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Argo Magazine

Dear Readers,

We are glad to present you the latest issue of Argo Magazine which closes a
year full of innovations and changes in various areas of the industry, from the first
climatic stress test to the latest EBA directives for the management and monitoring
of interest rate risk in the banking book.

For this reason, we created an issue with heterogeneous contents and we hope
it will give you the chance to explore interesting and innovative topics that will in-
volve banking institutions in the near future. Indeed, starting from our Just in
Time section, you will have the pleasure of reading three interesting documents on
the new EBA guidelines on IRRBB and SRBB. Moreover, in the same session, you
can find an interesting contribution on the 2022 Climate Stress Test Exercise which
involved 104 banks.

Our Research Papers follow - in this issue the section is dedicated to Climate
Stress Tests and the FinTech world.
You can start reading “ESG Climate Scenarios: a Dedicated Framework” by, among
others, G. Colombo and L. Corna.
In the paper, following the ECBs request to the banks to provide risk metrics based
on climate-related and environmental risks that include measures such as VaR or
Stress Test, the authors present a proposal for the structuring of a Climate Sce-
nario’s framework from input variables that take into account environmental im-
pacts and translate them into macroeconomic and financial variables in order to
obtain shocks that can be applied to market data.

The section ends with a focus on the impact on credit default risk by A. Mauri,
D. Rubicondo, N. Polino, N. Rogante and T. Ferretti.
“Advancements in Bank Stress Tests: from Bayesian Averaging to Causal AI”
investigates the application of three different methodologies to forecast credit de-
faults that occur as a consequence of climate shocks in the energy sector. The first
proposed architecture, G-RiskPar, is an automatic, iterative and theory-driven ap-
proach, based on Bayesian Averaging of Classical Estimates (BACE). The second
approach, MLRisk, combines statistical techniques, such as GLM, and computa-
tional methods drawn from ML. Finally, the third architecture, Causal AI, is a
Structural Causal Model, which uncovers causal connections in data and use them
to upgrade the confidence around the prediction, according to Bayesian inference.
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Editorial

Afterwards you can read the article by A. Menegon and A. Carapelli “Real-
time CCR Exposures and xVAs: a Neural Network Approach”. The authors, lever-
aging also on the industry literature, present an application of a ML model that
can predict, almost in real time, Counterparty Credit Risk exposure profiles, XVAs
and the relative sensitivities for a “toy” netting set of Interest Rate Swaps.

The last article we propose is dedicated to cryptocurrencies: “Exploring a
New Digital World” by G. Mori and F. Pizzamiglio. The authors describe how cen-
trals banks are moving to deploy a safe and sound response to the new paradigm,
designing solutions, guidelines, and regulations to prevent chaos and (possible) se-
rious systemic crisis from raging.

We conclude with a suggestion to visit our online Research page and sub-
scribe to our newsletter service with a monthly update on the most relevant topics
about practical Risk Management.

We wish you a happy reading and all the best for the coming year.

Antonio Castagna
Luca Olivo

Giulia Perfetti

Issue n. 22 / 2022
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2022 EBA Guidelines on IRRBB and CSRBB

The 2022 EBA Guidelines on IRRBB & CSRBB (EBA/GL/2022/14) will
replace, starting from 30 June 2023 for IRRBB side and 30 December
2023 for CSRBB side, the 2018 EBA GLs on IRRBB (EBA/GL/2018/02)
that have been in place from June 2019.
These GLs specify the criteria for the identification, management and
mitigation by institutions of IRRBB either if they implement internal
systems or use the standardized methodology or the simplified
standardized methodology for the evaluation of IRRBB. Furthermore,
they include criteria for determining whether the institutions’
internal systems for evaluating IRRBB are non-satisfactory.
read more

Date December 2022

2022 EBA Final Draft on RTS for Supervisory Outliers Tests (SOTs) for IRRBB

EBA, in compliance with Art. 98 of the Directive 2013/36/EU, is in
charge of specifying the supervisory shock scenarios as well as the
modelling and parametric assumptions for the exercise of the
supervisory outlier tests (SOTs) on the economic value of equity
(EVE) and net interest income (NII) related to the interest rate risk
arising from institutions’ banking book activities (IRRBB).
For the first time, the 2022 final draft RTS specifies the interest rate
shock scenarios as well as the modelling and parametric
requirements relating to the SOT on NII, providing a metric for
quantifying a “large decline” in NII as set out in Article 98(a) of the
Directive 2013/36/EU.
read more

Date December 2022

                                                      

2022 EBA final draft on RTS on Standardized Approach and Simplified Standardized 
Approach for IRRBB

For a better evaluation of the risks resulting from potential changes
in interest rates that affect both the economic value of equity (EVE)
and the net interest income (NII) of an institution's non-trading book
activities, EBA has created a Standardized (SA) and a Simplified
Standardized Approach (S-SA).
The objective is to define a set of rules for cash flow slotting and
management of behavioral cash flows using standardized constraints
(e.g., Basel caps on NMDS core components or predefined scalars for
measuring interest rate sensitivity) as well as to specify the
calculation process for EVE and NII risk measures.
read more

Date December 2022

Just in Time - iason Notes
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Climate Risk Stress Test 2022

The 2022 climate stress-test (CST) could be seen as a joint exercise of
104 banks in regard to the ECB's Climate and Environment Guidance.
Goals:
- Improving the capabilities of banks and supervisors to assess
climate risk;
- Provide guidance to banks for future activities;
- Developing climate risk awareness and making easier shrinking
vulnerability to its possible materialization;
- Raise awareness of climate risk and facilitate the reduction of
vulnerability to its possible materialization.
Due to its nature, the 2022 CST will not have a direct quantitative
impact on banks’ regulatory capital.
read more

Date August 2022

Regolamento (UE) 1273/2022 - Nuovi Obblighi di Comunicazione

Con la delibera dell’ 11 agosto 2022, il Comitato di Sicurezza
Finanziaria ha conferito l’incarico alla UIF la ricezione e raccolta
delle informazioni previste dagli Articoli 8 e 9 del Regolamento
Europeo n. 269/2014 a seguito delle modifiche previste dal
Regolamento Europeo n. 1273/2022.
Nel primo capitolo sono presentate le due regolamentazioni europee,
di seguito vengono presentate le relative modalità di adempimento.
Tali dati sono trasmessi dalla UIF alla Commissione Europea, previa
informativa al Comitato di Sicurezza Finanziaria.
read more

Date September 2022

AML/CFT Colleges in European Union: Evidences from EBA

On September 1st 2022, the European Banking Authority provided an
update on the functioning in the previous year of AML/CFT
supervisory colleges.
This second report summarizes the findings made by EBA
staff during their participation in AML/CFT college meetings and
highlights a series of good practises spotted in them. EBA believes
that a broad implementation of these procedures could foster
ongoing collaboration and proactive information within colleges,
which is crucial to identify emerging risks at an early stage.
Finally, we could find six EBA actions that lead supervisors should
consider implementing in future AML/CFT colleges to further
enhance their effectiveness.
read more

Date September 2022

Argo Magazine
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Bank of England – PRA: Model Risk Management Principles for Banks

The increasing use of models to inform key business decisions and
the increasing complexity of models invariably increases firms'
potential exposure to model risk. The PRA-BoE proposes to adopt
five principles which it considers key in establishing an effective
model risk management (MRM) framework. The principles are
intended to complement existing requirements and supervisory
expectations in force on MRM and include proposals for: a) a
proportionate implementation within firms; b) the identification and
allocation of responsibility for the overall MRM framework; c)
reporting on the effectiveness of MRM; d) identifying and managing
the risks associated with the use of Artificial Intelligence (AI)
technology in modelling techniques such as Machine Learning (ML).
read more

Date July 2022

Challenger Models: Methodological Approach and Use

Banks have internal validation processes that include proven
procedures to ensure, among other things: safeguarding the accuracy,
robustness and stability of the estimate of all relevant risk
parameters; and safeguarding the correct / appropriate use of
internal models by preventing potential inaccuracies that would lead
to incorrect results for the intended use. In the light of above, this JIT
provides the methodological approach and use of challenger model,
that allows to compare the results of a model with the results of an
alternative model starting from the same information used in the
development phase.
read more

Date October 2022

Machine Learning Framework

Artificial intelligence (AI) is a rapidly evolving family of
technologies. In particular, the use of AI can foster positive social and
environmental outcomes and provide key competitive advantages to
businesses and the economy and can entail new risks or negative
consequences for individuals or for society (e.g. safety and
protection, fundamental rights, difficulty in verifying compliance
with current regulations, legal uncertainty for businesses, lack of
trust between businesses and citizens, regulatory responses that
fragment the EU market). This JIT shows that ML techniques have
already permeated the financial sector to a considerable extent and
highlights the main aspects for establishing an effective development
and validation framework.
read more

Date October 2022
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Nuove Normative Fiscali alla Luce della Riforma Benchmark

La riforma dei tassi di riferimento in area Euro, Dollaro, GBP, GPY
prevede la dismissione dei tassi LIBOR e l’introduzione del tasso
overnight €ster per l’area Euro, comportando una concezione nuova
nell’utilizzo delle indicizzazioni su strumenti lineari
sull’osservazione dei fixing e il calcolo del tasso cedolare. Le nuove
metodologie di calcolo, combinate con le nuove regole di
osservazione del fixing, implicano la gestione di una cedola di un
titolo in due fasi distinte: una fase in cui il tasso è cosiddetto
provvisorio in quanto la variazione del tasso è giornaliera fino alla
scadenza del periodo di osservazione del fixing; una seconda fase in
cui il tasso è certo poiché la base dei fixing è consolidata per il
processo finale.
read more

Date May 2022

ECB Levereged Transactions – Supervisory Expectations Regarding the Design and 
Functioning of RAF and High Levels of Risk Taking

Recently, the ECB sent a letter to SIs regarding the leveraged
transactions (LTs): excessive risk taking is of particular concern to
the ECB when it is coupled with inadequate risk management.
ECB requires increased scrutiny and remedial actions going forward:
these include an LT RAF that identifies, quantifies and limits risks in
an appropriate manner, a reduction in risk taking and robust stress
testing for the LT portfolio. The ECB intends to actively follow up on
all aspects of this letter using a wide range of supervisory tools:
failure to remedy these deficiencies will be addressed using all
available supervisory tools - including, where relevant, increases in
Pillar 2 requirements in the context of the annual SREP process.
read more

Date May 2022

ECB - SSM Supervisory Priorities 2023-2025

ECB Banking Supervision, in close collaboration with national
competent authorities, has reviewed its strategic priorities for the
next three years. The review builds on a thorough assessment of the
main risks and vulnerabilities for supervised banks, considers the
progress made on the priorities endorsed last year and draws on the
outcome of the 2022 Supervisory Review and Evaluation Process
(SREP).
The SSM supervisory priorities for 2023-2025 aim to strengthen
supervisory efforts in delivering the medium-term strategic
objectives while adjusting the focus to shifting challenges.
read more

Date January 2023

Argo Magazine
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Climate Stress Test
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ESG Climate Scenarios:
a Dedicated Framework

Giacomo Colombo Lorena Corna Letizia Malara
Alessandro Prati Michele Silano

The ECB’s Thematic Review on Climate-related and Environmental Risk provides a cross-sectional analysis con-
ducted on supervised banks and aims to identify the strategy, governance and management framework for
Climate-related and Environmental Risks. This analysis lead to much evidence, including the soundness of

practices. In this respect, the ECB requires banks to provide risk metrics based on climate-related and environmental risks
that include measures such as VaR or Stress Test. This paper aims a proposal for the structuring of a Climate Scenario’s
framework from input variables that take into account environmental impacts and translating them into macroeconomic
and financial variables in order to obtain shocks that can be applied to market data. This consists on: I) an analysis of
short-term Transition Climate Risk; II) an analysis of the requirements shared during the ECB’s Thematic Review; III) a
study of the existing models and their implementation; IV) a methodological proposal for scenarios climate-related. The
authors present a methodology for a financial institution to estimate the ESG Risk: the high degree of flexibility and
discretion in management choices represent the main advantages of the approach described.

In recent years, we could assist fast-growing of
Environmental, Social and Governance (ESG)
themes, especially the Climate Change Risk rep-

resents the current challenge for Financial Institu-
tions concerning the pricing of physical and transi-
tion risks. The first relevant document on Climate
Risk was in 2015 with the well-known Paris Agree-
ment. With it, the national governments agreed to
implement three main actions in order to strengthen
climate change global response. Specifically, these
three actions are:

• To limit global temperatures, increase to 2◦ C;

• To strength country abilities in adapting to cli-
mate changes and developing low GHG emis-
sion’s technologies;

• To make consistent financial flows toward low
GHG emissions.

In addition, last year EU signed the European
Green Deal for more sustainable European Economy:
this provides an action plan to increase resource ef-
ficiency, to restore biodiversity and to reduce pollu-
tion by 2050. In this context, financial institutions
have increasingly committed:

• To play a role in sustainable finance according
to market expectations that proposed a frame
for ESG factors definitions and climate change
risk;

• To comply regulatory e supervisory require-
ments.

First, it is needed to define different climate
change factors. Specifically, climate change factors
are divided in Physical Risk and Transition Risk.
The Physical Risk comes from financial losses that
are associated to long-term events or changes in
climate pattern, and the Transition Risk is defined
as financial losses resulting from transition to low-
carbon process and to more sustainable economy.

For these reasons several regulatory develop-
ments that considerate climate risk in the banks’
scope have been developed. In particular the ECB
Thematic Review on Climate-Related and Environ-
mental Risk provides a cross-sectional analysis car-
ried out on supervised banks with the aim to iden-
tify the strategy, the governance and the risk man-
agement framework for climate-related and environ-
mental risks. This analysis took place on February
18th 2022 and it highlights two important aspects:

• The soundness of practices that means the
ECB’s request to banks to provide risk met-
rics based on climate and environmental risks,
such as VaR metrics and Stress Test metrics
and and to include CE considerations in the
investment decision-making process via pos-
itive or negative screening, developing docu-
mented processes, and defining responsibili-
ties;

• The comprehensiveness of practices which
means the inclusion of Physical Risk in ESG
scores and the scoring extension to sovereign
bonds.

Issue n. 22 / 2022
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Starting from this, it emerged a lack of climate
component’s quantification in risk metrics, thus it
was necessary introducing an appropriate ESG met-
ric. Among the various existing metrics, the first
option was to implement a Climate VaR. However,
this metric brings inconsistent numerical with the
expected VaR and it invalidate the final result. So
an alternative metrics should be considerate, such as
the Stress Test metric.

In this regard, in order to assess the soundness
of European banks against Physical Risk and Tran-
sition Risk, in September 2021 the ECB proposed its
own Climate Stress Test framework. In detail, the de-
velopment of a Climate Stress Test aims to develop
a scenario from input environmental input variables
that become macroeconomics and financial variables
in order to obtain shocks that must be applied to
market data.

In addition, due to ISDA Survey on Climate
Trading book evidences, the Stress Test tool turned
out as the most useful metric in measuring climate
risk. Nevertheless, in literature there is a lack of pre-
sentation in methodological proposals for develop-
ing a Climate Stress Test framework that could be
conformable for all banks. Therefore, the Climate
Stress Test proposal has been developed with a fo-
cus on short-term Transition Risk.

The work is organised as follows: in the first sec-
tion, we present the frameworks in the literature on
climate stress testing transition risks; we then intro-
duce how we can build a climate stress test scenario
using the macroeconomic and financial models. Fur-
thermore, a mock test of the proposed methodology
is shown on the American economy and the results
conclude the work.

ESG Risk Methodologies: a
Market Risk Overview

The literature on climate stress testing transition
risks displays a variety of possible methodologies.
For this purpose, many organizations have imple-
mented a Stress Test on CE risks.

A limited number of financial institutions has
conducted exercises on stress tests of energy tran-
sition risk.

Looking at different banks’ examples, the
Banque De France presented an application of
Climate-Related Scenarios for Financial Stability As-
sessment (2020) [1]. Specifically, it proposed an ana-
lytical framework for the climate policy impact quan-
tification with a focus on transition risk in order to
cover the needs of financial institution to run bottom-
up exercises. In this work Banque de France com-
bined different models with a calibration based on
the high-level reference scenarios of the NGFS. It
proposed a baseline scenario which refers to an or-
derly transition toward a low-carbon economy and
two adverse scenarios which shows two different

cases of disorderly transition: the delayed transition
and the sudden transition, respectively starting from
2030 and 2025. The model infrastructure is com-
posed by a suite of models, starting from a multi-
country macroeconomic model (with reference to
NiGEM model), a sectoral model and various finan-
cial market modules and an infra-sectoral risk as-
sessment framework. From the Banque de France’s
paper, the results have shown the materiality of the
negative economic impacts of disorderly transition
toward a low-carbon economy.

DeNederlandscheBanks (2018) also provided a
stress test on transition risk, based on four several
energy transition scenarios with a focus on two risks
factors defined as the main driver of energy transi-
tions [8]. These risk factors are the government pol-
icy and the technological developments. Each sce-
nario is translated in a set of macroeconomic impact,
using NiGEM model and subsequently implement-
ing a transition vulnerability factor (TVF) to capture
the fossils fuels’ impact on each industry. This TVF
is based on the amount of CO2 emitted to produce
the final goods and services of each industry and it
varies across scenarios due the different risk chan-
nels in each of them. In this way, the total impact on
financial institutions’ exposures depends on the com-
bination of macroeconomic impact in each scenario
and the industry’s specific vulnerability factors.

On September 2021 the ECB has proposed an
economy-wide stress test, that has been developed
assessing the resilience of non-financial corporate
and euro area bank to climate risks with several fu-
ture climate policies assumptions [2]. The exercise is
composed by three main pillars: the first has the aim
to set climate and macroeconomic conditions over
the next 30 years with a climate specific scenario; the
second is composed by a dataset which combines cli-
mate and financial information for worldwide com-
panies; the third is climate-specific models novel set
used to analyze the direct and indirect transmission
channels of climate risk drivers for firms and banks.

In addition, there are some papers who explain
some guideline in order to improve practices related
to management of climate-related financial risks and
in order to produce a guide to climate stress Test-
ing. On one hand, the Basel Committee on Banking
Supervision (BCBS) defined a document on the effec-
tive management and supervision on climate-related
financial risks [4]. Specifically it has developed 18
principals which provide good practices of climate
change financial risks. This guide is aligned with
the climate risk framework proposed by the task
Force on Climate Related Financial Disclosure of Fi-
nancial Stability Board. On the other hand UNEP
FI organized a series of pilot programs with several
banks and investors in order to assist them in the im-
plementation of the Task Force on Climate-Related
Financial Disclosures (TCFD) framework and with
the aim to disclose climate-relevant information [5].
The program develops tools and guides to enable

18
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the management of financial sector and climate risks
disclosure, understanding the nature of climate risk
stress test. Specifically, the report suggest best prac-
tices for:

• Stress testing team organization;

• Requirements and data collection;

• Scenarios selection and models;

• Results application in the regulatory require-
ments.

In conclusion, several attempts propose climate
stress test exercises that could conform to the guide-
lines presented by the regulators and that required
the combination of macroeconomic, financial, and
sectoral models for subsequent implementation.

Approach Overview

The General Setting

From the ECB requirements emerge the need to in-
troduce metrics that include the Climate Risk: de-
spite the better metric being a climate VaR, the latter
shows implementation difficulties that led to focus
on the Climate Stress Test exercise.

Iason’s Framework relies on a macroeconomic
and financial models mix that translates macroeco-
nomics and climate variables into a financial one and
the final output is given by a climate scenario. We
used the four models below:

• GCAM. Considering a historical dataset and
a suitable params calibration, the output of
it is a set of long-term variables of macroeco-
nomics and climate nature. In detail, the key
factors of Transition Risk considered are:

– Government policies (i.e. the carbon tax);

– Technology characteristics;

– Energy System;

– Investment in Carbon Dioxide Removal
(CDR) and afforestation;

– Land-use and related emissions.

The GCAM outcome is represented by:

– Productive system;

– Greenhouse Gases (i.e. GHG) and no-
GHG emissions;

– Socio-economic predictions;

– Price and trades of goods and services;

– Carbon prices.

The GCAM model structure is represented in
Figure 1.

• NiGEM. The output of the model above repre-
sents the input of NiGEM one: the outcome of
it is a set of financial variables, i.e. the shock
impacts the following factors:

– Equity prices;

– Interest rate (for short and long term);

– Forex rate;

– Commodity prices.

The structure of NiGEM model is represented
in Figure 2.

• Credit Model. Alongside the NiGEM, our in-
ternal analysis highlighted the need to include
a credit model adjusted for Market Risk to ob-
tain the default probability.

• Sectoral Disaggregation Model. It represents
the last step of our methodology and takes as
inputs the results of NiGEM and the Credit
model. It is applied only to equity and credit
spread: through it, we can evaluate the shock
for each NACE sector.

As previously anticipated, the output of Iason
methodology is a climate scenario, i.e.:

• Baseline scenario;

• Adverse scenario.

The such simulation could be:

• Pre-designed;

• Built ad hoc to meet the Bank’s needs.

Given these two outcomes, the impacts are re-
trieved from the difference between the two scenar-
ios above and, as already performed for the regular
stress test, the Bank could proceed with a full reval-
uation of positions in scope under the stress test sce-
nario.

GCAM Model

The GCAM model is the first step of our framework
and it is defined as a climate model because, based
on actual climate polices, predictions of economic
and climate variables are returned by the model. It is
a global, dynamic and recursive model, so decision-
maker take decisions based on available information.
This means that a current choice may no longer be
optimal in the future.

This model is based on partial market equilib-
rium and it means that each period is solved inde-
pendently for each market.

The model includes a 5-year time step, from 1990
to 2100 and it represents interconnections among
five systems: the energy system, the water system,
the economic system and the climate system.

GCAM is part of Integrated Assessment Models
(IAM) and it is representative of SSP2 (Shared So-
cioeconomic Pathway 2), that is a future evolution
scenario of socioeconomic variables.

In the model variables are customized on reduc-
ing climate change polices adopted by governments
(e.g. policies aimed at reducing emissions). Then
these polices are translated into long-term forecasts
economic and climate variables.

In order to asses the goodness, it was necessary
to conduct consistency tests. This showed that all
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FIGURE 1: Structure of GCAM Model

modeled variables respond to expected climate po-
lices, with different response’s degrees based on the
introduced policy intensity.

However, this model has a shortcoming: it uses
an exogenous GDP forecasting trajectory that does
not incorporate climate components. Specifically, it
takes GDP as an exogenous input but it treats it as
endogenous (because its determinants are given by
labor force and productivity). For this reason, the
model doesen’t incorporate the climate component,
which means that the GDP forecast does not change
depending on the policy implemented. Therefore,
it was necessary to introduce a merge with another
model called MESSAGE model. In this merge, the
GCAM reference scenario’s GDP is combined with
the same reference scenario’s GDP but in the MES-
SAGE model.

NiGEM Model

In the following section, the main features of Na-
tional Institute Global Econometric Model (NiGEM)
are summarized with a focus on the variables of
interest for market risk, as interest rates, exchange
rates and equity prices. For the former, a back-
test analysis carried out on historical data is sub-
sequently reported in order to verify the predictive
capacity of the model; some considerations about
the different calibrations performed and the possible
impacts obtained through different configurations
adopted are also reported.

NiGEM has been developed in 1987 by the Na-
tional Institute of Economic and Social Research
(NIESR) and it was immediately used for forecast-
ing and policy analysis; an earlier description of the
model can be found in Barrell et al. [3]. Today the
final version differs from the original one, as it incor-
porates new elements that reflect the evolution of the
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FIGURE 2: Structure of NiGEM Model

TABLE 1: Input parameters

literature on the subject and therefore better suited
to current socio-economic conditions. Both policy-
makers and the private sector across the globe lever-
age on this model for economic forecasting, scenario
building and stress testing exercise.

Focusing on the technical aspects, NIGEM con-
sists of individual country models for the major
economies that are linked through trade in goods
and services and integrated capital markets. They
all have the same neo-Keynesian structure in that
agents in the model are generally assumed to have
rational expectations, and there are nominal rigidi-
ties that that slow the process of adjustment to ex-
ternal events. Although the skeleton of the model is
uniform among different countries, NIGEM allows
some specificities to be introduced, such as the de-
terminants of supply and demand or more deeply
the calibration of the parameters involved in each
model. This in order to better capture the different
specificities of each individual country involved.

In the following sections are briefly presented
the main features of the model while refer to the
Annex and for more technical details. In particular:

• The representative agents in the model, that
are households, firms, governments and mon-
etary authorities;

• The key pricing and trading relationships in
the model and how the model is brought into
equilibrium.

Agents in the Model

The representative agents in the model are house-
holds, firms, governments and monetary authorities:

• Households, that are the consumer’s side and
whose spending choices change according to
the different phases of life as a function of
their current and expected future real dispos-
able income as well as wealth from housing
and financial assets, all net of taxes. The short-
term expenditure adjustment is represented
by the presence of constraints, on liquidity or
the willingness to borrow, while in the long-
term consumption depends on a dynamic ad-
justment path around real disposable income
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FIGURE 3: FED Short Term Rate

and real wealth.

• Firms, which on the one hand represent the
aggregate supply side by means of a CES func-
tion coupled with a Cobb-Douglas relation-
ship, on the other hand the demand for labor
and capital by maximizing their own profits.

• Governments, whose budget constraint is
defined by revenue minus expenses, where
spending is represented by investment plus
consumptions, both revaluated at consumers’
expenditure deflator, that is a useful measure
of consumers spending, plus transfers to un-
employed and pensioners as well as interest
payments; on the other hand, revenues in-
clude corporate and personal direct taxes and
indirect taxes on spending.
In addition, the long-term solvency of govern-
ments is guaranteed by the introduction of a
default budget rule, that is deficit and debt
stock return to sustainable levels in all scenar-
ios.

• Monetary Authorities, represented by central
banks and which operate in the model by de-
termining short-term rates. This is done via
the Taylor’s Rule, which will be discussed
more fully in the paragraph .

Overall Functioning of the Framework

This subsection outlines the key pricing and trad-
ing relationships in the model and how the different
cases envisaged by the model are brought to equi-
librium. Proceeding in analogy with the previous
paragraph, the determining points of the model are
presented below:

• Prices of Goods and Services, which are de-
termined by the companies through minimiza-

tion of the respective production costs plus a
markup. Although this is similar to a monop-
olistic approach, it allows for more flexibility
and institutional differences across countries.
Consumer prices are subsequently derived as
function of unit total cost and a wedge ex-
plained by prices of imported goods and ser-
vices.

• Wages are determined through a bargaining
process between workers and firms while
the relationship between real wages growth
and unemployment is determined via Phillips
curve. Moreover, the equilibrium rate of un-
employment can be derived using the optimal
demand for labour, the price setting equation
and the wage setting equation.

• International trade, where all income and as-
set flows into one country are matched by out-
flows from other countries, as the model is
globally closed. Demand of import from coun-
tries represent the main demand driver as well
as import prices competitiveness. Commod-
ity import prices are treated exogenously start-
ing from the prices of raw material while in
the long run the growth rate of these prices
is determined by the growth rate of non-
commodity prices.

• Financial Market Prices, for which equilib-
rium is achieved by balancing global liabilities
and global assets. The current country balance
is obtained as the sum of the trade balance, net
foreign income, that is the s the difference be-
tween income credits and debits, and balance
of payments transfers. Prices on international
financial markets, i.e. short term and along
term interest rates, exchange rates and equity
prices will be discussed more deeply in the
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FIGURE 4: ECB Short Term Rate

following subsection.

Financial Markets

As regards the financial markets, an ad hoc para-
graph is dedicated as the variables covered by this
modeling are decisive in the construction of a mar-
ket stress test scenario applied to a trading book. In
fact, in order to carrying out a full revaluation of the
positions subject to stress, it is necessary to stress
the market data which constitute the main risk fac-
tors associated. In this regard, NiGEM ensures the
modelling of all these key variables by leveraging
economic theories widely proven in the literature on
the subject.

First of all, the current account balance of a spe-
cific country is defined as follow:

CBt = TBt + (IPDCt − IPDDt) + BPTt.

That is the sum of the trade balance (TB), net for-
eign income (IPDC − IPDD) and the balance of pay-
ments transfers (BPT), the latter defined as being
proportional to nominal GDP in foreign currency

terms BTPt = βBTP
1

ytρ
y
t

RXt
with ρ

y
t being the GDP de-

flator. Moreover, countrys net income from inter-
est payments, profits and dividends (IPD) can be
written as the difference between income credits and
debits, that is:

(IPDCt − IPDDt) = A − B,

where:

A = RORt(GAt−1 − βIPD
1 GLt−1) + i∗t βIPD

2 GLt−1,

B =βIPD
3 (PROFt − TAXc

t ) +

(
1 − 0.2

debtgov
t /yt

)

INTgov
t +

GLt−1RXt−1
RXt

−(
1 − 0.2

debtgov
t /yt

)
debtgov

t−1 − βIPD
4 EQCAPt−1QEPRt

RXt
,

where the terms in A represent credit with the rest
of the world. GA are gross assets held, and GL are
gross liabilities, which are both assumed to be a pro-
portion of nominalGDP. ROR is the rate of return on
foreign assets, which error-corrects in world debit.
i∗r is the short-term interest rate earned on liabilities
in the rest of the world. The second term B con-
tains debit with the rest of the world. It is written
as a function of profits minus corporate taxes, inter-
est payments on government debt and private and
government debt as well as stock market returns ex-
pressed in domestic currency.

As already said in the previous sections, short
term interest rates are determined by the monetary
authority, which establishes the level of rates on the
basis of current economic conditions, based on the
well-known two-pillar strategy whose drivers are the
output gap and the level of inflation. The model cap-
tures this bivalent nature of short-term rates via the
formulation known as Taylor’s Rule [7]:

it =γiit−1 + (1 + γi)[
−αiln

(
NOM∗

t
NOMt

)
+ βi (in ft+1 − in f ∗t+1

)]
,

where i is the nominal short-term rate, NOM is the
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FIGURE 5: BoJ Short Term Rate

nominal output, NOM∗ is the target nominal out-
put, (the ratio between these two factors represents
the difference between long-run potential GDP and
the actual level of GDP, knows as output gap) inf is
the expected inflation calculated as ∆lnCEDt−1 with
CED representing the consumer prices, and in f ∗ is
the target inflation set by central banks. The param-
eters γ,α and β represent respectively the sensitivity
to the time lag at instant t − 1 (smoothness parame-
ter), the sensitivity to the economic component and
the sensitivity to the monetary component. As will
be seen in the next paragraph, the determination of
these parameters is crucial in forecasting the evolu-
tion of short-term rates for the different currency ar-
eas.

Long term rates (LR) are obtained by means of
the 10-year forward convolution of short-term inter-
est rates plus a term premium (TPREM) to take into
consideration the different evolution of the different
economic and financial conditions, as follows:

(1 + LRt) =
10

∏
h=0

(1 + it+h) + TPREMt.

Exchange rates are solved by the model by uncov-
ered short rate parity and are defined as domestic
currency expressed in terms of foreign currency, that
is:

RXt = RXt+1

(
1 + it
1 + i∗t

)
,

where i∗represents the nominal foreign short-term
interest rate. Consequently, changes in the choices
of the monetary authorities in response to mutated
state of the economy imply changes in exchange
rates.

Last, the model determines equity prices by dis-
counting expected future cash flows relative to the
private sector capital stock (KP), considering the eq-

uity premium (EQPREM) and applicable taxation
(TAX), that is:

EQPt =
PROFt − TAXc

t
KPt

+

EQPt+1KPt+1
(1 + it)(1 + EQPREMt)KPt

.

Backtest Analysis

One of the fundamental aspects in econometric mod-
eling is the determination of the parameters that
make up the backbone of the entire framework, es-
tablishing the relationships between the variables in-
volved and thus allowing to define the ratio under-
lying the modeling. For this reason, particular at-
tention has been focused on the calibration of these
parameters. Bearing in mind that the purpose of
this modeling framework is to produce a market
climate scenario, we focused more on one of the
key variables in this context, i.e. short-term interest
rates, since all the other factors of interest are deter-
mined consequentially to the latter or at least they
are strongly influenced by it.

As shown in the previous paragraph, the deter-
mination of these rates is the responsibility of the
monetary authority, i.e. the central banks, whose
choices are modeled using the well-known Taylor’s
rule. In order to correctly calibrate the parameters
involved in the aforementioned relationship, a back-
test analysis was conducted on historical data aimed
at identifying the values that best fit the series pre-
dicted by the model with the historical one. The
four main currency areas were considered, i.e. dollar,
euro, sterling and the japanese yen, considering the
available series of historical interest rates; in details,
for the United States the historical series starts from
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FIGURE 6: BoE Short Term Rate

1972 to 2020, for the euro area from 2000 to 2020, for
the Great Britain from 1972 to 2016 while for Japan
the historical series covers the period from 1984 to
2020. The calibration was done by minimizing the
mean squared error, making a convenient rounding
to make the economic interpretation of the results
thus obtained more immediate. Furthermore, for
simplicity, exogenous estimates have been used for
the determination of expected inflation and the out-
put gap, while the level target inflation was set at 2%
and assumed to be constant over time. The graphs
with the evidence obtained and the parameters used
for each economic area are reported in Table 1 and
Figures 3, 4, 6, 5.

A few considerations on the results:

• For all four geographical areas, the trend pre-
dicted by the model (orange line) is in line
with that actually observed (blue line). As-
suming a confidence interval of ±25 basis
points, a range to be considered adequate in
the field of interest rate modeling, it can be
observed that this is respected on average.

• Focusing on the most turbulent phases of the
economic cycle, such as the financial crisis in
2008 rather than the dot com bubble in the
early 2000s, we observe how the model fails to
capture the real data, with deviations on aver-
age in the order of about 70-75 basis points.
However, this is consistent with the unpre-
dictability of certain situations, inevitably un-
predictable by any model.

• A special consideration must be made for the
United States and Japan, as it was decided to
insert a zero floor to reflect the evidence that
historically there have never been negative in-
terest rates. This made it possible, as shown
in the graphs, to keep the level of rates con-

sistent with the actual ones, avoiding the fall
into the negative area as envisaged by the orig-
inal specification of the model. In fact, if the
floor had not been introduced, the forecast
would have been absolutely misaligned with
the trend achieved, with highly negative rates
especially for Japan. Consequently, the specifi-
cation of the model thus adapted becomes the
following:

it =
{

γiit−1 + (1 + γi)

[
−αiln

(
NOM∗

t
NOMt

)
+

βi (in ft+1 − in f ∗t+1
)
, 0.

For the remaining currencies, on the other
hand, it was not necessary to make any type
of adjustment.

With reference to the parameters, however, the
following characteristic features are highlighted:

• A particularly high degree of smoothness,
equal to 85%, is recorded for both the euro
area and Japan, thus indicating greater atten-
tion by the respective central banks to avoid
excessive jumps in the determination of rates.
On the other hand, the value of γ is lower al-
beit considerable as regards sterling and dol-
lar, where for the latter there is an equal
weighting in the determination phase.

• For the United States and for the euro area,
a 50% higher dependence is observed as re-
gards the economic component compared to
the monetary one, while the situation is re-
versed for the other two currencies, thus high-
lighting the differences in the sensitivity of
central banks to the two pillars of monetary
policy.
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To conclude, it can therefore be said that Taylor’s
rule proves to be an effective relationship for predict-
ing short-term interest rates, especially in the light of
the high degree of malleability of the parameters in-
volved in the formula. Consequently, it fits perfectly
with the proposed purpose of the methodology un-
der analysis.

Credit Model

The Credit Model aims to allow us to measure the
credit spread change at the Market Risk level under
climate scenarios using statistical regression tech-
niques. The insight is to estimate the default proba-
bility for each economic region, bearing in mind the
macroeconomic variations resulting from the climate
policies in place.

The presence of only two macroeconomic vari-
ables (i.e. GDP and equity prices) arising from
NiGEM preserves the credit model structure and,
at the same time, enables us to integrate the latter
methodology with the climate component.

The four steps of this framework are:

• Macroeconomic Variables Changes. Start-
ing from the NiGEM model, we can get the
changes in GDP and equity prices for each eco-
nomic region among the several stress scenar-
ios with respect to the baseline one.

• Default Probability Estimation. Through lo-
gistic regression, we can obtain the PD esti-
mation for each scenario taken into account,
using the variables of the previous step as re-
gressors. The PD formula used for this pur-
pose is:

PD = 1 − 1
1 + e(β0+x1 β1+x2 β2)

,

where x1 is the GDP change and x2 is the eq-
uity prices variation.

For calibration parameter of USA market, the
historical data from 1984 to 2020 has been
used and the results are shown in Table 2.

• Credit Spread Calculation. With the result of
the step above, we can get the credit spread
for the scenario i and economic area J for year
t using the formula below:

CSt,i,j, = (1 − RR) · PDt,i,j,

where CSt,i,j, and PDt,i,j are the credit spread
and default probability, respectively, using a
constant recovery rate (RR) equal to 40%.

• Shock. The last step is to derive the shock that
will be applied to credit spread as a difference
between stressed scenario i and the baseline
one.

Sectoral Disaggregation Model

The sectoral disaggregation model is the last step of
our framework and it permits properly redistribut-
ing the shocks. The Bank’s availability of secto-
rial score and the prediction of climate data from
GCAM, allow us to get the peculiar characteristics
of each economic sector with a simple and intuitive
approach.

As anticipated before, the sectoral disaggrega-
tion factor is applied to shock derived from equity
price and corporate credit spread to have a more im-
pact granularity at the NACE level: it represents the
goal of this step.

Our intuition was to assign a score for each eco-
nomic sector and rescale the aggregate shock, based
on the polluting emission of the same industry.

Within it, we can identify the five phases below:

• Emission Factor (EF) Calculation. Starting
from the GCAM forecasts on the GHG emis-
sion, we can retrieve the related amount re-
ferred to stress scenario i for the economic
area j of year t and sector k as following:

EFt,i,j,k = 1 +
GHGt,i,j,k

GHGt,i,j
.

• ESG Score (S-ESG) Computation. Starting
from the sectorial scores of the Bank related
to Environment (E), Social (S) and Governance
(G), we can compute the S-ESG as a simple av-
erage for each sector k to achieve a brief index
on the topic in stress scope.

• Score Adjustment. The value calculated
above could be adjusted based on the available
information, for example using the NACE sec-
tor and the associated ESG Risk level, the Bank
could set up a correction factor to apply to the
S-ESG factor and increase the latter in case of
significative ESG Risk.

• Sectoral Adjustment Matrix Creation. Start-
ing from the EF, we multiplied it for the S-
ESG adjusted for the factor estimated in the
above step. The result is the Sectoral Adjust-
ment Factor (SAF), in formula:

SAFt,i,j,k = ETt,i,j,k ·S−ESGk ·Adjustment Factor.

• Impact Matrix Definition. Using the NiGEM
shocks related to equity prices and credit
spread, the latter values should be multiplied
for the SAF factor above: in this way, we can
retrieve the shock for stress scenario i of eco-
nomic area j for year t and sector k as shown
in the formula below

Shockt,i,j,k = SAFt,i,j,k · NiGEM Shock.

Considering the GCAM projection of GHG emis-
sions produced by sectors A, B and D, in Table 3 we
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TABLE 2: Calibrated parameters for US Market

TABLE 3: Emission Factors for sectors A, B and D

can see the Emission Factor, i.e. the sector’s contri-
bution to pollution emission in the whole economy.
Based on the available data, the sector D showed the
higher incidence.

In Table 4 you can find the Sectoral Adjustment
Matrix, calculated using the EF in Table 3 (in brack-
ets are indicated the multiplication results between
adjustment factors and S-ESG for each NACE sec-
tor).

Practical Implementation of the
Framework

The following is a proposal for an exercise based on
data related to the American economy for the three
years 2023-2025.

Policy Scenarios

The GCAM model allows for the exploration of var-
ious types of climate-related scenarios through the
use of a customizable policy file, such as:

• Policies IPCC RPC (Representative Concen-
tration Pathways): These scenarios indicate
a trend in the concentrations of greenhouse
gases and aerosols for a specific climatic goal
(in terms of radiative forcing in 2100), which
corresponds to a specific trend in human emis-
sions.

• Policies in accordance with the Paris Agree-
ments: In this scenario, the global tempera-
ture rise this century is kept well below 2 de-
grees celsius.

• Policies Carbon Tax: Scenarios in which it is
possible to fix the carbon tax level for a spe-
cific year and its evolution for the following
model’s simulation steps.

• Policies Production Target: Scenarios in
which it is possible to constrain the produc-
tion levels in one or more specific industry sec-
tors.

• Policies Land Use: Scenarios in which the
amount of usable land in the agricultural sec-
tor is determined.

In general, it is possible to explore different combi-
nations of scenarios by specifying constraints on the
model’s variables. Therefore, there is a really large
set of scenarios which is possible to implement and
use in order to assess a specific climate, socioeco-
nomic, land use or production goal.

Choice of the Scenario

The two scenarios in which the exercise was con-
ducted are:

• The "No policy" scenario. It represents the
traditional scenario in which no variable cli-
mate is constrained. The scenario’s objective
is to function as a baseline for more aggressive
scenarios.

• Scenario of "Climate Policy- Radiative Forc-
ing (RCP 4.5) + Carbon Tax". The RCP 4.5
scenario was used as reference climate policy,
defining the change in gas concentrations in
terms of radiative forcing, 4.5 W/m2 in 2100.
This scenario includes an increase in atmo-
spheric concentrations over the next 50 years,
resulting in a missed target of 2 degrees cel-
sius. Moreover, a carbon tax of 20 dollars per
ton of CO2 will be implemented in 2025, with
a 5% increase every year.

General Assumptions

In the development of this exercise, the following
three hypothesis sets were made.

1Respectively: agricultural, mining, and energy production and distribution sectors.
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TABLE 4: Sectoral Adjustment Matrix for sectors A, B and D

• Basic Assumptions: for equity prices, a sim-
plified economy in which only three types of
sectors, corresponding to NACE A, B e D are
considered.1

• Macroeconomic Assumptions

– The output gap2 and inflation have been
calculated using historical data.

– The FED’s and the BCE’s inflation tar-
gets have been fixed at 2%.

• Financial Assumptions

– The Recovery Rate is assumed to be con-
stant and equal to 40%.

– The term premium was calculated using
linear projections , whereas the equity
premium in the US market was assumed
to be equal to 5%. Both the assumption
are based on historical data.

Adverse Scenario: Test Results

In this section we report the shock values, at the na-
tional level, obtained from the climate stress test ex-
ercise for all financial variables of interest in the con-
text of market risk. Moreover, we present a brief
qualitative confrontation with shocks from BCE and
EIOPA regulatory scenarios.
The output shocks of the framework described in the
first section, considering the baseline and the RCP
4.5 + carbon tax scenarios for the three years 2023-
2025, are available in Table 5.

As a result, we can consider the following obser-
vations:

• As expected, considering a more adverse sce-
nario, such as the one chosen, entails a tran-
sition risk that results in positive shocks for
short and long term interest rates.

• The EUR/USD cross is a direct consequence
of the combination of the long-term interest
rates of the United States and Europe.

• Due to the large short-term interest rate
shocks and the impact of the climate assump-
tions on the P&L of the sectors of the sim-
plified economy, we obtain consistent equity
shocks.

• As expected, we obtain large shocks for the
carbon price which is the most impacted com-
modity in this stress test exercise. The remain-
ing commodities have less impact considering
the climate constraints chosen.

Considering the sectoral disaggregation model, we
obtain in Table 6 the following equity and corporate
credit spread shocks distributed in relation to the
economic sector. As it is possible to observe, we ob-
tain large shocks for the economic sectors more im-
pacted by the climate policy in terms of emissions,
with large shocks for sectors B and D. In particu-
lar, the mining of coal and lignite sector (B5) has the
largest impact.

Comparison with the Regulatory Scenarios

The regulatory scenarios , proposed by BCE and
EIOPA, and this exercise scenario, are not directly
comparable because the underlying assumptions are
completely different. The challenge is being pre-
sented here solely for qualitative purposes, whereas
for quantitative checks, an expert-based approach
has been used.
In general, it is possible to notice that there are simi-
larities between the BCE regulatory scenario and the
example scenario. More specifically:

• For asset class, in which the assumptions of
the climate and the regulatory scenarios are
not significantly constraining (e.g., equity and
credit spread), coherent values are observed
among the climate and the regulatory scenar-
ios.

• Other asset classes, for which the above-
mentioned assumptions are strongly hetero-
geneous, have significant differences, as ex-
pected (e.g., commodities and, more specifi-
cally, the carbon price).

For what concern the EIOPA scenario we observe sig-
nificant differences with respect to the example sce-
nario for equity and corporate credit spreads. The
same considerations apply at the level of a single
NACE code, where higher values are recorded in
correlation with the most affected climate zones, de-
spite the fact that the magnitude of the scenarios is
different.

2The output gap was estimated using the Hodrick-Presscot (HP) filter.
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TABLE 5: Results

TABLE 6: Results

Conclusions

The ultimate goal of this research paper was to
present a methodology for measuring ESG risk from
the perspective of a market trading book for a finan-
cial institution. As highlighted in the course of the
discussion, the execution of a stress test scenario ap-
pears to be an effective tool for quantifying this risk.
In this regard, the methodology proposed by iason
proves to be able to capture the climate component
and explain it through shocks to market data and
to translate it into variations on ordinary risk met-
rics. This is possible thanks to the combination of
the two forecasting macro-models that combine the
climatic and economic aspects. Moreover, from an
operational point of view, two aspects are particu-
larly relevant: the first is the high degree of flexi-
bility and discretion in management choices, that is
how to implement the construction of the climate
scenario of interest and on which assumptions to
emphasise; the second point concerns the adaptabil-
ity to the specific data architectures of financial insti-
tutions, which could sometimes be excessively com-
plex and difficult to manage. Both of these character-
istics are to be considered desirable from the point
of view of performing such an exercise. In conclu-
sion, the proposed methodology demonstrates that
it effectively captures the risk stemming from ESG
factors and although it is still in an embryonic stage,
it can act as a starting point for further future devel-

opments in the relative literature, such as for exam-
ple the building of ad hoc risk metrics for a more
concise quantification in the field of Market Risk.
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Annex

NiGEM Agents

The key stakeholder of NiGEM model are households, firms, governments and monetary authorities [6].
The assumption on households is on consumption, i.e. it is a function of their current and expected

future real disposable income along with the net wealth from housing and financial assets. In the long term,
consumption is defined with the formula below:

lnCt = αC + βC ln(RHWt) + (1 − βC)ln(RTWt + RNWt),

where:

• C is real consumption;

• RHW is real human wealth and it is expressed as a function of expectations of future real disposable
income with equation below:

RHWt = E

 T

∑
j=0

jRPDIt+j

 ,

where:

– RPDI is real personal disposable income;

– is the discount factor, determined by the real interest rate.

• RTW is real tangible wealth;

• RNW is real net financial wealth.

The difference in the relative significance of wealth and liquidity constraints could lead to a disparity among
countries.

Concerning firms, the real output is defined as a function of production and oil usage based on the formula
below:

Q = γQ

{[
sQ (K)−ρ + (1 − sQ)

(
Leλt

)−ρ
]− 1

ρ

}α

M1−α, (1)

where:

• Q is real output;

• K is the total capital stock;

• L is total hours worked;

• λ is the rate of labour-augmenting technical progress;

• M is oil input.

With regards to governments, their budget deficit (BUD) is qual to spending minus revenues, i.e. in
formula:

BUD = CED · (GI + GC) + TRAN + GIP − TAX − CTAX − ITAX,

where:

• GI and GC is the spending on investment and consumption, respectively;

• CED is the consumers’ expenditure deflator;

• TRAN refers to transfers to unemployed and pensioners;

• GIP is government interest payments;

• The corporate (CTAX) and personal (TAX) direct taxed and indirect taxes (ITAX) on speding represent
the revenues.

The debt stock is affected by the previous level of the latter, the government budget deficit and the money
stock change, as per the following formula:

DEBTt = DEBTt−1 + BUDt − ∆Mt.
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Furthermore, we assume the existence of a budget rule to make sure long-term solvency. Mentioned rule can
described using the following formula:

taxrt = taxrt−1 ·

0.01yt−1 ·
(

py
t−1

100

)
·
(

βtaxr (gbrtt−1 − gbrt−1)
)

pi

 ,

where:

• taxr i sthe tax rate;

• y is the GDP;

• py is the deflator of GDP;

• pi is the personal income.

The latter agent is the monetary policy authority: it impacts the model via short-term nominal interest
rate setting. The default monetary policy rule is the two-pillar one, i.e. in the formula below:

it = γtit−1 +
(

1 − γi
)
·
[
−αiln

(
NOM∗

t
NOMt

)
+ βi (in ft+1 − in f ∗t+1

)]
,

where:

• i is the short-term nominal interest rate;

• NOM is nominal output and NOM∗ is a specified target of it;

• in f is inflation expectations and it is equal to ∆lnCEDt+1;

• in f ∗ is the inflation target.

NiGEM Equilibrium

Goods and Services Prices

The production input cost impacts the prices of goods and services set by firms. The assumption is that the
company mix the factors to reduce the production cost based on Formula 1. Given the optimal factor input
levels (L, K) we have the following total cost formula:

TC = wL + rW =
Q

γQ

{
sQ 1

1+ρ c
ρ

1+ρ +
(

1 − sQ
) 1

1+ρ w
ρ

1+ρ

(
e−ρλt

) 1
1+ρ

} 1+ρ
ρ

.

Based on hypothesis that firms work on demand curve for factors in the long run, the productive marginal
cost is expressed with formula below:

MC =

(
L
Q

)1+ρ (
γQeλt

)ρ w
1 − sQ .

With imperfect competition, a markup is applied on marginal cost, therefore the unit total cost is:

UTC = CUαUTC
(

L
Q

)1+ρ (
γQeλt

)ρ w
1 − sQ ,

where αUTC is different among countries, due to several product market regulations. Consumer prices depend
on unit total cost and a wedge due to prices of imported goods and services, in formula:

lnCED = βCED lnUTC +
(

1 − βCED
)

lnPM, (2)

where βCED represents the sensitivity of consumer price and inflation to overseas price pressure.

Wages and Unemployment

In the model, the link between real wage growth and unemployment could be represented by the Phillips
curve relationship. The maximisation of earnings requires a salary adjustment, i.e. the latter should be in line
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with productivity over time. Therefore, the augmentation of real wage could be written as follows:

∆ln
wt

CEDt
= βw

1 Ut−1 − δw
[

ln
wt−1

UTCt−1
+ bw

1

(
tt−1 − ln

Qt−1
Lt−1

)
− bw

2 ln
Qt−1
Lt−1

]
,

where:

• wt
CEDt

is the real consumer salary;

• Ut−1 is the lag of the unemployment rate;

• wt−1
UTCt−1

is the real producer earning;

• ln Qt−1
Lt−1

is realised (log of) output per hour worked;

•
(

tt−1 − ln Qt−1
Lt−1

)
the deviation of (log) work productivity from a long-run productivity trend;

• βw
1 represent the unemployment elasticity;

• −δw is the error correction parameter.

In the real world, the nominal salary are subject of negotiation, i.e. rational agents consider two factors: current
price level and the expectation on the future level of them, in formula:

∆lnwt = αw
0 ∆ln

wt
CEDt

+ αw
1 ∆lnCEDt + αw

2 E

[
H

∑
h=1

∆lnCEDt+h

]
, (3)

where:

• wt is the nominal salary;

• CEDt is the current price level;

• E
[
∑H

h=1 ∆lnCEDt+h

]
is expected inflation over H periods;

• αw
1 and αw

2 are related to rationality of agents, i.e. αw
2 ̸= 0 means adaptive expectations (this parameter

is not manadatory in NiGEM); instead αw
1 ̸= 0 means sticky expectations on price level.

The equilibrium unemployment rate could be estimated considering the optimal labour level L and equations
2 and 3 and it could be written as following:

U∗ = αU
1 + αU

2 ∆ln
PX
PM

+ αU
3 ∆ln

UTC
PM

,

where:

• PX
PM is the ration between export and import prices;

• αU
1 sums up the parameters related to product and labour market institutions;

• αU
3 = 0 means that the equilibrium unemployment rate would only be specified by structural factors

and the terms of trade.

From U∗ the equilibrium employment level could be retrieved from following relationship:

L∗ = LF(1 − U∗),

where LF represents the labour force that is function of exogenous demographics, migration and participation
rates. Moreover, the self-employed are not significant in the wage and price-setting system.

International Commerce

As anticipated in , NiGEM is a globally closed model, then the international trade is linked to the export
demand of other countries and the import demand could be written as a function of total final expenditure
and import price competitiveness, i.e.:

∆lnMt = βM
0 + βM

1 ∆lnTFEt − βM
2 ∆ln

PMt
CEDt

− δM
[

lnMt−1 − bM
1 lnTFEt−1 − bM

2 ln
PMt−1

CEDt−1

]
,

where:

• TFEt is the Total Final Expenditure and it is calculated as domestic demand minus imports;

• βM
1 > 1 is established to consider the globalisation;
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• PM is the import prices and it could be defined as a weighted average of prices for commodity (PMCOM)
and non-commodity (PMNCOM) imports, i.e.:

PM = αPMPMCOM + (1 − αPM)PMNCOM,

where PMCOM are exogenous data and αPM is the commodity exports percentage to total exports. In
addition, the PMNCOM could be calculated with following formula:

PMNCOM
i =

J

∑
j=1

wtjPXNCOM
j ,

where wtj is the export percentage of country j in all imports of country i (and J is the trading partners’
numerosity). To converge into equilibrium, the non-commodity export prices could be expressed via
the formula below:

∆lnPXNCOM
it =βPXN

0 − δPXN ·
[

lnPXNCOM
it−1 − bPXN

1 lnCPXNCOM
it−1 − bPXN

2 ln
CEDt−1
RXt−1

]
+

βPXN
1 ∆ln

CEDt
RXt

+ βPXN
3 ∆lnDPXNCOM

it ,

where:

CPXNCOM
i =

L

∑
l=1

υl PXNCOM
l and DPXNCOM

i =
M

∑
m=1

um
CEDm

RXm
.

In which l is a competitor of specific market,υl represent the competitor presence in that market area
and i and m are two different countries.
In closing, the trade balance is determined as difference between export and import volumes, i.e.:

TBt =
Xt

RXb
PXt

PXb − Mt
RXt

PMt

PMb .

For which b is the base year value of the considered variable.

Financial Market Prices

The same argument done to product markets is applied to international financial markets. The net income
from interest payments, profits and dividends (IPD) of a specific country could be explained as follows:

(IPDCt − IPDDt) = A − B,

where:
A = RORt(GAt−1 − βIPD

1 GLt−1) + i∗t βIPD
2 GLt−1,

B =βIPD
3 (PROFt − TAXc

t ) +

(
1 − 0.2

debtgov
t /yt

)
INTgov

t +

GLt−1RXt−1 −
(

1 − 0.2
debtgov

t /yt

)
debtgov

t−1 − βIPD
4 EQCAPt−1QEPRt

RXt
.

In detail, A stands for the credit with respect to the rest of the word. The factors considered in A are:

• GA is gross assets owned, and GL is gross liabilities, and the underlying assumption is that their value
is proportional to nominal GDP;

• ROR is the percentage of foreign asset earnings;

• i∗t represents the short-term interest rate made on liabilities in the rest of the globe.

Concerning B, that it is the flipside and represents the debt with the rest of the world, is given by gains net of
corporate taxes, interest payments on government debt, private and government deficit including also stock
market returns in domestic currency.

Accordingly, the current account balance could be represented via the following formula:

CBt = TBt + (IPDCt − IPDDt) + BPTt,

where:
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• TB is the Trade Balance;

• (IPDC − IPDD) is the net foreign revenue;

• BPT stands for balance of payments transfers.

A small deviation from the classic no-arbitrage condition is permitted for prices on international financial
markets, instead in the long term we have a forward-looking adjustment.

A small deviation from the classic no-arbitrage condition is permitted for prices on international financial
markets, instead in the long term we have a forward-looking adjustment. Then, the long term interest rate
(LRt) follows the rule below:

(1 + LRt) =
H

∏
h=0

(1 + it+h) + TPREMt,

where TPREM is a term premium.
The expectation on interest rates, has an impat also on bilateral exchange rate RXT solving the interest

parity condition below:

RXt = RXt+1

(
1 + it
1 + i∗t

)
.

Lastly, the equity prices are defined using following formula:

EQPt =
PROFt − TAXc

t
KPt

+
EQPt+1KPt+1

(1 + it)(1 + EQPREMt)KPt
.

GCAM Model Settings

GCAM is represented by five different interacting and interconnected systems: socioeconomic, energy, land,
water and climate. The market equilibrium is the operating principle for GCAM that it means representative
agents use information about prices and costs to take decision in the allocation of resources. Specifically,
GCAM uses a logit formulation for the decision making:

si =
αic

γ
i

∑N
j=1 αjc

γ
j

,

where:

• si, αi, cγ
i are the share, cost, and share weight of technology i;

• i is the technology;

• γ is the logit exponent.

The exponents are specified exogenously and they indicate the degree to which shares are determined by costs
of profits.

Socioeconomic System

The Socioeconomic System is represented by two inputs: population and GDP. These two variables are inde-
pendent of other GCAM component.

• The population is an exogenous input and it uses historical and future data from the Shared Socioeco-
nomic Pathway 2 (SSP2);

• The GDP is provided in constant US dollar and it is a function of three variables:

– Previous period’s GDP;

– The size of the labor force determined by the population size and the specified labor force partici-
pation rate;

– The labor productivity growth rate that is describer exogenously and it measure the inflation-
adjusted growth in the value of goods and services produced.

These two inputs are the primary outputs of the Socioeconomic System.
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Energy System

the Energy System concerns the energy production, energy transformation and energy distribution. It is
represented by three main resources:

• Primary fuels;

• Renewable resources (e.g. wind and solar resources);

• Exhaustible resources (e.g. fossil fuels and uranium).

This system is divide into sectors and these sectors contains sub-sectors. Each sub-sectors is in turn composed
by at least one technology specified with a different set of inputs, costs and performance characteristics. These
technologies produce emission (e.g. CO2 emissions, non-CO2 emissions and carbon capture and storage
emissions) which are one outputs’ Energy System. Then the emissions are multiplied by an emission factor
based on historical model data calibration. The data source is the IEA Energy Balance which is used for energy
production, energy transformation and energy losses. The other primary output of the system are all sectors’
energy consumption, transformation sectors’ energy production, energy prices.

Agricultural System

The GCAM land component calculates supply, demand and land use for food, feed, fiber, forestry and bio
energy products. The outputs are then aggregated in 15 classes and reported by the FAO. The land is allo-
cated assuming that landowners maximize expected profits, with different production cost for each producer.
According to the net trade approach, most agricultural products are traded on the global market where global
supply matches global demand at each time step. For the computation of the land-use change CO2 emissions,
the agricultural system uses a change carbon equilibrium over time estimations.

Water System

For each region and sectors in the model the Water System calculates water supply and water demand. Specif-
ically, GCAM tracks:

• Water withdrawals that is the total water extracted from water supply system;

• Water consumption that is the water used by consumers;

• Biophysical water consumption for crops for each basin and crop type.

These components represent the primary outputs of the water component of GCAM. Historical water with-
drawals and historical water consumption data came from a variety of sources where the most important are
the FAO ACQUASTAT (2016) and the UGSG (2016).

Climate System

The latest version of GCAM model includes Hector v2.0 that is a climate carbon-cycle model. This version of
GCAM model is useful to calculate future green house gases’ concentrations and global mean radiative from
them. This permits to divide the carbon cycle in three main parts: atmosphere, earth and ocean. In this version,
differential equation linked default terrestrial carbon cycle, vegetation, detritus and soil to atmosphere. Then,
the net primary production is atmospheric CO2’s and temperature’s function. Specifically:

• Global atmospheric temeprature is a function of a user specified climate feedback parameter and it indi-
cated the climate sensitivity equilibrium to doubling CO2, total radiative forcing and oceanic radiative
forcing.

• Radiative forcing is calculated from each individual atmospheric constituent, such as CO2, hydrocar-
bons and organic carbons.

In addition, since 2005 GCAM provided to Hector v2.0 global emissions. The model in the Climate System
computes different outputs:

• Global mean temperature;

• Ocean heat uptake;

• CO2, CH4, N2O and halocarbon concentrations;

• Radiative forcing;

• Carbon fluxes both on land and oceans.
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Focus on GDP

For the computation of GDP the GCAM model uses a forecast trajectory that doesn’t incorporate the climate
component. However, GDP is a key variable for the computation of NiGEM finance variables, thus an ad-
justment is needed. This is done by a merge between the GCAM model and the MESSAGE Model (which
incorporate the climate component) combining GCAM’s GDP and MESSAGE’s GDP, both calculate from the
same reference scenario.

ĜDP
GCAM

(t) = GDPGCAM
re f (t)

(
1 +

(
%∆GDPMESSAGE

re f (t)

PMESSAGE
CO2

(t)

)
PGCAM

CO2
(t)

)
,

where

• ĜDP
GCAM

(t) denotes GDP’s climate-component adjusted;

• GDPGCAM
re f (t) is the GCAM’s GDP refrence scenario;

•
%∆GDPMESSAGE

re f (t)
PMESSAGE

CO2
(t) denotes MESSAGE’s GDP refrence scenario change relative to MESSAGE CO2 emission

price;

• PGCAM
CO2

(t) is the GCAM’s CO2 emissions price.

GCAM Data System

GCAM Data System uses different input based on information about energy production and consumption, in-
formation about agricultural production and consumption, information about land use and land coverage, in-
formation about technologies costs and performances and information about 24 emission types. Then GCAM
aggregates these data into regions, commodities and sectors and for missing information some adjustments
are required in the GCAM Data System to ensure the equilibrium between market demand and market sup-
ply. GCAM Data System also contains some forward-looking parameters which use information about labor
productivity, information about technology cost and performance and information about non-CO2 potential
mitigation.
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TABLE 7: External inputs used for supply of energy

TABLE 8: External inputs used for demand of energy

TABLE 9: External inputs used for supply of food, feed, and forestry

TABLE 10: External inputs used for demand of food, feed, and forestry
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TABLE 11: External inputs used for supply of water

TABLE 12: External inputs used for demand of water

TABLE 13: External inputs used for economics
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Advancements in Bank Stress
Tests: from Bayesian Averaging to

Causal AI

Andrea Mauri Danilo Rubicondo Tommaso Ferretti
Nicola Polino Nicola Rogante

Banks all over the world are required to perform stress tests for different types of risks to comply with regulatory
guidelines. The purpose of stress tests is to estimate the financial impact arising from changes in macroeconomic
factors. In turn, the impact estimate provides an indication of the amount of capital necessary to maintain in order

to withstand the hypothetical adverse scenarios considered. However, such an estimation process is peculiar and cannot
be adequately addressed with statistical tools commonly used for regression tasks. The present work focuses on climate-
related risk stress testing, specifically on the technical challenges involved in inference of the impact of macroeconomic
changes on credit default risk. Financial institutions, academics and international organizations have proposed several
approaches to model climate-related impacts, but estimates remain far from an acceptable degree of confidence. In fact,
some peculiar statistical points need to be addressed to produce sensible predictions. It should be noted that stress tests
consist of examining the effect of historical variations in macroeconomic variables to forecast the future impact (3-5 years)
of hypothetical and unprecedented macroeconomic scenarios. The risk scenarios vary in baseline and adverse risk outline.
Commonly, statistical and Machine Learning (ML) models, such as General Linear Model (GLM) and Tree Ensebles
are frequently leveraged to accomplish the prediction task, by using the available historical records for optimization
purposes. Such a procedure is likely to introduce biases, as does not guarantee the model to be able to generalize from
historical (baseline) records, to unrealized adverse scenarios. As such a crucial generalization problem cannot be entirely
addressed from a statistical perspective, we stress the importance that predictive models should be highly consistent with
available theoretical knowledge on the modelled dynamics. The present work investigates the application of three different
methodologies to forecast credit defaults that occur as a consequence of climate shocks in the energy sector. All proposed
predictive architectures integrate, to some extent, a general top-down macroanalysis conducted by credit risk experts,
which ensures that the models are consistent with theoretical expectations. The first proposed architecture, G-RiskPar,
is an automatic, iterative and theory-driven approach, based on Bayesian Averaging of Classical Estimates (BACE). The
second approach, MLRisk, combines statistical techniques, such as GLM, and computational methods drawn from ML.
Finally, the third architecture, Causal AI, is a Structural Causal Model, which uncovers causal connections in data and
use them to upgrade the confidence around the prediction, according to Bayesian inference.

Assessing aggregate default risk arising from
economic distress is crucial to minimize sys-
temic risk and avoid contagion effects, with

consequent economic disasters. Consequently, meth-
ods for estimating the impact of adverse economic
scenarios, such as stress testing, have become crucial
for banks, banking supervisors and macroprudential
authorities. For example, European Banking Super-
vision adopts computational modeling techniques to
analyze banks’ financial health, their endurance to
economic shocks, in order to provide an indication
of the financial resources needed to absorb potential
losses. In the past few years, economic, social and
political events have induced banks and authority to
consider the impact of stressed scenario narratives
built with a very specific focus, along with generic

adverse scenarios.

A first example in this direction is provided by
Covid-19 pandemic outbreak, which produced a re-
markable impact on risk management practices, and
it was also addressed during 2021 EBA Stress Test.
In this exercise, a specific sectorial analysis of the im-
pact was required, and inclusion of special treatment
of moratoria and public guarantee schemes had to
be considered. A second example of thematic stress
testing is provided by Climate Stress Testing, which
is bound to become a major focal point of future
risk management. Indeed, authorities stressed the
importance to build a robust framework to assess
consistently climate risk and implement its measure
into routine risk management processes. In order
to create awareness and boost activities on the sub-
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ject, ECB launched the first climate stress test in 2022
with EBA-like methodologies (see for instance [5] for
a thorough review and [9] for a critical analysis of
the exercise). Once again, a sectorial analysis was
necessary to properly account for the differentiated
impact of climatic transition and physical scenarios
on different industries. Moreover, as a third example
of focused scenario stress testing, the current energy
crisis will be part of dedicated analysis in the upcom-
ing EBA stress test in 2023, where a differentiation
between energy-intensive and other sectors will be
required.

The above examples reveal the importance to de-
fine a modeling framework which is able both to
account for very specific impacts and, at the same
time, to be flexible enough to cover a wide range of
risk drivers. For example, in Credit Risk area, Satel-
lite Models are leveraged to project risk parameters -
namely probability of default (PD) and loss given de-
fault (LGD) - into hypothetical scenarios defined by
movements in macroeconomic variables, thus lead-
ing to the estimation of the expected loss on banks’
economic capital. Satellite Models are developed
from historical series of relevant macrovariables and
observed credit defaults rate (or recovery rates). No-
tably, the technical implementation of such a predic-
tive framework is far from obvious and poses major
challenges. One point of relevance concerns the im-
possibility of empirically assessing the reliability of
the framework for hypothetical scenarios, as back-
testing is only suitable for past scenarios and does
not provide a measure of reliability for future out-
comes prediction (i.e. test scenarios).

Moreover, the technical challenges introduced by
Satellite Models increase as the granularity of the
models increases. Such a granularity historically in-
cluded a specification of the counterparty type (e.g.
Corporate, Retail, Financial Institutions, etc.) and
a geographical breakdown. However, new levels of
granularities have been introduced in recent stress
test exercises, in order to add some scenario-based
specificity. These include, for instance, the introduc-
tion of NACE industrial sector analysis for corpo-
rate counterparties. Therefore, the forementioned
modelling approach has to be applied to this more
granular level so to understand how, for example, a
specific industrial sector reacts to the different secto-
rial scenarios to which financial institutions are ex-
posed. The increase in granularity usually involves
the estimation of multiple models (e.g. a model for
each industrial sector) or the estimation of more com-
plex models. In either case, the available amount
of data decreases in relation to the number of mod-
els/parameters requiring estimation, leading to fur-
ther uncertainty in the prediction of test scenario’s
PDs.

At its core, this granularity-induced estimation
problem lies in the fact that the true relation between
macroeconomic variables and corresponding PD, as
expressed in historical data, can be approximated by

a large number of mathematical models. However,
most of those models are expected to provide good
approximations only in the limited historical hori-
zon covered by the data, while some may fail out-
side the considered historical window. This problem
is more pronounced when the historical amount of
data used for modeling decreases, because the mod-
els’ degrees of freedom decreases as well, as occurs
when granularity increases. In the present work,
we claim that the lack of empirical support must
be balanced by integrating and constraining predic-
tive models with top-down information. Specifically,
Satellite Models should not simply be evaluated for
making prediction consistent with historical records
or with analysts’ expectations (for future outcomes),
but should integrate the available theoretical knowl-
edge on the dynamics being modelled. In other
words, effective Satellite Models must be designed
to closely reflect the economical and financial mech-
anisms known to affect the likelihood of incurring in
a financial default, in spite of approximating those
mechanism with data-driven and domain-unrelated
mathematical functions. The proposed practice re-
duces the number of models providing a good ap-
proximation to historical data only to those that also
exhibit consistency with theoretical knowledge. In
turns, such an approach results in an increased gen-
eralization power to new scenarios, but also to mak-
ing explicit the assumption under which the model
should generate reliable predictions.

Indeed, this emphasis on models’ explainability
and controls is already present, to a certain extent, in
most stress testing frameworks, and has affirmed lin-
ear statistical models, such as General Linear Model
(GLM), as the most widely used inferential tool in
stress testing. Under the assumption that the re-
lations between macroeconomic variables and risk
drivers are linear, linear models can determine the
magnitude and sign of the impact of the macroeco-
nomic variable on expected PD. Therefore, the be-
havior of the model is relatively straightforward to
assess for consistency with theoretical expectations,
as well as known economic patterns, increasing the
confidence in model performance on unverifiable
scenarios. Linear models guarantee the ability to
generalize their predictions to extreme scenarios as
long as the impact of risk drivers remains linearly
proportional to their overall effects on PD. However,
such an assumption, along with others, may not
hold; therefore, the adoption of linear models, with-
out any methodological intervention, comes at the
cost of oversimplifying the modeled dynamics and
introducing potential biases.

Consequently, new approaches, spanning in the
space between theory-driven and data-driven, are
welcomed to enhance confidence in the predicted es-
timates, while preserving explainability and knowl-
edge integration. In this work, three different ap-
proaches to the challenges highlighted above are pre-
sented and discussed. In particular, the present work
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focuses on the construction of Credit Risk PD Satel-
lite Models for corporate counterparties, which pro-
cess sectorial stresses and test them against the past
2022 ECB CST exercise scenarios. The presented
predictive models are built according to different,
but related, methodological choices, which improve
standard GLM models. The next section describes
the methods that underlie the stress testing exercise
and the development of the mentioned predictive
models. Specifically, in Section G-RiskPar a theory-
driven approach is presented, leveraging Bayesian
averaging of standard OLS estimators. Section ML-
Risk describes a data-driven approach based on ad-
vanced Machine Learning techniques. Finally, in
Section Causal AI an AI causal model is presented,
which combines data-driven approaches with expert-
based enhancements and provides several technical
and epistemological benefits over common statistical
models.

Methods

Climate-related stress tests are a complex process
involving different actors and multiple stages [3].
From a technical point of view, this process can be
decomposed into four parts: modeling climate vari-
ables, measuring the impact of climate changes on
macroeconomic variables, decomposing the overall
macroeconomic impact across sectors, and estimat-
ing the aggregate impact on firms. The present work
focuses on the last phase, involving the estimation
of the aggregate impact of macroeconomic changes
on the expected default rate (i.e., decay rates). Fur-
thermore, for space limits only results for NACE
d35 (energy sector) in Italy are presented and dis-
cussed, although the same methods apply to all sec-
tors and any geographical regions. Three different
models were developed, differing for methodologi-
cal choices and corresponding assumptions, which
also lead to important differences in results explain-
ability - meaning the process of tracing back which
specific macroeconomic change accounts for which
portion of the estimated outcome.

G-RiskPar, Iason proprietary satellite models
tool [14], encompasses a top-down approach fo-
cused around credit risk expertise, drastically lim-
iting manual intervention on the statistical and al-
gorithmic technicalities. MLRisk reconciles domain
knowledge with data-driven technologies; such an
approach is tailored for each sector and requires
both financial knowledge and data-analysis exper-
tise. Finally, Causal AI is a Structural Causal Model,
which extends the MLRisk methods with causal in-
ference and probabilistic graphs [17]. As for any
Statistical Learning model, all three architectures are
optimized for each specific industrial sector by min-
imizing a loss function with respect to past (ob-
served) records of the variable to be predicted (i.e.
decay rates) for specific sectors.

Data Perimeter

Data used for optimization purposes consist of time
series of macroeconomic (e.g. gross domestic prod-
uct, consumer price index, etc.) and financial (e.g.
MIB index, Euribor rates, etc.) variables, in addi-
tion to commodities price (e.g. gold, copper, etc.)
and composite indices (e.g. CISS etc.) publicly avail-
able and extracted from standard data providers (i.e.
Bloomberg, Istat, BCE Data Warehouse). Decay rates
provided by Banca d’Italia Statistical Database [1] are
used as a target variable for optimization and test
purposes and are assumed to describe the Italian sys-
temic response to macroeconomic evolution. Vari-
ables were resampled to a common time reference,
in order to obtain quarterly records of 45 macroeco-
nomics variables, spanning 3/31/1990 - 12/31/2020.
Furthermore, an empirical record of the default rate
observed (i.e. Decay rate) in each quarter is pro-
vided. However, some variables are missing before
different time points, and a complete time series for
all the variables is only available from 3/31/2006.
Therefore, these historical records (n = 60) represent
the data used for optimization.

Two additional time series (n = 12) provide an
estimation for 18 macroeconomic variables only, for
a future time interval of 3/31/201 - 12/31/2023
(test scenarios). Those time-series represent a base-
line scenario and a stressed scenario (i.e taking into
account a more severe impact of future climate
change), for which we are interested in estimating
the corresponding decay rates.

G-RiskPar

The first developed methodology directly tackles the
problem of model design (e.g. variable selection)
with an iterative algorithm and a theory-driven ap-
proach, which completely exclude any manual in-
tervention from a modeling perspective. Such an
approach is based on Bayesian Averaging of Classi-
cal Estimates (BACE) - firstly introduced by Dopphe-
feller, Miller e Sala-i-Martin [10]. G-RiskPar takes as
raw input the 18 macroeconomic variables available
in test scenarios, which are further elaborated and
combined by the architecture.

Here we summarize the main steps involved in
model estimation, generally referring to our case
test of a PD model for Italian corporate nonfinan-
cial counterparties. For the given counterparty type,
the full list of macrovariables, along with their engi-
neered representations, that are expected to be rel-
evant to model the target variable (default rate) are
selected according to domain knowledge. The next
step consists in estimating a number M of OLS re-
gression models taking combinations of the K inde-
pendent variables and averaging their coefficients us-
ing weights that are proportional to the model pos-
terior distribution. Specifically, the posterior proba-
bility of each OLS regression model Mj can be calcu-
lated as follows:
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where RSSj, kjand P(Mj) are respectively the
residual sum of squares, the number of regressors
and the prior probability of the model j, while T is
the number of observations. The prior probability
can be set to be a uniform distribution across the M
regression models and can be written as

P(Mj) =
k̄
K ,

where k̄ is the only hyperparameter of the model,
representing the maximum number of variables to
be used as regressors in each OLS model and K
the overall number of independent variables of the
model specification (the initial list of macrovari-
ables).

Once the posterior probability for each regres-
sion model has been obtained, Bayesian averaging ap-
proach involves the calculation of a posterior coeffi-
cient for each independent variable, which can be
obtained by averaging the coefficients of those OLS
models where this variable is contained, weighted
by the posterior probabilities of the respective model,
using the formula

E(βi|y) = ∑M
j=1 P(Mj|y)β̂i,j,

where β̂i,j is the i-th OLS estimate of the j-th
model and j ∈ JM where JM is the subset of M
composed by those models where the i-th estimate
is present. Moreover, BACE estimation approach in-
volves the calculation of a posterior inclusion prob-
ability related to each independent variable describ-
ing the probability of the i-th independent variable
to enter the final model, as follows

E(βi|y) = ∑M
j=1 P(Mj|y)1Mj (βi).

The calculation of a posterior inclusion probability
allows the researcher to obtain an ex-post informa-
tion on the probability that each independent vari-
able enters the final model, which might be useful
for post estimation analysis.

MLRisk

MLRisk maintains the use of linear models, but intro-
duces several technical advancements drawn from
Machine Learning (ML), along with a tailored ap-
proach to feature engineering. Specifically, MLRisk
approach includes an analysis of the information
contained in input variables and how such infor-
mation relates to Decay rates (i.e. target variable).
Relevant information is extracted from raw input
variables and combined into higher-order represen-
tations (i.e. features), during the feature engineering
process. Procedures occurring during the feature en-
gineering phase include identifying and managing:
collinearities among variables, non-linear relations

between predictors and target, interactions among
variables, temporal impact of variables on target and
autocorrelations.

Non-linearities, including interactions, were em-
pirically assessed and modelled, also taking advan-
tage of macro-financial knowledge. Collinearities
were addressed during the feature selection phase
by using a Sparse Principal Component Analysis via
ElasticNet Regularization (sPCA), combined with a
customised version of Bayesian Inference Criterion
(BIC) [8].

Given a matrix X where each column j is a
raw variable, sPCA estimates the sparse component
weights matrix W to weight the original variables to
form T = XW. Sparsity on W guarantees a small
number of collinear variables be combined to ob-
tain orthogonal transformed variables, while uncor-
related variables are not combined. This preserves
the explainability of the matrix T with the resulting
components [11].

Temporal lags were investigated by analyzing
the Mutual Information profile obtained from a
lagged version of each predictive feature and the
target variables. Moreover, a spectral analysis was
used to identify high frequency components which
cannot be inferred from the raw variables. Finally,
an autocorrelation component was introduced into
the model to capture the effect of the past history on
future outcomes.

In order to meet linear model assumptions and
obtain reliable coefficients estimate with a limited
training sample, BIC was leveraged to rank the fea-
tures based on their ability to predict the target
variable in several sub-models while penalizing the
number of parameters used and residual colinearity
among features. Moreover, the subset of raw vari-
ables not included in test scenarios was penalized as
well, unless considered with a temporal delay span-
ning back to the last observation point. At the end
of this process, three variables still required to be in-
ferred in order to be used as regressors in test scenar-
ios. Those variables were regressed out all the avail-
able features for the time window in which were
missing.

The optimization of the resulting model was per-
formed by minimizing the Ordinary Least Squares
with two regularization parameters (ElasticNet Re-
gression [12]), increasing generalization capability.
The model is then evaluated iteratively on an inde-
pendent sample in order to assess the ability of the
model to generalize on data unexposed during op-
timization. Such a test sample includes: data ran-
domly removed from the training set and data ar-
tificially generated by a non-linear combination of
existing observations.

Causal AI

Causal AI inherits most of the advancements intro-
duced in MLRisk, excluding the feature selection
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phase. Indeed, no explicit feature selection or esti-
mation of missing variables is necessary, as Causal
AI inherently selects only the information playing
a causal role, and notably is even capable of recon-
structing such information from available data when
missing. Causal AI is composed by two modules:
a causal graph generation module, implementing
causal discovery [15], and a computational proba-
bilistic graph, running causal inference [16]. Both
of them rely on the assumption that observed data,
represented by variables x1, x2, ..., xm, are sampled
from a joint density probability distribution, which
factorizes with respect to a specific directed causal
graph G:

p(x1, x2, ..., xm) = ∏i p(xi|Xparent(i)).

The causal graph generation module is respon-
sible for the identification of an approximate struc-
tural representation of the underlying causal mecha-
nism that generates the observed data. Several algo-
rithms allow to execute a causal discovery process,
under different assumptions and offering different
properties. The investigation of the available data,
along with an analysis of the data generating sys-
tem (i.e. economy system), have individuated the
following as reasonable assumption: the i) relation
among variable is linear ii) with non-Gaussianity
of the error terms and iii) the linear causal struc-
ture among variables is represented by a directed
acyclicity graph (DAG). Under those assumptions, a
score-based algorithm [4] was used to estimate the
adjacency matrix M of G. The estimation process
involves a combinatorial optimization process, re-
sulting in the graph best explaining data. Notably,
the estimation process takes advantage of domain
knowledge, which has been embedded in the algo-
rithm via a Prior Matrix. Finally, a sampling pro-
cedure along the temporal dimension was applied
to infer potential changes in causal relations along
time, as, for example, causal changes induced by po-
litical interventions which are not explicitly reflected
in data or included in the model - the Covid-19 pan-
demic is a prominent example.

Once estimated the matrix of causal relations, a
second module convert such a matrix into a com-
putational probabilistic graph. The resulting prob-
abilistic model is a Bayesian network, characterized
by a set of prior distributions, specifying the uncov-
ered relationships among the variables in M. These
distributions encode a wealth of theoretical knowl-
edge on the dynamics under investigation, includ-
ing regulatory and economic constraints that govern
the evolution of both input and target variables. The
optimization is implemented through Hamiltonian
Monte Carlo with No-U-Turn Sampler [13], running
on 6 independent chains. The optimization proce-
dure was fine-tuned until all 6 chains returned con-
sistent estimations. The whole procedure results in a
set of posterior distributions and, specifically, a pos-
terior distribution for the response variable.

Results

Figure 7 summarizes the decay rates estimated by G-
RiskPar (dark/light blue), MLRisk (solid green/red)
and Causal AI (green/red bands), for baseline and
stress scenarios. Notice that while G-RiskPar and
MLRisk estimate single-point predictions - a punc-
tual prediction for each quarter of the test interval
2021-2024 - Causal AI estimates the whole proba-
bility distribution. In other words, while common
statistical methods, including ML, return the most
likely estimate, Causal AI provides the probability
of any possible decay rate. The most likely out-
come (Maximum a posteriori probability - MAP) is
reported in the figure as a dashed green (baseline) or
red line (stress). The rest of the distribution is repre-
sented as a colored band, where dark bands indicate
the highest density interval (HDI) greater than 80%
and lighter bands code for HDI > 10%. The wider
the bands around the MAP, the greater the model
uncertainty in the prediction (i.e. epistemic uncer-
tainty).

Overall, the variation of the estimated decay
rates among the proposed architectures, across the
3-years prediction interval (2021-2024), is lower than
the Decay rates variation observed during the pre-
ceding 3 years (2018-2021). This suggests a signifi-
cant level of consistency across models, although im-
portant differences in estimated decay rates appear.
The three architectures show comparable results in
terms of goodness of fit on training data - as mea-
sured by R2 > 0.5 for all models. As expected, each
architecture predicts lower decay rates for the base-
line scenario (bl) compared to the stress scenario (st).
Moreover, predictions for baseline scenario tend to
be stationary in time, across all models, while pre-
dictions for stress scenario have an increasing trend
for all models, in line with expectations. Regarding
Causal AI, HDI is more concentrated around MAP
in the baseline than in the stress scenario, signaling
greater uncertainty in the prediction of a stress sce-
nario in discontinuity with recent historical records.

Beyond those similarities, there are considerable
differences among all architectures, indicating the
potential level of inconsistency across models ex-
hibiting very similar performance on backtesting.
Specifically, G-RiskPar returns slightly lower esti-
mates for baseline and pronounced lower estimates
for stress scenarios, compared to MLRisk and Causal
AI. Bearing in mind that MLRisk and Causal AI
share some methodological choices, including the
modeling of nonlinearity, the mean difference ob-
served for stress scenario between G-RiskPar, on the
one hand, and MLRisk and Causal AI, on the other,
is largely due to neglecting the nonlinear effect of
factors, such as inflation, which tend to enhance
their impact on risk factors after exceeding some
thresholds.

MLRisk and Causal AI estimate the same decay
rate for baseline scenario (continuous and dashed
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FIGURE 7: comparison of results produced by G-RiskPar, MLRisk and Causal AI. The black dash-dot line represents
observed Decay rates for the last part of the optimization interval (Jan. 2006-Dec. 2020). Solid lines represent G-RiskPar
and MLRisk decay rate point-estimates for baseline (bl) and stress scenarios (st). Shaded curves represent Causal AI pre-
dictions in the form of probability distributions, where darker colours code for higher probability the relative Decay rate.

green lines) during the first year, then the two pre-
dictions stabilize around two different levels, with
MLRisk estimate converging to G-RiskPar baseline
estimate. Indeed, Causal AI prediction for baseline
scenario shows a switch-point in the second quarter
of 2022, which is induced by an estimated change in
causal relations among variables a few months be-
fore. Due to the multitude of tax and fiscal policies
in response to Covid-19, it is difficult to figure out
the proper root of such a change, based on the avail-
able data.

Regarding estimates for the stress scenario, the
architectures exhibit three different profiles in terms
of timing of the economic impact to adversities. In G-
RiskPar the response to stress scenario begins differ-
ing noticeably from the baseline estimate after a year
(beginning 2022), then steadily raises. MLRisk esti-
mates begin to increase after two quarters and then
level off during the last predicted year (2023-2024).
Causal AI predicts a sharp increase in decay rates
during the first year and a moderate but constant
increase afterward. Furthermore, G-RiskPar under-
estimated the averaged effect of the stress scenario
compared to the other two models.

Discussion

Although stress testing has crucial importance in
identifying vulnerabilities and addressing them be-
fore escalating in economic disasters, there are im-
portant technical challenges still to be faced to pro-
duce reliable estimates. These challenges are more
severe in climate-related stress tests, as data covering
economic patterns derived from climate changes are
largely unavailable, considering that climate changes
have not completely unfolded their effects yet. Fur-

thermore, measuring climate-related effects requires
predictive models to be able to explain granular ef-
fects related to geographical region and industrial
sector (along with others). Such a requirement leads
to designing more complex models, or a variety of
models, for different industrial sectors (for example).
In turn, this increases the theoretical requirement of
data necessary for model optimization and evalua-
tion, while, at the same time, limiting their availabil-
ity. All this translates in a low degree of confidence
around stress tests estimates, leading to considerable
concerns.

Although in most cases stress testing leverages
"general purpose" predictive models, such as GLM
or standard ML algorithms, we claim that specific
models should be designed to address these peculiar
problems. Specifically, those models should be able
to take advantage of the wealth of theoretical, top-
down information, as, for example, indicated by lit-
erature or domain experts. Moreover, models should
be flexible enough to explicitly express (i.e. model)
the relationships among variables taking place in
the real world, avoiding the use of simplistic pre-
dictive models or, on the contrary, overly complex
black-box algorithms. Finally, models should pro-
vide a reliable measure of confidence around the es-
timates, which is essential to compute a measure of
risk. The present work investigates three predictive
frameworks specifically designed to address the is-
sues described above. While all the models are devel-
oped on top of linear models and integrate, to differ-
ent extent, top-down information, they greatly differ
in the methods used to integrate domain knowledge
and increase confidence in the prediction of unreal-
ized, therefore untestable, scenarios.

Linear models include statistical models, such as
GLM (G-RiskPar), and more complex computational
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algorithms, such as ElasticNet (MLRisk). These
models specify an additive linear relationships be-
tween some predictors and a target variable, which
results in identifying the additive contribution of
each predictor to a certain prediction. This prop-
erty makes linear models extremely convenient, as
simple to interpret and assess consistency against
domain knowledge. Notably, while most ML algo-
rithms commonly used in stress testing (e.g. tree
algorithms) are limited in their ability to general-
ize from a scenario (e.g. baseline) to another (e.g.
stress), linear models guarantee a good level of gen-
eralization, as long as relationships among variables
remain linear. Moreover, the linearity assumption
can be empirically tested or assumed from theoreti-
cal knowledge.

While a certain level of control on the predictive
logic used by the model is always recommended - if
not required by regulations [17] -, this is absolutely
essential for stress testing, as the model is required
to generate predictions for scenarios (i.e. stress sce-
nario) different from the scenario(s) used for model
optimization. As mentioned before, good predictive
performance on historical data does not provide any
assurance of performance in scenarios that are not
stationary with the past. Indeed, an infinite number
of models may show a good fit on historical data,
while generating unreasonable predictions for new
scenarios. To address this crucial problem, all the
architectures described in this work constrain their
predictive logic to some patterns inherited from do-
main knowledge. This increases confidence in pre-
dictions on untestable scenarios, as those patterns
are selected to remain stable across ordinary and
stress economic regimes. Linear models play an im-
portant role in translating domain knowledge into
mathematical patterns, as allow one to convert theo-
retical relations into custom functions of input vari-
ables; in turn, the resulting representations consti-
tute the atomic elements (i.e. features), which are
linearly combined to generate predictions. This pro-
cess easily let assess whether the provided relations
are leveraged in a way consistent with expectations -
for example, whether there is an inverse relation be-
tween the estimated phase of the economical cycle
and decay rates (as expected).

G-RiskPar

G-RiskPar approach is characterised by leveraging
BACE methodology, providing the benefit of au-
tomatising the variable selection phase - which
might be complex and time consuming especially
when the number of models to be estimated is large.
Indeed, the final coefficient estimator E(βi|y) used
to calculate forecasts is a weighted average, with
weights equal to the posterior probability of each
OLS regression model. Therefore, models contain-
ing insignificant variables (high residual sum of
squares) will be assigned to low posterior probabil-
ities, making coefficients of those variables close to

0. On the contrary, regressing granular decay rates at
the industry sector level over a set of macroeconomic
variables would require variable selection analysis
for each industry sector. The complexity could even
increase considering other dimensions other than in-
dustry, such as geography, leading to a remarkable
comparative advantage of this technique in the con-
text of “thematic” stress testing. Moreover, once a
set of macroeconomic variables has been identified
and their historical series have been collected, they
become input for all models under analysis with-
out discrimination and the role of the researcher is
limited to the choice of the prior’s hyperparame-
ter, representing the optimal maximum number of
independent variables to be included in each OLS
regression. This is a powerful feature of the method-
ology, directly inherited from Bayesian statistics. Ap-
parently, the fact that all the initial macrovariables
consistently enter the final model might be seen as a
problematic aspect of this modeling approach. Some
model builders might want to have more control on
variable selection phase and weight more some spe-
cific macro drivers while excluding others from the
process. As we have described above, using BACE,
relevant drivers are algorithmically selected by the
procedure. This fact does not turn out to be a great
issue, since clearly the model builder is free to se-
lect variables in the initial pool according to expert-
based considerations and also impose constraints in
the specific linear models to be used for the final av-
eraging. In this way it is possible to restore a degree
of manual control on the model in case of need.

One more possible drawback of the approach is
that BACE models, in order to be used in practical
forecasting, need a full set of specifications of sce-
nario macrovariables, which is something that may
not be typically available to the user.

One way to solve this has been proposed in the
direct implementation of the BACE methodology
performed for GRisk-Par. Here Vector Autoregres-
sive Models (VAR) are used when a complete set of
macroeconomic scenarios related to all variables in-
cluded in model specification is not available, but
only some subset of it. In such cases, traditional ap-
proaches would not be able to estimate forecasts of
the target variable and therefore be forced to remove
from the model specification all variables for which
no scenario is available. VAR models allow, through
the calculation of the variance covariance matrix, to
compute estimates for unavailable scenarios, as long
as their historical series is accessible and used as an
input into the system of equations.

MLRisk

MLRisk aims at combining benefits from theory-
driven statistical modeling with data-driven Ma-
chine Learning. As discussed, the use of linear mod-
els allow to maintain a high degree of control on
how information is processed to generate predic-
tions. This is crucial to ascertain the consistency
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between mathematical representations and domain
knowledge. However, data contain fine-grained in-
formation which can be extracted by data-driven
methods and leveraged to increase predictive power.
Specifically, the benefits of statistical linear models
are preserved by maintaining a linear relationship
between predictors and the target variable. At the
same time, data-driven techniques are used to un-
fold patterns contained in raw data and use this in-
formation to tune up raw variables into meaningful
predictors, during the feature engineering process.

To make this point clearer, consider the emblem-
atic case of Consumer price index (CPI), an important
variable which is used to model the effect of infla-
tion on Decay rates. Financial knowledge, as well as
a closer analysis of available data, reveal such a rela-
tion being extremely complex, as both observed vari-
ables (e.g. interest rate) and unobserved variables
(e.g. consumer spending habits) interact with the
scalar inflation value. As a result, the impact of the
CPI on decay rates changes when inflation exceeds
certain thresholds. Therefore, a linear relation be-
tween CPI and decay rates cannot provide a reason-
able approximation of the real economic dynamic,
except for a limited range of CPI values. Notably,
data samples (e.g. data in time-range 2000-2021)
may suggest a strong correlation between CPI and
decay rates, returning the misleading impression of
legitimating a straightforward linear relation. How-
ever, a deeper investigation reveals that such a linear
relation only holds for the considered time period
where inflation has never exceeded 3.5%, laying be-
tween 0 and 2% for most of the time. In fact, a thor-
ough analysis reveals that such a relation revers for
inflation values outside the observed range. There-
fore, ignoring this pattern would cause severe pre-
dictive biases for scenarios with more pronounced
levels of CPI.

Domain knowledge points to several similar ex-
amples, but even more are highlighted by data-
driven analyses, especially in the context of temporal
unfolding of the effect of macroeconomic changes.
MLRisk harnesses such extracted information by
first estimating the shape of the relation between pre-
dictive and target variables, then by leveraging a lin-
ear model to estimate the magnitude of those rela-
tionships. This approach allows to validate both the
type of relationship and the estimated impact from a
theoretical as well as a statistical perspective. From
a certain point of view, MLRisk can be compared to
Neural Network approaches.

In the simplest case of a Multilayer Perceptron
(MP), input information is combined and converted
into a representation affine to the predicted target,
through a series of linear combinations alternated
with arbitrary non-linear transformations. Finally,
the resulting representation is leveraged to predict
the target variable through a simple linear combi-
nation. The whole process is data-driven and con-
verges to a certain representation by minimizing a

given loss function. MLRisk follows the same ap-
proach, with the exception that transformations are
not purely data-driven but theory-driven. Moreover,
as Neural Network, MLRisk takes advantage of sev-
eral regularization methods to improve the general-
izability of the model to unexposed data.

Causal AI

G-RiskPar and MLRisk do not address some points
particularly relevant to Satellite Models. For exam-
ple, a complete specification of a scenario variables
is required to produce risk estimates. However, this
requirement reduces the possibility of querying the
model, asking question such as what would happen
if oil price increases by 50% (counterfactual reason-
ing). As oil price is not independent from other
variables, its increase affects other variables as well,
but such an indirect effect is neglected in the model,
causing an estimation bias. In formal terms, tradi-
tional models do not satisfy the graphical identifia-
bility criteria for total effects, which is a requirement
for counterfactual reasoning [18]. Moreover, statisti-
cal and ML approaches use statistical co-occurrences
to predict. From an epistemological perspective, this
is suboptimal, as co-occurrences may be mediated
by factors not explicitly described in data, such as
social or political events. Causal AI addresses these
mentioned limits by uncovering causal links within
data and disregarding spurious associations. Fur-
thermore, both variables and causal connections are
treated as probability distributions, in spite of single-
point observations, or static parameters.

Overall, Causal AI introduces several impor-
tant advantages, as increasing the generalizability of
the model by disregarding misleading relationships,
and focusing on systematic causal factors. Notably,
Causal AI can also identify temporal fluctuations
in causal connections between variables, rather than
establishing a fixed relationship for the entire time
series. This is particularly important in relation to
Satellite Models, considering that several subtle and
unmodelled events occurred during the time span
covered by historical records. Those events may in-
clude political, environmental, social and technologi-
cal changes which affect the relation between predic-
tors and risk factors. Furthermore, a natural conse-
quence of the ability to treat variables and relations
as probability distributions is that predictions come
in the form of probability distributions. In other
words, Causal AI predictions do not simply specify
the most likely point estimate, but return the proba-
bility of each possible realization of the target event.
The greater the confidence in a certain outcome, the
greater the probability associated with it, resulting
in other possible realizations being considered more
or less unlikely.

Managing probability distributions in spite of
single-point predictions provides sticking advan-
tages from a risk management perspective. Con-
sider, for example, an hypothetical disruptive event
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E, whose probability to occur is as little as P(E) <
10−10. However, its impact I(E) is the default of a
financial institution. Traditional predictive methods
would simply ignore it, which encourages the false
belief that E cannot happen, along with its implica-
tions. In contrast, Causal AI estimates its probability
to turn out. Such a probability is essential in comput-
ing the risk R(E) associated to E, which is given by
R(E) = I(E) · P(E). Although P(E) may be consid-
ered a non-significant probability, the risk associated
with event E requires to be addressed.

Finally, the Bayesian core of Causal AI allows to
take into account information beyond evidence in
the form of associations between input data and out-
comes. For example, domain experts can typically
estimate the probability range of a certain outcome
or provide examples of extreme events, which repre-
sent a sort of upper and lower bounds of the target
interval. For instance, financial analysts may point
out that an hypothetical 500% increase in oil price
would bring about the collapse of a whole industrial
sector with a certain probability (or a certain degree
of belief). A similar ’belief ’ can be used to improve
Causal AI, as is suitable to generate a probabilistic
signal which can be leveraged during optimization.

As can be seen, domain expertise plays a promi-
nent role in Causal AI, because knowledge and even
believes can be straightforwardly integrated into the
model without making further assumptions. In
fact, causal relationships can be specified a priori
by domain experts, or can be uncovered in a pure
data-driven fashion. Furthermore, combinations of
these two extreme cases can be achieved, for ex-
ample, by specifying some a priori causal connec-
tion and updating those connections based on ev-
idence, through Bayes’ rule. The same can be ap-
plied to the functional form of the relation - although
in the present work relations were maintained lin-
ear to keep consistency with the other presented
frameworks. For example, assuming a linear rela-
tion, in cases in which a linear relation does not hold,
would lead to estimate a wider probability distribu-
tion around the parameters of the linear relation, sig-
naling a high degree of epistemic uncertainty.

On the contrary, adopting another functional
form may result in a decrease in epistemic uncer-
tainty, suggesting a better description of the dynam-
ics reflected in the data. Crucially, enhancing the
complexity of the model does not expose to overfit-
ting as in traditional approaches - or at least not at
the same degree - as all parameters in Causal AI are
parametraised by a prior distribution, which acts as
a shrinkage factor.
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Real-Time CCR Exposures and
xVAs: a Neural Network

Approach

Antonio Menegon Andrea Carapelli

Machine Learning (ML) techniques have been studied in the very recent years as challenger or complementary
models in Finance, respectively opposite to or in support to the best practices. In this article the authors,
leveraging also on the industry literature, present an application of a ML model that can predict, almost

real-time, Counterparty Credit Risk exposure profiles, XVAs and the corresponding sensitivities for a "toy" netting set
of Interest Rate Swaps. The goal is explaining how a fairly simple Artificial Neural Network (ANN), alongside an
existing risk infrastructure, can approximate accurately a Monte Carlo Risk engine. Such an approach can be used as a
useful monitoring and stress testing tool to complement an existing Monte Carlo Risk framework, with faster speeds of
execution with respect to the usual risk pipelines. It is worth to account that this article reflects the first step of a broader
research, it is meant to be introductory, and therefore it is not deemed complete nor final.

The breakdown caused by the 2008 financial cri-
sis entailed significant changes to all financial
and economic entities. During the crisis, the

bankruptcy of large financial institutions triggered
a widespread propagation of default risk through
the financial network. In the following years sev-
eral efforts has been made both by the regulators
and the policy makers to overcome further system
instability. Rebuilding a solid credit system to re-
store trust in financial and banking sector has been
the first necessity in a new reality where banks were
no longer considered risk free agents. To this end,
many changes have been made from new capital re-
quirements, collateral management to monetary pol-
icy. Counterparty Credit Risk (CCR) is related to
the scenario where a counterparty defaults prior to
the expiration of a bilateral contract and it is unable
to fullfil all the remaining payments. To account
mainly for this nested risk in derivative contracts,
banks started then to introduce Fair Value Adjust-
ments (xVAs) evaluations. Due to the complexity
of the problem at hand, financial institutions are re-
quired to perform thousands of Monte Carlo (MC)
simulations to obtain all future portfolio valuations
coherently under a specific probability measure, key
ingredients to calculate and monitor potential expo-
sures (e.g., EPE, PFE, ...), fair value adjustments (e.g.,
CVA, DVA, FVA, ...) and all their corresponding
sensitivities to the relevant risk factors. Given the
computational burden of a MC approach for usu-
ally large and complex derivative portfolios, banks
tend to reevaluate those measures only overnight,

whereas efficient and robust proxies are sought for
mostly managerial analysis intraday.

Background

The Business Case

Applications of Neural Networks for derivative pric-
ing and CCR purposes have been considered in the
past. For example, Huge and Savine [4] presented
an extension of the Longstaff and Schwartz Monte
Carlo [6] where the linear regression is replaced with
a neural network trained on both payoffs and AAD
gradients. A novel approach to MVA optimization is
presented in [1], where the authors trained a family
of neural networks to approximate derivative prices
in a parallel simulation environment. Other appli-
cations, like in [7], showed on the opposite side
how it can be even possible to recover market in-
puts and contract information from exposure pro-
files and vice-versa. Levering on such works, the
authors present in this article, in a simple but repre-
sentative setting, how neural networks can be used
as a time efficient tool to approximate classic simu-
lations for the computation of risk expected values.
The authors also acknowledge that this work is only
a first step in a much broader research they are carry-
ing; the reader must then consider the following set-
up and results, even if quite promising, as indicative
of what a more complete study can prove.
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Simulating the CCR

Let us consider a vanilla interest rate swap, the most
classic linear derivative that allows two counterpar-
ties to exchange fixed for floating payments flows.
The pricing equation for a payer swap is defined by:

V(t) = N
m

∑
k=i+1

τkP(t, Tk)(ℓ(t; Tk−1, Tk)− K), (4)

where N is the notional amount, Ti+1, . . . Tm are the
payment dates, τk = Tk − Tk−1 and ℓ(t; Tk−1, Tk) is
the forward rate. As a consequence of the CCR and
its effect on the derivative price, defaultable counter-
parties are charged an additional premium, which
is added to the fair price of the derivative, due to
the probability of default. This way the risk that
the counterparty would miss payment obligations is
compensated for the other party in the contract:

VD(t) = V(t) + xVA(t).

Therefore, derivatives pricing under CCR requires
the valuation of future risk exposures, and it ac-
counts in the xVAs the corresponding costs or bene-
fits with respect to the market-neutral fair value val-
uations. Given the positive exposure profiles PE(t)
and negative exposure profiles NE(t):

E(t) = V(t), (5)

PE(t) = max(V(t), 0), (6)

NE(t) = max(−V(t), 0). (7)

We can calculate profile exposure as follows:

EE(t0, t) =Q

[
N(t0)

N(t)
E(t)|F (t0)

]
, (8)

EPE(t0, t) =Q

[
N(t0)

N(t)
PE(t)|F (t0)

]
, (9)

ENE(t0, t) =Q

[
N(t0)

N(t)
NE(t)|F (t0)

]
, (10)

where E(t) is the exposure and N(t) is the numeraire
under the risk neutral measure Q, by definition of
money market account:

dN(t) = r(t)N(t)dt,

where r(t) is the short rate representing the con-
tinuously compounded rate at which the risk free
investment increases. In order to estimate future ex-
posures E(t) in [5] for a any time t on a specific date
grid we simulated a one factor Gaussian short rate
model by means of the Monte Carlo method, and
obtain realizations for r(t).

dr(t) = [ϑ(t)− ar(t)]dt + σdW(t).

Now consider a and σ to be positive constants,
with ϑ chosen to fit the currently observed yield
curve in the market:

ϑ(t) =
∂ f M(0, t)

∂T
+ a f M(0, t) +

σ2

2a
(1 − e−2at),

where ∂ f M(0,t)
∂T denotes partial derivative of f M

with respect to its second argument and f M(0, T) be-
ing the market instantaneous forward rate at time 0
for maturity T:

f M(0, T) = − ∂lnPM(0, T)
∂T

.

With PM(0, T) being the market discount factor
for maturity T.

The equation can be integrated to obtain:

r(t) =r(s)e−1(t−s) + α(t)− α(s)e−a(t−s)

+σ
∫ t

s
e−a(t−u)dW(u),

where

α(t) = f M(0, t) +
σ2

2a2 (1 − e−at)2.

r(t) conditional on r(s) with t > s is Normally
distributed with conditional mean and conditional
variance given respectively by:

E[r(t)|r(s)] = r(s)e−a(t−s) + α(s)e−a(t−s), (11)

Var[r(t)|r(s)] = σ2

2a
[1 − e−2a(t−s)]. (12)

It’s possible to obtain the price for zero-coupon
bonds, allowing us to compute a new term structure
as a function of a given short rate. P(t, Tk) of the
equation [4].

P(t, T) = A(t, T)e−B(t,T)r(t), (13)

where:

B(t, T) =
1 − e−a(T−t)

a
,

A(t, T) =
P(0, T)
P(0, t)

exp
(
− B(t, T)

∂lnP(0, T)
∂t

− 1
4a3 σ2(e−aT − e−at)2(e2at − 1)

)
.

Evaluated the future rate curves we can solve [8]
[9] [10] and use the risk neutral expectations of the
exposure profile to compute xVA metrics under a
discrete probability space. At valuation time t, the
value of the unilateral CVA of a derivative contract
expiring at time T, assuming that the counterparty
has not defaulted yet, i.e. on τ ≤ t where τ is the
time to default of the counterparty, is:

CVA(t) = −LGD(τ)
m

∑
i=1

EPE(t, ti)dPD(ti−1, ti).

(14)
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TABLE 14: Swaps anagraphic data

FIGURE 8: Swaps mark to futures

Vice versa, the value of the unilateral DVA is:

DVA(t) = LGDbank(τ)
m

∑
i=1

ENE(t, ti)dPDbank(ti−1, ti).

CCR Exposures and XVAs with
Neural Networks

Our aim is to train a model in order to generate risk
neutral estimators ÊPE(t0, t) and ÊNE(t0, t) for [9]
and [10] respectively, such that we will no longer
need to iterate through the entire simulation to com-
pute expected values of future realizations, nor to
compute xVAs and the corresponding greeks.

The Neural Network Architecture

For our purpose, we considered a mixture of histori-
cal and generated market data to obtain an adequate
domain for our training set. Historical sampling is
the simplest approach as interest rate curves are di-
rectly sampled from last year realizations (last 284
business days). To enhance the set of forwarding
and discounting curves we computed Monte Carlo
paths to generate future rate curves.

Given an already existing Monte Carlo Risk en-
gine, and a time grid of n intervals t0 < t1 < · · · <
Tn, we obtained future realizations of market curves
for the one factor Gaussian model.

r(ti+1) =(ri+1|r(ti)) +
√

Var(ri+1|r(ti))Zi,

i =0, . . . , N − 1,
(15)

with Z0, . . . ZN−1 being independent draws from a
Gaussian distribution Z ∼ N(0, 1). The training set
is therefore augmented with 700 generated scenarios,
as defined in [15], where forwarding and discount-
ing curves are obtained as discussed in [13].

Two Artificial Neural Networks3 (ANNs) are
trained 4 on 140 zero bonds observations X, half for
the discount curve and the other half for the forward
curve 5, and finally used to predict exposures pro-
files:

X =

 x1

...
x140

 , Yepe =


y1

epe
...

yn
epe

 , Yene =

y1
ene
...

yn
ene

 ,

ÊPE(t0, t) = f NN,EPE(Xt) : R140 → Rn,

ÊNE(t0, t) = f NN,ENE(Xt) : R140 → Rn,

where n is the time grid length chosen in the train-
ing set generation phase. For this application we
considered a bimonthly timestep, with the time hori-
zon starting on the evaluation date and ending on
the expiration of the longer contract. The dataset
has been divided into two subsets. The first is used
to fit the model and is referred to as the training set.
The second, kept completely separate from the train-
ing set and provided to the trained model to verify
the performance, is the test set. The proportion of
the split is 90 − 10%, respectively for training and
test sets. We implemented the ANNs in TensorFlow,
and tested them first on single deals, with differ-
ent maturities and different strikes. Then we moved
to more sophisticated tests, training the model on

3Feed-forward, fully-connected, with 3 hidden layers NNs.
4In a supervised setting.
5The toy netting set comprises swaps on the same discounting and forwarding curves, as it is explained in the following

section.
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TABLE 15: Market scenarios

different portfolios and netting sets. Price approxi-
mations are obtained by global minimization of the
mean squared error cost function without any spe-
cific regularization6:

C({wl , bl}l=1,...,L) =
1
m
(ZL − Y)T(ZL − Y),

where ZL are the model predicted values and Y are
the labels, namely the risk engine simulated EPE and
ENE profiles. Results show optimal accuracy on the
test set, the model was tested both on single deals
and on different portfolios of interest rate swaps. A
numerical application in a real market environment
is presented in the following section.

Pricing Under Scenario

In order to test the accuracy of the model, we imple-
mented an application on a portfolio of both payer
and receiver interest rates swaps indexed to Euribor
6M, with ESTR discounting. The netting portfolio is
composed by three swaps with different maturities
(5y, 8y, 10y), different notionals (10M, 5M, 7M) and
different strikes (250 bps and 300 bps). The contract
data of the three deals are summed up in the table
14.

All simulations and pricing are computed using
the QuantLib library. Future valuations (here just
the first 100 paths) are obtained by means of Monte
Carlo simulation; in Figure[8] we see the future ex-
posures, respectively, of the three swaps of the net-
ting set defined in Table [14]. A one factor Gaussian
model has been considered for the short rate simula-
tion as discussed previously.

Once obtained the future exposure of single
deals, we summed the exposures along every time
step to obtain netted exposures. Finally, artificial
neural networks are trained as discussed in the pre-
vious title. Below we can see the comparison of the
Monte Carlo "real" results with the ANN model out-
put in the Baseline Scenario (current date) and in
two others randomly chosen market scenarios.

In scen. A we have a quasi-parallel upward
shock of interest rates with respect to the Baseline
scenario, interest rates raise in a range of +12 bps
and +8 bps across all buckets, counterparty default

probability increase by ∼ 100bps and bank’s default
probability increase by ∼ 50bps . In scen. B we have
an unparallel downward shock of interest rates with
respect to the Baseline, rates drop in a range of -26
bps and -20 bps for shorter term buckets, and in a
range of -20 and -10 bps for longer maturities, credit
curves remain stable.

In Figure [9] we can see the results for the ex-
pected positive exposure ÊPE(t0, t), while in Fig-
ure [10] we have the expected negative exposure
ÊNE(t0, t).

ANN models are finally used to compute
bumped exposures and obtain model based sensitiv-
ities. Interest rate sensitivities are calculated with
respect to zero rates, bootstrapped from a series of
market quotes. The delta for a particular bucket is
calculated with respect to all the zero rates from the
beginning of the interval inclusive to the end of the
interval exclusive [5]. So far we have been dealing
only with the generation of exposures, next we will
be covering the valuation of CVA, DVA and their sen-
sitivities which are calculated from the neural net-
work exposures. Assuming that no collateral have
being exchanged, and focusing here on the unilat-
eral CVA7, we define the exposures sensitivities at
time t as ∂E(t)

∂a , and CVA sensitivities at time t as
∂CVA(t)

∂a where a is the generic zero rate:

• We can express the exposure sensitivities in
discrete form:

∂E(ti)

∂a
=

Ea(ti)− Ebase(ti)

∂a
;

• We can compute CVA from predicted expo-
sures as defined in [14] and calculate the CVA
sensitivities as follows

∂CVA(t)
∂a

=
CVAa(t)− CVAbase(t)

∆a
.

The ANN models took tenths of a second to com-
plete all computations needed for xVA metrics and
sensitivities on a Intel Core processor8, CVA differ-
entials are trivial to obtain via finite differences.

6We wanted first to test the "raw" approximation power of ANNs. We are already working on a regularization scheme
that exploit path-wise sensitivities and it will be presented in the future work.

7The other cases follow similarly.
8Intel(R) Core(TM) i7-8565U CPU @ 1.80GHz 1.99 GHz
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FIGURE 9: EPE profiles

FIGURE 10: ENE profiles

Conclusions and Future Work

In this article we have discussed a possible applica-
tion of ANN models to CCR and xVA pricing. The
potential of this application lies in its cheap compu-
tational costs for generating expected exposure pro-
files, as it gives the possibility to compute xVA and
CCR metrics without the necessity to setup a full
Monte Carlo simulation. This functionality can be
extended to perform stress-tests and fast repricing
for metrics and sensitivities and it can be used along-
side existing Monte Carlo Risk engines as part of
Data Control frameworks, managerial Stress Tests and
P&L Explanation.

Introducing the collateral management is
straightforward9, only the upfront computational
cost of training and test sets generation will increase
due to the collateral modeling in the MC framework.

The main limitation of the approach discussed
in the article lies in its static nature: once the net-
ting set is defined, and the network is trained, the
resulting model will be tied to that specific portfo-
lio composition, without allowing for what-ifs analy-

sis and pre-deal checks by adding (respectively remov-
ing) specific trades or changing the CSA definition.
As a conclusion, using an ANN to predict exposures
and CCR/XVA metrics in (near to) real time appears
to be technically feasible, although it will require
a large upfront computational cost10 to train ANN
models to a large number of netting sets; we recall
indeed that every netting set needs its own ANN ap-
proximator, for both EPE and ENE. Moreover, the
ANN must be trained every time there is a new deal
or an unwinding. If such a constraint could be a
burden in a production setting, a Risk Management
or a Front Office, nonetheless, can still focus on the
most material netting sets, train the ANNs on these
and be able to perform intraday and on-the-fly stress
analysis.

This application has many possible future direc-
tions. One of the most interesting areas of active
research, see [4], studies the regularization of the
network combining automatic adjoint differentiation
(AAD) with supervised learning: Neural Network
models are trained leveraging also on the differen-
tials of labels with respect to the inputs. In this re-

9In our business case the netting set is assumed to be not collateralised, but the Neural Network set up does not change
if a CSA is in place: the training and test sets just need to be created from collateralised exposures.

10The simulations that a bank would perform for the valuation of the future exposures of a netting set in a production
setting can be not sufficient for the definition of the training and test sets; possibly, a greater number of simulations could
be needed. Future work will tackle more thoroughly also this topic.
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TABLE 16: ANN-MC results

gards, the ANNs approximating the CCR exposures
will be intrinsically able to account for the market
gradients (i.e., sensitivities) in the calibration phase.

It could then be interesting to extend the frame-
work in order to include the possibility to choose dif-
ferent portfolio compositions without the necessity
to train a new model, leveraging on transfer learning
to optimize computational effort needed to calibrate
similar netting sets11.

11Netting sets with similar trade composition can be trained sequentially, from a pre-trained model on a "baseline" net-
ting set. This, potentially, can speed-up the training phase preventing the model owner to re-calibrate the ANN entirely
from scratch. Also this topic will be subject of future research.
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CBDC - Exploring a New Digital
World

Gianmarco Mori Federico Pizzamiglio

The advent of Blockchain technology and the diffusion of Cryptocurrencies have generated notable impacts on the
financial system. Transactions and the issuance of money are no longer the exclusive matter of banks which have
to understand how to fit into or coexist with a decentralized parallel ecosystem. The blockchain technology, in its

different forms and shades, has been the cornerstone for the development of new services and products in many sectors,
and the financial industry is no different in this regard. From the disintermediation and decentralization opportunities
Decentralized Finance, better known as DeFi, was born. In this scenario and for some years now, central banks
are moving to deploy a safe and sound response to the new paradigm, designing solutions, guidelines and regulations
to prevent chaos and (possible) serious systemic crisis from raging. Giving the uncontrolled spread of cryptos, the
speculation and collapse which most of these had or are facing, the issuance of central bank digital currencies (a.k.a.
CBDCs) is meant to be a tool to stabilize the DeFi ecosystem. Giving the shaky ground central banks and regulators
must walk though where protocols and best practices are not yet defined, players who noisily break in to suddenly just
fall apart (e.g., Terra Luna, FTX), introducing digital currencies is a tough challenge, which comes with many regulatory
and technical hurdles.

In recent years the spread of financial interconnec-
tion on a global scale, involving major financial
institutions, central banks around the world and

even the final customers, has become increasingly
important. After a long period of dormancy lasted
several years, the idea of shaping a tool with the
right characteristics to allow the direct and instant
communication of money and information flows in
the global financial system is back in vogue. It was
James Tobin back in ’85 that, in his few pages "Finan-
cial Innovation and Deregulation in Perspective", intro-
duced a visionary and radical change in the use of
money when electronic payment systems were still
at the dawn and few understood their potential.

The purpose of this document is to present, un-
der different interpretations, how the introduction
of central bank digital currencies (CBDCs) in de-
veloped and emerging economies can impact, and
maybe change, the economic and financial land-
scape. The authors will start by providing a def-
inition of what is meant by CBDC, leveraging on
both the current financial literature and the pillars
on which CBDCs are founded and rooted. To do so,
the article dives in legislative as well as technological
aspects, to provide the reader a more comprehensive
view of the ingredients which must be accounted for
the issuance of "new money" as CDBC that meets the
requirements for circulation in the economic and fi-
nancial system.

In Chapter Role of DeFi and Cryptocurrencies
technologies supporting the introduction of a CBDC

are presented. A comparison between cryptocur-
rencies and the underlying blockchain technology
is believed fundamental not to fail addressing the
risks and the peculiarities of the gloomy environ-
ment they face. The unhappy history that recently
afflicted Luna, which was until May 2022 the third
global cryptocurrency, is also reported as an em-
blematic example of the consequences of working in
an environment that misses regulations and effective
decentralization.

In Chapter Project and Pilot Projects the authors
focus on what is needed by the central banks for
a CBDC issuance in the near future, analyzing in
detail the steps that proved or believed mandatory
based on different trials, completed or still ongoing,
especially in emerging economies. Leveraging on
these examples, gaps in legislation and technology
that can slow down the transition from a financial
system purely based on fiat currencies to a new one
exploiting CBDCs are addressed.

In Chapter CBDC - Pro’s Con’s, costs and ben-
efits are presented examining the pros and cons of
introducing a CBDC system. There is a clear need
to distinguish between different economic, financial,
social and technological aspects. In this regard, the
application of monetary policies implemented by
banks will be analyzed in more detail, with a focus
on the models proposed in the literature, in a direct
comparison with the current state of the procedural
and application framework.

In the Chapter Privacy and Security focuses on
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the issues in terms of privacy, in this context re-
ferred to the anonymity of transactions in contrast
with anti-money laundering and anti-terrorism poli-
cies, and it depicts some possible solutions proposed
by regulators.

In the Implication of CBDC on Monetary Policy
and final chapter the implications that arise on mon-
etary policies with the introduction of retail CBDCs
to the public are explained in detail. The context of
monetary aggregates and the affinities with the un-
conventional tools adopted by central banks to regu-
late liquidity in the system are also examined.

Finally, we report a summary of the impacts of
CBDCs on the monetary and financial system.

CBDC a New Paradigma of
Electronic Payment

Definition

There has been a debate on the definition of CBDC
for several years. From the events emerged so far
it is difficult to give a universally shared definition,
because some historically rooted and intrinsically
connected concepts are in conflict with respect to
the relationship between money, state and law. The
Committee on Payments and Market Infrastructures
(CPMI) of the BIS reports in a document "CBDC is
not a well-defined term. It is used to refer to a num-
ber of concepts. However, it is envisioned by most to
be a new form of central bank money. That is, a cen-
tral bank liability, denominated in an existing unit of
account, which serves both as a medium of exchange
and a store of value" [10]. The expression makes the
reader reflect on the fact that it CBDC plays several
roles within the same budget for the central bank
and this is the real obstacle to overcome (problem
to be contained) especially at regulatory level. The
International Monetary Fund (IMF) in the SDN doc-
ument in the footnote instead reports the following
"a new form of money, issued digitally by the central
bank and intended to serve as legal tender" [12]. The
information contained in this sentence represents the
ultimate objective that a CBDC must achieve, namely
those characteristics that must coexist to be based
on a legally sound basis. Assessing the issuance of a
CBDC, necessarily, implies regulation involving mul-
tiple sources of law from public and international
to private, from monetary to contractual tax, from
bankruptcy to privacy. The common feature for all
central banks is the digital nature of CBDC, which
gives it the status of electronic money suitable for
making payments and transactions in general. The
discrepancy from this point of view originates in the
legal framework of all countries as the issue is autho-
rized for different institutions and electronic money
is not legal tender. In the acronym CBDC the letters
"CB" make explicit reference to the issuance by a cen-
tral bank of electronic money, which to date only in

some jurisdictions is granted and in the EU in partic-
ular directives do not allow licenses or concessions
to the central bank. The central bank can only is-
sue real money, which to be considered real must
be issued in the form of liabilities, placing a clear
difference between central bank money and private
money. The letter "C" of currency specifies that it is
considered exclusively the issuance of banknotes or
coins denominated in an official monetary unit with
legal tender. It remains inherent in the term "legal"
that banknotes or coins grant the debtor the right to
fulfill monetary obligations by offering currency to
the creditor. A CBDC acquires the characteristics of
money that recalls a broader definition of the con-
cept of currency. Money is not made up entirely
of banknotes but is the set of a range of means of
payment that cannot be issued as liabilities by the
central bank [7].

Design Features and Legal Aspects

The regulatory authorities of central banks and aca-
demics have four cornerstones on which the legal
framework of a CBDC must be structured. Within
this structure it is noted that the hinges provide di-
chotomous choices of structural design and architec-
tural design implementation, which are listed below:

1. Token Based vs Account Based;

2. Retail vs Wholesale;

3. Direct vs Indirect;

4. Centralized vs Decentralized.

Token Based vs Account Based

Token Based

The technology called token based implicitly refers
to the characteristics of digital issuance of electronic
money through an intangible tool that possesses a
private key. The institutional entity that manages
the account is able to provide adequate levels of se-
curity in the event of the loss of tokens or keys as
there is an identification process behind it. Like pa-
per and metal banknotes and coins, respectively, it
is equivalent to owning a credit on the Central Bank
directly embedded in the token itself. It therefore
differs substantially from ordinary debt securities
or book money that are transferred by debiting or
crediting between bank accounts and securities ac-
counts. In these terms, the central bank must pro-
vide for the implementation of a CBDC that is not
an account or the result of a balancing item. Central
bank laws in most cases provide for specific pow-
ers ancillary to the issuance of currency and, more
specifically, banknotes and coins. These powers are
ancillary in the sense that they do not authorize the
issue as such, but rather authorize several assets that
are favorable or necessary for the issuance of cur-
rency. Typically, these specific powers concern the
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FIGURE 11: CDBC Architecture [15]

printing and minting of banknotes and coins respec-
tively, the planning of their circulation, withdrawal,
demonetization and destruction. Other central bank
laws require a "hedge of assets" for the currency
put into circulation. Such arrangements typically re-
quire a central bank to maintain a combination of
foreign reserve assets and local government bonds
for an amount equal to the currency in circulation.
A variant of these provisions are the rules on the
definition of monetary liabilities, in particular based
on currency board agreements[7]. This definition
is important because under this agreement the cen-
tral bank will be obliged to ensure total coverage of
monetary liabilities defined in a specific foreign cur-
rency. A third type of provision of indirect relevance
is the one that aims to grant the central bank the
so-called "monopoly of issue". Monetary law exclu-
sively grants the right to issue currency within its
jurisdiction or currency area.

CDBC on Token - Authorization Requirements

CBDC token-based could be considered legally au-
thorized in only two cases. The Central Bank Act
provides for a far-reaching currency issuing power:

1. Allowing the central bank to issue domestic
"currency", without limiting it to banknotes
and coins, and the currency issuing function
is equally open or absent;

2. Referring explicitly to other means of payment
other than notes and coins.

Central bank has a broad function of issuing
"money", not limited to banknotes and coins. The
law does not provide for specific additional powers
or other indirect provisions that limit the issuance
of currency in the form of banknotes or coins by
including the specific additional powers that refer
only to printing, circulation and withdrawal. There
are also cases in which the issuance of CBDCs is not
authorized and this happens when there are strong
restrictions on the functions and powers of the Cen-
tral Bank. The limitations relate to different cases in
different jurisdictions:

• Restricted banknote/coin issue function and
no power to issue currency, the strongest case
of limitation;

• Limited but wide power to issue currency;

• Power to issue restricted currency which has
a more pronounced impact on the issuance of
CBDC tokens (digital banknotes) when there
are no large or at least restricted emission
functions, but only ancillary powers;

• Restricted banknote/coin issuance function
and no power to issue currency, but only capi-
tal cover rules are included that limit the "cur-
rencies" from issuing banknotes/coins by ref-
erence to the definition of monetary liabilities;
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• Restricted banknote/coin issuing function
and no power to issue currency, and only pro-
vides for the monopoly of issue and specific
ancillary powers.

Account Based

The laws of the central banks confer central bank
power to open cash accounts in their books. As with
currency issuance, practices between IMF members
differ. A set of central bank laws can include several
circumstances:

• Limits the power of the central bank to open
cash accounts to a closed group of institutions,
generally limited to the State, public bodies
and financial institutions, or even more re-
stricted to banks;

• Does not limit the opening of cash accounts to
a closed group of institutions;

• The law simply does not impose any restric-
tions;

• The offer of cash accounts to individuals is ex-
pressly permitted;

• Restrictions on the type of account holder can
be lifted by decision of the central bank board
or the minister of finance.

In the absence of explicit authorization to open
cash accounts, the central bank could be considered
to have such power as a result of the doctrine of
implicit powers in the jurisdictions where this doc-
trine is accepted. In the same situation, the wording
allowing the commercial bank to carry out central
bank activities subordinate to the performance of its
functions could be useful in this respect. The same
applies to accessory powers.

Account CBDC - Authorization Requirements

Authorization to issue CBDC as account-based is
subject to the explicit mandate power to open cash
accounts for the state and banks. The central bank
being authorized to open cash accounts to individu-
als, must also be authorized to issue account-based
CBDCs also to the public. Authorization shall not be
granted where central banks attribute the power to
open cash accounts only to the State, public entities,
and banks, but not to individuals and the general
public.

Reforms of the Central Banks

The lack of an explicit and robust legal basis for the
issuance of token and/or account-based CBDCs can
be resolved relatively easily through a targeted re-
form of central bank law. The Central Bank Act
should include an explicit function "to issue cur-
rency" in general, without limiting the issuance of
currency to banknotes and coins only. A legal basis
should be established in which powers are defined

with explicit reference to the issuance of currency
in the form of tokens. In order to provide a solid le-
gal basis for the issuance of account-based CBDCs to
the public in particular, an amendment to the laws
of the central bank should be made adding a specific
power of opening bank accounts to the public. This
can be done directly, by mentioning the general pub-
lic in the Central Bank Act, or indirectly by allowing
the competent decision-making body of the central
bank to decide on the categories of persons and enti-
ties that have access to bank accounts in central bank
books[7].

Retail vs Wholesale

Regarding CBDC with the term wholesale as antici-
pated above, reference is made to the offer to current
account securities and participants in the RTGS sys-
tem of payments excluding the general public. Con-
versely, the term retail leads to the exclusion of coun-
terparties holding wholesale bank accounts. The dis-
tinction becomes relevant when CBDC is conceived
as a current account balance. It is possible to think
of a hybrid form (general purpose) that presents
both the characteristics of the wholesale clientele
and retail[5].

Direct vs Indirect

A CBDC emission system is distinguished between
direct and indirect depending on the number of pas-
sages (levels) that must be implemented before the
actual circulation among the subjects takes place.
The direct issue of CBDC by central banks is a lia-
bility that is transferred to autonomous circulation
administration (understood as disintermediated by
third parties such as commercial banks). The in-
direct type also recognized as synthetic (2-tier) as-
sumes that the liability is issued by a commercial
bank and fully guaranteed by the central banks. A
hybrid process implementation design is desirable
when credits are issued by central banks as liabili-
ties and management oversees intermediaries. The
issue phase of CBDC is a matter of fundamental im-
portance in the legal sphere of central banks because
a currency must be under the full responsibility of a
central bank to be considered as such. A commercial
bank cannot issue currency liabilities, even if they
are completely secured by cash deposits in the books
of a central bank.

Centralized vs Decentralized

The subject of centralization is clear today in the
modern financial economic system because it is the
one currently in force. Transactions managed by
RTGS transfer systems and currency issuance are
managed controlled by a central counterparty, the
central bank. The power and effectiveness of CBDC,
particularly token-based, revolves around a decen-
tralization mechanism where, through a transaction
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FIGURE 12: Account based vs Token based

FIGURE 13: Retail vs Wholesale [5]

log reporting, the status changes of a token that are
approved with a validation system by counterparties
other than the central bank. The risk inherent in this
system is linked to two aspects, one of managing the
supply of electronic money and the other in terms of
legal authorizations to approve transactions.

Monetary Law Relating to CBDC and Obstacles to
Issuance

The legal aspects in the field of CBDC electronic
money extend to monetary law to a predominant ex-
tent in dealing with two issues:

• Official monetary unit;

• Official means of payment.

The two meanings are interconnected in terms of
monetary obligations in the legal sense of the term.
The legal link of the two concepts is manifested by
stating that the official means of payment must by
law be expressed in the official monetary unit. How-
ever, the expression that "monetary obligations ex-
pressed in the official monetary unit can always be

paid through official means of payment is not so re-
strictive. To allow the effectiveness and validity of
these statements is the principle of "nominalism" ac-
cording to which a monetary obligation is satisfied
by paying the exact amount provided for in the stip-
ulated contract. If the official monetary unit were to
lose value due to phenomena related to the economy
such as inflation or depreciation of the exchange rate
in reference to another currency, it follows that the
risk lies with the creditor.

Official Monetary Unit

The official monetary unit is defined by monetary
law within a state or a monetary union, with specific
reference to the unit of account and its subdivisions.
The official attribute refers to the recognition and dis-
tinction from those that are not in accordance with
the law, such as cryptocurrencies in general. The in-
trinsic value of the official monetary unit is regulated
by the foreign exchange market externally in relation
to other currencies or official monetary units. Inter-
nally, economic, monetary and fiscal policies shape
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the price level. CBDC does not assume the connota-
tions of a new official monetary unit, but must rep-
resent in all respects the current one, regardless of
its technical and structural characteristics. In these
terms, if the authorization is granted to the central
bank of issue no problems arise, because the sub-
stantial requirements of monetary liabilities are re-
spected as well as for banknotes and coins, guaran-
teeing a parity of conversion. The token-based solu-
tion is ideal for meeting the requirement of exclusive
issuance by the state or monetary union, but the is-
sue of issuance monopoly remains open.

Official Means of Payment

Monetary law also determines which means of pay-
ment are officially sanctioned by the State / Mone-
tary Union and are mainly recognized in banknotes
and coins. The state has sanctioned the use of money
as a currency through five important legal mecha-
nisms:

1. The issuance monopoly by the State or an
agent thereof, (except for books and bills of
the central bank which are not deemed to be
currency under the law for the characteristics
set out below);

2. Forced rate, which determines the value
printed on the banknotes or coins in relation
to the official monetary unit;

3. Legal tender, which makes it possible to offi-
cially extinguish monetary obligations;

4. Privileges of private law, which favor the circu-
lation of money over other means of payment
such as checks or bills;

5. Criminal protection, which concerns the estab-
lishment of criminal sanctions for the offenses
of counterfeiting, damaging or destroying cur-
rency.

CBDC Design Features

A CBDC can be considered an official means of pay-
ment and therefore an official currency depending
on its design characteristics.

Token Based Design

The monopoly of a token-based CBDC allows it to
be considered to all intents and purposes as a lia-
bility of the central bank with the characteristics of a
currency, in which the bank is authorized to issue, ef-
fectively establishing an issuing monopoly, thus ex-
cluding private issuers and commercial banks. To
make the token-based CBDC issuance through a
monopoly of central banks effective, it is sufficient
to extend the legal framework of the existing provi-
sions by defining that bearer securities upon request
are also accepted in an intangible digital form. The

forced price for a token-based CBDC involves the at-
tribution of the same digital value to the banknotes
and in terms of convertibility the determination of
the same value without the contribution of interest.
The legal tender of CBDC must be granted following
the principles of fairness, proportionality and finan-
cial inclusion. It cannot be exclusive only to certain
types of recipients such as public bodies or banks.
The issue of private law for a CBDC assumes sig-
nificant importance only when the electronic money
status is of a hybrid type or is configured with intan-
gible and intangible structural technical characteris-
tics, but with a material legal impact. A second point
of attention concerns ownership as a token-based
CBDC cannot by definition be lent to a bank to trade
with the pretense of obtaining interest by constitut-
ing the form of bank deposit. Transfer to a commer-
cial bank is possible but must be further transferred
and deposited in the central bank’s books and inte-
grated into fractional reserve in the banking system.
There are no issues of protection and protection for
criminal offenses because the technological nature of
the CDBC is of the blockchain type and in the dis-
tributed ledger (DLT) it cannot be counterfeited by
definition.

Account Based Design

The issuance of account-based CBDCs if placed on
a solid legal basis conducted with targeted reforms
does not pose problems for central bank law. A
strong requirement of convertibility is not required
because the forced price is guaranteed by the ac-
counts which, being dependent for structure and de-
sign on the contractual rules of the central bank ac-
counts, directly acquire transferability and convert-
ibility with banknotes and coins. In general, account-
ing money is not legal tender and therefore it is not
necessary to adopt CBDC that meets this require-
ment, as long as it is not required to assume the
connotations of a means of payment between finan-
cial institutions as well as for the general public for
which it should address the same issues discussed
for token-based CBDC. The legal nature of the ac-
counting currency is clear in private law: it is an in-
tangible asset that is transferable through the bank-
ing technique of the debts and credits of the accounts
on which it is registered. For intangible assets, due
to perfect traceability, there is no protection of the
buyer in good faith[7].

Role of DeFi and
Cryptocurrencies

Cryptocurrencies and DeFi System

Every day people around the world make more than
2 billion digital payments. Those payments rely on
the monetary system that has at its core the cen-
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tral bank, which operates with many other bodies
such as commercial banks and other private pay-
ment service providers. This digitalization is pos-
ing the attention on new topics regarding the eco-
nomic system. The main one is the crypto curren-
cies world, where it does not exist any central bank
and everything is checked by some anonymous val-
idators to keep the system self-sustaining and de-
centralized. DeFi follows this logic of decentralize
financial services inside this digital market, elimi-
nating intermediaries and cutting costs. Basically,
it wants to replicate financial instruments of the fi-
nancial market as crypto currencies are dematerial-
ized and do not need any active management since
they work on blockchains which is a form of permis-
sionless distributed ledger. The distributed ledger
is a record-keeping system that maintains partici-
pants’ identities anonymously, their respective cryp-
tocurrency balances and a record of all the genuine
transactions executed between network participants,
those transactions are held in the ledger in the form
of blocks of information[14]. However, some events
such as the failure verified some month ago of the
3rd world’s largest crypto currency Terra and its offi-
cial stablecoin Luna revealed significant weaknesses
of this system. The most instructive results of this
event has been the fact that a stablecoin cannot be
an efficient and effective nominal anchor for crypto
currencies. A stablecoin (E.g. USDT, EURT) is a dig-
ital coin that replicates real money and it is needed
to create stability and direct convertibility with the
crypto currency. The two main types of stablecoins
are asset-backed and algorithmic:

• Asset-backed stablecoins: managed by a cen-
tralized intermediary who invests the under-
lying collateral and coordinates the coins’ re-
demption and creation. Assets can be held in
government bonds, short-term corporate debt,
bank deposits or in other cryptocurrencies.

• Algorithmic stablecoins: for example Ter-
raUSD, rely on complex algorithms that auto-
matically re-balance supply to maintain their
value relative to the target currency or asset.
To avoid reliance on fiat currency, they often
do so by providing users with an arbitrage op-
portunity relative to another cryptocurrency.

The stablecoins are pegged to the US dollar or other
conventional currencies to create more stability. If
the peg with the real money is lost then the system
collapses, such as in Terra case. Such phenomenon
happens since there are no institutional entities, such
as Central Banks, that reassure this peg. Moreover,
differently from the traditional monetary system, the
more users participate into the blockchain, worse is
the congestion and higher are the transaction fees.

Terraluna Business Case

Last May 2022 what happened to TerraUSD was
the following: as an algorithmic stablecoin, it main-

tained value by adjusting supply in an automated
arbitrage trading strategy with Luna, on the Terra
blockchain. UST aimed to keep a one-for-one peg
to the US dollar by being convertible into one dol-
lar’s worth of Luna, and vice-versa. A crucial aspect
of this arrangement was that users would only be
willing to exchange UST into Luna if Luna’s mar-
ket capitalization exceeded that of UST. Since Luna
had no intrinsic value, its valuation stemmed pri-
marily from the influx of speculative users into the
Terra ecosystem. In order to attract new users, the
associated lending protocol Anchor offered a rate
of around 20% on UST deposits. This system was
stable as long as users had confidence in the stable
value of UST. The Terra/Luna pairing was regarded
as being especially significant as it promised to of-
fer a self-levitating version of money that did not
piggyback on real-world collateral assets, but this
hope was proved unfounded, since once investors
lost confidence in the sustainability of the system,
the arrangement unravelled and the value of UST
plummeted to almost zero. As UST dropped be-
low its peg, a classic run dynamic took place as in-
vestors sought to redeem their funds. Users burned
their UST on a large scale to mint $1 worth of new
Luna, in the hope of selling Luna as long as it still
had some value. However, given the size and speed
of the shock, confidence evaporated, meaning that
there were not enough parties willing to buy all the
newly minted Luna coins and so the price of Luna
collapsed. The UST/Luna implosion spilled over to
the largest stablecoin, Tether, which dropped to a
value of $0.95 before recovering. It saw outflows
of over $10 billion in the subsequent weeks. The
de-pegging has been linked to Tether’s unwilling-
ness to provide details about its reserve portfolio:
investors worried about whether Tether had enough
high-quality assets that could be liquidated to sup-
port the peg. This argument is supported by the in-
flows experienced by the regulated stablecoin USDC
(with better documented reserves), with funds prob-
ably coming from Tether. In light of what happened
to TerraLuna, it is safe to say that stablecoins do
not have what is needed to sustain the future mon-
etary system in their actual form. They must im-
port their credibility from sovereign fiat currencies,
but they benefit neither from the regulatory require-
ments and protections of bank deposits and e-money,
nor from the central bank as a lender of last resort.
Speculation in this context plays a crucial role since
it is not controlled by a solid legal framework. In
particular, it has been shown that the ecosystem of
this cryptocurrencies is fragile and sensitive when
it faces manipulations on its market, since there is
not a liquidity pool large enough to counter such
behaviours[5].

DeFi and Centralization

Centralisation in DeFi regarding crypto is also
present in crypto trading activities, where investors
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rely mainly on centralised exchanges (CEXs) rather
than decentralised ones (DEXs). However, it is gen-
erally difficult to gauge the actual size of crypto
exchanges, because CEXs hold a significant share
of their custodial cryptocurrencies off-balance sheet.
Since the risk linked to investments in crypto system
is much higher than the one in the traditional sys-
tem it is fundamental to individuate them and find
appropriate regulations. In particular, the following
four are the main risks:

1. Compliance with requirements (arbitrage reg-
ulation and disclosure);

2. Safety and integrity (KYC and FATF);

3. Consumer protection;

4. Financial stability.

Once those risks are individuated and taken into
account, one can think about bank exposure. Central
banks have to be at the core of this system with all
their roles in an innovative and technological man-
ner, also public and private entities have important
roles. The payment instrument of this system is the
CBDC, which is a digital payment instrument, de-
nominated in the national unit of account being a
direct liability of the central bank. Cryptocurrencies
(private money) do not represent a claim on a central
bank, which makes them different from CBDCs. A
great benefit of wholesale CBDCs is that they offer
new functions for payment and settlement to a much
wider range of intermediaries than domestic com-
mercial banks. DvP and PvP must work toghether in
the mechanism of payments and delivery of a secu-
rity to eliminate counterparty risk. Moreover, whole-
sale CBDCs would allow for finality in payments,
proving the validity through Cryptography, without
the obligation of posting more information. This
functioning can be achieved making use of permis-
sioned DLT systems where only eligible users can ac-
cess. Interactions are invisible to people outside the
system and validation of the transactions is done by
the system participants. Hence, by relying on central
bank money, wholesale CBDCs would benefit from
the stability and singleness of the currency and from
the accountability of a regulated financial institution
in the eyes of the society. By supporting innovative
private sector services, they would facilitate adapt-
ability so that the system can meet new needs as
they arise. s. Retail CBDCs (meaning serving the
public interest) make central bank money available
in digital form to households and businesses. They
support financial inclusion, lowering costs. The de-
centralization of CDBC (with more currencies and
more central banks) is based on permissioned DLT
platform and public key cryptography (suing real
names differently from cryptocurrencies) to super-
vise. Finally, central banks are cooperating to build
a new efficient monetary system, with the aim of
including also some features of the new technolo-
gies that could reduce costs and improve inclusion
(cross border payments efficiency), like the crypto

monetary system (together with CBDCs and FPS),
but keeping in mind the fundamental principles of
the nowadays institutional framework, as discussed
in the first chapter[16].

Roadmap, Project and Pilot
Projects

Roadmap

Currently all around the world different project re-
garding CBDC are in place at different levels of de-
velopment. Most of Central banks are still at the
early stages of the project, meaning that they have
only an agenda of what to do but do not have any-
thing in place yet. Quick chronological history of
CBDC:

• 2014:

– First talks regarding introduction of
CBDC are made in China.

• 2016:

– Central Bank of Sweden proposes the e-
krona.

• 2017:

– People’s bank of China organizes several
banks and institutions to develop its dig-
ital currency;

– Uruguay announces the beginning of its
pilot for the e-peso.

• 2018:

– Uruguay stops its pilot program due to
a change in the leadership of the central
bank.

• 2020:

– China starts testing its digital currency
in 4 major cities: Shenzhen, Suzhou,
Xiong’an and Chengdu;

– Brazil announces plans to launch a digi-
tal currency by 2022;

– Central Bank of the Bahamas launches
the Sand Dollar as a digital legal cur-
rency;

– ECCB publish a report on the introduc-
tion of the digital euro and starts a phase
of experiments;

– Central Bank of Sweden start testing an
e-krona proof of concept.

• 2021:

– A joint cross-border CBDC trial is
launched by Swiss National Bank and
Bank of France;

– Sweden proceeds with the second phase
of test including the transactions with
outside entities;
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TABLE 17: Digital currency by Country

– Central Bank of Nigeria announces its in-
tentions to create a digital currency the
eNaira and launches it in October of the
same year.

• 2022:

– China expands its tests to six ad-
ditional regions: Tianjin, Chongqing,
Guangzhou, Fuzhou, Xiamen, and six
cities in the province of Zhejiang;

– Sweden reaches the third phase which
is focused on requirements to launch e-
krona;

– Federal Reserve Bank of Boston releases
initial detail of Project Hamilton a poten-
tial CBDC for United States.

In the following paragraphs the focus will be
put on two main pilots which are currently ongoing
(China and Caribbean’s digital currencies) and the
official currencies of Bahamas. A focus will be also
on the pilots and studies made by Canada, Uruguay
and Sweden that are already completed. Although
most of the nations are still trying to understand
how to put in place a CBDC project, some countries
have already launched a CBDC or at least a pilot
CBDC. At this moment there is only a country with
a working CBDC which is the Bahamas, but some
interesting pilots are run, involving actual users, by
other central banks like: People’s Bank of China and
Eastern Caribbean Central Bank. Table 17.

Goals of the Projects

Central banks linked to the projects previously cited
shared the goals they have regarding the introduc-
tion of the CBDC in their market and they are similar
for all the projects. The main goal linked to the intro-
duction of CDBCs is for all the projects the financial
inclusion, since for the nations involved can be diffi-
cult to reach all the population using the classic pay-
ments methods. For the Chinese government can be
difficult to reach people in remote regions of its na-
tion, whilst for the Bahamas and the Caribbeans the
problem is the cost faced by the banks to provide
services, this cost is so high that banks withdrawn
from the nations. Other two important goals for all
the projects are:

• Efficiency of the payments;

• Increase in the resiliency of the payment sys-
tem.

Efficiency of Payments

Operational costs are higher in nations where the
use of cash and checks is prevalent. Additionally,
existing digital payments might be quite expensive
in some nations. Therefore, CBDC is a viable instru-
ment for policymakers to offer less expensive dig-
ital payment methods. Due to central banks’ non-
profit status, they may be able to provide low-cost
payments as a public good, subject to the potential
need to eventually recoup expenses. Both physical
and current digital payments incur substantial fees
in the Bahamas and the ECCU. The high expense
for government organizations to pay residents who
lack bank accounts in cash has been a significant ad-
ditional factor in the Bahamas. Although the pay-
ments are already highly digitalized in the urban ar-
eas also the Chinese central bank expressed a desire
to improve its payment services [15].

Resiliency of the Payments System

For all jurisdictions, ensuring the ability to pay and
providing government transfers to people in dire sit-
uations is crucial, but disaster-prone countries place
a higher priority on this policy objective. Resilience
is therefore viewed as a crucial policy objective for
the Bahamas and the ECCU. Both are made up of
islands in an area prone to natural calamities. An-
other kind of risk in the robustness of the payment
system is present when there are only a few signif-
icant players, countries with a heavily digitalized
payment sector worry about disruptions to digital
services and concentration issues. For instance, Ali-
Pay and TenPay/WeChat Pay dominate the mobile
payment market in China. The Chinese payments
system may suffer significant implications if these
businesses fail, according to the PBOC. The PBOC
has stated that one of its key policy objectives is for
the e-CNY to serve as a fallback for current digital
payment options [15].

Differences Among the Projects

Some differences can be found among the three
projects regarding the following points:

• Access to payments;

• Sovereignity/competition in the market;

• Illicit use of money.
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TABLE 18: Project comparison

Access to Payments

Payment accessibility is related to but distinct from
financial inclusion. Even nations with high rates of
financial inclusion may nonetheless experience dif-
ficulties with payment access. Some central banks
are worried that a decline in the use of cash would
make the issue worse and that commercial payment
service providers may not find it profitable to offer
services to all segments of the population. There-
fore, some countries are looking into how a CBDC
may contribute to or protect the goal of universal
payment access. This point is crucial only for PBOC
and Bahamas whilst the ECCU does not consider it
fundamental [1].

Sovereignty/Competition in the Market

These points are considered crucial by the Chinese
government because although countries have long
faced the risk of currency substitution, it’s feasible
that new varieties of digital currency could offer a
competitive advantage over more traditional curren-
cies. The ability of a nation to carry out various es-
sential central bank tasks, such as monetary policy
and lender of last resort, may be compromised if a
sufficiently sizable section of the populace accepts a
foreign digital currency or a global stablecoin. PBOC
stated that they are investigating CBDC also to se-
cure monetary sovereignty in a digital future. Re-
garding the competition CBDC may promote it in a
nation’s payments sector in two different ways: di-
rectly by taking on already-existing payment meth-
ods, and indirectly if the CBDC is envisioned as a
platform for private payment service providers.

Illicit Use of Money

Cash has some characteristics that make it appeal-
ing for illegal transactions, such as anonymity and
the lack of an audit trail (for example, tax evasion,
money laundering, and terrorist financing). CBDC
might help to solve this issue. However, only the Ba-
hamas now includes reducing the use of money for
unlawful purposes as one of its main policy goals
for its CBDC (Table 18).

Differences in the Implementation Plans

In this chapter the differences between the three CB-
DCs will be alighted and discussed their pro and
cons. The first fundamental point for each project
is the financial stability of the country. For the cen-
tral banks the introduction of CBDCs into the mar-
ket must not ruin the stability of the country thus
some actions were put in place to avoid a migration
from classic bank deposits to CBDCs accounts. In
particular two measures on CBDCs accounts were
introduced:

• No interest rate on CBDC;

• Maximum amount of CBDC holdable.

The first point aims to make CBDCs less inter-
esting in terms of saving account maintaining their
attractiveness as methods of payment. The second
point is clearly in place to avoid the possibility to
have migration from bank accounts to CBDCs’ ac-
counts. Putting in place a limit to the amount of
holdable CBDCs is clearly a huge obstacle for a mi-
gration from a bank account to a CBDCs account.
The two measures above are implemented by all
three projects under analysis with slightly differ-
ences. Another crucial point is the anonymity. One
of the primary benefits of cash is anonymity, and the
rise of digital payments affects the legal or accept-
able demand for anonymity among some groups
of people or for particular purposes. Financial
inclusion and anonymity are related because non-
anonymous payment services frequently call for ob-
taining expensive or time-consuming forms of iden-
tification. However, anonymity can also be abused
and therefore make AML/CFT policies less effective.
Therefore, anonymity presents a trade-off for poli-
cies: the more the anonymity, the higher the risk for
criminal use. All three of the current CBDC projects
have opted to address the policy trade-off between
financial inclusion/anonymity and AML/CFT com-
pliance in the same manner. Their strategy has
been to offer a tier-based range of wallets with var-
ious threshold levels. For those with lower limits,
anonymity is increased. As a result, CBDC can be
more easily implemented in underserved or rural ar-
eas where virtual identification can be challenging.
As a result, using tiered CBDC wallets can increase
financial inclusion, anonymity, and risk-reduction of
bank runs. So far, all the three projects are aligned
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TABLE 19: Project comparison - Canada, Uruguay, Sweden

TABLE 20: Project comparison - Bahamas, China, Caribbean

on the design features described, some differences
emerge in the next two points:

• Off-line payments;

• Cross-border payments.

Off-line Payments

To boost resilience in emergency scenarios, such as
during natural disasters and armed conflicts, it is
crucial to be able to make payments when not linked
to major telecommunications networks. Off-line ca-
pacity is thus associated with the policy objective
of resilience and is crucial in geopolitically unstable
or disaster-prone locations. The PBOC particularly
underlines the significance of off-line functionality
in regions with sporadic telecom access, which fre-
quently coincide with regions with poor financial
inclusion. The Bahamas believes that off-line func-
tionality is crucial, but they have had trouble imple-
menting it. The pilot showed that the intended lo-
cal off-line network solution, which was based on
adding local redundancies to the primary telecom-
munications system, fell short of meeting the policy
objective. The necessary communication towers are
susceptible to the same weather issues as the pri-
mary telecommunication infrastructure. Addition-
ally, the local networks’ restricted geographic cov-
erage makes it challenging to transfer money across
islands. The CBOB is currently seeking alternatives
with the help of its major contractor. On the other
hand, the PBOC announces that after testing sev-
eral options, off-line payments are now sufficiently
secure and effective. These include hardware-based

e-CNY wallets that can make payments to other mo-
bile phone wallets nearby without using the Internet,
such as those that are held as cards or installed in-
side of mobile phones. Each user is only permitted
to make a certain number of off-line payments be-
fore being required to go back online to access the
main ledger. This is done to minimize the impacts of
unauthorized device tampering, which might result
in double spending and counterfeiting. To further
minimize risks, offline payments in e-CNY use sev-
eral technologies, including as digital signature and
encrypted storage. The ECCB instead seems not in-
terested in the possibility to have off-line payments
(Table 20).

Cross-border Payments

CBDCs are being evaluated more and more by cen-
tral banks and international organizations in an ef-
fort to improve the effectiveness of cross-border pay-
ments, which are typically expensive and ineffec-
tive. In order to investigate ways to advance this
objective, including through CBDCs, the G20 has
launched an ongoing engagement between interna-
tional organizations and national central banks. On
the other hand, as retail CBDC becomes more widely
accessible, negative macroeconomic effects such in-
creased currency substitution and sensitivity to fi-
nancial shocks are possible. In the context of the G20
roadmap to improve cross-border payments, these
potential dangers and ways to mitigate them are
being explored. While carefully examining cross-
border issues, the three jurisdictions in this anal-
ysis largely err on the side of their domestic con-
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TABLE 21: Project comparison - Canada, Uruguay, Sweden

cerns. The PBOC has collaborated with the BIS
Innovation Hub and other national central banks
on the multi-CBDC Bridge project, an experimen-
tal CBDC arrangement leveraging DLT to facilitate
cross-border payments, and is also investigating how
a retail CBDC, such as the e-CNY, can be used for
cross-border payments. The use of the Sand Dol-
lar outside of the Bahamas is currently prohibited.
It has been stated that cross-border payments must
be made through commercial banks in conventional
non-CBDC Bahamian dollars and that the Sand Dol-
lar is only meant for local use. However, after sign-
ing up for an account with a modest cap on both
balances and monthly transactions, foreigners can
hold and use Sand Dollars when traveling to the Ba-
hamas. However, within the next three years, the
central bank intends to investigate Sand Dollar cross-
border functioning. In order to facilitate remittances
and trade in the region, the ECCB has started conver-
sations with other regional central banks about the
interoperability with legacy payment systems and
platforms. But right now, ensuring that DCash func-
tions for domestic needs is the top concern. Despite
operating within a monetary union and using the
same central bank, the DCash officially constitutes
the first experiment of a single CBDC used for cross-
border payments because the ECCU is made up of
eight distinct countries, see Table20.

Others Projects and Pilots Projects Already Com-
plete

Beyond the projects described in the previous chap-
ter there are other studies and pilots that already
ended as for example the ones of Canada, Uruguay
and Sweden. In particular, Canada made only a
study regarding CBDCs and given its current sit-
uation of payments system decided to not pursue
the creation of a digital currency. However, Canada
keeps an eye on the situation and builds the technol-
ogy to create it in case the matter becomes urgent.
Sweden on the other hand has not taken a decision
about the e-krona yet. The Riks’ bank has created
a proof of concept and is investigating CBDC from
a technological and policy perspective. The last na-
tion, Uruguay, due to a change in the leadership and
a lack of resources didn’t start the second pilot af-
ter the first one on 2018 regarding the e-peso. In

table 21 it is possible to have a recap of the goals
of these three projects.Even nations with high rates
of financial inclusion, like Sweden, may nonetheless
experience difficulties with payment access. Some
central banks are worried that a decline in the use
of cash would make the issue worse and that com-
mercial payment service providers may not find it
profitable to offer services to all segments of the pop-
ulation. Also, for the Bank of Canada it is a funda-
mental policy objective the access to payments, de-
spite almost universal financial inclusion. Uruguay
on the other hand is more focused on financial in-
clusion due to its lower diffusion of other payments
systems. Regarding resilience the Riksbank found
single points of failure among a few major actors
that could be a risk in a society without currency
as a backup or "redundancy" systems The Bank of
Canada has also warned that declining cash usage
may result in reduced payment resilience because
cash can serve as a fallback when digital payments
are inoperable. That is way both nations highlighted
the possibility to use CBDC to create a more resilient
payment system. Both Sweden and Canada consider
sovereignty and competition important factors in the
development of a CBDC. In tables 19-21 it is possi-
ble to find a recap of the implementation plans of the
three countries and a brief description of additional
projects alongside a recap of the ones debated in this
article can be found in tables 22- 23.

CBDC - Pro’s Con’s

Pros and Cons List

Here below are listed different pros that could hap-
pen in the economic structure due to the introduc-
tion of CBDC.

CBDC Benefits to Real Economy

Due to decreases in net interest expenses, the
implementation of a CBDC regime would also be
connected to a long-term rise, in ongoing consoli-
dated fiscal income flows. So, whilst maintaining the
deficit and debt targets, the fiscal authority would
be allowed to boost spending or cut tax rates.
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TABLE 22: CBDC Projects - Banks Activities 1/2

Reduction in Transactions’ Services and Fees Cost

A reduction in transactions’ fee cost could be
possible depending on the type of validation cho-
sen by the Central Bank. The cheapest option for
running a CBDC system would obviously be a fully
centralized design, but this would come with greater
resilience risks that are likely to be regarded undesir-
able. Another option could be a fully permissionless
distributed system, similar to those used in private
digital currencies, but it will almost definitely in-
clude the addition of prohibitive societal costs if
the system has to scale to a macroeconomically im-
portant level. A third option is possible, a sort of
permissioned distributed architecture, this choice
would increase the efficiency and the resilience of
the system providing a reduction to the burden of
costs on real economy. Moreover, with lowered re-
quests in term of capital to become a verifiers in this
system than to become a member bank, it is reason-
able to assume a greater competition in the world of
payment services. This greater competition would,
almost certainly, lead to a reduction of the requested
fees and thus to a benefit for the final client.

Account Services (Account Based)

In a world with a functioning system based on
CBDC for the clients’ it would be equivalent to have
a "classic" bank account than rather an only CBDCs

based account. This equivalence between these two
systems would lead to a bitter competition on the
market of deposit accounts and thus to better condi-
tions for the consumers.

Final Settlement and Collateral

Is well known that any tier-based payment sys-
tem must consider counterparty risk between its
participants. Tiered systems need that collateral
be placed by more "junior" members of the system
with the clearing member that sits above it. This
represents an opportunity cost to member banks,
they would rather hold alternative, higher-yielding,
assets instead of the required collateral assets with
high liquidity and low credit risk. Contrarily, a
CBDC system would let final settlement to take
place directly between payee and payer, across the
balance sheet of the central bank. As a result, there
is no need to post collateral as insurance against
counterparty risk and so the shortage of good col-
lateral that could be avoided. This usage of CBDC
could have a great impact on macroeconomy and
financial stability.

Improvement of Quantitative Easing (QE)

The effectiveness of QE will depend on how well
it interacts with the incentives of commercial banks.
QE also depends on reducing monetary transaction
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TABLE 23: CBDC Projects - Banks Activities 2/2

costs through the injection of liquidity into the econ-
omy. Since only commercial banks are permitted to
hold reserves at the central bank, any acquisition of
securities from the non-bank private sector financed
by reserves needs intermediation through a commer-
cial bank, resulting in an expansion of the latter’s
balance sheet. Any positive effects of the injection
of real money balances into the economy will be
proportionately diminished to the extent that banks
have other incentives that induce them to offset any
rise in their balance sheets brought on by QE. Con-
trarily, CBDC-funded asset purchases do not need
the assistance of commercial banks because they
would include a direct exchange of funds between
the central bank and the non-bank sellers of the as-
sets being bought. Therefore, the risk of commercial
banks deciding to counter these asset acquisitions
should not exist. Therefore, a countercyclical injec-
tion of CBDC may be more effective than conven-
tional QE in the event of a contractionary shock.

Money Mobility

In the current framework, central banks have spe-
cific times of operation to permit the maintenance
of their systems. In a permissioned architecture,
being a decentralized system, there would be the
possibility for each transaction verifier to stop its op-
erations to execute maintenance without impacting
the whole system.

Resiliency of the Payment System

Because end customers will have a backup plan
in case one system fails and because the underlying

technology would use a distributed design, CBDC
would probably boost payment system resilience
relative to current payment systems. In the current
state of the art, if a member bank stops to work
due to IT failure or default, there could be problems
for the population to access to the payment system.
A distributed payment system, on the other end,
would be far more robust to this kind of events since
each transaction verifier is not fundamental in order
to have a functioning system. Moreover, in the case
of a real bank failure, CBDC might potentially con-
tribute to a quick reliable resolution. When a default
happens depositors cannot use their accounts to ac-
cess payment services during the payout phase of
deposit protection schemes, which normally takes
several days. CBDC may offer the possibility of
transferring the impacted deposit balances to the
central bank, providing continuity of service within
hours.

Increase in the Amount of Data

The fact that all transaction verifiers, and pre-
sumably the privates as well, could have real-time
access to the whole history of transactions is a cru-
cial component of distributed-ledger payment sys-
tems. As a result, CBDC would offer policymakers
a greatly increased amount of data, allowing them
to quickly track how the economy reacts to shocks
or changes in policy. For managing macroeconomic
stability, this would be beneficial [13].
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Issuance Risk in CBDC Framework

The introduction of CBDC could also introduce
some issues due to its nature, here below there are
some samples:

Risk of Diaspora from Bank Deposits and Finan-
cial Stability

The banking industry can suffer as a result of
the issuance of a CBDC. If the CBDC bears inter-
est, it might challenge bank deposits, limit banks’
ability to act as intermediaries, and even have an
impact on the credit and financial markets. Banks
may first need to replace deposit funding with either
more expensive market-based funding or borrowing
from the central bank. If they choose the first course
of action, lending may be more expensive, and the
amount of credit available to the economy may de-
crease or become more unstable. If they choose
the latter, they would have to give the central bank
enough collateral, which would drive up the price of
secure assets and change their market rates. Second,
and relatedly, banks may offer auxiliary services
or raise compensation in an effort to stabilize de-
posits. If banks don’t improve their efficiency, this
could affect their profitability and, as mentioned
above, decrease the availability of lending. Third,
banks may find themselves taking more risks. They
might accept riskier assets on their balance sheets
in an effort to increase yields in order to make up
for the decline in deposits. Their ability to assess
risk may suffer from having fewer depositors and
less knowledge of them. Fourth, depositors might
be motivated to seek out CBDCs during tough fi-
nancial circumstances. The CBDC would provide a
liquid alternative to deposits that would be thought
of as being safer because it would be a direct claim
on the central bank. In some tense situations, the
possibility of a bank run is not immediately appar-
ent. Depositors and investors would often flee all
local assets, including a CBDC, during a currency
or sovereign crisis. On the other hand, a run into
the CBDC may be more likely during a bank crisis.
A strategy to reduce the effects of a possible dias-
pora could be the issuance of new CBDCs from the
central bank only against government bond. This
means that a private, to switch his deposits from a
bank account to CBDCs, needs to buy government
bonds through the bank. So, when this exchange
happens the funds in the deposit are reinserted in
the banking system instead of leaving it.

Cyber Attacks

A CBDC may be susceptible to the same cyber
dangers that affect other digital or electronic pay-
ment methods because it is a digital currency. For
instance, if verification for the CBDC is lax and it is
account-based, a cyberattack might be launched to
make money through fraud. Similar to this, if the

CBDC lacks sufficient protection, such as those that
separate identification and transaction information,
a data leak could happen, exposing sensitive and
personal information to criminals or uninvited third
parties. In both situations, the central bank may be
liable for errors, theft, or fraud. This would suggest
threats to the central bank’s reputation, which might
prevent the CBDC from being adopted.

Illicit Actions

If we consider a token based CBDC it could be
possible to use it to pay for illicit actions. Some
examples could be paying for weapons/drugs or re-
quest payments for ransoms. The solution to avoid
such behaviors would be the adoption of account
based CBDCs.

Risk Associated with Foreign CBDC and Other
Digital Currencies

Private digital currencies and foreign CBDCs
could provide two connected problems for many
central banks. The first is currency substitution,
or the rapid replacement of local currency by for-
eign or digital currency. The second is a strength-
ening of capital flow volatility, which means that
capital flows may become more susceptible to do-
mestic and international economic and financial sit-
uations. Due to the potential for increased acces-
sibility, decreased transaction costs, and flattening
the multi-layered structure now necessary for cross-
border transactions, CBDCs and private digital cur-
rencies may present both of these issues. As a result,
it would be simpler for users to move from local cur-
rency to non-local currency, do business in non-local
currency, and transfer wealth abroad.

Privacy and Security

Some central banks including the ECB with the
SEBC are developing a regulatory system that sup-
ports the introduction of digital currencies in terms
of privacy, anti-money laundering and counter-
terrorism. The definition of privacy translates into
guaranteeing the anonymity of transactions within
the CBDC payment system. Allowing a high level
of privacy is in stark contrast to the many rules re-
lated to anti-money laundering (AML / CLT). A trait
union is needed that allows central banks to con-
trol both dynamics through a smart and efficient so-
lution. A plausible proposal is the creation of an
"anonymity voucher" resulting from the collabora-
tion between ECB and Accenture with R3. The first
limit imposed is on the amount of incoming and
outgoing transactions by users governed by an auto-
matic validation system that sets a limit threshold for
each user and on a single wallet by observing the his-
tory of transactions carried out. Intermediaries are
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also involved in this system and must instantly guar-
antee the flow of information necessary to manage
controls efficiently. The distributed register of trans-
actions (DLT) must include a series of information
that guarantees the anonymity of users and at the
same time prevents the transfer of information[11].

Architecture and Main Elements of the System

Let’s review the tools and authorities that play a
primary role that in an ideal system should be con-
figured to activate a solid payment system based on
the principles of privacy and AML / CLT.

User Addresses

Intermediaries must register pseudonymous
identities with their customers used as personal
addresses for the register of digital payments in elec-
tronic money.

Anonimity Voucher

The vouchers are issued by the anti-money laun-
dering authorities at well-defined time intervals for
each customer and in a limited number according to
the criteria of transaction history, the type of subject
and the type of account. The issue is carried out
free of charge and transferability between users is
prohibited and anonymity must be guaranteed by
encrypting the amounts of CBDC that users transfer.

Issuance and Transfers

The issue takes place following a request from
the customer to an intermediary, who turns to the
central bank that distributes electronic money. As
a result, the issuing central bank does not restrict
the availability of CBDC in a way that would result
in an excessive demand from its users because re-
strictions are only put in place at the level of each
individual wallet. The central bank approves the
issuance request through its node, debiting the in-
termediary’s reserve position and approving the cre-
ation of additional CBDC units.The units are subse-
quently deducted from the original client’s private
money account with the intermediary and added to
their CBDC account. The link between the CBDC
system and the real-time gross settlement system
(RTGS) where intermediaries hold their central bank
money reserves is simulated by a local service where
information on commercial bank account balances is
stored with the central bank. Limits on the amount
of CBDC that can be transferred over a given period
of time and ceilings on individual users’ CBDC hold-
ings are applied at the level of individual intermedi-
aries, who will be forced to reject transactions that
violate AML / CFT requirements by:

• Respect for the rule of law;

• Financial incentives (as they will not be able
to redeem CBDC shares at the central bank if
these shares have been illicitly transferred at
any time).

In this context it should be noted that limiting the
amount of CBDCs at the level of individual portfo-
lios would indirectly allow for control of the overall
volume of CBDCs.

Redemption

Through the involvement of intermediaries it
is possible to convert electronic money into other
forms of currency. Following a conversion request,
the intermediary withdraws the amount of CBDC
from the customer’s wallet and marks them as
expenses[11]. The request is sent by the intermedi-
ary to the central bank, recovering the funds in the
RTGS system and then updating the balance of the
customer’s private account.

Critical Points

The considerations above show that It is conceivable
to provide a simplified AML/CFT check require-
ment for higher value transactions while still pro-
tecting user privacy for lower value transactions in
a CBDC payment system. Nevertheless some critical
points emerge from this analysis as:

• Reduce the amount of information visible to
parties noninvolved in the transaction;

• Possibility to spend CBDC when the interme-
diary is not available;

• Add additional techniques to improve privacy.

Reduce the Amount Information Visible to Parties
Noninvolved in the Transaction

Concerns about the effect of the transaction vali-
dation method on confidentiality are an issue that
would need to be resolved. In order to validate a
CBDC transaction in the proposed model, interme-
diaries must consult data on all previous exchanges
of the CBDC units that are being transferred, starting
from the time when they were first issued. Therefore,
a participant can create a knowledge graph based on
data gathered from the CBDC units it gets over time,
notwithstanding the data segregation architecture of
the proposed model. This implies that information
about previous transactions may be seen by interme-
diaries of new holders who were not parties to those
transactions. However, no intermediate has a com-
plete picture of all network activity at any given mo-
ment. The amount of circulating CBDC is known to
the Central Bank but it can receive information about
CBDC units and holders’ pseudonyms only when
the user redeems his CBDC units. This problem can
be partially solved by "chain snipping," which is the
process of cutting a state’s historical record. In this
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technological process, an intermediary starts the re-
demption of all CBDC units that are held in the ac-
counts of its users and then starts the issuance of the
appropriate quantity of CBDC for each user. Using
this technique it is possible to limit the amount of
information that is visible to other participants by
clearing the history of a user’s units. That doesn’t,
affect the user’s privacy with regard to the central
bank, which continues to receive all data carried by
redeemed units.

Possibility to Spend CBDC when the Intermediary
Is not Available

The proposed model might be improved by adding
a feature that would let users hold CBDC units and
start transactions without their original intermedi-
ary. The users of the current prototype will be un-
able to access their CBDC balances or spend units
due to a technical issue with the original intermedi-
ary. This problem could be solved by allowing users
to sign transactions using keys saved on their own
device and granting access to the user’s "back-up"
CBDC units to intermediaries other than the origi-
nal one.

Add Additional Techniques to Improve Privacy

Using techniques like rotating public keys, zero-
knowledge proof, and enclave computing could fur-
ther improve privacy. The ability of nodes to con-
nect transactions to specific users would be con-
strained by the usage of rotating keys, which would
require users to often create new pseudonyms. This
is because users would employ a variety of differ-
ent pseudonyms throughout time. The AML au-
thority would be aware of the true identities of the
payer and the payee whenever transactions without
anonymity vouchers were sent for approval, and in-
termediaries would still be aware of all transactions
started and received by their respective customers.

Implication of CBDC on
Monetary Policy

Monetary Policy Perspective

For the traditional monetary policy [9]:

• Objective is ensure the economic and finan-
cial stability;

• Target is obtained with maximum employ-
ment and low or stable inflation with the tar-
get fixed at 2%;

• Framework is support liquidity in financial
markets and maintain the flow of credit;

• Policy tools as disposure of monetary author-
ity or central bank to support money supply,
interest rate, reserve ratio, open market opera-
tions.

Money supply defined as the total amount of money
of cash, coins and balances in bank accounts in cir-
culation. The monetary aggregation is distinct in

• M0 the sum of currency in circulation and re-
serve balances;

• M1 the sum of currency held by the public
transaction deposits at depository institutions;

• M2 the sum of M1 plus saving deposits, small-
denomination time deposits and retail, money
market mutual fund shares[2].

This monetary aggregation has a strictly relation
with GDP and the price level. The currency in active
circulation (CIAC) constituted by coin and notes is
well known as cash. If CBDCs were to be issued, the
central banks should decide whether these must be
included in the aggregation as digital money/coin.
Adding a CBDC in CIAC has several implications,
for example a new classification for M012 and there-
fore also for M1 and M2 is needed.

Direct Implication on Monetary Policy with CBDC

The central banks use money supply into the finan-
cial system as important instrument to govern the
monetary policy. Those monetary policies during fi-
nancial global crisis are inefficient and unstable since
they do not affect directly the citizens, so the im-
portance of monetary supply in many countries has
diminished over time[6]. Central banks around the
world are facing challenges against the listed below
money supply initiatives:

• Purchase of long-term bonds have resulted in
zero or negative short-term interest rates (Liq-
uidity trap and policy impotency).

• Injecting liquidity to core funding markets
and maintain the flow of credit has resulted
in asset price inflation with a huge central
bank balance sheet (Liquidity crunch and as-
set price inflation).

• Stress in the currency and local bond markets
due to Covid-19 because many emerging mar-
kets have used foreign interventions and de-
ployed for the first time asset purchase pro-
gram (Foreign exchange risk).

• A dedicated enhancement process is needed
to operationalize new regulatory functions,
this could be done mapping an analysis of
systematic vulnerabilities into macro pruden-
tial policy action. The aforementioned process
must ensure that policymakers receive clear
objectives and powers to enact laws, cooper-
ating with financial regulators[3].

12Which should comprise the digital currency in circulation.
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TABLE 24: Political and Monetary Impact

The monetary policy rules are to alter the nomi-
nal policy rate in accordance with the long-term real
rate, adding to it the long-run inflation gap and the
long run output gap. Here below are mentioned the
five formulas used by central banks:

• Taylor rule (1993);

• Balance-approach rule;

• Balance-approach (shortfalls) rule;

• Adjusted Taylor rule (1993);

• First different rule.

Taylor rule is a formula showing how a central bank
should variate the nominal rate as a response to
shocks causing deviation of GDP and inflation rate
from their target values. All those rules in the past
predicted huge negative interest rate and is known
that these risk prescriptions do not perform well
since they led to an asset inflation increase. The
rules for policy rate do not explicitly recognize that
the monetary policy drivers include other tools, such
as example large-scale asset purchases (Quantitative
easing) and forward guidance. Those unconven-
tional measures are especially relevant when the pol-
icy rate is constrained by what is known as effec-
tive lower bound. Effective lower bound refers to
the cuts in the monetary policy interest rate that no
longer provided stimulus to aggregate demand and
GDP or where, in the adverse case, the financial as-

set price rise. After the global financial crisis (2008-
2010) policy interest rates set well below the equi-
librium, in an effort to provide support to demand
and reduce the risks of deflation. Reverse Repo is
another way to inject liquidity, especially when in-
terest rates is very low. Central banks use reverse
repos to add cash to the money supply via open
market operations. Repos and reverse repos are
used for short-terms borrowing and lending, often
overnight[17]. An overnight Reverse Repo is a short-
term agreement to purchase securities in order to sell
them back at a slightly higher price. CBDC has the
same implication because pays interest. Overnight
Reverse Repo Purchase facility allows:

• The expansion of the reach of central banks
liabilities;

• Control of overnight interest rates;

• Promote efficiency, when supported by a large
central bank balance sheet.

At the same time the downside of this policy is that
paying a high interest rate on overnight balances in-
creases the probability of flight to safety. The pay-
ment of interest is in conflict with the assumptions
posed in first chapter discussing about the monetary
role of CBDC. Other political and monetary implica-
tions are resumed in the table 24 above extract from
BIS paper.
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Conclusions

Preferring one specific form of CBDC design over
another is not the key to solve regulatory gaps and
inconsistencies, that are at the base of the differences
between the CBDC account based from the token
based. Proposing an hybrid and synthetic CBDCs
structure would allow central banks its issuance as
a liability, the use by all customer segments and
the involvement of commercial banks in brokerage
relationships. Token-based CBDC would represent
a new form of currency, embedded in an intangi-
ble asset, that is authorized to be transferred using
blockchain technology. Conversely, account-based
CBDC is not considered as new form of money, but
a digital ledger on which are noted the changes sta-
tus of the bank accounts. However, in this last form
of CBDC, the public must obtain specific authoriza-
tion to open bank accounts. Solid regulation and
robust design features would allow to overcome a
number of critical issues of which the DeFi ecosys-
tem and cryptocurrencies suffer heavily. All com-
pleted and unfinished CBDC projects aim to receive
a feedback on the behavior of digital currencies in
the real world. The requirements that the CBDC
must guarantee concern financial inclusion, a very
low fee level, the possibility of making cross-border
payments and offline execution. Alongside the high
standing of requirements necessary for the introduc-
tion of CBDCs in the monetary and financial sys-
tem, emerged several controversial privacy and se-
curity issues. If on one hand it is possible to drasti-
cally reduce the problem of counterfeiting thanks to
blockchain technology, on the other hand it would
expose the general public to the infringement of the
right of anonymity by central banks. Regulating
efforts aim to introduce vouchers as technical solu-
tion with specific limitations. The impact studies
conducted by the central banks have also been di-
rected to monetary policy issues, trying to measure
the actual implications relevant to the adoption of
conventional and non-conventional measures. The
resulting benefits derive from the acceleration and
the greater force with which monetary policies suc-
ceed in being applied. Overall, several technical and
regulatory developments still need to be made to
obtain a digital currency that can coexist with the
whole traditional financial system. The efforts made
by central banks demonstrate the strong interest and
potential that CBDC offers thanks to its versatility
and capacity for financial inclusion.
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