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Summary  
Policy makers and stakeholders have identified a range of near-, medium- and long-term mitigation options that are available to slow the growth of energy consumption and CO2 emissions from marine shipping. While the technologies and operational measures for ship-based CO2 reduction potential have been well documented, the reduction cost calculations remain sparse. This paper provides examples (using available data) of the application of methodologies to calculate the marginal abatement cost of CO2 reduction technologies and operational measures, and compare them under policy and economic contexts.

Introduction

Existing technologies and operational practices can be applied to ships to reduce energy consumption and thus CO2 emissions. These technical and operational measures have varying degrees of CO2 emissions’ reduction potential.  The net cost of employing one or more of these measures, the “marginal abatement costs” (MAC) is of increasing interest to policy makers, ship designers and builders, and existing ship owners (Buhaug, Corbett et al. 2009).  Understanding these costs are of critical importance to forecast the impact under ship-based CO2 reduction requirements / energy efficiency standards as well as increasing costs of fuel.  This paper discusses the application of the methodologies described in Russell et al (Russell, Wang et al. 2010), using two examples to estimate the marginal abatement costs for a technology and an operational measure.
One of the most difficult tasks facing the cost calculation is the lack of data. To develop robust and accurate models, detailed ship cost data and technical/operation data are needed. The data include but are not limited to the fixed cost and operational cost per ship, the cost of implementing technologies and improving operational measures, and the cost of collecting information. In these two examples we demonstrate the prospects of this research, identify areas of research where data are needed, and seek cooperation with the industry to obtain and develop data for the computation of the marginal abatement cost of technical and operational measures. This paper is structured as follows. Section 2 reviews current research on technical and operational measures and identifies places that need to be improved through more data from the industry. Section 3 uses the methodology mentioned in Russell et al to discuss two examples of technical and operational improvement on CO2 emissions’ reduction, discusses the application of this methodology, and conducts a sensitivity analysis. Section 4 discusses the data requirements and presents the future research direction and calls for assistant in gathering the data and other information necessary to develop a robust understanding of the costs.
Background

There is ongoing research on the impacts of CO2 reduction from ships both from technical and economic perspectives. But as the review below shows, most research in academia are hindered by the lack of data. This research is by-and-large limited to use of macro and aggregated data, which lessens robustness, although the cost-benefit analyses are state-of-the-art. It thus further illustrates how important to get detailed and real data from the industry to facilitate research. Moreover, researchers tend to look at different technologies individually while some technical measures and operational measures can be applied together. The research from the industry benefits from data availability but lacks cost and profit analyses. Nevertheless, research by the International Maritime Organization (IMO), Det Norske Veritas (DNV), Maersk, etc have provided some fresh perspectives for the calculation of MAC for technical and operational changes using different methodologies. 

Buhaug et al (2009), in the IMO report, has shown the social costs of some existing technical and operational measures ranging from speed reduction to solar panels (shown in Figure 1) (Buhaug, Corbett et al. 2009). It shows that some costs of applying those measures are negative, meaning those measures can have a net return on investment for the industry due to the improved energy efficiency and in turn reduced fuel consumption.  

Figure 1 MAC of IMO Estimates (Source: Buhaug et al 2009 P.78)

Eide et al (2009) have similar results (Eide, Endresen et al. 2009). They apply different technical and operational measures to two ships, one containership and one tanker. Some measures (e.g. propeller improvement) have big savings while some measures (solar panel and wind) cost significant amounts of money. However, they do not take the opportunity cost into consideration, which is defined as the value of the next best alternative service foregone as the result of making a decision (McConnell and Campbell 2004). In marginal abatement cost calculation, the opportunity cost is very important. When an emissions’ reduction policy is mandated, ships may still make profit, but using less fuel by going slower does not mean that speed reduction policies provide greater profits for ships because the profit is not created, directly or indirectly, by such policies. It is therefore important to compare net profits before and after the mandate. If profits are lowered due to the mandate, then the policy generates costs to the shipper compared to a no-action scenario. The opportunity cost is thus one of central point in the methodology discussed by Russell et al and instrumental in this paper.

Corbett et al (2009) consider the opportunity cost of service change and calculate the marginal abatement cost (MAC) for the speed reduction using different years’ data {Corbett, 2009 #5}. They divide the speed reduction into two scenarios. One scenario is with no extra ships being added to cover the lost service, and the other scenario is with extra ships to cover the lost service when ships slow speeds. They find the MAC between $15 and $275 per ton, which is different from Eide’s estimate but largely fall into Buhaug et al. Speed reduction, however, is only one of a few available technical and operational measures. 

Research from the industry sheds light on this issue as well. With more data, their papers are from another perspective which reflects the cost and benefit for ships in a micro way. De Kat et al (2009) describes the unique combination of technical and operational measures aimed at making the A. P. Moller-Maersk fleet more efficient and calculates the emission reduction from those measures (De Kat, Cerup-Simonsen et al. 2009). Wartsila proposes more efficient engine and makes use of economies of scale. These studies, though not standard cost-effective analyses, have insights from the industry regarding to the vessel-based emissions reduction.

The goal of our research is to bridge the academic and industrial focuses, integrate the advantages of each approach to compute the cost and benefit for each technical and operational measure, and examine these as a suite of measures that may be employed to meet increasing standards over time. On the academica side, we continue to use the standard cost-effectivenss analysis which was empoyed in the the IMO and DNV studies, and papers from other peer-reviewed journals. On the industry side, we seek assistance from the industry for more real-world data for individual ships. In the end, we hope to inform both the industry and policy makers the profit-making opportunities and net costs and cost effectgiveness of CO2 reduction  and measures. 

Examples of MAC Calculation on Technical and Operational Measures
MAC of Two Individual Technologies to Reduce GHG from Ships

This section will focus on two energy efficiency improvement measures: Shaft Propeller Shaft Line Alignment and Optimized Autopilot. Proper-shaft line alignment is one of the most important actions during the design of the propulsion system. Aligning propeller shafts to minimize turbulent flow and frictional resistance can reduce overall power demand and ensuing energy consumption. The development of ship steering autopilot is the field that control theories have been applied much earlier for PID (proportional–integral–derivative) auto control, minimal variance self-turning control and model reference adaptive control. Automatic ship course-keeping requires more-or-less frequent changes in rudder position to account for wind, currents and ship yawing.

This section applies the methodology in Russell et al to calculate the MAC for these two technologies. Recall that the MAC is determined by:
	
…………………………………………… (1)
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 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. 
Ej is the energy savings from that technology, which is a product of the price of energy and the saving of energy 
αj is the energy reduction rate of technology j; 
CO2 is the original CO2 emission from a ship; 
P is the price of fuel.
To use Equation 1, some key parameters have to be determined beforehand.

In this example, we collected shipping data from the U.S Army Corps of Engineers, which provides a spreadsheet containing cost information for ships with different sizes. The prices of shaft line alignment and optimized autopilot are obtained on line. The price will vary among different manufacturers, and builders and installers. 

Ship cost information is listed in Table 1.  
Table 1 Key parameters Add units to each parameter
	Ship Parameters
	Ship Parameters

	TEU
	4000

	DWT
	55000

	Replacement Cost ($)
	74724587

	CRF in 20 years
	0.0935

	Annual Capital Cost ($)
	6985093

	
	

	Crew Cost ($)
	5104740

	Lubes & Stores ($)
	394389

	Maintenance & Repair ($)
	1337189

	Insurance ($)
	710324

	Administration ($)
	323761

	Fixed Annual Op Cost ($)
	7870402

	
	

	Total Annual Fixed Cost ($)
	14855495

	Total Daily Fixed Cost ($)
	42444

	
	

	Daily Fuel Cost at Sea (ton)
	13435

	Daily Fuel Cost in Port (ton)
	768

	
	

	Ship Length (meter)
	951

	Ship Beam (meter)
	106

	Ship Draft (meter)
	42

	Immersion Rate
	186

	Horsepower (kwh)
	45567

	Service Speed (knot)
	23

	Main Fuel Consumption (ton)
	128

	Aux Fuel Consumption (ton)
	4

	Manning
	31

	
	

	MDO Price ($ per ton)
	192.1



Based on a ship voyage, daily fuel consumption, and assume the vessel works 230  days per year (Endresen, Soergaard et al. 2003), the energy savings, product prices, and CO2 savings are calculated and listed in Table 2.


Table 2 Calculations of Two Technology Options
	Fuel Efficiency Means
	Energy Saving
	Cost ($)
	Annual Cost ($)
	Days at Sea
	Days in Port
	CO2 saving (ton)

	Optimized autopilot
	0.04
	3018
	$338.90 
	230
	20
	2036.864446

	Shaft line alignment
	0.02
	4436
	$498.13 
	230
	20
	1018.432223



Using the data in Tables 1 and 2 and applying for Equation 1, the MAC can be determined to be negative $60.8 per ton and negative $60.1 per ton, respectively.  In other words, the optimized autopilot and shaft line alignment can reduce emissions and yield a positive return on investment, i.e., save costs for ships. Ships can reduce CO2 emissions and increase net income at the same time. 

This application of the methodology of Russell et al can be applied to different technical and operational measures.
Sensitivity Analysis of the MAC for the Two Technologies

Without the detailed information for ship cost, the variation of the installation cost and other cost, two parameters are hypothesized in this paper as examples for the sensitivity analyses. These two parameters are fuel cost and the discount rate. To make the sensitivity analysis more robust, we calculate the sensitivity analysis when the two parameters change together. We assume fuel cost between $150 per ton and $550 per ton, and the discount rate is between 3% per year and 10% per year.

Table 3 and Table 4 show the change of MAC when both the fuel cost and discount rate change. 


Table 3 Sensitivity analysis of MAC of implementing optimized autopilot ($ per ton) with the changes of Fuel cost ($ per ton) and discount rate (% per year). The column is the fuel cost and the raw is the interest rate.
	
	 $150 
	 $250 
	 $350 
	 $450 
	 $550 

	3.00%
	-47.615
	-79.361
	-111.107
	-142.853
	-174.599

	4.00%
	-47.615
	-79.361
	-111.107
	-142.853
	-174.599

	5.00%
	-47.614
	-79.360
	-111.106
	-142.852
	-174.598

	6.00%
	-47.614
	-79.360
	-111.106
	-142.852
	-174.598

	7.00%
	-47.613
	-79.359
	-111.106
	-142.852
	-174.598

	8.00%
	-47.613
	-79.359
	-111.105
	-142.851
	-174.597

	9.00%
	-47.613
	-79.359
	-111.105
	-142.851
	-174.597

	10.00%
	-47.612
	-79.358
	-111.104
	-142.850
	-174.596



Table 4 Sensitivity analysis of MAC of implementing shaft line alignment ($ per ton) with the changes of Fuel cost ($ per ton) and discount rate (% per year). The column is the fuel cost and the raw is the interest rate.
	
	 $150 
	 $250 
	 $350 
	 $450 
	 $550 

	3.00%
	-47.405
	-79.151
	-110.807
	-142.643
	-174.299

	4.00%
	-47.405
	-79.151
	-110.807
	-142.643
	-174.299

	5.00%
	-47.404
	-79.150
	-110.806
	-142.642
	-174.298

	6.00%
	-47.404
	-79.150
	-110.806
	-142.642
	-174.298

	7.00%
	-47.403
	-79.159
	-110.806
	-142.642
	-174.298

	8.00%
	-47.403
	-79.159
	-110.805
	-142.641
	-174.297

	9.00%
	-47.403
	-79.159
	-110.805
	-142.641
	-174.297

	10.00%
	-47.402
	-79.158
	-110.804
	-142.640
	-174.296



Both Table 3 and Table 4 show that there is a large influence of the fuel cost and that there is a small influence of discount rate for the marginal abatement cost. One reason is the relative low costs of the two technologies. Therefore, discount rate is not that important. However, for technologies that are more expensive, discount rate deserves more attention. In other words, the relative importance of different parameters is technology-dependent. More data about other technologies are needed.

By similar methodologies, the sensitivity analysis for other factors and assumptions can be calculated such as the fluctuation of market prices and ship operational cost. By this way, a range of the MAC can be determined and a robust estimate will make the study more effectiveness in providing key information to the industry and policy makers. 
 MAC of Applying the Two (multiple) Technologies Together

There are a suite of technical and operational measures that can be applied to ships in order to reduce energy consumption and emissions. In the IMO study, for example, identifies more than forty nine (49) such measures. Admittedly, not all technologies and operational measures can be applied together. In other words, the cost and effectiveness are not a simple summation. However for example, some technologies can be integrated with each other, which may further reduce fuel consumption and CO2 emissions. In this section, the two technologies, propeller-shaft line alignment and optimized autopilot, are assumed to be implemented together, because there are likely no opposing synergies. Key parameters are like what has been shown in Table 1. The Equation 2 of Russell et al is applied.

Recall the Equation 2 in Russell et al:

Where n is the available technical and operational measures that can be applied together. 

Using Table 1 and Equation 2, the MAC of applying the two measures together is $-60.71 per ton. The result shows that to combine the two measures can lead to profit to ships as well. Ships should use the technology as long as the marginal cost is negative.  It also shows a bright perspective for the industry to reduce CO2 emissions while improving energy efficiency and saving cost.
Future Direction and Data Need

In next few months, the marine team at the International Council on Clean Transportation (ICCT) along with SNAME will work on the MAC calculations for the technical and operational measures. One product of the research will be similar to the study by Lutsey et al (Lutsey and Sperling 2009), which demonstrated the CO2 emissions reduction potential and MAC for the whole transportation sector. However, more data is needed from the industry.

In detail, the research conducted by the ICCT in collaboration with SNAME’s ad hoc panel 20 (AHP 20) hopes to:
(1)   identify and Characterize Technical and Operational Measures;
(2)  develop and refine a basic equation for the calculation of the MAC for both technological and operational measures. 
(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;
(4) evaluate market and other constraints on a vessel owner’s or operator’s ability to implement a measure or group of measures;
(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; 
(6) develop a method to calculate a MAC for each vessel type and an average MAC for the industry;
(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), periodic increases in an energy efficiency standards based on the U.S. and World Shipping Council proposed market-based measures (MBM)s; 
(8) establish a baseline MAC cost schedule assuming that the shipping industry will grow; and.
(9) examine pricing / trading schemes for an open and closed METS based CO2-tonnes caps, the U.S. efficiency credit trading schme, the World Shipping Council efficiency standards scheme 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.

To achieve this and better serve the policy makers, regulators and the industry, more detailed data is needed. The data includes, but are not limited to
(1) costs of technologies and the market fluctuations of them;
(2) costs of ships including operational and fixed costs
(3) origin and destination ports of ships
The data of the cost should be based on different types of ships.

The sensitivity analysis will also be conducted based on fuel cost, technology improvement rate, policy changes, and other factors. It will make the study more robust.
The progress of this research will be data dependent. The information we get will directly influence the outcome and effectiveness of this research. We are grateful if the industry can provide such data and cooperate with each other. We will keep the confidential during the study and after the study’s release. 
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