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41.	 FROM BROWN TO GREEN: CLIMATE TR ANSITION AND 
MACROPRUDENTIAL POLICY COORDINATION1

Federico Lubello2

ABSTRACT

We develop a dynamic, stochastic general equilibrium (DSGE) model for the euro area that accounts for 
climate change-related risk. The model features polluting (“brown”) firms and non-polluting (“green”) 
firms and a climate module with endogenous emissions modeled as a byproduct externality. In the 
model, exogenous shocks propagate throughout the economy and affect macroeconomic variables 
through their impact on interest rate spreads. We assess the business cycle and policy implications of 
transition risk stemming from changes in the carbon tax, and the implications of micro- and macro-
prudential tools that account for climate considerations. Our results suggest that a higher carbon tax 
on brown firms dampens economic activity and volatility, shifting lending from the brown to the green 
sector and reducing emissions. However, it entails welfare costs. From a policy-making perspective, 
we find that when the financial regulator integrates climate objectives into its policy toolkit, it can mini-
mize the tradeoff between macroeconomic volatility and welfare by fully coordinating its micro- and 
macroprudential policy tools.
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Analytical Methods for comments and feedback. All errors are our own. This contribution is a short version of an article that 
was published in the Journal of Risk and Financial Management, 2024, Volume 17, Issue 10, for the Special Issue “Dynamic 
Stochastic General Equilibrium Models, Energy Policy, and Climate Change Adaptation”.
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1.	 INTRODUCTION

“Climate change has consequences for us as a central bank pursuing our primary mandate of price stability, 
and our other areas of competence, including financial stability and banking supervision.”

Christine Lagarde, President of the European Central Bank.  
International Climate Change Conference, Venice, 11 July 2021

A fundamental aspect in the climate crisis mitigation strategy of the European Union’s Green Deal 
involves the reduction of greenhouse gas emissions (GHG) by at least 55 percent by 2030 compared to 
1990 levels and ensure reaching “net zero” by 2050 (Allen et al. 2018). Achieving the above targets is 
paramount to the ability of limiting global warming to well below 2°C relative to pre-industrial levels 
by the end of the century and preventing severe and potentially irreversible impacts on the planet’s 
ecosystems, human health, and economies.3 To unlock a massive shift of investment from fossil fuel 
to renewable energy sources, the Green Deal commitment requires a sizable capital mobilization. The 
European Commission estimates that by combining public and private funding sources, a capital mobi-
lization of at least €1 trillion in sustainable investments is needed over the next decade (European 
Commission, 2019). The substantial changes in policies, technologies, and market dynamics as econo-
mies shift towards carbon neutrality create financial uncertainty and potential losses. These factors 
represent a significant source of transition risk that impact households, firms, and the financial sector. 
In this respect, the banking sector in the euro area is exposed to high-emitters for over 70 percent 
of the corporate lending portfolio. Economists generally consider the carbon tax on emitters to be 
the most economically efficient approach to reducing emissions (Akerlof et al. 2019). However, there 
is a growing consensus that carbon pricing alone cannot fully address the chronic effects of climate 
change. In addition, the implementation of carbon pricing mechanisms gives rise to several challenges, 
which include asymmetric distributional impacts that disproportionately affect lower-income groups 
and regions (Grainger and Kolstad, 2010), potential carbon leakages and lack of harmonization (Aichele 
and Felbermayr, 2015), and political resistance (Blanchard et al., 2023). These considerations make 
carbon pricing a necessary but insufficient measure. Thus, achieving carbon neutrality hinges on an 
integrated approach encompassing a set of complementary policies, including monetary and prudential 
policies within the limits of their mandate. Against this background, policymakers have initiated work to 
quantify, monitor, manage and mitigate climate-related risks. A prominent example of such an effort is 
the Network for Greening the Financial System (NGFS), which has been pioneering work for the assess-
ment of climate-related risks and it has been developing reference scenarios to explore plausible path-
ways for climate policy, technological developments and their economic impacts on socioeconomic var-
iables (Bertram et al., 2020). In the same vein, the Financial Stability Board (FSB) has put forward views 
on the need for tools and policies to sufficiently address systemic risks arising from climate change. 
It acknowledged how systemic climate risks can give rise to abrupt increases in risk premia across 
a wide range of assets, altering asset price (co-)movements and amplifying credit and liquidity risks 
in ways that are hard to predict. In addition, from a financial stability perspective, the FSB’s assess-
ment calls for wide policy coordination, as microprudential tools alone may not sufficiently address the 
cross-sectoral, global and systemic dimensions of climate-related risks, as well as tail risks and the 
potential for the financial system to amplify their effects (FSB, 2023).

Despite a broad consensus regarding the relevance of climate-related risk for financial stability, the 
positions of policymakers on the policy options available to account for climate-related risks in the 

3	 “Net zero” is achieved when the amount of greenhouse gases emitted by human activities is equal to the amount removed 
from the atmosphere through natural processes (like forests and oceans) or technological means (such as carbon capture 
and storage), resulting in no net increase in atmospheric greenhouse gas concentrations over the reference period.
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4prudential framework are a source of debate and constantly evolving. In 2023, the European Banking 
Authority (EBA) ruled out the introduction of a green supporting factor or a brown penalizing factor 
in the short-term, firstly advocated by the European Commission, on the ground that the use of such 
adjustment factors presents challenges in terms of design, calibration, and complex interactions with 
the existing Pillar 1 framework. At the same time, the EBA has put forward recommendations for tar-
geted enhancements to accelerate the integration of environmental and social risks across the Pillar 
1, in order to support the green transition, while ensuring that the banking sector remains resilient.4 In 
this context, in 2023 the European Central Bank (ECB) jointly with the European Systemic Risk Board 
(ESRB) released a comprehensive common EU strategy for macroprudential policies to address climate 
risk, recognizing climate change as a systemic risk and paving the way toward a regulatory framework 
where microprudential and macroprudential policies can complement each other to ensure that the 
financial system is robust and resilient in the face of climate-related financial risk (ESRB, 2021). Finally, 
in its March 2024 statement on the review of the monetary policy operational framework, the Governing 
Council of the ECB acknowledged that the design of the new operational framework for steering very 
short term interest rates will incorporate climate change-related considerations into the structural 
monetary policy operations.5

In light of the above policy debates and the challenges of climate change, there is a pressing need to 
develop models that help in understanding the complex interactions between climate policies, regu-
latory policies, and other business cycle shocks. Such models are crucial for assessing their impact 
on macroeconomic variables under different sources of uncertainty and for quantifying the trade-offs 
associated with different policy measures. Despite the broad recognition that climate change-related 
financial risks pose micro-macroprudential concerns, analysis and research are at an early stage and 
the literature is scant. This paper aims at filling this gap. We build on the ongoing policy discussions, and 
design an environmental, dynamic, stochastic general equilibrium (E-DSGE) that focuses on the inter-
play between microprudential and macroprudential policies in a context of transition risk and assess 
policy implications.6 The key contribution of our paper is to show that a financial regulator that accounts 
for climate considerations can successfully adopt a combination of borrower-based and capital-based 
measures to contribute to reducing emissions in the short-term, but with longer-term welfare costs. 
We show that if the financial authority commits to the climate objective by fully coordinating its micro-
macroprudential tools, the financial stability-efficiency trade-off improves.

2.	 REL ATED LITER ATURE

Recent literature has shown that there are several mechanisms through which financial institutions 
can affect environmental outcomes, such as by promoting environmental sustainability through bank 
lending practices and by using green bonds for financing sustainable projects as a way for the finan-
cial sector to support the transition to a green economy. For instance, empirical evidence for the bond 
market has shown that climate-related factors matter for borrowing costs, as firms with high pollution 
levels generally incur higher capital costs, which appear to be a significant factor in providing incen-
tives to firms for adopting greener practices (Bolton and Kacperczyk, 2020, 2021; Krueger et al., 2020). 

4	 EBA press release of 12 October 2023.
5	 ECB Press Release of 13 March 2024 on the review of the operational framework.
6	 Climate-related risks encompass physical risk—such as damage to infrastructure and property from extreme weather 

events—and transition risk, which stems from the policy, technological, and market changes required to move towards a low-
carbon economy. The interconnected nature of these risks can cascade through financial systems, leading to sudden asset 
revaluations, increased credit risk, and market volatility.
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In taking climate-related considerations into account in our DSGE framework, our paper shares many 
features with canonical medium-scale DSGE models (Christiano et al., 2005; Smets and Wouters, 2007) 
and with a growing literature that introduces financial intermediation into well-established quantita-
tive macroeconomic frameworks (Gertler and Kiyotaki, 2010; Gertler and Karadi, 2011; De Walque et 
al., 2010; Brunnermeier and Sannikov, 2014; Sims and Wu, 2021). Most importantly, our paper relates 
to a burgeoning macroeconomic literature that attempts to introduce climate-related considerations 
into standard general equilibrium models. These models belong to different classes, which funda-
mentally differ in their underlying assumptions and modeling approach. A non-exhaustive classifica-
tion includes: computational general equilibrium models (CGE), agent-based models (ABM), Integrated 
Assessment Models (IAM) and more recently DSGE models. Early attempts to integrate climate risk 
into general equilibrium models largely focused on the impact of environmental policies and carbon 
taxes. Nordhaus’s DICE (Dynamic Integrated model of Climate and the Economy) and the RICE (Regional 
Integrated model of Climate and the Economy) models, while not DSGE models in the strict sense, laid 
foundational work by incorporating economic activity and environmental feedback loops. These models 
paved the way for DSGE models by illustrating the economic costs of climate change and the benefits of 
mitigation policies (Nordhaus, 1992; Nordhaus and Yang, 1996; Nordhaus, 2011; Dietz and Stern, 2015). 
Acemoglu et al. (2012) introduced a model where innovation in clean technologies reduces the long-
term impact of climate change. They emphasized the role of government policy in directing research 
and development (R&D) towards green technologies. Their model demonstrated that optimal policy 
could balance economic growth with environmental sustainability. Another strand of literature exam-
ines the interaction between climate policies and macroeconomic stability. For instance, Annicchiarico 
and Di Dio (2015) developed a DSGE model incorporating environmental policies such as carbon taxes 
and subsidies for green investment. Their findings suggest that well-designed environmental policies 
can enhance macroeconomic stability by reducing the economic volatility caused by climate shocks, 
while Van der Ploeg and Rezai (2021) developed a DSGE model for the optimal carbon pricing with 
stranded assets. However, none of the existing literature has assessed the role of micro and macro-
prudential policy and their interaction in the context of climate transition risk.

3.	 THE MODEL

In this section, we introduce the key ingredients of the model. The economy consists of households, 
labor unions, retailers, polluting (“brown”) and non-polluting (“green”) intermediate good firms, and 
banks. A central government conducts fiscal policy, a monetary authority conducts monetary policy and 
a regulatory authority conducts micro and macroprudential policies. In the model, households derive 
utility from consumption and from health status, which is positively influenced by their health expendi-
ture and negatively affected by emissions. Finally, households derive disutility from labor, which is 
supplied to labor unions at a nominal wage rate. Labor unions bundle together household labor supply 
according to a CES aggregator and provide labor inputs to each intermediate good producer. House-
holds allocate their labor income between consumption of a composite of brown and green goods and 
bank deposit earning interest. Production is horizontally integrated. Intermediate good firms produce 
output to be sold to sectoral retailers and are subject to a microprudential regulatory constraint that 
governs their ability to issue debt and obtain bank funding for new investment. Retailers transform the 
intermediate good at no cost into a final consumption good for each sector, in monopolistic competi-
tion and staggered price setting. The economy features a pollution externality arising as a byproduct of 
brown production. The central government sets a carbon tax on firms and levies an environmental tax 
on household proportional to brown consumption to internalize the negative externality of emissions 
on aggregate health. We assume that the resulting tax revenues are rebated to the green firm in the 
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4form of a subsidy to R&D expenditure of green firms, which boosts endogenous growth and productiv-
ity in the emission-free green sector. Hereafter, we denote the variables and parameters related to the 
brown sector with superscript or subscript “B” and those related to the green sector with superscript 
or subscript “G”.

3.1 HOUSEHOLDS

There is a continuum of identical households of measure unity. Preferences are defined over a con-
sumption bundle ( ), labor supply ( ) and a health-related indicator ( ), according to the following 
per-period utility:

(1)

where  follows a preference specification as in Bouakez and Rebei (2007) and Wolff and Sims (2017), 
with  being a composite of brown and green consumption,  and , respectively:

(2)

The parameter  measures the relative weights on brown and green consumption, and  is a 
measure of their elasticity of substitution. When , brown and green consumption are utility sub-
stitutes; when , they are utility complements. If , utility becomes additive separable. The 
parameter  is the coefficient governing the intensity of internal habit in consumption,  
is a scaling parameter for hours worked,  is the relative importance of health for the household, 

 
is labor supply across sector  to unions indexed by . The parameter  is 

the inverse of the Frisch elasticity of labor supply. To capture the impact of emissions on households, 
we postulate a negative nexus between health and emissions (see Coyle et al., 2003, Conceição et al., 
2001 and Daellenbach et al., 2020, inter alia, for supporting evidence) and similarly to Grossman (2017) 
and Halliday et al. (2019) we assume that household health evolves according to the following law of 
motion:

(3)

where  captures the impact of emissions ( ) on household health, the magnitude of 
which is governed by the parameters . The stock of emissions evolves as

(4)

where  is a constant rate of emissions abatement and  is the flow of new emissions.7 Equation (3) 
captures the fact that health is negatively affected by both the cumulative stock of emissions and the 

7	 Abatement may stem from several sources, such as improved efficiency in energy saving or carbon-capture technologies. The 
parameter  broadly captures the different sources of emission abatement.
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continuous flow of new emissions. As a consequence, the household needs to increase health-related 
expenditure, , in order to restore health status in .8

Each household can smooth consumption through nominal bank deposits ( ) that pay a gross interest 
rate, . The household is subject to the following nominal budget constraint:

(5)

where  is the price of the consumption good,  is the nominal rate for supplying labor inputs to labor 
unions,  denotes net real lump-sum transfers including profits from the ownership of all non-
financial firms and net worth from exiting intermediaries, as well as tax transfers to the government;  
is a real transfer to new financial intermediaries paid by households upon the entry of new intermediar-
ies. The objective of the household is to maximize utility subject to the law of motion of health-status 
and the budget constraint.

3.2	 PRODUCTION

There is an investment firm that creates new physical capital and sells it to intermediate good produc-
ers, which can be “brown” or “green”. The brown firm generates anthropogenic emissions, which we 
model as byproduct externality of production in the brown sector. Both firms rely on bank funding to 
finance the acquisition of productive inputs and face a “loan-in-advance constraint”. A continuum of 
retail firms repackage the intermediate output at no cost and resell it to a final good producer.9

3.2.1	 Emission externality

In the spirit of Heutel (2012), Golosov et al. (2014) and Barrage (2020), we model emissions as a negative 
consequence of economic activity. Therefore, we assume that flow emissions ( ) and brown economic 
activity ( ) are linked by a pro-cyclical emission function: 

(6)

where  is the emission-to-output ratio (or the emission intensity). The central government levies 
a carbon tax, , that is proportional to emissions, thus levying on emitters the following amount for the 
carbon tax: 

(7)

8	 For the purpose of our analysis we only focus on emissions as the only driver of health deterioration.
9	 See the version published in the journal for the full derivations. 
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43.2.2	 Brown firm

The representative brown firm adopts a production function that takes brown capital ( ) and labor  
( ) as inputs:

(8)

where  is the aggregate technological shifter, and  is the elasticity of capital. Brown capital accumu-
lates according to the law of motion:

(9)

where  is new investment and  is the depreciation rate of capital. The brown firm issues debt ( ) to 
finance new investment and is subject to a loan-in-advance constraint as in Sims and Wu (2020), which 
postulates that only a fraction  of investment can be financed by issuing new debt. That is:

(10)

where  is a parameter that proxies for the time duration of nominal debt priced at market 
price , so that  is the value of new issuance. 

The objective of the brown firm is to maximize profits, subject to the emission function (6), the carbon 
tax the capital accumulation equation (9), and the loan-in-advance constraint (10)

3.2.3	 Green firm

The representative green firm adopts the following Cobb-Douglas production 

(11)

where  is green capital,  is labor demand,  represents the carbon revenues obtained 
by the central government, which are rebated to the green firm as a R&D subsidy. The firm takes this 
input as given and employs it in the production function with elasticity,  is the aggregate 
technological,  is its elasticity of green capital. At the end of each period, the green firm purchases 
capital to be used for production in the subsequent period at nominal price, . Green physical capital 
accumulates according to a standard law of motion:

(12)
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The green firm issues perpetual nominal debt ( ) to finance new investment. Denoting with  
the constant fraction of investment that can be financed by the issuance of new debt, the following “loan 
in advance constraint” holds:

(13)

where  is the decay parameter of coupon payments, which proxies for the time duration of 
nominal green bonds ( ) with market price , so that  is the value of new issuance.

3.3	 BANKS

There is a continuum of banks indexed by . Their liabilities consist of household deposits ( ) and bank 
capital ( ). Their assets consist of holdings of brown and green corporate bonds,  and , respec-
tively, with market price  and . The balance sheet of bank  at time  reads as

(14)

The bank is subject to a capital constraint that endogenously limits leverage derived as a weak contract 
enforcement problem (Gertler and Karadi, 2011). It is possible to show that enforcement constraint is 
given by 

(0)

where  is the continuation value of bank  at time  and  are the degree of asset pledge-
ability, which can also be interpreted as risk-weights. The term  follows a macroprudential policy 
rule defined later in a subsection. The enforcement constraint (15) embodies the notion that brown and 
green bonds carry different degrees of liquidity (see also Bernanke and Gertler, 1995, Benigno and 
Nisticò, 2017; Sims and Wu, 2021).

Each period, an exogenous fraction ( ) of commercial banks stochastically exits and transfers their 
net worth to the household. The household replaces the exiting banks with the same number of new 
banks. The stochastic exit assumption makes banks extra impatient and prevents bank capital to accu-
mulate indefinitely.

The objective of a surviving bank in period  is to choose its balance sheet variables to maximize 
expected terminal net worth given the probability  of the surviving bank exiting after . Given 
the probability of exiting after  periods , the commercial bank seeks to maximize the value 
function:

(15)

subject to the enforcement constraint (15), where  is the household’s stochastic 
discount factor.
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4It can be shown that the aggregate real bank net worth,  (with  being the price index) 
accumulates from retained earnings as: 

(16)

where  and  are the gross return on the brown and the green asset, respectively. As in Carlstrom 
et al. (2017), we assume that these returns are given by:

(17)

(18)

The objective of the bank is to solve an optimization problem where it chooses the optimal real holdings 
of brown and green bonds, .

As we assume that the bank can always access the central bank’s deposit facility, in equilibrium the 
deposit rate equals the policy rate, thus . It can be shown that at the symmetric equilibrium the 
following condition arises:

(19)

The above condition provides a key insight on the relation between interest rate spreads and the 
enforcement constraint. First, differences in the degree of liquidity determine the presence of a “yield 
premium” or “excess return” (i.e., risk premium) between the interest rate on corporate bonds and the 
risk-free interest rate. In fact, as long as  there exists a risk premium between the corporate 
asset and the risk-free rate, as it typically emerges in general equilibrium models where borrowing 
constraints and interest rate spreads lie at the root of business cycle amplification and capital misal-
location (Kiyotaki and Moore, 1997). Second, differences in the degree of pledgeability, or “liquidity 
risk”, determine the existence and the magnitude of the “greenium”, the negative differential to matu-
rity between a green asset and a brown asset with otherwise similar characteristics. As equation (19) 
must hold in equilibrium, for the green and the brown assets to carry the same risk premium and no 
“greenium” to exist, it would require . In line with recent empirical studies showing that cli-
mate corporate bonds in Europe are priced at discount to the same-risk conventional corporate bonds 
(Sergei and Alesya, 2022) , we assume the following:

Assumption 1. .

Therefore, the following proposition holds throughout:

Proposition 1. A negative spread (greenium) between  and  arises in equilibrium as  holds 
by Assumption 1.
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It can be shown that in equilibrium, the aggregate bank leverage ratio satisfies:

(20)

where  is the credit shock,  is gross inflation,  is the banks’ funding cost, and  is an aux-
iliary variable resulting from the bank’s optimization problem (see the original study for more detail). 

The above condition links the endogenous leverage ratio to the role of macroprudential policy, 
where  broadly captures the dynamics of counter-cyclical capital requirements, with  
and  corresponding to a tightening macroprudential policy (higher capital requirements 
lower leverage) and a loosening macroprudential policy (lower capital requirements relax leverage), 
respectively.

3.4	 PUBLIC POLICIES AND CLIMATE CHANGE-RELATED CONSIDERATIONS

3.4.1	 Government and climate policy

The central government acts as the fiscal authority. It collects taxes from households and firms, and 
issues debt  at market price . We assume that the government consumes an exogenous and 
stochastic amount of final output ( ). In addition, it transfers corporate carbon tax revenues one-to-
one to green firms as subsidy. The government’s budget constraint is

(21)

The left-hand consists of government spending and nominal debt issuance. The right-hand consists 
nominal coupon payments on issued debt. For the government spending, , and government debt, , 
we assume they follow an exogenous AR(1) process.

3.4.2	 Central bank and monetary policy

The central bank controls the risk-free interest rate according to the Taylor principle (Taylor,

1993) with interest rate smoothing:

(22)

where  is the policy rate and  its steady state level,  is the coefficient on the interest rate smooth-
ing,  is the inflation coefficient, and  is a monetary policy shock with standard deviation .
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43.4.3	 A climate-related macroprudential policy rule

In following up with the ongoing policy discussions oriented toward a macroprudential approach to 
climate-related risks, we propose a macroprudential rule by which the financial authority aims at main-
taining financial stability by addressing systemic risks also arising from climate-related risks.10 In this 
respect, we adopt a formulation that targets credit and emissions dynamics, such as:

(23)

where  represents the share of the capital requirements that depends on environmental factors 
expressed as the deviation of emissions from a target (“emission gap”), and  is a shock with stand-
ard deviation .

3.5	 EXOGENOUS SHOCKS

The economy is subject to a technology shock and a shock to the corporate carbon tax. For these shocks 
we assume an AR(1) process, respectively:

(24)

(25)

where  (0,1) are persistence parameters, and  are the technology shock and the carbon 
tax shock, with standard deviations  respectively.

3.6	 QUANTITATIVE ANALYSES

3.6.1	 Calibration

The model parameters are set to match key quarterly features of the euro area (EA) over the period 
2013Q1-2023Q4. Data are based on the ECB Statistical Database Warehouse. For the climate-related 
block of the model, we use IPCC Assessment Reports, NGFS scenarios, the IEA and academic litera-
ture. By focusing on the zero-inflation steady state, we have . 
This also means that investment adjustment costs in steady state are irrelevant. From the household 
block we obtain , and  In line with the average bank deposit interest rate over our bench-
mark period, we target  which implies a subjective discount factor . The habit 
formation parameter is set to  as in Gerali et al. (2010). We set the health parameter in the utility 
function to  to normalize health status in the steady state to one.

10	 Jawadi et al. (2024) adopt a similar approach for monetary policy by reconsidering the Taylor rule to allow the conduct of a 
monetary policy taking both physical and transition risks into account.
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Next, we target the spreads. We target the brown risk premium to 2.0% to match average yields of 10-year 
maturity BBB-rated corporate bonds, as they account for about 60% of the total investment-grade 
corporate bond market in Europe. This implies a return on brown bonds of 2.5%. We set the “greenium” 
at -0.02%, in the range of values found in Pietsch and Salakhova (2022), which implies that the green 
risk premium is 1.8%, with a steady state return on green bonds of 2.3%. Spread targeting and yields 
calibration gives a ratio of “risk-weights” . Thus, we set  and , which 
captures the idea that household demand higher pledgeability for brown bonds relative to green bonds. 
We set the physical capital depreciation rate  on a quarterly basis to match an annual rate of 
capital depreciation of 10% and  as standard in the literature (Smets and Wouters, 2002). We 
set the elasticity of the R&D input to  to remain conservative on the actual availability of green 
technology. This approach is consistent with the assumptions underlying NGFS scenario narratives. 
The parameter on the disutility of labor is set to  and the Frisch elasticity is set to  to 
be consistent with the normalization to one of the steady state aggregate labor supply. The elasticity of 
substitution parameters are set to  to match steady state price and wage markups of 10% 
as in Quint and Rabanal (2014). The firm LTV microprudential tools parameters governing firms’ loan in 
advance constraints are set in the baseline calibration to , in the range of values used 
by Sims and Wu (2021). The monetary policy rule calibration follows conventional values adopted in 
the literature. Therefore, we set these parameters respectively to , and , 
which are in the range of values found in Gerali et al. (2010) and Quint and Rabanal (2014) suggesting 
a high interest rate inertia, a strong response of inflation and a weaker response of output. As for the 
banking sector, the survival rate of bankers,  adopts the value set by Gertler and Karadi (2011). 
The steady state ratio between system-wide bank exposures and commercial banks net worth is set to 
5, which implies banks’ capital requirements well above regulatory levels of Basel III. On the climate 
module, we set the emission intensity  to match the observed emissions to output ratio of 0.025% 
quarterly. To calibrate emissions and the emission target, we consider the NGFS orderly scenario. 
Therefore, the average quarterly reduction needed to achieve a 50% reduction in emissions by 2030 
is approximately 2.85%, which we use to set emission target ( ). The parameter capturing the rate at 
which the stock of existing emissions decay, , is pinned down by combining the emission function and 
the law of motion for the stock of emissions. In particular, it gives . After manipulation 
and using the known steady state value, we find a very small abatement rate for the stock of existing 
emissions, , in line with our conservative assumptions on limited availability of carbon-
capture technology. Following a sequential approach, we can turn to setting the parameter governing 
the impact of emissions on household health. In this respect, data from the World Health Organization 
(WHO) show that about 20% to 30% of respiratory diseases globally are attributed to outdoor air pollu-
tion. Therefore, we set the coefficient  and obtain a steady state ratio of health investment to 
health status of 0.25. Table 1 summarizes the calibration.
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Table 1:

Parameters

PARAMETER DESCRIPTION VALUE

Elasticity of output to capital 0.330

Household subjective discount factor 0.995

Duration parameter on bonds 0.975

Coefficient on consumption habits 0.800

Health related parameter 1

Brown firm LTV 0.800

Green firm LTV 0.800

Scaling parameter on disutility of labor 0.953

Capital adjustment cost 2.000

Intercept parameter on capital utilization costs 0.030

Slope parameter on capital utilization costs 0.01

Frisch elasticity 1.000

Taylor rule parameter on inflation 2.500

Lump sum transfer to new entering commercial banks 0.05

Persistence parameter of monetary policy shock 0.800

Emission impact on health parameter 0.30

Standard deviation monetary policy shock 0.005

Persistence parameter of technology shock 0.900

Standard deviation technology shock 0.010

Persistence parameter of credit shock 0.900

Standard deviation credit shock 0.010

Pledgeability parameter on green bond 0.77

Pledgeability parameter on brown bond 0.99

Elasticity of substitution for consumption goods 11

Elasticity of substitution for labor services 11

Price stickiness parameter 0.75

Wage stickiness parameter 0.750

Survival rate of bankers 0.95

Emission abatement rate 0.0000031

Carbon intensity 0.00025

Emission reduction target rate 0.0285

Coupon bond parameter 0.975

Macroprudential policy rule parameter 0.05

Source: BCL.
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Table 2: 

Business cycle properties

KEY RATIOS MEAN ST. DEV. MEAN (DATA) ST. DEV. (DATA)

Y GDP 1.000 1.000 1.000 1.000

C/Y Consumption 0.3350 0.0113 0.4581 0.0215

I/Y Investment 0.3013 0.0198 0.2588 0.0434

L/Y Total bank credit 0.5010 0.0119 0.6702 0.0635

X/Y Flow emission-to-output ratio 0.0056 0.0001 0.0003 0.0001

φ Leverage ratio banking system 4.8491 0.1514 5.5506 0.2334

Key rates (gross, %)

RD	 Bank deposit rate 1.0050 0.0065 1.0065 0.3200

RB	 Brown bond rate 1.0205 0.0082 1.0250 0.6900

RG 	 Green bond rate 1.0171 0.0085 1.0230 0.6901

Source: BCL.

3.6.2 	  Impulse response functions

In this subsection, we provide the model results conditional on the realization of a variety of shocks. 
All impulse response functions are expressed in log-deviation from the steady state. Interest rates and 
inflation are expressed in annualized percentage rates. To provide a general intuition of the mechanisms 
at work, we first report the impulse response functions of key macroeconomic variables conditional on 
the realization of a one-percent positive shock to total factor productivity (TFP) under different regimes 
of transition risk. To capture transition risk over the business cycle, we shut-off the dynamic rule for 
the corporate carbon tax, setting the tax to two constant values capturing a regime of low corporate 
carbon tax and a regime of high corporate carbon tax such as . Solid lines denotes a 
regime of low transition risk where the corporate carbon tax is set to the baseline level, . In 
contrast, dashed lines denote a regime of a higher transition risk, where the corporate carbon tax rate 
is increased to . Figure 1 depicts the result of this exercise and shows that, as standard, a 
positive technology shock generates expansionary effects in aggregate variables such as output, con-
sumption, investment and credit. In fact, the positive technology shock triggers higher factors demand 
due to increasing aggregate productivity. Firms would like to increase investment, thus the demand for 
external funding increases in order to finance new capital acquisition. The shock pass-through exerts 
upward pressures on corporate bond prices, compressing yields on firm debt and risk-premiums. 
Brown and green firms demand more credit and increase bond issuance. Banks accommodate higher 
demand for credit by purchasing more brown and green bonds. Therefore, aggregate credit supply 
increases. However, bank demand for brown bonds is higher than for green bonds due to the higher rate 
of return carried by holding the brown asset. Therefore, brown bond prices increase more than green 
bond prices causing brown bond yields to compress more than green bond yields. Therefore, the “gree-
nium” increases. This mechanism is also amplified by our Assumption 1 via the enforcement constraint 
as different degrees of asset pledgeability affect the magnitude of the greenium. Compressing yields on 
corporate debt relax firm’s financing constraints and reduce borrowing costs which, in turn, decrease 
bank financial intermediation margins. The expansionary credit cycle triggers higher counter-cyclical 
capital buffers, which lower leverage. On the monetary policy side, inflation falls due to higher firm pro-
ductivity, lower marginal costs and price stickiness. The central bank reacts to disinflation by lowering 
the policy rate. Under the assumptions of our model, the carbon tax is generally able to dampen busi-
ness cycle volatility. As a result, flow emissions decrease, while health status increases reflecting the 
positive effects of lower emissions. These results rest on key assumptions. In particular, the presence 
of carbon revenues stemming from the corporate carbon tax which are reinvested in the green sector 
as subsidy to R&D expenditure, employed by the green firm as input of production. These assumptions 
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able ability of shifting lending from the brown sector to the green sector under the regime of higher 
carbon tax following the realization of a positive technology shock.

3.7	 MICRO-MACROPRUDENTIAL POLICY COORDINATION

To enhance understanding on the implications of micro-macro prudential policy over the climate tran-
sition, we define four scenarios of micro-macroprudential policy coordination over the climate transi-
tion triggered by a shock to the corporate carbon tax rate. In this context, we refer to “coordination” as 
the process by which the financial regulatory authority aligns its micro and macroprudential policies 
when accounting for climate change-related considerations. Therefore, conditional on the realization of 

Figure 1: 
Impulse response functions of key variables conditional on the realization of a positive technology shock under alternative regimes of the carbon 
tax,τ (low is red line, high is blue line)
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a transition risk triggered by a positive shock to the corporate carbon tax, the financial authority faces 
the following four scenarios. The first, baseline scenario corresponds to a situation where the financial 
authority does not commit to account for climate-related considerations. Therefore, this baseline sce-
nario is by definition a scenario of “no coordination” between micro-macroprudential measures. In this 
scenario, the microprudential tools are set such that . In this scenario macroprudential policy 
also ignores climate factors by setting . In the second scenario, the financial authority aligns 
(coordinates) only microprudential policies to account for climate factors, thus sets to reduce 
leverage of the carbon intensive non-financial corporation sector. In contrast, macroprudential policy 
does not coordinate, thus . We call this scenario of partial coordination as “microprudential 
coordination”. The third scenario is a partial coordination scenario where only macroprudential policy 
coordinates by setting , while microprudential does not, thus . We label this scenario 
as “macroprudential coordination”. In the fourth scenario, which we label as “full coordination”, both 
micro and macroprudential policies are aligned in accounting for climate-change factors. Therefore, 

and . We discuss the results of these scenario exercises and assess the normative 
implications of micro-macroprudential policy coordination in terms of welfare and output volatility in 
the next section.

4.	 MICRO-MACROPRUDENTIAL POLICY COORDINATION AND WELFARE

To assess the welfare implications of micro-macroprudential policies and their coordination over the 
risky climate transition, we follow the standard approach in the literature (Schmitt- Grohe and Uribe, 
2007; Wolff and Sims, 2017), and express welfare costs in steady-state consumption equivalents (or 
compensating variations), which is the proportion of each period’s consumption that the representative 
household would need to give up in a deterministic world so that its welfare is equal to the expected 
conditional utility in the stochastic world. Let  denote the welfare associated to a state of the world 
where micro-and macroprudential policies do not take into account climate related factors, that is sce-
nario of “no coordination” ( ), or any of the alternative scenarios ( ):

(26)

where  denote consumption, labor and health status optimal paths under regime .

Let  denote the welfare costs of adopting an alternative policy regime, that is, any of the other three 
micro-macroprudential policy scenarios defined above, instead of the baseline scenario regime. For-
mally,  is implicitly defined by

(27)
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(28)

This approach allows us to obtain welfare costs (if ) or welfare gains (if ) of policy regime  
in steady state percentage consumption equivalents, as follows:

(29)

Table 3 reports the results of this exercise. In particular, the table reports the welfare costs in percent 
consumption equivalents of adopting each micro-macroprudential policy regime together with values 
of output volatility in each regime to show the presence of a welfare-volatility trade-off.

Table 3: 

Welfare, volatility and micro-macroprudential coordination

SCENARIO

NO COORDINATION MICRO MACRO FULL

Welfare (conditional) (ce) -4.057 -3.815 -2.851 -3.923

Welfare (unconditional) (ce) -5.501 -2.401 -2.012 -2.787

Output volatility 0.0696 0.0812 0.0265 0.0217

Source: BCL.

The results show that conditional on the realization of a positive shock to the corporate carbon tax, 
transition shocks entail higher welfare costs under those scenarios of partial or absent micro-macro-
prudential policy coordination in incorporating climate factors. These regimes, however, are also the 
ones with lower output volatility. From a climate policy-making perspective, our results point to the 
existence of a trade-off between short-run output stabilization, which appears more effective under 
the regime of “full coordination”, and long-run welfare improvements, which carry lower relative costs 
under partial cooperation.11 Therefore, the policymaker faces a trade-off between two desirable objec-
tives. It is useful to discuss the key mechanisms underlying these results. First, the quantitative effects 
of the policy regimes ultimately depend on the non-linearity involved in the welfare objective. At the 
first-order, these effects relate to the (net) welfare impact that the adoption of a policy regime has on the 
welfare objective, and particularly on aggregate consumption and aggregate employment in a decen-
tralized equilibrium that is inefficient due to the presence of real, nominal and financial distortions. 
Therefore, they relate to the ultimate effect on the welfare consumption/employment/health tradeoff 
faced by the representative household. Second, at the second-order approximation, welfare losses 
also relate to impacts stemming from the volatility of consumption, employment, health status, emis-
sions, price inflation and wage inflation. Finally, our results crucially depend on the assumptions made, 
which involve the specific modeling of carbon taxes, the way carbon revenues are rebated, the elasticity 
parameters regarding the reinvestment of carbon revenues in the green sector, the parameters related 

11	 Intuitively, higher regulatory buffers and caps lower leverage, and therefore also steady state consumption, which dominates 
the effects carried by the benefits of lower business cycle fluctuations. 
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with the emission abatement and emission target. In addition, the model’s sensitivity is also affected by 
the parameters governing the impact of emission on household utility, as well as the parameter govern-
ing the importance of health to the household.

5.	 CONCLUSIONS

Despite the broad recognition by academics and policymakers of the importance of accounting for 
climate-related factors in public policies, the debate on the appropriate tools to adopt when addressing 
systemic risk arising from climate transition risk shocks from a micro-macroprudential policy per-
spective is still an open issue. The divide concerns particularly the complexity of the design and the 
calibration of climate-related tools for prudential regulation and their degree of interaction.

In this paper, we have adopted a climate-DSGE model to shed light on the plausible policy options avail-
able for the regulatory authority that intends to include climate factors into its prudential framework 
while pursuing the institutional mandate. We have shown that a carbon tax generates business cycle 
amplification, dampening the economic activity and emissions as a consequence of their pro-cyclical 
nature. This result lends support to the dominant consensus that a Pigouvian approach is an effective 
tool in lowering emissions. In addition, we have also shown that, conditional on the realization of a 
carbon tax shock, the financial regulator that intends to manage the resulting systemic risk can suc-
cessfully adopt both micro and macroprudential policy tools. In this respect, both micro and macro-
prudential policies independently pursued are able to dampen amplification stemming from transition 
risks, reducing business cycle volatility and emissions, while facing moderate welfare costs. However, 
if micro and macroprudential policies are jointly pursued toward the objective of reducing emissions 
in “full coordination” process, business cycle stabilization following the transition risk shock can be 
achieved with welfare costs. Therefore, this paper generally calls for higher micro-macroprudential 
policy coordination in order to minimize the trade-off between efficiency and financial stability in the 
context of climate risk. Our framework has, however, limitations. For instance, it does not explicitly 
model technological change nor capacity transformation across sectors. In addition, it could also be 
expanded to account for higher sectoral and geographical granularity, or adapted to study specific 
policy cases. We leave these potential explorations as future research avenues.
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2.	� HOW DOES INVESTMENT IN INFORMATION TECHNOLOGY (IT) 
AFFECT THE PRODUCTIVIT Y OF THE LUXEMBOURG BANKING 
SECTOR?1

Boubacar Diallo, Fabienne Weber2

ABSTRACT

This study explores the impact of Information Technology (IT) investments on bank productivity of the 
Luxembourg banking sector. Utilizing the Malmquist Productivity Index (MPI) to measure productivity 
change, we analyse the effects of bank IT spending across various econometric panel specifications. 
Using a sample of banks operating in Luxembourg over the period 2020Q1 through 2024Q4, our find-
ings indicate that IT investments significantly enhance bank productivity, with positive and statistically 
significant effects. Specifically, a 1% increase in lagged IT investments is associated with 0.15 percent 
increase in productivity growth. Additionally, we investigate the role of market competition in the analy-
sis, albeit without conclusive results. These findings underscore the importance of continued IT invest-
ments for bank productivity but they also highlight the need to better understand how market dynamics 
influence the effectiveness of those investments.

1	 This study should not be reported as representing the views of the Banque centrale du Luxembourg (BCL) or the Eurosystem. 
The views expressed are those of the authors and may not be shared by other research staff or policymakers at the BCL or the 
Eurosystem.

2	 Financial Stability and Macroprudential Surveillance Department, Banque centrale du Luxembourg.
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41.	 INTRODUCTION 

In the current era of digital transformation, the banking sector faces unprecedented challenges and 
opportunities. As financial institutions navigate a rapidly changing landscape characterized by the rise 
of fintech, increasing regulatory demands, and evolving customer expectations, Information and digital 
Technology (IT) has become a critical enabler of competitiveness and innovation. The strategic deploy-
ment of IT in banking operations is no longer a mere operational necessity, it is rather a decisive factor 
that can significantly enhance productivity, drive growth, and ensure long-term sustainability.

Despite the growing importance of IT, a gap remains in understanding the precise mechanisms through 
which IT investments translate into productivity gains, especially in the banking sector, where the rela-
tionship between IT and productivity is complex, multifaceted, and often influenced by a range of exter-
nal factors such as market competition and regulatory environments. The ambiguity surrounding the IT 
productivity measure — where large-scale IT investments do not always yield proportional increases in 
productivity — further complicates this relationship and highlights the need for more targeted empiri-
cal research.

This study is motivated by the need to address such gaps and contribute to a more nuanced under-
standing of how IT investments impact bank productivity, activities and business models, particularly in 
Luxembourg. Luxembourg is one of the world’s leading financial centres, known for its robust financial 
services sector, which includes a diverse range of banking institutions. Indeed, Luxembourg’s bank-
ing sector is characterized by the presence of both large multinational banks and smaller, specialized 
institutions. This distinctive environment provides a favourable context to explore the interplay between 
IT investments and productivity, offering insights that are both specific to Luxembourg and globally 
relevant. 

By focusing on Luxembourg, this study also seeks to contribute to the existing literature on IT invest-
ments and productivity in banking. Indeed, previous research has  centered on larger markets, and 
there are few studies specifically focused on banking in  small advanced economies . 

Our findings reveal that IT investments significantly enhance bank productivity in Luxembourg. Lagged 
IT spending consistently shows positive and statistically significant effects on bank productivity growth 
across various model specifications. Additionally, the study explores the potentially moderating effects 
of market competition through the Lerner index,  although results are not conclusive. This outcome 
might be related to the particular context of Luxembourg, where the banking sector is characterized 
by a mix of large multinational banks and smaller specialized financial institutions, reflecting different 
market structures. 

This study is structured as follows. Section 2 reviews the literature. Section 3 develops the Malmquist 
productivity index (MPI). Section 4 presents the data used for the MPI calculations. Section 5 discusses 
the econometric approach employed to analyse the effects of IT investments on bank productivity and 
presents the results. Section 6 concludes.
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2.	 LITER ATURE RE VIE W 

The impact of IT investments on bank productivity has been a critical area of study within the field of 
financial services. Over the years, numerous researchers have analysed how IT expenditures influence 
various aspects of banking efficiency, customer service, risk management and overall productivity.

The foundational theories for examining IT investments in banking originate from the broader literature 
on IT and organizational productivity, often referred to as the “IT productivity paradox”. This concept, first 
discussed by Solow (1987), highlights the observed gap between increasing IT expenditures and limited 
productivity gains.

In the banking sector, this paradox is particularly relevant due to the industry’s heavy reliance on 
information processing and technology. In the early 1990s, researchers such as Hunter and Timme 
(1995) began exploring the direct impact of IT investments on bank performance. They discovered that, 
despite significant IT expenditures, the immediate returns in terms of increased productivity were 
not always apparent. This finding led to a more nuanced understanding that the effects of IT invest-
ments might be both direct and indirect. On the one hand, IT can generate direct effects by immediately 
enhancing operational efficiency—such as reducing processing time, automating repetitive tasks, or 
enabling faster communication. On the other hand, indirect effects arise through more complex and 
time-dependent mechanisms, including organizational transformation, workforce upskilling, and the 
gradual accumulation of intangible assets, including advanced software systems, data infrastructures, 
and process innovations.

With granular data availability and refined econometric techniques, more precise estimations of the 
effects of IT investments  emerged. For instance, Brynjolfsson and Hitt (2000) used detailed firm-level 
data to show that IT investments significantly improve productivity but with substantial lags and varying 
degrees, depending on banks’ business models and management practices. 

IT investments also boost customer service capabilities, enabling banks to offer online banking, mobile 
banking, as well as better customer relationship management systems. A study by Hernando and Nieto 
(2007) shows that IT investments that enhance customer service also indirectly improve productivity by 
retaining existing customers and attracting new ones. Additionally, IT investments drive product and 
service innovation within banks, such as the development of new financial products, risk management 
tools, and compliance solutions. With growing regulatory requirements, IT investments have become 
crucial for enhancing banks’ risk management capabilities. 

The impact of IT investment varies depending on the studies and periods covered. In the U.S., Mallick 
and Ho (2008) develop a model to examine the effects of IT  on the banking industry. Using a sample 
of 68 U.S. banks between 1986 and 2005, they found that IT spending negatively impacted profitability, 
reflecting a negative network competition effect in the banking industry. On the one hand, Shu and 
Strassmann (2005) analyze 12 U.S. banks from 1989 to 1997 and find that IT investments were among 
the most productive factors, but that they did not significantly increase profits. On the other hand, 
Eyadat and Kozak (2005) study the impact of IT progress on the profit and cost efficiencies of the U.S. 
banking sector from 1992 to 2003, revealing a positive correlation between IT implementation and both 
profitability and cost savings. 
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using data for 600 Italian banks over the period 1989-2000. Their results show that both cost and profit 
frontier shifts were strongly correlated with IT capital accumulation. Moreover, those banks adopting IT 
capital-intensive techniques were also more efficient. Beccalli (2007) investigates whether IT — hard-
ware, software and other IT services — influences the performance of banks using a sample of 737 
European banks over the period 1995-2000. Despite banks being major investors in IT, she finds little 
relationship between total IT investment and bank profitability or efficiency. Koetter and Noth (2013) 
test whether IT use contributes to bank output, and how IT-augmented bank productivity relates to dif-
ferences in market power. Their research shows that detailed bank-level information on the use of IT 
reveals a substantial upward bias in bank productivity estimates when ignoring banks’ IT expenditures. 
IT-augmented bank productivity correlates positively with Lerner markups. The November 2018 ECB 
Financial Stability Review  investigated the impact of digitalization on banks’ costs and profitability. 
Using bank-level analysis, it found that higher IT expenses have a positive and significant impact on 
bank profitability.

The COVID-19 crisis has further amplified the relevance of IT in banking, prompting many scholars 
to examine the relationship between IT and bank performance during the pandemic. Dadoukis et al. 
(2021) investigated the impact of pre-2020 IT adoption on bank performance during the first stages of 
the pandemic. They found that high IT adopters performed better in terms of market returns. Kwan et 
al. (2023) showed that, amid mobility restrictions, banks with advanced IT infrastructure experienced 
greater reductions in physical branch visits and increased website traffic, indicating a significant shift 
to digital banking. Moreover, these strong-IT banks originated more loans to small business borrowers, 
particularly in areas with severe COVID-19 outbreaks, higher internet use, and greater bank competi-
tion, attracting more deposit flows. 

3.	 MALMQUIST PRODUCTIVIT Y INDE X (MPI)

We use the MPI to calculate our dependent variable, namely bank productivity. This index has been 
widely used in the banking literature by researchers such as Park and Weber (2006), Assaf et al. (2013), 
among others. Similarly, Guarda and Rouabah (2009) employed the same index to study the productivity 
of the Luxembourg banking sector.

The MPI, which was developed by Sten Malmquist and introduced by Caves et al. (1982), measures the 
productivity change of a production unit over time. 

Let  and  represent the input and output vectors at time 
. The feasible production technology set  represents the outputs  that can be pro-

duced from the input vector :

The output set  is assumed to satisfy certain axioms, including convexity and strong disposability 
of outputs. 
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The output distance function measures the maximal proportional expansion of outputs y given the level 
of inputs x, relative to the production technology at time t. To calculate the MPI, we use data envelop-
ment analysis (DEA)3 production frontiers for periods t and t+1 according to observed input-output 
data. More specifically, we compute the following four distance functions using the linear programming 
(LP) problems as follows:

a. Efficiency of bank i at time t relative to technology at time .

Minimize 

Subject to:4

b. Efficiency of bank i at time t+1 relative to technology at time .

Minimize 

Subject to:

c. Efficiency of bank i at time t relative to technology at time .

Minimize 

Subject to:

3	 For more details about the DEA approach, see Diallo (2020).
4	 The first constraint is the input constraint, which suggests that the weighted combination of inputs from all banks (based 

on ) must be no greater than the inputs used by the bank under evaluation. The second constraint or output constraint, says 
that the weighted combination of outputs from the peer banks must be at least as large as (1/ ) of the bank under evaluation. 
Finally, the last constraint or negativity constraint suggests that all  values must be non-negative.
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4d. Efficiency of bank i at time t+1 relative to technology at time .

Minimize 

Subject to:

Accordingly, the MPI of  bank at two different periods  and  is defined as the geometric mean of 
the Malmquist indices at two different periods t and t+1 using the output distance functions determined 
as follows:

(1)

By assumption, , with the distance function taking the value unity  only if 
lies on the outer boundary of the feasible set (i.e, on the frontier). The value of the output distance func-
tion indicates the potential radial expansion of production (i.e., the proportional increase of all outputs 

 in the same proportion ) that is feasible for a given vector of inputs . By definition, the distance 
function is linearly homogenous in outputs.

Interestingly, one can further decompose the changes in productivity given by equation (1) in efficiency 
and technical changes by introducing the output distance function  and  
based on the technology in period  and . This allows the MPI to be expressed as the product of two 
variables:

where EC is efficiency change and TC is technical change. 

Efficiency change (EC) compares the relative change in efficiency of the bank were it to adopt  the tech-
nology of the subsequent period, indicating whether the bank  becomes more or less efficient in using 
its (changing) resources to produce outputs. This component compares the outputs of period  using 
the frontier of period  to the outputs of period t using the frontier of period t measuring whether the 
unit has moved closer to or further from the frontier.
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Technical change (TC) measures shifts in the technology or production frontier itself between two peri-
ods, capturing the effect of technological changes on production capabilities. It compares the output-
input combination of period  and  under the technology of period  to its performance under the 
technology of . A ratio greater than 1 indicates technological improvement (an outward shift of the 
frontier), which enhances the production possibilities. In practice, the MPI is computed by multiplying 
EC and TC, meaning that productivity change results from both efficiency and technological progress. 

4.	 DATA AND THE ESTIMATION OF THE MALMQUIST INDE X

Our sample includes 61 banks over the period spanning 2020Q1 until 2024Q4.  The bank data are 
sourced from FINREP. Regarding the inputs and outputs for the MPI, we classify the number of employ-
ees, property and equipment, and administrative expenses as inputs; while interest income, fees and 
commissions received by banks, loans and customer deposits are classified as outputs. This classifica-
tion aligns with the value added or production approach, as outlined by Guarda and Rouabah (2009). IT 
spending refers to information and technology expenses. 

Chart 1 below illustrates the Malmquist Index, our measure of productivity change over time.5 The MPI 
index over the period 2020Q1 to 2024Q4 shows significant fluctuations in productivity growth, highlight-
ing periods of sharp decline, recovery, and moderate growth. The most striking observation was the 
sharp decline in productivity growth in 2020Q2, reaching close to -0.8%. This downturn aligned with 
the onset of the COVID-19 pandemic. Lockdowns, business closures, and supply chain breakdowns hin-
dered production efficiency, leading to one of the most severe contractions in the sample period. Fol-
lowing this sharp drop, there was a partial recovery in 2020Q3 and 2020Q4, though productivity growth 

remained negative or close to zero. 
Throughout 2021, the productivity 
index showed alternating periods 
of positive and negative growth. In 
2021Q1 and 2021Q2, modest posi-
tive gains are observed, reflecting 
early signs of economic recov-
ery, as industries reopened and 
supply chains adjusted. However, 
a dip in productivity in 2021Q3 
suggested renewed challenges, 
possibly linked to supply chain 
disruptions or inflationary pres-
sures. The year 2022 presented 
a similar pattern of fluctuations, 
with notable positive growth in 
2022Q1 and 2022Q4. From 2023 
onward, productivity growth con-
tinued to show a mix of gains and 
losses.

5	 The time coverage is limited by data availability, as banks have just recently started reporting IT investments.

Figure 1: 
Productivity growth using the Malmquist Index over the period 2020Q1-2024Q4.
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4Chart 2 illustrates the MPI and its breakdown in terms of efficiency and technical changes over the 
period from 2020Q1 to 2024Q4. Because of the COVID-19 pandemic, a sharp decline in efficiency change 
was observed over the year 2020. 
This result suggests that banks 
struggled to maintain operational 
effectiveness due to economic 
uncertainty and increased credit 
risks. However, technical change 
and productivity turned positive 
in the following quarters. From 
2020Q2-2021Q1, we observe a 
positive technical change but still 
negative efficiency change. This 
finding indicates that, while banks 
began integrating digital solutions 
to counteract the pandemic’s 
impact, they struggled to fully 
optimize new IT infrastructure. 
In 2021Q2, efficiency experienced 
a sharp positive progress close 
to 3%, indicating a significant 
improvement in banks’ opera-
tional performance. However, 
2024 showed a drop in efficiency 
change, while technical change 
remained positive.  The fact that 
technical change remained posi-
tive in 2024 indicates that innova-
tion in banking services persisted, 
but without immediate gains in 
productivity efficiency. 

Chart 3 provides a comparison 
of productivity changes between 
9 domestic oriented banks and 
other foreign oriented banks over 
the period 2020Q1 to 2024Q4. 
Domestic oriented banks often 
outperformed foreign oriented 
ones in terms of productivity, 
although the difference varied 
over time. For instance, the pro-
ductivity index for domestic ori-
ented banks rose above foreign 
oriented banks in 2021Q1. The 
same patterns were observed in 
2022Q1, 2022Q4 and 2023Q2.

Figure 3: 
Productivity Changes for Domestic versus Non-Domestic Banks over the period 2020Q1-2024Q4.
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Figure 2: 
Productivity, Efficiency and Technical Changes over the period 2020Q1-2024Q4.
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Chart 4 illustrates productivity 
growth according to the banks’ 
business models.6 At the start 
of 2020Q1, all types of banks 
experienced positive productiv-
ity growth, with the exception 
of custodian and investment 
banks. However, as the pandemic 
unfolded, all banking sectors 
were affected, leading to a period 
of negative productivity that per-
sisted until 2020Q4. Notably, by 
2021Q1, retail and commercial 
banks (RCB) and banks special-
izing in clearing, treasury, and 
payment services (CTPS) saw a 
significant rebound in productiv-
ity, with the latter experiencing an 
especially strong recovery. This 
difference can be explained by 
increased lending activities, and a 
shift toward digital banking solu-
tions, which improved efficiency 
in retail banking. In particular, 

CTPS banks saw a sharp recovery due to the rapid acceleration of digital payments and financial trans-
actions, as businesses and individuals increasingly relied on contactless payments, e-commerce, and 
electronic transfers7 (Tut (2023)). Over the period 2022Q4 to 2024Q4, most banking sectors maintained 
moderate yet positive productivity growth, with the exception of covered-bond banks, which continued 
to lag behind, possibly due to structural challenges in the covered bond market, stricter regulatory 
constraints, and lower issuance volumes compared to pre-pandemic levels. 

5.	 ECONOME TRIC MODEL

To assess the impact of IT investments on bank productivity, we employ the following econometric 
model: 

(2)

where Productivity represents the year-on-year productivity growth of bank i in quarter t. IT is our 
measure of IT investment spending of bank i in quarter t-1, and X is a set of control variables including 
bank size (measured as the logarithm of bank assets), bank capital, and non-performing loan ratios. ε 
is the error term. 

6	 In our sample, 24 banks are classified as private banks, 13 as corporate finance banks, 8 as custodian and investment fund 
activities banks, 6 as retail and commercial banks, 5 as universal banks, 4 as clearing and payment activities banks, and one 
as operating in the covered bond banking sector.

7	 https://www.worldbank.org/en/news/press-release/2022/06/29/covid-19-drives-global-surge-in-use-of-digital-payments

Figure 4: 
Productivity Changes across Banking Business Models over the period 2020Q1-2024Q4.
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4To measure bank productivity, we use the Malmquist Productivity Index (MPI). IT spending is measured 
using two alternative variables: the logarithm of the first lag of IT expenditures and of the ratio of IT 
expenditures relative to the number of employees. In principle, bank productivity may respond with a 
lag to IT investments. Including the first lag of IT investment is appropriate as IT investments take time 
to translate into efficiency gains. By lagging IT investment, the model captures these delayed effects. 
Although IT investments may have longer lagged effects on bank productivity, the short sample period 
of available data limits the feasibility of the estimation.

To determine whether the fixed-effects (FE) or random-effects (RE) estimator is more appropriate, we 
perform the Hausman test, which assesses the consistency of the RE estimator relative to the less 
efficient FE estimator. Under the null hypothesis, the RE model is consistent and efficient, while the FE 
is only consistent. The test yields a Chi-squared statistic of 0.03 with a p-value of 0.866, indicating that 
we fail to reject to null hypothesis. This suggests that the individual-specific effects (in our case banks) 
are not systematically correlated with the independent variable (log(ITt-1)), and thus the RE estimator is 
both consistent and more efficient than the FE estimator.

Results. Table 1 presents the regression results. The dependent variable is the year-on-year productiv-
ity growth, as measured by the Malmquist index, over the period 2020Q2-2024Q4. The key independent 
variable is the logarithm of the first lag of IT investment of banks. As indicated above, the econometric 
specifications incorporate various control variables, such as bank size measured by the logarithm of 
total assets, capital adequacy (measured by CET1 ratio), and asset quality (measured by the non-per-
forming loan (NPL) ratio) to isolate the impact of IT spending and ensure the robustness of the results.

A key finding in the regression analysis is the strong and positive relationship between lagged IT invest-
ments and bank productivity growth. Across all six specifications, the coefficient of log(ITt-1) is positive 
and statistically significant. Higher IT spending in the previous period contributes significantly to banks’ 
productivity. In addition, the increasing magnitude of the coefficient as more controls are introduced 
suggests that the effect of IT investment is stronger when accounting for bank-specific characteristics. 
This underscores the importance of technological transformation as a key driver of productivity in the 
banking sector.

In terms of control variables, the relationship between bank size and productivity growth is explored in 
Columns (3) and (6) using both a linear and a quadratic specifications. While the coefficients on both linear 
and squared terms of bank size are not statistically significant, their signs suggest an inverted U-shaped 
relationship between bank size and productivity growth. This implies that productivity initially increases 
with size, but beyond a certain threshold, further increases in size may be associated with cost increases. 
This finding aligns with the theoretical concept that economies of scale dominate at smaller sizes, but 
diseconomies of scale, such as complexity and coordination costs may offset these gains in big banks.

The CET1 ratio, capturing capital adequacy, is included in Column (4) and found to have a negative and 
statistically significant effect on productivity growth. However, this effect disappears in Column (6), 
once additional controls are introduced. This suggests that higher capital buffers may be associated 
with lower productivity growth in the short term. Banks with higher CET1 ratios are often more risk-
averse, holding excess capital that could otherwise be used for lending and portfolio instruments.

The positive relationship between non-performing loans (i.e. the NPL ratio) and productivity growth in 
Columns (5) and (6) might seem counterintuitive, but one possible explanation is that banks with higher 
NPLs are compelled to increase their productivity to mitigate the effects of deteriorating asset quality 
on profitability. 
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According to the results in Column (6), a 10% increase in lagged IT investments is associated with 1.47 
percent increase in productivity growth. This result suggests that higher IT investments contribute 
positively to productivity growth. Our finding of a positive and significant impact of IT investments on 
bank productivity growth is aligned with the results of Casolaro and Gobbi (2007), who estimate that IT 
capital accumulation contributes between 1.3% and 1.8% annually to total factor productivity growth in 
the Italian banking sector.8

Table 1: 

Bank productivity and investments in information technology (IT)

(POOLED OLS)
1

(RE)
2

(RE)
3

(RE)
4

(RE)
5

(RE)
6

log(ITt-1) 0.0486* 0.0638** 0.0901** 0.0957** 0.106** 0.147**

(0.0251) (0.0308) (0.0427) (0.0383) (0.0502) (0.0713)

Size 0.171 0.707

(0.582) (0.966)

Size2 -0.00526 -0.017

(0.0134) (0.0215)

CET1_ratio -0.0045*** 0.00127

(0.00171) (0.00611)

NPL_ratio 4.208*** 4.075***

(1.283) (1.260)

Constant -0.783** -1.018** -2.603 -1.380** -1.761** -9.658

(0.382) (0.465) (6.613) (0.59) (0.749) (11.32)

Observations 663 663 663 607 486 450

Number of banks 61 61 61 56 50 46

F-statistics 3.77* 4.29** 5.47 15.27*** 28.06*** 31.59***

ρ 0.047 0.046 0.082 0.138 0.135

Source: BCL. Robust standard errors in parentheses and *** p<0.01, ** p<0.05, * p<0.1 indicate the levels of statistical significance.

To investigate the possible role of bank competition, we use the Lerner index, defined as the differ-
ence between price and marginal cost divided by price. To calculate the Lerner index, we first need to 
estimate the marginal cost. The total cost is defined as the sum of interest expenses, fee and commis-
sion expenses, other operating expenses, staff expenses and other administrative expenses. Inputs are 
measured by total deposits, and outputs by loans.9 The price of labour is calculated as the ratio of staff 
expenses to the total number of employees, the price of borrowed funds is the ratio of interest expenses 
to deposits and the price of capital is the ratio of other operating expenses to tangible fixed assets. 

We regress total cost on deposits, loans, and their respective squared terms, along the prices of labour, 
borrowed funds and capital, as well as their respective interactions with loans and deposits. This 
regression allows us to estimate marginal cost, which is subsequently used to build the Lerner index. 
The Lerner index ranges from 0 and 1, where 1 indicates a perfect monopoly and 0 represents perfect 
competition. A higher value of the index signifies greater market power for the bank. 

8	 For robustness purposes, we also employ the logarithm of the first lag of IT expenses per employee as an alternative measure 
of IT investments. Across all specifications, we find that the coefficients of lagged IT expenses per employee are consistently 
positive, and statistically significant at the 10% level. These results reinforce the importance of technology adoption and op-
erational efficiency in driving bank productivity growth in Luxembourg.

9	 The inputs and outputs considered for the Lerner index and the MPI are different, as these indices measure distinct economic 
concepts and require different methodological approaches. The MPI focuses on productivity and the Lerner index measures 
market power by assessing the difference between price and marginal cost relative to price.
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ing an interaction term between the measure of IT investment and the index. Our main finding is that the 
levels of bank competition generally do not have a statistically significant impact on bank productivity 
across several tested model specifications.10 This is likely due to Luxembourg banks competing not just 
domestically, but also across Europe.11 

6.	 CONCLUSION 

This study provides evidence that IT investments have a significant positive impact on bank productivity 
in Luxembourg. Specifically, IT spending and IT spending per employee consistently demonstrate posi-
tive and statistically significant effects on banks’ productivity growth. Such effects underscore the key 
role of technological investments in driving efficiency and innovation within the banking sector. 

However, the analysis does not provide clear evidence regarding the role of market structure. The level 
of uncertainty surrounding the parameter estimates does not allow us to reliably measure the role of 
competition on bank productivity. 

This study highlights the importance of continued investment in IT for banks, particularly in a rapidly 
evolving digital landscape. As technological progress continues to shape the future of banking, ensur-
ing that banks can effectively leverage these tools will be key to sustaining productivity growth. 

Future research could further explore the long-term impacts of IT investments across different bank-
ing models to provide a better understanding of these dynamics. In addition, as more data become 
available, future research could also explore how different types of IT investments (such as cyberse-
curity, fintech partnerships, and AI-driven technology) influence productivity in different segments of 
banking activity.
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43.	� A SYSTEM-WIDE STRESS TESTING FOR LUXEMBOURG FINANCIAL 
SECTOR1

Xisong Jin and José Fique2

ABSTRACT

We develop a structural framework for system-wide financial stress testing with multiple interact-
ing contagion and amplification effects acting through a dual channel of liquidity and solvency risk. 
The framework allows us to identify vulnerabilities arising from the increasingly intricate and complex 
financial system of banks and investment funds in Luxembourg. Based on exogenous shocks stemming 
from hypothetical adverse scenarios, several important findings are documented for banks and three 
types of investment funds (Bond Funds, Equity Funds and Mixed Funds) during 2020-2023. First, the 
simulated shocks have significant first-round and higher-order effects on investment funds, in particu-
lar on Equity Funds. Moreover, Bond Funds display a stronger amplification factor than other types of 
investment funds. Second, the impact on Luxembourg banks is substantially muted. The overall bank 
capital depletion, measured by the total risk exposure amount, is low even in view of the tail risk met-
rics, which reflects the strong resilience of the Luxembourg banking sector as a whole. Third, for both 
investment funds and banks, their vulnerabilities still reflect the procyclicality of the financial system. 
Overall, the joint modelling of banks and non-banks delivers clear benefits to the analytical capabilities 
of central banks and informs policymakers in developing the non-bank macroprudential toolkit of the 
future.

1	 This study should not be reported as representing the views of the Banque centrale du Luxembourg (BCL) or the Eurosystem. 
The views expressed are those of the authors and may not be shared by other research staff or policymakers at the BCL or the 
Eurosystem.

2	 Financial Stability and Macroprudential Surveillance Department, Banque centrale du Luxembourg. José Fique contributed 
to this project during his previous employment with the BCL.
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1.	 INTRODUCTION

System-wide financial stress testing has gained prominence in the academic and policy literature as a 
crucial framework for assessing the resilience of the financial system. It involves evaluating the capa-
bility of the financial system to absorb shocks while maintaining its critical functions. As suggested 
by the 2021-2024 IMF Luxembourg Article IV recommendation, it is important to step up the oversight 
of the financial sector in Luxembourg from a system-wide perspective. Specifically, the IMF recom-
mended that the authorities involved in macroprudential policy should continue to enhance internal 
methodologies for system-wide liquidity stress testing, such as by incorporating higher-order effects. 
In response to the IMF, and in order to identify vulnerabilities arising from an increasingly intricate and 
complex financial system in Luxembourg, we develop a system-wide stress-testing framework for the 
financial sector through a dual channel of liquidity and solvency risks. Such a system-wide perspective 
would also be appropriate for other complex financial systems abroad.

Substantial research has been dedicated to assessing vulnerabilities of the wider financial system in 
the literature.3 Recent studies underline the network structure of financial institutions, including non-
bank intermediaries, and its role in the system risk propagation by using granular data. Greenwood, 
Landier and Thesmar (2015) develop a model in which fire sales propagate shocks across bank balance 
sheets. They describe the evolution of bank balance sheets following shocks to the value of banks’ 
assets. For instance, a bank that experiences a negative shock is likely to sell assets in order to main-
tain its target leverage. However, if potential buyers are limited, then asset sales depress prices and 
impact other banks with common exposures. Fricke and Fricke (2021) extend the Greenwood, Landier 
and Thesmar (2015) fire sale model, by incorporating the flow-performance relationship as an addi-
tional funding shock. The Bank of England has developed its own system-wide stress simulation and 
publicly launched its system-wide exploratory scenario (SWES) 4 in June 2023, which was based on 
several previous publications. Baranova et al. (2017) incorporate some important features of the finan-
cial system, including banks and non-banks, and describe how their actions may propagate and amplify 
stress. Farmer et al. (2020) propose a structural framework for the development of system-wide finan-
cial stress tests with multiple interacting contagion and amplification channels as well as heterogene-
ous financial institutions. Recently, Sydow et al. (2024a) also propose an interconnected system-wide 
stress test analytics (ISA) model using a very large and granular data set for the euro area. 5 The model 
attempts to provide a holistic view of the entire system’s dynamics by capturing both first-round and 
higher-order effects arising from direct and indirect exposures, as well as their interactions. Within a 
one-period model, they show how the combined endogenous reaction of banks and investment funds 
to an exogenous shock can amplify or dampen losses in the financial system compared to results from 
single-sector stress testing models. Budnik et al. (2024) provides an overview of stress-testing meth-
odologies in Europe, with a focus on the advancements made by the ECB. Moreover, Sydow et al. (2024b) 
further extend the system-wide stress testing framework of the ECB by incorporating the insurance 
sector for a more thorough assessment of risks to financial stability. They assess the impact of liquid-
ity and solvency shocks, and demonstrate how a combined endogenous reactions of banks, investment 
funds and insurance companies can further amplify losses in the financial system. In their framework, 
a flow-performance relationship is also used to derive scenario-conditional redemptions based on the 
initial price changes of funds caused by the exogenous market shock. 

3	 For a review of this literature, see Silva, Kimura and Sobreiro (2017).
4	 The SWES aims to improve the understanding of the behaviour of banks and non-bank financial institutions during stressed 

financial market conditions, and how such behaviour might interact to amplify shocks in financial markets that are core to 
financial stability in the UK.

5	 The mechanism described in Sydow et al. (2024a) assumes no flow-performance relationship and is solely driven by liquidity 
needs of financial institutions and the composition of their portfolios.
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liquidity and solvency risks, we follow the approach in Sydow et al. (2024a&b). Specifically, we incor-
porate the flow-performance relationship and the liquidity management with both leverage and cash 
targets for investment funds. Similarly to the ISA model, by capturing three different classes of risk 
(credit, liquidity and market risk), our framework highlights liquidity and solvency interactions, allowing 
for dynamic balance sheet adjustments, an advanced integration of regulatory constraints, and endog-
enous market price formation.

This paper considers almost all banks (excluding branches) and three main types of investment funds, 
i.e., Equity Funds, Bond Funds, and Mixed Funds in Luxembourg. As euro area banks made substantial 
efforts to reshape their business models6 in response to the challenges of the financial crisis and new 
regulatory requirements, we investigate the channels of risk amplification for five main bank busi-
ness models in Luxembourg. They are (i) Corporate Finance (CF), (ii) Covered Bonds Banking, Clearing, 
Treasury and Payment Services (CCTPS), (iii) Custodian Banking and Activities Linked to Investment 
Funds (CBALIF), (iv) Private Banking (PB) and (v) Universal, Retail and Commercial Banking (URCB). 
In addition, for each business model, the systemic effect is further broken down by banks’ domicile 
type as per the Single Supervisory Mechanism’s approach: domestic banks, EU foreign subsidiaries, 
and non-EU Foreign subsidiaries. Finally, regarding systemic risk indicators adopted, as in Sydow et al. 
(2024a), we propose the loss ratios for investment funds and capital depletion ratios for banks under 
exogenous shocks. 

The loss ratio for a type of investment funds is the ratio of its loss to its net asset value (NAV), while the 
capital depletion ratio for a bank is the ratio of banks’ capital depletion to its total risk exposure amount 
(REA).7 As the framework incorporates bank solvency capital requirements with respect to REA, the 
capital depletion ratio is thus able to capture the bank credit risk loss. The capital depletion ratio for a 
group of banks is the REA weighted capital depletion ratios of those banks in the group. Besides these 
indicators, the simple risk metrics of Value-at-Risk (VaR) and Expected Shortfall (ES) at 10% probability 
level for the simulated distribution of these loss ratios are provided. Moreover, an amplification factor 
is defined as the ES ratio of higher-order effects to first-round effects.

In order to assess the overall resilience of banks and investment funds, we do not specify economic 
triggers for the exogenous shocks. Rather, we assume that they stem from hypothetical adverse shocks 
that could be similar to the Great Financial Crisis, the sovereign debt crisis and the recent COVID-19 
pandemic. The initial exogenous shocks stem from a hypothetical market crash corresponding roughly 
to the first percentile of the monthly return distribution of the EA stock market index during 2003-2024. 
Driven by these initial exogenous shocks, the derived credit risk shocks and market risk shocks then 
affect investment funds’ NAVs and banks’ capital values. Importantly, the market risk, credit risk, and 
liquidity risk are endogenously integrated in our framework. 

Several important facts are documented in this study. Based on end-2023 data, we find that the simu-
lated shocks could have significant first-round and higher-order effects on the three types of invest-
ment funds, in particular on Equity funds. Bond Funds display a stronger amplification factor than other 
types of investment funds, as their ES for the higher-order effects almost triples that of the first-round 
effects. This amplification is mainly driven by the Bond Funds’ high flow-performance elasticities. The 

6	 See ECB’s Financial Stability Review, May & November 2016.
7	 According to the rules of the Capital Requirements Regulation (CRR), banks must calculate a total risk exposure amount, 

which is the sum of their credit risk, their operational risk, their market risk and the risk of a credit valuation adjustment (CVA 
risk). For instance, the bank capital depletion in terms of REA is also used to address the high-order amplification effects in 
the ESRB report on climate-related risk and financial stability (July 2021).
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results remain similar when we exclude the banking sector from our stress-testing framework, which 
reflects the limited influence of the Luxemburg banking sector on the dynamics of investment funds.8  

Furthermore, the impact of the simulated shocks on banks is substantially muted. Taking into account 
the initial high capital-to-REA ratios for all banks (e.g., around 23%), the ES of capital depletion for the 
10% tail is overall limited to around 0.58 percentage points, even if considering higher-order effects 
under a severely adverse scenario. This finding reflects the strong resilience of the Luxembourg bank-
ing sector as a whole. The bank amplification factors are similar across business models and domicile 
types, and much lower than those of the three types of investment funds. Nonetheless, Luxembourg 
domestic banks are relatively more affected than EU or non-EU foreign subsidiaries. For instance, 
while the initial capital-to-REA ratio is roughly 20% for domestic banks and 23% for EU foreign sub-
sidiaries, the capital depletion ratio of domestic banks (measured by the ES at 10% level) is around 1.42 
percentage point under the severely adverse scenario, compared to 0.38 p.p. for EU foreign subsidiar-
ies. The stronger response of domestic banks might reflect the strong interconnectedness between 
those domestic banks and funds. At a more granular level, the overall bank capital depletion ratio is 
dominated by domestic banks in URCB, EU foreign subsidiaries in CBALIF, and non-EU foreign subsidi-
aries in CCTPS.

In order to investigate the time evolution of vulnerabilities in banks and investment funds, we apply the 
same stochastic exogenous shocks to their year-end data from 2020 to 2023. Overall, for both invest-
ment funds and banks, vulnerabilities reflect the procyclicality of the financial system. Their activities 
tend to expand and contract in response to broader economic cycle. As such, their loss ratio distribu-
tions significantly worsened from 2020 to 2021, a period associated with the weak post-pandemic eco-
nomic recovery. In turn, early 2022 was marked by accelerating inflation and supply-side bottlenecks 
and the Russian-Ukrainian war. 

However, as the Federal Open Market Committee (FOMC) started the tightening process to help lower 
inflation in March 2022, and the Eurosystem initiated monetary policy normalization in July 2022 to 
bring high inflation back to its medium term objective, our results suggest that investment funds and 
banks vulnerabilities improved significantly towards the end of 2022. Nevertheless, the deterioration 
observed at the end of 2023 might reflect elevated macroeconomic uncertainty, due mainly to the con-
tinuation of global geopolitical tensions. Despite the cyclical variation, the profiles of vulnerabilities still 
reflect the different characteristics of banks and investment funds. At the end of 2023, the loss ratio 
distribution of investment funds approached its worst level of 2021. In contrast, Luxembourg banks 
showed increased resilience, with their overall loss ratio distribution remaining lower than at the end 
2021. The overall changes in bank vulnerability from 2020 to 2023 are driven by Luxembourg domestic 
banks, reflecting their linkages with investment funds. 

The results also reveal that the loss ratio distribution of banks is mainly driven by market risk. Without 
considering the credit risk channel, the overall profile of bank capital depletion ratios under the same 
stochastic exogenous shocks is similar to the one obtained when considering the two channels.9 The 
results for the overall bank capital depletion ratio are mostly driven by domestic banks. Nevertheless, 
non-Luxembourg intermediaries could provide significant liquidity support to banks in event of crisis 
materializing. This could considerably mitigate the effects of market risks on banks liquidity.

8	 The results of this robustness test are not provided in this paper, but can be obtained upon request.
9	 Given the overindebtedness of LU households, this conclusion might in practice be challenged by potential concerns around 

mortgage credit risk. However, in this paper, credit risk is modeled by a market factor dependent on investment fund returns 
and, therefore, such concerns are not directly considered. Nonetheless, a targeted stress test exercise focusing on mortgage 
credit risk could, in principle, be conducted using our framework.
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stress tests. Section 3 describes the data. Section 4 defines parameter settings for the model. Section 
5 presents the results, while section 6 concludes.

2.	 ME THODOLOGY

Luxembourg investment funds hold a significant part of their liquidity buffers under the form of demand 
deposits with Luxembourg banks. At the end of 2023, the deposits from Equity Funds, Bond Funds and 
Mixed Funds represented roughly the equivalent of respectively 13%, 9% and 30% of the total capital 
of Luxembourg banks. Given the size of the investment fund sector in Luxembourg, should investment 
funds experience large-scale redemptions, their actions may lead to liquidity stress in the banking 
system. Additionally, the sale of securities to meet investor redemptions may generate price correc-
tions that could propagate stress to the rest of the financial system via indirect contagion in the form 
of mark-to-market losses. In light of these propagation channels, a thorough assessment of the resil-
ience of the Luxembourg financial system thus requires a system-wide perspective encompassing 
banks, investment funds, and their interlinkages.

We investigate how the combined endogenous reactions of banks and investment funds to exogenous 
shocks can amplify or dampen losses to the Luxembourg financial system, compared to what sin-
gle-sector perspectives would suggest. Based on data available to the BCL, we follow the framework 
of Sydow et al. (2024a&b) by incorporating endogenous redemptions and investment fund managers’ 
actions related to both leverage and cash ratios targets. We consider investment fund type-level data 
instead of a very large and granular dataset of securities held by funds. Figure 1 illustrates our model 
dynamics. 

According to this setup, credit 
risk and market risk shocks 
affect investment funds’ NAVs, 
bank securities, and bank credit 
risk exposures (e.g., bank loans 
to non-financial corporations 
and households). In reaction to 
a drop in investment funds’ NAV, 
investors redeem their invest-
ment. These redemptions affect 
investment funds’ balance sheets 
in such a manner that it may lead 
investment fund managers to take 
action to return to internal targets 
for leverage and cash ratios. In 
turn, the actions taken may result 
in the liquidation of tradable 
assets and changes in the amount 
of bank loans to investment funds 
and fund deposits at banks. 

Figure 1: 
Model dynamics

Exogenous
shocks

Banks

Check bank solvency status Check IF statusUpdating bonds issued by the
defaulting banks

Interbank run-off Flow-performance redemptions

Unsecured borrowing Leverage targeting
Liquidity (cash) threshold

Investment funds

Bank fire sales IF fire sales

Market value changes and counterparty credit risk changes

Note: there is no endogenous redemptions as Luxembourg
banks do not hold investment funds directly

Market value changes

Price impacts

IF deposits
bank loans to IFs

Source: BCL.
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In parallel, the exogenous shock also leads to endogenous reactions from banks. Once a bank becomes 
distressed, it will withdraw liquidity (short-term exposures) from all its counterparty banks or invest-
ment funds, and all banks and investment funds withdraw their short-term exposures to the distressed 
banks as a precautionary measure. Additionally, banks experiencing liquidity stress would take reme-
dial actions by curtailing their own short-term interbank lending and/or seeking interbank funding in 
the unsecured interbank market to the extent that their solvency allows. Finally, banks and invest-
ment funds address any remaining liquidity needs by selling tradable assets in accordance to their own 
liquidity management. The price impact from these asset fire sales leads, in turn, to marked-to-market 
losses for banks and investment funds with overlapping asset portfolios.

Furthermore, along this model dynamics, a set of parameters needs to be defined. Accordingly, several 
satellite models are also being investigated at the same time, for example, the bank credit risk model, 
the pricing model for bank’s tradable securities, the flow-performance relationship model, and the 
price impact model at the aggregate level. 

Overall, we present a stress-testing framework to model short-term effects of financial stress in a 
system of banks and investment funds. As for the channels of risk amplification, the joint asset fire 
sales of banks and investment funds would have the largest systemic effect in our model, and the 
redemption of fund shares turns out to be important. 

2.1	 EFFECTS OF BANK CREDIT RISK10

We consider shocks directly on a bank’s total credit risk, measured by the probability of default (PD), 
which describes the aggregate likelihood that a bank’s obligors will default.11 Thus, the values of rel-
evant bank balance sheet items will be repriced according to the expected loss derived from the PD 
shocks. The change in expected loss for each bank is denoted as  
where  represents the PD shock, the loss-given-default , describes the loss rate on the expo-
sure in the event of default, and  denotes the total credit risk exposure. 

The risk-weighted assets, or  can be also updated according to the Basel III capital require-
ment. RWA are calculated by the Basel risk weight functions for the derivation of supervisory capital 
charges for Unexpected Losses (UL). RWA are determined according to Basel Committee’s formula: 

, where  is defined according to the capital requirement:

(1)

where  represents the inverse normal distribution with the probability of default, PD, as its argu-
ment. Here  is the cumulative normal distribution, R denotes asset correlation and b is the maturity 
adjustment. 

10	 Bank credit risk is defined as the potential loss arising from a bank’s borrower or counterparty failing to meet its obligations 
in accordance with the agreed terms.

11	 The exogenous PD shocks on specific credit risk balance sheet, e.g., loans to non-financial corporations, households and 
governments can be explored in a similar way. 
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where  is the ratio of released provisions defined as the ratio of  to the original total credit risk 
exposures. The total assets and total credit risk exposure are also modified by the expected loss, .

2.2	 DYNAMICS OF BANKS’ TRADABLE SECURITIES

The tradable securities of Luxembourg banks are categorized as financial assets held for trading at 
fair value through profit or loss according to IFRS 9. Thus, their values are driven by initial exogenous 
market valuation shocks and endogenous price impact shocks as well. 

2.3	 BANKS’ SOLVENCY STATUS

Following Sydow et al. (2024a), the default and distress thresholds in monetary units for each bank  is 
defined by multiplying the relevant capital requirements by its REA:

(2)

where , namely, the total Supervisory Review and Evalu-
ation Process (SREP) capital requirement including uniform minimum CET1, , the bank-
specific Pillar 2 requirement, , and the shortfall of additional Tier-1 and Tier-2 capital, 

. The distress threshold  is higher than the default threshold , and is given 
by . The combined buffer requirement (CBR), , is the sum of 
the uniform capital conservation buffer (CCoB), the countercyclical capital buffer (CCyB) and the maxi-
mum of the structural risk related macroprudential capital requirements: systemic risk buffer (SyRB), 
buffer for global systemically important institutions (G-SII) and buffer for other systemically important 
institutions (O-SII): . However, the SyRB and 
the G-SII do not apply to Luxembourg banks.

2.4	 DYNAMICS OF INVESTMENT FUNDS

First, once a bank becomes distressed, the NAVs of investment funds have to be updated accordingly 
if its issued securities are held by the investment funds. We assume that the value of securities issued 
by the defaulted banks drops to zero, while the securities issued by the distressed banks suffer a loss 

proportional to . In addition, investment funds withdraw cash/deposits from 

defaulted or distressed banks as a precautionary measure, and deposit these amounts proportionally 
in other banks according to the weights of the left deposits. Consequently, the total cash/deposits for 
each investment fund do not change. Furthermore, the defaulted or distressed banks withdraw their 
loans to investment funds. However, we assume that investment funds can borrow from other banks, 
so total loans for each investment fund do not change. Accordingly, relevant bank balance-sheet items 
(including assets, liabilities, REA, default threshold and distress threshold, etc.) are also updated. 

Next, we extend the fire-sale model introduced by Fricke and Fricke (2021) on investment fund indices 
by incorporating the flow-performance relationship with both leverage and cash targets. At the index 
level, we assume that there are three types of asset managers/assets (Bond Funds, Equity Funds and 
Mixed Funds), and all pre-shock variables have a time index of . For each investment fund index, 

, where A corresponds to the asset, E to the equity (the net asset value, ) and D to the 
debt. We focus on bank loans and their own leverage target, meaning that other debts are not treated 
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dynamically in this setting. As the funds’ redeemable asset is not considered at the index level, the 
asset includes the tradable asset and the cash only: , where  is the tradable asset, 
C is the cash. In line with Fricke and Fricke (2021) and Greenwood, Landier and Thesmar (2015), we 
assume that asset managers target a fixed leverage ratio, . Regarding the cash holdings, as 
in Sydow et al. (2024a), we assume that investment funds will keep at least a minimum fixed cash ratio 
for investment fund liquidity (redemptions) management given by . 

In the first step, we impose an negative shock, , only on tradable assets, . Assuming that the 
shock does not wipe out all of the investment fund’s equity, we update all variables consequent-
ly.12 , with  being the investment fund returns. This gives us the updated total assets: 

 which yields an equivalent change in equity: . 
The debt and cash remain unchanged:  and .

In the second step, investment fund flows in response to the fund’s performance in the previous negative 
(positive) step performance is followed by an outflow (inflow).13 We assume a positive linear relationship 

between asset managers’ performances and net flows: , where  is the netflow, and  is 

the flow-performance sensitivity parameter defined in the following equation:

(3)

where  is the net asset value of a fund at , and  is the value in euros of 

the fund’s net flow. The fund’s market return valuation, , is given by: . As in 

Fricke and Fricke (2021), the control variables include lagged flows and fund returns. 

The updated equity can be written as , and assets as , and the 

adjusted return (before asset liquidation) as . The debt and cash remain the same as in the 

first step.

Liquidity management is addressed in the third step. As in Fricke and Fricke (2021), we assume that 
investment funds will take the full advantage of bank loans and adjust the value of debt with their target 
leverage as , or, equivalently, .14 Regarding the cash target, following Sydow 
et al. (2024a), we assume that each investment fund has a target for cash holdings given by  
which yields , where  
could be positive under a negative shock. The change of cash at this step is .

Finally, the total assets to be liquidated by each investment fund are given by . 
The total asset and equity are updated respectively by  and . In addition, we 

12	 This step follows the ‘Check-IF-Status’ by updating A and E considering the zero bond value issued by the defaulting 
Luxembourg banks.

13	 As discussed in Fricke and Fricke (2021), there is no documented evidence of a flow-performance relationship with regard to 
debt financing for asset managers in general. 

14	  can be further broken down as . It is a non-linear function, thus,  
 could be positive even under a negative shock.
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weights of initial loans and deposits. The bank balance sheets are then adjusted accordingly.

2.5	 BANKS’ LIQUIDITY STATUS

We also consider the prudential liquidity regulation, the goal of which is to ensure that banks manage 
their liquidity risk adequately. The liquidity coverage ratio (LCR) constraint requires banks to hold an 
adequate stock of unencumbered High Quality Liquid Assets (HQLA) to meet their liquidity needs for a 
30-calendar-day liquidity stress scenario. Following Sydow et al. (2024a), we assume the liquidity dis-
tress threshold as , where  are the net cash outflows over one month 
under a stress scenario, and thus become the floor for unencumbered HQLA that banks must hold 
throughout the exercise. Any bank experiencing liquidity stress has to address the needs by curtailing 
their own interbank lending and/or seeking interbank funding to the extent that their solvency allows, 
as illustrated in the following steps.

2.6	 INTERBANK RUN-OFFS

We assume that, for each Luxembourg bank, there is a synthetic non-Luxembourg counterparty bank 
for interbank loans. Banks suffer the loss on the long-term loans once a counterparty (the borrower) 
defaults. If a lender defaults, we assume that its long-term loans to borrowers do not change. The 
defaulted or distressed banks withdraw their short-term loans to all their counterparties. All banks 
withdraw their short-term loans to the distressed or defaulted banks as a precautionary measure. The 
defaulted or distressed banks are then excluded from the following model dynamics. As in Sydow et 
al. (2024a), banks in liquidity distress withdraw proportionally to close their gap of remaining liquid-
ity needs until the iteration converges, that means, until their remaining liquidity needs cannot be cut 
further. 

2.7	 UNSECURED BORROWING

In case of further liquidity needs, we include the possibility for certain banks to access new unsecured 
borrowing. It is achieved by establishing new interbank lending relationships between the borrower with 
the largest need and the lender with the largest surplus. Interbank unsecured borrowing is, thus, created 
among banks until their remaining liquidity needs cannot be cut further. The amount that a bank borrows 
on the interbank market is capped by its solvency distress threshold with a credit constraint parameter 

suggested by Sydow et al. (2024a) as  where 

 and  cash and capital for bank .

2.8	 FIRE SALES AND PRICE IMPACTS

As a last resort, banks and funds proportionally start selling tradable assets to close liquidity gaps, and 
the endogenous shock is updated as follows:

(4)

where L is the price impact ratio, expressed in units of returns per euro of net sales.  and  
are the total assets to be liquidated for investment funds and banks respectively. 
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3.	 DATA DESCRIPTION

The sample covers 69 Luxembourg banks (excluding branches) and three types of Luxembourg invest-
ment funds on December 2023. As in IMF LU FSAP (2024), the 69 banks are classified into five business 
models. There are 14 banks in Corporate Finance (CF), 7 banks in Covered Bonds Banking, Clearing, 
Treasury and Payment Services (CCTPS), 11 banks in Custodian Banking and Activities Linked to Invest-
ment Funds (CBALIF), 29 banks in Private Banking (PB) and 8 banks in Universal, Retail and Commer-
cial Banking (URCB). The aggregate capital-to-REA ratio for all banks is around 23%, and distributes 
across these business models respectively as 17%, 39%, 38%, 28% and 22% for CF, CCTPS, CBALIF, PB 
and URCB. Banks in our sample are also broken down by their domicile type as per the Single Super-
visory Mechanism’s approach (6 domestic banks, 29 EU foreign subsidiaries, and 34 non-EU foreign 
subsidiaries). The capital-to-REA ratio is roughly 20% for domestic banks, 23% for EU foreign subsidi-
ary banks, and 27% for non-EU foreign subsidiary banks. The three types of investment funds are Bond 
Funds, Equity Funds, and Mixed Funds. The endogenous shocks on these three types of investment 
funds are driven by the price impact mechanism. We construct a database using several granular data 
sets for individual banks and three types of investment funds.15 The database captures the network 
of bank-to-bank exposures as well as bank-to-investment fund exposures (based on AnaCredit, fund 
reporting and BCL’s securities holding statistics), such as both short-term and long-term interbank 
loans, investment fund deposits at banks, bank loans to investment funds, and bank-issued debt secu-
rities held by investment funds. 

In order to explore the structural change in Luxembourg’s financial sector over time, we also build the 
database for banks and investment funds on December 2020, 2021 and 2022. This filtering lead to a 
sample of 63 banks available throughout this period. 

4.	 MODEL AND PAR AME TER SE T TINGS

We adopt a reduced-form model in order to explore the reaction of banks and investment funds to 
exogenous shocks. We assume the exogenous shocks stem from hypothetical macro-financial shocks. 
However, the specific financial triggers for such market crashes are not necessarily identified here.16 
The experiments we run can detect the overall vulnerability of the Luxembourg financial sector to 
potential adverse scenarios generated by empirical simulations. The credit risk and market risk shocks 
are driven by these exogenous shocks and immediately affect investment funds’ NAVs and banks’ equity 
capital values. To enable the contagion mechanism to operate through a dual channel of liquidity and 
solvency risks, the parameter settings are defined in Table 1. 

15	 Data for banks relies on FINREP, COREP, AnaCredit and BCL securities holding statistics reporting. Adjustments are also ap-
plied to distinguish among assets that are marked-to-market and unencumbered (both central bank eligible and non-eligible). 
Data for funds comes primarily from BCL’s securities holding statistics and internal fund classification data sets.

16	 The framework can be also used to assess the resilience of banks and investment funds under particular adverse scenario, 
for instance, shocks on interest rates and exchange rates.
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Table 1: 

Parameters for the reduced-form model      

CORPORATE 
FINANCE

COVERED 
BONDS 

BANKING, 
CLEARING, 
TREASURY 

AND PAYMENT 
SERVICE

CUSTODIAN 
BANKING AND 

ACTIVITIES 
LINKED TO 

INVESTMENT 
FUNDS

PRIVATE 
BANKING

UNIVERSAL, 
RETAIL AND 

COMMERCIAL 
BANKING

Betas for banks’ tradable securities

Adverse parameters Holding 
Equities 0.80 0.05 0.14 0.28 0.63

Holding Bonds 0.09 0.23 0.13 0.09 0.13

Issued Bonds 0.04 0.14 0.69 0.33 0.18

Severely adverse parameters Holding 
Equities 0.92 0.06 0.16 0.32 0.72

Holding Bonds 0.10 0.26 0.15 0.10 0.15

Issued Bonds 0.05 0.16 0.79 0.38 0.21

Betas for bank credit risk

Adverse parameters -0.52 -0.13 -0.64 -0.04 -0.04

Severely adverse parameters -0.60 -0.15 -0.74 -0.05 -0.05

Price impact for seven days (per 1 bn of sales; in bps)

Bond fund Equity fund Mixed fund

Adverse parameters 7.98 10.11 7.93

Severely adverse parameters 9.17 11.62 9.12

Flow-performance elasticities

Bond fund Equity fund Mixed fund

Adverse parameters 0.40 0.23 0.29

Severely adverse parameters 0.46 0.26 0.33

Credit Constraint Parameters

Adverse parameters 0.55

Severely adverse parameters 0.25

Sources: CSSF, BCL and IMF LU FSAP (2024). Calculation: BCL.   

The price impact parameters for the three types of investment funds considered are not easily identi-
fied because of the unavailability of granular data and inconsistences of methods and data used in the 
relevant literature. Greenwood, Landier and Thesmar (2015) assume a price impact of  basis point per 
billion asset sales for most of their asset classes. Fiedor and Fragkou (2021) use price impact parame-
ters of  basis point per billion asset sales for normal liquidity periods, and  basis points per billion asset 
salesfor severe illiquidity shock, for all asset classes in their macroprudential stress test of investment 
funds. However, Fukker et al. (2022) investigate the market price impact on a security-by-security basis 
from historical daily traded volumes and price returns. They show that the homogeneous estimation 
techniques, commonly employed for market impact, might lead to loss estimates that are more than 
twice as large as losses estimated with heterogeneous price impact parameters. For convenience, 
according to the impact parameters of several asset sales used in the context of IMF LU FSAP (2024),17 
we calculate the value-weighted price impact parameters for the three types of investment funds based 
on market caps of the assets held by each type of investment fund. As expected, Bond Funds prove to 
have much lower price impacts than Equity Funds, and Mixed Fund can reduce price impacts further 
by allowing investors to mitigate market risk by optimizing their portfolios. The asset sale period has 

17	 In this technical note, estimates for market depth of US securities rely on estimates from the IMF US FSAP (2020). Estimates 
for the sovereign debt of other major countries are taken from Cont and Schaanning (2017) and Coen, Lepore and Schaanning 
(2019). The market depth for other securities is estimated based either on ratios of equivalent types of securities, or estimated 
based on the ratio of the total outstanding of the value of securities in the market. 
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been calibrated over a seven-day horizon. Moreover, 1.15 times the value of the adverse parameter is 
considered for the severely adverse scenario. Finally, we assume asymmetric price impacts under 
positive vs negative net assets to be liquidated. For net inflow, , where L is our price 
impact parameter. 

Regarding credit constraint parameters in interbank unsecured borrowing, as the mechanism is simi-
lar to a collateral requirement, we parametrize the credit constraint parameter as , and  
is defined under the foundational internal ratings-based (F-IRB) approach for treatment of unsecured 
claims and non-recognized collateral.18 We assume 55% and 25% for the adverse scenario and severely 
adverse one, respectively.

We adopt the flow-performance elasticities as in IMF LU FSAP (2024) which follows a benchmark 
regression model as in Coval and Stafford (2007) and Fricke and Fricke (2021). The model is esti-
mated for the sample of regulated funds using monthly data from 2016 until 2023. The elasticities 
for a severely adverse scenario are defined by applying a 1.15x multiplier to the reference value in the 
adverse scenario. 

As for credit risk for banks, financial theory (e.g., the structural approach by Merton, 1974, or the 
reduced form approach by Jarrow and Turnbull, 1995a&b) confirm that market and credit risks are 
intrinsically related to each other. In this context, a large number of empirical research studies have 
been dedicated to assessing their interaction (e.g., Jarrow and Turnbull, 2000, Böcker and Hillebrand, 
2008, BIS, 2009, and Fiori and Iannotti, 2010). In this framework, we also assume that the bank credit 
risk is driven endogenously by a market factor that is represented by the NAV weighted market returns 
of these three types of investment funds, :

(5)

where  is the shock to a bank ’s loss rate: , and , which can be 

proxied by . As defined above, PD is the aggregate likelihood that a bank’s obligors 

would default, and LGD denotes the loss rate on the exposure in the event of default. If we assume 

constant  would be the relative change in the PD. Thus,  measures the responsiveness of 

bank ’s counterparty risk with respect to overall price impact shocks on the investment funds.  

The macroeconomic control variables include EA short-term interest rates and interest rate spreads.19 
Given the constraints of data availability, we assume a homogenous beta for each business model and 
explore the betas by pooled regression in rolling window. The average negative betas over 3-year to 

18	 https://www.bis.org/basel_framework/chapter/CRE/32.htm. (32.6) Under the foundational approach, senior claims on 
sovereigns, banks, securities firms and other financial institutions (including insurance companies and any financial institu-
tions in the corporate asset class) that are not secured by recognised collateral will be assigned a 45% LGD. Senior claims on 
other corporates that are not secured by recognised collateral will be assigned a 40% LGD. (32.7) All subordinated claims on 
corporates, sovereigns and banks will be assigned a 75% LGD. A subordinated loan is a facility that is expressly subordinated 
to another facility. At national discretion, supervisors may choose to employ a wider definition of subordination. This might 
include economic subordination, such as cases where the facility is unsecured and the bulk of the borrower’s assets are used 
to secure other exposures.

19	 Short-term interest rate is represented by Euro generic government bond 3-month yield, and interest rate spread is Euro 
generic government bond 10-year yield minus Euro generic government bond 3-month yield.
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410-year rolling windows are then selected for adverse scenario, and 1.15 times the number is used for 
severely adverse scenario.

Finally, as regards the tradable securities of banks (bond securities/equity securities), we assume a 
homogenous beta for each bank business model as well.20 We adopt a one-factor model for the dynam-
ics of banks’ tradable securities as follows:21

(6)

where  is the return of value-weighted tradable securities for business model j, and 

 measures pricing relationship with respect to the corresponding investment fund 

type  (Bond Funds/Equity Funds). We estimate the betas based on monthly data using two years - ten 
years of data by rolling window and choose the average betas for adverse scenario, and 1.15 times the 
number for severely adverse scenario. 

Overall, the adopted parameters capture well the characteristics of banking business models and 
types of investment funds. The beta of bank credit risk is much stronger in CF and CBALIF than in other 
business models, while in the case of banks’ holding bonds, the beta is the highest in CCTPS.  The betas 
of banks’ issued bonds are mainly driven by individual banks, as only a few banks ever issued bonds that 
are held by these investment funds. As the values of holding equities are inconsequential to most of the 
banks in our sample, the variation of their betas across business models might not generate significant 
different impacts on the overall bank balance sheets. Regarding the price impact, the parameters are 
in the ranges used in the relevant literature, reflecting well the different depths of these markets. While 
there are no precise parameters even based on well-defined models, the reasonability and coherence 
of the comparative profiles of these parameters are substantially important for our stress testing. We 
have tested parameter values around the selected calibration and found that the derived risk indicators 
are still robust and stable within a reasonable range.

5.	 RESULTS 

In this section, in order to explore the contagion mechanism between banks and investment funds, 
we first investigate the resilience of the Luxembourg banking sector under stochastic shocks on the 
balance sheets of banks and investment funds in December 2023. Then, we apply the same stochas-
tic exogenous shocks to their year-end data from 2020 to 2023 to examine the evolution of banks and 
investment funds vulnerabilities across time.

20	 The betas at the bank level were estimated based on the relevant granular data from Bloomberg. However, because of the data 
issues, e.g., data availability, different data length, short sample period and missing values, the estimated betas at the bank 
level were considered not robust.

21	 The multi-factor pricing model could, in principle, be explored but data issues could also bring unreliable estimates if more 
factors are considered. Thus, a simple one-factor pricing model is preferred, and the most import factor is selected.
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5.1	 STOCHASTIC EXOGENOUS SHOCKS

We assume that the initial exogenous shocks stem from a severe market shock, equivalent to the GFC 
one, the European debt crisis or the recent COVID-19 pandemic. The market shocks to investment funds 
are generated by a specific market risk model, in which the market factor, , is represented by the EA 
market index from OECD,22 and a market shock is associated with a drop of 20% in the index (which cor-
responds to the first percentile of its monthly return distribution over the period of 2003-2024) given by:

(7)

where  is the monthly return of investment fund type . The stochastic shocks are generated by 
 plus the innovations simulated by t-copula, which is able to capture non-linear dependen-

cies across innovation processes. In order to allow for flexible marginal distributions, we do not specify 
these distributions but rather adopt a semi-parametric form for them. The marginal densities are esti-
mated using a Gaussian kernel for the central part of the distribution, and a parametric Generalized 
Pareto distribution (GP) is used for the tails. Hence, the asymmetry can be captured directly by estimat-
ing the left and right tails separately. This approach is often referred to as the distribution of exceed-
ances or peaks-over-threshold method (see McNeil 1999 and McNeil and Frey 2000 for more details). 

The stochastic shocks are reported as positive values as depicted in Figure 2 using a blue color histo-
gram for each type of investment funds. As described in the parameter setting, the market shocks and 
credit risk shocks to banks are driven by the market shocks to investment funds (equation (7)). Table 
2 presents the Value-at-Risk (VaR) and Expected Shortfall (ES) at 10% level for investment fund loss 
ratios under these stochastic exogenous shocks based on end-2023 data. The amplification factor is 
defined as the ES ratio of higher order effects to the first-round effects. 

As Figure 2 and Table 2 show, the impact measured by the VaR at 10% for Bond Funds, Equity Funds 
and Mixed Funds respectively amounts to -10.73% (-14.18%), -34.66% (-42.74%) and -13.88% (-16.06%) 
of pre-shock NAV under the (severely) adverse scenario. Although such scenarios were not observed 
in the past, these declines are still comparable with the dynamics of some observed market indices 
during the recent period of crisis (e.g., the GFC, the European debt crisis and recent COVID-19 pan-
demic). For example, the average price of the Bloomberg US Corporate Bond Index23 dropped about 
15% in less than half a year during 2008. The FTSE 100 also experienced a sharp decline in March 2020 
as the COVID-19 Pandemic led to global economic uncertainty; the index fell by about 34% from a peak 
in January to a trough in March 2020.24 

22	 The OECD Share price indices are calculated from the prices of common shares of companies traded on national or foreign 
stock exchanges. They are usually determined by the stock exchange, using the closing daily values for the monthly data, and 
normally expressed as simple arithmetic averages of the daily data.

23	 It is a sub-index of the Bloomberg US Aggregate Index composed only of investment-grade-rated bonds.
24	 https://www.standard.co.uk/business/business-news/ftse-100-losses-stock-market-crash-a4552761.html
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Table 2: 

VaR and ES for investment fund loss ratios under the stochastic exogenous shocks based on end-2023 data

VAR 10% ES 10% AMPLIFICATION 
FACTOR VAR 10% ES 10% AMPLIFICATION 

FACTOR VAR 10% ES 10% AMPLIFICATION 
FACTOR

Bond Funds Equity Funds Mixed Funds

First-round effects 3.76% 4.42% 15.26% 16.99% 7.40% 8.03%

Higher-order effects 
(under adverse scenario 
parameters)

10.73% 12.43% 2.81 34.66% 37.23% 2.19 13.88% 14.96% 1.86

Higher-order effects  
(under severely adverse 
scenario parameters)

14.18% 16.25% 3.67 42.74% 45.24% 2.66 16.06% 17.27% 2.15

Calculation: BCL.

The impact on Equity Funds 
clearly surpasses those on Bond 
Funds and Mixed Funds across 
the entire distribution. However, 
focusing on the VaR and ES, it is 
noticeable that the higher order 
shocks on Bond Funds have an 
important impact in amplifying 
the first-round effects. The ES for 
Bond Funds under the adverse 
scenario almost triples its size 
compared to the first-round 
effects, increasing from 4.42% to 
12.43%, a result partially driven 
by high flow-performance elas-
ticities in this fund type. 

We now turn to the bank analysis 
under the stochastic exogenous 
shocks based on end-2023 data 
as depicted in Figure 3. Taking into 
account the initial high capital-to-
REA ratios, we observe substan-
tially more muted effects (both 
first and higher order effects) 
across the entire distribution. 
The overall bank capital depletion 
measured by the REA is low even 
in view of these tail risk metrics. 
However, it is worth noting that 
risk profiles are still very different 
across business models as shown 
in Figure 4 and Table 3. The tail 
risk is much stronger for CCTPS 
and URCB than for other business 

Figure 3: 

Bank capital depletion ratios for all banks under stochastic exogenous shocks based on end-2023 data
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Figure 2: 

IF loss ratios under stochastic exogenous shocks based on end-2023 data
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models. In addition, as shown in Figure 5, the overall bank capital depletion ratio seems to be domi-
nated by domestic banks. 

Table 3: 

VaR and ES for bank capital depletion ratios under the stochastic exogenous shocks based on end-2023 data broken down 
by business model 

VAR 10% ES 10% AMPLIFICATION 
FACTOR VAR 10% ES 10% AMPLIFICATION 

FACTOR VAR 10% ES 10% AMPLIFICATION 
FACTOR

All Banks CF CCTPS

First-round effects 0.22% 0.24% 0.13% 0.14% 0.36% 0.41%

Higher-order effects 
(under Adverse Scenario 
parameters)

0.38% 0.41% 1.70 0.22% 0.24% 1.69 0.60% 0.70% 1.68

Higher-order effects  
(under Severely Adverse 
Scenario parameters)

0.53% 0.58% 2.37 0.32% 0.34% 2.38 0.87% 1.00% 2.41

CBALIF PB URCB

First-round effects 0.09% 0.10% 0.09% 0.10% 0.38% 0.42%

Higher-order effects 
(under Adverse Scenario 
parameters)

0.15% 0.18% 1.70 0.16% 0.18% 1.72 0.66% 0.72% 1.70

Higher-order effects  
(under Severely Adverse 
Scenario parameters)

0.22% 0.25% 2.44 0.23% 0.25% 2.46 0.92% 0.98% 2.33

Calculation: BCL.

Figure 4: 

Bank capital depletion ratios for business models under stochastic exogenous shocks based on end-2023 data 
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Table 4 further looks at the interaction of bank domicile with bank business model. The overall bank 
capital depletion ratios are mostly driven by domestic banks in URCB, EU foreign subsidiaries in 
CBALIF and non-EU foreign subsidiaries in CCTPS. As for non-EU foreign subsidiaries in PB and URCB, 
their bank capital depletion ratios are trivial. Notably, amplification factors are similar across business 
models and domicile: the amplification factor is of around 1.7 under the adverse scenario and 2.4 under 
the severely adverse scenario.

Figure 5: 

Bank capital depletion ratios for domicile types under stochastic exogenous shocks based on end-2023 data

Domestic banks EU foreign subsidiary banks Non-EU foreign subsidiary banks
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The exercise reflects the strong resilience of Luxembourg banking sector as a whole. Bank amplifica-
tion factors are similar across business models and origin, and much lower than those of the three 
types of investment funds. The overall bank capital depletion ratios are dominated by domestic banks in 
URCB, EU foreign subsidiaries in CBALIF and non-EU foreign subsidiaries in CCTPS. As for investment 
funds, the first-round and higher-order effects on Equity Funds clearly exceed those on Bond Funds 
and Mixed Funds. However, the results for Bond Funds suggest significant amplification of first-round 
effects.  

5.2	 VULNERABILITIES OVER TIME 

In order to investigate changes in the vulnerability of Luxembourg banking sector and investment fund 
sector, the initial analysis based on end-2023 data is extended to include end of year data for the period 
2020-2022. 

Table 4: 

VaR and ES for bank capital depletion ratios under the stochastic exogenous shocks based on end-2023 data broken down by domicile and business model 
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Domestic banks PB - Domestic banks URCB - Domestic 
banks

First-round effects 0.55% 0.61% 0.17% 0.19% 0.58% 0.65%

Higher-order effects 
(under Adverse Scenario 
parameters)

0.96% 1.04% 1.70 0.29% 0.33% 1.70 1.02% 1.10% 1.70

Higher-order effects  
(under Severely Adverse 
Scenario parameters)

1.33% 1.42% 2.33 0.42% 0.47% 2.44 1.42% 1.51% 2.33

EU foreign subsidiary 
banks 

CF - EU foreign 
subsidiary banks

CCTPS - EU foreign 
subsidiary banks

CBALIF - EU foreign 
subsidiary banks

PB - EU foreign 
subsidiary banks

URCB - EU foreign 
subsidiary banks

First-round effects 0.14% 0.16% 0.14% 0.16% 0.17% 0.20% 0.56% 0.64% 0.09% 0.11% 0.20% 0.22%

Higher-order effects 
(under Adverse Scenario 
parameters)

0.25% 0.27% 1.70 0.25% 0.27% 1.69 0.29% 0.34% 1.68 0.96% 1.10% 1.70 0.16% 0.18% 1.72 0.34% 0.38% 1.70

Higher-order effects  
(under Severely Adverse 
Scenario parameters)

0.35% 0.38% 2.40 0.35% 0.38% 2.37 0.42% 0.49% 2.41 1.39% 1.57% 2.45 0.24% 0.26% 2.46 0.48% 0.52% 2.36

Non-EU foreign 
subsidiary banks

CF - Non-EU foreign 
subsidiary banks

CCTPS - Non-EU foreign 
subsidiary banks

CBALIF - Non-EU 
foreign subsidiary banks

PB - Non-EU foreign 
subsidiary banks

URCB -Non-EU foreign 
subsidiary banks

First-round effects 0.12% 0.14% 0.09% 0.10% 0.60% 0.70% 0.05% 0.06% 0.02% 0.02% 0.02% 0.02%

Higher-order effects 
(under Adverse Scenario 
parameters)

0.20% 0.23% 1.69 0.16% 0.17% 1.70 1.02% 1.18% 1.68 0.09% 0.11% 1.70 0.03% 0.04% 1.71 0.03% 0.04% 1.65

Higher-order effects  
(under Severely Adverse 
Scenario parameters)

0.29% 0.33% 2.42 0.22% 0.25% 2.41 1.48% 1.70% 2.41 0.14% 0.15% 2.44 0.05% 0.05% 2.41 0.05% 0.05% 2.29

Calculation: BCL.



225R E V U E  D E  S T A B I L I T É  F I N A N C I È R E  2 0 2 5

ANNEXES

1

4Figure 6 shows the time-series of investment funds loss ratios under the considered stochastic exog-
enous shocks for the period 2020-2023. Table 5 shows the VaR, ES and amplification factor for invest-
ment fund loss ratios across time. For Bond and Mixed Funds, there do not appear to be major changes 
in the distribution of these loss ratios over the considered horizon. However, Equity Funds seem to be 
the most sensitive to shocks. Moreover, higher-order effects are more prominent for Equity Funds than 
for the other types of funds, while Bond Funds appear to amplify the effects of the first round.

Figure 6: 

Time-series IF loss ratios under stochastic exogenous shocks 
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The investment funds loss is affected through three channels. First, the direct NAV channel. Under 
the same shocks, the higher NAV, the higher the redemptions, and the higher second-round effects 
through the price impact. Second, the leverage target channel. If the leverage target ratio is high, with 
the decreased NAVs, the funds have to reduce their exposures to keep the ratio at its target, and thus 
are willing to sell assets to pay back the debt. Third, the cash target channel. If the cash target ratio is 
high, with the decreased NAVs, the funds have to cut more cash to keep the ratio at its target, and thus 
might release the pressure to sell assets. The investment fund loss ratio is finally determined by the 
overall effects, including the effect of the NAV as denominator of the ratio. 

Table 5: 

VaR and ES for investment fund loss ratios under the stochastic exogenous shocks over time
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Bond funds Equity Funds Mixed Funds

2023 10.73% 12.43% 2.81 14.18% 16.25% 3.67 34.66% 37.23% 2.19 42.74% 45.24% 2.66 13.88% 14.96% 1.86 16.06% 17.27% 2.15

2022 9.89% 11.47% 2.59 12.70% 14.62% 3.31 31.49% 34.02% 2.00 38.16% 40.71% 2.40 13.29% 14.33% 1.78 15.29% 16.45% 2.05

2021 11.22% 12.96% 2.93 15.42% 17.58% 3.98 34.62% 37.15% 2.19 43.06% 45.51% 2.68 13.53% 14.58% 1.82 15.72% 16.90% 2.10

2020 10.64% 12.31% 2.78 14.25% 16.31% 3.69 28.56% 31.04% 1.83 33.61% 36.19% 2.13 12.79% 13.79% 1.72 14.54% 15.66% 1.95

Calculation: BCL.

Figure 7: 

Time-series bank capital depletion ratios for all banks under stochastic exogenous shocks 
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4The internal structure of the three types of investment funds (i.e. NAVs, bank loans, and investment 
fund deposits) also captured the economic conditions in a timely manner, even under the same sto-
chastic exogenous shocks and parameter settings. There seems to be a significant shift into the right 
tail (the worse) of the loss distributions in 2021, the period characterized by the weak post-pandemic 
economic recovery both in the euro area and globally, which was associated with accelerating infla-
tion and supply-side bottlenecks. However, as the Federal Open Market Committee (FOMC) and the 
Eurosystem initiated monetary policy normalization in 2022 to bring high inflation back to its objective, 
the vulnerability of investment funds improved substantially. Nonetheless, the deterioration at the end 
of 2023 might reflect the macroeconomic uncertainty due to heightened global geopolitical tensions. 

Table 6: 

VaR and ES for bank capital depletion ratios under the stochastic exogenous shocks across time 
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All Banks CF CCTPS

2023 0.38% 0.42% 1.70 0.53% 0.58% 2.37 0.22% 0.24% 1.69 0.32% 0.34% 2.38 0.64% 0.74% 1.68 0.92% 1.06% 2.41

2022 0.34% 0.37% 1.57 0.47% 0.51% 2.14 0.16% 0.18% 1.56 0.22% 0.24% 2.15 0.63% 0.73% 1.58 0.88% 1.02% 2.20

2021 0.43% 0.47% 1.74 0.62% 0.67% 2.49 0.19% 0.21% 1.74 0.28% 0.31% 2.51 0.97% 1.13% 1.79 1.47% 1.68% 2.67

2020 0.34% 0.38% 1.53 0.47% 0.52% 2.11 0.18% 0.20% 1.51 0.25% 0.27% 2.07 1.01% 1.17% 1.70 1.48% 1.71% 2.47

CBALIF PB URCB

2023 0.15% 0.18% 1.70 0.22% 0.26% 2.44 0.16% 0.18% 1.72 0.23% 0.25% 2.46 0.66% 0.72% 1.70 0.92% 0.98% 2.33

2022 0.20% 0.23% 1.58 0.28% 0.32% 2.21 0.16% 0.18% 1.60 0.22% 0.25% 2.22 0.58% 0.64% 1.56 0.79% 0.86% 2.10

2021 0.20% 0.23% 1.80 0.30% 0.35% 2.69 0.23% 0.25% 1.80 0.34% 0.38% 2.66 0.70% 0.76% 1.71 0.98% 1.05% 2.39

2020 0.27% 0.31% 1.69 0.39% 0.45% 2.46 0.20% 0.23% 1.63 0.29% 0.33% 2.32 0.45% 0.50% 1.44 0.60% 0.66% 1.90

Calculation: BCL.

Figure 7 and Table 6 show the overall bank capital depletion ratios for the 63 banks under the stochastic 
exogenous shocks over the period covered by the sample. Similarly to investment funds, bank vul-
nerabilities reflect some procyclicality over this period. However, in contrast to investment funds, the 
rebound at end-2023 was mild compared to the level of capital depletion at the end of 2021. Regarding 
business model components as shown in Table 6, it is worth noting that the vulnerabilities for CBALIF 
improved consistently over time, while they deteriorated for CF, with the worst level observed at the end 
of 2023.  
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Table 7 further identify the components in each business model according to its origin. The banking vul-
nerabilities over the period are more important for Luxembourg domestic banks, while vulnerabilities 
decreased consistently for Non-EU foreign subsidiary banks. The overall vulnerability was still high at 
the end of 2023 for Domestic URCB banks, EU foreign subsidiary CBALIF banks, and Non-EU foreign 
subsidiary CCTPS banks. In contrasts, for Non-EU foreign CCTPS banks and Non-EU foreign CBALIF 
banks, their vulnerabilities decreased consistently over time. 

Overall, the vulnerabilities of both investment funds and banks reflect the procyclicality of the financial 
system. Indeed, financial activities tend to expand and contract in response to the broader economic 
cycle. However, in contrast to investment funds, Luxembourg banks show increased resilience, as their 
overall loss ratios at the end of 2023 remained lower than their worst level at the end 2021.

Table 7: 

VaR and ES for banks capital depletion ratios under the stochastic exogenous shocks across time broken down by domicile and business model 
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Domestic Banks EU foreign subsidiary banks Non-EU foreign subsidiary banks

2023 0.95% 1.04% 1.70 1.33% 1.42% 2.33 0.25% 0.27% 1.70 0.35% 0.39% 2.40 0.21% 0.23% 1.69 0.30% 0.33% 2.42

2022 0.87% 0.95% 1.56 1.18% 1.27% 2.09 0.20% 0.23% 1.57 0.28% 0.31% 2.16 0.23% 0.26% 1.58 0.32% 0.36% 2.20

2021 1.06% 1.15% 1.72 1.50% 1.61% 2.39 0.25% 0.28% 1.76 0.37% 0.40% 2.55 0.32% 0.37% 1.79 0.48% 0.55% 2.67

2020 0.67% 0.74% 1.44 0.89% 0.97% 1.91 0.22% 0.25% 1.55 0.31% 0.35% 2.15 0.38% 0.44% 1.69 0.55% 0.64% 2.44

PB - Domestic banks  URCB - Domestic banks CF - EU foreign subsidiary banks

2023 0.27% 0.31% 1.71 0.39% 0.44% 2.45 1.02% 1.10% 1.70 1.42% 1.51% 2.33 0.25% 0.27% 1.69 0.35% 0.38% 2.37

2022 0.32% 0.36% 1.60 0.44% 0.50% 2.22 0.92% 1.00% 1.56 1.24% 1.34% 2.09 0.18% 0.20% 1.56 0.25% 0.27% 2.13

2021 0.32% 0.36% 1.60 0.44% 0.50% 2.22 0.92% 1.00% 1.56 1.24% 1.34% 2.09 0.18% 0.20% 1.56 0.25% 0.27% 2.13

2020 0.63% 0.72% 1.66 0.91% 1.04% 2.39 0.68% 0.75% 1.42 0.90% 0.98% 1.87 0.21% 0.23% 1.48 0.28% 0.31% 2.01

CCTPS - EU foreign subsidiary banks CBALIF - EU foreign subsidiary banks PB - EU foreign subsidiary banks

2023 0.32% 0.37% 1.68 0.46% 0.54% 2.41 1.00% 1.14% 1.70 1.44% 1.63% 2.45 0.16% 0.18% 1.72 0.24% 0.26% 2.46

2022 0.27% 0.32% 1.58 0.38% 0.44% 2.20 0.66% 0.76% 1.58 0.93% 1.07% 2.21 0.16% 0.18% 1.60 0.23% 0.25% 2.22

2021 0.27% 0.32% 1.58 0.38% 0.44% 2.20 0.66% 0.76% 1.58 0.93% 1.07% 2.21 0.16% 0.18% 1.60 0.23% 0.25% 2.22

2020 0.38% 0.44% 1.70 0.56% 0.65% 2.47 0.73% 0.84% 1.69 1.06% 1.22% 2.45 0.18% 0.20% 1.63 0.26% 0.29% 2.31

URCB - EU foreign subsidiary banks CF - Non-EU foreign subsidiary banks CCTPS - Non-EU foreign subsidiary banks

2023 0.34% 0.38% 1.70 0.48% 0.52% 2.36 0.16% 0.17% 1.70 0.23% 0.25% 2.41 1.02% 1.18% 1.68 1.48% 1.70% 2.41

2022 0.27% 0.30% 1.56 0.37% 0.40% 2.12 0.11% 0.12% 1.58 0.16% 0.17% 2.20 1.09% 1.26% 1.58 1.53% 1.76% 2.20

2021 0.27% 0.30% 1.56 0.37% 0.40% 2.12 0.11% 0.12% 1.58 0.16% 0.17% 2.20 1.09% 1.26% 1.58 1.53% 1.76% 2.20

2020 0.25% 0.28% 1.48 0.34% 0.38% 1.99 0.11% 0.13% 1.65 0.16% 0.18% 2.37 3.07% 3.57% 1.70 4.51% 5.19% 2.47

CBALIF - Non-EU foreign subsidiary banks PB - Non-EU foreign subsidiary banks URCB -Non-EU foreign subsidiary banks

2023 0.09% 0.11% 1.70 0.14% 0.15% 2.44 0.04% 0.04% 1.71 0.05% 0.05% 2.42 0.03% 0.04% 1.65 0.05% 0.05% 2.29

2022 0.16% 0.19% 1.59 0.23% 0.26% 2.21 0.04% 0.04% 1.58 0.06% 0.06% 2.19 0.02% 0.02% 1.53 0.03% 0.03% 2.06

2021 0.16% 0.19% 1.59 0.23% 0.26% 2.21 0.04% 0.04% 1.58 0.06% 0.06% 2.19 0.02% 0.02% 1.53 0.03% 0.03% 2.06

2020 0.24% 0.28% 1.69 0.36% 0.41% 2.46 0.08% 0.09% 1.53 0.11% 0.12% 2.10 0.03% 0.03% 1.43 0.03% 0.04% 1.90

Calculation: BCL.
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46.	 CONCLUSION

In order to identify vulnerabilities arising from increasingly interconnected banks and investment funds 
in Luxembourg, we propose a framework for system-wide financial stress-testing with multiple inter-
acting contagion and amplification effect that act through a dual channel of liquidity and solvency risks. 
We assess the overall resilience of banks and investment funds to adverse external shocks by assum-
ing that the deterministic and stochastic exogenous shocks stem from hypothetical market shocks. 
Market risk, credit risk and liquidity risk are analysed. The suggested systemic risk metrics highlight 
the significant higher-order effects on investment funds, in particular on Equity Funds, and the strong 
resilience of the Luxembourg banking sector as a whole. Nevertheless, the vulnerabilities of both 
investment funds and banks seem to reflect the procyclicality of the financial system. 
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