unpaid portion of the loan.
We stress that the RBF contract provides
for the assignment of a fraction of invoices
issued in the future, with client companies
that may not be identified at the inception
of the financing. Thus, we refer to the as-
signment of invoices to a generic client com-
pany: this implies that there is always a
surviving generic company whose invoices
are transferred to the lender, and the de-
fault of this generic client could be material
only during a short period of time, i.e., the
time span between the assignment and the
expiry of the invoices.
Consider, for example, the assignation to
the lender of some invoices issued by the
debtor company, at some point in the future,
so that their payment by the client compa-
nies provide the funding for a repayment
instalment: in this case, the client company
default is relevant only between the assigna-
tion date and the expiry date of the invoices.
It is quite likely that the RBF contract starts
on a date long before the invoices are is-
sued, so that lent amount can be actually
seen as a payment in advance for the pur-
chase of invoices to be issued in the future
(e.g.: one year), that are due according to
the terms of the business relationship be-
tween the debtor and client companies, (e.g.:

one month after the issuance).
On the other hand, the default of the debtor
company is always relevant, even before the
issuance and sale of the account receivables,
since when its default occurs, no more rev-
enues will be produced and, consequently,
no more invoices can be transferred. Be-
cause the invoices are paid by the buyer of
the revenue-based claim at the inception of
the contract-possibly before the invoices are
issued and transferred-the default of the
debtor company likely causes a larger loss.
Also in royalty- and SaaS-based contracts,
the default risk of the client company
should be included in the evaluation of
the RBF according to the type of arrange-
ment, which can provide for full or lim-
ited recourse to the borrower, as in the case
of invoice assignment. With full recourse,
the debtor company (e.g., a SaaS company)
bears the client’s default risk: if the SaaS
or royalty-paying client does not pay or ter-
minates the contract, the borrower is obli-
gated to repay the outstanding amount of
the loan, just like a normal debt. Thus, SaaS
revenues are the source of the cash flows
used to repay the debt, but if they stop for
any reason, there is no limitation of liability
for the debtor company. In evaluating an
RBF contract, the default risk that matters is
only that of the debtor, since it is ultimately
liable for full repayment of the debt.
With limited recourse, the risk of default
of the client company falls on the lender,
since repayment of the debt is limited to
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actual receipts from the SaaS contract. So,
if the client defaults or the contract revenue
stops for any other reason, repayment ends
and the lender cannot recover the full lent
amount. In this case, the evaluation of an
RBF contract should take into account the
default risk of the client company and the
default risk of the debtor company if this
entails termination of the royalty or SaaS
contract with the client, as is usually the
case.
In royalty- and SaaS-based loans, the coun-
terparty of the underlying contract is typi-
cally identified at the start of the agreement,
so we are not considering a generic client
but a specific company. This means that the
default risk of the debtor’s client is relevant
at any time during the duration of the RBF
contract and not just for limited periods, as
we saw before in the case of invoice trans-
fers.
A summary of the relevant default risks
for the different types of RBF contracts is
shown in Table 7.
In what follows, we will focus on financing
contracts strictly referring to the business
revenues of the debtor company, since it is
not particularly difficult to handle royalty-
and SaaS-based contracts using standard
approaches. In fact, the stream of receipts
deriving from royalties and SaaS contracts
is usually well defined in the agreements
and does not require any special modeling
treatment. If these receipts are stochastic,
the modeling approach adopted for busi-
ness revenues can be straightforwardly ap-
plied to royalties or SaaS receipts.

Modelling the Revenues of the
Debtor Company and Other

Relevant Risk Factors

To evaluate RBF contracts, we need a frame-
work that considers all relevant risk factors:
we must stress that most of these factors
cannot be, directly or indirectly, traded on
the market. As such, we have to consider
real-world stochastic processes and assume

an equilibrium model that includes risk pre-
mia, allowing the passage to risk-neutral
processes and, hence, risk-neutral evalua-
tion.

Credit Risk
The default of the debtor company is mod-
eled following a reduced-form approach,
i.e., by directly modeling the default event
as a jump process. In more detail, let
Λt = 1t≥τ be the indicator function of the
event "default" at time τ. It is a stochastic
process, specifically a Poisson process. If λ

is assumed to be the instantaneous arrival
intensity rate, then we have:

E[dΛt] = λ dt.

We assume that the default intensity follows
(in the real world) as square-root mean re-
verting process, or a CIR process (from the
Cox, Ingersoll and Ross, who used this pro-
cess for the instantaneous interest rate, see
[3]):

dλ(t) = κλ[θλ − λ(t)]dt + σλ

√
λ(t) dZλ(t).

(10)

We define the survival probability SP(t, T)
between time t and T as:

SP(t, T) = E
[

e−
∫ T

t λ(s)ds
]

, (11)

which admits an explicit solution in the CIR
setting, as shown below.
For the evaluation of some revenue-based
contracts, it is useful to introduce an addi-
tional risk factor: the probability of default
of the clients of the debtor company. The re-
ceivables transferred to the lender generate
the cash flows that repay the debt: when
the debtor’s client company goes bust, the
revenue-based claim suffers a missed pay-
out (which can be covered by the debtor if
full recourse is allowed, see above).
To model this risk, in case the RBF contract
provides for the assignment of invoices,
we assume that the receivables are paid
by a representative generic client company;
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when the client company can be unequiv-
ocally identified, the default refers to this
specific company.
Let Ξt = 1t≥τc be the indicator function of
the event "default" of the client company
at time τc. As in the case of the debtor
company’s default, it is a stochastic process,
specifically a Poisson process, with instan-
taneous arrival intensity rate ξ, so that:

E[dΞt] = ξ dt.

Also in this case, the default intensity fol-
lows the square-root mean reverting pro-
cess:

dξ(t) = κξ [θξ − ξ(t)]dt + σξ

√
ξ(t) dZξ(t).

(12)

The survival probability SPc(t, T) between
time t and T is:

SPc(t, T) = E
[

e−
∫ T

t ξ(s)ds
]

. (13)

Whether to include or not, and to what
extent, the default risk of the client of the
debtor company depends on the terms of
the RBF contract, as we showed above.

Revenues
Business revenues are modelled with re-
spect to the reference period provided for
in the contract: we saw above that the re-
payment of the loan is made by means of a
fraction of the recurring revenues generated
in a given period (say, one month). So, we
need to model the recurring revenues for
this period of time. Let us denote them with
V∗ and assume they follow the process:

dV∗(t) = µV∗(t) dt + σVV∗(t) dZV(t).
(14)

This is a standard geometric Brownian mo-
tion widely used in finance: it is a con-
tinuous process, but in practice observed
only at the end of each reference period.
More specifically, given the duration of
the loan contract [0, T], which includes N
end-of-period dates T1, T2, . . . , TN , the pro-

cess V∗(t) will be observed-and hence its
value measured-on these N end-of-period
dates (for example, at every month-end).
It should be stressed that V∗ does not rep-
resent cumulative revenues over the inter-
val [0, T]: it refers only to the revenues for
each reference period within the duration of
the loan contract, which are fictitiously as-
sumed to follow a continuous process, even
though their value matters only at the levels
attained on the N end-of-period dates.
Now define two processes: the revenue
process V∗(t), which ignores any effect of
a default event; the process V(t), which
equals V∗(t) before default occurs, that is
V(t) = V∗(t) · 1t<τ, and it drops to 0 after
the default event, so that it can be written
as:

V(t) = 0, t > τ.

Applying the Ito’s lemma and the analo-
gous lemma for the Poisson process, one
gets the following dynamics for the process
V(t):

dV(t) =µV(t) dt

+ σVV(t) dZV(t)

+ [V(τ)−V(t)] dΛ(t).

(15)

It is useful to note that, since V(τ) = 0, we
have that the expectation of the last term of
the SDE (15) is equal to E[−V(t)dΛ(t)] and
it can be written as:

E[−V(t)dΛ(t)] = E[−V(t)|dΛ(t) = 1]·

·E[dΛ(t)] = −V(t)λ(t) dt,

so that the dynamics of the revenues is:

dV(t) = [µ− λ(t)]V(t) dt + σVV(t) dZV(t).
(16)

The process V(t) may be useful to include
in a compact fashion the debtor’s default
risk in the evaluation formulae.
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Interest Rate
Interest rates are modelled through the evo-
lution of the instantaneous rate, which as-
sumed to follow a mean-reverting square
root model as in Cox, Ingersoll and Ross
[3]:

dr(t) = κr[θr − r(t)] dt + σr

√
r(t) dZr. (17)

The price at time t of a zero-coupon bond
P(t, T) expiring at time T can be calculated
as:

P(t, T) = E
[

e−
∫ T

t r(s)ds
]

, (18)

which admits a closed-form solution in our
setting (see below). The price of a zero-
coupon bond can also be seen as the dis-
count factor applied to future cash flows to
compute their present value.

Evaluation of Revenue-Based
Claims

To evaluate revenue-based claims (or, more
generally, contracts), we must consider that
most risk factors cannot be hedged with
market instruments: no contract on rev-
enues, nor CDS on a small company (the
typical debtor), is actively traded on the
market; only interest rates can be hedged
through contracts traded on the market.
Therefore, we cannot resort to pricing via a
replicating portfolio á la Black&Scholes; in-
stead, we need an equilibrium model such
as the one described in Cox, Ingersoll, and
Ross [2].

The PDE of Revenue-Based Claims

A claim on the revenues of a company can
be mathematically defined as a function
J(V(t), r(t), λ(t), ξ(t), t) with a dynamics
defined as:

dJ(V(t),r(t), λ(t), ξ(t), t)

= µJ(V(t), r(t), λ(t), t) dt

+ σJ(V(t), r(t), λ(t), t)dZJ

+ [J(τc)− J(t)] dΞ(t).

(19)

The value of the claim depends on time, rev-
enues, interest rates and the default risks
of the debtor and client companies. The de-
fault of the client company directly affects
the value of the claim through the term
[J(τc) − J(t)], d, Ξ(t), whereas the default
risk of the debtor company directly affects
the revenues and thus indirectly the value
of the claim.
By setting J(τc) = 0 (i.e.: the claim is worth
nil when the client company defaults), from
Ito’s lemma, simplifying the notation, the
drift of the claim is:

1
2

σ2
VV2 JVV +

1
2

σ2
r rJrr +

1
2

σ2
λλJλλ +

1
2

σ2
ξ ξ Jξξ

+ µV JV + κr(θr − r)Jr

+ κλ(θλ − λ)Jλ + κξ(θξ − r)Jξ

− λV JV − ξ J + Jt − ξ J,
(20)

where Jx and Jxx indicate, respectively, the
first and second derivatives of the claim
value function J with respect to the variable
x (we have also slightly lightened the nota-
tion).
On the other hand, in an economy de-
scribed in Cox, Ingersoll and Ross [2] and
under the assumption in Cox, Ingersoll and
Ross [3], no-arbitrage conditions imply that
any claim whose value depends on the
price of the revenues’ value must have an
instantaneous drift equal to:(

r + πVV
JV

J
+ πrr

Jr

J
+ πλλ

Jλ

J
+ πξξ

Jξ

J

)
J,

where πi, i ∈ {V, r, λ, ξ} are the market
prices of risk for the three factors respec-
tively.
By equating the drift in SDE (19), explicitly
derived by means the Ito’s lemma, to the
drift obtained on no-arbitrage conditions,
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we have:

1
2

σ2
VV2 JVV +

1
2

σ2
r rJrr +

1
2

σ2
λλJλλ

+
1
2

σ2
ξ ξ Jξξ + (µ− πV)V JV

+ [κr(θr − r)− πrr]Jr

+ [κλ(θλ − λ)− πλλ]Jλ

+ [κξ(θξ − r)− πξξ]Jξ

+ Jt − λV JV − ξ J = rJ.

(21)

In PDE (21), the drift of all risk factors
(V, r, λ, ξ) can now be considered risk-
adjusted by the appropriate market price of
risk, so that the drift of the claim (LHS of
the PDE) equates to the yield of a risk-free
asset, i.e., the interest rate. The value of
any claim depending on the four risk fac-
tors is the solution of PDE (21), given the
terminal condition and the boundary con-
ditions provided by the pay-out at expiry
and, possibly, other contract terms.

Revenue-Based Zero-Coupon Bond

We will price a revenue-based zero-coupon
bond for the different variations of RBF con-
tracts examined above with respect to credit
risk. We start with the Full Recourse clause,
and then analyse the contracts with the Lim-
ited Recourse clause. In both cases, we will
consider whether the invoice assignment
determines how the repayment is made.

Full Recourse Clause

Base Case
We define the revenue-based zero-coupon
bond as an asset paying a fraction ω of the
revenues V(T) collected during the refer-
ence period ending at time T. Let t be the
evaluation time, and let H(V, r, λ, t, T) de-
note the value at time t of the revenue-based
zero-coupon bond: it is the solution of PDE
(21) with a terminal condition equal to the
pay-out. The solution can be expressed as
an expectation under the risk-neutral mea-

sure Q:

H(V, r, λ, t, T)

= EQ
[

e−
∫ T

t r(s)dsωV(T)1{τ>T}

]
.

The indicator function 1{τ>T} accounts for
the default of the debtor company, so that
the revenue-based zero-coupon bond pays
out the fraction of the revenue only if the
company survives up to time T.
The expected value H(V, r, λ, t, T) is:1

H(V, r, λ, t, T) = HFR(t, T)

= ωP(r, t, T)VtN(λ, t, T),
(22)

where N(t,T) is:

N(λ, t, T) = C(t, T)e−λ(t)D(t,T)e(µ−πV)(T−t),

C(t, T) =

 2φe
(κλ+ψ+πλ)(T−t)

2

(κλ + φ + πλ)
(
eφ(T−t) − 1

)
+ 2φ


2κλθλ

σ2
λ

,

D(t, T) =
2
(

eφ(T−t) − 1
)

(κλ + φ + πλ)
(
eφ(T−t) − 1

)
+ 2φ

,

φ =
√
(κλ + πλ)

2 + 2σ2
λ.

The quantity N(λ, t, T) includes the sur-
vival probability of the debtor company,
so that we can also write:

N(λ, t, T) = SP(t, T)e(µ−πV)(T−t),

where SP(t, T) = C(t, T)e−λ(t)D(t,T).
The quantity P(r, t, T) is the price of an in-
terest rate zero-coupon bond:

P(r, t, T) = A(t, T)e−r(t)B(t,T),

A(t, T) =

[
2γ e

(κr+γ+πr)(T−t)
2

(κr + γ + πr)
(
eγ(T−t) − 1

)
+ 2γ

] 2κrθr
σ2

r

,

B(t, T) =
2
(

eγ(T−t) − 1
)

(κr + γ + πr)
(
eγ(T−t) − 1

)
+ 2γ

,

γ =

√
(κ + πr)

2 + 2σ2
r .

The proof is in the Appendix “Proof of the
Formulae for the Price of a Revenue-Based

1The solution for the expected value can be derived using standard techniques for affine processes and
properties of the square-root mean-reverting SDE.
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Zero-Coupon Bond”.

Assignment of Invoices
We define the revenue-based zero-coupon
bond as an asset paying a fraction ω of the
revenues at time V(T). Let t be the eval-
uation time: the pay-out is given by the
payment of one or more invoices by the rep-
resentative client company; the invoices are
issued before T with expiry at time S ≥ T
(T is the end of the reference period of the
RBF contract) and are transferred at T to
the buyer of the zero-coupon bond.
If the debtor company has not defaulted
before T, the transfer of the invoices is pos-
sible; otherwise, the revenue-based zero-
coupon bond expires worthless. Addition-
ally, with the Full Recourse clause in force,
if the client of the company (i.e., the payer
of the invoices) defaults, the lender may
request full payment from the debtor com-
pany, so that its survival up to time S is
what really matters in the evaluation of the
revenue-based zero-coupon bond, without
any need to account for the client’s default
risk.
Let us denote the value at time t of
this revenue-based zero-coupon bond by
H(V, r, λ, t, T, S): it is the solution of PDE
(21) with terminal condition equal to the
pay-out. The solution can be expressed as
an expectation under the risk-neutral mea-
sure Q:

H(V, r,λ, t, T, S)

= EQ
[

e−
∫ S

t r(s)dsωV(T)1{τ>S}

]
.

The expected value H(V, r, λ, ξ, t, T, S) is

H(V, r,λ, ξ, t, T, S)

= HFRA(t, T, S)

= ωP(r, t, S)VtSP(t, S)e(µ−πV)(T−t),
(23)

where P(r, t, S) and SP(t, S) are the same
functions provided above for the Base case.
The proof in the Appendix “Proof of the
Formulae for the Price of a Revenue-Based

Zero-Coupon Bond”.

Limited Recourse Clause

When the RBF contract provides only for
Limited Recourse, we need to consider only
the case when the repayment is made by as-
signing to the lender the invoices issued by
the debtor company during the reference
period. This is addressed in what follows.

Assignment of Invoices
As before, we define the revenue-based
zero-coupon bond as an asset paying a frac-
tion ω of the revenues at time V(T): the
pay-out is given by the payment of one or
more invoices by the representative client
company; the invoices are issued before T
with expiry at time S ≥ T and they are
transferred in T to the lender.
Also in this case, only if the debtor com-
pany did not default before T the transfer
of the invoices is possible, but since no re-
course is allowed if the client defaults, only
its survival between time T, when the in-
voices are assigned, and time S, when they
are paid. So, the debtor’s default is relevant
only if it happens between the evaluation
time t and the assignment time T, whereas
the client’s default is relevant between T
and S.
The solution of the PDE (21) is expressed as
an expectation under the risk-neutral mea-
sure Q:

H(V, r,λ, t, T, S)

= EQ
[

e−
∫ S

t r(s)dsωV(T)1{τc>S|τc>T}

]
.

(24)

The expected value H(V, r, λ, ξ, t, T, S) is

H(V,r, λ, ξ, t, T, S) = HLRA(t, T, S)

= ωVtP(r, t, S)N(λ, t, T)M(ξ, t, T, S).
(25)

The quantity P(r, t, S) and N(λ, t, T) are
the functions provided above, whereas the
quantity M(ξ, t, T, S) is the survival proba-
bility of the client company in the period
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[T, S]:

M(ξ, t, T, S) = SPc(T, S)

= E(T, S)e−ξ(t) ηF(T,S)e
−κξ (T−t)

η+F(T,S) ,
(26)

E(T, S) =

 2ψe
(κξ+ψ+πξ )(S−T)

2

(κξ + ψ + πξ)
(
eψ(S−T) − 1

)
+ 2ψ


2κξ θξ

σ2
ξ

·
(

η

η + F(T, S)

) 2κξ θξ

σ2
ξ ,

F(T, S) =
2
(

eψ(S−T) − 1
)

(κξ + ψ + πξ)
(
eψ(T−S) − 1

)
+ 2ψ

,

η =
2(κξ + πξ)

σ2
ξ (1− e−(κξ+πξ )(S−t))

,

ψ =
√(

κξ + πξ

)2
+ 2σ2

ξ .

When the client is a specific company and
not a generic client company, M(ξ, t, T, S)
modifies as:

M(ξ, t, T, S) =
SPc(t, S)
SPc(t, T)

.

The proof is in the Appendix “Proof of the
Formulae for the Price of a Revenue-Based
Zero-Coupon Bond”.

Revenue-Based Bond

A revenue-based bond is a claim depend-
ing on the future stream of revenues of the
debtor company. The stream may vary de-
pending on the terms of the contract that
we analysed earlier.
The amount Rt0 , defined at time t0 (which
is also the evaluation time), must be re-
imbursed in variable and stochastic instal-
ments equal to a fraction ω of the fu-
ture revenues at times, until the amount
is fully repaid. At any future date ti,
i ∈ {1, . . . , n∗, N}, Rti is the outstanding
balance to be repaid, with Rtn∗ = 0 (i.e., the
outstanding balance is fully repaid by the
fraction of the revenues). If a term date
tN is set, then the outstanding amount is

fully repaid on that date, so also in this
case RtN = 0. Clearly, it is possible that the
debt is repaid earlier than the term date,
i.e.: tn∗ ≤ tN . The repayment may or may
not be made by assigning invoices to the
buyer of the bond (the lender), and the con-
tract may provide for the Full or Limited
Recourse clause.
It should be noted that the last date tn∗ can-
not be known with certainty if a term date
is not set in the contract, since the full re-
payment of the debt depends on the future
level of revenues.
Finally, we will also consider the possibil-
ity that the contract provides for a revenue
floor, so that on each date ti, repayment oc-
curs only if the revenues of the reference
period are greater than a given amount Z,
i.e., V(ti) > Z.
As we did for the revenue-based zero-
coupon bond, we will present evaluation
formulae for the different RBF contract
terms.
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Full Recourse Clause

Base Case

The stream of cash flows of a revenue-based
bond is the sum of the fraction ω of future
revenues referring to the reference periods
ending on dates {t1, t2, . . . , tn∗ , tN}; each
payment reduces the outstanding debt. At
any time ti, the payment is simply the out-
standing debt if this is smaller than the
fraction of revenues that should be paid.
On the other hand, if ti is also the term
date tN for the repayment, the cash flow is
again the outstanding debt, regardless of
how much the fraction of revenues equals
at that time. Additionally, on each repay-
ment date ti, revenues must be above the
floor Z. Formally, considering all this, the
cash flow Kti at time ti can be written:

Kti = min
[
ωV∗(ti), Rti−1

]
1{V(ti)>Z}

+

[
Rti−1 −min

[
ωV∗(ti), Rti−1

]]
1{ti=tN}

=

[
ωV∗(ti)−max

[
ωV∗(ti)− Rti−1 , 0

]]
· 1{V(ti)>Z}

+

[
Rti−1 −

[
ωV∗(ti)

+ max
[

ωV∗(ti)− Rti−1 , 0
]]

1{V(ti)>Z}

]
· 1{ti=tN},

where Rti−1 is the amount of the outstand-
ing debt at time ti−1. By setting Rt0 equal
to the initial amount lent to the debtor com-
pany, the outstanding debt at any time ti
can be recursively calculated as:

Rti =Rti−1 − Kti .

It should be noted that the quantity Kti , and
hence Rti , are stochastic, since they depend
on the volume of revenues generated by
the business activity of the debtor. We are
not considering any default risk for the mo-
ment, as we want to ascertain how long it
takes to repay the debt given the revenues
generated in the future. The expected pay-

ment Kti is:

EQ[Kti ] = EQ
[

min
[
ωV∗(ti), Rti

]
1{V(ti)>Z}

]
+

[
Rti−1 −min

[
ωV∗(ti), Rti−1

]
1{V(ti)>Z}

]
· 1{ti=tN}

]
= EQ

[[
ωV∗(ti)−max

[
ωV∗(ti)− Rti−1 , 0

]]
· 1{V(ti)>Z} +

[
Rti−1 −

[
ωV∗(ti)

+ max
[
ωV∗(ti)− Rti−1 , 0

]]
1{V(ti)>Z}

]
· 1{ti=tN}

]
,

(27)
which can be explicitly computed as:

EQ[Kti ] =

[
ωV(t0)e(µ−πV)(ti−t0)

−O(V∗(ti), Rti−1 , t0, ti)

]
PF(t0, ti)

−
[

EQ[Rti−1 ] +

[
ωV(t0)e(µ−πV)(ti−t0)

−O(V∗(ti), Rti−1 , t0, ti)

]
PF(t0, ti)

]
1{ti=tN},

(28)

where

O(V∗(ti), Rti−1 , t0, ti) =

EQ

[
max

[
ωV∗(ti)− Rti−1 , 0

]]
.

(29)

The solution to (29) is based on the
Black&Scholes pricing formula for a call
option, and it is:

O(V∗(ti), Rti−1 , t0, t) =

=
[
ωV∗(t0)e[µ−πV ](ti−t0)N(d1)− Rti−1 N(d2)

]
,

with N(x) is the normal distribution func-
tion in x and:

d1 =
ln ωV∗(t0)

Rti−1
+ [µ− πV + 1

2 σ2
v ](ti − t0)

σv
√

ti − t0
,

d2 = d1 − σv
√

ti − t0.

The quantity PF(t0, ti) is the (risk-neutral)
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probability calculated at t0 that the revenues
at the end of the reference period ti are
higher than the floor Z. The explicit for-
mula is:

PF(t0, ti) = EQ

[
V(ti) > Z

]
= N(d3), (30)

with:

d3 =
ln V∗(t0)

Z + [µ− πV − 1
2 σ2

v ](ti − t0)

σv
√

ti − t0
.

(31)
The expected outstanding amount Rti is
then simply:

EQ[Rti ] = EQ[Rti−1 − Kti ], (32)

recursively computed. For the valuation of
the bond below, the date tn∗-the date when
the outstanding debt becomes nil and is
fully repaid-is calculated by means of equa-
tions (28) and (32). These are used for all
cases of RBF contracts we are analysing.
The expected present value at time t0 of
the stream of cash flows is the value of a
revenue-based bond, defined as:

BFR(Rt0 , t0, t1, tN) =

EQ

[
N

∑
i=1

e−
∫ ti

t0
r(s)dsKti 1{τ>ti}

]
,

(33)

where t1 is the first date when repayment
starts and tN is the term date (if no term
date is set, then tN = ∞, so that the sum-
mation ends at tn∗ , or the earliest time
when the outstanding balance of the debt
is fully repaid, Rtn∗ = 0). It is worth noting
that the debt may be fully repaid before
the term date tN , so that some addends
of the summation will be nil. The value
BFR(Rt0 , t0, t1, tN) should correspond to the
amount actually lent to the debtor com-
pany at time t0, given the contract terms.
This bond does not pay any coupon, but
only stochastic instalments, depending on
the revenues, that are used to repay Rt0 .
The interest rate and the compensation for
credit risk are implicit in the difference be-
tween the lent amount B(Rt0 , t0, t1, s) and

the amount Rt0 that must be repaid. By
calculating the expectations, we get the ex-
plicit formula:

BFR(Rt0 , t0, t1, tN) =
N

∑
i=1

[[
HFR(t0, ti)

− P(r, t0, ti)O(V∗(ti), Rti−1 , t0, ti)
]
PF(t0, ti)SP(t0, ti)

]
+ P(r, t0, tN)

[
EQ[RtN−1 ]−

[
HFR(t0, tN−1)

−O(V∗(tN), RtN−1 , t0, tN)
]
PF(t0, ti)

]
SP(t0, tN).

(34)

Assignment of Invoices

The stream of cash flows of a revenue-based
bond is the same as above: in this case, tn∗

is the earliest between the time when the
outstanding balance of the debt is fully re-
paid, Rtn∗ = 0, and the term date tN , when
the outstanding balance must be paid in
full anyway. Compared with the base case,
the only difference lies in the occurrence of
the cash flows, each one at a period s after
the relevant end date of the reference pe-
riod (for simplicity’s sake, s is constant but
it can be made also variable without any
substantial change to the formulae below).
The invoices are still related to the revenues
generated in each reference period.
Equations (28) and (32) are used to calcu-
late the expected repayments and outstand-
ing debt at each period, and the date tn∗

when the debt is expected to be fully re-
paid. The valuation formula should be
modified in two ways: first, the discount
of the expected cash flows is between t0

(the evaluation date) and the payment dates
{t1 + s, t2 + s, . . . , tn∗ + s, tN + s}; second,
the debtor’s survival probability is also cal-
culated up to the payment dates, since it is
liable for the payment in case the client
misses the payment. All the remaining
terms are the same as in the base case.
The value of the revenue-based bond is the
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expected present value at time t0:

BFRA(Rt0 , t0, t1, tN , s) =

EQ

[
N

∑
i=1

e−
∫ ti+s

t0
r(s)dsKti 1{τ>ti+s}

]
,

(35)

and the explicit evaluation formula is:

BFRA(Rt0 , t0, t1, tN , s) =
n∗

∑
i=1

[[
HFRA(t0, ti, ti + s)− P(r, t0, ti + s)

· O(V∗(ti), Rti−1 , t0, ti)
]
PF(t0, ti)SP(t0, ti + s)

]
+

[
P(r, t0, tN + s)EQ[RtN−1 ]

−
[
HFRA(t0, tN , tN + s)− P(r, t0, tN + s)

· O(V∗(tN), RtN−1 , t0, tN)
]
PF(t0, ti)

]
· SP(t0, tN + s).

(36)

Limited Recourse Clause

As before, only the case when invoices are
assigned has to be considered.

Assignment of Invoices
The stream of cash flows of a revenue-
based bond is the sum of the fraction ω

of future invoices issued in the reference
periods and paid at the expiry dates, as-
sumed to be a constant interval s after the
ending dates {t1, t2, . . . , tn∗ , tN} of the ref-

erence periods. This time, we consider
that the debtor company survives up to
the ending dates of the reference periods
{t1, t2, . . . , tn∗ + s, tN}, and that the repre-
sentative client company survives between
each ending period and the payment date
[ti, ti + s], for i ∈ {1, . . . , n∗, N}.
Equations (28) and (32) are also used in this
version of the RBF contract, whereas the
value of the revenue-based bond is:

BLRA(Rt0 , t0, t1, tN , s) =

EQ

[
N

∑
i=1

e−
∫ ti+s

t0
r(s)dsKti 1{τ>ti}·

· 1{τc>ti+s|τc>ti}

]
.

The explicit value is then:

BLRA(Rt0 , t0, t1, tN , s) =
n∗

∑
i=1

[[
HLRA(t0, ti, ti + s)

− P(r, t0, ti + s)O(V∗(ti), Rti−1 , t0, ti)
]
·

· PF(t0, ti)SP(t0, ti)SPc(ti, ti + s)
]
+

+ P(r, t0, tN + s)
[

EQ[RtN−1 ]+

−
[
HLRA(t0, tN , tN + s)+

−O(V∗(tN), RtN−1 , t0, tN)
]
PF(t0, ti)

]
·

· SP(t0, tN)SPc(tN , tN + s).

FIGURE 8: Parameters of the risk factors’ dynamics.

50 www.iasonltd.com



Credit Risk

2.00%

2.50%

3.00%

3.50%

4.00%

1 2 3 4 5 6 7 8 9 1011121314151617181920

(a) Interest Rate Zero-Rate Curve.

€ -

€ 20,000.00

€ 40,000.00

€ 60,000.00

€ 80,000.00

€ 100,000.00

€ 120,000.00

€ 140,000.00

€ 160,000.00

1 2 3 4 5 6 7 8 91011121314151617181920

(b) Evolution of expected revenues

FIGURE 9: Interest rates and revenues.

Application of the Framework

We apply the framework outlined above to
a simulated environment. The parameters
used for the dynamics of the risk factors
introduced in Section “Modelling the Rev-
enues of the Debtor Company and Other
Relevant Risk Factors” are shown in Table 8.
Figure 9 shows the resulting risk-free zero-
rate term structure and the evolution of the
expected revenues over a 20-year horizon;
Table 18 in Appendix “Revenues, Expected
Repayments and Oustanding Debts” shows
also the values of the revenues generated
by different values of the drift parameter µ.
The term structures of the (conditional) 1-
year default probability for the debtor com-
pany and the representative client company
are shown in Figure 10. A final note on
the market risk parameters: we set only
the parameter for the revenues πV = 3.0%,
whereas we assume that for all others risk
factors they are equal to 0.
Given this set of parameters, we will now
price the value of a revenue-based bond
under different assumptions for the drift µ

of the revenue dynamics in Equation (14).
This represents the expected annual per-
centage variation of the revenues in the
reference period. We start by analysing
a revenue-based contract in the base case
with full recourse: in Table 11, we show the
main contract terms and the value of the
revenue-based bond, the yield to maturity,
the multiple of the initial lent amount (i.e.,

the value of the bond) that must be repaid
by the debtor, and the duration of the bond.
The terms of the contracts are the same un-
der all possible values of the drift µ: the
lender has the right to receive a fraction
ω = 20% of the revenues generated in each
future reference period, assuming current
revenues V(t0) = 100,000.00. The contract
provides for no term date and no floor on
the revenues below which repayment does
not occur.
The results show that the present value of
the revenue-based bond (which is the fair
amount that the lender should grant to the
debtor company at the start of the revenue-
based contract) increases with the value of
the drift µ. On the other hand, the duration
is inversely related to the level of µ, whereas
the yield to maturity2 and the multiple are
quite stable. In Figure 12, the expected re-
payments Kti and the expected outstanding
debt Rti are shown for the different levels
of µ. In Table 19 in Appendix , we show
the values of the expected repayments and
outstanding debt.
Next, we investigate the value of the
revenue-based bond under different as-
sumptions for the expected revenue growth
rate µ, by adding a new term to the contract:
a floor set at 80,000.00. If the revenues fall
below this level, no repayment occurs. Ta-
ble 13 and Figure 14 show the results as
before.

2The yield to maturity is calculated in the usual way as the single rate that equates the (compound)
discounted expected cash flows to the value of the bond.
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FIGURE 10: Default rates.

FIGURE 11: Contract terms and value of a revenue-based bond with risk and yield metrics in the base case
contract with no term date and with no revenues’ floor.
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(b) Expected outstanding debt Rti .

FIGURE 12: Expected repayments and outstanding debt amounts for different levels of the drift parameter µ,
in the base case contract with no term date and no revenues’ floor.

It is interesting to analyse the case when the
revenue growth rate is negative, −5.0%. As
shown in Figure 14, and confirmed by Table
20 in Appendix , the expected repayment
stops after five years because expected rev-
enues remain below the floor of 80,000.00.
Consequently, the multiple of 2.73 on the
value of the bond (36,638.30) is never fully

repaid. Despite this partial recovery of the
expected repaid amount (100,000.00), the
lender does not suffer a negative return
on the investment. In fact, it earns a total
expected cash flow of 40,878.00, correspond-
ing to an expected positive yield of 6.48%.
The framework accounts for the decline in
revenues and the floor, and sets the value of
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FIGURE 13: Contract terms and value of a revenue-based bond with risk and yield metrics in the base case
contract with no term date and with a revenues’ floor.
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FIGURE 14: Expected repayments and outstanding debt amounts for different levels of the drift parameter µ,
in the base case contract with no term date and with a revenues’ floor.

the revenue-based bond at 36,638.30, with
a very high multiple. These evaluation out-
comes make the investment profitable for
the lender on an expectation basis.
Partial recovery of the multiple amount also
occurs under the assumption of a revenue
growth rate of 0.0%. In this case, the floor is
never breached, so repayments never stop.
Nonetheless, the percentage ω = 20% of
revenues, given their expected future evo-
lution, is not sufficient to fully repay the
multiple amount. Again, this does not im-
ply that the lender’s expected return on the
investment is negative; on the contrary, the
framework will provide results that keep
practically constant the expected yield-to-
maturity under all circumstances.
Finally, we examine the case where the con-
tract provides for a term date of five years
and a floor set at 80,000.00. Table 15 and Fig-

ure 16 show the results. The floor does not
affect the full repayment in this case, since
at the end of year 5 the entire outstand-
ing debt must be reimbursed by the debtor
company. The duration and the yield to
maturity of the investment are not substan-
tially different from the case where no term
date and no floor applied. Thus, the intro-
duction of a term date almost completely
eliminates the effect of the floor on the risk
and return metrics of the investment, al-
though the floor may still be relevant to the
debtor company as it can mitigate cash out-
flows in the event of steeply declining rev-
enues. For the exact values of the expected
repayments and outstanding amounts, see
Table 21 in Appendix “Revenues, Expected
Repayments and Oustanding Debts”.
The two remaining cases of contracts are
left to analyse, i.e., full recourse with as-
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FIGURE 15: Contract terms and value of a revenue-based bond with risk and yield metrics in the base case
contract with a term date and with a revenues’ floor.

signment of invoices and limited recourse
with assignment of invoices. In Table 17, we
show the main results for the case where
µ = 5.0%, and no term date or revenue
floor applies. It is easy to verify that there
is only a small difference in the value of
the revenue-based bond, while the other
metrics are almost identical across all con-
tract types. We will not reproduce the de-
tailed analysis for these two cases, as, all
else being equal, the results are essentially
the same as in the base case.
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FIGURE 16: Expected repayments and outstanding debt amounts for different levels of the drift parameter µ,
in the base case contract with a term date and with a revenues’ floor.

FIGURE 17: Contract terms and value of a revenue-based bond with risk and yield metrics for the three types
of contracts.

Conclusions

We presented an evaluation framework for
revenue-based contracts. We included sev-
eral common contract terms observed in
practice, and we also considered a less com-
mon case that we deem interesting: the
assignment of invoices related to the rev-
enues of the relevant reference period. The
framework is sufficiently rich to capture the
main risks in all possible variations of the
contract terms, yet it remains tractable, with
all formulae expressed in closed form.
The availability of a framework such as the
one we presented allows for proper assess-
ment of the financial and credit risks borne
by the lender. This should also attract more
investors to this alternative lending space,
thereby enlarging funding opportunities for
small and medium-sized enterprises.
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Annex

Proof of the Formulae for the Price of a Revenue-Based Zero-Coupon Bond

Full Recourse Clause

Base Case
The price at time t of a revenue-based zero-coupon bond H(t, T) expiring in T, is the
solution of the PDE (21) with terminal condition H(V, r, λ, T, T) = ωV(T). It is well known
that the solution can be represented as an expectation3 (under the risk-neutral measure Q):

H(V, r, λ, t, T) = EQ
[

e−
∫ T

t r(s)dsωV(T)1{τ>T}

]
. (37)

For an explicit solution, let us try with a function of the type:
H(V, r, λ, t, T) = VP(r, t, T)N(λ, t, T)ω,
with terminal condition P(r, T, T) = 1, N(λ, T, T) = 1. By replacing it in the PDE (21) and
simplifying the notation, we get:

1
2

σ2
r rPrrVNω +

1
2

σ2
λλNλλVPω + (µ− πV)VNPω + [κr(θr − r)− πrrPrVPω+

+ [κλ(θλ − λ)− πλλ]NλVPω + PtVNω + NtVPω− λVPNω− rVPNω = 0.
(38)

We can split the PDE (46) in three PDE’s, each one equation to 0. The first one collects all
the terms where the risk factor λ is involved; after dividing by VPω we get:

1
2

σ2
λλNλλ + [κλ(θλ − λ)− πλλ]Nλ + Nt − λN + (µ− πV)N = 0.

The solution is derived by imposing the terminal condition N(λ, T, T) = 1, so that as an
expectation it is:

N(λ, t, T) = EQ
[

1τ>Te−
∫ T

t (µ−πV)ds
]
= EQ

[
e−

∫ T
t −λ(s)ds

]
e(µ−πV)(T−t).

It is straightforward to note that the expectation is the price of a interest rate zero-coupon
bond where the discounting is given by the process λ(s). By exploiting the result in Cox,
Ingersoll and Ross [3], and by considering that if λ follows the mean reverting square-root
process (17), then the solution is:

N(λ, t, T) = C(t, T)e−λ(t)D(t,T)e(µ−πV)(T−t),

with C(t, T) and D(t, T) provided in the main text. We also stress that N(t, T) takes
into account the survival probability of the debtor company up to time T with the terms
SP(t, T) = C(t, T)e−λ(t)D(t,T); the second exponential e(µ−πV)(T−t) considers the remaining
part of the drift of the revenues.
The second PDE collects all the terms in the PDE (46) that involve the risk factor r; dividing
by VNω we get:

1
2

σ2
r rPrr + [κr(θr − r)− πrr]Pr + Pt − rP = 0, (39)

3See for example Friedman [5], Theorem 5.2.
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with terminal condition P(r, S, S) = 1, whose solution as en expectation is:

P(r, t, T) = EQ
[

e−
∫ T

t r(s)ds
]

.

The explicit solution is in the main text and it is the price of a zero-coupon bond provided
in Cox, Ingersoll and Ross [3]. The explicit solution is in the main text.

Assignment of Invoices
The price at time t of a revenue-based zero-coupon bond H(V, r, λ, t, T, S) expiring in S,
when invoices issued in the reference period ending in T are paid, is the solution of the
PDE (21) with terminal condition H(V, r, λ, S, T, S) = ωV(T). It is well known that the
solution can be represented as an expectation4)under the risk-neutral measure Q):

H(V, r, λ, t, T, S) = EQ
[

e−
∫ S

t r(s)dsωV(T)1{τ>S}

]
. (40)

The explicit solution is very similar to the Base case, with the only difference given by the
expiry of the discount factor and the survival of the debtor company up to the expiry S.
The solution is

H(V, r, λ, t, T, S) = VP(r, t, S)SP(t, S)e(µ−πV)(T−t)ω. (41)

The proof follows the same steps as above, with the terminal conditions P(r, S, S) = 1,
N(λ, S, S) = 1. In the main text the explicit formula is provided.

Limited Recourse Clause

Assignment of Invoices
The price at time t of a revenue-based zero-coupon bond H(V, r, λ, T, T, S) expiring in S,
when invoices issued in the reference period ending in T are paid, is the solution of the
PDE (21) with terminal condition H(V, r, λ, S, S, S) = ωV(S). It is well known that the
solution can be represented as an expectation5)under the risk-neutral measure Q):

H(V, r, λ, t, T, S) = EQ
[

e−
∫ S

t r(s)dsωV(T)1{τc>S|τc>T}

]
. (42)

As a solution, let us try again with a function of the type: H(V, r, λ, t, T, S) = VP(r, t, S)N(λ, t, T)
M(ξ, t, T, S)ω, with terminal conditions P(r, S, S) = 1, N(λ, T, T) = 1 and M(ξ, t, S, S). By
replacing it in the PDE (21) and simplifying the notation, we get:

1
2

σ2
r rPrrVNMω +

1
2

σ2
λλNλλVPMω +

1
2

σ2
ξ ξMξξVPN + (µ− πV)VNPMω + [κr(θr − r)+

− πrrPrVPMω + [κλ(θλ − λ)− πλλ]NλVPMω + [κξ(θξ − r)− πξξ]MξVPNω

+ PtVNMω + NtVPMω + MtVPNω− λVPNMω− ξVPNMω− rVPNMω = 0.
(43)

We can split the PDE (46) in three PDE’s, each one equation to 0. The first one collects all

4See for example Friedman [5], Theorem 5.2.
5See for example Friedman [5], Theorem 5.2.
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the terms where the risk factor λ is involved; after dividing by VPMω we get:

1
2

σ2
λλNλλ + [κλ(θλ − λ)− πλλ]Nλ + Nt − (1 + α)λN + (µ− πV)N = 0.

The solution is derived by imposing the terminal condition N(λ, T, T) = 1, and it is the
same as seen before in the Base case, with the explicit formula in the main text.
The second PDE collects all the terms in the PDE (46) that involve the risk factor r; dividing
by VMNω we get:

1
2

σ2
r rPrr + [κr(θr − r)− πrr]Pr + Pt − rP = 0, (44)

with terminal condition P(r, S, S) = 1. Once again, the solution is tha same as above and
the explicit formula provided in the main text.
The third PDE collects all the terms in the PDE (46) that involve the risk factor ξ, which
after dividing by VPNω we get:

1
2

σ2
ξ ξMξξ + [κξ(θξ − r)− πξ ]Mξ + Mt − ξM = 0, (45)

with terminal condition M(ξ, S, S, S) = 1. The solution expressed as an expectation is:

M(ξ, t, T, S) = EQ
[

1{τc>S|τc>T}

]
= EQ

[
e−

∫ S
T ξ(s)ds

]
.

It should be noted that M(ξ, t, T, S) is the survival probability of the generic client company
that pays the invoice. As such, we do not refer to a specific company and we can be sure
that there is always a surviving generic company whose invoices are transferred to the
lender. That means that the default process is in practice memoryless and we do not need
to condition on the survival of the company up to time T.
The solution is the price of a zero-coupon futures price, derived by Cox, Ingersoll and Ross
[4] and explicitly provided in the main text.
In some types of contracts we are not considering a generic client but a specific company,
so that the default process cannot memoryless: in this case need to calculate the survival
probability up to time S conditioned to he survival up to time T, s that:

M(ξ, t, T, S) =
SPc(t, S)
SPc(t, T)

.

The solution for SPc(t, S) is the same derived above for the survival probability of the
debtor company SP(t, T), where parameters of the client’s default intensity ξ replace those
of the debtor’s default intensity λ.
The price at time t of a revenue-based zero-coupon bond H(V, r, λ, T, T, S) expiring in S,
when invoices issued in the reference period ending in T are paid, is the solution of the
PDE (21) with terminal condition H(V, r, λ, S, S, S) = ωV(S). It is well known that the
solution can be represented as an expectation6)under the risk-neutral measure Q):

H(V, r, λ, t, T, S) = EQ
[

e−
∫ S

t r(s)dsωV(T)1{τ>S}

]
.

The explicit solution is very similar to the Base case, with the only difference given by

6See for example Friedman [5], Theorem 5.2.
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the expiry of the discount factor and the survival of the debtor company up to th
expiry S. For an explicit solution, let us try with a function of the type: H(t, T) =

VP(r, t, T)N(λ, t, T)M(ξ, t, T, S)ω, with terminal condition P(r, S, S) = 1, N(λ, T, T) = 1
and M(ξ, S, S, S) = 1. By replacing it in the PDE (21) and simplifying the notation, we get:

1
2

σ2
r rPrrVNMω +

1
2

σ2
λλNλλVPMω +

1
2

σ2
ξ ξMξξVPN + (µ− πV)VNPMω+

+ [κr(θr − r)− πrrPrVPMω + [κλ(θλ − λ)− πλλ]NλVPMω + [κξ(θξ − r)− πξξ]MξVPNω

+ PtVNMω + NtVPMω + MtVPNω− λVPNMω− ξVPNMω− rVPNMω = 0.
(46)

We can split the PDE (46) in three PDE’s, each one equation to 0. The first one collects all
the terms where the risk factor λ is involved; after dividing by VPMω we get:

1
2

σ2
λλNλλ + [κλ(θλ − λ)− πλλ]Nλ + Nt − (1 + α)λN + (µ− πV)N = 0.

The solution is derived by imposing the terminal condition N(λ, T, T) = 1, so that as an
expectation it is:

N(λ, t, T) = EQ
[

1τ>Te−
∫ T

t (µ−πV)ds
]
= EQ

[
e−

∫ T
t −λ(s)ds

]
e(µ−πV)(T−t).

It is straightforward to note that the expectation is the price of a interest rate zero-coupon
bond where the discounting is given by the process λ(s). By exploiting the result in Cox,
Ingersoll and Ross [3], and by considering that if λ follows the mean reverting square-root
process (17), then the solution is:

N(λ, t, T) = C(t, T)e−λ(t)D(t,T)e(µ−πV)(T−t),

with C(t, T) and D(t, T) provided in the main text. We also stress that N(t, T) takes
into account the survival probability of the debtor company up to time T with the terms
SP(t, T) = C(t, T)e−λ(t)D(t,T); the second exponential e(µ−πV)(T−t) considers the remaining
part of the drift of the revenues.

The second PDE collects all the terms in the PDE (46) that involve the risk factor r; dividing
by VMNω we get:

1
2

σ2
r rPrr + [κr(θr − r)− πrr]Pr + Pt − rP = 0, (47)

with terminal condition P(r, S, S) = 1, whose solution as en expectation is:

P(r, t, S) = EQ
[

e−
∫ S

t r(s)ds
]

.

The explicit solution is in the main text and it is the price of a zero-coupon bond provided
in Cox, Ingersoll and Ross [3].

The third PDE collects all the terms in the PDE (46) that involve the risk factor ξ, which
after dividing by VPNω we get:

1
2

σ2
ξ ξMξξ + [κξ(θξ − r)− πξ ]Mξ + Mt − ξM = 0, (48)
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with terminal condition M(ξ, S, S, S) = 1. The solution expressed as an expectation is:

M(ξ, t, T, S) = EQ
[

1{τc>S|τc>T}

]
= EQ

[
e−

∫ S
T ξ(s)ds

]
.

It should be noted that M(ξ, t, T, S) is the survival probability of the generic client company
that pays the invoice. As such, we do not refer to a specific company and we can be sure
that there is always a surviving generic company whose invoices are transferred to the
lender. That means that the default process is in practice memoryless and we do not need
to condition on the survival of the company up to time T.
The solution is the price of a zero-coupon futures price, derived by Cox, Ingersoll and Ross
[4] and explicitly provided in the main text.
In some types of contracts we are not considering a generic client but a specific company,
so that the default process cannot memoryless: in this case need to calculate the survival
probability up to time S conditioned to the survival up to time T, i.e.:

EQ
[

1{τc>S|τc>T}

]
= P(1{τc>S|τc>T}) =

P(1{τc>S})

P(1{τc>T})
=

EQ
[

1{τc>S}

]
EQ

[
1{τc>T}

] ,

so that:

M(ξ, t, T, S) =
SPc(t, S)
SPc(t, T)

.

The solution for SPc(t, S) is the same derived above for the survival probability of the
debtor company SP(t, T), where parameters of the client’s default intensity ξ replace those
of the debtor’s default intensity λ.
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Revenues, Expected Repayments and Oustanding Debts

FIGURE 18: Projection of expected revenues.
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FIGURE 19: Expected repayments and outstanding debt amounts for different levels of the drift parameter µ,
in the base case contract with no term date and no revenues’ floor.
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FIGURE 20: Expected repayments and outstanding debt amounts for different levels of the drift parameter µ,
in the base case contract with no term date and with a revenues’ floor.
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FIGURE 21: Expected repayments and outstanding debt amounts for different levels of the drift parameter µ,
in the base case contract with a term date and with a revenues’ floor.

Issue n. 31 / 2026 65



Insurance

Risk

Multilevel Monte Carlo for
Solvency II SCR: Efficient
Nested Simulation



Insurance Risk

About the Authors

Gianmarco Mori:
Expert
He holds a Bachelor in Banking and
Finance and a Master degree in Statistics
and Actuarial science. He obtained a
specialization in Quantitative Finance at
Politecnico di Milano and he had worked
in a consulting firm for two year focused
in Credit and Liquidity Risk
Management. After these years, he
moved to banking sector in Risk
Management area and currently he has
been working in iason as financial
engineer for some of the major italian
players.

Issue n. 31 / 2026 67

mailto:gianmarco.mori@iasonltd.com
https://www.linkedin.com/in/gianmarco-mori-65057aa8/


Argo Magazine

Francesco Bertonati:
Financial Engineer
Graduated in Quantitative Finance and
Insurance and holding a Masters degree
in Statistics and Applied Mathematics,
he worked as a Financial Engineer with
the Risk Management team of one of the
leading Italian insurance companies,
contributing to the development of the
internal model. His work focused in
particular on modeling dependencies
between different risk factors, preparing
the related technical documentation, and
assessing underwriting risks in the Life
insurance sector. He is currently
collaborating with the Financial Risk
team of one of the major Italian banks,
where he focuses on risk pricing analysis
and the development of models for
financial products.

68 www.iasonltd.com

mailto:francesco.bertonati@iasonltd.com
https://www.linkedin.com/in/francesco-bertonati-800925260/


Insurance Risk

Daniel Bruttomesso:
Financial Engineer
He holds a degree in Mathematical
Engineering. He collaborated as a
Financial Engineer with the Risk
Management team of one of the leading
Italian insurance companies,
contributing to the development of the
internal model. His work focused in
particular on modeling dependencies
between risk factors, preparing the
related technical documentation, and
assessing underwriting risks related to
Life insurance. He is currently
collaborating with the Financial Risk
team of one of the major Italian banks,
focusing on risk pricing analysis and
development for financial products.

Amina Cavazzana:
Credit Risk Quant
She holds a degree in Statistics for
Economics and Business and is currently
working as a Credit Risk Analyst,
collaborating with the Risk Management
team of one of the leading Italian
insurance companies, supporting the
development and implementation of the
internal model. Her main activities
include counterparty risk modeling,
analysis of dependencies between risk
factors, and the preparation of the
official model documentation. She is also
engaged in managing Underwriting/Life
risks.

Issue n. 31 / 2026 69

mailto:daniel.bruttomesso@iasonltd.com
https://www.linkedin.com/in/daniel-bruttomesso-70343225b/
mailto:amina.cavazzana@iasonltd.com
https://www.linkedin.com/in/aminacavazzana/


Argo Magazine

T he paper proposes the use of Multilevel Monte Carlo as an efficiency-enhancing method for the
calculation of the Solvency Capital Requirement within the framework of internal insurance
models. The computation of the Solvency Capital Requirement relies on nested Monte

Carlo simulations, which become computationally prohibitive for complex portfolios. Commonly
adopted proxy methods reduce execution times but introduce model risk and require a complex
governance framework. The Multilevel Monte Carlo approach acts as an accelerator that does
not rely on proxy functions. Instead, it employs a hierarchy of simulation levels, ranging from
coarse to increasingly refined representations, in order to reduce variance and computational cost
while preserving the nested simulation structure. The method is risk preserving because it avoids
structural bias, ensures near optimal convergence rates, and facilitates regulatory validation through
its statistical transparency. The paper also introduces an adaptive version of the Multilevel Monte
Carlo method. This extension concentrates computational effort on the most critical scenarios in
the tail of the loss distribution, thereby further improving efficiency in the calculation of the capital
requirement.

T his paper addresses the problem
of calculating the Solvency Capital
Requirement (SCR) under Solvency

II, which requires insurance companies to
hold sufficient capital to withstand extreme
losses. The two-layer simulation framework
underlying the capital requirement calcu-
lation consists of "real-world" simulations
of risk factors and, for each of them, cor-
responding "risk-neutral" valuations of the
portfolio. Nested simulation structures of
this type are not unique to solvency appli-
cations and arise in several other areas of
quantitative finance, particularly in the com-
putation of counterparty credit risk (CCR)
exposure metrics such as Expected Posi-
tive Exposure (EPE), as well as in the valu-
ation and sensitivity analysis of XVA ad-
justments. While this structure ensures
theoretical consistency, it entails a substan-
tial computational burden. The paper dis-
cusses the widespread industry adoption
of the Least Squares Monte Carlo (LSMC)
approach, which relies on proxy functions.
However, such approximations may intro-
duce model risk, particularly in the tails of
the distribution that are crucial for SCR esti-
mation, and require specific calibration pro-
cedures and underlying structural assump-
tions. The core contribution of the paper
is the application of the Multilevel Monte
Carlo (MLMC) method, which builds a hi-
erarchy of accuracy levels by combining

many low-cost, coarse simulations with a
few high-cost, precise ones, and proposing
an adaptive version that concentrates com-
putational effort on scenarios close to the
critical loss threshold. The methodology is
subsequently applied to a index-linked life
insurance product with a minimum capital
guarantee, combining financial and biomet-
ric risks within a nonlinear payoff struc-
ture. The paper concludes that MLMC pre-
serves the transparency and accuracy of
the standard Nested Monte Carlo approach
while significantly reducing computational
time, thereby avoiding the need for complex
proxy functions. Finally, it points to the po-
tential extension toward Multi-index Monte
Carlo (MIMC) to simultaneously address
multiple sources of numerical error.

SCR Computation under
Solvency II

Solvency II introduced a risk-based capi-
tal regime for insurers, defining the Sol-
vency Capital Requirement (SCR) as the
capital needed to withstand a 1-in-200 year
adverse event [6]. The SCR corresponds to
the 99.5% one-year Value-at-Risk (VaR) of
the loss in Basic Own Funds (BOF). In regu-
latory terms, the SCR represents the capital
needed to ensure that an insurer can absorb
extreme but plausible losses over a one-year
horizon. Insurers may compute the SCR ei-
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ther via the prescribed Standard Formula or
through a company-specific Internal Model,
subject to supervisory approval. Within an
approved Internal Model, this requirement
is computed by simulating the full distri-
bution of one-year changes in BOF and ex-
tracting its extreme quantile under market-
consistent valuation principles.
Operationally, this entails a two-layer struc-
ture. First, real-world (P) simulations gen-
erate one-year scenarios for all material risk
drivers. Second, for each scenario, the bal-
ance sheet must be revalued at the one-year
horizon. While assets are often directly ob-
servable or analytically tractable, liabilities,
especially those embedding financial guar-
antees, profit-sharing mechanisms, policy-
holder behaviour and management actions,
rarely admit closed-form expressions. Their
value at the one-year horizon is typically ex-
pressed as a conditional expectation under
the risk-neutral (Q) measure. This naturally
leads to a Nested Monte Carlo (NMC) ar-
chitecture, with an outer P-simulation and
an inner Q-valuation performed for each
real-world scenario.
The resulting computational burden scales
proportionally to Nout × Nin. Because the
SCR targets a deep tail quantile, both lay-
ers must be sufficiently large to control sta-
tistical error and avoid distortions in the
ordering of extreme scenarios. For realis-
tic life portfolios with path-dependent fea-
tures, brute-force nested simulation rapidly
becomes impractical in production environ-
ments subject to tight reporting deadlines.
To address this issue, the industry has
widely adopted proxy techniques, most no-
tably Least Squares Monte Carlo (LSMC)
following Longstaff and Schwartz [12], as
well as replicating portfolio approaches.
These methods replace repeated inner valu-
ations with an approximating function cal-
ibrated on a limited training set of fully
nested runs. While computationally effi-
cient, proxy approaches introduce struc-
tural approximation risk, particularly in the
tail region driving the SCR. As documented
in the nested simulation literature [10, 3],

tail estimation is highly sensitive to model
misspecification and extrapolation. Con-
sequently, the computational problem is
partly transformed into a governance chal-
lenge, requiring extensive validation, stabil-
ity analysis and documentation of approxi-
mation quality.
This paper proposes an alternative that pre-
serves the fully simulation-based structure
while materially reducing computational
cost: Multilevel Monte Carlo (MLMC), pi-
oneered by Mike Giles [7] and extended to
nested risk estimation by Giles and Haji-Ali
[8]. Rather than replacing the inner valu-
ation with a parametric surrogate, MLMC
applies a hierarchy of simulation accura-
cies to the Q-valuation layer. Using a tele-
scopic decomposition, most samples are al-
located to inexpensive coarse approxima-
tions, while only a limited number are used
to correct bias at finer levels. Under suitable
conditions, this approach achieves near-
optimal Monte Carlo complexity for nested
problems, including tail probabilities and
quantiles.
In contrast to proxy methods, MLMC does
not rely on an assumed functional form for
the liability value and remains structurally
close to full nested simulation. This fea-
ture is particularly attractive in an Internal
Model context, where transparency, statis-
tical error control and methodological con-
sistency with regulatory expectations are
essential. Practitioner evidence in solvency
applications indicates that MLMC can de-
liver substantial runtime reductions while
maintaining valuation fidelity [2].

SCR and the Nested Monte
Carlo Challenge

The Structure of SCR in an Internal Model

Let t = 0 denote the valuation date and
t = 1 the one-year horizon. Define Basic
Own Funds:

BOFt := At − Lt, (49)
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where At is the market-consistent value of
assets and Lt the market-consistent value
of liabilities at time t. Define the one-year
loss random variable (sign convention con-
sistent with capital requirement):

∆BOF := BOF0 − BOF1. (50)

The Internal Model SCR is:

SCR := VaR0.995(∆BOF). (51)

The definition in (51) embeds several lay-
ers of modelling complexity. First, BOF1

is itself a random variable driven by the
joint evolution of all material risk factors
over the one-year horizon. These typically
include market variables (interest rates, eq-
uity indices, credit spreads, implied volatili-
ties), biometric factors (mortality, longevity,
lapse), and potentially management actions
and dynamic policyholder behaviour. The
SCR therefore depends on the full joint dis-
tribution of these drivers under the real-
world measure P, including their nonlinear
interactions. A standard simulation archi-
tecture is:

• Outer simulation (P). Generate Nout

independent scenarios of the one-
year risk drivers, producing time-one
states X(i)

1 . The state vector X1 typi-
cally contains the entire term struc-
ture of interest rates, equity levels,
spread curves, volatility surfaces, and
relevant insurance risk factors. The
outer simulation must be sufficiently
rich to capture tail co-movements,
as the 99.5% quantile is sensitive to
joint stress configurations rather than
marginal extremes alone.

• Inner valuation (Q). For each X(i)
1 ,

compute L(i)
1 as a market-consistent

value of future cashflows conditional
on the time-1 filtration:

L(i)
1 = EQ

[
∑

k:tk>1
D(1, tk)CFtk

∣∣∣∣∣ X(i)
1

]
,

where D(1, tk) is the stochastic dis-

count factor from 1 to tk under Q, and
CFtk are liability cashflows.
The liability value at time 1 can be
expressed as a conditional expecta-
tion under the risk-neutral measure.
In general, no closed-form expression
is available when cashflows depend
pathwise on future economic scenar-
ios. As a consequence, the condi-
tional expectation must be approxi-
mated numerically, most commonly
by Monte Carlo simulation under Q.
This creates a nested structure: for
each outer scenario X(i)

1 , an inner sim-
ulation with Nin paths is required to
estimate L(i)

1 .
It is worth noting that assets may also
require revaluation at t = 1, espe-
cially for path-dependent instruments.
However, in many internal model im-
plementations, the dominant compu-
tational burden arises from the liabil-
ity side, where long-dated optional-
ities and management rules induce
high-dimensional path dependence.

• Quantile estimation. Compute
∆BOF(i) via (50) for all outer scenar-
ios, then estimate VaR0.995 from the
empirical distribution. Since the tar-
get is an extreme percentile, the ac-
curacy of the estimator depends criti-
cally on the number of outer scenarios
and on the noise introduced by the
inner estimations of L(i)

1 . Inner sim-
ulation error propagates nonlinearly
to the quantile estimator and may in-
duce bias if not properly controlled.

Why Nested Monte Carlo Arises

Liability valuation at time 1 is a conditional
expectation under Q. Given the state X(i)

1 ,
the liability value is a functional of the en-
tire future path of risk factors beyond the
one-year horizon. Whenever cashflows de-
pend nonlinearly on future asset returns,
interest rate paths, policyholder behaviour,
or management rules, no tractable closed-
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form expression is available for this con-
ditional expectation. As a consequence,
numerical integration is required, and in
practice this is almost always performed
via Monte Carlo simulation under the risk-
neutral measure. For complex liabilities,
one therefore resorts to an inner Monte
Carlo estimator (see e.g. Glasserman [9] for
a comprehensive treatment of Monte Carlo
methods in financial engineering):

L̂(i)
1 :=

1
Nin

Nin

∑
k=1

Y(i,k), (52)

where Y(i,k) is the discounted present value
of future cashflows along inner path Nin,
simulated under Q from the state X(i)

1 . The
estimator in (52) is unbiased for the condi-
tional expectation, with variance decreasing
at rate 1/Nin. However, achieving a suf-
ficiently small conditional standard error
may require a large Nin, especially for long-
dated or highly path-dependent contracts.
Since this inner valuation must be repeated
for each outer scenario i = 1, . . . , Nout, the
resulting structure is inherently nested (Fig-
ure 22). The overall computational cost
scales as:

CostNMC ∝ Nout × Nin,

up to model-dependent constants capturing
projection engine complexity (e.g. number
of policy model points, granularity of as-
set models, time discretization steps). In
realistic life portfolios, both Nout and Nin

must be large to control sampling error at
the portfolio level, leading to substantial
runtime.
The statistical challenge is further com-
pounded by the quantile objective. The
SCR targets the 99.5% tail of the loss dis-
tribution, and this tail is sensitive not only
to outer sampling variability but also to
noise in L̂(i)

1 . Inner simulation error may in-
duce mis-ordering of scenarios near the tail,
thereby distorting the empirical quantile
and potentially introducing bias. Impor-
tantly, reducing the variance of the inner

estimator uniformly across all scenarios is
not necessarily optimal, since only a small
fraction of outer paths ultimately determine
the tail estimate.
The literature on nested risk estimation
shows that naive nested Monte Carlo es-
timators can exhibit slow convergence for
risk measures such as VaR, especially when
inner noise is not properly controlled rel-
ative to the outer sample size. In particu-
lar, inefficient allocation between Nout and
Nin can lead to suboptimal complexity and
persistent bias effects [10, 3]. These find-
ings motivate more refined allocation strate-
gies and advanced variance-reduction tech-
niques tailored to the nested structure of
the SCR problem.

Least Squares Monte Carlo (LSMC) as an
Industrial Compromise

LSMC originates from the Longstaff–
Schwartz methodology for American op-
tions [12]. In solvency applications, the
key idea is to avoid performing a full in-
ner Monte Carlo valuation for every outer
scenario. Instead, one constructs a proxy
function that approximates the time-1 lia-
bility value as a function of the risk factors:

L1 ≈ φ(X1; θ),

where X1 is a vector of risk factors at
t = 1, φ is a parametric or semi-parametric
function (e.g. polynomial basis expansions,
splines, sparse regressions, or neural net-
works), and θ is calibrated on a training set
of scenarios that are fully valued via nested
simulation.
The economic rationale is straightforward:
while the brute-force nested Monte Carlo
approach requires solving a costly condi-
tional valuation problem for each outer
scenario, many of these valuations share
similar structural dependence on the un-
derlying state variables. If the mapping
X1 7→ L1 is sufficiently smooth, it can be
learned from a relatively small but carefully
designed training set, and then evaluated
cheaply across a much larger outer sample.
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FIGURE 22: Nested Monte Carlo method.

In this way, the expensive inner simulation
is performed only during calibration, rather
than during every production run of the
SCR.
Speed and scalability are the main benefits.
Once trained, the proxy function φ can be
evaluated almost instantaneously across a
large set of outer scenarios, reducing com-
putational cost from O(Nout × Nin) to ap-
proximately O(Ntrain × Nin + Nout), where
Ntrain is the size of the calibration set. This
enables frequent recalculations, sensitivity
analyses, stress testing, and broad what-if
coverage within practical time windows. In
large life portfolios, this reduction in run-
time is often the primary motivation for
adopting proxy techniques.
The efficiency gain comes at the cost of
introducing approximation error. Proxy
methods concentrate model risk in regions
where training density is low and they face
extrapolation risk when outer scenarios fall
outside the domain well represented by
the calibration set. Their performance de-
pends strongly on feature selection, basis
design, and regularization choices, which
introduces an additional layer of model risk
and requires a robust governance frame-
work, including careful calibration design,
monitoring of parameter stability, periodic
re-training, out-of-sample validation, and
explicit assessment of tail accuracy.
A key practical challenge concerns the spec-
ification of the proxy function itself. Al-

though convergence of LSMC regressions
holds for fairly general families of basis
functions, numerical performance can vary
substantially depending on the chosen rep-
resentation, the number and structure of re-
gressors, and the dimensionality of the state
space [11]. In solvency applications, where
the goal is often to approximate the full
distribution rather than only conditional
expectations, the choice of basis becomes
even more delicate and may require signifi-
cant tuning. Furthermore, regression-based
proxy approaches are exposed to the classi-
cal curse of dimensionality: as the dimen-
sion of the risk-factor vector increases, the
number of basis terms required to maintain
accuracy typically grows rapidly, leading to
higher computational cost, instability, and
potential overfitting issues [1]. This limi-
tation is particularly relevant in ALM and
capital models, where the state space can
be high-dimensional and non-Markovian,
making low-dimensional proxy specifica-
tions unable to fully capture the relevant
dynamics and limiting scalability with re-
spect to dimensionality.
Conceptually, the core trade-off is that sim-
ulation error (which is statistical and can
be quantified via confidence intervals) is
replaced by approximation error (which
is structural and harder to bound rigor-
ously). In particular, the impact of proxy
misspecification on extreme quantiles is dif-
ficult to characterize with transparent prob-
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abilistic guarantees, making validation in
a regulatory context both technically and
operationally demanding. In practice, be-
yond the basic LSMC methodology, correc-
tive and stabilization approaches, as well
as advanced techniques for calibration, au-
tomatic selection of proxy structure, and
computational optimization (see Moody’s
White Paper, [5]), can be introduced to mit-
igate these issues; however, the inherent
approximation errors and limitations in ex-
treme scenarios remain, requiring ongoing
monitoring and robust model governance.

Multilevel Monte Carlo

From Nested Simulation to Multilevel
Methods

As explained in Section The Structure of
SCR in an Internal Model, under an Internal
Model, the Solvency Capital Requirement
is defined as:

SCR = VaR0.995(∆BOF),

∆BOF = BOF0 − BOF1.

Since the VaR is a quantile, it is convenient
to work with the associated exceedance
probability. For any threshold x ∈ R de-
fine:

I(x) := P(∆BOF > x) (53)

= EP
[
1{∆BOF>x}

]
.

Then SCR can be characterised as the small-
est x such that I(x) ≤ 0.005.
The nested structure arises because evaluat-
ing ∆BOF at time t = 1 requires a market-
consistent liability value, which is a condi-
tional risk-neutral expectation. Writing:

L1 = EQ[Y | F1] ,

with Y the discounted future cash flows
under Q, each outer scenario determines a
value of L1 only through an inner Monte
Carlo estimation of this conditional expec-
tation. Hence, estimating I(x) leads to a

nested Monte Carlo (NMC) procedure with
computational cost proportional to J × K,
where J is the number of outer scenarios
and K the number of inner simulations per
scenario.
For tail quantities driven by discontinuous
indicators, crude nested Monte Carlo ex-
hibits an unfavourable accuracy–cost trade-
off; in particular, achieving an RMSE of or-
der ε typically entails a complexity of order
O(ε−3), which rapidly becomes computa-
tionally prohibitive in realistic insurance
applications (see e.g. [10, 3]). This compu-
tational barrier motivates replacing a single
uniformly high-accuracy nested estimator
with a multilevel construction. The MLMC
framework has recently been advocated for
SCR computation in insurance contexts [2],
where it is shown to deliver substantial run-
time reductions while preserving a fully
simulation-based methodology.

General Principle of Multilevel Monte
Carlo

MLMC replaces a single approximation
with a hierarchy of increasingly accurate
(and increasingly expensive) approxima-
tions, combined through a telescoping sum.
In our setting, the quantity of interest is the
indicator in (53), which we write as:

P(x) := 1{∆BOF>x}.

The dependence on the inner valuation is
implicit through L1 = EQ[Y | F1].
Let (P`)`=0,...,L be a sequence of approxima-
tions of P with increasing accuracy, indexed
by a simulation level `. MLMC relies on the
the telescopic decomposition:

E[PL(x)]=E[P0(x)] +
L

∑
`=1

E [P`(x)− P`−1(x)] .

Each term is estimated by Monte Carlo
with sample size J`:
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ÎMLMC(x) =
1
J0

J0

∑
j=1

P(j)
0 (x)+

+
L

∑
`=1

1
J`

J`

∑
j=1

(
P(j)
` (x)− P(j)

`−1(x)
)

.

The essential mechanism is the following:

• Low levels (` small) are computation-
ally cheap but biased. They are simu-
lated many times to reduce variance.

• High levels (` large) are accurate but
expensive. They are simulated only a
few times to correct the bias.

• Strong coupling between P` and P`−1
ensures that the variance of P` − P`−1
decreases with `.

Under suitable regularity conditions, this
strategy reduces the overall computational
complexity from O(ε−3) for crude nested
Monte Carlo to O(ε−2), which corresponds
to the optimal Monte Carlo rate [7].

MLMC in the Nested SCR Framework

In the nested SCR setting, the levels typ-
ically correspond to different numbers of
simulations J` and K`, often chosen in geo-
metric progression:

J` = J02−`, K` = K0 2`, ` = 0, . . . , L.

At level `, the conditional expectation
EQ[Y | F1] is approximated by a Monte
Carlo estimator with K` samples. The
MLMC estimator then combines corrections
across levels so that:

• The bias (E[PL] − P) induced by ap-
proximating the inner expectation is
controlled by the maximum level L.

• The variance is reduced by allocating
more outer samples J` to cheaper lev-
els. In particular, the variance of the
estimator is:

Var(PL) = Var(P0) +
L

∑
l=1

Var(Pl − Pl−1).

This multilevel allocation results in a reduc-
tion of computational burden while preserv-
ing a fully simulation-based approach. Im-
portantly, unlike proxy techniques such as
Least Squares Monte Carlo or Replicating
Portfolios, MLMC does not rely on paramet-
ric approximations of the response surface.
This feature significantly simplifies model
validation in an internal model context, as
the methodology remains structurally close
to full nested simulation.

Adaptive Refinements for Quantile Esti-
mation

In the specific case of SCR estimation, the
quantity of interest is driven by the indica-
tor g(u) = 1{u≥x}, which is discontinuous
at the loss threshold x. This lack of smooth-
ness deteriorates the theoretical complexity
of the standard MLMC estimator compared
to the smooth-function case.
Giles and Haji-Ali (2019) [8] introduce adap-
tive allocation strategies in which the num-
ber of inner simulations depends on the dis-
tance of the conditional expectation from
the loss threshold.
Intuitively, outer scenarios for which the
estimated loss is far from the threshold re-
quire only a coarse inner estimate, while
scenarios close to the threshold demand
higher precision to avoid misclassification.
This stochastic allocation of inner samples
further improves efficiency and leads to
near-optimal complexity of order:

O
(
ε−2 log(ε)2) .

Such adaptive MLMC schemes are partic-
ularly well suited for rare-event estima-
tion and tail quantile computation, mak-
ing them highly relevant for internal model
SCR calculations in insurance.
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Application to a Participating
Life Product with Minimum

Guarantee

This section introduces a representative toy
example to illustrate the application of the
Multilevel Monte Carlo (MLMC) method-
ology to the computation of the Solvency
Capital Requirement (SCR).

Product Outline

Consider an index-linked life insurance con-
tract with a minimum guaranteed benefit.
The policy pays a benefit either at contrac-
tual maturity T or at the end of the pol-
icy year of death of the insured, denoted
by t∗ (discrete time). The payoff structure
embeds both financial and biometric risk
components and can be interpreted as a Eu-
ropean put-type guarantee written on an
underlying equity index.
Formally, let (St)t≥0 denote the value of the
reference equity index under a risk-neutral
measure, and let K be the guaranteed capi-
tal. The value at time 0 is given by

V0 = EQ
[
e−r (T∧t∗) (K− ST∧t∗)+

]
,

where r is the risk-free interest rate and
T∧ t∗ represents the minimum between ma-
turity and the end of year of death. The
contract therefore terminates at the earlier
of death or maturity, and the guarantee en-
sures that the policyholder (or beneficiaries)
receives at least K at termination. Economi-
cally, this structure resembles a put option
with random maturity driven by the life-
time of the insured.
Despite its apparent simplicity, this con-
tract captures the essential features of a
broad class of life insurance products com-
monly observed in practice. First, it incor-
porates market risk through the stochastic
dynamics of the underlying index St, typ-
ically modeled as a diffusion process (e.g.,
geometric Brownian motion) or within a
more general risk-factor framework. Sec-
ond, it embeds mortality risk via the ran-

dom time of death t∗, which interacts with
financial risk by inducing a stochastic and
path-dependent effective maturity. Third,
the presence of the minimum guarantee in-
troduces a non-linear payoff profile, making
the liability sensitive to downside equity
movements and thereby generating signifi-
cant tail risk, which is central in SCR calcu-
lations under Solvency II.
From a risk management perspective, this
stylized product provides a natural labo-
ratory for studying the joint impact of fi-
nancial shocks and biometric uncertainty
on the distribution of Own Funds. It also
highlights the computational challenges as-
sociated with nested simulation approaches
traditionally used for SCR estimation, par-
ticularly when guarantees and stochastic
termination times are involved. For these
reasons, it represents a parsimonious yet
sufficiently rich benchmark for assessing
the efficiency gains delivered by MLMC
techniques in an insurance context.

SCR Framework and Numerical Imple-
mentation

In order to compute the Solvency Capital
Requirement (SCR), a one-year risk horizon
is adopted in accordance with the standard
Solvency II framework. In particular, the
relevant risk factors are simulated up to
time one under the real-world probability
measure P. The two sources of uncer-
tainty considered in this setting are: (i) the
financial risk factor, represented by the un-
derlying index (St), and (ii) the biometric
risk factor, represented by the survival sta-
tus of the insured, which are assumed to be
independent.
More precisely, joint scenarios for
(S1, 1{1<t∗}) are generated under P. If the
insured dies within the first year, the con-
tract terminates and the liability at time
one is fully determined by the payoff al-
ready realized. Conversely, if the insured
survives the first year, the SCR requires the
evaluation of the liability value at time one,
denoted by V1, conditional on the realized
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market state S1. In this case, V1 corresponds
to the risk-neutral value (under Q) of the
remaining cash flows from 1 to T∧ t∗, given
survival up to the first year.
Conditionally on survival and on S1, the
continuation value can be written as

V1 = EQ
[
e−r((T∧t∗)−1) (K− ST∧t∗)+

∣∣∣F1

]
,

where the expectation is taken under the
risk-neutral measure Q, in accordance with
market-consistent valuation principles and
F1 represents the sigma-algebra up to time
one.
To assess the numerical performance of dif-
ferent estimation techniques, the value V1

is computed using several alternative ap-
proaches:

• Closed-form benchmark. Owing to
the simplified structure of the product
and assuming a geometric Brownian
motion dynamics for St, a closed-form
pricing formula can be derived. This
value is used as a benchmark to assess
the convergence properties and bias
of the simulation-based estimators.

• Nested Monte Carlo (NMC). For each
outer real-world scenario up to time
one, an inner Monte Carlo simulation
under Q is performed to estimate the
conditional expectation defining V1.
While conceptually straightforward,
this approach is computationally ex-
pensive due to the nested structure.

• Multilevel Monte Carlo (MLMC).
In order to reduce computational
cost, the MLMC estimator is imple-
mented. The telescopic decomposi-
tion of expectations across levels al-
lows to control bias and variance si-
multaneously, achieving a significant
reduction in complexity compared to
standard nested Monte Carlo.

This setup mirrors the practical SCR com-
putation problem: a first-stage projection of
risk factors over one year under P, followed

by a second-stage market-consistent valu-
ation under Q of the remaining liabilities.
The toy example therefore provides a con-
trolled environment in which the trade-off
between accuracy and computational com-
plexity of different Monte Carlo methodolo-
gies can be rigorously assessed.

Numerical Results

The financial market is modeled through
a geometric Brownian motion under the
real-world probability measure P:

dSt = µSt dt + σSt dWP
t ,

while under the risk-neutral measure Q the
drift is replaced by the risk-free rate r.
The baseline parameters used in the numer-
ical experiments are:

S0 = 100, K = 100, σ = 0.30,

µ = 0.05, r = 0.02, T = 20.

The initial age of the insured is set to 50,
and survival probabilities are derived from
Italian population life tables published by
ISTAT (latest available year). Financial and
biometric risks are assumed to be indepen-
dent.
Even though a closed-form pricing formula
is available for the continuation value, the
Solvency II framework requires simulation
of the one-year distribution under the real-
world measure P.
The benchmark procedure is therefore struc-
tured as follows:

1. Simulate S1 under P;

2. Simulate the survival status over
[0, 1];

3. If death occurs within the first year,
the liability is fully realized.

4. If survival occurs, compute:

V1 = EQ
[
e−r((T∧t∗)−1) (K− ST∧t∗)+

∣∣∣F1

]
.

Considering the independence between the
mortality and the financial risk, V1 can
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TABLE 8: Example results of the MLMC and classical Nested MC algorithms.

be computed via a closed-form formula.
Hence, the benchmark still requires outer
real-world simulation but avoids inner sim-
ulation by replacing it with the analytical
formula. This benchmark is used to assess
bias and convergence of simulation-based
estimators.
As explained in Section MLMC in the Nested
SCR Framework, the computational effort for
each level is defined through the following
geometric allocation:

J` = J02−`, K` = K02`, ` = 0, . . . , L.

This construction ensures a progressive re-
finement of the inner conditional expecta-
tion across levels while simultaneously re-
ducing the number of outer simulations.
The geometric structure not only stabilizes
the variance of the level differences, but also
allows for a convenient expression of the
total computational budget. Indeed, since
each level requires J` × K` = J0 × K0 itera-
tions, the total number of iterations of the
MLMC algorithm is Nit = (L+ 1)× J0×K0.
In our numerical experiment, we set:

L = 3, J0 ∈ {2000 · 2k : k = 0, . . . , 8},

K0 ∈ {1000, 2000, 3000, 4000, 5000, 7500, 10000}.

In order to ensure a coherent comparison
with the classical Nested Monte Carlo esti-
mator, the parameters (J, K) of the nested
method are selected so that the overall
computational effort coincides with that of
MLMC.

More precisely,

J × K = (L + 1)× J0 × K0.

In this way, both approaches are compared
under identical total iteration counts.
For illustrative purposes, Table 8 reports
a small subset of representative configura-
tions. The table provides an example of
how the computational budget is allocated
and the resulting biases (expressed in basis
points with respect to the analytical bench-
mark).
A graphical comparison of the two estima-
tors is now presented in order to better
highlight their convergence behavior and
stability properties.
Figure 23 displays the bias as a function
of the total computational budget Nit for
both MLMC and classical Nested Monte
Carlo. This two-dimensional representation
isolates the effect of the overall computa-
tional effort and allows to directly assess
the relative speed of convergence of the two
estimators.
Several patterns emerge from the compari-
son. For relatively low computational bud-
gets, both estimators exhibit non-negligible
bias, with fluctuations driven by the vari-
ance of the outer scenarios and by the accu-
racy of the inner conditional expectation es-
timates. In this region, the classical nested
approach may occasionally display slightly
smaller bias due to its uniform allocation
of computational effort across all scenarios.
However, as the total number of iterations
increases, the MLMC estimator exhibits a
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FIGURE 23: Bias as a function of the total computational budget Nit for MLMC and classical Nested Monte
Carlo. For large Nit, the MLMC algorithm remains closer to the benchmark value, while the classical Nested
Monte Carlo still shows significant error.

FIGURE 24: Bias surface (in basis points) as a function of outer (J0) and inner (K0) simulation parameters for
MLMC and classical Nested Monte Carlo.

more stable convergence pattern. The bias
decreases more regularly with respect to
Nit, reflecting the variance reduction mech-
anism induced by the telescopic decompo-
sition across levels. In contrast, the classical
nested estimator shows less regular behav-
ior, with occasional spikes in the bias even
at higher computational budgets. This in-
stability is primarily driven by the ineffi-
cient allocation of inner simulations across
all outer scenarios, regardless of their con-
tribution to the overall variance.
Figure 24, instead, provides a three-
dimensional visualization of the bias as a

function of the outer and inner simulation
parameters. This representation offers ad-
ditional insight into how the allocation of
computational resources between outer and
inner simulations influences the accuracy
and robustness of the estimators, thereby
complementing the analysis based solely
on the total budget.

For low values of J0 (or J), corresponding
to a limited number of outer real-world sce-
narios, the MLMC estimator exhibits higher
bias. This reflects the fact that insufficient
sampling of the one-year loss distribution
negatively impacts the accuracy of tail esti-
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mation, which is central for SCR computa-
tion.
However, as both the number of outer sce-
narios and the inner simulation effort in-
crease, the MLMC estimator demonstrates
a smoother and more stable convergence
surface. In particular, the bias does not dis-
play the pronounced peaks observed in the
classical nested case. This highlights the ef-
ficiency of the multilevel allocation, which
concentrates computational effort where it
contributes most to variance reduction.
Overall, the numerical evidence confirms
that, while MLMC may require a minimal
scale to outperform the classical nested
approach, it provides superior scalabil-
ity and robustness as computational re-
sources increase. This property is partic-
ularly relevant in realistic insurance appli-
cations, where high-dimensional portfolios
and long maturities make fully nested sim-
ulation computationally prohibitive.

Conclusions

Internal Model SCR computation under
Solvency II requires robust estimation of
tail risk based on one-year changes in
BOF under market-consistent valuation at
the projection horizon. Although fully
nested Monte Carlo provides a conceptu-
ally straightforward and model-consistent
benchmark, its computational complexity
(scaling with Nout × Nin) together with the
intrinsic difficulty of tail estimation, often
limits its practical applicability at industrial
scale. Proxy-based approaches reduce run-
time but shift the burden toward model
specification, governance, and validation,
while introducing approximation risk that
can be particularly material in the SCR tail.
Multilevel Monte Carlo provides a coherent
alternative that preserves the nested valu-
ation structure while improving efficiency
through variance reduction and level cou-
pling. By exploiting a telescoping decompo-
sition across simulation resolutions, MLMC
achieves faster convergence compared to
standard nested simulation, enabling accu-

rate SCR estimation with significantly lower
computational cost. The adaptive extension
further strengthens this framework by re-
allocating computational effort, increasing
precision where it matters most while keep-
ing additional costs contained.
Overall, the proposed methodology com-
bines statistical robustness, scalability, and
transparency, offering a practical pathway
toward industrial SCR computation with-
out relying on proxy approximations. A
particularly promising extension is the
use of multi-index Monte Carlo methods,
where refinement is performed simultane-
ously along several discretization dimen-
sions rather than only across inner simula-
tion levels. In insurance applications, these
dimensions may include time discretiza-
tion of stochastic processes or numerical ap-
proximations embedded in path-dependent
liability valuation. By exploiting mixed-
difference estimators across multiple axes,
multi-index schemes can mitigate the expo-
nential growth in computational effort that
typically arises when several sources of dis-
cretization error interact. This direction, es-
pecially relevant for portfolios with strong
path dependence, will be investigated in
detail in forthcoming work, where a multi-
index extension of the proposed framework
will be introduced and analysed.
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The authors present an analysis of the European regulatory framework governing sustainable
finance, with particular reference to the implications for asset management companies.
The contribution examines the three fundamental legislative components of the European

Union’s ESG architecture: the Sustainable Finance Disclosure Regulation (SFDR), which introduces
harmonised transparency obligations at both entity and product level; the EU Taxonomy Regulation,
which establishes a classification system for environmentally sustainable economic activities; and
the Corporate Sustainability Reporting Directive (CSRD), which governs corporate sustainability
reporting through the European Sustainability Reporting Standards (ESRS).
Particular attention is devoted to the proposed revision commonly referred to as SFDR 2.0, through
which the European Commission intends to introduce targeted adjustments to the existing regime,
including a revision of product categorisation and a rationalisation of transparency requirements.
This proposal marks a significant evolution towards a more structured system of financial product
classification, aimed at improving comparability and reducing greenwashing risks. For the asset
management industry, this shift carries significant strategic implications, requiring a realignment
of portfolio construction and more robust ESG data governance. The authors conclude that the
reform represents both a regulatory challenge and a strategic opportunity for firms capable of credibly
integrating sustainability considerations into their investment processes.

In the field of environmental, social and
governance (ESG) regulation, the Euro-
pean Commission has progressively de-

veloped a comprehensive legislative frame-
work, subsequently refined through a series
of amendments and delegated acts, with the
stated objective of supporting the transition
towards a modern, resource-efficient and
competitive economy. This regulatory ar-
chitecture is embedded within the broader
policy strategy set out in the European Green
Deal, which identifies sustainable finance as
a structural instrument for aligning private
capital allocation with the Union’s climate
and environmental objectives.
In this context, the European legislature has
sought to address information asymmetries,
enhance the comparability and reliability of
sustainability-related data, and mitigate the
risks of greenwashing, thereby reinforcing
market integrity and investor confidence.
At present, the principal regulatory corner-
stones of the ESG framework applicable
to asset management companies are repre-
sented by three interrelated legislative in-
struments.
First, Regulation (EU) 2019/2088 of the
European Parliament and of the Coun-
cil on sustainability-related disclosures in
the financial services sector (better known

as the Sustainable Finance Disclosure Regu-
lation, hereinafter SFDR) establishes har-
monised transparency requirements for fi-
nancial market participants and financial
advisers. The SFDR introduces obligations
at both entity and product level, requiring
disclosure of policies concerning the inte-
gration of sustainability risks, the consider-
ation of principal adverse impacts on sus-
tainability factors, and the categorisation of
financial products according to their sus-
tainability characteristics. The Regulation
is designed to ensure that end investors re-
ceive consistent, comparable and decision-
useful information, thereby facilitating in-
formed investment decisions.
Secondly, Regulation (EU) 2020/852 on the
establishment of a framework to facilitate
sustainable investment (better known as the
EU Taxonomy Regulation, hereinafter the EU
Taxonomy) creates a legally binding clas-
sification system for environmentally sus-
tainable economic activities. By defining
detailed technical screening criteria for de-
termining whether an activity substantially
contributes to one or more environmental
objectives and does not significantly harm
the others, the EU Taxonomy seeks to pro-
vide a common reference framework for
market participants and to counteract the

86 www.iasonltd.com

https://commissionoeuropa.eu/strategy-and-policy/priorities-2019-2024/european-green-deal_en
https://commissionoeuropa.eu/strategy-and-policy/priorities-2019-2024/european-green-deal_en
https://eur-lex.europa.eu/eli/reg/2019/2088/oj/eng
https://eur-lex.europa.eu/legal-content/IT/ALL/?uri=celex:32020R0852


Environmental, Social and Governance Risks

marketing of financial products as sustain-
able in the absence of objective and veri-
fiable benchmarks. The EU Taxonomy is
expressly integrated into the SFDR disclo-
sure regime, which requires financial mar-
ket participants to report on the degree of
Taxonomy alignment of certain financial
products.
Thirdly, Directive (EU) 2022/2464, which
amends Regulation (EU) N. 537/2014 and
Directives 2004/109/EC, 2006/43/EC and
2013/34/EU as regards corporate sustain-
ability reporting (better known as the Cor-
porate Sustainability Reporting Directive, here-
inafter the CSRD), significantly expands
the scope, depth and assurance require-
ments of non-financial reporting. The sus-
tainability reporting standards applicable to
undertakings subject to the CSRD, namely
the European Sustainability Reporting Stan-
dards (ESRS), were adopted by the Com-
mission through Delegated Regulation (EU)
2023/2772, thereby specifying the structure
and substantive content of the information
to be disclosed.
The enhanced availability of reliable, com-
parable and standardised sustainability
data across the value chain consequently
supports the effectiveness of financial mar-
ket disclosures and the proper functioning
of the sustainable finance framework as a
whole.
Tables 9 and 10 set out, for each of the afore-
mentioned regulatory instruments, the prin-
cipal differences with respect to the scope of
entities covered, the subject matter, and the
entry into force. Against this background,
the present article retraces the regulatory
evolution of the aforementioned legislative
foundations, analysing their interaction and
progressive refinement over time. Particular
attention is dedicated to the legislative pro-
posal commonly referred to as SFDR 2.0,
through which the European Commission
is considering targeted adjustments to the
existing disclosure regime, including poten-
tial revisions to product categorisation, the
clarification of key concepts and the ratio-
nalisation of transparency requirements.

The analysis places these developments
within the broader objective of recalibrat-
ing the Union’s sustainable finance architec-
ture so as to more effectively redirect capi-
tal flows towards sustainable investments,
while enhancing legal certainty and ensur-
ing proportionality within the overall regu-
latory system.

ESG Regulation: the Current
Regulatory Framework and its

Evolution

The following paragraph outlines the regu-
latory evolution of the reference legislative
instruments cited in the introduction, to-
gether with the sector-specific frameworks
applicable to asset management companies
that have been amended over time to incor-
porate ESG considerations.
In addition to SFDR, EU Taxonomy
and CSRD, the integration of sustainabil-
ity factors has also affected the regula-
tory regimes governing investment firms
and management companies under Di-
rective 2014/65/EU (MiFID II), Direc-
tive 2009/65/EC (UCITS) and Directive
2011/61/EU (AIFMD).
Tables 17 and 18 present, for each of the
aforementioned legislative measures, the
principal differences with respect to the
scope of entities covered, the subject matter,
and the entry into force.
Through subsequent delegated acts and
amendments, these frameworks have in-
troduced requirements relating to the in-
tegration of sustainability risks into or-
ganisational arrangements, product gover-
nance, suitability assessments and invest-
ment decision-making processes.
The resulting regulatory trajectory reflects
a progressive alignment of both horizontal
disclosure obligations and sectoral pruden-
tial rules with the objectives of the Union’s
sustainable finance agenda.
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TABLE 9: Comparison between SFDR, EU Taxonomy and CSRD [Table 1/2].
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TABLE 10: Comparison between SFDR, EU Taxonomy and CSRD [Table 2/2].
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Corporate Sustainability Reporting Direc-
tive

On 14 December 2022, the CSRD was pub-
lished in the Official Journal of the Euro-
pean Union with the aim of enhancing in-
vestors’ ability to understand so-called non-
financial information.
The measure responded to a marked in-
crease in demand for sustainability-related
disclosures, particularly with regard to
climate-related financial risks. This regu-
latory intervention was considered neces-
sary in light of the rapid expansion of in-
vestment products explicitly designed to
comply with specific sustainability princi-
ples, which in turn required more reliable,
comparable and standardised corporate re-
porting.
Within the Italian legal order, the CSRD was
implemented by Legislative Decree N. 125
of 6 September 2024, published in the Offi-
cial Gazette of the Italian Republic N. 212
of 10 September 2024, thereby incorporat-
ing the European sustainability reporting
framework into domestic company law.
On 31 July 2023, the European Sustain-
ability Reporting Standards (ESRS) were
adopted. These standards specify the envi-
ronmental, social and governance matters
that undertakings falling within the scope
of the CSRD are required to disclose.
The ESRS therefore represent the technical
and operational mechanism through which
the objectives established by the Directive
are implemented, translating general re-
porting obligations into detailed and struc-
tured disclosure requirements.
The European legislator also took into ac-
count requests from the business commu-
nity for greater interoperability between Eu-
ropean sustainability reporting standards
and global standards [5]. In this respect,
steps have been taken to promote align-
ment between the ESRS and the standards
issued by the International Sustainability
Standards Board (ISSB), enabling undertak-
ings to pursue compliance with both frame-
works in a coordinated manner.

Notwithstanding its objectives, the scope
initially envisaged by the CSRD was re-
garded as excessively burdensome for
smaller undertakings. In the course of
2025, a process of simplification was initi-
ated through the so-called Omnibus package,
which was ratified on 24 February 2026 by
the European Council and now pending
publication in the Official Journal of the
European Union, primarily affecting the
range of entities subject to the Directive.
The revised approach concentrates sustain-
ability reporting obligations on larger un-
dertakings and seeks to ensure that such
obligations do not impose disproportion-
ate burdens on smaller companies within
their value chains. At the same time, the
reporting timetable was adjusted through
the adoption of the so-called Stop-the-Clock
Directive, which postponed by two years
the application of CSRD reporting require-
ments for large undertakings not yet sub-
ject to the obligations and for listed small
and medium-sized enterprises. In Italy, this
postponement was transposed into national
law by Law N. 118 of 8 August 2025, pub-
lished in the Official Gazette of the Italian
Republic N. 184 of 9 August 2025, in partic-
ular through Article 10, paragraph 1-bis.
For asset management companies, the ESG
data required under the Sustainable Fi-
nance Disclosure Regulation (SFDR) is
largely derived from the sustainability infor-
mation disclosed by undertakings subject
to the CSRD.
The Directive therefore plays a fundamental
role in shaping investment decisions and
disclosure practices within asset manage-
ment, as the quality, scope and compara-
bility of CSRD reporting directly influence
both portfolio allocation strategies and the
sustainability disclosures made at entity
and product level.

European Sustainability Reporting Stan-
dards

Commission Delegated Regulation (EU)
2023/2772 of 31 July 2023, adopted by the
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European Commission, formally adopts
and incorporates the European Sustainabil-
ity Reporting Standards (ESRS) into EU law,
defining their content, structure and disclo-
sure requirements. The ESRS Regulation
clarifies that disclosures must address the
undertaking’s material impacts, risks and
opportunities in relation to environmental,
social and governance matters, where these
are considered relevant following the mate-
riality assessment.
The purpose of such disclosures is twofold:
first, to enable users of the sustainability
statement to understand the significant im-
pacts of the undertaking on people and the
environment; secondly, to provide insight
into the material effects of sustainability
matters on the undertaking’s development,
performance and financial position.
In this sense, the ESRS operate as the techni-
cal and methodological framework through
which the sustainability reporting obliga-
tions introduced by the CSRD are rendered
concrete and comparable across undertak-
ings. The internal structure of the ESRS is
articulated around three distinct but inter-
related components.
The first consists of cross-cutting standards,
namely ESRS 1 General requirements and
ESRS 2 General disclosures, which establish
the overarching principles governing the
preparation of the sustainability statement
and set out general disclosure requirements
applicable irrespective of sector or topic.
The second component comprises topical
standards covering environmental, social
and governance matters. These are or-
ganised into themes and sub-themes, and,
where appropriate, further sub-sub-themes,
in accordance with Application Require-
ment 16 of the Regulation, thereby ensur-
ing a granular and systematic articulation
of sustainability topics.
The third component is represented by
sector-specific standards, intended to ad-
dress impacts, risks and opportunities that
are likely to be material for all undertakings
operating within a given sector and that are
not covered, or not sufficiently addressed,

by the thematic standards.
A defining feature of the ESRS framework is
the formalisation of the principle of double
materiality. Pursuant to paragraph 28 of the
Regulation, a sustainability matter qualifies
as material where it meets the criteria for
impact materialitynamely, where the under-
taking’s activities have actual or potential
significant impacts on people or the envi-
ronmentor the criteria for financial materi-
ality, that is, where sustainability matters
generate or may generate material financial
effects on the undertaking, or both. Under-
takings are therefore required to conduct
a structured materiality assessment encom-
passing both dimensions, and to base the
scope of their disclosures on the outcome
of that assessment.
The ESRS further prescribe the structure of
the sustainability statement. This is com-
posed of four main sections:

• General information, as required under
ESRS 2;

• Environmental information, including
in a clearly identifiable section the dis-
closures required under Article 8 of
the EU Taxonomy;

• Social information; and

• Governance information.

Figure 25 provides a schematic represen-
tation of this structure, which is intended
to promote consistency in presentation and
facilitate comparability between undertak-
ings.
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FIGURE 25: Structure of the ESRS Sustainability Statement in accordance with Appendix D of the ESRS
Regulation.

Opinion of the European Central Bank

In February 2026, the European Central
Bank, responding to an invitation extended
by the European Commission, set out its
formal opinion on the revision of the Eu-
ropean Sustainability Reporting Standards
proposed by EFRAG in December 2024
[4]. The ECB’s assessment focused on a se-
lected cluster of standards: ESRS 1 (General
Requirements) and ESRS 2 (General Disclo-
sures), together with, within the environ-
mental disclosure framework, ESRS E1 (Cli-
mate Change) and ESRS E4 (Biodiversity and
Ecosystems).
Among the changes put forward by EFRAG,
the ECB expressed particular appreciation
for three developments.
The first concerns the enhanced clarity in-
troduced with respect to both the informa-
tion to be reported, as captured by disclo-
sure requirements (DRs), and the method-
ologies governing how such disclosures are
to be made, as set out in the application
requirements (ARs). The second relates to

the clearer demarcation between mandatory
application requirements (ARs) and non-
mandatory guidance situated outside the
body of the draft standards. The third per-
tains to the greater transparency afforded
regarding the application of the materiality
filter, which determines the scope of infor-
mation that entities are required to disclose.
Alongside these positive assessments, three
areas of concern were nonetheless high-
lighted by the ECB as requiring attention if
the revision is to strike an appropriate bal-
ance between simplification and the preser-
vation of the policy objectives embedded in
the CSRD.
The first relates primarily to on the cumula-
tive effect of the wide array of permanent
reliefs, phased implementation provisions
and carve-outs from reporting obligations
that have been incorporated into the re-
vised standards: taken together with the
elimination of certain datapoints previously
deemed essential, these measures are liable
to reduce the overall stock of meaningful in-
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formation available to users and to weaken
the consistency of sustainability statements
across different companies.
The second area of concern relates to inter-
operability with international benchmarks,
and specifically with the frameworks de-
veloped by the IFRS and the ISSB: whilst
the ECB acknowledged the steps taken in
this direction, it noted that the revised
proposals depart from those international
benchmarks in certain respects, particularly
through the inclusion of reliefs that go be-
yond what those frameworks foresee.
The third and final point concerns the ade-
quacy of the revised standards for the spe-
cific disclosure needs of the financial sector,
where the ECB considered that a number
of issues remain insufficiently defined to
allow for disclosures that would be gen-
uinely informative for financial institutions
and market participants.
The revision of the ESRS, unfolding simul-
taneously with the review of the SFDR,
calls for a careful assessment of which dis-
closure requirements are to be removed.
The proposal to eliminate from the SFDR
the company-level disclosure obligations is
driven by the need to remove duplications
with respect to the provisions of the CSRD,
on the assumption that the ESRS adequately
cover sustainability disclosures at the level
of the individual undertaking, whilst the
SFDR would retain responsibility solely for
product-level disclosures.
Given that the ESRS are sector-agnostic, the
first set of standards did not incorporate
adequately defined metrics for the value
chain of the financial sector. By way of illus-
tration, section ESRS E1-7, which addresses
energy consumption and energy mix, is con-
fined to the reporting entity’s own opera-
tions and does not extend to value chain
activities. It follows that the standards lack
sufficiently defined metrics for the specific
characteristics of the financial sector: the
energy intensity of portfolios, for instance,
was an explicitly prescribed datapoint un-
der the SFDR yet finds no equivalent in the
current architecture of the ESRS. This gap

risks translating into a net reduction in the
availability of information that is relevant
to financial sector operators, at the very mo-
ment when the regulatory simplification ex-
ercise is seeking to eliminate redundancies
between the two frameworks.

EU Taxonomy

The EU Taxonomy Regulation was adopted
in response to the need to reorient capital
flows towards sustainable investments in
order to achieve sustainable and inclusive
growth. To this end, the Regulation defines
a common classification system through
which economic activities may be consid-
ered as contributing to environmental ob-
jectives, with the prospect of subsequently
extending the framework to encompass so-
cial objectives at a later stage.
The harmonisation of criteria for identify-
ing the sustainability of an economic ac-
tivity is likewise intended to support in-
vestors in the assessment of environmen-
tally sustainable financial products, while
reducing the risk of fragmentation within
the internal market. Through the introduc-
tion of a shared Taxonomy, the Regulation
enhances comparability, transparency and
legal certainty across Member States. In
this respect, it complements and integrates
the transparency obligations relating to pre-
contractual disclosures and periodic reports
established under the SFDR, thereby ensur-
ing consistency between the classification of
environmentally sustainable activities and
the sustainability-related information pro-
vided to investors. Where economic activi-
ties fall outside the scope of the EU Taxon-
omy, and financial market participants are
not reasonably in a position to obtain the
necessary information concerning their en-
vironmental sustainability, the Regulation
permits reliance on estimates and reasoned
assessments. In such circumstances, the as-
sumptions, methodologies and conclusions
underpinning the evaluation process must
be clearly explained and appropriately dis-
closed, thereby ensuring transparency in
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the absence of complete data.
The EU Taxonomy identifies six environ-
mental objectives against which the sustain-
ability of an economic activity is to be as-
sessed. These are:

• Climate change mitigation7;

• Climate change adaptation8;

• The sustainable use and protection of
water and marine resources;

• The transition to a circular economy;

• The pollution prevention and control;
and

• The protection and restoration of bio-
diversity and ecosystems.

Article 3 of EU Taxonomy sets out the cu-
mulative conditions that an economic ac-
tivity must satisfy in order to qualify as
environmentally sustainable. Specifically,
the activity must:

• Contribute substantially to one or
more of the above-mentioned environ-
mental objectives;

• Not significantly harm any of the
other environmental objectives;

• Be carried out in compliance with
minimum safeguards;

• Comply with the relevant technical
screening criteria established by dele-
gated acts.

Following its publication in the Official
Journal of the European Union on 22 June
2020, the EU Taxonomy Regulation was
supplemented by a series of delegated acts
adopted by the European Commission to es-
tablish the technical screening criteria appli-
cable to specific economic activities. These
delegated acts (e.g. the Climate Delegated
Act) define in detail the conditions under

which particular activities may be regarded
as making a substantial contribution to the
relevant environmental objectives and meet-
ing the requirements laid down in the Reg-
ulation, thereby specifying the practical ap-
plication of the Taxonomy framework.
Articles 5 and 6 of EU Taxonomy further
regulate disclosure obligations in relation
to environmentally sustainable investments
and to financial products that promote en-
vironmental characteristics. In parallel,
within the CSRD framework, non-financial
undertakings are required to disclose (a) the
proportion of their turnover derived from
products or services associated with envi-
ronmentally sustainable economic activi-
ties, and (b) the proportion of their capital
expenditure and operating expenditure re-
lated to assets or processes associated with
such activities. These disclosure require-
ments are particularly relevant for asset
management companies, as they provide an
objective benchmark of environmental sus-
tainability for the purposes of transparency
in financial products classified under Arti-
cle 8 or Article 9 SFDR.

Sustainable Finance Disclosure Regula-
tion

Following the entry into force of the SFDR
Consob, through its supervisory notices,
provided a non-exhaustive list of posi-
tive operational practices identified in the
course of its supervisory activity, with
a view to supporting intermediaries in
achieving compliance with the regulatory
framework. The first Consob Notice [2]
focused on the adaptation to obligations
concerning “sustainable finance” as regards
the ESG profiles of intermediaries in the
provision of investment services, as well as
entity-level disclosure requirements. The
second Consob Notice [3], by contrast, con-
centrated on compliance with certain key
elements of the regulatory framework re-

7Namely contributing substantially to the stabilisation of greenhouse gas concentrations by avoiding or
reducing emissions or enhancing their removal.

8That is, contributing substantially to reducing or preventing the adverse impacts of the current or expected
future climate, or the risk of such impacts, on the activity itself or on people, nature or assets.
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TABLE 11: Consob Notices.
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lating to the integration of ESG factors
into the decision-making processes of col-
lective investment undertakings, and to
product-level disclosure transparency. Ta-
ble 11 provides an overview of the topics
addressed in the aforementioned notices.
The EU regulatory framework on sustain-
able finance remains a work in progress, as
evidenced by the 2025 review of the Sustain-
able Finance Disclosure Regulation (SFDR),
which represents a significant regulatory
intervention aimed at addressing persistent
shortcomings in the existing sustainability
disclosure framework for financial market
participants. Since its initial adoption in
2019, SFDR had been widely criticized for
generating legal uncertainty, inconsistent
implementation across Member States, and
unintended market dynamics, most notably
the emergence of de-facto product labels
(e.g., Article 8 and Article 9 funds) that
were never formally intended as such. The
European Commission’s proposal acknowl-
edges three principal deficiencies in the
original regime, outlined below.

Conceptual Ambiguity Between Entity-
Level and Product-Level Disclosures
One of the central criticisms acknowl-
edged in the Commission’s amendment
proposal concerns the structural ambiguity
embedded in the original architecture of
SFDR, particularly the distinction between
entity-level disclosures (Articles 35 SFDR)
and product-level disclosures (Articles 611
SFDR). The original regulation imposed
parallel disclosure obligations without suf-
ficiently clarifying the analytical or opera-
tional boundaries between them. Therefore,
financial market participants frequently
encountered interpretative uncertainty re-
garding:

• Whether sustainability risks should
be assessed primarily at the corporate
governance level or at the individual
financial product level;

• How principal adverse impacts (PAIs)
at the entity level should be reconciled

with sustainability characteristics ad-
vertised at the product level;

• The extent to which entity-level ESG
policies were expected to cascade
into binding product-specific commit-
ments.

The Commission’s proposal explicitly recog-
nizes that this dual-layer disclosure model
generated regulatory overlap and semantic
confusion, leading to divergent supervisory
interpretations across Member States.

Operational Complexity and Dispropor-
tionate Compliance Burden
The second deficiency concerns operational
and administrative complexity, a recurring
theme in both institutional consultations
and stakeholder feedback preceding the
2025 review. The Commission acknowl-
edges that the cumulative effect of SFDR,
the EU Taxonomy Regulation, and the
Delegated Regulatory Technical Standards
(RTS) produced a multi-layered compliance
ecosystem that proved especially onerous
for small and medium-sized financial mar-
ket participants. The amendment proposal
notes several dimensions of complexity:

• Data Collection Burden: Firms were
required to gather granular ESG data
often unavailable in standardized
form, particularly from non-EU is-
suers or private companies.

• Methodological Uncertainty: The
absence of harmonized calculation
methodologies for sustainability indi-
cators led to inconsistent metrics and
increased reliance on external ESG
data providers.

• Duplicative Reporting: Overlaps
with PRIIPs KIDs and other disclo-
sure regimes created redundancies
that inflated compliance costs without
commensurate informational gains
for investors.

• Empirical regulatory assessments, in-
cluding studies referenced in EU im-
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pact assessments and academic fi-
nance literature, suggest that compli-
ance expenditures rose disproportion-
ately relative to firm size. This created
a risk of market concentration, where
only larger asset managers possessed
sufficient resources to comply effec-
tively.

The Commission’s recognition of this im-
balance reflects a broader EU regulatory
principle of proportionality embedded in
Article 5 of the Treaty on European Union.

Persistent Greenwashing Risks and Lack
of Standardized Sustainability Indicators
The third deficiency identified by the Com-
mission is the continued vulnerability of
the regulatory framework to greenwash-
ing practices, despite the extensive dis-
closure obligations introduced by SFDR.
The amendment proposal acknowledges
that transparency requirements alone did
not guarantee comparability or verifiability
of sustainability claims. Three structural
drivers of greenwashing risk are empha-
sized:

• Indicator Fragmentation: The origi-
nal RTS introduced many principal
adverse impact indicators, but with-
out universally accepted measure-
ment standards. This resulted in het-
erogeneous methodologies and selec-
tive reporting.

• Terminological Flexibility: Terms
such as sustainable investment and
environmental or social characteris-
tics allowed wide interpretative dis-
cretion, enabling strategic marketing
practices.

• Supervisory Divergence: National
competent authorities adopted vary-
ing enforcement thresholds, under-
mining the uniform application of EU
law.

The Commission’s review reflects this in-
sight by proposing a rationalization and

clarification of sustainability indicators,
thereby attempting to shift from quantity
of disclosure to quality and comparability.

Core Regulatory Changes Proposed in the
2025 SFDR Review

Structural Reconfiguration of the Product
Classification Logic
Although the SFDR was originally con-
ceived as a pure disclosure regime, the
amendment proposal introduces a de facto
structural shift toward a more explicit cate-
gorization logic for financial products. Im-
portantly, the Commission does not for-
mally establish legally binding “labels”;
however, the proposal acknowledges that
Articles 8 and 9 of the current SFDR have
already been interpreted by the market
as quasi-labels. The reform seeks to re-
engineer the architecture of product disclo-
sure in order to:

• Reduce the semantic ambiguity sur-
rounding “promotion of environmen-
tal or social characteristics” (Article
8);

• Clarify the threshold for “sustainable
investment objectives” (Article 9);

• Avoid the binary and often mislead-
ing perception that Article 9 products
are inherently “better” or “more sus-
tainable”.

Under the proposed changes, the frame-
work moves toward clearer typological dis-
tinctions grounded in objective criteria and
predefined sustainability strategies. Rather
than eliminating the distinction, the Com-
mission proposes to redefine the informa-
tional content and evidentiary requirements
attached to each category. The intention
is to ensure that classification reflects ver-
ifiable investment strategy characteristics
rather than marketing language.
In this context, the proposal introduces a
more structured taxonomy of product types
based on the underlying sustainability strat-
egy. Three broad categories are envisaged:
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• ESG Basics products represent the
most flexible category: at least 70%
of the portfolio must integrate sus-
tainability factors through ESG in-
tegration practices, combined with
minimum safeguards such as the ex-
clusion of controversial weapons, to-
bacco and companies violating inter-
national norms.

• Transition products, designed to sup-
port the transformation toward a low-
carbon economy. In this case, at least
70% of the portfolio must contribute
to measurable transition objectives,
for example by financing companies
with credible decarbonisation strate-
gies, science-based emission targets
or transition plans. The framework
also introduces stricter constraints, in-
cluding limitations on investments in
new fossil-fuel exploration activities.

• Sustainable products,the most de-
manding category, where at least 70%
of the portfolio must be aligned with
clearly defined environmental or so-
cial objectives. These products are
subject to the most stringent exclu-
sion criteria, including comprehen-
sive fossil-fuel restrictions broadly
aligned with the standards applied
to EU Paris-Aligned Benchmarks.

A critical, yet often overlooked, feature of
the SFDR 2.0 proposal is the introduction
of a 15% EU Taxonomy alignment thresh-
old, designed as a safe harbour mechanism
for high-conviction sustainability strate-
gies. While the headline requirement for
the Sustainable and Transition categories
remains the 70% allocation to qualifying
assets, funds that demonstrate at least 15%
portfolio alignment with the EU Taxonomy
are automatically deemed compliant with
the sustainability criteria associated with
those categories.
A detailed comparison of the eligibility
criteria and disclosure requirements appli-
cable to each category is provided in Tables
12-16.

Revision of Entity-Level vs Product-Level
Disclosure Interactions
A second key modification concerns the re-
lationship between entity-level disclosures
(Articles 35 SFDR) and product-level disclo-
sures (Articles 611 SFDR). The amendment
proposal introduces mechanisms to reduce
duplication and clarify vertical coherence
between these two layers. The proposed
reform aims to establish a clearer hierar-
chy and cross-referencing system, whereby
entity-level disclosures function as a contex-
tual baseline and product-level disclosures
focus strictly on investment strategy imple-
mentation. This recalibration is intended
to preserve transparency while minimizing
administrative redundancy and interpreta-
tive inconsistency.

Rationalization of Principal Adverse Im-
pact (PAI) Indicators
One of the most technically significant
reforms is the streamlining of Principal
Adverse Impact indicators, which in the
current regime are widely regarded as ex-
cessively numerous and methodologically
burdensome.
The amendment proposal seeks to:

• Reduce the number of mandatory in-
dicators;

• Distinguish more clearly between
core mandatory metrics and optional
supplementary metrics;

• Introduce clearer calculation method-
ologies and definitional guidance.

The Commission’s rationale is grounded in
proportionality and data availability con-
cerns. Many firms reported difficulty in ob-
taining reliable ESG data, particularly from
non-listed issuers or third-country entities,
leading to estimations, proxies, and incon-
sistent methodologies. The reform thus rep-
resents a shift from extensive but heteroge-
neous disclosure toward more limited but
standardized and comparable metrics.

98 www.iasonltd.com



Environmental, Social and Governance Risks

TABLE 12: SFDR 2.0 Proposal: Comparative Table of Articles 7, 8 and 9 [Table 1/5].
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TABLE 13: SFDR 2.0 Proposal: Comparative Table of Articles 7, 8 and 9 [Table 2/5].
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TABLE 14: SFDR 2.0 Proposal: Comparative Table of Articles 7, 8 and 9 [Table 3/5].
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TABLE 15: SFDR 2.0 Proposal: Comparative Table of Articles 7, 8 and 9 [Table 4/5].
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TABLE 16: SFDR 2.0 Proposal: Comparative Table of Articles 7, 8 and 9 [Table 5/5].
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This change directly addresses greenwash-
ing risk by enhancing comparability while
simultaneously reducing compliance bur-
dens, especially for smaller asset managers.

Alignment with the PRIIPs Framework
A central institutional reform in the pro-
posal is the integration of sustainability
disclosures with the PRIIPs Key Informa-
tion Document (KID) regime and the repeal
of Commission Delegated Regulation (EU)
2022/1288. This measure is designed to en-
hance regulatory coherence across EU finan-
cial disclosure legislation. Under the cur-
rent system, sustainability information of-
ten appears in multiple disclosure formats
- prospectuses, periodic reports, websites,
and PRIIPs KIDs - leading to fragmentation
and investor confusion. The amendment
proposal aims to:

• Consolidate sustainability informa-
tion into standardized investor-facing
documents;

• Reduce duplication reporting require-
ments;

• Improve comparability of sustainabil-
ity information across financial prod-
ucts.

The repeal of the Delegated Regulation re-
flects the Commission’s recognition that the
previous technical standards contributed to
complexity and regulatory layering. The
new approach favors horizontal integration
across disclosure regimes rather than verti-
cal accumulation of technical standards.

Enhanced Terminological Precision and
Legal Definitions
Another core change involves the refine-
ment of key legal definitions, including
sustainable investment, environmental or
social characteristics, and sustainability
risk. The amendment proposal seeks to
reduce interpretative elasticity by introduc-
ing more precise definitional criteria and
clearer references to measurable indica-
tors. This definitional tightening is directly

connected to the Commission’s broader
objective of mitigating greenwashing risks.
By narrowing the scope of permissible in-
terpretation, the regulation aims to reduce
the gap between marketing language and
actual investment practice. The emphasis
shifts toward verifiability and auditability
rather than purely narrative disclosure.

Proportionality and Simplification Mea-
sures
Finally, the proposal embeds a stronger
principle of proportionality, explicitly ac-
knowledging the uneven compliance capac-
ity across market participants. Simplifica-
tion measures include:

• Reduced indicator sets for smaller
firms;

• Clearer templates and standardized
reporting formats;

• Removal of redundant disclosure obli-
gations.

These measures are intended not only to
lower administrative burdens but also to
prevent unintended market concentration
effects whereby compliance complexity ad-
vantages large incumbents. Industry feed-
back, such as that provided by ICMA, gen-
erally welcomes these proportionality mea-
sures while cautioning against excessive
residual complexity.

Empirical Evidence on Regulatory Effec-
tiveness and ICMA feedback

Some empirical assessment of the effective-
ness of SFDR-style regulation are provided
in the NBER working paper [1]. The study
evaluates whether disclosure regulation
materially altered fund behavior or investor
allocation patterns.

Main Findings
The paper identifies limited real-economy
and portfolio effects following the introduc-
tion of SFDR:
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• Marginal portfolio reallocation:
Funds categorized under sustainabil-
ity provisions showed only modest
shifts in asset composition.

• Investor response asymmetry: Retail
investors reacted more strongly to sus-
tainability classifications than institu-
tional investors.

• Greenwashing persistence: While dis-
closure requirements improved trans-
parency, they did not fully eliminate
strategic relabeling or superficial ESG
integration.

The empirical findings suggest that disclo-
sure regulation alone is insufficient to drive
substantive sustainability outcomes. This
evidence implicitly supports the Commis-
sion’s move toward greater standardiza-
tion and clearer categorization in the 2025
amendment.
Moreover, the International Capital Market
Association (ICMA) response provides an
industry-oriented perspective on the pro-
posed amendments [6]. ICMA generally
welcomes the Commission’s intent to sim-
plify and clarify the framework but raises
several concerns, specifically:

• Regulatory coherence: Alignment
with PRIIPs is viewed as a construc-
tive step toward reducing fragmenta-
tion.

• Indicator rationalization: The reduc-
tion of mandatory sustainability met-
rics is seen as proportionate and prag-
matic.

• Legal clarity: Greater definitional pre-
cision is considered beneficial for com-
pliance predictability.

• Residual complexity: ICMA argues
that the framework remains overly
technical, potentially undermining ac-
cessibility for non-specialist investors.

• Transition risks: Frequent regulatory
adjustments may create uncertainty

for long-term product design and cap-
ital allocation strategies.

• International competitiveness: Con-
cerns are expressed that excessive
compliance costs could disadvantage
EU financial institutions relative to
non-EU competitors.

MIFID II Directive

Within the framework of the MiFID II Di-
rective (2014/65/EU), the integration of en-
vironmental, social, and governance (ESG)
considerations into the organisational and
conduct requirements of firms providing
investment advice and portfolio manage-
ment became applicable in August 2022
with the adoption of Commission Dele-
gated Regulation (EU) 2021/1253, which
amended Commission Delegated Regula-
tion (EU) 2017/565. This regulatory inter-
vention was introduced in a context char-
acterised by the proliferation of financial
products with varying sustainability fea-
tures and the emergence of greenwashing
risks, resulting in the incorporation of ESG
factors into legally binding obligations for
investment firms.
A first amendment concerned the introduc-
tion of the concept of “sustainability pref-
erences”, defined by reference to the cate-
gories and disclosure requirements set out
in EU Taxonomy and SFDR Regulations, to-
gether with the concepts of “sustainability
factors” and “sustainability risk”. The suit-
ability assessment was consequently linked
to definitions already present in European
legislation applicable to financial products.
The regulation also required the inclusion
of “sustainability risk” in the risk manage-
ment policies and procedures of investment
firms. Firms were required to consider en-
vironmental, social, or governance events
or conditions that could have a negative,
actual or potential, impact on the value of
investments, integrating such factors into
internal control systems and governance ar-
rangements.
A further amendment concerned the man-
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agement of conflicts of interest. Firms were
required to assess situations in which the
inclusion of sustainability characteristics in
products or distribution strategies could cre-
ate a disadvantage for clients’ interests, im-
plementing the measures provided under
the MiFID framework for identifying and
managing conflicts.
With regard to disclosure obligations, it
was established that firms should provide,
where relevant, a description of the “sus-
tainability factors” considered in the pro-
cess of selecting financial instruments. This
provision related to how ESG criteria were
applied in advisory or portfolio manage-
ment activities.
Finally, the “sustainability preferences” of
a client or potential client were included
among the elements of the suitability as-
sessment. In addition to information on
investment objectives, financial situation,
and risk tolerance, firms were required to
record clients’ expressed sustainability pref-
erences and verify their alignment with the
products or services offered.
In cases where no instruments met these
preferences, the regulation provided that
the firm could proceed subject to the adap-
tation of the sustainability preferences de-
cided by the client after receiving adequate
information.
Overall, these amendments resulted in the
integration of ESG elements into gover-
nance processes, risk management, conflict-
of-interest controls, disclosure obligations,
and suitability assessment procedures un-
der the MiFID framework.

AIFMD Directive

With reference to the regulatory framework
governing alternative investment funds, the
AIFMD II Directive (2024/927/EU), pub-
lished in the Official Journal of the Euro-
pean Union on 26 March 2024, does not con-
tain specific articles dedicated to ESG risks.
nonetheless, sustainability considerations
are explicitly acknowledged in Recital (38)
of the directive, which states that “AIFMs

and UCITS management companies should in-
tegrate environmental, social, and governance
(ESG) parameters into the governance and
riskmanagement rules used to support their in-
vestment decisions” and that they should “ap-
ply governance and riskmanagement rules to
their investment decisions and to their assess-
ment of relevant risks, including environmental,
social, and governance risks” in support of
their investment decisions. In line with this
recital, managers of alternative investment
funds are expected to integrate ESG param-
eters into governance and riskmanagement
frameworks, ensuring that appropriate re-
sources, expertise, procedures, and moni-
toring systems are established to identify
and manage sustainabilityrelated risks as
part of the broader risk management and in-
ternalcontrol obligations imposed by Union
law.

UCITS Delegated Directive

Within the framework governing UCITS
funds, environmental, social, and gover-
nance (ESG) risks have been incorporated
into the organisational, risk management,
and internal control requirements of UCITS
management companies through Commis-
sion Delegated Directive (EU) 2021/1270 of
21 April 2021, transposed into Italian law by
CONSOB Resolution N. 22430 of July 2022.
This regulatory intervention addresses the
need to integrate sustainability risks into
the management of collective investment
schemes.
The first amendment introduced the con-
cepts of “sustainability risk” and “sustain-
ability factors”, as defined in SFDR Regula-
tion. Management companies are required
to identify and assess environmental, social,
or governance events or conditions that
could have a negative, actual or potential,
impact on the value of UCITS portfolios,
and to integrate these considerations into
their internal control and risk management
systems.
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TABLE 17: Comparison between MiFID II, AIFMD II and UCITS Delegated Directive [Table 1/2].
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TABLE 18: Comparison between MiFID II, AIFMD II and UCITS Delegated Directive [Table 2/2].

In accordance with the principle of propor-
tionality, management companies are re-
quired to allocate the necessary resources
and competences to enable the effective in-
tegration of sustainability risks into opera-
tional and organisational processes.
This includes establishing procedures, staff
expertise, and monitoring mechanisms ad-
equate to ensure compliance with ESG-
related obligations.
Finally, the directive requires that ESG risks

are integrated into the systems for identify-
ing and managing conflicts of interest. Man-
agement companies must assess whether
the inclusion of sustainability factors in in-
vestment products or management strate-
gies could create a disadvantage for in-
vestors and implement the appropriate mea-
sures to prevent or mitigate such conflicts.
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ESG Regulation in Investment
Decision-making: Implication
for Investment Intermediaries

Europe remains the world’s largest market
for sustainable funds, and the proposed re-
visions under SFDR 2.0 reflect a deliberate
ambition to rationalise the existing frame-
work along three interconnected lines (i.e.
first, the obligation to produce entity-level
disclosures on principal adverse impacts
would be abolished, simultaneously remov-
ing the redundancies that have long char-
acterised the relationship between SFDR
and the CSRD; second, product-level disclo-
sure requirements would be substantially
streamlined, with standardised templates
replacing the current, more burdensome re-
porting structure and reducing the number
of sustainability indicators that asset man-
agers are required to report; and finally,
and perhaps most consequentially from a
market-structure perspective, the proposal
envisages the creation of three distinct prod-
uct categories Sustainable products, Transi-
tion products, and ESG basics). The antici-
pated reduction in costs associated with the
current SFDR is widely regarded as one of
the reform’s most tangible benefits, though
it would be premature to overlook the sub-
stantial transitional burden that asset man-
agers will face in the near term, linked to
the reclassification of existing funds, the re-
vision of prospectuses, and the realignment
of investment guidelines to the new require-
ments.
The most recent market data, published
by Morningstar [7] for the third quarter of
2025, offers a revealing lens through which
to appreciate both the current vitality of the
European sustainable fund market and the
scale of the challenge that reclassification
entails. Article 8 funds the so-called “light
green” products attracted net inflows of
e28.3 billion during the quarter, a figure
representing a 60% increase on the previ-
ous period and accounting for 37% of total
EU fund flows. Article 9 funds, meanwhile,

continued along a trajectory that has be-
come increasingly difficult to ignore: net
outflows of approximately e7.1 billion dur-
ing the quarter point to a persistent and
deepening erosion of investor confidence
in the most stringently classified products
currently available under the framework.
Notwithstanding this divergence, the ag-
gregate assets under management of Arti-
cle 8 and Article 9 funds reached e6.8 tril-
lion, registering a 6% increase equivalent
to e400 billion relative to the preceding
quarter, a figure that speaks to the overall
resilience of the market even as investor
preferences shift within it.
What the aggregate figures alone cannot
convey, however, is the complexity of what
reclassification under SFDR 2.0 will actually
require in practice. The exercise is not, as it
might superficially appear, a matter of reas-
signing existing products to new thresholds
on the basis of largely unchanged criteria.
On the contrary, it demands a substantive
reassessment of each product’s eligibility
for its intended category, grounded in a
detailed analysis of sustainability disclo-
sures and ESG metrics produced through
the CSRD and EU Taxonomy frameworks.
The ongoing monitoring obligations that
would accompany initial classification add
a further layer of operational complexity
that asset managers cannot afford to un-
derestimate. Where this process is not
conducted with the requisite rigour, the
exposure to reputational risk is consider-
able and, in a market environment increas-
ingly sensitive to greenwashing concerns,
potentially severe. Of particular note in
this regard is the prospective fate of the
current Article 8 fund universe: under the
proposed framework, a significant share of
products presently carrying this classifica-
tion would fail to meet the eligibility crite-
ria for any of the three new sustainability-
oriented categories, effectively migrating
into the broader pool of non-sustainable
products. The practical consequence would
be a structural contraction of the Article 8
universe as presently constituted a shift
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whose implications for product positioning,
investor communication, and competitive
dynamics within the European asset man-
agement industry merit close attention.

Conclusions

In conclusion, the proposed revision of
the SFDR represents a significant evolu-
tion of the EU sustainable finance frame-
work. While the original SFDR was primar-
ily conceived as a transparency and disclo-
sure regime, the new proposal effectively
moves toward a more structured system of
product categorisation, aimed at improving
comparability between financial products
and reducing greenwashing risks.
For the asset management industry, this
shift carries several strategic implications.
First, the introduction of clearer product
categories based on underlying investment
strategies is likely to reshape fund design
and product positioning, requiring asset
managers to align portfolio construction
with predefined sustainability criteria and
measurable objectives. Second, the strength-
ened disclosure framework and the greater
reliance on verifiable data will increase the
importance of robust ESG data governance,
internal methodologies and due diligence
processes across the investment lifecycle.
At the same time, the proposal also aims to
simplify and streamline certain reporting re-
quirements, potentially reducing some op-
erational burdens that have emerged under
the current regime.
More broadly, SFDR 2.0 may contribute
to a gradual maturation of the European
sustainable investment market. By clari-
fying classification rules and linking sus-
tainability claims more closely to underly-
ing investment strategies, the revised frame-
work is expected to enhance investor confi-
dence and foster greater consistency across
products marketed as sustainable. For as-
set managers, the reform therefore repre-
sents both a regulatory challenge and a
strategic opportunity: firms capable of inte-
grating sustainability considerations cred-

ibly and transparently into their invest-
ment processes are likely to strengthen their
competitive positioning in an increasingly
sustainability-driven investment landscape.
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