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Abstract 

The thesis sets out to answer whether replacing old bulk carriers with more 

efficient ones much before the end of their design life can lead to a net re-

duction in greenhouse gas emissions. For this to happen, the emissions pro-

duced from operating an old ship normally until the end of its design life 

have to exceed those from building the new ship, scrapping the old one, and 

operating the new one for a time period set by the remaining design life of 

the old ship.  

 

In the thesis it was assumed that the only differentiating life cycle process 

between ships are the operational emissions, with the remaining processes 

affecting all ships equally. Operational emissions were based on EU MRV 

data, corrected for differences in operational conditions where appropriate 

and possible, while emissions for all other life cycle processes were taken 

from literature. The ships studied were bulk carriers in the 35 000 – 55 000 

DWT range and built between 2004 and 2008, which were compared to a 

modern 45 000 DWT design. 

 

Two methods of comparison were devised. The first method used benchmark 

speed, ISPI and EEOI values set by ships according to the reference modern 

design, to produce operational emissions break-even curves as functions of 

build year. It was found that capacity utilization has no discernible effect on 

ISPI values, and this was used to balance the differences in capacity utiliza-

tion for EEOI. The second method used calibrated power to speed curves to 

estimate the produced emissions from a replacement ship with operational 

parameters set by an old ship, with results produced both with and without 

a multiple ships factor. In both methods, it was found that in 65% to 79% of 

cases, on average, an advanced replacement would lead to a net reduction of 

emissions. 
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Sammandrag 

Arbetets mål är att undersöka om ersättningen av gamla bulklastfartyg med 

mer bränslesnåla varianter långt före deras planerade skrotningsdatum kan 

leda till minskningar i totala utsläpp av växthusgaser. För att detta ska vara 

möjligt måste utsläppen ett existerande fartyg genererar fram till dess pla-

nerade skrotningsdatum överstiga utsläppen från hela utbytesprocessen, 

samt utsläppen det ersättande fartyget genererar fram till det gamla farty-

gets skrotningsdatum.  

 

I arbetet har det antagits att skillnaderna i livscykelsutsläpp mellan olika 

skepp härstammar från skillnader i utsläppen från operativa processer, 

varpå utsläppen från återstående processer påverkar alla skepp i lika mått. 

Operativa utsläpp är baserade på MRV data, som enligt lämplighet korrige-

rats enligt skillnader i operativa förhållanden. Utsläppen från icke-operativa 

processer är baserade på data från tidigare studier. Skepp i storleksklassen 

35 000 – 55 000 dödviktston och byggda mellan 2004 och 2008 undersökts 

som kandidater för skrotning, och som ersättande skepp har en modern de-

sign på 45 000 dödviktston studerats. 

 

Två metoder för jämförelsen framställdes. Den första metoden använder sig 

av referensvärden från ersättande designen för att producera gränsvärden 

för operativa utsläpp som funktioner av byggnadsår. I studien framkommer 

det att kapacitetsutnyttjandegraden har en mycket liten inverkan på ISPI, 

vilket används för att balansera EEOI enligt kapacitetsutnyttjande. I den 

andra metoden kopplas kalibrerad hastighets- och konsumptionsdata för 

det ersättande skeppet ihop med operativ data från de äldre skeppen, för att 

uppskatta utsläppen om båda skeppen användes likadant. I båda metoderna 

framkommer det att ersättningen i 65% till 79% av de skeppen studerade 

leder till en minskning i utsläpp. 

Nyckelord  Livscykelutsläpp, växthusgaser, bulklastfartyg, MRV 
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Symbols 

 
𝑪𝑭𝒋

 Factor to convert mass of fuel of type 𝑗 to mass of CO2 emissions 

𝑪𝑼𝑨 Approximated capacity utilization, by distance 

𝑪𝑼𝑹 Reported capacity utilization, by distance 

𝑪𝑼𝑻 Transport work capacity utilization 

𝑫 Distance sailed 

𝑫𝑳 Distance of laden voyages 

𝐃𝐖𝐓 Design deadweight 

𝑬𝑪𝑻 Balanced annual emissions (same fraction of port emissions) 

𝑬𝒎𝒕 Total life cycle emissions from maintenance 

𝑬𝒐𝒑 Total life cycle emissions from ship operation 

𝑬𝒔𝒄 Total emissions from ship scrapping 

𝑬𝒔𝒃 Total emissions from shipbuilding 

𝑭𝑪𝒋 Mass of fuel of type 𝑗 consumed 

𝐅𝐎𝐂 Fuel oil consumption (daily) 

𝑮 Global correcting factor 

𝑳𝑭 Load factor, mass ratio of cargo carried to capacity 

𝒎𝒄𝒂𝒓𝒈𝒐 Mass of cargo carried 

𝑴𝑭 Multiple ships factor 

𝑷𝑪 Payload capacity 

𝑻 Remaining design life 

𝑻𝑩 Remaining design life for Ship B 

𝑻𝒄 Ship construction time 

𝑻𝑾 Transport work 
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Abbreviations 

 
AER Annual Efficiency Ratio 

AIS Automatic Identification System 

CU Capacity utilization 

DCS Data Collection System 

EEDI Energy Efficiency Design Index 

EEOI Energy Efficiency Operational Indicator 

EU European Union 

EU ETS European Union Emissions Trading System 

FOC Fuel oil consumption 

GHG Greenhouse Gases 

GWP Global Warming Potential 

HFO Heavy fuel oil 

IMO International Maritime Organization 

ISPI Individual Ship Performance Indicator 

LCA Life Cycle Assessment 

LCI Life Cycle Impact 

MBM Market based measure 

MGO Marine gas oil 

ME Main engine 

MRV Monitoring Reporting and Verification (of CO2 emissions) 

SFOC Specific fuel oil consumption 

SMCR Specific maximum continuous rating 
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1 Introduction 
 

In 2018, 1 056 million tonnes of CO2 emissions could be attributed to ship-

ping, having increased by 9.3% in just six years. In the same time period, the 

share of total anthropogenic CO2 emissions attributed to shipping increased, 

from 2.76% in 2012 to 2.89% in 2018 (IMO, 2020). The total emissions from 

shipping are projected to grow between 50% and 250% by 2050, while IMO 

targets are to reduce total emissions by 50% by that date, compared to 2008 

levels (The Marine Environment Protection Committee, 2018).  

 

Bulk carriers are the single biggest shipping segment, making up 33.9% of 

the worlds merchant fleet by gross tonnage. In the 25 000 – 60 000 GT 

range, roughly corresponding to Handymax – Panamax, bulk carriers make 

up 52.1 % of all merchant ships (Equasis, 2021). Bulk carriers are typically 

built with a design life of 25 years, although it is common for them to be 

scrapped before the end of their design life. The current age distribution in 

the segment of large bulk carriers (25 000 – 60 000 GT) is presented below. 

 
Bulk carriers 25 000 -60 000 GT 

Age (years) Number of ships of total 

0 – 4 1 161 18% 

5 - 14 4 004 60% 

15 - 24 1 254 19% 

+ 25 203 3% 

Table 1 Age distribution of bulk carriers in the 25 000 - 60 000 GT range. 

(Equasis, 2021) 

 

Ships produce emissions during each phase of their life cycle, from the ex-

traction of raw materials to produce the ship, to the burning of fuel during 

operation, to the cutting up of the ship during the shipbreaking process. For 

any product or process, these emissions can be mapped out in a process 

called a Life Cycle Assessment (LCA), for which special software and stand-

ards exist (ISO 14040). The end result for a ship of this process is an inven-

tory estimate for the total life cycle emissions, that is, the total greenhouse 

gas (GHG) impact of the ship. 

 

This thesis aims to answer whether replacing an old ship prematurely with a 

more efficient one can result in a net reduction in total emissions, with the 

implication that one ship is scrapped and another one is constructed. A pos-

itive answer to this question requires technological improvements that make 

new bulk carrier designs sufficiently efficient to offset the excess emissions 

produced from the replacement process. Although there have been no great 

leaps in bulk carrier technology during the past few decades, several designs 

have recently come to market that place special emphasis on hull form 
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optimization, leading to reduced emissions. One of these new designs is the 

Bluetech 45 (BT45), a 45 200 DWT bulk carrier designed by Bluetech Finland 

oy. It is closely related to the Bluetech 42 (BT42), differing mainly in 

deadweight. As of writing, 6 BT45s and 3 BT42s have been built.  

 

 

 

 
Figure 1 Render of a Bluetech 45 bulk carrier. Used with permissions from 

Bluetech Finland oy. 

 

Two different methods for answering the main question of this thesis are pre-

sented, both based largely on data from the EU MRV system. In the first 

method, efficiency data is compared to benchmark values set by the reference 

ship, the BT45. The efficiency data for the reference ship is also based on re-

ported MRV data. In the second method, the benchmarks are set individually 

by each entry, and BT45 efficiency figures for the same conditions are esti-

mated based on MRV calibrated towing tank data. 

 

1.1 EU MRV 
 

In 2015, the European Parliament passed regulation that mandates ships us-

ing EU ports to report their efficiency data, with the purpose of reducing sea-

borne GHG emissions in the EU. This is a consequence of the binding EU 

target of reducing domestic CO2 emissions by 40% by 2030 as compared to 

1990 levels and is one of many similar regimes introduced throughout the 

economy to meet the set targets. 

 

The system for reporting these emissions is called MRV (Monitoring, Report-

ing and Verification), and it applies to ships exceeding 5000 GT, for all voy-

ages connected in either end to an EU port. The data is made publicly avail-

able and is published each spring. As of writing, three years of data are avail-

able: 2018, 2019 and 2020. 
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In its raw form, the MRV data lists the following operational figures, as ag-

gregate figures for the whole reporting year: 

• Total fuel consumption 

• Total emissions 

• CO2 emissions for all voyages form/to/between EU ports 

• CO2 emissions occurring within EU ports 

• Time spent at sea 

• Average fuel consumption/CO2 emissions per distance 

• Average fuel consumption/CO2 emissions per transport work 

 

From these, the following figures can be derived: 

• Distance travelled 

• Average speed 

• Total transport work 

 

Separate reporting of efficiency figures for laden voyages is done on a volun-

tary basis, and such figures are available for about 1 in 10 entries. 

 

Since MRV data only covers voyages with either end at an EU port, it has 

some limitations. The total fuel consumption, total emissions, time spent at 

sea, and all derivatives are not representative of the true annual figures for a 

ship, unless the ship was operated exclusively on EU routes. Furthermore, if 

the trade balance for the EU or emissions for EU routes are different from 

global averages, the efficiency metrics won’t be representative of global fig-

ures. 

 

A similar dataset exists from the IMO which has global coverage, called DCS 

(Data Collection System), although it has a whole different set of limitations. 

The DCS data is anonymized, whereby it is not possible to use it to see the 

efficiency figures for individual ships. Crucially, it is not publicly available, 

whereby it was not used for this thesis. 

 

It should be noted that MRV data only considers CO2 emissions. This can be 

a disadvantage for ships with scrubbers installed, although its significance 

should not be overstated as CO2 makes up the majority of operational GWP, 

for instance 97.2% as found by Quang et al., (2020). 
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1.2 Efficiency metrics 
 

The main indicator of a ship’s energy efficiency in EU MRV is the Energy 

Efficiency Operational Indicator (EEOI), expressed as g CO2/ton-mile. It is 

defined in MRV as follows: 

 

 EEOI =
∑  𝐹𝐶𝑗𝑗  𝐶𝐹𝑗

𝑚𝑐𝑎𝑟𝑔𝑜 ∙ 𝐷
 (1) 

 

Here, 𝐹𝐶𝑗 is the mass of fuel of type 𝑗 consumed, 𝐶𝐹𝑗
 is a mass conversion 

factor for a fuel of type 𝑗 to CO2 emissions, provided by IMO guidelines, 

𝑚𝑐𝑎𝑟𝑔𝑜 is the mass of cargo carried and 𝐷 is the distance sailed.  In the annual 

MRV data, it can be simplified as: 

 

 EEOI =
𝑇𝑜𝑡𝑎𝑙 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠

𝑇𝑜𝑡𝑎𝑙 𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 𝑤𝑜𝑟𝑘
=

∑𝐸𝑖

∑𝑇𝑊𝑖 
 (2) 

Where 𝐸𝑖 is the total emissions and 𝑇𝑊𝑖 is the transport work from a voyage 

𝑖. It should be noted here that all voyages will produce emissions, but since 

all voyages aren’t laden, the transport work for many voyages will be zero. 

EEOI can be further generalized to: 

 EEOI =
∑𝐸𝑖

𝐿𝐹 ∙ 𝑃𝐶 ∙ 𝐷𝐿
 (3) 

𝐿𝐹 here is the load factor, which is the ratio of the mass of cargo carried 

𝑚𝑐𝑎𝑟𝑔𝑜 to the payload capacity 𝑃𝐶, and 𝐷𝐿 is the distance of all laden journeys.  

 

There has been considerable opposition from industry to the EEOI metric, as 

the quantity 𝑚𝑐𝑎𝑟𝑔𝑜 is of a commercially sensitive nature (Kedzierski & 

O’Leary, 2012). Some stakeholders have also pointed out that many low den-

sity cargoes require ballasting to ensure the ship doesn’t become dangerously 

unstable, whereby a more suitable metric would be ‘deadweight carried’ 

(Faber & Behrends, 2016).  

 

A simplified metric also used in MRV is the Individual Ship Performance In-

dicator (ISPI) calculated as follows: 

 

 ISPI =
∑ ∙ 𝐹𝐶𝑗𝑗 ∙ 𝐶𝐹𝑗

𝐷
 (4) 

ISPI only looks at the emissions produced over the distance sailed, and is 

used in both EU MRV and IMO DCS.  
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IMO DCS uses a metric called Annual Efficiency Ratio (AER) instead of 

EEOI, due to the commercially sensitive nature of EEOI. AER is calculated 

as follows: 

 

 AER =
∑  𝐹𝐶𝑗𝑗  𝐶𝐹𝑗

DWT ∙ 𝐷
 (5) 

In order to bring the EU MRV in line with IMO DCS, there is an ongoing 

process attempting to replace EEOI in MRV with AER. As of writing, the 

revision process is still ongoing and the EU Commission’s amendment pro-

posal (COM(2019) 38 final) is still under its legislative process. Therefore, 

the old MRV regulation (REGULATION (EU) 2015/757) is still in force, 

whereby (for the time being) EEOI is used in MRV. This is good, as AER con-

tributes no additional information if ISPI and deadweights are known. 

 

1.3 Capacity utilization 
 
An important metric in this thesis is capacity utilization (CU), which in this 
context is the ratio of the distance of laden voyages to the total distance cov-
ered.  
 
Three different capacity utilization factors are used: 
 

• 𝐶𝑈𝑇 Transport work CU 
The minimum CU possible with the given transport work and dis-
tance sailed for a ship, if the ship would have undertaken all laden 
voyages carrying its mass limit of cargo It is the ratio of the actual 
transport work to the maximum possible transport work with the 
given distance sailed. 
 

• 𝐶𝑈𝑅 Real CU 
The real CU, calculated directly from reported figures. This is only 
possible where laden efficiency figures have been voluntarily re-
ported, whereby this figure is not available for all entries. 
 

• 𝐶𝑈𝐴 Approximated CU 
Used when 𝐶𝑈𝑅 data for a particular entry is not known, which en-
compasses the vast majority of entries. This value is approximated 
using a function based on available 𝐶𝑈𝑇 and 𝐶𝑈𝑅 data. On average, 
values for 𝐶𝑈𝐴 should be close to those of 𝐶𝑈𝑅, whereby 𝐶𝑈𝐴 ≈ 𝐶𝑈𝑅. 
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2 Literature survey 
 

In this section, key findings from relevant studies are presented, to serve as 

context in later parts of the thesis. An immense amount has been written 

about ship life cycles and emissions and this section has no intention to be 

exhaustive, just to present relevant data that is utilized throughout this the-

sis. 

 

2.1 Previous work on bulk carrier LCAs 
The life cycle analyses that this thesis uses as a base are done by Gratsos et 

al. (2010), and Quang et al. (2020). The former compared the LCIs of a ship 

built with minimum corrosion margins to a ship with more robust corrosion 

margins and concluded that building ships with sufficient corrosion margins 

may result in somewhat smaller life cycle emissions, due to fewer steel re-

pairs and a longer life cycle. The latter found that the vast majority of a ships 

life cycle emissions are produced in operation, and that 90-97% of the GWP 

of any process in the ship’s life cycle comes from CO2 emissions. The work of 

Gratsos et al. (2010) was further developed by Dong & Caia (2019), who 

found that the ship with robust corrosion margins had an emissions reduc-

tion of 4.83% in carbon monoxide, 2.62% in methane, and 56.64% in volatile 

organic compounds compared to the ship built with minimum corrosion 

margins. They also found that 99% of SOx and NOx emissions arise in the 

operational phase. An LCA for a Panamax tanker was performed by 

Chatzinikolaou & Ventikos (2014), by utilizing a systems approach. They 

found that the life cycle impact for the hull (in this context, all structures) 

was fairly low, equivalent to the annual impact of 1540 Europeans for a 25 

year life cycle (or 62 Europeans for the life cycle duration). The software and 

methods for performing LCA’s on cargo ships was developed by Kameyama 

et al. (2005), using actual shipyard functions and operational data. The 

methods they produced consider both greenhouse effects and ocean acidifi-

cation, and it is used as a basis in the aforementioned LCAs. 

 

2.2 Analysis of MRV 
 

The reporting, advantages, drawbacks, and potential uses of MRV data have 

been studied extensively since the system was introduced. Fridell et al. 

(2018) noted that the exclusive focus on CO2 emissions in MRV was prob-

lematic, and that the four different methods for fuel consumption monitoring 

could lead to a high level of uncertainty in the actual fuel consumption, with 

up to 15% deviations from mean values at a 95% confidence interval.  

 

The effect of environmental disclosure regulations for the tanker industry 

was studied by Poulsen et al. (2020). The allowance of several different 
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methods of performance monitoring in MRV was found to cause discrepancy 

among shipping companies as larger companies often have elaborate perfor-

mance monitoring systems in place, which smaller companies may lack. As a 

consequence, although MRV mainly is a bureaucratic hurdle for larger com-

panies, it raises awareness of performance improvements at smaller compa-

nies. It was found that although MRV might incentivise shipowners to imple-

ment measures to reduce emissions, these incentives are not shared by char-

terers, whereby charterers have a net negative impact on the emissions of the 

industry as a whole.  

 

The first batch of MRV data was analysed by Panagakos et al. (2019), who 

found the variation in MRV data to be considerable; for a given ship the EEOI 

values could typically range from 5.9 – 21.3 gCO2/tm on a voyage to voyage 

basis. They found that the geographical limitations in MRV introduced a sig-

nificant geographical bias, with non-EU EEOI figures on average 38.4% 

higher than EU figures. They concluded that the significant variation in effi-

ciency figures as well as the geographical limitations in MRV prohibit its in-

tended use, although it has played an important part in hastening the adop-

tion of the IMO DCS. Another interesting finding, highly relevant for this the-

sis, was that adding 5 years to a ships age led to an average EEOI increase of 

11.7%, indicating the effect of EEDI and lending credibility to the general idea 

behind this thesis. 

 

2.3 Operational factors influencing emissions 
 

The effect of energy efficiency on time charter rates was studied by Agnolucci 

et al. (2014). They found that shipowners can get a markup for fuel efficient 

ships through two mechanisms: charterers are willing to pay a premium for 

more efficient ships, and charterers often pick the best vessels first, forcing 

less efficient ships to accept lower rates. An interesting finding is that age 

tends to decrease charter rates by on average 350$/day for each year added 

to the age of a ship. At the same time, they identified a hesitancy by charterers 

to pay high premiums for more efficient ships, due to difficulties validating 

the promised efficiency; this may have changed to some extent as the article 

is written before the introduction of the MRV system. Nevertheless, in-

creased earnings to shipowners from higher charter rates for more efficient 

ships was found to be roughly 40% of the money saved on fuel expenditure.  

 

This efficiency gap is most prominent at normal speeds, and conversely, slow 

steaming reduces the efficiency gap. Slow steaming, typically defined as op-

erating at sea with an engine load below 65%, has in recent times been more 

the rule than the exception, with about 55% of bulk carrier emissions as-

signed to this operational phase (Psaraftis & Kontovas, 2021). The main rea-

sons for this have been fleet overcapacity and low freight rates, although 



8 

 

there is a myriad of factors at play. Fuel and commodity prices seem to have 

a bigger impact on the average speeds of vessels than fleet capacity and trade 

volumes; and high fuel prices incentivise slow steaming, increasing journey 

times and thereby increasing demand for tonnage. As a result, an increase of 

10$ in the per-tonne price of fuel increases the fuel expenditure of a Panamax 

ship by about 350$ per day but increases the time charter rate by about 

1000$ per day (Agnolucci, et al., 2014). Ships built in recent times tend to be 

underpowered (Gratsos, et al., 2010), although if slow steaming really is the 

new normal, this may be an advantage as ships are operated closer to their 

peak efficiency at 75-80% engine loads. At low engine loads, power produc-

tion is relatively less efficient, producing less power per unit fuel burned, as 

well as producing proportionally more emissions of nitrous oxides and par-

ticulate matter. As a response, there has been a general trend toward some-

what lower design speeds (Faber, et al., 2012). 

 

2.4 Current progress on meeting GHG targets 
 

The intermediate IMO target of reducing the carbon intensity of maritime 

transport by 40% by 2030, as compared to 2008 levels, has already been ex-

ceeded by bulk carriers, as the carbon intensity in this segment has been re-

duced by 60% as compared to 2008 levels (Psaraftis & Kontovas, 2021). It 

should however be noted that the target covers the industry as a whole, and 

as a whole this reduction has been 21%. This reduction is only in carbon in-

tensity: the total annual emissions have decreased by about 10% (IMO, 

2020). This reduction has largely been a result of slow steaming, which in 

turn has largely been a result of the aforementioned market conditions. As 

many of these are transient, much of the emissions reductions may be tem-

porary. The European Green Deal aims for a 90% reduction in emissions 

from the European transport sector by 2050, and its strategy to reduce emis-

sions in the shipping industry include measures such as the adoption of the 

MRV system, definition of GHG targets, and the implementation of market 

based measures (MBMs). In the European transport sector, shipping cur-

rently accounts for slightly higher GHG emissions than aviation, at 14.1% and 

13.2% respectively (Grosso, et al., 2021).  

 

MBMs are a way of incentivising reductions in GHG emissions through the 

use of economic factors, by making it costly to pollute. Emissions trading sys-

tems (ETS), subsidies, or environmental taxes are examples of such 

measures. The marginal abatement costs of specific technologies can become 

negative through the use of MBMs, whereby they become economically via-

ble, and as such MBMs can play a key role in the adoption of new, greener 

technologies.  Although the IMO 2030 emissions targets may be within reach 

due to market conditions and improvements in efficiency, the 2050 targets 

would require leaps in technology that may only become a reality in time with 
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MBMs (Psaraftis & Kontovas, 2021). As global trade is projected to grow by 

39% by 2050, total emissions can only be reduced by about 27% as compared 

to 2008 levels with current technologies, even with dramatical improve-

ments in technical and operational efficiency (DNV, 2021).  

 

Most MBMs discussed in recent times have related to fuel levies or ETS in 

various forms. The Environment Committee of the European Parliament 

voted to include maritime emissions in the EU ETS in July 2020, to strong 

opposition from the industry due to its geographical limitations, administra-

tive burdens, distortion of competition, and previous experience from the 

aviation industry, among others. Bunker levies have been proposed to the 

IMO, with wide support from the scientific community due to its relative sim-

plicity as compared to ETS schemes (Lagouvardou, et al., 2020). At IMO 

MEPC 75, several major shipping associations (ICS, BIMCO, WSC, Inter-

tanko, Intercargo, Interferry, CLIA, and IPTA) proposed a 2$/tonne bunker 

levy, generating an estimated 5 billion USD over a 10 year period, which 

would be channelled to non-governmental R&D efforts in decarbonization. 

Although not strictly an MBM, this proposition faced resistance from mem-

ber states as they considered it an MBM, and the topic is expected to be dis-

cussed again at MEPC 78 in mid-2022. There has also been much worry 

about the EU ETS complicating MBM efforts at the IMO, as there seems to 

be disconnect on the processes between both parties (Psaraftis & Kontovas, 

2021). However, actions by the EU in the forms of EU ETS and MRV may 

stimulate actions at the IMO. 

 

Research and innovation spending was studied by Grosso et al. (2021). Just 

under a billion euros have been invested in research projects on decarbonis-

ing European maritime transport through the main European Framework 

Programmes (Horizon 2020 and the 7th Framework Program for Research), 

with the majority allocated to technical projects in propulsion technologies, 

hull design, and alternative fuels and energy sources. Developments in one 

field here can have positive impacts that cascade into other fields, as for ex-

ample reducing the energy consumption of ships may pave the way for the 

expanded use of less energy dense fuels, such as LNG or batteries. LNG is a 

key short-term transitional fuel, as it presents a lower-carbon alternative un-

til better alternatives come to market. LNG use as a fuel in the maritime sec-

tor has increased by 30% between 2012 and 2018, although this has caused 

a 174% increase in methane emissions in the same time period due to slip 

(IMO, 2020). Methane is a more potent GHG than CO2, by a factor of 80 in 

its first 20 years in the atmosphere. 
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3 Data particulars and correcting factors 
 

The publicised MRV data does not include information on deadweight, build 

year, or service speed, which are needed for the comparative part of this the-

sis, so these are instead obtained from the IHS Markit database and matched 

to MRV entries based on IMO numbers. The data is filtered to ships in the 

35 000 to 55 000 DWT range, which results in a combined 1913 entries from 

all three MRV reporting years, corresponding to 952 individual ships. Ships 

built between 2004 and 2008 are considered in the replacement methods. 

 

 
Figure 2 Build year and deadweight makeup of the data 

 

The replacement process starting date is set at January 2022. Since there are 

three years of available MRV data (as of spring 2022), many ships will have 

several entries in the data. For this thesis, efficiency data is analysed for in-

dividual entries instead of trying to form averages for ships with several en-

tries in the data. It is assumed there is an even distribution of “bad” and 

“good” multi-entry ships, whereby this approach should not skew the results 

in either direction. 

 

3.1 CUT 
 

The transport work CU is calculated by dividing the reported transport work 

with the maximum possible transport work, based on the payload capacity 
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(by mass) 𝑃𝐶 and reported distance sailed 𝐷. The maximum payload is as-

sumed to be 96% of the deadweight (Kameyama, et al., 2005). 

 𝐶𝑈𝑇 =
𝑇𝑊

𝑃𝐶 ∙ 𝐷 
 (6) 

The total transport work for a given year is listed indirectly and is achieved 

through either: a) the total carbon emissions and the carbon emissions per 

transport work, or b) the total fuel consumption and the fuel consumption 

per transport work. Both methods produce very similar results, with the dif-

ference in produced values having a mean value of 0.1% for the whole dataset, 

with a standard deviation of 0.13%. In IMO discussions the terms ‘energy ef-

ficiency’ and ‘carbon intensity’ are used interchangeably, as they are coupled 

through default conversion factors. This only becomes a problem when non-

fossil fuels are used, which there are none of in the data used for this thesis. 

It therefore shouldn’t make a difference which method for transport work is 

used, and in this thesis the metric has been based on fuel consumption.  

 

3.2 CUR 
 

𝐶𝑈𝑅 is very straight forward to calculate, as it is simply the total distance of 

laden voyages 𝐷𝐿 divided by the total distance of all voyages: 

 𝐶𝑈𝑅 =
𝐷𝐿

𝐷 
 (7) 

The total distance of laden voyages 𝐷𝐿 is achieved from either the laden voy-

age specific figures for total fuel consumption and fuel consumption per dis-

tance, or from the corresponding figures for CO2 emissions. As with transport 

work, these produce very similar results, and so the metric is again based on 

fuel consumption. As laden voyage specific efficiency figures are based on 

voluntary reporting, they are not available for all entries.  

 

𝐶𝑈𝑅 and 𝐶𝑈𝑇 are related through the load factor 𝐿𝐹: 

 𝐿𝐹 =
𝐶𝑈𝑇

𝐶𝑈𝑅
 (8) 

 

3.3 CUA 
 

𝐶𝑈𝐴 is an assumed value that is used when 𝐶𝑈𝑅 is not known, which is in cases 

where laden efficiency figures are not reported. The lowest possible capacity 

utilization (with the given data), 𝐶𝑈𝑇, is known, while the maximum value 

for CU is always 1. This is because a voyage counts as laden as long as any 

amount of cargo is carried, whereby a CU of 1 is in theory always achievable, 

as long as the transport work is greater than 0. In this section, a method for 
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producing a value for 𝐶𝑈𝐴 is presented, by creating a function of 𝐶𝑈𝑇 that 

approaches a known value for 𝐶𝑈𝑅. 

 

In the 35k – 55k DWT range for all reporting years, there are 270 entries 

where laden efficiency figures have been reported, representing 149 vessels. 

𝐶𝑈𝑅 is only possible to calculate for these entries. Further filtering out entries 

with incomplete data, as well as entries where the value for 𝐶𝑈𝑅 is less than 

𝐶𝑈𝑇, leaves 201 entries with 117 vessels. Figure 3 shows the distribution of 

deadweights in this sample.  

 

 
Figure 3 Histogram of DWT distributions in voluntary reporting data 

 

Below, 𝐶𝑈𝑅 and 𝐶𝑈𝑇 values are plotted for these entries, with a line added 

where 𝐶𝑈𝑇 = 𝐶𝑈𝑅. It may be good to remember that it shouldn’t be possible 

for a point to fall below this line, unless the ship has been systematically 

breaking loading limits. 
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Figure 4 CUT and CUR values plotted for applicable data. Orange line signi-

fies CUR=CUT. 

 

In Figure 4, no trend is clearly discernible; between 𝐶𝑈𝑇 = 0.45 and 𝐶𝑈𝑇 =

0.7 the 𝐶𝑈𝑅 values seem to mostly stay within 0.3 units of the 𝐶𝑈𝑇 = 𝐶𝑈𝑅 line, 

but it is hard to tell. Generally, the values look to be evenly spread out be-

tween 𝐶𝑈𝑇 and 1.  

 

To test how well this is spread out, a normalized plot is created where the y-

coordinate is expressed as the relative position between 𝐶𝑈𝑇 = 𝐶𝑈𝑅 and 

𝐶𝑈𝑅 = 1, by the following: 

 

 𝐶𝑈𝑅′ =
𝐶𝑈𝑅 − 𝐶𝑈𝑇

1 − 𝐶𝑈𝑇
 (9) 

 

This value indicates where a particular 𝐶𝑈𝑅 value is located in its range of 

possible values. Replacing 𝐶𝑈𝑅 in Figure 4 with the normalized value pro-

duces: 
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Figure 5 Normalized CUR values plotted on CUT 

 

If the values for 𝐶𝑈𝑅 really are spread out evenly in the range of possible val-

ues for each individual entry, then there should not be any correlation be-

tween 𝐶𝑈𝑅′ and 𝐶𝑈𝑇. Pearson’s correlation is applied, producing a correlation 

of 𝑟 = 0.13 for the whole dataset with 𝑃 = 0.03, and 𝑟 = 0.17 in the range 

𝐶𝑈𝑇 = [0.45,0.7]. There is then no significant correlation, and so the calcula-

tion of 𝐶𝑈𝐴 will proceed assuming 𝐶𝑈𝑅 for a particular entry is a random 

value between 𝐶𝑈𝑇 and 1. It can be noted that at lower values 𝐶𝑈𝑅 and 𝐶𝑈𝑇 

should correlate, as a ship is unlikely to be systematically operated at consid-

erably under its cargo carrying capacity, but then also a CU of much less than 

0.5 makes very little sense.  

 

Following the assumption that 𝐶𝑈𝑅 has a random value in its possible range, 

with an even distribution, then assigning 𝐶𝑈𝐴 a value in the middle of that 

range should on average produce a result close to 𝐶𝑈𝑅 for the whole dataset. 

A function for 𝐶𝑈𝐴 can then simply be written as: 

 

 𝐶𝑈𝐴 =
𝐶𝑈𝑇 + 1

2
 (10) 

The produced values for 𝐶𝑈𝐴 can then be compared to the known 𝐶𝑈𝑅 values 

to check the accuracy of the method. The values for 𝐶𝑈𝐴 are on average 1.6% 

lower than those for 𝐶𝑈𝑅, with a standard deviation of 10%. With a confi-

dence interval of 95%, this falls just outside the margin of error of 1.4%. The 

method is therefore not entirely accurate, as assuming a mid-range load 
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factor will cause it to underestimate high values and overestimate low values. 

In cases where the load factor is close to the assumed value, the accuracy is 

considerably higher. For 50% of entries in the sample, the assumed load fac-

tor falls within ±6% of the real load factor, and for these the mean difference 

between 𝐶𝑈𝐴 and 𝐶𝑈𝑅 is only −0.5%. 

 

The values for 𝐶𝑈𝐴 on average then match fairly well to those of 𝐶𝑈𝑅, but it 

should also be determined whether the accuracy drifts depending on the in-

put values. Figures Figure 6 and Figure 7 demonstrate this. The difference 

𝐶𝑈𝐴/𝐶𝑈𝑅 does not correlate with 𝐶𝑈𝑇 (𝑟 = −0.02), but it correlates strongly 

with 𝐶𝑈𝑅 (𝑟 = −0.84). The plots show two things: 

 

• The accuracy of 𝐶𝑈𝐴 improves with higher 𝐶𝑈𝑇  

• 𝐶𝑈𝐴 will tend to overshoot when the 𝐶𝑈𝑅 is low, and undershoot when 

𝐶𝑈𝑅 is high 

 

The improvement in accuracy is expected, as the range of possible values de-

creases. The strong negative trend in Figure 7 is a consequence of the way 

𝐶𝑈𝐴 is calculated, as values are approximated to the middle of their possible 

range. Although this trend is significant, it should kept in mind that 𝐶𝑈𝑇 is 

the only known reference point for the majority of entries. As no other metric 

that hints at the value for 𝐶𝑈𝑅 was found, it is likely not possible to approxi-

mate 𝐶𝑈𝑅 with greater accuracy with the available data.  
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Figure 6 Difference between real and approximated CU when changing 

CUT 
 
 

 
Figure 7 Difference between real and approximated CU when changing 

CUR 
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3.4 Emissions at port 
 

Emissions at port 𝐸𝑝 are included in the total emissions but are also reported 

separately. Figure 8 is a histogram showing the variation in the ratio of emis-

sions in port to the total emissions for the whole dataset. This proportion 

correlates with neither deadweight (𝑟 = −0.03), distance sailed (𝑟 = −0.09) 

nor 𝐶𝑈𝑇 (𝑟 = −0.06), and only very weakly with speed (𝑟 = −0.15) indicating 

that it can be treated as a random variable for this thesis and replaced by a 

constant. 

 
Figure 8 Emissions at berth as a proportion of total emissions, all entries 

(n=1763) 

 

For the comparison, the proportion of emissions at port to the total emissions 

should be the same for all entries. First, the emissions at port are removed 

from the total emissions, giving the total emissions at sea. The weighted av-

erage of the proportion of emissions at berth to emissions at sea, weighted by 

distance sailed, is 5.2%. 

 

For simplicity, the reported total annual emissions are denoted 𝐸𝑅𝑇, and the 

annual total emissions calculated with a constant ratio of port emissions are 

denoted 𝐸𝐶𝑇. These are related by: 



18 

 

 𝐸𝐶𝑇 = 1.052(𝐸𝑅𝑇 − 𝐸𝑃) (11) 

 

3.5 Geographical coverage effects 
 

Geographical limitations are inherent to the MRV system, as the MRV data 

only represents the average annual efficiency parameters for a particular re-

gion. For a ship that only made one visit to an EU port during a year, the data 

only covers two voyages (one arriving and one departing), whereas for a ship 

that spent its entire year at EU ports, this snapshot is the year in its entirety.  

 

Through multivariate analysis, Panagakos et al. (2019) found that ISPI and 

EEOI figures for individual ships were significantly higher on voyages not 

affected by MRV than on those that were. On average, ISPI and EEOI figures 

were respectively 12.4% and 38.4% higher on non-EU voyages. This is prob-

lematic when trying to use MRV data to scope life cycle operational emis-

sions, as doing so would only be representative of vessels operating exclu-

sively on EU routes. The spread in this geographical discrepancy was also 

considerable; on a 95% confidence interval, they found that the EEOI addi-

tion ranges from 23.3% to 55.4%, and that the ISPI addition ranges from 1.5% 

to 24.3%.  

 

To correct for the geographical coverage effect, the MRV efficiency indicators 

should be augmented with some figure to approximate their global counter-

parts. This global addition will be called 𝐺. Since the figures found by 

Panagakos et al. (2019) cover the difference between EU and non-EU voy-

ages, 𝐺 will be something in between these figures. Where exactly is deter-

mined by the EU/global proportion of the metric to which total emissions are 

compared in each indicator, which is distance sailed for ISPI and transport 

work for EEOI. This proportion is approximated using the regressions curves 

for EU, non-EU and global EEOI and ISPI figures from Panagakos et al. 

(2019), calculated at 45 000 DWT. The measure indicates how much of the 

total distance sailed or transport work for a year was in connection to EU 

ports. The results for these proportions, the indicator additions, and their 

confidence intervals are presented in Table 2. Here it should be noted that 

the confidence interval signifies the likely range of 𝐺 for a particular ship, and 

not the margin of error for the mean. 

 

Indicator 
Proportion of 

metric in EU, % 

Indicator change 

EU vs. global, % 

95% Confidence Interval 

Low High 

EEOI 29.9 26.9 16.3 38.9 

ISPI 25.6 9.2 1.1 18.1 

Table 2 Global correcting factors to reported MRV indicators 
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3.6 Capacity utilization and emissions 
 

Once values for CU are known for each vessel, the impact of CU on emissions 

can be studied. 𝐶𝑈𝑇 and ISPI are plotted for each vessel in Figure 9. 𝐶𝑈𝑇 is 

chosen as it is the transport work capacity utilization factor, whereby it gives 

a good picture of how well the total cargo carrying capacity was used in a 

particular year. 

 

 
Figure 9 The effect of 𝐶𝑈𝑇 on ISPI for all vessels with over 5000 nm sailed.  

 

An interesting finding in the figure above is that there does not seem to be 

any correlation between 𝐶𝑈𝑇 and produced emissions over distance – the 

trendline is flat. The correlation between both variables is found to be 𝑟 =

0.02 for the whole dataset where 𝐶𝑈𝑇 can be calculated, at 𝑛 = 1731. This 

could be explained if larger ships (hence more polluting per mile travelled) 

had on average higher values for 𝐶𝑈𝑇, but there is no correlation between 

DWT and 𝐶𝑈𝑇 (this was found to be 𝑟 = −0.07). This suggest that, in general, 

bulk carriers produce the same emissions per mile covered regardless of 

whether they are carrying cargo or not. However, there may be other factors 

at play here, so another test is carried out on the data to see whether there is 

correlation within the entries for a single vessel. 

 

First, the data is filtered to contain only vessels present in all three reporting 

years, producing 732 entries, or 244 vessels. Next, the entries for each vessel 

are grouped, and organized ascendingly according to 𝐶𝑈𝑇. Each entry is then 
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given a score of either +1 or -1, depending on whether the fuel consumption 

per distance travelled is larger (+1) or smaller (-1) than the preceding entry 

for the same vessel. The first entry is given a value of +1 if it is smaller than 

the last entry, and -1 if it is larger. All entries for each vessel are summed, 

where +3/-3 corresponds to a strong positive/negative correlation, and +1/-

1 indicates weak/no correlation. An example of these is given in Table 3. 

 

IMO 
Number 

Name Report-
ing pe-
riod 

CUT Fuel consump-
tion per dis-
tance [kg / 
nm] 

Index, 
±1 

Vessel 
index 
sum 

9230000 FEDERAL ELBE 2018 0.56  78.43 1  

  2019 0.64  91.03 1  

  2020 0.65  86.51 -1 1 

9244257 FEDERAL KUMANO 2019 0.53  73.58 -1  

  2018 0.65  75.81 1  

  2020 0.79  72.22 -1 -1 

9244295 ZOE S 2018 0.56  99.7 -1  

  2019 0.67  94.88 -1  

  2020 0.81  88.35 -1 -3 

9249908 XIN HAI MING ZHU 2019 0.61  84.93 1  

  2020 0.78  91.28 1  

  2018 0.95  101.18 1 3 

Table 3 𝐶𝑈𝑇 to Fuel consumption per distance for four vessels 

 

The average vessel index sum for all 244 vessels is +0.148 (out of ±3), or 

+0.049 for all individual indices, giving further evidence that the emissions 

per distance on average are the same for laden and unladen voyages. Similar 

results were achieved by Panagakos et al. (2019), where a slightly positive, 

but statistically insignificant correlation was found between the load factor 

and ISPI.  
 

3.7 Data limitations 
 

As the fuel consumption per distance values show in Table 3, there is signifi-
cant variation in the annual values for a single ship, whereby there will also 
be significant variation in ISPI. This was also found by Panagakos et al. 
(2019), where the variation for 80 000 DWT bulk carriers was found to be 
1:2.7 for ISPI values, and 1:5.4 for EEOI.  
 
The variation between individual voyages can be expected to be very high 
whereby more useful results would require the average of several voyages in 
a reporting year. Where deemed necessary the data is filtered to only include 
entries with at least 6 000 nm sailed, corresponding roughly to a roundtrip 
from Antwerp to New York, or a one way trip from Antwerp to Buenos Aires.   
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4 Life cycle emissions 
 

The total lifecycle emissions 𝐸𝑡𝑜𝑡𝑎𝑙 for a vessel can be broken down into four 

elements, where each element represents the total life cycle emissions of that 

particular function: 
 𝐸𝑡𝑜𝑡𝑎𝑙 = 𝐸𝑠𝑏 + 𝐸𝑜𝑝 + 𝐸𝑚𝑡 + 𝐸𝑠𝑐  (12) 

Here: 

• 𝐸𝑠𝑏 : Emissions from the shipbuilding process, including material pro-

duction, transport, sea trials, and all shipyard functions. 

• 𝐸𝑜𝑝 : Emissions from the ship’s operation, including emissions at port. 

• 𝐸𝑚𝑡 : Emissions from ship maintenance, including material produc-

tion, transport, and all repair yard functions. 

• 𝐸𝑠𝑐 : Emissions from the shipbreaking process (scrapping), including 

propane gas from gas cutters and GWP savings from recycled steel. 

Due to the latter, this number will be negative. 

 

For this thesis, operational emissions are based on MRV data, while the rest 

are taken from literature. Operational and maintenance emissions are time 

dependent, as they simply are consequences of the ship being used. These 

can be represented as functions of time by 𝐹𝑜𝑝(𝑇) and 𝐹𝑚𝑡(𝑇). Similar func-

tions are not necessary for the shipbuilding and scrapping processes since a 

ship has to be built (in order to be a ship) and scrapped (unless it sinks). 

 

The four life cycle elements listed above are applied to the findings of Gratsos, 

et al. (2010) and Quang et al. (2020), and are listed in Table 4. Emissions 

from steel production and transportation of raw materials are included pro-

portionally into the emissions for repairs and shipbuilding, taking note of the 

findings of Kameyama et al. (2005) that 43% of the emissions originating at 

the shipyard come from sea trials. 

 

Source (Gratsos, et al., 2010) 
(Quang, et al., 

2020) 

DWT 73000 72200 46513 45900 73000 

Shipbuilding 3.82 % 2.81 % 2.92 % 2.16 % 4.44 % 

Maintenance 1.10 % 0.43 % 0.36 % 0.36 % 0.54 % 

Scrapping 0.38 % 0.27 % 0.30 % 0.21 % -0.17 % 

Non-operational 
emissions 5.30 % 3.51 % 4.19 % 2.74 % 4.81 % 

Operational  
emissions 94.70 % 96.49 % 95.81 % 97.26 % 95.19 % 

Table 4 Emissions as proportion of total life cycle emissions, results for five 

different ships from two studies 
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What becomes immediately clear from both papers is that the vast majority 

of a ships life cycle emissions arise from operation. There are also a few no-

table differences between both papers, due largely to the methods used. As 

the Quang et al. (2020) paper is more comprehensive, being modelled in spe-

cialized software (GaBi) and including other GHG than just CO2, it is used to 

calculate non-operational GHG emissions in this paper. To further motivate 

the choice of using the results solely from Quang et al. (2020) to scope non-

operational emissions, it is in part a continuation on Gratsos et al. (2010). 

 

4.1 Emissions from maintenance 
 

Time-dependent emissions from maintenance are slightly less straight for-

ward to calculate, as maintenance is done intermittently and in differing 

amounts depending on a ships age. The maintenance schedules from Gratsos 

et al. (2010) are applied to a 25 year life cycle, with total replaced steel 

amounting to 10% of that used in the shipbuilding process. 

 

Year 
Replaced steel, 

[mt] 
Days at 

yard 

3  9 

5  9 

8  9 

10  9 

13 25 9 

15 70 10 

18 195 28 

20 230 33 

23 385 55 

Total 905 171 

Table 5 Maintenance schedule and steel repairs. Assuming 7 ton/day steel 

replacement rate, with a minimum stay of 9 days. Applied from Gratsos et 

al. (2010). 

 

As Table 5 shows, repairs are performed in a roughly 2½ year cycle, with steel 

replacements starting after the half-way mark on the design life. Although 

maintenance is discontinuous, for the purpose of this thesis it is deemed suf-

ficient to approximate it as a continuous function. This is because the mainte-

nance schedules and future steel repairs for all reference ships is not known; 

and since previous studies have found repairs only accounting for roughly 

0.5% of life cycle emissions, great precision here is deemed unnecessary. 

Since our interest is in remaining expected maintenance emissions, a func-

tion 𝑓𝑚𝑡 for the fraction of remaining steel repairs is formed with the remain-

ing design life 𝑇 as a variable.  
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Figure 10 Future steel repairs on a 25 year design life. Maintenance schedule 

from Table 5 plotted with approximated function 𝐹𝑚(𝑇). 
 

 𝑓𝑚𝑡(𝑇) = {
𝑇 ≤ 13, (−0.0068𝑇2 + 0.1819𝑇 − 0.2065)

𝑇 > 13, 1
 (13) 
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4.2 BT45 figures 
 

Name Built 

Repor-

ting 

year 

D [nm] 

Avg.  

speed 

[kn] 

CUT 
ISPI 

[kg/nm] 

EEOI 

[g/mt·nm] 

RILA 2017-07 2019 32 190 8.79 5.60 71.3 0.32 

RILA 2017-07 2020 8 175 9.1 0.60 58.21 2.4 

RUEN 2016-12 2019 24 728 8.34 5.00 67.36 0.34 

RUEN 2016-12 2020 25 987 9.46 0.70 58.26 2.07 

ROJEN 2019-01 2019 46 956 10.52 6.10 58.59 0.24 

ROJEN 2019-01 2020 13 697 9.81 0.70 51.2 1.87 

BUZLUDJA 2019-12 2019 - - - - - 

BUZLUDJA 2019-12 2020 12 865 10.59 0.70 59.34 1.95 

PLANA 2019-07 2019 18 191 9.69 2.30 61.73 0.62 

PLANA 2019-07 2020 16 822 11.46 0.70 59.52 1.84 

MIDJUR 2019-09 2019 2 915 8.85 1.90 74.06 0.89 

MIDJUR 2019-09 2020 9 428 9.88 0.70 53.2 1.69 

MALYOVITSA 2020-05 2020 28 763 10.12 0.90 58.56 1.45 

MILIN KAMAK 2020-06 2020 8 088 11.37 0.80 71.05 2.05 

OKOLCHITSA 2020-08 2020 2 447 12.22 0.30 60.36 5.22 

Table 6 MRV reported efficiency data for BT bulk carriers. BT42s in light grey. 

 

The efficiency figures from MRV for all BT design bulk carriers is presented 

above. The total distance covered of all BT45 entries is 99520 nm, which is 

roughly 4.6 times around the earth. Including BT42 entries, this number be-

comes 251252 nm, which is roughly to 2 laps around the earth, and then a 

straight path to the moon. 

 
4.3 Replacement criteria 
 

For the replacement of an old ship, Ship A, with a new ship, Ship B, to be 

worthwhile from an emissions standpoint, the remaining life cycle emissions 

of Ship A should be greater than all the emissions produced from a replace-

ment in the time period dictated by the design life of Ship A. For simplicity, 

this is split into two scenarios: 

 

• Scenario I: Ship A is operated normally to the end of its design life. 

• Scenario II: Ship A is replaced mid-life by Ship B. 

 

A challenge arises when selecting the reference time period for the analysis, 

i.e., the time period in which all emissions are counted for the comparison. 
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The logical place to start the reference period is at the start of the construc-

tion process for Ship B, but where to end it is trickier. If assuming that there 

is continuity in the fleet in which a ship is operated, then a replacement for 

Ship A should be complete by the time Ship A is scrapped. Should then the 

shipbuilding emissions of the replacement for Ship A in Scenario I, Ship C, 

also be considered? Another challenge is due to continuity; assuming an 

owner always replaces an old ship with a new one, then a replacement mid-

life leads to a phase-shift in consecutive ship life cycles between Scenarios I 

and II. As Ship C will be roughly a decade newer than Ship B, then possible 

efficiency improvements in that time will tilt the balance again between the 

different scenarios. 

 

The timelines for Scenarios I and II are shown in Figure 11. In it, 𝑇0 represents 

start of the construction process for Ship B and the start of the reference time 

period, 𝑇𝑐 represents the time it takes to construct Ship B, and 𝑇 represents 

the remaining design life of Ship A. The reference time period ends when the 

time 𝑇 has passed. As a result, the emissions from scrapping Ship A are only 

accounted for in Scenario II. Similarly, the construction of a Ship C could be 

included into the calculation, as this process would start before the scrapping 

of Ship A, but for reasons of accounting it is not.  

 
Figure 11: Timelines for Scenarios I and II, showing reference period 

 

The reason for neglecting the scrapping of Ship A and construction of Ship C 

in Scenario I from the balance are that although Ship A will be scrapped and 

a replacement will be built eventually, Scenario II hastens the process. As the 

balance between both scenarios is the sum of their respective emissions, then 

all emissions from the replacement processes on both sides of the equation 

would cancel. Then it would only be a comparison of emissions in the opera-

tional phase, which would lead to the nonsensical conclusion that a ship 

should always be replaced by a marginally more efficient ship. 
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Although shipowners generally do not do maintenance on ships right before 

scrapping, the maintenance emissions during the construction phase of Ship 

B are added anyway. The reason for this is that the function 𝐹𝑚𝑡 is simply an 

approximation of a discontinuous maintenance schedule, and as such it 

should run to the time of scrapping of the ship, if that scrapping takes place 

before the end of a ships design life. The emissions from maintenance for a 

Ship A during time 𝑇𝑐 from the time frame starting point 𝑇0 on its life cycle 

is: 

 

 𝐹𝑚𝑡𝐴
(𝑇0 → 𝑇0 + 𝑇𝑐) = ∫ 𝑓𝑚𝑡

𝑇0+𝑇𝐶

𝑇0

𝑑𝐸𝑚𝑡 (14) 

 

The reference period upper bound of 2008 sets the minimum age of Ship A 

at 14, whereby a Ship B will be less than 10 years old at the end of the refer-

ence time period. The maintenance schedule assumes no steel repairs before 

year 13 on a ship’s life cycle, whereby the maintenance emissions for Ship B 

are neglected: 

 𝐹𝑚𝑡𝐵
= 0 (15) 

For a ship to be replaced mid-life by another, the following criteria then has 

to be met: 

 

𝐹𝑜𝑝𝐴
(𝑇) + 𝐹𝑚𝑡𝐴

(𝑇) 

> 

𝐹𝑜𝑝𝐴
(𝑇𝐶) + 𝐹𝑜𝑝𝐵

(𝑇 − 𝑇𝑐) + ∫ 𝑓𝑚𝑡

𝑇0+𝑇𝐶

𝑇0

𝑑𝐸𝑚𝑡 + 𝐸𝑠𝑏 + 𝐸𝑠𝑐 

(16) 

A break-even operational emissions target 𝐹𝐵𝐸 can be set for Ship A, above 

which the operational emissions produced by a Ship A during its remaining 

design life exceed the sum of all emissions from replacing it prematurely with 

a more efficient ship. For simplicity, 𝑇 − 𝑇𝐶 is replaced by the operational 

time for Ship B in the reference time frame, 𝑇𝐵, which is equal to 𝑇 − 𝑇𝐶. A 

break-even equation is then formed as: 
 

 𝐹𝐵𝐸(𝑇𝐵) = 𝐹𝑜𝑝𝐵
(𝑇𝐵) + 𝐸𝑠𝑏 + 𝐸𝑠𝑐 − 𝐹𝑚𝑡𝐴

(𝑇𝐵) (17) 

 

4.4 Presentation of methods 
 

A problem arises when trying to directly compare real operational efficiency 

metrics between two different ships, namely that they are two different ships. 

Unless the ships in question have the exact same size and operational param-

eters (such as average speed, capacity utilization, etc.), then directly compar-

ing them by some operational efficiency data is in effect a comparison of 
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apples and oranges. Two methods have been produced to make this compar-

ison possible, using benchmark values set by either ship in the comparison – 

Ship A is compared to Ship B, or Ship B is compared to Ship A. Ship A is any 

ship in the MRV data that fills a set age and size criteria, and Ship B is a BT45. 

 

The first method, Method I, uses benchmark operational figures set by Ship 

B, and the break-even values are given using the MRV efficiency metrics of 

ISPI and EEOI. Ship B sets a benchmark (either distance travelled or 

transport work), and the emissions from a Ship A meeting this target are an-

alysed. As this method relies solely on MRV data with deadweights, Ship B 

could in effect be any ship in the data. 

 

In Method II, Ship A sets benchmarks on average speed, 𝐶𝑈𝑇, and average 

mass of fuel to CO2 conversion factor 𝐶𝐹. A speed to fuel consumption curve 

is used to estimate the emissions produced by a Ship B with the operational 

benchmarks as Ship A, and the break-even values are based on the annual 

operational emissions 𝐸𝐶𝑇. The results are given both with and without a mul-

tiple ships factor 𝑀𝐹, representing the size difference of Ship B to Ship A, to 

cover the differences in size. 

 

It should be expected that both methods produce similar results. A mind map 

of the methods is presented in Figure 12. 

 

 
Figure 12 Relationships between methods and benchmarks 
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5 Method I: Direct MRV comparison with locked 

variables 
 

In this first method, the MRV efficiency indicators of ISPI and EEOI are used 

against benchmark distance and transport work values set by BT45 efficiency 

data, and non-operational emissions are set by life cycle emissions findings 

applied to the BT45 design. In this method, Ship B could in practice be based 

on any ship in MRV, assuming deadweight and build years are known, solely 

based on efficiency data available in MRV.  

 

For simplicity, it is assumed a ships efficiency figures do not change with 

time. In reality this is not the case; a ships fuel efficiency changes cyclically 

through fouling and hull cleaning, and it may also have long term trends 

through wear. However, many ships have multiple entries in the data 

whereby cyclical effects may be in part accounted for in the end result, and it 

can be assumed that the data represents a random selection of positions on 

a ships maintenance cycle. It can also be argued that a ships fuel efficiency 

should at least not improve significantly as it ages, all else being equal. For a 

range of ships then, future operational emissions can be estimated based on 

current MRV data.  

 

5.1 Method of comparison 
The sum of operational emissions for a ship is 𝐸𝑜𝑝,  however for the time pe-

riod 𝑇 in its life cycle this is calculated through either ISPI or EEOI by: 

 
 𝐹𝑜𝑝(ISPI, 𝑇) = ISPI ∙ 𝑇 ∙ 𝐷 (18) 

 𝐹𝑜𝑝(EEOI, 𝑇) = EEOI ∙ 𝑇 ∙ 𝑇𝑊 (19) 

Where 𝐷 is the average annual distance covered and 𝑇𝑊 is the average an-

nual transport work done by the ship. For the comparison, it is assumed all 

ships either cover the same distance in a calendar year or carry out the same 

transport work. This way they act as the constants onto which each compar-

ison is based. The BT45 benchmark distance and transport work figures are 

presented below: 
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 Factor Source 

Average speed [kn] 10.42 MRV 2019, 2020 * 

Payload capacity [mt] 43673 96% of BT45 average DWT 

Operational days 358 ** 

 𝐶𝑈𝑇  0.69 *** 

Sea days % 70% (Gratsos, et al., 2010) 

Sea days 250.6   

Annual distance covered [nm] 62691  

Annual transport work [mt nm] 1889*106  

* Weighted average of BT45s in MRV data with over 8000 nm covered in a year. 
Weighted by distance sailed. 

** Annual average time spent at drydock over a ships life cycle, see Table 5. 
*** Weighted average of applicable CUT in MRV data, n=1729. Weighted by distance 
sailed. 

Table 7 Calculation of annual distance covered D and transport work TW 

 

There are however a few drawbacks to this approach. 

 

Firstly, all entries have their own annual average speeds, and since speed af-

fects fuel consumption in a non-linear fashion, a comparison without factor-

ing in the average speed would yield inaccurate results. However, since the 

fuel consumption to speed curves for individual ships are not known (and 

approximating them based on a 1-3 points per ship would be a gross over-

simplification), the only reasonable way of comparison is to mainly compare 

to ships with lower average speeds. This will not yield fully accurate results 

either – it will underestimate the true results – but it gives the lower bound 

on how many vessels a replacement makes sense for out of the total. 

 

Secondly, larger ships generally produce greater emissions per mile travelled 

than smaller ones. Conversely, larger ships generally produce smaller emis-

sions per ton-mile, since the increase in cargo carrying capacity doesn’t scale 

linearly with the produced emissions per mile travelled. Because of this, the 

comparisons are split in two; ISPI for ships below 45 000 DWT, and EEOI 

for ships above. 

 

Since emissions from material production and transportation, as well as 

maintenance and scrapping, are calculated based on the mass of steel used, 

these are assumed to scale linearly with the ship’s size. Since the bulk carrier 

analysed in Quang et al. (2020) is 73 000 DWT, a scaling factor of 45/73 is 

used to achieve the corresponding values for the BT45. 
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Non-operational CO2 emissions mt CO₂e Original in Quang et al. (2020) 

Material production 21205 3.44E+07 kg CO2e 

Transportation of materials 734 1.19E+06 kg CO2e 

Shipyard 11339 1.35E+07 kg CO2e  * 

Maintenance 684 1.11E+06 kg CO2e **  

End of Life -1073 -1.74E+06 kg CO2e ***  

Shipbuilding total 31084 **** 

Maintenance total 2878 ***** 

Total 32890  

Assumptions 
* 10% steel loss in cutting process. 43% of emissions from sea trials. Sea trials emissions 
scaled from 73k to 45k DWT by factor of 30/35, from ISPI regression curves in Panagakos 
et al. (2019) 

** Steel consumption in maintenance assumed 10% of that in construction 
*** 60 kg of propane is consumed to cut one ton of steel, 3 kg CO2 emitted per kg of pro-
pane gas used 

**** 90% of steel produced and transported + shipbuilding 

***** 10% of steel produced and transported + maintenance 

Table 8 Total non-operational life cycle emissions for a BT45, based on 

findings in Quang et al. (2020) 

 

Finally, since there can be significant variation in both ISPI and EEOI values 

for a single ship between reporting years, the results should be treated solely 

as statistical.  

 

5.2 Data filters 
 

The data is filtered for bulk carriers built between 2004 and 2008, with at 

least 6000 nm sailed and an average speed above 7 kn. This leaves 174 en-

tries, from 93 individual ships. Of these, 51 entries for 20 ships are below 

45 000 DWT, and 123 entries for 73 ships are above. 

 

The DWT, build year and speed trends of this selection is presented below. 
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Figure 13 Build year and DWT of ships compared in Method I 

 
Figure 14 DWT and speed of ships compared in Method I 
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5.3 ISPI 
 

The reported ISPI from MRV is not used directly due to the emissions at port 

and the geographical coverage, discussed in sections 3.4 and 3.5. Instead, a 

balanced ISPI, 𝐼𝑆𝑃𝐼𝑇, is used. This is calculated followingly: 

 

 𝐼𝑆𝑃𝐼𝑇 =
𝐸𝐶𝑇

𝐷
𝐺 (20) 

A break-even ISPI, 𝐼𝑆𝑃𝐼𝐵𝐸, can be formed using 𝐼𝑆𝑃𝐼𝑇  based on equations 17 

and 18. It should here be noted that 𝐹𝑜𝑝𝐵
(𝑇𝐵) is calculated using equation 18 

with the weighted by distance sailed average 𝐼𝑆𝑃𝐼𝑇  value for all BT45s used. 

This value is 210.4 kg CO₂ / nm. 
 

 𝐼𝑆𝑃𝐼𝐵𝐸 =
𝐹𝑜𝑝𝐵

(𝑇𝐵) + 𝐸𝑠𝑏 + 𝐸𝑠𝑐 − 𝐹𝑚𝑡(𝑇𝐵)

𝐷 ∙ 𝑇𝐵
 (21) 

 

Since the only variable in equation 21 is 𝑇𝐵, 𝐼𝑆𝑃𝐼𝐵𝐸 is in effect only a function 

of the build year (the construction time 𝑇𝐶 is set at 18 months). 

Each entry then has a 𝐼𝑆𝑃𝐼𝑇 value, and an 𝐼𝑆𝑃𝐼𝐵𝐸 value based on its build year.  

 

Figure 15 shows the individual 𝐼𝑆𝑃𝐼𝑇  values plotted with a break-even line 

formed by 𝐼𝑆𝑃𝐼𝐵𝐸. Entries with average speeds above (High v) and below 

(Low v) the BT45 average of 10.42 knots are separated. 37 out of the 51 en-

tries, roughly 73%, have average speeds below the BT45 benchmark. Figure 

16 gives more resolution on the average speed of each entry, together with 

the percentual difference between 𝐼𝑆𝑃𝐼𝑇 and 𝐼𝑆𝑃𝐼𝐵𝐸  (positive values indicate 

emissions exceeding the break-even value). Both plots use the mean ISPI 

value of 𝐺. 
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Figure 15 𝐼𝑆𝑃𝐼𝑇 and build year plotted on the ISPI break-even line 

 

 
Figure 16 Difference between 𝐼𝑆𝑃𝐼𝑇 and 𝐼𝑆𝑃𝐼𝐵𝐸 plotted with average speeds, 

with Scenario I and II quadrants marked out. 
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Figure 15 shows that the slope of the break-even line increases with age, sug-

gesting that it actually makes more sense to scrap younger ships. This is ex-

pected with the applied logic – there is less time to “catch up” with the emis-

sions from the replacement process. The quadrants in Figure 16 show the 

split into the scenarios described in section 4.3, as the lower right quadrant 

describes a situation where the break-even ISPI is exceeded with an average 

speed below the reference, suggesting a clear case for replacement. The top 

right and bottom left quadrants present more interpretive cases, as for exam-

ple, significantly exceeding the ISPI break even with only a marginally higher 

speed likely is still a case for replacement.  

 

Since 𝐺 is not a fixed value but a range of probable values, the number of 

ships exceeding their break-even value is a range of probable values. 𝐺 is 

however applied with equal values to both Ship A and B since their opera-

tional profiles should be identical. This is because 𝐺 is more a consequence 

of environmental and operational factors, and less a ship-specific technical 

factor. The findings are presented in the table below. 

 

 

Total,  
51 entries 

Low speed,  
37 entries 

# of entries exceeding % # of entries exceeding % 

Expected value 36.0 70.5% 27.5 74.3 % 

 ±, 95% CI 2.0 4.0% 1.3 3.5 % 

Table 9 Expected numbers of ships exceeding break-even, with 95% confi-

dence interval 

 

The data shows that for a majority of cases with ISPI, the break-even condi-

tion is exceeded whereby a replacement leads to lesser emissions on a life-

cycle perspective. An interesting side note is that the number of entries ex-

ceeding the break-even is smaller for speeds exceeding the benchmark, alt-

hough this comes from only counted for 14 entries. Similar results were found 

by Panagakos et al. (2019), where they found that an increase in speed by a 

standard deviation in a dataset corresponded with an ISPI decrease averag-

ing 3.4 %.  
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5.4 EEOI 
 

As in the previous section, the reported EEOI is not used directly due to geo-

graphical effects, and differences in operational conditions between ships. As 

shown in equation 3, transport work is weighed against all emissions, which 

is problematic because ships will have differing capacity utilization. For a 

meaningful comparison, an EEOI figure should be achieved that assumes 

similar conditions for all ships. What is needed is a balanced EEOI, 𝐸𝐸𝑂𝐼𝑇, 

which approximates a situation where all ships have the same: 

 

• Port emissions 

• Load factor 

• Capacity utilization 

 

5.4.1 Laden EEOI 

 

The efficiency figures present in MRV arise from a wide range of initial con-

ditions, most of which are not known. 𝐸𝐸𝑂𝐼𝑇 is an attempt to work backward 

from the reported emissions data, using known or approximated initial con-

ditions, to create new emissions data using a set of pre-determined initial 

conditions. There is no expectation that this will be very accurate, so a test is 

first carried out to see just how inaccurate the method is.  

 

Working on the assumption that the emissions produced per mile travelled 

are unaffected by capacity utilization, it should be possible to approximate 

the EEOI for laden voyages by multiplying the reported EEOI by 𝐶𝑈𝐴 (or 

𝐶𝑈𝑅). This EEOI for laden voyages will be denoted 𝐸𝐸𝑂𝐼𝐿. 

 
 𝐸𝐸𝑂𝐼𝐿 = EEOI × 𝐶𝑈𝑅 ≈ EEOI × 𝐶𝑈𝐴 (22) 

The calculated values can then be compared to reported laden EEOI figures, 

for entries where laden efficiency data is voluntarily reported. Figure 17 

shows the difference between the calculated 𝐸𝐸𝑂𝐼𝐿 and the reported laden 

EEOI figures, with values calculated from both 𝐶𝑈𝐴 and 𝐶𝑈𝑅. What can be 

noted is a slight negative trend when using 𝐶𝑈𝐴, indicating that the method 

tends to underestimate the transport work efficiency when the real value is 

low, and the contrary when the real value is high. In other words, efficient 

ships are often more efficient than the method approximates them to be, and 

inefficient ships are less efficient than approximated. The correlation coeffi-

cient is 𝑟 = −0.46, with 𝑃 < 0.00001. This slight trend can be mostly at-

tributed to the inherent inaccuracy in the calculation of 𝐶𝑈𝐴, as 𝐸𝐸𝑂𝐼𝐿 calcu-

lated with 𝐶𝑈𝑅 does not produce such noticeable correlation (𝑟 = 0.23). 
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Figure 17 Percent error of 𝐸𝐸𝑂𝐼𝐿 calculated with both 𝐶𝑈𝐴 and 𝐶𝑈𝑅 as com-

pared to reported laden EEOI values. Positive values on the vertical axis in-

dicate calculated 𝐸𝐸𝑂𝐼𝐿 above reported values. 

 

Figure 18 shows this same plot with the 𝐶𝑈𝐴 derived EEOIL on the horizontal 

axis. It indicates that the error is symmetrical; the real value is just as likely 

to be above the calculated value as below it, by similar amounts.  

 

The correlation between the reported laden EEOI and 𝐸𝐸𝑂𝐼𝐿 calculated with 

𝐶𝑈𝐴 and 𝐶𝑈𝑅 are 𝑟 = 0.86 and 𝑟 = 0.88, respectively. The conclusion can be 

drawn that using 𝐶𝑈𝐴 for calculating laden EEOI is on average going to pro-

duce true results, but the margin of error for a single entry can be fairly high. 

This is due to other factors than inaccuracies in the calculation of 𝐶𝑈𝐴, as the 

percent errors when calculating with 𝐶𝑈𝑅 were just as high (both had stand-

ard deviations of 13 − 14%). However, due to the way 𝐶𝑈𝐴 is calculated, high 

and low EEOI values tend to be approximated toward the center of the range 

of values. The load factor does not seem to have a noticeable impact on the 

accuracy either, the correlation between the error and the load factor being 

𝑟 = −0.15. 
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Figure 18 Accuracy of 𝐸𝐸𝑂𝐼𝐿 calculated with both 𝐶𝑈𝐴 and 𝐶𝑈𝑅 over 𝐸𝐸𝑂𝐼𝐿 

values. Positive values on the vertical axis indicate calculated 𝐸𝐸𝑂𝐼𝐿 above 

reported values. 

 

5.4.2 Balanced EEOI 

 

If multiplying some EEOI figure with its capacity utilization approximates a 

laden EEOI, then dividing the product with some other capacity utilization 

should produce an approximation of the EEOI figure with that other capacity 

utilization. In doing so it would also be expected that the accuracy is some-

what better than in the approximation of the laden EEOI, as the figures are 

“rolled-back” by some amount. The same thing can be done for the load fac-

tor, if the assumption that capacity utilization does not affect emissions is 

extended to the load factor (the correlation between known load factors and 

ISPI is 𝑟 = 0.16). Since the product of 𝐿𝐹 and 𝐶𝑈𝑅 is 𝐶𝑈𝑇 (see equation 8), 

then this process can be done with 𝐶𝑈𝑇 for the same result. This is good, since 

unlike 𝐶𝑈𝑅 and 𝐿𝐹 that are only known for about 12% of entries, 𝐶𝑈𝑇 is 

known for all entries. 

 

The weighted mean 𝐶𝑈𝑇 of all entries, weighted by distance sailed, is 0.69. 

The total reported emissions are replaced by 𝐸𝐶𝑇 and 𝐺 is added as a factor. 

𝐸𝐸𝑂𝐼𝑇 is then: 
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 𝐸𝐸𝑂𝐼𝑇 =
𝐸𝐶𝑇

𝑇𝑊

𝐶𝑈𝑇

0.69
𝐺 (23) 

 

Which can be simplified to: 

 𝐸𝐸𝑂𝐼𝑇 =
𝐸𝐶𝑇

𝐷 ∙ 𝑃𝐶  0.69
𝐺 (24) 

 

 

5.4.3 EEOI break-even 

 

As with ISPI, a break-even EEOI can be defined as: 

 

 𝐸𝐸𝑂𝐼𝐵𝐸 =
𝐹𝑜𝑝𝐵

(𝑇𝐵) + 𝐸𝑠𝑏 + 𝐸𝑠𝑐 − 𝐹𝑚𝑡(𝑇𝐵)

𝑇𝑊 ∙ 𝑇𝐵
 (25) 

 

The weighted average 𝐸𝐸𝑂𝐼𝑇 for the BT45s is 8.11 g CO2 / mt nm. The average 

speeds were much higher for the ships considered in the EEOI comparison 

than in the ISPI comparison, as only 48 out of the total 123 entries had aver-

age speeds below the BT45 benchmark. 

 

Figure 19 shows the individual 𝐸𝐸𝑂𝐼𝑇  values plotted with a break-even line 

formed by 𝐸𝐸𝑂𝐼𝐵𝐸. Entries with average speeds above (High v) and below 

(Low v) the BT45 average of 10.42 knots are separated. Figure 20 gives more 

resolution on the average speed of each entry, together with the percentual 

difference between 𝐸𝐸𝑂𝐼𝑇 and 𝐸𝐸𝑂𝐼𝐵𝐸 (positive values indicate emissions ex-

ceeding the break-even value). Both plots use the mean EEOI value of 𝐺 and 

𝐸𝐸𝑂𝐼𝑇.  
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Figure 19 𝐸𝐸𝑂𝐼𝑇 and build year plotted on the EEOI break-even line 

 

 
Figure 20 Difference between 𝐸𝐸𝑂𝐼𝑇 and 𝐸𝐸𝑂𝐼𝐵𝐸 plotted with average 

speeds, with Scenario I and II quadrants marked out. 
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Total,  
123 entries 

Low speed,  
48 entries 

# of entries exceeding % # of entries exceeding % 

Expected value 81.1 66.0 % 32.3 67.3 % 

 ±, 95% CI * 2.5 3.2 % 1.4 4.3 % 

Table 10 Expected numbers of ships exceeding break-even, with 95% confi-

dence interval 

 

Just like with ISPI, a clear majority of ships fulfil the replacement criteria. An 

important notice is that, in general, although both emissions per mile and 

cargo carrying capacity increase with size, the increase in emissions happens 

much slower. Although the size difference from the smallest DWT considered 

to the largest is an increase in 57%, the increase in ISPI over the same range 

is only 37%, as found through linear regression in the MRV data used in this 

thesis.  

 

Since payload capacity is a factor in the EEOI comparison, larger ships have 

a clear advantage, as they fill the transport work benchmark in much fewer 

miles than smaller ships.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

* The uncertainty in using the load factor to approximate the efficiency of 

fully laden voyages is not known. It is assumed that the accuracy of using 

𝐶𝑈𝑇 to approximate a fully laden case is similar to the accuracy of using 

𝐶𝑈𝐴 to approximate a laden case. The confidence interval for 𝐸𝐸𝑂𝐼𝑇 is based 

on the known range of 𝐺 and the accuracy of 𝐸𝐸𝑂𝐼𝐿. 
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6 Method II: Comparison on terms of entry 
 

The main idea of the second method of comparison is comparing each entry 

to a modelled BT45 under the same conditions as the entry, i.e., with the 

same average speed, fuel to CO2 conversion factor 𝐶𝐹, and capacity utiliza-

tion. As the first method was a comparison using MRV data directly, where 

each entry is compared to a benchmark set by the average performance of all 

BT45s in the data, this method attempts to do the opposite, where each entry 

sets its own benchmark. The comparison is based on fuel oil consumption 

(FOC), and the ships considered are the full range from 35 000 DWT to 

55 000 DWT.  

 

The calculations are done both with and without a multiple ships factor, 

which is the proportional size difference between the replaced ship and a 

BT45, measured in deadweight. Changing ship sizes in a fleet on its own will 

cause changes in fleet capacity, whereby the total number of ships needs to 

change in order to maintain capacity. At the same time, different ships sizes 

exist for different operational reasons. In practice, this leads to two different 

approaches: 

 

1. Ships are replaced 1-to-1 

o Ship B operational emissions are taken directly from BT45 FOC 

curves 

o Shipbuilding emissions directly from BT45 

 

2. Ships are replaced while maintaining fleet capacity 

o Ship B operational emissions multiplied with multiple ships 

factor 

o Shipbuilding emissions calculated based on Ship A deadweight 

 

Emissions from maintenance and scrapping are unaffected by which ap-

proach is chosen. 

 

6.1 Baseline FOC to speed curves from experimental data 
First, power and fuel consumption data is calculated with the MAN CEAS 

system for the BT45 main engine, 5G50ME-C9.6-HPSCR. Tier III NOx emis-

sions compliance and air and water temperatures of 25°C are used. The spe-

cific fuel oil consumption (SFOC) to engine load curve is presented in Figure 

21.  
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Figure 21 SFOC to engine load for the BT45 ME, from MAN CEAS 

 

Next, towing tank data is used to calculate the power requirements as expo-

nential functions of speed for scantling and ballast draughts. These are then 

combined with the MAN CEAS engine calculations, with auxiliary engine 

FOC estimated at 2 tons/day. The SFOC is based on MGO, with a calorific 

value of 45 kJ/g, while the main fuel actually burned is HFO, with a calorific 

value 41 kJ/g. Engine fuel consumption tolerances are 6% (7% at loads below 

65%) from their predicted values, and it is common for the real fuel consump-

tion to overshoot the predicted value by the upper end of this tolerance.  As a 

result, a 12% margin added to the main engine FOC. Finally, these are com-

bined produce baseline FOC to speed curves for ballast and scantling 

draughts (Figure 22). The produced FOC to speed curves represent ideal, 

steady-speed conditions. Using the MRV data, these curves can be calibrated 

to approximate real world conditions, however with some clear limitations.  
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Figure 22 BT45 baseline speed to FOC curves for scantling and ballast 

draughts, together with BT45 and BT42 MRV data 

 

6.2 Contrast between MRV and ideal conditions 
Major contributors to a ship’s performance are a wide range of environmen-

tal factors, as well as maintenance-related factors, mainly fouling. Since en-

vironmental factors are local phenomena, the variation in performance data 

caused by these should decrease with increasing distance sailed, as the im-

pact of individual voyages decreases. Assuming two ships are operated with 

similar global coverages, the impact of environmental phenomena on their 

performance difference should be small if both of their data covers a substan-

tial total distance.  

 

Fouling has a major impact on resistance, with the difference before and after 

hull cleaning in one study found to be on average 28.7% (Nenonen, 2018). 

The impact of fouling can be considered intermittent, according to hull 

maintenance, and so the impact of fouling on performance differences should 

be small if the studied time frame is long enough, covering at least one 

maintenance cycle for the ships compared. In this thesis, a maintenance cycle 

of 2½ years is assumed for all ships, which should just about be covered by 

the three years of available MRV data. However, only considering ships with 

sufficient data (at least 8000nm sailed) for all three reporting years yields a 
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total of 19 individual ships, which is somewhat small for the purpose of this 

thesis. Furthermore, the actual maintenance schedules for the ships in ques-

tion are not known. 

 

Fouling and environmental factors should be accountable for by adding some 

constant to the power to speed curve, in the way a sea margin of 15% is com-

monly used in experimental data. There is however still a third, very im-

portant factor at play, which highlights an important aspect of how speed is 

calculated from the MRV data. The calculated average speed in MRV is the 

average speed for a whole year – it says nothing about the actual speed profile 

for a ship in a particular year. Since the power, and with it fuel requirement, 

increase exponentially with speed, then greater deviations from that average 

speed will lead to a greater total fuel consumption. Unfortunately, without 

knowing the operational profiles for the ships involved, this effect cannot be 

accounted for. It can nevertheless be reasoned that for entries with higher 

average annual speeds, the fuel consumption should be closer to the ideal, 

steady-speed condition. This is because most bulk carriers in this size range 

have service speeds of about 14 – 14.5 kn (see Figure 23), whereby the “mix” 

of speeds in the average generally doesn’t exceed this number. Higher aver-

age speeds then indicate more homogenous speed profiles, approaching the 

steady-speed state.  

 

 
Figure 23 Service speeds of bulk carriers in the 35 000 - 55 000 DWT range, 

all age groups, from IHS Markit. n=1840. 
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6.3 Calibration of FOC to speed curves 
 

The calibration of towing tank speed curves to real conditions is done by ad-

justing the sea margin in the power to speed function, so that the curve has 

the best achievable fit to the MRV data. The data is supplemented by MRV 

data for BT42 ships for increased accuracy. Although it is a slightly smaller 

ship, and should therefore have slightly smaller consumption, it was deemed 

close enough for this purpose, as there will be great variation in the data an-

yway.  

 

First, for each BT45 and BT42 entry, the proportional difference between the 

reported FOC and the theoretical FOC on the curve is measured. 𝐶𝑈𝑇 is used 

individually for each entry as a proxy to determine the mix of scantling and 

ballast draughts. The sea margin is then adjusted to minimize the weighted 

average of the FOC difference of all entries. This weighing is again done by 

distance sailed. The minimizing is done with two indicators: the weighted av-

erage of BT45 entries, and the weighted average of BT45 and BT42 entries. 

This is because the BT45 is the main focus of this study, and so it should 

weigh more in the curve fit. A margin of 60% is found to produce the best 

curve fit, which plotted with the average 𝐶𝑈𝑇 of 0.75 produces the following: 

 

 
Figure 24 Curve fit FOC to speed together with MRV data 
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As can be seen from the curve fit, there is fairly good agreement between the 

data points and the curve, although two outliers are present. The specifics of 

this curve fit are presented below: 

 

FOC  All BT Main trend Only BT45 

Weighted average percent error 10.21% 0.85% -0.57% 

Weighted standard deviation 5.49% 2.42% 3.51% 
    

Table 11 Curve fit specifics for FOC to speed curve. Percentages indicate 

proportional difference between MRV FOC and curve FOC for the same 

speed. Positive values indicate MRV values above the curve. 

 

In Table 11, ‘Main trend’ indicates the data points excluding the two outliers. 

As there are only 12 data points available, any curve fit is challenging, and 

designating outliers in such a small sample is problematic. The two deviating 

points do however exhibit a very distinctive departure from the curve, over-

shooting with 40% and 43%, while all other values fall in the −11% to 13% 

range.  

 

6.4 Replacement criteria 
 

The replacement criteria here is analogous to those used in Method I, with 

some modifications: 

 

• Reference operational emissions are multiplied with a multiple ships 

factor 𝑀𝐹, calculated 𝑀𝐹 = DWT𝐴/DWT𝐵 

• Construction, maintenance, and scrapping emissions are given as 

functions of deadweight (in effect, multiple ships, when applicable) 

• Break-even values are given as the annual total operational emissions, 

assuming 250.6 days at sea 

 

The 𝐸𝐶𝑇 as calculated in equation 11 represents the total emissions for a par-

ticular entry for the time period covered by MRV, assuming emissions at port 

contribute 5.2% of all emissions. Based on this, operational emissions for 

Ship A for a time 𝑇 are estimated by extrapolating from the reported days at 

sea for that particular entry to the assumed 250.6 days at sea: 

 

 𝐹𝑜𝑝𝐴
=

250.6

𝑆𝑒𝑎 𝑑𝑎𝑦𝑠
𝑇 ∙ 𝐸𝐶𝑇 ∙ 𝐺 (26) 

For Ship B, the daily FOC is calculated using the 𝐶𝑈𝑇 for Ship A as a proxy 

for the scantling/ballast mix, and then finding the corresponding FOC on this 

FOC to speed curve. Emissions are then calculated from this using the aver-

age mass of fuel to emissions factor 𝐶𝐹 specific to Ship A, calculated by 
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dividing the total annual emissions by the total fuel consumption. The mul-

tiple ships factor is added, producing: 

 

 𝐹𝑜𝑝𝐵
= 250.6 ∙ 𝑇 ∙ 𝐹𝑂𝐶 ∙ 𝐶𝐹 ∙ 𝑀𝐹 ∙ 𝐺 (27) 

 

Applying the results from Quang et al. (2020), emissions for life-cycle pro-

cesses are calculated per unit deadweight, and the time-dependence of 

maintenance emissions are again calculated with the equation for 𝐹𝑚𝑡(𝑇) as 

in equation 13. 

 

Emissions type  Value [mt CO2 / DWT] 

Mainenance (total) 𝐶𝑚𝑡 0.06396 

Shipbuilding 𝐶𝑠𝑏 0.6908 

Scrapping 𝐶𝑠𝑐 -0.0238 
Table 12 Life cycle emissions expressed per unit deadweight 

 

The annual emissions break even when maintaining fleet capacity then be-

comes: 

 

 𝐸𝐵𝐸 =
𝐹𝑜𝑝𝐵

(𝑇𝐵) + DWT𝐵(𝐶𝑠𝑏 + 𝐶𝑠𝑐) − 𝐹𝑚𝑡(𝑇𝐵)

𝑇𝐵
 (28) 

 

For the 1-to-1 comparison, the multiple ships factor is 1, and the shipbuilding 

emissions are based on the BT45 DWT. 

 

6.5 Data filters 
 

The data is filtered for entries built between 2004 and 2008, excluding en-

tries with average speeds outside the calculated FOC to speed curves or 

𝐶𝑈𝑇 > 1, leaving 198 entries of 107 individual ships. 147 of those entries are 

for ships with a deadweight greater than 45 000 mt. There is no minimum 

distance sailed requirement - it shouldn’t have a significant impact on the 

comparison since capacity utilization is factored in. The DWT to build year 

makeup of this data is presented in Figure 25, while Figure 26 shows the data 

plotted with the BT45 ballast and scantling FOC to speed curves. 

 



48 

 

 
Figure 25 DWT and average speeds of entries considered in method II 

 

 
Figure 26 All entries for ships built 2004-2008 plotted with BT45 scantling 

and ballast draught FOC to speed curves. Excludes consumption at port and 

geographical additions. 
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6.6 Method II results 
 

 
Figure 27 Break even as compared to build year, calculated with all uncer-

tainties at their mean values. Including multiple ships factor. 

 

 
Figure 28 Break even as compared to build year, calculated with all uncer-

tainties at their mean values. Excluding multiple ships factor. 
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As can be seen from figures Figure 27 and Figure 28, a majority of entries 

exceed their break-even value. The trend of newer ships being more likely to 

exceed their break-even emissions is observed, just like in Method I, and it 

does not seem to change much regardless of 𝑀𝐹. There is no correlation be-

tween build year and deadweight in the data (𝑟 = 0.04). 

 

Since there is much uncertainty in the input values, a sampling-based sensi-

tivity analysis is performed to acquire the range of likely values for ships be-

ing replaced in this dataset. The analysis is performed with 10 000 samples, 

with random probable values assigned for the BT45 reference FOC and 𝐺, 

with the number of entries exceeding their break-even value recorded for 

each iteration. The results of this are presented in Figure 29. 

 

 
Figure 29: Probability distributions of the percentage of entries exceeding 

𝐸𝐵𝐸 for both approaches. 

 

As shown in the plots above, the range of likely values is wide due to the un-

certainty in the input values. Too much attention should not be put on the 

different ranges of the distributions; this is a consequence of larger ships con-

stituting the majority of entries. Larger ships have a disadvantage in 1-to-1 

comparisons, and an advantage in fleet capacity comparisons. Figure 30 

shows this more clearly. For each entry, the percentage-point difference in 

the break-even excess (difference between 𝐸𝐶𝑇 and 𝐸𝐵𝐸) from both ap-

proaches is plotted with the deadweight. The correlation between deadweight 

and break-even excess is 𝑟 = 0.22 in the 1-to-1 approach, and 𝑟 = −0.46 in 

the fleet capacity approach.  
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Figure 30 Entry-wise %-point difference between the break-even excess cal-

culated from 1-to-1 and fleet capacity comparisons, over deadweight 

 

The expected proportion of ships exceeding break-even for each approach is 

presented below. The results are consistent with those from Method I, as the 

ISPI approach is similar to the 1-to-1 approach, and the EEOI approach is 

similar to the fleet capacity approach. 

 

Type Expected value Mean 
95 % Confidence interval 

Min Max 

1-to-1 77.3 % 79.0 % 69.4 % 87.4 % 

Fleet capacity 68.2 % 65.0 % 55.6 % 74.2 % 

Table 13 Percentage of entries exceeding break-even emissions for both 

replacement types 
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7 Conclusions 
 

This thesis attempts to answer the question: Does replacing old ships with 

modern efficient ones well before the end of their design life lead to a net 

reduction of GHG emissions? 

 

Two methods to answer this question were studied, using a modern design 

as the reference replacing ship and entries from MRV as the ships to poten-

tially be replaced. In the first method, benchmark values were set by the ref-

erence ship, using EEOI and ISPI as measures, and in the second method 

operational data from ships were applied to calibrated towing tank data from 

the reference ship. A 45 000 DWT reference ship was selected, and opera-

tional data was taken from the MRV system for ships in the 35 000 to 55 000 

DWT range, corresponding to the Handymax and lower end of the Panamax 

size classes. Non-operational emissions data was applied from literature 

sources. An age range of 2004 – 2008 was selected for the old ships to be 

studied for replacement.  

 

A bulk carriers life cycle emissions were divided into four components: ship-

building, operation, maintenance, and scrapping. Operational emissions 

were estimated based on MRV data, while all other emissions were based on 

previously made LCAs on bulk carriers from scientific literature, applied 

equivalently to all ships. Maintenance emissions were assumed as time de-

pendent, starting at the half-way mark of a ship’s life cycle. Capacity utiliza-

tion was found to have little to no effect on produced emissions per distance 

travelled, and the load factor was found to be randomly distributed in its 

range of possible values.  A method for estimating the capacity utilization 

based on reported EEOI was produced. 

 

In the first method, ships with deadweights above those of the reference ship 

were compared on the basis of EEOI, and ships below on the basis of ISPI. 

Capacity utilization having no effect on produced emissions per distance 

travelled was used as an assumption to approximate EEOI figures on the 

same initial conditions for all entries in the data. In the second method, ref-

erence ship towing tank data was calibrated to approximate real operational 

figures, using MRV data for the existing ships built using the reference de-

sign, and the comparison was made both with and without a multiple ships 

factor. A global addition factor was used to correct for the fact that voyages 

where MRV reporting is required tend to have lower emissions than global 

figures. 

 

For a replacement to lead to a net reduction in emissions, the emissions from 

operating the ship as normal during the remainder of its design life had to 

exceed the emissions produced from the entire replacement process 
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(including operating the old ship while the new one was being constructed) 

and the operation of the new ship during the remaining time period. In all 

comparisons, a majority of entries (between 65% and 79%) filled this criteria, 

whereby the answer to the main question in the thesis is: in most cases, prob-

ably yes. 
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8 Discussion 
 

This results are interesting especially considering conservative estimates 

were used where applicable (such as with the EEOI and ISPI size division). If 

construction times for the replacement ship weren’t factored in, the results 

would be even more resounding – mean values of 86% were found in the ISPI 

comparison if 𝑇𝐶 = 0. 

 

All ships in the comparison use more or less the same technologies; the same 

types of fuel are burned to propel the ships in the same ways, the only real 

difference being the efficiencies of the subsystems. The results of this thesis 

show that even without revolutionary new technologies, replacing old ships 

with more efficient ones can often lead to net reductions in GHG emissions. 

This is a result of the fact that the vast majority of a bulk carriers GHG emis-

sions come from operation – for the reference design, the BT45, operational 

emissions are estimated to account for 91% of the total life cycle emissions.  

 

Economic aspects were not considered in the replacement criteria, as the fo-

cus was solely on emissions. The vast majority of emissions arise from the 

operational phase, where any reduction in emissions is a direct consequence 

of reduced fuel consumption, whereby it is also a reduction in fuel expendi-

ture. Although it is unlikely that fuel savings from a more efficient ship would 

offset the cost of a replacement process in today’s market, it is possible that 

this will change with rising fuel costs and MBMs. Clear trends of EEOI figures 

rising with age (Panagakos, et al., 2019) and charter rates decreasing with 

age (Agnolucci, et al., 2014) have been found, which already provide ship-

owners with incentives to operate younger fleets. 

 

Each new technology that reduces the emissions in some phase of the life 

cycle will likely favour the replacement of old ships with more efficient ones. 

Steelmaking is currently the second largest global industrial emitter of CO2, 

and substantial efforts are currently being made to reduce the emissions from 

this process (Muslemani, et al., 2021). With the current intense level of re-

search aimed at reducing the emissions in every phase of the life cycle, pos-

sible resulting leaps in technology may make it advantageous to scrap very 

young ships. 

 

In a time of emerging technologies and increasing costs of utilizing old tech-

nologies through penalization of emissions, the timing of fleet upgrades is 

increasingly important, requiring a certain level of foresight from both own-

ers and designers. The 4th IMO GHG study estimates that 64% of GHG emis-

sions reductions from the shipping sector by 2050 will be due to the use of 

alternative fuels, which newer engine designs may be better suited for. 
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Although it is highly difficult to predict the timing and effects of future tech-

nologies to even a modest level of accuracy, the long lifespans of bulk carriers 

mean such factors should be considered by shipowners to avoid locked-in 

scenarios. A bulk carrier built today is designed to still be in use into the late 

2040’s, by which time emissions should be reduced by amounts not possible 

with today’s technology, i.e., with the technology the bulk carrier was built 

for. If future technologies are incompatible with today’s designs (even with 

conversions), shipowners with young fleets using old technologies will be at 

a disadvantage.  

 

8.1 Improvements and future work 
 

Several improvements have been identified, although enacting many of these 

would go beyond the scope of this thesis. 

 

The towing tank data curve fit from Method II could definitely be improved. 

The expected form of the curve would be flatter at low average speeds and 

rise less steeply at higher speeds. This is because simply adjusting the power 

requirement probably isn’t sufficient, as the current method affects all speeds 

equally. Lower average speeds, especially with high distances sailed, are 

likely to indicate very varied speed profiles, while high average speeds indi-

cate less varied speed profiles. The power to speed curve should then agree 

with the towing tank data at high speeds and diverge at lower speeds. This 

could be corrected by applying typical operational profiles, to get a more re-

alistic shape for the curve. Since these curves would then be applied to MRV 

entries where operational profiles aren’t known, the likelihood of a given en-

try’s operational profile matching that of the typical operational profile would 

have to be known, and the error margins would be considerable. Another ap-

proach would be to use AIS data, whereby the reference FOC could be esti-

mated based on the actual operational profile.  

 

The uncertainties presented could be made more accurate as well by knowing 

more about operational profiles. The currently applied global addition does 

not care about the reported sea days in MRV, and a more nuanced approach 

could be used. A ship with more sea days reported in MRV is likely to have a 

smaller global addition, as a ship spending all of its time in EU waters would 

have no global addition at all. The precision of FOC figures could be height-

ened by applying fuel consumption uncertainties based on monitoring meth-

ods from Fridell et al. (2018).  

 

Sea days per year is not a constant number during the life cycle but decreases 

as the ship gets older, due to increased time spent in maintenance from in-

creasingly complicated repairs as the ship ages. This was not accounted for 

due to complexity, as the new ship would not need as much maintenance and 
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would therefore have more sea days, whereby there would be more annual 

fleet capacity in Scenario II than in Scenario I. This could be corrected for by 

tweaking the multiple ships factor. Operational emissions can increase with 

age, due to wear of parts, but this was also not considered. Finally, a flat 96% 

factor of payload to deadweight was used. This usually increases slightly with 

deadweight, although the effect of this was deemed minimal enough to be 

ignored. 

 

This thesis looked at entries, not ships. An improvement would be to look at 

ship specific data, averaging several years of data for more accurate efficiency 

figures. There is variation in the year-to-year entries for individual ships, that 

could be reduced by this method, and hull fouling/cleaning cycles could be 

averaged to get a better picture of the actual performance of a vessel. With 

the 4th instalment of MRV data coming up, this method may become more 

attractive. 

 

The use of negative emissions from scrapping is debatable since CO2 is not 

actually being sequestered. Real emissions still increase in the scrapping pro-

cess due to steel cutting. On a product level however, this is an accepted way 

of doing things, as it accounts for the fact that the material is not being de-

stroyed. It is therefore more a problem of accounting, which can cause prob-

lems if a subsequent process accounts the same steel as “low CO2 recycled 

steel”, whereby recycling is accounted for twice. The total difference from this 

is still fairly small, as it only compensates for 0.17% of the total life-cycle 

emissions (Quang, et al., 2020). 
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