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Abstract: In response to the escalating climate-related catastrophes of recent decades and their
significant impacts on global transportation systems, this study explores the concept of resilience
bonds as a novel financial tool for enhancing supply chain sustainability. The research applies a case
study from China to demonstrate the application of resilience bonds in funding infrastructure
projects that aim to enhance the sustainability and resilience of supply chain networks. The study
examines the market mechanisms and valuation models of resilience bonds, assessing their
potential to mitigate risks associated with transportation failures and to reduce economic losses
from unexpected disruptions. By applying empirical data, the research quantitatively evaluates the
impact of resilience bonds on the sustainability and reliability of transportation systems. The
findings show that resilience bonds can significantly contribute as a sustainable solution to enhance
supply chain resilience and sustainability, offering insightful alternatives for financing resilient
infrastructure projects. This study not only supports policymakers, investors, and business leaders
in understanding innovative funding mechanisms but also makes a significant contribution to
resilience financing for sustainable transportation within supply chains, especially in the context of
global disruptions.

Keywords: Infrastructure sustainability; Infrastructure financing; Supply Chain Resilience;
Sustainable Solutions; Resilience Bonds

1. Introduction

In today’s modern society, physical and social infrastructure networks are crucial for societal
functioning. However, these systems face increasing challenges from dynamic environmental
changes, especially climate-related catastrophes (Hao et al. 2015). The global insured losses from
natural and man-made disasters amounted to USD 89 billion, with over 70% attributed to secondary
perils such as severe convective storms and wildfires, which have been prevalent over the past
decade; The growing peak-loss potential from primary perils like hurricanes, predicting possible
combined annual losses up to USD 300 billion (Bevere and Weigel 2021). Supply chains play a crucial
role in today’s competitive business landscape and supporting the operations of various industries.
As these chains expand and become more complex, they grow increasingly vulnerable to catastrophic
events (Schmitt and Singh 2009; Wagner and Neshat 2010). Notably, around 43% of businesses rely
on 20 to 100 key suppliers, making even minor disruptions significant (Zurich 2016). For example,
after the 9/11 terrorist attacks, Chrysler switched from air to road transport for critical components
from Virginia to Mexico (Erlinghagen and Markard 2012). Such catastrophic disruptions, including
operational errors, goods shortages, and natural or human-made disasters, can cause unforeseeable
financial losses. They may disrupt supply chain links, necessitating immediate rerouting and
imposing instant adverse effects on businesses (Ishfaq 2012). Furthermore, the risks associated with
such disruptions often exceed what forecasts can predict, leading to higher costs and poorer services
if logistics operations are unprepared for contingent disruptions (Barad and Sapir 2003).
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As Thacker et al. (2019) highlight that infrastructure systems constitute the backbone of any
nation. Enhancing the resilience of nations and communities against catastrophes is crucial and has
become a main point in the sustainability development of international strategies by the United
Nations. Prioritising the resilience of infrastructure systems is essential to mitigate unforeseen
economic losses, as opposed to only responding to inevitable catastrophes. As per Berkeley and
Wallace (2010), resilient infrastructure should not only diminish the impact of catastrophic events but
also accelerate recovery. It should maintain its core functions despite internal or external risks. Thus,
building a resilient supply chain, which can rapidly respond to unexpected losses and enable quick
business recovery, is a key goal for suppliers and customers (Wu et al. 2007). As Rice and Caniato
(2003) state that investing in infrastructure projects is an effective way to foster resilience in supply
chain networks. However, infrastructure development relies heavily on government support
(Gichoya 2005). Public resources contain high opportunity costs, which imposes many restrictions on
the usage. As a result, turning to capital markets is increasingly seen as a dynamic and innovative
financing approach. For instance, in 2016, the UK government’s infrastructure investment is £18.9
billion, of which £10.3 billion of the funds derived from market sector investment.

The potential of bonds to shift financial leverage from solely public investments to public-private
partnerships is significant. According to Orr and Kennedy (2008) and Walter (2016), investments from
the private sector, including both private and institutional investors are gaining recognition as crucial
partners alongside governments in supplying the capital for financing infrastructure projects.
Applying bonds could create a novel infrastructure financing stream to combine public and private
sectors, potentially adaptable for supporting supply chains against disasters. Resilience bonds are
proposed by Re:Focus (2015), which is tailored to fund eligible resilient infrastructure projects. The
bond is aiming to escalating demand for investment in resilient projects, such as enhancing supply
chain resilience and emphasising the importance of these investments to help ease the pressure on
public resources. The case study in this paper demonstrate the implementation of resilience bonds
within a China-based supply chain to enhance infrastructure resilience against catastrophic events.
Using empirical data from Willis Tower Watson (Shanghai), the study analyses the application of
resilience bonds to fund the enhancement of intermodal transportation ports, that are designed to
withstand and recover from severe disruptions.

This paper contributes significantly to the literature on financing supply chain resilience. It
introduces the innovative concept of resilience bonds and bridges the gap in existing research by
providing a practical financial solution to the often underfunded area of sustainable infrastructure
development. The paper’s exploration of the market mechanism and valuation model for resilience
bonds is particularly noteworthy, offering new insights into how these bonds can mitigate risks
associated with supply chain disruption. Moreover, the case study from China adds empirical weight
to the theoretical framework, illustrating the practical application and effectiveness of resilience
bonds in real-world scenarios. This research opens new avenues for further exploration in the fields
of sustainable finance in supply chain networks, and offering critical guidance for decision-makers
on implementing these financial tools to bolster supply chain resilience.

2. Literature Review

In recent years, global market competition between enterprises has gradually shifted to
competition between supply chains, since every industry requires support from operation chains
behind the business. Supply chains allow entities to share logistics activities with different partners
around the world. Christopher (2016) state that supply chain networking is a business integration
that will add value to raw materials and transfer them to end-users. It secures the supply and demand
and helps businesses be more competitive in the market. However, supply chain management has
also become increasingly vulnerable (Jayaram et al. 2000; Warren and Hutchinson 2000). Zsidisin et
al. (2005) showed that, as modern supply chains have grown increasingly complex, enterprises are
becoming more aware of the unforeseen disruptions. Although these disruptions are statistically rare,
their occurrence can have significant impacts on supply chain operations and affect customer
demand.
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2.1. Vulnerability in Supply Chains: The Need for Resilience

Unforeseen events expose vulnerabilities in supply chain networks because catastrophic events
often occur in clusters, showing spatial or temporal correlations, or both.(Hao et al. 2015). Some
supply chain infrastructures are overexposed and underinsured against unforeseen catastrophe risks,
so the question of how to prepare the supply chain against disruptions has gained much attention.
As supply chain complexity and distance grow, so does the uncertainty level with regard to the
intermodal transportation supply network. The rationale behind the intermodal transport, as defined
by the European Conference of Ministers of Transport (ECMT), involves transferring goods using at
least two different transport modes within the same loading unit for logistics (Arnold et al. 2004).
Disruptions at key intermodal ports can cascade, impacting entire supply chains and delaying
deliveries, thereby affecting business competitiveness. PwC’s research indicates that enhancing
supply chain resilience can lead to a 7% increase in stock prices and significant market share gains
(PwC 2016). Various strategies have emerged to reinforce supply chains against catastrophic
disruptions, such as Global (2007) advocates that just-in-time inventory and other lean manufacturing
techniques may reduce the supply chain risk significantly; Li and Wang (2015) also show that the
most common way for some businesses is to continuously hold buffer stock and keep several
alternative suppliers in case one is disrupted by catastrophe losses. However, strategies like
continuous inventory or over-reliance on alternative suppliers can be costly and not always optimal
(Christopher and Lee 2004; Tomlin 2006). In a dynamic world, maintaining an efficient and effective
supply chain is challenging which often vulnerable by unforeseen disruptions (Christopher and Peck
2004). Focusing on resilience is crucial in reducing failure probabilities and recovery times since as it
is more cost-effective than post-disaster rebuilding (Bruneau et al. 2003; Mottahedi et al. 2021). A
resilient supply chain is defined by its readiness for disruptions and ability to maintain continuity in
goods movement (Sawyerr and Harrison 2020). The ports are important to many communities, which
are critical infrastructure and can be severely affected by catastrophes. Traditional logistics are
inadequate for modern global supply chains, the demand of resilient infrastructure projects like
intermodal transportation port upgrades is increasing (Ishfaq and Sox 2010). Thus, enhancing port
resiliency is a priority for both private and public sectors, especially in the European Union
(Bontekoning and Priemus 2004). With infrastructure systems often exposed to catastrophe risks,
investment in resilient supply chain infrastructure is essential, though it requires significant funding
often beyond what public sectors can provide, which requiring the involvement of private
investment.

2.2. The Effectiveness of Implementing Resilience Bond

Although many approaches and tools have been developed for supply chain resilience,
researchers need to look beyond these methods and prioritise considering the financing of resilient
infrastructure projects. Bonds are widely used in fixed-income investment to allow investor loans to
corporations, states or governments. The bond principal from investors is borrowed for a pre-defined
period, investors receive fixed interest payments every year and get back the principal of the bond
until the bond matures. Whereas the newer resilience bond is a financial tool designed to transfer
risks to the capital market and provide both financial coverage and investment for resilient
infrastructure projects (Vaijhala and Rhodes 2018). Resilience bond, as a recent innovation in the bond
market represent a financial arrangement where investors lend money to an issuer in exchange for
regular fixed interest payments. The bond is instrumental for (re)insurers in complementing
traditional markets, effectively transferring risk to capital market investors. Besides, resilience bond
uniquely combines insurance, rebate, and resilient project support functionalities, it differentiates by
funding resilient infrastructure projects via “rebate” thereby proactively mitigating risks. The rebate
mechanism directing the value from the mitigated risks back into supporting the infrastructure
projects (Re:Focus 2015).

Trade globalisation brings more pressures to businesses to deliver supplies better than their
competitors. A resilient supply chain is likely to raise customer confidence as well as reduce the risk
of unforeseen losses. An upgrading of resilient infrastructure project therefore has more advantages,
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with its flexibility and efficiency in freight shipments, than a traditional logistics transport port. For
example, upgrading the traditional port into a modern intermodal transportation port. BLG Logistics
group in Bremen is one of the most advanced logistics parks in the world, and is ideally linked to
European road, rail and waterway (Waters 2003). Freight shipments through the BLG intermodal
transportation port from countries are transferred using different transport modes with several
combinations. It not only provides flexibility to entities but also brings resilience to the supply chain
network. Besides, by applying the intermodal service, the goods will be handled by standard
containers, thus mitigating the movement time and cost. However, catastrophic disruptions have a
low probability of happening, when they do occur, they significantly break the connection of the
supply chain system and bring unpredictable losses for businesses. Shippers and carriers may prefer
to seek financial protection from insurance companies to offset the missing market opportunities, and
take on the risk of losing money. Resilience bonds could be considered as an effective financial tool
to share the risks in the capital market and mitigate the risk of collapse to the supply chain by offering
funds for the enhancement to port’s infrastructure in advance.

According to Re:Focus (2015), the payout mechanism of a resilience bond is based on a
predefined set of resilience objectives that the issuer must meet to qualify for payment. If these
objectives are not achieved, the payout may be reduced or withheld entirely. The payout can be either
a fixed or variable coupon, depending on the specific terms outlined in the bond agreement. A unique
feature of the resilience bond is that it generates rebates based on the overall risk reduction achieved
by the resilient projects, for example, an upgrade of intermodal transportation port (IPT) project.
Specifically, a designated third party predicts and quantifies the mitigated risks resulting from the
ITP project. The assessed economic value of these reduced risks is then deducted from the premium
and principal, transforming the deducted amount into a rebate. This rebate is reinvested into the ITP
project during the initial construction stages. This mechanism ensures that the value from risk
mitigation is immediately reinvested, enhancing the overall effectiveness and resilience of the system.
(Vajjhala 2015).

As shown in Figure 1, the mechanism is designed to incentivise private issuers to enhance
supply chain resilience while also attracting both public and private investors who are interested in
collaborating on socially responsible projects. This approach aims to foster partnerships that generate
positive social and environmental impacts. These projects have the potential to yield significant social
and environmental benefits, making them appealing investment opportunities. (Vaijhala and Rhodes
2018). Conventional bonds typically have a maturity period of one to three years, which is also
suitable for resilience bonds, aligning well with the construction timelines of resilient projects.
However, some projects may require longer durations. Therefore, resilience bonds can be issued in
multiple tranches to accommodate flexible construction periods. Continuous evaluation of risk
mitigation efforts allows for the distribution of rebates, which can be reinvested into the project,
further supporting its progression and ensuring sustained enhancement of resilience.
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Figure 1. Mechanisms of implementing resilience bond to finance supply chain resilience. Source:
adapted from (Re:Focus 2015)

3. Materials and Methods

Valuing the implementation of resilience bonds for upgrading an Intermodal Transportation
Port (ITP) project within a China-based supply chain involves several key steps. These steps ensure
a comprehensive assessment of the project’s effectiveness and the accurate valuation of the resilience
bonds. Initially, the effectiveness of the ITP project upgrade on the entire supply chain is measured.
This involves simulating and calculating the economic losses from disruptions at specific nodes
within the supply chain. It is assumed that upgrading the ITP project will effectively mitigate these
anticipated losses. Following this, a compound Poisson process is utilised to represent the economic
impact of such catastrophic disruptions. This process helps simulate and calculate the economic
losses at specific nodes in the supply chain, providing a clearer picture of potential financial impacts.
Then, a stochastic model is employed to analyse time-series data, assess the instantaneous interest
rate, and simulate random catastrophic supply chain disruptions. This valuation model serves as a
practical tool for decision-makers, assisting in determining the fair market price for resilience bonds.
By offering a clearer understanding of associated risks and returns, this mechanism can enhance the
bonds’ attractiveness to investors. To simplify the valuation of the supply chain resilience bond, the
study considers it as a zero-coupon bond. Zero-coupon bonds, typically traded below their face value,
present a viable option for funding public resilience projects against such disruptions. This
simplification is particularly useful in the context of supply chain disruption events, where rapid
assessment and decision-making are crucial. In summary, the main components for valuing the
supply chain resilience bond include the effectiveness of the resilient infrastructure project, the
dynamic processes of expected losses from catastrophic events and the dynamic interest rates.

3.1. Measurement of the Effectiveness of Resilient Infrastructure Project

A resilience bond will only be issued for an eligible project that can be specified to offer potential
risk reductions to the whole system. As per Murray-Tuite (2008), resilience can be measured as the
comparison between a system with or without a strategy which brings the ratio of applying a strategy
with no action taken case. The value of the resilience bond is largely in the assessment of the
percentage of risk and cost mitigated by the eligible project to the whole system. According to
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Re:Focus (2015), the resilience bond is modelled using two scenarios to estimate the risk reduction:
pre-resilient projects and post-resilient projects. Therefore, resilience in this study understood as the
percentage of recovered performance due to the intermodal transportation port (ITP) project with
respect to the performance without the ITP project. An impact parameter is proposed to represent
the change with and without the upgrade of an ITP project. In this measurement, we simulate the
cities in China as the supply chain nodes based on the historical data from Willis Tower Watson
(Shanghai) and 1-tonne of general goods will be moved from Changsha (7) to Shanghai (3) within the
supply chain network between several cities in China, which includes 10 node cities and 25 links.

9-Zhengzhou

Figure 2. Simulation of supply chain network in China.

Goods will be transported using standard containers, with a set transfer time of 1 hour and an
assumed transfer cost of 200 yuan by Ishfaq (2012). This study considers only two transportation
modes: rail and road. Any node on the route that involves both modes and requires an interchange
during transit is treated as a node in an intermodal transportation port (ITP). Subsequently, we
simulate and test the supply network under a catastrophic event that disconnects the ITP. Such an
event can increase the cost of goods movement due to delays, damage to goods, or additional
rerouting and mode-changing expenses. The effectiveness measure is based on the cost mitigated by
the ITP node, comparing the total cost of moving 1 tonne of general goods from the original node to
the destination with and without the target upgrade of ITP node.

All costs will be computed and compared based on real-time data in 2018 from the official
website. The data include price and distance of every path in the supply chain network indicated by
roadway pyq/dyq and railway py/d,. To satisfy the common selection of route, we assume that
logistics companies will choose the cheapest cost combination of transport modes to move goods.
The cheapest cost path of moving 1-tonne of general goods using any transport modes will be
calculated to fulfil the function:

Crd = f(Prd' drd)
Cu = f(p,, dn) 1)
Cdecision = min (Crd' Crl)'

Where
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Cra/Cy is the cost of using roadway / railway

pra/drq is the price / distance of using roadway

pr1/dy is the price / distance of using railway

Cdecision 15 the choice to use roadway or railway transport based on cost comparison.

To determine the shortest path, Dijkstra’s algorithm is used to find the minimum weight from a
selected node to every other node in the graph. The data structure will be evaluated and compared
for each node reachable from the initial node. The costs of railway and roadway are weighted on the
graph, with these weights representing the distance along the edges. The cheapest cost and transport
mode for each path within the supply chain network will then be selected using the flowchart shown

m/  Cost of Roadwav / Cost of Ranlwav /ﬁ
(Cra) (Cr)

AC<0

in Figure 3.

Price of Railway
(pry) X Distance
of Railway (d,)

Price of Roadway
(prq) X Distance
of Roadway (d,¢)

AC>0
AC=Crg-Cn

Output Output Qutput
Mode: Roadway Mode: Pending Mode: Railway

End

Figure 3. Cheapest cost transport mode selection.

In the next step, the cheapest combination route to move 1-tonne of general goods from
Changsha (7) to Shanghai (3) will be found based on our database. According to Zhang (2012), the
shortest path problem can be applied to find a path that contains a minimum weight sum between
two known nodes. The weight in the problem can be replaced as distance, flux and cost, and so forth.
Therefore, we first build up a supply network, then apply the data to process the selection through
the following function:

C.

j=min (C;,C_+Cy),ij=123,..,10 @

where

Cis and Cg; represent transport cost for each path between i,j.

As Murray-Tuite (2008) notes that resilience has not been strictly defined or measured in the
transportation field. To address this, they propose the Measures of Effectiveness (MOEs) method,
which quantifies the impact by comparing scenarios with and without specific actions. To address
the effectiveness of an upgrade ITP project, this study quantifies the impact by comparing scenarios
with and without specific actions. Accordingly, the effectiveness parameter (3), which indicates the
effect of upgrading ITP project to the supply network.

(Costyo—rrp — Costyrp)

Effectiveness(3) = 3

Costyo-11p

where
Costyrp is the cost of goods movement with an upgrade of ITP project;
Costy,_rrp is the cost of goods movement without an upgrade of ITP project.
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3.2. Dynamic Modeling of Expected Losses and Interest Rate

In this section, the methodology integrates the approach for modeling expected losses, the
interest rate model, and the subsequent payoff function to form a cohesive analysis. Dynamic losses
in supply chains are influenced by factors such as disruptions caused by the disconnection between
nodes due to catastrophic events. Modeling these dynamic losses and subtracting the mitigated losses
from an upgrading ITP project are crucial components of the supply chain resilience bond. This
feature sets resilience bonds apart from other financial instruments, as it uniquely quantifies and
incorporates the benefits of enhanced infrastructure resilience into the bond’s valuation. To value the
resilience bond, the process of losses will be assumed to follow the compound Poisson process, which
considers the probability of occurrence and severity of future catastrophic disruptions based on
historical data.

The dynamic process can be defined by the following

N¢
LTzzsz ij, @
i=1

t]'<T

where

Lt is the dynamic loss, Lt = 0 when N, = 0;

N; is the random variable number of losses event up to time t, (t € [0, T]);

X; is the losses size of the jth event, which is independent to N.

The Poisson process is applied to indicate the dynamic losses process, where N = N, (0 <t <
T). Following the Poisson law, catastrophic events X;,X,, ..., X; are counting by N with the intensity
of A. All catastrophic event losses are non-negative, independent and identically distributed values
[X;], with no events occurring at the same time. Let the distribution function F(x) represent the
distribution of Xy,X,, ...,X;, where F(x) = P(X; < x). Then, the historical economic losses data from
Willis Tower Watson (Shanghai) will be fitted by heavy-tailed distributions to the calibration of the
distortion operator.

Simultaneously, the dynamic interest rate is another variable needing to be defined. We assume
the dynamic movement of interest rates follows the Wiener process, which describes continuous-time
and independent incremental stochastic processes, also known as Brownian motion in quantitative
finance. According to Brigo and Mercurio (2007), this study define the dynamic interest rate by
applying the Cox-Ingersoll-Ross (CIR) model under the risk-neutral measure, Q, expressed as:

dr, = k(6 — r)dt + o,/r,dW, 5)

where

Iy is dynamic interest rate;

W, is a Wiener process.

k(6 —r;) is the drift factor, where k is the speed of reverting to the average rate 8; o is
volatility; k, 0, 0 are all positive constant and satisfy the condition 2k6 > o?;

An upgraded Intermodal Transportation Port (ITP) project is expected to enhance supply chain
resilience and reduce the aggregate losses (L) from catastrophic events based on the effectiveness (3)
of the project. Consequently, the pre-defined contract terms follow the below payoff function, which
considers whether the aggregate losses have surpassed the predefined threshold (D).

P = { Fo if Ly — 3Ly > D (bond is triggered), ©
RB F  ifL;—3L; <D (otherwise),
where

Prg — is the payoff amount 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;

D - represents trigger value;
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3 —is the impact of the resilient project, where 0 < 3 < 1.
In sum, the prices of the zero-coupon resilience bond at maturity T under the risk-neutralised
pricing measure Q, is given by

Vo= B (7K pgy(1) ) = B9 (o4 )  EO(Pry(T)) )
The expectation of risk-neutral pricing measure is equal to the price of a pure-discount bond
EQ (e_ f‘TrSds) = Ber(t,T)
Then,

V. = EQ (e_ ftTrSdSPRB (T)> = Ber(t, T) o F e (Ef[Cr])

=Ber(tT) e (pe FeP{L—3L>D}+ FeP{L—3L <D}

= Bor(t,T) » Fe[pe (1 - P(L— 3L < D)) + P(L — 3L < D}]

Therefore, the final resilience bond valuation model becomes

Ber(t, T) o Fe [p+ (1 —p) « Fy(T, (L — 3L < D))], )

where

p —is the proportion of the face value repaid to investors;

F —is face value of resilience bond;

Bcr(t, T) — is the dynamic interest rate by using the CIR model;

Fi(T, (L — 3L < D)) is the distribution of the losses less than or equal to threshold D.

4. Data description

This study explores the implementation of resilience bonds as a financial tool to enhance
infrastructure sustainability within a China-based supply chain. To analyse the economic impact and
effectiveness of these bonds, comprehensive data were collected from the Logistics, China Federation
of ‘Freight Index’ and the official website for railway pricing in China. The 2018 data on road and rail
transportation costs and distances between key cities provided a robust foundation for simulating
potential disruptions and evaluating the cost mitigation benefits of resilience bonds. This
methodological approach ensures accurate and reliable insights into the logistics and financial
mechanisms that can support resilient infrastructure development.

Table 1. Road distance/ price of 1-tonne of general goods movement between node cities (2018).

Yliil//To Shang | Hang | Nan | Ji Nan [Fu Zhou| He Fei CIE:;[ Wu Han| Chang | Zheng
%) Hai (3) |Zhou (4) Jing @) | (10) | (5) Q) (6) 5| (8) |Sha(?)|zhou (9)
IS{:?I(’; N/A | 198/84 |313/113|824/226868/283| N/A | N/A | N/A | N/A | N/A
ZE;;‘?@ 197/79 | N/A [315/114| N/A |686/294 |427/142|557/189 | 746/331| N/A | N/A
NanJing| 300 107 (316/100| N/A |645/174] N/A | 216779 | N/A | N/A | N/A |673/186
()
Il(ll\l;“ 827/252| N/A |647/244| N/A | N/A |672179| N/A | N/A | N/A |471/177
Fu (Zg)l;ou 870/232(679/109| N/A | N/A | N/A |911/324|596/205| N/A |891/328| N/A
H‘Ell;el N/A |411/136| 217/82 | 658/126|907/264| N/A |514/151|458/149| N/A |596/164
Nan

Chang | N/A |558/159| N/A N/A |595/216(487/149| N/A |377/110|345/127| N/A
(6)
Wu Han
8)

N/A |746/191| N/A N/A N/A |458/113|377/144| N/A |385/148|550/133
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10
;11:“(17?3 N/A | N/A | N/JA | N/A |902/236| N/A [399/144(391/108| N/A |851/185
zi};in(%) N/A | N/A |671/169|468/147| N/A |604/162| N/A |550/165|853/268| N/A

Table 2. Rail distance/price of 1-tonne of general goods movement between node cities (2018).

Ylﬁmn//To Shang | Hang |Nan]Jing| JiNan |Fu Zhou |He Fei Cl;lz;l Wu | Chang Zzl;e;f
Hai (3)| Zhou (4)| () (10) () 1) ® [Han (8)/Sha (7)

N (6) &)
IS{};??; N/A | 202/108 | 301/124 | 968/241 | 584/240 | N/A | N/A | N/A | N/A | N/A
2553%4) 202/108] N/A | 488/143 | N/A | 473/204 (344/155[566/184|638/217| N/A | N/A
NanJing o1 /10| 420143 | NJA | 6677188 | N/A |156/120 N/A | N/A | N/A |697/197

2)

Jl(ll\ga;n 968/241| N/A | 667/188 | N/A N/A  [614/183] N/A | N/A | N/A |668/168
FU(ZSI;OIJ612/24O 455/204 N/A N/A N/A |492/265|581/169| N/A |518/232| N/A
Hflljel N/A | 445/155 | 254/120 | 614/183 | 494/265 | N/A |462/153|608/168) N/A |602/180

Nan

Chang | N/A | 764/185 | N/A N/A | 581/169 |462/153| N/A |344/136/419/145] N/A
(6)

W‘t;an N/A | 411217 | N/A | N/A | N/A [360/168[344/136] N/A |398/146|585/161
Chang
e | VA | NIA|NIA | NA | 410232 | N/A 4191452627146 N/A |898/235
Zheng

N/A N/A | 697/197 | 668/168 | N/A |730/180] N/A |580/161(898/235| N/A

Zhou (9)

Unforeseen catastrophic disruptions have led to unpredictable economic losses for supply chain
businesses, resulting in insured claims for (re)insurance companies. The historical dataset used in this
study on these supply chain disruption claims were provided by Willis Tower Watson (Shanghai).
Typically, insurance companies retain client data for three to four years, using this information to
evaluate premiums. Our dataset comprises 691 insurance claims, detailing the dates, events, and
amounts of losses from 2015 to 2018. By analysing this historical data and estimating the frequency
and severity of events, we developed the supply chain resilience bond valuation model. The claim
amounts in the dataset were adjusted to 2018 price levels using the consumer price index.

Figure 4 depicts the supply chain disruption claims between 14 May 2015 and 14 March 2018
from Willis Tower Watson (Shanghai). We later use the historical claims dataset to simulate the
distribution of the consequences of the supply chain disruptions to define the aggregate claim
severity X;.
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Figure 4. Supply chain claim database, 2015-2018 (currency value adjusted to 2018).
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Figure 5. Cumulative number of claims.

The Poisson process serves as a versatile model for forecasting the expected number of future
failure events, such as catastrophic disruptions. Historical monthly claims data were employed to
simulate the claim arrival process, denoted as N,. Due to the irregular pattern of catastrophic
disruptions observed, it was challenging to define their occurrence trend clearly. Consequently, it
was assumed that the occurrence of catastrophic disruptions follows a homogeneous Poisson process
with a monthly intensity of A = 18.6486. To define the distribution of claim severity (X;), the
historical data were calibrated to several distributions: Lognormal, Inverse Gaussian, Generalised
Extreme Value, and Weibull. Then, the Kolmogorov-Smirnov, Anderson-Darling, and Chi-Squared
tests were subsequently employed to evaluate the goodness of fit for each distribution. The
Lognormal distribution emerged as the most suitable model, providing the best fit for describing the
supply chain insurance claims data from Willis Tower Watson (Shanghai). The parameters derived
from this distribution are 0=1.8568, p=1.8542. Additionally, the interest rate process was modelled
using the Cox-Ingersoll-Ross (CIR) framework. To calibrate the stochastic interest rate parameters,
the 12-month LIBOR historical rates were utilised to calculate the price of the resilience bond.
Although LIBOR ceased to be used at the beginning of 2022, it is applied in this paper to align with
the claim dataset, which predates LIBOR’s discontinuation. The calibrated parameters include a
reverting speed of k = 0.2124, an average interest rate 6 = 1.0847, and the volatility ¢ = 42.0791%.
Using historical LIBOR rates allows the study to accurately model the financial environment during
the period under investigation, ensuring that the resilience bond’s pricing and its impact on
infrastructure sustainability are appropriately captured. Therefore, the initial value will be setas ry, =
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1.13% that corresponds to the actual LIBOR rate in December 2011 and the market price of risk vy,
was a constant -0.01.

5. Empirical Results and Analysis

To evaluate the effectiveness of the resilient infrastructure project, we conducted simulations to
compare the economic costs with and without the upgrading of Intermodal Transportation Port (ITP)
project. The first step involved calculating the most cost-effective transport mode between each pair
of node cities, as detailed below:

Table 3. The cheapest transport mode between node cities Note: (Rail = 1], Road = rd).

Yuan/ | Shang | Hang | Nan | Ji Nan [Fu Zhou| He Fei CI;I:E Wu Han| Chang | Zheng
Mode | Hai (3) |Zhou (4) Jing (2)| (10) (5) (1) ©) & (8) Sha (7) |Zhou (9)
Shang 16,632/ | 35,369 |186,224/|140,102/

Hai (3) N/A d /ed d 1 N/A N/A N/A N/A N/A
Hang | 15,563/ 35,910/ 96,303/ | 53,286/ | 104,370/ |138,382/

Zhou (4)| rd N/A rd N/A rl rl rl rl N/A N/A
Nan Jing| 32,742/ | 34,444/ 112,230/ 17,064/ 125,178/
(2) rd rd N/A rd N/A rd N/A N/A N/A rd
Ji Nan |208,404/ N/A 125,596/ N/A N/A 112,055/ N/A N/A N/A 83,367/
(10) rd rl rl rd
Fu Zhou |146,819/| 92,638/ N/A N/A N/A 130,134/| 98,015/ N/A 120,176/ N/A

(5) rl rl rl rl rl
He Fei 55,896/ | 17,794/ | 82,908/ {130,663/ 70,778/ | 68,242/ 97,744/
(1) N/A rd rd rd rl N/A rl rd N/A rd
Nan 88,722/ 98,015/ | 70,778/ 41,470/ | 43,815/
Chang | N/A ’ N/A N/A ’ ’ N/A ’ ’ N/A
©) rd rl rl rd rd
Wu Han N/A 89,146/ N/A N/A N/A 51,754/ | 46,853/ N/A 56,980/ | 73,150/
(8) rl rd rl rd rd
Chang 95,120/ 45,486/ | 38,121/ 157,435/
Sha (7) N/A N/A N/A N/A 1 N/A d 1 N/A d
Zheng 113,399/| 68,796/ 97,848/ 89,650/ {210,581/
Zhou (9) N/A N/A rd rd N/A rd N/A rd rl N/A

Subsequently, we ran the simulation and obtained the following results: The most cost-effective
route to transport 1 tonne of general goods from Changsha (Node 7) to Shanghai (Node 3) follows
the path 7-8-1-2-3. This route involves using the railway from Node 7 to Node 8, and then switching
to roadway transportation from Node 8 through Nodes 1 and 2 to Node 3. The total cost for
transporting goods from Node 7 to Node 3 is 140,411 yuan, with an additional interchange fee of 200
yuan incurred at Node 8.
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Figure 6. Cheapest cost route selection.

In the next stage, we simulated a scenario where Node 8 is blocked due to a catastrophic
disruption, resulting in a disconnection between Node 8 and other nodes. Consequently, the new
most cost-effective route to transport 1 tonne of goods from Node 7 to Node 3 changes to 7-6-4-3,
with a total cost of 149,771 yuan, utilising roadway transportation exclusively for each segment. To
quantify the effectiveness of the Intermodal Transportation Port (ITP) at Node 8 on the entire supply
chain network, we used the equation (3) and obtained the results:

(149,711 — (140411 + 200))

Efectiveness(3) = 149711 =6.07%

This result demonstrates that the ITP at Node 8 significantly reduces transportation costs within
the supply chain, lowering them by 6.07%. This cost reduction translates into decreased expenses for
supply chain recovery after disasters, reducing post-disaster recovery costs by the same percentage.
When pricing resilience bonds, the expected loss differences with and without the project will be
measured. These differences will be captured as rebates to reinvest in enhancing the infrastructure at
Node 8. Therefore, by upgrading Node 8 in advance, the severity of potential losses from unforeseen
catastrophic disruptions can be mitigated by 6.07%. Lastly, we conducted simulations to determine
the value of a 5-year resilience bond for the supply chain. In our calculations, we assumed that the
proportion of the face value (p) repaid to investors is 0.5, and the bond’s threshold is within the
range of 2 to 10 million yuan. The resulting bond price for the intermodal transportation port is
detailed below:

Figure 7 illustrates the pricing dynamics of the resilience bond under varying impact factors.
Specifically, when an Intermodal Transportation Port (ITP) project is implemented, the price of the
bond for the supply chain at the maturity of five years reaches 66.8 yuan per 100 yuan face value,
assuming a threshold of approximately 10 million yuan. In contrast, without the upgrading of an ITP
project, the bond price stands at 60.4 yuan, which is comparable to a resilience bond without a
resilient project and similar as the catastrophe bond. The yield for a five-year maturity resilience bond
is 8.41% with the upgrading ITP project, compared to 10.61% without it. This discrepancy
underscores that bonds with higher yields are typically associated with higher default risk, implying
that a higher quality sponsor would issue bonds with lower yields. The results indicate that the 6.07%
effectiveness of the ITP project translates to a 2.2% reduction in returns when applying the resilience
bond with an resilient infrastructure project. This 2.2% reduction can be redirected into upfront
investments for further development of resilient infrastructure projects, thereby enhancing the
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overall sustainability of the infrastructure system. By calculating the value of a supply chain resilience
bonds base on the case study, issuers can strategically plan the number of bonds to be issued,
ensuring comprehensive preparation and investment in resilience infrastructure projects.

Resibance bond 3=0.0807

Bordvalie

Treesnoid 2000 ¢ Time

Bordvalie

Threehad e o Time

Figure 7. Five-year supply chain resilience bond price with/without the ITP project.

6. Conclusion

The financial market has immense potential to absorb the risks associated with catastrophic
events. Resilience and sustainability are two critical concepts with significant applications in
infrastructure and environmental management. This study introduces resilience bonds as an
innovative financial instrument designed to enhance infrastructure resilience and achieve
sustainability goals. Through a detailed case study of a China-based supply chain, the research
demonstrates the significant potential of resilience bonds to mitigate risks associated with
catastrophic events and supply chain disruptions. Resilience bonds provide a dual benefit by
transferring risk to capital market investors and reinvesting insurance rebates into resilient
infrastructure projects. This approach not only supports the development of sustainable and resilient
supply chains but also reduces the default risk for sponsors and lowers investment risks for investors.
The valuation model presented offers clear guidance on potential yields and marginal profits, making
resilience bonds an attractive option for both public and private investors. The empirical data from
Willis Tower Watson (Shanghai) validates the theoretical framework, showcasing the practical
application and effectiveness of resilience bonds in real-world scenarios. The study highlights that
the performance of eligible resilient projects significantly influences bond valuation, emphasising the
importance of investing in high-quality resilient infrastructure. However, the implementation of
resilience bonds involves complex dynamic modeling and relies heavily on accurate historical data.
The success of these bonds in the market will depend on overcoming these complexities and gaining
acceptance among investors and stakeholders. Overall, resilience bonds present a promising solution
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for financing resilient infrastructure projects, promoting long-term sustainability and enhancing the
resilience of supply chain networks. Future research and practical applications should focus on
addressing the challenges of implementation and exploring the broader applicability of resilience
bonds in diverse geographical and economic contexts.
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