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The tightening regulations toward managing sustainability has heightened the demand for low-sulfur fuel (LSF) consumption. The price difference between high-sulfur fuel (HSF) and LSF poses a burden on ship operators’ profits pursuing sustainability. Therefore, it is paramount for policymakers to find ways to improve current market conditions in the pursuit of maximum social welfare. We address a novel pricing model for LSF and HSF under a government subsidy incentive system, considering two different market structures: monopoly and duopoly. A two-stage game model is developed, based on the choices of ship operators, the bunker suppliers and the government. Finally, the optimal level of government subsidy, optimal price for LSF and HSF, and the bunker suppliers’ profits are determined. The results show that government subsidy can encourage more consumers to purchase LSF. However, a larger environmental impact would be generated as the market total demand would increase. An optimal subsidy level can be derived to maximize total social welfare. In addition, social welfare can be affected by the market structure. For example, the social welfare in a duopoly setting is larger (smaller) than that in the monopoly setting when the environmental impact of the LSF product is low (high). The results imply that subsidizing policies for ship operators should be customized according to the objective of the government (i.e. to minimize environmental impact or maximize social welfare), technological maturity of ship engines built for LSF, and market structure of bunker suppliers. 
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1. Introduction
Among all the transportation options, shipping is the most attractive due to its large capacity and low freight rates (Li et al., 2020). Based on a comprehensive research in 2009, Lloyd’s Marine Intelligence Unit found that the majority of world trade is carried by sea (75% by volume and 60% by value) (Lee and Song, 2017). The share of global seaborne trade in international merchandise has increased beyond 90% in 2016, with a total volume of 11 billion tons (UNCTAD, 2019). Unquestionably, shipping drives the global economy. However, air pollutants emitted by ships cannot be ignored. Sulfur oxide (SOx) is an air pollutant that requires attention. SOx is a contributor to respiratory symptoms and diseases which can be harmful to human health and also leads to acid rain and marine acidification which will be harmful to crops, forests, and aquatic species (IMO, 2019). Therefore, it is important and necessary to reduce SOx emitted from shipping. 
  The International Maritime Organization (IMO) has implemented the IMO 2020 sulfur cap that requires all ships to decrease the sulfur in fuel oil from 3.5% to 0.5% m/m (Li et al., 2020). The IMO 2020 states that ship operators can continue to use sulfur-rich fuels but install exhaust gas cleaning systems (scrubbers). The function of a scrubber is to use seawater to wash out the sulfur in the exhaust gas. Alternatively, ship operators can switch from high-sulfur fuel (HSF) to LSF directly or use liquefied natural gas (LNG) (Lindstad et al., 2017; Panasiuk and Turkina, 2015). Hence, in general, there are three abatement options available for ship operators to comply with the IMO 2020 sulfur cap: installing SOx scrubbers, switching to LSF, and running on LNG (Yang et al., 2012). Each option has its own pros and cons. For instance, compared with running on LNG and installing SOx scrubbers, switching to LSF requires minimal adjustments and capital costs (Lindstad et al., 2017). However, firms have to incur considerably higher operating costs in the medium- and long-run if they switch to LSF as its price is relatively expensive compared to HSF (Zis and Psaraftis, 2017). Therefore, each vessel type has varied preferences for compliance and the second option (i.e., switching to LSF) is mainly preferred by offshore ships and ferries in urban areas (Li et al., 2020).
  For sailing purposes, offshore ships and ferries serving urban areas prefer LSF (Li et al., 2020). Offshore ships are those ships that are run for domestic objectives, whereas ferries in urban areas primarily transport passengers and are smaller in size. The main reason for these two kinds of ship operators switching to LSF is that they might not have sufficient capital to install ships with scrubbers or LNG engines due to small market demand or limited number of passengers and ticket prices (Li et al., 2020). Switching to LSF becomes a natural choice for offshore ships and ferries to comply with the IMO 2020 sulfur cap. However, the high price of the LSF product creates a burden for these ship operators as its price can increase their operational cost significantly. Hence, operators would require government subsidies to support such transitions. Indeed, there are instances where subsidies are offered to ship operators to encourage switching to LSF even before the implementation of the IMO 2020. For instance, the Taiwanese government, through the Ministry of Transportation and Communications, had announced that it would offer subsidy (US$ 172) to all ships that use LSF when calling at the Taiwanese ports (Taiwan, 2018). 
  Clearly, government subsidy scheme can encourage ship operators to switch from HSF to LSF as the subsidy can decrease their purchasing cost directly. For instance, some ship operators who were previously reluctant to use LSF due to its higher price might purchase LSF after receiving the subsidy price. This change in purchase behavior can affect the bunker suppliers’ demand significantly. It can be anticipated that consumers’ demand for LSF would increase when the government subsidizes operators who purchase LSF. However, this shift in demand might affect the pricing strategy of bunker suppliers, which could act favorably or against the government’s agenda of promoting clean energy consumption. Due to these complex dynamics among different actors (i.e. the government, bunker supplier and operators), it is important to investigate the effectiveness of governments’ subsidy policy from the academic perspective. 
  The primary goal of this paper is to investigate the impact of government subsidy on mass adoption of LSF by considering different market structures and heterogeneous shippers (or consumers). Apart from price differences, shippers have preferences for LSF or HSF depending on their valuation of the environmental benefits from using LSF (i.e. consumer heterogeneity). The heterogeneity of the consumers influences numerous marketing decisions. This study considers a market that consists of bunker suppliers and heterogenous shippers under a government subsidy scheme. The bunker suppliers’ optimal price and the government optimal policy are both analyzed. The bunker suppliers operate in two different market structures (i.e. monopoly or duopoly). In the monopoly setting, the bunker supplier sells both LSF and HSF whereas in the duopoly setting, a bunker supplier sells LSF and the other sells HSF respectively and simultaneously to the market. The bunker supplier sets the price of the LSF and HSF with the objective to maximize profits whereas the government decides the optimal subsidy level to maximize social welfare. The purpose of this paper is to maximize the profit of the bunker supplier, and also obtain the optimal subsidy for the government to create a cleaner society. 
  With this purpose, a utility model consisting of a population of shippers is constructed. The shippers make choices by maximizing their utility, the bunker supplier charges the optimal prices to maximize their profit, and the government maximizes the social welfare by offering the subsidy. There are three research questions in this paper: (a) how does consumers’ heterogenous behavior affects the bunker supplier’s pricing strategy; (b) what is the impact of government subsidy on LSF adoption, environmental impact, government cost, consumer surplus, and social welfare under two different market structures; and (c) whether government subsidy can promote shippers to adopt LSF, reduce the environmental impact, and maximize the social welfare?

2. Literature review
This study is related to three primary streams of research: (a) sustainable development of the shipping industry; (b) government subsidy program to reduce energy consumption; and (c) equilibrium pricing decisions of firms under different market structures.
  The shipping industry has adopted many environmentally sustainable technologies and green practices to achieve a sustainable development of this industry. Regarding the practice of decreasing sulfur content in fuel consumption, shipper operators usually choose among three abatement options: installing SOx scrubbers, switching to LSF, and running on LNG (Yang et al., 2012). Concerning the short- and long-term cost, each option has its pros and cons (Li et al., 2020). Installing SOx scrubbers becomes attractive because operators can purchase less expensive HSF (Wallis, 2018). However, there are also some obvious disadvantages for scrubber installations which includes: high initial investment costs (Patricksson et al., 2015); high opportunity cost during retrofitting (Bergqvist et al., 2015); decreased loading capacities because of the large volume of the scrubber installed (Panasiuk and Turkina, 2015). In contrast, switching to LSF requires only minor operational adjustments and initial capital costs (Lindstad et al., 2017). However, ship operators have to pay for the expensive LSF which would increase the shippers’ operational cost significantly (Panasiuk and Turkina, 2015; Wallis, 2018). Compared with scrubbers and LSF, using LNG is least adopted by ship operators because of the high initial investment costs and insufficient bunkering facilities available at ports worldwide (Fagerholt et al., 2015; Kim and Seo, 2019). However, running on LNG can considerably decrease operational costs by consuming less fuel (Acciaro, 2014). Considering the specification and limited market for LNG, we only consider ship operators choosing between two fuel products, LSF and HSF. The advantages and disadvantages of the two options influence ship operators’ valuation of LSF and HSF differently which can affect the market demand for these two products and consequently, the bunker supplier’s operations strategy and subsidy policies. 
  Government program plays an important role in changing consumers behavior from high energy consumption to low or clean energy consumption (Feng et al., 2010; Wang et al., 2017). Kim et al. (2006) discussed the optimal lifetimes of mid-sized refrigerators models in the US by using a life cycle optimization model. Transue and Felder (2010) employed a quantitative modelling to compare two incentive programs (i.e., rebates and white certificates) in improving energy efficiency. Lin and Jiang (2011) applied the price-gap approach to investigate China’s energy subsidies, and found that the society can transit toward a cleaner economy with these subsidy policies. Stephane et al. (2014) examined the design of the government’s incentive programs and investigated which incentive program is more efficient in accelerating penetration of energy-efficient appliances. Hafezalkotob (2017) concluded that government can orchestrate the development of green supply chain by setting an appropriate tariff mechanism. Hafezalkotob (2018a) considered two government intervention schemes: direct tariffs and tradable permits, and examined the equilibrium between green and non-green product types under the two government intervention schemes. Hafezalkotob (2018b) examined the effect of regulation policies green supply chain competition. Zis et al. (2019) examined a set of policy measures that can mitigate the negative effects of the LSF regulation. They found that the government policy is effective in helping ship operators to switch from HSF to LSF but entails significant costs. However, in this paper, we do not compare the implications of different government policies though the government may implement different kinds of policies to stimulate an economy toward a sustainable society in practice. The goal of this paper is to examine the design of the government’s subsidy level in the pursuit of maximum social welfare and the impact of the government policy on bunker supplier’s operations strategy and ship operators’ choice between LSF and HSF. In addition, our results generated from the maritime industry can apply to other energy-efficient appliances and help the government in setting the appropriate subsidy level to improve the mass adoption of LSF. 
  The investigation of firms’ equilibrium pricing decisions under different market structures has been widely studied in operations research and thus, we are only focusing on the literature that relates to energy efficient product. Shao et al. (2017) considered the government incentive program design under the monopoly and duopoly setting when the government wants to encourage consumers to purchase electric vehicles. They found that the government should implement different incentive programs contingent to the environmental impact of the electric car and the market structure. Ouyang and Ju (2017) discussed how an energy-intensive manufacturer should choose between the optimal energy saving mode under non-coordination and coordination scenarios when facing self-saving and shared savings options. Cui and Notteboom (2017) studied the impact of government certain emission tax on vessels and port operations when emission control exist in certain port areas by applying Cournot and Bertrand competition. Safarzadeh et al. (2020) used a game-theoretic approach to investigate the energy service in a supply chain that consists of an energy supplier and two manufacturers in a duopoly and examined how the policy-maker should adjust its policy to reduce energy consumption by considering innovation protection and social welfare. Consistent with this stream of research, we also consider bunker market that consists of bunker suppliers who sell energy and a population of ship operators who need to consume LSF or HSF for daily operating purpose. The bunker supplier can either be in a monopoly or duopoly setting and the government decides its optimal subsidy level to maximize social welfare. 
  With reference to previous studies, this study examines a fuel market selling clean energy (i.e., LSF) and conventional products (i.e., HSF) that are produced either by a monopoly bunker supplier or by two different suppliers, with a population of heterogeneous ship operators. At the macro level, the government, with the goal of maximizing social welfare, offers subsidies to ship operators who purchase LSF. The contributions of this paper are synthesized below:
(a) A novel game theory pricing mechanism is developed for LSF and HSF in shipping under a monopoly and duopoly setting.
(b) A government subsidy policy offered to consumers to encourage them to purchase the clean energy product is discussed in this paper, with the purpose of determining the appropriate setting of the subsidy for maximizing social welfare.
(c) A non-cooperative game between the government and bunker suppliers is analyzed which considers economic outcomes such as the social welfare, bunker suppliers’ profit, government cost, environmental impact and consumer surplus. 

3. Model Assumptions and Notations
We consider a market consisting of two types of fuel product, LSF and HSF. We analyze the performance of the bunker market under two different market structures: monopoly and duopoly settings. In the monopoly setting, LSF and HSF are offered by the same bunker supplier, whereas LSF and HSF are respectively offered by two competing bunker suppliers in the duopoly setting. To differentiate, we call the bunker supplier that offers LSF as firm L, and the bunker supplier that offers HSF as firm H. The market consists of a population of ship operators who need to purchase the fuel to satisfy their demands. These ship operators choose between the two products based on their utility function and will purchase the product that delivers the highest utility. At the same time, the government offers subsidy to ship operators who purchase LSF. The goal of this paper is to investigate the impact of the government subsidy on mass adoption of clean energy product under monopoly and duopoly market structures. Table 1 summarizes the key notations in this paper. 
Table 1. Notations and assumptions of the models
	Parameters 

	

	
Consumers’ willingness to pay for a product, .

	

	
Consumers’ green utility to pay for a LSF product, .

	

	
Unit cost of HSF, . 

	

	
Cost coefficient of an LSF product relative to an HSF product,  

	

	
Per-unit environmental impact of LSF products, . 

	

	
Per-unit environmental impact of HSF products, .

	Decision variables

	

	Unit subsidy offered by government when consumers purchase the LSF product.

	

	Price of the LSF product set by the bunker supplier.

	

	Price of the HSF product set by the bunker supplier. 

	Dependent variables  

	

	Consumers’ demand for LSF product.

	

	Consumers’ demand for HSF product.

	

	
The environmental impact of LSF product which equals to .

	

	
The environmental impact of HSF product which equals to .

	

	
The government’s subsidy cost which equals to .

	

	The consumer surplus of ship operators.

	

	The total social welfare of the society.

	

	The profit earned from selling both LSF and HSF product.

	

	The profit earned from selling LSF product.

	

	The profit earned from sellin HSF product.

	Superscripts 
	

	

	The monopoly setting when only one bunker supplier exists in the market. 

	

	The duopoly setting when there are two bunker suppliers in the market. 



3.1. Assumptions
The key assumptions in this paper are discussed in the following: 
Assumption 1. Consumers (ship operators) are heterogeneous in their willingness to pay.


We assume that consumers’ willingness to pay for a product is , which is uniformly distributed in the interval . Without loss of generality, the market size of the ship operators is normalized to 1 and each consumer consumes at most one unit of product. 
Assumption 2. Each consumer’s willingness to pay for HSF is less than that of the LSF product. 






  The only difference between LSF and HSF is that former is more environmentally friendly and thus can bring extra green utility to consumers. We use  to denote the difference. Therefore, a consumer with a willingness to pay  for HSF has a willingness to pay  for LSF one, where . To use green utility to differentiate consumers’ willingness to pay for a clean energy product and a conventional one is quite common in operations research (Shao et al., 2017). Let  and  denote the price for LSF and HSF, respectively. 
Assumption 3. The production cost for HSF is less than that of LSF.




  The production cost for LSF is higher than that of HSF due to the production process. We assume that the unit cost of producing HSF is  () and that of an LSF is , where  denotes the cost coefficient of an LSF product relative to an HSF product. 
Assumption 4. The environmental impact of HSF and LSF product are different.








  Let  and  denote the per-unit environmental impact of LSF and HSF, respectively. We can reasonably assume that . Then, the environmental impacts of LSF and HSF products can be calculated as  and , where  and  denote the demand for LSF and HSF, respectively. The total environmental impact of the supply chain is thus .
Assumption 5. The government offers a fixed amount of subsidy to any consumer who purchases LSF. 



  To help ship operators better comply with IMO 2020, a government can offer incentives such as tax rebate, fixed amount of subsidy and price discount. To be consistent with Taiwan government’s practice, we only consider the scenario when the government offers a fixed amount of subsidy to a consumer who purchases LSF. The subsidy, denoted by , constitutes an important element of our model because it affects the net utility of consuming a product. Consumers would gain an extra of  if they purchase LSF. The total subsidy the government offers to consumers is thus . For the government, the subsidy is the government cost. 
Assumption 6. The bunker suppliers decide on its actions after observing the government’s subsidy scheme. 
  This sequence is consistent with practice. The government is always the leader in the game. A two-stage game exists between the government and bunker supplier. The government decides the subsidy level in the first stage. In the second stage, the refiner decides the price for the LSF and HSF respectively after observing the subsidy level. The problem can be solved by backward induction. We first solve the bunker suppliers’ optimal pricing decisions in the second stage with a given subsidy level in which such scenario can be considered as the case when the government subsidy is exogenously given. We then solve the government’s optimal problem in the first stage. 
Assumption 7. The consumer (ship operator) surplus is defined as the aggregate true utility of all consumers participating in the bunker market. 
In our model, the consumers are ship operators who need to consume fuel to operate ships. Specifically, the consumer surplus is obtained by aggregating the utilities of consumers with respect to purchasing LSF or HSF, and the remaining inactive. 
Assumption 8. All transactions transpire in one period. 
  The single period assumption is quite common in the literature which can be considered as the average supply chain profits when similar products are introduced to the market repeatedly (Savaskan et al. (2004); Ma et al. (2017)). 
3.2. Demand and profit functions
















  Let  and  denote the price for LSF and HSF, respectively. A consumer will derive net utility  from purchasing LSF, net utility  from purchasing HSF, and net utility of 0 by remaining inactive. Consumers will purchase the product that delivers the highest utility. Hence, given any price schedule  and , there is a pair of cutoff points  with  such that consumers with type  choose to purchase LSF, those with  choose to purchase HSF, and all other consumers with  remain inactive in the market. Comparing the two utility functions, we have  and . Consequently, the demand functions for LSF and HSF can be expressed as functions of : , .






Let  denote bunker supplier i’s profit in setting j, where  indexes bunker supplier selling both LSF and HSF, only LSF, and only HSF, and  indexes monopoly and duopoly setting. In the monopoly setting, a refiner sells both LSF and HSF product and hence, the refiner’s profit functions can be expressed as: . In the duopoly setting, the LSF and HSF are respectively sold by two competing bunker suppliers and hence, the two bunker suppliers’ profit function can be expressed as:  and . 





Let  represent consumer surplus which can be expressed by substituting the threshold  and . We have: . Consequently, the consumer surplus can be reconstructed as .


The government’s goal is to choose a proper subsidy that maximizes the social welfare. In our paper, we consider the social welfare consisting of the bunker suppliers’ profits, total consumer surplus, government cost, and environmental impact. Let  represent the total social welfare and thus the social welfare can be expressed as: .
In the following, we first solve the bunker supplier’ optimal decision under the monopoly and duopoly setting when the government subsidy is given. This is the optimization problem that occurs in the second stage. In Section 5, we consider the government’s problem with the goal of maximizing the total social welfare. This is the optimization problem in the first stage with the subsidy being endogenously determined by the government. 

4. The bunker suppliers’ problem: model of profit
In this section, we investigate the bunker suppliers’ optimal decisions under the monopoly and duopoly settings with a given subsidy. Both the LSF and HSF are sold by one supplier in the monopoly setting, whereas the LSF and HSF are respectively sold by two competing suppliers in the duopoly setting. The monopoly setting is discussed in Subsection 4.1, whereas the duopoly setting is discussed in Subsection 4.2. The comparison of the two market structures is discussed in Subsection 4.3. 
4.1. The subsidy scheme in the monopoly setting
In this subsection, we consider a monopoly setting where the bunker supplier offers both LSF and HSF to the market. A population of ship operators exists in the market. They choose between the two types of fuels by maximizing their utility. 
The bunker supplier’s total profit maximization problem is: 



s.t.


The constraint indicates that the demands for LSF and HSF product should be nonnegative. It can be proved that the bunker supplier’s total profit is concave with respect to  and . We can find the optimal solutions based on Karush-Kuhn-Tucker (KKT) necessary conditions.


Proposition 1. In the monopoly setting with a given subsidy level, there exists several critical values that define three scenarios which represent the bunker supplier’s optimal response. They are shown in Table 2, where , and . 
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Table 2. Optimal solutions in the monopoly market structure. 
	Optimal
Solutions
	Case 1
	Case 2
	Case 3

	
	

	

	


	

	

	

	


	

	

	

	


	

	

	

	


	

	

	

	


	

	

	

	


	

	

	

	


	

	

	

	
















  There are three cases in Proposition 1: for case 1, the bunker supplier will only offer HSF to the market, i.e.,  and ; for case 2, the bunker supplier offers both LSF and HSF to the market, i.e.,  and ; for case 3, the bunker supplier firm will only offer LSF product to the market, i.e.,  and . Proposition 1 implies that the government subsidy level has an impact on the bunker supplier’s optimal decisions. 
  Proposition 1 demonstrates the following key insights:
(a) 


The ship operators will not purchase LSF under the condition . This is because, compared with purchasing HSF, consumers need to pay  more for purchasing an LSF product. As such, no consumers will purchase LSF when the government subsidy is low (i.e., ) which causes the bunker supplier to not offer LSF. 
(b) 

The ship operators will choose between LSF and HSF under the condition . It indicates that some consumers will choose to buy LSF when the government raises the subsidy level, and LSF and HSF coexist in the market. In this case, the bunker supplier only adjusts the price for the LSF product according to the subsidy level while maintains the price for the HSF product (i.e., ). 
(c) 



The ship operators will not purchase HSF under the condition . All active ship operators will purchase LSF when the government subsidy is sufficiently high (i.e.,  and ). In contrast with case 2, the bunker supplier maintains the price for LSF (i.e., ) while adjusts the price for HSF. However, adjusting the price of HSF cannot induce consumers to purchase it as consumers can obtain enough subsidy from the government by purchasing LSF. 
These results provide some managerial insights. The bunker supplier would always set the price for LSF higher than that for HSF because of the higher production cost but the high price would deter ship operators from buying LSF and this would pose a great burden on the environment. The results in Proposition 1 shows that the government subsidy can induce consumers to purchase LSF as long as the subsidy level is higher than the threshold. This indicates that the government’s policy is efficient in changing consumers’ purchasing behavior from high energy product to clean energy product. 
4.2. The subsidy scheme in the duopoly setting
A bunker market with two bunker suppliers and a population of ship operators under a subsidy scheme is considered. Firm L and H offer LSF and HSF to the market independently and simultaneously to maximize their profit. The two bunker suppliers’ total profit optimization problem is provided below:



.

s.t.
Similarly, we can prove that the bunker suppliers’ profit function is concave with respect to the price of LSF and HSF. The optimal solutions can be obtained by solving the KKT necessary conditions.




Proposition 2. In the duopoly setting with a given subsidy level, there exists several critical values that define three scenarios that represent the firm L’s and H’s optimal response as shown in Table 3, where , ,, and. 



















Table 3. Optimal solutions in the duopoly market structure. 
	Optimal
Solutions
	Case 1
	Case 2
	Case 3

	
	

	

	


	

	

	

	


	

	

	

	


	

	

	

	


	

	

	

	


	

	

	

	


	

	

	

	


	

	

	

	


	

	

	

	












  Most insights from Proposition 2 are similar to those in Proposition 1. For instance, there are also three cases that defines whether the bunker suppliers should offer HSF, LSF or both to the market. The bunker supplier that offers LSF will not offer it to the market when the government subsidy is low (i.e., ), whereas the refinery that offers HSF will not offer it when the government subsidy is sufficiently high (i.e., ). The two bunker suppliers will offer LSF and HSF respectively and simultaneously to the market when the government subsidy is moderate (i.e., ). However, there are some differences. The condition for only HSF to be offered in the market in the duopoly setting is smaller than that of in the monopoly setting (i.e., ), whereas the condition for only LSF to be offered in the market in the duopoly setting is larger than that of in the monopoly setting (i.e., ). This creates a larger range for LSF and HSF to coexist in the market. This is because the dependence among the government and the two bunker suppliers is small when LSF and HSF are provided by two competing firms. The two bunker suppliers will exit the market (i.e., not provide LSF or HSF) only at extreme conditions (i.e., the government subsidy level is too low or high). However, for the refinery under the monopoly setting, it can benefit from selling HSF (LSF) product when no consumers purchase the LSF (HSF) product. 
4.3. Comparison of the two setting: numerical experiments















  In this section, we compare the bunker suppliers’ optimal responses in the monopoly and duopoly setting swith a given subsidy. The comparison examines the impact of the given subsidy on optimal price ( and ), consumers’ demand ( and ), the total environmental impact (), consumer surplus (), government costs (), and the social welfare () in different market structures when the subsidy is given. The environmental impact () and government costs () are not available in Tables 2 and 3, but they can be calculated by substituting consumers’ demand for LSF and HSF. We use , , ,  and . The choice of these parameters is only for the purpose of illustrating the trend of the optimal responses in the monopoly and duopoly settings. Other parameter sets can also be used but the trend is similar. 

Figure 1 shows the comparison of the price for LSF and HSF under different market structures when the subsidy is given. It shows that the price for LSF and HSF in the monopoly setting are always higher than that in the duopoly setting. This is because competition exists in the duopoly setting and thus, the bunker supplier must lower the price to increase the market share of the product. Figure 1 also shows that the price for LSF always increases with subsidy , whereas the price for HSF decreases with subsidy. The government subsidy can induce more consumers to purchase LSF and causes the bunker supplier to further increase the price of LSF while decreasing the price for HSF. 
The comparison of consumers’ demand for LSF and HSF under different market structures with a given subsidy is shown is Figure 2. We can see that consumers’ demand for LSF always increases with subsidy, whereas consumers’ demand for HSF always decreases with subsidy. This is intuitive, the more the subsidy, the more consumers purchase LSF, and the less consumers purchase the HSF. In addition, as shown in Figure 1, the bunker suppliers also adjust the prices for LSF and HSF and this can further influence consumers’ choice. 
  Figure 3 compares the environmental impact under the two different market structures with a given subsidy. It implies that the environmental impact under the monopoly setting is always smaller than that in the duopoly setting. Hence, letting the bunker suppliers to sell LSF or HSF separately to the market is always harmful to the environment. 
The comparison of the government cost in the two setting with a given subsidy is shown in Figure 4. From Figure 4, we can see that, with an exogenous government subsidy, the government incurs more cost in the duopoly setting. This is because, compared with the monopoly setting, consumer have larger demand for LSF in the duopoly setting.
Figure 5 shows that consumers would always have smaller surplus in the monopoly setting than that in the duopoly setting. This is because, compared with the monopoly setting, consumers spend less in purchasing LSF in the duopoly setting. The lower price can give more utilities to consumers who purchase LSF from a bunker supplier that only sells the LSF product. 
The comparison of the social welfare for the two market structures with a given subsidy is shown in Figure 6. The society can obtain a higher social welfare in the duopoly setting only when the subsidy is at a lower level, while when the subsidy is at a high level, the social welfare in the monopoly setting is larger than that in the duopoly setting. 
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Figure 1. Comparison of the price for the LSF/HSF product in the monopoly and duopoly setting with a given subsidy.
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Figure 2. Comparison of the demand for LSF/HSF product in the monopoly and duopoly setting for a given subsidy.
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Figure 3. Comparison of the environmental impact in the monopoly and duopoly setting with a given subsidy.
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Figure 4. Comparison of the government cost in the monopoly and duopoly setting with a given subsidy.
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Figure 5. Comparison of the consumer surplus in the monopoly and duopoly setting with a given subsidy.
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Figure 6. Comparison of the social welfare in the monopoly and duopoly setting with a given subsidy.

5. The government’s problem: model of social welfare 
  In this section, we investigate how the government decides on the optimal subsidy with the goal of maximizing total social welfare. We also consider monopoly and duopoly market structures in this section, respectively. As shown in Section 4, there are three optimal responses in the two market structure settings with respect to the subsidy level. However, we only consider the second case where the demand for LSF and HSF are both nonnegative. The coexistence of LSF and HSF in the market is a common phenomenon, whereas only one product being offered in the market is unlikely to happen in practice. 
5.1. Optimal subsidy in the monopoly setting

  The goal of the government is to maximize the total social welfare by deciding the subsidy level. The government’s optimization problem in the second case when  can be formulated as follows:

.


  Before analyzing how the social welfare is affected by the subsidy, we first define  and . 
Proposition 3. Under the monopoly setting, the subsidies and the social welfare relationship is shown below:
(a) 


If , then the social welfare increases with the subsidy level . As such a higher subsidy will lead to a higher social welfare. We have the optimal subsidy level for the government which is . 
(b) 


If , then the social welfare concaves with the subsidy level  which leads to an inverted-U-shape curve. As such a higher subsidy does not lead to a higher social welfare. We have the optimal subsidy level for the government which is . 
(c) 


If , then the social welfare decreases with the subsidy level . As such a higher subsidy will lead to a lower social welfare. We have the optimal subsidy level for the government which is .







Proposition 3 shows that the decisions of the government highly depend on the environmental impact of the LSF and HSF. The government will offer the largest subsidy (i.e., ) to ship operators who purchase LSF when the environmental impact of the LSF product is lower than  (i.e., ). The government will encourage consumers to purchase LSF that has lower environmental impact by offering larger subsidy, whereas discourage consumers from purchasing the products that are harmful to the environment. Meanwhile, the subsidy  decreases with the production cost of HSF () and consumers’ green utility () but increases with the relative production cost of LSF (). The refinery would increase the price of LSF when it has to produce LSF at a high production cost causing LSF to be less attractive to consumers. The subsidy can make purchasing LSF product more affordable to consumers. On the other hand, the consumers have high willingness to pay for LSF when these consumers have high green utility. In this scenario, LSF is naturally attractive to consumers. Therefore, the government does not need to offer high subsidy. 






The government will provide lowest subsidy (i.e., ) to ship operators who purchase LSF when the environmental impact of the LSF product is high (i.e., ). The government will not encourage consumers to purchase the products that are harmful to the environmental and thus the government will decrease the subsidy when  is high. In this case, the government subsidy still decreases with the production cost of HSF () and consumers’ green awareness () but increases with the relative production cost of LSF (). 





The government will set the optimal subsidy at  when the environmental impact of the LSF product is at a medium range (i.e., ). In this case, the government’s optimal subsidy is not only affected by production cost of the product and consumers’ green awareness but also affected by the environmental impact of LSF and HSF as well. The government subsidy  decreases with  but increases with . This indicates that the government will increase the subsidy level when the HSF product is very harmful to the environment, whereas decrease the subsidy level when the LSF product is very environmentally friendly. 

The bunker supplier’s optimal responses with an endogenized subsidy can be obtained correspondingly by substituting  into Table 2 and here, we omit the process. 
5.2. Optimal subsidy in the duopoly setting

The government’s optimization problem in the duopoly setting when  can be formulated as follows:

.


We define  and . 
Proposition 4. In the duopoly setting, the subsidies and social welfare relationship is provided below:
(a) 


If , then the social welfare increases with the subsidy level . As such a higher subsidy will lead to a higher social welfare. We have the optimal subsidy level for the government which is 
(b) 


If , then the social welfare concaves with the subsidy level  which leads to an inverted-U-share curve. As such a higher subsidy does not lead to higher social welfare. We have the optimal subsidy level for the government which is . 
(c) 


If , then the social welfare decreases with the subsidy level . As such a higher subsidy will lead to a lower social welfare. We have the optimal subsidy level for the government which is . 






Similar to Proposition 3, Proposition 4 also shows that the government will offer a high subsidy when the environment impact of the LSF product is low (i.e., ) and offer a low subsidy when the environment impact of the LSF product is high (i.e., ). When the environment impact of the LSF product is at a medium range (i.e., ), then the subsidy the government will offer is . In contrast with the high or low environment impact scenario, the government’s optimal subsidy will be affected by  and . 

The two bunker suppliers’ optimal responses when the government subsidy is endogenized by the government can be obtained correspondingly by substituting  into Table 3. For brevity, we omit the analysis. Before comparing the two settings, we first compare the government’s optimal subsidy in the following Corollary.






Corollary 1. Comparing the optimal subsidy in the two settings, there exists a threshold  such that, for , then ; while for , then , where . 


  To better illustrate Corollary 1, we use Figure 7 to compare the optimal government subsidy in the monopoly and duopoly settings. Corollary 1 and Figure 7 imply that the government has to offer higher subsidy in the duopoly setting when the environment impact of LSF is lower than the threshold (i.e., ), whereas the government has to offer a higher subsidy in the monopoly setting when the environment impact of LSF is higher than the threshold (i.e., ). This is because the price for LSF in the duopoly setting is always lower than that in the monopoly setting due to competition between the two bunker suppliers in the duopoly setting. LSF becomes more affordable to consumers in the duopoly setting, and less attractive in the monopoly setting because of its high price. Hence, the government has to offer more subsidy to consumers to induce consumers to purchase the LSF product in the monopoly setting. 


[image: ]
Figure 7. Comparison of the optimal subsidy in the monopoly and duopoly setting.

5.3. Comparison of the two setting: numerical experiments









  To highlight the application of our findings in the two settings, a numerical analysis is conducted when the government can optimize the subsidy level. The numerical analysis investigates the impact of  on bunker suppliers’ optimal responses in the two market structures which include: optimal price for LSF/HSF (/), consumers’ demand for LSF/HSF (/), the total environmental impact (), consumer surplus (), government costs (), and the social welfare (). 

  Figure 8 depicts the price for LSF and HSF under different market structures when the subsidy is endogenously determined by the government. It shows that the price for LSF in the duopoly setting is smaller than that in the monopoly setting. In other words, consumers have to spend more to use LSF from the monopoly refinery who sells both LSF and HSF. The price for the HSF is invariant of the environmental impact of LSF in the monopoly and duopoly settings except that when the environmental impact of LSF () is in the medium level, the price of HSF increases. 


  The comparison of consumers’ demand for LSF under different market structures when the subsidy is optimized by the government is shown in Figure 9. The demand for LSF is larger in the duopoly than the monopoly setting when the environmental impact of LSF () is small.  As the environmental impact of LSF increases, its demand in the duopoly setting decreases and is smaller than that in the monopoly setting. Moreover, the demand for LSF decreases to zero when  is large. The demand for LSF in the duopoly setting may not necessarily be larger than that in the monopoly setting though the price of LSF in the duopoly setting is always smaller than that in the monopoly setting. The reason is that the competition in the market is not only intensified by the two bunker suppliers that sell LSF and HSF respectively but also their coexistence. However, the demand for HSF in the monopoly setting is always smaller than that in the duopoly setting. 
  Figure 10 shows the environmental impact in the two market structures. The environmental impact in the monopoly setting is compared to the duopoly setting. We can conclude that, for the government with the goal of reducing the environmental impact, it should encourage the refinery to sell both LSF and HSF product. 


  From Figure 11, the government cost in the duopoly setting is larger as compared to the monopoly setting when the environmental impact of LSF is small, while it is smaller than that in the monopoly setting when  is large. This is because the demand for LSF would decrease in the duopoly setting when LSF’s environmental impact is large (as shown in Figure 9) and thus reduce the government cost. 
The comparison of the consumer surplus in the two market structures when the subsidy is optimized by the government is depicted in Figure 12. It reveals that the consumer surplus in the duopoly setting is always larger compared to the monopoly setting. The reason being that the price for LSF in the duopoly setting is always smaller as compared to the monopoly setting. The lower price can pass more utilities to consumers which can lead to higher consumer surplus. 
Figure 13 compares social welfare in the two different market structures. Social welfare is a non-increasing curve with respect to the environmental impact of LSF and a higher environmental impact of LSF leads to lower social welfare for both market structures. Figure 13 also indicates that the social welfare in the duopoly setting is larger as compared to monopoly setting when the environmental impact of LSF is small, whereas the social welfare in the duopoly setting is smaller compared to the monopoly setting when using LSF that creates high environmental impact. This implies that the government should offer subsidy to a monopoly bunker supplier when the environmental impact of LSF is large, whereas the government should encourage the bunker supplier to sell LSF and HSF product respectively when the environmental impact of LSF is low. 


[image: ]
Figure 8. Comparison of the price for LSF/HSF in the monopoly and duopoly settings with the endogenized subsidy.
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Figure 9. Comparison of the demand for LSF/HSF in the monopoly and duopoly settings with the endogenized subsidy.
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Figure 10. Comparison of the environmental impact in the monopoly and duopoly settings with endogenized subsidy.
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Figure 11. Comparison of the government cost in the monopoly and duopoly settings with the endogenized subsidy.
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Figure 12. Comparison of the consumer surplus in the monopoly and duopoly settings with the endogenized subsidy.
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Figure 13. Comparison of the social welfare in the monopoly and duopoly settings with the endogenized subsidy.

6. Conclusion
The IMO 2020 sulfur cap requires all ships to decrease the sulfur in fuel. There are three abatement options for ship operators to comply with the 2020 sulfur cap: switching to LSF, installing scrubbers, and running on LNG. However, for some ship operators, especially for ferries in urban areas, it is difficult for them to equip ships with additional purifying equipment because of insufficient capital. Hence, switching to LSF becomes a natural choice for these ship operators to comply with the 2020 sulfur cap. However, the high price of LSF would pose a great burden for ship operators. Therefore, operators require government subsidy to facilitate the transitions from HSF to LSF consumption. In this paper, we investigate how the government should offer subsidy to ship operators under two market structures (i.e., monopoly and duopoly setting) and the impact of the subsidy on bunker supplier’ operation decisions. 
Considering the bunker market with three primary players, the LSF producer, the HSF producer, and the government, models are developed, whereby consumers (ship operators) are heterogeneous in their valuation of LSF and HSF. The optimal policies are analyzed. The bunker decides the optimal price of the LSF and HSF with the goal to maximize profits, whereas the goal of the government is to maximize the social welfare by deciding the optimal subsidy level. The social welfare is measured by the bunker’s profit, consumer surplus, government’s cost and environmental impact. 
We analyzed the bunker supplier’s optimal decisions when the subsidy level is given. We find that, with a given subsidy, the prices for LSF and HSF in the monopoly setting are always larger than that in the duopoly setting. An explanation is that the market competition becomes fierce when there are two bunker suppliers in the market. The lower price consequently increases consumers’ demand for the product and passes more utilities to consumers which can increase consumer surplus. The government needs to pay more subsidies and the environmental impact would increase due to increased demand. However, the social welfare may not increase as consumers’ demand increases. The social welfare in the duopoly setting is larger (smaller) than that in the monopoly setting when the government subsidy is low (high).
We then investigated the government’s optimal subsidy decisions to maximize social welfare. We find that the optimal subsidy of the government highly depends on the environmental impact of LSF and HSF. The government would offer a high subsidy when the environmental impact of the LSF is low, while decrease the subsidy when the environmental impact of the LSF is high. The optimal subsidy level in the duopoly and monopoly setting is influenced by LSF’s environmental impact. The government needs to offer a high (low) subsidy in the duopoly setting when the environmental impact is at a low (high) level. 
Important insights can be obtained from the numerical study. First, we find that the bunker market in the monopoly setting is always more environmentally friendly than the bunker market in the duopoly setting. However, for ship operators, they can always obtain a higher surplus in the duopoly setting as compared to the monopoly setting. Therefore, for the government with the goal of minimizing the environmental impact, it should always encourage the bunker suppliers to sell both LSF and HSF, but such strategy can hurt the consumers due to higher prices. Second, we find that the government can obtain a lower (higher) social welfare in the duopoly setting when LSF creates more (less) environmental pollution. Hence, the government should implement different subsidy policies according to the environment impact of the product. It is expected that the environment impact of LSF will decline due to technological advancement of ship engines. The government should encourage the bunker suppliers to only sell LSF or HSF when the environmental impact of the product is low, whereas it should encourage the refinery to sell LSF and HSF simultaneously when the environmental impact of the product is high. 
The two market structures (monopoly and duopoly) investigated in this paper can also interpreted in other ways. Only one bunker supplier that monopolizes the bunker market and sells both LSF and HSF, and two bunker suppliers that respectively sell LSF and HSF to the market are perfect market conditions and usually unreal in practice. In fact, there are many bunkers competing with each other in the market and our results can also extend to these market conditions. For instance, the findings obtained from the monopoly setting can apply to bunker suppliers that sell both LSF and HSF, whereas the findings obtained from the duopoly setting can apply to bunker suppliers that either sell HSF or LSF. In such case, our results can help the government decides whether it should offer subsidy to the bunker suppliers that sell both LSF and HSF, or only offer subsidy to supplier that only sells LSF. Our results suggest that the government should offer subsidy to bunker suppliers that sell both LSF and HSF when the environmental impact of LSF is large, whereas the government should encourage the bunker suppliers to sell LSF or HSF product when the environmental impact of LSF is low.
However, there are some limitations in this research that deserve future consideration. For instance, we do not consider the budget constraint as the government will always encounter financial constraints to implement a policy. Therefore, the discussion of government policy implications while considering budget constraint will be a promising direction for future research. In addition, a combination set of government policies can be used for the sustainable development of the economy in practice. Hence, comparing the effectiveness of different types of government subsidizing policies shall be considered in the future. 
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Appendix: Proofs 
Proof of Proposition 1

The decisions faced by a monopoly bunker supplier are given by . The Hessian matrix of the firm’s profit function is:






The determinants are  and ; thus, the bunker supplier’s optimization problem is a concave problem with respect to  and . For a concave optimization problem with linear constraints, KKT conditions are necessary and sufficient conditions for optimality. Define the Larange function for the firm’s decision problem as: 









The KKT conditions for optimality are ,  and  with , ,  and . There are three candidate solutions, which are summarized as below:


Case 1. , 









 implies that . Solving the KKT conditions, we obtain  and , and . This gives  and . Therefore,  can be rewritten as . 


Case 2. , 












 and  imply that  and . Solving he KKT conditions, we obtain  and . This gives to  and . Therefore,  can be rewritten as ,  can be rewritten as . 


Case 3. , 











 implies that ,  implies that . Solving the KKT conditions, we obtain ,   and . This gives to  and . Therefore,  can be rewritten as . 
Proofs of Proposition 2 are similar to that of Proposition 1, so we omit the proving process. 

Proof of Proposition 3 

For , the government’s optimiazation problem is: 


The social welfare function has these first-order and second-order derivatives:








First, we prove that  is concave with  as . From the first order condition, . We have the following three conditions:




Considition 1. If , then . As such  increases with the subsidy level. So the highest possible will be optimal, i.e., . 




Considition 2. If , then . As such  decreases with the subsidy level. So the lowest possible will be optimal, i.e., .




Considition 3. If , then  can either negative or positive. As such  concaves with the subsidy level. So the zerio of the first-order condition will be a unique global maximum, i.e., . 
Proofs of Proposition 4 are similar to that of Proposition 3, so we omit the proving process. 

Proof of Corollary 1




To prove Corollary 1, we need to compare the three optimal subsidy levels respectively in Propositions 5 and 6. First, we need to compare the four boundaries (i.e.,  with , and  with ), we have: 
















Hence, we have , while to compare the difference between  with , we need to solve the roots of . To solve the roots of , we have . Then,  if ; and  if . Here, we only consider the scenario when , and the scenario when  can be proved similarly. Based on the comparison of the four boundaries, we have the following five conditions to prove this Corollary. There are:



Condition 1. If , we have . Therefore, in this condition, .













Condition 2. If , we have . To solve the roots of , we have . Compare  with the two boundaries, we have  and . Hence, let , for , we have  if , and  if . 












Condition 3. If , we have . To solve the roots of , we have . Then  if , and  if . However, we have  as . Therefore, for ,  always exists. 












Condition 4. If , we have . To solve the roots of , we have . Then  if , and  if . However, we have  as . Therefore, for ,  always exists. 



Condition 5. If , we have . Therefore, in this condition, .




Based on these, it is easy to prove that if , then ; and for , then . 

This completes the proof. 
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