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Summary. This article presents a methodology for 

calculating the energy needs to propose the electrification 

of a fleet of small boats. A technical, economic and 

environmental analysis of the transition to electric mobility 

of the fleet of boats in the wetland of the Albufera Natural 

Park of Valencia (Spain) is presented and analysed. The 

environmental benefits of this transition are explored and 

an economic assessment is done, including the evaluation 

of the necessary public incentives to capture all the benefits 

related to this transition and make it feasible. 

Key words. Electric boats, energy transition, wetlands, 

Albufera. 

1. Introduction 

The ecosystem of the Albufera Natural Park, located a few 

kilometres from the city of Valencia (Spain) represents a 

valuable habitat for a wide variety of fauna and flora. It also 

acts as a sink for greenhouse gases through the 

photosynthetic assimilation of carbon dioxide (CO2) from 

the atmosphere [1]. Throughout the 1980s and 1990s, it was 

recognized as a "Wetland of International Importance" and 

“Special bird protection zone (ZEPA)” [2] in addition to 

becoming part of the Natura 2000 Network. The 

importance of the ecosystem mainly lies in the 350 species 

of birds that annually use the ecosystem [3]. Nevertheless, 

anthropogenic activities are jeopardising this ecosystem, 

which is stated to be in a critical situation. 

One of the lake activities is related to the utilization of 

aquatic vehicles. Many boats carry out fishing activities, 

tourist trips and maintenance work, which have significant 

impacts on the park's ecosystem. They discharge unburned 

fuel into the lake water, polluting gases into the atmosphere 

and generate high noise levels produced by combustion 

engines. 

For years, the lake has been suffering from eutrophication 

problems due to nutrient excesses because of inadequately 

treated wastewater discharges. Simultaneously, it has been 

receiving less fresh water from its main supplier (the Júcar 

River), reducing the water renewals of the lake and 

affecting its quality. Measures need to be taken in order to 

improve the current state of the ecosystem of the Albufera 

Natural Park, which is in a critical state [4]. 

One of these measures is the electrification of the boats that 

circulate on the lake. This article presents a methodology 

for calculating the energy needs of boats to propose an 

electric boat design. Therefore, a technical, economic and 

environmental analysis of the transition to electric motors 

of the fleet of boats in the Albufera is presented and 

analysed. 

2. Methodology 

Figure 1 presents the developed methodology, represented 

as a block diagram. First, the parameters to study are 

chosen to identify the data that should be collected. In this 

case, the aim is to determine the energy demand of the 

propulsion system to ensure the movement of the vessel. To 

do so, data must be collected on diesel consumption, 

circulation speed and work activity schedule, among 

others.  

To ensure a correct sizing and calculation of the elements 

of the boat, the energy needs are estimated in two different 

ways. Firstly, throughout an energy balance. Then, setting 

out a balance of forces. Afterwards, the consistency of the 

results obtained is evaluated. If results from both 

methodologies do not match, the selection of variables, the 

data collection and the calculation process is carried out 

again. 

Once the energy needs are validated, the charging process 

and the components of the electric propulsion system 

(electric motor, batteries, etc.) are sized. Once the 

components have been sized, the solution is proposed, and 

the investment costs are estimated. On the other hand, the 

environmental benefits of the electrification are analysed 

(noise, emissions of polluting gases, discharges, etc.). 

Finally, the obtained design and results need to be 

discussed with the fishing community, boat workers and 

ship captains to get their agreement. If the proposal is not 

approved, the loading process and components should be 

resized with the users’ inputs until the proposal is accepted. 

Then, the approved prototype may be designed. 
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Figure 1. Diagram of blocks of the methodology. 

A. Energy balance methodology 

In order to find the power of the motors and the energy 

capacity of the batteries, the following energy balance is 

considered. By means of equation (1) the useful energy of 

the combustion process for the boat motion is calculated. 

 𝐸𝑢𝑠𝑒𝑓𝑢𝑙 = 𝑙 ∙ 𝜌 ∙ 𝑃𝐶𝐼 ∙ 𝜂𝑀𝑇 ∙ 𝜂𝑃𝑅𝑂𝑃 (1) 

Where: 

- 𝑙: volume of diesel consumed on a trip, in litres. 

- 𝜌: density of diesel. 0.82 kg/l (at 15°C) is 

considered [5]. 

- 𝐿𝐻𝑉: lower heating value of diesel. 11.8 kWh/kg  

is considered [6]. 

- 𝜂𝑀𝑇: diesel engine efficiency. 

- 𝜂𝑃𝑅𝑂𝑃: propulsion system efficiency. 

- 𝐸𝑢𝑠𝑒𝑓𝑢𝑙: useful combustion energy destined to the 

movement of the boat (kWh). 

Equation (2) presents the chemical energy stored in the 

batteries and its conversion efficiency into electricity. 

𝐸𝑢𝑠𝑒𝑓𝑢𝑙 = 𝐶𝐵𝐴𝑇 ∙ 𝜂𝑀𝐸 ∙ 𝜂𝐶𝑂𝑁𝑇𝑅 ∙ 𝜂𝐵𝐴𝑇 ∙ 𝜂𝑃𝑅𝑂𝑃 (2) 

Where: 

- 𝐶𝐵𝐴𝑇: battery capacity (kWh). 

- 𝜂𝑀𝐸: electric motor efficiency. A constant 

efficiency of 90% is assumed [7]. 

- 𝜂𝐶𝑂𝑁𝑇𝑅: electronic controller efficiency. A 

constant efficiency of 95% is assumed [8] 

- 𝜂𝐵𝐴𝑇: performance of lithium batteries. It assumes 

a constant yield of 90% [9]. 

- 𝜂𝑃𝑅𝑂𝑃: propulsion system performance. It is 

assumed a value identical to that of current boats 

as only the engine will be changed from the 

propulsion system. 

With both equations, the capacity that the batteries should 

supply is obtained. Then, the average power (PMED)for the 

electric motor is calculated considering the duration of the 

boat trip (t) and the electrical energy demanded during the 

trip (battery capacity), obtained by the following 

expression: 

 𝑃𝑀𝐸𝐷 =
𝐶𝐵𝐴𝑇

𝑡
 (3) 

 

B. Force balance methodology 

An alternative way for calculating the useful energy from 

the point of view of the forces that the vessel must 

overcome in order to advance is considered. First, the 

forces involved in the balance are defined. On one hand, 

there is the motive force (𝐹𝑚𝑜𝑡𝑜𝑟), which is carried out by 

the propulsion system that moves the boat; and, on the other 

hand, the drag forces of the boat due to contact with water 

(𝐹𝐷 𝑤𝑎𝑡𝑒𝑟) and air (𝐹𝐷 𝑤𝑖𝑛𝑑). The result of the balance 

causes the movement of the boat (𝑚 ∙ �⃗� ). Thus, the balance 

of forces is defined as the following expression: 

 𝐹𝑚𝑜𝑡𝑜𝑟 −  𝐹𝐷 𝑤𝑎𝑡𝑒𝑟 − 𝐹𝐷 𝑤𝑖𝑛𝑑 = 𝑚 ∙ �⃗� (4) 

The drag force of the water is that necessary to overcome 

the resistance that it opposes in the direction of the flow of 

the boat's advance due to the combined effects of friction 

and pressure forces. This force is defined as follows: 

 𝐹𝐷 𝑤𝑎𝑡𝑒𝑟(𝑡) =
1

2
∙ 𝜌 ∙ 𝐶𝐷(𝑡) ∙ 𝐴 ∙ 𝑉(𝑡)2 (5) 

Where: 

- 𝜌: water density. A density of 1000 kg/m3, 

freshwater value, is assumed. 

- 𝑉(𝑡): boat speed (m/s). The speed of the water is 

not taken into account, as it is a lake and the water 

remains still. 

- 𝐴: wet area. It represents the surface of the boat 

submerged under the water (m2). 

- 𝐶𝐷(𝑡): coefficient of resistance to the boat's 

advance when in contact with water. It is the sum 

of the coefficients of friction and pressure.  

To simplify, in the calculation of 𝐶𝐷, it is considered that 

the bottom of the boat is a smooth flat plate. This 

coefficient depends on the Reynolds number (𝑅𝑒).  

On the other hand, in the case of a parallel flow on a smooth 

flat plate, the drag due to pressure is null, so the total drag 

coefficient is equal to the friction coefficient (𝐶𝑓) [10]. 

Thus, the drag coefficient is calculated as follows [11]: 
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𝐶𝑓(𝑡) =
0,074

𝑅𝑒𝐿(𝑡)
1
5

−
1740

𝑅𝑒𝐿(𝑡)
   5 ∙ 105 ≲ 𝑅𝑒𝐿 ≲ 107 (6) 

The calculation of Re is performed for the end boat by the 

following expression:  

 𝑅𝑒𝐿(𝑡) =
𝑉(𝑡) ∙ 𝐿

𝜈
 (7) 

Where: 

- 𝐿: boat length (m). 

- 𝜈: kinematic viscosity of water. A value of 

1,036·10-6 m2/s is assumed. 

- 𝑉(𝑡): boat speed (m/s). 

At low speed, almost all the drag force of the water 

corresponds to the friction [12]. However, for boats 

circulating at low speed, the friction force is estimated as 

85% of the total force [13]. Thus, the total drag force of the 

water is: 

 𝐹𝑇 𝑤𝑎𝑡𝑒𝑟(𝑡) =
𝐹𝐷 𝑤𝑎𝑡𝑒𝑟(𝑡)

0,85
 (8) 

On the other hand, the drag force of the air represents the 

force necessary to overcome the resistance of the air (wind) 

to the advance of the boat. It is calculated by the following 

expression: 

𝐹𝐷 𝑤𝑖𝑛𝑑(𝑡) =
1

2
∙ 𝜌 ∙ 𝐶𝐷 ∙ 𝐴 · (𝑉(𝑡) + 𝑉𝑤𝑖𝑛𝑑)2 (9) 

Where: 

- 𝜌: air density. A value of 1.22 kg/m3 is assumed.  

- 𝑉(𝑡): boat speed (m/s). 

- 𝑉𝑤𝑖𝑛𝑑 : wind speed (m/s). 

- 𝐶𝐷: aerodynamic drag coefficient of the boat. 

- 𝐴: projection of the front area of the boat (m2). 

The third term in the balance is the force resulting from the 

motive and drag forces, which represents the movement 

and inertial force of the vessel. It is calculated by the 

following expression: 

 𝐹(𝑡) = 𝑚 ∙ 𝑎(𝑡) (10) 

Where: 

- 𝑚: total mass of the vessel. It is the sum of the 

mass of the passengers on board (an average 

weight of 80 kg per person is considered) and the 

weight of the boat (about 1250 kg). 

- �⃗�(𝑡): acceleration of the boat. It is calculated as 

follows: 

-  �⃗�(𝑡) =
∆𝑉

∆𝑡
=

𝑉(𝑡) − 𝑉(𝑡 − 1)

1
 (11) 

Finally, the motor force is calculated as a function of the 

remaining forces, clearing it from equation (3). In this way, 

the following expression results: 

𝐹𝑚𝑜𝑡𝑜𝑟(𝑡) = 𝐹𝑇 𝑤𝑎𝑡𝑒𝑟(𝑡) + 𝐹𝐷 𝑤𝑖𝑛𝑑(𝑡) + 𝑚 ∙ 𝑎(𝑡) (12) 

 

C. Corrections in the calculation process  

During the resolution of the force balance, negative values 

of 𝐹𝑚𝑜𝑡𝑜𝑟  have been obtained in some instants of each path 

due to the moments in which the speed decreases. The 

negative value means that the propulsion system has the 

capacity to store energy, and this is not possible as no 

energy storage mechanism is available.  

Therefore, when speed is reduced (a<0), the motor force to 

be provided by the propulsion system is only the necessary 

to overcome the drag forces of water and wind. Thus, for 

these moments, the balance of forces to be resolved is as 

follows: 

 

𝐹𝑚𝑜𝑡𝑜𝑟 =

{
𝐹𝑇 𝑤𝑎𝑡𝑒𝑟(𝑡) + 𝐹𝐷 𝑤𝑖𝑛𝑑(𝑡) + 𝑚 ∙ 𝑎(𝑡), 𝑖𝑓 𝑎 > 0 

𝐹𝐷 𝑤𝑎𝑡𝑒𝑟 + 𝐹𝐷 𝑤𝑖𝑛𝑑 ,      𝑖𝑓 𝑎 < 0
}   

(13) 

 

On the other hand, some "noise" has been detected in the 

speed data recorded on-site during the data measurement 

[14]. To overcome this measurement error, a speed filter to 

smooth out the fluctuations is applied [15]: 

𝑉′(𝑡) =
𝑉𝑡+2 + 𝑉𝑡+1 + 𝑉𝑡 + 𝑉𝑡−1 + 𝑉𝑡−2

5
 (14) 

Thus, from now, when writing 𝑉(𝑡) it will be understood 

the corrected velocity 𝑉′(𝑡) for subsequent equations. 

 

D. Force balance resolution 

 

The driving power required to move the boat could be 

expressed as follows: 

 𝑃𝑢𝑠𝑒𝑓𝑢𝑙(𝑡) = 𝐹𝑚𝑜𝑡𝑜𝑟(𝑡) ∙ 𝑉(𝑡) (15) 

If the boat is propelled by an electric motor, the electrical 

power required can be calculated by the following 

expression: 

 𝑃(𝑡) =
𝑃𝑢𝑠𝑒𝑓𝑢𝑙(𝑡)

𝜂𝑀𝐸 ∙ 𝜂𝑃𝑂𝑇 ∙ 𝜂𝐵𝐴𝑇 ∙ 𝜂𝑃𝑅𝑂𝑃

 (16) 

In this way, in addition to the speed curve, an electric power 

curve is obtained and thus, the working power range of the 

electric motor. The total electricity demanded in the boat 

ride will be equal to the area enclosed by the electric power 

curve. The batteries must have enough capacity to store and 

give the electrical energy demanded. Therefore, in order to 

calculate it, the trapeze method [16] is applied, which in 

this case consists of adding the semi sum of the powers of 

the instant and the previous instant. 

Additionally, the thermal efficiency of the diesel engine can 

be calculated from the balance of forces. To do this, 

equations (1) and (2) are equated and the performance of 

the diesel engine is cleared, depending on the capacity of 

the batteries and the diesel consumed, among others. Thus, 

the performance of the thermal engine is calculated as 

follows:  

 𝜂𝑀𝑇 =
𝐶𝐵𝐴𝑇 · 𝜂𝑀𝐸 · 𝜂𝐵𝐴𝑇 · 𝜂𝐶𝑂𝑁𝑇𝑅

𝑙 ∙ 𝜌 ∙ 𝑃𝐶𝐼
 (17) 

Being all the variables previously defined. 
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3. Case study 

The study has been applied to the boats fleet used for 

touristic promenades at the district of El Palmar. 

 

Figure 2. 2Touristic tour boat at El Palmar. 

A) Data acquisition 

The aim of this phase is to obtain information on working 

activity and energy needs.  

Regarding the working activity, the workers themselves 

have been surveyed on the number of touristic boat trips 

carried out during the year and in high season, as well as 

working hours in winter and summer to plan the availability 

of loading hours. 

In order to collect data on energy needs, field work has been 

performed on board of the boats, during which such 

parameters as the speed and geographical coordinates of the 

boat have been measured at every second, using the 

aforementioned application [14]. In addition, the litres of 

diesel consumed in each trip were measured, observing the 

variation in the boat's tank. The number of passengers on 

board were also written down on each trip, as well as the 

wind speed recorded at the nearest weather station [17]. 

The following table shows average data for registered trips: 

Table 1. Average data of registered travel. 

Average speed (km/h) 6.99 

Distance traveled (km) 4.13 

Diesel consumed on each trip (l) 0.76 

Number of regular daily trips 3-5 

Number of  travel days in high season 6-8 

B) Resolution 

In the resolution of the energy balance an efficiency of the 

current engines, 𝜂𝑀𝑇, of 25% has been considered. Typical 

value of small diesel engines [18] and a propulsion system 

efficiency of 50%, typical of inboard axle systems [12], 

have been also taken into account. 

Considering the average diesel consumption per trip from 

Table 1, equations (1) and (2) are equated and the capacity 

of the batteries is cleared. Thus, it is estimated that 2.37 

kWh are needed on each trip. The time for boat trip ranges 

between 35-40 minutes and the average power that the 

electric motor should provide is approximately 4 kW.  

Therefore, so as to dimension the batteries for the average 

annual work, in which 3 to 5 trips are made, capacity sizes 

of 11.87 kWh (for 5 trips) would be needed per storage 

device. 

On the other hand, the following figure shows some useful 

dimensions of the boat for the resolution of the balance of 

forces. The length (12 m) corresponds to the maximum 

possible according to the local regulation [19]. 

 
Figure 3. Dimensions of the boat. 

For the calculation of the drag force of the water, the area 

of the wetted surface has been approximated to the surface 

of the side walls plus the area of the bottom of the boat. The 

area of the lower part is obtained from the boat dimensions, 

which gives an area of 13.44 m2. The area of the side walls 

approximates that of trapeziums multiplied by a curvature 

factor of 1.8. It is assessed that the total wetted surface is 

32.34 m2. 

For the calculation of the air drag force, it is considered that 

the beam and freeboard of the vessel are 2.85 m and 0.6 m 

respectively, and that the front area occupied by passengers 

on each side of the vessel is about 0.3 m2. Thus, a total 

frontal area of 2.27 m2 is evaluated. On the other hand, an 

aerodynamic drag coefficient value of 0.7 is estimated, that 

is considered in different sources as a typical value for 

sailboats [20], oil tankers [21] and tunnel boats [22]. 

Considering the data collected from the case study, and 

following the calculation methodology, the following 

results are obtained per touristic boat trip: 

Table 2. Summary Table of Results. 

𝐶𝐵𝐴𝑇 (𝑘𝑊ℎ) 0.81 

𝑃𝑀𝐸𝐷 (𝑘𝑊𝑒) 1.38 

𝑃𝑀𝐴𝑋 (𝑘𝑊𝑒) 5.21 

𝜂𝑀𝑇 (%) 8.91 

C) Economic viability 

Among the different options for sizing the charging process 

and batteries, it has been considered that the option that best 

suits the case study is the sizing of the batteries for the 

worst-case scenario (high season 6-8 trips) and the 

possibility that the batteries can be removed. These options 

have advantages such as not having deep discharges during 

most of the year, which negatively affects the useful life of 

the batteries [23]. Furthermore, they can be charged in the 
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workers' own homes and, therefore, it reduces the risk of 

theft. 

The batteries are dimensioned for 8 trips, plus a security 

coefficient of 20%. The ion-lithium technology is chosen 

because they present greater comfort in transport (less 

weight) and they are becoming the major technology under 

the new mobility paradigm [9]. Batteries with a capacity of 

7.81 kWh and electric motors power for ranges of 1-5 kW 

are considered necessary. On the other hand, to make the 

transport of the batteries more comfortable, the option of 

having a pair of small batteries instead of a large one is 

preferred. 

In this way, checking the equipment prices with different 

suppliers, the following costs and component 

characteristics are estimated: 

Table 3. 3Summary table of prices. 

Component Characteristics Price (€) 

Engine + 

Controller 
1-5 kW at 48 V 5, 000 

Battery 
3.9 kWh,48 V, 

16kg 
1,825x2 (2uds) 

Charger 0.65 kW 336x2 (2uds) 

Manpower  2,000 

Total VAT included 11,322 

It is considered that, even though in high season between 6-

8 trips are made by boat, the annual average of daily trips 

varies from 3 to 5 trips. Estimating that, on average, 4 trips 

per day are made annually, 310 working days, and knowing 

the demand for electricity and diesel consumption per trip, 

it is estimated an annual fuel saving of 707 € per boat. 

The following table shows the results of the economic 

analysis: 

Table 4. Summary table of the economic analysis. 

Economic indicators 

NPV (2 % interest rate) -9888.57 € 

NPV (10 % interest rate) -13110.70 € 

IRR -11.50 % 

15-year cash flow -5760.57 € 

Taking also into account the savings in maintenance (40 

€/year) and operation when ceasing to use a thermal engine 

(every 10-15 years the diesel engine is changed, resulting 

in a total cost of 1,700 € of the change), various economic 

indicators are calculated (NPV, IRR, cash flow) with a 

horizon of 15 years to assess economic viability. On the 

other hand, the useful life of the batteries has been taken in 

1500 cycles of charge and discharge, from which the 

capacity of the batteries is considerably reduced, so it is 

expected that they will be replaced every 5 years. 

Therefore, the NPV and IRR reveal that the proposal is not 

economically profitable, while the cash flow shows that an 

economic incentive (51 % of the initial investment) would 

be necessary to make it economically profitable. If the 

amortization costs of the diesel engines were not 

considered and if only fuel savings were considered, an 

incentive of 79 % of the initial investment would be 

necessary. 

D) Reducing impacts 

On the other hand, the transition to electric motors of the 

boats is related to the reduction of environmental impacts 

that would help to recover the natural ecosystem of the 

Albufera Natural Park. 

In first place, there would no longer be discharges of 

unburned hydrocarbons from the combustion process, 

which would improve the quality of the lake water, which 

at present is in a critical situation [24]. 

Secondly, emissions of polluting gases that contribute to 

global warming would be reduced. Specifically, knowing 

the consumption of diesel and electrical energy and their 

respective emission coefficients, the carbon footprint 

would be reduced in 2 tCO2/year per boat, producing an 

overall reduction in El Palmar of 60 tCO2 per year, since El 

Palmar has around 30 tourist boats. 

Thirdly, one of the greatest benefits lies in the reduction of 

noise pollution from current diesel engines, which would 

be practically eliminated with electric motors. This 

reduction would improve the habitat conditions of the fauna 

of the Natural Park, as well as the working conditions of 

boatmen. 

During the field study, the decibels emitted by the engine 

at different distances (0.5 and 8 m) and in different states 

(during start-up and at idle) were measured with a sound 

level meter. The values recorded revealed that during the 

start and at 0.5 m (distance at which the boatmen are 

located when guiding the boat) more than 92 dB(A) are 

emitted, which are reduced only to 78 dB(A) when the 

distance increases up to 8 meters. These values far exceed 

the healthy limits [25], as well as the maximum thresholds 

set by local regulations [26]. In this sense, employees and 

boat captains reported problems with hearing loss related to 

this noise. 

Finally, it should be noted that, given the international 

importance of the natural ecosystem of the Albufera 

(declared as "Wetland of international importance" and 

"Area of special protection for birds", among others), noise 

reduction would especially help to improve the habitat 

conditions of fauna. Indeed, 350 species of birds live in the 

Albufera (from which between 240 and 250 species are 

habitual residents) and even around 90 species reproduce 

every year in this Natural Park. 

4. Discussion and conclusions 

The electrification of boats would provide significant 

benefits in the natural ecosystem of the lake, and an early 

adaptation of the vehicles in la la Albufera. The unburned 

diesel combustion process would be stopped, the emissions 

of polluting gases that contribute to global warming would 

be reduced and noise pollution from the engine would be 

reduced. The latter is one of the greatest benefits due to the 

ecological importance of the Albufera ecosystem, as it is 
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home to a great diversity of fauna and would help to 

improve habitat conditions. In addition, it would also lead 

to improvements in the working conditions of employees 

and boatmen, who are daily exposed to unhealthy noise 

levels. 

On the other hand, we have estimated the economic support 

needed for the electrification. This would add to 

approximately 50% of the initial investment. This would 

make profitable this proposal in the short term and under 

the current conditions. However, keeping in mind the 

critical state of the Albufera ecosystem, the electrification 

of vessels should be considered as an interesting measure 

to improve the conditions of the lake, even though public 

incentives are necessary. 

On the other hand, although the main components of the 

propulsion system and the loading process have been 

dimensioned, aspects of the design of the boat remain under 

discussion with the Fishermen's Community at El Palmar. 

Aspects such as the location of the batteries, the distribution 

of the components, and other actions to ensure that the final 

design is optimal for the work activity to be carried out will 

be future developments that are now on the table. Future 

research will focus on validating the studies carried out and 

deploying the obtained results in field pilots.  
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