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Abstract  
With the change in climate, the need for clean, fossil fuel-free generated electricity has become 
imperative. Many types of renewable energies have been researched during the last decades. 
Amongst them, wave energy is being researched thoroughly by university groups all over the 
world. The focus of this thesis is on the wave power group of the division of Electricity at 
Uppsala University (UU). The UU wave energy project started in 2001. Since then, three dif-
ferent generations of Wave Energy Converters (WECs) of various designs have been developed 
and deployed offshore. The first full scale WEC was deployed in 2006 at the Lysekil research 
site (LRS), on the Swedish west coast. From that time on, 14 more WECs have been deployed 
by UU at the same location. The WEC’s working principle is a point absorber with a linear 
generator, consisting of a stator and a translator enclosed in a watertight hull for protection. The 
translator is directly connected, through a steel wire, to a buoy. The buoy, moving with the 
wave motion, allows the generator to transform this kinetic energy into electricity. The gener-
ator is mounted on a concrete gravity foundation to keep it securely on the seabed. A marine 
substation (MS) has been developed as an offshore interconnection point, transferring the ab-
sorbed wave energy to the shore. The MS also facilitates the individual WEC control, improves 
the transmission efficiency and reduces the number of cables required.     

A spin-off company from UU, Seabased Industry AB (SIAB), has been manufacturing and 
deploying numerous WECs and two MSs since 2008. Those WECs are following the UU WEC 
main principle. SIAB and UU are collaborating closely in several projects. 

 The high installation costs, operation costs, maintenance costs and decommissioning costs 
are the main reasons which hinder most of the experimental marine energy converter devices 
from entering a commercial phase. [1] [2] 

The focus of this thesis is on studying and evaluating the installation process of the genera-
tors, that is a costly and time-consuming procedure, which also raises safety issues. By partici-
pating, studying and reviewing the several offshore deployments of WECs and the MS, an eco-
nomic evaluation, time evaluation and safety evaluation have been carried out.  

Both the UU and SIAB deployments have been conducted using different methods and hir-
ing different vessels. Most of the UU deployments took place in Lysekil, except for one which 
was carried out in Åland, Finland. The SIAB deployments took place in Sotenäs, in the Maren 
test site (MTS) in Norway, and in Ada Foah, in Ghana. By studying all of the above deploy-
ments, four offshore deployment methodologies and various vessels are evaluated for cost ef-
ficiency, time efficiency and safety efficiency. With the right combination of vessel and 
method, depending on the deployment type, the offshore operation efficiency can be maxim-
ized.  

Besides focusing on analyzing offshore deployments of WECs and MSs, the main issues 
and constrains of such an operation are analyzed creating an “offshore deployment diary” to 
avoid repeating mistakes.  

By proposing the use of new technologies, choosing the most suitable vessel and deploy-
ment method and being aware of common problems which occurred in the past, and by detailed 
planning, offshore deployment procedures can be optimized, saving cost and time, within a 
safety frame. 
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1. Introduction 

1.1 Renewable energy resources 
The high dependence on polluting fossil fuels has led to the research of re-
newable energy forms. Renewable energy resources include solar power, wind 
power, ocean energy (wave and marine currents), hydropower, geothermal 
power, biomass energy [3] [4]. These renewable energy sources are boundless 
and to a large extend unexploited. Moreover, the reduced emissions and the 
minimal environmental impact compared to fossil fuels use, are strong ad-
vantages [5] [6] [7].  

The ocean can provide the world with a vast and never-ending energy 
source [8]. Electricity derived and converted from ocean waves is a particu-
larly fast-growing research field. To extract and convert energy from the 
waves, wave energy converters (WEC) have been invented and developed 
through the years, mostly experimentally [1], [9], [10], [11], [12], [13], [14]. 
The high installation costs, operation costs, maintenance costs and decommis-
sioning costs are preventing most of the WEC technologies from reaching the 
commercialization stage [1] [2]. 

1.2 UU WEC concept 
More than 1000 patents of wave energy converters currently exist worldwide 
[14]. The WECs are generally categorized by a) location and b) type. Depend-
ing on where the WEC is placed, it is classified as i) shoreline, ii) nearshore 
or, iii) offshore device. The WECs types can be categorized as: i) attenuator, 
ii) point absorber or iii) terminator. [13] Some of the best known examples of 
these technologies are the Pelamis1, an offshore device of the attenuator type, 
the Wave Dragon2, an offshore terminator device, and the OPT3, an offshore, 
point absorber power buoy.  

The wave group at the Electricity division at Uppsala University (UU), has 
developed, manufactured and deployed a certain type of WEC since 2006. The 
UU WEC is an offshore point absorber with a direct driven linear generator 
power take off. A watertight hull is surrounding the generator which consists 
                               
1 http://www.pelamiswave.com/pelamis-technology/ 
2 http://www.wavedragon.net/index.php 
3 http://www.oceanpowertechnologies.com/ 
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of a stator and a translator. The stator consists of windings and the translator 
of permanent ferrite or neodymium (Nd2Fe14B) magnets. A buoy is connected 
directly to the translator through a steel wire. As the buoy moves with the 
wave motion, the generator transforms this kinetic energy into electricity. This 
generator–buoy system is kept on the seabed with a concrete gravity founda-
tion. The WECs are designed to operate in depths of 20 to 100 meters.  

One generator can deliver only a limited amount of power. Hence, a cluster 
of WECs which are connected to form a wave power park should be deployed. 
In that case, one needs a marine substation (MS) interconnected with the gen-
erators to take the generated electricity and transmit it to the shore [15]. The 
MS is designed in such a way as to maximize the electrical efficiency and the 
reliability of the WECs, minimizing the overall cost. The MS makes it possi-
ble to control the WECs individually and optimizes the power and the damp-
ing of the WECs. Moreover, it rectifies every WEC’s current to DC and then 
converts it to AC for connection to the grid. It also improves the transmission 
efficiency of the WECs and reduces the sea cable cost. [16] 

The UU WEC and MS are shown in Figure 1. 
 

  
Figure 1. The UU WEC (left) and MS (right) 

This concept developed by UU, has been commercialized by Seabased Indus-
try AB (SIAB). Both UU and SIAB are collaborating in several research pro-
jects. 

1.3 Locations of deployments 
The WEC and the MS deployments that are presented here have been carried 
out in various locations.  

The Lysekil project is the official wave energy project of the Electricity 
division at UU and the experiments are taking place at the Lysekil research 
site (LRS). The site is located on the Swedish west coast, 100 km north of 
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Gothenburg and 2 km from the island Härmanö. The test site covered an area 
of about 40,000 m2 until recently, when, along with renewing the license to 
operate in the area until 2034, the area was expanded to 0.5 km2.  This means 
that up to 20 WECs and two MSs can be in operation. The area’s depth is 
about 25 meters and the seabed consists mostly of sandy silts. [15] [17]  

Although most of the UU WEC deployments and MS deployments were 
performed at the LRS, the WESA (Wave Energy for a Sustainable Archipel-
ago) project deployment was carried out on Åland, Finland. This project was 
financed by the EU and was a collaboration between UU, Ålands Teknikklus-
ter r.f. and the University of Turku. [18], [19], [20], [21] 

The deployments conducted by SIAB have been carried out at Sotenäs, 
Sweden, in Maren, Norway, and Ada Foah, Ghana. 

The Sotenäs deployment site is located on the Swedish west coast, north-
west of Smögen. The depth at the area is about 50 m. This project is ongoing. 

The Norway deployment project was a cooperation between Runde Envi-
ronmental Centre (REC) ltd, Vattenfall AB and the Norwegian electricity pro-
ducer and distributor Tussa Kraft AS. The operation was carried out at the 
Maren Test Site. This site is placed 400 meters off the Island of Runde and the 
deployment spot is 15 km from the shore. The depth at the deployment loca-
tion is about 50 m. [22] 

In April 2015, a SIAB customer held an offshore deployment in Ghana, 
approximately 3 km offshore, in the sea outside the estuary of the Volta River, 
near Ada Foah, a coastal town in the Greater Accra Region of Ghana. This site 
had the shallowest waters so far, with the depth at the deployment site being 
16m. [23] 
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Figure 2. Lysekil research site (a), Åland (b), Sotenäs (c), Maren 
test site (d), Ada Foah (e)     

1.4 Issues and approach 
There are differences in the deployment methods of the offshore deployments 
of WECs and/or MSs. The way an offshore operation is conducted depends 
on various conditions. The main conditions are: the depth of the deployment 
location, its distance from the shore, the operation budget, the number and the 
dimensions of the devices to be deployed and the weather and the wave cli-
mate at the site of interest. These conditions will determine the type of vessel 
to hire and the general deployment methodology. 

Various issues and difficulties can occur while deploying a WEC. The most 
serious incident so far was a pressurization hose snapping during a WEC’s 
transportation to the deployment spot which nearly destroyed the generator, 
so the whole operation had to be aborted. Other common problems encoun-
tered during deployment operations were delays due to weather circumstances 
or failure to deliver the hired vessel on time, as well as the entangling of the 
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various hoses and wires during generator transportation, and inefficient moor-
ing.  

All the above issues can cause delays, increase the overall costs and imperil 
the safety. Thus, a thorough planning prior to the operation is important. 
Moreover, the categorization of the deployment methods can help in quickly 
indicating the most suitable technique to follow, depending on the type of the 
offshore operation.  

This thesis is organized as follows: Chapter 2 describes the aim of the the-
sis, followed by the background in Chapter 3. In Chapter 4 the methods of this 
research are briefly presented. The results section in Chapter 5 gives the main 
outcomes of this research. The discussion section in Chapter 6 introduces the 
main issues derived from this work. The main conclusions are reported in 
Chapter 7, followed by the future work goals in Chapter 8 and a brief presen-
tation of the papers this thesis is based on in Chapter 9.   
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2. Scope of the thesis 

The aim of this thesis is to study, review and evaluate the offshore deployment 
methods of the WECs and the MSs designed and developed by UU and SIAB.  
These deployments are evaluated in terms of economic efficiency, time effi-
ciency and safety efficiency. The study is based on information of experi-
mental work conducted at UU and SIAB, on various deployment occasions 
using several deployment vessels. By comparing all the previous deployments 
methods, the most suitable according to the deployment type was decided, 
meaning the fastest, the most economic and the safest. Knowledge and under-
standing was gained regarding which method works under given circum-
stances. Moreover, various solutions were proposed to the problems faced dur-
ing the operations to save time and costs while ensuring safety. No research 
has been conducted on the offshore operations at the division of Electricity at 
UU, therefore this thesis is unique. More comprehensive information on the 
research within the wave energy field at the Electricity division and defended 
dissertations can be found at the division’s webpage4. 

This work contributes to keeping an “offshore deployment diary”, so as not 
to repeat the same mistakes. It can also be useful in identifying easily and fast 
which deployment method and which vessel is the best to use according to the 
deployment type (mass or single WEC deployment, MS deployment, includ-
ing buoys or not etc.). It is important to share prior experience and knowledge, 
to raise awareness on, and attract more attention of the scientific community 
to the necessity to develop technologies reducing operational expenses. 

With further research, a specialized vessel [24] could be introduced to fur-
ther optimize the WECs and MSs offshore deployments. 

All of the above, provides a background study and suggestions for Hydro-
kinetic Energy Converters (HECs) offshore deployments. The study and the 
evaluation of the offshore deployment methods of HECs will be conducted 
later. 

 
 

 
 
 

                               
4 http://www.teknik.uu.se/electricity 
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3. Background 

Offshore deployments of WECs, buoys, MSs and cables are complex, costly 
and time-consuming procedures that need precise planning and organizing. 
For the deployment of a UU WEC for example, the most common steps to be 
followed are described below. 

 
1) Preparation. To prepare a WEC for underwater operation, after being 

manufactured and assembled, some tests must be done. The most com-
mon tests are the factory acceptance test (FAT), the leakage test and 
the induction (voltage) tests. Once it is ensured that the WEC fulfills 
the requirements of functioning in the sea, the generator is connected 
to the slings, the shackles, the chains, the pressurization, the protection, 
the lines, etc. to be ready for lifting. 

2) Transfer. a) Transferring the generator from the factory to the quay de-
pends on the conditions and the surrounding environment. So far it has 
been done with a big truck, passing through the town, and with a barge, 
by sea. The WEC was tied firmly onto the truck so it could not slip and 
be damaged or cause an accident. b) The WEC’s transfer to the deploy-
ment spot has been done mostly with a barge and lately with a tugboat. 
When using a barge, the WEC is placed on the barge but when the tug-
boat is used, the WEC is towed behind the tugboat fully submerged. 

3) Deployment. To lift the WEC for submersion, one uses slings and 
shackles of the proper capacity. When in the deployment spot, the gen-
erator is lowered slowly onto the seabed. While being lowered, the 
WEC is filled with nitrogen gas of 0.1 bar for every meter of submer-
sion to achieve even pressure for the generator. For example, in the 
LRS, the depth is 20 to 25 meters, so the WEC’s hull is pressurized 
with 2.5 bars at the sea bottom.  

4) Final processing. Once the generator is put on the seabed, the divers 
(or the ROVs if available) untie the slings and the shackles from the 
WEC and make all the necessary cable connections. Hiring divers is 
expensive and under certain weather circumstances, dangerous, but 
they are very efficient. The ROVs on the other hand, are, to date, com-
paratively slower in finishing tasks but can operate under most weather 
conditions and are cheaper. 

The costs of an offshore deployment are usually high and can easily in-
crease. The vessel choice and the use of divers determine the final price, as 
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these are the main expenses. The choice between divers or ROVs also influ-
ences the final costs. Amongst the total expenses are some which are unavoid-
able, such as the crane and crew costs, see Paper V. 

The time it takes for an offshore deployment to be completed affects the 
expenses of the operation. Offshore operations are weather dependent and the 
weather windows for such operations are narrow. If a vessel is rented for an 
offshore deployment but it cannot operate offshore due to the weather, the 
rental fee still has to be paid.  

Safety is a key issue in such operations. Every procedure must follow all 
the safety rules, according to the country’s laws and the vessel’s regulations.   

Lastly, the type of deployment can affect the deployment method. For mass 
deployment, the vessel must be large enough to carry the devices and have a 
crane to deploy them. There is more flexibility if only a single unit is to be 
deployed. 
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4. Methods 

Papers (I) and (II) are describing and evaluating offshore deployments of 
WECs conducted by SIAB and UU respectively. These review papers were 
based on active participation at some of those deployments and discussions 
with the people present at all the other deployments. By going through the 
approaches of previous offshore deployments of WECs, the most prominent 
problems were identified and solutions were proposed to optimize the offshore 
deployment. Moreover, Papers (I) and (II) can be used as deployment diaries, 
pointing out important problems that should be avoided, and contributing to 
the optimization of offshore deployment methods. The offshore deployment 
evaluation examines the economic efficiency, the time efficiency and the 
safety efficiency. The main results of these reviews are summed up in Tables 
2, 3 and 4, where the main vessels, the method used, as well as the disad-
vantages of each operation are briefly presented. Papers (V) and (VI) also de-
scribe and evaluate the offshore deployment procedures of the UU WECs and 
MS, respectively.  

For this work the author reviewed literature on past deployments, had con-
versations with people who participated in the deployments, and in some 
cases, participated actively in certain deployments. The conclusions derived 
from these papers are shown in the conclusion section of this thesis. 

The above papers are based on a) information obtained in personal com-
munication with Robert Leandersson, Boel Ekergård, Daniel Käller, Jan Sun-
deberg, Rafael Waters, Andrej Savin, Erland Strömstedt, Bjorn Bolund and 
Mats Leijon who participated in past deployments, b) published studies [17] 
[25], and c) personal experience gained by the author’s active participation in 
a number of deployments.  

In Papers (III) and (IV), updates on the Lysekil project are presented. The 
author participated actively in preparing the WEC L10 before deployment and 
was also present when it was deployed for the first time. Sections of these 
papers are referred to throughout this thesis. 
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5. Results  

The results presented in this Section are shown in Papers (I), (II), (V), (VI). 

5.1 UU and SIAB deployments 
All the offshore deployment experiments conducted by UU took place at the 
LRS, except the WESA project which took place in Åland, Finland. Most of 
them were described to the author by participants and in some others the au-
thor actively participated. Most of the SIAB deployments were accomplished 
at Sotenäs, with the exception of the first SIAB deployment which was con-
ducted in Norway, at the Maren Test Site and the Ghana project deployment 
which took place in the sea outside the estuary of the Volta River. These off-
shore operations were described to the author by active participants, during 
personal communication. 

The offshore deployments differed in many ways: a) they were conducted 
in various sea depths, from 20 to 50 meters, b) some were experimental while 
others were commercial deployments, c) they were single or multiple WEC 
deployments, etc. Besides these differences in operations, an evaluation was 
conducted in terms of economic efficiency, time efficiency and safety effi-
ciency, as shown in Table 2 and Table 3. Moreover, the three offshore deploy-
ment approaches presented and evaluated in Paper II are shown in Table 4. 

The deployment type is dependent on three main parameters: 
1) The vessel employed:  

a) Barge  
         i) With a high capacity crane mounted on it 
         ii) With a special structure fitted on the aft 

b) Tugboat 
c) Specialized offshore operation vessel 

2) The placement of the converter on the vessel 
a) On the barge/specialized vessel 
b) Hanging from the special structure on the barge 
c) Towed submerged/semi-submerged from the aft of the tugboat  

3) The submerging method of the generator 
a) Lowered onto the seabed by the high capacity crane from the   

barge/specialized vessel 
b) Lowered onto the sea bottom by the tugboat’s winch system  
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c) Lowered from the wires of the special structure attached to the barge 
According to the above and considering the vessel used, there are four off-

shore deployment methods for WECs and MSs: a) the barge–special structure 
method, b) the barge–crane method, c) the tugboat, and, d) the specialized 
vessel approach (Fig. 3 a, 3 b, 3 c and 3 d respectively). 

 
Figure 3. The four deployment methods: barge–special structure (a), barge–crane 
(b), tugboat (c), specialized vessel (d)  
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5.1.1 The barge–special structure method 
The barge–special structure method (Fig. 3 a) includes a tugboat that trans-
ports the barge, a barge, and a special structure mounted on the barge that 
transports and deploys the WEC. With this method, the L1 WEC from UU, 10 
SIAB WECs and the SIAB MS were deployed (Fig. 4 a). To deploy the first 
full scale generator developed by UU, the L1, its buoy and a 100 meter power 
cable (March 2006), a special structure comprised of steel beams and hydrau-
lic wire jacks, was welded on the barge aft. The structure held the WEC semi-
submerged during transportation and, when on spot, the hydraulic wire jacks 
holding the WEC were released to submerge it. The tugboat hired was the 
“Belos” from the company Buksér og Berging, and the “Kanalia” barge was 
hired from the Sandinge Bogsering & Sjötransport company. The wire jacks 
and the special structure that was made from four metallic beams, was con-
structed and welded on the barge by the Tunga Lyft company. No cranes were 
used during the offshore operation and the special structure was removed from 
the barge after the deployment was completed. The crew employed was the 
tugboat crew of four people, three employees from UU and the barge, and four 
divers hired from the company the company Dyk & Sjötjänst i Uddevalla AB 
[25], [26], [27], [28] 

A similar technique was used to deploy the first 10 generators of the 
Sotenäs project in June 2014. For this operation, the Samson (Fig. 4 b), a fixed 
A-frame crane barge was hired. Two generators were held in the crane hooks, 
hanging from wires, during transportation. ROVs were used extensively for 
the connections and disconnections, so no divers were needed. The crew con-
sisted of ten people, working 12-hour shifts.    

Lastly, the SIAB MS was deployed using the barge–special structure ap-
proach. The barge was the “Pharaoh”, a flat barge, onto which the SIAB em-
ployees built an 80-ton capacity crane (Fig. 4 c). Two winches were coming 
out of the crane, from which the MS was hanging with steel wires. The MS 
was transported to the deployment spot submerged because it weighs less that 
way (it weighs 20 tons in water and 115 tons in the air). The crane on the quay 
lifted and hooked the MS to the crane’s winches on the barge. The crane sys-
tem was de-mounted after the operation. Six people from SIAB worked on the 
barge. There has been an attempt to deploy WECs with this structure but it did 
not work. 

This method is inefficient, since it can carry only one or two devices at a 
time, which is a very slow pace in the case of a mass deployment. Apart from 
that, the special structure makes the vessel harder to maneuver. 
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Figure 4. The L1 deployment with the Kanalia barge (a), the SIAB WECs are be-
ing transported with the Samson barge (b) and the MS on the Pharaoh barge (c) 

5.1.2 The barge–crane method  
This deployment approach is the one used most frequently so far by both UU 
and SIAB. This method uses a tugboat which transports the barge which car-
ries the WECs and/or the MS. On the barge, a rented high capacity crane is 
mounted to submerge the generators. The Lysekil quays’ large capacity crane 
was hired when the deployment was conducted at the LRS or Sotenäs to place 
the WECs and the MS onto the barge. For other locations, the procedure is 
explained below. The crew usually includes 4 divers, the employees from the 
tugboat, the barge, UU, SIAB and the crane drivers. The divers’ crew were 
from the Marine Works company, except for the Norway and the WESA pro-
ject deployments. The deployments took place at the LRS, unless stated oth-
erwise. 

The following generators were deployed with the barge–crane deployment 
method: the L2 and the L3 in February 2009; two SIAB WECs of the L2 type 
with their buoys and a MS in September 2009 at the Maren Test Site, Norway; 
the L9 in December 2009; the L4, the L5, the L7 and the L8 in November 
2010; the WESA project WEC with its buoy and a wave measurement buoy 
in January 2012, in Åland, Finland; the L12B in March 2013; the L6, the L9 
(for the second time), the L12A and the MS in July 2013.  

A detailed description of the vessels, the equipment and the employees 
hired for each operation follows. 
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For the installation of the generators L2 and L3 (Fig. 5 a), two tugboats 
were employed both to transport the barge and to keep the barge in position. 
A medium-sized barge was used with a 100-ton capacity fixed crane. The crew 
consisted of five people and ten basic workers as well as four divers and three 
people from UU. Common lifting equipment, a GPS, and a depth measuring 
device were also used. More information about the L2 and the L3 WECs can 
be found in [29] and [30]. 

During the first SIAB operation (Fig. 5 b) at the Maren Test Site, Norway, 
the two WECs were deployed with their buoys while the underwater cable was 
laid on the sea bottom at the same time. The following vessels were hired: a 
large barge from Ulstein, towed by a tugboat, and equipped with a high ca-
pacity mobile crane, and the Nautilus Maxi from Seloy. The deployment crew 
totaled 20 people, two of them could operate the crane. The Ulstein carried 
the two WECs mounted on concrete foundations and attached to their buoys 
and the electrical cables. The cables from the WECs were rolled up on cable 
drums next to them. The Nautilus Maxi carried the MS, the electrical cable 
and the electrical cable drum. This vessel had a cable winch and high capacity 
deck cranes. It also transported the four divers. The specialized equipment 
included a pressurized chamber for the divers welded onto the smaller boat, 
the electrical cables’ drums and custom-made slings and shackles. 

To deploy the L9 generator (Fig. 5 c), the Boa Siw tugboat was transporting 
the Boa Barge 41 from Röda bolaget and a Kynningsrud mobile crane was 
used. The crew consisted of the four divers and five barge employees. More 
information on the L9 specifications is presented in [31] and [32]. 

The L4, L5, L7 and L8 WECs (Fig. 5 d) were deployed using the Svitzer 
Boss tugboat towing the Svitzer Lindo barge from Norway, and a Havator 
crane with a capacity of about 300 tons. The crew included five UU and SIAB 
employees and five more from the vessel, including one crane driver and 
lastly, the four divers. 

The WESA project customized L2 WEC (Fig. 5 e) with its buoy and a wave 
measurement buoy were deployed in Åland, Finland. For this installation, the 
tugboat Varma transporting a barge from Åbo was hired. On the barge, a mo-
bile crane with a lifting capacity of about 300 tons was secured. A small boat 
from the “Subsea Åland” company installed the cable. A vessel from the Bal-
tic Line transported the WEC from Sweden to Åland. The tugboat crew con-
sisted of four people. A crew of two divers was hired from a Finnish company 
and there was also one person from UU, one from SIAB and one from Åbo 
University as an observer. More information on the WESA research project 
can be found in [18], [19], [20] and [21]. 

The L12B (Fig. 5 f) was deployed with a Svitzer Boss tugboat transporting 
the Svitzer Ark barge with a high capacity “Nordic crane” secured on the 
barge. The employees consisted of personnel from the tugboat, the barge, UU, 
SIAB and four divers. In [17] [19], and [33] more technical details on the 
WEC design can be found. 
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For the deployment of the L6, L9, L12A and a MS (Fig. 5 g), a tugboat 
transporting the Svitzer Ark barge was hired. The high capacity mobile crane 
was mounted on the barge. The crew included three people from the tugboat, 
three employees from UU, three from SIAB and three more from the barge 
including the crane driver. The four divers were hired from Marine Works 
(MW). 

Table 1 shows the indicative cost of a barge–crane deployment in prices of 
2013. 

Table 1. WEC deployment expenses using the barge–crane method given in prices 
of 2013 (Paper V)  

Expense item Price 

Barge of 65 m length and 1120 m2 deck area 65,000 SEK/day 
To bring the barge to shore 50,000 SEK 
Rent of the barge (per day) 15,000 SEK/day 
Divers’ crew 80,000 SEK/day 
Crane 40,000 SEK/day 
Tugboat 45,500 SEK (=6.500 SEK/h. ×7 h.) 
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Figure 5. L2 and L3 installation (a), 2 WECs deployment in the Maren test site (b), 
L9 during submersion (c), L4, L5, L7 and L8 WECs (d), WESA WEC installation 
(e), L12B generator (f), L6, L9, L12A and MS deployment (g) 

5.1.3 The tugboat method 
The most recently tested offshore installation method, is the tugboat method 
(Fig. 3 c). This method uses a tugboat to transport the generator to the site. 
While it is being transported, the WEC is fully submerged behind the tugboat. 
After reaching the site, the tugboat positions and lowers the WEC onto the sea 
bottom with the wire or a fiber rope the tugboat provides. Hiring the tugboat 
includes a crew of five employees. All deployments carried out so far with 
this method, hired the four divers from MW for disconnecting the lifting slings 
and the pressurization equipment. No cranes are hired for the WEC’s installa-
tion, except for the harbor’s high capacity crane that is used to lift the WEC 
and attach it (place it) at the aft of the tugboat (Paper II). 

With this method, the L10 was deployed for the first time in April 2015 
(Fig. 6 to the left); the L10 (second attempt); the L12C in August 2015 and 
the L12D in June 2017.  

To deploy the L10, in April 2015, the Svitzer Thor tugboat (Fig. 6 to the 
right) with a crew of four people was used, accompanied by four divers and 
four UU employees. This attempt to deploy the generator failed because the 
wire used to tug the generator was not rotation free. The L10 rotated together 
with all the lifting slings, the lines and the pressure equipment, which all be-
came entangled and resulted in the snapping of the pressurization hose. The 
L10 was filled with sea water and the deployment was rescheduled for August 
2015.  

For the L10 and L12C deployment, the same vessel and crew were used. 
The differences from the previous deployment were that one employee was 
added to the tugboat crew and that a non-rotating wire was used as well as 
better equipment to protect and guide the pressure hose. Still, this was not a 
successful deployment for the L10 since the valve attached to the WEC’s hull 
came off due to vibration.  

The L12D generator was deployed successfully, using the same vessel, 
crew and equipment as above. 
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Figure 6. L10 during deployment, April 2015 (left), Svitzer Thor tugboat (right) 

5.1.4 The specialized vessel method 
The fourth offshore deployment approach (Fig. 3 d) uses only a specialized 
vessel. Hiring this type of vessel includes high capacity cranes, an experienced 
crew, a large deck and usually, ROVs. Thus, although it seems costly, the 
renting price includes everything needed for a deployment. Moreover, when 
renting a specialized vessel, as with the tugboat case, there is only one party 
to make arrangements with (the boat manager) so no time is spent on commu-
nications. Sometimes, hiring divers is required with this approach. This 
method was used by SIAB to deploy 25 WECs in April 2015, to deploy the 
MS and connect the buoys to the WECs and the cables to the MS, and finally 
to deploy another six WECs in Ghana (April 2015).  

For the deployment of the 25 WECs, the Dina Star (Fig. 7 a) was used with 
a crew of twenty people, including the ROVs’ crew of four. Two ROVs were 
included. Lastly, seven employees from SIAB participated in this operation.  

For the deployment operation of the MS, connecting the buoys to WECs 
and the cables’ connection to the MS, the Siem Daya 2 (Fig. 7 b) was used, a 
multi-purpose offshore vessel (MPOV), including two ROVs. The crew con-
sisted of 10 vessel employees and ten more for ROV driving and crane ma-
neuvering.  

To deploy six WECs in Ghana, Motor Vessel (M.V.) Craic (Fig. 7 c), a 
large specialized vessel with a fixed crane with a lifting capacity of 120 tons 
was employed, since it was the only vessel with a draft shallow enough to 
operate in 16 meters depth (which was the depth at the deployment spot). Two 
SIAB employees, fifteen from the vessel and three divers from Ghana were 
the crew. No ROVs or special equipment was used during this deployment 
besides two diving compressors that were included in the vessel’s equipment. 
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Figure 7. Dina Star (a), Siem Daya 2 (b), M.V. Craic (c) 

5.2 Vessel efficiency results 
By reviewing the deployments performed by SIAB, it was found that the most 
efficient vessels for these operations were the Dina Star and the Siem Daya 2. 
Being specialized vessels for offshore operations, they have important ad-
vantages like large deck space and crane capacity, the availability of ROVs, a 
mooring GPS, a DP system, and they are operating 24 hours. Although these 
vessels are the most expensive and have limited availability, depending on the 
demand, they offer value for money, since they do not cause any delays and 
are optimal for multiple WEC deployments. Besides, these ships can operate 
under larger weather windows than a common barge can. Specialized vessels 
complete the tasks fast, since they have good DP systems and they manage to 
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maneuver precisely on position with no delays. In addition, a large capacity 
crane is included in their rental costs. 

The least efficient vessel to use is a barge. Barges operate in narrow 
weather windows, which makes them more expensive long-term and they are 
harder to maneuver. The Samson barge for example, could only carry two 
WECs at a time and was very slow. When the Pharaoh barge was used, it had 
disadvantages in mooring and positioning since it did not have a DP system. 
Although it was only deploying the MS, the whole operation took 36 hours to 
complete. 

When it comes to single WEC deployments, or deploying two WECs per 
day, the tugboat is the most efficient vessel to hire. Tugboats operate fast and 
safely, their crews are experienced in such operations and they are the most 
cost efficient, compared to all other boats. 

Lastly, the vessel selection must comply with the availability, the demand, 
the locations’ wave climate, the offshore operation type (e.g. a single WEC or 
a mass deployment), and the location of the offshore operation.   

In Tables 2 and 3, the main advantages, disadvantages, accomplishments, 
the costs and the time of each of the SIAB and UU deployments are shown 
according to the vessel which was used. 

Table 2. Summary of the SIAB projects. The costs are presented as a percent of the 
overall deployment cost at Sotenäs (Paper I) 
Project Ves-

sels 
Advantages Disad-

vantages 
Crew Time Cost 

Norway Ulstein 
Seloy  

Crane capacity Depth and divers 10 p. 
 

6 h /WEC 30% 
 

Sotenäs Samson DP system ROVs 
Crane capacity  

2 WECs at a time 
very slow 

10 p. 2.4 h 
/WEC 

15% 

 Dina Star Vessel and crane 
capacity, ROVs, 
mooring GPS, DP 
system, operating 
24 h. 

Availability 
Cost 
Pilot  
Positioning 

31 p. 1.92 h 
/WEC 

50% 

 Pharaoh Low cost rate Mooring 
No DP system 

6 p. 36 h / MS 11% 

 
 
 
 
 
 
 
Ghana 

Siem 
Daya 2 
 
 
 
 
 
M.V. 
Craic 

Versatile 
Vessel capacity, 
Crane capacity 
ROVs 
GPS, DP system 
mooring, operat-
ing 24 h. 
Crane capacity 
Small draft 

Cost 
 
 
 
 
 
 
No DP system 

30 p. 
 
 
 
 
 
 
20 p. 

4 h / MS 
 
 
 
 
 
 
2.7 h 
/WEC 

24% 
 
 
 
 
 
 
>20% 
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Table 3. Summary of the UU projects 
Project WEC Vessels Ad-

vantages 
Disad-
vantages 

Crew Time   Cost 

Lysekil L1 Kanalia 
barge 

Safe 
Efficient 

Slow 
Hard to ma-
neuver 
Time loss to 
mount and 
demount 
structure 
Barge titled 
when deploy-
ing 

11 p. 12 h/ 
WEC 

Up to 
2.5  
MSE
K 

Lysekil 
 

L2, 
L3 

Medium 
sized 
barge 

Fixed 
crane of 
100 tons, 
GPS, 
depth 
measuring 
device 

Boat capacity 
not enough 
in harsh 
weather, 
crane close 
to its limit  
Positioning 
problems 

22 p. 
 

8 h/ 
WEC 
 

700,0
00  
SEK 

Lysekil  L9 Boa 
Barge 
41 

High ca-
pacity 
crane on 
the barge 

Difficulty to 
position the 
barge 

9 p. 12 h/ 
WEC 
 

900,0
00  
SEK 

Lysekil  L4, 
L5, 
L7, 
L8 

Lindo 
barge 

300 tons 
capacity 
crane 
Excellent  
barge po-
sitioning 

Not discov-
ered 

14 p. 3 h/ 
WEC 

900,0
00  
SEK 

WESA  
Åland 

L2 
type 

Barge 
from 
Åbo 

300 tons 
capacity 
crane 

Anchoring 
problem 
Icy, slippery 
conditions 
could jeop-
ardize safety 

9 p. 4 h/ 
WEC 

N/A 

Lysekil  L12B Svitzer 
Ark 
barge 

High ca-
pacity 
crane 

Slow 16 p. 10 h/ 
WEC 

850,0
00  
SEK 

Lysekil  L6, 
L9, 
L12A, 
MS 

Svitzer 
Ark 
barge 

High ca-
pacity 
crane 

Costly 12 p. 5 h/ 
WEC 

2,000,
000  
SEK 

Lysekil  L10, 
April 
2015 

Svitzer 
Thor 
tugboat 

Economi-
cal 
Efficient 
mooring 

No rotation-
free wire 
Deployment 
aborted 

13 p. N/A 270,0
00  
SEK 

Lysekil  L10, 
L12C, 
Au-
gust 
2015 

Svitzer 
Thor 
tugboat 

Economi-
cal 
Efficient 
mooring 
Non-rotat-
ing wire 
Equip-
ment to 
protect 
and guide 
the pres-
sure hose 

L10 deploy-
ment aborted 

14 p. 5 h/ 
WEC 

270,0
00  
SEK 
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5.3 Suggested deployment method: cost efficiency 
The tugboat deployment approach is the most economical, since it costs 
270,000 SEK per deployment day, including the divers’ crew payment. 

5.4 Suggested deployment method: time efficiency 
The Dina Star is the fastest vessel for mass deployment of the generators tak-
ing only 1.92 hours to deploy a WEC. The Svitzer Thor is the fastest option 
in the case of a single WEC or two WECs deployment, taking 5 to 6 hours to 
deploy a WEC. Thus, the specialized vessel method is the fastest for multiple 
deployments, while the tugboat method is the most time-efficient for single 
generator offshore deployments. 

5.5 Suggested deployment method: safety 
All four deployment methods are safe overall. The least safe, are the ones that 
include a barge (first and second method) because barges do not have gunnels 
and the working staff need to be more alert. The safest deployment method is 
the tugboat method, since tugboats have gunnels around and the crew is more 
protected when working. Nevertheless, all four methods were conducted by 
all safety standards. 

5.6 Suggested deployment method: multi-device 
deployments 
The barge–crane method is suggested for multiple deployments in the case of 
a relatively low budget. The usually large deck of a barge can fit multiple 
WECs and the crane used for their submersion is fast enough. The main draw-
back of this method is the delays due to the small operational weather win-
dows which can result in increasing costs.   

The specialized vessel deployment method is ideal when the budget is not 
restricted. It is a fast method and cost-efficient in the long run. It is also the 
safest and the specialized crew is an advantage. On the downside, the limited 
availability of the specialized vessels requires to plan the operation far ahead. 

5.7 Common problems 
During deployments, problems dependent on the deployment method may 
come up.  
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For the barge–special structure approach, the most common issues are the 
time loss and the extra work required to mount and demount the special struc-
ture on the barge and the limited maneuverability of the vessel. Besides that, 
no serious problems were faced when using this method. 

When a deployment is carried out with the tugboat–barge approach, the 
issues are the narrow operational weather windows that cause delays and in-
crease the overall costs and the restricted maneuverability of the vessel. More-
over, when the barge does not have a DP system, positioning problems arise, 
which cause time loss. 

The tugboat method, besides making it difficult to deploy a WEC with its 
buoy at the same time, can also cause vibration when transporting the WEC 
which can lead to snapping of the hoses.  

With the specialized vessel method, no problems have been encountered 
yet.  

Table 4. The three deployment methods: advantages, disadvantages, cost, time (Pa-
per II) 
Method Advantages Disadvantages Accomplish-

ments 
Cost Time 

Barge - spe-
cial struc-
ture  

Safe  
  

Not recom-
mended for 
multiple de-
ployments 

Deployed 
one WEC w/ 
buoy in a 
day 

2.5 MSEK 12 h/ WEC 

Barge - 
crane 

A safe/ 
fairly safe 
procedure, 
depending  

Recommended 
for multiple 
deployments 

Deployed 
ten WECs 

Varying 
from 
880,000 
SEK to 1.8 
MSEK 

8 h/ WEC 

Tugboat Safe Not recommended 
for multiple de-
ployments 

Deployed one 
WEC 

270,000 SEK/ 
day 

Varying from 5 
to 6 hours/ WEC 

5.8 MS deployment methods 
The MS of SIAB was deployed with the specialized vessel Siem Daya 2 as 
described in Section 5.1.4. That MS was different from the one described in 
the present section, and since the specialized vessel deployment was costly, it 
will not be compared here.  

During deployment, the UU MS [16] was pressurized with nitrogen of 
about 3 bars. This was slightly over the required pressurization for the 25 me-
ters depth it was submerged into. A pneumatic tool, attached to the exterior of 
the hull made the pressurization possible without the help of divers.  

The MS was mounted on a modular-shaped concrete gravity foundation. 
When it was submerged, four extra concrete blocks of 100 kg each were added 
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on the foundation to keep it steady. The total weight of the MS and the foun-
dation were chosen to cancel out the total buoyancy force. With this design, 
the installation costs are reduced.[16]  

Two methods are suggested for the offshore deployment of the MS. The 
first was described in section 5.1.2, the barge–crane method, and was used for 
the L6, L9, L12A and the MS deployment. The barge–crane method is costly, 
about 73,400 USD/day, and takes up to three hours. If one includes the trans-
portation time to and from the deployment spot, the deployment duration in-
creases to five hours. The price of this method is fixed, regardless of the num-
ber of MSs and WECs deployed. Information on the first MS constructed and 
deployed by UU is included in [28], [34], [35] and [36]. That deployment pro-
cedure was similar to the first method described here and will therefore not be 
discussed further.  

The second method uses a small boat, a crane with a capacity of 100 kg, 
lifting buoys, weights, a divers’ boat and a crew of four divers. Deploying the 
MS with this method (Fig. 8), consists of three steps. First, the small boat tows 
the MS to the deployment spot, while the MS floats with the help of two buoys. 
Secondly, when the MS is in the deployment spot, the buoys are detached and 
the extra weights are mounted on the foundation. This way, the MS is sub-
merged while pressurized. Lastly, once the MS is put on the sea bottom, addi-
tional concrete blocks are added for stability. The pressurizing cable can now 
be removed and the divers can connect the underwater cables. This method is 
almost ten times cheaper than the first method at a cost of about 8,600 
USD/day. It is also faster, taking about three hours to complete including 
transportation time.  

  
 
 
 
 
 
 
 
 
 
 

Figure 8. The MS second deployment method 

Table 5 shows a comparison between the two methods of offshore deploy-
ment of the MS. 
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Table 5. Comparison of the two offshore deployment methods for the MS 
Method Advantages Disadvantages Cost Time 
Barge–crane A safe/ fairly safe 

procedure, depend-
ing on the weather 
Recommended for 
multiple deploy-
ments 

Hard to maneuver 
Mooring problems 
Not time-efficient 
Expensive in the long 
term 
Small operational 
weather windows 

73,400 
USD/ 
day 

5 h 

Small boat and 
crane, lifting 
buoys, weights 

Safe 
Fast 
Economic 
Has a larger opera-
tional weather window 

Not recommended for mul-
tiple deployments 

8,600 USD/ 
day 

~ 3 h 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 35 

6. Discussion 

6.1 Difficulties faced during deployments 
The most common problems faced during offshore operations are technical 
problems, time efficiency, economic efficiency and safety efficiency issues. 

6.1.1 Technical problems 
Technical problems include the stability of the vessels and the mounted crane, 
mooring problems, inadequate lifting equipment, planning and organizational 
problems. 

The vessel’s ability to keep its position during the deployment process is 
crucial for the completion of the procedure and for safety reasons. This prob-
lem is specific to barges, since specialized boats or tugboats have different 
positioning and mooring systems that are strong and efficient. The lack of a 
DP system and adequate anchoring can affect the vessel’s balance especially 
in areas of strong winds and currents which can threaten the safety and even 
lead to the termination of the operation. Moreover, a specialized vessel can 
operate under a larger number of sea states but this is not the case with a barge. 

A stable anchoring method for barges is the four-point mooring position: 
anchoring the barge at 200 m distance on each of the vessels four sides. Fur-
thermore, the anchoring system should be locked at all times. 

The mobile crane’s stability is also specific for the barge–crane deployment 
method. When a mobile crane is mounted on a barge temporarily, it should be 
made sure that the crane is firmly and safely fitted on the vessel. If this is not 
the case, the operational safety is jeopardized. 

A careful choice of the lifting equipment is crucial. The lifting slings’ ca-
pacity should be over the weight of the lifting device for efficient and safe 
results. The choice of the lifting/submerging device is also important: when 
evaluating the use of hydraulic wire jacks or a crane, it turns out that the wire 
jacks are cheaper but more complicated to use than the crane and submerging 
a WEC takes longer. 

6.1.2 Time efficiency 
The offshore deployments of WECs and MSs are time consuming. A WEC 
deployment can take up anything from two (using a specialized vessel) to 
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twelve hours (with the barge–hydraulic wire jacks method) per WEC but time 
is spent on the device preparations, for example finding the correct lifting 
equipment and attaching it to the device.   

With the barge–hydraulic jacks method, the most time consuming process, 
after taking the WEC/MS to the submersion spot, is the submersion itself. It 
is done at a very slow pace, making the total deployment time last about twelve 
hours, including the transportation to and from the deployment area. The prep-
aration time increases significantly since the special structure must be con-
structed and fitted onto the barge before the operation and de-mounted after 
the operation is finished.   

When the barge–crane method is used, a lot time is spent on the transpor-
tation of the device/devices to the deployment spot, since a tugboat is towing 
the barge. Positioning the barge usually takes a while since the anchoring must 
be steady and precise.  

With the tugboat deployment technique, most of the deployment time goes 
to towing the WEC to the submersion spot. After that, every other procedure 
is done comparably fast. 

The specialized vessel deployment method is the most time-efficient, for 
one WEC or multiple deployments. 

Another factor that can cause delays is the weather. When the deployment 
is done by barge, the operation is more weather dependent than when a tugboat 
or specialized vessel is used.  

In addition, inadequate planning and lack of equipment and materials can 
result in significant delays. 

6.1.3 Economic efficiency 
The deployment cost can vary from 270,000 SEK/day (tugboat method) to 2.5 
MSEK (using a barge with hydraulic wire jacks). The prices depending on the 
method are given in Table 4.  

Regardless of the method, hiring a divers’ crew is a considerable cost. The 
crane rent is also high and it increases the larger the capacity gets. When a 
vessel cancellation occurs, the costs to hire another one last minute are at least 
double. When using a hydraulic wire jack construction, the expenses are high 
due to the assembling of the structure and the slow pace of the whole deploy-
ment. When employing a tugboat for a deployment procedure, the highest cost 
is the actual rent of the vessel the time of which includes the vessel’s trans-
portation to the country where the deployment is taking place. It should be 
noted that tugboats work in different locations and have to travel a large dis-
tance each time to reach the place of operation. The specialized vessel method 
is generally expensive but “all-inclusive”: the rent includes the vessel hire, 
ROVs working instead of divers, an experienced crew and the ship’s transpor-
tation time to arrive at the employment area. 
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6.2 Vessel choice 
In some cases, specific vessels were chosen because of their convenient loca-
tion and cost, for example, in the Norway deployment. At other times, the low 
cost of a vessel was the main reason for hiring it, but it has proven to be less 
time-efficient and/or complicated. For example, the Kanalia and the Pharaoh 
barge that required additional installation work. The Samson was chosen for 
the same reason but proved to be inefficient cost-wise. On the other hand, not 
choosing a vessel because they seem costly is not always the best solution. 
The Dina Star and the Siem Daya 2, for instance, are fast and suitable for 
multiple generators and MS deployment. As it turns out, in the case of mass 
deployment a specialized vessel is the cheaper solution, especially if the 
weather is good so no extra money is paid for idle days. A barge–crane solu-
tion will possibly end up costing more, due to delays caused by the narrow 
operational weather windows. 

6.3 Crane, crew, equipment choice 
When a deployment requires a crane, a high capacity, mobile one is the best 
choice. This type of cranes can be movable, versatile and carry out heavy tasks 
by request.   

The crew involved in such operations should be well experienced to be able 
to find solutions in urgent situations. Also, all the crew involved in the opera-
tion should go through the plan thoroughly. 

6.4 Other factors 
Other factors affecting the deployment cost are: the weather, the depth of the 
deployment spot, the number of crew members, the use of divers or ROVs 
[37], [38] and the vessel choice. The factors influencing the deployment time 
are the simultaneous deployment of the WEC and its buoy, the vessel choice 
and the mooring process. Lastly, the aspects affecting the safety of the deploy-
ment operation are the mooring and the vessel choice. 

6.5 An evaluation of deployment methods 
In Paper II, an evaluation of the hydraulic wire jacks–barge, barge–crane and 
tugboat deployment methods was carried out.  

The specialized vessel method is the most appropriate for multiple deploy-
ments, being fast, providing a large deck space and using ROVs extensively, 
but it is costly.  
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The hydraulic wire jacks method can facilitate the simultaneous deploy-
ment of the WEC with its buoy but is not recommended for multiple deploy-
ments since only one WEC can be transported and deployed per trip. Also, the 
time and expenses it takes to mount and de-mount the structure on the barge, 
makes it uneconomical.  

The barge–crane method is recommended for multiple deployments and the 
simultaneous deployment of a WECs with its buoy. On the downside, this is 
a costly method that takes much time to complete.  

The tugboat technique, combines low cost and time efficiency. Deploying 
a WEC simultaneously with its buoy was recently tested successfully, alt-
hough it complicated the process and took up some time.  

All the above methods have the potential to become diver-less by using 
ROVs, automatic pressurization tools and a manual sling disconnection 
method with cylinders and wires (see Fig. 9). A rope is connected to a cylinder 
that is fastened inside the sling. When the deployment is completed, the cyl-
inders are pulled by the ropes and release the slings with no help from divers. 

 

 
Figure 9. Diver-less sling disconnection method 

6.5.1 Cost-efficiency and time-efficiency comparison 
The hydraulic wire jacks and specialized vessel methods are the least cost ef-
ficient. Therefore, the comparison was made only between the barge–crane 
method and the tugboat method. A best-case scenario, with no delays, was 
assumed and the results are presented in Fig. 10.   

 Cost and time of the deployment process are investigated with respect to 
the number of WECs. For calculating the expenses of each method the follow-
ing were taken into consideration. 

1) For the crane–barge method, the barge, the tugboat, the crews and the 
mobile crane cost 600,000 SEK/ day. One day of barge use for preparation 
costs 100,000 SEK, and the divers’ crew 80,000 SEK/day. 

2) For the tugboat methodology, the tugboat costs 180,000 SEK/day, the 
divers cost 80,000 SEK/day and the harbor’s crane costs 10,000 SEK/WEC.   
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The most cost-efficient method, as presented in Fig. 10 a, is using a tugboat 
for both single WEC and multiple deployments. To deploy ten WECs with the 
tugboat method takes up to five days and costs 1.4 kSEK in total, whereas the 
same amount of WECs with the barge–crane method takes three days includ-
ing preparations, and costs 1.8 kSEK. The leap in Fig. 10 a, for the barge–
crane deployment cost, is due to a doubling of the deployment days which 
doubles the expenses. 

 The most time-efficient technique is shown in Fig. 10 b. The reasoning 
behind the time calculations follows. When using a barge with a crane, one 
day of preparations is necessary. Since this method can deploy five WECs in 
one day, deploying ten generators requires four days in total (one preparation 
day and one deployment day for every five WECs). The tugboat on the other 
hand, operates for 24 hours with switching crews. Only a minimum deploy-
ment preparation time is required. Thus, two WECs can be deployed within a 
day and for deploying ten WECs, five days are needed.  

The barge–crane technique is better for multiple deployments but both 
methods take the same amount of time to deploy three to four and seven to 
eight WECs. 

 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 

Figure 10. The deployment costs for the tugboat method and the crane–barge 
method for one to ten WECs (a). The deployment time for both methods for one to 
ten WECs (b) 



 40 

The conclusion from the above is that the most cost-efficient method is the 
tugboat one. The most time-efficient method seems to be the barge–crane one 
but this depends on the number of generators to be deployed. All things con-
sidered, for both time efficiency and cost efficiency, the tugboat method offers 
value for money, being the least expensive while deploying in an amount of 
time similar to the barge–crane method. 

6.6 Suggested offshore deployment method for the MS 
Two techniques of deploying the MS have so far been tested and evaluated 
economically and in terms of time efficiency and safety efficiency. The first 
is using a tugboat dragging a barge, a high capacity crane mounted on it and a 
divers’ crew. The second includes a small boat, a medium capacity crane and 
divers. Since both methods are equally safe, the second is preferable for single 
unit deployments. It minimizes the usual deployment costs about ten times 
and is efficient. Thus, it allows the MS to be taken up and deployed again 
frequently, for maintenance purposes. The second deployment method also 
lowers the cost of the whole process significantly, as well as the time needed 
for completing the deployment. 
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7. Conclusions 

Key issues of the WECs offshore deployments were the precise vessel posi-
tioning that could jeopardize the safety, the delays that result in an overall cost 
increase, the deployment area sea depth that could increase the operation ex-
penses and intensify safety issues.  

The most important conclusions drawn from this work are the following: 
• A good DP system is essential for optimal vessel positioning. 
• The cost can fluctuate a lot in some cases depending on the vessel trans-

portation and rent costs, the divers and the number of generators being 
deployed. 

• The vibration incidents could be mitigated by fastening and securing all 
lines and hoses so they will not move, while the use of a non-rotating wire 
is compulsory to prevent entangling of wires and hoses. 

• The tugboat method is more efficient in terms of cost and time in single 
WEC deployments while the specialized vessel method is the optimal for 
multiple deployments. 
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8. Future work 

An economically efficient and time-efficient deployment method for multiple 
WECs, a MS and a cable could be investigated further. The decrease in instal-
lation cost and installation time of wave farms will make them more feasible 
to deploy and maintain.  

A deployment planning is always dependent on the area and its climate: the 
general weather of the area (mild or harsh, rainfalls, snow, etc.) and the wave 
climate. More efforts should be put into weather forecast monitoring so as few 
days as possible are lost due to climate circumstances.  

The environmental impact during the installation, the operation and the im-
mersion of a generator should be monitored. The entire process should have 
as minimal an influence as possible. 

Moreover, simulations can be done on how the WEC’s submersion affects 
the barge’s stability in critical sea states. A safety evaluation regarding this 
can be useful. 

The possibility of a diver-less deployment, using only ROVs should be fur-
ther investigated and evaluated in terms of cost efficiency, time efficiency and 
safety efficiency. 

Lastly, attention should be given to HECs deployments, subject to different 
conditions such as the location and the accessibility of the installation and the 
speed of the sea current. 
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9. Summary of papers 

Paper I  
Offshore deployments of Wave Energy Converters by Seabased Industry 
AB   
This paper reviews and evaluates the offshore deployments of WECs that were 
carried out by and for Seabased Industry AB. The WECs manufactured and 
deployed by SIAB are for commercial purposes. All these deployments were 
successful. The most important conclusions derived from this study were that 
the overall costs increase the deeper the deployment waters become; a large, 
specialized crew and a DP system are necessary; the use of ROVs can lower 
the costs and a specialized vessel can optimize the deployments. 

The author performed most of the work in writing this paper which was 
accepted and published online in the Journal of Marine Science and Engineer-
ing on the 25th of March 2017. doi:10.3390/jmse5020015 
 
 
Paper II  
Offshore deployments of Wave Energy Converters by Uppsala University  
This paper studies and evaluates the offshore deployment methods followed 
by Uppsala University during a time span of eleven years. All WECs deployed 
were designed and manufactured by UU. By studying the three methods of 
deployment, namely, a) the barge–crane method, b) the hydraulic wire jacks 
method and c) the tugboat method, the last proved to be the best in terms of 
economic efficiency and time efficiency. 

The author performed most of the work in writing this paper and partici-
pated in some of the deployments described. This paper is submitted to Marine 
Systems & Ocean Technology journal. 
 
Paper III 
Experiments and Grid-integration Development to improve the Power  
Quality from the Wave Energy Park at the Lysekil Research Site 
Paper III summarizes the experimental work done for the Lysekil project dur-
ing the years 2013 to 2015. Updates about the grid connection, the measuring 
station, the MS and the measuring system are described in this paper. It also 
presents the modeling of a wave energy park, giving an insight on how the 
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WECs can absorb more energy, depending on the array they are put in. More-
over, information is given on the newest environmental studies conducted on 
the Lysekil site. Finally, the grid control results are presented and analyzed. 

The author participated in the experimental work described in this paper. 
Manuscript.  
 
Paper IV 
Wave Energy Research at Uppsala University and the Lysekil Research 
Site, Sweden: A Status Update 
The focus of this conference paper is to present the Lysekil project updates 
that occurred since 2013. The UU WEC and MS concepts are described and 
an overview of all the different components installed at the site is given. More-
over, the latest results of the wave power group are described, notably, the use 
of ROVs for underwater connections, research on the environmental impacts 
of large energy farms, the deployment operations, the new buoys and force 
measurements, a tidal compensation system and the improved electrical and 
measuring systems 

The author has participated in the deployments and experimental work at 
the site from the year 2013 until today. This paper was presented by Arvind 
Parwal at the 11th European Wave and Tidal Energy Conference, EWTEC 
2015, at Nantes, France. 
 
Paper V  
Offshore deployment of point absorbing Wave Energy Converters with a 
direct driven linear generator power take-off at the Lysekil test site  
In this paper, the basic principle of the UU WECs is described briefly and the 
basic steps of a WECs offshore deployment are presented. Also, the main 
problems occurring at a deployment are presented, namely, the technical prob-
lems and the time efficiency and the economic efficiency. In conclusion, these 
offshore operations entail both avoidable and unavoidable expenses but good 
management and accurate organization can optimize the process.  

The author performed most of the work in this paper and presented it orally 
at the 33rd International Conference on Ocean, Offshore and Arctic Engineer-
ing conference, OMAE2014, at San Francisco, California. 
 
Paper VI  
Offshore Deployment of Marine Substation in the Lysekil Research Site 
In this conference paper, a brief description of the MS’s electrical and me-
chanical layout as well as its characteristics are presented. After choosing the 
MS positioning for the specific UU operation, which is on the seabed, a de-
ployment method was chosen and described. Moreover, the advantages and 
disadvantages of this method are discussed and the deployment method is 
evaluated. 
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The author performed most of the work in this paper and presented it orally 
at the ISOPE 2015 conference, at Kona, Big Island. 
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11. Svensk sammanfattning 

Användningen av förnybara energikällor kan bidra till att mildra klimatpåver-
kan. Dessa energikällor inkluderar sol, vind, hav (våg och havsströmmar), vat-
tenkraft, geotermisk, biomassa och andra. I allmänhet brukar man kategorisera 
dessa källor utifrån skala och användningsområde. I synnerhet har vågenergin 
varit i fokus hos vågenergigruppen här vid Elektricitetslära i Uppsala univer-
sitet sedan 2001. Våg energiomvändlaren (WEC) som konstruerades hos oss 
är en punkt absorbenter offshore-generator. Generatorn hålls på havsbotten 
med hjälp av en gravitationsbaserad konstruktion och är direkt kopplat till en 
böj. När böjen pendlar genom att följa vågens rörelse omvandlas kinetisk ener-
gin till elektricitet av WEC. Eftersom detta var en framgångsrik design, skap-
ades ett UU-spin-off-företag, Seabased Industry AB (SIAB) 2008 med målet 
att kommersialisera denna typ av WEC. 

WEC:s kommersialiseringsbegränsningar ligger på generators stora install-
ation-, underhåll- och avvecklingskostnader. Särskilt då denna typ av WEC 
måste installeras off-shore, med en dyr och tidskrävande procedur. Genom att 
studera tidigare implementeringar som gjorts både av UU och SIAB, katego-
riserades de problem som återkommer och ökar den totala kostnaden och ut-
placeringstiden för offshoreinstallationen. Denna undersökning av offshoreut-
byggnad innefattar utvärdering av fartyg och utrustning som används och till-
lika själva förfarandet. Sammanfattningsvis kan kostnaderna och tiden för off-
shore-operationen sänkas med hjälp av en lämplig driftsättningsmetod 
anpassad till typen av operation och önskat resultat. Detta inkluderar en mer 
detaljerade planering av utplaceringen samt mer noggrant val av fartyg etc. 
vilket kommer att göra processen mer tids- och kostnadseffektivt. 
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