
  
 

 

 

 
 

FACULTY OF SCIENCE AND TECHNOLOGY 
 

 
 

MASTER'S THESIS 

Study program/specialization: 
 
Master’s Degree in Mechanical and Structural 
Engineering - Offshore Construction 

 
Spring semester, 2017 

 
 

Open 

Author: 
Leiv Børge Ferking Mjølhus 

 
………………………………………… 

(signature of author) 

Faculty supervisor:     Arnfinn Nergaard - UiS 

 
External Supervisors: Ragnar Langåker – Westcon P&A 
                                      Kristian Matre – Westcon P&A 

Title of master's thesis: 
 
Evaluation of Hybrid Battery System for Platform Support Vessels 

Credits: 30 

Keywords: 
- Hybrid battery system 
- Reduced fuel consumption 
- Emission reduction 
- Energy storage system 
- Platform support vessel 

 
Number of pages: 83 

 
+ attachments/other: 31 

 

 
 

Stavanger, 15.06.2017 



i 
 

Abstract 
In the last few years, the car industry has developed hybrid battery systems with lower battery price, 
higher capacity and improved safety. These improvements in performance have led to an increased 
interest to utilize the technology in marine applications. To satisfy the requirements of redundancy in 
critical situations vessels are required to run multiple engines at low to medium loads during most of 
operations in station keeping. Traditional combustion engines are designed to have the optimal level 
of fuel consumption and lowest emission per kilowatt hour when operating at medium to high loads. 
This practice therefore represents an overall loss and is unfavorable for environment and fuel 
consumption. 

This thesis investigates the effect and viability of applying a Hybrid Battery System (HBS) on a Platform 
Support Vessel (PSV) by using the battery to optimize the original power system. For the case study, 
the vessel Viking Energy has been considered. Viking Energy is the first vessel with a HBS approved as 
a redundant power source in critical operations. The system allows the vessel to reduce the numbers 
of active engines while ensuring instant available power if required. The remaining active engines are 
then operating closer to the optimal level, ensuring lower emission and fuel consumption per kilowatt 
hour. This study analyzes and quantifies the effect in fuel consumption and cost after implementing 
the HBS to the PSV. It also analyzes the weathers influence of the fuel consumption for the vessel with 
and without HBS. The study is based on a six-month sample period where the HBS was fully operative. 
The analysis gave an annual reduction in fuel of 13% comparing the sampling period with historical 
data given the same time distribution for the vessel. Normalizing both to actual distribution over a 
three-year operation period gives a calculated reduction of 17% due to more favorable distribution. 
The difference is mainly due to higher portion of Dynamic Positioning (DP) mode in the historical data. 
The economical evaluation concluded that the minimum threshold for overall fuel reduction to be 15% 
for the investment to break even in a ten-year perspective. A vessel is recommended to operate 34% 
or more of the time in DP or a mode providing similar level of fuel saving to meet an overall reduction 
of 15%. 
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1. Introduction 
In 2003, the vessel Viking Energy was built by Kleven Verft AS sited at Ulsteinvik in Norway on behalf 
of the shipping company Eidesvik Offshore AS. The ship was among the first Platform Support Vessel 
(PSV) to operate on liquid natural gas (LNG). In over a decade the ship has served the oil & gas industry 
executing tasks in a reliable and efficient manner.   

After 12 years of operation, the vessel is setting a new milestone. Equipped with a technology that 
represents a solid step towards a more viable and environmental technology for the offshore support 
industry. Summer 2016 the ship was sited in Westcon’s ship yard in Ølen, located on the west coast of 
Norway for seven days. When the vessel left the yard, it was equipped with a Hybrid Battery System 
(HBS). Making it the world’s first vessel approved to utilize a battery as a power source in critical 
situations [1]. This can be when the vessel is operating few meters from an offshore structure, and the 
power system must are dependent on instant power withstand the environmental loading to maintain 
position and to prevent impact.  

As this industry is competing to get contracts, some shipping companies are constantly searching for 
new, cost-effective and viable technologies for fuel reduction and to obtain an attractive vessel [2]. 
During a time that the industry is under considerable pressure by society and market to reduce cost 
and emission. That have resulted in high focus on reducing operating cost for the oil business [3] [4]. 
In addition, new contract models from the charterer in the oil business contain regulations to promote 
greener ships, as we have seen in the ferry sector [5] [6]. 

The past four years the battery prices have dropped by 60-70% and are expected to continue to 
decrease [7]. At the same time power and energy density increases, cycle life, safety and durability 
continues to improve. This new technology opens up for new markets and applications not viable with 
conventional batteries [8]. Overall fuel consumption is claimed to be reduced by 20%, resulting in 
emission savings corresponding to the fuel saving. Most savings are gained in operations where load 
demand is highly variating, and redundancy requirements are high. The highest fuel reduction 
potential is claimed to be when the vessel operates in station keeping. 

The battery main purpose is to take care of the load variation, while the engine works at optimal load 
as a middle-value of the load oscillations. Mainly the system operates in the following three 
applications:  

 Peak shaving: The battery discharges on high loads and charges on low loads, while the engine 
remains on stable load level. 

 Spinning reserve: the battery adds redundancy to the power system. This results in fewer 
engines online and the remaining engines loading is raised to a more efficient level.  

 Start-stop mode: at low loads the engine load is increased to optimal load and charges the 
battery. When the battery is fully charged, the engine stops and the battery supplies the 
system until the battery is empty. Then the engine is activated, and the process is repeated. 
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The Specific Fuel Oil Consumption (SFOC) in gram per kWh, for marine combustion engines is 
significantly lower when they are operating between medium and high loads, and the different modes 
described previously allows the engine to work in more optimal loads [9]. Figure 1 shows the curve of 
SFOC with respect to maximum continuous rating (MCR). 

 
Figure 1: Specific fuel consumption for a typical marine engine [10]. 

The large variation of energy requirement for PSV makes this ship type highly attractive for battery 
application. And potentially reduce fuel consumption and emission, enhance response, less 
maintenance, higher redundancy, flexibility and less noise by allowing engines to run closer to optimal 
load [8].  

 

1.1. Objectives 
The prime objective for this thesis is to analyze and quantify the effect of applying a Hybrid Battery 
System (HBS) on a Platform Support Vessel (PSV) by using the battery to optimize the original power 
system. 

To meet the prime objective, the following secondary objectives will to be met: 

 Generally describe the technology and the advantages of implementing the system. 

 Identify and discuss general frame conditions for applying a HBS on a PSV. 

 Briefly describe other vessel that potentially can gain benefits from a HBS. 

 With the vessel Viking Energy as a case, analyze and discuss experience from installation and 
operation of the HBS for the first six months of operation. 

 Discuss factors that might have an impact on overall performance of the system in the Viking 
Energy case. 

 Analyze potential impact of weather on performance of the HBS. 

 Present recommendations for further work. 
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1.2. Limitations 
In the analysis in this thesis is based on data from one PSV vessel for a limited sampling period. HBS is 
a new technology and data covering longer time periods are challenging to obtain. Some of the result 
are dependent on work tasks of the vessel, engine type and operation profile. All this may differ for 
each individual vessel and may therefore not be directly comparable. The fuel consumption with the 
theoretical method is simplified by assuming only LNG consumption. Vibrations and noise reduction 
and increased responsiveness of the vessel is claimed to be a result of the HBS and is not evaluated in 
the case more than subjective limited statements from the vessels crew.  

The thesis will be focusing on HBS as a retrofit and has not considered a vessel as new build when 
assessing the potential of technology. System optimization and design of the HBS will not be assessed. 
Weather impact on the vessel will be analyzed briefly and not be linked to AIS data. 

1.3. Content 
The first part is a literature study describing the industry today and the regulations considered to be 
relevant to the subject. Followed by describing the development and characteristics of batteries. Then 
the HBS is described and how the industry solves this today. All this is information has the purpose of 
giving the reader the knowledge required to sustain a proper understanding of the case evaluation 
further in the thesis.  

The last part is a case study based on data from Viking Energy. The case study describes the HBS applied 
to the vessel and further it presents and discusses data from various subjects. And ends with a final 
conclusion and recommendation of the HBS.  
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2. Industry frame condition 
All around the world ship is built, re-constructed and maintained. The ship industry can operate 
worldwide within all waters granted the country have coastline. The classification societies play an 
important role in verification and assure compliance with the standards for all ships. Among others 
DNV-GL which is a classification society that have defined rules for classification. For a vessel to be 
operative, it must fulfill the standards for the current classification society. The rules of classification 
involve clear demands for a vessel to be able to hold a battery exceeding a capacity of 50 kWh on 
board. All PSV in use, is under an agreement with the charterer. The agreements are stated in the 
contract between the charterer and the shipping company. Charterer is the company renting the ship, 
in this context often an oil company. The government and major industry organizations uses funding 
as a tool to inflect the technological trends in desired direction. This is also the case in the ship industry.  

2.1. Class notation 
Classification society provides and maintains technical standards for construction and operation of 
ships. Class societies are responsible for verifying that systems are built to the given standard carry out 
surveys to assure compliance. The vast majority of commercial ships are constructed and classed by 
standards provided by classification societies. The standards define what is considered to be todays 
accepted engineering practice to maintain safety for personnel and the ship, reliability, availability, 
durability and efficient operation [11]. The standards are issued by classification societies as rules that 
are published.  

In Norway DNV-GL is responsible for the majority of classifications and are therefore responsible for 
verifying the technology and construction discussed in this thesis [12]. Class notations most relevant 
in terms of battery hybrid technology are Part 6 Chapter 2 [13] and Part 6 Chapter 3 [14] under DNV 
GL rules for classification of ships (RU-SHIP). This is to provide equal or higher level of safety and 
reliability as conventional system for large battery systems [15]. There are two levels of class notations 
when large battery system is installed on board a ship [13]: 

- Battery safety notation; General requirement mandatory where battery is used for power 
source when battery capacity exceeds 50kWh. The application is additional source of power 
or for improved dynamic performance of power. 

- Battery power notation; Additional notation for vessels when battery is used as propulsion 
power during normal operations, or when battery is used as redundant source of power for 
main or/and additional source. 

If a battery is to replace one or more generator, the ship must hold battery power notation. This 
notation is more comprehensive and challenging to fulfill than the safety notation in terms of safety, 
energy management and testing. The most important requirement in this notation is that the battery 
must provide sufficient capacity for the vessel to abort the operation and evacuate out of danger when 
the battery is used as a redundant source of power. The classification society demands the shipping 
company to review all the operations of the vessel and find the time duration of abortion. And then, 
the maximum abortion time defines the time the requirement for the battery. The battery must sustain 
the capacity to power the vessel at that time requirement to hold the class notation. For Viking Energy, 
the maximum time duration to abort an operation is 7 minutes. This time is used as input in the 
consequence algorithm for the dynamic position system. This consequence algorithm estimates 
continuously with the maximum time if enough energy is available in the battery to evacuate the 
current operation in the current condition. The capacity of the battery is required to be tested each 
year to determine the State of Health (SOH) [13] [16].  
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2.2. Contract description 
In the oil business ships are operating under contractual agreement. Agreements involves issues 
between the shipping company and the oil company, referred to as the charterer. The traditional 
contract is formed in such a way that the charterer covers the fuel cost [17]. This is mainly to provide 
full freedom to take decisions that may affect the fuel consumptions. This practice is an easy way to 
avoid the potential conflict of interest when the ship is executing tasks. Regarding fuel reducing 
actions and technology it may cause a leak of motivation and interests as traditional contracts 
provides little economic benefits to the shipping company.  

If a shipping company installs a HBS in a ship, they pay the cost of the installation and takes the 
economic risk. When the ship is operative, it may use less fuel as the oil company pays the fuel they 
gain the direct benefit. The oil sector is under considerable pressure as the oil price is low and is 
looking for areas of reducing cost to increase profit. A new model for contracts an oil company was 
recently announced, with the purpose to share the economical profit from saved fuel with the 
shipping company. The model calculates expected fuel consumption for each operational mode 
based on historical data. If the ship uses less than 5% below the expected for that mode the saved 
cost is shared 50/50. And if the ship uses more than 5% higher than expected for that mode the cost 
is shared 65/35, ship owner and charter respectively. This model will not be applied during the 
winter months due to harsh and unpredictable weather. The fuel consumption will become an 
evaluation criteria with more focus, when vessels signs and enter into contracts [5]. In addition to the 
new contract model, there are indications that the charterer most likely will demand vessels with 
battery notations in the future.  

 

2.3. Incentives and funding 
As a tool from the government for pushing and motivating industries to navigate towards greener 
trends, they support viable and promising funding schemes [18]. This is a dynamic economical support 
continuously adopt to new technologies. In Norway, there are mainly two founding opportunities for 
ship owners in the nation: 

- Enova  
- NOx fond 

For member states of EU or EUS there is also funding opportunities through LIFE, supporting 
environmental and nature conservation projects. The project must apply for funding and each project 
is considered individual [19].  

For the case of Viking Energy, Enova was strongly involved with funding. This involved a support of 7.5 
MNOK which involved a significant share of the Capital Expenditure (CAPEX) of the HBS. For future 
projects, it may not be that high, as the risk for such projects will decrease as it becomes more 
commercialized. This means that for the technology to be viable in long term, it must provide profit 
regardless of incentives. 
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3. Environmental impact 
Transportations at sea is considered to be the most cost-efficient option of transportation. In addition 
to worldwide trading much of the world’s oil reserves are located at sea. Norway have strong relations 
to the sea, both historical and in modern time. The topography of the country also involves much fjords 
and mountains. Therefore, in Norwegian waters ship pollution is shared between the oil related 
activities, fishing and passenger transport. The environmental impact caused by activities at sea 
worldwide is estimated to be around 3.3% of the global anthropogenic emissions stated by the second 
IMO (International Maritime Organization) GHG study in 2009 [20]. In response to the emission 
numbers from this report the IMO tighten the regulations regarding emission in several areas. One of 
the response involved introduction of areas of emission limits and NOX limits globally and within these 
limits.  

 

3.1. Regulations 
In 1973 the International convention for the prevention of Pollution from Ships (MARPOL) was adopted 
and further entered in force 02.10.1983. The convention includes marine accidents normal operation 
in terms of pollution and targets to minimize impact and risk related to this. In 1997 the Annex VI was 
included, aiming for minimizing and prevent emission of Nitrogen Oxide (NOX) and Sulfur Oxide (SOX) 
[21]. IMO has defined Emission Controlled Areas (ECA) worldwide as shown in Figure 2. The areas 
assigned to these regulations are considered to be vulnerable and/or involves a risk to human health 
in terms of pollution. In Europe, the Baltic Sea have suffered for pollution related to SOX, NOX and 
Particulate Matter (PM) from ship activities. Ships operating within these areas have to use fuel with 
low Sulfur content or implement emission mitigation technology [22]. In the North Sea and Baltic Sea, 
the ECA only involves SOX limit. The NOX is limited with a regulation named Tier 1, 2 or 3 depending on 
the year of construction. Where Tier 3 applies for ship built from and after 2016. NOx limits are given 
as a function of the Revolutions per Minute (RPM) of the engine based on vessels type and size. The 
rules of Sox apply to all ships, regardless of the construction date for vessels commercial size. The 
requirements can be met by operating on low-Sulfur fuels, the requirements open up for technological 
approaches of meeting the emission level. 

 
Figure 2: Existing and future Emission Control Areas worldwide [23]  

Existing ECA involves [24]: 

 Baltic sea (SOX, adopted: 1997, entered to force: 2005) 

 North Sea (SOX, 2005,2006) 

 North American ECA, including most of US and Canadian coast (NOX and SOX, 2010, 2012).  
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This leads to that all ships operating within these areas must use fuel with Sulfur of 0.1 % at this time. 
Today’s limit and future restrictions can be seen by the line labeled as ECA in Figure 3. Outside these 
areas IMO have currently set the limit to 3.5%, represented by the line labeled GLOBAL and future 
restrictions. But as indicated, this may be reviewed. This will result in increased demand for low Sulfur 
fuel in the world. In a long-term perspective, cleaner and better technology must be developed and 
not only low Sulfur fuel, to satisfy the limits. In general, the lower Sulfur content the fuel contains, the 
more expensive fuel. Therefore, the fuel cost for shipping companies increase.  

 
Figure 3: MARPOL Annex VI Sulfur fuel content limits [24]. 

This type of regulations is important statement and require ship designers to reconsider conventional 
options in terms of fuel and technology to sustain a long lifetime of new build ships. However, the 
substances regulated are not related to GWP, and are mainly connected to local air quality [21]. 
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3.2. Emission to air 
Ships in operation emits different categories of emission. The categories are water, air, land and noise. 
Emission to air caused by exhaust is the greatest contributor to global warming among these 
categories. Exhaust gas is formed during combustion, consisting of various substances is formed and 
produces emission to air. Fuel is injected into the cylinder, mixed with air and ignited by spark or 
compression. Marine traffic in a global emission perspective has the following contribution according 
to IMO second study [20]: 

 CO2 – 3,3% 

 SOX – 4-9% 

 NOX – 10-15% 

Emission from exhaust have both local and global effects. NOX and SOX are mainly connected to local 
air quality and have residence in the range of 1 to 3 days after emitted. The emission can contribute 
to pollution inland by hundreds of kilometers [25]. Further CO2 mainly contributes to global warming 
effect. The ECA introduced by IMO is mainly motivated by regulating the local air quality in areas 
considered to be highly impacted.  

There are various types of impact categories to consider in terms of environmental strain. It is up to 
the author to determine what category to use, as the standard not say what method to use. The 
selected impact category is Global Warming Potential (GWP). The method is aiming for quantifying the 
how much GWP each pollutant contributes to global warming. Greenhouse Gas (GHG) is defined as a 
gas that when it is emitted to air, absorbs heat and re-emits it. This makes the atmosphere of the 
planet warmer than it would have been without this gas. Vapor also is a GHG but is not considered 
[26]. 

Climate effects from shipping includes the following substances and the respective effect [21]: 

 CO2 including CO, has a warming effect (Carbon dioxide and Carbon monoxide) 

 CH4 has a warming effect (Methane) 

 BC has a warming effect (Black carbon) 

 N2O has a warming effect (Disulfur monoxide) 

 NOX leads to producing tropospheric O3 which further leads to positive radiative forcing and 
reduction of ambient CH4 that has a cooling effect (Nitrogen oxide) 

 SOX that has a cooling effect (Sulfur oxide) 

 OC has a cooling effect (organic carbon) 

 Low level clouds can be formed or changed and has a cooling effect. 

 

BC emitted in the Arctic where snow and ice are presence, will increase the surface temperature 
compared to emitting the same quantity in areas closer to equator [27]. As the sea ice in the arctic is 
decreasing, has opened up for more activities in these areas. On that basis, the GWP for Arctic regions 
are included in addition to World regions, and is provided on next page. 
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Table 1: Emission factors in grams per kilowatt for Marine diesel oil (MDO), Marine gas oil (MGO) and LNG liquid natural gas 
dual fuel (DF) fueled engines as a function of power and engine type [21]. 

 MDO 0.5% sulfur MGO 0.1% sulfur LNG DF 

Load High Low High Low High Low 

CO2 630 700 630 700 475 530 

CH4 0.05 0.1 0.05 0.1 4.00 8.00 

N2O 0.02 0.02 0.02 0.02 0.02 0.02 

SOX 2.2 2.4 0.45 0.5 0.1 0.4 

NOX 6.0 9.0 6.0 9.0 2.00 4.00 

CO 1.4 1.4 1.4 1.4 1.4 1.4 

BC 0.050 0.200 0.025 0.150 0.005 0.050 

OC 0.2 0.2 0.2 0.2 0.2 0.2 

 

Table 1 lists the amount of gram pollution emitted per kWh produced during combustion of Marine 
Diesel Oil (MDO), Marine Gas Oil (MGO) and Liquid Natural Gas (LNG) respectively given with high and 
low load. Whereas high corresponds to the range of 75% and low 25-30% of MCR (Max Continuous 
Rating). It can be observed that all engines generally emit more pollutants at low loading due to 
ineffective combustion. An engine uses more fuel per kW at low loads, but also releases more 
pollution.  

Table 2: Pollution substances and the impact categories in CO2-equivalents [21] [28].  

Emission 
category 

GWP20  

World factor 

GWP20 
Arctic factor 

GWP100 
World factor 

GWP100 
Arctic 

CO2 1 1 1 1 

CO 5.4 5.4 1.8 1.8 

CH4 85 85 30 30 

N2O 264 264 265 265 

BC 1200 6200 345 1700 

NOX -15.9 -31 -11.6 -25 

SO2 -141 -47 -38 -13 

OC -240 -151 -69 -43 

 

In Table 2 the pollutants emitted during combustion is listed. Pollution grade of the substances is given 
after GWP and is specified by the areas emitted with respectively world and arctic standard with the 
time perspective of 20 and 100-year. The values is provided by Intergovernmental Panel on Climate 
Change (IPCC) and International Marine Contractors Association. 

The world factors are the average for the four regions: East Asia, South Asia, Europe and North Africa 
and North America. The world figures are representative of the impact of emissions in oil and gas 
regions such as the North Sea and the Gulf of Mexico. While the arctic factor will be representative for 
emitted pollutant in areas such as Barents Sea [9].  
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Addressed emission in Norway 

To address the vessel types responsible for emitting GHG within Norway each vessel type is shown in 
Figure 4. There it can be observed that the main contribution can be connected with passenger 
transport, offshore supply vessels and fishing vessels. The contribution is 1.09 ton, 0.9 ton and 1.06 
ton CO2 respectively. 

 
Figure 4: CO2 emission in Norway distributed by ship types [29]. 
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4. Ship characteristics 
PSV executes various tasks all after charterers demand and need. For the vessel to be able to perform 
the daily duties, they rely on engine power of significant size compared to the car industry. The engine 
is often referred to as mover. All movers, independent of working field will have a defined range of 
operation with the related power generated. This involves areas where the combustion process will 
variate. 

The power system in vessels must me dimensioned to withstand environmental loading in all weather 
conditions. This means that a common PSV will be equipped with a total engine power of 10 MW. This 
will give the vessel sufficient power to perform the intended duties in close to all weather conditions. 
The reality is that the vast majority of time in operations happens at a lower and different power level 
due to regular weather conditions. When that is the case and there will be one big engine or prime 
mover operating at ineffective load the solution is to replace it with a set of smaller engines. In this 
way, the power production is split into smaller units and the running engines will be closer to optimal 
load, as Figure 1 was illustrating. Then the number of engines running are a result of the continuous 
demand. To utilize this principle the vessels also must implement diesel-electric power system from 
direct mechanical propulsion. The categories of propulsion setup are listed in section 4.1. 

This setup is known as a power plant principle and has emerged as the basic standard for vessels 
operating with a highly variating power demand. This involves vessels as icebreakers, tugboats, PSV, 
but has also found its way to ferries and other special vessels [9]. The efficiency improvement at lower 
loads by the power plant principle is based on the efficiency profile of engines. 

 
Figure 5: The principle of power plant, one prime mover and the related efficiencies [30]. 

It can be observed that in the range from 20% to zero MCR, the efficiency continues to decrease. 
Further, as the load increases the efficiency drops in a repetitive way. This represents the potential of 
further optimization.  In combination with the use of batteries this potential can be further exploited.  
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4.1. Types of Ship Drivers 
A ship needs a large amount of power to sustain propulsion, positioning and hotel loads. Hotel load or 
auxiliary is the ship miscellaneous power consumers of lower voltage. In terms of mechanical and 
electrical power systems, there is mainly four categories [11]:  

Mechanical-drive ship: The prime mover directly drives the propeller via mechanical gears and a long 
shaft running through the center of the ship, and the ship service generators power the electrical 
service loads. Most merchant cargo ships today fall in this category. 

Electrical-drive ship: The propellers are driven by large electric motors powered by dedicated 
propulsion generators, and separate generators produce service/hotel power.  

Integrated-electric ship: the main generators generate all required power for both the propulsion and 
the ship service loads with no separate ship service generators. The propellers are driven by large 
electric motors. The main generator with no separate ship service generator provides the service load. 
The service load is provided via step-down transformer from the main bus. Viking Energy is equipped 
with this type of ship drive, among many other PSV’s. 

All-electric ship: When all subsystems are electric powered, the ship is all electric. 

Electrical drive and integrated-electric are referred to as diesel-electric propulsion. Diesel-electric 
propulsion is common today, especially within the PSV where the load variation is considerable. 
However, the associated installation cost is higher than conventional. 

The system separates the power generation into several smaller units instead of one big motor. This 
opens up for starting and stopping engines as the power demand is shifting. In this way, the generators 
can run closer to optimal load. This is very convenient for ships that have a wide range of load demand. 
And operational saving makes up for the increased installation cost of these ships [30]. The result is 
then better efficiency on lower loads as illustrates Figure 5 in the start of this chapter. Further, it 
provides greater flexibility, higher redundancy and increased maneuverability in terms of station 
keeping. Due to the efficiency and highly flexibility, the majority of PSV is equipped with electrical-
drive, integrated-electric or a combination of these two.   
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4.2. Operation modes 
PSV share different tasks within the oil & gas sector. They may be divided into four categories; supply; 
standby; anchor handling and subsea operations. But despite the different working tasks, they still 
have common operation modes, such as: 

 Transport from and to oil field, Transit High and Low speed. 

 Position keeping near installations, DP. 

 Position keeping outside of safety zone for installations, Standby. 

 Port stay with loading and offloading, Harbor.  

Figure 6 shows a typical annual operation profile showing modes and the corresponding average 
power demand for each mode. The distribution will be individual for each vessel depending on working 
tasks, fields distance from land, urgency of mission and so on [9]. The modes DP and Standby are both 
related to maintaining position with high and low redundancy requirement. Principle and classes 
regarding position keeping is described in the next section. 

 
Figure 6: Annual operation profile for a typical OSV [9]. 
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4.3. Station keeping 
PSV often work close platforms when e.g. delivering well. To prevent drift off from position due to 
waves, wind and currents they are equipped with a Dynamic Positioning (DP) system. 

DP is a system that automatically maintains vessels position by controlling the existing propulsion 
system. With input from various types of sensors and algorithms, calculate direction and amount of 
thrust. To run in this mode, power resources must always be available with high redundancy to handle 
the peak loading caused by environmental loads, thus numbers of generators are running to supply 
the system [9].  In addition the engines takes time to deliver more power, to compensate for this, the 
engines are maintained at a higher level than necessary. 

A vessel at sea is subjected to forces from wind, waves and current as illustrated in Figure 7. To prevent 
drift off from a position due to these forces the propulsion system must generate forces in opposite 
directions. The position-reference system measures the changes in position, heading and speed. This 
involves gyrocompass, vertical reference sensors and wind sensors. To maintain positions the system 
must control all degrees of freedom in the horizontal plane; sway, surge and yaw [31]. This mode is 
mainly used when drift off can have fatal consequences e.g. when operating near an installation or 
doing subsea operations.  

 
Figure 7 Basic motions in ship and forces influencing the position [31]. 

Dynamic position systems are divided into three categories from one to three there three is the 
strictest class. The classes are defined as following [32] [14]: 

 Class 1: Has no redundancy. One single failure may cause drift off. Involves DYNPOS(AUTS), 
DPS(1) and DYNPOS(AUT) notation. 

 Class 2: Requires a system with redundancy. Involves DPS(2) and DYNPOS(AUTR) notation. 

 Class 3: Same redundancy in the system as class 2 but in addition shall withstand fire and flood, 
this requires an additional independent control compartment. This involves DPS(3) and 
DYNPOS(AUTRO) 

  



15 
 

4.4. Combustion 
When ships are designed, the intended lifetime is often 25 years or more. Therefore, ship designers 
must be aware of possible future challenges, among other things, regarding future ship fuels and 
legislation. This chapter will involve the engines manner of operation and fuel types will be described 
in terms of marine applications.  
 

4.4.1. Engine profile 
The efficiency of all types of combustion engines is highly dependent on the power demand. When an 
engine operates at low power, the fuel consumed per energy output is high. This means that when the 
engine operates at 80% load, it consumes less fuel per kWh produced, compared with two engines 
operation at 40% load. This is often the case for the offshore vessels due to high redundancy 
requirements. It is then more convenient to run one or more engines at medium to high load thus 
keeps pollution and fuel consumption per kWh to a minimum. Any engine loads away from the sweet 
spot will result in increased emission. When moving away from the sweet spot, other components in 
the system also differs from designed optimal speed such as propellers, generators etc. As the sweet 
spot is located around 70-85% of maximum engine load, the gap between the sweet spot and 100% is 
referred to as “sea margin”. This is due to the increased resistance in terms of rough sea, wind and 
environmental loads that may increase [33]. The typical engine for marine application thermal 
efficiency in the region of 43% [20]. That is an efficiency number as a function of loss.  

Engines for marine applications can be either constant or variable speed. Constant speed is most 
common for PSV. This means that the engine is designed to maintain a constant RPM and the load 
variates by how much electricity the generator produces. This is because the generator depends on 
the RPM to deliver the frequency (Hz) of the current to the power system. The load variation the engine 
experience is then a result of how much power the generator produces.  

 
Figure 8: Specific fuel consumption (g/kwh) with respect to load percentage of max power for a typical PSV [10]. 
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4.4.2. Fuel types 
The majority of marine vessels machinery is operated on diesel, referred to as MDO or MGO. MGO and 
MDO have no significant differences concerning emission factors. The MDO and MGO are 
commercially available worldwide and is a conservative and low-risk fuel for ship owners regarding 
availability.  

Natural gas is a fuel type that has been more commercialized the last decade and is a mixture consisting 
of a range of hydrocarbons. The main component is CH4, up to 90-95%. Compared to other petroleum 
products, the chemical properties of the LNG mixture emit less CO2, NOx, BC and PM during 
combustions. And SOX is not emitted at all, which otherwise contributes to acid rain [34]. Furthermore, 
there is no visible smoke, sludge deposits, lead emission, and benzene emission is reduced. 

The number of ships using LNG is increasing fast as more infrastructure planned and built along main 
shipping routes. LNG is attractive commercially and available worldwide in quantities that can meet 
fuel demand of shipping for future decades. The main argument for replacing oil-based fuel with LNG 
is the reduction in local air pollution. This results in advantages regarding human health and the 
environment [35]. This is due to cleaner burning technologies and lower content of pollutants. And 
since it is lighter than air and has high ignition temperature, the safety level of the fuel is high [36].  
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4.4.3. Engine type 
In Norway, there are mainly two types LNG fueled engines in operation, this is spark ignited lean burn 
gas engines or lean burn Dual Fuel (DF). DF can be operated on MGO, LNG or heavy fuel oil [37]. Marine 
engines can be divided into slow, medium or high speed. Most marine engines are fitted with slow or 
medium speed diesel engines for propulsion, dependent on their design and operational profile [38]. 

Most common marine LNG engines operated on natural gas are DF. DF engines mean that the engine 
can operate in gas or liquid mode. Instead of using spark plugs when operating on LNG there is injected 
a very small amount of diesel into the chamber. The cyclic manner of operation for a lean burn DF 
engine is shown in Figure 9. First, the air and gas are injected together with a small amount of ignition 
fuel. Second, the composition is compressed and third it ignites. When operating with a lean air-gas 
mixture and high specific power output the diesel provides reliable and powerful ignition in the 
chamber. 

 
Figure 9: Lean-burn DF combustion process [36]. 

When the engine operates in gas mode the air and fuel ratio is increased, it is called lean burn principle 
when the cylinder has more air than necessary to provide a complete combustion. This is done to avoid 
self-ignition (knocking), reduce NOx emission and increase thermal efficiency. Dual fuel engines provide 
benefits as reduced engine maintenance and longer intervals between engine overhauls [36].  
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When a DF engine operates on LNG, the pressure with respect to the air/fuel ratio defines an operation 
window that can be seen form Figure 10. The air/fuel ratio around 2.1 gives high thermal efficiency, 
lowest NOx emission and represent the point of optimal operation, 47% [36]. 

 
Figure 10: Operations window for a Wärtsilä DF engine [36]. 

When operating on MDO or MGO, normal diesel concept using high pressure fuel injection is applied. 
First challenge LNG engines is that emission of non-combusted CH4 can be high at low loads. This is 
called methane leak and will contribute to global warming. There are challenges related to quantify 
this effect because the operation practice will be individual for each ship. The mitigation of global 
warming potential will depend on this effect [34]. LNG DF engines are a preferred option because it 
provides greater efficiency on medium to high loads, and that diesel engines sustains better efficiency 
at low loads. Second, the engines use significant time to increase load. In operations where load 
demand can change rapid, to compensate for this the practice is to running the engines on higher load 
level than necessary [39].  

This slow response time, makes vessels with LNG DF engines more attractive to hybrid technology with 
the related benefits [22]. The potential benefits will be described in more detail in section 6.3.  
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5. Energy storage 
Energy storage devices stores energy for future utilization by various types of technologies. In this 
thesis, the main focus will be on batteries. This is because for the high charging efficiency, small loss 
of energy while discharging and high specific energy in addition to the favorable economic 

development. Table 3 shows that the Lithium-ion batteries scores among the top for charging 
efficiency and has the highest high specific energy. As a comparison, gasoline has 12 200 Wh/kg [40]. 
In simple terms, a battery is an electrochemical system that can store and provide electrical energy 

with very high responsiveness and minor energy loss. This provides a system freedom to store 
excess energy and further utilize it when the energy demand rises again. This benefit 
combined with great development in both increasing performance and decreasing prices on 
the battery market, makes batteries a compatible and viable alternative for the marine 
applications. Energy per weight for lithium-ion can be as much as eight times more than 
traditional batteries, like lead acid [8]. Lithium-ion batteries consist of high energy density in 
combination with flammable electrolyte makes safe designing more challenging in terms of 
temperature, voltage and current in and out.  

Table 3: Charge efficiency and specific energy of various energy storage technologies on cell level [41]. 

Storage type Compressed  
air 

Flywheel Superconducting 
magnetic energy 

storage 

Super-
capacitors 

Lead-
Acid 

batteries 

Nickel 
based 

batteries 

Lithium 
ion 

batteries 
Charge Efficiency (%) 70 90 99 99 90 90 99 

Specific Energy 
(Wh/kg) 

30 130 50 30 40 120 200 

 

An ion is an atom or a molecule where the total number of electrons is not equal to the total number 
of protons, giving it a net electric charge positive or negative. As mention above a battery is an 
electrochemical device that stores electrical power through chemical reactions, driven by electrolytes. 
Battery consist of two terminals that either gains or receives electrons. The battery consists of Li+ that 
escapes from positive and negative materials when charging and discharging. Delivered by the 
electrolyte, through the separator to the cathode. The separators task is to divide the positive and 
negative electrodes, but allowing flow of ions (Li+) [42]. This forces the electrode to travel through the 
external circuit where the load is connecter as shown in Figure 11. Within Lithium-ion batteries there 
are various types of combinations of elements.  

 

 
Figure 11 Manner of operation for a Lithium ion battery when discharging [43].  
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5.1. Types of chemistries 
There are mainly two categories of electrochemical batteries: primary and secondary batteries. Both 
convert chemical energy to electrical energy, but for primary batteries the reaction is non-reversible. 
A secondary battery is known as a rechargeable battery, since the chemical reaction is reversible [11]. 
This thesis will exclusively look into secondary batteries. When considering energy density and specific 
energy it is important to address whether it is at cell level or at pack level. The energy density will be 
higher on cell level compared to pack level due to arrangement, spacing and necessary devices.  
Lithium-ion secondary cells have some of the highest energy density, among the highest power 
densities of any cell commercially available today. The good energy properties of lithium-ion have 
opened up for maritime use. Lithium-ion is the lightest of all metals, has the biggest electrochemical 
potential and provides the largest specific energy per weight. Lithium-ion batteries can be safe in 
operation if, current, voltage and temperature limits are monitored and maintained. There are many 
types of lithium-ion batteries on the market. To compare the most common lithium-ion chemistries, 
properties of the batteries are compared by Table 4. Industrial applications require battery systems 
(BS) that have good loading capabilities, deliver a long life and provide safe and reliable service. In 
broad terms, lithium-ion batteries can be optimized for either power or energy applications, or a 
combination of both [44].   

Table 4: Comparison of Lithium-ion chemistries at cell level [45] 

Cathode Material Voltage 
(V) 

Specific energy 
(Wh/kg) 

Energy density 
(Wh/L) 

Thermal Stability 

Cobalt Oxide 3.7 195 560 Poor 

Nickel Cobalt Aluminum Oxide 
(NCA) 

3.6 220 600 Fair 

Nickel Cobalt Manganese 
Oxide (NCM) 

3.6 205 580 Fair 

Manganese Oxide (Spinel) 3.9 150 420 Good 

Iron Phosphate (LFP) 3.2 90-130 333 Very Good 

 
 
Lithium nickel manganese cobalt oxide (NCM), 𝑳𝒊𝑵𝒊𝑴𝒏𝑪𝒐𝑶𝟐 
One of the most successful Li-ion systems is a cathode combination of nickel-manganese-cobalt. The 
NCM combines nickel and manganese. Nickel is known for its high specific energy but poor stability; 
manganese has the benefit to achieve low internal resistance but offers a low specific energy. 
Combining the metals enhances each other strengths. The cathode combination are one-third nickel, 
one-third manganese and one-third cobalt. But this may vary between manufacturers. This provides a 
blend that also lowers the raw material cost due to reduced cobalt content [46]. There is a rapidly 
development towards NCM-blend Li-ion system to be built economically and achieve good 
performance. The three active materials of nickel, manganese and cobalt can easily be blended to suit 
a wide range of applications for energy storage systems (EES) that have frequent load variations.  
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5.2. C-rate 
The C-rate is a measurement of charge-, discharging rate relative to one hour, often referred to as 
power to capacity ratio.  If a battery of 2000 kWh is charged with 2000kW in one hour, the battery 
provides a C-rate of 1C. Higher C-rate means more heat development and more loss in the process of 
charge-/discharging. Additionally, more stress to the batteries and better cooling arrangement [47]. 
When dimensioning a battery for hybrid applications in cases of battery power notation, the C-rate of 
the battery is an important characteristic.  Batteries for this purpose needs to be able to discharge at 
high rate when used as spinning-reserve, in case of engine failure [48]. 

 

 
Figure 12: C-rate for charging with respect to the time of fully charged [41]. 
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5.3. Batteries for ships 
When batteries are used for ship applications the batteries are arranged in system to form a grid. This 
is done to make the system less vulnerable, also sustain the voltage, energy required and implement 
various electronic control systems. The battery consists of one or more battery pack. The battery for 
such purpose is more than just some cells in a box. First the cell, is the smallest electro chemical unit. 
The cell type 18650 is often used with the active material NCM, which is a cylindrical type of cell. It 
may also be punch or button geometry.   

 
Figure 13: Geometries of battery cells. From left cylinder, punch and button respectively. 

Then cells are stacked in groups and forms the module-bank. Further, module-banks are fitted together 
to defined the sub packs. The sub-pack is the smallest unit that can be electrically isolated and 
replaced. The sub packs are wired up in series to gain the system voltage, and are defined as rack or 
string. One battery string can work for the intended purpose as a standalone unit [49]. The strings are 
connected in parallel to form the total battery system (BS) and the energy of the system. There are 
three levels of BMS: sub-pack, string and for the total BS. The reason for making modules of the BS is 
to provide control in terms of safety and performance [48]. 
  

 
Figure 14: Typical BS modules for PSV applications [48]. 
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As an example, the battery on board of Viking Energy have the following arrangements with punch 
geometry cells listed in Table 5.  

Table 5: BS for Viking Energy [50]. 

Cells in module bank 14 

Number of module banks 2 

Sub-packs per string (in series) 17 

Strings (in parallel) 7 

Total independent batteries 2 

 

Components and systems typically in a ship BS: 

Cell 

The cell is the smallest unit of electrochemical storage in a BS. This is where the energy is stored. They 
can be either cylinder cells or punch cells, dependent on what properties are desirable. A typical cell 
will have the energy density of 200 Wh/kg [51]. The cells are stacked in modules where each module 
is equipped with the first level of battery management (BMS).  

Sub-pack 

A set of modules banks forms the sub-pack. Each sub-pack has the second level of BMS. 

Pack  

The sub-packs are connected in series to for a pack to form the system voltage. The pack is often 
referred to as string or rack. The string contains the system voltage. All the packs are then connected 
in parallel to form the complete system energy (kWh). 

Battery space 

The spacing where the battery unit is called battery space. Sufficient ventilation, gas and fire alarms 
are required at this level.  

Battery Management System (BMS) 

Battery Management System is comprising control, monitoring and have protective functions of the 
BS. It is responsible for monitoring voltage, current and temperature limits within the BS. 

Power Management (PMS) 

The main purpose of the PMS is to at any time is sufficient power available of the actual operating 
condition [52]. This may be grouped into management over power generation, load and distribution.  

Energy Management System (EMS) 

For a PMS to have extended functionality involving monitoring and control of the energy flow it can be 
called EMS. The EMS ensures that installed and running equipment are utilized with optimal fuel 
efficiency [52].  
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5.4. Performance development  
Over time all batteries, including lithium-ion batteries will experience increased internal resistance and 
loss of capacity. This mechanism of degradation will happen due to numbers of cyclic charging, 
discharging and calendar effects as time goes. The ability to withstand these two mechanisms are 
referred to as cycle life and calendar life. In general, the larger depth of discharge (DOD) the more 
performance degradation. The degradation mechanism rate and pace will also depend on 
temperature, as the temperature increase the more rapid degradation, and may result in reduced 
lifespan, energy capacity and further affecting the SOH. Low temperatures bring other risks. This in 
combination with high current, dendrites can occur on the battery electrodes and will reduce the 
battery capacity permanently. Similar can occur if battery leaves long periods with low state of charge 
(SOC). The temperatures at many levels are therefore monitored and controlled, this is the BMS 
purpose. Depending on cell type and chemistry ideal temperature ranges from 20-30 oC [8].   
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5.5. Cost history and trend 
As mentioned above lithium-ion has high power and energy specifications. The battery prices (per 
kWh) over the past five years have dropped by more than 50% as seen in Figure 15 [7] [53]. It reflects 
the improvements in battery chemistries, manufacturing process, scale of production and competitive 
pricing. The car industry is highly responsible for this development within battery technology and 
pricing. This development has brought batteries to a level suitable of the demands of power in vessels. 
Also, vessels require similar system design as in the car industry and gives foundation for synergies 
between the industries. The number of electric vehicle sold have almost doubled from 2014 to 2015 
by 290 000 to 462 000, respectively. So far, no bottlenecks have been detected in the manufacturing 
process [7].   

 
Figure 15: Development in battery prices USD/kWh per year and percentage drop from year to year [7] 

The viable Lithium supplies in the world are concentrated to geographical areas, the prices of the metal 
are not predicted to affect the battery prices. No doubt that the metal is viable for functionality it still 
represents less than 2 % of cell level cost, and a possible price increase will have limited consequences. 
It is also predicted that equipment cost will continue to decline by higher level of automation, increase 
quality, reducing scrap level and cutting labor costs [7]. To illustrate the historical development of 
battery performance and cost it is most comparable to take base in one cell type. The 18650-cylindrical 
lithium cell is used as an example. The past 23 years have performance and cost development 
increased, on cell level, and are predicted to continue, according to LG Chem. From 1997 to 2014 the 
development is the following [54]: 

 1 300mAh – 3 200mAh 

 Specific energy: 292 Wh/L – 700 Wh/L 

 Price per energy: 950 USD/kWh – 180 USD/kWh 

In July 2012, according to McKinsey&Company the current battery price was at 600 USD/kWh the 
article predicted the price on cell level to reach 200 USD/kWh within 2020 and 160 USD/kWh within 
2025 [55]. And as mentioned above, in September 2016, according to LG Chem [54] the battery price 
at cell price have reached 180 USD/kWh. The energy density has the following history and expected 
development for NCM chemistry on cell level [51]. 

 2013: 160 Wh/kg 

 2016: 200 Wh/kg 

 2018: 280 Wh/kg 
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6. Hybrid-battery system 
Improving the power system of a vessel can improve overall performance and lower fuel consumption. 
For optimization of the power system can be approached by several focus areas, but the focus in this 
thesis will be around hybrid technologies with batteries combined with the conventional power system 
in the ship. The battery will store energy that corresponds to a generator. This will contribute to 
additional redundancy due to instant access of energy in case of failure. Then the number of engines 
running can be reduced without affecting the safety level. The result is engine load level is raised and 
the outcome is less fuel consumed for the same power. This is illustrated in Figure 16. 

 
Figure 16: Generators of 2000 kW producing 1600kW in two scenarios and the related fuel consumptions. Shows the 

principle of how ESS can increase system efficiency. 

This combination can improve overall performance and give additional redundancy and versatility to 
the ship power systems. The result is less fuel consumption, higher safety and responsiveness.  The 
last years this has been made possible by the development of the batteries in performance, price and 
lifetime. In broad terms a battery hybrid system consist of two main components. This is the energy 
storage and the prime mover that produces the energy. A basic principle is sketched in Figure 17. 

 

Figure 17: Concept of hybrid system for propulsion purposes. 

The efficiency of the system will depend on the losses associated with the components within the 
system. The HBS aims to bring the online prime movers as close to optimal loading as possible. There 
will be a loss related to store the energy, but the alternative is to not utilize the potential of the engines. 
There are some configurations to implement the battery in the conventional power system and related 
pros and cons. The loss will be determined by the configuration and the components efficiency. 

The focus in this thesis is towards PSV, there are several other types of ships that can gain benefit from 
hybrid battery system. The benefits will be closely connected with the operational profile and the 
related power range of the ship. These benefits must be weighed against cost and safety before 
employing a hybrid battery system.  
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6.1. Principle 
Figure 18 shows a very simplified layout of a hybrid system cold look like in ship with diesel electric 
propulsion system. As seen from the figure the energy storage unit charges both by shore connection 
and when cold ironing but normally by excess energy. Excess energy can be available since the main 
engine runs constant on optimal load, but the propulsion power demand is variating. Usually diesels-
electric system will have two generators running or more depending on the power and redundancy 
demand. Shutting down one engine is one of the advantages with hybrid system, the possibility to 
reduce the number of engines running at the same time. This Figure 18 illustrates power production 
arrangement, main components involved for propulsion and station keeping, battery system and 
indicating auxiliary system.  

 

 
Figure 18: Simplified overall layout of a Hybrid Battery System (HBS) [23]. 
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6.2. Efficiency of system 
When selecting concept for either retrofitting or new build many considerations must be done for each 
special case. One important consideration when selecting a system is the overall efficiency of it. The 
efficiency presented in Figure 19 represents the optimal efficiency for both systems. The generator 
efficiency will decrease rapid below 25% load. The prime mover efficiency drops slowly and steady 
from the most efficient point around 80% load. All component is presented with the optimal efficiency. 
The efficiency for the conventional powertrain sustains an efficiency of 22% while the battery provides 
53%, from well to propeller. This means that the loss of related to battery powertrain is over doubled.  

Taking these facts to consideration battery powertrain are shown to be more attractive. In the context 
of hybrid technology, this means that sending power in to the battery gains some loss. If the alternative 
is to not utilize the power, batteries can store the power with acceptable efficiency. In a hybrid battery 
system, sending power via the battery system is associated with 10% loss [16].  

  

 
Figure 19: Present efficiency comparison make [41] 
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6.3. Potential benefits and challenges 
Battery systems can assure great flexibility and freedom to store and utilize energy that else would not 
be utilized. The car industry has been pioneers in using the benefits of batteries in combination with 
combustion engine. They have proven that battery can help smooth the load profile of the engine. In 
Table 6 bellow, the category of positive conditions and modes that battery hybrid systems can bring. 

The use of battery in marine power system opens up a new level of flexibility and freedom to store and 
utilize energy when it is most beneficial for the system. This is a benefit that has been well proven by 
hybrid the car industry. In a hybrid car, the battery help the engine to run more steadily and efficient 
and assures high response. When the system energy demand drops below optimal engine level, the 
engine is maintained at optimal level. The difference between the system demand and the produced 
power charges the battery. In opposite cases where the system power demand increases beyond 
optimal engine load level, the battery discharges. All these benefits can be implemented to marine 

propulsion system, by utilizing battery power to avoid engine operating in inefficient regions. The 
limited all-electric range allows the ship to shut off its engines some tens of km away from the 
harbor, improving local air quality [56]. Potential of reducing fuel with this technology are 
greatest if the energy demand varying and/or low. 

Table 6: Modes of the hybrid battery and the related symbol [30]. 

Spinning 
reserve 

 

Peak 
shaving 

Enhanced 
dynamic 

performance 

Start stop 
philosophy 

Cold 
ironing 

Reduced 
maintenance 

      

 

Spinning Reserve  

The easiest way to satisfy the redundancy requirements when operating in DP or Standby is to operate 
a set of engines at low load. In case of failure, the resilient engines are ready to take more load. By 
involving the battery system in operations with these requirements, one or more engines can be 
stopped, if the battery is big enough. In case of failure the battery takes immediately over. Making the 
engine(s) left running to operate closer to optimal level. This results in greater redundancy, probably 
improved environmental regularity number (ERN) and increased overall efficiency of the running 
engines. ERN is a rating of vessel ability to hold position. This is what is meant by spinning reserve. 

Peak shaving  

The power demand variate highly due to environmental loading and consumers demand to the 
generators. This results in stressful loading on the engines. To spare the engine(s) from these 
variations, the battery takes the peak loads. While the engine(s) is maintained on a stable MCR. Peak 
shaving and fuel saving is achieved by allowing the engines to run on more constant load, battery 
discharges at the peaks above optimal loads, and charges at loads below optimal load. This is called 
peak shaving.  
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Enhanced dynamic performance  

The battery has immediately response on load variation, peak shaving. But if the load demand rises to 
a higher level over longer time, the system must decide whether to continue discharging or start 
process of starting up an additional engine. The additional engine can slowly accelerate to this load 
level. This characteristic enhanced the dynamic performance of the conventional system can be 
treated as an extended function from the peak shaving. It will also have potential of increasing power 
availability of the system resulting in a more agile and responsive system.  

 

Start-stop philosophy  

This can be used at low loads, mainly related to Transit at low speeds and harbor stay. The process 
starts with raising the engine load to “sweet spot”. The power higher than the consumers demand 
charges the battery. When the battery reaches the upper SOC, the engine(s) stops. Then the vessels 
power demand is delivered from the battery, until the lower SOC is reached. Then the engine starts up 
and the process is repeated. This mode ensures quiet engine rooms and reduced fuel consumption 
and emission in harbor, stand-by and sensitive environment. As the battery gives possibility for storing 
excess power produced, we can bring the load of the generator up to around 80% (sweet spot), the 
residual electricity is then charged into the battery, leaving the SFOC to an optimal level. Furthermore, 
when the batteries SOC has reached top level (80%), the generator is stopped. Then battery serves the 
system as the only energy source until the SOC has reached the lower level (20%), the time this takes 
depends on the load demand, but can typically be between 10 – 30 minutes. Then the generator comes 
online again charging the battery, and the cycle is repeated. 

Cold ironing  

Easier implementation of cold ironing mode for shore power, reducing local emission. Cols ironing 
means that a vessel uses onshore electricity to cover the power demand when sited at port. The 
onshore grid can have imitated capacity for some operations e.g. heavy lifts, the battery system can 
implement peaks having. 

Reduced maintenance 

As a result of less running engines running and enhanced dynamic performance the cost related to 
maintenance may be reduced. The system will have less running hours per generator due to less 
generators online and is predicted to be reduced by approximately 20% for the total lifetime of the 
battery system. The industry agrees on that the engines will have a “nice life” and probably leas to 
less breakdowns. According to Caterpillar, which is a major producer of diesel and natural gas 
engines for the maritime industry is indicating that in addition to reduce engine online hours the 
time intervals between maintenance can be expand by 20% due to less stressful loading. Thus this is 
hard to quantify before more years of experience is gained [16]. The reduction in online hours will be 
further evaluated in section 7.6.2 

Potential Challenges 

Challenges are related to that the technology is new and have not been operative for longer periods 
before. There is much new information for operators and the complexity of the vessels power system 
will be increased. If popper crew training is not a focus are when installing a HBS, if not this may lead 
an additional cost of hiring an external supplier to do services. Further, it can lead to a reduction in 
battery capacity due to unfavorable loading and conditions. But in theory, the HBS is maintenance-
free. The cost of the system can also be a challenge if the saving is not in a range that defends the 
investment. In addition, with time all batteries will reduce capacity due to aging and cyclic loading, 
this is further described in section 5.4 and evaluated in section 7.7.2.    
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6.4. Other relevant vessels 
The class society of DNV GL are classifying the majority of ships in Norway, and therefore they can 
provide information about numbers of vessels registered with battery safety and battery power 
notation. This is represented in Figure 20 and shows that vessels with batteries for hybrid or fully 
electric applications is a growing trend. The light blue bars show the vessels planned or under progress 
to be classed. The blue bar indicated the vessels that hold the class. This show that battery safety and 
power notation growing and this will gain more experience and knowledge to the industry. 

 
Figure 20: Vessels registered with battery safety or battery power notation from DNV GL. 

Due to various types of operation patterns depending on the vessel type, some vessels types are more 
attractive to hybridization. The most relevant ships that correspond to the characteristics above are 
given in this section. In general, vessels that spend significant time in station keeping and exposed to 
high peak loads, have the greatest benefit of hybrid battery systems. Also vessels that covers a wide 
power demand and operated most of the time at low loads. If a vessel are frequent at harbor or are 
sited there for longer periods will have benefits form cold ironing which can be implemented when 
installing a HBS. And qualitative assessment of the following vessels applicability for a HBS are provided 
in Appendix A. 

Platform supply vessels 

These vessels are designed to support offshore oil & gas installations and spend in general much time 
in station keeping and is designed to execute their tasks in almost all weather conditions [52]. These 
modes are associated with high redundancy requirements and multiple engines operating at low to 
medium loads. Therefore, provided that the vessel operates significant time in these modes, they are 
applicable a HBS.  

Rigs and FPSO 

Rigs for oil & gas production, drilling and Floating Production Storage and Offloading (FPSO) have 
common characteristics regarding power production. The main purpose for power production in these 
vessels are to supply power to perform the tasks onboard. Position keeping is relevant for deep-water 
and when stationed at fields with high subsea infrastructure density where anchoring is not an option. 
Then the vessel operates in DP. These vessels have typically large thruster power, in addition to power 
related to production, utilities and hotel loads. Additionally, crane operations associated with drilling 
equipment demands high peak loads which result in generators at high loads. The battery system can 
help taking the peak loads and be charged when the demand has dropped. Further, it may increase 
the overall efficiency of the power plant. 
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Special vessels 

Various kinds of vessels exist for special applications as pipe laying and subsea well intervention. In 
operation, they are highly dependent on station keeping to assure successful operations. They spend 
a significant time amount operating in this mode. And the load variation related to station keeping 
makes these vessels relevant to hybrid battery systems. 

Tugboats 

These vessels have a great range of power demand, from maneuvering itself to ships many times its 
own size. This means that the power system must be designed to handle the high loads the vessel will 
be exposed to. This means that when the vessel operated under conditions not related to towing, the 
engines will operate at low loads. This can be mitigated by a hybrid battery system. 

Ferries  

During the voyage ferries the power system operates close to optimal MCR, then a battery system is 
unnecessary. But when entering and leaving harbor the power demand is low and ferries are most 
likely to enter and leave harbor frequently on a daily basis [56]. The time spent in harbor makes room 
for implementing battery system to improve the overall efficiency. Short voyages, low loads at harbor 
makes room for frequent charging, this makes ferries attractive for both hybrid systems and all-electric 
systems. 

Icebreakers 

The load range icebreakers are designed for are wide. The load variation can be big and change rapid, 
which requires the power system to sustain a high response performance. But much of the operations 
may happen at a lower and different level.  Thereby this vessel type can be suitable for hybrid battery 
systems [52]. 

Lifting vessels 

When doing heavy lifting much power is required to lift objects. When lowering objects or operating 
on active heave compensation much energy is involved. If a hybrid battery system is implemented the 
energy that elsewise goes to heat can be absorbed by the battery and increase the overall performance 
of the power system. This makes lifting vessels interesting for hybrid battery systems. 

Research vessels 

Vessels for geotechnical, fishing and oceanographic research all which share very strict 
underwater noise requirements [52]. There is science issuing the noise reduction standard 
used in silent vessels today [57]. The HBS may increase the operational performance as well 
as possibilities for operation periods only on battery. This may totally eliminate noise 
disruption in survey data.     
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6.5. Power system 
The common way to categorize the grid types is by type of current, DC or AC the main distribution 
system delivers. The main distribution system is typically referred to as the main switchboard or bus 
onboard a vessel. There are two types of currents; alternating current (AC) and direct current (DC). The 
vast majority of PSV today uses AC distribution system [52]. New development of power electronic 
converters has resulted in a trend towards DC distribution systems [58]. 

Typically, the power system consists of four to six diesel generators that feed power into the main 
switchboard [52]. From the main switchboard, the power is fed through transformers & converters to 
the thrusters. The Figure 21 a) represents a typical power system for a PSV with AC distribution and 
the related components. It shows the layout for a typical PSV with conventional AC system and new 
DC system respectively [30].  

 

Figure 21: Illustration of power system power with AC a) and DC b) of a typical PSV [30]. 

Increased interest in integrating batteries with DC output, have resulted in more focus towards DC 
distributed systems as shown in Figure 21 b). There have been indicated benefits related to dc 
distributed system. This could be due to smaller numbers of switchgears and transformers that provide 
space and weight savings. The DC system has reduced some stages of transformation [58], hence 
higher efficiency of the system. In addition, indications of efficiency improvement which is caused by 
that the generator(s) is not “locked” to the specific frequency (typically 60 Hz). This allows each power 
consumer to operate closer to optimal speed and can indicate mitigation of fuel and emission [30].  
One disadvantage to DC grid is the large currents in case of shorting. This may represent the greatest 
challenge related to DC grid.  
DC grid is a novel technology and only a handful of vessels are delivered and in operation with dc grid. 
One of the vessels has reported significant fuel savings in some modes [30]. To go for AC or DC grid is 
a consideration mostly related to new build vessels due to complexity and cost for an already operative 
vessel.  
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Generator 

The prime mover usually drives the generator set. The combination of combustion engine and 
generator are referred to as a diesel-electric system. Generators are synchronous machines. The most 
common produce AC currents. Then the current is set with a frequency (Hz) as a function of poles in 
the generator and RPM [52]. This means that for the generator to deliver 60Hz, a certain RPM must be 
kept. That is why the engine has constant speed, and what is meant by the generator is “locked” to a 
frequency. 
 

Main bus 

The main bus, often referred to as switchgears is the electrical system that distributes the power to 
propulsion and the ship. The bus is usually split in two, three or four to fulfill the required redundancy 
requirement of the vessel [52].     

 

Transformers 

To obtain different voltage levels transformers are used. They then provide a galvanic insulation and 
isolate parts of the electric power system. Sometimes transformers are also for phase shift to feed 
frequency converters, in order to reduce distorted currents into the network [52].  

 

Inverter (DC to AC) 

Converts currents from DC to AC. 

 

Rectifier (AC to DC) 

A rectifier is a device that converts AC to DC.   
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6.6. Configurations 
As a normal “energy system” for a PSV consist of two or more diesel or gas engines, the generators 
must be synchronized before energy can be delivered to the main bus. The Figure 22 shows a brief 
description of two layouts for AC distributed system. On the left side of Figure 22, the batteries are 
connected directly to the bus since batteries deliver DC, the current must go through an inverter for 
further distribution. There are also converters from the AC bus to the main thruster. The electric 
converters are necessary to be able to control the speed, torque and power of the propulsion motor, 
which typically represents 2% loss [8]. Both of the configurations have two generator sets. One way of 
improving the efficiency can be to distribute the batteries directly to the propulsion converters in this 
way one conversion step is removed as illustrated on the right side of Figure 22. This may result in 
improved response and reduced loss. But as a downside, the batteries mainly contribute to local 
benefits and not gain benefits to other consumers e.g. crane operations. If the capacity of the 
converter is limited. Further, increased complexity of control and management system and more 
cabling can result in higher installation cost.  

 

 
Figure 22: AC distribution configurations, battery connected to the main board and distributed battery respectively [8]. 
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6.7. Risk and safety 
As presented in the subjects above batteries can assure benefits and increased performance. This is a 
new power system, and the associated risk is slightly different from the safety related to conventional 
power systems. The risks are manageable, but risks and challenges need to be addressed to provide a 
safe battery system. Identification of failure modes is required in the class notation. Most lithium-ion 
battery failures result in reduced power, capacity or temporary inoperability. The goal is that any 
failure can occur in a safe way. Failure can include scenarios like; thermal events, fire, and thermal 
runaway; release of gas, explosion or toxic environment. The outcome of such event may depend on 
the system design regarding safety. Battery specifications are driving factors for designing the safety 
system, main specifications to consider according to DNV GL will be: 

- Cell chemistry: The temperature where the battery goes to thermal runaway depends on the 
battery chemistry. In a situation of thermal runaway, heat produced also differs from various 
chemistries. 

- Cell size: The heat produced is highly dependent on the size of the cells, larger cells produce 
more heat and gas under a thermal event. 

- Cell form: The resilience towards failure can depend on the cell shape (cylindrical, pouch, 
button). 

- SOC: Represent the amount of energy within the cell or battery system. More energy results 
in greater production of gas, heat and material combustion. 

Possible failure modes include; failure within the cell; short circuit internally or externally; overcharge 
or over-discharge, to high temperature; external heat source. All these issues are important to consider 
in the cell environment considering temperature, humidity, pressure, ventilation and isolation towards 
these failure modes. A fatal event is if one cell failures and propagates further to other cells, sub-packs, 
and modules. It is therefore very important for cells and modules to withstand possible propagation 
failures [8].   

This means the system needs to be monitored regarding the parameters discussed, on several levels 
within the battery. Insulation between all cells, racks, and sub-packs is crucial for sustaining a safe 
failure. Operating the system outside the safe limits provided by the supplier may also cause failure.  
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7. Case study 
This case study will discuss and evaluate the benefits and challenges of the Hybrid Battery System (HBS) 
applied to the vessel Viking Energy. Eidesvik Offshore ASA is the owner of Viking ENergy. The vessel is 
under long term contract and is used to transport goods, drilling equipment and various supply 
materials to the offshore fields. The battery installed onboard Viking Energy are supplied by LG Chem 
located in South Korea. The implementation of the Battery System (BS) to the original power system 
was designed and executed by Westcon P&A. 

In May 2016, the Platform Supply Vessel (PSV) Viking Energy was equipped a BS based on one container 
with the power electronics and one with the battery. Together the containers form the HBS. The 
vessels size and operation profile are considered to be representative for an average PSV serving the 
Oil & Gas industry. 

This chapter will evaluate the hybrid battery system onboard Viking Energy. The chapter contains 
seven sections with the following structure:  

 The first section provides information about the source of the data. 

 The second section describes the system components, modes and how the hybrid system 
interacts with the conventional power system.  

 The third section describes the structure of the evaluation that is to be done. 

 The fourth section discusses and presents the operational time distribution for various time 
periods. 

 Fifth section provides an evaluation of the aspects considered as the main benefits of the HBS. 

 The sixth section gives an evaluation of the benefits considered as other. 

 The seventh section discusses possible challenges related to the HBS. 

 

7.1. Sources of information 
The analysis is based on information provided by collaboration partners of the thesis. The prime data 
source is provided from Enova’s final report of the project including operational and consumption data 
[59]. The report is based on empirical data from the vessel and consists of good quality. The technology 
is young and historical data for long timespan are challenging to obtain. System and battery 
specifications are provided by Westcon P&A. They have also supported with knowledge and 
experience related to battery hybrid technology. Weather data from the Hindcast NORA 10 model are 
provided by senior scientist Magar Reistad at Norwegian Meteorological Institute and first amanuensis 
Sverre Haver at the University of Stavanger [60] [61]. Various information mostly regarding combustion 
and emission are given by Senior Research Scientist Elizabeth H. Lindstad at SINTEF Ocean AS [39]. 
Qualitative data from crew members have been collected by audio recording when visiting the ship on 
23.02.2017. 
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7.2. Description of hybrid battery system 
Vessels operates in different operational modes as described in section 4.1, which is five modes for 
this vessel. The battery system is used differently dependent on which of the five modes the vessel is 
operates in. The applications of the BS includes peak shaving, spinning reserve and start-stop and are 
described in section 6.2. The BS application are linked to the different vessel modes as described in 
Figure 23. The different applications of the battery have various properties and is therefore 
implemented in different operational modes. The battery system can be used to systematically 
optimize the utilization of the running engines.  

 

 
Figure 23: Operational modes for the ship and the battery systems applications. 

7.2.1. Overall topology 
The overall system topology is shown in Figure 24. The battery system consists of two container 
modules. One contains the Energy Storage System (ESS), the battery, and the second is the Energy 
Control (EC), the power electronics. The power electronics main task is to convert power, controlling 
and distribution to the bus. The bus has a voltage of 690V and a frequency of 60Hz, which corresponds 
to an AC distributed configuration. Power to consumers for propulsion and station keeping are 
distributed from the main bus. The hotel and auxiliary load will be transformed from the main bus to 
440V and 230V but is not shown in this figure. These are systems supplying the vessels consumers on 
lower voltages. Since the whole ship power system is derived from the main bus the battery system 
will affect the entire ships power system. The term generator are used as the power producer and the 
engine drives the power producer. 

 
Figure 24: Overall topology of the power system of the vessel with the HBS [10]. 
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Power setup 

This specific vessel has a total installed power of 8040 kW distributed amongst four engines. The 
engines are DF and can be operated on LNG and MGO. Each engine has a MCR of 2010 kW. This type 
of engine setup provides good flexibility and gives a wide range of power. The bus is split between port 
and starboard side of the boat by a main switch that results in two independent systems. This is a 
requirement according to the class notation “DYNPOS AUTR” to provide the necessary redundancy in 
case of failure [14].  This type of setup is called “split bus”. Each engine is also equipped with a switch 
before connected to the main bus, this means that each engine can be operated independently.  

 

Energy management system 

To make the energy storage integrated in the ships power supply, control and management system 
are important. The charging and discharging is monitored and controlled by the EMS and the power 
conversion is done by the converter. The converter consists of converter/inverter module, LC-filter 
and the power transformers that controls the frequency. The converter unit converts or inverts the 
electricity from DC to AC or vice versa to be able to combine the battery with the AC bus. The power 
transformers assure that the AC from the batteries are synchronized with the AC of the bus before 
delivering the power into the bus. The systems interface are designed to act as similar as a 
conventional generator.  The energy system can be connected to either port- or starboard side of the 
main switchboard, this gives the freedom to reduce running hours evenly between all four 
generators [10]. The main task for the EMS is to provide decisions and monitor parameters involved 
in balance cells, state of charge and state of health [62].  
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7.2.2. Energy Storage 
Dimensioning batteries involves balancing between capacity (kWh) for storing energy and power 
(kW) to drive the electric current in the BS. Power optimized system have less active material, thin 
electrode coating thus much area exposed to drive the electric current. The system external to the 
cell must be dimensioned with power cables associated with high weight and high cost [48]. The 
power properties of the case have been designed for requirements of spinning reserve. This involves 
the vessel to be able to remove itself from the critical area in case of failure, when operating in DP 
mode.  

Table 7: Battery specifications on board Viking Energy [50]. 

Total capacity 653kWh 

Estimated capacity 503kWh 

Cycle life  >6000 

Calendar life (Years) >10 Years 

Spinning reserve requirement 7 min 

C-rate charge/discharge 3 

System voltage 690V 

Operating temperature 23 ±  5C° 

 

The battery consists of two times six racks and sustain a voltage of 690V. It can provide power of 
1600 kW and energy of 653 kWh. The cells consist of NCM chemistry and punch cells to provide the 
C-rate of 3. Punch cells have more area exposed to the active materials than cylindrical cells 
therefore better power properties. The requirement of the battery power notation is that the vessel 
must be able to be powered solely on the battery for minimum 7 minutes. This time requirement will 
be individual for every vessel. This is when operating with the battery as spinning reserve. The 
shipping company has determined that the power demand in normal conditions will be around 
1600kW. And then with the lower SOC limit in Blue DP mode of 80% gives the following estimate. 

 
(

653 𝑘𝑊ℎ ∙ 0.8 − 653 𝑘𝑊ℎ ∙ 0.1

1600 𝑘𝑊
) ∙ 60 = 17 𝑚𝑖𝑛𝑢𝑡𝑒𝑠 (7.1) 

 

From equation 7.1 the battery system is calculated to run solely on the in 17 minutes. This is then 
well within the time requirement of 7 minutes.  

 

7.2.3. System modes 
The battery system provides different applications to take advantage of the power need associated 
with the operational modes of the vessel. This ensures the most efficient interaction between the BS, 
conventional power system, and provides longer lifetime of the batteries. The system can be operated 
in the following modes [10]: 

 Blue: when load demand is oscillation, peak shaving is enabled. Then the State of Charge (SOC) 
is in range of 50-80% 

 Blue ECO: when vessel operates at low loads, start-stop is activated. The engine is then loaded 
around 80% and the excess power charges the battery. When the battery has reached the 
upper SOC the engine stops the engine and the battery supplies the system until lower SOC is 
reached, and process is repeated. SOC 20-80% includes peak shaving.  

 Blue DP: when operating in position keeping or with higher safety requirement. One or more 
engine shuts down and increases the loading on the residual online engines to a more 
effective level. In case of failure the battery goes online and supplies the system for minimum 
7 minutes, also known as “spinning reserve”. Therefore, the lower SOC is 70-80% to secure 
enough energy in case of failure.  
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7.2.4. Battery interaction 
Figure 25, Figure 26 and Figure 27 provide operational load examples of how the hybrid battery 
system operates at different loading. Describing start-stop, spinning reserve and peak shaving by 
example. The time is along the horizontal axis and load is along the vertical axis.  

 
Figure 25: Load versus time showing optimal loading of generator and battery takes care of excess load [10]. 

It is observed from Figure 25, that the generator is maintained around optimal load at 80% indicated 
by the red line. The load demand is represented by the green line, and the battery load is shown by 
the blue line. At first the battery power use is lower than the generator, meaning that the battery is 
charged. Further the load rises above the generator, the battery takes over the load above optimal 
load, and prevent starting a second generator and/or unfavorable loading of generator. In addition to 
the general peak shaving the system takes active care of load increment over time, within a time limit, 
to prevent startup of additional generator. This goes under enhanced performance and can be treated 
as an extended peak shaving. Figure 25 could be a typical example of the “Blue” mode, where peak 
shaving and enhanced performance are implemented. 

 
Figure 26: Load versus time, provoked shut down of generator, the battery takes the load immediately [10]. 

Figure 26 starts with two online generators, one generator is provoked shut down. The battery takes 
immediately the load, at the same time the remaining generator gradually increases power and the 
battery gradually transfers the load to the remaining generator. This prevent the generators to be 
exposed to stressful loading and assures more favorable load variations for the engines. It represents 
how the loading of the engine is brought to a more favorable load pattern by the battery.  
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Figure 27: Load versus time provoked failure of generator, all load transferred to the system [10]. 

Figure 27, illustrates the event of generator failure e.g. when operating in “Blue DP” mode. This event 
illustrates the role of the battery as spinning reserve. When the generator is stopped, the battery takes 
instantly over the load demand. When operating in Blue DP the lower SOC is maintained in the range 
of 70-80% to ensure enough energy for abortion of the operation. In case of critical situation leading 
to e.g. abandonment; the battery can be operated until 15% SOC. The battery lifetime is highly 
permanently reduced by letting the SOC drop that low. Battery degradation is more described section 
5.4. The probability of the event to happen are low and may never happen. 

 

To summarize the HBS of the vessel: 

 The way the system is selected to interact with the power system module based, which gives 
a versatile HBS that requires low installation time and less complexity to the management 
system.  

 The battery is interacting with the whole power system of the ship and not only consumers 
related to propulsion and station keeping, which will be the case for a distributed battery 
system.  

 The disadvantage can be slightly less efficient power conversion as the main bus battery 
configuration involve one extra step of conversion.  
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7.3. Evaluation criteria 
This thesis is divided into some focus areas in the evaluation. The evaluation is started with a cost 
benefit analysis where the benefits considered to be of main interest will be evaluated. Further the 
next section addresses other important benefits that is evaluated. And last, challenges related to the 
battery system is evaluated. The evaluation has the following structure: 

 Consumption and cost benefits 
o Consumption 
o Weather impact on consumption 
o Economical 

 Other important benefits 
o Environment 
o Maintenance 

 Other important challenges 
o Crew training 
o Performance reduction 
o Generation development 

 

7.4. Operational 
The Figure 28 is made based on historical operating data from Eidesvik in the period from 2012 to 2015 
and has formed the operational baseline for this case. The modes to be observed are: Transit HI at 1%, 
Transit LO with 28%, DP at 41%, Standby at 2% and Harbor at 29%. Transit HI and LO are modes reflects 
operations in transit from A to B, referring to high and low speed. Transit HI represents the vessel 
operating at speeds above 11 knots, often around 15 knots. Transit LO is the economical and preferable 
pace decided by charter and ship owner, typically around 10-11 knots [63]. The vessel operates in 
station keeping with DP and Standby modes. These two modes are mainly divided by the redundancy 
requirement of the power system. DP are associated with the highest redundancy level, e.g. vessel 
operates close to a platform. Further, Standby is often referred to as waiting on field and has low 
redundancy requirements. When the vessel is sited at harbor the power produced is mainly for 
operating crane for on- and off-loading of various supply and hotel load. All density plots are based on 
AIS data provided by the Norwegian Costal Administration [64]. AIS is short for automatic identification 
system, which is an automatic tracking system all commercial vessels are equipped with. 

 
Figure 28: Operation profile for the vessel based on historical data from 2012-2015 showing the average power demand 

with respect to percentage annual time in the respective modes [59]. 
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The vessel is under long term contract and appears to have predicable work duties and have room for 
good planning of the operations. Figure 29 shows the path of operation from 2012 to 2014 generated 
by AIS data [64]. 

 

 
Figure 29: Density plot for the vessel from 2012 to 2014 [64]. 

  



45 
 

The HBS was installed and tested and the vessel left the yard at 12.05.2016. The system was considered 
to be fully operative 01.07.2016 to 31.12.2016, and that is defined as the sampling period. Figure 30 
shows the distribution of the operation profile for this period. Compared to the operation profile from 
2012 to 2015 it can be observed that the ship has not operated in Transit HI and Standby. Transit HI is 
related to high speed steaming and are utilized in urgent operation. Standby are often related to 
waiting on field e.g. for better weather. This can indicate that the vessel has predictable work and good 
planning of the operations in this period. It also spends significant less time in the DP mode from 41% 
to 24% respectively. Further, the vessel operates more time in Transit LO and Harbor in the sampling 
period.  

  

 
Figure 30: Operation profile to the PSV over the sampling period July to December 2016 showing the average power demand 

in each mode with respect to the time spent in each mode [59]. 
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Figure 31 and Figure 32 are density plot of 2016 and 2015 for the vessel of the case. The plots 
represents the geographical path of operation for the vessel. The plots have much similarities and 
corresponds well with each other. This contributes to decrease the uncertainty associated with 
variation in working conditions for the vessel over time. From the final project report form Enova, the 
ship was stated to have similar work tasks from 2014 to 2016 [18]. This vessel mainly operates between 
the oil fields Gullfaks, Oseberg and Troll and back to shore to the CCB base sited at Mongstad and 
Ågotnes. With this information as basis, the vessel appears to be operating with an acceptable 
variations in geographical path and working tasks from 2015 to 2016.  

 

 
Figure 31: Annual density plot of Viking Energy from 2016 [64]. 

 

Figure 32: Annual density plot of Viking Energy from 2015 [64]. 
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7.5. Consumption and cost benefits 
The following section discusses the main benefits of a HBS in a systematic approach.  

 

7.5.1. Consumption 
Reduced fuel consumption is considered the main benefit of the hybrid battery system. This section 
will first present and use a theoretical method for calculating reduction in fuel consumption by 
applying a HBS. The last part analyses the fuel consumption for different periods and concludes with 
a final fuel reduction. 

 

Theoretical calculation 

The shipping company must provide most of the input in the theoretical calculation method. This 
involves information of operational profile, number of generators running, and energy demand 
associated with each mode. In addition, the method depends on data related to Specific Fuel Oil 
Consumption (SFOC) and must be provided by the engine manufacturer.  

The calculation done is based on qualitative consideration of the average power demand related to 
each mode and how many engines operating. Viking Energy is equipped with four engines at 2010kWh 
each. The average power demand in each mode from the qualitative consideration is set to be; Transit 
HI, 4260 kWh; Transit LO, 1800kWh; DP, 900kWh; Standby, 900kWh and Harbor, 500kWh. The 
operation time in each mode presented in Figure 28 is used in the calculation. The SFOC is based on 
an engine considered to be similar to the case and are shown in Figure 8 in section 4.4.1 [16]. This is 
because data of power demand and SFOC curve is not provided for the specific vessel. Due to lack of 
information about MGO to LNG ratio, it is assumed that the engine only operates on LNG. The engine 
usually switches over to MGO at low loads and use MGO as ignition fuel while operating on LNG. These 
assumptions gives additional uncertainty to the calculations.  

The suppliers of the HBS use the theoretical method to estimate how much fuel reduction that can be 
expected by applying the HBS. This is done for each specific vessel before possible recommendations 
for investing. The theoretical calculation method has not been calculated by the supplier for this vessel 
due to limited time at the project. The calculations by the theoretical method based on these 
conditions is presented in Table 8.  

The ship operates 1% of the time in Transit HI. For conventional setup this includes four generators 
operating at 52% load each. The hybrid setup removes one, resulting in a MCR of 69% on the remaining 
generators. Corresponding in a SFOC of 198 g/kWh and 191 g/kWh, respectively.  

The vessel operates 28% of the time in Transit LO. For conventional setup it applies two generators 
which are reduced by one, for the hybrid setup. The MCR goes from 44% to 88%, which corresponds 
to SFOC of 200 g/kWh and 192 g/kWh, respectively.  

The DP mode corresponds to 41% of the time operation profile for the vessel. For the conventional 
setup, this means that three generators are running at 15% load. The hybrid setup reduces the 
operating generators by one which raises the load to 22% for the remaining generators. These loads 
correspond to an SFOC of 304 g/kWh and 255 g/kWh, respectively.  

In Standby the vessel operates 2% of the annual operation time. In the conventional setup, there is 
operating two generators each at 22% load. In the hybrid setup, the generators are reduced to one 
and the load is raised to 44%. The corresponding SFOC is 255 g/kWh and 200 g/kWh.  

The harbor mode engages one engine in conventional setup, thus the engine number remains 
unchanged. By implementing start-stop application, all energy is produced close to the sweet spot, 
which is 192 g/kWh. The peak shaving mode is included by reducing the SFOC in the hybrid setup by 
3%, in the modes applicable to peak shaving. 
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Table 8: Theoretical method of calculating fuel consumption with four generators of 2010 kW each, shows how the load is increased for the remaining generators by applying HBS and the 
resulting expected fuel reduction in an annual year based on the operation profile for 2012 to 2015.*Peak shaving **Start-stop mode 

Conventional setup         

Mode Hrs./yr. GN (kW) MCR (%) Total (kW) No. G MCR (%) SFOC (g/kWh) ton/hr. ton/yr. % red. 

Transit HI 88 1065 52 4260 4 52 198 0.84348 73.9 

Transit LO 2453 900 44 1800 2 44 200 0.36000 883.0 

DP 3592 300 15 900 3 15 304 0.27360 982.7 

Standby 175 450 22 900 2 22 255 0.22950 40.2 

Harbor 2540 500 24 500 1 24 235 0.11750 298.5 

Sum         2278.26 

Hybrid setup         

Transit HI 88 1420 69 4260 3 69 191 * 0.78925  69.1 5.1 

Transit LO 2453 1800 88 1800 1 88 192 * 0.33523  822.3 3.0 

DP 3592 900 22 900 2 22 255 * 0.22262  799.5 14.7 

Standby 175 900 44 900 1 44 200 * 0.17460  30.6 13.5 

Harbor(start/stop) 2540 500 24 500 1 24 192 ** 0.09600 243.9 6.9 

Sum         1965.4  

Total reduction         312.9 13.7 
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By taking the weighted product of the MCR with respect to the annual time distribution of the 
estimated numbers, the MCR is increased from 26% to 42% without and with the HBS respectively. 
After applying the HBS the weighted product of SFOC is decreased from 255.9 g/kWh to 219.9 g/kWh 
with respect to the annual time distribution for the vessel.  

In this way, the power system is utilized and the overall efficiency is improved. The main contribution 
to savings is due to reduced numbers of running engines, because battery acting as passive redundancy 
contributor, called spinning reserve.  

Based on the operation profile from 2012 to 2015 the theoretical method of estimating fuel reduction 
is presented in Table 8 indicated a reduction in all modes. The fuel reduction in each mode was: Transit 
HI, 6.4%; Transit LO, 6.9%; DP, 18.6%; Standby, 23.9%; and Harbor, 18.3%. Overall reduction in fuel 
consumption was found to be 13.7% corresponding to 312.9 ton fuel annually.    

The modes contributed to greatest reduction is DP, Standby and Harbor. These are modes associated 
with low rate of utilization of the power system with respect to max capacity. This can indicate that 
modes operating where generators are operating at low MCR can be expected to provide the greatest 
saving. 
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Data based calculation 

In the following, fuel consumption data are presented in this order: Harbor, Transit HI & LO, DP & 
Standby and total reduction. The graphs is based on numbers provided from Enova’s final report for 
the project of Viking Energy, which are empirical data from the vessel [59]. The data are given as 
monthly average consumption during 2015, 2016 and as annual average from 2012 to 2015. From 
01.07 to 31.06.2016 the HBS is considered to be fully operative and is the defined sampling period. 

From historical data, the harbor mode represents 29% of the annual operation time. From the sampling 
period, the mode corresponds to 39% of the annual operation time. In this mode, there is usually one 
generator operating between 10% to 20% load supplying the demand. Shutting down one excess 
generator in this mode is not applicable. Therefore, the savings in this mode could come from start-
stop or peak shaving application. Start-stop mode involves high Depth of Discharge (DOD) and is the 
most stressful application for this BS. As a result of much energy in and out of the BS, significant heat 
is generated, and a well functional cooling system is crucial. Due to technical problems leading to 
insufficient cooling, the start-stop application has not been used during the period represented by 
these data [16].  Therefore, fuel reduction in harbor mode comes from peak shaving and the enhanced 
dynamic performance this involves. 

 
Figure 33: Fuel consumption in harbor mode for the respective periods [59]. 

Figure 33 shows the fuel consumption related to the harbor mode. The main observations in the figure 
are related to the monthly consumption from July to December 2016 illustrated by the blue line. The 
fuel consumption in 2016 is both lower than in 2015 and in the years 2012–2015 within the sampling 
period. The figure shows some remarkable indications of fuel saving. The highly variating fuel 
consumption from each month in 2015 makes it challenging to state a reduction factor. But the fuel 
consumed during 2016 seems to be stable. This could be a result of the HBS. 

When the 2016 data in the sampling period is compared to 2012-2015 data the average reduced fuel 
corresponds to 43%. When taking the difference from 2015 to 2016 in the moth involved in the 
sampling period the reduction corresponds to 20% in average. These two numbers correspond poorly 
when quantifying the rate of reduced fuel for this mode. This incoherence represents uncertainty to 
these numbers. 

However, variations in work duties, crew practice and time pressure may cause the differences 
observed. Based on these conditions, the reduction factor of 20% from 2015 data is decided to be used 
further. 
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From 2012 to 2015 the vessel operates close to 28% in Transit low speed and 1% high speed. In the 
sampling period, from July to December 2016, the vessel operates 37% in Transit low speed and close 
to no time in Transit high speed.  

When operating in Transit HI, 3 to 4 generators are running at medium to high load with a speed of 
approximately 15 knots. In this mode only peak saving is implemented.  

Operating in Transit LO the speed is approximately 11 knots and is considered to be the economical 
speed. Under normal conditions two generators are operating at medium load at this mode. For Transit 
LO the start-stop application are suitable but as described in previous page, this was not operative 
during the time represented by the data. Therefore, possible reductions must be linked to peak 
shaving, in this mode. 

 
Figure 34: Fuel consumption in transit mode for the respective periods [59]. 

Figure 34 shows the fuel consumption for the transit mode of the periods covered by the data. This is 
when the vessel operates in steaming between operation sites and to shore. The blue line represents 
the fuel consumption in 2016, red line the fuel consumption in 2015 and yellow the annual average 
consumption in 2012-2015, given in fuel per hour. 

The average fuel reduction during the sampling period in 2016 is 12% when comparing to annual 
average of the 2012-2015 data.  Despite saving compared to these data, reduction is marginal when 
comparing to the consumption in 2015. The average fuel reduction is then 3% and does not correspond 
well with 12% fuel reduction found from 2012-2015 data. This incoherence challenges the certainty 
related to the numbers the data sets provides. 

The fuel consumption varies for each month, and this can indicate unfavorable practices by operators. 
The vessel crew works on a three weeks on, and three weeks off schedule. This makes it challenging 
to imply correlation between operation practice and the variating fuel consumption as the fuel 
consumption is presented in monthly average values. 

The influence of waves, currents and wind directions are assumed to be significant in this mode and 
further increase uncertainties associated with the data. The information at hand, both from crew 
members and AIS data, indicates that the vessel has low level of variation between work duties and 
area of operation during 2014 to 2016. Based on the conditions the data represents, the rate of 3% is 
considered to be in the true range of reduction in fuel consumption for this mode. 
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Station keeping reflects the time operated in DP and Standby which are operations at the field. These 
two operation modes are divided by high and low redundancy requirements. This is also implemented 
in the BS by increasing the SOC when operating in DP to assure enough energy available in the battery 
in case of failure. From 2012 to 2015 the vessel operates 41% of the time in DP and 2% of the time in 
standby. In the sampling period the vessel operates 24% of the time in DP and close to no time in 
standby. As these operational modes are closely linked together, they are represented as one category. 
Often when operating in DP a set of engines are running at low loads to fulfill the requirements of 
redundancy. Therefore, spinning reserve is applicable in addition to peak shaving. 

 
Figure 35: Fuel consumption in station keeping mode for the respective periods [59]. 

Figure 35 shows the fuel consumed when the vessel operates in station keeping mode for the gives 
time periods. The main observation is the low fuel consumptions during the sampling period shown by 
the blue line, compared to the 2015 and 2012-2015 data. The 2015 data also looks to comply better 
with the historical average in this category, compared to transit and harbor. The explanation to this 
may be that the work related to these modes has been similar from 2012 to 2015. It shows significant 
reduction of fuel consumption after applying the HBS might be explained by that this mode utilizes the 
power system of the vessel poorly. As a result of the redundancy requirements a set of generators are 
running, thus low loads on each generator and high SFOC. 

This mode gives an average saving of 28% in the sampling period compared to the 2012-2015 data. 
The reduction relative to 2015 data is 26%. Thus in this modes the fuel reduction between both data 
sets corresponds well. Compared to transit and harbor mode, the reduction rate in station keeping 
represents less uncertainties.  

The variations can be caused by several factors. There might be by different operation pattern within 
the operators of the vessel. But the data available does not give a conclusion basis for this. The fuel 
consumed looks to be lowest in July, August and October and increases in the last winter months. This 
may come from calm weather which leads to small utilization of the power system, thus gives greater 
saving. In the winter months, the vessel will be exposed to higher environmental loads, resulting in 
higher utilization of the power system, thus lower saving. In DP & Standby mode the environmental 
variations will be more dominating as the power system works to keep the vessels position in any sea 
state, in these modes. Due to asymmetrical shape of the vessel, the directions of the loads will 
contribute to different power demand to hold the position of the vessel. Based on these conditions 
the reduction rate is concluded to be 26% for DP & Standby mode.  
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That 2012-2015 data covers a longer time period of fuel consumption than the 2015 data. Comparing 
monthly fuel consumption with annual fuel consumption gives additional degree of uncertainty. This 
is because the annual fuel consumed for a vessel vary from season to season and the sampling period 
is six months. For that reason, the data from 2015 and 2016 are considered to be the most reliable 
data, as the monthly fuel monitoring started in 2015.  

The data covers late summer, autumn and early winter, when the system was fully operational. It is 
known that small incidents have occurred to the battery system. Details for time of occurrence have 
not been provided. When issues occur, it can affect the crews thrust to the HBS and can further lead 
to less utilization. This is because it is up to the operator to decide when and how to use the BS.  

 
Figure 36: Monthly differential in fuel consumption between 2016 and 2015 in the respective modes.  

Figure 36 shows the difference in fuel consumption in 2016 compared with 2015. The main observation 
is that operation at field are the highest and most stable fuel saving, compared to harbor and transit. 
This saving is also supported in the same range when taking the difference from 2012-2015 and 2016 
data, which is not the case for harbor and transit. This means that the fuel saving related to the vessel 
operating in harbor and transit has more uncertainty compared to when operating at field. The 
monthly difference in fuel consumption from 2012-2015 and 2016 can be found in Appendix B. 

Saving in transit and harbor vary more from month to month. The inconsistent reduction in 
consumption makes it challenging to conclude with a rate of reduction related to these modes. In 
addition, the difference when comparing to 2012-2015 gives indications of higher saving than when 
comparing to the 2015 data, and increases the uncertainties to the numbers. The harbor mode 
indicates saving all months, but is highly variating from month to month in the figure. The transit has 
in average close to no significant saving. Data that includes start-stop mode may reveal further 
potential for fuel reduction in these modes with the HBS.  

Based on these data and Figure 36 results in the following reduction rates: harbor, 20%; transit HI & 
LO, 3%; and DP & Standby 26%. In the sampling period the vessel operated close to no time in Transit 
HI and Standby, because of that the reduction rates for these modes is found from the mode related 
average SFOC and is shown in Appendix B. The following reduction rates is found: harbor, 19%; transit 
LO, 3%; and DP, 32%. These reduction rates give enough information to calculate the unknown 
reduction rates. This resulted in the following reduction rates: Harbor, 20%; Transit HI, 3%; transit LO, 
3%; DP, 32%; and Standby, 20%. 
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Table 9 contains the calculated annual reduction in fuel consumption for each moth with the HBS. The 
calculations are based on the fuel reduction rates, from known average fuel consumption for each 
mode and the time the vessel operated in each mode. The operation distribution profile for the vessel 
in this table is based on data from 2012 to 2015. This resulted in an annual fuel reduction of 473.1 ton 
and corresponded to 17% overall fuel reduction. This will be referred to as Scenario 1. The overall fuel 
reduction consists of 370.5 ton LNG and 102.6 ton MGO.  

The theoretical calculation method done in last section was based on the same operation distribution 
profile as Scenario 1. The fuel reduction in each mode corresponded acceptable with the reduction 
rates found based reduction rates from the sampling period and is shown in Table 9. Despites many 
assumptions the theoretical calculation method resulted in 14% overall fuel reduction included start-
stop, peak shaving and spinning reserve. To comparison, Scenario 1 gave an overall fuel reduction of 
17%. This is higher than expected from the theoretical calculation method, despite the sampling period 
does not including start stop mode. The theoretical is concluded to give good and conservative 
indications of what range of reduction in fuel consumption a vessel can expect, based on this 
comparison. This shows the importance of performing calculations before investing in HBS. Because 
scenario 1 is based on operation profile from 2012 to 2015 the reduction of 17% overall fuel reduction 
is most likely the result of the HBS in a long perspective. 

Table 9: Scenario 1 is estimated reduction in fuel consumed based on the operation profile from 2012 to 2015, reduction 
rates from comparing 2015 to 2016 and average fuel consumption related to each mode. 

Mode Distribution 
profile 2012-15 

Reduction rate 
2015 

Reduction (ton) 

Harbor 29 % 20 % 72.0 

Transit HI & LO 1 % 28 % 3 %  3 %  38.2 

DP & Standby 41 % 2 % 32 %  20 %  362.9 

  Red fuel 17 % 473.1 

 

Table 10 contains the calculated reduction in fuel consumption with the HBS based on the operation 
profile in the defined sampling period from July to December 2016. This resulted in a total reduction 
in annual fuel consumption of 353.2 ton and corresponded to 13% overall reduction. This will be 
referred to as Scenario 2. The total reduction of fuel consist of 276.8 ton LNG and 76.4 ton MGO. 

Table 10: Scenario 2 is estimated reduction in fuel consumed based on the operation profile from July to December2016, 
reduction rates from comparing 2015 to 2016 and average fuel consumption related to each mode. 

Mode Distribution 
Profile 07-12.16 

Reduction rate 
2015 

Reduction (ton) 

Harbor 39 % 20 % 94.3 

Transit HI & LO 0 % 37 % 3 %  3 %  49.7 

DP & Standby 24 % 0 % 32 %  20 %  209.3 

  Red fuel 13 % 353.2 

 

Comparing the two scenarios, the time distribution profile of the vessel deviates significantly and is 
the reason for the low fuel reduction in Scenario 2 and the reduction rates from the sampling period. 
The time spent in harbor goes from 29% to 39%, and estimated reduction increases to 94.3 ton. Time 
spent in operating in DP & Standby decreases from 43% to 24%, which results in less fuel saving. Since 
these modes contributes to significant fuel saving, the total fuel saved decreases from 362.9 ton to 
209.3 ton.  
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The fuel reduction found from Scenario 1 is the expected from the HBS in a longer perspective because 
it is based on three years of the vessels operation history. The overall saving fuel reduction found in 
Scenario 2 is the actual reduction in the period where the HBS has been operative. This is found to be 
in the range of 13% and 353.2 ton overall annual fuel reduction. This provided a lower result than 
expected mainly due to a lower portion of DP mode in the sampling period. Scenario 2 is the concluded 
annual fuel reduction of the HBS from the sampling period from July to December 2016. The data 
shows clear reduction in fuel consumption, even though the sampling period only covers six months 
of fully utilized HBS. And the scenarios show that the saving potential would be higher on average, 
given a more beneficial operation profile. If the vessel operates a larger portion of operation in DP 
mode, HBS provides a higher saving.  

The contribution of fuel saving whilst the vessel is engaged in start-stop mode remains unknown as 
there is no available data for quantifying the effect of this mode yet. 
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7.5.2. Weather impact on consumption 
The vessel is operating in an environment where they regularly are exposed to loads due to wind, 
currents and waves. This section will be looking for possible correlation between the vessel fuel 
consumption and the wave and wind that the vessel is operating in before and after applying the HBS. 
Weather data has been obtained for three locations considered to be representative for the vessels 
operations at field, transit and harbor. Figure 37 shows the area and path of operation for the vessel 
during 2016 and the three considered weather locations. Information about geographical locations for 
working operations, is obtained from AIS data received from Norwegian Costal Administration [64]. 
Figure 29, Figure 31 and Figure 32 shows similar density plots of operation for Viking Energy from 2012 
to 2016.The field location shown in Figure 37 is located near Gullfaks, Stadtfjord and other oil fields 
the vessel has been frequently operating. This weather location represents the vessels operations in 
DP & Standby. The transit location is selected between the field and shore and represents the vessel 
operating in transit. The harbor location is selected close to shore outside Mongstad. The wind speed 
and significant wave height is generated for each of the three locations for 2015 and 2016. The weather 
data are based on high-resolution Hindcast data named NORA 10 and are considered to have good 
correspondence with real weather in the North Sea [65]. The weather data are provided by Norwegian 
Meteorological Institute [60]. Coordinates and more descriptions on how the weather data has been 
obtained are provided in Appendix C and Appendix D. 

 
Figure 37: The density plot of the vessel for 2016 including the representative locations for each operation category [64]. 

Waves and wind are known to add resistance for ships due to pressure difference. In calm weather, 
added resistance from waves and currents can account for 15-30% of the total resistance [66]. Wind 
are known to increase drag for to the vessel with respect to the projected area perpendicular to the 
wind direction, and the relative wind speed [67]. In this thesis, the actual weather is represented 
statistically by average significant wave height and wind speed. Wind and wave headings are not 
considered as the vessel travel between shore and the same fields. This ensure that the vessel 
experience the same amount of fore as aft wind and wave headings during transit.  
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Weather data and validation 

The fuel consumption data from 2015 and 2016 will be compared in the months where the HBS is 
considered to be fully operated. Consumption for a general vessel tends to be higher during the winter 
months and significant lower during the summer season [63]. Before the fuel consumption are 
compared with the weather related to the data set, the data set is compared to the historical trend. 
Figure 38 shows the historical average wave height and wind speed from 1958 to 2012 together with 
2015 and 2016 from July to December. This give information about how the weather was during 2015 
and 2016 and possible variations compared to the historical expected. 

  
Figure 38: Average monthly wave height and wind speed at field location from 1958-2012, 2015 and 2016 generated from 

Hindcast NORA 10 model. 

The location of field is plotted because the weather was found to have insignificant variations between 
the locations. For 2016, the average wave height is lower in October and November and higher in 
December, compared to the historical average. The other months corresponds well with the historical 
average. The average wind speed is lower in July, August, October and November than the historical 
average. There is more wind in September and December than in the historical average.   

The average wave height is close to expected for all months in 2015. The exception is in September 
and October the average wave height is slightly lower and in December the average wave height is 
significantly higher compared to historical average. The average wind speed corresponds well with the 
average historical wind speed except for September and December is slightly lower and higher 
respectively.  

Summing it up it appears to better weather during 2016 than in 2015 compared to the historical 
average weather based on historical average. This means that the vessel have slightly less 
environmental loading in the period where the HBS is applied than in the previous year. This may give 
a slightly better condition for fuel reduction of the HBS than if the weather was closer to historical 
average and 2015.  
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Weather based consumption 

This section presents and discusses the fuel consumption of the vessel in relation to average wave and 
wind values for each mode of operation. Figure 39 presents fuel consumption in 2015 and 2016 on the 
left and right side respectively. The fuel consumption for both periods is compared to significant wave 
height and wind speed, all which are given in monthly average values in harbor mode. The fuel 
consumption in 2015 shows no sign of correlation with both average wind speed and average wave 
height. However, it can be observed great variations on fuel consumption from month to month, while 
wave height and wind speed increases steadily towards the winter. 

The fuel consumption in 2016 indicates slightly to be affected by the weather variations. This is not 
observed from the 2015 fuel consumption data and might be an effect of applying the HBS. In addition, 
the fuel consumption in 2015 is maintained at a different and higher overall level compared to the 
consumption in 2016. It is challenging to explain a possible reason for why the harbor mode indicates 
to be affected by the weather.  The fuel consumption for each mode is logged by hand. What mode 
the vessel is operating in is a subjective decision made by the operator, and will increase the 
uncertainty of the modes and numbers [16]. This mode is considered to have little correlation with the 
weather based on these data presented. 

 
Figure 39: Fuel consumption in 2015 and 2016 compared to wind and waves in the selected Harbor point. 
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Figure 40 shows the fuel consumption by the blue line in 2015 and 2016 on the left and right side 
respectively. The average fuel consumption, average significant wave height and wind speed are 
plotted, all which are given in monthly average values in Transit HI & LO mode. The wave height and 
the wind speed in 2015 are very close to historical expected trend, which is a slow and steady increase 
towards the winter as discussed earlier. The fuel consumption looks to be of random values and 
indicates no link to the weather. The highest fuel consumption can be observed in July, which is the 
month with the lowest average wind speed and wave height.  

The fuel consumption in 2016 is also be observed to be in the highest range in July, in a month of low 
average wave height and wind speed. The fuel consumption appears to be in the same range in 
September and November, which both are associated with high average wind speed and wave height. 
The fuel consumed looks to be slightly affected by the weather in transit mode, with July and December 
as an exception. The overall fuel consumption appears in a slightly lower level in 2016 than in 2015, 
this may be a result from an overall better weather in 2016 than in 2015. Despite the fuel consumption 
level, the fuel consumption looks to be slightly more correlated by weather after installation of the 
HBS. That is if September, October and November fuel consumption is observed with wind and wave 
values in 2016. 

 
Figure 40: Fuel consumption in 2015 and 2016 compared to wind and waves in the selected Transit point. 

In harsh weather in transit mode the vessel reduces the speed to maintain control of the vessel 
motions. This can be a possible explanation of why the fuel consumption per hour is lower in 
December, despite higher average wind speed and wave height. The fuel consumption is considered 
to be slightly correlated to the weather conditions in transit mode.                                               
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The modes related to work at the field, DP and Standby are shown in Figure 41 for 2015 and 2016 at 
left and right side. The average fuel consumption, average significant wave height and wind speed are 
plotted, all which are given in monthly average values in DP & Standby mode. The overall fuel 
consumption during the months in 2015 is at a considerable higher level compared to 2016. The 
average fuel consumption in 2015 reviles no systematic pattern in relation to significant wave height 
and wind speed, from month to month. The highest fuel consumption is observed in September, while 
the weather is benign. The lowest average fuel consumption appears in November where the average 
wind speed and wave height are among the highest. The fuel consumption in 2016 reveals a clear 
correlation with the average wave height and wind speed when operating in this mode. The fuel 
consumption is high in the months where the average wave height and wind speed is high and vice 
versa. This appears to be true for all months covered in the sampling period. A possible explanation is 
that when the vessel is maintaining position at open sea the environmental impact involves significant 
forces regardless of direction. It appears to have greater influence in station keeping compared to 
harbor and transit mode. 

 
Figure 41: Fuel consumption in 2015 and 2016 compared to wind and waves in the selected Field point. 

 

To summarize the two last sections the weather was found to be more benign in 2016 than 2015 
compared to historical average wave height and wind speed. This indicates slightly favorable weather 
for lower fuel consumption in 2016 compared to 2015. The average wave height and wind speed was 
found to have little correlations with the fuel consumption when the vessel operated in harbor mode. 
When operating in transit the fuel consumption reveals some months of correlation with weather. The 
reason is likely to be wave and wind direction is varying making head wind and tail wind random. Based 
on the conditions the fuel consumption in 2015 was not found to be correlated with the weather 
conditions when operation in station keeping. When the vessel operates in station keeping with the 
HBS in 2016, the fuel consumption revels a clear correlation with the weather conditions. The HBS 
system is found to have a significant positive effect on fuel reduction in change in weather conditions 
when operating at field. The system particularly has a positive effect in calm weather conditions. In 
addition, the fuel consumption is maintained at a significant lower level in 2016 compared to 2015. 
The HBS adds redundancy in a passive manner, which involve less fuel wasted, more predictability in 
fuel consumption related to the weather conditions when operating in station keeping.  
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7.5.3. Economical 
The economical side of the HBS is important for all parts of interest and will be discussed in the 
following section. 

For the technology to be viable, providing reduction in fuel consumption alone is not sufficient. The 
reduction in fuel consumption should also seek to be in a range that defends the capital expenditure 
(CAPEX) related to the HBS within the intended lifetime of the system. The CAPEX of the BS involves 
system modifications, new components, and work execution to get the system up and running. From 
section 7.5.1, the fuel consumption of the vessel before and after applying the HBS has been analyzed. 
This resulted in two scenarios of reduction in fuel consumption based on two operation profiles for 
the vessel and is listed in Table 11. Scenario 1 showed 473.1 ton fuel reduction per year based on the 
operation profile for the vessel from 2012 to 2015. This corresponded to 370.5 ton MGO and 102.6 
ton LNG. Scenario 2 showed 352.2 ton reduction in fuel consumption per year based on the vessels 
operation profile from July to December 2016. Which corresponds to 276.8 ton LNG and 76.4 ton MGO. 
Scenario 2 is considered to be the actual fuel reduction since it is based on the operation profile for 
the sampling period, while scenario 1 is expected in a long term.  

Table 11: The two fuel reduction scenarios, from historical and sampling period operation profile respectively.   

 Total reduction (ton) LNG (ton) MGO (ton) 

Scenario 1 473.1 370.5 102.6 

Scenario 2 352.2 276.8 76.4 

 

This discussion focuses solely on cash flow related to the vessel. Incentives and funding are described 
in section 2.3 and are not accounted for in this economical assessment. The system includes a battery 
of 653 kWh, power electronic and work execution to integrate the system to the existing bus. The 
prices and estimations for reduction in maintenance are provided by Westcon [16]. The installation of 
the HBS is assumed to be executed during a scheduled yard stay, therefore cost related to the vessel 
of hire are not accounted for. Off hire means that the charter is not paying hire for the vessel. The 
estimated cost of the fuel saved are based on the current LNG and MGO price of 5.24 USD/MMBtu and 
492 USD/ton [68] [69]. This corresponds to 2088.5 NOK/ton and 4172.2 NOK/ton. The currency used 
was 8.48 USD/NOK per 26.03.17. The initial fuel price are assumed to be constant in the estimations. 
The maintenance cost is estimated to be reduced by 3.0 MNOK over the lifetime of ten years due to 
20% less running hours on engines [16]. Time will show if the estimate appears to be in the correct 
range. All numbers and estimations are provided in Appendix E. 
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Scenario 1 

Figure 42 represents the cash flow over the intended lifetime of the HBS based on scenario 1 with a 
waterfall diagram. The negative red bar represents the CAPEX regarding system and execution cost 
and take place in year zero. The system is assumed to start with the annual saving in year one. The 
lifetime of the system is intended to be 10 years. The blue bars represent annual saving from reduced 
fuel consumption and reduced maintenance. This corresponds to 1.54 MNOK savings including 0.3 
MNOK contributed from reduced maintenance. The annual income has been accounted for Net 
Presence Value (NPV) with an expected return rate of 3%. Based on these conditions the NPV 
calculations of the investment resulted in 13.13 MNOK, corresponding to a payback time of 9 years 
and 2 months. 

 
Figure 42: The cash flow for scenario 1 with the current fuel price and a return rate of 3%. 

This shows that the HBS provides a positive economical business case with the current fuel prices based 
on the vessels operation profile from 2012 to 2015. The economical outcome beyond ten years 
depends if it is decided to install new battery or continue operating on the original.  
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Figure 43 shows the calculated NPV for changes in the fuel price for scenario 1. The changes in fuel 
price involves the current fuel price, 20% decrease, 20% and 40% increase, which gives an NPV of 13.13, 
11.01, 15.24 and 17.36 MNOK respectively. The NPV calculations involves a 10 year perspective and a 
rate of return of 3%. If the fuel price are assumed higher than the current, the NPV is increasingly more 
attractive. In case of lower fuel price, the NPV is negative according to the given conditions.  

 
Figure 43: Sensitivity for scenario 1 of the current fuel price, ±20% and 40% price change with a rate of return of 3%.  

Scenario 1 shows that the economical outcome of the investment is very dependent on the fuel price. 
The profit is acceptable for the current fuel price in the intended lifetime. The range is covered in high 
and low fuel price with 15.24 MNOK and 11.01 MNOK the payback time is 7 and 11 years to break even 
the initial investment based on the conditions involved in scenario 1.  
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Scenario 2 

Figure 44 shows the NPV calculations and contains same characteristics as Figure 42 in the previous 
section. The difference is that this calculation is based on scenario 2 and the reduced fuel consumption 
related to this. The cost saved related to annual maintenance is 0.3 MNOK, and hence reduced fuel 
consumption is 0.9 MNOK each year. This gives an annual saving of 1.2 MNOK based on the current 
LNG and MGO price. The rate of return is set to 3% and gives a NPV of 10.44 MNOK of the investment 
with a 10 year perspective, which corresponds to a payback time of 11 years and 10 months. 

 
Figure 44: The cash flow for scenario 2 with the current fuel price and a return rate of 3%. 

The current condition gives a negative NPV of 1.56 MNOK of the investment, which again means that 
the operation profile from the sampling period in 2016 is not optimal for the HBS to give economical 
profit of the investment. Figure 45 shows the calculated NPV for various changes in the fuel price for 
scenario 2. This involves the current fuel price, 20% decrease, 20% and 40% increase results in an NPV 
of 10.44, 8.87, 12.02 and 13.60 MNOK respectively. This involves a 10 year perspective and a rate of 
return of 3%. If the fuel price is assumed higher than the current, the calculated NPV is marginally 
positive for 20% increase and positive for 40% increase. In the case of lower fuel price, the NPV is even 
lower than the current fuel price in the given conditions.  

 

 
Figure 45: Sensitivity of change in fuel price for scenario 2 with the current, ±20% and 40%. 
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Summed together, the economical calculations show that the business case related to the HBS is highly 
dependent on the fuel price. With the current fuel prices, the result from scenario 1 and scenario 2 
was 13.13MNOK and 10.44MNOK, respectively in a 10-year perspective. 

Scenario 1 is the expected outcome in a longer perspective and is based on the operation profile from 
2012 to 2015. It gave a positive NPV of 1.13 MOK when compared to the CAPEX of 12 MNOK if the fuel 
price remains on the same level. Resulting in a payback time of 9 years and 2 months. Scenario 2 is 
considered to be the actual reduction in fuel consumption for this vessel, as this is directly the 
operation profile during the sampling period. This gave a negative NPV of 1.56 MOK when compared 
to the CAPEX of 12 MNOK if the fuel price remains on the same level. Corresponding to a payback time 
of 11 years and 10 months. 

Based on linear interpolation between the scenarios this vessel is found to maintain a minimum overall 
fuel reduction of 15% to break even the initial investment in a 10-year perspective. The operation 
profile of the vessel in the sampling period included 24% of the time in DP mode and gave a negative 
economic result for scenario 2. The operation profile of the vessel from 2012 to 2015 the vessel was 
operating 41% of the time in DP mode and gave scenario 1 a positive economic result. Assuming linear 
fuel saving and that fuel saving are only a function of the time spent in DP mode, linear interpolation 
gave a minimum threshold of 34% operation time in DP mode for a vessel to meet the overall fuel 
reduction of 15%.  

After the lifetime of the battery is reached, the battery must either be replaced or continue to be 
utilized. If the battery is continued to be utilized, the capacity of the battery might be insufficient to 
be used as a spinning reserve and the fuel reduction will be lower. If the battery is replaced, in the 
current case the battery cost represents roughly half of the CAPEX. Based on section 5.5 the batteries 
predicted on the market 10 years ahead are most likely to be cheaper. Probably this can result in a 
more attractive business case seen in a perspective beyond 10 years. 
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7.6. Other important benefits 
The next two sections will be assessing the reduction of environmental impact and possible reduction 
of maintenance as an effect of the HBS.  

 

7.6.1. Environmental 
When assessing the environmental impact, there is mainly two areas of interest. First, the reduced 
emission to air as a result of the HBS. Second, the environmental impact caused by production of the 
battery and power electronics. 

 

Emission to air 

When the HBS is applied to the vessels power system, it results in less fuel consumed as found in 
section 7.5.1. This again leads to reduced environmental impact as the numbers of engine running are 
reduced, and the remaining engines operate on a more efficient level. The amount of emission for a 
combustion engine is a function of the engines load level, and the most reliable estimations are found 
by the power demand and the current SFOC. This is a bottom up approach. This method is not 
applicable to this case as data covering the power demand and the SFOC for the case is not obtained. 
For this case, the environmental impact saved by the HBS will be estimated based on the amount of 
fuel saved. This is a top down approach.  

The annual fuel reduction based on scenario 2 which again is based on the operation profile of the 
sampling period corresponded to 276.8 ton LNG and 76.4 ton MGO. The heating value of LNG and 
MGO is 13 kWh/kg and 42.7 MJ/kg corresponding to 11.86 kWh/kg, respectively [70] [71]. The reduced 
LNG are assumed to be consumed at high loads corresponding to an efficiency of 0.44 [39].  The 
reduced MGO are assumed to be consumed at low loads, and a corresponding efficiency of 0.22 [41]. 
This is because the dual fuel (DF) engines are designed to switch over to MGO at low loads as described 
in section 4.4.3. 

Section 3.2 obtained emission factors in g/kWh for each substance with a Global Warming Potential 
(GWP) related to MGO and LNG consumed at high and low loads. When the amount of pollutant is 
estimated, the GWP factors are multiplied to reflect the CO2-eqivalent. 

The emission of CH4 is very dependent on the load level when operating on LNG. The methane leakage 
is high if the DF engine operate on LNG at low loads [39]. Methane contributes to 25 time’s greater 
environmental impact than CO2. Thus, if the vessel operates at low loads in LNG, the emission factors 
for methane presented in section 3.2 should be adjusted up. All numbers and calculations obtained for 
emission to air for both scenarios is provided in Appendix F. 
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Figure 46: GWP reduced based on fuel saved in 20 and 100 years perspective for non-Artic and Arctic regions. 

Figure 46 shows the result of the saved GWP by operating with the HBS. This estimation is based on 
the fuel saving from scenario 2. The GWP are calculated according to Arctic and Global factors in 20 
and 100 years perspective.  
The world factors is an average value from the four world regions: East Asia, Europe, North Africa, 
North America and South Asia and is considered to be representative emissions located in the North 
Sea. And the Arctic factor is considered to be representative for emissions located in the Barents Sea 
[9]. 
The positive bars represents pollutants with a warming effect, and the negative bars represents 
pollutants with a cooling effect. Each bar shows the ton CO2-eq saved from each pollutant, and the 
light green shows the total reduced GWP for each region and time perspective. The total reduction in 
GWP for 20 years world and Arctic, respectively, are 1299 ton CO2-eq and 1334 ton CO2-eq per year. 
The total reduction in GWP for 100 years World and Arctic, respectively, are 1020 ton CO2-eq and 1001 
ton CO2-eq per year. The most common unit to provide the GWP in, is a 100-year perspective with 
World specific factors according to IPCC 2013 report [28]. 

As the vessel of the case operates on the west coast of Norway, the World factors are considered to 
be representative for this case. The emission reduction as a result of the HBS is concluded to be 1020 
ton CO2-eq per year based on the fuel saved in scenario 2. This is the saved environmental impact of 
the HBS.   

There will probably be a saved cost for the shipping company due to reduced emission taxes, but this 
has not been considered in this assessment 
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Emission by battery system 

This section will discuss the environmental footprint concerning the production of the battery system 
involving the battery and the main power electronics. Producing batteries involves metals with 
environmental concerns and production processes that require great energy. 

The analysis is based on numbers provided by [72] study involving cradle to gate life cycle assessment 
regarding emission from battery production, battery specifications by Westcon P&A [10] and study 
done by [48]. The study from [72] analyzed the amount of CO2-eq during production of NCM lithium-
ion battery pack corresponding to an electric car. This chemistry is the same as used in the vessel of 
the case. Batteries for cars and marine applications will be different considering internal design, 
packing etc. this is not taken into account for this case. They found the global warming impact ranged 
from 172 to 487 kg CO2-eq/kWh where lowest and highest value reflects best and worst case of 
production. The typical battery installed in the case is 653 kWh and gives the total CO2-eq of 320 ton 
CO2-eq based on worst case of production and a 100 year GWP perspective. Compared to [48] study 
they found battery for the PSV only contributes to 285 kg CO2-eq/kWh. The batteries for this case is 
produced in South Korea, the worst case of production, 487 kg CO2-eq/kWh from [72] will be used. 
From [48] the power electronics for a PSV was found to represent 30% of the GWP from the battery, 
this is assumed in this estimation.  

According to Scenario 2 in section 7.5.1 the annual fuel reduced by 276.9 ton LNG and 75.4 ton MGO. 
Pervious section concluded this to reduce the environmental impact by 1020.0 ton CO2-eq per year 
according to World factors in a 100-year perspective. Hence 10200 ton CO2-eq over the intended 
lifetime of the HBS. Figure 47 represents the reduced environmental impact due to fuel saved 
compared with the impact from production of the battery and the power electronics. Over ten years 
of operation the impact saved due to fuel reduction is 10 200 ton CO2-eq. The GWP caused by 
production of battery and power electronics is payed back after 4.9 month of operation with the HBS.  

It becomes clear that the impact related to production are very small when related to the impact 
reduced by operation of the HBS. For further details and scenario 1 see Appendix G. The environmental 
impact from production of the battery and power electronics are concluded to be negligible compared 
to the fuel savings from utilizing the HBS.  

 
Figure 47: Impact by production of the battery system compared with saved due to fuel reduction in scenario 2 during 10 

years of operation, in ton CO2-eq. 
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7.6.2. Maintenance 
Maintenance and overhauls of machinery are done in time intervals, which are provided by the 
manufacturers. A software logs online hours and when certain numbers of online hours are reached, 
the technicians are informed that maintenance must be done. Online hours are here defined as the 
number of engine running hours. If four engines operate in one hour, the result is four online hours. 

Figure 48 indicates a reduction in online hours, calculated to be 12%, before and after the battery 
system was installed, from 2015 to 2016. The online hours provided comes from June to October, June 
deviates from the defined sampling period from July to December, but that is the data available and 
the battery was operative. The vessel was operative 3455 hrs. in 2016 and 3572 hrs. in 2015 in the 
considered period, corresponding to 3% less operative time in 2016. Assuming a linear reduction in 
online hours with operating time, the average reduction of online hours is 9% (12%-3%) after 
introducing the hybrid battery system.  

The data gives good indications of reduction. With more comprehensive data the reduction can be 
stated with higher certainty. There may also be data from more vessels. If the time reveals greater 
reduction, this will increase the economic benefits.   

 
Figure 48: Online hours of the four engines from each month in 2015 and 2016 [59]. 
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7.7. Other important challenges 
The following section will describe challenges related to the HBS of the case and in general. This 
involves crew training, performance reduction of the battery and generation development of engine 
efficiency. 

7.7.1. Crew experience 
The general preferred work practice within a shipping company is to a large extent defined and 
enforced by the onshore department. When introducing new technology onboard the vessel it is highly 
important to maintain actual work the same as preferred work practices. The shipping company must 
aim to standardize the preferred work so that it is well known by the crew and is reflected in the 
company policy [73]. The fact that preferred and actual work differs may be a result of the effect Snook 
described like this “Over time, globally designed by locally impractical procedures lose out to practical 
action when no one complains. Gradually, locally efficient behavior becomes accepted practice” [74]. 

Set in a vessels perspective the crew can be regarded as an isolated community, and may contribute 
to a slow and steady drift of local practice from written procedures [73]. The battery system has been 
operative for more than one year. The battery system requires new procedures and a new and 
different area of crew competence compared to traditional machinery.  

The system is designed to have similar interface as a conventional generator. Still the crew must learn 
how to react to alarms, signals and symptoms from the HBS. During the time of operation there have 
been several occasions, indicating lack of knowledge of the HBS procedures and behavior. The 
consequence can affect the battery performance negatively immediately and in a long term 
perspective.  Due to exposure to temperatures, SOC, humidity and so on outside of the set values. This 
can be a challenge when new technology is introduced, and it is recommended as an area of focus to 
secure optimal operation and performance of the system. In order to maintain the fuel consumption 
and battery system functionality it is important to prioritize training of the crew and information about 
the best work practice. This will assure good knowledge, ownership and interest. Giving the foremen 
and the team authority to adjust the procedures according to experience and changes in work 
situation, have been successful in the nuclear power plant industry. The work force supported the 
procedures and the procedures became self-corrected [75]. This strategy could be suitable in the 
shipping industry related to HBS and also for the conventional system within the vessel.  

A visit on the vessel in February 2016 gave the impression that the crew was positive to the new 
technology. A captain stated that maneuvering the vessel is “Like driving a Tesla” [1]. This gives good 
indication of the agile and response properties of the 95m long vessel.    

More specific work and data must be done to assure good quality on this field. This could be to log 
systematically every occasion of alarm from the system, and followed up by short explanation. It is 
important to maintain focus on crew training to avoid that procedures and normative behavior drift 
away from the standards provided by the supplier of the respective systems. And the recommendation 
is to maintain an active focus on this area. Some ship owners claim to gained good profit from 
increased focus on this area [76]. 

  



71 
 

7.7.2. Performance reduction 
In terms of battery performance, there will be degradation as times goes, due to aging and various 
cyclic loading. The battery cycle life is defined as the time or the numbers of cycles before the battery 
capacity falls below 80% on initial capacity. Predicting the performance development involve extensive 
simulation based on experience of performance degradation for similar chemistries. Figure 49 shows 
the result of the simulations done by the battery supplier. It predicts a remaining capacity of 84%, after 
10 years of operating in the profile given in Table 12. The battery is then stated to have a cycle life of 
10 years [50]. 

 
Figure 49: The curve of capacity degradation for the battery over the lifetime, simulated [50]. 

Table 12: Operation profile for the vessel assumed in the simulations, ON/OFF refers to start stop [50]. 

 

Little experience is sustained related to operate a battery of this size with this kind of operational 
pattern involving peak shaving, spinning reserve and start-stop mode. Therefore, there is excitement 
connected to how the capacity will degradant due to loading and aging [16]. A capacity test of the 
battery is required to be executed annually to determine the State of Health (SOH). The first test was 
done in April 2016 and gave a result of 102% and the next test will be done during 2017.  

 

 
(

648 𝑘𝑊ℎ ∙ 0.82 − 648 𝑘𝑊ℎ ∙ 0.12

1600 𝑘𝑊
) ∙ 60 = 15.3 𝑚𝑖𝑛𝑢𝑡𝑒𝑠 (7.2) 

 

If the aging prediction mentioned above reveals to be true after 10-years, the case of abandonment in 
a critical situation the battery can provide the system with power in 15.3 minutes as calculated in 
equation (7.2). If so, the maximum abortion time of 7 minutes will still be fulfilled with a good margin. 
More years of operation must be obtained to form a good basis for evaluation and conclusion at this 
area. 
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7.7.3. Generation development 
The hybrid battery technology mainly provides reduction in fuel consumption as a function of how 
many online engines can be reduced. Further making the residual engines operate at higher MCR 
resulting in more optimal consumption. Therefore, the fuel reduction is a consequence of less fuel 
consumed per kilowatt produced and less running engines. As the vessel of the case was among the 
first LNG fueled PSV, over a decade of engine development have improved overall efficiency, engine 
control and monitoring [39]. Figure 50 shows the engine profile corresponding to the case, as the first 
generation, and the state of the art LNG engine. Improvements to the whole power range can be 
observed. The greatest improvement has been at loads below 40%. This will affect the potential for 
fuel reduction associated with installing a battery hybrid system.  

Note that these graphs come from testing in ideal temperatures, new lubrication and no ship motions 
[39]. In real operation environment, both curves will probably be higher. 

  
Figure 50: Generation comparison of LNG Dual Fuel from 2003 and 2015 respectively both engines in size range of 2000  

Based on the SFOC curve to the state of the art engine and the theoretical calculation method of the 
fuel reduction, an estimate of the potential by applying a HBS is carried out.  

The result is shown in Table 13 and is the same calculation method as in the start of section 7.5.1. The 
last generation LNG engine was estimated to provide an overall fuel reduction of 8% based on the 
operational profile from 2012 to 2015, and the same conditions and assumptions as in section 7.5.1. 

This indicates that the potential for fuel reduction by installing a HBS can be expected to be lower for 
a vessel with state of the art power system.  
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Table 13: Fuel reduction with the theoretical calculation method and four generators of 2010 kW each before and after implementing the HBS. Based on SFOC for the state of the art DF engine 
and the operation profile from 2012 to 2015. *improved 3% due to peak shaving mode, ** SFOC set to sweet spot due to start stop mode. 

  

Conventional setup         

Mode Hrs./yr. GN (kW) MCR (%) Total (kW) No. G MCR (%) SFOC (g/kWh) ton/hr. ton/yr. % red. 

Transit HI 88 1065 52 4260 4 53 189 0.80514 70.53 

Transit LO 2453 900 44 1800 2 45 190 0.34200 838.86 

DP 3592 300 15 900 3 15 240 0.21600 775.79 

Standby 175 450 22 900 2 22 213 0.19170 33.59 

Harbor 2540 500 24 500 1 25 199 0.09950 252.77 

Sum         1 971.53 

Hybrid setup         

Transit HI 88 1420 69 4260 3 71 191 * 0.78925 66.97 6.4 

Transit LO 2453 1800 88 1800 2 45 192 * 0.33523 813.69 6.9 

DP 3592 900 22 900 2 22 255 * 0.22262 661.58 18.6 

Standby 175 900 44 900 1 45 200 * 0.17460 29.06 23.9 

Harbor(start/stop) 2540 500 24 500 1 25 192 ** 0.09600  235.43 18.3 

Sum         1806.7  

Total reduction         164.8 8.4 
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8. Conclusion 
The prime objective for this thesis has been to analyze and quantify the effect of implementing a Hybrid 
Battery System (HBS) to a Platform Support Vessel (PSV) by using the battery to optimize the original 
power system.  

The main advantages of implementing a HBS to a vessel is the reduction in fuel consumption and 
exhaust gas emission. When the load demand changes during an operation, the battery system gives 
instant access to power while a combustion engine takes time to change. To compensate for the time 
delay, the combustion engine operates at a higher load than required causing a waste of energy. In 
general, vessels that spend significant time in station keeping, have the greatest benefit of HBS. This is 
due to unfavorable loading of the engines to fulfill the redundancy requirements in this mode. In 
addition, vessels with a wide power demand, meaning vessels with varying load demand such as 
icebreakers and tugboats can expect to save significant fuel by introducing a HBS system.  

The case analysis of Viking Energy gave an annual reduction in fuel of 13% comparing the sampling 
period with historical data given the same operation time distribution for the vessel. Normalizing both 
to actual distribution over a three-year operation period gives a calculated reduction of 17% due to a 
more favorable distribution. The difference is mainly due to a higher portion of Dynamic Positioning 
(DP) mode in the historical data. The economical evaluation concluded that the minimum threshold 
for overall fuel reduction to be 15% for the investment to break even in a ten-year perspective. Based 
on the few months of data the reduction in engine online hours is found to be 9% relative to the online 
hours for the same month the previous year. The potential for fuel reduction by the HBS is dependent 
on the efficiency of the original engines. This is because more modern engines operate with a lower 
specific fuel consumption at medium to low loads. The HBS system was found to have a significant 
positive effect on fuel consumption in change in weather conditions when operating in DP. The system 
particularly has a positive effect in calm weather conditions.  

The hybrid battery technology definitely gives significant fuel reduction, given the right operation 
profile for the vessel. This is due to reduced numbers of online engines and more optimal loading. It is 
recommended to install this type of HBS for vessels that operate in DP for more than 34% of the total 
time or a mode providing a similar level of fuel saving to meet an overall reduction of 15%. 
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9. Recommendation for further work 
This thesis has been focusing on quantifying the effect of applying a Hybrid Battery System (HBS) on a 
Platform Support Vessel (PSV) by using the battery to optimize the original power system. This is done 
based on a HBS retrofitted to the PSV of the case. 

More data 

As time goes a longer period of operational data will be available and probably from more vessels. A 
study covering data from numbers of systems and a longer period of operational data will contribute 
to a further quantification of the effect. 

New build 

The HBS in this thesis is retrofitted on the vessel. So an interesting study would be to assess the 
economic benefits and the potential for fuel saving when implementing the HBS as the original power 
system. 

Other vessels and vessels types 

The author assesses briefly other vessels that are considered to have a potential benefit of the HBS. A 
more detailed study assessing the feasibility for other vessels that PSV for the HBS. 

System optimization 

The ship of the case is built, and the main bus distributes AC. Further work could be done to investigate 
the effect of hybrid battery system in vessels equipped with DC grid or other system related actions 
that can contribute to higher efficiency of the battery system. 

Detailed weather impact 

In this thesis the fuel consumption data is presented in a monthly average. To study of the fuel 
consumption data on a daily basis compared to AIS data and weather conditions could provide a more 
detailed relation between the weather and the fuel saving from the HBS. This in combination with 
optimal crew practice can provide greater total fuel reduction.  

Climate impact 

This thesis evaluated the reduced climate effect from the HBS at the vessel of the case. An interesting 
studying could investigate the potential saving related to more vessels implementing the technology.  
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Appendix A 
Table 14 Qualitative assessment of vessels applicability for the HBS. 

  SR PS EDP SS CI 

Platform Support Vessel           

Rigs and FPSO           

Special vessels           

Tugboats           

Ferries           

Icebreakers           

Lifting vessels           

Research vessels           

SR= Spinning reserve, PS=Peak Shaving, EDP=Enhanced Dynamic Performance, SS=Start-Stop,  

CI=Cold Ironing.  

Applicable =   

Feasible =  

Not applicable =  
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Appendix B 
The monthly difference from the 2012-2015 and 2016 data in the months involved in the sampling 
period. 

 

  

Figure 51: Monthly differential in the respective months between 2016 and 2012-2015 data. 

The reduction in the SFOC (g/kWh) related to each mode before and after operating with the hybrid 
battery system. This is used to find the unknown fuel reduction rates of Transit HI and Standby in 
section 7.5.1. 

 

Figure 52: Mean SFOC based on fuel consumption data from 2015 to 2016. 

Table 15: Reduction rate found from SFOC reduction related to each mode. 

 DP Transit LO Harbor 

Reduction rate (%) 32 3 19  



82 
 

Appendix C  
Figure 53 is a comparison between Hindcast NORA 10 data and measurements in the North Sea. It can 
be observed to correspond good with the measurements. 

 
Figure 53: Time series of Nora 10 and measured Hs for representative timeframe [65]. 
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The NORA 10 data was provided with values each 3 hour, thus 8 measurements each twenty-four hour. 
Each moth has been calculated for an average value. This has been done both for significant wave 
height (HS) and wind speed (WS). This was to validate if the weather in the sampling period was 
according to historical expectance. The wind and wave monthly average are plotted for each year from 
1958 to 2012, July to December. Then the average of all these years on a monthly basis are plotted 
together with the monthly average corresponding to the sampling period in 2016, 2015 and 2012 to 
2015. It can be observed that July, October, and November have smaller waves than the historical 
average. Further, December is found to have larger waves. The wind speed has much the same trend 
as waves with below expected in July, August, October, and November. And with wind speed higher 
than expected in September and December. The geographical point called Historical is used as a 
historical reference to validate weather data on the other locations. Figure 54 shows all geographical 
points of interests. 

The Hindcast model has generated a wind speed and wave height value for every 3-hour corresponding 
to 8 values every 24 hours.  

 

 
Figure 54: Map of the representative data points for each operation category 

Table 16 presents the coordinates behind the map in Figure 37 and Figure 54. 

Table 16: Coordinates of key points 

Point Coordinates (DD) 

Gullfax A 61.176106, 2.189150 

Oseberg A 60.491864, 2.827314 

Troll A 60.645639, 3.726494 

Field 60.645639, 3.726494 

Transit 60.92,03.24 

Harbor 60.83,04.43 

Historical (1956-2012) 61.20,01.86 

Mongstad 60.814792, 5.036756 
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Appendix D 

 
Figure 55 Wave height and Wind speed left and right. Comparing Hindcast NORA 10 data from 1958-2012, 2012-2015, 2015 

and 2016 in a monthly average value. 

 

 
Figure 56: Historical monthly average HS from 1958 to 2012. 
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Figure 57: Monthly average HS from historical data compared to 2016 in respective months.  

 
Figure 58: Monthly average HS from historical data compared to 2015 in respective months. 
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Figure 59 Historical monthly average Ws from 1958 to 2012. 

 
Figure 60: Monthly average Ws from historical data compared to 2016 in respective months. 
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Figure 61: Monthly average Ws from historical data compared to 2015 in respective months. 
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Appendix E 
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Linear interpolation to estimate the threshold in minimum time spent in dynamic positioning in order 
to gain economical profit. 

 
Figure 62: Linear interpolation finding the minimum time spent in DP for the vessel to gain profit of the HBS. 

Linear interpolation to estimate the threshold in minimum overall fuel reduction to break even the 
initial investment. 

 
Figure 63: Linear interpolation finding the minimum threshold for overall fuel saving for the vessel to break even the 

investment of the HBS. 
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Appendix F 
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