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The greener port has become an important goal for the maritime industry. This paper developed an economic model to discuss how the investment effectiveness and two commonly used governmental policies (regulation and subsidy policies) affect port’s output, green investment, and governmental policy choices. Findings show that compared to no policy, both policies promote green investment, but their impacts on output are opposite: regulation restrains output, while subsidies boost it. Subsidies, as a proactive tool, reduce ports’ green investment costs, driving both investment and output—especially in initial stages with high subsidy rates (0.3-0.5) covering over 50% of costs. Regulation, more passive, forces ports to increase investment but limit production, particularly when investment efficiency is low. Investment effectiveness shapes policy selection: subsidies work better at low or high efficiency, while regulation is preferable at medium efficiency. Both policies outperform no intervention in improving social welfare. These insights inform policy design for sustainable port development.
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1 Introduction


The urgency to accelerate decarbonization in the maritime sector corresponds with the International Maritime Organization’s (IMO) updated 2023 strategy, which mandates strengthened emission reduction targets: minimum 20% by 2030 and 70-80% by 2040 relative to 2008 baseline levels (IMO, 2023). Current data reveals maritime transportation contributes 3.1% of global CO2 emissions (UTCAD, 2023), with container vessels disproportionately responsible for 23% of sectoral emissions despite comprising merely 11% of the global fleet. Notably, China’s pivotal role in container logistics is evidenced by its ports processing 38.7% of worldwide container throughput (over 310 million TEUs) in 2023 (China Ports & Harbors Association, 2024). This challenge is further intensified by the sector’s capital intensity, requiring over $1.5 trillion investment for energy transition through 2050 (Global Maritime Forum, 2023), particularly for modernizing port infrastructure.


While green technology adoption remains a conventional corporate approach for CO2 mitigation, port-related environmental investments face dual financial constraints: elevated costs in both eco-technological innovation and low-carbon infrastructure development. These economic barriers substantially dampen operator motivation to engage in sustainable port initiatives. Therefore, developing effective strategies to incentivize green investments while implementing emissions control mechanisms constitutes a critical priority for transportation policymakers. Governments have developed multi-tiered policy interventions combining regulatory mandates with market incentives to address port-related emissions. For example, the Port of Los Angeles in the United States established a port emission inventory in the early 21st century and developed a real-time database for monitoring ship emissions. Local governments have implemented various regulatory measures such as emission taxes and incentives for green technologies. As a result, the Port of Los Angeles achieved a 98% reduction in sulfur oxide emissions while experiencing a 26% increase in container throughput from 2005 to 2018. Similarly, the Port of Rotterdam, located in Europe, has designated fixed areas around the port and developed an air quality assessment model to monitor emissions from ships and trucks, thereby achieving energy efficiency and emission reduction. In China, regulations and policies such as the “Law on Prevention and Control of Air Pollution” and the “Yangtze River Protection Law” have been formulated to address emission issues in the maritime transportation system. Local governments are responsible for enforcing these regulations and are encouraged to implement effective measures, including penalties, to reduce ship emissions. Furthermore, the Ministry of Transport has introduced the “Management Measures for Shore Power in Ports and Ships,” which stipulates that ships berthed in ports should use shore power. Ports and shipping companies that refuse to comply may face administrative fines imposed by local governments. Ports and shipping companies are also expected to supervise each other to promote energy-saving and emission reduction in the maritime transportation system. The implementation of emission taxes and penalties mentioned above are regulatory measures aimed at controlling carbon emissions. By assigning corresponding environmental costs to emissions, ports are compelled to make efforts to reduce their emissions.


Beyond establishing carbon emission thresholds, governments globally have deployed strategic subsidy programs to accelerate renewable energy adoption. Recent analyses indicate that 78% of OECD nations now integrate renewable subsidies with carbon pricing mechanisms (Organisation for Economic Co-operation and Development (OECD), 2023). There are a number of companies that have gotten significant help from the government in the form of subsidies (Sendstad et al., 2022). Prominent corporations exemplify this trend: Tesla secured over $15 billion in cumulative U.S. federal and state incentives through 2023, including revamped EV tax credits under the Inflation Reduction Act, while receiving 8.2 billion CNY in Chinese manufacturing subsidies between 2019-2022. The Dutch government has approved approximately $2.4 billion in subsidies for the world’s largest Carbon Capture and Storage (CCS) project, which will be located in the port of Rotterdam. It is anticipated that this project will reduce carbon emissions from the industrial cluster located around Europe’s largest seaport by approximately 10% (Janipour et al., 2021).


Based on the aforementioned government policy cases, we categorize them into subsidy policies and regulatory policies. Most of the existing literature focuses on the impact of a single policy on the greening of ports. However, our study comprehensively considers the important role played by both subsidy and regulatory policies in the port industry and conducts a holistic analysis and comparison. This enriches the literature on green investments in ports. The following are the main research questions: (i) Should the government introduce policies to promote the development of green ports? If so, which is better for social welfare: subsidies or regulations? (ii) How do these policies affect port production and green investment planning compared to the benchmark? (iii) How does the optimal policy change with the improvement of green investment efficiency?


In summary, our research aims to examine the impact of regulatory policies and subsidy policies on port production and green investment planning, and determine the optimal policy considering social welfare. To address these issues specifically, we develop a systematic model to explore investment and output decisions by port operators without government intervention, which serves as a benchmark for comparing the results of government regulations or subsidy policies. The main contributions of this study can be summarized as follows: First, it deals with both port production and green investment planning in an integrated model, as an increase in port throughput will simultaneously increase economic contribution and greenhouse gas emissions. In addition to investment costs, the environmental cost of port emissions is proposed as a standard for government regulation. The daily emissions of the port are directly proportional to its output, and the port needs to bear the corresponding environmental cost for its emissions. When it undertakes green investments, it will reduce the expenditure on this portion of the cost. Furthermore, based on the initial emission level of the port, the environmental cost is divided into high-emission and low-emission parts. The model also considers the effectiveness of green investments. The impact of green investment effectiveness on port decision-making is investigated, and the selection of government policies under different levels of effectiveness is determined.


The rest of this paper is organized as follows. Section 2 reviews the relevant literature, and Section 3 establishes the model and elaborate the game stage. The benchmark case without government policy, and the outcomes under subsidization and regulation are derived and compared in Section 4. In Section 5, numerical simulation is conducted to examine the impacts of several key parameters on port profits. Finally, Section 6 concludes the paper and suggests several future research directions. For clarify, all detailed proofs of the analytical results in this paper are provided in the 
Appendix 1
.






2 Literature review


Our work is related to three main research streams of literature: port investment strategy, the greening of port management and government’s policy on the green development of ocean transportation. For recent studies about the port investment strategy, some discuss the investment on port capacity, see (Xu et al., 2025a; Lu et al., 2025; Balliauw et al., 2020; Gong et al., 2020; Xie et al., 2021; Xu et al., 2021). Some investigate the port investment in disaster prevention or adaptation (Xia et al., 2024; Xia and Lindsey, 2021; Zheng et al., 2021). Others focus on the green investment in port (Xu et al., 2025b; Schodler and Saraceni, 2024; Mahmud et al., 2024; Finlayson et al., 2022; Song et al., 2022);, which is can also be included in the second stream of literature.


The second stream of the literature mainly concentrates on the greening of port management. Port authorities around the world are greening their port management to safeguard their operating licenses and enhance their economic and environmental competitiveness (Notteboom and Lam, 2018). In past two decades, many scholars have shed light on the green strategies of port activities, which includes reducing energy use, using cleaner electric (electric or LNG) vehicles for port activities, and developing renewable energy sources at the port (Xu et al., 2025c; Acciaro et al., 2014; Chen et al., 2013; Winnes et al., 2015). The plans for waste management and recycling, including sewage, spills, and ballast water, reducing noise, vibration, and dust from handling activities (Lam and Notteboom, 2014) and ecosystem protection relating to the marine habitat, wetland, and coastal erosion were also taken into consideration (Chen and Pak, 2017). Further, Port and shipping companies are also focusing on the application of investment in emission reduction technologies. This includes the use of low-carbon equipment and investment in updated green technologies (Abbas, 2019; Metzger and SChinas, 2019; Ren et al., 2019), considering emissions from a port equipment perspective (Geerlings and van Duin, 2011; Yang and Lin, 2013). Some ports invest in shore power systems for ships (Li et al., 2020; Radwan et al., 2019; Tan et al., 2023), while others focus on the use of hydrogen energy in port shipping (Kizielewicz, 2022). Ballini and Bozzo (2015) proposed that shore power technology can reduce shipping carbon emissions and improve the port city environment Sciberras et al. (2015) found that using shore power technology can significantly reduce emissions when ships are docked. (Kotrikla et al., 2017). found that shore power infrastructure can promote the sustainable development of ports and mitigate negative impacts on the urban environment. Expert scholars have found that investing in port infrastructure to increase ship berthing capacity has positive impacts on reducing transportation costs and CO2 emissions. Liu et al. (2021) focused on port-led supply chain and analyzed the interest relationships between different members in three investment scenarios. They then analyzed the changes in social welfare under different investment strategies. Sogut and Erdoğan (2022) developed a conceptual framework related to the green concept to support environmental sustainability. Lai et al. (2019) proposed that port and shipping companies face complex decision-making and multiple stakeholder involvement in sustainable development, influenced by economic, social, and environmental responsibilities. Technological, organizational, market, policy support, and socio-economic aspects also pose challenges. To comply with strict emission control regulations, port and shipping companies should invest in the sustainability of the environment, improve the sustainability of the port supply chain, and enhance the sustainability of the investment environment in the face of market uncertainty (Randrianarisoa and Gillen, 2022) In this paper, we have taken a unique approach in exploring the greening of port management by focusing on the strategy of green investment and output, rather than specific implementation methods discussed in previous literature. Our goal is to effectively reduce the environmental cost in port daily operation. This fresh perspective offers a new dimension to the existing body of knowledge on port management and sustainability.


Studies on the government’s policies on green development of ocean transportation can be further divided into two categories: the emission regulations in ocean shipping (Liu et al., 2014; Tang et al., 2018; Tseng and Pilcher, 2019; Wang et al., 2007), the policies and regulations of green ports (Ayotamuno and Gobo, 2004; Birch and Taylor, 2002; Stojanovic et al., 2006; Zheng et al., 2017). Here, we focus on the latter. In the context of policies and regulations on green ports development, Farrell (1986) has proposed the concept of the subsidization of seaports at an early stage. In recent studies, some scholars have paid attention to the impact of policy instruments on port emission reduction, but most focus on the effect analysis of a single policy. For example, Li et al. (2020) Study the two-echelon maritime supply chain composed of ports and shipping companies under the government’s green subsidy and explore the subsidy mechanism and its impact. Considering the influence of government subsidies, a multi-period dual-objective port shore power deployment optimization model is constructed by Lu and Huang (2021), which is aiming at minimizing operating costs and minimizing CO2 emissions. Wang and Jiao (2022) developed a game model to study the shipping companies’ choice of low sulfur fuel oil with government subsidy, and the possible impact has been explored. Except for the subsidization, the regulations on port emission have been discussed widely. Zhu and Wang (2021) evaluated wind pattern and pollutant retention time, the actual effect and spatial distribution of fuel content control in four ports based on the control implementation. In existing studies, some scholars have paid attention to the impact of policy instruments on port emission reduction, but most focus on the effect analysis of a single policy. Park et al. (2018) constructed an analytical model of government emission standards, compared the emission reduction responses of port operators under multilateral, unilateral and single-country regulatory scenarios, and found that multilateral regulation is more likely to achieve global emission reduction goals, but did not involve a comparison with subsidy policies. Zhu and Wang (2021) evaluated the actual effects of fuel content regulations in four major ports and found that policy stringency and spatial distribution have a significant impact on emission reduction effectiveness, but did not explore the synergistic effect of economic incentive instruments such as subsidies.


To sum up, the existing literature has adequately analyzed the mechanism of a single policy, but there is a lack of a systematic comparison of the “incentive-constraint” effects of subsidy and regulatory policies in port green investment, especially the failure to combine dynamic evaluation of investment effectiveness to determine the optimal policy choice. This study addresses this gap by integrating the two policy instruments and constructing a dynamic analysis framework to fill the gap in existing research. By incorporating both subsidization and regulation into our analysis, we can gain a comprehensive understanding of their effects on the green development of seaports. We compare the outcomes under these two different government policies with a scenario in which no government intervention is present. This allows us to identify the optimal policy in light of varying levels of investment effectiveness. Furthermore, we derive insights into the investment and output decisions made by seaports under different policy scenarios.






3 Modeling preliminaries


In this part, we establish an analytic model to evaluate port operators’ decisions to adopt green investments in response to two government policies, namely subsidization and regulation. The decision-making without government interference is used as a benchmark to evaluate the impact of government regulation and subsidies.


In multi-port areas, most ports have cross hinterland, and these ports provide homogeneous services. Therefore, we consider that there are 
n

 identical ports in the same region, whose demand function has the same form as Equation 1:
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As one of the most significant sources of carbon emissions, the daily operation of maritime ports must bear the associated environmental cost. The environmental cost of port emissions is the damage to the environment caused by the emissions in the daily production operations of ports. Using shore power when ships are docked is one of the most effective ways to reduce air pollutant emissions. However, the installation and utilization of onshore power varies from terminal to terminal (Peng et al., 2021; Radwan et al., 2019). In addition, the daily operation efficiency of each port is different, and the green concept of the cooperative terminal operators is different, which will lead to the classification of ports into low-emission zones that have implemented certain emission reduction technologies and high-emission zones that maintain the original emission levels. Therefore, the environmental cost of emissions to be borne by port 
i

 is defined as Equation 2:
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, which means green investment in ports can only reduce the environmental costs, but it won’t have any other spill-over effects. Thus, the expected profit of port 
i

 has the following form:
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 is the green investment of each port 
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 having a convex form (Hong and Guo, 2019). Further, the social welfare is considered as the sum of port users’ surplus and the total ports’ profits, which is:
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Specifically, when the policy makers choose to regulate port carbon emissions, they will set the minimum requirement, the government regulates the expected environmental cost must be less than a target 
R

. We employ superscript 
R

 to denote the regulation model. The constraint can be specified as Equation 5:
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When subsidization is adopted, port will receive subsidy 
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We model the policy decision and port’s action with a multistage game and depict in the 
Figure 1
.


[image: Flowchart illustrating a three-stage process. Stage one depicts a city icon with arrows leading to two options: “Subsidization S” and “Regulation R”. Both options direct arrows to multiple shipping port icons labeled “Port 1”, “Port 2”, up to “Port i”. This represents decision-making processes affecting different ports. Stage labels are at the bottom.]
Figure 1 | 
Multistage game.




The government will choose between the two policies in the first stage. Once the subsidy 


s
∗



 or the regulation 


R
∗



 is determined, ports will decide their green investments in stage 2 under either the subsidization or the regulation policy and decide the optimal outputs in stage 3.






4 Market equilibriums


To clarify all the notation used in the paper, we describe the terms in advance in 
Table 1
.



Table 1 | 
Terms description.
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4.1 Benchmark


The equilibrium outcomes of port’s output and green investment in benchmark model are derived and summarized in 
Table 2
. (The detailed process is presented in the Appendix 1 by using backward induction).



Table 2 | 
Optimal port production and green investment decision without government intervention.
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After observing the equilibrium outcomes, we have the following lemma.



Lemma 1. Optimal green investment and output decisions of each port depend on the investment effectiveness 
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.


Lemma 1 demonstrates that port investment and output decisions have a step-like structure in response to a change in investment effectiveness. To better comprehend lemma 1, we assumed the values of a few factors, and 
Figures 2a, b
 depicts the ideal port’s investment and production. When 
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, which demonstrates that increasing investment effectiveness will reduce investment while increasing output. This is due to the fact that when the emission reductions from green investment can only cover the environmental cost of the low-emission portion, the cost of the investment exceeds its contribution. When 
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, the port will not pursue additional green investment because it is meaningless to the contribution of green investment.
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Figure 2 | 
The port’s optimal output and green investment in benchmark model.




In addition, we find that the port’s investment and output will drop with the growth in the number of rivals in the same region and will increase with the market size, which can be obtained from 
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. A less concentrated market, on the other hand, may encourage a greater overall investment and output, both of which fits in with the Cournot model. According to the Cournot model, as the number of competitive enterprises increases, output of each individual participant will decrease. However, the output of the whole market will be improved simultaneously. Additionally, the size of the market drives up production and green investment at each port.






4.2 Regulation and subsidization


When the government chooses a policy between regulation and subsidization, the policy becomes the premise upon which ports determine the optimal green investment and output. The equilibrium outcomes of the regulation and subsidy are presented in 
Tables 2
, 
3
, and the calculation procedure is detailed in Appendix 1.



Table 3 | 
Optimal port production and green investment decisions under government’s regulation.
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4.2.1 Regulation policy



Lemma 2. Optimal green investment and output decisions under government’s regulation of each port depend on the investment effectiveness 
r

 and the minimum regulation 
R

.


Lemma 2 and 
Table 3
 demonstrate that, based on the regulation model, ports’ decisions about their green investments and outputs have been split into two portions (when 
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) due to an increase in the effectiveness of the investments. We discover that ports always have the intention of increasing their green investments while simultaneously decreasing their outputs, which can be deduced from 
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.This is due to the fact that as the effectiveness of investments increases, green investments will provide a greater contribution to the reduction of the environmental cost, while ports will be required to bear a lower total cost of investments. Moreover, the government has a carbon emission regulation that is less strict in the first part of the region (
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) and a regulation that is more severe in the second portion of the region (
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). Because of the more restrictive standards imposed by the government, ports are being required to cover the environmental cost of both low and high emission parts to the greatest extent possible, which has caused a jump at 
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To compare the benchmark model with the regulatory model, we have made some simple numerical assumptions and depicted the results in 
Figures 3a, b
. It is obvious that after the government makes the decision to set the maximum expected environmental cost, ports will be willing to produce more while investing less(


I
i
R

<

I
i
B



 and 


q
i
R

>

q
i
B



).This may be because increasing investment will hurt ports profits; increasing production and reducing investment will also hurt ports profits if they are operating within regulatory boundaries; however, increasing green investment has a greater potential for loss, which is why ports would rather increase production than expand green investment. This kind of situation will be improved as investment effectiveness increases.


[image: Two graphs labeled (a) and (b) display different functions of \( q_i \), \( l_i \), and \( r \). In graph (a), lines \( q_i^R \) and \( q_i^B \) are graphed with red and blue lines, respectively. In graph (b), \( l_i^B \) and \( l_i^R \) are plotted, showing different slopes. Both graphs include vertical dashed lines at points \( \zeta_4 \), \( \zeta_1 \), \( \zeta_2 \), and \( \zeta_3 \), indicating key intervals.]
Figure 3 | 
The port’s optimal output and green investment in regulation model.








4.2.2 Subsidization policy


After observing the equilibrium outcomes, we have the following lemma.



Lemma 3. Optimal green investment and output decisions under government’s subsidization of each port depend on the investment effectiveness 
r

 and the subsidy 
s

.


Lemma 3 and 
Table 4
 demonstrate that, according to the subsidization model, the port’s investments and outputs similarly exhibit a step structure with rising effectiveness. In addition, it states that the subsidy is always necessary for ports and that it aims to reach as much as feasible in order to fully cover the green investments made by ports because 
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∂
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>
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. It is found that 
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 and 


q
i
B

<
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i
S



, as demonstrated by the outcomes depicted in 
Figures 4a, b
.



Table 4 | 
Optimal port production and green investment decision under government’s subsidization.
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[image: Two graphs labeled (a) and (b) compare functions of a variable r. Graph (a) shows two lines labeled \(q_i^S\) and \(q_i^B\) intersecting vertically at points \(\zeta_1\) to \(\zeta_7\). Graph (b) features lines labeled \(l_i^S\) and \(l_i^B\) forming a peak between \(\zeta_5\) and \(\zeta_3\). Orange and black dashed vertical lines highlight specific \(\zeta\) points on both graphs.]
Figure 4 | 
The port’s optimal output and green investment in subsidization model.




Comparing the subsidization model to the benchmark reveals that, unlike the regulatory model, government subsidies simultaneously stimulate green port investment and outputs. Therefore, the subsidization policy is a more active strategy to controlling carbon emissions by limiting investment, whereas the regulating policy is a more passive approach for ports.






4.2.3 The optimal policy


In order to find out the government’s optimal options in the three models, namely benchmark, regulation and subsidization, we compare the expected social welfare and have the results depicted as follows in 
Figure 5
.


[image: A chart representing policy options along a horizontal axis labeled with increasing numbers from zero to four. Vertical dashed lines at positions one, two, three, and four represent thresholds labeled with symbols ζ4 to ζ7. The chart alternates between “subsidy” and “subsidy or regulation” at different intervals between these thresholds with SW noted at the top. The lines are color-coded blue, black, and red.]
Figure 5 | 
The optimal government policy.




Without government policy, port green investments will contribute less to social welfare than they would with policy assistance. The policies stimulate green investment and output to some extent. Even if the government provides subsidies, ports will not increase their outputs to cover the additional environmental costs while the effectiveness of investment is at a relatively low level, that is, 

r
∈
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0
,

ζ
4


)



. During this time, ports will invest in green technology; but, they will not increase their outputs to bear a greater share of the environmental costs. From 
Figure 5
, it can be found that of the two kinds of government policy, subsidy policy still holds the dominant position.


When 
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∈
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)



,the total environmental benefit rises, and the subsidy program not only supports port investment but also boosts port output. And in 

r
∈
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)



,when the investment is efficient enough, the port has a strong motivation to fully cover the environmental cost from both high emission and low emission parts, thereby making the minimum regulation unnecessary. Consequently, the subsidies contribute to the enhancement of social welfare.


However, when 
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∈
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U
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)



,due to the existence of the minimum regulation on the environmental cost, the port will raise its investment in green technology, but the green benefit will still be less than its cost. In this way, large-scale output will harm the port’s profitability, thus the port’s output will be lowered. In this case, minimum regulations may be preferable than subsidies. At this point, for port green development, although regulation leads to a decline in port output, the cost savings brought about by increased green investment partially offset the profit loss. Especially when investment effectiveness is at a medium level, the marginal emission reduction cost is lower than the fiscal expenditure on subsidies. Under regulation, the reduction in output lowers consumer surplus, but the improvement in environmental benefits makes up for this loss, resulting in an overall increase in social welfare. In contrast, although subsidy policies boost consumer surplus, high subsidy costs may crowd out public welfare expenditures, leading to a net loss of social welfare in the interval of medium investment effectiveness. In addition, it is indicated that if there are more rivals or a larger market, the players will be less interested in growing their investment; hence, regulation will be more beneficial in such a circumstance.








5 Numerical studies


In Section 4, we explore the impact of investment effectiveness 
r

 on port optimal green investment and output decisions under government’s policies. However, it’s still missing the exploration of the impact of several key parameters on the ports’ profits. Therefore, in this section, we conduct the numerical studies to examine the impacts of effectiveness parameter 
r

, the proportion of high-emission part in the port 

θ
 


 and the substitutability of port services 
b

.We set the following parameter values as: 

a
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3
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3
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k
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1
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t
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1


,which can be verified that these values satisfy all the positive assumptions in our model. First, we discuss the ports’ profits with different levels of 
r

. In this case, we let 

b
=
0.5
,
 
 
θ
=
0.5


 and depict the results in 
Figure 6
.


[image: A graph with three lines representing different datasets. The horizontal axis is labeled “r” and the vertical axis is labeled “π”. The brown line (S) increases in steps, the blue line (B) rises gradually, and the red line (R) starts lower and curves upward, intersecting with the blue line around r equals three.]
Figure 6 | 
The effect of 
r

 on ports’ profits under three models.






Figure 6
 illustrates that in all three options, the revenues generated by the ports will go up by 
r

. It can be obtained that, from the perspective of port operators, once the government decides to subsidize their green investment, they can achieve the highest profits. However, it can be found that the regulation policy would hurt ports’ profits to some extent. Only when the investment effectiveness is at a high level, the regulation of government won’t be annoying for port operators.


Taking the application of shore power at Shanghai Port as an example, the Shanghai Municipal Transportation Commission began to promote the construction of shore power facilities at the port in 2014 and formulated relevant policies and standards. In 2015, the first batch of shore power facilities at Shanghai Port were put into use, and some ships started to use shore power for power supply. In 2017, Shanghai explicitly required ships of specific types and sizes to install shore power interfaces and use shore power for power supply. In the initial stage of shore power implementation, the utilization rate of shore power was relatively low due to factors such as the need for shore power infrastructure construction and ship adaptability. The construction and maintenance of shore power facilities usually require a certain amount of investment, which also has an impact on the financial status of the port. It was not until 2019 that the Shanghai Municipal Government introduced a subsidy policy, providing subsidies and incentive measures for ships that meet specific conditions to use shore power. The implementation of this subsidy policy further encouraged ships to use shore power, thereby increasing the utilization rate of shore power. After the implementation of the subsidy policy in 2019, the utilization rate of shore power increased from 15% to 40%. According to the 2020 Environmental Report of the Shanghai Port Authority, the proportion of high-emission areas θ decreased from 0.6 to 0.3. Combined with model calculations, the effectiveness of green investment r at this time is approximately 1.2, which is between the theoretical thresholds ζ4 (about 1.0) and ζ5 (about 1.5). This is consistent with the model’s prediction that “regulatory policies are more optimal under moderate investment effectiveness” — the mandatory regulations on shore power use (regulatory policies) introduced by Shanghai Port during the same period reduced carbon emissions per unit throughput by 22%, which confirms the theoretical conclusion.


Next, we study the impacts of 
θ

. To distinguish the impact of 
r

,we divide it into low 

(
r
=
1
)


 and high values 

(
r
=
3
)


, and plot the outcomes in 
Figures 7a, b
.


[image: Two charts labeled (a) and (b) show graphs with lines representing \( B \) (blue), \( S \) (red), and \( R \) (brown) against \( \theta \) on horizontal axes. In chart (a), each line decreases steadily. In chart (b), lines continue to decrease, but the red line has a more pronounced curve, especially as \( \theta \) approaches one.]
Figure 7 | 
The effects of 
θ

 on ports’ profits under three models. (a) r=1 (b) r=3.




It can be obtained from 
Figure 7
 intuitively that ports’ profit will decrease with the increasing in the proportion of high-emission part of the ports. The subsidy policy always benefits the ports’ profits. When the investment effectiveness is at a low level, the government’s regulation policy will worsen the situation of ports. Further, when the high-emission part accounts for a smaller proportion, and the investment effectiveness is high, the ports situation can be improved, which is in line with Lemma 2. However, once the proportion of high-emission part become larger, it is better for ports’ profits without regulation policy. The same as 
θ

, the substitutability of port services 
b

 also has similar effect on ports’ profits (see 
Figure 8
). Interestingly, when competition between ports is intense, profits tend to be the same in all three models. Moreover, when substitutability between ports is not strong, higher investment effectiveness will be more conducive to port profits.


[image: Two graphs labeled (a) and (b) display curves representing B, S, and R plotted against b. In (a), curves are blue (B), brown (S), and red (R), with π on the vertical axis decreasing sharply as b increases from 0 to 1. Graph (b) mirrors this pattern with slight curve adjustments.]
Figure 8 | 
The effects of 
b

 on ports’ profits under three models.  (a) r=1 (b) r=3.




In recent years, Shanghai Port and Ningbo-Zhoushan Port, both ranking among the top five ports globally in terms of container throughput, have maintained a long-term competitive relationship. Both ports have been committed to the development and improvement of shore power facilities. Ningbo-Zhoushan Port began to promote the construction of shore power facilities in 2017 and implemented them within its port area. Shanghai Port, however, started earlier in advancing shore power facility construction and has a more comprehensive set of shore power facilities. Although both ports have received government support in promoting the development and utilization of shore power facilities, there is a key difference: Shanghai Port explicitly requires ships of certain types and sizes to install shore power interfaces and use shore power supply, while Ningbo-Zhoushan Port has no such regulations. As a result, the shore power utilization rate of Shanghai Port is higher, at approximately 30%, while that of Ningbo-Zhoushan Port is relatively lower, at around 10%. It can be calculated that due to the lack of mandatory regulations (θ=0.5, rθ=0.5, Ningbo-Zhoushan Port falls into the interval below ζ4. The model indicates that subsidy policies are more effective in this scenario, which is consistent with the actual situation of the port—its shore power utilization rate only reaches 10% (lower than that of Shanghai Port) even after relying on subsidies. This reveals the limitations of pure subsidies under low investment effectiveness. Therefore, in practical applications, although subsidies can attract green investment, regulatory policies are a better choice to ensure the sustainable development of green ports.






6 Conclusions


An economic model is developed in this paper to analyze the impact of government policies on green investment in ports. Two commonly used policies, regulatory policy and subsidy policy, are examined and compared. The environmental cost of port emissions is used as a measure of government regulation, which has not been utilized in previous studies. Based on this, the paper analyzes the effects of the two policies on port production and green investments, as well as the optimal choices for the government under different circumstances. Therefore, this paper presents the following theoretical implications and new managerial insights.


	
The analysis results show that compared with the situation without government policies, these two policies have the same impact on green investment, but their impacts on port output are opposite. From the perspective of regulation, low investment efficiency is not conducive to green investment in ports. To comply with government regulations, ports will increase investment and restrict production to meet the requirements. The differences in such impacts are particularly evident in the stages of policy implementation: in the initial stage (

r
<

ζ
4



), to avoid the inhibitory effect of regulation on output, the government will adopt loose regulation, accompanied by high subsidies. For example, Shanghai Port subsidized 0.5 yuan per kilowatt-hour of shore power used in 2019, which not only quickly boosted investment willingness through subsidies but also ensured stable growth of output through loose regulation. This also confirms the inverse relationship between the output-promoting effect of subsidies and the potential output restriction caused by regulation.


	
Different from government regulation, the existence of subsidies effectively reduces the cost of green investment for ports. Ports always strive to obtain as many subsidies as possible. Therefore, government subsidies can both promote green investment and drive the growth of port output. This effect is most significant in the initial stage (

r
<

ζ
4



): a high subsidy rate (s=0.3-0.5) directly covers more than 50% of the green investment cost, greatly lowering the investment threshold for ports. When entering the medium-term stage (


ζ
4

<
r
<

ζ
7



): subsidies are gradually reduced (s=0.1-0.2), but the investment foundation laid in the early stage has stabilized the application of green technologies, providing conditions for the subsequent policy transition. This also indicates from the side the key driving role of subsidies in green investment and output during the start-up stage.


	
When comparing these two mechanisms, subsidies are often a more proactive means, while regulatory policies are more passive. However, both policies can promote social welfare better than no policy intervention. When investment efficiency is low, government subsidies will encourage ports to increase investment. When investment efficiency is high, subsidies serve as rewards for ports. Only when investment efficiency is at a medium level will regulation become a better choice. Although strict regulation will not promote output, ports will increase investment in green technologies. In such cases, subsidy policies may not achieve better results. Specifically, the differences in such policy choices show a clear path in different stages: in the initial stage (

r
<

ζ
4



) with low investment efficiency, high subsidies (s=0.3-0.5) become the core means, supplemented by loose regulation, which can quickly activate ports’ investment willingness and ensure stable output growth; in the medium-term stage (


ζ
4

<
r
<

ζ
7

)
,
 


 as investment efficiency improves, subsidies are gradually reduced (s=0.1-0.2) and shifted to strict regulation, because the improved investment effectiveness makes regulatory costs lower than subsidy costs; in the mature stage (

r
>

ζ
7



), with high investment efficiency, subsidies can be canceled, and market-oriented regulation (such as carbon emission rights trading) becomes the main approach. The Port of Rotterdam, through market-oriented financing for the “Carbon Capture and Storage (CCS) Project” combined with emission taxes (regulatory policies), achieves the maximization of social welfare.





Based on these conclusions, we believe that in practical applications, the government should select appropriate policy combinations according to specific circumstances to promote the sustainable development of ports. From the government’s perspective, initial subsidy policies can incentivize the steady progress of port greening efforts, while regulatory policies serve as the primary means to consolidate the green development process in subsequent stages. Relying solely on subsidies may undermine social welfare, whereas excessive regulation will impose a burden on port operators. In the early stage, subsidies are necessary to stimulate green investment, but as time goes on and the effects of green measures gradually become apparent, regulatory policies emerge as a better choice. The aforementioned phased policy design (high subsidies + loose regulation in the initial stage, reduced subsidies + strict regulation in the medium term, and no subsidies + market-oriented regulation in the mature stage) is a concrete manifestation of this logic. It not only takes into account the characteristics of investment efficiency in different stages but also achieves a balance between policy costs and social welfare.


Future research can further explore the specific design and implementation of these policies and assess their long-term impacts on the sustainable development of ports. By conducting in-depth studies on the interaction between ports and government policies, we can provide more management insights and decision support for the sustainable development of the port industry. In addition, this paper acknowledges certain unconsidered limitations. Firstly, the government uses public funds to provide subsidies, and these funds could otherwise be allocated to other sectors such as education and healthcare, which might enhance social welfare. The missing element here lies in the shadow price. We can intuitively conclude that once shadow prices are taken into account, the advantages of subsidies over regulation will be significantly diminished. Moreover, when considering regulatory policies, we assume that the regulation of carbon emissions represents the environmental cost; however, such costs are also related to factors such as the social and economic environment, climate, and others. We have also assumed that ports are homogeneous, but in reality, ports vary greatly in terms of scale, throughput, and other aspects, and these factors need to be taken into consideration. These unconsidered issues are important for future research and warrant further investigation.
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Appendix 1. Proofs of Market equilibriums in Section 4


4.1 benchmark


To expand the expected profits of ports 
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 in Equation 3, we have
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4.2.1 Regulation policy


In this section, the specific value of minimum regulation has been explored. Then we present the proofs within the feasible regions of R.
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4.2.2Subsidization policy


Maximizing the expected social welfare of Equation 4 with respect to 


I
i



 and 


q
i



, and then substituting them into Equation 4 to obtain the optimal subsidy. The proofs are based on the same logic presented above and omitted.
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