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water treatment for three major
port clusters in China: evaluation
of different scenario strategies
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Introduction: The expansion of maritime trade has led to the introduction of

invasive species into aquatic ecosystems through ballast water discharge. China,

being amajor player in global trade andmanufacturing, has experienced negative

impacts on its coastal ecosystems and marine biodiversity.

Methods: This study examines the cost‒benefit trade-offs of ballast water

management policies for major port clusters in China and other global ports.

This paper evaluates compliance costs for individual vessels and fleets under

different policy scenarios and ballast water treatment system (BWTS) installation

strategies.

Results: The onboard BWTS installation strategy appears to be more cost-

effective under the existing International Maritime Organization (IMO) policy.

However, with stricter global discharge requirements or a substantial increase in

BWTS capital and operating costs, strategies based on port location could prove

more beneficial due to potential economies of scale. Notably, ships with high

ballast water discharge volumes, like bulk carriers, are potentially better equipped

to cope with future policy shifts. In the face of stricter regulations in China,

projected annual compliance cost increases range from $456 million (cost data

based on China) to $1.205 billion (cost data based on US).

Discussion: Policymakers are advised to adopt a comprehensive view of ballast

water management policies, taking into account the trade-offs between

compliance costs and environmental risks. Other essential factors, such as

advancements in BWTS technology, fuel consumption, emissions, and

maintenance costs, also demand careful consideration in policy development.
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marine transportation, biological invasion, ballast water, scenario analysis, cost-
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1 Introduction

Ballast water is used to maintain the stability of ships during

navigation, but it also provides a carrier for the transfer of

nonindigenous species (NIS). As global trade increases, the

problem of NIS introduction has become more pressing for the

shipping industry (Drake et al., 2007; Ruiz et al., 2011). Aquatic

species in ballast water can be transported from one port to another,

outcompeting native species and causing ecological disruption and

economic losses (McGeoch et al., 2010; Wan et al., 2016).

In China, the management of ballast water has become an

increasingly pressing issue due to the rapid growth of its maritime

industry. With its vast coastline and busy ports, China is

particularly vulnerable to the introduction of invasive species

through ballast water. In 2017, the first record of scyphomedusa

in aquaculture ponds in China’s southern Yellow Sea was reported,

which may have negative impacts on the local ecosystem and

industries such as aquaculture and tourism (Dong et al., 2019).

The local species community structure in the South China Sea was

altered by Perna viridis, Pterois volitans, Penaeus monodon,

Caulerpa racemose and green crab (Carcinus maenas), which had

negative impacts on the local ecosystem and economy (Compton

et al., 2010; Wang et al., 2021). Pseudocochlodinium profundisulcus,

a type of algae, has been consistently reported to cause algal bloom

pollution events in the ballast water of vessels traveling between

ports in China and North America since its initial discovery in

China in 2006 (Shang et al., 2022). The microbial community in

ballast water is diverse and complex, with a large number of

bacteria, cyanobacteria, and actinomycetes that may carry toxins

or introduce antibiotic resistance genes (Gerhard and Gunsch,

2019). During screening, 83.3% of ballast water samples from

ships at China ’s Jiangyin Port were found to contain

antiretroviral drugs, as well as antibiotic-resistant bacteria and

multidrug-resistant bacteria (Lv et al., 2021). The total economic

losses caused by invasive alien species to China in 2000 were

estimated to be 144.5 billion US dollars (Xu et al., 2006).

Meanwhile, NIS from the East Asian coast also causes water

pollution and damages aquatic ecosystems in other seas around the

world. An invasive population of Chinese mitten crabs (Eriocheir

sinensis) has recently formed in the San Francisco Bay system on the

west coast of North America, causing millions of dollars in

economic and ecological losses by damaging fishery resources and

the aquarium industry (Dittel and Epifanio, 2009). Golden mussel

(Limnoperna fortunei) is an invasive species mainly from China and

Korea that has caused significant damage to the ecosystem and

infrastructure of the Prata Basin in Argentina, Brazil, and other

South American countries (Abelando et al., 2020; de Paula et al.,

2020). One study estimated that the global economic cost of

invasive species caused by ballast water discharge was

approximately $162.7 billion in 2017 (Diagne et al., 2021).

To address these challenges, the International Maritime

Organization (IMO) established the International Convention for

the Control and Management of Ships’ Ballast Water and

Sediments (IMO regulations) in 2004 (IMO, 2004). This

convention requires all ships to implement measures to manage

their ballast water to minimize the transfer of harmful organisms
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and pathogens. IMO regulations establish the D-2 standard for

ballast water performance, which establishes water quality

standards for ballast water discharged after treatment by

approved ballast water treatment systems (BWTS). Regarding

ballast water treatment systems, physical and mechanical

treatment technologies are considered primary treatment

technologies. Common physical and mechanical treatment

technologies include filtration, cyclone separation, heating,

ultrasonic treatment and ultraviolet treatment. Chemical

treatment technologies (such as chlorine gas in chlorination

technology) may corrode tanks and ballast water tanks. In

addition, toxic chemicals and volatile disinfection by-products

generated during the production of biocides and during the

treatment process pose a danger to crew members, human health

and the environment (Benson et al., 2017; Ziegler et al., 2018).

Reviewing historical literature reveals that different treatment

technologies have significant differences in microbial inactivation

efficiency because biological genome sequences, cell membrane

structures, morphology and size, and evolutionary stages also

affect the inactivation efficiency of treatment methods in addition

to external factors such as pH value, temperature, turbidity (Sayinli

et al., 2022). Therefore, different combinations of treatment systems

must be implemented for various organisms present in ballast tanks,

which can help improve microbial inactivation efficiency and better

treatment efficiency of ballast water (Bradie et al., 2021; Lakshmi

et al., 2021).

BWTS aims to reduce the biological concentration in ballast

water to a very small fraction and is expected to significantly reduce

the risk of potential invasive species spread. According to a study, as

of November 2017, more than 80% of ocean-going ships traveling

between the United States and Australia did not install BWTS, and

the main method of reducing biological concentration in ballast

water during navigation is still ballast water exchange (BWE) with

the mid-oceanic waters (Gerhard et al., 2019). Compared with

BWE, the installation, operation and maintenance of BWTS that

meet the D-2 discharge standard will inevitably bring costs to

shipowners and operators (Werschkun et al., 2012). However, in

the long run, the potential environmental damage caused by

invasive species may be much higher. With the continuous

updating of ballast water management and the strengthening of

marine safety and pollution prevention, policy implementation and

supervision at all levels of government are gradually increasing

demand for BWTS, forcing more and more ships to choose more

efficient and effective systems to comply with D-2 standards.

The efficacy of IMO regulations in preventing the spread of

invasive species has been questioned due to the need for regular

review and updating, given the emergence of new species, lack of

global awareness of BWM issues, and insufficient national

institutional regulations (Čampara et al., 2019; Wright, 2021). To

address these concerns, the state of California in the United States

has implemented its own stricter regulations for ballast water

management. The California State Lands Commission has

established a ballast water treatment technology verification and

evaluation program, requiring ships to meet a higher standard of

treatment performance than the IMO regulations (CA State Lands

Commission, 2021). Although this approach aims to reduce the
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risks associated with ballast water discharge, it also poses significant

challenges for the global shipping industry, particularly for vessels

operating between California and other regions (Čampara

et al., 2019).

From the perspective of treatment efficiency and analysis, the

main difference between IMO regulations and stricter California

regulations is different ballast water discharge standards. If a few

regions transition from IMO regulations to stricter regulations such

as those of California, the shipping industry will face new challenges

in meeting compliance requirements. This will involve increased

costs associated with the installation and maintenance of BWTS, as

well as the risk of noncompliance and potential legal penalties.

Nevertheless, Strict discharge standards limit the biological

concentration in ballast water discharged from ship ballast tanks.

This greatly reduces the survival rate of carried species, reduces the

damage of invasive species to ecology and economy, and makes it an

important area for continued research and improvement. China’s

ports have played a critical role in the country’s economic growth,

serving as major gateways for international trade and commerce

(MOT, The Ministry of Transport, 2020). Due to China’s complex

and diverse coasts and massive shipping volume, the country faces a

significant risk of species invasion. Fortunately, China became a

contracting party to the IMO regulations, which took effect for

China on January 22, 2019 (Wan et al., 2021). Zhang et al., 2017

evaluated the total volume of ballast water discharge in China’s

major port clusters from 2008 to 2014. The results showed that the

top three foreign ballast water discharge volumes were the Yangtze

River Delta (31.7% to 39.0% of all ports in the country), followed by

the Bohai Rim (27.6% to 36.5%) and the Pearl River Delta (24.7% to

28.8%). The southeast and southwest coasts were the regions with

the smallest amount of ballast water received, accounting for 4.8%

to 6.7% and 1.8% to 2.4%, respectively. Considering the high weight

of the ballast water discharge volume of the former, this paper takes

the three major port clusters as the research object.

Based on this background, this study examines the potential for

China to adopt regulatory standards stricter than those of IMO

regulations, considering both economic and environmental

perspectives. Through an analysis of the costs and benefits of

each approach, the study aims to determine the most effective

strategy for managing ballast water in China while balancing

compliance costs with the risks of invasive species introduction.

Ultimately, the goal of this study is to provide guidance for

policymakers and stakeholders seeking to enhance ballast water

management in China and worldwide. The innovation of this study

is to simulate the transition from IMO regulations to stricter

regulations in specific regions (such as China) and evaluate the

economic impact and feasibility analysis of strengthening ballast

water management on individual ship or global fleet.

2 Method

2.1 Ballast water

The automatic identification system (AIS) is a ship reporting

system that uses transponders installed on ships and at ports,
Frontiers in Marine Science 03
canals, and other waterways. Through dual positioning and

communication services provided by land-based equipment and

satellite systems, AIS records information such as real-time ship

position and displacement, ship number, ship type, port of

departure, and port of arrival. In this study, the study used the

2018 global shipping data recorded by AIS, and after data

preprocessing, screening, and other operations, the study obtained

a dataset of 42,108 independent ships and 2,341,480 voyage records,

with the unique code Maritime Mobile Service Identify (MMSI)

used as the unique identification of the ship.

The National Ballast Information Clearinghouse (NBIC) based

in the USA is a vital resource for researchers and policymakers

seeking to understand and manage the environmental impact of

ballast water discharge. Since 2004, the NBIC has been collecting

ballast water exchange records for every ship entering US ports

(NBIC Online Database, 2012). In this study, the study utilized

ballast water discharge data from 2017-2018 to perform regression

analysis and estimate the volume of ballast water discharge. While

the NBIC’s records are limited to vessels entering US ports, the

study acknowledge that the discharge patterns observed in this

region may not necessarily reflect those worldwide, including in

China as a major exporting country. It is important to consider the

potential differences in ballast water discharge patterns between

countries. However, due to the lack of available data from other

parts of the world, the study made the working assumption that all

ships worldwide follow similar discharge patterns as captured in the

NBIC dataset. This assumption allows us to utilize empirical data

combined with regression analysis to gain in-depth insights into the

global distribution and ecological impacts of ballast water discharge

while acknowledging the potential uncertainties associated with

applying US discharge patterns to China or other regions.

Faced with regulatory pressure on ballast water management

policies, the compliance costs of ships include not only the capital

costs of purchasing, installing and maintaining BWTS but also the

operating costs of ensuring daily operations, which depend on the

total ballast water discharge volume. Therefore, before calculating

the compliance costs offleets or individual ships, it is necessary to be

able to obtain the actual ballast water discharge volume of global

ships. Based on a working hypothesis (that all ships around the

world follow similar discharge patterns captured in the NBIC

dataset), this study uses empirical data and gravity models

(Seebens et al., 2013; Wan et al., 2021) to predict the ballast water

discharge volume of each ship, using ship type and deadweight

tonnage as variables. The dataset revealed that ships do not always

discharge ballast water every time they arrive at port, which is

related to the nonzero discharge probability b. Furthermore, the

ballast water discharge probability varies significantly between

different ship types. For instance, the probability of discharging

ballast water every time a bulk carrier calls is 57%, while the

probability of discharging ballast water every time a container

ship calls is only 9% (Table 1). The calculation formula is:

Dischargevolume = b*discharge volume (1)

where Dischargevolume represents the average ballast water

discharge volume, and dischargevolume represents the average
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discharge volume excluding zero discharge. According to the

research of Seebens et al. (2013), if the ship discharges ballast

water, the corresponding discharge is proportional to the size of the

ship and varies with the ship type. Since the dimension of ballast

water discharge is different from ship deadweight ton, regression

fitting is performed after logarithmic processing. The calculation

formula is:

log10 dischargevolume = a  + b*log10 DWT  (2)

Among them, a and b represent the regression coefficients, and

the parameter values are shown in Table 1. DWT: deadweight

tonnage of the ship.
2.2 Policy scenario

Scenario analysis has a good effect on the choice of facing

uncertainty (Morgan, 2017). In light of the uncertainties surrounding

ballast water management and policy implementation, the study

proposes three policy scenarios that take into account different

ballast water management plans and policy implementation areas

(Table 2). Ballast water management policies are categorized into
Frontiers in Marine Science 04
IMO regulations and stricter regulations, while policy

implementation areas are divided into three major port clusters in

China (the Yangtze River Delta, Pearl River Delta, and Bohai Rim) and

all other ports around the world. The strategies for treating ballast

water discharged by ships include direct disinfection using ship-based

BWTS and indirect disinfection using port-based BWTS. The barge

BWTS is utilized to represent port-based BWTS in light of its economic

feasibility and low occupancy benefits, as previously demonstrated by

Wang et al. (2020).

Policy Scenario 1 represents the IMO regulations currently

adopted by most countries, requiring the installation of IMO

standard BWTS worldwide. In Policy Scenario 2, the study

assumes that the three major port clusters in China serve as pilot

areas for implementing stricter regulations, while other regions of

the world continue to follow IMO regulations. In Policy Scenario 3,

other regions of the world gradually transition to stricter

regulations, following the lead of the three major port clusters,

and eventually BWTS with stricter standards wil l be

adopted globally.

Implementing stricter regulations, as represented in Policy

Scenario 2 and Policy Scenario 3, is likely to present challenges

and opportunities for the shipping industry and policymakers. For

example, the cost of installing and maintaining BWTSmay increase,

reducing the competitiveness of the shipping industry in some

regions. However, high-standard BWTS can eliminate or eradicate

more organisms in ballast water before discharging it into a new

environment, thereby preserving marine biodiversity and

enhancing ecosystem resilience (Hess-Erga et al., 2019).

Therefore, reducing the spread of NIS and potential risks to

ecosystems could yield benefits in terms of biosecurity and

ecosystem health.
2.3 BWTS cost data

Given the volatility of the BWTS market and the uncertainty of

technology, the cost data used in this analysis are subject to change.
TABLE 2 Policy Scenario Description.

Policy Scenario Compliance strategy Description

1. Consistent IMO regulation
strategy1.1 IMO-BWTS on all vessels

strategy 1.2 IMO-BWTS at all ports

2. Inconsistent regulation:
The CN adopts stricter standards, while other regions of the world adopt IMO standards

strategy 2.1
Stricter-BWTS on Vessel-may-CN1

IMO-BWTS on Vessel-never-CN

strategy 2.2
Stricter-BWTS at CN Ports
IMO-BWTS at non-CN Ports

strategy 2.3
Stricter-BWTS at CN Ports
IMO-BWTS on all vessels

strategy 2.4
Stricter-BWTS on Vessel-may-CN
IMO-BWTS at non-CN Ports

3. Consistent stricter
regulation

strategy 3.1 Stricter-BWTS on all vessels

strategy 3.2 Stricter-BWTS at all ports
1CN: China’s three major port clusters (Yangtze River Delta, Pearl River Delta and Bohai Rim).
TABLE 1 Prediction of ballast water discharge and nonzero discharge ratio.

Type a b b

Bulk carrier -0.5445 0.8783 0.57

general cargo -0.5968 0.80865 0.33

ro-ro ship 2.39503 0.05436 0.09

chemical carrier 0.716941 0.56166 0.41

passenger ship -1.3222 0.98214 0.23

container ship -0.006 0.632 0.09

oil tanker -0.697 0.861 0.41

offshore working ships 2.18543 0.06062 0.19
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To address this issue, the study conducted a sensitivity analysis by

incorporating a range of cost estimates in this analysis, including

the lowest cost and 1.5 times the highest cost of BWTS. Through

this approach, the study was able to assess the robustness of cost-

effectiveness strategy in the face of uncertainty and variability.

To account for the potential impact of cost estimates on our

analysis, the study captures BWTS cost variations associated with

different geographical regions and regulatory regimes. The choice of

data sources may impact the optimal strategy under different

scenarios, and the study conducted sensitivity analysis to assess

the robustness of the findings.

2.3.1 US-based cost data
To estimate the cost of BWTS produced in the United States

that meets the IMO regulation, this paper relies on cost data

(Table 3) from the research conducted by King et al. in 2009. The

annual purchase, installation, and operating costs of the BWTS are

based on the BWTS purchase and installation capital, with a BWTS

lifespan of 30 years, a discount rate of 6%, and an annual inflation

rate of 2.5%. In the case of BWTS that meets stricter standards, the

cost data used in this study are obtained from the Delta Stewardship

Council (Glosten, 2018), which includes the cost of barges and

tugs (Table 4).

2.3.2 China-based cost data
Regarding the cost of BWTS produced in China that meets the

IMO standard, the study consulted with a senior engineer from the

China Classification Society and learned that the current cost price

of BWTS ranges from 1 million RMB to 5 million RMB

(Communications, Senior Engineer, China Classification Society,

July 12, 2021). Additionally, by analyzing the BWTS bidding

documents on the National Bidding and Purchasing Information

Platform in 2021 and referring to the Chinese national industrial

power consumption standard (China Tendering and Bidding Public

Service Platform, 2021; NEA, National Energy Administration,

2021), the study obtained the cost data of BWTS in China (Table 5).

When using BWTS cost data produced in China, the annual

purchase and installation costs of BWTS are calculated based on the

purchase capital and installation costs, assuming a service life of 20

years. Operating expenses are equal to the product of the ballast

water treatment capacity and the unit electricity charges for ballast

water treatment (Communications, Senior Engineer, China

Classification Society, July 12, 2021). Additionally, the cost

estimate data for stricter compliant BWTS comes from Chinese
Frontiers in Marine Science 05
BWTSmanufacturers. According to their predictions, the treatment

efficiency of the stricter BWTS is expected to be approximately 10

times higher than the IMO standard. The treatment effect of stricter

BWTS is predicted to be approximately 10 times higher than that of

the IMO standard (Communications, Senior Engineer, China

Classification Society, July 12, 2021).
2.4 Compliance cost model

Based on three scenario strategies, the corresponding cost

models are established based on the two frameworks of world

fleet and single ship.
2.4.1 Compliance cost model of world fleet
If BWTS is installed based on ships, the compliance cost of the

world fleet at this time is:

Cfleet   =  o
N
(C  + O) + V * T  (3)

where N represents the number of ships in the fleet, C

represents the BWTS annual capital and installation cost of a

ship, O represents the BWTS annual operating cost of a ship, V

represents the total amount of ballast water discharged by the global

fleet, and T represents the treatment cost of unit ballast water.

If the BWTS is installed on a port barge, the fleet compliance

cost also includes the purchase, installation and operation of the

barge itself. Calculate the number of barges required for each port,

taking into account the difference in the annual ballast water

handling capacity of each port:

nbarge = Vport=365day=24hour=Capacity (4)

Where nbarge represents the minimum number of barges

required by a port, Vport represents the total ballast water

treatment capacity of a port per year, and Capacity represents the

processing capacity of BWTS. The estimated processing capacity of

equipment in the United States is 2000 MT/h, and the processing

capacity produced in China is 300 metric tons per hour to 1500

metric tons per hour (MT/h) (Senior Engineer of China

Classification Society, July 12, 2021, communication). Under this

setting, based on the barge each time the BWTS handles ballast

water, it will require a corresponding number of tugboats to provide

transport capacity:
TABLE 3 Annual cost profile of BWTS based on US data.

US data Total capital and installation
cost ($)

Annual capital and installation
cost ($)

Annual operating cost
($)

Unit treatment cost
($/MT)

Lower
bound

65.8 (460) 1 3.5776 (25.0108) 0.9 (32.6) 0.02 (0.27)

Average 90.1 (700) 4.8989 (38.0599) 1.35 (50.2) 0.135 (0.48)

Upper
bound

114.4 (990) 6.2202 (53.8276) 1.8 (67.8) 0.25 (0.68)
1The cost under the IMO standard (the cost under the stricter standard), the same below.
King et al., 2009; Glosten, 2018.
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Cfleet   =  o
M

i=1
(C  + O + C barge + Obarge) + V * T  +o

M

i=1
nbarge*Ttug (5)

where M represents the number of ports, C barge and Obarge

represent the annual capital cost and operating cost of a barge,

respectively, and T_tug represents the towing cost of a barge when

participating in ballast water treatment.

2.4.2 Compliance cost model for a single ship
If BWTS is installed on a ship basis, the compliance cost for a

single ship at this time is:

Cvessel   =
Vvessel

Vall
*o
N

i=1
(C  + O) + Vvessel  * T (6)

where Vvessel represents the annual ballast water discharge of a

single ship, and Vall represents the annual ballast water discharge of

all ships.

If the BWTS is installed on port barges, similar to the

compliance cost calculation of the global fleet, the compliance

cost of a single ship also includes the purchase, installation,

operation and towing costs of the barge itself. Considering the

difference in the maximum deadweight tonnage of ships, the

calculation formula for the minimum number of barges required

for a single ship is:

nvessel = Vvessel=365day=24hour=Capacity (7)

where nvessel represents the number of barges required for a

single vessel.

Therefore, the formula for calculating the compliance cost per

vessel based on port barges is:
Frontiers in Marine Science 06
Cvessel =
Vvessel

Vall
*o
N

i=1
(C + O + C barge + Obarge) + Vvessel* T + Ttug*nvessel

(8)
2.5 Model assumptions

To simplify the model and calculations, this study makes the

following assumptions:

Assumption 1: The ballast water discharge model fitted using

regression analysis based on NBIC data is applicable to all ships in

service in 2018.

Assumption 2: Ships and ports in the global shipping network

have the necessary capacity or suitable conditions to install BWTS

that meet regulatory requirements.

Assumption 3: Since there are currently no barges specifically

designed and researched for installing BWTS in China, the study

assumes that the cost data for installing BWTS on barges in China

are the same as those published in the United States.

Assumption 4: The study does not differentiate between BWTS

based on their disinfection ability or method; instead, the study

categorizes them only according to whether they meet IMO

standards or stricter standards.
2.6 The export price of China’s BWTS

The Ballast Water Management Convention, which mandates

that all ships must be equipped with BWTS to meet the D-2

standard by 2024, was implemented in 2017. D-2 refers to the
TABLE 5 Annual cost profile of BWTS based on China data.

China
data

Total capital and installation
cost ($)

Annual capital and installation
cost ($)

Annual operating cost
($)

Unit treatment cost
($/MT)

Lower
bound

15.41 (30.82) 0.7705 (1.541) 0.036 (0.072) 0.02 (0.04)

Average 46.23 (92.46) 2.3115 (4.623) 0.036 (0.072) 0.135 (0.27)

Upper
bound

77.05 (154.1) 3.8525 (7.705) 0.036 (0.072) 0.25 (0.5)
King et al., 2009; China Tendering and Bidding Public Service Platform, 2021; Senior Engineer of China Classification Society, 2021.
TABLE 4 Annual cost profile for a barge.

A barge Total capital and installation
cost ($)

Annual capital and outfitting
cost ($)

Annual operating
cost ($) Tug ($/treatment)

Lower
bound

630 34.254 23.1 1.18

Average 1010 54.915 23.1 1.18

Upper
bound

1550 84.2755 23.1 1.18
Glosten, 2018.
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discharge standard for ballast water management, which sets the

maximum allowable concentration of indicative microorganisms in

ballast water discharged into the environment. As a result, this

study only focuses on predicting the BWTS price from 2020 to 2024.

The study collected the export sales and quantity of ship BWTS

from 2014 to 2020 from the China Customs Import and Export

Statistics website using the commodity number (84212191)

(General Administration of Customs, 2021).

To understand the changing trend of BWTS cost data, the study

used a combination of the gravity model and polynomial regression

to fit the export price per unit of BWTS. The study then used this

model to predict the expected export price from 2020 to 2024.
3 Result

3.1 Overview of ballast water discharge

Policy scenarios 1 and 3 entail globally consistent regulations

(IMO or stricter), while policy scenario 2 involves different

regulations being applied in pilot areas compared to control areas.

Therefore, the study take into account the differentiated ballast

water management approach where ships are divided into two

categories based on their history of visiting the policy pilot area. The

statistical analysis results in Table 6 present the number of ships and

the total amount of ballast water discharged by ships in different

regions. Based on the data, the study estimated that the global

shipping fleet discharged approximately 1.26 billion tons of ballast

water in 2018. These findings provide an overview of the ballast

water discharges of ships and help to understand the potential

impacts of ballast water on the marine environment.
3.2 Cost-effectiveness analysis of the
world fleet

3.2.1 Assessment based on US data
The compliance cost of the world fleet under each policy

scenario and optimal strategies are presented in Table 7,

assuming that the BWTS produced in the United States is used

globally. In Policy Scenario 1, where the world adopts consistent

IMO regulations, Strategy 1.1 has the lowest compliance cost among

all strategies, with an average cost of only $2.802 billion. This

suggests that the current strategy of installing BWTS based on ships

is cost-effective in promoting IMO regulations and protecting

marine life and ecological safety.
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In Policy Scenario 2, where stricter regulation is adopted in

China’s pilot regions while IMO regulation is adopted in other

regions, Strategy 2.4 is the most cost-effective among all compliance

cost strategies. This strategy involves all ships installing IMO

standard BWTS and port barges in China’s pilot areas installing

stricter BWTS. This policy adjustment only affects the pilot areas of

China and reduces the pressure on shipowners to retrofit BWTS.

Moreover, stricter BWTS installed on port barges can help reduce

the probability of marine invasive species invading Chinese waters

and the potential losses they may cause.

In Policy Scenario 3, the compliance cost of Strategy 3.2 is

significantly lower than that of Strategy 3.1, indicating that shore-

based BWTS is more cost-effective as the ballast water discharge

standards become stricter. Despite the higher capital cost,

economies of scale make shore-based BWTS a more cost-effective

option for the world’s fleet. Additionally, shore-based barges

equipped with BWTS can process contaminated ballast water 24/

7, achieving high equipment utilization, while ship-based BWTS are

only needed during the period of port calls. Under optimal strategy

3.2, the maximum cost of installing Stricter-BWTS at all ports

worldwide is $14.839 billion.

The robustness of the study’s results was verified by adjusting

the upper and lower limits of capital costs for IMO-BWTS. The

optimal strategies for each policy scenario remain unchanged, with

Strategies 1.1, 2.4, and 3.2 continuing to be the most cost-effective

options across all scenarios (Table 7).

3.2.2 Assessment based on China data
Table 8 presents the annual fleet cost of each compliance

strategy when using the BWTS cost data produced in China, with

the optimal strategy under each scenario. The cost of BWTS

production in China is much lower than that in the United

States, resulting in a lower overall compliance cost of the ship

fleet based on Chinese BWTS cost data. The cost difference is

particularly significant in policy scenario 3. The optimal compliance

cost based on US data is almost 6 times that based on China data.

However, this will also be accompanied by a significant reduction in

environmental risk, as stricter BWTS produced in the United States

can achieve disinfection performance that may be more than 100

times that of the IMO standard (Glosten, 2018).

Compared with the United States, the significantly reduced cost

of BWTS manufactured in China has also changed the best

compliance strategy. The relatively low cost of BWTS is more

friendly to ship-based strategies, because this strategy uses more

BWTS than port-based strategies and does not depend on barge

disinfection of ballast water. Consequently, the compliance cost
TABLE 6 Overview of ships and estimated ballast water discharges in 2018.

Ship category Number of ships Number of discharges Discharge volume (million tons)

Never to the pilot area 14624 834163 576.7

Ever to the pilot area
Discharge in the pilot area

27484
94793 196.7

Discharge to nonpilot area 241783 489.9

Total 42108 1,170,739 1263.3
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based on port barge-installed BWTS is higher than that based on

ship-installed BWTS, and the optimal strategy in Scenario 2

becomes Strategy 2.1, while the optimal strategy in Scenario 3

becomes Strategy 3.1 (Table 8).

The results based on China’s cost data also exhibit excellent

robustness, even in the face of price changes. Therefore, they can

serve as a reliable guide for decision-making.
3.3 Single ship compliance cost strategy

To account for the temporal variability of the cost data used in

the analysis, the study have calculated not only the mean

compliance costs but also the upper and lower limits to represent

the extreme values under cost fluctuations. This provides decision-

makers with a range of potential costs and allows them to assess the

robustness of their compliance strategies under different cost
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scenarios. These sensitivity analyses are critical for ensuring the

effectiveness and sustainability of BWTS compliance policies in the

long term.

3.3.1 Evaluation based on US data
The analysis of compliance costs reveals that the average unit

cost of ballast water treatment per vessel increases as regulations

become stricter, with Strategy 1.1 having the lowest cost and

Strategy 3.2 having the highest cost (Table 9). However, there is

significant variability in the unit cost of ballast water treatment per

vessel, ranging from as low as 0.24 USD to almost 13,000 USD per

ton of ballast water treated. This variation is due to the inclusion of

smaller vessels, such as passenger and coastal vessels, which

discharge smaller volumes of ballast water annually (with the

smallest volume being only 4.90 MT).

To capture the variability in ballast water discharge volumes

and probabilities among different vessel types, the study calculated
TABLE 8 Annual compliance cost of the world fleet based on China data ($100 million).

China data Strategy Lower
bound Average Higher

bound
Lowest bound with the lowest

IMO-BWTS capital cost
Highest bound with the highest

IMO-BWTS capital cost

1. Consistent IMO
regulations

Strategy1.1 3.95 11.89 19.84 2.87 27.96

Strategy1.2 139.27 141.46 144.96 139.27 145.02

2. Inconsistent
regulations:

The CN adopts
stricter standards

Strategy2.1 5.46 16.45 27.43 4.75 32.73

Strategy2.2
(1)

102.13 109.50 117.97 102.13 118.01

Strategy2.2
(2)

130.39 137.19 145.10 130.39 145.14

Strategy2.3 144.57 157.01 166.45 154.57 166.50

Strategy2.4 15.31 23.61 35.11 14.23 40.22

3. Consistent
stricter regulations

Strategy3.1 7.90 23.79 39.67 7.90 39.67

Strategy3.2 139.99 143.66 148.69 139.99 148.69
the optimal strategy scenarios are shown in bold.
TABLE 7 Annual compliance cost of the world fleet based on US data (US$100 million).

US data Strategy Lower
bound Average Higher

bound
Lowest bound with the lowest

IMO-BWTS capital cost
Highest bound with the highest

IMO-BWTS capital cost

1. Consistent IMO
regulations

Strategy1.1 19.11 28.02 36.93 14.86 50.03

Strategy1.2 138.85 140.46 142.14 138.84 142.16

2. Inconsistent
regulations:

The CN adopts
stricter standards

Strategy2.1 98.53 150.03 206.02 95.25 214.57

Strategy2.2
(1)

185.03 232.09 283.11 185.02 283.13

Strategy2.2
(2)

212.33 258.93 309.54 212.33 309.56

Strategy2.3 149.51 155.86 163.26 149.50 163.28

Strategy2.4 30.91 40.07 49.21 25.89 62.31

3. Consistent
stricter regulations

Strategy3.1 246.00 377.71 520.74 246.00 520.74

Strategy3.2 142.39 145.41 148.39 142.39 148.39
the optimal strategy scenarios are shown in bold.
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the upper and lower limits of the unit cost of ballast water treatment

per vessel (Supplementary TableS1). The results indicate that

among ships of the same size, the annual discharged amount of

ballast water per ship is the lowest for passenger ships, while the

annual compliance cost per ship is the highest. This suggests that

while passenger ships may have a smaller environmental impact in

terms of ballast water discharge, they may also face higher

regulatory costs compared to other types of ships. On the other

hand, bulk carriers have the largest annual ballast water discharge

volume per vessel, and the economies of scale allow for a lower

compliance cost, making it more advantageous for potentially

stricter policies. These findings provide valuable information for

decision-making regarding the implementation of BWTS

regulations and the management of ballast water in different types

of vessels.

Notably, Strategy 3.2 has a lower maximum compliance cost

than Strategy 1.1, with a cost of only 1204.83 USD/MT (Table 9).

This is because the port-based strategy allows shipowners to share

the regulatory pressure on ballast water discharges, and the

compliance cost of a single vessel primarily depends on its ballast

water discharge volume. In contrast, Strategy 1.1 requires installing

BWTS on each vessel, and the capital, operation, and ballast water

treatment costs of the BWTS are borne by the vessel itself. For

vessels with low discharge volume, the capital cost of BWTS per MT

is extremely high, resulting in a high compliance cost for each

vessel. However, Strategy 3.2 installs BWTS on barges in ports, and

the costs of BWTS are calculated based on the needs of each port

and then shared among all vessels in operation. In this way, the

compliance cost borne by each vessel is proportional to its annual

ballast water discharge volume.

To address the issue of high compliance costs for vessels with

low discharge volumes, the study removed vessels with low

discharge volumes in a proportion of 1%-30% and recalculated

the compliance costs for each policy scenario by separately counting

vessels above each discharge threshold (Table 10; Figure 1A). The
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results showed that as the discharge threshold increased, the

compliance cost per vessel gradually decreased for all three

strategies, indicating that installing BWTS is more cost-effective

for vessels with larger ballast water discharge volumes. For vessels

with a discharge threshold below 500 MT, the cost-effectiveness was

low, and there was an obvious inflection point in the compliance

cost per vessel for both Strategy 1.1 and Strategy 2.4. Therefore,

from the perspective of shipowners’ interests, such vessels may not

be suitable for installing BWTS (as used in this study), and

alternative methods, such as the use of pure water, can be

considered (Wang and Corbett, 2020).

3.3.2 Evaluation based on China data
The study findings suggest that the stricter installation

standards of BWTS on ships, as implemented in Strategy 2.1 and

Strategy 3.1, have a significant economic advantage over port-based

strategies. This strategy may be effective and applicable in terms of

economic and technological aspects for specific ports, as evidenced

by the study conducted by King and Hagan, 2013. This is due to the

lower capital and operational costs of the BWTS produced in China

compared to those in the United States and the high cost of the full

set of barges announced by California (Glosten, 2018).

Table 9 shows that the difference in the unit compliance cost per

vessel between the strategies based on US data, Strategy 1.1 and

Strategy 2.4, and the strategies based on Chinese data, Strategy 1.1

and Strategy 2.1, is minimal. This indicates that it is economically

feasible for shipowners to implement stricter regulations in China’s

three leading regions.

Figure 1B demonstrates that strategies based on ship-based

installation of BWTS are more advantageous for high-emitting

vessels, as they benefit from economies of scale, resulting in low

unit compliance costs per deadweight ton. The inflection point at

the same location again indicates that vessels with an annual ballast

water discharge of less than 500 MT are not suitable for strategies

based on ships.
TABLE 10 Annual ballast water low discharge thresholds for different proportions.

Discharge thresholds 4000 3000 2500 1800 1000 500 180 80

Number of ships removed 12586 10135 8609 6466 4133 2204 1013 429

Ratio 30% 25% 20% 15% 10% 5% 2.5% 1%
TABLE 9 The unit compliance cost of a single ship under the optimal cost strategy.

Source Optimal strategy
Unit compliance cost($/MT)

Min Max Average

US data

Strategy1.1 0.24 12750.11 49.6

Strategy2.4 0.24 12750.11 53.42

Strategy3.2 1.17 1204.83 72.81

China data

Strategy1.1 0.21 4716.45 18.47

Strategy2.1 0.21 4716.45 20.12

Strategy3.1 0.42 9432.9 36.93
fr
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3.4 Forecast of BWTS price change

While the BWTS cost used in this study may differ from the

BWTS price exported by Chinese Customs, future changes in the

latter can reflect the changes in BWTS cost data to some extent

(Figure 2). The results indicate that the fourth-order polynomial

regression curve fits better, with a smaller residual of 0.00058 for the

least squares fitting, compared to the corresponding residual of

0.001 for the third-order fitting. The predicted results suggest that

the future export price of BWTS produced in China will show a

slow growth trend, indicating the stability of BWTS cost data.

Therefore, the evaluation results of this study are robust and still

provide good reference value in the coming years.
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4 Discussion

Compliance costs are contingent upon the digital standards and

data sources needed. Calculations based on China data indicate that

implementing ship-based compliance technologies is more cost-

effective than centralized compliance using barges in the three

major port clusters. Thus, regardless of which standard is used, it

is recommended to install ship borne BWTS in Chinese ports.

Similarly, calculations based on US data indicate that ship-based

compliance technologies are cheaper than centralized compliance

using barges if consistent IMO standards are globally adopted.

However, if stricter standards are implemented regionally or

globally, or if the cost of BWTS increases significantly,
A B

DC

FIGURE 2

Estimated changes in export costs per unit BWTS. (A–D) represent the regression curves at different orders and the predicted price of unit BWTS.
A B

FIGURE 1

Changes in compliance costs of optimal strategies under different discharge thresholds. (A) Based on US data, (B) Based on China data.
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compliance costs for barge-based systems may be lower than

retrofitting the entire global fleet, as supported by Wang and

Corbett, (2020). As China transitions from IMO regulations to

more stringent ones, the annual increase in compliance costs varies

from $456 million (based on Chinese data) to $1.205 billion (based

on US data).

As for individual ships, the cost of unit ballast water discharge is

closely related to the digital standards required by regulations. In

simple terms, the higher the anti-pollution level, the higher the cost

of ballast water treatment that shipowners or operators need to

bear. If certain regions (such as China’s three major port clusters)

adopt stricter standards, the average cost of ballast water treatment

per ton only increases by $1.65 (an increase of 8.9%, based on

Chinese data) or $3.82 (an increase of 7.7%, based on US data)

relative to the relatively weak IMO standard adopted globally. From

the perspective of shipowners’ interests, if the management of

specific regions considers the pressure of anti-pollution safety and

adopts stricter ballast water management, the increase in operating

costs per ship is relatively small. This indicates that the transition

from global standard IMO regulations to stricter anti-pollution

policies is feasible, and this finding also applies to regions other than

Chinese ports.

The result shows that regardless of the policy scenario or the

way BWTS is installed, the compliance costs per ship will gradually

decrease as the annual ballast water discharge volume increases.

Different types of ships have significant differences in the average

annual ballast water discharge volume. Ships with larger discharge

volumes (such as bulk carriers) have higher cost-effectiveness in

compliance costs and are more likely to ease economic pressure due

to economies of scale when facing new management policies. Ships

with low discharge volumes (such as passenger ships) have higher

operating costs and may not be cost-effective to use BWTS to treat

ballast water. Here, it is recommended that ships with an average

annual ballast water discharge volume of less than 500MT rely on

current BWTS equipment for disinfection treatment and can

choose other ballast materials such as pure water to replace.

Effective management of specific ship types is important,

although this paper did not consider the differences in

disinfection effects of different types of BWTS on different ship

types. It is recommended that different ship types can adjust their

own choices according to actual financial, legal and operational

conditions when choosing BWTS, and shipowners and operators

can choose the most suitable BWTS for their ships based on

indicative factors such as tonnage and age (Satir, 2014).

The stability of BWTS cost data is a key factor in determining the

best compliance strategy for the shipping industry. According to our

forecast, the export price of BWTS in China may continue to rise in

the future, which may affect the cost-effectiveness of compliance

strategies. Considering future uncertainties, incorporating the latest

information on shipping trends, technological advances, and
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potential changes in regulations or trade patterns into cost-benefit

analysis can more accurately understand current and future

challenges in ballast water management. According to an estimate,

China’s ballast water discharge volume is slowly increasing (Zhang

et al., 2017). This paper recommends that decision-makers need to

establish a ballast water management information platform to ensure

mandatory reporting of ballast water discharge and unified detection

and monitoring methods for ballast water. Cost-benefit analysis

should be used to formulate ballast water management regulations

and monitor harmful aquatic organisms and pathogens in ballast

water (Rey et al., 2018). It is also necessary to encourage the

development of more effective, efficient and environmentally

friendly new technologies for BWTS to ensure the safety of ships

and crew members and minimize compliance costs.
5 Conclusion

The findings of this study have important implications for

Chinese policymakers and other countries with similar ecological

conditions. Adopting stricter regulations can significantly reduce

the risk of biological invasions and associated economic losses, but

it is also crucial to balance the environmental benefits and economic

costs of implementing BWTS policies. The study emphasizes the

importance of evaluating and updating the cost-benefit analysis

regularly to provide more comprehensive policy guidance.

However, the study still has several limitations: 1. Lack of

explicit data recording or sources: The interpretation of results is

subject to limitations and potential biases due to the absence of clear

data records or sources. 2. Limited consideration of environmental

risks: The primary focus of this study is on compliance costs related

to ballast water management policies, but it may not fully address all

potential environmental risks associated with invasive species nor

adequately quantify the mitigation effects of different ballast water

treatment strategies on coastal ecosystems. 3.Insufficient assessment

of influencing factors: While the study mentions the importance of

evaluating potential factors such as fuel consumption, emissions,

and maintenance costs, including BWTS technology improvements,

it does not delve into how these factors impact the overall cost-

effectiveness and feasibil ity of different ballast water

management policies.

Future studies should pay attention to the changes in BWTS

cost data, especially from different sources, to improve the accuracy

and reliability of the evaluation results. Furthermore, the study

highlights the potential long-term economic and environmental

benefits of adopting more efficient and sustainable BWTS

technologies, such as reduced fuel consumption, emissions, and

maintenance costs. As such, there is a need for continued research

into the impact of such factors on the cost-effectiveness of

compliance strategies.
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