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Abstract: In recent years, the maritime industry’s carbon emissions have garnered increasing atten-
tion, leading to the proposal of various policy measures aimed at mitigating emissions and fostering
a green and sustainable maritime sector. Among these measures, the book and claim mechanism,
which allows shippers to access low or zero-emission bunkering by purchasing such fuels without
physically participating in the refueling process, has emerged as a crucial catalyst for fuel conversion
within the maritime industry. While book and claim has gained widespread recognition and facili-
tated the sale of clean fuels by some bunker suppliers, there has been limited research focused on
evaluating its practical efficacy. Thus, we construct two distinct Mixed-Integer Linear Programming
(MILP) models—one with the inclusion of the book and claim mechanism and one without—and
conduct an analytical comparison of optimal decisions made by bunker suppliers and shippers
under different model scenarios. Through numerical experiments, we have uncovered a noteworthy
insight: with book and claim, bunker suppliers may set higher prices to maximize total profits due to
various price sensitivities among shippers towards clean fuels, thus promoting low-price-sensitive
shippers to purchase clean fuels while making it challenging for high-price-sensitive shippers to do
so. Consequently, when compared to a scenario without book and claim, the total quantity of clean
fuels purchased by shippers in the presence of book and claim may decrease, giving rise to a paradox
where the implementation of book and claim inadvertently increases societal carbon emissions. This
underscores the imperative for policymakers to conduct comprehensive market research, understand
different shippers’ price sensitivities towards clean fuels, and make scientifically sound decisions
when considering the implementation of the book and claim mechanism.

Keywords: mathematical programming; sustainable operations research; green shipping; carbon emissions

MSC: 9010

1. Introduction

The imperative of carbon reduction has become a ubiquitous undertaking in contempo-
rary society. The pursuit of green and low-carbon development, coupled with the ambitious
strategies for carbon peaking and carbon neutrality, promises to usher in profound and
extensive systemic transformations across various domains. Among these, the shipping
industry, a linchpin of global trade advancement, finds itself inexorably entwined in this
paradigm shift. Accountable for approximately 90% of the world’s trade transport [1], the
shipping industry contributes a substantial 2.89% share of the world’s greenhouse gas
emissions [2]. The International Maritime Organization (IMO) forecasted in 2018 that CO2
emissions would surge by approximately 50% from 2018 levels by 2050, propelled by the
continued rise in demand for maritime transportation [3]. Hence, many measures have
been proposed to reduce carbon emission, promoting green and sustainable development.
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Within the context of the shipping industry, carbon insetting, or book and claim, emerges as
a pivotal strategy facilitating the transition from conventional fuels to cleaner alternatives,
thus fostering the industry’s green evolution. Book and claim represents a mechanism for
compensating emissions that are challenging or prohibitively expensive to mitigate within
routine operations but can be addressed elsewhere within one’s fleet or the sector. Book
and claim is characterized by its simplicity, scalability, and, perhaps most significantly, its
applicability to nearly all vessels without necessitating retrofitting or upfront investment
costs [4]. Presently, the concept of book and claim in the shipping industry has garnered
widespread attention and recognition, with some bunker suppliers adopting this approach
to promote the sale of clean fuels. Nonetheless, prior research has predominantly centered
on the theoretical exploration of the book and claim mechanism’s potential to promote
sustainability in the maritime sector, leaving a notable void in quantitative analyses applied
to real-world scenarios. This gap pertains to the assessment of decision-making dynamics
among shippers and bunker suppliers when employing the book and claim system. This
involves an examination of how bunker suppliers price diverse fuel types and the quantities
shippers purchase at different price levels. In response to this research gap, our study
addresses this gap by constructing two models: one incorporating the book and claim
mechanism and one without. We conduct experiments to determine optimal pricing for
clean fuels and the associated societal carbon emissions under these models, validating the
utility of the book and claim mechanism by a comparative analysis.

In this paper, we have constructed two models based on the presence or absence of
the book and claim mechanism, analyzing the optimal decisions for bunker suppliers and
shippers under different model scenarios. This analysis allows us to assess the practical
impact of book and claim implementation, thereby offering valuable insights for policy-
makers in shaping their strategies. Specifically, our investigation addresses the following
research inquiries:

1. Can the book and claim mechanism genuinely catalyze the reduction of carbon emissions
within the shipping industry, thereby facilitating green and sustainable development?

2. Under varying model scenarios, what is the optimal pricing strategy for bunker
suppliers (the ideal selling price of clean fuels) to maximize their profits?

3. Within distinct model contexts, what quantities of clean and conventional fuels repre-
sent the optimal purchasing decisions for different shippers?

To address the three research inquiries mentioned above, we commence by introducing
two intricate mixed-integer nonlinear optimization (MINLP) models, characterized by their
intricate nature and challenging problem-solving complexity. Subsequently, we employ
advanced mathematical techniques to convert these MINLP models into two mixed-integer
linear programming (MILP) formulations. This transformation facilitates the utilization of
readily available optimization solvers, enhancing the feasibility of solving the MILP model.
Lastly, we undertake an extensive series of experiments to compare the results derived
from the two models.

1.1. Literature Review

We review two streams of literature closely related to our study: (i) carbon emission
reduction strategies in shipping; (ii) book and claim in the shipping industry.

1.1.1. Carbon Emission Reduction Strategies in Shipping

At the level of regulation and policies, many countries and international organizations
have proposed some measures to achieve emissions targets. The IMO have categorized the
measures in green and sustainable development in the shipping industry into short-term,
medium-term, and long-term solutions [5]. So far, the primary focus has been on short-term
measures, resulting in the adoption of pivotal initiatives such as the Energy Efficiency
Existing Ships Index (EEXI) [6], the Carbon Intensity Indicator (CII) [7], and the fortification
of the Ship Energy Efficiency Management Plan (SEEMP) [8]. Additionally, the European
Commission (EC) unveiled a proposal of considerable significance—the expansion of the
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ambit of the European Union Emissions Trading System (EU ETS) to encompass greenhouse
gas (GHG) emissions emanating from the maritime sector on 14 July 2021 [9]. This strategic
amendment to the EU ETS forms an integral part of the comprehensive “Fit for 55” package,
with the overarching objective of aligning with the European Union’s ambitious pursuit of
achieving net-zero GHG emissions by the year 2050 [10]. In addition to integrating maritime
emissions into the EU ETS, the legislation encompasses key elements. The FuelEU Maritime
Initiative establishes rigorous targets for reducing GHG intensity and enforces stringent
fuel standards for ships [11]. The Energy Taxation Directive eliminates fuel tax exemptions
in the maritime sector [12]. Simultaneously, the Alternative Fuels Infrastructure Regulation
strives to enhance access to shore-side electricity and Liquefied Natural Gas (LNG) in
ports, facilitating the shift towards sustainable maritime energy sources [13]. What is more,
functioning as a robust Market-Based Measure (MBM), the EU ETS is anchored in the core
principle of the “polluter-pays” paradigm. In essence, it seeks to incentivize stakeholders
through financial means, compelling them to take concerted actions towards reducing their
carbon footprint [14]. The EU ETS operates on the “cap and trade” model, setting a limit on
total GHG emissions. These emissions allowances, known as European Union Allowances
(EUAs), are distributed among regulated entities. The specific allocation method among
Member States (MS) is pending definition by the Directive. Companies within this system
report their allowances through their respective registered MS and obtain EUAs through
auctions based on their prior year’s emissions, all while complying with EU ETS reduction
targets [9]. Notably, the extension of the EU ETS aligns with key principles from the EU
Monitoring, Reporting, and Verification system (EU MRV), designating shipping companies
and their registered countries as regulated entities [15].

At the technical and operational levels, numerous researchers place their emphasis on
enhancing energy efficiency and effecting a shift from fossil fuels to renewable alternatives,
all in the pursuit of decarbonizing the maritime shipping industry. Bouman et al. [1]
conducted a comprehensive synthesis, mapping the potential for reducing carbon dioxide
(CO2) emissions based on an extensive review of 150 studies examining shipping energy
efficiency and greenhouse gas emissions. Their findings affirm that through a combi-
nation of measures and supportive policies, emissions could be curtailed by more than
75% by 2050, leveraging existing technologies. Grahn et al. [16] undertook a meticulous
assessment of the cost competitiveness and environmental performance of various en-
ergy carriers, including hydrogen, e-ammonia, e-methanol, and electricity, across different
propulsion systems. Their study underscores the promise of these selected technologies
as effective means to significantly diminish emissions within the shipping sector. Parallel
to Grahn et al. [16], Anderson et al. [17] and Skov et al. [18] conducted rigorous analyses,
probing the cost dynamics and environmental ramifications associated with the produc-
tion of low-carbon marine fuels. Their collective conclusion accentuates the higher CO2
mitigation costs inherent in alternative fuels and novel propulsion systems when com-
pared to existing options, highlighting the imperative for substantial incentives to facilitate
widespread adoption. Furthermore, a plethora of optimization models have been formu-
lated to attain optimal decisions on sailing speed, vessel routing, fleet allocation and so on.
Dulebenets [19] delved into the realm of green scheduling for ships, crafting a novel mixed-
integer non-linear programming model. This model took into account carbon emissions
both at sea and during port activities, offering a holistic approach to emissions reduction.
Sheng et al. [20] formulated a sophisticated mixed-integer programming model to explore
the optimal ship speed and size considerations when transiting through emission control
areas, providing valuable insights into emissions reduction strategies. Ge et al. [21] con-
structed a stochastic programming model to investigate the implications of a maritime
emissions trading system on carrier’s ship deployment strategies and carbon emissions,
shedding light on the potential impact of market-based mechanisms on environmental
sustainability within the industry.

What is more, in terms of clean energy price elasticity, clean energy markets are subject
to influences extending beyond the typical forces of supply and demand [22]. In addition,
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research by Hemrit and Benlagha in 2021, as indicated by [23], had shed light on additional
factors such as geopolitical risks (GPR), climate policies, and economic policy uncertainty
(EPU). Additionally, a substantial body of literature also demonstrates the profound impact
of climate change and climate policies on the volatility of energy markets, as exemplified
by [24]. For instance, in [25], it was revealed that climate policy uncertainty plays a robust
predictive role in shaping the dynamics of the clean energy market. Moreover, Kettner and
Kletzan-Slamanig [26] underscored the significant influence of climate policies on energy
prices due to the intrinsic connection between greenhouse gas emissions and the intricate
interplay of energy supply and demand. In-depth analyses, such as those found in [27],
probed the principal determinants of the clean energy market within the framework of
climate models and comprehensive assessment models, suggesting that clean energy may
exhibit heightened sensitivity to forthcoming climatic shifts. Moreover, major events exert
substantial influence on energy supply and demand dynamics, consequently impacting
energy prices. For instance, the Russian–Ukrainian conflict has not only led to a sharp
decline in oil demand in both countries but has also severely disrupted the export of
Russian clean fuels. This has prompted certain nations to consider an upsurge in clean
energy adoption in response to the spike in oil prices. Evidently, the clean energy market is
highly susceptible to the influence of factors of uncertainty, leading to price volatility and
consequent shifts in supply and demand.

1.1.2. Book and Claim in the Shipping Industry

The maritime industry is facing escalating demands to curtail GHG emissions. Among
the most efficacious tactics in mitigating these emissions is the transition away from
traditional fuels, such as heavy fuel oil, in favor of clean fuel sources [28]. As a result,
numerous policy measures have been proffered to incentivize maritime companies to
embrace cleaner fuels. Among these, carbon insetting, or alternatively referred to as book
and claim, has garnered increasingly discerning attention. The concept of book and claim
proves advantageous when a shipper seeks to employ alternative fuels, such as LNG, but
encounters logistical constraints hindering his direct bunkering. This approach enables
the shipper to financially support the acquisition of clean fuels, allowing other vessels
servicing ports with accessible supplies to refuel with environmentally friendly options
on his behalf. Consequently, this practice effectively curtails carbon emissions. It is worth
noting that the pricing structure for the Ship Green service per twenty-foot equivalent unit
(TEU) exhibits variability based on the voyage’s duration and the magnitude of emissions
reduction sought, ranging from 25% to a full 100% [29]. With a book and claim mechanism,
the company could first book the CO2 reduction for a specific cargo volume and then it can
claim the achieved CO2 reduction for that cargo volume [30]. The decoupling and exchange
of emissions within the maritime industry offer significant benefits to stakeholders across
the value chain. Cargo owners willing to invest in eco-friendly transport services can
utilize the book and claim system to reduce their emissions, while ship operators using low-
emission fuels gain access to a broader market of environmentally conscious cargo owners.
Additionally, by monetizing their green initiatives through book and claim, ship operators
can potentially secure higher time charter premiums for low-emission vessels, aiding in the
recovery of their decarbonization investments. This mechanism serves as a collaborative,
cost-sharing tool to alleviate the financial burdens associated with decarbonization, with
participation open to all roles in the maritime supply chain, including shipowners, ship
operators, freight forwarders, and cargo owners [31]. In practical terms, book and claim is
already being put into action between some bunker suppliers and shippers. For example,
Amsterdam-based Titan is poised to offer LNG insetting tokens through the 123Carbon
platform to shipping companies and freight forwarders. Under this innovative approach,
entities further down the supply chain, from bunkering onwards, are willing to pay a
premium for the use of LNG as opposed to conventional fuels. This decision serves to
curtail emissions, as the concept posits. The collaborating companies contend that the
utilization of LNG-based tokens, a practice referred to as insetting, has the potential to yield
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emission reductions of up to 16%, rooted in the disparity between CO2 emissions from LNG
and those from traditional fuel oil [32]. This highlights that the book and claim method
is gaining more and more attention and recognition in the shipping industry, showing its
increasing importance.

However, there are still some practical challenges of implementing book and claim.
Many of the existing book and claim approaches currently in use, both in the aviation
and shipping sectors, are proprietary ventures. In these instances, logistics providers
or shipping companies exclusively offer low-emission shipping options to their clients,
coupled with their proprietary book and claim services. While these developments in
the market play a pivotal role in demonstrating the feasibility and value of book and
claim methodologies, they also present a potential risk. The risk lies in the divergence of
proprietary offerings concerning their accounting practices and the terms under which
they are provided. This divergence has the potential to introduce uncertainty into the
market, potentially impeding the growth in demand. Furthermore, there’s a concern that
the book and claim system could be accused of greenwashing, as some companies may
lay claim to sustainability without genuinely implementing sustainable practices. At the
present time, there exists a lack of universally accepted regulations governing Registries
and the book and claim model at large. This creates a susceptibility to issues such as double
counting and data manipulation. Another widely shared apprehension is that emissions
reductions through book and claim mechanisms cannot be reported in compliance with
the Greenhouse Gas Protocol, nor can they be applied towards achieving an organization’s
Science Based Targets Initiative (SBTi). Hence, it is necessary for the shipping industry to
engage in concerted efforts to address critical obstacles and potential facilitators that can
promote the adoption of book and claim tools, thereby expediting the process of maritime
decarbonization. Facilitating collaborative efforts among companies to drive harmonization
in accounting frameworks, commercial standards, and the general acceptability of book
and claim within reporting standards holds the potential to significantly contribute to the
realization of zero-emissions ocean transportation [33].

In a broader context, there is an increasing emphasis on green and sustainable devel-
opment in the maritime industry. More policies and technological innovations have been
introduced to mitigate carbon emissions from ships, such as the adoption of clean fuels
to alleviate emissions pollution. The book and claim mechanism has emerged as a vital
means of achieving fuel substitution, effectively promoting shippers to procure clean fuels
to reduce carbon emissions, thereby promoting the environmentally sustainable growth of
the shipping sector. Nevertheless, previous research efforts have predominantly focused on
the theoretical examination of the utility of implementing the book and claim mechanism,
with an emphasis on its potential to foster sustainability in the maritime industry. However,
there has been a scarcity of studies that undertake a quantitative analysis of the efficacy
of the book and claim mechanism in specific cases. In other words, there is a notable gap
in research that seeks to analyze the decision-making behaviors of shippers and bunker
suppliers when applying the book and claim mechanism in concrete scenarios. This en-
tails scrutinizing how bunker suppliers price different types of fuel and the purchasing
quantities of shippers at varying price points. Such an approach provides a more tangible
perspective for the evaluation of the book and claim mechanism’s efficacy. In response to
this gap, our study endeavors to address this by constructing two models—one with book
and claim and one without book and claim. We conduct experiments to determine optimal
prices for clean fuels and overall societal carbon emissions under different models. Through
this quantitative analysis of the impact of book and claim, we aim to provide insights and
guidance for policymakers and stakeholders, such as bunker suppliers, seeking references
and best practices in this context.

1.2. Research Contributions

1. Theoretical contributions. The current research addresses a significant gap in existing
literature by focusing on the optimal decision-making and carbon emissions within
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two models—one with and one without the book and claim mechanism. Remarkably,
this specific aspect has been largely overlooked in prior studies. To the best of our
knowledge, this has pioneered the paradox that with the book and claim mechanism,
the shipping industry’s overall carbon emissions may experience an unexpected
increase compared to without the book and claim mechanism.

2. Practical contributions. This research offers valuable practical insights into the realm
of green and sustainable development within the shipping industry. The conclusions
drawn from experiments are poised to serve as a valuable reference for relevant
policymakers. Furthermore, they provide guidance for policymakers to conduct com-
prehensive market research, gain a deep understanding of the varying degrees of
sensitivity among different shippers to clean fuel prices, and quantitatively assess pol-
icy effectiveness. Thus, these insights empower policymakers to make well-informed
and scientifically sound decisions in the realm of policy formulation.

The rest of the paper is organized as follows. Section 2 describes the research problem
in detail and develops the mathematical model. Section 3 proposes solution methods for
addressing the initial proposed model. Section 4 conducts experiments and a sensitivity
analysis. Finally, conclusions are drawn in Section 5.

The main notations used in this study are summarized in Table 1.

Table 1. Notations.

Parameters

N The number of shippers, i = 1, 2, . . . , N
Ki The number of carbon reduction targets for shipper i; k denotes the kth

target of shipper i, k = 1, . . . , Ki, i = 1, . . . , N
Ek

i The reduction of CO2 of target k for shipper i, k = 1, . . . , Ki, i = 1, . . . , N
ec The CO2 that a ton of clean fuel generates
et The CO2 that a ton of traditional fuel generates
sc The purchasing cost of clean fuel for a bunker supplier (dollar per ton)
st The purchasing cost of traditional fuel for a bunker supplier (dollar per ton)
pt The price a bunker supplier sells traditional fuel to shippers (dollar per ton)

Xmax The highest price a bunker supplier sells clean fuel to shippers (dollar per ton)
qk

i The clean fuels quantity of target k for shipper i, k = 1, . . . , Ki, i = 1, . . . , N
pk

i The upper bound of theselling price when shipper i will purchase qk
i tons of

clean fuels, k = 1, . . . , Ki, i = 1, . . . , N
Qi The total energy quantity of traditional fuels for shipper i, i = 1, 2, . . . , N
η The conversion coefficient between clean fuels energy and traditional fuels

energy

Function

f k
i The total price when shipper i has a reduction of CO2 by Ek

i tons,
k = 1, . . . , Ki, i = 1, 2, . . . , N

Variables

x The price a bunker supplier sells clean fuel to shippers (dollar per ton)
yi The amount of clean fuels to buy for shipper i, i = 1, 2, . . . , N
zi The amount of traditional fuels to buy for shipper i, i = 1, 2, . . . , N
uk

i A binary decision variable that is equal to 1 if and only if shipper i achieves
target k and 0 otherwise, k = 1, . . . , Ki, i = 1, 2, . . . , N
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2. Problem Description and Model Development

Maritime shipping, long recognized as the primary mode of transportation for ap-
proximately 90% of global trade, has played a crucial role in ensuring the efficient and
cost-effective movement of goods [34]. However, despite its significance, the industry has
faced substantial public criticism. The primary source of concern stems from its heavy
reliance on fossil fuel combustion, resulting in the substantial release of GHGs, with carbon
dioxide (CO2) being the primary culprit. These significant carbon emissions from shipping
have emerged as a formidable contributor to global warming and climate change. Ac-
cording to the Fourth International IMO GHG study conducted in 2020 [35], the total CO2
emissions from shipping increased from 962 million tonnes in 2012 to 1056 million tonnes
in 2018. This accounted for roughly 3% of global anthropogenic CO2 emissions during the
period of 2012 to 2018. Disturbingly, the study also reveals that without additional carbon
emission mitigation measures, maritime CO2 emissions could soar by 130% of 2008 levels
by 2050 under various scenarios of economic conditions and energy consumption [34].

In response to this challenge, numerous emission reduction measures in shipping
have been proposed to foster the green and sustainable development of the maritime
industry. Among these measures, carbon insetting has garnered increasing attention in
recent years. The implementation of carbon insetting relies on the foundation of book and
claim principles.

The book and claim mechanism empowers us to reserve, oversee, authenticate, and
lay claim to the environmental advantages linked with the utilization of sustainable fuels.
Essentially, it serves as a method to disentangle specific attributes, such as diminished
greenhouse gas emissions, from the tangible product and transfer them to another entity.
One allocates a precise volume of sustainable fuel in one location, then asserts ownership
of it in another, entirely disconnected location. This ingenious approach enables the ac-
quisition of environmental benefits without the need to physically track the fuel’s journey
through the supply chain. An independently verified certificate is issued to substantiate
these claims (further elaboration on this is provided below). This process, also recognized
as carbon insetting, presents vast untapped potential. When implemented correctly and
universally adopted across industries, it has the potential to instigate a significant transfor-
mation toward more environmentally conscious logistics, thereby dramatically reducing
the carbon footprint of the transportation sector. While the book and claim system might
appear to be a relatively straightforward accounting model, it represents a remarkably
innovative solution to a multifaceted problem. It allows individuals and businesses alike
to actively contribute to sustainable logistics. Whether dispatching a small package or an
entire pallet, every individual or company has the opportunity to engage in the sustainable
fuels market. This participation must expand rapidly if we are to effectively diminish the
carbon footprint of the transportation sector and actively contribute to achieving global
climate objectives. In the context of a sustainable economy, sustainable logistics is not
merely a desirable aspect but an absolute necessity. The book and claim system serves as a
crucial mechanism propelling us one step closer to realizing both these aspirations [36]. In
maritime, book and claim enables shippers to financially support the procurement of alter-
native fuels and allows other vessels calling at ports with available supplies to utilize these
fuels on their behalf. For instance, consider the case of shipper A, who charters a vessel V1
on a route, which unfortunately lacks the access to use clean energy and consequently emits
high carbon emissions. Concurrently, shipper B charters a vessel V2 sailing on another
route, who possesses the ability to utilize clean energy and reduce carbon emissions. In this
book and claim mechanism, shipper A could opt to purchase clean energy for shipper B’s
V2, enabling V2 to utilize clean energy during its operations, while attributing the resulting
emission reductions from V2’s use of clean energy to V1. This effectively reduces the carbon
footprint associated with shipper A’s products.
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Based on the book and claim, we consider a scenario involving multiple bunker
suppliers and shippers. Within this market context, all bunker suppliers possess the
capability to vend traditional fuels, yet only one bunker supplier has the capacity to supply
clean fuels. Shippers are constrained to procure clean fuels from this single bunker supplier,
given the prevailing market condition of a sole clean fuel provider. Let there be N shippers,
denoted by i = 1, . . . , N. Each shipper i has a few carbon reduction targets, the number
of which is Ki. Target k = 1, . . . , Ki is the reduction of CO2 by Ek

i tons, and the shipper i
would like to pay f k

i dollars.
To facilitate our research, we define the conversion coefficient between traditional fuels

energy and clean fuels energy η, which means 1 ton of traditional fuel will generate the same
amount of energy as η tons of clean fuels. In addition, we define that 1 ton of traditional fuel
generates et tons of CO2, and 1 ton of clean fuel generates ec tons CO2. Moreover, the price
a bunker supplier sells traditional fuel to shippers is denoted as pt (dollar/ton), while the
price a bunker supplier sells clean fuel to shippers is denoted as x (dollar/ton), which is a
decision variable, and the upper bound of x is set to Xmax. Considering practical situations,
we assume that x is an integer, as fuel prices are integer dollars per ton usually. Based on
the above parameters and variables setting, we can conclude that burning 1 ton of clean
fuel can save a CO2 amount of et/η − ec, compared with burning a ton of traditional fuel.

Therefore, target k of shipper i is to use qk
i =

Ek
i

et/η−ec tons of clean fuels, and the shipper i

would like to pay f k
i (dollars). Furthermore, we define pk

i =
f k
i

qk
i
, which means if x ≤ pk

i , the

shipper i would like to buy qk
i tons of clean fuels. For example, suppose that traditional fuel

only includes diesel, burning one ton of which will generate 3.024 ton CO2. Meanwhile,
we assume that clean fuel only includes methanol, and burning one ton of methanol will
generate 1.267 ton CO2. The value of η is set to 1.8 [37]. Hence, compared to diesel, using
methanol will reduce CO2 : 3.024

1.8 − 1.267 = 0.413 ton. Suppose the Ek
i is 120 tons and the

corresponding f k
i is 120,000 dollars. Then, the qk

i is equal to 120
0.413 = 290 tons, while pk

i is
equal to 120,000

290 = 41.379. More detailed information is shown in Figure 1. Furthermore, we
define that q1

i < . . . < qKi
i and assume p1

i > . . . > pKi
i , as when shipper i purchases more

clean fuels, the unit price of clean fuel will decrease from a practical situation.

0 CO2 emission reduction (ton)

980,000

250,000

490,000

120 240 360 480

730,000

k
if

Th
e 

To
ta

l C
os

t(
$)

Figure 1. The relationship curve between total cost and CO2 emission reduction.

Besides, we suppose the purchasing cost of traditional for a bunker supplier is st

(dollar/ton) and clean fuel is sc (dollar/ton). We further define parameter Qi, which means
the total energy quantity of traditional fuels for shipper i. For decision variables, we define
yi as the amount of clean fuels to buy for shipper i and zi as the amount of traditional fuels
to purchase for shipper i. What is more, uk

i is defined as a binary decision variable that is
equal to 1 if and only if shipper i achieves the target k and 0 otherwise.
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According to the above assumptions and parameters as well as decision variables
setting, we can deduce the model with book and claim (in this research, we assume in the
system that there are enough ships equipped with engines that can burn clean fuel). In this
model, the bunker supplier serves as the price setter for clean fuels (in the context of our
study, only this particular bunker supplier can provide clean fuels, while several others
offer traditional fuels at market-average prices). Shippers, on the other hand, optimize their
fuel purchase quantities based on the prices set by the supplier. Consequently, the model
necessitates the maximization of the bunker supplier’s profit through the optimization of
clean fuel prices and the quantities purchased by individual shippers. Therefore, the model
is represented as follows:

[M1]

max
N

∑
i=1

[(x− sc)yi + (pt − st)zi] (1)

subject to
yi/η + zi = Qi, i = 1, . . . , N (2)

yi =
Ki

∑
k=1

qk
i uk

i , i = 1, . . . , N (3)

Ki

∑
k=1

uk
i ≤ 1, i = 1, . . . , N (4)

uk
i = 1 if and only if x ≤ pk

i and x > pk+1
i , i = 1, . . . , N, k = 1, . . . , Ki (5)

0 ≤ x ≤ Xmax, x ∈ Z+. (6)

Objective function (1) consists of two parts. Firstly, ∑N
i=1(x− sc)yi calculates the net

clean fuels profit. Secondly, ∑N
i=1(pt − st)zi represents the net traditional fuels profit for the

bunker supplier. Constraints (2) meet the total energy demand for shipper i, i = 1, . . . , N,
where we use the conversion coefficient η to converse clean fuels energy to corresponding
traditional fuels energy to facilitate our research. Constraints (3) calculate the total clean
fuels for shipper i, i = 1, . . . , N. Constraints (4) represent shipper i, i = 1, . . . , N purchase
quantity qk

i of clean fuels based on the clean fuel price x set by the bunker supplier to
achieve carbon reduction target k, or not purchase any clean fuels (if x is greater than
p1

i ). Furthermore, constraints (5) regulate the clean fuel prices ranges when shipper i,
i = 1, . . . , N will purchase qk

i tons clean fuels to realize target k, k = 1, . . . , Ki. Constraint (6)
restricts the selling price of clean fuels x.

3. Solution Methods

Model [M1] is hard to solve due to the operation of multiplying decision variables
xyi in objective function (1) and the constraints (5) are difficult to deal with. We next
develop methods to address these problems and transform [M1] into an MILP model,
which improves computational efficiency.

The constraints (5) are hard to deal with. We can define

mk
i = bpk

i c, i = 1, . . . , N, k = 1, . . . , Ki (7)

nk
i := dpk

i e if pk
i is not an integer, i = 1, . . . , N, k = 1, . . . , Ki + 1 (8)

nk
i := pk

i + 1 if pk
i is an integer, i = 1, . . . , N, k = 1, . . . , Ki + 1, (9)

and then the constraints (5) are transformed into:

uk
i = 1 if and only if x ≤ mk

i and x ≥ nk+1
i , i = 1, . . . , N, k = 1, . . . , Ki. (10)
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It is equivalent to:

Ki

∑
k′=k

uk′
i = 1 if x ≤ mk

i , i = 1, . . . , N, k = 1, . . . , Ki (11)

Ki

∑
k′=k

uk′
i = 0 if x ≥ nk

i , i = 1, . . . , N, k = 1, . . . , Ki. (12)

It is equivalent to:

M(1−
Ki

∑
k′=k

uk′
i ) + x ≤ mk

i , i = 1, . . . , N, k = 1, . . . , Ki. (13)

M represents an extreme value, a common feature in the utilization of the big-M
method. When employing this method, it is imperative to specify the value of the big-M.
However, it is worth noting that not all instances of big-M in a model are uniform. The
magnitude of the big-M must be substantial enough to ensure the constraints are satisfied
by the optimal solution to the problem at hand. In the process of constructing a model,
it is generally preferred to employ a smaller value for the big-M, provided that it is still
sufficiently large to guarantee the model’s accuracy. This preference stems from the fact
that computational time for solving a model with smaller big-M values is typically shorter
than for an equivalent model with larger big-M values. As such, the determination of the
precise value of M hinges upon the specific characteristics of the problem in question. In
this constraint, the above big-M can be mk

i .

x−M
Ki

∑
k′=k

uk′
i ≥ nk

i , i = 1, . . . , N, k = 1, . . . , Ki. (14)

In this constraint, the above big-M can be Xmax.
Finally, the obj function has the xyi term

xyi = x
Ki

∑
k=1

qk
i uk

i =
Ki

∑
k=1

qk
i uk

i x, i = 1, . . . , N. (15)

We can define intermediate decision variables vk
i , vk

i = uk
i x, and thus replace xyi in

objective function (1) with ∑Ki
k=1 qk

i vk
i subject to

vk
i ≤ x, i = 1, . . . , N, k = 1, . . . , Ki (16)

vk
i ≤ Xmaxuk

i , i = 1, . . . , N, k = 1, . . . , Ki. (17)

Hence, we transform the nonlinear integer programming model [M1] into mixed-
integer linear programming (MILP) model [M2]:

[M2]

max
N

∑
i=1

[(pt − st)zi − scyi] +
N

∑
i=1

Ki

∑
k=1

qk
i vk

i (18)

subject to
yi/η + zi = Qi, i = 1, . . . , N (19)

yi =
Ki

∑
k=1

qk
i uk

i , i = 1, . . . , N (20)

Ki

∑
k=1

uk
i ≤ 1, i = 1, . . . , N (21)
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M(1−
Ki

∑
k′=k

uk′
i ) + x ≤ mk

i , i = 1, . . . , N, k = 1, . . . , Ki (22)

x−M
Ki

∑
k′=k

uk′
i ≥ nk

i , i = 1, . . . , N, k = 1, . . . , Ki (23)

0 ≤ x ≤ Xmax, x ∈ Z+ (24)

vk
i ≤ x, i = 1, . . . , N, k = 1, . . . , Ki (25)

vk
i ≤ Xmaxuk

i , i = 1, . . . , N, k = 1, . . . , Ki, (26)

where the big-M in constraint (22) can be set to mk
i , and the big-M in constraint (23) can be

set to Xmax.
Generally speaking, the model [M2] encompasses three categories of decision variables.

The first category involves integer decision variables x and vk
i . The second category

include binary decision variables uk
i , comprising a total of NKi binary decision variables.

Specifically, uk
i is equal to 1 if and only if shipper i achieves target k and 0 otherwise. The

last category consists of continuous decision variables zi. Hence, the original optimization
model has been transformed into an MILP model, which can be solved by the off-of-shelf
optimization solver Gurobi.

To better understand the efficacy of implementing the book and claim mechanism, we
construct two models based on the presence or absence of the book and claim mechanism,
evaluating the influence of book and claim mechanism establishment on the bunker sup-
plier’s pricing strategy for clean fuel and, furthermore, its impact on the overall societal
carbon emissions. For the model without book and claim, we define the first N1 shippers to
be the ones that use ships that can burn both clean fuels and traditional fuels. Then, the
resulting model is the same, except N is replaced with N1 (it is important to clarify that due
to the model’s optimization decisions being independent of the sequence in which shippers
are arranged, we can assume that among the N shippers, the first N1 shippers have the
capability of utilizing both traditional and clean fuels. Consequently, in scenarios where the
book and claim mechanism is absent, the remaining N-N1 shippers are constrained to pur-
chase traditional fuels exclusively. As a result, the model only necessitates the optimization
of the first N1 shippers).

4. Experiments
4.1. Experiment Settings

The experiments were run on a laptop computer equipped with 2.60 GHz of Intel Core
i7 CPU and 16 GB of RAM, and Model [M2] was solved by Gurobi Optimizer 10.0.2 via
Python API.

4.1.1. Selected Shippers

In this study, we have selected a total of 20 shippers, with each shipper i exclusively
chartering a single vessel along a specific shipping route. Additionally, we assume that each
shipper i has its own price function for carbon emission reductions, which means different
price sensitivities. To adequately assess the effectiveness of book and claim, we divide
the 20 shippers into two groups, with each group consisting of 10 shippers. Furthermore,
we assume that ships chartered by shipper 1 to shipper 5 in each group can only utilize
traditional fuels, meaning that in the absence of book and claim, these shippers are limited
to purchasing traditional fuels. Conversely, ships chartered by shipper 6 to shipper 10 in
each group have the flexibility to choose clean fuels or traditional fuels. The price functions
and corresponding Qi values for both groups are presented in Tables 2 and 3.
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Table 2. The basic information of shippers in group 1.

Shipper ID
CO2 Emission Reduction (ton)

Qi[0,120) [120,240) [240,360) [360,480) [480,600)

1 0 340,000 670,000 980,000 1,280,000 1800

2 0 330,000 650,000 960,000 1,270,000 2000

3 0 320,000 630,000 920,000 1,220,000 2400

4 0 300,000 590,000 880,000 1,160,000 2600

5 0 290,000 570,000 850,000 1,120,000 2800

6 0 280,000 550,000 790,000 1,020,000 3000

7 0 270,000 530,000 790,000 1,040,000 3200

8 0 260,000 500,000 730,000 950,000 3400

9 0 250,000 490,000 730,000 950,000 3600

10 0 240,000 470,000 700,000 920,000 3800

Table 3. The basic information of shippers in group 2.

Shipper ID
CO2 Emission Reduction (ton)

Qi[0,120) [120,240) [240,360) [360,480) [480,600)

1 0 390,000 770,000 1,130,000 1,480,000 2000

2 0 380,000 750,000 1,110,000 1,450,000 2300

3 0 370,000 730,000 1,080,000 1,420,000 2600

4 0 360,000 710,000 1,060,000 1,400,000 2500

5 0 330,000 650,000 960,000 1,260,000 3000

6 0 320,000 630,000 930,000 1,220,000 3400

7 0 310,000 610,000 900,000 1,180,000 3300

8 0 300,000 590,000 880,000 1,160,000 3500

9 0 290,000 570,000 850,000 1,120,000 3200

10 0 280,000 550,000 790,000 1,020,000 3300

4.1.2. Parameter Settings

We first set the values of parameters for drawing the basic results.

1. The CO2 emission of a ton of clean fuel generates ec. Referring to [37], we first set
ec = 1.267 ton.

2. The CO2 emission of a ton of traditional fuel generates et. Referring to [37], we first
set et = 3.024 ton.

3. The purchasing cost of clean fuel for bunker supplier sc. We set sc = $700 per ton.
4. The purchasing cost of traditional fuel for bunker supplier st. We set st = $400 per ton.
5. The price a bunker supplier sells traditional fuel to shippers pt. Referring to [38], we

set pt = $620 per ton.
6. The highest price a bunker supplier sells clean fuel to shippers Xmax. We set Xmax to

be $1200 per ton.
7. Referring to [37], the conversion coefficient between clean fuels energy and traditional

fuels energy η. We set η = 1.8.
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4.2. Basic Results

Based on the shippers presented in Tables 2 and 3 as well as the parameter settings,
we conducted numerical experiments for both groups, considering both the scenarios
with book and claim and without book and claim mechanisms. The results obtained are
presented in Tables 4–7. As described in Section 2, the decisions regarding clean fuel price
that the bunker supplier sells to shippers, denoted by the variable x, and the quantity of
clean fuel purchased by shipper i, denoted by yi, as well as the quantity of traditional
fuel purchased by shipper i, denoted by zi, play a crucial role in the analysis. Hence, we
conducted a comprehensive analysis of x, yi, and zi across different models.

Table 4. Basic results of group 1 with book and claim.

Shipper ID yi (ton) zi (ton) x ($/ton) The Total Profit ($)

1 1162.22 1154.32

998 7,160,248.59

2 1162.22 1354.32

3 1162.22 1754.32

4 1162.22 1954.32

5 290.56 2638.58

6 0.00 3000.00

7 0.00 3200.00

8 0.00 3400.00

9 0.00 3600.00

10 0.00 3800.00

Sum 4939.44 22,455.86

Table 5. Basic results of group 1 without book and claim.

Shipper ID yi (ton) zi (ton) x ($/ton) The Total Profit ($)

1 0.00 1800.00

894 6,458,843.86

2 0.00 2000.00

3 0.00 2400.00

4 0.00 2600.00

5 0.00 2800.00

6 871.67 2515.74

7 1162.22 2554.32

8 290.56 3238.58

9 0.00 3600.00

10 0.00 3800.00

Sum 2324.45 27,308.64

For the experiment results pertaining to group 1, it is conspicuously evident that
with book and claim, the cumulative quantity of clean fuel purchased by all shippers
significantly surpasses the quantity of clean fuel procured by shippers in the absence of
book and claim. This observation underscores the compelling incentive provided by book
and claim, motivating shippers to acquire clean fuels as a means to mitigate CO2 emissions.
Such proactive measures not only contribute to the advancement of the shipping industry
but also foster a broader societal agenda centered around environmental sustainability and
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green initiatives. Furthermore, regarding the price of clean fuels, in the presence of the book
and claim mechanism, the bunker supplier sets the price of clean fuel at 998 dollars per ton.
Conversely, in the absence of the book and claim mechanism, the price of clean fuel stands
at 894 dollars per ton, significantly lower than the former. This discrepancy arises because
without the book and claim mechanism, the bunker supplier is constrained to sell clean
fuel to a limited number of shippers. These shippers, being sensitive to the price of clean
fuel, are unwilling to accept exorbitant prices. Consequently, in order to ensure the sale of
clean fuel, the bunker supplier is compelled to moderately reduce the price of clean fuel.
Thus, relative to the profit under the book and claim mechanism (7,160,249 dollars), the
profit for the bunker supplier in the absence of the book and claim mechanism experiences
a decline (6,458,844 dollars).

From a cost–benefit perspective, as previously discussed, the utilization of one ton of
clean fuel generates 1.267 tons of carbon dioxide, while the use of one ton of traditional
fuel results in the production of 3.024 tons of carbon dioxide. Consequently, we can
calculate that in scenarios with the book and claim mechanism in place, the overall carbon
emissions amount to 4939.44× 1.267+ 22,455.86× 3.024 = 74,180 tons, with profits totaling
$7,160,249. In situations where the book and claim mechanism is absent, the overall carbon
emissions are calculated as 2324.45× 1.267 + 27,308.64× 3.024 = 85,526 tons, yielding
profits amounting to $6,458,844 Therefore, within group 1, the implementation of the book
and claim mechanism not only enhances the profitability of the bunker supplier but also
mitigates the overall carbon emissions.

Table 6. Basic results of group 2 with book and claim.

Shipper ID yi (ton) zi (ton) x ($/ton) The Total Profit ($)

1 1162.22 1354.32

1200 8,158,255.04

2 1162.22 1654.32

3 1162.22 1954.32

4 1162.22 1854.32

5 0.00 3000.00

6 0.00 3400.00

7 0.00 3300.00

8 0.00 3500.00

9 0.00 3200.00

10 0.00 3300.00

Sum 4648.88 26,517.29

However, for group 2, we made an interesting discovery: in contrast to the model
with book and claim, we observed that under the model without book and claim, the
cumulative quantity of clean fuel purchased by all ships was higher, leading to lower CO2
emissions. This observation contradicts the initial intent of implementing book and claim
to reduce CO2 emissions. To address this, we can offer the following explanation: within
group 2, shipper 1 to shipper 4 exhibit lower price sensitivity, implying their willingness
to incur higher costs to reduce CO2 emissions by purchasing clean fuels. On the other
hand, the remaining shippers display higher price sensitivity and are unwilling to incur
higher costs to reduce CO2 emissions. Consequently, in order to maximize profits, the
bunker supplier sets a higher selling price for clean fuel. In this scenario, shipper 1 to
shipper 4 will purchase clean fuels at a higher price, while the rest of the shippers will
refrain from buying clean fuel due to the elevated cost. Thus, even though the overall
quantity of clean fuel purchased by all shippers may be relatively low, the bunker supplier
can still attain substantial profits. Similar to group 1, the bunker supplier, in the presence
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of the book and claim mechanism, establishes a pricing for clean fuel at 1200 dollars per
ton, which exceeds the price observed in the absence of the book and claim mechanism, set
at 963 dollars per ton. Owing to this significantly elevated price, the bunker supplier can
achieve substantial profits, even with lower sales of clean fuel under the book and claim
mechanism, which amounts to a lower quantity compared to sales in the absence of the
book and claim mechanism. Consequently, the profit realized by the bunker supplier under
the book and claim mechanism (8,158,255 dollars) surpasses that which is attained in the
absence of the book and claim mechanism (7,097,363 dollars).

Table 7. Basic results of group 2 without book and claim.

Shipper ID yi (ton) zi (ton) x ($/ton) The Total Profit ($)

1 0.00 2000.00

963 7,097,363.39

2 0.00 2300.00

3 0.00 2600.00

4 0.00 2500.00

5 0.00 3000.00

6 1162.22 2754.32

7 1162.22 2654.32

8 1162.22 2854.32

9 1162.22 2554.32

10 290.56 3138.58

Sum 4939.44 26,355.87

Likewise, we conducted an analysis of carbon emissions and profits for group 2, con-
sidering the presence or absence of the book and claim mechanism. With the book and
claim mechanism in place, the carbon emissions amounted to 4648.88× 1.267+ 26,517.29×
3.024 = 86,078 tons, yielding profits of $8,158,255. In scenarios where the book and
claim mechanism was absent, the carbon emissions were calculated as 4939.44× 1.267 +
26,355.87× 3.024 = 85,958 tons, resulting in profits of $7,097,363. Therefore, when compar-
ing the situation with the presence of the book and claim mechanism to its absence, we
observe a reduction of 120 tons in carbon emissions and a decrease in profits by $1,060,892,
presenting the paradox: “Implementing the book and claim mechanism paradoxically leads
to an increase in carbon emissions”.

Hence, we argue that the book and claim may give rise to an increase in CO2
emissions due to the bunker supplier’s objective of maximizing profit and the varying
price sensitivities of different shippers towards clean fuels. Specifically, the bunk supplier
is inclined to set a higher price x for clean fuels. This allows him to sell a smaller
quantity of clean fuels to shippers with lower demand and lesser price sensitivity,
thereby maximizing his profit. However, shippers with a greater demand for emission
reductions, who are sensitive to clean fuels prices, face difficulties in purchasing clean
fuels. Consequently, this results in the paradox of an overall increase in societal carbon
emissions, despite the establishment of the book and claim with the intention of reducing
carbon emissions.

For instance, we consider a simple scenario involving a bunker supplier and two
shippers: shipper 1 and shipper 2. We assume that shipper 1 is constrained to using
traditional fuels with a lower fuels demand, while shipper 2 has the option to use traditional
fuels or clean fuels with a higher fuels demand. In this scenario, shipper 1 exhibits a lower
level of price sensitivity, indicating a willingness to pay a higher price for clean fuel in order
to reduce carbon emissions. Conversely, shipper 2 displays higher levels of price sensitivity,
meaning he is only inclined to purchase clean fuel for emission reduction purposes when
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the price of clean fuel is comparatively lower. The pricing functions and respective values
of Qi for these two shippers are represented in Table 8:

Table 8. The basic information of two shippers.

Shipper ID
CO2 Emission Reduction (ton)

Qi[0,100) [100,200)

1 0 280,000 3000

2 0 220,000 5000

Through numerical experiments, we have derived consequential decisions made by
both the bunker supplier and the shippers in the models with and without book and claim.
The fundamental results yielded by these two distinct models are as follows:

Through Table 9, we have observed that due to shipper 1’s lower price sensitivity, in
the presence of book and claim, shipper 1 is willing to pay a higher price to fulfill their
decarbonization needs. Consequently, the bunker supplier might set a higher price x,
knowing that shipper 1 will still purchase clean fuels. Despite a potential decrease in the
quantity of clean fuels sold, the bunker supplier can still generate overall higher profits.
However, shipper 2, constrained by the elevated prices, is unable to afford clean fuels,
resulting in an increase in society’s overall CO2 emission.

Table 9. Basic results with book and claim.

Shipper ID yi (ton) zi (ton) x) ($/ton) The Total Profit ($)

1 242.13 2865.48

1116 1,831,132.632 0.00 5000

Sum 242.13 7865.48

Conversely, in Table 10, where book and claim does not exist, shipper 1 is restricted
to using traditional fuels, rendering the bunker supplier able to sell clean fuels only to
shipper 2. Given the higher price sensitivity of shipper 2, he can only accept lower fuel
prices. Therefore, the bunker supplier would adjust the price downwards (compared
to the model with book and claim) to stimulate a clean fuels sale and maximize profits,
consequently leading to a reduction in society’s carbon emissions. This explains the
paradox of why the establishment of book and claim paradoxically results in increased
carbon emissions.

Table 10. Basic results without book and claim.

Shipper ID yi (ton) zi (ton) x ($/ton) The Total Profit ($)

1 0.00 3000.00

867 1,781,471.422 484.26 4730.97

Sum 484.26 7730.96

Hence, we can deduce that if within the market, there exists a significant portion
of shippers with substantial demand for emission reductions who are highly sensitive
to clean fuel pricing, alongside a smaller segment of shippers with limited request for
emission reductions and insensitivity to clean fuel prices, the paradox of book and
claim may arise. Conversely, in cases where the demand for emission reductions among
shippers sensitive to clean fuel prices is not substantial, the paradox will not materialize.
Ultimately, the occurrence of this paradox hinges upon the balance between the aggregate
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demand for emission reductions of each shipper in the market and his sensitivity to clean
fuel pricing.

4.3. Sensitivity Analysis

As the maritime industry’s emphasis on carbon reduction and the principles of sustain-
able development continue to garner increasing attention and recognition, the transition of
fuels, shifting from conventional to cleaner alternatives, undoubtedly stands as a pivotal
component in achieving low-carbon progress in the shipping sector. Consequently, the
prices of these two fuel types undeniably exert a pronounced influence on the decision-
making processes of both bunker suppliers and shippers. In practice, the fuel market is
often subject to external risks, such as the ongoing impact of unforeseen events, exemplified
by the recent pandemic, resulting in considerable volatility in fuel prices. Therefore, it is
imperative to undertake sensitivity analyses on the pricing and cost structures of different
fuels. In our research, we have meticulously conducted sensitivity analyses on critical
parameters, including the procurement cost of clean fuel for bunker suppliers (sc), the ac-
quisition cost of traditional fuel for bunker suppliers (st), and the selling price of traditional
fuel from bunker suppliers to shippers (pt). These analyses serve as a robust framework
for evaluating the nuanced interplay of these variables in shaping strategic decisions and
addressing the challenges inherent in this dynamic environment.

4.3.1. Impact of the Purchasing Cost of Clean Fuel for the Bunker Supplier

Our initial analysis focused on sc, considering a range spanning from 600$/ton to
900$/ton, with the core outcomes presented in Tables 11 and 12. Regarding the bunker
supplier’s decision, within both groups, as sc increases, there is a discernible tendency for
the bunker supplier to judiciously augment the pricing of clean fuels, resulting in a gradual
decline in his overall profitability. Simultaneously, we also observe that, whether within
group 1 or group 2, the profitability of the bunker supplier in the presence of the book and
claim mechanism surpasses that of scenarios devoid of such a mechanism. This alignment
with our prior analysis underscores the notion that in the absence of a book and claim
mechanism, the bunker supplier tends to lower prices to ensure the sale of clean fuels but,
overall, experiences a reduction in profitability. In terms of shippers’ decisions, the ascent of
sc, resulting in an increase in x, leads to a proportional decrease in their acquisition of clean
fuels. In parallel, there is a concomitant upsurge in their procurement of traditional fuels.

Table 11. Sensitivity of sc in group 1.

Book and Claim sc ($) ∑N
i=1 yi (ton) ∑N

i=1 zi (ton) x ($/ton) The Total Profit ($)

with book and claim

600 6101.69 25,210.17 963 7,761,152.54

700 4939.44 22,455.86 998 7,160,248.59

800 2905.57 26,985.80 1084 6,762,056.50

900 2324.46 27,308.64 1101 6,475,115.42

without book and claim

600 4939.47 25,855.85 817 6,760,151.74

700 2324.45 27,308.64 894 6,458,843.86

800 581.11 28,277.16 946 6,305,817.60

900 0 28,600.00 964 6,305,817.60
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Table 12. Sensitivity of sc in group 2.

Book and Claim sc ($) ∑N
i=1 yi (ton) ∑N

i=1 zi (ton) x ($/ton) The Total Profit ($)

with book and claim

600 9588.38 23,773.12 998 9,046,261.50

700 4648.91 26,517.27 1200 8,158,255.04

800 4648.91 26,517.27 1200 7,693,364.00

900 4648.91 26,517.27 1200 7,228,472.96

without book and claim

600 4939.44 26,355.87 963 7,591,313.96

700 4939.44 26,355.87 963 7,097,363.39

800 3777.24 27,001.53 998 7,591,313.96

900 1162.23 28,454.32 1066 6,452,879.74

4.3.2. Impact of the Purchasing Cost of Traditional Fuel for the Bunker Supplier

Subsequently, we conducted a sensitivity analysis on st, constraining its range between
$300 and $600, with the fundamental outcomes presented in Tables 13 and 14. Concerning
the bunker supplier’s strategic considerations, as the price of st escalates while holding
other variables constant, the profit margins on traditional fuels diminish. In response, the
bunker supplier, under these circumstances, endeavors to enhance his sales volume of
clean fuels by judiciously lowering his prices, thus maximizing his overall profitability.
Consequently, we observe a decline in the value of x as st ascends, along with a contin-
uous erosion of the overall profitability. Regarding shippers’ decision-making, with the
elevation of st, there is a continuous augmentation in the quantities of clean fuels procured,
concomitant with a corresponding reduction in the quantities of traditional fuels acquired.

Table 13. Sensitivity of st in group 1.

Book and Claim st ($) ∑N
i=1 yi (ton) ∑N

i=1 zi (ton) x ($/ton) The Total Profit ($)

with book and claim

300 2905.57 26,985.80 1084 9,751,192.90

400 4939.44 25,855.85 998 7,160,248.59

500 6101.69 25,210.17 963 4,629,966.10

600 6101.69 25,210.17 963 2,108,949.15

without book and claim

300 1743.34 27,631.48 906 9,201,200.97

400 2324.45 27,308.64 894 6,458,843.86

500 3196.13 26,824.37 860 3,730,305.09

600 4939.47 25,855.85 817 1,095,034.71

Table 14. Sensitivity of st in group 2.

Book and Claim st ($) ∑N
i=1 yi (ton) ∑N

i=1 zi (ton) x ($/ton) The Total Profit ($)

with book and claim

300 4648.91 26,517.27 1200 10,809,982.24

400 4648.91 26,517.27 1200 8,158,255.04

500 9588.38 23,773.12 998 5,710,111.38

600 9588.38 23,773.12 998 3,332,799.03

without book and claim

300 3777.24 27,001.53 998 9,766,108.15

400 4939.44 26,355.87 963 7,097,363.39

500 4939.44 26,355.87 963 4,461,782.08

600 4939.44 26,355.87 963 1,826,196.93
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4.3.3. Impact of the Price a Bunker Supplier Sells Traditional Fuel to Shippers

Lastly, we conducted an analysis of pt, defining its range between $520 and $820,
with the fundamental outcomes showcased in Tables 15 and 16. Concerning the bunker
supplier’s decision making, as pt ascends, the bunker supplier experiences an increase
in profitability within the realm of traditional fuels, resulting in an overall profit uptick.
In the context of clean fuel pricing, with the escalation of traditional fuel prices, shippers
curtail their purchases of traditional fuels and augment their procurement of clean fuels.
Under these circumstances, in the presence of the book and claim mechanism, the bunker
supplier may consider elevating the prices of clean fuels. This strategy entices price-
sensitive shippers to purchase clean fuels at higher rates, thereby maximizing their overall
profitability. Conversely, in scenarios where the book and claim mechanism is absent, the
bunker supplier, despite the inclination to raise clean fuel prices, takes into account the price
sensitivity and purchasing demands of shippers. As a result, while there is an adjustment
in pricing, it is less pronounced than in situations where the book and claim mechanism
is in place. Nevertheless, the bunker supplier still witnesses a continuous uptick in his
overall profitability. Regarding shippers’ decisions, as traditional fuel prices increase, their
purchases of traditional fuels decrease, paralleled by a corresponding increase in their
procurement of clean fuels.

Table 15. Sensitivity of pt in group 1.

Book and Claim pt ($) ∑N
i=1 yi (ton) ∑N

i=1 zi (ton) x ($/ton) The Total Profit ($)

with book and claim

520 6101.69 25,210.17 963 4,629,966.10

620 4939.44 25,855.85 998 7,160,248.59

720 2905.57 26,985.80 1084 9,751,192.90

820 2905.57 26,985.80 1084 12,449,772.40

without book and claim

520 3196.13 26,824.37 860 3,730,305.09

620 2324.45 27,308.64 894 6,458,843.86

720 1743.34 27,631.48 906 9,201,200.97

820 290.56 28,438.58 963 12,020,619.85

Table 16. Sensitivity of pt in group 2.

Book and Claim pt ($) ∑N
i=1 yi (ton) ∑N

i=1 zi (ton) x ($/ton) The Total Profit ($)

with book and claim

520 9588.38 23,773.12 998 5,710,111.38

620 4648.91 26,517.27 1200 8,158,255.04

720 4648.91 26,517.27 1200 10,809,982.24

820 4648.91 26,517.27 1200 13,461,709.44

without book and claim

520 4939.47 26,355.85 963 4,461,782.08

620 4939.44 26,355.87 963 7,097,363.39

720 3777.24 27,001.53 998 9,766,108.15

820 3777.24 27,001.53 998 12,466,261.50

5. Conclusions

Our research entails an analysis of the optimal decisions made by the bunker supplier
and shippers, as well as the overall carbon emissions, in scenarios with and without the
book and claim mechanism. Specifically, we have constructed two MILNP models and
transformed them into MILP models for ease of study. To facilitate our investigation,
we consider a scenario featuring a single bunker supplier and multiple shippers. In the
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course of our experiments, we have introduced 20 shippers with varying degrees of price
sensitivity towards clean fuels and divided them into two groups for experimentation.
Through our experiments, we have unveiled a fascinating observation: the price sensitivity
of shippers towards clean fuels varies significantly. Some shippers exhibit low demand
and low price sensitivity towards clean fuels, while others may have high demand and
heightened sensitivity to prices. In light of this, in the presence of the book and claim
mechanism, the bunker supplier might opt to set a higher selling price for clean fuels.
Low-price-sensitive shippers would continue to purchase clean fuels, while those with
higher price sensitivity might find it challenging to do so. In this scenario, although the
bunker supplier sells a reduced quantity of clean fuels, he can still generate substantial
profits through higher fuel prices. Paradoxically, however, this results in an overall increase
in societal carbon emissions. In contrast, in the absence of “book and claim,” the bunker
supplier would only be able to sell clean fuels to high-demand, high-sensitivity shippers.
Without the book and claim mechanism, the bunker supplier might choose to set a relatively
lower fuel price (compared to the price under book and claim) to stimulate fuel sales. This
not only maximizes the bunker supplier’s profits but also contributes to reduced carbon
emissions within the shipping industry. Meanwhile, if the desire for emission reductions
among environmentally conscious shippers who are sensitive to clean fuel costs is modest,
the paradox will not happen. In summary, the emergence of this paradox depends on the
intricate balance struck between the demand for emission reductions of every shipper in
the marketplace and his susceptibility to the pricing dynamics of clean fuels.

Hence, we have uncovered this paradoxical scenario where the implementation of
book and claim inadvertently leads to an increase in overall societal carbon emissions. This
provides guidance and a reference for governmental entities when formulating policies.
Specifically, policymakers need to commence with extensive market research, comprehend-
ing the varying demands for emission reductions and the sensitivity to clean fuel prices
among different shippers in the market. For instance, understanding the quantity of clean
fuel shipper i would purchase at a specific price point. Concurrently, an analysis of bunker
suppliers’ pricing strategies is essential. Once this information is gathered, an assessment
of the aggregate quantity of clean fuel purchased by all shippers in the market at different
price points, in comparison to the aggregate quantity of traditional fuels, enables an infer-
ence regarding whether the implementation of the book and claim system would engender
a paradox. This analytical approach facilitates informed and rational decision-making by
governmental bodies. These considerations hold a paramount role in driving forward the
ethos of environmentally conscious and sustainable progress within the maritime industry.
In essence, they form the cornerstone of a broader vision to foster a maritime industry that
not only thrives economically but does so while minimizing its ecological footprint and
enhancing its long-term viability.

Meanwhile, our research is not without its limitations. For instance, the scenarios we
have assumed are relatively simplistic, devoid of the consideration of a myriad of clean and
traditional fuel types. Furthermore, we have not taken into account shippers’ preferences
when it comes to fuel selection, and the demands of shippers have not been based on
real-world data. Building upon these considerations, we will enhance our research from
the following aspects in the future. (i) Enhanced Scenario Complexity: Future research
will delve into more intricate and realistic scenarios that encompass a wider array of clean
and traditional fuel types. By introducing these complexities, we can gain a deeper un-
derstanding of the dynamics at play in the decision-making process. (ii) More advanced
techniques: To push the boundaries of research in this field, the incorporation of more ad-
vanced techniques is essential. These advanced techniques encompass highly sophisticated
mathematical and computational tools that can be harnessed to tackle the intricacies of
models that consider a multitude of variables and constraints. In essence, these advanced
techniques offer the means to navigate the complexities arising from a broader spectrum of
clean and traditional fuel types, shippers’ diverse preferences, fluctuating market dynamics,
and the ever-evolving regulatory landscape. (iii) Real-World Data Collection: To bolster
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the applicability of research findings, collecting real-world data on shipper demands and
market conditions would be invaluable. These data can serve as a foundation for more
accurate and insightful modeling and analysis. (iv) Comparative Analysis: Comparative
studies between different regions or industries can yield valuable insights. Analyzing how
fuel selection decisions vary across diverse contexts can reveal best practices and potential
areas for improvement.

In summary, our research findings are inherently innovative, offering valuable guid-
ance and a benchmark for governmental entities in deliberating the establishment of a
book and claim mechanism. Furthermore, our work contributes significantly to fostering
the green and sustainable development of the maritime industry. While acknowledging
the current strengths of our study, it is important to note that certain limitations persist.
Consequently, we are committed to undertaking more profound research explorations in
the future, aiming to refine and augment our study. This endeavor is poised to elevate the
efficacy of our research, ensuring its enhanced applicability and impact within the realm of
sustainable practices in the shipping industry.
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