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Abstract

Earthquakes lead to significant economic and social risks. As one of the world’s most densely populated cities, Istanbul faces both high
earthquake risk and ageing infrastructure, while municipal budgets and conventional (re)insurance continue to prioritise post-disaster
recovery over preparedness. This study proposes the innovative application of a Municipal Resilience Bond (MRB) to finance pre-disaster
preparedness and evaluates its potential value for Istanbul, Turkey. The study integrates three objectives: (i) a compound Poisson loss
process for earthquake frequency and severity calibrated to Turkish Catastrophe Insurance Pool records (1141 events, 2000—2024)
and indemnity data; (ii) a Vasicek interest rate model to simulate the dynamic interest rate; and (iii) a payoff structure that links
resilience bond triggers to magnitude bands with an effectiveness parameter (). The framework quantifies how an upfront “rebate”
generated by modelled risk reductions can be recycled into priority retrofits and lifeline infrastructure, thereby aligning the incentives
of municipality, (re)insurer, and investor incentives while expanding Istanbul’s capacity for pre-disaster mitigation. This approach can
be generalised to other catastrophic events and cities, offering a data-driven bridge between catastrophe risks and resilience finance to
accelerate adaptation while maintaining capital market discipline.
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1. Introduction

As one of the largest and most populous cities in Europe, Istanbul
is widely recognised as Turkey’s primary financial, commercial,
cultural, and educational centre. However, the location of the city
on prominent active fault lines places it in a significant earthquake
zone, making it one of the world’s most earthquake-prone urban
areas [1, 2]. Cities along active faults typically face double expo-
sure: (1) co-seismic effects of extreme shaking (surface rupture,
near-fault directivity pulses, liquefaction, and landslides) and (2)
systemic fragility arising from dense, highly interdependent con-
centrations of people, buildings, and infrastructure. Such events
can simultaneously damage structures and disrupt power, wa-
ter, fuel, telecommunications, transportation, and healthcare [3].
Among nearly 300 devastating earthquakes worldwide over the
last decade, 21 occurred in Turkey, resulting in 18,234 deaths
and approximately USD 21.23 billion in economic damages [4].
As home to around one-eighth of Turkey’s population and 40%
of the nation’s industrial infrastructure, Istanbul is particularly
vulnerable. Despite forecasts of a major earthquake in the near
future, public interest in preparedness remains low. Erdik and
Aydinoglu [5] identified several factors that have increased the
earthquake risk in Istanbul, including excessive rate of urbanisa-
tion, inadequate planning of land-use and construction, insuffi-
cient infrastructure and services, and environmental degradation.

A variety of strategies have been discussed to mitigate the risks.
For instance, Erdik and Durukal [6] proposed three strategies:
properly planning future construction to avoid escalating risks,

strengthening existing infrastructure to minimise damage, and
applying adequate insurance tools to redistribute the risks. This
study focused on infrastructure as a complex, interdependent
system which can be improved through prevention and mitigation
measures, including targeted retrofits and upgrades to reduce
the consequences of failure. According to [7], prevention refers
to ex-ante measures that reduce the probability of damage or
infrastructure failure, such as infrastructure retrofits, base iso-
lation, and network redundancy. In contrast, ref. [8] shows that
mitigation refers to actions that reduce the negative economic
impacts or severity of loss conditional on a shock, such as emer-
gency planning, insurance, and risk transfer. Despite the technical
maturity of many prevention and mitigation strategies, financing
remains a constraint for Istanbul’s local authorities. Most gov-
ernments worldwide struggle to secure sufficient and affordable
capital for large-scale retrofit and upgrade infrastructure projects;
therefore, these constraints are issues of high priority that need to
be addressed by the governments of developing countries around
the world [9]. According to Kamiya and Zhang [10], the availability
of revenue from the local government is the key determinant
for the ability of a city to provide necessary services to citizens
and fulfil the requirements of the expenditures. Since mitigation
and preparedness of infrastructure projects for catastrophes have
traditionally been recognised as government responsibilities, the
lack of public funds fosters the growth of the involvement of
private sectors in the investment of infrastructure projects [11].
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Fixed-income financial instruments present an alternative way
to raise capital through the private sectors in the debt capital
market for infrastructure-related projects. As Garcia-Lamarca
and Ullstrom [12] state, the lack of upfront investment funds
has elevated bonds to having an essential long-term role as debt
instruments to raise capital for financing infrastructure projects.
Bonds not only provide low-cost debt capital sources in the long
term but also connect a diverse base of investors by pooling global
capital. Thus method bridges the gap between investment needs
and the latent demand for resilient and sustainable investments
from institutional investors [13]. Bonds enable governments to
finance infrastructure projects with low-cost debt and offer low
fixed interest rates to act as a safe investment for potential in-
vestors, with an example being pension funds. Mathews and Kid-
ney [14] define bonds as suitable financial instruments for both
public and private investment in major infrastructure projects.
Resilience bonds are one such instrument, linking infrastructure
investments with disaster-risk reduction by monetising expected
savings from future losses and reduced insurance costs. In re-
cent years, the increasing urgency of climate-resilient and sus-
tainable infrastructure projects has fostered the growth of new
assets class, which are specifically aimed at financing resilient
infrastructure projects. Resilience bonds emerged in 2015 as a
mechanism to raise upfront capital for resilient infrastructure
projects, improving systems’ ability to withstand and adapt to
sudden catastrophes, while reducing risk and losses and generat-
ing broader development benefits [15]. By widening the investor
base across public and private sectors, resilience bonds expand
access to capital and encourage cross-sector cooperation. To adapt
resilience bonds within the broader toolkit for Turkey, the design
of the municipal resilience bonds (MRB) valuation model and the
development of the market mechanism in Turkey will be proposed
in this paper. MRB can efficiently finance resilient infrastructure,
lower borrowing costs for individuals, firms, municipalities, and
governments and support Turkey with insurance gaps.

This study aims to establish and test the valuation framework
for municipal resilience bonds (MRBs) as an innovative mecha-
nism to finance Istanbul’s earthquake preparedness. The frame-
work integrates earthquake risk modelling based on TCIP data,
stochastic interest rate simulation via the Vasicek model, and a
payoff structure that incorporates resilience effectiveness. It fur-
ther assesses the influence of mitigation on bond pricing through
sensitivity analysis and explores the broader potential of MRBs to
expand municipal capacity for financing resilient infrastructure.
This paper is divided into five sections. Section 2 provides a review
of resilience bonds. Section 3 presents the valuation model and
analysis for a municipal resilience bond, utilising a dataset from
Turkey. In Section 4, the paper explores the potential develop-
ment of the municipal resilience bond market in Turkey. Finally,
Section 5 concludes this study.

2. Literature review

High-density and economically vital countries face escalated
catastrophe risk, which has resulted in severe human and finan-
cial losses. Traditional (re)insurance may only provide valuable
post-catastrophe reimbursement when pre-defined triggers are
met [16]. For example, non-life insurance can protect business
operations when critical assets fail. However, low-probability but

high-impact “mega-catastrophes” may overwhelm insurers’ capi-
tal and generate excess claims and potential solvency risks. Proac-
tively building resilience into infrastructure ahead of time is more
effective than reacting after catastrophic events, as it supports
risk prevention and loss mitigation. Prevention means avoiding
new risks, steering growth and critical assets away from disaster-
prone zones, enhancing modern building, and relocating essential
facilities may reduce the impact of catastrophes on society and
infrastructure. For example, early preparedness measures, such
as rank suppliers, optimised pre-disaster orders, and re-optimised
post-disruption with extended capacity and shortage caps, may
reduce risks and post-disaster impacts [17]. Mitigation reduces
the severity of losses from risks that already exist. Infrastructure
retrofits and base isolation for hospital and schools, seawalls,
and surge barriers that limit cascading blackouts, may strengthen
assets and build redundancy to enable quicker service recov-
ery [18]. Although most countries rely on government investment
for infrastructure, the high opportunity cost of public funds has
prompted a shift toward capital market financing [19]. Conse-
quently, Insurance-Linked Securities (ILS) have appeared in the
market as popular alternative tools to transfer the catastrophic
risks to the capital market, such as catastrophe bonds and re-
silience bonds.

2.1. Catastrophe risk transfer instruments

Catastrophe risk transfer comprises financial arrangements, such
as reinsurance and insurance-linked securities, which may shift
disaster losses from exposed entities to specialised risk bear-
ing capital in exchange for a risk adjusted premium. However,
tail events can breach reinsurance layers and exhaust risk cap-
ital, creating solvency pressure and leading to insurer failure.
Resilience bonds are considered as a variation of conventional
catastrophe (CAT) bonds, which are insurance-linked securities
with the focused on the development of resilient projects, such
as flood defences and seawalls. According to Cummins [20] and
Vaugirard [21], CAT bonds are widely applied by (re)insurers as
a complementary tool to traditional markets, efficiently transfer-
ring catastrophe risks to capital market investors to hedge poten-
tial default risks. Canabarro and Finkemeier [22] describe the CAT
bonds as Insurance-Linked Securities (ILS), offering exposure to
catastrophe risks through bond issuance with coupon payments
contingent on disasters. The first catastrophe-linked securities
emerged in the market after the Hurricane Andrew, with CAT
bonds soon introduced to the market in 1994 and experiencing
rapid expansion in 1997 [23]. One example is the American Strate-
gic Insurance Group, which has issued a catastrophe bond via
Bonanza Re Ltd. on February 2020, offering USD 100 million in
coverage for named storms, wildfires, and earthquakes across the
US over four years. With an initial attachment probability and
expected loss of 1.15% and 1.03%, the bond will be priced in the
range from 4.25% to 4.75% [24]. As per Cummins [20], entities
seek financial protection from the sponsors against the unpre-
dictable losses; sponsors will issue CAT bonds via an issuer to raise
collateral funds invested in highly rated market-like Treasury
Bonds (T-Bill). SwissRe [25] state that CAT bonds specify cover-
age for catastrophic events in the pre-defined insurance contract,
ensuring that investors receive the principal and coupon payment
if no covered events happen during the bond’s maturity period. If
the specific pre-defined catastrophe event occurs, investors may
lose part or all of their principal, which will be reimbursed to
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the insured entities through sponsor. While CAT bonds primar-
ily deliver post-catastrophe reimbursement rather than provide
support to the pre-catastrophe preparedness [15]. The newly pub-
lished resilience bonds have been defined as a new insurance-
linked financial instrument to support the public sector with
physical and financial protections to against catastrophes [26].
According to Vaijhala and Rhodes [27], resilience bonds build on
the same securitisation framework as CAT bonds, which convert
modelled reduced losses into upfront funding for pre-catastrophe
preparedness and resilience projects. The resilience bond has
three main functions: (i) an insurance service designed similarly
to the conventional CAT bond; (ii) a rebate mechanism that pro-
vides upfront funds based on forecast risk mitigation across the
whole system; and (iii) a resilient project investments function,
whereby loan proceeds are used to support the development of
resilient infrastructure. The aim of a resilience bond is to connect
the insurance coverage to the public-sector entities (which have
already purchased insurance policies or a CAT bond) with the
capital investments in resilience projects. Re:Focus [15] reported
that the integration of CAT bonds with infrastructure investments
brings impact because CAT bonds primarily address the financial
recovery and post-disaster reimbursement, rather than strength-
ening physical resilience within society. Given that climate change
has become a pressing global issue, which is marked by changing
weather patterns and a rise in disaster risks, financial support
from the innovative resilience bonds is increasingly important.
The European Bank for Reconstruction and Development (EBRD)
haslaunched the world’s first climate resilience bond successfully,
which has raised USD 700 million to support climate resilient
projects, such as climate-resilient infrastructure, climate business
and operations, or agriculture and ecological systems [28]. In
addition, the interest in bonds has grown significantly, now in-
cluding almost 40 investors from 15 countries [29].

2.2. From CAT bonds to resilience bonds

For earthquake-exposed cities like Istanbul, catastrophe risk
transfer can be paired with resilience investments to both finance
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mitigation pre-catastrophe and secure contingent liquidity post-
catastrophe. Resilience bonds are uncorrelated with financial
markets and event-driven payoff investors like in CAT bonds, but
extended a pre-catastrophe value engine; the verified mitigation
lowers expected losses and risks over the bond maturity [30].

As shown in Figure 1, the CAT bonds (left) transfer a defined
catastrophe risk from a sponsor to capital market investors
through an issuer. The issuer is normally a bankruptcy remote
special purpose vehicle (SPV). Investors’ principals will be held
in a collateral account which can only invest in high-quality
products, such as US T-bills. Sponsor pays a coupon and if
a pre-defined trigger is met, the trust releases some or all
of the principal to the sponsor for post-catastrophe recovery;
otherwise, investors receive their principal back at maturity
plus the coupon. The resilience bond (right) applies the same
securitisation foundation as CAT bonds, including the issuer,
collateral trust, and established trigger types. To distinguish it
from a CAT bond, resilience bonds generate upfront “rebates”
to fund resilient infrastructure projects. The rebates represent
the quantified reductions in risks and associated costs, which
will be re-invested into resilience initiatives, thereby offering
direct support rather than aftermath reimbursement or on-hold
projects due to insufficient funding [15]. In the mechanism of re-
silience bonds, proposed infrastructure-strengthening projects
will be evaluated by a third-party assessor, who estimates the
risk reduction and translates it into premium and principal
discounts, where the difference is the created rebates. This
rebate supports the initial project cost or ongoing maintenance
and operational expenses. The sponsor of the resilience bonds
can be the entities interested in resilience investment, such as
insurance companies seeking to safeguard projects during con-
struction [30]. In the next section, the modelling and valuation
framework for resilience bonds will be examined. The model
enables investors, public—private entities, decision-makers, and
governments to understand the value proposition of resilience
bonds in resilient infrastructure investment; make informed
decisions; and plan to develop the resilience bond market by
aligning incentives across shareholders.
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Figure 1 ¢« Mechanisms of catastrophe bonds and resilience bonds [15].
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3. Materials and methods

3.1. Data description

To reflect the real financial and earthquake dynamics in Turkey,
this study applied two primary datasets. First, daily historical data
from the Turkish Government Bond from 2024 to 2025 are used
to simulate the dynamic interest rate environment. Second, the
Turkish Catastrophe Insurance Pool (TCIP) historical dataset pro-
vides records of earthquake location, magnitude and claims from
2000 to 2024, which enable the calibration of the earthquake loss
model, enhancing the accuracy of the loss projections. As an alter-
native financial instrument, this rational valuation model serves
as a useful tool for decision-makers, guiding the fair market price
for the municipal resilience bonds, and potentially increasing the
attractiveness to investors by providing a clearer understanding of
the risk and return.

Table 1 shows the 20 largest earthquake events recorded by the
Turkish Catastrophe Insurance Pool (TCIP) from 2000 to 2024.
For each event, it lists the date and time, location, moment mag-
nitude (Mw), and total insurance claims. This study will use this
historical record to calibrate the municipal resilience bond (MRB)
valuation model. The claims series informs the frequency and
severity parameters and the magnitude-loss mapping, from which
we derive expected loss and tail metrics. These risk metrics are
then translated into a fair spread over the risk-free zero-coupon

yield curve used to price the MRB. The municipal resilience bonds
valuation model involves several components. Initially, a stochas-
tic model is employed to analyse time-series data, simulate the dy-
namic interest rate, and assess random earthquake events. Then,
a compound Poisson process is utilised to represent the economic
losses resulting from earthquake occurrences, for instance, the
economic losses caused by high-magnitude earthquake events im-
pacting vulnerable urban infrastructure in Turkey. Furthermore,
it is assumed that the strengthening infrastructure projects can
effectively mitigate the potential losses in Istanbul, Turkey. To
quantitatively evaluate the value of municipal resilience bonds,
different components are translated into modelling framework.

3.2. Methodology

Municipal resilience bonds (MRB) focus on enhancing infrastruc-
ture resilience through proactive investment to resilient projects
that reduce economic losses from catastrophic events, such as
earthquakes. The proposed municipal resilience bond (MRB) val-
uation model integrates several key components: stochastic loss
modelling, earthquake magnitude, dynamic interest rate simula-
tion, and effectiveness of resilient infrastructure projects resulting
from reinvestments. These components will be used to construct
the payoff function to capture a distinct dimension of risk and
valuation for the bond.

Table 1 ¢ Top 20 insurance claims from TCIP, 2000—2024 (currency in Turkish lira) [31].

Date Time/location/magnitude Claim (TRY)
2023/2/6 04:17:34/ KAHRAMANMARAA?/PAZARCIK /7.7 38,135,944,075
2023/2/6 13:24:47/ KAHRAMANMARAAZ/ELBISTAN/7.6 762,317,417.5
2020/10/30 14:51:24 SEFERA° HA°SAR/6.6 558,176,266.9
2020/1/24 20:55:15/ELAZIG/SIVRICE/6.8 384,359,145.5
2024/10/16 10:46:31/MALATYA-KALE/5.9 376,712,708.7
2023/8/10 20:48:00/MALATYA/YEAZILYURT/5.3 319,376,353.2
2022/11/23 04:08:15/DAeZCE-GA-LYAKA/5.9 183,399,033.7
2011/10/23 13:41:00/VAN/MERKEZ/MERKEZ/6.6 116,809,749.2
2024/1/25 16:04:04/MALATYA/BATTALGAZI/5.2 107,068,775.1
2020/12/27 09:37:32/ELAZIAZ/MERKEZ/5.3 82,494,852.53
2019/9/26 13:59:24/MARMARA DENIZI/5.8 77,577,222.31
2023/7/25 08:44:49/ADANA/KOZAN/5.5 58,255,081.88
2021/2/1 08:46:53/EGE DENA°ZA°/KARABURUN/5.1 22,850,634.98
2020/3/19 20:53:31/ELAZIAZ/SA°VRA°CE/5.0 20,731,804.14
2011/11/9 21:23:00/VAN/EDREMA°T/EDREMA°T/5.6 12,756,844.23
2022/11/4 03:29:21/A°ZMA°R/BUCA 4.9 11,848,190.94
2011/5/19 23:15:00/KAceTAHYA/SA°MAV/SA°MAV/5.9 9,782,567.99
2024/9/7 09:31:10/KAHMANMARAA?/PAZARCIK/5.0 7,002,338.2
2017/7/21 01:31:12/GOKOVA KORFEZI/6.3 5,231,414.03
2020/6/5 21:06:20/MALATYA/PAceTA®RGE/5.0 5,230,068.56
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3.2.1. Stochastic modelling of earthquake events and
dynamic loss

This study models earthquake risk by adapting the approach from
Shao, Pantelous, and Papaioannou [32] and Ma and Ma [33] to
apply a stochastic time-series framework that simulates dynamic
losses with the randomness of catastrophic event occurrences
under different earthquake magnitudes. Specifically, earthquake
occurrences and their severity over the period will be modelled as
acompound Poisson process, which captures both the severity and
frequency of earthquake events.

L(t) = B3 e 0

j=1

where
L (t) is the expected loss; L (t) = 0 when N; = 0;

N; is the counting process follows Poisson process with event
frequency \;

M, represents the magnitude of the j-th earthquake event;
« is the baseline loss for a unit-magnitude event, which o > 0;

B is the growth parameter which controls the speed of damage
escalates with magnitude (8 > 0);

E[e”™] is the scaling factor.

By establishing the baseline for expected earthquake losses, the
foundation of the financial valuation can be built. Since bond
pricing also depends on the future cash flows, the next step will
be to work on the dynamic of the interest rate.

3.2.2. Modelling the dynamic interest rate

The dynamic fluctuations of the interest rate are essential in the
pricing of bonds; the effects are directly related to the discounting
of future cash flows and losses. The Vasicek short-rate model is
a pragmatic choice for simulating the dynamic interest rate in
this study. It is simple, fast, and transparent, while capturing
the key features of interest rates of the mean reversion [34]. The
model delivers close-form zero-coupon prices, so discount factors
drop straight out without heavy numeric, which is ideal when
interest rates are only one part of a larger Monte Carlo engine. The
Vasicek model handles low and negative rates and avoids over-
parameterisation and over-fitting, reducing noise in scenarios and
speeding runtime. The Vasicek model offers the best balance of
realism, tractability, and explainability for bond valuation where
rate risk is not the dominant driver [21]. Therefore, this study
applies the Vasicek model to simulate the short-term interest rate
Tt

dT‘t =k (9 — rt) dt+ thth (2)

where
r¢ is dynamic interest rate at time t (in years);

dW; is a Wiener process (Brownian motion);

k (6 — 1) is the drift factor, where k is the speed of reverting to the
average rate 0, o is volatility, and k, 6, o are all positive constants.

With both earthquake losses and interest rate fluctuations, the
framework can turn to defining the payoff mechanism that links
the resilience measures to the bondholder’s returns. The next

section defines the payoff function of the Municipal Resilience
Bond; it states the coupon payments, principal fractions, and
resilience rebate under the chosen trigger. Combining that payoff
function with the Vasicek discount factors converts physical risk
into price.

3.3. Payoff function of municipal resilience bonds

Strengthening urban infrastructure projects is expected to en-
hance resilience and mitigate future unexpected losses, denoted
by Lr. Following the methodology of [26], we introduce the pa-
rameter of effectiveness (3) to quantify the impact of the resilience
measures. The effectiveness (resilience) parameter is introduced
to make the payoff function reflect the real risk changes when
the investor’s capital is re-invested in prevention and mitigation.
The parameter summarises how much the retrofit and redun-
dancy programme lowers expected losses across the infrastructure
system; higher values indicate greater risk reduction and feed
directly into the bond’s valuation. The pre-defined contract for the
payment mechanism is determined by the payoff function below,
which considers whether the probability of aggregate losses after
the deduction of resilience from the strengthening project have
exceed the predefined threshold Dy in the municipal resilience
bond contract.

Fp ifLy —3Lr > Dy (bondistriggered)

Pry(T) = { F  ifLy—3Lr < Dy (otherwise), ®

where

Pgg is the payoff function of resilience bond at maturity;

p represents the proportion of the face value repaid to investors;
F is the face value of the resilience bond;

Ly is aggregate losses;

Dy, represents trigger value based on the earthquake magnitude;

3 is the impact of the resilient infrastructure project, where 0 <
3< 1.

To summarise the final municipal resilience bond valuation
model, the study integrates the three core components: the dy-
namic loss estimation mode, the dynamic interest rate model, and
the municipal resilience bond payoff structure. These models work
together to capture the impact of earthquake risks, the time value
of money, and the effectiveness of resilience investments.

Vi = Byusicek (t, T) 'PLim 'Z?:zx 1M€(ui,uf+1)'

pF-1 + F1 @)

(1*3)Lim>DM (173)Lfm§DM

where
V is the value of the municipal resilience bond at time t;

Byusicer (t, T) is the simulation of dynamic interest rate with an
application of Vasicek model;

Py, is the probability of the level of loss occurring;

S0 Iare( uipigr) 1S the sum of four indicator functions, consider-
ing that the earthquake magnitude M falls inside (4,5), (5,6), (6,7),
and (7,8) levels;
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pF-1 +F represents the expected pay-

- 1 -~
(1=3)Lin>py, (1=3)Lin<py,

off of cash flow;

pFisthe proportion of the face value repaid to investors if the bond
triggered;

L;, is the economic loss associated with the specific earthquake
intensity interval;

Dy represents trigger value based on the earthquake magnitude,
where 4 < M < 8.

The payoff function links the physical risk reduction, earthquake
modelling, financial dynamics, and resilience incentives. Having
established the data sources and methodology, the following sec-
tion details how they are incorporated into the modelling process
and the empirical results of the modelling.

4. Results
4.1. Empirical results

To evaluate the municipal resilience bond (MRB), the model was
calibrated using the TCIP record of 1141 earthquake events from
December 2000 to November 2024, including the date, loca-
tion, moment magnitude, and indemnity payment in Turkish lira
(TRY). As expressed in Equation (1), the calibration was carried
out in three steps. Firstly, the annual frequency of events was esti-
mated as the total number of earthquakes divided by the observa-
tion years to obtain 47.74 events per year. Secondly, the indemnity
claims data was fitted in several heavy-tailed distributions, such
as log-logistic (Fisk), lognormal, and generalised extreme value
(GEV). Thirdly, the study applied the Akaike Information Crite-
rion (AIC) and the Kolmogorov—Smirnov (K-S) test to compare
the goodness-of-fit for the distributions. The results showed that
the log-logistic (Fisk) distribution best captures the heavy-tailed
nature of earthquake losses. Most claims data are modest; the
median is about TRY 10,232 and half of the claims fall between
TRY 3103 and TRY 52,516. However, the data are extremely right-
skewed. For instance, the 95th percentile is around TRY 1,304,635
and the largest claim reaches TRY 38,135,944,074, which pulls
the average up to roughly TRY 36,308,452. Consequently, many
small-to-medium claims are accompanied by a few very large
ones that dominate the tail. By fitting the dataset in log-logistic
distribution, the result obtained with shape ¢ ~ 0.771 and scale
s ~ 12,478, indicating a heavy tail and medians, are more reliable
than average since ¢ < 1. Lognormal is the next best distribution
for describing the heavy-tailed pattern of the claims dataset. The
study assumed that earthquake magnitude and indemnity claims
in the TCIP dataset follow a log-linear relationship. The baseline
loss («) is obtained from the intercept of a regression of the
natural logarithm of claims (In[claim]) on earthquake magnitude
(M). In addition, the growth parameter (3) is obtained from the
slope of the log-linear regression to measure how quickly claims
increase with magnitude. As the functional form systematically
underestimates the actual TCIP claim, the scaling factor—severity

multiplier (E[e”)])—was introduced. The severity multiplier was

calculated as the ratio of the observed mean claim to the model-
implied mean claim, which equals 270.3. This scaling factor is
constant and ensures that the calibrated model reproduces the
empirical loss levels while preserving the magnitude—loss rela-
tionship. Then, we can obtain the following summary.

As shown in Table 2, the calibrated parameters define the annual
loss distribution that drives the MRB’s expected loss and tail risk.
The pricing model of the bond also depends on the time value
of money, where simulated event-contingent cash flow needs to
be converted to the present values to derive a fair spread over
the zero-coupon yield curve. In this way, the next section will
introduce the Vasicek dynamic interest rate model which is used
to describe the current term structure.
Table 2 ¢ Parameters of dynamic loss model.

Parameter Value

Sample size—earthquake

1141 times/24 years
events 4 /24y

24 years (Dec 2000 to Nov

Observation window
2024)

Magnitude range (M) 2.4t07.8

Baseline loss («) 3,922.7421 TRY
Growth parameter (3) 0.307921

47.74 earthquakes/year (over

Event frequency (1)) 24 years)
Severity multiplier (E[e’™]) = 270.3118
Expected loss 1,060,364 TRY

Expected annual loss 50,625,130 TRY

To ensure that the Vasicek interest rate model reflects the actual
dynamics of the Turkish financial market, we validate the model
(Equation (2)) by calibrating daily yield data from Turkish Gov-
ernment Bonds over a two-year period (2024—2025).

Figure 2 shows 50 simulated short rate paths in different colours
generated with the calibrated Vasicek parameters for Turkey.
Each coloured line is one Monte Carlo simulation representing a
possible time path of the short term interest rate, showing how
the rate could move over time under different random shocks.
The horizontal blue line marks the long-run mean. The paths
fluctuate with shocks but quickly revert toward the mean and
the dispersion around the level reflects the estimated volatility.
The simulated interest rate paths reproduced the mean-reverting
dynamics observed in the market, and these paths generate the
scenario-specific discount rates used in valuation and robust-
ness analysis. The calibration obtained the following parameters:
k(speed) = 2.4751; 6 (mean) = 34.3909%; o (volatility) =
6.5311%; and ro = 0.3103.
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Figure 2 ¢ Dynamic interest rate simulation via Vasicek model. Each coloured line represents one Monte Carlo scenario showing a
possible path of the short term interest rate over time. The horizontal blue line indicates the long run mean rate.

The payoff function of the MRB determines how much investors
receive at maturity, depending on the severity of earthquake losses
and the effect of resilience measures, as shown in Equation
(3). Aggregate earthquake losses are compared against the trigger
threshold linked to earthquake magnitude, where the trigger is
defined as the product of the mean expected loss within a given
earthquake magnitude band, adjusted for the resilience effec-
tiveness parameter (3) and the empirical probability of an event
occurring in that band. If losses remain below the threshold,
investors receive repayment proportional to the bond’s face value.
Otherwise, if losses exceed the trigger, the payout is reduced as
an assumed proportion (p = 60%) of the face value repaid to
investors, reflecting the transfer of risk to investors. From the
dynamic loss estimation model, we categorised the earthquake
into four magnitude bands from levels 4 to 8. To account for
the expected earthquake risk mitigation from the resilience in-
vestment, we assume the infrastructure-strengthening generates
a 20% loss reduction (3 = 20%). The framework simulates the
realistic and data-driven assessment of the resilience bond’s risk-
adjusted performance, while supporting strategic planning for
Istanbul with earthquake risk mitigation and sustainable urban
finance.

The final valuation framework for the MRB is constructed by
integrating three complementary components. The combination
in Equation (4) ensures that resilience benefits are explicitly
quantified and reflected in the bond’s value. By considering a 20%
deduction in expected losses through infrastructure strengthen-
ing and considering that the municipal bond will pay 80% per
100 par value at maturity to investors, and with consideration
of the discounted factor via the interest rate model, the yield
of the municipal resilience bond is 31.73. This final estimated
price of TRY 31.73 per 100 par shows the risk adjusted market
value of the proposed Turkish municipal resilience bonds, con-
sidering both the probability of earthquake losses and the time

value of the money under dynamic interest rate conditions. For
investors who are interested in resilience investment, the price
implies that investors are only expected to recover about 37.31%
of their principal plus a high coupon returns if any earthquake
occurs. However, this price also reflects the level of earthquake
risks being mitigated by preparing the urban infrastructure in
advance. An application of this bond may attract governments and
municipalities since it offers cost-effective protection to hedge the
future unexpected earthquakes. Resilience bonds can be extended
to cover floods, hurricanes, wildfires, and earthquakes. It may
benefit different cities and regions suffering from infrastructure
investment deficit and growing catastrophe risk exposure. The
valuation of the municipal resilience bond is not just a numerical
price but also reflects the transition of how public sectors measure,
finance, and reward resilience. This model provides a bridge be-
tween risk science and financial markets, providing opportunities
for private and public investors to make data-backed decisions
that lead to safer and more sustainable cities.

4.2. Sensitivity analysis: resilience effectiveness (3)

In order to assess the impact of resilience investments on the
municipal resilience bond’s valuation, the study conducted a sen-
sitivity analysis on the resilience effectiveness parameter (3). The
parameter represents the percentage reduction in expected losses
due to the performance of infrastructure retrofit projects. By vary-
ing 3 from 0% (no reduction) to 80% (highly effective reduction),
the results show the influence of resilience performance to both
the expected payoff and the fair price of the bond. This sensitiv-
ity analysis shows the financial value of resilience, highlighting
the positive correlation between the investment in infrastructure
retrofit projects and bond attractiveness to investors.

ACADEMIA ENGINEERING 2025, 2

7of 13


https://doi.org/10.20935/AcadEng7947

https://doi.org/10.20935/AcadEng7947

Table 3 demonstrate the results of the financial value of resilience
investments in the municipal resilience bond issuance. As the
resilience effectiveness of risk mitigation measures increase, the
fair price of the Turkey Resilience Bond rises significantly. In the
scenario of no mitigation (0% resilience), the bond is valued at
just TRY 25.38 per 100 par, which reflects the high risk of loss in
the event of an earthquake. However, with the moderation of 20%
resilience, the fair price improves to TRY 31.73 and continues to
climb with higher mitigation levels of 80% resilience at TRY 44.65.
In this sensitivity analysis, a 60-80% resilience effectiveness is
used solely as an assumed upper-bound scenario to explore the
maximum potential impact; such a high mitigation in losses is
rarely achieved in practice due to the scale, cost, and complexity
of implementation. The improvements can be translated as the
direct additional capital that municipalities can raise. For exam-
ple, to estimate the additional capital that can be gained through
higher resilience effectiveness levels, the study assumes that the
municipal authority issues TRY 1 billion (par value) in municipal
resilience bonds; the table below shows how the capital gains
changes with different level of mitigations:

As shown in Table 4, the resilience effectiveness and capital
gain tables show the quantifiable relationship between the level
of disaster risk reduction and the financial performance of mu-
nicipal resilience bonds (MRB). The investments in earthquake
retrofitting or infrastructure enhancement projects will improve
investors’ expected payoff and the fair market price of the bond
will rise. The MRB’s price increase from TRY 25.38 in the absence
of mitigation to TRY 44.65 when the resilience level is 80%,
reflects a 76% increase in the bond value. With 20% resilience
effectiveness, the municipality can raise TRY 317.3 million, which
is TRY 63.5 million over the no-mitigation scenario. Furthermore,
the total capital raised reaches TRY 446.5 million at 80% re-
silience effectiveness, which is TRY 192.7 million higher than the
no mitigation scenario. These findings not only show the economic
benefits of resilience investment in MRB but also demonstrate
a strategic pathway for municipalities to increase the financing
capacity for infrastructure projects. This sensitivity analysis pro-
vides a foundation for understanding the financial value of re-
silience, which directly informs the next section on developing the
municipal resilience bond market. These insights can be applied to
enhance the mechanism and market design, investor engagement,
and policy frameworks.

Table 3 ¢« Impact of resilience effectiveness on expected payoff and bond fair price.

Resilience effectiveness §  Loss reduction Expected payoff E[P(T)] Discounted price (per 100 par)
0% (no mitigation) 0% 64.00 25.38
10% 10% 72.00 28.56
20% (base case) 20% 80.00 31.73
30% 30% 87.50 34.70
40% 40% 94.00 37.27
60% (rare) 60% 105.00 41.65
80% (rare) 80% 112.50 44.65

Table 4 ¢ Projected capital gains from varying levels of mitigation effectiveness.

Resilience effectiveness Fair price (TRY) per 100

par
0% 25.38
20% 31.73
40% 37.27
60% 41.65
80% 44.65

5. Discussion: developing municipal
resilience bond mechanism in Istanbul,
Turkey

Istanbul holds almost 18.3% of the population of Turkey and ap-
proximately 30.4% of national GDP [35, 36]. The city faces a high
medium-term earthquake risk, where the earthquake probability
is 62%, with strong shaking in Istanbul within 30 days and 64%
probability of magnitude greater than 77 within 7 years. However,
there is only 65% earthquake insurance coverage for residences.

Total capital raised (TRY Capital gain vs. no

million) mitigation (TRY million)
253.8 -

317.3 +63.5

372.7 +118.9

416.5 +162.7

446.5 +192.7

Catastrophic events, such as earthquakes, floods, and hurricanes
are High-Impact Low-Probability (HILP) events, which are un-
likely to occur, with low probability, but once they happen, will
bring significant consequences. According to Gérmez, Koksalan,
and Salman [37], the Istanbul Metropolitan Municipality has
pre-positioned relief strategies for post-catastrophe operations in
anticipation of a potentially destructive earthquake in the near
future. In order to strengthen urban resilience and expand the
insurance coverage, the Turkish government and private sector
have taken actions in advance to hedge a destructive earthquake
event; for example, the issuance of second catastrophe bonds from
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the Turkish Catastrophe Insurance Pool [38]. However, a key
limitation of catastrophe bonds is that they only reimburse post-
disaster economic losses rather than help with preparing the city
against unpredictable catastrophes. The study therefore proposes
a municipal resilience bond for Istanbul to foster public—private
cooperation and fund pre-catastrophe measures that make the city
more robust. As Ustiin [1] suggests, Istanbul should examine and
adapt good disaster resilience management examples from devel-
oped countries; the local and central administrations should learn
from historical experiences and promote pre-catastrophe efforts,
such as allocating financial resources efficiently, strengthening
and retrofitting infrastructures and buildings, and updating in-
formation on the condition of infrastructure and public facilities.
Globally, governments are typically responsible for investing in
the development of infrastructure projects; however, restricted
public funding, which comes mainly from tax and tolls, often
struggle to cover the high costs of various development projects.
The OECD [9] show that there are plenty of opportunities for in-
frastructure investment in developing countries, though investors
may not be fully aware of these opportunities because of barriers
in this context. In this way, a municipal resilience bond could act
as the bridge and bring the opportunities for the Istanbul Mu-
nicipality to raise sufficient funds from capital market investors,

especially for resilient infrastructure projects, as well as gaining
insurance services to hedge the potential economic losses from
unpredictable catastrophes.

Figure 3 illustrates the mechanism of applying municipal re-
silience bonds (MRBs) in Istanbul, Turkey. An insurer issues
the MRB to public and private investors; then, the principal
from investors will be saved in a fully collateralised account and
invested in high-quality assets only. The Istanbul Metropolitan
Municipality (IMM) signs a risk transfer contract with the in-
surer and pays the insurance premium. If the pre-defined trig-
ger events (earthquakes) is met, the insurer uses the collateral
fund to make a contingent payment to IMM, covering emergency
liquidity and early recovery. Meanwhile, an independent third
party will estimate and quantify the risk reduction generated by
the resilience infrastructure projects, which is captured by the
Resilience Effectiveness parameter (3). The change in expected
losses will be monetised as a rebate and reinvested in the in-
frastructure retrofit/enhancement projects. The following section
identifies the key entities, explains how risk reduction is measured
and converted into a rebate, and defines eligible resilience projects
for Istanbul, Turkey.

REBATE Invest Resilient
Portion of the insurance value created by projects infrastructures
in Istanbul
Reduced R:educed
, Risk to
Premiums .
Principal
Risk Transfer
Contract Principal .
Istanbul Premium Insurance | . " Private and
Municipality ~—----—---1 comba Coupon public sectors
Contingent pany L
Bond Proceeds
Payment ‘[
Risk modelling
Investment .
Liquidation Returns Par of change in
Value ‘ Value expected
losses

Collateral account

Figure 3 o Istanbul municipal resilience bonds mechanism [15].

5.1. Entities involved in municipal resilience bonds

The resilience bond is modelled based on the mechanism of CAT
bonds, maintaining a similar insurance function that is designed
to protect sponsors from unforeseen catastrophe risks [39]. The

Istanbul Metropolitan Municipality is the sponsor seeking con-
tingent protection and lower financing costs for infrastructure
projects. Issuance can be executed via an SPV arranged with
a (re)insurer or bank. The potential investors of the municipal
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resilience bonds could be investors who are interested in high-
yield bonds, including pension funds, mutual funds, hedge funds,
and commercial banks. Investor funds flow into the collateral
account, coupons are paid from investment returns, and principal
is returned at maturity in the absence of a qualifying catastrophic
event.

5.2. Risk reduction and rebate mechanism

Climate change is one of the most serious long-term issues that
challenges countries around the world. Adger, Agrawala, and
Mirza [40] show that countries globally should pay significant at-
tention to the continued challenges of climate change; the consid-
eration of enhancing resilience or reducing vulnerability should
be put into adaptation practices. MRB finances pre-catastrophe
resilience and transfers post-catastrophe risk. Istanbul could im-
plement a portfolio of upgrades to the existing infrastructure
(retrofits, lifeline redundancy, early warning). An independent
model estimates the change in expected loss from these measures,
which is reflected by the resilience effectiveness parameter (3).
If the trigger is met, the MRB will pay out the reimbursement,
but verified risk reduction from the infrastructure projects lowers
both the probability and severity of any principal loss for investors.

5.3. Eligible projects and the market in Istanbul, Turkey

The Istanbul Climate Change report [41] highlights that as the
most populated city in Europe, Istanbul is ranked highest in the
assessment of potential economic losses from extreme weather
events among 15 European coastal cities. For instance, Turkey
faced extreme weather conditions in 2017, experiencing both se-
vere droughts and floods, which significantly impacted different
infrastructure sectors, e.g., transportation and housing. Build-
ing resilience in Istanbul involves strengthening infrastructure to
withstand, manage, absorb, and adapt to climate change threats.
For example, earthquake engineering prioritises maintaining
functionality and speed of recovery from earthquake events, aim-
ing to mitigate fatalities and infrastructure damages [42]. Projects
eligible for applying MRB to generate rebates to be reinvested
to infrastructure projects include earthquake retrofits and base
isolation for schools and hospitals, the strengthening of critical
infrastructure, and upgrades to the infrastructure network.

With Istanbul’s growing population, strengthening its resilience
to infrastructure will create eligible infrastructure projects in the
market, which may create opportunities for the expansion of mu-
nicipal resilience bonds. Istanbul can issue TRY tranches through
an SPV to tap global insurance-linked securities investors while
also engaging domestic institutions. The MRB’s verified loss re-
duction and ring-fenced use of proceeds align naturally with ESG.
As Environmental, Social and Governance (ESG) investing is gain-
ing popularity among different investing philosophies nowadays,
evaluating performance through ESG criteria and metrics brings
more opportunities for resilience investing [43]. According to
Boffo and Patalano [44], ESG scoring and reporting presents op-
portunities for companies to participant in investing resilience to
create long-term value. Hachenberg and Schiereck [45] show one
advantage to be that financial instruments employing ESG criteria
typically outperform those that do not consider ESG. Integrating
ESG evaluation into the municipal resilience bonds could broaden
investor interest, attracting private finance from resilience and

ESG investments and improving market opportunities. Future re-
search could explore methods for incorporating ESG performance
metrics, particularly with a focus on municipal resilience bonds,
assessing its potential to improve investor engagement, enhancing
bond performance and support sustainable resilience practices.
The MRB creates a practical bridge between Istanbul’s resilience
pipeline and deep capital market capital with the strengthening of
the preparedness to unexpected catastrophes.

5.4. Limitations

This study has several constraints. The characterisation of Istan-
bul’s catastrophes may not fully capture site effects or compound-
ing perils. Exposure and vulnerability inventories have gaps and
some fragility functions are adapted from non-local studies. While
Monte Carlo propagates parameter uncertainty, structural model
uncertainty, spatial correlation and event clustering are only par-
tially represented. We mitigate these issues by documenting data
provenance, reporting sensitivity to key parameters, and applying
conservative assumptions. Future work will extend site-response
and multi-catastrophes modules, calibrate fragilities with local
data, model network recovery, and test alternative rate/spread
processes.

6. Conclusions

This study proposes a novel framework for the valuation of mu-
nicipal resilience bonds in the Turkish market and explores the
potential to develop the bond market. The proposed municipal
resilience bond provides a targeted solution to the significant
funding gap between the Istanbul Municipality and financial mar-
kets. The bonds attract private investors who are interested in re-
silient infrastructure investments. The application of a municipal
resilience bond not only provides funding for infrastructure devel-
opment but also incentivises pre-catastrophe preparedness. The
paper develops a tractable valuation mechanism that links verified
risk reduction to municipal resilience bond pricing for Istanbul’s
earthquake exposure. By integrating a compound Poisson loss
process, the Vasicek short-rate model and a magnitude-banded
payoff function with an explicit resilience effectiveness parameter,
the framework quantifies how pre-catastrophe mitigation trans-
lates into fair value for municipal resilience bonds (MRBs). The
empirical application of the MRB demonstrates that resilience has
measurable financial value. In the base case, a 20% reduction in
expected losses yields a discounted fair price of TRY 31.73 per 100
par, while stronger mitigation (3 up to 80%) increases the price
to TRY 44.65, significantly expanding feasible proceeds for in-
frastructure retrofit or upgrades projects. These results show that
MRBs can recycle modelled risk reductions into upfront “rebates”
that align with the incentives of municipalities, (re)insurers, and
investors and shift the balance from post-catastrophe relief to
pre-catastrophe preparedness in Istanbul.

This paper contributes both a valuation framework and a strategic
rationale for applying resilience bonds in Istanbul. By integrating
real Turkish data and quantifying the value of earthquake risk
mitigation into the municipal resilience bond pricing model, it
provides data-driven insights to help entities understand how
cities like Istanbul can adopt this innovative instrument not only
for earthquake recovery, but also to improve resilience through
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advance preparation. Municipal resilience bonds can attract grow-
ing numbers of institutions’ investments, which increasingly fol-
low ESG investments. Most ESG investors show interest in finan-
cial instruments that deliver social impact and align with global
sustainability goals. Introducing resilience bonds to Turkey’s dis-
aster risk market could foster the development of a financial
ecosystem for resilience investment. This study can serve as a
blueprint for municipalities globally to create opportunities to
apply the valuation model to price bonds in the local context, raise
funds for municipal budgets, and plan catastrophe preparedness
in advance. Resilience bonds represent more than just a financial
instrument; the bond provides an innovative financial strategy
for climate adaptation. Adopting such an innovative financial
instrument in Istanbul is essential to ensure public safety and to
build a sustainable future for its economy.
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