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Abstract
A cost–benefit analysis of air pollution reduction measures in maritime transport systems 
can support the sustainability commitments of the industry and validate the related eco-
nomic incentives. However, a systematic cost–benefit analysis approach has not yet been 
framed, as data availability and resources are limited. This study explores an alternative 
cost–benefit estimate approach to reduce air pollution in shipping based on a broad review 
and applies it to a case study regarding the domestic emission controls of Xiamen shipping. 
The results show that switching to a fuel with a maximum allowable fuel sulphur content 
of 1.5% to 0.5% for cargo ships and other vessels leads to more than nine times the external 
benefits to costs, while switching to a fuel with less than 0.5% sulphur content may lead 
to below-cost external benefits; the benefits/cost ratio based on shore power is 3.14. The 
proposed approach contributes to estimating not only the input costs but also their exter-
nal benefits to fit the externality of sustainability actions. In the future, more site-specific 
factors and parameters and more case studies are recommended to improve the research 
reliability and accuracy as well as enrich the knowledge base for shipping sustainability 
development.
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1  Introduction

1.1 � Background

Air pollution caused by the emissions of sulphur oxides (SOX), particulate matter (PM), 
and nitrogen oxides (NOX) leads to ecosystem degradation and biodiversity loss and threat-
ens sustainability goals (United Nations, 2020; United Nations Environment Programme, 
2019). Burning fossil fuels has affected air quality, leading it to become the top environ-
mental issue for the port and shipping sectors in recent decades (X. European Sea Ports 
Organization, 2021; Wu et  al., 2018). Scientists have estimated that the number of pre-
mature deaths caused by ship emissions of particulate matter (PM), sulphur oxides (SOX), 
and nitrogen oxides (NOX) has increased from approximately 60,000 in 2002–250,000 in 
2020 (H. Liu et al., 2019); furthermore, SOX and NOX emissions are converted to nitric or 
sulphuric acids by chemical reactions, increasing the vulnerability of marine organisms to 
ocean acidification (Abdulla, 2008).

In response to of institutional regulations, market and resource availability pressures, 
and public demands for a high-quality environment, various technical, operational, and 
economic sustainability actions have emerged to reduce air pollutant emissions (Sardain 
et al., 2019; Wang et al., 2021), and economic initiatives such as dues, grants, subsidies, 
trade with emission allowances, taxes, and penalties have shown much success in reducing 
these emissions (Christodoulou et al., 2019). To help understand the potential of abatement 
measures, evaluation methods such as impact assessments (Song et al., 2022), effectiveness 
evaluations (Zhang et al., 2022), feasibility evaluations (He et al., 2021), ecological evalu-
ations based on emergy-ecological footprints (Xie et  al., 2022), indicator-based eco-effi-
ciency evaluations (Nunes et al., 2019), and cost–benefit analyses (Wu & Lin, 2021) were 
used. However, compared to other evaluation methods, a cost–benefit analysis has a direct 
link to economic issues and contributes to market-based air pollution reduction. With a 
cost–benefit analysis, stakeholders may deliver their sustainability commitments based on 
the recognition of financial cost input and social benefit output (Fung et al., 2014); govern-
ments and authorities can integrate the “market failure” as externalities into their economic 
incentives (Fung et  al., 2014); and managers may assess whether candidate abatement 
measures are cost-effective, although these measures tend to look encouraging (Interna-
tional Maritime Organization, 2019).

1.2 � State of the art

Due to globalization, vessel gigantism, and technology advancement (Russo & Musolino, 
2020; Wu et al., 2019b), port generation has been transformed from only serving to con-
nect the cities, to focusing on the industrial systems or latest maritime transport systems 
(Russo & Musolino, 2020; Russo et al., 2014, 2016). Port operation, which includes mari-
time shipping, loading and unloading, cargo handling, storage, and land traffic, is an impor-
tant node within modern maritime logistics chains for promoting international trade (Russo 
& Musolino, 2021); this study, however, focuses on maritime shipping emissions, as there 
is a lack of shipping sustainability studies (Wu et al., 2018), and it can inform complicated 
and correlative capacity-building or decision-making.

A literature search was conducted using the keywords “shipping OR maritime OR 
marine transportation AND air pollution AND cost–benefit” from the Web of Science; 
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Table 1   The current research on cost–benefit analysis of shipping air pollution

Sources Study scope Costs estimation Benefits estimation

Wang and Cor-
bett (2007)

Case area: United States West Coast Based on market 
prices for capital 
costs and operat-
ing costs

Emissions estimation approach: “top-
down” based on the amount of fuel 
consumption

Abatement measures: fuel switching 
and seawater scrubbers installing

External benefits estimation approach: 
“top-down” based on environmental costs 
from the United States Environmental 
Protection Agency

Timeframe: 2005
Browning et al.

(2012)
Case area: Gulf of Mexico Based on market 

prices for fuel 
costs and opera-
tional costs

Emissions estimation approach: “bottom-
up” based on activity profiles and energy-
based emission factors

Abatement measures: fuel switching
Timeframe: 2005–2010

Schinas and 
Stefanakos 
(2012)

Case area: international sulphur 
emission control areas

Based on market 
prices for fixed 
costs (covering 
capital costs, 
administrative 
costs, and other 
expenses) and 
variable costs 
(i.e. operating 
expenses)

None

Abatement measures: Sulphur Emis-
sion Control Area (SECA) policy

Timeframe: for 15 years
McArthur 

and Osland 
(2013)

Case area: Port of Bergen None Emissions estimation approach: “bottom-
up” based on activity profiles and energy-
based emission factors

Abatement measures: alternative 
measures

External benefits estimation approach: 
“top-down” based on costs factors from 
academic research, the Coastal Adminis-
tration, the CAFE, and the Benefits Table 
database (BeTa)

Timeframe: 2010
Doudnikoff 

and Lacoste 
(2014)

Case area: international sulphur 
emission control areas

Based on market 
prices for capital 
costs and operat-
ing costs

Emissions estimation approach: “bottom-
up” based on activity profiles and energy-
based emission factors

Abatement measures: speed reduc-
tion

Timeframe: 2009–2013
Sources Study scope Costs estimation Benefits estimation
Jiang et al.

(2014)
Case area: North Sea Based on market prices for capital 

costs and operating & mainte-
nance costs

Emissions estimation approach: “bottom-
up” based on activity profiles and 
energy-based emission factors

Abatement measures: 
fuel switching and 
seawater scrubbers 
installing

External benefits estimation approach: 
“top-down” based on costs factors from 
the CAFE and Developing Harmonised 
European Approaches for Transport 
Costing and Project Assessment 
(HEATCO) projects

Timeframe: 
2005–2013
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Table 1   (continued)

Sources Study scope Costs estimation Benefits estimation

Song (2014) Case area: Yangshan 
port

None Emissions estimation approach: “bottom-
up” based on activity profiles and 
energy-based emission factors

Abatement measures: 
none

External benefits estimation approach: 
“top-down” based on costs factors from 
international studies and made adjust-
ment by integrating China development 
level

Timeframe: 2009
Ballini and 

Bozzo 
(2015)

Case area: Copenha-
gen cruise port

None Based on an EVA model, an advanced 
impact-pathway approach, to calculate 
the external benefits in Denmark

Abatement measures: 
cold-ironing tech-
nology

Timeframe: 2012
Maragkogi-

anni and 
Papaefthi-
miou (2015)

Case area: Greek 
ports

None Emissions estimation approach: “bottom-
up” based on activity profiles and 
energy-based emission factors

Abatement measures: 
none

External benefits estimation approach: 
“top-down” based on costs factors from 
the CAFE programme and NEEDS 
project

Timeframe: 2013
Antturi et al.

(2016)
Case area: Baltic Sea Based on market prices for invest-

ment costs and operating costs
Based on an impact-pathway approach 

by using the STEAM to output the 
ships’ fuel consumption and the SILAM 
to model the emission concentration 
change

Abatement measures: 
low-sulphur fuel 
standard

Timeframe: 
2011–2015

Sources Study scope Costs estimation Benefits estimation
Åström et al.

(2018)
Case area: Baltic and 

North Seas
Based on market prices for invest-

ments, operation & mainte-
nance, and fuel penalty costs

Based on an impact-pathway approach, 
where the GAINS was used to estimate 
the emission pathways and the ARP 
were applied to value the health impact

Abatement measures: 
Nitrogen Emission 
Control Area 
policy

Timeframe: 
2011–2015

Hu et al.(2018) Case area: Ports Based on market prices for invest-
ment costs and operating costs

None

Abatement measures: 
shore-side power 
technology

Innes and 
Monios 
(2018)

Case area: Port of 
Aberdeen

Based on market prices for capital 
costs and operating and mainte-
nance costs

Emissions estimation approach: “top-
down” based on the amount of fuel 
consumption
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Table 1   (continued)

Sources Study scope Costs estimation Benefits estimation

Abatement measures: 
cold-ironing tech-
nology

External benefits estimation approach: 
“top-down” based on costs factors from 
the UK Government’s Department for 
Environment, Food and Rural Affairs

Timeframe: 
2010–2016

Tovar and 
Tichavska 
(2019)

Case area: Port of 
Las Palmas, Port of 
St. Petersburg, and 
Port of Hong Kong

None Emissions estimation approach: “bottom-
up” based on activity profiles and 
energy-based emission factors

Abatement measures: 
SOx regulatory

External benefits estimation approach: 
“top-down” based on cost factors from 
the BeTa

Timeframe: 
2011–2012

Vierth et al. 
(2019a, 
2019b)

Case area: European 
areas

None Emissions estimation approach: based 
on a internet-based NTM (Network 
for Transport Measures) calculation 
tool which relies on activity profiles 
and energy-based emission factors 
(“bottom-up”)

Abatement measures: 
modal shifting

External benefits estimation approach: 
“top-down” based on cost factors from 
the Swedish and European guidelines

Timeframe: 
2011–2012

Sources Study scope Costs estimation Benefits estimation
Lee et al.

(2020)
Case area: South 

Korea
None External benefits estimation approach: 

using a contingent valuation method 
(willingness to pay) to estimate eco-
nomic benefits of LNG-fueled ships

Abatement measures: 
using the LNG-
fueled ships

Timeframe: 2018
Nunes et al.

(2021)
Case area: Iberian 

Peninsula
None Emissions estimation approach: “bottom-

up” based on a model of STEAM
Abatement measures: 

none
External benefits estimation approach: 

“bottom-up” based on a EMEP model to 
show air pollutant concentrations; used 
the value of statistical life and the value 
of a life year which rely on the willing-
ness to pay surveys

Timeframe: 2015
Spengler and 

Tovar (2021)
Case area: Spanish 

ports
None Emissions estimation approach: “bottom-

up” based on AIS-based activity profiles 
and energy-based emission factors

Abatement measures: 
cold-ironing tech-
nology

External benefits estimation approach: 
“top-down” based on cost factors from 
BeTa

Timeframe: 2016
Wan et al. 

(2021)
Case area: Shekou 

Container Terminal
Based on government subsidy Emissions estimation approach: “top-

down” based on the amount of fuel 
consumption
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Table 1 shows the current studies on the cost and benefits of shipping air pollution. Begin-
ning with the study of Wang and Corbett (2007), the number of relevant studies has 
increased in recent years, but most have focused on Europe and America (Antturi et al., 
2016; Åström et  al., 2018; Nunes et  al., 2021; Song, 2014; Ytreberg et  al., 2021; Gren 
et al., 2021). Technologies or policies such as fuel switching (Wang & Corbett, 2007), the 
use of scrubbers (Jiang et al., 2014), setting emission control areas (Åström et al., 2018), 
slow steaming (Doudnikoff & Lacoste, 2014), liquefied natural gas (LNG)-fueled ships 
(Lee et al., 2020), cold-ironing technology (Spengler & Tovar, 2021), and SOX and NOX 
regulators (Gren et al., 2021; Wu & Lin, 2021) have been explored, but only a few studies 
have compared the costs and benefits of alternative abatement measures (Jiang et al., 2014; 
Wan et al., 2021; Wang & Corbett, 2007). A systematic cost–benefit analysis approach has 
not yet been made.

With regard to current methodological approaches, it should be noted that the cost 
evaluation is based on the observable and available market prices for capital costs, invest-
ment costs, operating and maintenance costs, administration costs, fuel penalty costs, and 
other expenses (Antturi et  al., 2016; Åström et  al., 2018; Schinas & Stefanakos, 2012; 

Table 1   (continued)

Sources Study scope Costs estimation Benefits estimation

Abatement measures: 
low-sulphur fuel 
and shore power 
technology

External benefits estimation approach: 
“top-down” based on cost factors related 
to government subsidy

Timeframe: 2018
Wu and Lin 

(2021)
Case area: a shipping 

route from and to 
Hong Kong

Based on market capital costs and 
operating costs

Emissions estimation approach: “bottom-
up” based on activity profiles and 
energy-based emission factors

Abatement measures: 
low-sulphur policy

Timeframe: 2018
Sources Study scope Costs estimation Benefits estimation
Ytreberg et al.

(2021)
Case area: Baltic Sea None Based on a DPSIR framework to assess 

the impacts of shipping activities, where 
the STEAM model has been used to 
estimate the emissions and models of 
ARP and GAINS has been used to esti-
mate health-related damage costs

Abatement measures: 
marine policy

Timeframe: 2018
Gren et al. 

(2021)
Case area: Baltic Sea None Emissions estimation approach: “bottom-

up” based on activity profiles and 
energy-based emission factors

Abatement measures: 
NOX regulatory

External benefits estimation approach: 
“top-down” based on unit shadow costs 
determined by emission pathways and 
marginal abatement costs for emission 
targets

Timeframe: 2018
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Wan et al., 2021; Wang & Corbett, 2007); the benefits estimation generally includes both 
the emissions calculation and external benefits evaluation (Antturi et  al., 2016; Tovar 
& Tichavska, 2019). We can identify two general approaches characterized as “bottom-
up” and “top-down” in emission estimation (Tichavska & Tovar, 2017). Specifically, 
bottom-up approaches are based on identifying the ships’ activities profiles and rely on 
the power and emission factors of the ships’ main engines, auxiliary engines, or boilers; 
top-down approaches directly multiply the change in fuel oil consumption and emission 
factors to output an estimation (Faber et al., 2021). As for impact valuation, the majority 
of the approaches rely on cost factor-based estimation approaches that directly multiply 
the unit damage costs with the amount of emission reduction to outcome external ben-
efits (Spengler & Tovar, 2021; Tovar & Tichavska, 2019; Wan et al., 2021). Additionally, 
some studies have used impact pathway approaches to integrate the conditions of locations 
into the evaluation (Antturi et al., 2016; Nunes et al., 2021), where models of the GAINS 
(Greenhouse gas-Air pollution Interactions and Synergies), the EMEP (Cooperative Pro-
gramme for Monitoring and Evaluation of the Long-range Transmission of Air Pollutants 
in Europe) (Holland et al., 2005a; European Commission, 2009), the STEAM (Ship Traffic 
Emission Assessment Model) the ARP (ALPHA-RiskPoll), the EVA (External Valuation 
of Air Pollution) (Ballini & Bozzo, 2015), and the SILAM (System for Integrated modeL-
ling of Atmospheric coMposition) have been applied to help understand the emission path-
ways and quantify the impacts. A set of precalculated cost factors has been determined by 
using the impact pathways approach (United Kingdom Department for Environment Food 
& Rural Affairs 2019a). Although some scholars have been working to develop more eval-
uation approaches, such as the Drivers-Pressures-State-Impact-Response (DPSIR)-based 
impact assessment framework and unit shadow cost-based calculation, they are limited by 
the complexity of causality in interactions between shipping activities and natural ecosys-
tems or emission pathway calculations (Gren et al., 2021; Ytreberg et al., 2021).

1.3 � Research question and purpose

Located in southeastern China, Xiamen harbour has a pilot port, and Xiamen shipping 
plays an important role in the development of national shipping and the Maritime Silk 
Road (Wu et al., 2019a; Xiamen Port Authority, 2021). Numerous sustainable efforts, such 
as the use of shore power technology and low-sulphur fuel, have been made to reduce ship-
ping emissions at harbours, but few studies have measured the costs and external benefits 
of reducing air pollution in shipping, especially when relevant data, funds, and time limita-
tions exist (Wu et al., 2019a; Xiamen Port Authority, 2021).

Hence, this study aims to establish a systematic and repeatable estimation approach 
for exploring the costs and external benefits of measures designed to reduce air pollution 
from shipping; the approach is developed a comparison of the current cost–benefit analysis 
methods and considering Xiamen shipping as a case study. This case study, despite lim-
ited data availability and resources, explores the cost-effectiveness of the abatement meas-
ures, thereby supporting sustainability commitments and cooperation plans in modern port 
generation. In the next section, we provide the methods and approach, followed by a case 
study, discussion and conclusion.
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2 � Methodology

2.1 � Methods

Based on the above review of the existing cost–benefit analyses of shipping-related air pol-
lution, which are shown in Table 1, we can identify a variety of calculation methods for 
cost and external benefit estimation. A proper methodological estimation approach can be 
built by comparing the existing methods and combining the current data and resources. 
Since the ultimate sustainability goal is to perpetuate and enhance the natural environ-
ment and resources to maintain an ecological balance (X. Wu et al., 2019c), the estimation 
approach needs to consider not only healthy lives and human well-being but also marine 
and coastal ecosystem protections and conservation. Then, a case study can be carried out 
to verify this approach for its application to other ports.

2.2 � Approach

2.2.1 � Cost estimation approach

Based on the abovementioned broad review, the prior cost estimation approaches for ship-
ping air pollution mostly considered market prices, except for the study of Wan et  al. 
(2021), which integrated some political influences. This study similarly concerns the costs 
input that are financially incurred or received from the perspective of the participants, 
rather than that of the government; the costs inventory includes direct capital or investment 
costs and operating and maintenance costs, as other costs, such as non-compliance costs 
and manpower costs, are indirect or possess high uncertainties.

Correspondingly, regarding the use of shore power technology, the annual direct costs 
are comprised of investment costs and operation and maintenance costs, i.e.,

where CTt is the total cost of the shore power construction and operation in years t = 1, 2, 
…, n, for which t = 1 represents the first year; CFpt and CFst are the invest costs of shore 
power construction for ports and ships, respectively, in year t; and Cot is the operation cost 
for shore power in year t.

If taking time values of the capital into account, the total cost ( CT ) for the shore power 
technology implementation can be calculated by

where i expresses the discount rate on the annualized cost.
If taking a straight-line depreciation and a net residual value rate of j with an expected 

lifespan of N years for the shore power equipment, the total investment cost of shore power 
construction for ports ( CFpT ) could be measured at an amortized cost through the equation

(1)CTt = CFpt + CFst + Cot

(2)CT =

t
∑

t=1

CTt × (1 + i)t

(3)CFpT =

t
∑

t=1

CFpt × (1 − j)∕N × (1 + i)t
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For fuel switching, fuel price differences account for the majority of the costs (Wang & 
Corbett, 2007). To calculate the fuel switching costs, a price gap approach is recommended 
in which the fuel price premium is multiplied by the amount of fuel consumption.

2.2.2 � External benefit estimation approach

The market consistently fails to calculate the benefits resulting from the influences of natu-
ral resources or public health in the surrounding area, known as externalities (KENTON, 
2020). To address sustainability concerns, the abovementioned studies used “top-down” 
and “bottom-up” approaches to estimate air pollution emissions, as well as the “top-down” 
or cost factor-based approach and impact pathway approach to value the social and eco-
logical burden of air pollutant emissions.

First, for the emission estimation, in contrast with the “top-down” emission estimation 
approach, the “bottom-up” approach prioritizes a description of ship activities at a harbour 
rather than relying on possible energy consumption statistics. The “bottom-up” emission 
estimation method can also be based on a state-of-the-art automatic identification system 
(AIS) (Antturi et al., 2016) to acquire the static and dynamic data of ships and the quality 
parameters of fuel oil. In detail,

where E is the amount of a ship’s air pollutant emissions; W is the actual power of the 
ship’s main engine, auxiliary engine or boiler; EF is the emission factor of air pollutants 
(the amount of emissions per unit of power); and Act is the ship’s operating time under dif-
ferent sailing conditions (Jian et al., 2020). Moreover,

where MCR is the rated power of the ship’s main engine, auxiliary engine, or boiler; LF 
expresses the load factor of the ship’s main engine; BEF is the baseline of the ship’s emis-
sion factor of air pollutants; LCF is the correction factor for a low main engine load; FCF is 
the correction factor for fuel oil based on the local sulphur content of fuel oil; and CF is the 
control factor of abatement technology (Jian et al., 2020).

However, if lacking activity data, the “top-down” method can be chosen by following 
the formula listed as follows:

where E′ is the amount of air pollutant emissions; Q is the amount of fuel consumption; 
and EF′ is the emission factor of air pollutants (the amount of emissions per unit of energy 
consumed) (Xing, 2017).

Second, for external benefit estimation, the commonly used approaches are the cost 
factor-based approach and the impact pathway approach. The impact pathway approach 
identifies and traces the effects of air pollution reduction driven by measures interven-
tion, uses atmospheric dispersion models to simulate regional concentration changes, con-
ducts impact assessment based on concentration–response functions, and finally combines 

(4)E = W × EF × Act

(5)W = MCR × LF

(6)EF = BEF × LCF × FCF × CF

(7)E� = Q × EF�
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resource and environmental value assessment techniques to monetize the impact (see 
Fig. 1) (Holland et al., 2005a; United Kingdom Department for Environment 2019). A sig-
nificant advantage of this approach is the integration of location-specific elements (United 
Kingdom Department for Environment Food & Rural Affairs 2019b), though it can be 
extremely complicated to understand the emission pathways, atmospheric dispersion, and 
economic valuation, particularly due to the need for sufficient data, funds, and time.

In addition, the cost factor-based approach directly estimates the external benefits 
by multiplying the amount of emissions change with predetermined values per unit of 
emission by pollutants (see Fig. 2) (Spengler & Tovar, 2021). We can pick up precal-
culated cost factors from the United States Environmental Protection Agency’s study 
(Wang & Corbett, 2007), the Coastal Administration of Norway (McArthur & Osland, 
2013), the Clean Air For Europe (CAFE) program (Holland et al., 2005b; Jiang et al., 
2014; Maragkogianni & Papaefthimiou, 2015; McArthur & Osland, 2013), the Bene-
fits Table database (BeTa) (McArthur & Osland, 2013; Spengler & Tovar, 2021; Tovar 
& Tichavska, 2019), the Developing Harmonised European Approaches for Transport 
Costing and Project Assessment (HEATCO) projects (Jiang et  al., 2014), the New 
Energy Externalities Development for Sustainability (NEEDS) programs (Maragkogi-
anni & Papaefthimiou, 2015), the United King Government’s Department for Environ-
ment, Food and Rural Affairs (Innes & Monios, 2018), the national government subsidy 
(Wan et al., 2021), and other studies (McArthur & Osland, 2013; S. Song, 2014). If it 
is not possible to follow the impact pathway approach due to intensive resources and 
time requirements, then the cost factor-based approach is recommended to calculate the 
impacts of emitted pollutants from shipping.

In-depth analyses include the several approaches. HEATCO’s proposal is a harmo-
nized assessment approach previously used as the basis of the CAFE programme. The 
NEEDS’s cost factors are more focused on energy externalities. The BeTa is calculated 
by using the CAFE cost–benefit analysis methodology, and its cost factors are available 
to port and shipping industries (Holland et al., 2005a); furthermore, the cost factors for 
the United States, Norway, United King, and China as well as those from other aca-
demic studies are used to integrate regional characteristics. Therefore, this study sug-
gests the cost factors from the BeTa and the study of S. Song (2014) for China region 
concerns (see Table 2).

After determining the cost factors, we must convert them to adjust to the relevant 
evaluation price year, taking inflation into the consideration. Then, we can calculate the 
external benefits of air pollution reduction by multiplying the adjusted cost factors and 
the emission reduction amount of air pollutants as follows:

where B is the external benefits of the air pollutant emission reduction driven by the imple-
mentation of abatement measures; R is the amount of emissions abatement; and F is the 
cost factor for air pollution reduction.

2.2.3 � Proposed cost–benefit analysis framework

Therefore, we can frame the costs and external benefits estimation approach for air 
pollution reduction in shipping, as shown in Fig. 3. This framework engages a market 

(8)B = R × F
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price-based approach to estimate the costs of abatement measures, taking shore power 
technology and fuel switching as examples of potential solutions due to their wide use 
and actual application for Xiamen shipping. To fit sufficient or insufficient data situa-
tions, a combination of the “bottom-up” approach and “to-down” approach is given to 
calculate the air pollutant emissions. Moreover, cost factor-based estimate equations and 
impact pathway approaches are recommended to calculate the external benefits. We pre-
sent and compare the benefit/cost ratios to verify the evaluation, giving consideration to 
some uncertainties in the estimation due to limited data availability and resources.

3 � Case study and results

3.1 � Case introduction

This study chooses the domestic shipping emission control area (DSECA) at the Xia-
men harbour, as the study scope, which includes Dongdu, Haicang, Zhaoyin, Xiang’an, 
and Wutong port areas, as the study scope. The area boarding the sea is bounded by the 
red line in the bottom right corner (see Fig. 4). This area is located in a semi-enclosed 
bay with a typical semidiurnal tide, slight wave action, and a water depth of − 46.5 m 
based on the Yellow Sea elevation (Wu et al., 2019a).

According to prior studies, the total amount of pollutant emissions from the Xia-
men DSECA was estimated to be 17,683 tonnes in 2018, of which shipping emissions 
accounted for 92.8% (Jian et  al., 2021). Of the pollutants, 10,544 tonnes came from 
NOX emissions, followed by 2,816 tonnes of SO2, 592 tonnes of PM10, and 491 tonnes 
of PM2.5 (Jian et  al., 2021). Except for the SO2 emissions in the Dongdu port area, 
which were less than the average in Xiamen city, the SO2 emissions in the Haicang port 
area and the NO2 and PM emissions in the Dongdu and Haicang port areas exceeded 
those in the urban area in 2018 (Jian et al., 2021).

To reduce the shipping emissions from the Xiamen harbour, measures have been put 
into practice, including the use of shore power technology and fuel switching for tug-
boats, cargo ships, and other vessels (Jian et al., 2021). By 2018, only 55 vessels used 
the shore power equipment in Haicang and Dongdu port areas, consuming 1,175,800 
kW h of electricity. In addition, the sulphur content of fuel for tugboats was changed 
from 0.5 to 0.008%; the use of heavy fuel oil with 1.5% sulphur content was shifted 
to light diesel oil with 0.5% sulphur content for container ships and oil tankers dur-
ing berthing time; and other vessels, including engineering vessels, fishing vessels, and 
working vessels, used light diesel oil with a 0. 5% sulphur content instead of heavy 
diesel oil with a 1.5% sulphur content throughout their whole voyages to reduce air pol-
lutant emissions from Xiamen shipping (Jian et al., 2021).

3.2 � Costs

In Table  3, Equations of (1), (2) and (3) are used to calculate the economic costs 
incurred in 2018 from implementing the Xiamen shipping abatement measures. In this 
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case study, the operation and construction costs for shore power technology were esti-
mated only for 2016–2018 due to undesirable utilization rates prior to 2016. The invest-
ment costs of port shore power construction are 1750, 2826, 1750 yuan (RMB) for 2016, 
2017, and 2018, respectively, as Jian et al. (2021) indicated. A net residual value rate of 
5% with an expected lifespan of 30 years was given for the shore power technology 
(Hu et al., 2018; State Taxation Administration, 2004); 8% per annum for i was recom-
mended by Hu et al. (2018). For the low auxiliary engine size in Xiamen shipping (Jian 
et  al., 2020), the investment cost of retrofitting the electrical equipment on board CFst 
was 218 €/kW in 2005 with an equipment lifespan of 10 years, as reported by Entec UK 
Limited (2005). The operational cost Cot included the electricity cost (approximately 
0.6408 yuan/kW h for the electricity consumption with battery voltage less than 10 kVA 
and about 0.5202 yuan/kW h for the electricity consumption with battery voltage more 
than 220 kVA for industrial and commercial business in Xiamen area) and the mainte-
nance cost (a general value of 1.6 €/running hour for engines and 1,100 €/ship saved 
for auxiliary engines in 2004 used by Entec UK Limited (2005)). For Xiamen shipping, 
1.1758 million kWh of electricity was used for shore power in Dongdu and Haicang 
port areas until 2018, and 0.8999 million kWh of electricity was used for shore power 
with battery voltage less than 10 kVA thereafter according to Jian et al. (2021). In 2018, 
shore power running hours increased to 2025 h, with a total of 55 berthing times (Jian 
et al., 2021).

In addition, this study gives attention to fuel switching rather than installing scrubbers or 
other equipment to follow the actual measures taken by Xiamen shipping to reduce SOX and 

dispersion 

modeling

concentration-resp

onse function

Emissions 

Change

Concentration 

Change

Impact 

Assessment

Measures 

Intervention
Valuation

valuation techniques

Fig. 1   The general impact pathway approach for external benefits assessment (adapted from United King-
dom Department for Environment Food & Rural Affairs 2019b

Emissions 

Change

Measures 

Intervention
Valuation

Multiplying the cost factors

Fig. 2   The general cost factor-based approach for external benefits assessment (adapted from United King-
dom Department for Environment Food & Rural Affairs 2019b)
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NOX emissions (Jian et al., 2021). Using figures from Notteboom (2020), we find that the peak 
prices of ultralow-sulphur fuel oil and low-sulphur marine gas oil (maximum 0.1% sulphur) 
are approximately 680 $/tonne and 700 $/tonne, respectively, while that for intermediate fuel 
oil is approximately 470 $/tonne. Before October 2020, the price of very low-sulphur fuel oil 
(above 0.10% but meeting a 0.50% sulphur limit) was approximately 570 $/tonne at its high-
est (Notteboom, 2020). This study uses these values to measure fuel costs. If actual figures 
regarding fuel consumption are lacking, we derive the fuel volume from the emission reduc-
tion and emission factors. In other words, the amount of fuel consumption can be obtained as 
the emissions abatement ( E′ ) from Table 5 divided by EF′ from Eq. (7). EF′ can be measured 
by 1955 × S% (kg∕t) , where S% is the sulphur content in fuel; it can be expressed by the trans-
formation rate of 97.75% for S according to Xing (2017).

The costs of shore power construction for ports and ships are 2,167.04 and 1,017.69 thou-
sand yuan, respectively, and the operation cost is 2,180.92 thousand yuan. The added costs 
incurred from fuel switching for tugboats, cargo ships, and other vessels are estimated to be 
114,027.94, 53,164.96, and 40,651.58 thousand yuan, respectively. Eventually, the total cost 
for shore power construction and operation and fuel switching in the Xiamen DSECA is 
213,210.13 thousand yuan.

3.3 � External benefits

By using the “bottom-up” Equations of (4), (5), and (6), the emissions reduction driven 
by intervention measures can be quantified. For Xiamen shipping, the study of Jian 
et al. (2021) provided the emission factors for air pollutants (see Table 4) and estimated 

Table 2   Cost factors recommended for external benefits estimation

According to the BeTa report, emissions in port use urban results for the city of the same size as the port 
city and add rural externality figure for the country in question; emissions close to shore use national rural 
results. Sources are indicated in the table

Sources Prices year (unit) Unit-price per emission component

SO2 NOX PM10 PM2.5

BeTa: 2000 (€/tonne)
Rural (EU-15 averages) (Holland & Watkiss, 

2004)
5200 4200 14,000

Urban_for a city of (Holland & Watkiss, 2004):
 100,000 people 6000 33,000
 500,000 people 30,000 165,000
 1,000,000 people 45,000 247,500
 Several million people 90,000 495,000

Shipping_for the area of (Holland & Watkiss, 2004):
 Eastern Atlantic 4500 4800 9100
 Baltic Sea 1600 2100 2500
 English Channel 5900 5400 12,000
 Northern Mediterranean 4700 6200 10,000
 North Sea 4300 3100 9600

Yangshan coastal region (Song, 2014) 2009 ($/tonne) 10,687 12,329 76,867 85,771
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the amount of air pollution reduction based on a bottom-up approach in 2018 (shown in 
Table 5). This study employs the prior estimates rather than calculating them.

In consideration of data availability and resource restrictions, this case study adopts the 
cost factor-based approach to calculate the external benefits of the reduction in air pollution 
from Xiamen shipping in 2018; it uses Eq. (8), multiplying the unit price of air pollutant 
emissions from Table  2 and the figures from Table  5 to generate the final benefits (see 
Table 6). To integrate China’s development level, this case study chooses the cost factors 
for Yangshan Port of Shanghai from S. Song (2014).

Finally, using shore power can obtain an external benefit of 16,842.93 thousand yuan 
and the external benefits of fuel switching for tugboats, cargo ships, and other vessels 
are 14,284.67, 467,607.66, and 373,809.28 thousand yuan, respectively. For the vessels’ 
NOX emission reduction driven by fuel quality improvements, the external benefit can be 
27,376.04 thousand yuan. In total, the reduction in air pollution from Xiamen shipping in 
2018 is estimated to be 899,920.58 thousand yuan.

3.4 � Benefit–cost comparison

The results include the investment and operation costs of shore power and fuel switch-
ing and the external benefits of reduced air pollution in shipping in 2018. We also acquire 
a range of costs, benefits, and benefit/cost ratios (see Table 7). It can be found that fuel 
switching from heavy fuel oil with 1.5% sulphur content to light diesel oil with 0.5% sul-
phur content during berthing for cargo ships and other vessels has more external benefits 
than costs, but switching to lower 0.5% sulphur content fuel for tugboats has more costs 
than benefits. Using shore power can lead to external benefits that are 2.14 times higher 
than the costs.

4 � Discussions

Based on a broad literature review, this study proposes a cost–benefit estimation approach 
to calculate the costs and external benefits driven by measures to reduce air pollution in 
shipping. Externality concerns can contribute to sustainability goals that not only ensure 
human health but also conserve marine and coastal ecosystems (Wu et al., 2019c). How-
ever, in contrast with market prices-based costs estimation, the external benefits calculation 
is still much debated, as there is considerable uncertainty and complexity in prices that 
determine “market failure” (Sheng et al., 2019). This study takes the externalities estima-
tion approach due to its use of both emission calculations and monetary impacts valuation 
to determine their cause and effect relationships.

In emissions estimation, both the “bottom-up” and “top-down” approaches have been 
two commonly used; the IMO’s fourth study on shipping greenhouse gas emissions gen-
erated the best comparison of them to date (Faber et al., 2021). This study combines the 
“bottom-up” approach and “top-down” approach to fit the activity data situation and takes 
the former as a priority for the Xiamen shipping activities at the DSECA. However, the 
knowledge base of shipping air pollutant impact valuation is deficient (Ytreberg et  al., 
2021), although two approaches, i.e., a cost factor-based approach and an impact pathway 
approach, have been provided (Holland et  al., 2005a; United Kingdom Department for 
Environment 2019). Compared to the cost factor-based approach that directly multiplies 
the amount of reduced emissions by the precalculated cost factors to output the external 
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Fig. 3   The costs and external benefits estimation approach for reducing air pollution in shipping
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Fig. 4   The shipping emission control area at the Xiamen harbour

Table 3   The costs of the abatement measures for Xiamen shipping in 2018

(1) The construction and operation costs of shore power are from (Entec UK Jian et al., 2020, 2021; Lim-
ited, 2005), and the discount rate is 0.08. (2) Based on the average exchange rate in 2018, 1 € is equal to 
7.8024 yuan, and 1 $ can be converted to 6.6118 yuan. (3) The power of the auxiliary engine takes 1,000 
kW as a minimum demand for container ships (Liu et al., 2011), and the general power ratio coefficient of 
the auxiliary engine and main engine for container vessels is 0.22 (Lisheng, 2020). (4) Due to the late year 
of shore power construction and its slow application processes, this study concerns the total amount of elec-
tricity consumption, running hours, and berthing times from 2016

Measures Calculation and results

Shore power Construction cost for ports: 1750 × (1−5%)

30
× (1 + 0.08)2 + 2826 ×

(1−5%)

30
× (1 + 0.08) + 1750 ×

(1−5%)

30

= 2167.04 × 103 yuan

Construction cost for ships:218 × 7.8024 × (1 + 0.08)13 × 1000 × 0.22 = 1, 017.69 × 103 yuan

Operation cost:0.6408 × 0.8999 × 106 + 0.5202 × (1.1758 − 0.8999) × 106 + 2025 × 1.6 × 7.8024

×(1 + 0.08)14 + 55 × 1, 100 × 7.8024 × (1 + 0.08)14 = 2180.92 × 103 yuan

Total cost:5, 365.65 × 103 yuan

Fuel switch-
ing

For tugboats:(680 − 570) × 6.6118 ×
[

26.5 × 103 ÷ (1955 × 0.008% )
]

= 114027.94 × 103 yuan

For cargo ships:(570 − 470) × 6.6118 ×
[

786 × 103 ÷ (1955 × 0.5% )
]

= 53164.96 × 103 yuan

For other vessels:(570 − 470) × 6.6118 ×
[

601 × 103 ÷ (1955 × 0.5% )
]

= 40651.58 × 103 yuan

Total cost:207844.48 × 103 yuan

Total cost 213210.13 × 103 yuan
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monetary benefits, the impact pathway approach expresses site-specific evaluation by 
modeling the emission pathways and dispersion, concentration response, impact assess-
ment, and monetary valuation. Recently, this impact pathway approach has been applied 
for the Copenhagen cruise port (Ballini & Bozzo, 2015), Baltic and North seas (Antturi 
et al., 2016; Åström et al., 2018; Ytreberg et al., 2021), and Iberian Peninsula (Nunes et al., 
2021) by using models such as EVA, STEAM, SILAM, GAINS, ARP, or EMEP; however, 
we can see some uncertainties in dispersion modeling, recognition of potential impacts by 
exposure, and monetary valuation driven by model dependency, limited scientific knowl-
edge, or subjective judgment, as well as intensive time and resources (United Kingdom 
Department for Environment 2019; Sheng et al., 2019). Given the limits of data availabil-
ity and quality in Xiamen shipping, this case study adopts cost factor-based approaches 
to estimate the external benefits and uses the prevalued cost factors that integrate China’s 
development level.

Limitations do exist in this study. For instance, the costs did not account for unknown 
expenses such as administration costs; the study only presents the calculation methods for 
shore power and fuel switching; and the determination of emission factors and cost factors 
needs more site-specific considerations. Nevertheless, compared to the benefit/cost ratios 
from previous publications (see Table 8), we find that the benefit/cost ratios estimated in 
this study have similar orders of magnitude, regardless of the specific method used. More 
specific measures, such as fuel switching in which fuel with 0.5% sulphur content replaces 
that with 1.5% sulphur content, show relatively high benefit/cost ratios; however, if the 
maximum allowable fuel sulphur content is less than 0.5%, the external benefits may be 
less than the costs. The use of shore power can lead to external benefits that are 2–4 times 
the costs; these costs may be affected by the low utilization rate of shore power.

Despite this, we are encouraged to conduct an investigation of other expenses for abate-
ment measures and more evidential research on local emission factors and cost factors if 
time and budget permit. More case studies can also contribute to further meta-analyses 
on the costs and external benefits of reducing air pollution in shipping to better select sus-
tainability solutions or even apply advanced techniques such as nanotechnology and nano-
structures (Zinatloo-Ajabshir & Mousavi-Kamazani, 2021; Zinatloo-Ajabshir et al., 2020, 
2021).

Table 4   The air pollutant emission factors

Source: Adapted from Jian et al. (2021)

Fuel type Sulphur Content % SOX (g/kW h) NOX (g/kW h) PM (g/kW h)

Heavy oil 1.5 0.56 1 0.82
Diesel oil 1.5 0.56 0.9 0.47
Light diesel 0.5 0.18 0.94 0.25
Light diesel 0.2 0.07 0.94 0.19
Light diesel 0.1 0.04 0.94 0.17
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Table 5   The air pollution reduction from Xiamen shipping in 2018 (tonnes per year)

 The additional NOx emission reduction was driven by the improvement of fuel oil quality
Source: Adapted from Jian et al. (2021)

Air pollution reduction measures SO2 NOX PM10 PM2.5

The use of shore power 25.2 40.0 3.2 3.1
Fuel switching (maximum allowable fuel sulphur con-

tent changed from 0.5% to 0.0.008%) for tugboats
26.5 – 5.02 4.80

Fuel switching (changing the use of heavy fuel oil with 
1.5% sulphur content to light diesel oil with 0.5% 
sulphur content during berthing time) for cargo ships

786 312 157 129

Fuel switching (changing the heavy diesel oil with 1.5% 
sulphur content to light diesel oil with 0. 5% sulphur 
content during the whole voyage) for other vessels

601 180 135 108

Additional NOx emission reduction – 168 – –
Total emission reduction 1438.7 700 300.22 244.9

Table 6   The external benefits of reductions in Xiamen shipping air pollution in 2018

(1) This study chooses the cost factors from the Yangshan coastal region by Song (2014) to indicate China’s 
local features and the annual discount rate is 0.08. (2) Based on the average exchange rate in 2018, $1 can 
be converted to 6.6118 yuan. (3) The vessels’ NOX emission reduction in a single row in the table is driven 
by improving the fuel quality for cargo ships (Jian et al., 2021)
Source: Own elaboration

Measures Calculation and results

The utilization of shore power SO2:25.2 × 10, 687 × 6.6118 × (1 + 0.08)9 = 3, 559.51 × 103 yuan

NOX: 40.0 × 12, 329 × 6.6118 × (1 + 0.08)9 = 6, 518.10 × 103 yuan

PM10: 3.2 × 76, 867 × 6.6118 × (1 + 0.08)9 = 3, 251.05 × 103 yuan

PM2.5: 3.1 × 85, 771 × 6.6118 × (1 + 0.08)9 = 3, 514.27 × 103 yuan

Total benefit:16, 842.93 × 103 yuan

Fuel switching for tugboats SO2:26.5 × 10, 687 × 6.6118 × (1 + 0.08)9 = 3, 743.13 × 103 yuan

PM10:5.02 × 76, 867 × 6.6118 × (1 + 0.08)9 = 5, 100.08 × 103 yuan

PM2.5: 4.80 × 85, 771 × 6.6118 × (1 + 0.08)9 = 5, 441.46 × 103 yuan

Total benefit:14, 284.67 × 103 yuan

Fuel switching for cargo ships SO2:786 × 10, 687 × 6.6118 × (1 + 0.08)9 = 111, 022.72 × 103 yuan

NOX: 312 × 12, 329 × 6.6118 × (1 + 0.08)9 = 50, 841.22 × 103 yuan

PM10: 157 × 76, 867 × 6.6118 × (1 + 0.08)9 = 159, 504.56 × 103 yuan

PM2.5: 129 × 85, 771 × 6.6118 × (1 + 0.08)9 = 146, 239.16 × 103 yuan

Total benefit:467, 607.66 × 103 yuan

Fuel switching for other vessels SO2:601 × 10, 687 × 6.6118 × (1 + 0.08)9 = 84, 891.42 × 103 yuan

NOX: 180 × 12, 329 × 6.6118 × (1 + 0.08)9 = 29, 331.47 × 103 yuan

PM10: 135 × 76, 867 × 6.6118 × (1 + 0.08)9 = 137, 153.60 × 103 yuan

PM2.5: 108 × 85, 771 × 6.6118 × (1 + 0.08)9 = 122, 432.79 × 103 yuan

Total benefit:373, 809.28 × 103 yuan

Additional NOx emissions NOX: 168 × 12, 329 × 6.6118 × (1 + 0.08)9 = 27, 376.04 × 103 yuan

Total benefit 899, 920.58 × 103 yuan
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5 � Conclusions

A cost–benefit analysis that helps uncover the costs and external benefits of air pollutant 
reduction measures supports the complicated and uncertain decision-making processes 
endemic to modern ports, which are vital nodes of maritime transport systems; these 
systems require significant cooperation and coordination. This study provides a system-
atic and repeatable cost–benefit estimation methodology based on a broad review of the 
current fragmented cost–benefit analysis for reducing air pollution in shipping and uses 
this approach to estimate the costs and benefits of implementing air pollution reduction 
measures for Xiamen shipping in its domestic emission control area. This approach aims 
to calculate not only the input costs but also their external benefits to fit the externality of 
sustainability actions and support the stakeholders’ and governments’ sustainability com-
mitments and economic incentives.

After a case application of the established estimation approach, we can realize that 
switching the maximum allowable sulphur content of fuel to 0.5% shows great cost-effec-
tiveness, while switching to less than 0.5% sulphur content could be negative; additionally, 
the use of shore power technology can yield a benefit/cost ratio of 3.17. This case study 
focuses only on recognizable investment costs and operation and maintenance costs; for 
data availability and resources restrictions; it combines a “bottom-up” emission estima-
tion approach and a cost factor-based approach, rather than using the complex, high data 
demand, and site-specific impact pathway approach. However, its results are comparable to 
those from previous studies. 

Nonetheless, more detailed surveys on the cost input, shipping activities, energy con-
sumption, and site-specific cost factors are needed to improve the reliability and accuracy 
of the results. We also suggest conducting an impact pathway approach-based external ben-
efits estimation for reducing air pollution in shipping for the sake of comparison. More 

Table 7   The costs and external benefits of the reductions in air pollution in Xiamen shipping

This estimation ignores the additional external benefits driven by the improvement of fuel quality to com-
pare the effects of the air pollution reduction measures
Source: Own elaboration

Abatement measures Costs ( 103yuan) External benefits 
(103yuan)

Benefit/cost ratio

The utilization of shore power 5,365.65 16,842.93 3.14
Fuel switching (maximum allowable fuel 

sulphur content changed from 0.5% to 
0.0.008%) for tugboats

114,027.94 14,284.67 0.13

Fuel switching (changing the use of heavy 
fuel oil with 1.5% sulphur content to light 
diesel oil with 0.5% sulphur content dur-
ing berthing time) for cargo ships

53,164.96 494,983.70 9.31

Fuel switching (changing the heavy diesel 
oil with 1.5% sulphur content to light die-
sel oil with 0. 5% sulphur content during 
the whole voyage) for other vessels

40,651.58 373,809.28 9.20
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case studies would expand the base knowledge on which decision-makers rely for imple-
menting sustainability-oriented measures.
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