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Summary

This paper examines the mitigation or marginal abatement costs for ship owners to reduce CO2 emissions or increase energy efficiency on vessels in their fleets, and the role of these costs in the pricing of a bunker levy, a ton of CO2 emissions, and energy efficiency credits in three different market-based mechanisms proposed to the International Maritime Organization. Effective pricing and structuring of market-based mechanisms can minimize costs and reduce emissions in the international maritime sector. A ten-point research plan is presented to develop a methodology for use by ship owners and policy makers that calculate the marginal abatement cost for a ship to reduce CO2 emissions or increase efficiency. A result of the research will include an assessment of the cost effectiveness of emissions’ reduction measures.
Introduction

Market-based measures (MBMs) are proposed as part of a comprehensive approach by the International Maritime Organization to address climate change. The measures currently proposed include open sector-based cap-and-trade schemes similar to those adopted by Europe for aviation, the fuel levy proposed by the Danish delegation at the International Maritime Organization (IMO) and an energy efficiency credit trading scheme proposed by the United States. There are significant questions as to whether several of the market-based measures being proposed will substantially reduce CO2 and other climate forcing emissions from international ships. While there may be modest impacts on demand if costs are passed on to consumers (explored below), carbon prices imposed by these MBM schemes will be small relative to in-sector mitigation or marginal abatement costs, and in turn may fail to address barriers to reducing CO2 emissions for commercial ships engaged in international trade. There is interest among some parties to the United Nations Framework Convention on Climate Change (UNFCCC) for bunker fuel used in international maritime transport to serve as a source of significant revenue for climate change “adaptation” measures in developing countries. As proposed by major non-governmental organizations, and several IMO member states and others, few if any of the collected revenue would be recycled to fund in-sector reductions. Instead, funds would be devoted to supporting international technology transfer and compensating for the increased costs of imported goods and other “adaptation” concerns of many developing countries. Advocates of this approach, which is rooted in the understanding that equitable climate agreements require developed countries to shoulder the bulk of short-term reductions, argue that these funds will help expand participation in a post-Kyoto accord. As such several of the proposed MBMs may be more effective in raising revenues to help in achieving a global climate change “deal” than to reducing CO2 emissions from the maritime sector

At the recent UNFCCC meeting in Copenhagen (COP 15), this approach was not adopted. Following COP 15, The Economist (Jan. 8, 2010) observed that “climate change is too big a problem to be swallowed in a single bite. Smaller groups, dealing with more manageable-sized chunks, have a better chance.” One such group identified by The Economist is [international] shipping.
Given the large size of the international maritime sector bunkers inventory and projections for growth, significant in-sector reductions will be necessary to meet any meaningful global long-term climate stabilization goals. Reducing emissions in-sector through policy-driven technological changes and operational measures coupled with a market-based trading mechanism is necessary, possible, and cost-effective. 
A related issue is reconciling the IMO’s precept of No Favorable Treatment (i.e., all ships are regulated equally regardless of where the ship is owned or registered) with the UNFCCC’s principle of Common But Differentiated Responsibility (CBDR). This has been challenging and has hampered discussions at IMO meetings. For IMO and the international maritime community, this conflict goes beyond the issues of compensation discussed earlier in this memo. IMO adopted the No Favorable Treatment principle early in its history as a de facto principle to ensure modern and consistent international vessel safety, security and environmental standards. At IMO meetings many developing countries (so called non-Annex I countries, which do not have binding responsibilities to reduce green house gas emissions) have demanded that any CO2 emissions reduction required measures or standards not apply to their vessels. The expectation for funding and demands for exemptions from IMO standards have been linked, and have hampered discussions at IMO meetings. For a variety of reasons country-specific exemptions would create a cascade of international legal, trade and finance problems. An analysis of this matter is the subject of a separate paper currently in draft. 
In response to market pressures and/or legal requirements if CO2 mitigation measures or standards are adopted at IMO, ship owners and operators will first examine options for improving energy efficiency or reducing CO2 emissions. Second, they will weigh the options against implementation and maintenance and direct operations (M&O) costs and a variety of other factors, including the expectations of their customers. In turn, vessel owners and operators will make their decisions to choose an option or set of options based on the Marginal Abatement Cost(s) (MAC) of reducing CO2 emissions, which reflects the cost of one additional unit (e.g., percentage) of increased efficiency or CO2 emissions reduction. The MAC of each additional unit typically increases over time as subsequent measures are more expensive and because increases in efficiency or CO2 
emissions’ reductions have already been achieved by the less costly options that would have been implemented earlier. Policy makers and regulators need to understand the ship owners and operators costs and strategies to best establish MBM, manage the pricing of credits and maintain a transparent and efficient trading market and platform.

In this paper we first examine the current and projected growth of CO2 emissions, and then the potential for emissions reduction in international maritime shipping. The potential for emissions reduction is based on case studies and ongoing efforts by industry and others to reduce ship bunker fuel costs.  In turn, we examine the expected industry response to a market based mechanism based on several studies of past industry responses to the historic variability and recent spike(s) in bunker fuel prices.  We compare and contrast three preliminary studies of marginal abatement costs against the prices of the proposed Danish fuel levy and the current European Union emissions trading scheme (ETS) ton of CO2 emissions. We contrast the proposed European Marine Emissions Trading Scheme, a so-called “open” ETS (trading allowed in all industry sectors), against the U.S. energy-efficiency trading scheme, a closed or in-sector only trading scheme.
 This paper concludes with a ten-point research plan:

· to develop a methodology to determine the MAC for new and existing ships,;

· to determine the MAC for new and existing ships, which will include an assessment of the cost effectiveness of emissions’ reduction measures;
· to calculate an average MAC for new and existing ships for the 10 types of ships identified in the International Maritime Organization’s Interim Guidelines on the Method of Calculation of the Energy Efficiency Design Index for New Ships; and 
· to calculate an average MAC for all new and existing ships

The outcomes of this research will not favor a particular market-based approach. The outcomes will support the development and implementation of any of the policies that may be adopted. As well we expect that the results may be used by ship designers, builders, owners and operators as a tool in their decision making to employ one or more technologies or operational measures.

The MACs will be used to:

· support of a cost/benefit analysis for future regulation of the international maritime industry

· understand how the different parts of the industry will be affected by mandated and increasing energy efficiency/CO2 emissions reduction requirements

· understand how a vessel owner or operator decides which energy efficiency measures to do first, and when to employ a measure (e.g., opportunity costs, importer expectations)

· establish pricing for efficiency credits or other means of encouraging energy efficiency through market-based incentives (e.g., cap-and-trade auction prices, energy efficiency credits, etc.), policies and approaches to the  banking of credits

· discuss and compare different policy instruments including EEDI based energy efficiency standards and energy credits, the proposed marine cap and trade system, and the Danish fuel levy

· understand baseline costs of implementing technology and operational measures by the industry without government regulation, and with government regulation (standards alone) but with no credits trading

Current and projected growth of CO2 emissions in international maritime shipping

Table 1 summarizes representative research on international maritime bunker emissions, mitigation potentials and costs. The expansion of international trade arising from globalization has led to substantial increases in CO2 emissions from ocean shipping, which more than doubled between 1990 and 2007. Current estimates (2007) indicate that international shipping contributes 1,046 million metric tons (MMT) of CO2, or 2.7% of the global total, which would place international shipping number six on the list of CO2 emitters if ranked as a nation. Based on 2007 mid-range shipping industry growth projections (150%-250%) and left un-regulated, international shipping could contribute as much as 12.7% of the total global CO2 emissions in 2050. 

Table 1. Inventory, Reduction Potential, and Mitigation (or marginal abatement) Costs of CO2 for the International Maritime Industry 

	Mode
	Pollutant
	Inventory
	Reduction Potential
	Mitigation (or Marginal Abatement) Costs per ton CO2

	
	
	Current

(2007)
	2050 projection
	
	

	International

Maritime
	CO2
	1046 MMT (2.7% of global)
	1900-2670 MMT (5.5~12.7% of global fossil)
	25~75% (existing technology and operational measures)
	~-$100 to ~$200/ton CO2


IMO (2009), IEA (2009),  Det Norske Veritas (2009).

Potential for emission reductions 

As shown in Figure 1, international maritime shipping is an efficient mode for transporting cargo as compared to rail and highway (road) vehicles. The modern marine slow-speed diesel engine is 50% efficient, in contrast to the typical 40% efficiency of a heavy-duty diesel engine. Note also that ship types or “classes” are not the same and efficiencies vary as a function of service (i.e., ship class) and age. Older ships are often significantly less efficient than newer ships of similar class. 
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Figure 1. CO2 intensities of representative ships, rail, and road (truck) transportation (Source: IMO, 2009 P19).

An assessment by industry experts commissioned by the International Maritime Organization (IMO 2009) estimated that CO2 emissions could be reduced as much as 25%-75% from international shipping using known technology and operational practices, including but not limited to super-slow steaming (speed reductions) over part of a vessel’s voyage; improved voyage planning and logistics including ship/port interface; propeller upgrades and propeller maintenance; improved hull coating and regular hull maintenance; main engine retrofit (e.g., turbo charging and fuel injection);  and waste heat recovery. The assessment also found that “a considerable proportion of the potential abatement appears to be cost-effective at present.” A.P Moller-Maersk, one of the world’s largest and innovative shipping companies, conducted a series of in-house projects to develop an “integrated approach towards cost-effective operation of [existing] ships with reduced CO2 emissions.” Maersk has used the results of the work to develop an intra-company Vessel Performance Management Service employing both technical measures (e.g., innovative propeller design, hull cleaning, proper ballasting) and improved voyage planning, buffer times and voyage efficiency (which enables ships to reduce speed (a potential major source of CO2 reductions)) (DeKat et al, 2009). One important finding resulted in Maersk now employing when possible, super-slow steaming, (i.e., ship-specific most economical and practical speed of 50% of the design speed with only 10% of the engine load). Speed reduction is by far the efficiency measure that yields the most reductions in CO2 emissions. Employment of the Service and related techniques improved fuel efficiency 8.9% during the period 2002-2007, with a corresponding CO2 emissions reduction of 15%. Other shipping companies are also studying and installing new technologies and employing efficient operational measures. These innovative energy-efficient designs, technologies and operations for new ships offer the prospect of fuel efficiency improvements of up to 75%, with corresponding CO2 emissions reductions (Buhaug et al, 2009). 

There are, however, barriers that may limit the adoption of certain measures. The current glut of ships in the marketplace will keep competition high, opportunity costs high, and profit margins low until the market clears the excess capacity. Investment in innovative new ship construction for maritime shipping is already limited. The cargo transportation sector is a service industry that responds to the needs of the customer, i.e., the importer. Container ships are on a liner schedule with customers demanding just-in-time delivery: scheduling is tight, and service speed is at a premium. For crude oil carriers servicing North American refineries with only a three-day storage capacity, on-time delivery is an equally significant concern. 

Expected industry responses to market-based measures

The International Maritime Organization (IMO) is the policy venue for regulating vessel and personnel safety, maritime security, and protection of the environment for the international maritime industry. IMO has made significant progress toward a CO2 efficiency design index to be applied to new ships, and is considering a similar approach for existing ships. IMO is also exploring market-based measures. MBM proposals include a CO2 emissions cap-and-trade scheme, a bunker fuel levy and mandatory energy efficiency standards with an efficiency credit trading system. 

Some sectors of the maritime industry have expressed interest in cap and trade and/or the bunker fuel levy, presumably because the proposed or expected price of carbon under each is quite low. Our analysis comparing three theoretical levy values to the variability in the price of bunker fuel oils in the year 2008 suggests that a small fuel levy would have minimal effect on bunker fuel pricing and therefore CO2 emissions (Figure 2). In 2008, market variability of the cost of bunker fuel varied almost 130% above and below the 1 January 2008 price. The $30/ton bunker fuel levy that Denmark is proposing to the IMO translates to about a $10/tonne-CO2 levy — approximately 9% of the 2008 year opening price on a $/tonne-CO2 basis (Figure 3).
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Figure 2. Effect of three hypothetical fuel levies on marine fuel prices compared to natural 2008 price variation.
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 Figure 3  $30 per ton fuel levy as a percentage of daily spot price in 2008 for ARA RFO.

We estimate that the levy would have to be over 3.5 times that proposed and would need to be increased significantly over time to trigger in-sector efficiency improvements. In 2009, the European Union Emissions Trading System (EU ETS) traded CO2 at a low of $15-$18 per ton, which translates to $47-$57 per ton of bunker fuel. As shown in Figure 2, this is not consequential. Any minimal effect would be likely be passed on to consumers as simple changes in supply-and-demand market pricing, and would not necessarily spur new technology investments for more efficient fuel consumption and CO2 emission reductions. 

Our preliminary research on the marginal abatement costs to a ship owner of reducing emissions, which includes other factors in addition to bunker fuel prices, suggests that to have a supply-side impact on CO2 emissions the pricing in any cap-and-trade, fuel-levy or credit-trading scheme should be in the range $47-$225 per ton of CO2, or $150-$715 per ton of fuel, (Figure 4)
 Over time this pricing would likely rise, as efficiency standards increase or caps on sector CO2 emissions become more stringent. The wide pricing range is due in part to the range in ship age, type and the availability of measures to reduce emissions or increase efficiency — as well is the preliminary state of our work. 
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Figure 4 MAC for two scenarios under speed reduction

Marginal Abatement Costs and Pricing of Market-based Mechanisms

Marginal abatement costs (MAC) are a function of technical and operational measures that a vessel owner can incorporate in new ship design and operations, as well as on existing ships through retrofitting and energy efficiency planning. We are developing a model that could be used in estimating MAC. It is discussed in the second half of this paper.

Corbett et al (2009) shows a analysis of marginal abatement costs based on an analysis of the fluctuations in bunker fuel prices and the maritime sectors (container ships in particular) response to this spike. During this period vessels either reduced speed without adding more ships to their fleet (scenario 1), or companies added additional ships at reduced speeds (scenario 2) to their fleets to maintain cargo delivery schedules. The increase in bunker fuel prices are a simple proxy for the impact of a fuel levy, the price of CO2/tonne in a well functioning market or a non-attainment fee. This however is not necessarily representative of the future as there was excess ship tonnage capacity during this period. Also this was an industry-wide response to a rapid run-up in bunker fuel prices and the market was responding to an inherently unstable and evolving situation (Corbett et al, 2009).
Figure 5 shows the proposed Danish fuel levy, the current price of UNFCCC Clean Development Mechanism (CDM) and Joint Implementation (JI) offsets, and the current price of CO2/ton in the current EU ETS. It compares these against MAC curves for the maritime sector calculated by Det Norske Veritas (DNV 2009) and the IMO experts group (IMO 2009)
. Clearly, the proposed Danish levy’s price per ton CO2, CDM and JI carbon offsets are not priced to effect significant CO2 emissions in the maritime sector.
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Figure 5 Comparison of three preliminary estimates of Marginal Abatement Costs and Prices of Market-based Mechanisms Comparison (in $US per ton of bunker fuel). 

The European Maritime Emissions Trading System (METS) and the US Energy Efficiency Market-Based Mechanism 

Germany and others have proposed a cap-and-trade market-based mechanism (MBM), the Maritime Emissions Trading Scheme (METS), to IMO. This is an open ETS, which caps sector emissions and would include allow ship owners to trade outside the international maritime sector. Therefore if MACs in another sector are lower than those in the maritime sector, a ship owner could trade for or sell credits outside the international maritime sector. The price of credits in the METS will reflect the aggregate MAC of all sectors regulated in the cap-and trade-scheme. There is no need for a safety valve should prices rise to above the aggregate MAC, though speculators can participate in such a scheme. However, it is not clear to the authors how the reservoir of potential negative marginal abatement costs in the maritime sector will affect the maritime sector under a cap-and-trade METS. It is also unclear how or whether the maritime industry will actually reduce net sector emissions if the price of credits in a global system are low, as is currently the case in the EU ETS. In recent years the EU ETS has suffered from a crash in prices; it could just as likely experience a sharp rise in prices that could have similar effects to the 2008 run-up in bunker fuel prices. In theory a sector cap will increase demand for credits and possibly the price of credits, if there is a global market for CO2 emissions credits.  
The U.S. government MBM proposal to IMO is for a closed trading system for the trading of energy efficiency credits (in lieu of a cap on in sector emissions), with trading limited to the maritime sector. These credits would be earned through employment of certified technologies and/or operational measures, or through the purchase or trade of these credits. The U.S. proposal is not designed to generate significant revenues.

The authors do however believe that the US proposal does not address the potential circumstance when demand for energy efficiency credits exceeds supply. The authors believe that that a “safety valve” would be necessary to ensure an efficient market and not create a situation other unintended consequences. The price of these safety-valve credits would be based on the MAC to achieve the mandated energy efficiency standard.
The largest difference the authors see between the two proposals is that the US proposal is a closed hybrid ETS, which will a) not cap growth of the maritime shipping industry; b) be more efficient in realizing CO2 reductions within in the maritime sector; c) be predictable and stable; and c) likely have no or minimal net costs to this sector through the first years of the scheme. The METS will allow for trading outside the sector and therefore the price of CO2 emissions credits will be dictated by the larger market; which could mean that a ship owner could sell excess credits outside the sector or purchase credits outside the sector. The price of credits may be less in the METS, though, CO2 reduction technologies evolve and market forces and fuel costs increase with a growing economy (serving as a motivator for increased fuel efficiency or alternative fuels), the shipping industry may accrue net negative marginal abatements costs for several years beyond 2020. In the METS if the prices per ton of CO2 are below the in-sector (international maritime sector) MAC, then there may not be sufficient incentive for vessel owners to reduce CO2 emissions. There may come a day however that the prices will rise above the MAC and then the vessel owner may face difficult choices based on the growing in-sector emissions cap. As noted earlier the reservoir of identified efficiencies and measures that ships can take at a net savings (negative marginal abatement costs) is getting larger. New innovations and the reality of a changing market place are encouraging owners to look at alternative technologies, their business models, operating costs and profit. It is difficult to predict how much revenue would be generated in the first few years by the METS and how innovation will play a role in CO2 reductions. 

Understanding the Factors in the Marginal Abatement Cost of CO2 Emissions Reduction and the Role of MAC in Understanding Market-Based Mechanisms and the Pricing of Credits

As discussed earlier in this paper, in response to market pressures and/or legal requirements, ship owners and operators will examine options for improving energy efficiency and the impact(s) their bottom line (profits). These decisions and that of policy makers and regulators are currently and should be based on the MAC of increasing energy efficiency or reducing CO2 emissions. 

Earlier analyses of MAC have laid a good foundation to build upon, but are not sufficient for policy makers and regulators or a ship owners to make effective decisions on credit pricing and decisions to invest in technology or employ operational measures. 

Literature review and limitations of earlier studies
In the Det Norske Veritas study (Eide et al, 2009) evaluate the marginal abatement costs for different technologies by ships types. They showed some negative MACs for most technologies and operational measures. However, they only use two ships, one containership and one tanker rather than use more data. Thus the result is as representative as otherwise. They do not take the profit and opportunity cost into consideration, which is defined as the value of the next best alternative foregone to reduce ship-based GHG. Nor do they illustrate all MACs for technical and operational measures in ship-based GHG reduction.

In IMO MEPC 59 INF.10  (IMO, 2009) illustrates 49 technical and operational measures to compute the MAC for all ship types together. They analyze the MAC by technologies and they also realize the negative MAC opportunities for GHG reduction from ships.  However, they do not look at the MAC by ship types. They do not calculate the MACs for all measures either. Instead, they propose the marginal abatement cost curve which aggregates cost information together. In addition, they compute the cost from the perspective of social cost, which considers MAC based on the welfare of the whole society. In other words, they do not evaluate the MAC from the industry’s perspective. 

Maersk (Kat, 2009) provides information on the percentage reduction for different technical and operational measures. The data showing the savings from energy efficiency improvement in this article are very important. However, they do not explicitly consider the cost, which undermines the calculation of the MAC.

In summary these studies fall short in identifying, characterizing and assessing the impact of the range of decisions faced by the industry separately (i.e., each ship or fleet owner) and collectively (by sector based on current and future market conditions). As the Maersk study on super slow steaming demonstrated, while both mechanically possible effective in reducing fuel costs, there are a number of limitations restricting the employment of this measure. Similarly the work of Corbert, Wang and Winbreak on the impacts of speed reductions of fuel use and, in turn emissions reductions are also subject to confounding factors. We understand that there are ongoing studies to provide more comprehensive understanding of the costs and effectiveness of the emissions reductions measures. 
Research Plan

We developed a research plan to calculate marginal abatement cost(s) for vessel owners to institute operational measures and/or employ technologies to increase a vessel’s energy efficiency and reduce its CO2 emissions. This will include an assessment of the cost effectiveness of emissions’ reduction measures. We will address the direct costs of mitigation measures, and opportunity costs of mitigation. Methodologies to be used are presented in the research plan, though several require refinement while others require confounding factors by examining the impacts on profit, opportunity costs and external factors such as importer expectations. We will also examine the assumptions about each of these and the costs associated with the employment of both operational and technical measures. Such assumptions and related costs are of particular importance to the retrofitting and operations of existing ships. The authors welcome comments on the plan, assistance in assembling the data and participation in experts groups to guide the analyses in particular in rank ordering measures that might be employed; understanding the role of the customer, brokers and others in chartering and scheduling; changes in service due development.   

The objective of this research is to a) develop a means to determine the MAC for new and existing ships by type; b) calculate an average MAC for new and existing ships of the ten types identified in the International Maritime Organization’s Interim Guidelines on the Method of Calculation of the Energy Efficiency Design Index for New Ships; and c) calculate an average MAC for all for new and existing ships. The calculated MACs will be for the years 2013-2020, based on increases in efficiency from a 2005 baseline. MEPC 59/INF.10 should be used as a reference for industry growth and CO2 emissions scenarios. MEPC 59/INF.10 provides six growth scenarios.

The outcomes of this research will not favor a particular market-based approach.  The outcomes will support the development and implementation of any of the policies that may be adopted. As well we expect that the results may be used by ship designers, builders, owners and operators as a tool in their decision making to employ one or more technologies or operational measures.

The MACs will be used to:

· determine the MAC for new and existing ships, which will include an assessment of the cost effectiveness of emissions’ reduction measures;
· support of a cost/benefit analysis for future regulation of the international maritime industry;
· better understand how the different parts of the industry will be affected by mandated and increasing energy efficiency/CO2 emissions reduction requirements;
· better understand how a vessel owner or operator decides which energy efficiency measures to adopt first and when to employ a measure (e.g., opportunity costs, importer expectations);
· establish pricing for efficiency or emissions credits or other means of encouraging energy efficiency through market-based incentives (e.g., cap-and-trade auction prices, fees or levies, energy efficiency credits, etc.), and policies and approaches related to the banking of credits;
· discuss and compare different policy instruments including EEDI-based energy efficiency standards and energy credits, the proposed marine emissions trading system, the energy efficiency and fee scheme proposed by the World Shipping Council, and the Danish fuel levy; and 
· understand baseline costs of implementing technology and operational measures by the industry without government regulation and with government regulation (standards alone) with and without credits trading or by fee or levy.
Ten-step approach

1. Identify and Characterize Technical and Operational Measures

IMO MEPC 59 INF.10 (chapters 5 and 7 and Appendix 4) and the IMO’s Guidance of the Development of a Ship Energy Efficiency Management Plan (SEEMP) provide the basis for technical and operational measures or options for increasing energy efficiency. These options can be allocated into groups, and measures from the same group should be mutually exclusive (see MEPC 59 INF.10 Appendix 4). These groups include propeller maintenance; propeller/propulsion upgrades; hull coating and maintenance; voyage planning and operations; main engine retrofit; retrofit hill improvements; auxiliary systems; other retrofit options; speed reduction; and air lubrication. Measures may not be appropriate for existing ships or, may be appropriate only for ships of a certain type within a certain tonnage range.

a. Evaluate and account for synergies among measures in a group, and evaluate and account for synergies among groups.

b. Identify data sources for the implementation and maintenance and operating (M&O) costs for implementing technical and operational measures. The supporting documents in paragraph ‘a’ above detail forty nine (49) measures to reduce energy costs/reduce CO2 emissions. The research team will require assistance in identifying costs from manufacturers and those familiar with the installation and M&O costs of the technical measures. The research team should identify sources of operational costs of ships; however these may be available for only some vessel types. An experts group may be helpful in identifying these costs.

c. Describe the measures and the benefits and explain the assumptions including; applicability of measures to ship types and to new and existing ships; low and high cost estimates for implementation; M&O and replacement costs; low and high percent (sensitivity analysis based on bunker price and discount rates assumed) reduction potential(s); and limitations on the full implementation of the measure (in particular operational measures).

d. Examine the role of ship size in the cost of the measures. If so, then:

· Is ship size related to low and high cost estimates for implementation?  

· Is ship size related to high and low estimates (absolute value) for MAC for each measure?

2. Develop and refine basic equation(s) for the calculation of the MAC for both technological and operational measures. 

a. MAC(s) for technologies: 

In its simplest form, MAC for a technology measure includes the capital equipment and installation costs plus maintenance costs, plus any change in service and opportunity costs. It may also include the savings from those technologies, especially for technologies that can lead to emissions reduction and increased efficiency. The cost function of installing new technologies is 
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ΔCj is the cost of the technology j; 

Kj is the capital cost of the technology j, discounted by the interest rate and service years; 

Sj is the change in service cost of the technology j;

∑Oj is the opportunity cost related to lost service time due to the installation of the technology and the discounted costs related to alternative uses of capital; and  

Ej is the energy savings from that technology, which is a product of the price of energy and the saving of energy. 
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αj is the energy reduction rate of technology j; CO2 is the original CO2 emission from a ship; P is the price of fuel.

The MAC is determined by:
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This equation yields a MAC based on CO2 emissions reduction and will require refinement to address corresponding increases in energy efficiency. Data requirements and sources must be identified. However it may not be possible to obtain adequate change-in-service, profit and opportunity costs data. One or more dedicated experts group(s) may be helpful in identifying these costs.

b. MAC(s) for operational measures (such as speed reductions)

Because CO2 emissions are directly related to energy consumption, the relationship between operational speed and fuel consumption suggests that slow speed operations may, among other options, offer one effective way to control CO2 emissions from shipping. Business actions on speed change have been observed. Fuel price increases have stimulated shipping firms to reduce ship speeds to save fuel, which has resulted in reduced CO2 emissions. For example, A.P Moller-Maersk, through its Vessel Performance Management Service (VPMS), documented an increase in fuel efficiency of 8.9% during the period 2002-2007, with a corresponding CO2 emissions reduction of 15%. Most of A.P Moller-Maersk’s increase in energy efficiency is due to super-slow steaming at 10% of engine load and a 50% reduction in speed over parts of a ship’s voyage. Nippon Yusen Kaisha (NYK), the largest shipping firm in Japan, for instance, implemented a 10% speed reduction plan to save fuel. The president of the NYK has also linked this plan with air emissions controls.

The following discussion is an example of a model that can be constructed to compute the MAC for operational measures; in this example speed reductions. CO2 emissions from ships are a product of the use of fuel oil, with a well understood fuel-energy- CO2 combustion emissions conversion relationship. The methodology is revised from Corbett et al (Corbett et al, 2009). The fuel use of a vessel per trip is a sum of fuel use of the main engine(s) and auxiliary engine(s). The profit model, which is shown in Equation 3, is used to compute the revenues and costs of containerships:
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where i and j represents the origin port and the destination port, respectively; k represents an individual vessel serving route ij; MPk represents the power of the main engine(s); MFOCk represents the specific fuel oil consumption rate of the main engine(s); MLk represents the load factor of the main engine(s); APk represents the power of the auxiliary engine(s); AFOCk  represents the specific fuel oil consumption rate of the auxiliary engine(s); ALk represents the load factor of the auxiliary engine; s1k and s0k represent the operational speed and the design at-sea speed, respectively, in units of nautical miles per hour (knots) ; and dij represents the distance between the origin and the destination. 

πijk represents the total profit in dollars (US$) from the origin i to the destination j per year; FRij represents the freight rate in dollars per TEU (US$/TEU) from the origin i to destination j; Nk represents the number of TEUs per ship in one trip; Ck represents the total fixed cost in dollars per day (US$/day) for ship k; P represents the fuel price in dollars per metric ton oil (US$/mt); Tij represents the total number of trips made by ship k from i to j per year.

To obtain the speed at optimal profits, the derivation of that Equation is taken and converted to the following equation, holding all other variables constant:
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To calculate the MAC of CO2, ships are assumed to operate at the optimal speeds that yield maximum profits in the beginning. When ships slow their speeds to reduce fuel use (and in turn, emissions), ships lose profits compared with the profits made by the optimal schedule speeds. That creates additional costs to reducing CO2 emissions. The MAC is computed by comparing the profit loss and CO2 reduction.                                                                                                             

where π1 and E1 are the profit and emission at optimal speed and π2 and E2 are the profit and emission at a reduced speed.
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Fifty ships were randomly selected to investigate the MAC from speed reduction. Two scenarios were studied:  scenario 1 is that no extra ship is added to the lineup to cover the lost frequency due to the fleet slow-down; scenario 2 is that extra ships are put into the loop to cover the schedule. Fuel cost increases in 2008 were used as a proxy for marginal abatement costs or the incentive for the container ship owner/operator to slow a vessel to reduce energy costs (based on 2005 data). These findings are shown in figures 6 and 7.
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Fig. 6 CO2 reduction rates as a function of speed reduction and the addition of additional ships to maintain liner service
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Fig. 7 MAC based on a 10% and 20% speed reduction as a function of fuel costs.

This preliminary work did not identify change in service and opportunity costs and was also lacking as we did not examine the glut of ships in the market that allowed for companies to add ships to their fleet. The ongoing refinement in the methodologies and the access to key data is essential. An experts group may be helpful in identifying these costs.

3. Develop and refine techniques to calculate the sensitivity and corresponding changes in MAC in response to the fluctuations of discount rates and fuel prices. 

The MAC is a function of the price of a ton of bunker fuel at x% discount rate (annuity) for future estimates. The MAC is therefore sensitive to the price of fuel and the discount rate assumed. In addition to high-low ranges of the MAC for each measure it will be important to conduct sensitivity analysis for each measure or group of measures.

4. Market and other constraints on a vessel owner or operator’s ability to implement a measure or group of measures.

There are barriers that may limit the adoption of certain measures, including but not limited to the following:

· The current glut of ships in the marketplace will keep competition high, opportunity costs high and profit margins low until the market clears the excess capacity. 

· Investment in innovative new ship construction for maritime shipping is already limited. Tight financial markets may limit a vessel owner's abilities to invest in new capital equipment. 

· The cargo transportation sector is a service industry that responds to the needs of the customer, i.e., the importer. Container ships are on a liner schedule with customers demanding just-in-time delivery, where scheduling is tight, and service speed a premium. For crude oil carriers servicing North American refineries with only a three-day storage capacity, on-time delivery is also a premium. 

· Some retrofitting measures may require that a vessel be laid up in a yard. Typically vessels are on a 5-year dry-dock schedule for maintenance and repairs. High return on investment measures may be passed over or postponed for a lower-yielding measure if scheduled dry-dock work is three to five years out.

· The price, demand, and potential influence in the ship scrapping (retirement) industry.

For each measure or group of measures identify the potential for implementation constraints that increase the MAC; develop a method to moderate the MAC based on the potential constraints (probability of the constraint(s) and the magnitude of the impact). 

5. Develop an approach to rank order the measures or group of measures based on MAC, impact on percent (% ) reduction, ease of implementation, and other factors.

Assume that the most cost-effective measures for reduction are implemented first to attain the required standard. The project team must also develop an understanding of the time horizon to both implement a technology or operational measure and the approach a owner or operator will take given that the standards will be increasing at regular intervals. See research plan item 7.

6. Develop a method to calculate an average MAC for each vessel type and an average MAC for the industry.

Note: This is not simply the sum of all technological and operational MACs. The average MAC is among other factors a function of the price of bunker fuel plus any fuel levy, the cap or energy efficiency standard and an estimate on the measures that a company would employ to meet the current requirements and variable costs, such as fuel.

7. Develop a method to address changes in MAC based on periodic decreases in the CO2 emissions cap in both an open and closed maritime emissions trading scheme (METS) and periodic increases in an energy efficiency standard based on the US proposed MBM. 

Account for rising bunker fuel costs (inflation); and rising implementation, ship operating and other costs (inflation).

8. Examine how the banking of emissions or efficiency credits would impact a ship owner, trading and the MBMs including the following:
· How would a ship owner decide to optimize the CO2 emissions limit on a new ship to minimize imposed net abatement fees costs over the life of the ship?  

· The next question that owner would ask is if this optimization has a net positive return on investment (ROI).  To optimize total abatement costs for a single ship, an owner would determine his marginal abatement costs (costs of technology and operational measures) to achieve a certain CO2 emissions or energy efficiency standard and compare this to the net present value of net emissions credits or debits, based on the net present value of the sum of future CO2 emissions costs per ton. 

· Finally, a fleet owner would account for total fleet management, with trading of credits within the owner’s fleet. The ship owner would examine the entire fleet, considering new and existing ships. 

· Decisions to retrofit or impose other conservation measures can be based on the MAC and total of the net present value of future CO2 emissions credits through the life of each vessel. All these costs can be aggregated to determine the best MAC and credit/debit internal trading strategies. 

· How does banking impact supply and demand for credits?  

· What are the policy implications for sun-setting banked credits?

9. Establish a baseline MAC cost schedule assuming that the shipping industry will grow (use IMO MEPC 59 Inf.10).

This baseline MAC cost schedule should vary by vessel size, type, and years of service (2005 to 2050) with different technology implemented by year. This is the baseline case; a business-as-usual (BAU) scenario with no cap-and-trade or efficiency standards. It assumes that MAC costs are a function of vessel size and type and that technology and operational costs are variable due to the learning curve and other factors. The baseline costs should be averaged by vessel type in order to study efficiency credits and METS trading (for a closed ETS) inside the marine sector. MEPC 59/INF.10 provides six growth scenarios:

Table 2 CO2 growth rate and scenario description (Source: IMO, 2009)
	 
	Scenario Descriptions
	Base 
	High
	Low

	A1B
	Balanced across Energy Sources
	2.7%
	5.2%
	-0.4%

	A1F
	Fossil-Intensive
	2.7%
	5.1%
	-0.4%

	A1T
	Technologically advanced and predominantly non-fossil
	2.7%
	5.2%
	-0.4%

	A2
	Heterogeneous world with continuously increasing global population
	2.2%
	4.4%
	-0.6%

	B1
	Increasing population growth with rapid change in economic structures
	2.1%
	4.3%
	-0.7%

	B2
	Emphasis on local solution of economic growth and sustainability
	1.9%
	3.9%
	-0.8%


10. Examine pricing/trading schemes for an open  METS based CO2-tons caps and the US efficiency credit trading MBM proposal and the resulting in-sector impacts, including but not limited to the effectiveness of in-sector emissions caps or efficiency stringency, market prices and the need for credits market management interventions. 

Conclusions

Understanding the factors in the marginal abatement cost (MAC) of CO2 emissions reduction and the role of MAC in understanding market-based mechanisms and the pricing of a bunker levy, ton of CO2 emissions or an energy efficiency credit is key to a cost-effective and efficient operation and regulatory scheme. Given the large size of the international maritime sector bunkers inventory and projections for growth, significant in-sector reductions will be necessary to meet any meaningful global long-term climate stabilization goals. Reducing emissions in-sector through policy-driven technological changes and operational measures coupled with a market-based trading mechanism is necessary, possible, and cost-effective. Current efforts and proposals to generate “adaptation” funds from the international maritime sector to support a global climate change agreement have the potential to undermine efforts to reduce CO2 emissions in the maritime industry. 

Research based on sound data and a thorough approach to understanding the specific potential for emissions reduction is necessary to calculate the MAC for various vessel types. The research plan should provide the basis for understand the MAC and the role of the MAC in the effective pricing and structure of market-based measures to reduce emissions in the maritime sector.
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� There are other market based mechanisms proposed; the intent here in this paper is only to underscore the need to understand the marginal abatement costs and the pricing of a levy, a fee, a credit or whatever other scheme that is proposed or adopted.


� Estimates are based on theoretical speed reductions with bunker fuel at $250 per ton and a 20% CO2 emissions reduction from a 2005 baseline based on a short term spike in fuel prices. DNV (2009) and IMO (2009) examined a suite of technology and operational measures and that some ships could effect a 20% reduction an indeed save money. As stated earlier shipping companies are already exploring cost saving/energy efficiency measures.


  


� The wide range in the preliminary estimates of the MACs in the three studies is based in part on the methods used and the assumptions of the studies’ authors. An analysis of the limitations of these studies appears later in the paper. 
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