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Abstract 

The recreational craft industry in Europe was first regulated in 1998 in the 

Recreational Craft Directive (RCD) with the purpose to tighten legislation for engine 

exhaust emissions. However, still today, mainly diesel engines are used for propulsion 

(as alternative or complementing propulsion from sails) and for charging batteries on 

blue water Sailing Yachts (charter and owner yachts at Sea) which lead to exhaust 

emissions. The purpose of this thesis was to assess the current average usage and 

dimensioning of solar applications onboard of Sailing Yachts (SY) in the 

Mediterranean Sea. The core question was to find out to which extent photovoltaic 

(PV) applications allow for a reduction of the usage of the diesel engine and 

consequently for a decrease of CO2 emissions.  

Based on literature research and a proprietary survey conducted among 47 SY 

owners with PV installation in the Mediterranean Sea, it was found that the average 

SY has a size of 12 – 14m and a weight of 10 -13 tons. A “traditional” average SY 

without any RE installation onboard, being at Sea 100-140 days per year, 8 hours a 

day, with 45% of engine time (3,6 hours per day) may consume between 500 – 1080l 

diesel per year.  With an output of 2,66 kg CO2 per liter of marine diesel used, yearly 

CO2 emissions may be in a range from 1,3 tons up to 2,9 tons CO2. 

Based on the average daily solar output in the Mediterranean Sea, which was 

calculated with an average of 3,82 Wh for 1W horizontally c-Si, and an average 

installation size of 1,77 m2, the average capacity of a PV application onboard a SY 

results to be 286 Wp. The average daily output for 286 Wp would be 1.086 Wh (1,09 

kWh). Comparing this final energy yield with the calculated average daily energy 

demand of 207 Ah (resulting in 2.484 Wh @ 12V), a larger than average dimensioning 

to cover the energy demand at least from March until October is needed.  

It was found that diesel consumption and diesel savings resulting from a PV 

installation onboard depend greatly not only on dimensioning of the system in terms 

of - engine, battery, PV panels, battery charger etc. – but also on the behavior of the 

SY owner/charterer respectively the crew. The total amount of energy consumed 

onboard and the resulting need of recharging batteries, will be as important as the 

willingness to sail more and use the engine only if necessary. The result of the 

proprietary survey showed that some participants were able to save a lot of diesel 

while others indicated to have hardly any savings at all. The average percentage 

resulted in nearly 30% of possible diesel and consequently CO2 savings on a yearly 

basis by the installation of a PV application.  
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1. Introduction  

1.1. Motivation 

According to the European Commission, the recreational craft sector refers to boats 

with a hull length of 2.5 m to 24 m that are intended for leisure or sport use. The 
recreational craft industry is important because of its impact on the 
environment and its economic significance for the EU. 

Not only motorboats but also sailing vessels are still highly dependent on 
fossil-fuels (diesel engines) which generate CO2 emissions. To reduce 
emissions, the most recent trends lean towards using mature renewable energy 
technologies such as wind and solar PV as well as energy storage 
improvements.  

Solar panels meant for boating and marine applications are designed for yachts 

that require serious charging power for fridges and other power-hungry appliances. 

This framework is analyzed at the present conditions and will also be looking at future 

possibilities of the exploitation of PV generation and energy storage devices installed 

onboard pleasure boats.  

 

1.2. Core objective of this work 

The core objective of this thesis is to analyze the current usage and dimensioning 
of solar applications onboard of Sailing Yachts in the Mediterranean Sea and 
the CO2 emission savings achievable with an average PV solution. 

To answer this question the following 9 research steps and analysis are carried out:  

(1) The average dimensioning of a Sailing Yacht (SY) in the Mediterranean 
Sea in terms of size and weight 

(2) The average time spent on a SY in terms of days/year 
(3) The average daily and effective yearly energy consumption of such an 

average SY and its determining factors   
(4) The technical setup of a SY including the dimensioning of an average 

diesel engine and the role of energy storage in form of batteries 
(5) The average yearly diesel consumption and its related tier 1 CO2 output 

by the usage of common diesel engines on such a SY  
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(6) The landscape of current solar applications used on SY in the 
Mediterranean Sea - leading to a definition of an average preferred 
solution in terms of size and capacity 

(7) The solar irradiance in the Mediterranean Sea and the expected daily and 
yearly solar energy output for the preferred PV application used on a SY  

(8) The yearly diesel and resulting Tier 1 CO2 emissions’ savings achievable 
through the average solar application onboard a SY 

(9) Motivations of sailing boat owners to install PV applications  

 
1.3. Organization of this work 

The first chapter of this thesis will help the reader to get an understanding of the 

current legislative environment which is affecting producers and owners of SY in the 

Mediterranean Sea. Information on environmental regulations and emission limits are 

based directly on the sources of the most important organizations and legislators as  

- International Maritime Organization (IMO) and the International Convention 

for the Prevention of Pollution from Ships (MARPOL)  

- Official Journal of the European Union (EU) containing all the publications of 

relevant directives and regulations in the European Union 

- Intergovernmental Panel on Climate Change (IPCC)  

In chapter 2, standards are defined, on which calculations are based upon. Data for 

typical SY in the Mediterranean Sea were obtained from a variety of sources, including 

a proprietary questionnaire, industry association reports (European Boating Industry, 

Charter industry), university research and news article from specialized Sailing 

magazines (“Segeln”, “Palstek”, “Yachtrevue”, “Sailing Today”).  

The characteristics of a typical SY in the Mediterranean Sea in terms of length and 

weight is elaborated in a 3-step-approach:  

1) The regulatory environment impacting SY owners regarding CO2 emission limits 

was assessed and the definition in the RCD Directive was taken for indicating a first 

size range.  

2) With the analysis of the fleets of the largest charter companies operating in the 

Mediterranean Sea, a precision of the average size can be achieved.  

3) Validation of the average size definition of the typical SY has been carried out 

through the assessment of the responses collected in a proprietary survey. 
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In chapter 3 electric devices on an average SY are described in detail and their energy 

demand is assessed.  The average daily energy consumption is calculated based on 

the assumption that the SY is in motion 8h/day and at anchor 16h/day. The average 

usage of a SY in terms of days per year is based on literature research and confirmed 

by the findings of the answers in a proprietary questionnaire. The survey among SY 

owners who already installed PV panel(s) on their SY in the Mediterranean Sea was 

conducted online and published in different sailing forums. The questionnaire, which 

was open for answers and submission online in English and German from 16/07/2020 

– 30/09/2020, can be found in the appendices. Forty-seven SY owners with PV 

installation participated in the survey. 

Chapter 4 is focusing on the energy production and the typical technical setup of a 

SY, describing the function of the diesel engine, alternator, and battery. The 

dimensioning of the engine and the resulting average diesel consumption per year is 

described. Furthermore, the relevant diesel emissions are analyzed and an 

assessment of the usage of biodiesel as possible alternative to bring down CO2 

emissions is carried out. 

Moving forward, the integration of a RE source in form of PV panels onboard a SY for 

producing electric energy is described and its potential output in the Mediterranean 

Sea is assessed. Data for solar irradiation in the Mediterranean Sea and PVoutput 

has been taken from the Solar resource data © 2019 Solargis. PV efficiency data has 

been taken from the latest publications of the Frauenhofer Institute, while background 

data and formulas are based on literature from Volker Quaschning. The average 

dimensioning of a current PV system used on a SY I the Mediterranean Sea is based 

on the evaluation of the answers collected in the proprietary survey. 

In the next step, the average yearly diesel consumption of a SY in the Mediterranean 

Sea is calculated and compared to answers collected in a qualitative market research 

in form of a proprietary survey. Finally, estimations of diesel savings through a PV 

system onboard and resulting CO2 emission savings are given based on the survey 

results. 
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2. Background  

2.1. Environmental sustainability aspects in maritime transportation 

According to the International Maritime Organization (IMO), Shipping – which 

transports about 90% of global trade – is, statistically, the least environmentally 

damaging mode of transport, when its productive value is taken into 

consideration.  Still, shipping accounted for about 2.5 % of global GHG emissions in 

2012 according to the European Parliamentary Research Service (EPRS). “Exempt 

both from international (United Nations Framework Convention on Climate Change) 

and EU climate targets, if left unchecked these emissions are set to increase by 50 % 

to 250 % by 2050, depending on economic and energy developments. The task of 

controlling them has been assigned to the IMO”. (EPRS, online source) 

IMO, a body of the United Nations founded in 1959, was the first organization to 

address environmental aspects of maritime transportation. “Of the 51 treaty 

instruments for the regulation of international shipping IMO has adopted so far, 21 are 

directly related to environmental issues.” (IMO, online source). “The Marine 

Environment Protection Committee (MEPC) is a group of member states within IMO 

that works on maritime safety and security and the prevention of marine pollution. The 

resulting global standards are embodied in the International Convention on the 

Prevention of Pollution from Ships, a treaty called "MARPOL." MARPOL Annex VI 

defines engine and vessel requirements related to air pollution." (US Environmental 

Protection Agency EPA, “International Standards to reduce Emissions from Marine 

Diesel”). MARPOL Annex VI, first adopted in 1997 and entering into force in 2005, 

“limits the main air pollutants contained in ships exhaust gas, including sulphur oxides 

(SOx) and nitrous oxides (NOx), and prohibits deliberate emissions of ozone depleting 

substances (ODS)”. (IMO, “Prevention of Air Pollution from Ships”, online source).  

MARPOL Annex VI was amended in 2008, to set more stringent fuel sulphur limits 

and more stringent NOx emission standards, especially for vessel operation in 

designated Emission Control Areas (ECAs). These are to be respected by “anyone 

who owns, or might purchase or construct, a commercial or recreational marine vessel 

with one or more marine diesel engines rated above 130 kilowatts (kW)”. (EPA, 

“International Standards to reduce Emissions from Marine Diesel”). 

In 2011, the IMO adopted global and legally binding energy-efficiency measures as 

the first mandatory requirements regarding ships' GHG emissions, in particular the 

Energy Efficiency Design Index (EEDI) for new ships and the Ship Energy Efficiency 
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Management Plan (SEEMP), which should bring improvement in terms of reducing 

the expected increase in greenhouse gas emissions. (REGULATION (EU) 2015/757, 

art. 8, EU online)   

In 2016, the IMO introduced an obligation for ships of 5 000 gross tons and above to 

collect and report data on fuel consumption from 2019 onwards. According to the 

European Union a threshold of 5,000 gross tonnage (GT) has been selected as ships 

above 5,000 GT account for around 55 % of the number of ships and represent around 

90 % of the related emissions. (REGULATION (EU) 2015/757, art.19) “The 

aggregated data is reported to the flag State after the end of each calendar year and 

the flag State, having determined that the data has been reported in accordance with 

the requirements, issues a Statement of Compliance to the ship.  Flag States are 

required to subsequently transfer this data to an IMO Ship Fuel Oil Consumption 

Database.” (IMO, online source). 

The European Union has adopted the amendments of the MARPOL Annex VI in the 

REGULATION (EU) 2015/757 OF THE EUROPEAN PARLIAMENT AND OF THE 

COUNCIL of 29 April 2015 (on the monitoring, reporting and verification of carbon 

dioxide emissions from maritime transport). In May 2020, the European commission 

has published its first annual EU report on CO2 emissions from maritime transport 

analyzing “the CO2 emissions and energy efficiency information of all the ships over 

5,000 gross tonnage, which performed maritime transport activities related to the 

European Economic Area (EEA) in 2018. Emissions reported by 11,600 ships have 

added up to over 138 million tons of CO2 emissions in that year, representing 3.7% of 

total EU CO2 emissions according to the European Environment Agency’s 

greenhouse gas emissions data.” (European Commission, First Annual EU Report on 

CO2 emissions from Maritime Transport). 

CO2 emissions data and energy efficiency information for the ships covered by the 

regulation (EU) 2015/757 are publicly available on THETIS-MRV, the web-based 

database developed by the Commission and the European Maritime Safety Agency 

(EMSA), an official EU agency providing technical expertise and operational 

assistance to improve maritime safety and pollution preparedness and response. 

The above-mentioned REGULATION (EU) 2015/757 does not apply to recreational 

boats under a threshold of 5,000 GT and hence does not affect recreational sailing 

yachts (SY), which have on average a weight in the single- or double-digit ton area. 

The only SY which would fall under this regulation as of 2020 is the biggest luxury 

yacht in the world: “the 142m Super Luxury Sailing Yacht A which with 12,558 GT is 
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also five times larger than the second”. (Superyacht Times, online source, retrieved 

August 2020) 

Even though to a smaller scale, recreational boating (as defined in chapter 2.3.) 
is also an important source of pollution to the marine environment which has 
been addressed by legislators in the last decades. According to the European 

Boating Industry (EBI), the main organization of the recreational boating industry, 

“about 48 million citizens in Europe regularly participate in recreational marine 

activities, of whom 36 million are boaters. Over 6 million boats are kept in European 

waters”. (EBI, online source, retrieved August 2020).  

Already in the 1990s the International Council of Marine Industry Associations 

“championed the development of the RECREATIONAL CRAFT DIRECTIVE (RCD) 

to harmonize regulations and tighten legislation for engine exhaust emissions”. 

(ICOMIA online source.) The so-called Recreational Craft Directive refers to the EU 

Directive which forces producers and importers of recreational crafts in the EU to 

comply with safety, technical and environmental standards (further discussed in 

chapter 2.3.) 

Dates of Enforcement of the Directive 

16/06/1998 – RCD I became mandatory 

01/01/2006 – amendment to RCD I became mandatory, bringing PWC & emissions 

into scope 

18/01/2016 – RCD II became optional 

18/01/2017 – RCD II became mandatory & replaced RCD I 

While 2017 was an important year in terms of legislative progress in the EU, 2019 

marked another significant step ahead. “World Sailing, the world governing body of 

the sport, and ICOMIA, the global voice of the recreational marine industry, joined 

forces to ensure a sustainable future for the sport.” (ICOMIA, online source, retrieved 

July 2020) Also in 2019, representatives of the European Boating Industry (EBI) 

(whose key priorities are harmonizing qualification, tackling environmental 

challenges, and strengthening European industrial excellence) and the European 

Maritime Safety Agency (EMSA) met in Lisbon, for the purpose of finding a common 

strategy to tackle issues around recreational boating and environmental sustainability 

and maritime safety. “A new strategy of the agency covering the period 2020 - 2024 

– which for the first time should focus on recreational boating - was discussed. EBI 

and EMSA will be working together on topics related to environmental sustainability 

to develop concrete outcomes.” (EBI, online source, retrieved July 2020) 
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There are different aspects in terms of ocean pollution caused by recreational crafts, 

which can / should be addressed in the future:  

• Waste management: in Annex 1, art.5.8 of the REGULATION (EU) 2015/757 

regulating the Discharge prevention and installations facilitating the delivery 

ashore of waste, focus is laid upon pollutants (oil, fuel, etc.) and human waste.  
• Life-cycle assessment and end-of-life management of boats: “In the context of the 

European Green Deal, we will need to balance growth in nautical tourism with 

sustainability. I appreciate EBI’s commitment to work with the Commission on 

several sustainability elements: climate change, circular economy, respect for the 

environment, and especially our cooperation towards developing a European 

concept for the recycling of end-of-life recreational craft.” (Felix Leinemann, 
European Commission DG Maritime Affairs and Fisheries, EBI online source, 

retrieved July 2020) 

• Anchoring of recreational boats can also affect the marine ecosystems of the 

oceans: Gaetano Cerchiello from the University of Alicante analyzed in 2018 the 

impacts of recreational boating on environmental sustainability in the 

Mediterranean Sea, focusing on the damage caused by the action of anchoring in 

seagrass beds. (Revista Investigaciones Turísticas, 2018, nº 16, pp. 165-195) 

• Exhaust emissions from engines used for propulsion and for generating electricity 

for appliances onboard of recreational crafts are the most obvious and will be 

discussed in chapter 4. The focus of this thesis is laid upon CO2 emissions, as 

“CO2 emissions are both the main GHG emissions and those easiest to monitor, 

which makes them a good starting point for taking action”. (Marketa Pape, 2015 

European Parliament Research Service, PE 554.182) 

 

2.2. Definition CO2 emissions 

According to the REGULATION (EU) 2015/757 ‘CO2 emissions’ means the “release 

of CO2 into the atmosphere by ships.  ‘Emission factor’ means the average emission 

rate of a greenhouse gas relative to the activity data of a source stream, assuming 

complete oxidation for combustion and complete conversion for all other chemical 

reactions.” 

CALCULATION OF CO2 EMISSIONS (ARTICLE 9) For the purposes of calculating 

CO2 emissions companies the following formula specified in Art 9 shall be used:  

Fuel consumption × emission factor 
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The default values for emission factors are based on the latest available values of the 

Intergovernmental Panel for Climate Change (IPCC), which can be derived from 

Annex VI to Commission Regulation (EU) No 601/2012 (1) or directly from the 2006 

IPCC Guidelines for National Greenhouse Gas Inventories, Chapter 3.  

 
Figure 1: Emission Factors in Marine Transportation, Source: IPCC 2006 GL 

ANNEX VI Regulation (EU) No 601/2012 (1): Reference values for calculation factors 

(Article 31(1)(a)) - Fuel emission factors related to net calorific value (NCV) and net 

calorific values per mass of fuel:  

Fuel type description:  Gas/Diesel oil 

Emission factor (t CO2/TJ):  74,1 (or 74 1000 kg CO2/TJ) 

Net calorific value (TJ/Gg):  43,0   

For CO2, the uncertainty in the emission factor is typically less than 2 percent when 

national values are used.  (whereas e.g. uncertainties in emission factors for CH4 and 

N2O are typically relatively high (especially for N2O) with a factor of 2-3. 

 

2.3. Definition recreational crafts in Europe  

Recreational craft sold in the EU must comply with harmonized technical safety 
and environmental requirements, defined in the so-called Recreational Craft 
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Directive II. These safety and environmental requirements refer to the design and 

construction of the craft with specific limits for exhaust and noise emissions.  

In this DIRECTIVE 2013/53/EU OF THE EUROPEAN PARLIAMENT AND OF THE 

COUNCIL of 20 November 2013 a clear definition of ‘recreational craft’ is given in 

article 3 (1) and (2).  

“Recreational craft means any watercraft of any type intended for sports 
and leisure purposes of hull length from 2,5 m to 24 m, regardless of the 
means of propulsion.”  

The relevant harmonised standard for measuring the craft’s hull length is the current 

version of EN ISO 8666 Small craft – Principal data.   

In terms of sustainability, the directive also stipulates that diesel engines used on 

recreational crafts in the European Union must have a durability of 480 hours of 

operation or 10 years, whichever occurs first. Annex 1 of the Directive 2013/53 

specifies the different design categories for recreational crafts which are important for 

the definition of the exhaust emission requirements limits (CO, HC, NOx and 

particulates) for the marine propulsion engines (regulated in Art 55(2)) 

Table 1: WATERCRAFT DESIGN CATEGORIES 

Design category 
Wind force 

(Beaufort scale) 
Significant wave height 

(H ⅓, meters) 

A exceeding 8 Bft exceeding 4 m 

B up to, and including, 8 Bft up to, and including, 4 m 

C up to, and including, 6 Bft up to, and including, 2 m 

D up to, and including, 4 Bft up to, and including, 0,3 m 

 

According to the directive 2013/53/EU Engines on Sailing Boats, with the length of 

2,5 – 24m, have to undergo an examination by a notified body earn their CE mark, as 

these engines must meet exhaust emissions criteria which will be discussed in 

chapter 4. 
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2.4. Definition and characteristics of an “average” sailing boat in the 
Mediterranean Sea 

In chapter 2.3. a definition of the recreational craft has been given which includes 

sailing boats with a of hull length from 2,5 m to 24 m. A first approach to validate 

the fact, that the size of most sailing boats in the Mediterranean Sea is effectively 

falling in this range, was the check of the production line of the Bénéteau group, the 

largest (sail) boat producer of the world. (Ecorys R&D, Study on the competitiveness 

of the recreational boating sector, Prepared for the European Commission, 2016). As 

of 2020 the Boat division of Bénéteau represents 85% of the group’s revenues and 

its business is linked exclusively to recreational boats. “It includes designing and 

production of sailing yachts, from 4,5 m to nearly 30 m long.” (Bénéteau Group, 2020 

online source)  

As the range of 4,5 – 30m is still quite broad, the next step to narrow down this range 

and to be more specific in terms of average size, was the analysis of the fleet of the 

most important charter companies. Charter boats in the Mediterranean Sea are 

particularly important, as “the Mediterranean Sea alone attracts 70% of world charter. 

Looking at the presence of bareboat charter yachts worldwide we can see that EU 

Member States are leading with Croatia, Italy and Greece.” (Ecorys R&D, Study on 

the competitiveness of the recreational boating sector, 2016). The dominating models 

used in the charter sector in the Mediterranean Sea in terms of monohulls are Bavaria, 

Bénéteau, Jeanneau and Dufour while Lagoon is the leading brand for catamarans.  

 
Figure 2: Composition of charter fleet of most important charter companies in the EU, 

Ecosys R&D, 2015, Study on the competitiveness of the recreational boating sector 
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To assess the average size of the typical charter sailing in the Mediterranean Sea, 

online figures of the dominating charter companies were analyzed, leading to the 

following results:  

• Sunsail offers charter sailing yachts in the range of 36 – 48 feet (i.e. 10,97 m 

– 14,63 m).  

• Nearly the same applies to the fleet of Dream Yacht Charter, where the highest 

number of sailing boats (in IT, GR, FR and ES) can be found in the range of 

38 – 48 feet.  (i.e. 11,58 m – 14,63 m). 

• The charter fleet of Kiriakoulis Mediterreanean Cruises Shipping SA in terms 

of sailing yachts is in the range of 36 - 56 feet (i.e. 10,97 m – 17,01 m). 

• Most Sailing yachts offered by Click&Boat are in the range of 12 m – 16 m 

(consolidated figures for IT, GR, FR and ES; 10 m – 11.99 m: 1,316 │12 m – 

13.99 m: 2,073 │ 14 m – 15.99 m: 2,157)  

This leads to the conclusion that an average size of 12 – 14 meters can be assumed 

for the most used charter SY in the Mediterranean Sea today.  

In terms of owner SY, a check of the most prominent online platform for yacht sales 

(Yachtworld, Yachtall, analysis of charter yachts available online as of 08/2020), led 

to a similar result:  

While the offer for sailing yachts at Yachtworld - for countries surrounding the 

Mediterranean Sea, as of 01/09/2020 - includes 7.221 SY, over 60% of these sailing 
yachts currently for sale are in the range of 10 – 14 m, the biggest share of 37% 
was found in the range of 12 – 14 m. The unloaded weight of sailing boats with a 

hull length of 12 – 14 m ranges between 9 and 12 tons. For the effective total loaded 

weight, which impacts the dimensioning of the engine, another ton should be added 

for fillings of water tanks (on average 200-400l) and fuel tank (on average 200-220l), 

crew and luggage weight.  

The last step in the validation of the average size was the analysis of the proprietary 

survey taken among SY owners in the Mediterranean Sea with a PV application on 

board their SY: the assessment of 47 owner boats led to the average size of 12,27 
meters and the average weight of 11,25 tons.  
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2.5. Definition of the average time spent on SY in terms of days / year 

To be able to define the yearly energy consumption and to carry out calculations of 

the yearly diesel consumption it is important to assess the average usage of a SY in 

terms of days per year, as only few SY owners will spend the whole year onboard of 

their SY. The same holds true for charter yachts which are not rented 365 days per 

year.   

“Charter yachts are used on average 20 weeks per year”. (Yachtrevue, 2006) This is 

confirmed by an online check of Trend Travel Yachting indicating that the average 

usage is between 18 - 22 weeks in the Mediterranean Sea. In terms of days, this 

would be between 126 and 154 days, on average 140 days.  

According to the survey results, SY owners in the Mediterranean Sea will use their 

yacht on average 155 days per year. 

Taking an average of these two figures 140 days and 155 days results in an average 

of 148 days of usage per year, that means that the SY will be effectively used 5 

months per year. 

 
 

2.6. Energy Basics 

Electricity is a flow of electrons through a conducting material. On a SY electricity can 

be measured as a difference in electric potential between two points across a boat’s 

battery, the voltage. In the International System of Units, the derived unit for voltage 

is named Volt, the symbol used either V or U. The typical voltage onboard is 12V. 

Also, the electric current I along the cable (unit: Ampere, A) and the resistance R to 

turn the motor (unit: Ohm, Ω) can be measured.  

 
Ohm’s law 
To be able to understand how the energy system onboard of a SY works it is important 

to understand the relationship of electrical pressure (voltage), current flow (amperage) 

and resistance which is described in the extremely useful equation of the Ohm’s law 

shown in the triangle and its formulas below (Ranger Hope, SY Master course, 2017): 
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Knowing one of the units allows to calculate the other and so monitor the performance 

of the system (its electrical rating).  

 

Power 

Electric power is the rate, per unit time, at which electrical energy is transferred by 

an electric circuit. It is defined as Energy over time [E/t] and expressed in terms of 

Watts.  One Watt equals one joule per second – it is the amount of work done in one 

second with a potential difference of one volt and a constant current of one ampere. 

Power can be calculated with the following formulas: 

 

       P = U * I           Power = voltage (V) * amperage (A) 
 P = I2 * R          Power = amperage2 (A2) * resistance (Ω) 

 P=U2/ R  Power = voltage2 (V2) / resistance (Ω) 
 

The formula will also help to correctly size the wire used onboard a SY as wires act 

like a resistor. The longer and thinner the wires used, the higher the resistance which 

will result in reduced current in a circuit. There is also an associated power loss and 

voltage drop over the resistive element. There is a risk of overheat/fire with smaller 

wires, because of the increased resistance which causes a power loss via heat.  
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3. Energy Consumption: Requirements of/on a recreational sailing boat 
 

For the design of a power supply system, it is necessary to determine the energy 

consumption. The daily energy consumption onboard a SY is made up of the sum of 

the individual consumptions of any devices used on board.  

Most of the time, the power consumption, energy consumption or performance is 

indicated on the corresponding devices. As outlined in chapter two, the current can 

be e easily derived from the following formula if the power is given: 

Power (in watts, W) = voltage (in volts, V) * current (in amperes, A) 
For exact calculation, the current voltage should be used, e.g., 13.8 V instead of 12 

V, but as this varies permanently and cannot be constantly measured, conversion 

calculations have been carried out/standardized with 12 V. 

In the next chapter the most common appliances used on a SY, and their respective 

energy consumption is described. 

 

3.1. Main electricity consumers on an average sailing yacht 
 

Navigational devices 
Navigational instruments refer to the instruments used by nautical navigators to 

ascertain the present position and to determine the speed, direction etc. to arrive at 

the point of destination. Ensuring the power for the navigation devices of a SY is 

crucial. Navigation equipment includes: 

• GPS (Global Positioning System): This satellite-based positioning system, 

developed by the US military in the 1980s and since 2000 released for civil 

use without restrictions, is used on SY by sailors to determine the current 

position.  

• RADAR (RAdio Detection And Ranging) allows for orientation and 

sensoring at night or in foggy weather. Radar consists of an antenna with a 

transmitter / receiver, the display unit and the power supply. The transmission 

power is 2-6 kW; due to the short impulses, the power consumption only 

corresponds to approx. 40 - 80 watts. (Segelschule Hofbauer, Fahrtenbereich 

2, Navigation 4, BFA Kurs 2018) 

• AIS: Some SY also dispose of AIS (Automatic Identification System) which 

allows the AIS-equipped boat to be easily located and identified. An AIS 
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transponder consists of a VHF transmitter, an VHF-AIS receiver, an VHF radio 

antenna, GPS and an interface to a display device. An AIS receiver consists 

of the FM-AIS receiver, an FM radio antenna and of one interface to a display 

device. “The AIS Transponder used for leisure boats (Class B) has a 

transmission power of 2W and will send every 30 seconds (velocity > 2 knots) 

to every 3 minutes (velocity < 2 knots).”  (Hubert Ober, 2019) As the power is 

2W the voltage is 0,16A. Assuming on average one signal (of a duration of 

one second) per minute, the current charge for one hour (1/60 of 0,16A) would 

be only 0,0027 Ah. The daily energy consumption of an AIS system for 24 

hours would be negligible. 

• A laptop or a chart plotter for displaying the information, whereas “using a 

chart plotter instead of a laptop can reduce the energy need, as such devices 

need less current - 1.5 A compared to 3 A of a laptop.”  (Sven Seren, Yacht 

Online, 2016) One of the most common brands used for marine navigation 

instruments is GARMIN. A fast, responsive GPS / GLONASS receiver with 10 

Hz will update position and heading 10 x per second. A typical GARMIN chart 

plotter will need on average 1.5 A to 1.8 A at 12 Volt dc as specified beneath.  

 

Figure 3: Garmin GPSMAP 

742xs Plus, 7" Chartplotter/Sonar 

Touchscreen Combo, Source:  

Garmin Manual 

Today there are practically no 

more pure devices, but so-called 

multifunction displays with GPS / 

chart plotter / AIS / RADAR. Most 

high-quality screen are combined 

for all applications. (Sven Seren, 

2016, Hubert Ober, 2019).  

 
Autopilot (Electronic self-steering) 
“Autopilot operation puts the vessel automatically on the desired heading. It works 

with a computer-based drive unit that moves the rudder based on the input of an 

electronic compass or heading sensor, so the system knows which direction the boat 

is pointing.” (Rupert Holmes, 2017) Depending on the sophistication of the control unit 

(e.g. tiller pilot, steering wheel attached chart plotter, ...), electronic self-steering gear 
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can be programmed to hold a certain compass course, to maintain a certain angle to 

the wind (so that sailors don’t need to change their sail trim), to steer towards a certain 

position. However, the amount of power required by electrical actuators, especially if 

constantly in action because of sea and weather conditions, is a serious 

consideration. According to the installation guide for the latest product range of 

Raymarine, one of the leading companies in the production of autopilots, “energy 

consumption under load varies between 3A and 15A, even 30A for the newest models 

(designed for heavier yachts).” (Raymarine, 2020) The advantage of modern devices 

is, that various parameters (e.g. starting from which course deviation steering 

behavior should be changed and how strong the rudder is placed) can be adjusted, 

which have a significant influence on the associated power consumption. 
 

Figure 4 Left: Raymarine SeaTalk autopilot model, consuming 3A at 12V 
Right: Energy consumption of newest line of autopilots, ranging between 5 – 30A 
(Raymarine installation manual, retrieved August 2020) 
 

“An average autopilot requires approx. 5A under load (i.e. when a course 

correction is necessary), otherwise (quiescent current) approx. 1 A. However, 

the course will have to be corrected (varying depending on the wind, waves, 

and trim of the sails (and thus more or less balanced pressure point) once 

every three seconds on average. And only then the high current of 5A will have 

to flow into the pump. On average the current will flow for a maximum of one 

second, which is enough to readjust the rudders. The servo pump therefore 

only needs electricity in about a third of the time. Autopilot energy requirement 

per hour = 1 Ah + 5 A x 0.3 h = 2.5 Ah / h” (Sven Seren, 2016) 

Another consideration for calculating the average power consumption for the autopilot 

per day is the assumption that the usage of autopilot will be less than the sum of hours 
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on passage, assuming that most crews will like to use manual control from time to 

time, especially when sailing. These two reflections have been considered in the time 

of usage at sea in the following chapter. 

It is sometimes difficult to identify the energy consumption of an autopilot, as it might 

be indicated by its Load Equivalency Number (LEN) where 1 LEN = 50 mA. (Source: 

Garmin, Raymarine). 

 

VHF Radio 
As communication with shore and with other boats can be critical on the water in 

emergency situations, all leisure crafts today are equipped with a VHF radio. Marine 
VHF radio is a worldwide system of two-way radio transceivers on ships and 

watercrafts used for bidirectional voice communication from ship-to-ship and ship-to-

shore (for example with harbor masters). It uses FM (frequency modulation) channels 

in the Very High Frequency (VHF) radio band. The frequency range is between 156 

and 174 MHz, inclusive.  

VHF radio will be mainly used to listen to navigational warnings on passage and 

eventually once a day for communication with the marina when entering a harbour.  
According to product checks for one of the most sold VHF radios (Standard Horizon, 

icom) on the marine online portal Westmarine, the energy consumption is 0.8 Amps 

in receiving mode and between 1 and 5 A for transmitting.  

 
Navigation lights and anchor light 

As of the Convention on the International Regulations for 

Preventing Collisions at Sea (Colreg, internationally adopted 

legislation), three separate position lanterns (or a three-color glider 

lantern) are mandatory for a sailing yacht of the size 12-14 m. They 

serve the purpose to be easily seen and recognized as a SY during 

nighttime. Therefore, they only will be used on passage at night 

(rather the exception in the Mediterranean Sea). There are 

different models available – some yachts are still equipped with 

light bulbs while nowadays most yacht owners or charter companies use led lamps. 

Position lanterns with light bulbs consume 2A each (at 12V). 

Position lanterns with LED lights consume 0,15 – 0,2A each (at 12V).  

Meanwhile, the anchor light is used more often, as it needs to be turned on when 

anchoring in a bay as soon as it gets dark. The consumption will be identical to the 

ones for navigation lights: 2A of connected load for a light bulb model, and between 
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0,15A and 0,2A at 12V for a led model. As they are often used for many hours, they 

are not negligible consumers. 

 
Interior lighting 
On an average 12-14 m SY, there will be between 2 and 4 cabins, each equipped with 

1-2 led lights. The main common room (including pantry and dining space) will also 

have at least 4 lights which will switched on as soon as it gets dark. A few other lights 

(bathrooms, engine room, deck etc.) should be added.  

In terms of energy consumption today most SY will be equipped with led lamps for 

interior lighting, so the consumption will be between 0,15 and 0,2A at 12V. 

Assuming that out of minimum 10 lights at least 4 will be used from sunset for 5 hours, 

this will average a usage of 2 hour/10lights. (4/10*5=2) 

 
Water pumps 
Freshwater pumps are used on SYs to deliver/pressurize water to wherever needed 

onboard (showers, sinks, toilets…). Pressurized water systems make life aboard 

more comfortable, but also consume energy. Checking on current models online for 

an average freshwater pump, energy consumption will be 4A at 12V.  

In case of an average crew for a SY of 12-14 m with a crew size between 4-8 persons 

and a high pump usage (e.g. for regular dishwashing and showers), an average time 

of 2h, resulting in 8Ah can be expected. 

An important pump onboard is the so-called bilge pump, a pump which is used for 

removing water from the bilge. The most recommended model by an independent 

review of bilge pumps (the SEAFLO Automatic Submersible Boat Bilge Water 

Pump according to Richardson, 2020) has an energy consumption of 5A at 12V. But 

as bilge pumps will only be used in case if water gets into the bottom of a SY, which 

is rarely the case, its energy consumption can be left apart.  

 
Refrigeration / Fridge 
A cooling device for food and drinks is standard on any SY in the Mediterranean Sea 

and one of the most important energy consumers onboard as it will run at least 2/3 of 

the time. (Energy conscious crews will switch the fridge off at night). The energy 

consumption of different types of refrigerators (at 12 V) varies between 2.7 A and 7 A 

according to size (20 – 80l volume) and efficiency, cooling boxes might even draw 9A 

according to a reality check with different online providers. 
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There are a few points to be considered when calculating an average daily energy 

consumption by the refrigeration system onboard.  

The energy consumption indicated on the device is usually for an outdoor air of 25 °C 

and refrigerator internal temperature of 5 °C (can be adjusted for all devices). It is 

evident that the outdoor temperature especially in summer in the Mediterranean Sea 

will be higher, so this value will depend not only on the efficiency of the cooling circuit 

but also the insulation. Those two factors will have an impact on the length of the 

on/off cycle of the compressor.  

According to Seren 2016, the “uptime” needs to be considered as the compressor will 

not run the whole time: “When the refrigerator is on, the compressor runs for approx. 

1 min. It is then off for approx. 4 min before the compressor starts again. One can 

easily determine this by listening and looking at the watch.  

Uptime refrigerator compressor (in percent) = time compressor on / time refrigerator 

in operation = 1 min / (1 + 4) min = 20%” 

Considering that the fridge will be opened and closed several times per day and 

refilled with drinks/food of the current ambient temperature, which again will need to 

be cooled down, the compressor might run more often again, and not use 20% of the 

indicated full load power, but eventually use 50%. (Köhler, 2013) 

Based on this assumption (well insulated fridge, compressor using energy only 50%) 

a refrigerator with an indicated energy consumption of 5A, running 24h/day, would 

consume 60Ah/day (24 x 5Ah x 0.5 = 60Ah / d).  

 

Anchor windlass 
An electric windlass (anchor winch) allows to drop and to haul up the anchor without 

manual effort. It is standard on any SY of average size in the Mediterranean Sea and 

will be used for anchoring in bays. The power (or strength capacity) of the windlass 

depends on the weight of the anchor, which again depends on the weight/length of 

the SY. For a 12-1 4m SY with a weight of over 10 tons, an anchor of 10 – 25 kg 

depending on the form of the anchor (Delta, Lee, Danforth, Rocna) is realistic. (Online 

check, Anker, Compass 24 Segelausrüstung, 2020) The power of such a windlass is 

between 700 - 1000W, the normal current draw as indicated by a Lewmar vertical 

windlass at 80A at 12 V. The anchor windlass will not be used more than a few 

minutes per day, but in these few minutes it will consume a lot of energy. 
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Bow thruster 
Modern SY are sometimes equipped with maneuvering thruster (bow thruster or stern 

thruster) which is a “transversal propulsion making it easier to maneuver”. (wikipedia) 

Bow thrusters make docking and casting off easier, since they allow to turn the vessel 

to port or starboard side, without using the main propulsion mechanism. As for an 

online check of different models, the power consumption of bow thruster is enormous 

– between 3 and 6 KW (i.e. 250A – 500A at 12V). It is true, that they only will be used 

a few minutes per day, but if a sailing maneuver is unsuccessful and will have to be 

repeated several times, the bow thruster can quickly draw a lot of energy and empty 

the battery. This is the reason why there might be a dedicated auxiliary battery only 

for this energy-consuming device on a SY. As a bow thruster is not yet standard on 

average SY of the size 12 – 14 m in the Mediterranean Sea, I have not considered it 

in the calculation.  

 
Inverter 
A marine inverter works by taking 12V DC (Direct Current) power from the battery 

(bank) and converting it to 110 – 120V AC (Alternating Current) power which allows 

the usage of household items - like watermaker, toaster, phone charger, laptop – 

onboard of a SY. This refers to the usage of these devices at sea or in bays, i.e. 

outside of marinas: in the harbor shore-side electricity supply will be used and 

inverters will not be needed. 

 
Mobile Phone / iPad charging  
Nowadays that mobile phone penetration in European countries surrounding the 

Mediterranean Sea is over 70% (Newzoo, 2019), three out of four crew members will 

bring along their own mobile phone and recharge it regularly.  

 

Household items 
From experience of charter yachts in the Mediterranean all SY have a hot water maker 

(for making tea, not for showering!) onboard. Owner yachts are also often equipped 

with stoves (e.g. induction cooker) and water makers carrying out reverse osmosis 

(making fresh drinking water from sea water). These household items have high 

power consumption (e.g. 200-350 W for current models of watermaker from © 

PureWater) but will be used few hours per day. 
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3.2. Factors influencing the average energy consumption  
 

It is rather difficult to determine an average electric consumption as energy demand 

even onboard the same size and type of SY can be very heterogeneous depending 

on various factors: 

- how luxurious or spartan the equipment of a SY is  

- how energy-efficient the electric appliances are  

- how many people are onboard  

- how energy saving / consuming the behavior of the crew is 

As for the first aspect, it was already highlighted in the previous description, that some 

appliances are mandatory for a SY of 12-14m, others can be considered nice add-

ons. 

In terms of energy-efficiency, there are some quick wins to bring down energy 

consumption especially for lightning (lightbulbs vs LED lights) and refrigeration 

(proper insulation). 

The size of the crew will vary from sailing trip to sailing trip, for a SY of 12-14m an 

average crew of 4-6 people will make up most boats.  

Behavior might be an important game changer for dimensioning a power system 

onboard a SY. As outlined before it makes a significant difference 

- if a crew uses autopilot all the time instead of actively sailing 

- if a crew leaves the fridge switched on overnight while anchoring in a bay 

- if the crew showers after every bath-stop activating the water pump  

- if each crew member brings along and recharge regularly mobile phone, iPad, 

laptop or other electric devices (using the energy from the battery + inverter). 

Another tricky aspect already highlighted in the description of the energy consumption 

of the autopilot is that some devices will need the indicated current not all the time. 

The fact that the current only flows for a certain percentage of the time, has been 

considered in the estimation of the average usage time  

Helpful in the creation of the individual energy balance are demand calculators, which 

have been made available online e.g. by SunWare Solartechnik Produktions GmbH 

und Co. KG or by BLAUWASSER.DE GmbH & Co. KG, a company of the sailors 

Judith and Sönke Roever. 
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3.3. Calculation of the average daily energy consumption at anchor / at sea 
 

Based on the assessment of the previous chapter, various experience reports from 

experienced sailors, specialist literature (Köhler, Herrmann, Roever) and results from 

my survey, an energy balance for an average SY in the Mediterranean Sea has been 

established. Calculations are based on the following assumptions: 

- The crew consists of 5 people (for owner boats it will be often less, for charter 

boats it will often be more)  

- Average time at sea is 8 hours, average time at anchor 16 hours 

- Only a few night cruises are carried out, reflected in the average time of usage for 

navigational lights   

- Navigational instruments are combined and will be constantly used at Sea, energy 

consumption of the entire navigation equipment incl. chart plotter is 5A at 12V.   

- VHF radio is used all the time at sea and additional 2h at anchor for listening to 

Navtex / warnings 

- The different aspects of the refrigeration usage (compressor cycle, temperature 

and filling, insulation, eventual switch-off at night etc.) have been reflected in the 

time of usage (50% of the time)  

- Despite the increasing complexities of many of today’s yachts, new technologies 

mean that power requirements are steadily reducing in many cases. As there is 

no standardization for equipment in terms of household items, this energy 

consumption in the following calculation should be averaged with 20 Ah. 

 
Table 2: Daily Energy Consumption at Anchor at 12V (assuming 16hours at Anchor) 

Appliance  Nr # Ampere Hours Daily Ah  
DC     At Anchor At Anchor 
Navigational Instruments 
including chartplotter 1 5 0 0 

VHF Radio 1 0,5 2 1 
Autopilot 1 5 0 0 
Cabin Lights (LED) 10 0,2 2 4 
Navigational Lights 3 2 0 0 
Anchor Light (LED) 1 0,2 12 2,4 
Fresh water pump 1 4 2 8 
Bilge pump 1 5 0 0 
Refrigeration 1 5 8 40 
Anchor windlass 1 80 0,2 16 
Inverter 1     0 
Laptop, iPad 1 4 1 4 
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Phone Charge 3 0,15 2 0,9 
Other household items (Stereo, Watermaker, Toaster, Microwave) 20 
   Total Ah       96,3 

 

Table 3: Daily Energy Consumption at Sea at 12V (assuming 8 hours at Sea) 

Appliance Nr # Ampere Hours Daily Ah 
DC     On Passage On Passage 

Navigational Instruments 
including chartplotter 1 5 8 40 

VHF Radio 1 0,5 8 4 
Autopilot 1 5 6 30 
Cabin Lights (LED) 10 0,2 0 0 
Navigational Lights 3 2 2 12 
Anchor Light (LED) 1 0,2 0 0 
Fresh water pump 1 4 0,2 0,8 
Bilge pump 1 5 0 0 
Refrigeration 1 5 10 50 
Anchor windlass 1 80 0 0 
Inverter 1     0 
Laptop, iPad 1 4 1 4 
Phone Charge 3 0,15 0 0 

Other household items (Stereo, Watermaker, Toaster, Microwave) 0 

     Total Ah       110,8 
 
Summing up the energy consumption at anchor of 96,3 Ah and the energy 

consumption at Sea of 110,8 Ah, the total daily energy consumption of a SY of 12 

– 14 m would be 207,1 Ah.  

3.4. Extrapolation of the average yearly energy consumption of a SY 
 

Adding up the energy consumption at Sea and at Anchor the total daily energy 

consumption results in 207,1 Ah for an average SY in the Mediterranean Sea.  

In chapter 2.5. the average days of usage per year was defined with 148 days.  

By multiplying the average daily energy consumption and the average days of usage, 

the yearly energy consumption can be calculated. 

Average yearly energy consumption:  148 * 207,1 = 30 650,8 Ah = 

367.809,60 Wh or 368 kWh (at 12V) 
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4. Energy Production: The traditional solution without any RE technology 
 

4.1. System overview – the traditional “dirty” solution without RE 
technology 
 
4.1.1. The Diesel Engine  

Although huge investments have already been made in the development of new 

propulsion technologies to reduce CO2 emissions and to protect the environment, the 

diesel engine, as of 2020, is still the dominant technology used on sailing boats. The 

rotational movement of this thermal motor consuming diesel can be used either for 

propulsion and electric generation, or exclusively for electric power generation. An 

overview of the components and the work cycle of a marine diesel engine can be 

found in the following chart  

 

Figure 5: The Work Cycle and Components of a Marine Diesel Engine, Source: Henry 

Lee, Marine Ecologistat EPA,  

The reasons why diesel engines have been given preference to gasoline in the 

recreational boating area according to different technical journals are mainly that  

- diesel has a higher thermal efficiency (therefore better energy extraction) than 

gasoline due to its high expansion ratio  

- diesel engines have been more maintenance-free than gasoline engines in the 

past 

https://en.wikipedia.org/wiki/Expansion_ratio
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- diesel is considered safer than gasoline because of its comparatively low 

volatility and low risk of catching fire, as it does not form a flammable vapor   

In 2017, the journalist Ed Sherman writes about “Marine Diesel Engines” in 

boats.com, a global search engine in the leisure marine market: 

“Of all the commonly used engines available today, the diesel has the highest 

thermal efficiency. Why are diesels so much more thermally efficient than their 

petrol-fuelled counterparts? The answer lies in the differences between how 

diesels and gasoline engines operate.  

Gasoline engines are sometimes referred to as “spark-ignition” engines, as 

opposed to diesels, which are “compression-ignition” engines: Instead of 

using a spark to ignite fuel, a diesel engine creates enough pressure in its 

cylinders to heat the fuel to the point of ignition, with the atomised diesel fuel 

getting injected directly into each cylinder at just the right time. The auto-

ignition temperature for diesel fuel is about 600°F, so the pressure within each 

cylinder must be high enough to produce that temperature to ignite the fuel 

and begin the combustion process. In practice, the actual temperatures 

achieved will be more in the 700°F-plus range.” 

Nevertheless, there are some disadvantages with the usage of diesel, which is a 

heavier, more viscous fuel, and needs some additives to maintain constant properties, 

otherwise it may thicken with cold weather. Furthermore, “diesel may support 

microbial growth, why it also needs additives and high-quality filtration”. (Ed Sherman, 

2018 Marine Diesel Fuel: What You Need to Know,)  

A diesel engine on a SY serves two purposes:  

1) it serves the propulsion in harbours and under certain circumstances also at 

sea (e.g., when there is no wind) 

2) it drives the alternator which charges the batteries  

On wind-free days or also in harbours the diesel engine is used as prime source for 

propulsion on Sailing Boats and is connected to a propeller via a shaft. To be more 

precise, the generator is coupled to the shaft through a step-up gear. The propeller is 

the crucial component that brings the engine power into the water and thus enables 

the boat to move forward. There are different drive trains with different efficiencies 

which are described in appendix 2.   
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The second important role of the diesel engine onboard a sailing yacht is the electric 
power generation: in this case the mechanical power of the engine is dedicated to 

drive the generator which supplies the boat with electric power.  

The Alternator 

Until the mid-seventies of the last century, 

DC lighting machines were the standard 

generators on combustion engines but as 

they are not produced anymore, 

today, three-phase A.C. generators (or also 

called alternators) are the standard 

generators used on boats. “The three-

phase generator is a special form of the 

electric generator, which induces three 

independent alternating voltages into the 

120° offset strands of its stand winding. The 

three alternating voltages have the same 

frequency, amplitude and each a phase shift 

of 120° to each other. The three strands of the stand winding form a chained system.” 

(Source: Wikipedia)  

As the production of the electric energy onboard 

is often not synchronized with the need of the 

electric consumers which have been discussed 

in chapter 3, a storage device is needed – the 

battery, which will be discussed in chapter 4.1.3. 

 

4.1.2. Factors influencing the diesel consumption  

It is challenging to estimate the average consumption of marine diesel oil even for the 

same type of average SY in the Mediterranean Sea (12-14m hull length, weight of 10-

12 tons), because the consumption will depend on multiple factors: 

- Distance travelled under engine (in miles or km) 

- “Form (hull type and shape), weight and load of the SY and efficiency of drive 

trains” (Segelschule Hofbauer, FB 2, Scriptum Bootsbau, 2018) 

Figure 6: Alternator, source: 

Michael Herrmann, Yacht Inside, 
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- Engine size, type, and consumption curve in l/h per rpm  

- Weather conditions (direction and strength of waves, current and wind) 

- Average speed  

In terms of dimensioning the diesel engine for a modern Sailing Boat Jake 

Kavanagh gives the following rules of thumb:  

• “allow 3hp (1 horsepower = 0,74 kW) per ton of displacement, or 1hp per foot 

of waterline length”  

This means that for an average sailing yacht as defined in chapter 1.3. with a total 

weight of at least 10 tons at least a 7,4 kW-engine should be chosen. 

Most diesel engines installed on average sailing yachts, which fall under the RCD 

directive, will have engines between 5 and 100 kW - often engines are rather over-

dimensioned. On the other side if a diesel engine is too small, it could potentially use 

more fuel. The engine would have to work harder, burning more fuel. 

In terms of diesel consumption, the Viennese Sailing School Hofbauer indicates that 

“a 50 kW marine diesel engine consumes on average 4l per hour at 70% of max. rated 

speed (2.2000 rpm) with ideal weather and sea conditions, but its consumption could 

go up into the double-digit space (>10l/h) at full load.” (Hofbauer FB 2, Scriptum, 2018)  

Michael Herrmann (Herrmann, “Einbaudiesel bis 40 Kilowatt“, Yachtinside, 2016) has 

done a comparison of 50 most common diesel engine types with sail-drives ranging 

from 5,15 to 39 kw and 50 most common diesel engine types with V-drives in terms 

of number of cylinders, rpm, weight and also diesel consumption. Resulting from the 

table in his analysis (p.13 - p.15): 

• In the range of 5 up to 20 kw engines (equal for both types) the diesel 

consumption in l/h at 80% of the max. rated speed (rpm ranging between 

3000 and 3600) was between 1 and 2-3l. 
• In the range of 20 up to 39 kw engines (rpm ranging between 2800 and 

3600) the diesel consumption in l/h at 80% of the max. rated speed was 

between 2,7 and 4,7l.  
A countercheck of the technical specifications of two diesel marine engines confirms 

the indicated ranges and gives the following result:   
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Figure 7: Left: Fuel Consumption of a 7,8 kW Beta Marine diesel engine in l/h based on 
theoretical propeller loading at full speed, Beta Marine Online, 2020 / Right: Fuel Consumption 
of a 55.2 kW Yanmar 4 stroke diesel engine (max output @ crankshaft speed of 3200 rpm), 
Yanmar Technical Specifications, 4JH4-TE Series)  
 
The reality check proves that the smaller one with 7,8 kW from Beta marine shows a 

consumption of 1-3l and the larger one from Yanmar with 55,2 kW shows a 

consumption of 1-16l depending on the rpm (revolutions per minute). 

4.1.3. The Battery 

Marine batteries used on Sailing Yachts have two major applications: starting 

batteries and consumer batteries (deep cycle batteries). (Richard Remick, Battery 

Review 2020) 

• Starter batteries serve the purpose of cracking and getting the engine running 

with a burst of Cold Cranking Amps (CCA). They are quickly recharged by the 

alternator but are not meant to be discharged deeply. “Marine batteries 

dedicated to cranking (starting the engine) experience momentary high current 

drain; therefore they need more and thinner lead plates with wider space 

between the plates for the water created during high rates of discharge to 

disperse in the electrolyte.” (Ranger Hope, Sailing Yacht Master, Online 

Course Material, Latest Update 2017) Starter batteries should be located as 

close to the engine or generator as possible to avoid voltage drop through long 

leads.  

• Consumer batteries or deep cycle batteries are the onboard 12V power 

source for the electrical appliances and devices onboard discussed in chapter 
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3. Deep cycle batteries have thicker plates, made of denser active material 

sometimes - the greater plate coverage helps that, when the boat heels, the 

plates are not uncovered - a process that would oxidize them with consequent 

rapid deterioration of overall battery performance. “Deep cycle batteries can 

withstand cycles of long continuous discharge and repeated recharging. They 

should be rated so that the discharge does not go below 50% of battery 

capacity. A higher charging voltage of approximately 14.5V may be required 

to achieve this.” (Ranger Hope, Sailing Yacht Master) Deep cycle batteries 

can be recharged by shore power using a generator or by renewable energy 

sources like e.g. PV panels. 

• Auxiliary batteries: Modern sailing yachts may also be equipped with an 

additional battery which is dedicated for only one appliance which is not used 

very often but drains a lot of energy in a short time period (Examples would be 

the bow thruster or the electric anchor windlass). 

 

Figure 8: System Overview - Power Supply and Storage onboard a Sailing Yacht, 
Peter Rutke, 2015, translated by Kuster, August 2020 
 
“Starting batteries should not be used for deep cycling, but deep cycle batteries can 

be used for most starting purposes. There are dual purpose models combining both 

use modes and offer the best of both worlds, effectively allowing you to use only one 

type of marine battery”. (Richard Remick, Battery Review 2020) This is the 

exceptional case though, usually there will be one starter battery and one or more 

deep cycle batteries. Starter batteries and deep cycle batteries can be connected 

https://www.outsidepursuits.com/author/tpaventures/
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during charging in case the same type of battery is used for both applications but 

“must be disconnected during operation. This will be reached with release diodes, 

isolation relays or circuit breakers, so called VRS, Voltage Regulated Switches.” 

(Michael Herrmann, YachtInside, 2017) 

“While many materials will produce a limited charge, the two most common types of 

battery, described by their electrode metal and electrolyte, are the lead acid battery 

and the alkaline battery.” (Ranger Hope, 2017)   

Lead acid batteries are still the most common batteries used on sailing boats. “The 

components of a lead acid battery cell are positive plate cathode of lead dioxide 

(PbO2), negative plate anode of lead (Pb) and dilute sulphuric acid electrolyte 

(H2SO4 + H2O)”. (Ranger Hope, 2017). “While the energy of other batteries is stored 

in high-energy metals like Zn or Li, the energy of the lead–acid battery comes not from 

lead but from the acid.” (Klaus Schmidt-Rohr, 2018) As the battery acid is a liquid 

electrolyte solution, this kind of battery is also called wet or flooded battery. As wet 

batteries are not well-suited for marine use (spilling and leaking they pose an 

environmental risk), today most sailing boats are equipped with either  

• Gel batteries - in these batteries the electrolyte is bound by keelsic acid and 

is present as a gel – or  

• AGM batteries - AGM or Sealed Lead Acid batteries are called dry as the 

battery acid, the electrolyte fluid is contained by an Absorbent Glass Mat 

(AGM).  

Both gel and AGM designs are sealed, therefore they cannot spill and do not leak, 

which is of special importance onboard of a sailing yacht. Under normal conditions no 

gas can escape from the battery, but in the case of massive overloads the amount of 

gas exceeds the ability to recombine - a valve opens and the gas escapes. Therefore, 

these batteries are also called VRLA (Valve Regulated Lead Acid Batteries). They 

can be used in nearly any orientation/position except upside down and are called 

“maintenance-free”. (Herrmann, Hope, Köhler)  

Alkaline batteries are generally externally connected. A variety is available including 

Nicad (Nickel Cadmium), NiMH (Nickel-metal hydroxide), Nickel Zinc and Lithium. 

They use alkaline instead of acid and the active materials do not dissolve in the 

electrolyte. (Ranger Hope, Sailing Master Course 2017)  
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The newest of all marine battery types are lithium ferrous phosphate, LiFePO4 or 
LFP for short. “There are a few variations on this chemistry such as LiFeMnPO4 & 

LiFeYPO4.” (Rod Collins, Compass Marine Inc, April 2020, online “Marine How to”) 

These batteries have less weight, offer a significantly higher energy density and a 

long life of up to over 3000 charging cycles (6 times longer than AGM batteries).  

 “In the marine market, Dutch manufacturer 

Mastervolt was the first to pioneer the full-

size lithium-ion battery, available in 12V or 

24V, and now in its second generation, the 

Ultra range. These batteries are claimed to 

have a lifecycle of at least 2,000 deep 

discharges of up to 80 per cent drain, but 

with one third of the weight of an equivalent 

lead-acid design.” (Jake Kavanagh, 2020 Sailing Today Journal online) 
Figure 9: Mastervolt pioneered the marine lithium-ion battery, Picture source: Mastervolt  

The disadvantages of lithium batteries are their higher price and the more complex 

electric cabling compare to lead-acid batteries. These might have been the reasons 

in the past why SY owners of existing systems with AGM batteries were hesitant to 

replace them.  Still, “in the last few years interest from boat owners for lithium batteries 

has exploded and it seems that it could be the dominating marine battery technology 

in the future”. (Rod Collins, Compass Marine Inc, April 2020) 

Table 4: Comparison of Marine Battery Types (Source: Judith & Sönke Roever, 

Blauwassersegeln kompakt, 2016) 

 Wet lead-acid AGM Lithium 
Position Straight Flexible Flexible 
Cabling Simple Relatively simple Complex 
Self-discharge Middle Low Very low 

Charging current Up to 10% of 
capacity 

Up to 30% of 
capacity 

Up to 100% of 
capacity 

Withdrawing 
current 

Up to 30% of 
capacity 

Up to 50% of 
capacity 

Up to 100% of 
capacity 

Charging cycles 350 – 500 700 – 1000 >3000 
Weight Very heavy Heavy  Less heavy 
Price per Ah € €€ €€€ 
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4.2. Overview of environmentally relevant diesel emissions  
 
As outlined above diesel is the predominant fuel used for engines onboard of sailing 

boats. The composition of the diesel exhaust emission may vary with the fuel type or 

rate of consumption and the speed and efficiency of engine operation. This is the 

reason, why for testing purposes of marine engines the following fuel type 

standardization must be respected: 

Table 5: Definition of Diesel fuel standard property for marine engine testing, EU 

legislation 

Property RF-06-03 Min Max 

Cetane number 52 54 

Density at 15°C (kg/m3) 833 837 

Final boiling point °C - 370 

Flash point °C 55 - 

Mass fraction of sulphur (mg/kg) - 10 

Mass fraction of ash (%) - 0,01 
 

The mass fraction of sulphur in terms of mg/kg is set at a maximum of 10 mg/kg as 

the amount of sulphur in diesel fuel is directly linked to the amount of pollution in terms 

of SOx emissions and particle matter (PM) produced when the fuel is burned in an 

engine. Higher levels of sulphur increase pollutants.  

The United States Environmental Protection Agency (EPA) in the US lists the 

following important emissions “diesel exhaust” resulting from diesel combustion:  

• Soot or particulate matter (PM) 

• Oxides of nitrogen (NOx) which contributes to the production of 

ground-level ozone (smog) and acid rain 

• Hydrocarbons (HC) 

• Carbon monoxide (CO) and 

• Other hazardous air pollutants (HAPs) and air toxics. 

The diesel engine exhaust composition in terms of mass percentage is shown in the 

following table:   
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Table 6: Diesel engine exhaust composition  

Species Mass percentage 
Nitrogen (N2) 75.2% 
Oxygen (O2) 15% 

Carbon dioxide (CO2) 7.1% 
Water (H2O) 2.6% 

Carbon monoxide (CO) 0.043% 
Nitrogen oxide (NOx) 0.034% 
Hydrocarbons (HC) 0.005% 

Aldehyde 0.001% 
Particulate matter (Sulphur + solid substances) 0.008% 

Source: Konrad Reif (ed.), „Dieselmotor-Management im Überblick“, 2nd edition, 
Springer, Wiesbaden 2014, p171 
 

Over the last years many legislative initiatives have been taken to reduce the 

emissions from diesel engines. In the EU REGULATION (EC) No 595/2009 of 18 June 

2009 on type-approval of motor vehicles and engines with respect to emissions Art 4 

states: “(...) the task of reducing vehicle emissions should be approached as part of 

an overall strategy. The Euro VI standards are one of the measures designed to 

reduce the actual in-use emissions of air pollutants such as particulate pollutants (PM) 

as well as ozone precursors such as nitrogen oxides (NOx) and hydrocarbons.” 

In terms of emissions, marine diesel engines used on sailing boats must comply today 

with the limit values regulated in the directive 2013/53/EU, set out in Part B of Annex 

I EMISSION REQUIREMENTS. For compression-ignition engines with rated engine 

power at under 37 kW the emission limits as in the table specified beneath apply. That 

means that e.g. a 7kW marine diesel engine would have to respect a CO limit of 

0,71g/kWh. (Calculation: (5,0 + 0) / 70 = 0,714).  
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Adding biodiesel / FAME can help reducing CO2 emissions but due to several other 

issues with the usage of biodiesel on SY (lubricity and the “Diesel-NOx-dilemma” 

described in appendix 3) the usage of biodiesel on sailing boats is limited. Engine 

types on SY in the EU 

must comply with 

regulation 2017/654 from 

19th December 2016 

which is regulating that 

the FAME content for 

diesel shall not be 

greater than 7,0 % v/v. 

That means that a mix of 

7% biodiesel / 93% 

mineralized diesel is 

allowed. The exact 

specification regarding 

the quality of the diesel 

required for operation is 

specified in the marine 

engine manual available 

on every SY, as shown in 

the picture taken on a 

charter yacht in Corfu in 

2020.  
Figure 10: Diesel specification, Yanmar marine diesel engine manual, 2020 
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5. “Hybrid” Production Alternative: Adding Solar Photovoltaics Technology 

“The term photovoltaics is formed from the words photo (Greek photos = light) and 

volta (from the Italian physicist Volta); photo stands for light and volta for the unit of 

electrical voltage. That means photovoltaics is the direct conversion of sunlight into 

electricity.” (Quaschning 2015)  

The principle of solar photovoltaics application onboard of a Sailing Yacht: 

• Conversion: Solar radiation is converted into electric energy via photovoltaic 

cells/panels.  

• Storage: Electric energy generated by photovoltaic cells is stored in batteries. 

As outlined in the previous chapter there are usually two battery systems on 

SY: a starter battery for the engine and one or more consumer batteries for 

the individual consumers on board. 

• Power supply: The energy contained in the starter battery powers an engine 

that drives the propeller. The energy contained in the consumer battery 

powers the electronic appliances like navigation devices, fridge etc.  

The chapter is called “hybrid” production alternative, as the PV application(s) will not 

substitute the diesel engine completely. The diesel engine will still be used for 

propulsion in harbors and - on calm days when there is no wind - allowing for hoisting 

the sails. The assessment to which extent the diesel engine will be used less for 

charging the batteries will be addressed in the next chapters.  

 

5.1. Introduction to Different Solar Cells, Efficiency and Performance 
5.1.1. Solar Cell Types: Monocrystalline, Polycrystalline, Thin film 

“According to their structure, the solar cell types can be classified into two basic 

groups: the crystalline cells and thin films. At crystalline cells, the raw material is 

silicon (Si), whose molecules are organized in crystalline grids.”  (Ioannis Kobougias 

et alt., PV Systems Installed in Marine Vessels, 2013)  

The monocrystalline solar cells (Mono c-Si) owe their name to their almost perfect 

single-crystal silicon structure. They are constructed by the Czochralski process, in 

which a ‘seed’ crystal is placed into a vat of molten pure silicon at a high temperature. 

The seed is then drawn up and the molten silicon forms around it, creating one crystal. 

The large crystal, also called an ingot, is then sliced into thin wafers (with wire saws) 
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that are used to make the solar cells. Mono c-Si cells have the highest efficiency but 

for the use of almost pure silicon (an expensive raw material) and the specialized 

production process (leaving behind a lot of unused wastage material) they are also 

the most expensive cells.   

Polycrystalline cells (Poly c-Si) are made using silicon wafers that have a multiple 

crystalline structure. “Poly c-Si cells are sliced from blocks of cast silicon, these 

wafers/cells are both less expensive to manufacture and less efficient than single-

crystal silicon cells.” (Hubert Fechner, 2019) The resulting square form of the wafers 

offers higher back plane cover than the square monocrystalline cells. “The higher 

internal resistance at the vicinity of the multi-crystalline structures decreases the 

overall efficiency of polycrystalline, while their estimation lifetime exceeds 25 years.” 

(Ioannis Kobougias et alt., 2013).  

Modules are clusters of PV cells incorporated into a unit – often standardized with 36, 

60 and 72 cells, but they could be adapted in size to the proposed site. 

The crystalline solar cells are 

protected in encapsulation layers 

(mostly EVA laminate) and either 

glass or other coatings against 

weathering on the front-side and 

a temperature resistant polymer 

rear back-sheet. They are 

available with frame but also 

frameless. 

Figure 11: Structure of crystalline solar module, Source: Power from Sunlight, 2017 

In contrast, thin film or thin layer cells have no crystalline structure. They are 

constructed by applying thin layers of photoactive semiconductors on low-cost 

substrate (in most cases, glass, in the marine environment rather plastic). (Ioannis 

Kobougias et alt. 2013) “Three types of thin film modules are commercially currently 

available: these are manufactured from amorphous silicon (a-Si), copper indium 

diselenide (CIS, CIGS) and cadmium telluride (CdTe). All of these have active layers 

in the thickness range of less than a few microns.” (Hubert Fechner, 2019).  

In terms of worldwide PV production by technology 2019 Mono c-Si was leading by 

far with 89.7-Gigawatt peak (GWp) installed in front of Multi c-Si with 39.6 GWp and 
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leaving thin film behind with only 7.5 GWp. Within the thin film technology CdTE has 

been clearly dominating. (Latest PV report 2020, Frauenhofer ISE). 

There are pros and cons for the different types of cells as outlined in table 7 beneath:  
 Mono c-Si module Poly c-Si module Thin film module 
Record Lab Efficiency 
for cells (Frauenhofer 

ISE, 2020)  

26,7% 22,3% 23,5% (CIGS) and 

21,0% (CdTe) 

Record Lab Efficiency 

for module (Frauenhofer, 

ISE 2020) 

24,4% 19,9% 19,2% (CIGS) 

19,0% (CdTe) 

Advantages 
(Sources: Kobougias 

2013, Fechner 2019, 

Quaschning 2015, online 

portals) 

✓ Highest 

efficiency 

✓ Longest 

estimated lifetime 

> 30 years 

✓ Highest power 

density (W/m2) 

for commercial 

cells 

✓ Space efficient 

✓ Lower 

production cost 

than Mono c-Si 

modules 

✓ Lifetime > 25 

years 

✓ Low material 

consumption 

✓ Low energy/loc 

cost production  

✓ Less temperature 

sensitive 

✓ Easy installation, 

can be installed in 

curved, even 

flexible surfaces 

✓ Lightweight 

✓ Better utilization 

of diffuse light 

Disadvantages 
(Sources: Kobougias 

2013, Fechner 2019, 

Quaschning 2015, online 

portals) 

✓ Significant silicon 

losses during the 

construction of 

wafers 

✓ High costs 

✓ Sensitive to 

partial coverage 

✓ Higher internal 

resistance 

decreases the 

overall efficiency 

of polycrystalline 

✓ Aesthetics 

✓ Low efficiency 

✓ Least lifetime (20 

years) 

✓ Light-induced 

degradation (1-

2%) for a-Si cells 

Appearance Dark blue or black, 

uniform surface 

Blue, more 

structured than a 

monocrystalline cell 

Dark grey, black, 

smooth visual 

appearance 

 
Figure 12: Comparison of different solar cell types; Source: Allioua, Abdelmoumin, 2015/07/03, 

“Solar Tracking Systems Using Arduino Cards” 
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5.1.2 Performance and Degradation rate of PV modules 

The performance of a solar cell is measured in terms of its efficiency at turning sunlight 

into electricity. To better understand the concept of efficiency it is crucial to know the 

following terms, definitions, and dependencies: 

Table 8: Important Parameters for Solar Cells (Source: Quaschning 2015) 
 Symbol Unit Explanation, Definition 
Operating voltage or 

System voltage 
Uop V Onboard system voltage (12V or 24V) 

Open circuit voltage Uoc or Voc V 
Maximum voltage when no consumer is 

connected, I = 0 

Short circuit current Isc or Icc A Maximum current at closed circuit (CC)  

Maximum power output  PMPP W or Wp 
Power output at the Point of maximum power 

on the I-U curve; PMPP = UMPP * IMPP 

Voltage at PMPP UMPP (or 
also VMPP) 

V 
Voltage at point of maximum power output; 

UMPP < Uoc 

Current at PMPP IMPP A 
Current at point of maximum power output; IMPP 

< Isc 

Fill Factor FF  

Quality criteria describing to which extent the I-

U curve of a specific PV module is filling the 

rectangle Uoc * Icc; FF<1 

Efficiency Ƞ % 
Ƞ = PMPP / (E* A)  

E = irradiance and A = solar cell area  

 

The following I-V and Power-Curve shows that there is one single point, where the 

output of the cell model is the highest, the so-called MPP, maximum power point.  

 
Figure 12: I-U Curve with PMP; Source: Bill Schweber, Solar cells and power, 2017  
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The efficiency of the solar cell ƞ is calculated based on the maximum power output 

PMPP, the irradiance and the size of the solar cell are A:  Ƞ = ܧܲܲܯܲ   ∗    ܣ 
 

Different solar cells and modules are usually compared by their MPP performance at 

determined standard test conditions (STC), with an irradiance of E = 1000W / m2, 

module temperature = 25 ° C and a solar spectrum of AM 1.5. The resulting theoretical 

peak power PMPP is specified with the unit watt peak.  

The datasheet beneath shows the output characteristics of the marine product line 

Solbian – fixed monocrystalline solar panels - from the US corporation SunPower with 

peak power ranging from 52 Wp to 144 Wp.  

 
Figure 14: Datasheet, mono c-Si panels Solbian, Source: SunPower, 2020  
 

In real life, solar panels will often not be able to meet the production level of Watt peak 

achieved in the lab at STC. Performance will be less due to shading of the modules, 

ambient temperature, and degradation.  

More realistic are parameters at NOCT (Normal Operating Test Conditions) with 

irradiance of E = 800W / m2, ambient temperature = 25 ° C (and a resulting cell 

temperature of 45+/-2°C), spectrum AM 1.5 and wind speed of 1m/s.  

Degradation is understood as the purely technical impairment of the modules in their 

ability to convert solar radiation into solar power. There is light-induced, potential-

induced and age-related degradation. Light- and potential-induced degradation have 

a unique effect - the module performance is permanently below the initial level.  
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• “The light-induced initial degradation (1-2% depending on the material) is 

considered when declaring the efficiency of the modules.  

• Potential-induced or voltage-induced degradation (PID) is a degradation due to 

the type of PV installation. The cause is so-called leakage currents. 

• The age-related degradation is an ongoing process with steadily decreasing 

module performance due to different reasons. According to Fraunhofer ISE, 

mono- and polycrystalline solar modules have similar degradation values of about 

0.1 percent per year. Others expect performance to be affected by around 0.5 

percent per year” (Energie Expert 

Organisation, 2020).  

• “The most important degradation 

modes in the field of Silicon PV 

modules are junction box failure, glass 

breakage, defective cell interconnect, 

loose frame, and delamination.” 

(Kontges et al., 2014). 

Manufacturers of fixed PV panels often give a performance guarantee corresponding 

to the maximum expected degradation on their modules from 20 to 25 years. They 

might also give a product warranty (covering against defects in workmanship and 

faulty equipment). The power warranty offers insurance that solar panels will provide 

a set amount of energy at various points throughout its lifecycle - its format can be in 

staggered or linear form. An example of the Warranty of the REC 320-Watt Solar 

Panel (REC online, retrieved 09/2020) 

“REC warrants that the actual power output (performance) of the Product will 

reach at least 98% of the nameplate power output specified on the Product during 

the first year (calculated from the date of production as identified on the Product). 

From the second year, the actual power output will decline annually by no more 

than 0.5% for a period of 24 years, so that by the end of the 25th year, an actual 

output of at least 86% of the nameplate power output specified on the Product will 

be achieved. “ 

At the contrary, the power guarantee for flexible solar panels is much lower. An 

example for the SunPower® 100W Flexible Solar Panel Warranty: “5 years limited 

power warranty of 80% of the minimum specified power rating.”  
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5.2. Special needs and considerations for usage of PV on boats  
5.2.1. Positioning: Space limits, Shadowing, Angle of incidence 

In marine PV applications, the choice of the type of cells is related to the total cost 

and the type of installation surface. Because SY have a relatively confined 

space, maximum power output per surface area is particularly important. While PV 

panels for household roof application are often standardized, the offer of marine 

panels is more heterogeneous, why they tend to be more expensive - beside the fact 

that absolute demand is less, as there are less SY owner than homeowner and the 

demand curve is not as steep as for household PV panels. On a SY there are some 

typical installation areas available for mounting the panels:  

 

Figure 15: Typical PV installation areas onboard of SY, Picture Source Blauwassersegeln 
online, retrieved July 2020, translated by Kuster 
 

Crystalline cells are more appropriate for flat surfaces than other cells. They have 

lower cost, higher efficiency, and high-power density that help them to fully exploit 

small installing areas.  
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Beside the absolute space limit also shadowing is an important factor onboard of a 

SY. The output of a cell 

declines when shaded by the 

rigging, by ropes or by sails.  

What is characteristic for 

marine panels is, that the 

solar cells are connected in 

series (carried out by 

soldering), and by the series 

connection (a chain) the voltage of the individual cells of 0.5 – 0.6V adds up to the 

voltage of the panel. The module output results (as for the single cell) from the product 

of current and voltage. Through the series of solar cells, the power output of the solar 

module greatly changes when sections or individual cells of the module are shaded.  

“Series mismatches are the most common type of mismatch encountered. Of the two 

simplest types of mismatch to be considered (mismatch in short-circuit current or in 

open circuit voltage), a mismatch in the short-circuit current is more common, as it 

can easily be caused by shading part of the module. This type of mismatch is also the 

most severe.” (Fechner 2019) 

 
“Shading a single cell causes the current in the string of cells to fall to the level of the 

shaded cell”.  (Fechner 2019) The performance or yield losses can therefore be 

considerable, especially 

if the solar module has 

only one string. Even 

partial shading of a 

single solar cell - in 

which only 2% of the 

entire module area is 

affected (e.g. a leaf) - 

can reduce the power 

generated by 90%. 
Figure 16: Power Supply of PV panels at partial shading; source: Blauwassersegelen, 
retrieved online 09/2020  

https://en.sunware.solar/v2020/static/items_img/Skizze_Abschattung_EN.pdf
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One solution to avoid this is the usage of a cell protector which prevents overheating 

of the shaded solar cells when the solar module is partially shaded. This is achieved 

by bypass diodes (either located on the circuit board or in the junction box on the 

backside of the modules). These diodes will cause the module voltage to drop but 

while the shaded cell row will not produce, the rest of the module will still be able to 

produce current. Most (larger) rigid panels have bypass diodes nowadays.  

Influence of the angle of incidence: 

To get the best performance from solar modules, the sun should always be 

perpendicular to the modules, which is hard to realize on a SY. Marine PV panels 

cannot fully exploit solar radiation  

• due to the variety of the ship routes and constantly changing latitude 

• due to the permanently changing solar position which is determined by two 

angles: elevation (the angle between the central point of the sun and the 

horizon) and azimuth (the angle between geographic North and the vertical 

cercle through the central point of the sun) 

The following example of a solar diagram of Palermo, South of Italy in the middle of 

the Mediterranean Sea, shows that in Palermo the highest elevation will be reached 

on 21st of June at lunch time with about 75°, whereas in September it will only be 55°. 

In the morning and evening hours it will be less than 30°.  

 
Figure 17: Solar diagram of Palermo, South of Italy; Source: SunEarthTools.com  

The question is how much less power output will be caused by the “imperfect angle” 

of the PV panel, being significantly less than 90° (perpendicular to the sun).  
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The manufacturing company Sunware has published the following chart indicating the 

impact in terms of power loss for an angle of incidence of 70° (which would nearly 

coincide with the best reachable angle at lunch time in summer in Palermo).  It shows 

that only in a noticeably short moment of the best day of the year a power output of 

94% can be generated, in most of the times it will be significantly less than 90%.  

 
Figure 18: Relation solar incident angle to power output, Source: Sunware 

Being able to adjust the photovoltaic panels throughout the year (and/or the day), will 

increase performance from the solar system. PV systems with embedded tracking 

control system may offer this possibility. “A distinction is made between single-axis 

and two-axle tracking. Only with the two-axis tracking an optimal alignment with the 

sun is possible - it can achieve an energy gain of 30% in Central Europe. The single-

axis system can track either the course of 

the sun over the day or the course of the 

sun over the year - the energy gain can still 

be up to 20%.” (Quaschning, 2015) A 

single-axis system onboard of a SY could 

be achieved with a railing bracket attached 

to the rigid part of the railing. 

Figure 19: Single-axis railing bracket for flexible PV panel orientation, Sunware, 2020 

There are different solar angle calculators available online allowing for calculation of 

the optimum angle on a month-by-month basis. One example would be the solar angle 

calculator published by Greenstream Publishing.  

https://en.sunware.solar/v2020/static/items_img/Skizze_Kruemmung_EN.pdf
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Before discussing the advantages and disadvantages of fixed and moveable panels I 

would like to highlight a few aspects to consider on a SY in the Mediterranean Sea:  

• Space for mounting on an average SY is limited, areas without shading are 

even more limited 

• Because of seasonal weather and vacation patterns, the usage of SY in the 

Mediterranean Sea will be more frequent during summer months  

• In summer, sun elevation will be high which is good for the performance 

output, at the same time high average in ambient temperature (causing high 

cell temperature) will have a negative impact on the performance 

• PV panels should not be at risk of being lifted by strong winds, a reason to fix 

them on deck 

• Fixing PV panels onboard may have a negative impact on the rear air 

ventilation and cooling effect of the panel and harm the performance output 

• Air resistance of the PV panels should not have extremely negative impacts 

on the aerodynamics of the SY (“the orientation is preferable to concur with 

the keel to help the vessel be aerodynamic” (Ioannis Kobougias et alt., 2013) 

5.2.2. Fixed versus Flexible 

Marine solar modules are nowadays available in various designs and offer different 

mechanisms that allow to orientate the module after the sun. I first named the chapter 

fixed versus flexible as to refer to the fact that they can be moved around in a flexible 

manner and the angle can be adjusted. But in the language of marine solar panels, 

flexible refers not only to the fact that they can be moved but rather to the fact that 

they are bendable. One can distinguish: 

• Fixed rigid panels are rigid silicon panels in a permanent installation. The 

power output varies from model to model (and is constantly improved) but is 

mostly between 10 watts to 350 watts. In various forums, SY owners have 

even reported that they installed bifacial panels with 400 watts. (LG NeON® 2 

BiFacial)  

• Panels with sun tracking systems allow to optimize the angle towards the 

sun throughout the day – the sun tracking can be either automatic or manual 

• Flexible panels are very thin, lightweight, bendable (depending on the 

material up to certain angles) and sometimes also walkable. There are even 

rollable and foldable panels (solar mats). Flexible panels are usually not 

permanently fixed and can be rather easily moved around. The biggest 
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drawback of thin flexible modules is that they cannot dissipate heat easily and 

may degrade much faster than rigid panels. 

   
Figure 20: Foldable PV panels for marine usage, picture source: Kuster, 2019 

 

Based on literature research and personal interviews with SY owners with PV 

experience onboard these are positive and negative arguments for the different types 

of panels commercially available as outlined in the following table. 

 

Table 9: Pros and cons of fixed and flexible panels  

 Fixed Panels Panels with (embedded) sun 

tracking systems (rotating) 

Moveable, flexible 

panels 

Pros ✓ Bigger surface 

coverage area (on 

Bimini / deck / 

equipment rack) 

✓ Less air resistance 

✓ Cost-efficient 

✓ Easy to install 

✓ Higher robustness 

✓ Maintenance-free 

✓ Higher efficiency through 

a better angle / follow-the 

sun sun-orientation  

✓ Better rear-ventilation (= 

lower temperature = 

higher efficiency) 

✓ Bendable panels 

can be mounted on 

curved, irregular 

surfaces 

✓ Easy to “install” 

and to remove 

✓ Lightweight 

✓ Less air resistance 

Cons ✓ Bad rear-ventilation 

(= high temperature 

= lower efficiency) 

✓ Extremely limited 

time per day with a 

good angle to the 

sun hampering 

performance output 

✓ Only small surface, fewer 

panels possible to be 

installed  

✓ Less robust: Mechanical 

moving parts vulnerable 

to storms and corrosion 

✓ Higher prices and higher 

maintenance costs  

✓ Less efficient 

✓ Fast degradation 

✓ Risk that the panel 

will be lifted if not 

fixed to the SY 

✓ Manual 

displacement 

necessary 
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5.2.3. Special considerations at Sea: Corrosion, Temperature 

The requirements for modules on board a SY at sea are particularly high: aggressive 

salt water, waves and stormy sea causing vibrations, extreme UV and temperature 

stress can be harmful for panels and electronics of a PV system and require carefully 

selected materials. Saltwater penetration will degenerate not only the cells 

themselves but also the soldering points through oxidation and result in performance 

losses. “The salinity in the Mediterranean Sea average about 38.4 parts and has been 

steadily increasing over the last decades.” (M. Borghini et. Alt, 2014)  

Ioannis Kobougias et alt. wrote in 2013: 

“The high levels of humidity and salt can cause short-circuits and induce 

corrosion to the mechanical parts of the converters. The European Committee 

for Electro Technical Standardization (CENELEC) has developed an 

ingression protection rating (IP Code) that scales the electronic circuit 

protection levels from solid objects, materials, and liquids. According to this, 

the protection class of the converters embedded to the marine PV plants must 

be at least IP54 or IP54 W (especially the ones installed outside the ship’s 

shell), making the ventilation weaker and the total cost higher. To encounter 

the corrosion problems, the PV panel metallic frames must be specially 

constructed. Every metal surface must be galvanized or covered by special 

antirust coatings. High-quality metal must be used especially at fixing points 

(e.g., aluminium or V2A stainless steel). In addition, since any moisture 

penetration would result in cell degradation (especially in CIS cells) extra 

consideration must be done for the encapsulation materials (i.e., additional 

glass sheet as the front weatherproofing heat-strengthened, or -toughened 

safety glass).” 

Another consideration is that modules with glass cover and aluminium frames are only 

conditionally suitable for sailboats as the very sharp corners of the modules can 

quickly damage the sails or cause cuts for the crew. Gorter and Reinders did an 

analysis of 15 polymers (instead of glass)  for application in photovoltaic modules in 

PV-powered boats in 2011 and underlined the primary functions of PV module 

encapsulation: “providing structural support to the PV cells, ensuring the maximum 

optical coupling between PV cells and solar irradiation, keeping the electrical 

components electrically isolated, keeping the PV cells and circuitry physically isolated, 

containing auxiliary connections within a module and  being 100% waterproof and salt 

resistant.”  
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The German company Sunware, specialized in marine PV applications, explains how 

they deal with the special requirements for PV panels at sea:  

“All modules have internally a carrier plate to prevent cell breakages. Instead 

of using glass surfaces in their board modules, Sunware uses Nowoflon, a 

fluoropolymer film, which is shatter-proof. Nowoflon features the same 

transparency as solar glass and is extremely UV resistant due to its fluor level. 

(…) On the side, the laminate overhangs the mounting plate by approximately 

5 mm. The mounting plate is white powder-coated and completely 

encapsulated in Nowoflon. This gives the mounting plate and solar cells long-

lasting protection against the extremely corrosive sea water. (….).” 

  
Figure 21: Example of board cells produced by Sunware with Nowoflon instead of glass 

surface, source: SunWare Solartechnik , online 2020 

In particular, the cable outlet must be sealed and structurally robust and absolutely 

seawater-proof (protection class IP68), otherwise it will corrode sooner or later the 

connections. Also, the cables need to be UV resistant and temperature flexible.  

Temperature is another important factor for the performance of PV panels.  

The module/cell temperature ϑM is determined by the ambient temperature ϑA and the 

irradiance E and can be calculated with the following formula: 

ϑM = ϑA + c* E / (1000 W/m2) … where c is constant varying depending on the type of 

installation: from 22°C for a freestanding mounting up to 39°C for attached to another 

material with bad rear ventilation. (Quaschning 2015) 

That means that on a sunny July day in Greece, where the average ambient 

temperature is 30°C, irradiance is about 1600kWh/m2, the temperature of a PV 

module mounted on the bimini with a slight distance to the material of the bimini for 

ventilation - assuming a constant of 28°C - would be 74,8°C. 

“As the cell temperature rises, the current, voltage and power of solar cells change. 

Since the temperature coefficient of the voltage is greater than that of the current, 

there is a negative temperature coefficient for the MPP performance of the module.” 
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(Quaschnnig 2015) I-V and P-V characteristics of a PV module for different 

temperature at constant solar irradiation (1000 W/m2) are shown in the figure beneath   

 
Figure 22: I-V and P-V characteristics of a PV module for different temperature; source: Bingöl 

et alt., Analysis of different PV array configurations under partial shading, 2018 

 

The picture taken of a datasheet on 

the back of a PV panel on a charter 

sailing yacht in Greece shows the 

negative temperature coefficient (= 

performance loss) of a mono c-Si 

module due to higher temperature 

than the temperature at Standard 

Test Conditions. The performance 

decrease in %age per each degree 

Celsius change compared to the Wp 

at the cell temperature of 25°C (STC) 

would be -0,48% per ∆1°C.  As the 

module has a max power output of 

80Wp at 25°C cell temperature, its 

performance e.g. at 75°C cell 

temperature, would be only 60,8W. 
Figure 23: Datasheet 80W-12V Mono C-Si Solar Panel, Picture source: Kuster 

Temperature difference:   75°C – 25°C = 50°C 

Performance loss:    -0,48%*50 = 24% 

Performance at 60°C cell temp:  80W – 24%*80W = 60,8W 



 

50 
 

The temperature sensitivity and the resulting performance losses are higher for mono 

c-Si and poly c-Si modules than for thin film modules due to higher negative thermal 

power coefficient of crystalline silicon and better behavior of thin film at low light levels 

(different spectral sensitivity) - depending on the materials used for the solar cells. 

Typical temperature coefficients for different types of cells according to Quaschning, 

2015 are: 

αPMPP mono S-ci: - 0,32 …  -0,51 % / °C 

αPMPP poly S-ci:  -0,32 … -0,51% / °C 

αPMPP a-S-ci:  -0,18 … -0,23% / °C 

αPMPP CdTe:   -0,18 … -0,25% / °C 

αPMPP CIS/CIGS:  -0,35 … -0,5% / °C 

 
5.3. Solar radiation and PV output potential in the Mediterranean Sea 

The amount and intensity of the solar radiation falling on the surface of the PV module 

is decisive for its power output. To be able to estimate the output potential of different 

PV systems onboard of an average SY in the Mediterranean Sea, it is crucial to know 

the local irradiance and climate conditions. The following definitions and data have 

been taken from the Global Solar Atlas, based on the data from SOLARGIS, 2020:  

“Solar irradiance represents the power from the sun that reaches a surface per unit 

area with typical unit W/m2 or kW/m2. Direct normal irradiance (DNI) is the part of 

the solar irradiance that directly reaches a surface; diffuse irradiance (DIF) is the part 

that is scattered by the atmosphere. Global Horizontal Irradiation (GHI) is the sum of 

direct and diffuse radiation received on a horizontal plane. (….)” 

“GHI is denoting energy or integral of solar irradiance over time, with typical unit 

Wh/m2 or kWh/m2. It is the reference radiation for the comparison of climatic zones 

and an essential parameter for calculation of radiation on a tilted plane. (….)” 

“Global Tilted Irradiation/Irradiance (GTI) is the total radiation received on a surface 

with defined tilt and azimuth, GTIOPTA would be the output at an optimum angle 

(OPTA).” 

 

The following map shows the global horizontal irradiation (GHI) in kWh/m² covering 

the area of the Mediterranean Sea.  
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Figure 24: Global Horizontal Irradiation Map - Mediterranean Sea, Source: SOLARGIS 

The average yearly GHI for important harbors (SY basis) located in Southern 
European countries surrounding the Mediterranean Sea is between about 1300 
and 1850 kWh/m2 as illustrated in the table beneath showing the data for 15 different 

harbors. In the North of Egypt and Libya GHI data would even surpass 2000 kWh/m2 

which would rise the average figure accordingly, but as the focus is on SYs based in 

Europe, the calculated GHI average of 1640 kWh/m2 is taken for further calculation. 

Table 10: GHI, DIF, PVOUTPUT of Harbors around the Mediterranean Sea (SOLARGIS) 
Yearly Data, 

Global Solar Atlas 
PVOUTPUT 
in kWh/kWp 

GHI in 
kWh/m2 

DIF in 
kWh/m2 

GTI at OPTA in 
kWh/m2 

Optimum Angle 
(OPTA) 

Malaga 1690 1840 639 2096 31° / 180° 
Palma 1576 1677 657 1925 32° / 180° 

Barcelona 1588 1615 631 1899 34° / 180° 
Marseille 1571 1613 569 1921 35° / 180° 

Corse 1520 1616 611 1864 32° / 180° 
Cagliari 1578 1707 644 1949 32° / 180° 
Livorno 1459 1522 604 1773 33° / 180° 
Palermo 1533 1710 658 1919 29° / 180° 

Bari  1491 1601 623 1836 32° / 180° 
Triest 1330 1373 598 1619 35° / 180° 
Zadar 1470 1523 590 1796 36° / 180° 
Split 1455 1529 602 1783 34° / 180° 

Kerkyra 1529 1655 631 1881 32° / 180° 
Crete 1597 1789 631 1934 26° / 180° 

Antalya 1658 1826 656 2072 31° / 180° 
Average  1536 1640 623 1884   

The PVOUTPUT or PV potential calculated by SOLARGIS is defined in the unit kWh/kWp 

and indicates the kWh of electricity that would be generated by a horizontally placed 

PV system with 1kW peak installed capacity. Dividing the yearly total of 1.536 kWh 

by 365 the PV potential of a 1kWp solar system could deliver an output of 4,2 kWh / 

day for 1kWp installed.   
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This output was validated also by taking the long-term average practical PV-OUTPUT 

potential of the following five countries which seem to be most representative for the 

longitude and latitude, where most SY in the Mediterranean Sea will be move along 

following different sailing routes. The yearly average practical potential would be 

remarkably similar with 4,1 kWh/day for 1kWp installed.  

Table 11: Average practical PVoutput, Mediterranean Sea Level 1 (SOLARGIS) 

  

 
Theoreti

cal 
potential 

(GHI, 
kWh/m2/

day) 

Average practical potential (PVOUT Level 1, kWh/kWp/day), long-term 

Country  Yearly Yearly Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Spain 4,58 4,41 3,13 3,96 4,63 4,87 4,97 5,35 5,57 5,39 4,85 4,02 3,26 2,93 

Greece 4,45 4,14 2,69 3,27 4,05 4,59 5,02 5,44 5,60 5,42 4,64 3,71 2,85 2,38 

Croatia 3,74 3,63 2,06 2,86 3,78 4,21 4,72 4,93 5,09 4,89 3,95 3,15 2,07 1,80 

Italy 4,07 3,99 2,58 3,31 4,16 4,46 4,89 5,19 5,43 5,15 4,34 3,47 2,56 2,35 

Turkey 4,60 4,32 2,64 3,39 4,13 4,60 5,02 5,49 5,70 5,62 5,26 4,18 3,38 2,45 

Average 4,29 4,10 2,62 3,36 4,15 4,55 4,92 5,28 5,48 5,29 4,61 3,71 2,83 2,38 

Excluding the months Jan, Feb, Mar, Apr the average would be 4,75kWh/1KWp/day. 

The average for the 6 months April – September would be 5,02 kWh/1kWp/day. 

It is important to know that this data already accounts for temperature losses. Even 

though those temperature losses vary according to module technology (as outlined in 

chapter 5.2.2. losses are higher for crystalline silicon modules than thin films) and 

mounting type, the average practical output as calculated by SOLARGIS can be 

considered representative for two reasons:  

I. SOLARGIS uses a "generic c-Si model" which is based on data from 18 

different recent mono and poly crystalline PV modules coming from different 

manufacturers. Results of the study show that the model output of the 18 

modules varies with a standard deviation (SD) of 1.22%  

II. Most PV installations on Sailing Yachts are implemented with crystalline 

silicon modules   

The surface needed for a PV installation will be determined by the module efficiency 

and row spacing of modules used in each case. Is it possible to install a PV system 

with a capacity of 1kWp generating a maximum output of 4 kWh on an average SY? 

Considering that there are marine mono c-Si solar panels on the market with a panel 

size of 1640 x 992 x 35 mm and with Pmax of 300W (MSI 300W) it is definitely possible, 

this topic will be further discussed in the chapter Dimensioning of PV Systems on a 

SY.   
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5.4. Technical applications of solar energy on recreational crafts 
including system overview 

A battery system on-board a SY (typology and usage have been discussed in chapter 

4) can be charged by the motor/alternator and by alternative renewable energy 

systems like PV panels. The performance of a solar cell also depends on the load: 

the higher the connected load, the lower the voltage. The optimal performance of a 

solar cell is only delivered at an individually different voltage, which is usually not 

equal to the required charging voltage of a battery. Therefore, it is important to take a 

closer look at how the charging of batteries onboard a SY works. 

 

 
Figure 25: Energy System Overview on a SY, source: Michael Herrmann, Yachtinside, 2017 
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5.4.1. Charging of Battery systems  

For the understanding of the energy system, it is important to know that every battery 

has an ideal charging curve (in terms of current and voltage curve over time) which is 

crucial not only for the efficiency of the charging cycle but also for the longevity of the 

battery. Marine deep-cycle batteries last the longest and charge the fastest if they are 

charged in distinct phases, which depend on the type of batteries. The following 3-

stage charging phase is ideal for lead-acid batteries (sources: Tom Burden, 2020; 

wikipedia, IUoU battery charging; SunWare solar charger)  

Stage 1 is called the I-phase, constant-current stage, bulk charge stage or bulk 

phase. This phase occurs when an IUoU charger is connected to a deeply discharged 

battery (at a rate of 20-40% of the capacity). The charger provides a constant current, 

typically the maximum current that the charger can produce. As a result of the current, 

the battery absorbs the charge and its voltage rise. This will bring the battery to about 

75 – 80% of full charge. 

Stage 2 is called the Uo-phase, constant-voltage boost stage, absorption stage, 

or acceptance phase. In this stage, the battery is being charged at a constant 

(over)voltage Uo (depending on the battery type 14.1V or 14.5V) while the amperage 

(charge current) is steadily decreasing. Maximum amperage that batteries can accept 

during this phase vary depending on battery chemistry: flooded batteries can accept 

a charge rate of up to 25%; gel batteries 30%; AGM batteries up to 40% of their 

capacity. This will restore the next 20 - 25% of capacity at a declining rate. The battery 

can be considered fully 

charged if it will accept 

current equal to 2% of its 

capacity. The time to 

reach 100% full charge is 

about twice the time 

applied for stage 1 

(reaching fast charge 

voltage).  

Figure 26: Ideal charging curve for Lead Acid Batteries, source: Tom Burden 2020 

Stage 3 is called the U-phase, float charge state, maintenance charge mode or float 

phase. In this phase the voltage is reduced to a value that is safe to be applied for 
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long periods (weeks) without significantly reducing the lifetime of the battery. This is 

a maintenance phase, not a charging phase.  

The charging characteristics of Li-ion batteries are different - they do not need to be 

and should not be fully charged as is the case with lead acid batteries. A permanent 

trickle (maintenance) charge as known from lead batteries is not allowed. The 

charging current is therefore switched off completely in the last charging phase. Also, 

in the beginning of the curve they will have a “soft start” phase: a deeply discharged 

Li-ion battery should not be charged immediately with a high charging current.   

What is important to consider in an energy system is not only the time and input 

required for charging but also the “charging efficiency and the losses at the battery 

which will depend on charging method, ambient temperature, cut-off voltage and 

convection resistance of the battery”. (Liu et alt., 2019) Losses may vary but are 

significant and can be between 10% - 20% for lead acid batteries and up to 10% for 

Li-ion batteries.  

As mentioned before, the optimal performance of a solar cell is only delivered at an 

individually different voltage, which is usually not equal to the required charging 

voltage of a battery – that is the point where charge controllers come into play. Without 

good solar controllers, even the best solar modules could damage the batteries. 

 

5.4.2. The role of charge controllers  

The solar charge controller is connected between the solar module(s) and the battery 

(banks) and is a critical component in the solar system on board. Its task is to regulate 

the charging current and to protect the battery from overcharging or discharging. “Due 

to the chemical processes that take place in the battery during charging, it has a 

number of characteristics that enable the charge controller to "know" when it has to 

supply which voltage during the battery charging process (e.g. IUoU characteristic). 

(…) A charge controller permanently measures the battery voltage and then 

continuously adjusts the charging current in such a way that the charging circuit 

voltage is as fast and battery-friendly as possible.” (Seren, 2016).  

There are different types of solar charge controllers.  

• The simplest and cheapest are one or two stage controllers (Shunt controller), 
which will shut off solar current when the battery is full. These chargers "destroy" 

the excess voltage due to heat generation via a shunt resistor. If the voltage is 

higher than the required charging voltage, the shunt controller "burns" the energy 
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by lowering the voltage via a resistor. If the voltage is lower than the required 

charging voltage of the battery, a simple shunt controller cannot charge the battery 

even though power is available from the solar module - it switches off the charge.  

“Shunt controllers disconnect the module and battery as soon as a set voltage, 

usually 14.0 volts is reached. If the battery voltage drops below a second set 

voltage, usually 12.8 volts, the controller switches on again. This ensures that the 

battery is not overcharged, but also that the battery cannot be fully charged. The 

closing voltage of 14 volts is already reached at a charge state of about 80 

percent.” (Michael Herrmann, 2009)  

• Pulse Width Modulated (PWM) controllers offer more functionality. They 

provide greater control of the current flowing from solar panels and better ‘trickle 

charging’ of the batteries. “The charging phase for solar modules begins with 

constant or falling current and increasing voltage. In the second phase, a constant 

voltage, usually 14.4 volts, is charged. If the charging current then falls below a 

specified value, a switch to a lower voltage is made, the so-called charge 

maintenance. PWM controllers act as a conductor between module and battery 

until the closing voltage is reached. They then keep 

the voltage at a seemingly constant value with a trick: 

they interrupt the connection often and quickly, with 

the duration of the switch-on phases determining the 

effective voltage obtained from the battery. The 

longer the switch-on phase compared to the switch-

off phase, the higher the effective voltage.” (Michael 

Herrmann, 2009) 
Figure 27: PWM controller, picture source: SunWare Solartechnik GmbH & Co KG 

• Maximum Power Point Tracking (MPPT) controllers or sometimes referred to 

as MPP charge controllers are the most expensive and sophisticated devices 

compared to the two other charge controllers. They continuously find the MPP, 

i.e. the point on the power (I-V) curve that has the highest value of corresponding 

voltage and current from the PV application on the yacht, or its highest power 

output. MPP controllers use a voltage converter to operate the solar cell with the 

optimum voltage by converting the voltage supplied by the solar module into the 

required charging voltage. Most literature will promote a 30% higher output for 

MPP charge controller compared to PWM charge controller, but they do not 

consider temperature sensitivity of the MPP. (Köhler, Herrmann) 
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A few important points to highlight on charge controllers as confirmed by literature 

and sailing engineers can be found in appendix 4. 

5.4.3. Dimensioning of Batteries on Sailing Yachts 

The capacity of batteries is expressed in Ampere hours (Ah), the energy content in 

Watt-hours (Wh). Since power (Watt) is the product of current (Ampere) times voltage 

(volt), the energy content of a battery can be calculated by multiplying the capacity 

and voltage. “For example, a 100-Ah battery at 12 Volt rated voltage has a (nominal) 

energy content of 1,200 Wh.” (Energieinhalt von Batterien- Michael Herrmann, S24)  

“In a lead acid battery, each cell produces approximately 2.1 Volts. […] the six cells 

with a maximum of 2.1 Volts are internally connected in series to give an output of 

12.6 Volts (nominally 12 Volts). A nicad alkaline battery produces 1.22 Volts in each 

of its cells. For usefully higher voltages these batteries need groups of cells to be 

connected in series”. (Michael Herrmann, Bleibatterien Grundlagen, Yachtinside 

2017, retrieved 2020)  

In conventional systems, the consumer battery capacity should cover at least the 

continuous load on the battery system for 24 hours without being run down by more 

than 50% (discharge protection!). Also considering that stage 2 of the charging curve 

takes quite some time and that therefore the battery will not always be fully charged, 

marine specialists (Seren, Herrmann) agree on the requirement that the battery 
capacity should be at least twice the daily energy consumption. An example 

yacht with an energy consumption of 2400 Wh or 200 Ah per day should therefore be 

equipped with a battery capacity of 400 Ah. While engines tend to be over 

dimensioned, batteries on sailing yachts are rather under dimensioned. The average 

battery capacity on a 12-meter SY is 440 Ah, according to a study by the English 

sailing magazine Yachting Monthly, 2017. Comparing it with the average consumption 

calculated in chapter 3.3. (resulting in a total daily energy consumption of ~ 207 Ah), 

it shows that the average number for the battery capacity seems to be just enough. 

But as it is an average number, there will be many battery systems with a lower 

capacity which confirms the fact that some battery systems will be under dimensioned. 

Michael Köhler, the founder of Solarwave, names two main reasons for the under-

dimensioning, based on the assumption of boat owners that the nominal capacity of 

lead batteries can be fully exploited.  
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“This is theoretically possible without direct damage but has unpleasant 

consequences. The first: if 100% of its capacity is taken from a lead battery, 

its voltage is 10.5 Volts. With this voltage, many consumers no longer work 

optimally. The second: the number of possible charging/discharge cycles of a 

lead battery is determined – with otherwise correct treatment – primarily by the 

discharge depth. This dependency does not proceed linearly but increases 

disproportionately with increasing discharge depth. Conventional lead 

batteries can endure about 1000 cycles at a discharge depth of 60% until their 

capacity has fallen to 80% of the nominal value, at a discharge depth of 100% 

they can survive only 100 cycles.” (Michael Köhler, Energieversorgung auf 

Yachten, 2013, S128 fff)  

In an energy system, where the output of the PV panels should play an important role 

in recharging the batteries, it needs to be considered that the PV output can change 

extremely fast. The value for the yield only represents an average value - more 

electricity is generated on sunny days, and less electricity is generated on cloudy, 

rainy days. These fluctuations need to be considered for the design of the battery and 

a sufficiently large battery is necessary in connection with solar systems. That means 

that in a hybrid system it should be even more than double the daily energy 

consumption – if the SY does not return to shore every day. “If the electricity is 

generated exclusively from solar power, it is usually at least four times the value.” 

(Michael Köhler, Energieversorgung auf Yachten, 2013, S128 fff)) 

5.4.4. Dimensioning of PV Solutions 

Daily power consumption is the basis for sizing the energy system design - the solar 

system should be dimensioned in such a way that it can meet this daily requirement.  

After having analysed and determined which consumers are connected to the battery 

(bank) and assessed the capacity of the battery (in Ah), the next step is to analyse 

the potential losses in the system.  

Typical losses of PV system are the following (H. Fechner, REN course 2019) 

- Reduction from nominal power:     4,5% 

- Dirt, dust        2,0% 

- Module temperature      3,5% 

- Shading        2,0% 
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Considering that the usage of SY in the Mediterranean Sea is concentrated in summer 

months when the average temperature is quite high, the losses for module 

temperature will be significantly higher than 3,5%. According to Kumar et alt. the 

temperature losses for PV systems are as high as 9,5% in India, where the 

temperature average is slightly above the average of Greece. Also, the reduction from 

nominal power in terms of solar irradiance will be higher for a horizontally installed PV 

panel on a SY. These factors have already been considered in the the PVOUTPUT 

calculated by SOLARGIS for a horizontally placed PV system in the Mediterranean 

Sea which I calculated in chapter 5.3.3. to be between 4,1 and 4,2 kWh / day for 1kWp 

installed. Furthermore, SOLARGIS data assumes the cumulative effect of other 

conversion losses (inter-row shading, mismatch losses, MPP tracking losses, wiring 

losses, transformer) to be 7.5%. Even though there are usually no inverter losses on 

a SY, the energy system on a SY may not be as efficient as the assumed free-standing 

structures at SOLARGIS (e.g. the losses for lacking rear-ventilation will be higher), so 

the conversion losses of 7,5% seem realistic. Additionally, there are the battery 

charging losses which will need to be considered: 

- Battery charging efficiency losses   5,0 – 20,0% 

Subtracting another 10% from the average PVoutput 4,2 kWh results in 3,78 kWh 

effective PV-yield or energy which will be stored in the battery on one day from 1 kWp 

of PV energy (crystalline cells) installed. Depending on the size of the PV system this 

would be the effectively available energy for electric consumers onboard of a SY.  

I have validated this data with the online PV Yield Calculator of Sunware (whose data 

is based on long-term measurements as part of an EU project) with two representative 

locations in the Mediterranean Sea in Italy and Spain and got a similar result. 

 
Figure 28: Average daily yield from a 100Wp PV panel in Palermo, source: Sunware online, 

retrieved September 2020 



 

60 
 

Table 12: Average Monthly, Yearly and Daily PV Yield in Palermo 

Palermo Jan Feb Mar Apr Mai Jun Jul Aug Sep Oct Nov Dez  
Wh/day 175 253 361 455 542 598 610 534 410 296 189 148  
Wh/day for 1Wp 1,75 2,53 3,61 4,55 5,42 5,98 6,1 5,34 4,1 2,96 1,89 1,48  
Wh/day for 
1000Wp 1750 2530 3610 4550 5420 5980 6100 5340 4100 2960 1890 1480  
Yearly PV Yield for 100Wp in Wh          139290 

Yearly PV Yield for 1Wp in Wh           1392,9 

Average daily PV Yield in Palermo for 1Wp in Wh        3,816 
 

The average daily PV yield for a 1Wp horizontally installed crystalline PV panel in 

Palermo should yield 3,816 Wh, i.e. 1 kWp would give 3,816 kWh. The result is 

remarkably similar in Palma de Mallorca as outlined in appendix 5, where the average 

daily PV yield is 3,8 kWh for a 1 kWp horizontally installed crystalline PV panel. On 
average, a 1 kWp PV system installed on a SY in the Mediterranean Sea could 
generate an output of 3,8 kWh = 3800 Wh which would result in 317 Ah @12V.  
Comparing this final energy yield with the calculated average daily energy demand 
of 207 Ah (which would result in 2.484 Wh @ 12V) in chapter three, a 1kWp PV 

system seems - at first sight - even over dimensioned to cover the energy demand.  

But taking a closer look at the annual output distribution of the two locations above, it 

becomes clear, that the energy demand could only be totally covered from March 
until October.  

One additional consideration should not be left aside – when there is a stable high-

pressure area over the Mediterranean Sea resulting in no wind or light winds, sailors 

will have to run their engine for propulsion anyways to get from a departure point to 

their destination point. In this moment, the engine will drive the alternator which will 

produce enough electricity to charge the battery. The question of how often does a 

SY owner have to run the engine for propulsion respectively, what is the split between 

sailing/and travelling under engine, will be addressed in chapter six.  

To assess if/how a 1 kWp PV system can be placed on a SY of the size of 12-14 m 

length, I took a closer look at the production range of the most popular brands (cited 

in the survey and in different forums focusing on Solar on Boats) on SY in Europe 

which can be found in appendix 6. The progress in the field of marine PV installation 

in terms of capacity per surface has been impressive over the last five years. An 

installation capacity of 200 W / m2 on a SY is realistic today as proven by the reality 

checks.  
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In terms of installation area, the best position to mount rigid panels is using a solid 

equipment rack for the panels at the rear end of the SY or an arch above the bimini 

(or if available a dinghy davit). This allows for a  

✓ larger arrays and decent size of the PV panels  

✓ no shadowing by mast, sails, ropes, or shrouds 

✓ good rear ventilation of the panels 

 
Figure 29: PV modules mounted on an equipment rack at the rear end, source: Kuster, 2020 

 

Monohull SYs with a length of 12 – 14 m have on average a beam of 3,50 – 4,50 m, 

which would allow for a mounting rack with a total width of 4m. This means that 4 

panels à 1 m could be placed at the rear end. By choosing 4 Solbian panels à 1 m x 

1,4 m and a capacity of 240 W each, a total installation capacity of 960W could be 

reached. Adding a small fixed or flexible panel with 40W, in front or at the side, would 

enable SY owners to easily achieve a nominal installation capacity of 1 kWp.  

 

5.5. The average/preferred PV system used on sailing boats in the 
Mediterranean Sea (based on survey result) 

The results presented in this chapter are based on the analysis of the answers to the 

questionnaire which can be found in the appendices. In the survey conducted among 

47 SY owners, who have their boat either exclusively or at least most of the time in 

the Mediterranean Sea, it was interesting that nearly 60% had installed their PV 
panel(s) in the last four years. Only two participants indicated to have panels which 

are older than 10 years, 18 participants answered that their installations were between 

5 and 9 years old. This shows that the topic of solar applications on boats has been 

gaining traction only in the very recent past. 
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Table 13: Age of PV panels on SY, Kuster, Results according to Survey 

AGE of PV panel(s) Number  Percentage  
0-4 yrs old 27 57,45% 
5-9 yrs old 18 38,30% 
10yrs or more 2 4,26% 
Total 47 100,00% 

 

According to the Survey, more than 70% of the modules are mounted tangentially to 

the SY on flat surfaces and the resulting power loss is accepted. It is remarkable that 

especially from owners who installed their PV panels in the last four years, only one 

fifth have chosen to install rotatable PV systems which seem to have been more 

popular before. This makes sense as it goes hand in hand with higher efficiency and 

lower prices of PV panels today than five years ago – five years ago SY owners might 

have installed fewer panels but in order to maximize the output they might have rather 

paid a premium for tracking the sun mechanisms. It is also obvious that panels that 

can be either moved or are sun tracking will be less impacted by shadowing as shown 

in table beneath. 

Table 14: Positioning of PV panels on SY, Kuster, Results according to Survey 

POSITIONING 
of PV panel(s) 

Always fully 
exposed to 

sun 

Sometimes 
exposed to 

shadow 

Often 
exposed to 

shadow 
Total Percentage 

Fixed on board 10 18 5 33 70,21% 
Panel can 
rotate 4 6 0 10 21,28% 

Panel(s) can be 
moved on deck 2 2 0 4 8,51% 

Total 16 26 5 47 100,00% 
Percentage 34,04% 55,32% 10,64%   100,00% 

 
The fact that the trend towards installation of PV panels on SY has developed a 

positive momentum only in the recent past is also reflected in the average power 

density of nearly 180Wp / m2, which is already quite high.  

Average of 45 different PV installations on SY in the Mediterranean Sea  
Based on Survey result (2 of 47 participants did not fill in size / capacity) 
Average Panel/s surface in m2  1,77 

Average Capacity in Wp 285,36 

Average Capacity in Watt / m2 161,08 
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The average PV panel(S) surface area of 1,77m2 and the average capacity with 285 
Wp still leaves room for more panels and a significant increase in solar output – as 

highlighted above a solar installation with a capacity of 1000Wp covering an 

installation area of 4m2 can be easily achieved on a SY (hull length 12 – 14 m) today. 

It was interesting that nearly half of the 45 participants, who answered the question of 

installed capacity (20 out of 45) in the survey, had installations in the capacity range 

between 200 Wp and 300 Wp, 27% (12 participants) indicated to have smaller 

installations and about the same amount of 13 participants had larger installations.  

 
Figure 30: Frequency distribution of PV installation capacity on SY, source: Kuster, survey 

The participant with the largest installation was detailing the total capacity of 1650 Wp 

installed which is possible with 5 AOC BenQ panels à 330 Wp each. But of course, 

the choice of the size and the type of cells is related to many factors as the total cost, 

battery (bank) size and the usage of the SY as will be discussed in chapter 6.  

 
 

5.6. Calculation of the average yearly solar energy output on a sailing 
boat in the Mediterranean Sea 

 

In chapter 5.4.4 the average daily PV yield for a 1 kWp horizontally installed crystalline 

PV panel installed on a SY in the Mediterranean Sea was calculated with a daily PV 

yield of 3,8 kWh = 3800 Wh, which would result in 317 Ah @12V. 

The average capacity installed according to the Survey resulted in 285Wp. 

Capacity < 
200Wp

27%

Capacity 200 Wp - 300 Wp
44%

Capacity > 
300Wp

29%

Frequency Distribution of PV  Installation 
Capacity according to Survey

Capacity < 200Wp Capacity 200 Wp - 300 Wp Capacity > 300Wp
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With an average daily PV yield of 3,8 Wh and with an average capacity of PV systems 

used onboard of SY in the Mediterranean Sea of 285 Wp, it is easy to calculate the 

average yearly solar energy output. 

Average daily yield for 1.000 Wp:  3.800 Wh (3,8 kWh) 

Average daily yield for 286 Wp: 1.086 Wh (1,09 kWh) 

Average yearly yield:   396,68 kWh 

 

6. CO2 related Aspects   
6.1. Calculation of Yearly Diesel Consumption  

 

As previously discussed, marine diesel engines are the main power unit used within 

the marine industry for both propulsion and auxiliary power generation.  

To assess the distance travelled under engine the following question in the 

proprietary survey was asked: “Could you please allocate a percentage to the average 

yearly distance travelled under sails and under motor?”, which led to the following 

outcome: Only 13 out of 47 participants would indicate that they would sail more than 

70% of the distance, while 9 participants would even sail less than 40% of the total 

mileage travelled per year.  

 
Figure 31: Frequency distribution for estimated share of sailing of total mileage in percentage; 
source: Kuster, proprietary survey among 47 owners of SY in the Mediterranean Sea 

On average participants estimated that the distance they travelled under sails 
was only 55%, while 45% of the mileage was travelled under engine.  
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In terms of engine size, it was already discussed in chapter 4.1.1 that the amount of 

power required for propulsion and for feeding (the appliances attached to) the battery 

for an average SY with a total weight of 10 tons should be at least 7,4 kW. It was 

mentioned that most diesel engines installed on average sailing yachts, which fall 

under the RCD directive, will have engines between 5 and 100 kW. But even though 

for most engines the diesel consumption curve (in l/h per rpm) is shown on its 

specification sheet, an indication of the average consumption at marching speed for 

the calculation of emissions is missing. Michael Herrmann gives an example of how 

to calculate the diesel consumption in l for an example motor of 40 kW at full load, 

partial load, and the power reserve. 

“The motor develops its rated power of 

40 kilowatts at 3,200 rpm. The 

propeller is designed for this 

performance, i.e. propeller and engine 

power curve intersect in this point - the 

engine power corresponds to the one 

from the propeller recorded 

performance, the motor operates 

under full load conditions. If you 

want to reduce consumption at 

determine this speed, the 

corresponding value is from the 

diagram below and multiplies this by 

the power: 193 x 40 = 7,720 grams or 

7.72 kilograms per hour. This divided 

by 0.85 (specific weight of the diesel) 

results in a consumption of around 9.1 
litres per hour.”  

Figure 32: Power and Diesel Consumption at Full, Partial Load for 40 kW engine, Herrmann 

When the skipper drives with marching speed, at which the motor turns at 2,200 
rpm, the propeller only absorbs 17.5 kilowatts, but the engine could supply 32.5 

kilowatts - the engine works in the partial load. Consumption at this speed is therefore 

not determined by the theoretically possible power of the engine, but by the required 

power of the propeller- in this case 0.190 x 17.5 / 0.85 = 3.91 liters per hour. The so-
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called power reserve - the difference between possible power and the power 

absorbed by the propeller - is 15 kilowatts.” (Michael Herrmann, 2017) 

It results that with ideal weather and sea conditions a 40kW marine diesel engine 

consumes 3,9l diesel per hour at marching speed (2.200 rpm), while its 

consumption rises to 9,1 litres at full load. The engine will have to work harder and 

reach its full load faster 

- when the SY is fully loaded (= the weight is increased) 

- when the skipper of the SY might want to accelerate the speed significantly 

- when the SY needs to fight strong currents, headwinds, or high waves 

- when the propeller might be not properly sized in relation to the engine  

As weather conditions and the behaviour of SY owners will vary greatly, this will have 

a significant impact on the average diesel consumption / hour even for the same type 

of boat and engine.   

According to the survey conducted among SY owners in the Mediterranean Sea the 

average diesel consumption per mile travelled under engine would be 0,86l. 
Assuming that the average speed would be 5 knots (5miles/hour) this would result 
in an average consumption of a bit more than 4l per hour.  

The average mileage travelled under engine resulted in 822 miles, but the range of 

answers was very heterogenous. While some SY owners would only travel less than 

500 miles per year in total and thereof less than 300miles under engine, other SY 

owners would reach a yearly average of over 10.000miles of which thousands of miles 

under engine.  

Consequently, the same heterogeneity could be observed for the yearly diesel 

consumption. While the average yearly diesel consumption was 507l, the following 

chart illustrates the disparate outcome of the survey among SY owners with PV 

onboard in terms of their yearly diesel consumption. Nearly one third of the SY owners 

– mainly those who would only use their yachts few weeks per year – indicated to 

need less than 200l of diesel per year. 25% answered that they would consume 

between 200l and 300l per year, 24% estimated to consume between 400l and 500l 

and 22% - those who would use their SY many days up to the whole year - estimated 

to consume significantly more than 700l. 
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Figure 33: Distribution of Yearly Diesel Consumption on SY, Kuster, proprietary Survey 

Based on these findings the target group were split into three groups for further 

analysis: 

- one group of SY owners who only uses their SY up to 60 days per year and 

consume up to 200l diesel per year 

- one group of SY owners (also including most charterer boats) where the 

average duration of use is 140 days per year and the yearly diesel 

consumption would be equal to the average calculated of 507l 

- one group of SY owners who spend nearly the whole year onboard and 

consume more than 1000l diesel per year 

At the same time, it was challenged that the participants to the survey underestimated 

their yearly diesel consumption and that these results seemed to have an 

underestimation bias. The calculation of the average in terms of diesel consumption / 

day of usage indicated for all users resulted in 3,45l / day. When taking the averages 

for the above mentioned three groups it would be even less. 

Table 15: Estimated Yearly Diesel Consumption According to Survey per User Group 

Usage in days / year Yearly diesel 
consumption in l 

Diesel consumption in 
l/day 

60 200 3,45 

140 507 3,45 

300 1000 3,45 

This daily consumption of 3,45 litres / day seems extremely low as it would be hardly 

sufficient to run an 8kw engine for two hours or a 40kW-engine for one hour per day. 

Assuming, that on an average sailing day 8 hours will be spent at sea, and taking the 

29%

25%0%
24%

0%
22%

Yearly Diesel Consumption

<200l
200l - 300l
301l - 399l

400l - 500l

501l - 699l
>700l
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average split indicated in terms of % usage which was 45% running the engine and 

55% of the time sailing.  

Therefore, another calculation was carried out for the three SY user groups defined 

above under the assumption that they spend on average 8 hours per day at sea. The 

hours at sea were split according to behavioural preferences into sailing hours and 

engine hours and calculated the yearly diesel consumption based on the engine hours 

multiplying them with an average consumption of 4l diesel / hour. The difference in 

the resulting yearly consumption is significant, as it would increase for the three 

different groups – at the base scenario of using the engine 45% of the time – more 

than fourfold compared to the survey result.  

Table 16: Yearly Diesel Consumption, Kuster, own Calculation per User Group 

Different 
User 
Groups 

 Hours at Sea 100% = 8 hours 
/ % of Engine: % of Sailing 20% 45% 60% 

Usage in 
days / 
year 

Daily hours 3,6 1,6 3,5 4,8 

60 Yearly Engine Hours 216 96 211 288 

Diesel Consumption Group One (assuming 
4l diesel/hour) 384 864 1152 

140 Yearly Engine Hours 504 224 493 672 

Diesel Consumption Group Two (assuming 
4l diesel/hour) 896 2016 2688 

300 Yearly Engine Hours 1080 480 1056 1440 

 Diesel Consumption Group Three 
(assuming 4l diesel/hour) 1920 4320 5760 

That would mean that according to the calculation above a SY owner who 

- spends 140 days onboard of his 12-14m SY 

- will be in motion at Sea 8 hours/day 

- will use his engine 45% of the time (corresponding to 504 engine hours) 

- will most of the time travel at marching speed and consume on average 4l/h 

➔ would consume nearly 2000l diesel / year.  

This own calculation again seems to overestimate the yearly diesel consumption – an 

overestimation which by the can be attributed to  

1) the fact that the days of usage, which I have taken as a base for calculating 

the diesel consumption, are often not corresponding to the days when the SY 
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is in motion. That means, that the days of usage participants indicated in the 

survey will not equalize the days when the yacht will be effectively at sea 

(sailors may remain in a harbor or anchor in a bay due to unfavorable weather 

conditions or for land excursions, filling up stock etc.). Revising therefore the 

days at sea for the average group from 140 down to 100 days, the resulting 

diesel consumption would be calculated at 1440l for a SY owner who uses the 

engine 45% of the time at an hourly consumption of 4l.  

2) the fact that the average diesel consumption/ hour for smaller engines as 

outlined in chapter 4.1. for smaller engines may be significantly less – 

therefore revising the average diesel consumption downwards to 3l/hour will 

give the following result: 

Group 2 own calculation revised Usage in days / 
year 

Total Diesel 
consumption in l 

Base Scenario (Daily 8h at Sea of which 45% 
engine time with 4l diesel consumption/hour) 140 2016 

Scenario 1: Days at Sea revised downwards 
to 100 100 1440 

Scenario 2: l/day revised to 3 140 1512 

Scenario 3 - days & l/day revised 100 1080 

That would mean that according to the calculation above a SY owner who 

- spends 140 days onboard of his 12-14m SY 

- will be in motion at Sea 8 hours/day 

- will use his engine 45% of the time (corresponding to 504 engine hours) 

- will most of the time travel at marching speed and consume on average 4l/h 

➔ would consume about 1000l diesel / year.  

Given the two results: the 507l average from the survey and the 1000l for the own 

calculation, it seems reasonable to consider a yearly diesel consumption range of 

500l – 1000l for the calculation of CO2 emissions.  

 

 
6.2. Calculation of Tier 1 CO2 Emissions Caused by Yearly Diesel Oil 

Consumption (without any other RE technology) 
 

As explained in chapter two the basis for the calculation of CO2 emissions is the Tier 

1 method as proposed by the IPCC and the European Union (Art.9, RCD II), which is 

based on the amount of fuel combusted and on the emission factor for the fuel type 

used. The amount of CO2 emissions, or the emissions factor (EF), varies by fuel type. 
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Generally, less refined and heavier fuel types (e.g., marine diesel) generate higher 

emissions than distilled and refined fuels (e.g., 4-stroke engine gasoline fuel). (IPCC 

Guidelines) According to Jun et alt. (CO2, CH4, AND N2O EMISSIONS FROM 

TRANSPORTATION-WATER-BORNE NAVIGATION) only the fuel type is important 

not the engine type: “the accuracy of CO2 estimates using tier 1 methodology are 

unlikely to be improved by the addition of engine type specificity. Emissions of non-

CO2 gases are far more dependent upon the engine characteristics and technology 

than CO2 emissions.”   

The preferred method of determining CO2 emissions in the case of water-borne 

transport regarding recreational crafts would have been to take the emission factor 

(EF) for the fuel consumption for each diesel type on a country-specific basis. 

However, because of the number and diversity of locations in the Mediterranean Sea, 

lacking data availability and due to the fact, “that for CO2 the default uncertainty value 

for the emission factor for diesel fuel is only about ± -1.5 percent” (IPCC Guidelines, 

p. 54, chapter 3.5.1.7.), the default values as proposed by the IPCC and the EU 

Regulation No 601/2012 (already outlined in chapter two) have been used for further 

calculations.  The following fuel emission factors related to net calorific value (NCV) 

and net calorific values per mass of fuel for diesel oil are to be used in recreational 

water-borne transport: 

Emission factor (t CO2 / TJ):   74,1 (or 74 100 kg CO2/TJ) 

Net calorific value (TJ / Gg):   43,0   

To be able to calculate the CO2 emissions per liter Diesel, the following conversion 

calculation has been carried out: 

TJ NCV in TJ/Gg kg diesel 

1 43 23 255,81 
 

kgCO2/kg Marine Diesel 3,1863 
 

This EF has been validated with a countercheck of the EF used in the study “Global 

trends in carbon dioxide (CO2) emissions from fuel combustion in marine fisheries 

from 1950 to 2016” published in 2019, in which the EF used for marine diesel was 

3.17 t of CO2 per ton of fuel (tCO2·tfuel−1). Thus, the above calculated 3,18 kg CO2 

/ kg diesel (burnt) or 3,18 t CO2 / t diesel seems very realistic. 

As marine diesel has a density between 820 and 845 kg/m³ at 15°C according to the 

property defined in EN590 (Fuel selection Steyr Motors Marine Engines) and the 
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diesel used for testing purpose of marine engines should be between 833 and 837 

(DIRECTIVE 2013/53/EU, B Essential requirements for exhaust emissions from 

propulsion engines, 2.5), the conversion from kilogram to liter has been carried out 

with an average of 835 kg/m3. 

kgCO2/l Marine Diesel 2,66 
In terms of CO2 emissions caused by the yearly Diesel oil consumption the 2nd 

important input is the amount of fuel combusted, which depends in the case of a 

SY not on the total mileage travelled but, on the mileage, travelled under engine.  

As outlined in chapter 6.1. the heterogeneity of the results obtained in the survey have 

led to the creation of three “user groups” among SY in the Mediterranean Sea, were 

Group 2 can be considered as the “average group”.  Additionally, assuming an 

underestimation bias of yearly diesel consumption in the survey the calculation of the 

CO2 emissions were not only based on the survey estimates for yearly diesel 

consumption but also based on own diesel consumption calculation. 

Table 17: Yearly CO2 Emissions in kg according to different user groups of SY 

(source: Kuster, own calculations and proprietary survey) 

  
Usage in 

days / 
year 

Yearly 
Diesel 

Consumpti
on in l  

CO2 Content / 
l Diesel 

Yearly CO2 
Emissions in kg 

according to Survey 

Group 1 (Survey) 70 200 2,66 532 

Group 2 (Survey) 140 507 2,66 1349 
Group 2 (own 
calculation) 100 1080 2,66 2873 

Group 3 (Survey) 300 1000 2,66 2660 

Taking a closer look at the CO2 emissions, it is interesting to set the results into 

perspective and compare them with the emissions of an average passenger vehicle: 

according to the EPA a typical passenger vehicle driving 11,500 miles per year emits 

about 4.6 metric tons of carbon dioxide per year. (EPA online source, updated 2018) 

Thus, the average output based on the survey result of 1,3 tons of CO2 emissions 
for an average SY (used 140 days / year) which is regarded as one of the most eco-

friendly transport means, seems to be already quite high. Still, accounting for the 
underestimation bias by the survey participant and the overestimation bias by 
own calculation, it results realistic that yearly CO2 emissions by the average SY 
of 12-14 m in the Mediterranean Sea, being at Sea 100-140 days per year, 8 hours 
a day of which the engine would run 45% of the time (e.g. 3,6 hours per day) will 
be in a range from 1,3 tons and 2,9 tons CO2.  
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6.3. Calculation of Average Yearly Diesel Oil Savings by Adding a Solar 
Application on a SY including Reality Check - Estimates of Yearly 
Diesel Oil Savings by Boat Owners (According to Survey Result)  
 

From the calculations in the previous chapters the following input factors for the 

Mediterranean Sea are available 

- The average size and weight of a SY: 12 – 14m; 10 – 13 tons 

- The average daily energy consumption: 207,1 Ah (= 2,484 kWh @ 12V) 
- The average daily solar output for 1W horizontally c-Si: 3,82 Wh  

- The average size of a PV installation onboard: 1,77 m2  

- The average capacity of a PV installation onboard: 286 Wp 

- The average (over the whole year!) daily output for 286 Wp: 1,09 kWh 
- The average diesel consumption: 3-4 l / h (for a 20kW engine)  

Looking at the data above and comparing the daily energy consumption of 2,5 kWH 

with the daily energy output of 1,1 kWH (for an average PV installation with 286Wp) 

it appears, as if nearly half of the energy could be covered by this kind of PV 

installation. To cover the full daily 2,5 kWh energy demand, an installation capacity of 

650 Wp would be required – based on the average daily solar output of 3,82 Wh for 

1Wp in the Mediterranean Sea.  

But as we know, this will vary very much according to the season – sailors who only 

use their boat 6 months of the year during summer months might be able to calculate 

with a daily output of 5Wh instead of 3,82 Wh per Watt installed and therefore achieve 

a daily output of 1,4 kWh for an average installation of 286Wp; those would 

theoretically need only a 500Wp installation for a full coverage of the required daily 

energy output of 2,5 kWh. 

Now, taking these two figures and comparing the energy output by the PV application 

and the energy demand by appliances on a SY is unfortunately not yet the solution 

for the assessment of diesel oil savings by solar panels onboard a SY in the 

Mediterranean Sea. Of course, it holds true that both the alternator driven by the 

engine and the PV application onboard a SY will charge the battery with the necessary 

energy and the PV application as alternative energy source can replace the engine 

as the other energy source to some extent. But for the final question - how often it is 

possible not to turn on the engine respectively how much engine power / diesel 

consumption can be avoided by the installation of a PV application onboard - it is 

important to understand, that this will depend not only on the technical setup of the 

system and the size of its different components, but also on the behavior of SY 
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owners/charterer. The following table sums up some important factors which will have 

a significant influence on the potential savings: 
Table 18: Decisive Parameters for saving diesel energy through a PV system onboard a SY, 

Kuster, own research 

Decisive parameters Impact 

Behavior: More long-
distance trips without return 
to shore or more short one 
day trips with return to 
harbor for daily shore 
charging 

The longer the period the battery will have to provide the 
energy for all appliances, as this is the case for more-day-trips, 
the more energy input for charging will be needed. In case of 
daily recharge of the battery onshore, less energy will be 
drawn for recharging (comp. charging cycle of different 
batteries) 

Behavior: More sailing or 
more usage of engine 

The higher the %age of sailing, the less engine power will be 
used for recharging the battery, the more of PV energy will flow 
into the battery. 

System setup: Battery 
(bank) size 

The energy/current flowing at any time is limited by the 
batteries ability to accept current, not the charge supply. If 
“overproduction” of energy from two sources (alternator + PV) 
is not matching the current demand of the battery, potential 
energy input might get lost. 

System setup: 
Simultaneous charging with 
alternator and PV current 
possible on sunny days? 

The state of charge of the battery bank determines the voltage. 
Depending upon the charge settings of the charge controllers 
for both the generator and the solar, it might well be, that if one 
charge input increases the voltage of the system above the 
shut off point for the second system, the second system will 
turn off. 

 
As for the variety of decisive behavioral factors it is not surprising that the estimates 

of diesel savings by PV owners onboard of their SY are again very heterogeneous. 

40 out of 47 participants in the survey answered the question and gave an estimate 

on how many liters of diesel per year they believed to save through their PV 

installation. 10 participants believed that they would not save any diesel, while others 

believed that they would save the same amount as they consume on a yearly basis. 

The average percentage resulted in nearly 30% of diesel savings on a yearly 
basis. 
Table 19: Estimates of yearly diesel consumption and diesel savings by PV Installation in liter, 

Kuster, proprietary Survey among SY owners in the Mediterranean Sea 

Installed 
Capacity (W) 

Days / Year 
on SY Miles / Year  

Diesel 
consumption 
in l per Year 

Yearly Diesel 
Savings by PV 
Installation in l 

Savings in 
Percentage  

110 40 300 100 0 0,00% 
300 120 950 100 0 0,00% 
22 50 2000 200 0 0,00% 

1650 365 4000 500 0 0,00% 
100 30 1000 60 0 0,00% 
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200 60 500 160 0 0,00% 
300 365 700 100 0 0,00% 
300 30 1000 300 0 0,00% 
420 60 500 150 0 0,00% 
280 20 300 80 0 0,00% 
300 100 1500 450 10 2,22% 
23 180 800 180 10 5,56% 
200 60 1300 300 15 5,00% 
340 70 900 1500 20 1,33% 
60 50 500 800 20 2,50% 
320 150 1500 200 20 10,00% 
200 65 1250 115 40 34,78% 
160 90 2200 300 50 16,67% 
250 70 500 200 50 25,00% 
480 300 4000 400 50 12,50% 
200 120 1500 500 50 10,00% 
200 100 1000 200 50 25,00% 
130 60 300 455 50 10,99% 
200 60 1200 200 50 25,00% 
200 42 1800 140 80 57,14% 
130 80 2000 1000 90 9,00% 
280 50 1000 400 100 25,00% 
320 80 1200 100 100 100,00% 
320 150 2500 450 150 33,33% 
200 365 2000 700 150 21,43% 
200 180 4000 900 200 22,22% 

  100 500 400 200 50,00% 
490 183 2500 500 200 40,00% 
250 365 20000 500 250 50,00% 
500 180 1000 1000 500 50,00% 
120 200 1200 500 500 100,00% 
690 365 2000 500 750 150,00% 
196 330 10000 4000 800 20,00% 
560 180 5000 1000 1000 100,00% 
200 365 11000 1000 1500 150,00% 

          29,12% 
 
 

6.4. Calculation of Tier 1 CO2 Emission Savings Resulting from Diesel 
Oil Savings 

 
Finally, taking the survey result data from above with an average of 30% of diesel 
savings - which can be attributed to the current average PV installation of 1,77m2 

and total capacity of 286 Wp - potential CO2 savings for the average SY of 12-14m 
in the Mediterranean Sea, being at Sea 100-140 days per year, 8 hours a day of 
which the engine would run 45% of the time (e.g. 3,6 hours per day) could be 

between 400kg - 900kg of the total of 1,3 tons - 2,9 tons yearly CO2 emissions. 
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Table 20: Estimates of yearly diesel consumption and CO2 Emissions, Diesel Savings and 

CO2 Savings by PV installation on SY according to User group, Kuster, 2020 

  
Usage 
in days 
/ year 

Yearly diesel 
consumption in 

l 

CO2 
Content / l 

Diesel 

Yearly CO2 
Emissions 

in kg 

Yearly CO2 Savings 
in kg - from PV 

installation (average 
30%) 

Group 1 60 200 2,66 532 159,6 
Group 2 
(Survey) 140 507 2,66 1348,62 404,59 
Group 2 
(own calc) 100 1080 2,66 2873 862 

Group 3 300 1000 2,66 2660 798 
 

6.5. Assessment of motivation of SY owners to use solar applications  

In the questionnaire SY owners were asked to attribute a percentage to different 

motivations for having opted for a PV installation on board of their SY – they could 

choose between ecological, economical, autarky, comfort, or other reasons (which 

they could specify). 24 out of 47 participants attributed 50% or more to autarky as a 

basis for their decision, so the main reason why SY owners chose to install solar 

applications onboard of their yachts is to have more autarky from shore power and an 

additional source / backup solution to the diesel engine for charging the batteries. 

Ecological and environmental reasons would rank equally second, but both together 

would only attribute on average one third to the decision-making process. 

 
Figure 34: Reasons for SY Owners to Install PV Panels (Kuster, Survey Result)  

16%

16%

48%

12%
8%

Reasons for SY Owners to Install Photovoltaic 
Panels on board of their SY

Environmental

Economic

More Autarky

Comfort (Quiet
alternative)
Other reasons
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7. Conclusion (Critical discussion, Outlook)  

 

Sailing is generally considered to be an environmentally friendly recreational activity. 

However, on many occasions diesel engines are used for propulsion and for charging 

batteries on blue-water yachts (charter and owner yachts at Sea) which will lead to 

exhaust emissions.   

With an output of 2,66 kg CO2/l marine diesel used by recreational crafts is as 
dirty as any other diesel - a maximum of 7% biodiesel in a blend fuel mix may be 

used for marine diesel engines which might help reduce the emissions slightly but not 

significantly. Therefore, sailing boats can be an important source of pollution to 
the marine environment too. 
PV applications onboard of SY in the Mediterranean Sea have been gaining traction 

over the last years as efficiency of panels has been constantly increasing and prices 

for PV installations have come down. The purpose of this thesis was to assess if this 

form of new energy generation allows for a reduction of the usage of the diesel engine 

and consequently for a decrease of CO2 emissions.  

Most input factors for determining the CO2 savings from an average PV application 

for an average SY in the Mediterranean Sea could been gathered from different 

sources and – where standardization was not available – calculated from the results 

of a proprietary survey conducted among SY owners with PV installations onboard 

(47 participants).  

- The average size and weight of a SY: 12 – 14m; 10 – 13 tons 

- The average daily energy consumption: 207,1 Ah (= 2,484 kWh @ 12V) 

- The average daily solar output for 1W horizontally c-Si: 3,82 Wh  

- The average size of a PV installation onboard: 1,77 m2  

- The average capacity of a PV installation onboard: 286 Wp 

- The average (over the whole year!) daily output for 286 Wp: 1,09 kWh 

- The average diesel consumption: 3-4 l / h (for a 20kW engine)  

- The average days of usage per year: 100 – 140 days 

- The average way of moving forward: 45% engine versus 55% sailing time 

- The average yearly diesel consumption for 100-140 days at sea: 500 – 1000l 

- The average yearly CO2 output: 1,3 – 2,9 t 

As discussed in the previous chapters diesel consumption and diesel savings 

resulting from a PV installation onboard depend greatly not only on dimensioning of 

the system in terms of - engine, battery, PV panels, battery charger etc. – but also on 
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the behavior of the SY owner/charterer respectively the crew. The total amount of 

energy consumed onboard (electronic devices…) and the resulting need of 

recharging batteries, will be as important as the willingness to sail more and use the 

engine only if necessary. As for the significant differences in dimensioning of PV 

applications onboard of SY and the variety of decisive behavioral factors it is not 

surprising that the estimates of diesel savings by PV owners onboard of their SY are 

very heterogeneous.  

The result of the proprietary survey showed that some participants were able to save 

a lot of diesel while others indicated hardly any savings at all. The average 
percentage resulted in nearly 30% of diesel savings on a yearly basis by the 
installation of a PV application. 
The most important reason for SY owners to install PV applications is neither of 

economic nor of ecologic nature. SY owners want autarky, e.g. PV panels are often 

installed to keep batteries topped up and maintain continuity of service to fridges, 

lights and other onboard conveniences, when sailors spend many days in a row at 

sea without accessing shore power. 

Therefore, I would conclude that SY can be considered eco-friendly only  

- if the %age of sailing time is significantly higher than the %age of engine time 

for propulsion  

- if the energy consumption, battery dimensioning and PV dimensioning (or 

other new energy forms) are aligned and no additional regular recharging of 

batteries by engine is required.    
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APPENDIX 1: PROPRIETARY SURVEY CONDUCTED AMONG SY OWNERS IN 
THE MEDITERRANEAN SEA, OPEN FOR ANSWER JULY – SEPTEMBER 2020 
 

Dear yacht owner, 

Thank you so much for taking the time to support me in my 
scientific analysis of potential CO2 savings by solar applications 
on sailing boats. The following questionnaire will not take 
more than 5-10 minutes. If you cannot give an exact figure for 
one question but have a best guess for the answer, please rather 
give your realistic estimate than leaving it blank.   
 
Should you have any question or in case you would like to 
receive the final analysis please don’t hesitate to contact me by 
mail at solar.sailing.boat@gmail.com 
 
You can also choose to fill-in the questionnaire online 
https://de.surveymonkey.com/r/CFYCLVJ  
 

(1) Please indicate the following characteristics of your sailing boat: 

Type of sailing boat:    ……………………….. 

Length of sailing boat:    ………….……………. meters 

Weight of sailing boat   ……………………….. tons 

Homeport (Port of departure):   ………………………. 

 

(2) In order to assess the average electric consumption onboard, could you please indicate 

whether the following applications are available on your boat: 

 Yes No 

Refrigeration   

Navigational Instruments/GPS 
  

Radar 
  

Further instruments (e.g. AIS)   

Computer – Laptop   

Autopilot   

Cabin Lights    

Outdoor Lighting (beyond Nav/Anchor lights)   

Stereo   

VHF Radio   

Pressure Water   

Phone Charger   

Microwave   

Other – pls specify:…………………………………….   
 

(3) Please indicate the following characteristics of your PV panel onboard: 

mailto:solar.sailing.boat@gmail.com
https://de.surveymonkey.com/r/CFYCLVJ
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Size of PV panel installed   …………………………. m2 

Installed capacity (max power output) …………………………Watt 

Type / Brand of PV panel  ………………………….. 

The PV Panel is (please only chose one of the options) 

(a) □ Fixed  on board OR (b) □ It can rotate OR (c) Flexible in the

sense that in can be moved around 

The PV Panel is (please only chose one of the options) 

(a) □ always fully exposed to sun OR (b) □ sometimes exposed to shadow

(through sails or ropes)  OR (c) □ permanently exposed to shadow

The PV Panel is (please only chose one of the options) 

(b) □ 0-5 years old OR (b) □ 5-10 years old  OR (c) □ > 10 years old

(4) How many days per year is your sailing ship used (either by you or anybody else):

………days 

(5) What is the average distance your sailing ship will cover on a yearly basis:

……...miles 

(6) Could you please allocate a percentage to the average yearly distance travelled?

…….. % sailing ……. % motoring 

(7) Could you give the figure (or at least an estimate) of how many liters of diesel will be

consumed on your sailing boat on a yearly basis:    ..….……..liters

(7a) Could you give an estimate of how many liters of diesel you save through using your

solar application on board on a yearly basis: …………..liters

(8) Why did you choose to install a PV panel onboard your sailing boat? (Please give a

weighting to each of the reasons beneath, sum of weighting should be 100%)

□ Environmental (renewable power source, reduced CO2 emissions caused by diesel

engine)      …………….……… %

□ Economic / Savings (reduced need for diesel consumption, extension of battery life)

……….……………% 

□ More Autarchy with a backup solution / Freedom to explore open waters

…………………….% 

□ Comfort / Convenience (Quiet alternative to generators)

……………………. % 

□ Other reason: pls specify  ………………………………………………….% 

END 
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APPENDIX 2: DIFFERENT DRIVE TRAINS USED ON SY 

Jake Kavanagh, describes 2015 the different drive trains in the article “The role of the 

diesel yacht engine has changed” (in the Journal “Sailing Today”) 

(1) Direct Drive: the nearer the shaft to the horizontal, the more efficient the 

propeller will be 

(2) V-Drive: consists of two drive 

shafts, a gearbox, and a 

propeller. In a "V-drive" boat, 

the engine is mounted in the 

rear of the boat and the front 

of the engine faces aft. This 

allows the engine to be tucked 

away under the cockpit, but 

puts the flywheel and belts 

facing the stern. 

(3) Hydraulic Drive: allows an 

engine to be offset or placed 

some distance from the drive 

shaft 

Figure 35: Drive Trains, Source:  
Jake Kavanagh, “Sailing Today”, 2015 

(4) Sail-drive/Outdrive: one of the simplest installations and popular on smaller 

yachts and catamarans as easy to fit.  

(5) Diesel Electric: becoming more popular, as the engine can be placed a long 

way from the drive unit, which can itself be a steerable electric pod. 

Hybrid Drive: a marriage of an electric motor and a diesel engine on a shaft, each of 

which can be run independently. Also available for saildrives.  

 

APPENDIX 3: DISCUSSION OF THE NOx DILEMMA FOR DIESEL ENGINES AND 
WHY BIODIESEL IS NOT THE FINAL SOLUTION FOR SOLVING THE CO2 ISSUE 

As diesel engines burn a mixture of fuel and air, the exhaust therefore contains 

substances that consist of the same chemical elements, as fuel and air. The 

main elements of air are nitrogen (N2) and oxygen (O2), fuel consists mainly 
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of hydrogen (H2) and carbon (C). Burning the fuel will result in the final stage 

of oxidation. An ideal diesel engine, running on an ideal air-fuel mixture, 

produces an exhaust that consists of carbon 

dioxide (CO2), water (H2O), nitrogen (N2), and the remaining oxygen (O2). The 

combustion process in a real engine differs from an ideal engine's combustion 

process, and due to incomplete combustion, the exhaust contains additional 

substances), most notably, carbon monoxide (CO), diesel particulate 

matter (PM), and due to dissociation, nitrogen oxide (NOx). (Hans 

List, Thermodynamik der Verbrennungskraftmaschine, 1939) 

This will lead to what Peter Pospiech, the chairman of the Association of European 

Shipping Journalists, calls the “Diesel-NOx-dilemma” in 2017, which he discusses in 

detail in an article with the same title.   

• Thermal energy converters achieve the highest levels of efficiency if the 

process temperature is selected as high as possible (CARNOT process). High 

combustion temperatures will result in less emissions in terms of PM as 

particulate matters tend to burn at higher temperature. 

• But with higher efficiency and higher combustion temperature, the amount of 

NOx pollution tends to increase 

as, Nitrogen oxide (NOx) is 

created from harmless nitrogen 

in the ambient air (79% N2) at 

high temperatures from approx. 

1000 ° C. 

• Therefore, the thermal energy 

converter can be designed 

either in the direction of "energy 

efficiency" or NOx-optimized.  

Figure 36: NOx-Formation as a function of combustion temperature, source: MAN 
D&T, published by Peter Pospiech in the article “The Diesel-NOx-dilemma” 

Marine engine manufacturers are constantly working on solutions to reduce pollutants 

in exhaust gas. Measures taken / techniques currently used are  

• Exhaust gas recirculation (EGR) is a nitrogen oxide (NOx) emissions reduction 

technique which works by recirculating a portion of an engine's exhaust gas 

back to the engine cylinders 

http://www.veus-shipping.com/wp-content/uploads/2017/05/Bild_3.jpg
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• Selective Catalytic Reduction (SCR) is an aftertreatment method, in which a 

catalytic converter converts nitrogen oxide using urea, which is injected into 

the exhaust stream, and catalytically converts the NOx into nitrogen (N2) and 

water (H2O).  

The Research & Development Management Division of Yanmar has published 

several technical studies analyzing different methods of achieving higher 

combustion efficiency and producing less emissions with diesel engines by 

optimizing the mixture formation process. They conclude that to overcome the 

challenge of achieving both low NOx emissions and low fuel consumption it is still 

challenging to apply this over a wide range of operation conditions due to the 

difficulties of ignition control. (Masahiro Ito, Development Division, Yanmar, 

6/8EY33 Series of High-Power and Fuel-Efficient Diesel Engines). 

As mentioned before, it was regulated in Annex II of 98/70/EG (which specifies the 

environmental specifications for diesel to be used for vehicles equipped with 

compression ignition engines), that the sulphur content in diesel fuel should not 

exceed 10,0 mg/kg of diesel in order to significantly reduce the emission of PM.  

 
Figure 37: EU regulation for diesel fuels concerning Sulphur and FAME content, source: EU 
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In addition to the positive effects on our environment, however, the reduction 

of the sulphur content also had an impact on the quality of the diesel and its 

natural lubrication. […] Since the inside of the diesel fuel system is lubricated 

and cooled by the diesel fuel itself, the matter of lubricity is of significant 

concern. […] In order to ensure that the injection pumps and injectors of diesel 

engines continued to be properly lubricated and that the reduction in sulphur 

had no negative consequences for the engines, fuel refineries began to add 

certain additives to their mineralized diesels. In addition, it was found that an 

optimal lubrication capacity of the diesel can be restored by the addition of so-

called FAME – fatty acid methyl ester (biodiesel). […] (Thomas Stamann, SVB 

online, retrieved August 2020) 

Several studies have confirmed that the lubricity of biodiesel is better than that of 

“traditional” diesel. (Feshe Li et alt, 2019) With the property to be water soluble 

biodiesel onboard a sailing boat can act as a solvent and loosen up any accumulated 

contaminants that typically settle in the bottom of the fuel tank. But at the same time 

biodiesel can mix with water and binds ambient moisture in the tank. Thus, "biodiesel 

in combination with water provides the ideal area to form free fatty acids, which are 

responsible for corrosion and rust on the engine, the tank and fuel lines. […] There 

was initially a lot of worry among manufacturers regarding potential premature 

component failures because of this solvent characteristic. In the final analysis, most 

of the engine manufacturers have approved the use of biodiesel blends.” (SVB, 

Wikipedia)  

On sailing boats there is a certain probability of water ending up in the fuel tank, 

therefore a top-quality water-separating fuel filter is extremely important for any diesel 

engine, even more when biodiesel is added. As biodiesel-water is the perfect breeding 

ground for the growth of bacteria, mould and yeast fungi, a solution to avoid microbial 

contamination of diesel is fuel polishing. “Fuel polishing is a way to get water and 

microbes out of tank before fuel contamination harms or stalls an engine.” (Fuel 

Polishing, Last updated on July 26, 2020 by Carolyn Shearlock)  
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Figure 38:  Marinel Advanced Diesel Filtration System / Fuel Polisher; source Shearlock 

The permission of adding biodiesel/FAME to traditional diesel was given in October 

2009 with the Europe-wide introduction of DIN EN 590. EN 590 is a standard 

published by the European Committee for Standardization that describes the physical 

properties that diesel fuel must meet if it is to be sold in the European Union and 

several other European countries. EN 14214 specifies the content requirements for 

biodiesel, it is slightly different from ASTM D6751, the standard used in USA and 

Canada for the composition of biodiesel. (Martin Mittelbach: Biofuels-Biodiesel, 2019) 

Another disadvantage of FAME diesel is that it is not resistant to aging; Even without 

additives, a fuel mix with FAME should not be stored for longer than 6 months.  

As biodiesel is made entirely from renewable raw materials, it is clear, that during the 

manufacture process the reduction 

of CO2 emissions compared to 

mineral diesel is significant. The 

question arises whether adding 

biodiesel will have a positive impact 

on reducing exhaust emissions 

during combustion. Because 

biodiesel from many sources 

contains essentially no sulphur, 
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blending biodiesel into diesel fuel can reduce sulphate emissions. Several studies 

have found that biodiesel reduces PM, HC, and CO emissions, while increasing NOx 

emissions, as illustrated in chart 16.  
Figure 39: Martin Mittelbach 2019, based on J. Krahl 2007, Emissions of Biodiesel 

compared to Fossil Diesel Fuel 

To conclude the evaluation of biodiesel in the marine environment, it can be stated 

that biodiesel can help reduce CO2 emissions but has several other 
disadvantages compared to mineralized diesel.  These factors have been 

accounted for in the EU regulation which allows for a maximum of 7% biodiesel in 
a blend fuel mix used for marine diesel engines.  
 

APPENDIX 4: IMPORTANT POINTS ON SOLAR CHARGE CONTROLLERS 

• Solar charge controllers should be mounted near the main/board battery to ensure 

that the length of the battery connection cable is as short as possible.  

• Depending on the design of the charge controller, two separate battery systems 

can be connected to one charge controller. This is the 

preferred solution for sailing yachts as there is always a 

starter battery for the engine and a supply battery for the 

individual consumers on board.  

• Most charge controllers can work with the most common batteries on board of 

sailing yachts (Acid/Lead-Acid, Gel, AGM, LiFePO4). 

• It is possible to connect several panels to one MPTT controller and the MPPT 

controller will consider the UMPP / IMPP of the panel array (not that of the single 

panels found in data sheet).  

• When connecting several panels wired in series to one MPPT controller it is 

important to consider not only the total voltage input of the PV array (see Figure 

X Victron 100V accepts a total voltage of the PV array of 100V) but also the 

Ampere output, as MPPT charge controllers are rated by the output amperage 

that they can handle (not the input current from the solar module array).  
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Example: Connecting two panels in series with UMPP of 30V and IMPP 8A each, will 

increase the system voltage and add up to 60V / 8A at the controller input, so 

480W of power. The MPPT controller will scale down the higher voltage to the 

required input voltage of the battery 

converting the higher voltage into more 

Ampere (e.g. with a battery voltage of 12V, 

this will result in an output current of 40A). A 

controller model able to handle 40A output 

current like the model in Figure X needs to be 

chosen, otherwise power is lost.  
Figure 40: Victron 100/50 MPPT solar charge controller, picture source: Victron Energy  

• During the fast-charging phase, the entire available solar charging current is used 

until the fast charging voltage is reached, but in view of the unsteady solar 

charging currents, the fast charging voltage may not be reached for days. 

However, charging for an unlimited time is not recommended, which is why this 

charging phase can be protected by a time control that activates the next charging 

stage after an adjustable maximum fast charging time.  

• The voltages of the ideal charging curve are temperature dependent. Higher 

temperatures require lower voltages, and lower temperatures require higher 

voltages. Many smart voltage regulators are equipped with the ability to monitor 

both battery and alternator temperature and respond by increasing or decreasing 

voltage levels to maximize both safety and performance – see Figure X:  
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Figure 41: Charging curve for different batteries with temperature compensation, source: 
Datasheet, Solar charger SunWare FOX-260, 20A, 12V/24V, 340W at 12V, 680W at 24V 

• Solar charge controllers have been developed for the special properties of solar 

modules and must not be used as charge controllers for other power sources (e.g. 

wind generators).  

APPENDIX 5: CAPACITY ASSESSMENT OF POPULAR PV MODULE 
PRODUCERS FOR SY 

- Phaesun (DE) offers light aluminum frame panels from 120 Wp – 200 Wp ideal 

for installations on SY, while their significantly heavier industrial modules with a 

size of 1640x992x35 yield more than 300 W. (Phaesun product catalogue 2020) 

- Sunware Solar (DE) offers only crystalline cells panels: for (walkable) deck 

installation in different shapes and a size ranging from 0,2 m2 – 0,7 m2 with rated 

power outputs from 20 Wp – 100 Wp (Sunware online product offer 2020)  

- The focus of Solbian (IT) is on lightweight, flexible PV modules using 

monocrystalline silicon solar cells; in their latest SXX series they use bifacial high-

efficiency HJT cells with up to 240 Wp for 1,4 x 1 m. 

- The specialist for marine products, CMP proposes the panels of SunPower (UK), 
the latest SunPower PV panel Maxeon results to be one of the most effective solar 

panel with a size of 1m x 1,7m and a capacity of 400 Wp and 22,6% efficiency.  
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Figure 42: CMP marine solar panel specifications; source: Custom Marine Products, 2020,  
 
- The German company Solara offers crystalline PV panels for mobile use with a 

nominal capacity of up to 190 Wp for a size of 1,5 x 0,7m  

- AUO Solar (TW), a subsidiary of AU Optronics Corporation offers crystalline PV 

panels with a size of 1m x 1,7m and a max power output of 330 Wp (AUO Solar 

Panel Specification, online, retrieved 09/2020; https://solar.auo.com/en-

global/Mono_Crystalline_Solar_Modules_SunVivo/index/PM060MW3) 

- Panasonic (US) offers crystalline PV panels rather for home-installation, but there 

are SY owners in the US who have installed them on boats. Their 96-cell HIT®+ 

N340 solar panel is featuring a 20.3 module efficiency and a capacity of 340 Wp 

per panel (sized 1,6m x 1m, i.e. providing a power density of 203W/m2). (Panasonic 

Solar Panel Specification, online datasheet, retrieved 09/2020) 

 
APPENDIX 6: AVERAGE PV YIELD IN PALMA DE MALLORCA 
 
Palma de 
Mallorca Jan Feb Mar Apr Mai Jun Jul Aug Sep Oct. Nov Dez  
Wh/day for 
200Wp 369 517 731 940 1065 1177 1182 1037 802 578 386 323  
Wh/day for 1Wp 1,845 2,585 3,655 4,7 5,325 5,885 5,91 5,185 4,01 2,89 1,93 1,615  
Wh/day for 
1000Wp 1845 2585 3655 4700 5325 5885 5910 5185 4010 2890 1930 1615  
Wh/months for 
1Wp 57,195 72,38 113,3 141 165,1 176,6 183,2 160,7 120,3 89,59 57,9 50,07  
Yearly PV Yield for 1Wp             1387 

Average daily PV Yield in Palma            3,801 
 



 

98 
 

 
 

 

Figure 43: Average daily yield from a 200Wp PV panel in Copenhagen and Palma de Mallorca, 

source: Sunware  


