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Executive summary 
As the fleet of Saimax vessels ages, newbuilds are needed to maintain the attractivity of the 
Saimaa Canal. The recent proposal to enlarge the locks in the canal has attracted interest in 
the area and is intended to rejuvenate the marine traffic between Russian and Finnish inlands. 
The quest for carbon-free shipping poses immense challenges to shipping industry as a whole, 
but even more so for the vessels operating in the fragile inland ecosystems. No conventional 
engines can deliver true carbon neutrality, so the team explored more unconventional options.  

Given these opportunities, the team designed a truly zero-emission, ice-breaking flexible 
cargo vessel operating between Lappeenranta and St. Petersburg. Innovations include green 
hydrogen propulsion and composite materials used in the construction. The main bulk cargo 
was identified to be timber, with additional consideration given for machinery and containers. 
The final product was a sound concept combining breakthroughs from various fields on 
science. 
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Design team and previous experiences 

 

Viljami Erkkilä: hull modelling, maritime emission policies 

Aaron Körkkö: structure design, advanced materials, testing requirements 

Johanna Myllymäki: standardization of materials, material requirements 

Anna Nikitina: port and cargo handling requirements, policies in Russian 

Juho Suortti: accessing the feasibility of the general arrangement, emission reduction 
technologies 

 

Project schedule 
The project was executed over ten weeks matching the course length. The breakdown of the 
assignment execution is shown in the Figure 2 below. 

 
Figure 2: Project Gantt chart. 

 

Team roles 

Aaron:  Team Leader/Document Formatting  

Juho:  Technical Director/Design Expert/Analysis 

Viljami:  Mechanical Drafting/Design Support/Analysis 

Anna:  Regulatory and Empirical Methods  

Johanna:  Equations and Industry Experience Relations  

Course Start Date 
Design team and context 11/09/2020 18/09/2020

Reference ship 18/09/2020 25/09/2020

Main dimension 25/09/2020 02/10/2020

Hull form 02/10/2020 09/10/2020

Hydrodynamics 09/10/2020 16/10/2020

General arrangement 16/10/2020 23/10/2020

Ship structures 02/11/2020 06/11/2020

Power and machinery 06/11/2020 13/11/2020

Ship weight 13/11/2020 20/11/2020

Economic assesment 20/11/2020 27/11/2020

Final report and Gala 27/11/2020 11/12/2020

Week 12 Week 13Week 9 Week 10 Week 11Week 4 Week 6Week 5 Week 7Week 2Week 111/09/2020 Week 3

Figure 1: Sai-MAAX team members. 
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Design mission 
Description 
Our design mission is to create a modernized bulk carrier vessel concept to operate between 
the ports of Imatra, Finland and St. Petersburg, Russia via the Saimaa Canal. The vessel will 
be designed so that it incorporates the latest marine technology for the following purposes: 

• Ice breaking capability: the vessel will operate in the inland waters of Finland and the 
Baltic Sea, so it will require provisions to safely and efficiently operate during winter 
as well as in the summer months. 

• Zero-emissions operation: the vessel must use non-traditional forms of fuel or 
propulsion in order to achieve zero emissions or minimal emissions for the entire 
service life 

• Maximum payload: the vessel must be versatile enough to carry all types of cargo 
while meeting all regulations and constraints for operation on the specified route. 
This includes emissions, maximum allowed dimensions for length, breadth, draught, 
and other construction guidelines 

The design will be based on vessels of similar dimensions that currently operate in this 
region or in other parts of the world and the concept will be tailored to meet emission and 
ice-capability objectives. The design team will evaluate current advances in technology and 
incorporate them as necessary and possible. 

 

Description of route of operation 
Sai-MAAX is a mixed-navigation vessel because its route begins (or ends) in fresh water of 
the Saimaa lake region and ends in the Baltic Sea at the port of Saint Petersburg. It is designed 
to operate in Saimaa canal and inland waterways, and as such, there are emissions, wave 
generation, speed, and other restrictions that must be taken into account. 
 
An overview of the route is shown in the Figure 3 below and was generated on 
https://www.vesselfinder.com/ based on the estimate distance feature; the starting point is in 
Imatra, Finland and the ending port is in Saint Petersburg, Russia which is an estimated 129 
nautical miles or approximately 250km for one-way travel between the ports. The operational 
profile with the suggested speed, mission time and operational areas is presented in the Figure 
4. 
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Figure 3: Suggested route outline. 

 
Figure 4: Suggested operational profile. 

Design innovations 
Fuel cells generate electricity from hydrogen-rich fuels with high efficiency, and when 
operating on pure hydrogen are truly emission-free. While burning LNG in the cell creates 
greenhouse gases, LNG could function as an intermediary step whilst pursuing true zero 
emissions. Fuel cells have typically high capital costs and if burning hydrogen, also high 
operating costs. Since fuel cells generate electricity, an electric powertrain is a necessity and 
further increases costs. Storing hydrogen is also problematic: compressed hydrogen is 
volumetrically very inefficient and expensive, while liquid hydrogen poses its own problems 
due to safety issues and cryogenic temperatures. 
 
Reducing the weight of the ship reduces fuel consumption and/or increases cargo capacity. 
Possible material candidates include aluminium alloys and glass/carbon fiber composites, 
though latter seems unlikely due to the cost. Studies have shown that reducing the weight of 
the superstructure achieves noticeable savings in lightship weight without sacrificing structural 
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integrity. The operation in frozen waters imposes limitations to the advanced material usage 
in load-bearing structures, therefore the vessel’s hull will be constructed mainly from steel. 
 
As the storage of gaseous fuels is heavily regulated, finding space for large tanks in a volume-
limited design may prove difficult. To move the crew out of the harm’s way, forward 
superstructure solution can be utilized. 
 
State-of-the-art battery systems can reach power densities suitable for extended marine 
operation but come with extremely high capital expenditures. Unlike hydrogen systems, the 
weakness of batteries is constant high weight instead of wasted space. Modern lithium-ion 
batteries also have a very limited lifecycle: even the best solutions reach only about 2000 
cycles, requiring expensive refurbishment at periodic intervals. (8) However, batteries excel at 
balancing the peak load and giving auxiliary short-burst power, and in such applications lower 
capacities are acceptable. 
 

Design challenges 
Mixed navigation ships are subject to hull form optimization: on one hand, cubical hull allows 
for the greatest payload, but on the other, the sleek hull lines reduce resistance. Sai-MAAX 
design team must recognize factors at play and find a comfortable balance. Northern winter 
with its ice-conditions also imposes limitations on hull form, demanding less steep bow 
geometry. River traffic requires restrictions on wave heights: in Russian waters design wave 
height is limited at 3-4 meters, depending on circumstances. Inland operation also means that 
any pollutions emitted by the ship are inherently close to residential areas and fragile 
ecosystems, so besides minimizing GHG emissions, bilge and ballast water discharges must 
be managed accordingly. 
 
If ships originally designed for open water are operated in draught-limited inland waterways, 
they might be forced to sail on partial loads and thus suffer from higher hydrodynamic 
resistance, for example. In worst case they may even require tugboat assistance to navigate 
through the narrowest passages. An interesting characteristic of Sai-MAAX relates to its 
payload: with bulk cargo, volume might be a limiting factor but with machinery the weight might 
be the factor.  
 

Design constraints 
Main constraint imposed on the vessel design is the lock dimensions in Saimaa canal. At 
present, they limit the vessel to 82,5m x 12,6m x 4,35m (length x breadth x draught), but 
planned upgrades increase the maximum length to 93.1m. Bridges on Russian side might limit 
air draught of the vessels. The locks of the canal set the limitation of 24,5m. The length of the 
Saimaa Canal alone is 43,3km from Lauritsala, Lappeenranta, Finland to Vyborg, Russia. (6) 

 
Locks in Volga-Baltic waterways allow larger ships than those of Finland (except that the 
draught is limited at 4,20 meters) and thus the route could be extended thousands of 
kilometres into the Russian heartlands, if the need would arise in the future. 

 
When shipping in Finnish inland waterways, there are multiple legislations that must be 
considered. Low emissions are only one of the various requirements the vessel must meet. 



 8 

The main Russian legislative body, Russian Maritime Registry of Shipping, mandates the 
ships going through Saimaa Canal to comply with at least M-PR class for summer (3,0m 
design wave height) and M-SP (3,5m design wave height) for year-round navigation. In 
general, the Canal is open for navigation up to 11 months a year with median usage time of 
211 days a year. The general recommendation for ice class in the region is Ice Class 30 or 40 
of the Russian River Register which translates to the maximum ice thickness of 30-40cm. (2, 
3) 

 
All the cargo ships travelling through the Russian waterways are required to have on board 
systems for water and exhaust purification, as well as follow requirements for the hull walls 
thickness if the diesel fuel is transported aboard. (3, 4) Russian legislation does not limit the 
usage of the fossil fuels and diesel as the main fuel for the inland ships, however it introduces 
the recommendations for the allowed concentration of harmful substances in exhaust gases. 
(5)  
 

Design variables 
In this project the key functional characteristics are the range, the engine power and the cargo 
capacity. The total length of the chosen route (Imatra – Saint Petersburg) is about 250 
kilometres. The vessel should have a range of about 600km in order to be able to perform a 
round trip comfortably. 
 
The power requirement of the ship can be estimated using reference vessels already sailing 
a similar route or having similar key dimensions. Newest vessels listed by Lebedeva et al. 
suggest that a ship of these dimensions generally has about 2000 kW of engine power at 
design cruise speed of 12 knots. Due to waiting times in locks, relatively short route and zero-
emission characteristics our team decided that 12 knots is appropriate design speed. InFuture 
project examines the potential of Russo-Finnish inland waterways and estimates that with 
upgraded locks in Saimaa canal, vessels reach a payload of 3000-3300 tonnes. (7)  
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Reference ships 

 
Figure 5: Overview of selected reference ships. 

Selection methodology 
Reference ships, the general overview of which is shown in the Figure 5 above, are chosen 
based on similarity to the general characteristics and operating requirements that Sai-MAAX 
intends to fulfill, namely; 

1) Inland/mixed navigation vessels typically have a fairly slow design speed of 10-12 
knots, and average speeds even lower than that (Fleetmon database lists average 
speeds around 7 knots for inland vessels). To make use of the empirical data, our ship 
should also have similar speed characteristics. 

2) This type of vessel generally has a very rectangular cross-section, as well as steep 
bow and stern, meaning high block and midship coefficient (0.8-0.85 and over 0.9, 
respectively). Inland vessels generally have a long parallel midship and a high breadth 
to draught ratio due to shallow waters they operate in. 

3) Historically, inland vessels operating in vicinity of Baltic sea have had a very long 
lifespan. Current fleets consist of very old ships, with the most numerous series having 
an average age of 45 years. (2) Factors that explain this include freshwater 
environment, lack of wave loads stressing the structure and the absence of 
international legislation. Sai-MAAX, however, will not enjoy these privileges because 
of its trip through the Baltic Sea on its way to port in St. Petersburg in Russia. 

4) Because of the calm waters, hull friction of inland vessels contributes around 75% of 
the resistance and wave slamming resistance the last 25%. The wetted portion of the 
hull area is traditionally very high. The bows of inland vessels are generally very steep 
for this reason, but Sai-MAAX requires a bit more seaworthy bow design. 

5) Ships operating in coasts of Baltic Sea and inland waterways in its immediate vicinity 
generally do not operate during the winter months, and this is reflected in their hull 
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form and engine power. Sai-MAAX will thus require higher engine power and ice-
breaking bow compared to existing mixed-navigation vessels. 
 

Sendo Liner 

 
Figure 6: Sendo Liner. 

The first reference ship chosen for the Sai-MAAX project is the Sendo Liner from the 
Netherlands, the general outlook of which is presented in the Figure 6 above. The ship is an 
inland cargo vessel with deadweight of 3400 tonnes and length x beam x draught is 110	𝑚 x 
11.45	𝑚 x 3.70	𝑚. It is powered by two Volvo Penta D16 diesel electric engines as well as 
battery packs to allow for hybrid operation of the vessel. The top speed is approximately 12 
knots. It has several innovations, which made it win the KNVTS Ship of the Year Award 2019. 
The vessel was designed so that it will be able to be modified in the future to allow for hydrogen 
fuel cell or LNG conversion. The design criteria of the ship included staying at the top of the 
low-emission fleet for the entire ship lifetime. 

Technical information: 
• Inland cargo vessel 
• 14 rows of containers instead of usual 13 rows 
• Length 110	𝑚 
• Beam 11.45	𝑚 
• Draught 3.70	𝑚 
• DWT 3400 tonnes 
• 2x Volvo Penta D16 Genset diesel engines 
• Additional power provided by battery pack (540	𝑘𝑊ℎ) 

Innovations: 
• 40% reduction in CO2 measured on a per container basis 
• Water ballast to decrease air draft for low-clearance bridges in the Netherlands 
• Hull design optimized to reduce drag 
• Two propellor drive which is unique for inland operation 

Required adaptations for Sai-MAAX: 
There are several updates that need to be made to tailor this vessel to the requirements of the 
Sai-MAAX project, first the power must be increased to approximately 1500	𝑘𝑊 in order to 
achieve ice breaking capability in the region of operation. The length of 110	𝑚 must be reduced 
to fit into the Saimaa Canal with planned maximum length of no larger than 93.1	𝑚. Currently, 
this is a low-emission ship, and the design plan is to create a zero-emission concept, so 
additional details are needed regarding the battery bank increase in size or adding in LNG or 
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hydrogen fuel cells. Overall, this is a very similar ship to what the Sai-MAAX is trying to 
accomplish and is very recently put into service, so it is fortunate that this exists, and it makes 
the concept of Sai-MAAX much closer to reality than other innovative solutions. 

Rusich 

 
Figure 7: Rusich-2 in icy waters. 

The second reference ship chosen is the 00101 project, Rusich type by Maritime Engineering 
Bureau, Ukraine, depicted in the Figure 7 above. 11 sister ships were built since 2011 in 
different shipyards around the globe and are mostly sailing in Russian waters, both inland and 
at sea. The ship has a deadweight of 5485 tonnes in seawater and 3860 tonnes in freshwater. 
The main dimensions are: length 128.2	𝑚, breadth 16.74	𝑚 and draft of 4.34	𝑚 in seawater 
and 3.6	𝑚 in freshwater. The design speed is 11	𝑘𝑛 and the ship is equipped with two Wärtsilä 
6L20 diesel engines producing 2280𝑘𝑊 of propulsion power. This engine is fully compliant 
with IMO Tier II exhaust regulations; however, this is not enough to fulfil the zero-emission or 
close to zero-emission target of the project. The ship of this design complies with the ice class 
regulations needed for navigating in Saimaa Canal, and allows for relatively high deadweight 
compared to the size. The ship does not carry a lot of innovations, but it has suitable draft and 
close breadth, and the data about this ship is found in abundance from different sources.  

Rusich-type ships are generally used for transporting bulk materials such as ore, fertilizers, 
ammonium nitrate, grain, coal; metal in pipes and sheets; ISO 20’ and 40’ containers and 
wood. 

Required adaptations for Sai-MAAX: 
Despite lacking innovations in its design, the ship has a required ice class and proved its ice 
going capabilities during the years of service. However, its shape has to be resized to fit the 
Saimaa Canal locks: the length must be reduced to 93.1	𝑚 and the breadth to 12.6	𝑚. 
Secondly, the engine type should be rethought, as at the moment diesel engine even using 
biofuel will not meet the zero- or close-to-zero-emission requirement set as the design goal. 
The general arrangement picture of this ship is available online, but its structure should be 
improved to increase the allowed deadweight. The scalability of the ship design is a 
controversial topic, but with this reference ship an idea about ice-going requirements can be 
obtained. 

The Table 1 below shows the key properties of the vessels. The Froude’s number in Table 2 
describes the ship’s hydrodynamic performance, whereas block coefficient tells us about its 
shape. 
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Table 1: Key properties of reference ships and Sai-MAAX. 

 Lengt
h(m) 

Breadth 
(m) 

Draught 
(m) 

Power 
(kW) 

Speed
(kn) 

DWT (t) Displacemen
t(t) 

Sendo 110 11.45 3.70 870 (8-10) 3400  
Rusich 128.2 16.74 4.34 2280 11 5485 8032 
DCV36  
Amethyst 

89.95 14.5 6.4 2640 12 5026 7034 

Sai-MAAX 93.1 12.6 4.45 ~1500 12 maximize  
 

Block coefficient (𝐶!) is the ratio of the volume of displacement to the product of the length, 
breadth, and draught of the ship. 

Table 2: Performance indicators of reference vessels and Sai-MAAX. 

 Froude’s 
Number 

Block 
coefficient 

Sendo - - 
Rusich 0.1596 0.8624 
DCV36 0.207 0.8427 
Sai-MAAX 0.204 ~0.8 

 

Royal Wagenborg – Andrea 
 

 
Figure 8: Royal Wagenborg Andrea in operation. 

Reference ship Andrea (Royal Wagenborg), seen in the Figure 8, was chosen as an additional 
reference vessel It was chosen because of the operating region, type of cargo, position of the 
superstructure and bridge, recent construction, and details regarding the ballast system, which 
were lacking for other reference ships. Andrea has DWT of 3500 tonnes and water ballast of 
1710	𝑚" which represents 49% of the total DWT. As seen in the Table 3 Sai-MAAX is smaller 
than the Andrea, however 1000	𝑚" should be sufficient ballast for operation. Ballast tanks in 
the double bottom will hold approximately 760	𝑚" and the remainder is located mostly to aft 
end of the vessel, with the fore peak tank located within the collision bulkhead. 
 
Table 3: Royal Wagenbord Andrea and Sai-MAAX main parameters comparison. 
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Parameter Andrea Sai-MAAX Unit 
LOA 82.5 93 m 
DWT 3500 2570 tonne 
B 12.5 12.6 m 
T 5.35 4.45 m 
D 8 6.8 m 

 

Dimensions & hull 
Main dimensions 
Based on the constraints and requirements discussed previously and further in the report, 
the preliminary design with the general outlook and parameters summarized in the Figure 9 
below was created. The main dimensions and speed requirements were discussed at great 
length in the previous parts of the report. 

 
Figure 9: Side view of Sai-MAAX and overview of main dimensions. 

Hull form 
The lines plans of the body (Figure 10), as well as profile and half-breadth (Figure 11) are 
presented below. The figures in this report were created using DELFTship software, 
however they were verified using the spreadsheet provided by the course instructor. The 
green lines in the Figure 10 indicate the stations, while the orange lines of Figure 11 
represent buttocks and blue – waterlines. The outer edges of the ship are marked black. 
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Figure 10: Body plan. 

 

 
Figure 11: Profile and half-breadth plans. 

The figures show that in general, the shape of the hull is quite similar to an average bulk 
cargo vessel with the rise of the bow is slightly steeper than usual to increase the block 
coefficient to meet the recommended values while meeting the ice-breaking requirements.  
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Hydrostatics 
Simpson’s rule was used to calculate surface areas in underwater waterplane areas and 
sectional areas. For both number of equally spaced ordinates is 11, and Simpson’s first rule 
was applied, the general formula for which is presented below: 

 

A  =  
h
3
(𝑦! + 4𝑦" + 2𝑦# + 4𝑦$ + 2𝑦%+. . . +4𝑦&'" + 𝑦&) 

 

First integrations of sectional areas were performed. Values for waterlines 10, 8, 6, 4, 2, 1 and 
0 were found during the lines drawing creation, and offset values for waterline 9, 7, 5 and 3 
were evaluated by visually fitting them to the section lines. Since waterlines and section lines 
are symmetric about the centreline, the ½ ordinates from dimensional offset table could be 
used to multiply the sum with two to get the total surface area.  

The moment of area is also calculated for each waterline and summed for whole sectional 
area. The centre of area can then be extracted by applying the formula below: 

 

Centre	of	area = ℎ ⋅
Σ𝑀𝐴
Σ𝑉  

 

To simplify the calculations, the spreadsheet provided by the course instructor was used. An 
example of calculations of cross-sectional area at section line 3 is shown in the Figure 12, and 
the resulting section line and the centre of cross-sectional area are in the Figure 13. 

 

 
Figure 12: Cross-sectional area calculations at section line 3. 
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Figure 13: Section line and center of area for CSA 3. 

Same method was applied for waterplane areas. Same fitted values for waterlines 9, 7, 5 and 
3 were used as for sectional lines. The example for waterline 10 is shown in the Figure 14 
below, and it includes the outline of waterline and location of 𝐿#$. 

 

 
Figure 14: Waterplane area calculations, the resulting waterline and 𝐿!". 

In the next phase, the Simpson’s first rule was applied to integrate the ship’s volume of 
displacement. First, product for volume was defined with help of cross-sectional areas 0-10. 
Longitudinal centre of buoyancy (𝐿#!) was also calculated based on the formula below, and 
the calculations are summarised in the Figure 15. 

 

𝐿() = ℎ ⋅
𝛴𝑀𝐴
𝛴𝑉  
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Figure 15: Displacement and 𝐿()calculated by cross-sectional areas. 

Same template could be used for volume by waterplane areas, as seen in the Figure 16. In 
this case, vertical centre of buoyancy above the keel (𝐾!) is calculated with the help of first 
moment of volume. The result was 2.393 meters above the keel, while Hull lines spreadsheet 
gave a value of 2.34	𝑚. 

 
Figure 16: Volume of displacement and 𝐾# calculated by waterplane areas. 

Both methods gave pretty much exactly the same volume of 3623	𝑚", as seen from the bottom 
part of the Figure 15 and Figure 16. For the reference, the aforementioned hull lines 
spreadsheet gave a displacement of 3708	𝑚". 

Results of these calculations seem valid. The percentage form of LCB was calculated 
using the following formula: 

𝐿#! − 𝐿%%/2
𝐿&&

⋅ 100 

resulting in value about +2,9% forwards from amidships. This is right at 
the Benford’s boundary and may warrant extra fullness to stern area.   
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General arrangement 
Special considerations 
Sai-MAAX is intended to be a modernized and future-proof cargo vessel to service the ports 
between Imatra, Finland and St. Petersburg, Russia. As such, the main objectives are shown 
in the Figure 17 below as well as the mission statement of this project; ice class, zero 
emissions, and maximized payload are the primary focuses but other objectives were 
considered as well such as aesthetics and multi-functional use of space. 

 
Figure 17: Sai-MAAX mission and main objectives. 

General arrangement of Sai-MAAX 
The general arrangement from side view is shown in the Figure 18 below. We can see that 
the majority of the volume is for cargo holds which is one of the main objectives of this project. 
The other areas follow naturally from basic naval architecture concepts and based on the 
team’s analysis meet the requirements for operating in the Saimaa and Baltic region. Further 
refinement of the general arrangement is recommended in subsequent design cycles because 
the fidelity of this arrangement is low but can be improved with increased focus on the specific 
layout of the components. 
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Figure 18: Side view of Sai-MAAX general arrangement. 

The deck drawings in the figures 19-22 were drafted according to requirements from cargo 
volume and other design rules for number of bulkheads, height of double bottom 
calculations from DNV GL Rules for Classification guide published in July 2020. However, it 
is worth noting that these are preliminary drawings and they need to be refined during more 
detailed design stage. The deck heights are as follows: 

• Double bottom: 1000	𝑚𝑚 

• Intermediary deck: 4000	𝑚𝑚 

• Main deck: 6800	𝑚𝑚 

• Deck 1: 9600	𝑚𝑚 

• Bridge: 12400	𝑚𝑚 
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Figure 19: Bridge and deck 1 designs. 

  

 
Figure 20: Main deck design. 

  

 
Figure 21: Intermediary deck design. 

 

 
Figure 22: Double bottom design. 
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Structural details 
Statutory requirements 
The following calculations of the force and bending moment requirements come from the DNV-
GL Guidelines for Ship Classification. The specific sections of the guidelines are noted in each 
calculation.  

The greatest stresses of hull girder are at the keel and main deck. Longitudinal stresses due 
to bending moments are effectively capped by yield strength and the shear strength of the 
material used:   

, , 

 

where 𝑘 denotes the material factor. The following Table 4 is provided for steels by DNV-GL:  

Table 4: Yield strength and material factor 𝑘 as defined by DNV-GL. 

Specific minimum yield strength (MPa)  𝒌  
235  1,00  

315  0,78  

355  0,72  

390  0,66  

460  0,62  
  

Steels with yield strength exceeding 460 MPa are practically only used in very large container 
ships, which is not the case of Sai-MAAX.  

Minimum midship section modulus  
Minimum midship section modulus was calculated from the formula provided by DNV-GL 
and the calculation is presented below: 

𝑍'()* = 𝑘 ⋅
1 + 𝑓*
2

⋅ 𝐶+ ⋅ 𝐿, ⋅ 𝐵 ⋅ (𝐶- + 0.7) ⋅ 10(.

= 1 ⋅
1 + 1
2

⋅ 7.77395 ⋅ 93.1, ⋅ 12.6 ⋅ (0.742 + 0.7) ⋅ 10(. = 1.18152𝑚" 

where 𝑓* is reduction factor (which was set as 1), 𝐶+ is a dimensionless wave coefficient equal 
to 7.77395, and other parameters are known from the ship’s main dimensions. 

Moment of inertia for midship section 
Moment of inertia for midship section was calculated from the formula provided by DNV-GL 
and the calculation is presented below: 

𝐼/'()* = 3𝑓* ⋅ 𝐶+ ⋅ 𝐿" ⋅ 𝐵 ⋅ (𝐶! + 0.7) ⋅ 10(0 = 3 ⋅ 1 ⋅ 7.77395 ⋅ 93.1" ⋅ 12.6 ⋅ (0.742 + 0.7) ⋅ 10(0

= 3.41938𝑚1 
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Stillwater bending moments 

  

  

where  

𝑓23(45 , 𝑓67 = 1 and 𝑓23(45 = 0.58 C#$89.;
#$

D  

Hogging: 209930	𝑘𝑁𝑚  

Sagging: −0.85 ∙ 209930 = −178440	𝑘𝑁𝑚  

  

Dynamic wave bending moments 

Vertical: Load case factor multiplied wave bending moments calculated earlier.  

Horizontal: 2306	𝑘𝑁𝑚, which is 

𝑀75 = 𝑓& H0.31 +
𝐿

2800I
⋅ 𝑓< ⋅ 𝐶+ ⋅ 𝐿, ⋅ 𝑇=# ⋅ 𝐶! 

where 𝑓&, 𝑓< = 1 and 𝑇=# is the design draught.   

   

Maximum permissible shear stress is also related to the yield shear strength of the material (in 
𝑁/𝑚𝑚,):  

   
Hull girder ultimate strength  
  
The vertical hull girder ultimate bending capacity at any hull transverse section should follow 
the criteria:  
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𝑀 ≤
𝑀!

γ"
 

where M is vertical girder bending moment in hogging and sagging:  

𝑀 = γ#𝑀#$> + γ$𝑀$%  

DNV-GL does not apply hull girder ultimate strength check for ships 𝐿	 < 	150	𝑚.  

 

Structural continuity  
  
The aft, front and side bulkheads must be effectively supported by underdeck structures. Sides 
and main longitudinal and transverse bulkheads shall be in line in the various tiers of 
deckhouse. At the end of superstructure the side plating shall extend beyond the ends of the 
superstructure.  

The effect of structural discontinuities shall be minimized by framing all openings. Large 
openings are fitted with horizontal stiffeners or continuous coamings or girders.  

Being primarily a bulk cargo vessel, Sai-MAAX will have large cargo holds without longitudinal 
bulkheads. Additionally, movable bulkheads can leave large spans between transverse steel 
structures. Ensuring adequate support for on-ship cargo cranes is difficult as relying solely to 
bulkheads is not possible. That being said, one solution is to simply make the crane mounting 
area move with the non-fixed cargo hold bulkheads.  

The ice-breaking capability imposes more strict strength requirements in bow area. In 
practice, these manifest as thicker shell plate and denser framing. The use of high-strength 
steel is also limited, since with very thin HS steel plates the hull would require excessive 
amounts of support members.  

 

Scantling plan 
 

• Tank top and bottom: 1000	𝑚𝑚 height, 12	𝑚𝑚 and 12	𝑚𝑚 

• Side shell (single skin): 16	𝑚𝑚 plated thickness 

• Main deck: 6800	𝑚𝑚 from tank bottom, 16	𝑚𝑚 plate thickness, 8000	𝑚𝑚 hole width 

• Longitudinal girders along the deck: 4 each side, 1000	𝑚𝑚 height, 16	𝑚𝑚 thickness 

• Stiffeners in deck underside: 7 each side, 400	𝑚𝑚 height, 16 thickness  

• Floors in double bottom: 5 pcs, 1000	𝑚𝑚 height, 16	𝑚𝑚 thickness 

With these scantlings, the values presented in Table 5 were obtained from the spreadsheet, 
where 𝐼 represents area moments of inertia and 𝑍 section moduli, with minimum values 
extracted from DNV GL guidelines. Lowercase 𝑠 signifies stresses on decks. 

Table 5: Structural parameters of Sai-MAAX.  

Elements, 𝐼6,@A@  15.91  
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𝐼!= 16.56  

𝐼 (min 3.42)  7.32  

𝑍BCDE (min 1.18)  2.05  

𝑍-A@@A< (min 1.18)  2.26  

𝑠BCDE 105.99  

𝑠-A@@A< 94.17  

 

  
 
All the key parameters meet the requirements, albeit deck stresses are on the higher side. 
 
Frame spacing is 𝟖𝟎𝟎	𝒎𝒎 to ensure even split in midship sections, engine room 
and accomodation spaces. From the stern the FR3 will be a web frame, and from the first 
bulkhead (FR6) onwards every 5th frame shall be a web frame.  
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Machinery & Outfitting 
Power 
Sai-MAAX will be powered by a hybrid solution of diatomic hydrogen and battery power. These 
fuel sources will be fed to a transformer which will in turn power the electric motor, hotel loads, 
and other required loads such as ice load. These loads are calculated below; 

For ice class considerations the following formulas are used to estimate Sai-MAAX needs; the 
calculated value falls below the minimum recommended value so we assume 1000kW 
minimum. 

  

Sai-MAAX was initially supposed to have an ice class according to Russian Registry of 
Shipping, but after reviewing later reference ships the team changed the ice class to Finnish-
Swedish 1C. This ice class allows independent operation in consolidated ice of 60	𝑐𝑚 
thickness. For this calculation, a fixed pitch propeller with diameter 2.5	𝑚 was selected, leading 
to 𝐾C of 2.26. Total resistance was calculated to be 79762	𝑁. 

Required propulsion power is thus: 

𝑃 = 2.26 ⋅ H
79762
1000 I

"
,
⋅
1
2.5

= 643𝑘𝑊 

 
This is below the DNV GL propulsion power requirements for ice class 1C, which is 1000𝑘𝑊. 
 
Total resistance for Sai-MAAX is estimated to be 106	𝑘𝑁 at 12 knots based 
on the given spreadsheet. We found a reference that estimated that the wind resistance can 
be up to 10% of the total resistance [3]. However, our ship has a rather low profile and it only 
sails in the Baltic sea area, which is not too windy. After reviewing relevant articles, wind 
resistance was estimated to be about 5% of the total hydrodynamic resistance. The Figure 
23 below is the resistance chart without the wind resistance.  
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Figure 23: Total resistance of a ship as a function of speed. 

Based on the resistance, the propulsion power requirement was estimated to be 
880	𝑘𝑊 without the wind resistance. Multiplying 880	𝑘𝑊 by the wind resistance percentage of 
1.05 gives us a total propulsion power requirement of 930	𝑘𝑊. As Sai-MAAX has a compact 
superstructure made from well-insulating composites, a hotel load of 100	𝑘𝑊 is 
estimated. Other auxiliary equipment consumes about 50	𝑘𝑊, with the exception of cargo 
cranes, but these should be fed with shore power. The total power consumption is 
thus 𝟏𝟎𝟖𝟎	𝒌𝑾. Reserve power must be allocated for navigating in thick ice fields and 
maybe offsetting lock delays by increasing speed. Total power installed onboard, including 
auxiliary battery packs, is 𝟏𝟓𝟎𝟎	𝒌𝑾.  

Auxiliary power is responsible for all the ship functions other than propulsion and must be 
available even when main engines are cut off. As our main power generation method 
produce electricity directly, the main function of auxiliary power generation is to provide 
redundancy. Typically, auxiliary engines have a power output of about 20% of main engine’s 
power [4]. To ensure secondary supply of power in case of e.g., hydrogen 
containment breach, about 100	𝑘𝑊 of batteries should be installed. These batteries will be 
distributed both to the bridge and to the engine room.  

  
Figure 24: Power vs. speed. 
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The following calculations show the total energy requirement for one-way trip. During the 
trip Sai-MAAX is staying still for only about 2 hours. During this time, the only energy 
consumption comes from the hotel load of 150	𝑘𝑊. The time spent in canal outside the locks 
is about 5.75 hours. During this time the speed is 5 knots, and the corresponding propulsion 
power is about 80	𝑘𝑊. The total power requirement is thus 230	𝑘𝑊. During the trip the ship 
will sail at 12 knots for 14.25 hours. During this time the total power consumption is 1034	𝑘𝑊. 
After integrating the operating profile chart, we find that the total energy requirement for one-
way trip is 16 360	𝑘𝑊ℎ.  
To add some energy buffer for unexpected events and winter navigation, the team settled on 
45	𝑀𝑊ℎ total energy.   
 
Liquid hydrogen is assumed to have energy density of 2.35	𝑘𝑊/𝑙. Modern PEM-type fuel cells 
have an electrical efficiency of about 50%. With that efficiency a total capacity of 1F999

,."F⋅9.F
=

36𝑚, is required. Because liquid hydrogen has much lower boiling point than LNG, 300𝑚𝑚 
insulation thickness is not sufficent and 500𝑚𝑚 was used instead. Target volume of 36𝑚, is 
reached by using two type C tank with 7000	𝑚𝑚 length and 3000	𝑚𝑚 diameter. Two tanks are 
preferred over single tank for redundancy, better strength, and practical arrangement 
reasons.  

 

Propulsion 
The primary fuel of Sai-MAAX is hydrogen, which is fed to fuel cell system. Several 
solutions are already available for marine applications, including the Ballards FCWave. It 
combines all the required balance-of-plant functions into neat, 200	𝑘𝑊 modules 
measuring 1220	 × 	738	𝑚𝑚. Some clearance will need to be reserved for cabling, intake and 
exhaust gases. Certain types of fuel cells are very sensitive to impurities in intake air, so 
additional air purification equipment needs to be installed to prolong the service life of the 
cells.  

Additionally, 𝟏𝟎𝟎𝟎	𝒌𝑾𝒉 battery set with output power of about 100	𝑘𝑊 is installed in 
deckhouse area to provide redundancy power generation.   

Sai-MAAX will have a single electric propulsion engine with the power output of 1500	𝑘𝑊 in 
order to accommodate the requirements of the operating profile, which is detailed above.   

The propulsor has been selected and scaled from ABB marine catalogue, from 1000	𝑘𝑊 
motor we deduce a power output of 1500	𝑘𝑊, length of 3514	𝑚𝑚, width of 1425	𝑚𝑚, height 
of 1753	𝑚𝑚, and motor mass of 6410	𝑘𝑔.  

  

Machinery 
The power transmission of Sai-MAAX will utilize multiple modes of electricity generation to 
power the electric propulsion engine, including solid/liquid fuel cells, LNG, and battery packs 
in order to power the operating profile and ice loads. An ABB industrial drive will support all 
the power transmissions, with an ACS2000-series electric drive to power the 
1500	𝑘𝑊 motor. The rest of the machinery is summarized in the Table 6 below. 

Table 6: Summary of machinery components. 

Component  Weight  Quantity  Length  Height  Width  Footprint  
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Motor  6410  1  3514  1753  1425  3.514 x 1.425m  

Electric drive  5920  1  4350  2650  1200  4.350 x 1.200m  

Fuel cells  875  7  1220  2200  738  1.220m x 0.738m  

Sewage  -  1  1890  1180  1400  1.890m x 1.400m  

Air handling  -  1  790  600  590  790m x 590mm  

Batteries  6400  1  1000  1500  3000  3000 x 1000mm  

 

Equipment 
Select and list the required equipment for your ship considering its mission. Define/present 
the properties (size, weight, etc.) of the main pieces of equipment. The main equipment to be 
used on Sai-MAAX is listed in the Table 7 below with size and weight estimates. 
  
Table 7: Summary of equipment. 

Equipment  Number  Size  Weight  

Anchor  2  -  1000 kg  

Anchor chain  2  400 m  30 kg/m  

Anchor windlasses  2  1500 x 800 x 1500  1500 kg  

Mooring winches  4  1000 x 600 x 1000  500 kg  

Roller  6  400 x 400 x 500 m  100 kg  

Davit  

Lifeboat  

1  

1  

-  

5800 x 2360 x 3100   

1000 kg  

3265 kg  

Fairlead  8  1000 x 300 x 1000  100 kg  

  
Taking the machinery and other equipment into account, the general arrangement of the 
main deck can be updated as shown in the Figure 25 below. 



 29 

 
Figure 25: Main deck general arrengement with machinery and other equipment. 

   
 

Weight & Stability assessment 
 

Method 1: empirical (as per lecture notes) 
The empirical method of weight estimation is shown in the following figures. The values 
presented were calculated using the spreadsheet provided to the class. Figure 26 shows the 
distribution of the weight among different components of the ship, while Figure 27 contains 
the calculation results themselves. The main categories were followed and correction factors 
were applied for the weight of the superstructure based on the assumption that composite 
materials would be used instead of traditional steel so they are 60% lighter and increase the 
DWT for the same displacement. 

 
Figure 26: Overall weight distribution according to empirical method. 

Hull steel 76%

Superstructure 
1%

Outfitting 26%

Machinery 3%
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Figure 27: Weight calculations in empirical method.  

In summary for the empirical method, we see that the lightship weight is approximately 1224 
tonnes which agrees within 3.4% of the SFI method which is calculated in the next section. 
We can estimate these values which are then used to inform future design cycles and if 
there are discrepancies in the other rounds they will be corrected and the lightship weight 
will become higher fidelity and more accurately reflect what the final weight will be. 
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Method 2: direct  
The estimation of the ship’s weight using SFI method is shown in the Figure 29 below, as well 
as the summary of the weight distribution in the Figure 28. The main categories were followed 
per recommendations and the weights of each individual component are estimated in tonnes 
following vendor information sheets, industry empirical evidence, and engineering judgement. 
At this point of the design cycle, we estimate that our final lightship weight is within 20% of the 
final value due to various uncertainties of the technology onboard Sai-MAAX. For example, 
the composite superstructure and hold hatches are unknown exactly how much weight savings 
will be realized.  

 

 
Figure 28: Weight distribution according to SFI. 
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Figure 29: Weight estimation according to SFI. 
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Cost analysis 
Construction costs 
Building cost includes material costs and the labor. Material cost estimations were made 
based on the main SFI categories from last week’s assignment. We used the same SFI 
spreadsheet, which made it easier to estimate each subcategory separately. These main 
categories can be seen in the Figure 30. The costs were estimated based mainly on the 
literature research, as it is difficult to find full data on the ship building costs. 

 

 
Figure 30: Costs estimation and their proportions. 

 

Economic performance 
Assuming the 11 months of operating and 200 operating days. Based on the earlier 
calculations, daily fuel consumption should be around 1250	𝑘𝑔. If the liquid hydrogen fuel 
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would be produced cleanly near the refuelling facility, the optimistic reflected cost is 5 €/kg. 
Electricity for shore operation and battery power is considered to be 100 €/ day. Seafarers 
Union of Russia suggests that average wage for crew is about 100€/day. For the owner, we 
assume that the crew cost is twice the salary.  

Net tonnage is based on assumption that cargo space is 3000𝑚" (about 80% from 
displacement). Load Lines Convention formula gives a rough net tonnage of 𝟔𝟑𝟎. According 
to Finnish customs, for Ice class 1C ships the fairway due is 2.578 ∙ 𝑁𝑇	 = 	𝟏𝟔𝟐𝟑€. Port dues 
are estimated based on HaminaKotka documents. The summary of the daily running costs is 
presented in the Table 8: 

Table 8: Daily costs estimation breakdown. 

BREAKDOWN DAILY COST (EUR) 

Fuel costs 6250 

Fuel cell wear 1200 

Crew (10) 2000 

Supplies 500 

Maintenance 250 

Fairway dues 1623 

Port dues 600 

TOTAL OPERATING 2750 

TOTAL VOYAGE 9673 
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Economic KPIs 
 

The most relevant KPIs for this project are net present value and required freight rate. The 
results of the spreadsheet calculation are shown below. 

 

Net present value (NPV) takes the compound interest into account and when it is zero, the 
owner breaks even. The formula for calculating NPV is presented below: 

𝑁𝑃𝑉 = −𝐶! + Σ*+"& 𝐶"
1 + 𝑟 

In NPV calculation, we used an interest rate of 10%. The operating costs were annualized, 
with the assumption of 200 operating days. 

Required freight rate (RFR) describes the rate that the owner needs to charge for the cargo to 
break even and the formula for it is presented below.  

RFR = Σ*+"& F
Present	value	of	operating	costs + Present	value	of	acquisition	costs

Cargo	tonnage Q 

For these calculations, a cargo capacity of 2450 tons was used, since hydrogen fuel is very 
light and the crew provisions/water requirements are tiny for such a short trips. 

 

A very large profit margin of 31% was required to break even at 20 years of operation, 
translating into 𝑹𝑭𝑹	 = 	𝟕. 𝟗. With freight rate of 8.4 and profit margin of 40% the ship broke 
even at 12 year mark and produced a gross profit of 2.25 M€ in 20 years of operation. At the 
end of the analysis period of 20 years, the composite structures yielded about 850	000	€ of 
extra profit due to increased cargo capacity. However, this estimate excludes secondary 
benefits, such as alleviated maintenance, better stability, less hatch machinery etc. It is evident 
that for the given prices, composites are not a financial no-brainer. 

 

The simplest way to improve the KPIs is to reduce the RFR, which is dependent on all of the 
costs. Considering the annualized operating costs, building costs are difficult to shave from. 
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That being said, more mature composite industry could reduce the price of those components 
and make them profitable earlier. Automation is a major cost saving factor, since it greatly 
reduces the crew costs and also costs of support machinery. Outsourcing the crew from 
Southeast Asia would also reduce this cost, but due to ethical reasons the design team opted 
for local crew. Special cargo handling equipment both in shore and onboard can be used to 
increase the days spent at sea, though careful assessment of their economic soundness 
should be conducted as well. To minimize the part-loading of the vessel, 8-16 20ft TEU can 
be fit on rear deck and thus more income gained on those situations. Of course, a natural way 
to increase the profitability is to ensure the absolutely best loan deal: a reduction of 1% leads 
to 700	000	€ increase in profits in 20-year period. Alternatively, a fixed-income loan can be a 
lottery win or a disaster, depending how the interests evolve in future. 

Project evaluation and conclusions 
 

SWOT 
Due to being a new type of zero-emission ship, Sai-MAAX faces multiple variables and risks 
compared to more conventional vessels. The main strength of Sai-MAAX is its zero-emission 
operating, which is made possible by hydrogen-based fuel cells. While this is an important 
factor in the modern world, where fighting climate change is a major target, it also comprises 
some weaknesses and threats. These are listed in the SWOT analysis Table 9 below. 

Table 9: SWOT analysis. 

STRENGTHS 
• Ice breaking capability 
• Environmental friendliness 
• Strong support from government 
• Cargo flexibility 

 

WEAKNESSES 
• High cost of hydrogen 
• High crew cost 
• Lifetime of fuel cells and batteries 
• Availability of hydrogen 

 
OPPORTUNITIES 

• Forest industry in the area 
• Inland waterway transport is cost-

efficient compared to road transport 
• Generally Finnish inland vessels are 

old 
• Renovation work of Saimaa canal 

 
 

THREATS 
• Canal dues increasing 
• Trade & mobility restriction between 

Russia and Finland 
• Experimental propulsion system 
• Draft and range narrow flexible 

usage of the vessel in the case of 
changes in business environment 

• Dangers of hydrogen 
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Discussion 
 

The team settled to conventional icebreaking design at very early phase of the design, but 
additional more effective methods were unraveled along the way. These included double-
acting design and detachable ice-breaking bow, both of which allow for a much greater block 
coefficient and more competitive freight rates. Due to lack of experience the bow shape was 
likely exaggerated, allowing for even higher ice-breaking capacity than needed. Considering 
the ever-warming winters in the area, this phase of the design clearly needs heavy revising. 

 

Hydrogen fuel cell propulsion was the biggest innovation in the project. The technology 
exists, though no projects of this size have been completed and reliable data extracted from 
them. A certain degree of hope in the future was included in key parameters and cost 
analyses. As the push for green transportation accelerates, support from the government 
and EU could very likely be received. Of course, hydrogen requires substantial investment to 
refuelling/production facilities as well, again deterring investors. To make matters worse, 
even additional fueling stops might be needed since handling gaseous fuel near people is 
not an option. The other major innovation was composite construction. Their success largely 
depends how the prices will evolve and how the regulations allow these materials. 
Automations were excluded for the sake of simplicity, but obviously the owner would want to 
shave from operating costs and this would be a good way to cut from the crew. Either way, 
evaluating the economics of this project as an conventional cargo ship is inappropriate due 
to its pioneering nature.  

The swiftness of port stays makes a huge difference in competitive shipping industry. The 
team settled for a crane-free system with movable bulkheads, as per suggestions by mentor. 
When handling labor-intensive timber cargo, however, onboard cranes would definitely be 
useful despite the weight penalty.  

In the next iterations the structural details need to be analyzed in greater detail. Shear 
stresses were excluded from this report for the sake of simplicity, but as the hold openings 
introduce major shears to structure, it is of paramount importance to include these 
calculations in further refinements. 

In the end, the viability of the design depends entirely on the industries in the area: should 
the Lappeenranta’s exports cease to be attractive, the ship would be dead-on-arrival. 
Bilateral long-term policies and agreements between Russia and Finland might be needed 
before any investor would dare to invest to such a niche vessel. As a mixed-navigation 
vessel the ship stands at a peculiar place, where it is like too heavily built to thrive in purely 
inland environment and on the other hand has a too short range and efficiency to prosper in 
coastal environments elsewhere.  
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Team member comments 
Juho Suortti 

For me, this project was a really interesting way to put all the bits of information acquired at work 
into context. Additionally, constraints imposed by the design mission meant that some exciting 
novel solutions could be realistically implemented. Class requirement and stability considerations 
were left largely untouched or to the team’s own responsibilty, but this is understandable due to 
already massive breadth of the course. All in all, I feel much more confident on my skills and I 
believe that after seeing the impact of various disciplines on the ship design, I’m able to rationalize 
my future studies a bit better. 

Johanna Myllymäki 

I find the course and project very interesting, but slightly more demanding and much more time 
consuming than I assumed. However, the course and the project helped me to gain a knowledge 
that will improve my competence in the future. It is quite common that technical specialists working 
in ship design and shipbuilding projects are lacking the basic knowledge of naval architecture. This 
course has provided me a fast lane to better understand the roles of different disciplines and more 
clear and professional manner to communicate about the details in ship projects. 

Viljami Erkkilä 

I am very glad I took this course in the beginning of the first semester of my master’s studies. 
Before this course I mainly had some very basic knowledge about hull designing, but during this 
course I acquired a lot more understanding on the ship designing process. Going through the 
design spiral was challenging some weeks, but the best learning outcomes often come from 
pushing through the difficult tasks. I am more confident in continuing my studies after this course. 

Anna Nikitina 

This course was quite challenging for me, or at the very least it required more effort than I 
expected. Even though I have been studying mechanical engineering for a few years now, my 
focus and interest is mostly lying on mechatronics and simulation side, so sometimes it was 
difficult to draw direct connections to what I have been doing before. However, I learnt a lot of 
new things and discovered another interesting field of engineering that I might explore more in 
the future from more theoretical side. But already now I can see how the knowledge about the 
ship design I got from this course benefits my day-to-day job, where I need to communicate with 
the customers in port industry. I hoped that I could implement my knowledge of mechatronic 
systems here, but during the course I understood that the design of systems like I am used to for 
a vessel goes beyond the initial design implemented during this course. 

Aaron Körkkö 

I enjoyed working on this project with the team and learning new concepts each week was quite 
a challenge. With changing schedules and workloads we managed to achieve the requirements 
each week set out by the corresponding course and I think that is a sign of a successful project. 
It was interesting to have an evolving design concept each week and to split up the work, but at 
the end of it I would not change the group dynamic because we seemed to work well. I would like 
to study many of the concepts introduced in this project and course further. 
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