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Abstract: This paper investigates the equilibrium of a non-performing loan (NPL) securitization
market characterized by strategic interactions between multiple banks and insurers. We develop
a continuous-time framework in which the NPL recovery process is modeled by a Markov chain
capturing stochastic macroeconomic regime shifts. Within this market, risk-averse banks and
insurers—both represented by exponential utility preferences—seek to maximize their certainty-
equivalent terminal wealth through optimal choices of securitization and guarantee ratios. Employing
optimization techniques, we establish the equilibrium model and derive analytical, closed-form
solutions for the equilibrium strategies as well as the endogenous insurance premium. Numerical
experiments illustrate how equilibrium outcomes respond to key factors such as agents’ risk aversion
and macroeconomic transition probabilities, thereby validating the theoretical framework and offering
a rigorous tool for practical decision-making and regulatory evaluation.
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1. Introduction

Major economic shocks—such as the global financial crisis (GFC) of 2007–2009 and the more
recent COVID-19 pandemic—have repeatedly triggered sharp increases in the stock of non-performing
loans (NPLs) across banking systems worldwide [1, 2]. In the aftermath of severe recessions, banks in
many jurisdictions have been left with heavily impaired loan portfolios, as prominently exemplified by
the situation in Italy [3, 4]. The large-scale accumulation of NPLs poses a serious threat to financial
stability: It erodes bank profitability, weakens capital positions, raises funding costs, and ultimately
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constrains the supply of new credit to the real economy [1, 5, 6]. These persistent challenges have
elicited strong responses from policymakers and regulators worldwide, underscoring the urgency of
timely and effective NPL resolution.

Against this backdrop, securitization has emerged as a key financial instrument for managing
legacy NPLs, offering banks a strategic alternative to outright loan sales [7]. This mechanism involves
pooling illiquid NPLs and transferring them to a special purpose vehicle (SPV), which in turn issues
tranches of asset-backed securities to capital market investors [8]. By enabling risk transfer and
balance-sheet deleveraging, NPL securitization allows banks to improve the quality of their credit
portfolios, reduce portfolio risk, and release capital for new, more profitable lending activities [9].
Compared to direct loan sales, securitization can mitigate the “cost of deleveraging”, as it alleviates
information asymmetries and narrows the wide bid–ask spreads that often plague illiquid NPL
markets [10]. From the investors’ perspective, NPL-backed securities open up new investment
opportunities, offering potentially attractive instruments for sophisticated investors willing to assume
higher levels of risk [7, 11].

In practice, due to the high risk and informational asymmetries inherent in NPL assets, originating
banks often employ credit enhancement mechanisms to make the securitized notes more attractive to
investors [12, 13]. This frequently involves third-party guarantors, such as insurance companies, who
agree to cover potential losses in exchange for a premium [14]. Such a structure creates a complex
strategic environment. On one side, banks must decide the optimal portion of NPLs to securitize,
weighing the benefits of risk transfer against the cost of insurance premiums. On the other side, insurers
must determine the optimal amount of risk to underwrite by setting a premium that compensates for
the potential losses from the guaranteed assets. The decisions of these agents are interdependent and
are settled in a market framework.

However, the existing theoretical literature on securitization predominantly analyzes the market
from a single-agent perspective, typically focusing on the originator’s strategic decisions. This body
of work often uses principal-agent models to design optimal contracts that address information
asymmetries, such as setting risk retention levels to mitigate moral hazard [15, 16] or to signal asset
quality under adverse selection [17]. Other studies examine how the possibility of securitization
endogenously shapes the originator’s operational strategies, like foreclosure policies [18]. While
these models offer crucial insights into the originator’s behavior, they share a common limitation:
Other key market participants, particularly credit enhancers like insurance companies, are not
modeled as strategic players. Instead, they are often treated as passive price-takers or as a part of the
contractual constraint within the originator’s optimization problem.

Furthermore, these micro-level models often neglect the macroeconomic determinants of credit
risk. The valuation of credit-sensitive assets is inherently regime-dependent, with distinct patterns
across stable and crisis periods. Recent studies employ regime-switching frameworks to capture this
feature. For instance, corporate default clustering is better explained by models allowing for regime
transitions [19]. Non-performing loans also switch between stationary and non-stationary regimes,
with policy interventions exerting regime-specific effects on financial stability [20]. The relationship
between non-performing loans and bank stability is increasingly understood as state-dependent, with
non-linear models like the panel smooth transition regression model showing that the system switches
between different risk regimes, often defined by the level of NPLs themselves. Consequently, policy
interventions like a bank’s income diversification strategy exert regime-specific effects on financial
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stability [21]. Market evidence is consistent: Sovereign credit default swap (CDS) spreads are driven
by different factors in tranquil versus turbulent states [22], and pricing of CDS index tranches requires
regime-switching to capture default dependence [23]. Ignoring such dynamics leads to an incomplete
assessment of securitization risk and misrepresentation of banks’ and insurers’ strategic choices.

This paper addresses these shortcomings by developing a novel equilibrium framework that
simultaneously captures the strategic interactions between banks and insurers under stochastic
macroeconomic conditions. To achieve this, we construct a model in two interconnected parts. First,
we establish a dynamic NPL repayment model where both the intensity and the amount of cash flow
recovery are governed by a continuous-time Markov chain that represents transitions between
macroeconomic states (e.g., expansion and contraction). Second, we build upon this foundation to
establish a market equilibrium game model. This model features multiple banks (as originators) and
insurance companies (as guarantors), where each participant, characterized by an exponential utility
function, makes optimal decisions to maximize its terminal wealth.

Obtaining a tractable analytical solution for the equilibrium in NPL securitization markets presents
several significant challenges, which motivate our methodological choices. First, the underlying
aggregate recovery process is inherently complex. A direct diffusion approximation without
simplifying assumptions, such as conditioning on regime occupation times, risks leading to an
intractable analysis. Second, the strategic equilibrium itself is a high-dimensional problem. As the
number of interacting banks and insurers increases, characterizing the market-clearing outcome
requires solving a complex system of interdependent equations, making a closed-form
characterization of the equilibrium elusive beyond highly stylized cases. Finally, modeling the
macroeconomic environment involves a crucial trade-off between realism and tractability. While
real-world credit cycles may encompass multiple states, extending the analysis beyond a two-state
Markov chain introduces substantial technical hurdles that can obscure the core economic regimes.

A primary contribution of this work is the derivation of a closed-form solution for the market
equilibrium. By solving the optimization equation system, we obtain analytical expressions for the
optimal securitization ratio for banks, the optimal guarantee ratio for insurers, and the endogenously
determined equilibrium insurance premium. The provision of an analytical solution is a significant
advancement, as it allows for a transparent analysis of how equilibrium strategies respond to
fundamental parameters, such as agents’ risk aversion and macroeconomic volatility, which is often
obscured in models that rely solely on numerical solutions. We further analyze the equilibrium under
feasibility constraints, offering a detailed characterization for a two-bank, two-insurer market to
illustrate the model’s practical application.

Finally, the theoretical findings are complemented by a detailed numerical analysis. Through
simulations, we illustrate the impact of key parameters on the equilibrium outcomes, providing
tangible insights into the market dynamics. These results validate the theoretical model’s conclusions
and yield significant practical implications. For banks, our framework offers a robust tool for
formulating NPL disposal and risk management strategies. For insurance companies and other
guarantors, it provides a theoretical foundation for risk pricing and capital allocation. For regulators,
the model serves as a new analytical instrument to understand and assess the systemic risks inherent
in the NPL securitization market, particularly in relation to macroeconomic fluctuations.

The remainder of this paper is organized as follows. Section 2 details the dynamic process of NPL
repayment and sets up the market equilibrium model. Section 3 derives and analyzes the equilibrium
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solutions under both unconstrained and constrained conditions. Section 4 uses numerical simulations to
illustrate the impact of key parameters on equilibrium strategies and the premium. Section 5 concludes
this work.

2. Model setup

2.1. NPL repayment dynamics

In contrast to conventional performing loans, non-performing loans (NPLs) exhibit substantial
uncertainty both in repayment timing and in the magnitude of recovered cash flows. Such randomness
stems from the credit deterioration of borrowers and the influence of macroeconomic conditions,
making NPLs markedly different from standard debt instruments.

Let τ(k)
m denote the time of the m-th repayment made by borrower k for k = 1, 2, . . . , n, and let Y (k)

represent the corresponding repayment amount. Formally, we model τ(k)
m as the m-th jump time of

a Cox process {N(k)(t)}0⩽t⩽T with stochastic intensity {λ(k)(t, X(t))}0⩽t⩽T . Equivalently, starting from a
standard Poisson process {N̄(k)(t)}0⩽t⩽T that is independent of the intensity, we define

N(k)(t) = N̄(k)
(
Λ(k)(t)

)
, Λ(k)(t) =

∫ t

0
λ(k)(s, X(s)) ds.

Hence, the m-th repayment time τ(k)
m of borrower k can be characterized as

τ(k)
m = inf

{
t > 0 : N(k)(t) ⩾ m

}
.

This formulation naturally accommodates the clustering of defaults and repayments, which is a well-
documented phenomenon in distressed debt portfolios.

The dynamics of repayment are further shaped by macroeconomic conditions. To capture regime
shifts between economic expansion and contraction, we introduce a continuous-time, finite-state
Markov chain X = {X(t), t ⩾ 0} with state space D = {e1, e2, . . . , eN}, where ei = (0, . . . , 0, 1, 0, . . . , 0)⊤

is the i-th unit vector in RN . The transition intensity matrix of X(t) is specified as

Q =


−q11 q12 · · · q1N
...

. . .
. . .

...

qN1 qN2 · · · −qNN

 , (2.1)

where qi j ⩾ 0 for i , j, and qii =
∑N

j=1, j,i qi j for i = 1, 2, . . . ,N. Let GX
t denote the natural filtration

generated by X(t). This Markovian structure enables the repayment intensity to be explicitly linked to
macroeconomic regimes, thereby embedding systemic risk factors directly into the cash-flow dynamics
of securitized NPL portfolios.

Considering that both repayment times and repayment amounts are affected by macroeconomic
conditions, we introduce for each borrower k a vector of regime-dependent repayment intensities

λ(k) =
(
λ(k)

1 , λ
(k)
2 , · · · , λ

(k)
N

)⊤
, (2.2)

where λ(k)
i ≥ 0 represents the repayment intensity under macroeconomic state ei, and ⟨·, ·⟩ denotes the

inner product of two vectors. Then the repayment intensity process can be represented as a functional
of the Markov chain X(t), i.e.,

λ(k)(t, X(t)) =
〈
λ(k), X(t)

〉
. (2.3)
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This specification ensures that repayment activity adjusts endogenously to the prevailing
macroeconomic regime.

In a similar manner, the distribution of repayment amounts is allowed to vary across states. Define
the vector of regime-dependent density functions as

f (k)(y) =
(
f (k)
1 (y), f (k)

2 (y), · · · , f (k)
N (y)

)⊤
, (2.4)

where f (k)
i (y) denotes the density of repayment amounts on regime i. Then, the probability density of

the (non negative) repayment amount Y (k) at time t is given by

f (k)(y, t, X(t)) =
〈

f (k)(y), X(t)
〉
. (2.5)

The cumulative cash flow collected from borrower k by time t is then

L(k)(t) =
N(k)(t)∑
m=1

Y (k)
m . (2.6)

Conditioning on the macroeconomic filtration GX
T , the jump sizes Y (k)

m with density f (k)(y, t, X(t)) are
independent of both past increments L(k)(t−) and future increments L(k)(T ) − L(k)(t), and they are also
independent of the counting process N(k)(t). Aggregating across n borrowers, the total cumulative cash
flow is

Ln(t) =
n∑

k=1

L(k)(t). (2.7)

To describe the time spent in each regime, define the occupation time of X(t) in state i by

Oi(t) =
∫ t

0
I{X(s)=i} ds, i = 1, 2, · · · ,N,

where I{·} denotes the indicator function.
For each regime i, we can define the associated compound Poisson component

Ln,i(t) =
n∑

k=1

N(k)
i (t)∑

m=1

Y (k)
m,i, (2.8)

where N(k)
i (t) is a Poisson process with parameter λ(k)

i , and Y (k)
m,i follows density f (k)

i (y).

Proposition 2.1. Given Oi(t) = ti for i = 1, 2, · · · ,N, the aggregate cash flow can be decomposed as

Ln(t) =
N∑

i=1

Ln,i(ti), (2.9)

where
∑N

i=1 ti = t.

Proof. Conditional on Oi(t) = ti for all i, the additivity, stationary increments, and independence
properties of Poisson processes imply that Ln(t) can be expressed as Eq (2.9) by summing all jumps
generated while X(·) occupies each regime. □
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Define the standardized process as follows:

L̄n(t) =
Ln(t) − µ(t1, · · · , tN)

√
n

, (2.10)

where µ(t1, · · · , tN) denotes the conditional expectation of Ln(t).

Proposition 2.2. Assume homogeneous borrowers, i.e., each borrower has the same repayment
intensity λi and density function fi(y) in regime i. Given Oi(t) = ti for i = 1, 2, · · · ,N, as n → ∞ the
standardized process L̄n(t) with fixed t converges to a normal distribution. Consequently, the
cumulative cash flow admits the approximation

Ln(t) ≈ µ(t1, · · · , tN) +

√√
n

N∑
i=1

λiti

∫ ∞

0
y2 fi(y) dy Wt, (2.11)

where

µ(t1, · · · , tN) =
N∑

i=1

nλiti

∫ ∞

0
y fi(y) dy, (2.12)

and Wt is a standard Brownian motion independent of X(t).

Proof. From Proposition 2.1, conditioning on Oi(t) = ti, for i = 1, 2, · · · ,N, we have

EX

[
euLn(t)

]
=

N∏
i=1

E
[
euLn,i(ti)

]

=

N∏
i=1

n∏
k=1

E

exp

u
N(k)

i (t)∑
m=1

Y (k)
m,i


 , (2.13)

where EX[·] = E[· | Oi(t) = ti]. Since Ln,i(ti) is a compound Poisson process,

E

exp

u
N(k)

i (t)∑
m=1

Y (k)
m,i


 = exp

{
λ(k)

i ti

( ∫ ∞

0
euy f (k)

i (y) dy − 1
)}
. (2.14)

Under homogeneity, (2.13) gives

EX

[
euLn(t)

]
= exp

 N∑
i=1

nλiti
(
ϕYi(u) − 1

) , (2.15)

where ϕYi(u) =
∫ ∞

0
euy fi(y) dy. Hence,

µ(t1, · · · , tN) = EX[Ln(t)] =
N∑

i=1

nλiti

∫ ∞

0
y fi(y) dy.
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From Eq (2.15), the conditional moment generating function of L̄n(t) can be written as

EX
[
euL̄n(t)

]
= e−u µ(t1 ,··· ,tN )

√
n exp

 N∑
i=1

nλiti

(
ϕYi

(
u
√

n

)
− 1

) . (2.16)

By Taylor expansion, we have

ϕYi

(
u
√

n

)
= 1 +

u
√

n
E [Yi] −

u2

2n
E

[
(Yi)2

]
+ o

(
1
n

)
. (2.17)

As n→ ∞,

EX

[
euL̄n(t)

]
≈ exp

−u2

2

N∑
i=1

λiti

∫ ∞

0
y2 fi(y) dy

 .
Thus, given Oi(t) = ti for i = 1, 2, · · · ,N, the process Ln(t) can be approximated by

Ln(t) ≈ µ(t1, · · · , tN) +

√√
n

N∑
i=1

λiti

∫ ∞

0
y2 fi(y)dyWt. (2.18)

□

Remark 2.1. The homogeneous portfolio assumption, albeit stylized, has been extensively employed
in the credit risk literature as a tractable benchmark. By imposing identical default intensities and
contagion parameters within a subportfolio, it permits closed-form characterizations of ordered
default times, thereby facilitating calibration and transparent risk measurement. In contrast, fully
heterogeneous specifications, though more realistic, typically entail substantial computational
complexity and limited analytical insight. For example, see [24, 25].

From Proposition 2.2, given Oi(t) = ti for i = 1, 2, · · · ,N, the process Ln(t) can be rewritten as

Ln(t) = µ(t1, · · · , tN) + σ(t1, · · · , tN)Wt, (2.19)

where

σ(t1, · · · , tN) =

√√
n

N∑
i=1

λiti

∫ ∞

0
y2 fi(y)dy. (2.20)

For convenience, we denote

µ̄ j = E j
[
µ(T1, · · · ,TN)

]
, σ̄ j = E j

[
σ2(T1, · · · ,TN)

]
, (2.21)

where E j[·] = E[· | X(0) = e j] and Ti = Oi(T ) for i = 1, 2, · · · ,N.
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2.2. Equilibrium model for NPL securitization

We now turn to the equilibrium formulation of non-performing loan (NPL) securitization. In
practice, the securitization of distressed debt involves several key steps. First, banks or specialized
asset management companies transfer part of their NPL exposures into structured products. Through
this process, a fraction of the portfolio is securitized and sold to outside investors, while the remaining
portion is retained on the banks’ balance sheets. To mitigate the inherent default and recovery risks,
insurance companies (or guarantors) provide credit enhancement by guaranteeing a share of the
securitized assets in exchange for premium payments.

Thus, banks play the role of originators deciding how much of their NPL holdings to securitize,
whereas insurers act as risk-sharing counterparties absorbing part of the repayment uncertainty. The
equilibrium model presented below captures the interaction between these two sides of the market,
together with the endogenous determination of the insurance premium.

Suppose there are M̄ banks (or specialized asset management companies). For each q ∈ {1, . . . , M̄},
let ξq denote its relative scale, normalized such that

∑M̄
q=1 ξq = 1. The government allocates one unit*

of NPL exposure among the banks proportionally to their scale, so that bank q handles a fraction ξq.

uq + vq = ξq.

Banks. The terminal wealth of bank q is then given by

WB
q (T ) = uq(1 − p)erT + (ξq − uq)Ln(T ), (2.22)

where p is the insurance premium per unit securitized asset. The first term captures the terminal
wealth derived from the securitized portion of the portfolio: After paying the insurance premium p, the
proceeds are reinvested at the risk-free rate until maturity. The second term reflects the stochastic cash
flows generated by the retained share of NPLs, with repayments governed by the aggregate recovery
process Ln(T ).

Each bank has exponential utility

UB
q (w) = − exp

(
− γB

q w
)
,

where γB
q > 0 is its coefficient of absolute risk aversion. Bank q determines the optimal securitization

share uq by solving the following:

max
uq
E
[
UB

q

(
WB

q (T )
)]
= max

uq
E
[
UB

q

(
uq(1 − p)erT + (ξq − uq)Ln(T )

)]
. (2.23)

Insurance companies. On the other side of the market, consider M insurance companies. Each
m ∈ {1, . . . ,M} guarantees a fraction ym of the securitized portfolio. Its terminal wealth is

W I
m(T ) = ym perT − ym peCT + ymLn(T ), (2.24)

*Note that the “one unit of NPL exposure” is a normalization for analytical convenience. The weights ξq are dimensionless. For
example, to apply our model to a real-world NPL portfolio with a total notional value of S , all resulting equilibrium quantities expressed
in monetary units (such as prices, payments, and wealth levels) should be scaled by S . The absolute NPL exposure for bank q would
thus be S · ξq. Consequently, due to the model’s structure, equilibrium prices and rates of return are invariant to the total portfolio size.
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where r is the risk-free rate, and C is the contractual transfer rate of return promised to investors on
the securitized assets. On the right hand of (2.24), the first term denotes the premium income received
by the insurer, reinvested at the risk-free rate until maturity. The second term corresponds to the
contractual payment that must be transferred to investors in the securitized assets, representing the cost
of providing credit enhancement. The third term captures the stochastic repayment flows arising from
the guaranteed share of the NPL pool, determined by the aggregate recovery process.

The insurer’s preferences are also exponential:

U I
m(w) = − exp

(
− γI

mw
)
,

with γI
m > 0 as the risk-aversion coefficient. Insurance company m chooses ym to maximize

max
ym
E
[
U I

m(W I
m(T ))

]
= max

ym
E
[
U I

m

(
ym perT − ym peCT + ymLn(T )

)]
, (2.25)

subject to the market-clearing condition

M∑
m=1

ym =

M̄∑
q=1

uq. (2.26)

To summarize, the above framework establishes the equilibrium environment for NPL
securitization: Banks determine how much of their distressed assets to securitize, while insurers
decide how much risk to guarantee, subject to a market-clearing condition. This formulation captures
the strategic interaction between originators and insurers under risk aversion, and provides the
foundation for the analytical derivation of equilibrium strategies.

3. Solution of the equilibrium

3.1. Solution of the unconstrained equilibrium

In this subsection, we solve for the unconstrained equilibrium of the NPL securitization model.
Here, the term “unconstrained” means that we temporarily ignore the natural feasibility bounds on the
decision variables: For each bank q, the securitization ratio uq should lie in the interval [0, ξq], and
for each insurer m, the guaranteed proportion ym should be nonnegative. By relaxing these bounds,
the equilibrium strategies can be characterized in closed form through the optimal conditions and the
market-clearing constraint. This unconstrained solution provides a tractable benchmark, from which
we can later examine how the imposition of natural bounds modifies the equilibrium allocation of risks.

The following proposition summarizes the unconstrained equilibrium strategies of banks, insurers,
and the endogenous premium p.

Proposition 3.1. Without loss of generality, if the initial regime is X(0) = e j, then the unconstrained
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equilibrium strategies are 

ũ1

ũ2
...

ũM̄

ỹ1

ỹ2
...

ỹM

p̃



= S −1G



µ̄ j − erT − γB
1 ξ1σ̄ j

µ̄ j − erT − γB
2 ξ2σ̄ j

...

µ̄ j − erT − γB
M̄ξM̄σ̄ j

µ̄ j

µ̄ j
...

µ̄ j

0



, (3.1)

where

S −1 =
1∑M̄

q=1
erT

γB
q σ̄ j
−

∑M
m=1

erT−eCT

γI
mσ̄ j

, (3.2)

and

G =



− 1
γB

1 σ̄ jS−1 +
erT

γB
1 γ

B
1 σ̄

2
j
· · · erT

γB
1 γ

B
M̄
σ̄2

j

erT

γB
1 γ

I
1σ̄

2
j

· · · erT

γB
1 γ

I
M σ̄

2
j

− erT

γB
1 σ̄ j

· · · · · · · · · · · · · · · · · · · · ·
erT

γB
1 γ

B
M̄
σ̄2

j
· · · − 1

γB
M̄
σ̄ jS−1 +

erT

γB
M̄
γB

M̄
σ̄2

j

erT

γB
M̄
γI

1σ̄
2
j

· · · erT

γB
M̄
γI

M σ̄
2
j

− erT

γB
M̄
σ̄ j

eCT−erT

γB
1 γ

I
1σ̄

2
j

· · · eCT−erT

γB
M̄
γI

1σ̄
2
j

1
γI

1σ̄ jS−1 +
eCT−erT

γI
1γ

I
1σ̄

2
j
· · · eCT−erT

γI
1γ

I
M σ̄

2
j

− eCT−erT

γI
1σ̄ j

· · · · · · · · · · · · · · · · · · · · ·
eCT−erT

γB
1 γ

I
M σ̄

2
j

· · · eCT−erT

γB
M̄
γI

M σ̄
2
j

eCT−erT

γI
1γ

I
M σ̄

2
j

· · · 1
γI

M σ̄ jS−1 +
eCT−erT

γI
Mγ

I
M σ̄

2
j
− eCT−erT

γI
M σ̄ j

− 1
γB

1 σ̄ j
· · · − 1

γB
M̄
σ̄ j

− 1
γI

1σ̄ j
· · · − 1

γI
M σ̄ j

1


. (3.3)

Proof. From Eq (2.19), since the aggregate cash-flow process Ln(t) is normally distributed, the terminal
wealth WB

q (T ) of each bank also follows a normal distribution. Exploiting the certainty-equivalent form
of exponential utility under normality, we obtain

E
[
UB

q (WB
q (T ))

]
= UB

q

(
E[WB

q (T )] − 1
2γ

B
q Var[WB

q (T )]
)
. (3.4)

Substituting into the optimization problem (2.23), the objective can be rewritten as

max
uq

(
uq(1 − p)erT + (ξq − uq)E j[µ(t1, . . . , tN)] − 1

2γ
B
q (ξq − uq)2 E j[σ2(t1, . . . , tN)]

)
, (3.5)

where E j[·] = E[· | X(0) = e j]. Similarly, since W I
m(T ) is also normally distributed, problem (2.25) can

be expressed as

max
ym

(
ym(perT − peCT ) + ymE j[µ(t1, . . . , tN)] − 1

2γ
I
my2

m E j[σ2(t1, . . . , tN)]
)
. (3.6)

Differentiating Eq (3.5) with respect to uq yields the first-order condition

(1 − p)erT − E j[µ(t1, . . . , tN)] + γB
q (ξq − uq)E j[σ2(t1, . . . , tN)] = 0. (3.7)

Journal of Industrial and Management Optimization Volume 22, Issue 1, 691–715.



701

Likewise, differentiating Eq (3.6) with respect to ym gives

(perT − peCT ) + E j[µ(t1, . . . , tN)] − γI
mym E j[σ2(t1, . . . , tN)] = 0. (3.8)

Collecting the first-order conditions together with the market-clearing constraint Eq (2.26), the
system can be represented compactly in matrix form as

A



ũ1

ũ2
...

ũM̄

ỹ1

ỹ2
...

ỹM

p̃



=



µ̄ j − erT − γB
1 ξ1σ̄ j

µ̄ j − erT − γB
2 ξ2σ̄ j

...

µ̄ j − erT − γB
M̄ξM̄σ̄ j

µ̄ j

µ̄ j
...

µ̄ j

0



, (3.9)

where the coefficient matrix A is explicitly given by

A =



−γB
1 σ̄ j 0 · · · 0 0 · · · 0 −erT

0 −γB
2 σ̄ j · · · 0 0 · · · 0 −erT

...
...

. . .
...

...
. . .

...
...

0 0 · · · −γB
M̄σ̄ j 0 · · · 0 −erT

0 0 · · · 0 γI
1σ̄ j · · · 0 eCT − erT

...
...

. . .
...

...
. . .

...
...

0 0 · · · 0 0 · · · γI
Mσ̄ j eCT − erT

−1 −1 · · · −1 1 · · · 1 0


. (3.10)

To establish the existence of a unique solution, it suffices to show that det(A) , 0. By appropriate
row operations, A can be transformed into an upper triangular matrix, i.e.,

−γB
1 σ̄ j 0 · · · 0 0 0 · · · 0 −erT

0 −γB
2 σ̄ j · · · 0 0 0 · · · 0 −erT

· · · · · · · · · · · · · · · · · · · · · · · · · · ·

0 0 · · · −γB
M̄σ̄ j 0 0 · · · 0 −erT

0 0 · · · 0 γI
1σ̄ j 0 · · · 0 eCT − erT

0 0 · · · 0 0 γI
2σ̄ j · · · 0 eCT − erT

· · · · · · · · · · · · · · · · · · · · · · · · · · ·

0 0 · · · 0 0 0 · · · γI
Mσ̄ j eCT − erT

0 0 · · · 0 0 0 · · · 0
∑M̄

q=1
erT

γB
q σ̄ j
−

∑M
m=1

eCT−erT

γI
mσ̄ j


, (3.11)

from which the determinant can be directly computed as follows:

det(A) =

 M̄∑
q=1

erT

γB
q σ̄ j
−

M∑
m=1

eCT − erT

γI
mσ̄ j

 M̄∏
q=1

(−γB
q σ̄ j)

M∏
m=1

γI
mσ̄ j , 0. (3.12)
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Therefore, the system (3.9) has a unique solution. The equilibrium strategies can be expressed as

ũ1

ũ2
...

ũM̄

ỹ1

ỹ2
...

ỹM

p̃



= A−1



µ̄ j − erT − γB
1 ξ1σ̄ j

µ̄ j − erT − γB
2 ξ2σ̄ j

...

µ̄ j − erT − γB
M̄ξM̄σ̄ j

µ̄ j

µ̄ j
...

µ̄ j

0



. (3.13)

For computational convenience, the inverse A−1 can be derived by block-matrix techniques. Writing
A in block form as

A =
(
B C
D E

)
, (3.14)

where

B =



−γB
1 σ̄ j 0 · · · 0 0 0 · · · 0
0 −γB

2 σ̄ j · · · 0 0 0 · · · 0
· · · · · · · · · · · · · · · · · · · · · · · ·

0 0 · · · −γB
M̄σ̄ j 0 0 · · · 0

0 0 · · · 0 γI
1σ̄ j 0 · · · 0

0 0 · · · 0 0 γI
2σ̄ j · · · 0

· · · · · · · · · · · · · · · · · · · · · · · ·

0 0 · · · 0 0 0 · · · γI
Mσ̄ j


, (3.15)

C =
(
−erT ,−erT , · · · ,−erT , eCT − erT , eCT − erT , · · · , eCT − erT

)⊤
, (3.16)

D = (−1,−1, · · · ,−1, 1, 1, · · · , 1) , (3.17)

and

E = 0. (3.18)

Then the standard inversion formula yields

A−1 =

(
B−1 + B−1CS −1 DB−1 −B−1CS −1

−S −1 DB−1 S −1

)
= S −1G, (3.19)

where

S = E − DB−1C =
M̄∑

q=1

erT

γB
q σ̄ j
−

M∑
m=1

eCT − erT

γI
mσ̄ j

, (3.20)
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and

G =
(

B−1

S −1 + B−1CDB−1 −B−1C
−DB−1 1

)
, (3.21)

with the clear form given in Eq (3.3). This completes the proof. □

Remark 3.1. In Proposition 3.1, the general equilibrium of NPL securitization with multiple banks
and insurers does not guarantee that the optimal securitization ratio uq of bank q lies within the
natural range [0, ξq]. This arises from the systemic and interactive complexity of the model, which
depends on the banks’ and insurers’ risk aversion parameters, the distributional characteristics of
NPL repayments, and the prevailing macroeconomic regime. Economically, when uq > ξq, it can be
interpreted as bank q effectively borrowing additional distressed assets from the “outside market” for
securitization, thus acting as a short-seller of NPLs. Conversely, when uq < 0, the bank is effectively
holding more than its allocated share ξq, representing a long position in distressed assets. These
cases reflect how heterogeneous risk preferences among insurers can reshape the allocation of
NPL-related risks in equilibrium.

Remark 3.2. It is worth noting that similar “out-of-bound” unconstrained equilibrium solutions have
also been documented in the reinsurance literature, where optimal ceded proportions may fall outside
the interval [0, 1] under certain utility or equilibrium settings; see, e.g., [26–28].

3.2. Solution of the constrained equilibrium

In this subsection, we investigate the constrained equilibrium, where banks’ securitization shares
and insurers’ guarantee proportions must respect their natural feasibility bounds, i.e., uq ∈ [0, ξq] and
ym ≥ 0. Because the general multi-agent case involves intricate case distinctions and rarely admits
closed-form solutions, we focus on a tractable benchmark with two banks and two insurers, i.e.,
M = M̄ = 2. This reduced setting, frequently adopted in the equilibrium literature (see, e.g., [29–31]),
retains the essential interaction between heterogeneous institutions while allowing explicit
characterization of constrained equilibria.

Under this framework, Proposition 3.2 characterizes the constrained equilibrium strategies by
systematically examining all possible boundary situations.

Proposition 3.2. Using the notation of Proposition 3.1, when the initial regime is X(0) = e j, the
constrained equilibrium strategies in the two-bank, two-insurer case are given as follows:

• If 0 ⩽ ũq ⩽ ξq for q = 1, 2, then u∗q = ũq.

• If 0 ⩽ ũ1 ⩽ ξ1 and ũ2 < 0, then u∗1 = ξ1 −
γB

2 ξ2

γB
1

and u∗2 = 0.

• If ũ1 < 0 and 0 ⩽ ũ2 ⩽ ξ2, then u∗1 = 0 and u∗2 = ξ2 −
γB

1 ξ1

γB
2

.
• If ũ1 < 0 and ũ2 < 0, then u∗1 = u∗2 = 0.
• In all remaining cases, the solution lies at the upper boundary, i.e., u∗1 = ξ1 and u∗2 = ξ2.

The corresponding constrained equilibrium guarantee proportions are

y∗1 =
γI

2(u∗1 + u∗2)
γI

1 + γ
I
2

, y∗2 =
γI

1(u∗1 + u∗2)
γI

1 + γ
I
2

.
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Proof. From Eq (3.1) in Proposition 3.1, when M = M̄ = 2, the equilibrium strategy takes the form
ũ1

ũ2

ỹ1

ỹ2

p̃


= S −1GK, (3.22)

where S −1 represents the normalizing factor that balances banks’ and insurers’ risk exposures,

S −1 =
1∑2

q=1
erT

γB
q σ̄ j
−

∑2
m=1

eCT−erT

γI
mσ̄ j

, (3.23)

and the interaction matrix G is given explicitly by

G =



− 1
γB

1 σ̄ jS−1 +
erT

γB
1 γ

B
1 σ̄

2
j

erT

γB
1 γ

B
2 σ̄

2
j

erT

γB
1 γ

I
1σ̄

2
j

erT

γB
1 γ

I
2σ̄

2
j

− erT

γB
1 σ̄ j

erT

γB
1 γ

B
2 σ̄

2
j

− 1
γB

2 σ̄ jS−1 +
erT

γB
2 γ

B
2 σ̄

2
j

erT

γB
2 γ

I
1σ̄

2
j

erT

γB
2 γ

I
2σ̄

2
j

− erT

γB
2 σ̄ j

eCT−erT

γB
1 γ

I
1σ̄

2
j

eCT−erT

γB
2 γ

I
1σ̄

2
j

1
γI

1σ̄ jS−1 +
eCT−erT

γI
1γ

I
1σ̄

2
j

eCT−erT

γI
1γ

I
2σ̄

2
j

− eCT−erT

γI
1σ̄ j

eCT−erT

γB
1 γ

I
2σ̄

2
j

eCT−erT

γB
2 γ

I
2σ̄

2
j

eCT−erT

γI
1γ

I
2σ̄

2
j

1
γI

2σ̄ jS−1 +
eCT−erT

γI
2γ

I
2σ̄

2
j
− eCT−erT

γI
2σ̄ j

− 1
γB

1 σ̄ j
− 1
γB

2 σ̄ j
− 1
γI

1σ̄ j
− 1
γI

2σ̄ j
1


,

while the vector K collects the deterministic components driven by expectations and risk aversion:

K =


µ̄ j − erT − γB

1 ξ1σ̄ j

µ̄ j − erT − γB
2 ξ2σ̄ j

µ̄ j

µ̄ j

0


.

Expanding this expression yields the unconstrained solutions for banks’ securitization shares:

ũ1 =
S −1

γB
1

(µ̄ j − erT − γB
1 ξ1σ̄ j

) − 1
σ̄ jS −1 +

erT

γB
1 σ̄

2
j


+

(
µ̄ j − erT − γB

2 ξ2σ̄ j

) erT

γB
2 σ̄

2
j

+ µ̄ j

 erT

γI
1σ̄

2
j

+
erT

γI
2σ̄

2
j

 , (3.24)

and

ũ2 =
S −1

γB
2

(µ̄ j − erT − γB
2 ξ2σ̄ j

) − 1
σ̄ jS −1 +

erT

γB
2 σ̄

2
j


+

(
µ̄ j − erT − γB

1 ξ1σ̄ j

) erT

γB
1 σ̄

2
j

+ µ̄ j

 erT

γI
1σ̄

2
j

+
erT

γI
2σ̄

2
j

 . (3.25)

To link the two expressions, we rearrange Eq (3.24) and obtain

µ̄ j

 erT

γI
1σ̄

2
j

+
erT

γI
2σ̄

2
j

 = − (
µ̄ j − erT − γB

1 ξ1σ̄ j

) − 1
σ̄ jS −1 +

erT

γB
1 σ̄

2
j


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−
(
µ̄ j − erT − γB

2 ξ2σ̄ j

) erT

γB
2 σ̄

2
j

+ ũ1S γB
1 . (3.26)

Similarly, from Eq (3.25), we obtain

µ̄ j

 erT

γI
1σ̄

2
j

+
erT

γI
2σ̄

2
j

 = − (
µ̄ j − erT − γB

2 ξ2σ̄ j

) − 1
σ̄ jS −1 +

erT

γB
2 σ̄

2
j


−

(
µ̄ j − erT − γB

1 ξ1σ̄ j

) erT

γB
1 σ̄

2
j

+ ũ2S γB
2 . (3.27)

Substituting Eq (3.27) into Eq (3.24), we obtain another expression for the feasible securitization
ratio of bank 1:

ũ1 =
γB

2 (ũ2 − ξ2) + γB
1 ξ1

γB
1

. (3.28)

Similarly, substituting Eq (3.26) into Eq (3.25), we obtain

ũ2 =
γB

1 (ũ1 − ξ1) + γB
2 ξ2

γB
2

. (3.29)

At this point, different boundary cases can be analyzed. If 0 ⩽ ũq ⩽ ξq for q = 1, 2, the unconstrained
solutions are already feasible, so u∗q = ũq. If 0 ⩽ ũ1 ⩽ ξ1 but ũ2 < 0, then u∗2 = 0, and from Eq (3.28),

u∗1 = ξ1 −
γB

2 ξ2

γB
1

. (3.30)

Similarly, if ũ1 < 0 and 0 ⩽ ũ2 ⩽ ξ2, then u∗1 = 0, and from Eq (3.29),

u∗2 = ξ2 −
γB

1 ξ1

γB
2

. (3.31)

If both ũ1 and ũ2 are negative, then clearly u∗1 = u∗2 = 0. Finally, if ũ1 > ξ1 and ũ2 > ξ2, both exceed
their feasible bounds, so we take u∗1 = ξ1 and u∗2 = ξ2.

Turning to insurers, from Eq (3.22) we can compute ỹ1, ỹ2 as

ỹ1 =
S −1

γI
1

(µ̄ j − erT − γB
1 ξ1σ̄ j

) eCT − erT

γB
1 σ̄

2
j

+
(
µ̄ j − erT − γB

2 ξ2σ̄ j

) eCT − erT

γB
2 σ̄

2
j

+ µ̄ j

 1
σ̄ jS −1 +

eCT − erT

γI
1σ̄

2
j

+
eCT − erT

γI
2σ̄

2
j

 , (3.32)

and

ỹ2 =
S −1

γI
2

(µ̄ j − erT − γB
1 ξ1σ̄ j)

eCT − erT

γB
1 σ̄

2
j
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+(µ̄ j − erT − γB
2 ξ2σ̄ j)

eCT − erT

γB
2 σ̄

2
j

+ µ̄ j

 1
σ̄ jS −1 +

eCT − erT

γI
2σ̄

2
j

+
eCT − erT

γI
1σ̄

2
j

 . (3.33)

These satisfy the proportionality relation

ỹ1γ
I
1 = ỹ2γ

I
2, (3.34)

which reflects risk sharing among insurers. Together with the market-clearing condition, we obtain the
system {

y∗1γ
I
1 − y∗2γ

I
2 = 0,

y∗1 + y∗2 = u∗1 + u∗2,
(3.35)

whose solution is

y∗1 =
γI

2(u∗1 + u∗2)
γI

1 + γ
I
2

, y∗2 =
γI

1(u∗1 + u∗2)
γI

1 + γ
I
2

. (3.36)

This completes the characterization of constrained equilibrium strategies. □

Proposition 3.2 shows that the constrained equilibrium coincides with the unconstrained solution
whenever the securitization shares lie within their natural bounds. When the unconstrained solution
falls outside, corner solutions arise: Banks may optimally choose zero or full securitization depending
on their relative risk aversion and scale, while insurers allocate guarantees proportionally to their own
risk tolerances. These results highlight how feasibility constraints shape the equilibrium structure in
the two-bank, two-insurer setting.

In Proposition 3.2, we focus on the two-bank and two-insurer case to obtain an explicit analytical
characterization of the constrained equilibrium. This benchmark is widely used in the equilibrium
literature as it captures the essential strategic interactions while remaining tractable. Nonetheless, the
proposed framework is not limited to this configuration. The same system of first-order conditions
and the market-clearing constraint can, in principle, be formulated for any number of banks and
insurers. The corresponding equilibrium can be derived using the block-matrix inversion technique
introduced in Proposition 3.1, together with the case-by-case reasoning in Proposition 3.2. Although
the resulting expressions become algebraically cumbersome, the two-by-two case remains an
analytically convenient benchmark that preserves the key comparative-statics insights of the general
multi-participant setting.

3.3. Two-state regime-switching model

In the previous subsections, we derived equilibrium strategies whose closed-form expressions
depend on the regime-specific repayment parameters µ̄ and σ̄. To obtain explicit formulas for these
parameters, we now consider a two-state Markov chain, which in economic terms, corresponds to
expansion (bull) and contraction (bear) regimes (see, e.g., [32]). Then, the transition intensity matrix
of the Markov chain X(t) is given by

Q =
(
−a1 a1

a2 −a2

)
. (3.37)
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Proposition 3.3. Assume that the Markov chain has two states, and the initial state X(0) = e j. Then
the regime-dependent parameters µ̄ j and σ̄ j are given by

µ̄ j =

∫ t

0
n
(
λ1t1

∫ ∞

0
y f1(y)dy + λ2(t − t1)

∫ ∞

0
y f2(y)dy

)
ζ j(t, t1)dt1, (3.38)

and

σ̄ j =

∫ t

0
n
(
λ1t1

∫ ∞

0
y2 f1(y)dy + λ2(t − t1)

∫ ∞

0
y2 f2(y)dy

)
ζ j(t, t1)dt1, (3.39)

respectively.

Proof. Following [33], when X(0) = e j, the density function of the occupation time Oi(t) is

ζ j(t, x) =e−a jtδt(x) + e−a j xe−(a−a j)(t−x)
[
a jI0

(
2
√

aia jx(t − x)
)

+

√
aia jx
t − x

I1

(
2
√

aia jx(t − x)
) , i, j = 1, 2, i , j, (3.40)

where 0 ≤ x < t, a = ai + a j, δt(·) represents the Dirac delta function, and Iρ(z), z > 0 is the modified
Bessel function of the first kind:

Iρ(z) =
∞∑

k=0

1
k!Γ(k + ρ + 1)

( z
2

)2k+ρ
, ρ = 0, 1.

Since the Markov chain has only two states, the expected repayment parameters under regime j can be
written as

µ̄ j = E j
[
µ(t1, t − t1)

]
=

∫ t

0
n
(
λ1t1

∫ ∞

0
y f1(y)dy + λ2(t − t1)

∫ ∞

0
y f2(y)dy

)
ζ j(t, t1)dt1, (3.41)

and

σ̄ j =E j

[
σ2(t1, t − t1)

]
=

∫ t

0
n
(
λ1t1

∫ ∞

0
y2 f1(y)dy + λ2(t − t1)

∫ ∞

0
y2 f2(y)dy

)
ζ j(t, t1)dt1. (3.42)

□

Substituting the explicit expressions of µ̄ j and σ̄ j into the equilibrium formulas derived in the
previous subsections, we obtain the analytical characterization of equilibrium strategies under the
two-state regime-switching model.

Remark 3.3. Note that before Proposition 3.3, without loss of generality, we assume that the Markov
chain only has two states. When the Markov chain has more than two states, we cannot obtain the
closed-form expressions of the density function of occupation time in the literature, which makes it
very difficult to derive the analytic expressions of µ̄ j and σ̄ j .
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4. Numerical illustration

To illustrate the theoretical results, we conduct numerical experiments under a representative set of
parameters, summarized in Table 1. Here, λi and βi govern repayment dynamics, (a1, a2) describe the
relative regime weights, γB

q and γI
m capture the risk aversion of banks and insurers, respectively, while

r and T denote the risk-free rate and maturity horizon. The contractual transfer rate is represented by
C, and (ξ1, ξ2) specify the relative sizes of the two banks. These parameter choices are designed to
highlight the qualitative behavior of the equilibrium rather than to match a particular dataset†.

Table 1. Specification of model parameters for numerical illustration

Parameter Value Parameter Value

λ1 0.9 λ2 0.8
β1 2 β2 3
a1 0.2 a2 0.7
γB

1 6 γB
2 8

γI
1 4 γI

2 5
r 0.01 T 2
ξ1 0.4 ξ2 0.6
C 0.02

Figures 1 and 2 illustrate the impact of banks’ risk-aversion parameters on equilibrium strategies
and the resulting equilibrium premium. Figure 1(a) shows that as γB

1 increases, Bank 1 becomes more
risk-averse and thus securitizes a larger share of its non-performing loans to transfer risk, leading to a
higher u∗1. At the same time, Figure 2(a) indicates that the equilibrium insurance premium p∗ also rises
with γB

1 , since greater securitization demand from Bank 1 increases insurers’ required compensation.
This higher premium, in turn, discourages Bank 2 from securitizing, thereby reducing u∗2, as seen in
Figure 1(c).

Taken together, the market-clearing condition (u∗1 + u∗2 = y∗1 + y∗2) implies that the aggregate
securitization share declines, consistent with the adjustment in insurers’ guarantee proportions shown
in Figure 1(b). A similar line of reasoning applies to Figure 1(c)–(d) and Figure 2(b), which illustrate
the effects of variations in γB

2 .

†If sufficient data on non-performing loan recoveries are available, specifically the amounts recovered at the end of each year, the
parameter estimates can be obtained using maximum likelihood estimation.
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2

2 4 6 8 10 12 14 16 18 20
B
2

0.21

0.22

0.23

0.24

0.25

0.26

0.27

0.28

0.29

T
h
e
 o

p
ti
m

a
l 
p
ro

p
o
rt

io
n
 o

f 
th

e
 i
n
s
u
ra

n
c
e
 c

o
m

p
a
n
ie

s
y

*

1

y
*

2

(d) Insurer guarantee proportions y∗ with
varying γB
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Figure 1. Equilibrium strategies for different values of banks’ risk-aversion parameters γB
1

and γB
2 .
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(b) Premium p∗ with varying γB
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Figure 2. Equilibrium premium p∗ for different values of banks’ risk-aversion parameters γB
1

and γB
2 .
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Figure 3. Equilibrium strategies for different values of insurers’ risk-aversion parameters γI
1

and γI
2.
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(b) Premium p∗ with varying γI
2

Figure 4. Equilibrium premium p∗ for different values of insurers’ risk-aversion parameters
γI

1 and γI
2.

Figures 3 and 4 present the comparative statics with respect to insurers’ risk-aversion parameters.
Figure 3(a) shows that as γI

1 increases, Insurer 1 becomes more conservative in absorbing NPL risk.
This reduces its own guarantee share y∗1 (see Figure 3(b)) and simultaneously shrinks the
securitization capacity available to the banks, as reflected in the declines of u∗1 and u∗2. The
market-clearing condition (u∗1 + u∗2 = y∗1 + y∗2) implies that greater insurer risk aversion translates into a
lower equilibrium securitization volume at the aggregate level. Interestingly, Figure 3(b) shows that y∗2
does not decrease monotonically with γI

1. This arises because the more conservative stance of Insurer
1 effectively cedes part of the guarantee market to Insurer 2. A symmetric reasoning applies to Figure
3(c)–(d), which report the effects of increasing γI

2.
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varying C

Figure 5. Equilibrium strategies for different values of contractual transfer rate C.

Figure 4 complements these findings by examining the equilibrium premium p∗. As either γI
1 or γI

2
increases, insurers require greater compensation for bearing repayment uncertainty. Consequently, the
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premium p∗ rises monotonically with insurers’ risk aversion, although the marginal rate of increase
diminishes at higher values, reflecting the concavity of the adjustment.
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(a) Premium p∗ with varying C

Figure 6. Equilibrium premium p∗ for different values of the contractual transfer rate C.

Figures 5 and 6 analyze the comparative statics of the contractual transfer rate C. Figure 5 shows
that as C increases, both banks’ securitization proportions u∗1 and u∗2 (Panel a) and insurers’ guarantee
proportions y∗1 and y∗2 (Panel b) decline steadily. The intuition is that a higher contractual transfer rate
implies that insurers must remit a larger share of repayments to investors. This reduces the net benefit
of providing guarantees, leading insurers to scale back their exposure. By the market-clearing
condition, the reduced supply of guarantees feeds back to banks, lowering their equilibrium
securitization volumes.

Figure 6 complements this by showing the effect on the equilibrium premium p∗. As C rises,
insurers demand higher compensation to cover the increased contractual obligations, so p∗ increases
monotonically. However, the adjustment is gradual, reflecting the balance between rising contractual
costs and the decreasing willingness of banks to securitize.

The numerical results above offer clear economic insights into the strategic behavior of banks and
insurers. First, as the degree of banks’ risk aversion (γB) increases, they securitize a larger fraction of
their distressed assets to reduce exposure to repayment uncertainty. This behavior is consistent with
observed post-crisis patterns in which banks seek to transfer credit risk through asset-backed structures.
Second, insurers with higher risk aversion (γI) optimally reduce their guarantee ratios, reflecting a more
conservative underwriting stance toward NPL-related risks. Third, from a regulatory perspective, the
interaction between these two forces has important systemic implications: In stressed macroeconomic
regimes, strongly risk-averse banks increase the demand for securitization, while cautious insurers limit
guarantee supply, potentially exacerbating market illiquidity. Understanding this equilibrium feedback
can thus help policymakers design capital-relief programs and guarantee mechanisms that stabilize the
NPL securitization market under regime shifts.
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5. Conclusions

This paper develops a multi-agent equilibrium model for the non-performing loan (NPL)
securitization market, capturing the strategic interactions between originating banks and
credit-enhancing insurers under stochastic macroeconomic conditions. By linking the NPL recovery
process to a continuous-time Markov chain, we endogenously determine optimal risk exposures and
the market price for credit guarantees. Our primary contribution is the derivation of an analytical,
closed-form solution for the market equilibrium, which explicitly characterizes the optimal
securitization and guarantee ratios and the equilibrium premium. This solution demonstrates how
equilibrium strategies are fundamentally shaped by agents’ risk aversion and expectations regarding
macroeconomic state transitions, which are priced into the insurance premium and influence the
strategic allocation of risk between market participants. The findings of this study offer a quantitative
framework for strategic decision-making by banks and insurers, and provide a new tool for regulators
to assess systemic risk related to macroeconomic shocks.
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1. E. Tölö, M. Virén, How much do non-performing loans hinder loan growth in europe? Eur. Econ,
Rev., 136 (2021), 103773. https://doi.org/10.1016/j.euroecorev.2021.103773

2. L. Kryzanowski, J. Liu, J. Zhang, Effect of covid-19 on non-performing loans in china, Financ.
Res. Lett., 52 (2023), 103372. https://doi.org/10.1016/j.frl.2022.103372

3. L. Pancotto, O. Ap Gwilym, J. Williams, The evolution and determinants of the non-
performing loan burden in italian banking, Pac.-Basin Financ. J., 84 (2024), 102306.
https://doi.org/10.1016/j.pacfin.2024.102306

4. Q. T. Phung, H. Van Vu, H. P. Tran, Do non-performing loans impact bank efficiency? Financ.
Res. Lett., 46 (2022), 102393. https://doi.org/10.1016/j.frl.2021.102393

Journal of Industrial and Management Optimization Volume 22, Issue 1, 691–715.

https://dx.doi.org/https://doi.org/10.1016/j.euroecorev.2021.103773
https://dx.doi.org/https://doi.org/10.1016/j.frl.2022.103372
https://dx.doi.org/https://doi.org/10.1016/j.pacfin.2024.102306
https://dx.doi.org/https://doi.org/10.1016/j.frl.2021.102393


714

5. A. S. Serrano, The impact of non-performing loans on bank lending in europe:
An empirical analysis, North Am. J. Econ. Financ., 55 (2021), 101312.
https://doi.org/10.1016/j.najef.2020.101312

6. H. Wang, K. Mao, W. Wu, H. Luo, Fintech inputs, non-performing loans risk reduction
and bank performance improvement, textitInt. Rev. Financ. Anal., 90 (2023), 102849.
https://doi.org/10.1016/j.irfa.2023.102849

7. S. T. Wengerek, B. Hippert, A. Uhde, Risk allocation through securitization:
evidence from non-performing loans, Q. Rev. Econ. Financ., 86 (2022), 48–64.
https://doi.org/10.1016/j.qref.2022.06.005

8. B. Casu, A. Clare, A. Sarkisyan, S. Thomas, Securitization and bank performance, J. Money
Credit Banking, 45 (2013), 1617–1658. https://doi.org/10.1111/jmcb.12064

9. C. Di Tommaso, V. Pacelli, Does nonperforming loan securitization affect credit default swap
spreads? evidence from european banks, J. Int. Financ. Manage. Accounting, 33 (2022), 285–
306. https://doi.org/10.1111/jifm.12147

10. E. Bolognesi, P. Stucchi, S. Miani, Are NPL-backed securities an investment opportunity? Q.
Rev. Econ. Financ., 77 (2020), 327–339. https://doi.org/10.1016/j.qref.2019.10.007

11. E. Bolognesi, C. Compagno, S. Miani, R. Tasca, Non-performing loans and the cost
of deleveraging: The Italian experience, J. Account. Public Policy, 39 (2020), 106786.
https://doi.org/10.1016/j.jaccpubpol.2020.106786

12. G. Gorton, The subprime panic, Eur. Financ. Manage., 15 (2009), 10–46.
https://doi.org/10.1111/j.1468-036X.2008.00473.x

13. Y. Dou, Y. Liu, G. Richardson, D. Vyas, The risk-relevance of securitizations during the recent
financial crisis, Rev. Account. Stud., 19 (2014), 839–876. https://doi.org/10.1007/s11142-013-
9265-4

14. J. Coval, J. Jurek, E. Stafford, The economics of structured finance, J. Econ. Perspect., 23 (2009),
3–25. https://doi.org/10.2307/27648292

15. B. Hartman-Glaser, T. Piskorski, A. Tchistyi, Optimal securitization with moral hazard, J.
Financ. Econ., 104 (2012), 186–202. https://doi.org/10.1016/j.jfineco.2011.12.007

16. S. Malekan, G. Dionne, Securitization and optimal retention under moral hazard, J. Math. Econ.,
55 (2014), 74–85. https://doi.org/10.1016/j.jmateco.2014.10.003

17. G. Guo, H. M. Wu, A study on risk retention regulation in asset securitization process, J. Banking
Financ., 45 (2014), 61–71. https://doi.org/10.1016/j.jbankfin.2013.12.027

18. J. C. F. Kuong, J. Zeng, Securitization and optimal foreclosure, J. Financ. Intermed., 48 (2021),
100885. https://doi.org/10.1016/j.jfi.2020.100885

19. G. D. Berentsen, J. Bulla, A. Maruotti, B. Støve, Modelling clusters of corporate defaults:
Regime-switching models significantly reduce the contagion source, J. R. Stat. Soc. Ser. C: Appl.
Stat., 71 (2022), 698–722. https://doi.org/10.1111/rssc.12551

20. C. Jiang, A. Kanas, P. Molyneux, Public policy and financial stability: The impact of
pca and tarp on us bank non-performing loans, Int. J. Financ. Econ., 23 (2018), 376–392.
https://doi.org/10.1002/ijfe.1622

Journal of Industrial and Management Optimization Volume 22, Issue 1, 691–715.

https://dx.doi.org/https://doi.org/10.1016/j.najef.2020.101312
https://dx.doi.org/https://doi.org/10.1016/j.irfa.2023.102849
https://dx.doi.org/https://doi.org/10.1016/j.qref.2022.06.005
https://dx.doi.org/https://doi.org/10.1111/jmcb.12064
https://dx.doi.org/https://doi.org/10.1111/jifm.12147
https://dx.doi.org/https://doi.org/10.1016/j.qref.2019.10.007
https://dx.doi.org/https://doi.org/10.1016/j.jaccpubpol.2020.106786
https://dx.doi.org/https://doi.org/10.1111/j.1468-036X.2008.00473.x
https://dx.doi.org/https://doi.org/10.1007/s11142-013-9265-4
https://dx.doi.org/https://doi.org/10.1007/s11142-013-9265-4
https://dx.doi.org/https://doi.org/10.2307/27648292
https://dx.doi.org/https://doi.org/10.1016/j.jfineco.2011.12.007
https://dx.doi.org/https://doi.org/10.1016/j.jmateco.2014.10.003
https://dx.doi.org/https://doi.org/10.1016/j.jbankfin.2013.12.027
https://dx.doi.org/https://doi.org/10.1016/j.jfi.2020.100885
https://dx.doi.org/https://doi.org/10.1111/rssc.12551
https://dx.doi.org/https://doi.org/10.1002/ijfe.1622


715

21. B. B. Lahouel, L. Taleb, M. Kossai, Nonlinearities between bank stability and income
diversification: A dynamic network data envelopment analysis approach, Expert Syst. Appl., 207
(2022), 117776. https://doi.org/10.1016/j.eswa.2022.117776

22. T. Muvunza, Y. Jiang, Determinants and hedging effectiveness of china’s sovereign credit default
swaps, Int. J. Financ. Econ., 28 (2023), 2074–2087. https://doi.org/10.1002/ijfe.2526

23. W. Mu, S. N. Chiu, G. Wang, Pricing cds index tranches under thinning-dependence
structure with regime switching, J. Comput. Appl. Math., 451 (2024), 116080.
https://doi.org/10.1016/j.cam.2024.116080

24. H. Zheng, L. Jiang, Basket cds pricing with interacting intensities, Financ. Stoch., 13 (2009),
445–469. https://doi.org/10.1007/s00780-009-0091-2

25. L. Tang, B. Wang, K.-N. Xiang, Portfolio credit risk with predetermined default orders, Quant.
Financ., 16 (2016), 131–149. https://doi.org/10.1080/14697688.2015.1013147

26. N. Wang, N. Zhang, Z. Jin, L. Qian, Stochastic differential investment and reinsurance games
with nonlinear risk processes and var constraints, Insur. Mathe. Econ., 96 (2021), 168–184.
https://doi.org/10.1016/j.insmatheco.2020.11.004

27. J. Bi, J. Cai, Y. Zeng, Equilibrium reinsurance-investment strategies with partial information and
common shock dependence, Ann. Oper. Res., 307 (2021), 1–24. https://doi.org/10.1007/s10479-
021-04317-4

28. Y. Yang, G. Wang, J. Yao, Time-consistent reinsurance-investment games for multiple mean-
variance insurers with mispricing and default risks, Insur. Mathe. Econ., 114 (2024), 79–107.
https://doi.org/10.1016/j.insmatheco.2023.11.004

29. A. Bensoussan, C. C. Siu, S. C. P. Yam, H. Yang, A class of non-zero-sum
stochastic differential investment and reinsurance games, Automatica, 50 (2014), 2025–2037.
https://doi.org/10.1016/j.automatica.2014.05.033

30. C. Deng, X. Zeng, H. Zhu, Non-zero-sum stochastic differential reinsurance and
investment games with default risk, Eur. J. Oper. Res., 264 (2018), 1144–1158.
https://doi.org/10.1016/j.ejor.2017.06.065

31. Y. Yuan, K. Wang, C. Zhang, Stochastic differential reinsurance game for two competitive
insurers with ambiguity-aversion under mean-variance premium principle, Ann. Oper. Res., 335
(2024), 441–467. https://doi.org/10.1007/s10479-024-05844-6

32. R. Josa-Fombellida, J. P. Rincón-Zapatero, Equilibrium strategies in a defined benefit pension
plan game, Eur. J. Oper. Res., 275 (2019), 374–386. https://doi.org/10.1016/j.ejor.2018.11.018

33. Y. Kovchegov, N. Meredith, E. Nir, Occupation times and Bessel densities, Stat. Probabil. Lett.,
80 (2010), 104–110. https://doi.org/10.1016/j.spl.2009.09.018

© 2026 the Author(s), licensee AIMS Press. This
is an open access article distributed under the
terms of the Creative Commons Attribution License
(https://creativecommons.org/licenses/by/4.0)

Journal of Industrial and Management Optimization Volume 22, Issue 1, 691–715.

https://dx.doi.org/https://doi.org/10.1016/j.eswa.2022.117776
https://dx.doi.org/https://doi.org/10.1002/ijfe.2526
https://dx.doi.org/https://doi.org/10.1016/j.cam.2024.116080
https://dx.doi.org/https://doi.org/10.1007/s00780-009-0091-2
https://dx.doi.org/https://doi.org/10.1080/14697688.2015.1013147
https://dx.doi.org/https://doi.org/10.1016/j.insmatheco.2020.11.004
https://dx.doi.org/https://doi.org/10.1007/s10479-021-04317-4
https://dx.doi.org/https://doi.org/10.1007/s10479-021-04317-4
https://dx.doi.org/https://doi.org/10.1016/j.insmatheco.2023.11.004
https://dx.doi.org/https://doi.org/10.1016/j.automatica.2014.05.033
https://dx.doi.org/https://doi.org/10.1016/j.ejor.2017.06.065
https://dx.doi.org/https://doi.org/10.1007/s10479-024-05844-6
https://dx.doi.org/https://doi.org/10.1016/j.ejor.2018.11.018
https://dx.doi.org/https://doi.org/10.1016/j.spl.2009.09.018
https://creativecommons.org/licenses/by/4.0

	Introduction
	Model setup
	NPL repayment dynamics
	Equilibrium model for NPL securitization

	Solution of the equilibrium
	Solution of the unconstrained equilibrium
	Solution of the constrained equilibrium
	Two-state regime-switching model

	Numerical illustration
	Conclusions

