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1 Abstract

In this paper we present two methodologies for calculation of wave added resistance inside the classical
strip theory [1]. The first method is principally an implementation of Maruo’s far-field equation [2]
using the Kochin function. For the second method we used a new version of the original formulation by
Salvesen in [3]. The results for several ship geometries are compared with the measurements and other
reference solutions. Through this, we demonstrate how strip theory can be employed more effectively
for fast and accurate computation of the wave added resistance.

2 Introduction

Fast and reliable calculation of added wave resistance plays a vital role in performance monitoring of
ships. This in turn facilitates a more logical decision making process in terms of proper maintenance,
repair and routing plans. At the present time shipping companies which are involved in performance
monitoring generally employ empirical methods and formulations. Examples of these methods include
the Kreitner relation [4], STAwaveII [5], and the recently developed method by [6] which is based
on model test data. These empirical approaches are preferred by the industry since they provide a
quick way of calculating the added resistance for a wide range of operational data (wave conditions,
forward speed, etc.), based only on simple geometric vessel parameters. At the Technical University of
Denmark we are working on an alternative method based on a large database of pre-calculated added
resistance curves for a vast collection of hull geometries representative of the world’s existing fleet.
Knowing only the bulk geometrical properties of a vessel, and the actual operational condition, this
database can provide a framework for fast calculation of the added wave resistance through a simple
interpolation scheme. These pre-calculated values are all based on the classical strip theory of [1],
which in contrast to empirical methods, takes a much more realistic account of the vessel motion,
wave directionality and wave frequency. For the purpose of enriching this added-resistance database,
we have developed some enhanced approaches for calculation of the added resistance within strip
theory. For this conference, we aim to present and disseminate the results of the these improved
methodologies.

3 Theory

The methods which are employed in this paper for computation of the added resistance, are developed
using an open-source implementation of the well-known Salvesen-Tuck-Faltinsen (STF) strip theory
[1]. This implementation is based on the low-order Boundary Element Method and the zero-speed
Green function. Further details can be found in [7]. This strip-theory solver provides two-dimensional
(2D) disturbance velocity potentials (radiation and scattering), which are used to compute the added
resistance based on following two methods.
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3.1 Maruo’s Method and the Kochin Function

According to Maruo [2], the wave added resistance Rw can be calculated from

Rw =
ρ

4π

{
−
∫ k̄1

−∞
+

∫ k̄3

k̄2

+

∫ ∞
k̄4

}
κ̄ (m−K cosβ)√

κ̄2 −m2
|H(m)|2 dm. (3.1)

In the context of strip theory, the Kochin function H(m) can be defined by

Hk(m) =

∫
L
eixm

[∫
Cx

eνzeiνy

{
(iνNy + νNz)ψk −

(
∂ψk
∂N

)}
dl

]
dx, (3.2)

for the 2D radiation potentials ψk in mode k, and by

Hs(m) =

∫
L
eixm

[∫
Cx

eKzeiKy

{
(iKNy +KNz)ψs −

(
∂ψs
∂N

)}
dl

]
dx, (3.3)

for the 2D velocity potential due to the wave scattering ψs. Here ν = ω2/g, κ̄(m) = (ω +mU)2 /g,
K = 2π/λ with λ the incident wavelength, and Ny, Nz are the 2D sectional normal vectors to the hull
section Cx in the y and z direction respectively. ω is the encounter frequency, g is acceleration due to
the gravity, and ρ the fluid density. In addition, the derivative normal to the 2D sections is denoted
as ∂/∂N . To obtain the Kochin function for each frequency two integrals should be computed. One
is over each 2D section Cx, and the other is along the ship length L. Finally we compute the added
resistance by evaluating three line integrals from (3.1), where the integration limits k̄i, i = 1, 4, are
functions of the Froude number and the reduced frequency τ = Uω/g. Further details regarding this
methodology and its numerical implementation can be found in [8].

3.2 Improved Salvesen’s Method

In the next method, we have considered the well-know Salvesen’s formulation in [3]. The original
exact equation which Salvesen used for deriving his approximate formulation inside the strip theory
can be expressed as follows

Rw =
ρAgK cosβ

2ω0
<
{∫

L
eiKx cosβ

[∫
Cx

(
ψB
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∂N
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]
dx

}
+

1

4
ρ<
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(
ψB

∂

∂N
− ∂ψB

∂N

)
∂ψ∗B
∂x

dldx

}
, (3.4)

in which ω0 is the wave frequency and A is the amplitude of the incident wave. ψB is the total
disturbance velocity potential including the radiation and the scattering waves. The conjugate and
the real part of the complex variables are denoted by ∗ and <. Salvesen introduces two approximations
to (3.4). First he neglects the second integral (the so-called weak-scatterer assumption), and next he
invokes the following long-wave assumptions

eKz ≈ e−Ksd, (3.5)

eiKy sinβ ≈ eiK(± 1
2
b)s sinβ, (3.6)

to evaluate the first integral in (3.4). Here the sectional coefficient s = s0/bd is defined for a 2D
section with total area s0, sectional beam b and sectional draft d. His final approximate formulation
for the wave added resistance is then expressed in terms of a line integral along the ship length, with
the integrands comprised of the sectional 2D hydrodynamic coefficients (added mass and damping),
and geometrical properties. In a recent paper [9] we have shown that the accuracy is considerably
improved if none of the above-mentioned approximations are invoked in evaluating the add resistance
from (3.4). For this improved version of Salvesen’s method, the disturbance velocity potentials ψk
and ψs over each 2D section, and their derivatives along the ship hull should be computed. See [9] for
further details.
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4 Results

Three ship geometries are considered here for the direct computation of wave added resistance using the
above-mentioned methods. The modified Wigley hull in [10], the KVLCC2, and the RIOS bulk carrier
from [11]. The results are compared with measurements and other reference solutions in Figure 1. The
added resistance based on the original approximate formulation by Salvesen is denoted by Salvesen
(App.), and those which are obtained using the improved method from Sec. 3.2 are labeled Salvesen
(New). The results based on Maruo’s far-field method from Sec. 3.1 are denoted by STF-Maruo.
The results using the Enhanced Unified Theory (EUT) are according to [10]. The experimental data
for the modified Wigley hull has been obtained also from the same reference. For the KVLCC2 the
measurements and the CFD calculations are all from the results of the SHOPERA project in [12, 13].
The measurements for the RIOS bulk carrier are also due to [14, 15].

As mentioned in the Introduction, our main objective is to build a large database of pre-calculated
added-resistance curves using the methods presented in Sec. 3.1 and Sec. 3.2. The desired added
resistance can then be obtained quickly through an interpolation inside this database, knowing just
the bulk geometrical properties of the vessel and the operational data. In particular, this method
uses linear interpolation in the five-dimensional parameter space of F, β, ω

√
L/g,B/L, T/L, where

F = U/
√
gL is the Froude number, β the incident wave heading angle, ω the wave frequency, and

L,B, T the ship length, beam, and draft. In Figure 2 we present some preliminary results based on this
indirect procedure for computation of wave added resistance. The computations are denoted by DTU
Design Tool. These results are for the container ship DTC, the KVLCC2, and also a bulk carrier from
[16]. The MARINTEK measurements and NTUA computations are all from [16]. Note that NTUA
results are based on 3D Boundary Element Method, and the far-field Kochin function together with
a semi-empirical equation for the short waves.

5 Conclusions

In this paper we have disseminated the results of our recent progress in developing methodologies for
fast and reliable computation of wave added resistance using classical strip theory. Two methods have
been developed. In the improved Salvesen’s method, we have avoided both the weak-scatterer and
the long-wave assumptions, and treated the original equation (3.4) in its exact form in terms of the
sectional velocity potentials. We have also implemented Maruo’s method, without invoking the above-
mentioned approximations. As can be seen from Figure 1 the presented methods compare much better
with the reference solutions than the widely used approximate Salvesen method. This is specifically
true for the case of zero-speed drift forces. These improved methods can be employed for creating a
large database of added resistance curves. Since strip theory requires less computational effort than
3D methods, this database can be created in the order of hours for a wide range of reference geometries
and operational conditions. Interpolation inside this database then gives the added-resistance curves
in a matter of seconds. In Figure 2 we have also shown the reliability and accuracy of this interpolation
method.
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Figure 1: Direct calculations of the added wave resistance based on the methods presented in Sec. 3.1,
and Sec. 3.2. Modified Wigley hull (1st and 2nd row), the KVLCC2 (3rd row), the RIOS bulk carrier
(4th row). Note that all plots at the left side are for the zero-speed drift force.
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Figure 2: Example results for added resistance based on the indirect procedure.
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SCRUBBERS ON HIGH SEAS TO RULE THIS DECADE 
 
Manogaran Vijayakumar1 and Kappuvaveetil Gauthamgopinath2 

 
 

ABSTRACT 
 
The aim of MARPOL convention is to prevent pollution of the marine environment. It seeks to control airborne emissions from the ships 

with some limitations. The convention prescribed the Sulphur content in fuel oils used on board ships not to exceed 0.5% m/m on and 

after 1 January 2020. These contemplate the shipping companies to switch over to use other compliant fuels or install Exhaust Gas 

Cleaning System (EGCS) / Scrubbers. EGCS/Scrubbers clean the exhaust gas released in order to discharge a minimum amount of Sox. 

To evaluate the selected EGCS/Scrubbers technology from ship owners and charterer’s point of view, the proposed analysis in this paper 

indicates the success of scrubbers than 0.5% VLSFO, in which the amount that vessels with the EGCS/Scrubbers units installed can earn 

for a voyage. At the outset fuel cost plays a vital role which is always an exponential function, in this part EGCS/Scrubbers take more 

attractive investment appraisals than other alternative compliant fuels throughout this decade. 

 

KEYWORDS 

 
MARPOL convention; EGCS / Scrubbers; 0.5% VLSFO; 3.5% HSFO 

 

  INTRODUCTION 
 

   The IMO has efficiency requirements as part of Annex VI of MARPOL to reduce CO2 emissions from the shipping industry, and 

they adopted the "IMO strategy on reduction of Green House Gas (GHG) emissions from ships" in 2018. They've agreed on the following 

objectives: - Carbon intensity of international shipping to decline: reduce CO2 emissions per transport work, on average across 

international shipping, by at least 40% by 2030, with efforts to reach 70% by 2050, compared to 2008; and GHG emissions from 

international shipping to peak and decline, with total annual GHG emissions reduced by at least 50% by 2050, with efforts to phase them 

out, in line with the Parley for the Oceans (Knudsen, 2021). In the year ahead, a strategy review will take place. 

EU Regulations (All voyages to, from and between EU ports) in 2013, the Commission set out a strategy towards reducing GHG 

emissions from the shipping industry. 

➢ Monitoring, Reporting, and Verification of CO2 emissions from large ships using EU ports are the three steps in the strategy. This 

step has now been implemented and is known as the EU MRV. 

➢ Goals for reducing greenhouse gas emissions in the maritime transportation sector. 

➢ In the medium to long term, additional measures, including market-based measures. The European Union recently approved the 

inclusion of shipping in its emissions trading scheme. 

The requirements are similar to those of the International Maritime Organization (IMO), but the EU regulations include cargo 

information, and data submitted to them will be made public. 2018 was the first year of reporting. 

According to the European Environment Agency's greenhouse gas emissions data, emissions account for 3.7 % of total EU CO2 

emissions. This annual report is based on data from 2018 emissions reported by companies until September 2019 under the EU 

Regulation on CO2 emissions from maritime transport monitoring, reporting, and verification (MRV). The data and report are published 

each year to provide a better understanding of the monitored fleet's characteristics, CO2 emissions, and energy efficiency. 

EGCS / Scrubbers are used on some ships to reduce air pollution. Flag states accept this as an alternative method of meeting the Sulphur 



limit. According to the European Environment Agency's greenhouse gas emissions data, emissions account for 3.7 % of total EU CO2 

emissions. This annual report is based on data from 2018 emissions reported by companies until September 2019 under the EU 

Regulation on CO2 emissions from maritime transport monitoring, reporting, and verification (MRV). The data and report are published 

each year to provide a better understanding of the monitored fleet's characteristics, CO2 emissions, and energy efficiency. 

Some ships reduce air pollution by incorporating EGCS / Scrubbers. Flag States accept this as an alternative method of meeting the 

Sulphur limit requirement. These scrubbers are intended to remove Sulphur oxides from the exhaust gases of the ship's engines and 

boilers. As a result, a ship equipped with a scrubber can use heavy fuel oil (3.5 %) because the Sulphur oxide emissions will be reduced 

to a level equivalent to the required fuel oil Sulphur limit (0.5 %). 

As a result, the article discusses VLSFO's challenges, future fuel options, the edges taken over by the EGCS / Scrubbers. 

 

 SULPHUR CAP- 2020 

 
Sulphur Oxides (Sox) are produced during the combustion of Sulphur-containing fuel. The main concern with Sox emissions is 

when they are emitted close to land, where they have a direct impact on human health and the environment; they cause lung and heart 

diseases, as well as acid rain, which has a significant impact on the health of forests, farmland, and freshwater. Shipping accounts for 

approximately 9% of global SO emissions. The International Maritime Organization (IMO) has imposed a Sulphur limit on marine fuel 

oils. The legislation also allows a vessel to burn high Sulphur fuels if Sox emissions are removed from the exhaust and result in the same 

concentration of Sox emissions as burning low Sulphur fuels, such as if a vessel installs an EGCS / Scrubbers. As of January 1st, 2020, 

the IMO adopted a global Sulphur cap limiting all vessel exhaust emissions to a maximum 0.5 % Sulphur content, requiring ships to 

either burn 0.5 % Sulphur fuel or use alternative technology to reduce emissions to an equivalent level. This requirement is in addition to 

the 0.1 % Sulphur limit in the North American, US Caribbean, North Sea, and Baltic Emission Control Areas (ECA), In addition to the 

IMO legislation, local limits are enforcing in Hong Kong, European Union Ports, China, South Korea, Malaysia and California. The 

Californian regulations differ slightly from ECA requirements, as they require vessels to use MDO/MGO. The Sulphur cap in China’s 

designated ‘inland’ ECA (navigable waters of the Yangtze River, and the Xijiang River main lines) was further tighten to 0.1%S on 1st 

January 2020 for sea-going vessels. We expect in time more ecas will appear around the world – Mediterranean, Caribbean, Japan, and 

Norway are possible in the near future (Knudsen, 2021).. 

 
Sulphur Oxides (Sox) are formed by combustion of fuel containing Sulphur. The major concern for Sox emissions are when they emitted 

close to land where they have a direct impact on human health and the environment; they cause lung and heart diseases, and acid rain, 

which in turn has a huge impact on the health of forests, farmland and freshwater. Shipping accounts for around 9% of the global sox 

emissions. The International Maritime Organization (IMO) has set a limit on the Sulphur content of marine fuel oils. The legislation also 

allows for a vessel to burn high Sulphur fuels if sox emissions are removed from the exhaust and result in the same concentration of sox 

emissions as burning low Sulphur fuels, for example if a vessel installs an EGCS / Scrubbers.  



0.5%VLSFO AND ITS CHALLENGES 
 

       After started using 0.5%VLSFO continuously, the shipping fraternity faced the key issues which can damage the marine diesel 

engines due to cat fines, excessive sludging, compatibility issues, asphaltene, high wax appearance temperatures (cloud point) and fuel 

stability. 0.5%VLSFO is incompatible even with same type of fuel from same refiner but bunkered in different locations. The new low 

Sulphur fuel hasn’t stopped the issues of fuel instability and contamination which are of primary concern for ship owners, ship managers 

and operators. The problem is that VLSFO does not really exist as one fuel. It is a range of chemicals that are so wide, variable and 

volatile that it is staggering that it is even labelled as one type of fuel (Mahajan, 2021). 

UNSTABLE AND VOLATILE FUEL  

0.5%VLSFO was discovered to be not just one fuel but new blends forming thousands of unique permutations. Various blends of 

0.5%VLSFO have been found to be highly variable, easily contaminated and very unstable. These blends were also very volatile, 

changing critical properties within the space of days and weeks, rather than the usual months when the oil is stored. 

METALLIC SAND IN THE ENGINE 

0.5%VLSFO is the residual part left at the end of the refining process, and is produced using a chemical process called catalytic cracking. 

To make this cracking process more effective at lower temperatures, hard particles of Aluminum (Al) and Silicon (Si) are added to the 

oil. They resemble a metallic form of sand. 

COMBUSTION QUALITY OF FUEL IN THE ENGINE 

0.5%VLSFO poses a particular risk. It takes much longer between the time the fuel enters the chamber of an engine to when it ignites. 

This causes a massive shock wave (known as a ‘diesel knock’). Swedish ship reinsurers, one of the thirteen big ship insurers in the 

world), highlighted that ignition problems occurred with 0.5%VLSFO when the CCAI was between 850 and 890. 

WAX DEPOSITS 

Solidifying 0.5%VLSFO in colder temperatures poses a major risk of engine failure in colder temperatures. 

One of the most visible issues with 0.5%VLSFO is what the industry describes as ‘wax deposits.’ Chemicals known as Aromatic and 

Paraffinic compounds are mixed in different ways to make 0.5%VLSFO. This turns flowing ship oil into a sticky putty. This putty is 

unusable in ships and clogs up all aspects of a ship’s pipelines and machinery. 

THE VISCOSITY PROBLEM 

Oil needs to maintain a certain viscosity to be safe given the way that ship engines have been designed. 

Viscosity is measured as a centistoke (CST). Industry reports from March 2020 show viscosity plummeting to dangerously low levels 

(indicating a high degree of running fluids). 

 

.



EXHAUST GAS CLEANING SYSTEMS / SCRUBBERS WITH 3.5% HSFO 
 

The IMO guidance covers aspects of the fuel oil purchase all the way up to loading the purchased fuel oil on board. The requirements for 

fuels used in marine diesel engines and boilers are specified in an International Standardization Organization (ISO 8217). ISO has 

released a new standard: ISO/PAS 23263:2019 Petroleum products - Fuels (class F) - Considerations for fuel suppliers and users 

regarding marine fuel quality in light of the implementation of a Sulphur limit of 0.5 % in 2020 (Li et al., 2020). 

To achieve the same level of emission reduction, Regulation 4 of MARPOL Annex VI allows Administrations (flag States) to approve 

"equivalents" - any fitting, material, appliance, or apparatus to be installed in a ship or other procedures, alternative fuel oils, or 

compliance methods used as an alternative to that required" - that enables the same emission control standards to be met Flag States have 

accepted and approved EGCS / Scrubbers, as meeting the requirements for Sulphur oxide reduction (Green book, 2021). 

The same regulation on Equivalents contains an important requirement, which states in paragraph 4 that "the Administration of a Party 

that allows the use of an equivalent shall Endeavor not to impair or damage its environment, human health, property, or resources, or 

those of other States." The International Maritime Organization (IMO) has established stringent criteria for the discharge of wash water 

from any EGCS / Scrubbers residues produced by the EGCS/Scrubber unit, which is typically in a closed-loop configuration, should be 

delivered ashore to appropriate reception facilities. Such residues should not be discharged into the sea or burned on board. 

Open- loop scrubbers add water to the exhaust gas which turns Sulphur oxides (Sox) to sulphates/sulphuric acid. Open-loop scrubbers 

return wash water to the sea. The wash water must meet strict criteria, so that discharge wash water should have a pH of no less than 6.5. 

There are also strict limits on discharge of  Polycyclic Aromatic Hydrocarbons (PAHs) and nitrates (Lack & Corbett, 2012). 

 

PRINCIPLE OF EGCS / SCRUBBERS SYSTEM 
 

Exhaust gas streams pass through an alkaline scrubbing material inside the scrubber, which neutralizes the acidic nature of the 

exhaust gases and removes any particulate matter. 

The scrubbing material is then collected with the wash water, which can either be stored or disposed of as effluent right away. The 

system's cleaned exhaust is discharged into the atmosphere. The scrubbing material is selected so that specific impurities such as Sox or 

NOx can be removed through chemical reactions. 

 



Marine scrubbers use lime or caustic soda to desulphurize water, resulting in Sulphur-based salts that can be easily discharged because 

they do not pose a threat to the environment. Because of their alkaline nature, scrubbers can use sea water, fresh water with added 

calcium/sodium sorbents, or hydrated lime pellets as a scrubbing medium (Paulsrud, 2015). 

Inside the scrubbers, packed beds of gas-pollutant removal reagents (such as limestone) are used to increase the contact time between the 

scrubbing material and the gas. The vertical flow of water inside the scrubbers is slowed by these packed beds, which intensifies the 

exhaust gas cooling and acidic water neutralization process. Scrubbers are designed to maximize the abs reactions involved: 

                                                           SO2 (gas) + H2O + ½O2 → SO4
2- + 2H+ (Sulphate ion + Hydrogen ion). 

HCO3
– + H+ → CO2 + H2O (Carbon-di-oxide + Water).   

Salient features of using EGCS / Scrubbers system includes; 

➢ It has very few moving parts, the design is simple and easy to install on board. 

➢ Apart from de-fouling and operational checks, the system requires very less maintenance 

➢ This system does not require storage for waste materials 

 

INVESTMENT WORTHY FOR EGCS / SCRUBBERS SYSTEM 
 
➢ Total Engine Power--------------------------------------------------------------------- 53,000KW 

➢ Sulphur content--------------------------------------------------------------------------  3.5% 

➢ Fuel oil consumption per day-------------------------------------------------------- 35MT/day 

➢ Estimated HFO per year--------------------------------------------------------------- 12,775 MT/annum 

➢ Fuel price 3.5% HSFO (as on mid Nov 2021) -------------------------------------- 460USD/MT 

➢ Fuel price 0.5% VLSFO (as on mid Nov 2021) ------------------------------------ 630USD/MT 

➢ EGCS / Scrubbers Component cost -------------------------------------------------- 3,500,000USD 

➢ EGCS / Scrubbers Installation cost --------------------------------------------------- 1,000,000USD 

➢ EGCS / Scrubbers Total investment cost -------------------------------------------- 4,500,000USD 

➢ Estimated 3.5% HSFO cost per year (as on mid Nov 2021) --------------------- 5,876,500USD 

➢ Estimated 0.5%VLSFO cost per year (as on mid Nov 2021) -------------------- 8,048,250USD 

➢ Estimated rate spread between 3.5%HSFO and 0.5%VLSFO per year -------- 2,171,750USD 

 
 

Estimated payback period for the EGCS / Scrubbers system total investment will be less than 2.1 years 

This calculation is an approximate estimation, various factors influencing the fuel consumption, fuel cost, load, current, routing etc., has 

to be taken into account for detailed estimation. 



FUTURE FUEL AND ITS TRANSITION PERIOD 
 

The work of classification and standardization societies like DNV GL helps to ensure systems are brought up to scratch and held to a 

higher standard. It is with LNG, LPG, Methanol, ammonia, hydrogen, and lithium-ion battery. May be by 2050 we will have found a way 

to include decarbonized source of fuel within the maritime sector. That would be transformational (McKinnon, 2011). 

 

CONCLUSION 
 

By using exhaust gas cleaning system-scrubbers, ship operators, owners, managers, front liners ship staffs can operate marine diesel 

engines without worry about costly engine failures, lay-up or any off-hire caused by contamination, fuel instability and its associated 

problems with the low Sulphur fuel, also scarcity and availability of the future fuels. In far, future fuels like lithium-ion batteries, 

methanol, ammonia, hydrogen may be the complementary to EGCS /Scrubbers but still cannot be compensated in terms of monetary 

beneficial. 
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