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Abstract 
The maritime sector is under constant pressure to reduce greenhouse gas emissions to 50% of the 2008 level by 2050, as 
imposed by the International Maritime Organization. This has led the shipping industry to investigate alternatives such 
as (near) zero emission solutions. Solid Oxide Fuel Cells (SOFC) have proven to be a reliable technology to produce 
electric power from Liquefied Natural Gas, both for mobile and stationary applications. However, the limited 
understanding of the effect of the components around the stack (also known as Balance of Plant, BoP) on an SOFC power 
generation system represents one of the reasons of the slow development of this technology. A dynamic model predicting 
the performance of a complete SOFC power generation system for maritime applications is developed in this paper. This 
model allows to study dynamic loads and possible modifications to the system without resulting in the higher costs and 
the time required of a real modification. Each BoP component is modelled dynamically using a zero-dimensional (0-D) 
approach, and integrated with an existing one-dimensional (1-D) SOFC stack model. Dedicated feedback and feed 
forward control systems are then developed. The results show how system performance is affected when varying operating 
parameters such as stack current, anode recirculating ratio and fuel utilization. System and stack efficiency of respectively 
58% and 66% are achieved for high fuel utilization and low current. The chosen control strategy succeeds in ensuring 
thermal safe operations for which the stack operating temperature is kept constant and below the higher limit to avoid 
possible damaging thermal stresses. However, the speed of the system response to a 15% of electric current change is 
highly affected by the thermal inertia of the heat exchangers and the chosen control parameters.  

Keywords: Solid Oxide Fuel Cell, Balance of Plant, Dynamic Modelling, Load Transients. 

 
1 INTRODUCTION 

The shipping industry significantly contributes to CO2 
emissions. In 2018, total shipping accounted for almost 
2.9% of annual global CO2 emissions [1]. The Fourth IMO 
Greenhouse Gas (GHG) Study from July 2020 forecast 
that GHG emissions from international shipping might 
grow with up to 130% by 2050 [1]. Consequently, in April 
2018, the International Maritime Organisation decreed 
that the industry must reduce the total annual GHG 
emissions to 50% of the 2008 level by 2050 [2]. Amongst 
the different alternatives which could allow shipping 
industry to meet the 2050 target, developing (near) zero-
emission propulsion systems represents the most 
promising option.  

The uptake of LNG in the maritime sector had a 
significant effect on the global fleet growth. The United 
Nations Review of Maritime Transport 2020, reported a 
gas carriers’ growth of 6.5% with expected further 
expansion in view of the pressure on the maritime sector 
to switch to cleaner fuels [3]. When fuel availability is 
taken into account, only LNG is able to cover the current 
energy requirements of the shipping industry with 
developed bunkering infrastructures in Norway, North 
West Europe and the Baltic Sea [4].  

According to a DNV-GL study, it would be 
theoretically possible to switch the entire maritime fleet to 
LNG based on the current LNG production capacity [5] 
[4]. 

Solid Oxide Fuel Cells (SOFC) have proven to be a 
reliable technology to produce clean energy from natural 
gas with efficiencies up to 60%. Specifically, High 
temperature SOFCs use nickel at the fuel electrode 
(anode) which can catalyse the reforming of hydrocarbons 
internally [6]. The latter represents an upside of this 
technology, since high level of fuel purity is not required. 
Consequently, it is possible to use LNG’s main 
component, CH4, directly as fuel. Extensive range of 
applicability, construction material availability and 
relatively high fuel efficiency, place this type of fuel cells 
among the most studied nowadays [7, 8]. 

The performance of a complete SOFC system does not 
depend solely on the SOFC stack, but also on the 
components around it, known as Balance of Plant (BoP). 
Most of these components, require electric power which is 
drawn from the stack, causing parasitic losses, thus 
reducing the system efficiency.  

Extensive studies have been conducted over the past 
years on modelling and simulating the performance of 
single or multiple cell SOFC systems [9, 10, 11], [12, 13, 
14, 15], [16, 17, 18, 19, 20].  
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However, relatively few researches have been done on 
how the performance and the dynamics of the BoP 
components influence the performance of an SOFC power 
generation system, especially during load transients and 
start-up operations [21, 22, 23, 20]. Moreover, due to the 
large amount of possible SOFC system configurations and 
supplier confidentiality on available system-level data, 
only few modelling studies have been validated [24, 25]. 

A dynamic model predicting the performance of a 
complete SOFC power generation system for maritime 
applications is developed in this paper. Specifically, each 
BoP component is modelled dynamically using a 0-D 
approach. Then, the BoP models are integrated with an 
existing 1-D SOFC stack model.  

A dedicated control system is implemented and the 
load following capabilities of the complete system are 
studied. 

The model developed is able to simulate the time 
variation of all the BoP component characteristics and 
provides insights in the system efficiency when varying 
operating parameters such as stack current, anode 
recirculating ratio and fuel utilization. 

 
2 SYSTEM CONFIGURATION 

Fig. 1 shows the chosen system configuration. The 
system is characterized by 3 input lines (i.e., air stream, 
fuel stream and supply air stream) and 2 output lines (i.e., 
exhaust gas stream and DC current). 

Air is drawn at ambient condition, filtered and fed in 
to the system by using a dedicated air blower. The air is 
pre-heated to the stack operating temperature by using a 
single pass counter flow heat exchanger (HE1), before 
entering the cathode side of the SOFC stack. The air 
composition on a molar basis is assumed to be 21% of O2 
and 79% of N2.  

The system is fuelled with LNG, which enters the 
system in the gas phase at ambient condition.  Like the air, 
the fuel is pre-heated using a single pass counter flow heat 
exchanger (HE2), mainly to facilitate the process of 
desulphurisation taking place in the desulphuriser.  

An LNG composition of 100% CH4 is assumed. The 
fuel is then mixed with the supply air and the anode 
exhaust gas coming from the Anode Gas Recirculating 
(AGR) blower before entering the external pre-reformer. 
The latter is used to partially reform the fuel and produce 
a hydrogen rich mixture (i.e., syngas). Catalytic partial 
oxidation (CPOX) is used in this system to convert 
methane into hydrogen, i.e., H2, which is then used in the 
fuel cell stack to produce electricity. The supply air is 
mixed with the fuel stream line and the AGR line before 
entering the reactor, using a dedicated air blower. 

The amount of supply air provided for the reforming 
process is determined by the O/C ratio, which is kept 
constant mainly to avoid carbon deposition. The amount 
of CPOX air required to maintain a constant O/C ratio 
depends on the amount of syngas recirculated in the 
system which depends on the AGR blower anode 
recirculating ratio. 

The CPOX air ensures that partial oxidation of CH4 
takes place so that the pre-reformer outlet gas composition 
is characterized not only by the presence of CO2 and H2O, 
but also H2 and CO. It is important to specify that N2 does 
not react in any of the reaction above mentioned and 
complete O2 consumption is assumed. 

Air and fuel enter the SOFC stack unit, consisting of 
an integrated stack module (ISM) containing two 30 cells 
stack towers connected in series producing up to 1 kW 
power [11]. Here, fuel and oxidant react producing power 
and heat. Part of the exhausts of the SOFC stack are then 
mixed and burned in a combustor. The high temperature 
exhaust gasses exiting the burner are then used to pre-heat 
first fuel and then air. The afterburner improves heat 
integration and eliminates unburned hydrocarbon, CO and 
H2 emissions from the exhaust gas. The chemical process 
happening in the SOFC stack produces DC electricity. 
Since most of the stationary applications (e.g., electric AC 
motors) require AC power, DC/AC converters are used to 
produce alternating current. 

 
 
 

Figure 1.Overview of the methane fuelled SOFC system proposed in this research. 
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3 BALANCE OF PLANT MODEL 

The performance of the complete system is simulated 
in Matlab Simulink. The SOFC stack model used in this 
research, was first developed by Azzopardi [26] and was 
later extended and improved upon by Biert et al. [11]. The 
stack geometry has been changed by implementing also 
the non-active cell area. Concentration losses and 
reforming kinetics have been added and activation losses 
have been enhanced. The model is dynamic, thus 
accounting for time variations of the input conditions and 
1 dimensional. In this research, the SOFC stack model has 
not been modified further compared to [11]. Regarding the 
BoP model, a 0-D modular causal approach is used to 
simulate the performance of the BoP components around 
the SOFC stack with good accuracy and relatively fast 
computations. Specifically, each component will be 
divided into computational block diagram structures with 
predefined causalities. Each module will either be a 
resistive or a storage module depending on if algebraic or 
dynamic conservation equations are used respectively 
[27]. 

3.1 Blower 

The SOFC system studied is equipped with three 
blowers: the cathode air blower, the CPOX air blower and 
the AGR blower.  

In particular, the cathode air blower plays an important 
role in the SOFC system. First, it is responsible for 
supplying the right amount of oxidant at the SOFC 
cathode inlet to ensure that the electrochemical reactions 
take place properly. Then, it provides air to cool down the 
SOFC stack in order to ensure that the specific 
temperature ranges are not exceeded and consequently the 
cell performance and lifetime are not diminished. 

The CPOX air blower is used to provide the right 
amount of O2 necessary for the external CPOX reforming 
process, which takes place in the pre-reformer. The 
amount of CPOX air needed is related to the O/C ratio, the 
anode recirculating ratio and the system fuel utilization 
Uf,sys.  It is important to note that the CPOX blower might 
be turned off during nominal operations and enough 
oxygen is provided from the AGR blower. 

Finally, the AGR blower is responsible of recirculating 
part of the exhaust anode syngas back to the fuel pre-
reformer, according to the chosen recirculating ratio (RR). 

Despite the difference in the flow composition (i.e., air 
or syngas), all three blowers in the FC system are 
modelled using the same approach. The power needed to 
drive the blower is evaluated as function of isentropic and 
mechanical efficiency, ideal compression work and 
knowledge of the heat capacity of the gas. 

  (1) 

Where  represents the inlet mass flow (kg s–1), is and 
m the blower isentropic and mechanical efficiency 

respectively,  the compression ratio (pout/pin) and cp the 
specific heat capacity at constant pressure (J kg–1 K–1).  
The heat capacity of the gases is calculated according to 
the Shomate equation with coefficients provided by the 
NIST WebBook [28, 29]. 

3.2 Heat Exchanger 

Thermal management represents a critical aspect for 
an SOFC system since low stack temperatures reduce 
electrochemical performance, while overheating results in 
rapid degradation. 

The proposed system configuration is characterised by 
two single-pass counter-flow tubular heat exchangers, one 
for the cathode flow, HE1, and one for the anode, HE2 
(see Figure 1). It is important to note that, unlike HE1, 
HE2 is not located before the SOFC stack but before the 
desulphuriser and consequently the pre-reformer, because 
heat is required for both processes. 

Pre-heating temperature of the gas mixture entering 
the reactor represents an important parameter that strongly 
affects the CPOX reaction, increasing the CH4 conversion 
as well as the reactor temperature [30, 31]. In most SOFC 
applications, pre-heating temperatures up to 400 ºC are 
reached [32]. 

The dynamic performance of the counter-flow heat 
exchangers has been estimated following the approach 
proposed by Ataer at al. [33]. This approach allows to 
estimate the response of the heat exchanger to variation in 
hot and cold fluid temperatures as well as flow, with low 
computation effort. The dynamics of hot and cold fluid are 
modelled under the assumptions that there are no heat 
losses from the heat exchanger to the environment, the 
temperature changes linearly within hot and cold channels 
and the gases are assumed to obey to the ideal gas law: 

 

 

(2) 

  (3) 

With the logarithmic mean temperature difference 
(LMTD) expressed as follow: 

 
 

 
(4) 

Where   and  . 
In (2) and (3), U represents the overall heat transfer 
coefficient (W/m2 K) and Ch and Cc respectively the heat 
capacity of hot and cold fluid (J/K). The heat capacity of 
the wall Cm (J/K) is added to the capacity of the hot fluid 
as proposed by Ataer et al. [33]. Finally, the hot and cold 
fluid heat capacity rate, c and h are expressed in (W/K) 
and estimated considering the fluid mass flow and the 
specific heat capacity. The latter is calculated as function 
of temperature using the Shomate equations [28]. 

3.3 Mixer 

Before the external reforming process can take place, 
the fuel exiting the desulphuriser is mixed with the air 
coming from the CPOX blower and the anode exhaust 
gases coming from the AGR loop.  

The mixer is modelled as a single control volume and 
the outlet temperature and flow composition are estimated 
through mass and energy balance equations considering an 
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adiabatic process. The mixer outlet temperature is 
estimated through enthalpy balance on the control volume: 

 

  (5) 

Hj,in and Hj,out correspond respectively to the enthalpy 
of the species j at Tin and Tout. The dependency of the 
enthalpy on the temperature is expressed using the 
Shomate estimation [28] with coefficients provided by the 
NIST WebBook [29]. 

Nj,in and Nj,out represents the molar flow in and out of 
the species involved in the mixing process (mol/s). The 
latter have been estimated considering, for each species, a 
dynamic mass balance equation in the mixer control 
volume. 

The amount of methane supplied to the system 
(NCH4,LNG) is estimated as the sum of two contributions: 
the methane flow that is electrochemically oxides in the 
fuel cell, NCH4,SOFC and the methane flow that is oxidised 
in the CPOX reformer, NCH4,CPOX . The latter is used to 
estimate the amount of CPOX air (i.e. NO2,CPOX and 
NN2,CPOX) needed so that the reforming process can take 
place. 

NCH4,CPOX is related to NCH4,SOFC through the following 
relation: 

 

 

(6) 

Where fCH4,CPOX and fCH4,SOFC represent the CPOX 
reformer and the SOFC fraction of the total fuel supplied 
to the system. In particular, fCH4,CPOX is related to the anode 
recirculating ratio RR, the O/C ratio and the system fuel 
utilization Uf,sys as follow: 

 

  (7) 

It is important to clarify that fCH4,CPOX is a constant 
value since system fuel utilization Uf,sys, O/C ratio and RR 
are constant values during nominal operations and in 
steady-state conditions. 

3.4 Pre-Reformer 

The system is equipped with an external reformer 
represented by a chemical reactor. The reformer is used to 
generate a hydrogen rich mixture through CPOX of 
methane. Complete oxidation (or combustion) of CH4 is 
obtained when the hydrocarbon is combined with the 
stoichiometric amount of O2, thus producing CO2 and 
H2O. However, when CH4 is combined with less than the 
stoichiometric amount, a mixture of incomplete 
combustion products, H2 and CO, is generated [8]. 
Moreover, for value of O2/CH4 ratios between 2 and 0.5, 
the partial oxidation and the full combustion coexist, 
producing a mixture of CO, CO2, H2 and H2O [34]. 

The developed CPOX reformer model estimates the 
reactor outlet molar concentration and the outlet 
temperature. A Gibbs free energy minimization approach 

is used, as suggested by Filippi [32] and Koukkari et al. 
[35]. 

The model is 0-D, thus accounting for time variations 
of the input conditions. The adiabatic chemical reactor is 
described as only one control volume and spatial 
variations are omitted. The output variables (i.e., outlet 
temperature and molar concentration) are estimated by 
solving a system of mass and energy balance equations. 
All the gases are assumed to obey the ideal gas law and 
the pressure losses in the reactor are neglected. 

The reactor outlet composition is defined as the 
product composition which minimize the system Gibbs 
free energy by reaching the equilibrium [32]. The 
equilibrium condition is reached when the change of total 
Gibbs energy of the system is equal to zero, which 
translates in: 

 

  (8) 

Here, R represents the universal gas constant (8.3145 
J/mol K), Nj the outlet molar flow of each species j 
(mol/s), p the system pressure (Pa), p0 the reference 
pressure (1.013  105Pa) and G*

j represents the species free 
energy of formation. In (8) the Nj are not independent 
variables. They are constrained such that the number of 
moles of each element (i.e., C, O, H, N) in the system 
remains constant. Therefore, the problem translates in a 
minimization problem with (8) as objective function. 

One of the advantages of this approach lies in not 
having to specify the chemical reactions occurring in the 
reformer, but only the species involved (i.e., CH4, CO2, 
CO, H2, H2O, N2, O2). 

The reactor outlet temperature and its time variation 
are estimated according to an energy balance, assuming an 
adiabatic process and taking into account the heat capacity 
of the rector catalyst: 

 

  (9) 

Here, k represents the heat capacity of the reactor 
catalyst (J/K) and Hj the enthalpy at the target temperature. 

3.5 Afterburner 

The afterburner is located downstream the SOFC 
stack, where the anode and cathode exhausts are mixed 
and burned. The high temperature exhaust gases exiting 
the burner are then used in the heat exchangers to pre-heat 
first the fuel and then the air. 

Since the combustor is supplied with surplus air, it is 
possible to simplify the afterburner modelling. Following 
the considerations of Lu et al. [36], it is possible to assume 
complete combustion of H2, CO and the small amount of 
CH4 present at the stack outlet. Consequently, the 
afterburner exhaust composition is characterized by H2O, 
O2, N2 and CO2. The Gibbs minimization approach is used 
to estimate the outlet molar concentration. 

The combustor outlet temperature is estimated using 
the adiabatic flame temperature approach [37], according 
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to which the outlet temperature is defined as the highest 
temperature achievable by a system approaching 
equilibrium by means of an adiabatic process. The 
combustor heat losses are neglected and consequently all 
the combustion heat is used to heat up the products. The 
value of the outlet temperature is estimated considering 
that the combustion products enthalpy must equal the 
reactants enthalpy: 

 

  (10) 

4 CONTROL SYSTEM MODEL 

The controller for the proposed SOFC system 
configuration has two objectives, namely to efficiently 
follow the power requirement during load transients and 
to respect the operating limit set by the manufacturer on 
the stack core temperature to ensure safe operation. Two 
main control systems are developed for the proposed 
SOFC system configuration.  

First, feedback control logic is applied to the cathode 
air blower, by means of a proportional–integral-derivative 
(PID) controller developed in such a way so to feed the 
excess air required to meet the desired temperature value 
of the PEN assembly (TTARGET).  

Then, a feedforward control is used to estimate the new 
required current related to the new power demand during 
load transients, by means of a look-up table. The effect of 
stepping and ramping the current will be evaluated. It is 
important to specify, that by changing the current, the 
amount of fuel fed to the system changes so to keep the 
system fuel utilization constant and equal to the nominal 
value. 

4.1 PEN Temperature Control 

The temperature difference from inlet to outlet of 
SOFCs is higher than other fuel cells, and as a result, the 
thermal stress between different components due to 
different temperature distributions along the anode, 
cathode, and electrolyte can be critical for the entire fuel 
cell integrity [38].  

Large temperature gradients in the stack might affect 
the interconnect and the cell properties, causing cell 
degradation, reduction of system efficiency and possibly 
system failure [39]. Therefore, it is important to maintain 
the temperature profile of the PEN assembly (representing 
the core of the cell) as uniform as possible. 

A low-level control is implemented to make the SOFC 
stack work at the desired PEN temperature, based on the 
work done by Marra et al. [38]. A feedback control logic 
is applied to the cathode air blower, by means of a 
controller (see Figure 2). The controller feeds the (excess) 
air required to meet the desired temperature value of the 
PEN assembly (TTARGET). If TPEN increases to a value 
higher than the target value, the air flow is increased to 
cool the stack. The opposite is true if the PEN temperature 
reduces to a value below TTARGET. The applied PID 
controller is discrete and updates the cathode air flow 
every 700 s and thus the power of the air blower system.   

The Ziegler-Nichols frequency response method has 
been used to tune the PID controller.  

This method consists of setting the integral and 
derivative gains (i.e., Ki, Kd) to zero. The proportional 
gain (i.e., Kp) is increased until it reaches the ultimate gain 
Ku, representing the value at which the output of the loop 
starts to oscillate constantly with a period Tu, known as 
ultimate period. The values used in the model for the 
proportional, integral and derivative gains are 
respectively, Kp = 0.5, Ki = 0.01 and Kd = 0.01. 

 
Figure 2. Overview of the implemented feedback loop. 

4.2 Power Demand Control 

The SOFC power controller is a feedforward control 
system (see Figure 3). The controller estimates the current 
requirement based on the power demand with a look-up 
table. The look-up table data (see Figure 3) has been 
obtained by running the model for different stack current 
to estimate the net power produced by the SOFC system.  

The effect of stepping and ramping the current is 
evaluated. By changing the current, the amount of fuel 
feeding the system changes instantaneously so to keep the 
system fuel utilization constant and equal to the nominal 
value. 

 
Figure 3. Overview of the SOFC power control system. 

5 STEADY-STATE RESULTS 

The developed model is used to evaluate steady-state 
system operation. The influence of stack current, system 
fuel utilization and anode recirculating ratio on the system 
performance has been studied.  

The BoP components of the modelled system are sized 
according to the system nominal operation, with 
characteristics as reported in Table 1. During nominal 
operation, the CPOX air blower is turned off, thanks to the 
high anode recirculating ratio which ensures that the O/C 
ratio is kept constant.  

Oxygen utilization, system and stack global fuel 
utilization in Table 1 are defined as follow: 

 

  (11) 

  (12) 

  (13) 
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  (14) 

 
Where F represents the Faraday’s constant [s Amol–1], 

Nf,in the fuel total molar flow entering the stack [mol/s], 
NCH4 the methane molar flow entering the system [mol/s] 
and nj the molar fraction of the species j. 

 
Table 1. Main system parameters characterising the nominal 

operation. The O/C ratio is estimated at the inlet of the external 
CPOX reformer. The highlighted values represent the stack 
manufacturer recommendation [74]. 

Parameters Symbol Unit Nominal 
Value 

Range 

System Fuel 
Utilization 

 [-] 0.8 0.7-0.9 
     

Stack Global Fuel 
Utilization 

 [-] 0.8 0.7-0.9 
     

Anode Recirculating 
Ratio 

RR [-] 0.7 0-0.7 
     

Oxygen to Carbon 
Ratio 

O/C [-] 2.25 2.25 
     

PEN Temperature  [ºC] 850 850-860 
     

Stack Current  [A] 27  30 
     

Stack Voltage  [V] 37 36-80 
     

5.1 Influence of Stack Current 

When changing the current, the amount of methane 
feeding the system changes in order to keep the system 
fuel utilization constant. Moreover, for all the simulated 
current values, the CPOX air blower is turned off since 
O/C ratio, RR and Uf,sys are kept constant. The high anode 
recirculating ratio ensures that the amount of O2 required 
in the pre-reformer is achieved without the need of the 
CPOX blower. The SOFC stack power curve is obtained 
by running the model for different values of stack current 
Istack.  

The results are shown in Figure 4. During nominal 
operation (i.e., j= 0.16 A/cm2), the SOFC stack is able to 
deliver more than 1 kW (Pcell =0.13 W/cm2) of electric 
power, and at a stack current (Istack) of 12 A (j=0.093 
A/cm2) the power reduces to a value below 600 W 
(Pcell=0.076 W/cm2). The cell voltage, decreases for higher 
current values, reaching 0.63 V during nominal operation. 

 

 

The cathode air flow is used to control the PEN 
temperature. When the stack current is reduced, the PEN 
temperature control responds by reducing the cathode air 
flow to keep the maximum PEN temperature equal to 850 
ºC. However, current values below 12 A result in a 
reduction of the cathode air flow below the lower limit 
imposed by the manufacturer. The latter suggests a 
minimum cathode air flow of 40 Nl/min (corresponding to 
1.0e – 5 kg/s for single cell operation) and an oxygen 
utilization below 60 % [40]. Therefore, the stack current 
cannot be reduced below 12 A in the current system 
design, unless the stack temperature is reduced. 

The influence of the stack current on the system ( sys) 
and stack ( stack) efficiency is shown in Figure 5. These are 
estimated considering the net electric power produced by 
the system Pnet,sys and the electric power produced solely 
by the stack Pstack: 

  (15) 

  (16) 

Where Pnet,sys is obtained by subtracting the power 
required for the ancillary devices from Pstack. The term 
NCH4 represents the methane flow the methane molar flow 
entering the system [mol/s] and LHV represents the 
methane lower heating value [J/mol]. The highest 
efficiency is obtained for the lower value of the stack 
current, corresponding to the higher cell voltage. While 
the highest system efficiency is obtained when Istack = 12A, 
corresponding to the operation where the power 
requirement from the ancillary devices is the lowest. A 
stack and system efficiency of 63 % and 55 % respectively 
is obtained when the stack current value is 12 A. The latter 
represents the minimum necessary to operate the stack at 
850 ºC. Lowering the current further would result in a 
lower stack temperature and, consequently, reduce the 
stack voltage and efficiency. 

 

5.2 Influence of Recirculating Ratio 

The influence of the anode recirculating ratio on the 
system performance has been studied. The model outputs 
were evaluated for constant Uf,sys ,O/C ratio and stack 
current, equals to their respective nominal values. 
Consequently, by changing the RR, the fraction of CPOX 
air changes.  

Figure 4. Combined I-V and power density curves. 

 

Figure 5. System and stack efficiency for different I values 
(Uf,sys=0.8, RR=0.7). 
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The PEN temperature control is active, thus the 
maximum PEN temperature will remain constant and 
equal to its nominal value. 

Figure 6 shows the power curves of the stack as well 
as the ancillary devices as function of RR for Istack=27A.  
It shows the relation between the AGR blower and the 
CPOX blower.  RR = 0 and RR = 0.7 represents the two 
extreme cases. For RR = 0, the AGR blower is turned off 
while the CPOX blower requires the maximum power. 
The opposite is true for RR = 0.7. The power required by 
the cathode air blower, decreases when increasing the 
anode recirculating ratio, since less cathode air is needed 
for cooling purposes. 

 

The effect of RR on the system and stack efficiency is 
shown in Figure 7 .The highest stack efficiency is 
achieved when the AGR blower is turned off, with a value 
of stack = 0.49. For higher anode recirculating ratios, stack 
slightly decreases to 0.48 at the nominal operational point 
(i.e. RR=0.7). The situation is reversed for the system 
efficiency, with the highest value of sys when the CPOX 
air blower is turned off, i.e. nominal operation. Then the 
system efficiency reduces from 38% to 34% when RR is 
decreased from 0.7 to 0.  

At Istack = 15A, both stack and system efficiency values 
are significantly higher. The stack efficiency reaches its 
maximum when the CPOX blower is turned off, with a 
value of stack = 0.61. The system efficiency (at 15 A) is 
0.52 for RR = 0.7 and reduced to 0.42 when the AGR 
blower is turned off (RR = 0). 
 

5.3 Influence of System Fuel Utilization 

The influence of the system fuel utilization on the 
SOFC system performance is studied by varying the value 
of Uf,sys from 0.7 to 0.9. The anode recirculating ratio 

changes with the system fuel utilization (from 0.8 to 0.6 
c.a.) to keep the O/C ratio constant and equal to the set 
value and no CPOX air is needed.  

The stack current is also kept constant at 27 A by 
changing the amount of methane feeding the system. 
Finally, the air control on the PEN temperature is active in 
order to keep the PEN temperature constant at its nominal 
value. Figure 8 shows the stack power required for 
different values of Uf,sys as well as the power required from 
the ancillary devices (i.e. cathode and AGR blower). 

 

Figure 8. Percentage of the power requested by the 
ancillary devices for different Uf,sys, Istack= 27 A. 

As shown in Figure 8, the power required by the 
cathode air blower does not change significantly, 
demonstrating a relatively small influence of Uf,sys on the 
PEN temperature. On the other hand, the AGR blower 
power significantly decreases when increasing the system 
fuel utilization. This is mainly due to the necessity of 
decreasing the anode recirculating ratio for higher Uf,sys to 
keep the O/C ratio constant while non CPOX air is needed. 
The maximum power requirement is obtained for the 
lower value of Uf,sys, with a total requirement of 25% the 
total power. This is a result of the higher power needed by 
the AGR blower for lower Uf,sys. The amount of power 
required by the cathode air blower remains mostly 
constant. The net power produce by the stack increases 
from 76% to 82%, when Uf,sys is increased from 0.7 to 0.9. 

The influence of Uf,sys on the stack and system 
efficiency is shown in Figure 9. At Istack = 27A, the highest 
system and stack efficiency is achieved for the highest 
Uf,sys. For Uf,sys = 0.9, sys = 0.39 (representing an increase 
of 20% compared to Uf,sys = 0.7) and stack = 0.49. However 
at Istack = 27A, the cell voltage drops below the 
manufacture lower limit for Uf,sys higher than 0.85.  

At Istack = 15A, both stack and system efficiency 
increase considerably. stack increases from 0.55 to 0.66 by 
increasing Uf,sys. While the sys reaches a value of 0.58 for 
Uf,sys = 0.9. 

Figure 6. Influence of anode recirculating ratio on the 
components power requirement (Uf,sys=0.8, Istack=27A). 

Figure 7. System and stack efficiency for different RR 
values. 

Figure 9. System and stack efficiency for different Uf,sys 
values. 
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6 LOAD TRANSIENTS RESULTS 

Load transients are simulated by varying the current in 
the SOFC stack according to the new power requirement. 
During load transients, the system fuel utilization as well 
as the O/C ratio and the RR are kept constant by changing 
the methane flow entering the system. Table 2 summarizes 
the simulation scenarios. 

 
Table 2. Load transients simulation scenarios. 

Simulation TTarget  
[K] 

PCell,Target  
[W] 

IStack,Target  
[V] 

Ramp 
[A/min] 

Simulation 1 1123.15 
16.92 15.86

16.92 
27 23

27 
Step 

Simulation 2 1123.15 
16.92 15.86

16.92 
27 23

27 
0.25 

Simulation 3 1123.15 
16.92 15.86

16.92 
27 23

27 
0.16 

Simulation 4 1123.15 
16.92 15.86

16.92 
27 23

27 
0.05 

 

6.1 Step-Ramp comparison – Feedback Control 

Figure 10 shows how the stack PEN temperature is 
affected by the current change. Simulation 1 and 2 are 
compared in the following figures. In Simulation 1, the 
current is stepped to the new values (solid line), while in 
Simulation 2, the current is ramped (dashed line). The 
stack manufacturer suggests a current ramp not faster than 
2 A/min in order to preserve the stack integrity [40]. A 
current ramp of 0.25 A/min has been chosen in accordance 
to D’Andrea et al. [41], which demonstrated that current 
ramp rates higher than 0.30 A/min led to excessive stack 
overheating.  

Figure 10 shows that the cathode air control system 
slowly succeeds in restoring the PEN temperature, after 
the step change. After 8000 s (2 hrs c.a.) the model 
stabilises and the PEN temperature returns to its nominal 
value. During the first step (down), the PEN temperature 
rapidly decreases to 1097 K, corresponding to a 
temperature gradient of 26 K. The situation reverses when 
the current is stepped back to its nominal value. The 
temperature rapidly exceeds the maximum limit imposed 
by the manufacturer (1133 K) by 18 K. Ramping the load 
change results in a reduction of the temperature over and 
undershoot with 10 K. The maximum temperature reached 
in this case is 1141 K, exceeding the manufacture limit by 
8 K. The speed of the system response to the load transient 
is not significantly affected when the current is ramped. 

6.2 Influence of different Ramp values – Feedback 
Control 

The effect of different current ramps on the system 
response to load transients may be observed by comparing 
the results from Simulations scenarios 2, 3 and 4 with a 
current ramp of 0.25, 0.16 and 0.05 A/min respectively. 
Figure 11 shows the effect of the different ramps on the 
PEN operating temperature. The control system succeeds 
to restore the PEN temperature to its nominal value after 
almost 2 hrs for all simulations. However, for current ramp 
value of 0.25 and 0.16 A/min, during the ramp change 
from 23 to 27 A, the PEN temperature exceeds the upper 
limit imposed by the manufacture by respectively 8 and 5 
K, representing a critical condition for the stack 
performance. By decreasing the current ramp to 0.05 
A/min, a thermal safe operation is ensured with values of 
PEN temperature lower than the limit imposed. The speed 
of the system response does not change considerably for 
all the ramp values. 

 

6.3 Step-Ramp comparison – Feedforward Control 

The system response to dynamic loads is different 
when feedforward control strategy is used, rather than 
feedback control. The PID controller has been substituted 
with a look-up table with data provided by the steady state 
results. Therefore, the system is fed directly with the right 
amount of air necessary to keep the maximum TPEN below 
the limit imposed, when the load change occurs. Figure 12 
shows the results obtained when a step and a ramp (with 
ramp values of 0.05 A/min) change occurs. By comparing 
Figure 12   with Figure 10 it is possible to see how, during 
a step change, the overshoot and undershoot reduces when 
feedforward control is used. In particular, a maximum 
PEN temperature of 1137 K is reached for feedforward 
control compared to 1151 K for feedback control. The 
same occurs for the undershoot, with a temperature of 
1110 K for feedforward control and 1097 K for feedback 
control. The magnitude of the temperature overshoot and 
undershoot reduces if a ramp change is applied instead of 
a step change. 

Figure 10. Simulated power produced by a single cell 
during load transients. 

Figure 11. Simulated cell power during load transients for 
different current ramp. 
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6.4 Influence of different Ramp values – 
Feedforward Control 

Figure 13 shows the effect of different current ramps 
on the system response to load transients when 
feedforward control is used. It is interesting to notice how 
the feedforward control allows higher ramp values than 
feedback control.  

When feedback control is applied, a maximum ramp 
rate of 0.05 A/min allowed to ensure thermal safe 
operation, while for feedforward control, both 0.05 A/min 
and 0.16 A/min ensure that the maximum PEN 
temperature limit is not exceeded.  

Unfortunately, as for feedback control, also for 
feedforward control a ramp value of 0.25 A/min produces 
a temperature overshoot which exceeds the limit imposed 
by the manufacturer. This is mainly related to the inertia 
of the air flow heating process which produces a 
temperature overshoot and undershoot of the air entering 
the stack.  

 

 
However, when comparing  Figure 11 and Figure 13, 

it is possible to see how the temperature overshoot and 
undershoot, for a ramp values of 0.25 A/min, reduces for 
feedforward control, with a maximum PEN temperature of 
1141 K and 1135 K respectively for feedback and 
feedforward control. 

 
7 DISCUSSION 

The developed model represents a solid base for future 
development and research in modelling SOFC power 
generation systems for maritime applications. 

The chosen SOFC system configuration represents one 
of the possible configurations available in the market. 
Validating the model requires first to find an experimental 
set-up or an existing system with a similar configuration 
to the one proposed in this research. Then assess how well 
the model predicts the system's operations. For the 
developed model, validation is not possible in this 
research although it would be extremely useful to confirm 
the obtained results. 

All the processes modelled in this research are 
considered adiabatic, meaning that, for each component, 
the heat transferred to the surroundings has been 
neglected. This assumption simplifies the equations 
describing the thermal phenomena occurring in the 
system, but the heat exchange processes occurring among 
the hot components are not considered. However, 
quantifying the contribution of each hot components to the 
heat exchange process is challenging and would require 
more research. 

The developed model is able to simulate the system 
performance for different stack currents, system fuel 
utilization factor and anode recirculating ratios. The 
model may be used to find the optimal operating point of 
the complete system by varying these parameters, but also 
the BoP components size and for the different types of 
fuel. The fuel processing subsystem is implemented in 
such a way that any combination of CH4, CO2, CO, H2, 
H2O, N2 and O2 can be used. Different fuels, such as 
ammonia and methanol can be used in the model, but 
modifications of the implemented equations as well as the 
BoP components configuration is required (e.g., cracking 
of the ammonia occurs at the SOFC anode thus no pre-
reformer is needed). 

The change of the power demand on board of a ship is 
highly dependent on the ship's type and its operational 
profile. Some vessels, such as dredgers, require a power 
generation system capable of rapidly respond to an 
instantaneous load change. Usually, when fuel cells are 
used on board, hybridisation with storage components 
(i.e., batteries and super-capacitors) is adopted to meet the 
load changes. In this research, the limitation of a SOFC 
system during load transients, has been demonstrated. The 
chosen control strategy can be further improved, aiming at 
enhancing the transient abilities of the system. 

Feedforward PEN temperature control strategy 
represents a better choice, for load transients, compared to 
feedback control. With feedforward control, higher 
current ramp values can be achieved and the system 
overshoot may be reduced considerably. However, the 
speed of the system response does not change if 
feedforward control is implemented. It would be 
interesting to evaluate a different control strategy which 
would allow a faster response without resulting in stack 
overheating. One strategy could be to start ramping or 
even stepping the cathode air flow before ramping the 
current. In this way, it would be theoretically possible to 
use higher ramp values with the possible effect of a faster 
system response.  

To ensure thermal safe operation, another option 
would be to work at lower temperatures (e.g., lower air 
inlet temperature achieved by bypassing the pre-heater) so 
that when the load change occurs, the maximum PEN 
temperature remains below the higher limit. 

Figure 12. Simulated PEN temperature during load 
transients with feed-forward control. 

Figure 13. Simulated PEN temperature during load 
transients for different current ramp with feed-forward control. 
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The results obtained showed also that a control system 
depending solely on the cathode air flow has limits. 
Specifically, the cathode air is used not only as oxidant for 
the electro-chemical reaction occurring in the SOFC stack, 
but also as the only cooling flow for the PEN temperature 
control system. This represents a limit of the control 
developed, since by reducing the electric current, the 
cathode air flow reduces so to keep the maximum PEN 
temperature equal to 850 ºC. However, it was shown how 
for electric current values below 12 A, the cathode air flow 
reduces to an amount not sufficient to ensure that the 
electrochemical reaction occurs. Therefore, it would be 
interesting to develop a control strategy which does not 
rely solely on the cathode air flow. The fuel flow and the 
AGR flow might be considered as alternative.    

 
8 CONCLUSIONS 

The conducted study represents a relevant step forward 
to better understand the influence of the BoP components 
on a complete SOFC power generation system for 
maritime applications. The studied SOFC system 
configuration comprised 3 blowers, two heat exchangers, 
a mixer, an external pre-reformer and an afterburner. Each 
of these components has been modelled dynamically 
following a 0-D model approach. 

The model con be used to simulate the time variation 
of all the BoP component characteristics as well as their 
influence on the SOFC stack performance. Specifically, 
the influence of stack current, anode recirculating ratio 
and fuel utilization have been studied. The results showed 
that the high anode recirculation ratio of the AGR provides 
a sufficient amount of oxygen for the pre-reformer during 
nominal operation and no external supply of CPOX air is 
required. 

8.1 Influence of stack current 

The system performance was affected considerably by 
changing the stack current. The other parameters, such as 
the O/C ratio, the recirculating ratio and the system fuel 
utilization were kept constant at their nominal values. The 
following conclusions are drawn: 

• It is possible to achieve a stack efficiency of 63% and 
a system efficiency of 55 % when the stack electric current 
is 12 A; 

• A stack electric current lower than 12 A, reduces the 
cathode air mass flow to values below the minimum 
imposed by the manufacturer; 

• The power required by the ancillary devices, reduces 
by reducing the stack current resulting in an increase of 
the system efficiency; 

• Controlling the PEN temperature solely with the 
cathode air flow, limits the system operation to stack 
electric currents above 12 A. 

 
 
 
 
 

8.2 Influence of system fuel utilization 

The system fuel utilization was changed between 0.7 
and 0.9. The anode recirculating ratio and the methane 
flow entering the system, vary accordingly to keep the 
oxygen to carbon ratio and the stack current constant at 
their nominal values. The system fuel utilization affects 
the stack performance in the following manners: 

• The temperature of the air and fuel entering the stack 
are negligibly affected by the change of the system fuel 
utilization; 

• The highest system and stack efficiencies are reached 
for a system fuel utilization of 90% with 49% and 39% 
respectively; 

• A system and stack efficiency respectively of 58% 
and 66% are achieved for a system fuel utilization 

of 90% when working at stack current of 15 A. 

8.3 Influence of recirculating ratio 

The anode recirculating ratio is varied between 0 and 
0.7. System fuel utilization, oxygen to carbon ratio and 
stack current are kept constant at their respective nominal 
values. The effect of anode recirculating ratio on the 
system performance is summarised as follows: 

• The biggest contribution of the parasitic losses is by 
the cathode air blower; 

• The stack efficiency is slightly reduced for higher 
anode recirculating ratio, with the highest efficiency of 
49% for zero recirculation; 

• The system efficiency is slightly increased when the 
anode recirculating ratio is increased, with a maximum of 
38% for 70% recirculation; 

• Both stack and system efficiency are increased when 
working at lower current (15 A), reaching their maximum 
values for 70% recirculation with 61% and 52% 
respectively. 
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NOMENCLATURE 

Acronyms: 

0-D  zero dimensional 
1-D  one dimensional 
AC  alternating current 
AGR anode gas recirculation 
BoP  balance of plant 
CPOX  catalytic partial oxidation 
DC  direct current 
FC   fuel cell 
GHG  greenhouse gas 
HEX  heat exchanger 
HT  high temperature 
IMO  International Maritime Organization 
ISM  integrated stack module 
LHV  lower heating value 
LMTD  logarithmic mean temperature difference 
LNG  liquefied natural gas 
NIST  National Institute of Standards and Technology 
PEN  positive-electrode-electrolyte-negative-electrode 
PID  proportional integral derivative 
RR  recirculating ratio 
SOFC  solid oxide fuel cell 

Greek symbols 

  compression ratio [-] 
  efficiency [-] or [%] 

 

Roman symbols 

H  enthalpy change [J/mol] 
  heat capacity rate [W/K] 
  mass flow [kg/s] 

A  area [m2] 
C   heat capacity [J/K] 
cp   specific heat capacity at constant pressure [J/kg K] 
f   fraction [-] 
G   Gibbs free energy [J] 
G*   Gibbs free energy of formation [J] 
Istack  stack current [A] 
j   current density [A/m2] 
k   reactor catalyst heat capacity [J/K] 
N   molar flow [mol/s] 
O/C  oxygen to carbon ratio [-] 
P   power [W] 
R   universal gas constant [J/mol K] 
T   Temperature [K] 
U   overall heat transfer coefficient [W/m2K] 
Uf,g,stack  stack global fuel utilization [-] 
Uf,sp,stack  stack single pass fuel utilization [-] 
Uf,sys  system fuel utilization [-] 
Ustack  stack voltage [V] 

 

Subscripts and superscripts 

0 standard conditions 
BL blower 
c  cold 
h hot 
IC interconnect 
is isentropic 
j species 
m mechanical 
sys system 
w wall 
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Abstract 
Medium voltage direct current (MVDC) ship power systems reduce the number of onboard rectifiers currently present in 
modern AC ships. The selection of the onboard components in shipboard power systems is critical to the performance of 
the vessel and can affect factors such as the overall system efficiency, harmonics (including resonances) and power system 
stability, amongst others. In this paper, the authors consider the design, modelling and simulation of the electrical power 
system of a ferry with hybrid AC and MVDC systems. Two methods for AC/DC conversion are described in detail. 
Simulations were then performed to verify the operation of the hybrid MVDC ferry. A summary of the simulation results 
is given to compare the performance of the two AC/DC converters with respect to DC voltage regulation capabilities and 
AC-side current harmonics.  

Keywords: Ship Power System, AC/DC Converters, MVDC, Voltage Regulation. 

1 INTRODUCTION 
Modern ships are designed with integrated power 

systems architectures, connecting the generators, 
propulsion and hotel loads/auxiliary equipment to a 
common bus. With the integration of storage and 
alternative energy sources, ship power systems are 
transforming into highly dynamic islanded microgrids 
(i.e. shipboard microgrids) [1, 2]. Shipboard power 
systems having a DC architecture offer many 
advantages when compared to the traditional AC 
architectures. The diesel gensets can achieve higher 
efficiency since the AC/DC converter enables the 
gensets to run at variable speed [3] and the integration 
of battery energy storage is simpler since only DC/DC 
conversion is required [4]. 

The DC bus voltage range for medium voltage DC 
(MVDC) shipboard power systems is defined from 1kV 
up to and including 35kV [5]. Rectifiers have 
fundamental importance in these architectures since this 
equipment provides the conversion from the AC 
voltages of the generator to the DC bus voltage. 
Therefore, these converters have a direct impact on the 
quality of the DC bus voltage. The main rectifier 
topologies applied to DC ships, that can be found in 
literature consist of: (1) the uncontrolled (6-pulse or 
multi-pulse) diode rectifiers, (2) thyristor-based 
controlled rectifiers, and (3) active rectifiers.  

In MVDC ships, regeneration is usually not typically 
required and hence uncontrolled diode rectifiers can be 
employed. The authors in [1, 6-8] connect a three-phase 
6-pulse diode rectifier directly to the generator. The 
main disadvantage of this architecture is the high 

voltage ripple that is obtained from the rectifier at 
reasonably sized DC link capacitor banks. On the other 
hand, 12 pulse rectifiers were suggested in [2, 9] and 18 
pulse rectifiers were used by the authors in [9]. Multi-
pulse rectifiers (i.e. 12-pulse, 18-pulse) can reduce 
harmonics on the AC-side currents and have smaller 
DC-side voltage ripples when compared to the 6-pulse 
types. However, since these rectifiers consist of passive 
devices, they are unable to effectively regulate both the 
DC-side voltage and the AC-side currents. In this case, 
voltage regulation can only be performed by the 
generator excitation control loop. In addition, multi-
pulse rectifiers also require bulky transformer 
configurations to achieve the required phase shifts. 

Thyristor-based controlled rectifiers in ships with 
DC architectures were considered in [10-12]. These 
converters provide an adjustable DC voltage by varying 
the thyristor firing angle. Due to the chopping of the 
60Hz generator output, the DC voltage output from the 
thyristor-based controlled rectifiers must be filtered to 
reduce the DC-side harmonics. An active front end 
(AFE) can replace the uncontrolled and thyristor-based 
rectifiers, enabling to attain better regulation of the DC-
side voltage and achieve sinusoidal AC-side currents. 
An AFE consists of a controlled voltage source inverter 
(VSI), which can either be 2-level or multilevel 
depending on the system voltage. The authors in [3, 4, 
13, 14] connect the AFE directly to the generator output. 
In these applications, the generator inductance is used to 
attenuate the produced switching frequency harmonics.  

However, if not attenuated properly, harmonics can 
appear as vibration on the generator shaft and/or distort 
the current and voltage waveforms in both stator and 
rotor windings increasing the generator losses. Zhaoxia 
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et al. in [15] consider an AFE with an LCL filter for a 
hybrid electric ferry. Introducing LCL filters with the 
AFE results in significant reduction in switching 
frequency harmonics at the cost of additional 
components. 

This paper considers the modelling and simulation 
of the electrical power system of a ferry with hybrid AC 
and MVDC systems. The operation of an AFE with LCL 
filter and a 12-pulse series-type diode rectifier is
considered in detail. The DC-side voltage regulation and 
AC-side current harmonics from both rectifiers is 
presented, evaluated and compared. The rest of this 
paper is structured as follows. Section 2 describes the 
ship power system architecture being considered for this 
study and the modelling of the main electrical 
components in Simulink/PLECS blockset. Section 3 
describes the design and modelling of the two AC/DC 
conversion strategies (AFE with LCL filter and a 12-
pulse series-type diode rectifier) that were evaluated for 
the generation of the system DC voltage. Section 4 
presents the simulation results for three load scenarios 
(harboring, maneuvering, and cruising) and evaluates 
the performance of the considered rectifiers.

Figure 1. Half Ship Electrical Power System.

2 MVDC SHIP POWER SYSTEM 
ARCHITECTURE

The power system of the hybrid vessel under study 
consists of a medium voltage DC (MVDC) architecture 
having two main busbars connected by a normally open 
bus-tie switch. Figure 1 shows the single line diagram 
for half of the considered shipboard power system 
architecture, with the other half being an exact replica. 
The ferry has two diesel gensets each rated at 1500 kWe 
(at 690 V, 60 Hz) that supply the auxiliary loads and the 
propulsion systems. The two 1850 mm fixed pitch 
propellors are each driven by a 900-kW, 660V, 50 Hz 
induction motor thruster unit that is controlled by a 

variable speed drive. The nominal DC voltage at the 
main DC busbar system is 1.2 kV. The AC/DC 
rectification systems considered in this study are 
described in Section 3. The models of the other main 
components shall now be briefly described.

2.1 Diesel Engine and Generator  

The diesel genset consists of a diesel engine driving 
a synchronous generator, as shown in Figure 2. The
salient pole synchronous generator was modelled in the 
traditional rotor reference frame with simulation 
parameters being directly extracted from the datasheet.
The diesel engine was modelled using the method 
described by Guo et al. in [16]. This consists of a 
standard first order lag with time constant TD. The 
governor adjusts the fuel injection of the diesel engine 
to keep the frequency stable at the nominal value ωgen

*. 
An iso-synchronous electronic Woodward speed 
governor was considered in this study, since it is being 
assumed that the bypass switch is always open during 
normal operation (i.e. no frequency/speed droop is 
necessary). The governor transfer function, consisting of 
the electronic controller and actuator, is given by [17]:

∆ = 1 +1 + + (1 + )(1 + )(1 + ) (1)

where T is the output torque, Δω is the error in 
mechanical rotor speed, K is the actuator gain, T1 - T3
are the electronic controller time constants, T4 - T6 are 
the actuator time constants.

Figure 2. Diesel Engine and Generator Control Loops

The synchronous generator requires excitation on 
the field winding for start-up and voltage magnitude 
regulation. The field excitation voltage of the 
synchronous generator is controlled by the automatic 
voltage regulator (AVR). The shunt (self-excited) 
excitation was used in this paper, where power for the 
AVR is taken from the stator windings. The electrical 
terminals of the armature supply are connected to a 6-
pulse rotating rectifier which produces the field current 
necessary for the operation of the synchronous 
generator. The excitation armature, the rotating rectifier 
and rotor of the synchronous generator are mechanically 
coupled. The excitation armature transfer function was 
defined as:

= 1 + (2)

where KE is the exciter gain and TE is the exciter time 
constant. A proportional integral (PI) controlled AVR 
was implemented for this study with closed loop settling 
time of 4s and damping ration of 0.9.

Diesel 
Engine

Hotel/Auxiliary 
Loads

1200Vdc Bus
Bus-tie 
Switch

Main Propulsion

ω

ω
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2.2 Propulsion System

The ship propulsion system illustrated in Figure 3,
consists of a conventional closed loop V/F inverter drive 
and an induction machine connected to the fixed pitch 
propeller. The induction machine was modelled in the 
stationary reference frame with simulation parameters
(with all parameters referred to the stator side) being 
directly extracted from the datasheet. The voltage source 
inverter with sine-weighted pulse width modulation 
(PWM) controls the rotational speed of the induction 
machine, ωr, by varying the voltage applied to the stator 
windings, VIM

*. Third harmonic injection was also 
introduced in the PWM strategy, in order to extend the 
output voltage range of the inverter drive. The modelled
V/F drive limits the frequency ramp rate to 5Hz/sec. 

Figure 3. Ship Propulsion System (Induction machine 
driving a variable speed fixed pitch propeller)

The power-speed characteristics of each propeller 
were modelled according to [18]:= 2 (3)

where KQ is the torque coefficient, ρ is the density of 
sea water (1025 kg/m3), D is the propeller diameter (m),
ns is the propeller revolutions per second. The resulting 
propeller power-speed characteristics are shown in 
Figure 4.

Figure 4. Propeller Power-Speed Characteristics 

3 AC/DC RECTIFICATION STAGES

3.1 Active Front End (AFE)

In this scenario, the output of the synchronous 
generator is connected to the AFE through an LCL filter 
as shown in Figure 5. The AFE consists of a 2-level 
controlled voltage source inverter (VSI) with sine-
weighted PWM at a switching frequency of 5kHz. The 

LCL filter was integrated to reduce the switching 
harmonics from the AC-side current. The designed LCL 
filter has an inverter side inductance (Linv) of 200μH, a 
filter capacitance (C) of 4mF and a generator side 
inductance (Lg) of 14μH.

Figure 5. Simplified block diagram of the AFE control 
loops 

The control loops of the AFE were implemented in 
the synchronous DQ frame. These consist of an inner 
current loop to regulate the input current, iabc, and an 
outer voltage control loop to regulate the DC bus 
voltage, VDC, regardless of any load variations. The AFE 
control loops use a PWM strategy to produce a 
sinusoidal current on the AC side which is modulated so 
that the fundamental component is at the same 
frequency as the generator voltage. The PI controllers of 
the inner and outer loops were tuned for closed loop 
bandwidths of 20Hz and 2Hz, respectively.

3.2 12-Pulse Series-Type Diode Rectifier

In this scenario, the output of the synchronous 
generator is connected to the delta/star-delta transformer 
and 12-pulse rectifier. The transformer is a fundamental 
element to achieve the necessary phase shift for the 12-
pulse rectifier output. A delta/star-delta transformer was 
preferred to the star/delta-star configuration in order to 
block the third harmonic currents from propagating in 
the system. The relationship between the output dc-bus 
voltage (VDC) and the dc output current (IDC) for a 12-
pulse rectifier is well known and can be expressed by:

= 3√3 − 3
(4)

Figure 6. 12-pulse series-type diode rectifier and 
generator control loops.

where E is the synchronous generator phase-voltage 
magnitude, ωe is the electrical angular frequency, LS is 
the supply inductance and IDC is the output DC current 
of the rectifier. From (4), it is apparent that for the 12-
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pulse rectifier the supply inductance will cause the DC 
link voltage magnitude to change with the load. 

Therefore, the AVR of the generator used to achieve
voltage regulation of the DC bus by modifying the 
system diagram as shown in Figure 6. By feeding the
DC link voltage directly into the AVR (rather than using 
the three-phase generator voltage), the AVR can adjust 
the generator excitation to compensate for the voltage 
drop due to the supply inductance, transformer and 
rectifier. 

4 SIMULATION RESULTS
The operational profile of the ferry under study was 

based on the standard load profile 1A [19], as illustrated 
in Figure 7. This figure shows the possible modes of 
operation of the short distance ferry together with the 
percentage time spent in that mode over a typical 
mission. The four scenarios presented in the operational 
profile consist of: 

Moored: In ferries, moored operations are
necessary for loading/offloading passengers 
and vehicles. During this mode, the ferry only 
supplies essential auxiliary equipment resulting 
in a power demand of 15% of the maximum 
power output.
Manoeuvring: This is an operation during 
which the ferry either enters the port to proceed 
for mooring or when the vessel leaves the port 
to start a mission.
Slow steaming: Implies deliberately reducing 
the cruising speed of the ferry to 80% of the full 
capacity to save fuel consumption and cut 
down emissions (but at the expense of 
additional travel time).
Cruising: This mode represents the optimal 
speed at which the ferry has been designed to 
travel.

Figure 7. Standard Load Profile 1A for vessels with 
unrestricted continuous operation [19]

Simulations were carried out for the half ship 
electrical power system with the AFE and a 12-pulse 
series rectifier connected at the output of the diesel 
genset. Both simulation scenarios have as initial 
condition the ferry power system at steady state. This 
implies that the DC bus voltage has already been 
established at the nominal voltage of 1200V, however

no-load power is being drawn by the loads. In these 
simulations, changes in modes of operation were 
considered at 20s intervals to minimize the required 
simulation times. A DC-bus capacitance of 10mF was 
also considered for both rectification scenarios.

The load power profiles for the performed AFE 
and 12-pulse series rectifier simulations are shown in 
Figure 8. At t = 0s, mooring operation is initiated with 
the load power being increased to 15% of the nominal. 
Maneuvering operation is started at t = 20s, with the load 
power being increased to 60% of the nominal. At t = 40s, 
the ship enters slow steaming operation with the 
propulsion load increased to 80%. Finally, the ship 
enters cruising operation with the propulsion load being 
raised to 100%.

Figure 8. Load power profile for the AFE and 12-Pulse 
AC/DC converters

4.1 DC Bus Voltage Regulation Capabilities 

Although the resulting power curves are nearly 
identical, the two AC/DC converters show different 
behaviour with respect to DC bus voltage regulation.

Figure 9. DC bus voltage profile for the AFE and 12-
Pulse AC/DC converters

The DC bus voltage profiles for the performed AFE 
and 12-pulse series rectifier simulations are shown in 
Figure 9. As expected, the maximum ripple was 
observed during cruising operation, since the maximum 
load is connected to the DC bus. The DC voltage for the 
12-pulse rectifier is regulated to the nominal voltage by 
the diesel genset AVR within 10s. The results also show 
that by feeding the DC link voltage directly into the 
AVR, the generator excitation is being adjusted to keep 
the voltage at the desired reference. During this time, the 
DC bus voltage shows an underdamped response with 
maximum voltage variations of up to 100V peak-to-
peak, that could potentially destabilize the shipboard 
power system. On the other hand, the AFE shows faster 
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voltage regulation capabilities with negligible DC bus 
voltage variations due to its fast control loops. 

4.2 AC-side Current Harmonic Performance

Current harmonics are an inherent part of the 
operation of AC/DC converters. AC-side currents are 
not sinusoidal but also include low-frequency harmonics 
that can cause voltage distortion and increase the losses 
in the generators and cables. For a conventional 6-pulse 
uncontrolled rectifier, the predominant harmonic 
currents that will be generated are the 5th, 7th, 11th and 
13th. The advantage of using a 12-pulse rectifier is that
the 5th and 7th harmonics are eliminated by the 30-
degree phase shift that is obtained from the input 
transformer. In addition, with the AFE regulating the 
DC voltage, the generator side current is purely 
sinusoidal since the LCL filter practically removes most 
of the switching harmonics (resulting THD is 
approximately 0%). Therefore, for the AFE, only the 
inverter side current (i.e. current flowing through Linv in 
Fig. 5) shall be considered in the following analysis. The 
following percentage harmonic values are determined 
with respect to the fundamental component.

The steady state AC-side current waveforms that 
were obtained during moored operation are shown in 
Figure 10. The 12-pulse current shows the presence of 
low-frequency harmonics while the AFE does not show 
low harmonic input current. For the AFE, iabc is only
showing the effect of the switching harmonics due to the 
operation of the inverter. The magnitude of these 
switching harmonics is determined by the size of the 
inductance Linv according to the design considerations 
and do not depend on the magnitude of the fundamental 
current. These are then filtered by the designed LCL 
filter such that the switching harmonics reaching the 
generator are practically negligible.

Figure 10. Rectifier AC-side current for the AFE and 
12-Pulse AC/DC converters during moored operation.
(Generator current for the 12-pulse rectifier, inverter 

side current for the AFE)

The current harmonic spectrum for the AFE and 12-
pulse rectifier during moored operation are shown in 

Figure 11. The output current amplitude at the 
fundamental frequency (60Hz) is of 160A and 166.6A
for the 12-pulse and AFE respectively. As expected, the 
AFE does not exhibit low-frequency harmonics and 
only shows switching frequency harmonics centered 
around 5kHz, at 4.88kHz (16.8%) and 5.12kHz (16.4%).
The resulting current inverter-side THD is of 26% while 
the generator-side current THD is only 1.7%. These 
results clearly show why the LCL filter is necessary to 
remove the switching harmonics before these reach the 
generator. The 12-pulse rectifier waveform shows that 
the 5th and 7th harmonics are not present as expected,
with the main generated low harmonic frequencies 
being the 11th (11.4%), 13th (5.68%), 23rd (3.86%) and 
25th (2.77%). The resulting generator-side current THD 
is of 13.9%.

Figure 11. Rectifier AC-side current harmonic
amplitudes for the AFE and 12-Pulse AC/DC 

converters during moored operation. (Generator 
current for the 12-pulse rectifier, inverter side current 

for the AFE)

The steady state AC-side current waveforms that 
were obtained during cruising operation are shown in 
Figure 12. The 12-pulse current shows the presence of 
low-frequency harmonics with lower distortion. For the 
AFE, iabc is again only showing the effect of the 
switching harmonics but the effect is significantly 
reduced compared to the previous case since the 
fundamental component is significantly larger. These 
are then filtered by the LCL filter such that the switching 
harmonics reaching the generator are practically 
negligible.

The current harmonic spectrum for the AFE and 12-
pulse rectifier during cruising operation are shown in 
Figure 13. The current output at the fundamental 
frequency (60Hz) is at 973.5A and 1007.6A for the 12-
pulse and AFE respectively. As expected, the AFE does 
not exhibit low-frequency harmonics and only shows 
switching frequency harmonics centered around 5kHz, 
at 4.88kHz (2.92%) and 5.12kHz (2.79%). The resulting 
inverter-side current THD is of 4.4% while the 
generator-side THD is at 0.9%. These results clearly 
show that the magnitude of the switching harmonics is 
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not affected by the fundamental current at the input of 
the AFE inverter. The 12-pulse rectifier waveform 
shows that the 5th and 7th harmonics are also not present 
in this scenario, with the main generated low harmonic 
frequencies being the 11th (7.53%), 13th (5.1%), 23rd 
(1.34%) and 25th (1.15%). The resulting generator-side 
current THD is of 9.3%. These results clearly show that 
the AFE has superior performance for both voltage 
regulation and AC-side harmonics. The 12-pulse 
rectifier shows higher efficiency. however, the high 
complexity and cost of the transformer clearly 
outweighs this advantage. Both considered rectifiers 
show a significant improvement when compared to the 
traditional 6-pulse rectifier.

Figure 12. Rectifier AC-side current for the AFE and 
12-Pulse AC/DC converters during cruising operation. 

(Generator current for the 12-pulse, inverter side 
current for the AFE)

Figure 13. Rectifier AC-side current harmonic
amplitudes for the AFE and 12-Pulse AC/DC 

converters during cruising operation. (Generator 
current for the 12-pulse, inverter side current for the 

AFE)

5 CONCLUSIONS
This paper simulated the electrical power system of 

an MVDC ferry to analyse the behavior of the AC/DC 
converters in the regulation of the bus voltage and AC-
side harmonics. The considered AC/DC converters were 
the active front end (AFE) and the 12-pulse series type 
rectifier. Simulation results were given which show the 
behaviour of both converters during the identified four 
modes of operation for the ferry under study. The AFE 
was seen to show better voltage regulation capabilities 
due to its fast control loops proving more effective than 
the 12-pulse rectifier during load changes. The AFE also
does not exhibit low-frequency harmonics and only 
shows switching frequency harmonics centered around 
5kHz. The 12-pulse series rectifier has low frequency 
content at harmonic numbers 12K±1, however the 
transformer arrangement removes the 5th and 7th 
harmonics typically present in 6-pulse rectifiers. Even 
though both rectifiers show a significantly improved 
performance when compared with the conventional 6-
pulse rectifier, these advancements come at a higher 
complexity and cost. 
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Early design stage assessment of vessel drivetrains for fuel 
consumption, a dredging- and offshore vessel case 
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Abstract 
The transition towards a more efficient and sustainable maritime sector has been set in motion by the Paris agreement and 
the IMO greenhouse gas strategy. This requires more efficient vessel drive systems by optimising the drive system for 
the operational profile instead of for one operational point. Additionally, the use of energy storage systems can play a role 
in reducing the fuel consumption of vessels with a low loading of the engines such as service operation vessels. As the 
main decisions regarding the vessel’s drive system configuration are made at the early design stage, a suitable method is 
required that is capable of analysing different options based on  limited information. This paper presents a method capable 
of estimating the fuel consumption and component running hours of a vessel’s drive system at an early design stage. This 
method uses stationary component models and data from various sources. Two case studies have been performed: a 
trailing suction hopper dredger and a service operation vessel. The dredger study shows that the electrification of the 
vessel’s drive system has the potential to decrease fuel consumption with about 18%, for the measured operational profile. 
For the service operation vessel, it was shown that applying an energy storage system as  spinning reserve instead of an 
additional engine, decreases fuel consumption with at least 15%. Further improvements can be made by allowing the 
variable speed operation of the generators (3-8%) and using different sizes of engines matched for each part of the vessel’s 
operational profile (up to 5%). 

Keywords: Dredging vessels, Early design stage evaluation, Fuel efficiency, Offshore vessels, Ship drivetrain design.
 

1 INTRODUCTION 
The 21st century holds many challenges, among 

which the decarbonisation of the world energy system to 
stabilise the currently ongoing global warming. The 
Paris Agreement, agreed upon at the end of 2015 by 196 
parties, aims to limit the global temperature rise due to 
global warming to 1.5-2°C compared to the pre-
industrial era [1]. Figure 1 shows two possible carbon 
dioxide (CO2) emission paths up to 2100 and the effect 
of these paths on the average temperature on earth, 
compared to the pre-industrial era. The temperature 
increases with 3.2 to 5.4°C in the business-as-usual 
scenario (red line), while a 0.9-2.3°C is achieved for the 
Paris Agreement pathway (blue line). Achieving the 
Paris Agreement objective requires a sharp decrease and 
possibly negative CO2 emissions after 2080. 

The maritime sector is not included in the Paris 
Agreement, but the increasing societal pressure has led 
the International Maritime Organisation (IMO) to take 
measures to reduce greenhouse gas (GHG) emissions. 
IMO adopted an initial strategy on the reduction of GHG 
emissions from ships during the 72nd meeting of the 
Marine Environment Protection Committee (MEPC) in 
April 2018 [2]. The objective of the initial IMO GHG 
strategy is to reduce the total GHG emissions of 
shipping with at least 50% in 2050 compared to the 2008 
level. IMO also  the aims to pursue efforts to phase GHG 

emissions out entirely. Currently, the IMO has two 
energy efficiency measures in place to reduce CO2 
emissions from ships, namely the Energy Efficiency 
Design Index (EEDI) and the Ship Energy Efficiency 
Management Plan (SEEMP). The EEDI is applicable to 
new vessels from the largest and most energy intensive 
types and covers about 85% of the CO2 emissions from 
international shipping. 

 
Figure 1. CO2 emission paths up to 2100 [3]. 

The current EEDI requires a 30% CO2 reduction in 
grams per tonne mile for vessels built in 2025 compared 
to the reference value (average from 2000 to 2010) [4]. 
However, IMO is considering options to further reduce 
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the GHG emissions of shipping to achieve a 40% carbon 
intensity reduction in 2030 (compared to 2008) as 
agreed to in the initial GHG strategy [5], such as:
▪ Increasing the required EEDI Stage 3 reduction up 

to 50% for some vessel types;
▪ Implementing the Energy Efficiency Existing Ship 

Index (EEXI), this is similar to the EEDI, but for 
existing vessels;

▪ Implementing an attained annual operational carbon 
intensity indicator (CII).
Work vessels are currently not covered by the EEDI 

(or EEXI) as the operation of these vessels is highly 
dependent on the operational conditions and thus more 
complex to capture in legislation.

Vessel drive systems (of work vessels) are 
traditionally designed for the nominal or worst operation 
condition. This often results in a suboptimal solution 
regarding the fuel efficiency, engine loading and 
running hours. For work vessels such as dredging and 
offshore vessels, this optimisation of the vessel drive 
system for fuel consumption is complex. The drive 
systems of dredging vessels experience large load 
fluctuations due to the unpredictable nature of the 
dredging process as discussed in previous studies [6]-
[9]. The engines of offshore vessels generally 
experience a low load due to the spinning reserve 
required by the dynamic positioning (DP) class 
requirements [10,11]. These operational profiles, in 
combination with the increasing electrification and 
hybridisation of vessels further increases the complexity 
of the early design stage process. Extensive dynamic 
modelling such as performed for a cutter suction dredger 

in [12,13] provides the designer with accurate answers, 
but requires detailed information not available in the 
early design stage and a significant amount of time. This 
makes it unsuitable for the early design stage 
comparison of multiple drive system alternatives.

In several projects such the EU Horizon 2020 
Holiship project, early design stage analysis tools are 
being developed [14,15]. The Holiship tool uses a 
holistic approach and is designed for multi-objective 
and multi-disciplinary holistic system optimisation and 
integration used for the design of ships and offshore 
structures for the entire operational lifecycle. The 
Holiship tool may be integrated with other ship design 
software to optimise other aspects of the vessel design 
such as the vessel hull shape. However, the operational 
profile of work vessels is more detailed, leading to more 
operating points of the engines and possibly more power 
management modes/settings used during one 
operational phase.

This paper focuses on presenting an analysis method 
capable of assessing different work vessel designs in the 
early design stage and determining which design is more 
efficient for the desired operation. This requires a 
balance between the limited information available at the 
early design stage and the required depth of the analysis 
for determining the fuel consumption and energy 
efficiency of a drive system for a given operational 
profile, including the effect of a possible energy storage 
system (ESS). The method enables the transition from 
ship design based on heuristic knowledge, design rules 
and estimations, towards an early design stage 
exploration of concept drive train systems. 

Prop. 1 Prop. 2 UWP IDP 1 IDP 1 Jet pump E-Joint

-

E

- M

E

- M

Engine 3 E

E-Joint - E E E E

Engine 2

Engine 1

Prop. 1 Prop. 2
Table 1: Example drive system lay-out 

including connections. Case TSHD 
with electric propulsion
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2 METHOD 
The methodology developed aims at assessing the 

fuel consumption of different drive systems. It combines 
both a first principle approach and empirical relations 
based on data from drive system components. The 
applied method is based on a stationary conditions.

Component models

Table 1 shows an example lay-out of a drive system 
implemented in the methodology with components and 
connections of different categories. The methodology
distinguishes four main component groups, namely 
consumers, producers, joints and buffers (Table 2). 
Main components have connections that provide 
coupling to other main components and if necessary 
power conversion (Table 3). Mechanical (M) and 
Electrical (E) power are considered.

Table 1 Main components
Name Group Examples Power type
Engine Producer ICE / Turbine Mechanical
Propeller Consumer FPP / CPP Mechanical
Pump Consumer Dredge / Jet pump Mechanical
E-Load Consumer HVAC Electrical
E-Joint Joint AC / DC grid Electrical
Battery Buffer Lithium-ion Electrical

Table 2 Connection components
Name Conversion power type Abbreviation
Gearbox M-M GB
Generator M-E Gen
E-motor E-M EM

The engine fuel consumption is modelled in the tool 
with a lookup table consisting of data for multiple load 
points and engine speed options. Fuel consumption is 
found by means of interpolation in this data and in case 
variable engine speed is allowed, the engine speed will 
be selected based on the best fuel efficiency point for the 
desired load. The engine data is sourced from product 
guide data, FAT tests and/or product specifications.

The propeller load is determined with a lookup table 
based on the vessel speed. The data used here is 
calculated with validated computational fluid dynamics 
(CFD) data of the hull resistance, wake number and 
thrust deduction factor. This data is combined with the 
propeller efficiency data from measured open water 
diagrams of different propeller types. The propeller load 
may also be based on measured and/or calculated data 
from a specific vessel operation.

The dredge pump load is a time-based signal with 
measurement data from an actual dredging vessel for a 
specific operation such as dredging, shore pumping or 
rainbowing. This data is available for different soil types 
and dredge system sizes.

E-loads may be a constant or variable load placed on 
the electric grid to simulate the power consumption from 
for example winches or a heating, ventilation and air 
conditioning (HVAC) system. The E-joint is a central 
component in which the power consumption from the 
consumers is distributed to the producers. In case an 
ESS such as a battery has been added to the grid, the 

battery may act both as a power consumer and as a 
power producer depending on the battery state and 
power and energy management settings.

The battery has been modelled as a finite 
accumulator of energy with a limited charge and 
discharge rate. The efficiency of the energy conversion 
from and to the battery has been modelled with a 
constant efficiency.

The connection components convert the power to a 
different format or under a different condition (e.g. 
rotational speed). The loss in this conversion has been 
modelled with an empirical equation or with measured 
performance in a lookup table. The electric conversion 
losses of among others the frequency drives and ohmic 
resistance of the cables are included in the electric motor 
and generator models.

Component properties are related generally to the 
relative power and speed, which is the ratio of the actual 
to the nominal value of the component, for example the 
conversion losses.

Operational profile

The vessel operational profile used in the calculation 
contains the power requirement of the vessel over time 
for each of the consumers. One or more operational 
profiles may be selected for the evaluation of different 
vessel designs. These profiles may consist of measured 
data from a vessel or be an approximation of a realistic 
operation with different operating points and conditions 
over time, mostly grouped in ‘operational scenarios’. 
These operational scenarios are linked to propeller 
speed-power curves that differ depending on the loading 
condition and resistance, for example for a dredging 
vessel (case 1). The method can also make use of 
consumer load data calculations from other tools such as 
the dynamic position loading of a service operation 
vessel as used in case 2.

Power Management System

In case power requesting components are coupled to 
multiple power providing components, the distribution 
of power is defined in the power management system 
(PMS). The PMS determines how the power is 
distributed based on the thresholds of power for a certain 
power request. This may be varied based on each section 
of the vessels operational profile. The power threshold 
allows to create a deadband that delays a change in the 
number of engines online, actual start-up/shut-down 
time is not incorporated.

The PMS also controls the charging and discharging 
of the battery if connected. This is done based on 
distribution thresholds similar as for the power 
distribution, but also on the state of charge (SOC) of the 
battery system. The battery generally picks up the 
remaining negative/positive electric load after defining 
the producer’s operational loading points.

3 CASE STUDIES
The evaluation of several drive system alternatives 

for two types of vessels are presented. The first vessel is 
a large Trailing Suction Hopper Dredger (TSHD), with 
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two propellers, multiple dredge pumps and other 
electrical consumers. A measured operational profile is 
used to calculate the fuel consumption of a dredging 
cycle. As a base case, a conventional drivetrain is 
considered, having directly driven propellers and 
pumps. It is compared to a full electric drive system and 
to a drive system using electric power for the propellers 
and mechanical power for the inboard dredge pumps. 

The second vessel is a Service Operation Vessel 
(SOV) with dynamic positioning (DP) Class 2 
capabilities. The vessel has several generator sets and 
electrical consumers. The operational profile is an 
estimated time trace with the various operational stages
of a typical day operating in a wind farm. The drive 
system base case is a full electric lay-out with constant 
speed gensets, it will be compared with a similar lay-out 
including variable speed generators. A third, battery 
hybrid case is shown, with the battery is used as a 
spinning reserve. The final drive system design uses 
variable frequency gensets and the batteries to switch off 
the all engines during the night. 

The build-up and power management of all 
considered drive systems will be aimed at obtaining 
minimum fuel consumption and running hours, within 
the boundaries of the specified vessel functionality. The 
drive systems will be evaluated based on their 
efficiency, fuel consumption and running hours. Other 
considerations will be discussed in short to provide a 
total perspective on the drive systems.

Trailing Suction Hopper Dredger

The TSHD is a self-propelled vessel which uses a 
draghead connected with a suction tube to accumulate 
material from the seafloor/riverbed by means of 
slurryfication and hydraulic transport (Figure 2) [16]. 
The slurrified material is stored in the vessel’s hopper, a 
large open space in the middle of the vessel. After
transportation to its destination, the material is 
discharged by means of dumping through the vessel’s 
bottom doors or pumped from the vessel by means of 
rainbowing or a (floating) pipeline. 

Figure 2: Trailing suction hopper dredger schematic
[17].

The case study vessel has a hopper capacity of 
16,000 cubic meters and the following main consumers:

▪ Two main propellers 6.0 MW
▪ Two inboard dredge pumps 4.5 MW
▪ Under water dredge pump 4.5 MW 

▪ Two jet pumps 1.5 MW 
▪ Board net 2.0 MW 
The board net includes all remaining electric loads 

such as the bow-thrusters, hydraulic pumps and hotel 
load. The TSHD is equipped with an electric driven 
underwater dredge pump. The concept designs are 
equipped with either a controllable pitch propeller 
(CPP) or fixed pitch propeller (FPP).

3.1.1 Operational profile
The operational profile used for this case study is an 

on-board measured dredging cycle of around four hours 
with the following subsequent scenarios: sailing empty, 
dredging, sailing full and discharging as shown in 
Figure 3. The power request of the main consumers is 
given at three second intervals.

Figure 3: Total power demand engines
(direct drive concept).

3.1.2 Concept drive systems
The following concept drive systems are modelled

for this study.

Direct drive system concept: 
▪ Two medium-speed 7200 kW engines each drive a 

CPP through gearboxes at a constant speed. 
▪ Shaft generators of 3000 kW are attached to each of 

these propulsion gearboxes. 
▪ The inboard dredge pumps are driven by gearboxes 

mounted on the other side of the two main engines.
▪ The jet pumps are driven through one gearbox by a 

4000 kW high-speed engine.

Electric propulsion system concept:
▪ Three 7200 kW medium-speed engines each drive a 

constant speed generator. 
▪ The inboard dredge pumps are coupled to two of the 

main engines with gearboxes and clutches.
▪ The two FPP’s and the two jet pumps are driven by 

frequency controlled electric motors. 

Full electric drive system concept:
▪ Three 7200 kW medium-speed engines each drive a 

variable speed generator (limited to 85% of the 
engine speed).

▪ The two FPP’s and all pumps are driven with 
frequency controlled electric motors. 
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All board nets have AC current, the frequency of the 
electric variant is allowed to change from 50 to 60 Hz. 
Regarding the power management, the electric and 
electric propulsion drive system concepts are allowed to 
have one engine online when the power is below 4000 
kW, above 12,000 kW the third engine is switched on. 
The electric load on the generators of the direct driven 
engines is symmetrically shared.

3.1.3 Results
The lowest fuel consumption for the entire dredging 
cycle is achieved by the full electric drive system, 
followed by the electric propulsion drive system 
(Figure 4, Figure 5Figure 4). The main increase in fuel 
consumption by the direct drive system is due to the 
increased energy consumption of the CPP, even though 
the average conversion efficiency of the drive system is 
the highest (92.1%). This higher power consumption of 
the CPP is a result of the propeller operating at low loads 
and full speed, mainly during the dredging and 
discharging processes, what results in lower efficiency. 
The average conversion efficiency of the electric 
propulsion system (90.5%) is better than the full electric 
system (90.1%), the improvement in fuel consumption 
is a result of the lower fuel consumption of the engine at 
lower engine speed (Figure 7). From the engine running 
time perspective the full electric drive system performs 
best, closely followed by the electric propulsion drive 
train (Figure 6). 

Figure 4: Fuel consumption rate and cumulative 
during the TSHD dredging cycle.

Figure 5: Fuel consumption TSHD dredging cycle.

Figure 6: Engine running hours TSHD dredging cycle.

Figure 7: Mossel diagram of the engine with best fuel 
efficiency curve for the full electric drive system TSHD.

Service Operation Vessel

The Service Operation Vessel (SOV) as shown in 
Figure 8, is a walk-to-work vessel used for the operation 
and maintenance activities in offshore wind farms. The 
SOV is equipped with an actively controlled gangway 
system to safely transfer the maintenance crew to the 
wind turbine. The vessel is equipped with an 
accommodation for about 40-50 mechanics and 20-30 
crew members. The total operation takes twelve days 
from harbour to windfarm to harbour. Daily operations 
in the wind farm comprise of several turbine visits in the 
morning and in the afternoon to drop off and pick up the 
maintenance crews with short transit and manoeuvring 
actions between each of the turbine visits. The SOV 
remains at a standby position inside the wind farm after 
dropping of the maintenance crews to support the crews 
by for example delivering spare parts and evacuate them 
in case on an emergency. During the evening and night,
the SOV remains at a position outside of the wind farm. 
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Figure 8: IHC SOV T60-18 artist impression. 

The SOV is characterised by its resilient dynamic 
positioning capabilities as the wind turbine mechanics 
must be able to walk to the wind turbines in a safe way, 
even in case one of the active components fails. The DP 
class 2 requirements inside the wind farm state that no 
loss of position is accepted when one active component 
fails, applying to the thrusters, diesel generators, 
switchboards, cabling, i.e.. Outside the windfarm the DP 
class 1 is of application and loss of position may occur 
in the event of a single failure applying to the evening 
and night position. 

Typical SOV power system architectures consist of 
a number of self-sustained islands each consisting of a 
combustion engine driven generator and a string to one 
or more thrusters. Loss of one island means that one part 
of the drive train, switchboard and propulsion system 
has failed, and the other islands remain online and 
should be capable of ensuring the position keeping of 
the SOV in such a way, that the task can be aborted or 
finished safely. The DP redundancy requirements and 
the island layout results in more engines online than 
necessary for the task of an offshore vessel. The 
typically low loading of these engines results in relative 
high marine gasoil (MGO) consumption as these 
engines operate typically far away from the optimum 
engine loading point. Peak efficiency for marine diesel 
engines can typically be found in the engine map 
between 80-100% power and speed, but this is 
dependent on among others the turbocharger matching. 

Multiple switchboards are installed separately, 
although the board can be connected, this is also known 
as a closed bus/ring configuration. Risk assessments 
allow the application of a closed ring configuration, 
meaning that one diesel generator feeds multiple 
switchboards and thus multiple thrusters. A battery 
system is in place as a spinning reserve to comply with 
DP class 2 regulations in case the island of the single 
active diesel generator fails. 

 

3.2.1 Operational profile 
The number of operational modes of the SOV, 

together with the DP requirements and other operational 
requirements make the drive train lay-out, bus type and 
the component sizing a complex task. Here, the 
developed methodology is used to perform fuel 
consumption and emission estimations for several drive 
train concepts in a repeatable, fast manner.  

The power demand of the propulsion system, hotel 
load and mission equipment are determined for the 
operational modes of the SOV for a one day period 
(Figure 9). The power demand of the propulsion system 
is heavily dependent on the orientation of the SOV with 
regards to the sea current, waves and the sea state. 

 
Figure 9: Typical daily board net power demand SOV. 

3.2.2 Drive system 
The SOV’s drive train consists of three diesel driven 

generator sets, each rated at 1900 ekW. The generators 
and switchboards are represented with an e-joint in the 
developed methodology. The bus selection is made to 
allow for variable speed operation of the engines. A 
battery system is added, capable of delivering 800 kWh 
of energy for half an hour. The battery system is used as 
a spinning reserve during DP2 mode, the system is not 
used for peak shaving.  

For the choice of the engine a medium-speed (900 
rpm) engine and a high-speed engine (1800 rpm) are 
considered. The fuel maps of the both engines have been 
provided by the manufacturer. The generators have an 
assumed constant absolute loss, meaning that the 
relative losses increases towards part load. The e-joint 
represents the AC or DC switchboards, and the board 
net power demand (Figure 9) represents the propulsion, 
hotel and mission equipment power demand, 
implemented as E-load.  

The objective of this case study is not to determine 
the absolute performance, but to perform a relative 
comparison between the two engine options. The 
following scenarios are assessed for both the medium-
speed and the high-speed engines: 
▪ 
▪ 
▪ 

Open bus requires two engines to be active, closed 
bus one engine and the battery system as the spinning 
reserve. Variable engine speed allows the engine to find 
the highest fuel efficiency for the required power 
demand. 

3.2.3 Results 
The largest daily MGO consumption is found 

(Figure 10) with two engines active in open bus 
configuration. The fuel economy improves with 15-20% 
by closing the bus between the switchboards, shutting 
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down one of the two engines and using the battery pack 
to comply with the DP class 2 redundancy requirements. 

 
Figure 10: Daily MGO consumption of SOV (kg/day). 

The fuel saving for the high-speed (HS) engine is the 
largest of the two type of engines. This is a result of the 
location of the peak efficiency in the fuel map which 
lays near the power limit of the engine at 80% power 
and speed for the high-speed engine. The change in 
operating point by shutting down one medium-speed 
(MS) engine gives a move towards the peak efficiency 
as well, however the rate of change in fuel consumption 
is lower than for the high-speed engine. 

 
Figure 11: Mossel diagram with daily operation points 
of high-speed engine with the best fuel efficiency curve. 

Allowing variable speed and thus variable frequency 
by applying a DC grid, further reduces the MGO 
consumption with 8% for the high-speed engine. With 
the medium-speed engine, a daily fuel saving of 3.2% 
can be achieved. Reducing the engine speed for the 
medium-speed engine moves the operating point away 
from the peak efficiency contrary to the high-speed 

engine. The MGO consumption reduction for the 
medium-speed is obtained, as the maximum available 
engine power reduces for lower speeds, giving an 
increase in the rate of engine loading.  

The three similar sized high-speed engines gave the 
lowest MGO consumption for the SOV with the used 
operational profile. However, the developed 
methodology enables the comparison between drive 
train topologies with varying number engines and power 
ratings.  The closed bus configuration is used and a 
battery is in place as supply spinning reserve. Three 
scenarios are assessed with varying power ratings per 
engine, the total installed power is similar for all three 
cases all with variable speed operation: 
▪ 
▪ 
▪  

 
Figure 12: Daily MGO consumption of high-speed 

engine topologies (kg/day). 

The daily MGO consumption can be reduced with 
3.5-4.8% by choosing different engine ratings instead of 
three similar rated high-speed engines. The lowest daily 
MGO consumption can be obtained with four high-
speed engines. One small engine is used during the 
evening and night time operation and one large engine 
for the higher power demands during the daytime 
operation. The selected small and large engine are 
matched with the location of the peak efficiency and the 
loading of the operational profile.  

Capital and operational aspects come into play with 
four engines instead of integrating and maintaining three 
engines. For the operational profile used, the fuel 
consumption increases with about 1.5% (or 70kg/day) if 
the configuration with one small engine and two large 
engines is used instead of the four engine concept.  

4 DISCUSSION 
The drive system concepts were evaluated based on 

stationary conditions, using static fuel maps of the 
combustion engines. Using a static approach for a 
dynamic process may be disputed as the dynamic 
behaviour of the engine’s turbocharger and combustion 
process could significantly impact the fuel consumption 
and emissions. This is especially true for the engines of 
dredging vessels which continuously operate under 

6140 
kg/day

5000 
kg/day

4840 
kg/day

6020 
kg/day

5220 
kg/day

4800 
kg/day

MS HS MS HS MS HS

Open bus,
Battery inactive
Constant speed

Closed bus
Battery active

Constant speed

Closed bus
Battery active

Variable
speed

Daily fuel oil consumption

MS (medium-speed) HS (high speed)

4800 
kg/day

4640 
kg/day 4570 

kg/day

High speed
3x 1800 kW

Variable speed

High speed
1x 1000 kW
2x 2200 kW

Variable speed

High speed
2x 1000 kW
2x 1700 kW

Variable speed

Daily fuel oil consumption

31



 

fluctuating loads and in off-design conditions as 
discussed by Shi et al. [6]. However later research by 
Shi [8] with on-board measurements, static and dynamic 
simulations showed that the static approach may be 
used, as the total fuel consumption sufficiently matches 
results of the measurements. The methodology may 
therefore be used to assess the fuel consumption of 
concept drive trains for vessels with both dynamic 
loading and which operate under off-design conditions. 

The flexible method has minimal limitations to the 
setup of the drivetrain and is focussed on evaluation of 
fuel consumption primarily. This leaves many 
challenges for implementation of the drivetrain to the 
further design and engineering stage. Additional 
evaluations and calculations are required such as load 
step analyses, system integration, safety measures etc. 

The study of TSHD drive system concepts showed a 
dominant effect of the propeller type on the overall fuel 
consumption. Den Boer et al [18] compared variable and 
constant speed propulsion with simulations and field 
measurements. The power required for CPP and FPP 
was found to be similar at maximum vessel speed, but at 
a decreased vessel speed, the power requirement of the 
variable speed FPP decreases compared to the constant 
speed CPP due to the higher open water efficiency of the 
propeller. A propulsion power decrease of 35% was 
found by Den Boer et al., averaged over different 
dredging works with an average propulsion power of 
35%. The operational profile used in this study has 
slightly higher average propulsion loading and the 
propeller accounts for around 50% of the total energy 
demand. The resulting total energy reduction of the 
propulsion is 27% for the full electric and electric 
propulsion drive concepts.  

Drive electrification of consumers aboard a dredging 
vessel leads, amongst other benefits, to more efficient 
operation of the components. For the propulsion this is 
shown by the FPP. An electric driven dredge pump 
allows for optimized dredge production using flow 
control, reducing the average required power. In case 
dual fuel engines are used, a combination of drive 
electrification and an ESS can be used to reduce the load 
fluctuations of the dredge equipment on the engines. So 
that the switch to more robust diesel operation, with 
higher emissions resulting, can be avoided. Dynamic 
analyses were performed for a cutter suction dredger 
with LNG dual fuel engines in Mestemaker et al [12]. 

The application of variable engine speed for a 
Service Operation vessel in combination with either an 
AC/AC converters or a DC grid results in a fuel savings 
of 8% for a high-speed engine configuration and 3.2% 
in case of a medium-speed engine configuration. These 
results are in line with the results as presented by 
Homlefjord et al [19] for the SOV Edda Passat. 
Homlefjord et al [19] found a fuel savings of 21% for 
the combination of variable speed with MTU high-speed 
engines and a DC grid. This higher fuel savings found is 
a result of the MTU engine map and the operational 
profile of the vessel. For the operational profile used in 
this paper, the largest fuel savings of 15-20% are found 
for the concept drive system in which engines may be 
shut down and the battery is used as the spinning 
reserve. 

5 CONCLUSIONS 
The methodology presented in this work enables the 

transition from ship design based on heuristic 
knowledge, design rules and estimations, towards an 
early design stage exploration of concept drive train 
systems. The concept drive train topologies are assessed 
on fuel consumption and engine running hours in a 
repeatable manner, providing a quantitative comparison 
instead of undefined or qualitative comparisons. 
Variable selection and required input is focussed on the 
accurate estimation of the key performance indicators 
fuel consumption and running hours for the operational 
time scale. Some other design parameters affecting the 
early-design process are not included such as the 
degradation of a battery due to cyclic loading and the 
limited load change capability of combustion engines. 
Other important parameters that are not evaluated in the 
current methodology but that may benefit/use the output 
are the financial aspects of choices, the space and weight 
requirements on-board of the vessel and the 
interconnections with other systems  

Three drive system concepts were compared for the 
Trailing Suction Hopper Dredger, which showed best 
performance for the full electric drive system on both 
fuel consumption and engine running hours. Fuel 
consumption decreased 19% compared to the direct 
driven system concept. A strong decrease in power 
consumption during part load for the variable speed 
driven FPP, contributed significantly to the reduction in 
power requirement and thus fuel consumption. Both the 
full electric and electric propulsion drive concepts used 
the variable speed driven FPP, the latter achieving a 
15% fuel consumption reduction compared to the direct 
drive concept. The fuel savings of the electric 
propulsion drive system were lower than of the full 
electric systems due to the constant speed operation of 
the engines. This did not allow the optimisation of the 
engine speed for the lowest fuel consumption.  

The fuel energy consumption of the Service 
Operation Vessel can be reduced by applying an energy 
storage system as a spinning reserve and optimising the 
engine type and the engine size based on the expected 
operational profile. Application of a battery as a 
spinning reserve reduces the fuel consumption with 15 
to 20% by reducing the active nominal engine power and 
increasing the load on the active engine(s). Variable 
engine speed operation reduced the fuel consumption 
with 8% for the high-speed engine configuration and 
3.2% for the medium-speed engine configuration. Using 
different engine sizes selected for specific parts of the 
operational profile may reduce the fuel consumption 
with 3.5 to 4.8% compared to a setup with equally sized 
engines. 
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Abstract 

The present study proposes an advanced shipboard Energy Management Strategy (EMS) based on Model Predictive 
Control (MPC). This EMS aims to reduce mission-scale fuel consumption of ship hybrid power plants, taking into 
account integral constraints introduced by the shipboard battery system. Such constraints are present due to the 
boundaries on the battery capacity and State of Charge (SoC) values, aiming to ensure safe seagoing operation and 
long-lasting battery life. At the same time, the proposed EMS can be used earlier in the propulsion design process and 
requires no tuning of parameters for a specific operating profile. The novelties of the study reside in (i) studying the 
impact of mission-scale effects and integral constraints on optimal fuel consumption and controller robustness, (ii) 
benchmarking the performance of the proposed MPC framework. A case study performed on a naval vessel 
demonstrates near-optimal and robust behaviour of the controller for several loading sequences. Furthermore, up to 
3.5% consumption reduction due to utilisation of long term information has been realised by the MPC framework in 
specific loading sequences and for Charge Depleting (CD) battery operation.  

 Keywords:  Energy Management Strategies, Model Predictive Control, Hybrid Propulsion, Energy Storage System, 
Ship Control 

 

1 INTRODUCTION 
Although ultracapacitors find applications when 

surges of power are needed by electrical consumers on-
board (e.g.: weapon systems on naval vessels) [1], the 
scope of this study is limited to batteries, as the most 
researched and most promising ESS in the maritime 
sector [2][3]. The price of lithium-ion batteries has 
plummeted over the past 10 years, by approximately 
1000 $/kWh, down to the 137 mark in 2020 [4]. Price 
projection to 2030 predicts prices as low as 50[$/kWh] 
for batteries with silicon alley cathode, which are 
cheaper to produce and more energy dense (205 Wh/kg 
over 155 Wh/kg compared to graphite cathodes) [5]. 
Those rapidly changing price and density values deem 
shipboard battery pack installations an attractive 
solution for fuel consumption reduction in the years to 
come. 

Tugboats, ferries, offshore support and naval 
vessels mostly operate (>80% of their mission) at low 
power demand (20% of the engines' rating). In such 
cases, the conversion losses associated with hybrid or 
electric power transmission (or propulsion) are 
compensated by avoiding inefficient part load 
operation of the prime mover(s). Geertsma et al. [2] 
review the fuel savings induced by hybrid or electric 
propulsion in the corresponding literature. In short, gas 
turbines in frigates, sized-for-availability internal 
combustion engines in towing or patrol vessels, and 
transit prime movers in Dynamic Positioning operation 
of offshore support vessels can all benefit from hybrid 
propulsion, with fuel savings of even more than 10%.  

Electric propulsion installations are mostly driven by 
particular necessities such as heavy hotel loads, 
operational robustness, space limitations, and low noise 
emissions. 

The same study reviews the benefits of further 
introducing shipboard Energy Storage Systems (ESSs) 
in hybrid propulsion powertrains. Power supply from 
an ESS can reduce the amount or size of the IC engines 
by extending the operating envelope or by providing 
availability and overcoming the necessity of an 
emergency generator. Operational and maintenance 
costs can be reduced by offsetting the operating point 
to the most efficient operating region via (dis)charging, 
or by even switching off engines in part load operation. 

In [3] the limitations of shipboard ESSs, 
particularly batteries, have been examined for Charge 
Sustaining (CS) battery operating mode (which means 
no charging from ashore). With a low detail model, the 
study concludes in the electric propulsion with a gas 
engine as a viable alternative at utilising a lithium-ion 
battery installation for fuel efficiency gains. Hybrid 
propulsion has significantly smaller operating regions 
where batteries yield efficiency gains, from below 50% 
of the propulsive load found in electric propulsion, to 
below 10%.  IC engines with a flatter efficiency curve, 
such as engines with Sequential Turbocharging show 
no efficiency gains due to use of batteries across their 
operating range. From this and similar studies [6-8] it 
is found that 
 the shape of the efficiency curve of the prime 

mover is the dominant decisive factor for the 
applicability of an ESS installation 
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 when an ESS replaces engine power instead of 
adding power to an existing engine rating, the 
efficiency gains are smaller especially at nominal 
loads  

 in electric propulsion, most conversion losses 
introduced by an ESS are already in place 

 a DC grid allows for use of non-fixed-speed 
generator sets and consequently affects the 
powertrain efficiency in favour of using generator 
sets and not ESS 

 efficiency gains in electric propulsion due to ESS 
are found at 4.7-7.8% at 50% load and 18-30% at 
15% load.  

Hybrid propulsion is also found to yield efficiency 
benefits when combined with a battery unit in Charge 
Depleting (CD) mode (shore charging) [9]. It has had 
commercial success in tugboats and yachts by Damen 
and Feadship, correspondingly [2].  

An effective Energy Management Stategy (EMS) is 
integral to the application of shipboard ESSs. An EMS 
functions as a high-level control unit determining the 
control inputs to the powertrain. Those inputs 
correspond to the additional degrees of freedom 
introduced by the ESS and can be selected 
appropriately to minimise an objective function, most 
commonly fuel consumed. The efficiency gains 
presented above cannot be realised without the use of 
an advanced EMS [9]. 

1.1 Problem definition 

Conventional shipboard EMSs use Rule-Based 
(RB) controllers, which are time-invariant feedback 
controllers (heuristic rules or static feedback maps) 
[9,10]. RB controllers are tuned specifically for each 
application, for a given operating profile and power 
plant, while they are inherently suboptimal and unable 
to adhere to the constraints on the battery State of 
Charge (SoC), especially when the operating profile 
changes [9]. SoC constraints aim to ensure safe sea-
going operation (by ensuring battery availability) and 
long-lasting battery life. 

Recent research on advanced shipboard EMS 
showed that strategies based on standard and adaptive 
Equivalent Consumption Minimization Strategies 
(ECMS) are also suboptimal when the operating profile 
changes significantly [9]. In [11] the implemented 
ECMS is unable to use the batteries and does not 
consider the integral system constraints of the 
propulsive plant. While in [12] a predictive scheme 
that uses a short-term prediction has been proposed, 
mission-scale future effects on optimal fuel 
consumption and on operating constraints are ignored. 
From the literature it is concluded that advanced EMSs 
reduce fuel consumption compared to conventional RB 
EMS (~9% in [12]) while robustness problems indicate 
a direction for further research.  

In the existing literature instantaneous operating 
constraints are taken into account (e.g. maximum main 
engine power). On the other hand, integral constraints 
for the battery availability and charge-sustenance are 
not incorporated, thus leading to either suboptimal or 
invalid (i.e. incapable of meeting the power demand or 

the SoC constraints) control strategies. Predictions on 
mission-scale future disturbances currently cannot be 
utilized by the EMSs. 

Finally, both RB and ECMS strategies are tuned 
either on-boards or by using high-fidelity models and 
for specific operating profiles [9,11,12]. This makes 
the deployment of the existing strategies difficult 
during the concept and early engineering design phase. 
During the early design stage, the decisions about the 
propulsive layout and the sizing of the components are 
made. Because the EMS also affects the viability of an 
ESS installation [3] it is potentially beneficial if an 
EMS could be deployed in low fidelity systems during 
early design. 

The first goal of the present study is to examine 
how the loading sequence of the whole mission affects 
the fuel savings and robustness of an exhaustive 
solution found with Dynamic Programming. This is 
attained by using partial and full loading sequence 
information, corresponding to short-term and mission-
scale predictions made for the EMS. 

Secondly, the study develops an energy 
management framework based on Model Predictive 
Control (MPC)  i) to effectively address battery-
induced integral system constraints robustly and ii) to 
realise potential fuel savings due to mission-scale 
information. The proposed approach enables real-time 
adaptation with shipboard updates on the mission-scale 
disturbance estimation while sailing, rather than using 
offline tuning of parameters such as the equivalency 
factor in ECMS or RB tuning. Minimal parameter 
tuning on specific operating profiles also yields a 
promising candidate EMS solution for deployment on 
early design stages. 

The performance of the MPC framework has been 
tested in both Charge-Sustaining (CS) and Charge-
Depleting (CD) mode. The MPC framework has been 
validated by incorporating the controller in a dynamic 
Simulink® model of a naval hybrid propulsion 
powertrain with hybrid power supply which has been 
validated in [13].  

2 MODEL DESCRIPTION 
The propulsive plant is described by a set of 

Differential and Algebraic Equations (DAE) with 
inequality constraints for the operating limits of the 
various components. The DAE system is defined by 
the propulsive layout and by means of fitted equations 
whose parameters are tuned using experiments on a 
component level as in [9], either directly from physical 
measurements or from detailed dynamic simulation 
models of components. For fuel consumption 
minimisation, quasi-static models are typically 
modelled by fuel consumption maps, or fitted 
functions, as dynamic behaviour is of secondary 
importance [14]. Most of the formulations for the 
components have been verified and validated in [9] and 
the derivations will not be repeated here. The model 
description for a hybrid propulsion hybrid power 
supply configuration is given below. 
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2.1 Battery model and electrochemical efficiency 

The SoC of a battery cell is defined as the charge in 
the battery, divided by the cell’s maximum charge, 
Q(t)/Qcell,0. The derivative yields 

,

,0

cell bat

cell

I
SoC

Q
    (1) 

And by discretising with a timestep of Δt: 
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I t
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where Icell,bat the current in the battery pack (positive for 
discharging). 

 There are several ways to define battery efficiency, 
categorized in [15] into global and local effiencies, 
depending on whether the efficiency is averaged over 
the entire (dis)charging cycle (energy ratio) or is 
calculated as a power ratio. Local efficiency varies by 
both (dis)charging battery power and SoC. Local 
efficiency is strongly dependent on the (dis)charging 
battery power, while dependency on the SoC is much 
weaker [15]. This is the reason why global efficiency is 
sufficient for CS operation. However, in CD battery 
mode, the SoC value is depleted at 20% [9], and in such 
low values contribution to the battery efficiency is no 
longer negligible. The battery efficiency is used in EMSs 
for the estimation of the SoC and small errors are 
accumulated over time. 

This study uses the battery equivalent circuit found 
in [9]. However, instead of the global Ragone efficiency, 
for the reasons above, the electrochemical local 
efficiency of the battery ηech has been used instead. The 
electrochemical power of the battery cell is defined as 
the power of the battery without taking into account the 
internal losses [15]: 

, , ,cell ech cell open cell batP V I     (3) 
where Vcell,open the open circuit voltage. The 
electrochemical power Pcell,ech is connected to the battery 
cell power Pcell,bat with the electrochemical local 
efficiency: 
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The electrochemical efficiency can be expressed as a 
polynomial function of the power and SoC:
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where ci and di fitting parameters for charging and 
discharging to be determined experimentally, 
Pn=Pcell/Pcell,max. 
A complex expression for the open circuit voltage is 
used as in [9]: 
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where αi model parameters to be determined 
experimentally. Combining (3,4) while also converting 
from the pack to the cell: 
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where npar the number of cells connected in parallel and 
nser in series. The SoC for every the next time-step now 
is: 
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Substituting the expression for the Icell,bat into (8) 
provides a way to calculate the SoC for the next time 
step.  

For non DC architectures, the battery pack is 
connected via a static converter (inverter/rectifier) to an 
AC grid. The battery module current Ibat,AC, on the AC 
grid side is correlated with the battery pack power Pbat,AC 
with the expression: 
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, 3
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where Vline the line voltage and pf the power factor of the 
AC bus. 

The associated current losses at the converter, 
Ibat,cnv,los, are given by the following quadratic fitted 
relationship, assumed to stay the same for both 
converting modes: 

2
, , , 1 2 3bat cnv los nom los n nI I e I e I e                (10) 

where Inom,los the nominal current losses and ei fitting 
parameters. Moreover, In is the normalised current 
In=Ibat,AC/Ibat,AC,nom: 
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The Ipack,bat can then be found as:

, , , ,pack bat bat AC bat cnv losI I I               (12) 
Note that Ibat,cnv,los > 0 so that during charging (I<0) 

the rectifier losses are subtracted from the current input 
towards the battery, while during discharging (I>0) the 
inverter losses are added. 

2.2 Other components 

The fuel consumption of the diesel generator set 
can be measured by varying the torque at a constant 
rotational speed. A cubic approximation as a function 
of the normalised power output of the generator set, 
Pgenset,n: 

2
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(13) 

where gi fitting parameters, Pf,gen,nom the nominal power 
and m f,DG,nom the nominal diesel generator fuel 
consumption. If ai>0 then the approximation is a 
convex function because the second derivative of the 
fuel consumption is 2a2>0, strictly positive. This 
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allows for choosing the optimal number of active 
generator sets using only the required power output 
(See Appendix A). 

The main diesel engine fuel consumption can be 
approximated as a polynomial function of the 
normalised power output PDE,n and engine shaft speed 
nDE,n:

4 4

, , , , ,
0 0
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i j

f DE p f DE nom DE nom i j
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DE nom DE n DE n
j

m k m P bN n P

                        (14) 
where bi,j fitting parameters, kp the number of 
propulsion trains (assuming one engine per propeller), 
Pf,DE,nom the nominal power and m f,DE,nom the nominal 
fuel consumption of the main engine. 

The electric machine has been modelled based on a 
piecewise polynomial fit, where the normalised power 
losses, PPTO/I,loss,n= PPTO/I,loss/PPTI,loss,nom, of the variable 
speed drive can be expressed as a symmetric function 
of the normalised motor speed, nn, and torque, Mn: 

2
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where vi parameters and Mn the normalised torque. The 
power of the electric machine is 

/ , / ,/ ( )2nom PTO I nom n PTO I nPTO IP T N M n
           (16)

 with Tnom and Nnom the nominal torque and shaft speed, 
correspondingly, and nPTO/I,n the normalized PTO/I 
shaft speed. If for Power-Take-Off, PPTO/I < 0, and for 
Power-Take-In, PPTO/I > 0, the power before the PTO/I 
gearbox is: 

/ / ,| |ldri e PTO I P ov TO I ssP P P
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 while the power at the AC grid is: 
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The gearbox ratio between the propeller shaft and the 
PTO/I, and the main engine and the propeller shaft is: 
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2.3 Power Balance Algebraic Equations 

The mechanical power balance can be expressed as 
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 where Pprop the total propulsive demand and ηGB the 
gearbox efficiencies for the PTO/I and the main engine 
shaft. The power quantities have been multiplied with 
their nominal values. The power balance at the AC grid 
is 

/ , ,PTO I AC bat AC hotelgenset genset pk P k P P P
       (22)

 

where Photel the hotel power demand on the AC grid 
and the kgenset the active generator sets at each instant.  

2.4 Propulsive Load 

Since the model is quasi-static, the dynamic 
behaviour of the propulsion system due to waves, 
propeller shaft inertia, and propeller pitch are 
neglected. Thus, the propulsive power demand Pprop 
and the propeller shaft speed np can be separate 
disturbances to the system. A separate module that 
generates these disturbances from e.g.: the sea state and 
the ship speed can be used.  

2.5 Component Operating Constraints 

The operating envelope of the main engine is 
divided into three different regions, the power limit, 
n2≤nDE≤nmax, the torque limit, n1≤nDE≤n2, and the 
turbocharger limit, nmin≤nDE≤n1. The last limit is 
expressed in terms of maximum power as a function of 
the shaft speed: 

1,max
4

2,DE TB BP n
             (23)

 

where β1, β2 parameters. A safe factor can be used in 
the controller to ensure that the operating limits are not 
violated during operating point transitions, and the 
engine is stable.  

The per cell maximum continuous current of the 
battery is Imax, while the cell capacity is Q0,cell. This 
gives a maximum C-rate of Cmax= Imax/ Q0,cell  per cell. 
For this C-rate the power output Pcell,max can be 
measured, resulting in a total power output of 
Pbat,max=nsernparPbat,max. Furthermore, there is a limit on 
the battery state of charge, SoCmin≤SoC≤1. It is 
important to note that the latter is an integral constraint 
on the state. 

A minimum value for the torque Mn,min of the 
electric machine is active, or zero when the electric 
machine is disengaged.  

Finally, the power from each generator set is 
Pgenset,min≤ Pgenset ≤Pgenset,max or zero when the generator 
set is off. 

3 EMS FRAMEWORK 

3.1 Optimal Control Problem 

The ship dynamic behaviour can easily be written 
with the system description of the following form: 
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where SoC is the state variable, y the system output 
vector, u the control input vector and r the disturbance 
vector, which are: 
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The algebraic power balance (21,22) allow for the 
system output to be calculated. Note that the physical 
description contains non-linear expressions, e.g. due to 
the (dis)charging of the batteries. The operating 
constraints presented in Sec. 2.5 are part of the system 
description. 

A non-linear constrained Optimal Control Problem 
(OCP) is introduced where the objective is to find the 
control input at every time instant which minimises the 
cost function J: 
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where the fuel consumption terms and the G term are 
functions of the control input vector, the state, and the 
time. Term φ penalizes the end state SoC and term G 
penalizes the state variable. tf. and t0  the end and start 
instants. Discretising with respect to time, the OCP 
then requires a control input policy π*={u1,u2,…,uN }, 
uk  U so that: 
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where the constraints on SoC are enforced with term 
γk.Time steps t=t0+0Δt, t0+1Δt,…, t0+NΔt are denoted 
as 1,2,…N. Every control action results in the state of 
the next time step. Further discretising the state and 
control input variables into NSoC and Nu values, 
correspondingly, allows for the OCP to be solved with 
Dynamic Programming DP. Using the MATLAB® 
generic DP solver in [16], the method has been 
followed in a number of studies for automotive 
applications to minimise J [14,17,18]. 

Operating limits on the components of the ship’s 
hybrid powerplant and the integral constraints on the 
SoC need to be applied effectively. The DP solver is 
using only the defined set of the discretised control 
input vector Uk. It also includes penalising terms to 

apply constraints on the state. This allows for robust 
behaviour, ensuring all constraints are enforced. 

3.2 Model Predictive Control 

In Model Predictive Control (MPC), a series of 
OCPs are solved for subsequent time intervals or 
control horizons Tc=NcΔt. At each time step k, where 
tk=kΔt the state variable xk is sampled from the 
physical system. The disturbance vector rk,k+Nc for the 
horizon needs to be known or estimated in advance. 
Each OCP solution is found by feeding the above to the 
system description, yielding the optimal control input 
policy for the horizon π*

k,k+Nc={uk,uk+1,…,uk+Nc}. 
However, only the first control input vector uk is given 
to the physical system, while the rest are discarded and 
the procedure is repeated for the next time step k+1, 
sampling the next state variable xk+1 from the system. 

 
Fig. 1 The MPC framework. 

The advantages of MPC are identified in [19]. MPC 
is capable of using multiple variables for the state and 
control inputs, while it is also suitable for handling 
binary variables and non-linear systems. For non-linear 
systems the term non-linear MPC is used in the 
literature [20]. Applicability is promising for shipboard 
hybrid systems, where more components are present 
compared to automotive hybrid powertrains, and 
(dis)connecting generator sets or (dis)charging the 
battery module introduces non-linearit equations. 
Moreover, MPC is inherently able to use new 
predictions for the disturbance vector r whenever 
available, because it fully recalculates the OCP at 
every time step.  

Conventional MPC originates from the process 
industry where it is important to use a setpoint tracking 
term to penalise deviations from the reference system 
output or state at each stage of the OCP [19]. However, 
the objective of an EMS fits the description of 
economic or performance optimisation and can 
therefore be addressed by formulations described in the 
literature as economic MPC [20,21]. These 
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formulations drop the conventional setpoint tracking 
term and instead optimise for an economic objective by 
use of a performance term (first term of (29)) [22,23]. 
The setpoint tracking is then done with a terminal 
constraint or penalty (second term of (29)). The reader 
is referred to [20] for an overview on the stability and 
optimality of economic non-linear MPC. 

3.3 MPC Framework 

Sun et al. [18]
 
in a study for automotive vehicles, 

use an non-linear MPC approach as a compromise 
between DP and ECMS for energy management. On 
one hand, DP requires the load profile and duration to 
be known in advance, thus, it is predominantly used for 
benchmarking or tuning other EMS. On the other hand, 
ECMS performs well when information is given only 
on the present time instant, however, tuning of the 
equivalence factor, which depends on the loading 
profile, is not a trivial tasks and needs to be done in 
advance. This introduces a loading-sequence-specific 
control design overhead. Adaptive implementations 
(A-ECMS) use only a set of equivalence factors and 
the implementation in [9] failed to perform well for 
loads that differ for the profiles used for tuning. 

 
Fig. 2 Vessel power plant. 

Following the framework design found in [18], the 
proposed controller MPC framework is comprised by 
two modules, namely the Reference Trajectory 
Generation (RTG) module and the non-linear MPC 
module (top two blue blocks in Fig.1). Both modules 
solve a discrete-time finite horizon non-linear OCP 
with DP in order to minimize the fuel consumed in the 
form of an integral objective function, given by 
(30,31). In predefined time intervals, the RTG module 
is initiated and fed with the available remaining 
mission load estimation as the disturbance vector input 
rmission. From the RTG solution, a mission reference 
state trajectory for the battery SoCref(t) is computed. 
The MPC module is instead using a short term 
prediction rhorizon and is solving a new OPC for a 
defined control horizon at every control time-step tk. 
Using an End-State Constraint (ESC) for the SoC at the 
end of each horizon, the MPC solution is guided 
towards the solution generated by the RTG module: 
| ( ) ( ) |MPC c ref cSoC k N t SoC k N t E

 
               (32)

 

where E is the parameter in the ESC tuned to allow for 
feasible solutions in case of disagreement between the 
short-term MPC solution and the mission-scale 
solution by the RTG module. The end-state constraint 
is enforced with the φ term of (31). 

In both the RTG and MPC modules the behaviour 
of the propulsive plant is described by the quasi-static 
model description in Ch. 2.  

By using two different time-scales for the 
estimations, mission-scale information (e.g.: captain’s 
input, weather and routing data), can be combined with 
a short-term disturbance estimation scheme, examples 
of which can be found in [12,18,24,25,26]. The use of 
the quasi-static model in the MPC module provides 
past values of the state and the system outputs that may 
enhance the performance of the estimation scheme. 
The present study uses a perfect prediction scheme for 
both the mission-scale and the short-term, so that the 
performance of the scheme does not interfere with 
benchmarking the performance of the proposed MPC 
framework.  

4 CASE STUDY 

4.1 MPC Model Description Tuning 

The MPC framework was validated by 
incorporating the controller in a dynamic Simulink® 
model of a hybrid power plant of a naval vessel 
provided by Damen Naval BV (Fig.2). For that reason, 
the parameters of the system description have been 
formulated using measurements from the model, whose 
details and validation are mostly covered [15], except 
from the electric machine which has been simplified 
here to the same polynomial in (15). 

Table 1. Parameter Values 
Parameter Value Units 
PPTO/I,loss,nom 1.9050 105 W 
Tnom 2.2037 105 Nm 
Nnom 2.1667 s-1 

mf,DE,nom 0.4950 kg/s 
PDE,nom 9 107 W 
NDE,nom 16.667 s-1 

mf,DG,nom 0.1481 kg/s 
Pf,gen,nom 2.6923 106 W 
kp 2  
nser 34  
npar 102  
Pcell,max 1.8417 103 W 
Qcell,0 48.06 As 
Inom,los 206.670 A 
Ibat,AC,nom 10287 A 
pf 0.8  
Vline 440 V 
iGB,B 7.692  
iGB,drive 1  
Mn,min 0.3  
PDE,n,min 0.45  
SoCmin 0.2  
PDG,n,min 0.4  

 
The telegraph position, Tg, connects to the virtual 

shaft speed by the equation Nvirt = (Nvirt,max-
Nvirt,min)Tg+Nvirt,min, where Nvirt,min and Nvirt,max the min 
and max virtual shaft speed limits. The virtual speed is 
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connected to the propulsive load and actual shaft speed 
for a fixed combinator curve. An interpolated fit has 
been chosen, shown in Fig. 3. It has been used to 
generate the disturbance for the shaft speed and the 
propulsive load from the telegraph position. 

 
Fig. 3 Interpolated fit connecting virtual shaft speed to 

the actual engine speed and the propulsive load 
In Table 1 the parameters of the vessel’s power 

plant are given. On a component level, Figs B1 to B3 
present the fitted results for the electrochemical 
efficiency (5) and the main engine consumption (14). 
The Simulink® model uses a simple polynomial 
expression for fuel consumption of the generator set as 
in (13) so the reduction is trivial. The layout of the 
hybrid propulsion hybrid power supply power plant is 
given in Fig. 2.  

 
Fig. 4 Verification of model description 

For the electrochemical efficiency of the battery, 
the effect of the state of charge is observed in Figs B1 
and B2 but is more pronounced in the case of cell 
discharging. The biggest fitting error is observed in 
Fig. B2 with a maximum value of 0.7%, at the region 
where the state of charge is above 0.95 and for a 
discharging power above 40%. The residuals for 
charging are shown in Fig. B1, with the biggest fitting 
error of 0.7% occurring at the zone where the charging 
power is above 90%.  

The bottom plot of Fig. B3 includes the envelope 
boundaries and shows that the maximum residuals are 
observed alongside the operating limits of the engine, 
but do not exceed the 0.008 mark.  

The fitted equations for the main engine (14) and 
the battery cells (5) are normalised in order to ensure 
that the fit is as accurate as possible. The 

corresponding nominal values for the normalised 
quantities are found in Table 1. 

The model description has been verified offline by 
plotting the results of the same loading profile of total 
duration of 3000 s against their Simulink® model 
counterparts, as shown in Fig. 4. The offline and online 
behaviour have their bigger difference of 2,7% for the 
diesel generator power around the 800 s mark,  and for 
a relatively short duration of 200 s. Apart from this 
region, the difference is well below 1% and it is 
concluded that the model description is accurate 
enough to replicate the Simulink® model. 

4.2 MPC Framework 

4.2.1 Verification of DP solver 
The MPC framework has first been implemented 

offline in order to select suitable values for the solver 
parameters and the MPC. Both the RTG and MPC 
modules of the framework use the generic MATLAB® 
DP solver [17] to solve the OPCs.  

Regarding the numerical details, the discretisation 
of the state and control input variables was found to be 
adequate at Nx=Nu=41 above which not much 
reduction in fuel consumption was observed, while the 
computational load increased considerably. The 
number needs to be odd so that the mid setpoint of 
each variable can be zero, while the variables are 
normalised. The solver’s boundary line method that 
provides better accuracy for the discretisation number 
has been used, together with the non-fixed grid option. 
The time step of the solver is set at 20 s.  

 
Fig. 5 Verification of the RTG module, R,U indicating 
disturbances and control inputs, the latter multiplied 

with the corresponding nominal values 

The RTG module has undergone several 
verification tests: A base case of the telegraph position, 
an increased position by 10% and a decreased position 
by 10% are compared to check whether the fuel 
consumption is changing consistently. The results are 
shown in Table 2. The telegraph position is connected 
linearly to the propeller speed (until 0.9np,max), so the 
bigger fuel consumption difference when increasing 
the shaft speed, for the same percentage of change, is 
consistent with the propeller curve. 

The second test introduces narrower operating 
boundaries for the components of the power plant. The 
minimum engine power has been moved from 45% of 
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the nominal value to 50%, resulting in a consistent 
increase in fuel consumption. Likewise, an increase in 
the minimum torque for the PTO/I also increases fuel 
consumption. 

Figure 5 includes a series of plots that show how 
the various quantities of the components evolve for the 
increased minimum torque value. It is noted that not all 
of the battery charge is used (as opposed to the base 
case) because the minimum main engine power plus 
the minimum PTI power is higher than the propulsive 
demand, meaning that only in peak propulsive power 
demand regions the PTI can be activated to further 
deplete the battery. 

Table 2. RTG load consistency check 
Profile/ telegraph 
position 

Fuel Consumption 
[kg] 

Difference [%] 

Base 1974.3  
-10% 1908.1 -3.35 
+10% 2085.5 +5.63 

50% PDE,nom 2055.1 +4.09 
50%Tnom 2056.7 +4.17 

 

4.2.2 Verification of the MPC module 
The ESC parameter for the MPC module has been 

found offline by decreasing the value until the load 
profile provokes an infeasibility error. For E=0.01 the 
framework is stable with 41 grid elements (Nu=Nx=41), 
while E=0.07 can be used for 61 grid elements, and 
E=0.05 for 81. An analysis on the computational cost 
of the DP solver used by the MPC framework in this 
study can be found in [16]. The MPC module control 
horizon has also been found offline by starting at the 
short horizon of only two time steps (40 s) and 
increasing until the control inputs from the MPC 
module’s OCP problems converge to those from the 
RTG module. It has been found that a horizon of 600 s 
yields optimal response with no instabilities for both 
step-up and step-down load sequences (Fig. 6). The 
prediction horizon has been chosen to be the same as 
the control horizon. 

 
Fig. 6 Verification of the MPC module, the setpoints of 

all horizons are indicated (cyan), together with the 
implemented setpoints at each time-step (red circles), 
and for the state of charge the value at the end of the 
horizon(red circles) is plotted against the value from 

the RTG(black stars) 

4.2.3 Validation of the MPC framework 
The validation of the MPC framework is done by 

incorporating the controller in the Simulink® model, 
using lvl-2 custom S-functions. A series of realistic 
telegraph trajectories, generated by a propability 
density function from historical data, was provided by 
Damen Naval BV for the vessel. Using the combinator 
curve presented in Sec. 4.1, these telegraph trajectories 
correspond to the disturbances for the propulsive load 
and the shaft speed. The hotel load power demand has 
been constant at 1000 kW.  

The above loading sequences were spliced together 
to construct two different scenarios, referred to as 
profiles 1-2. The profiles are used in an information 
barrier scheme which has been devised for the 
validation of the MPC framework: Two online optimal 
DP controllers are being fed the same disturbances 
with the MPC framework controller. At a certain time-
step, called the Information Barrier Point (IBP), the 
telegraph trajectory changes from the initial prediction 
to the actual trajectory (solid and dashed lines, 
respectively, shown for profiles 1 and 2 in Fig. 7): 
 The first online DP controller has perfect 

information about the disturbances, including the 
change at the IBP. This means that it is the optimal 
controller and calculates the control inputs for the 
telegraph trajectory spliced at the barrier point. 

 The second online DP controller solves for the 
initial prediction until the IBP, where it 
recalculates the control inputs for the actual 
trajectory. 

 The MPC framework’s RTG module gets updated 
with the actual trajectory at the update point, 
which is before the IBP. 

 
Fig. 7 Telegraph trajectories for profile 1 and 2  

At the final horizon, the MPC framework can either 
start diminishing its horizon or use the last calculated 
control inputs from its RTG module. The first option 
should be preferred. However, it has not been 
implemented here. For this reason, the final horizon 
area is not included in the online simulation, resulting 
in comparison problems when the optimal and barrier 
DP controllers have not used the same amount of 
battery charge at the end of the online simulation. 
Offline simulations with the reduced model 
descriptions are included to help with interpreting the 
results. First, the results for the CD mode will be 
presented, were the end SoC is free to terminate 
anywhere within [0.2 1], and then the CS mode results 
will be presented, where the SoC starts at 0.9 and can 
only terminate with a value in [0.89 0.91]. 

Table 3 shows the results for CD battery mode. For 
profile 1, not all of the battery charge is depleted by the 
barrier controller, and for profile 2, no such effect takes 
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place. The barrier benchmark controller optimally 
solves a control problem twice: the first time based on 
the full initially predicted trajectory up until the IBP at 
t = 2400 s, after which it solves a second time, now for 
the actual trajectory (remaining mission). The optimal 
controller solves only once for the actual trajectory. 
The MPC framework has an information advantage 
compared to the barrier controller due to the update 
point at t = 600 s, however, its optimality is not 
guaranteed and is being benchmarked. 

In Fig. 10, in the plot for the online simulation of 
profile 1, the MPC framework SoC trajectory (blue) 
starts to follow the optimal controller SoC trajectory 
(red) after the update point at t = 600 s. This is the 
point where the RTG module of the MPC framework 
solves for the updated actual trajectory and provides 
the new reference to the MPC module of the 
framework. In the case of the MPC framework, the 
update for the trajectory occurs so that the controller is 
able to deplete the battery in time, while the late 
informed barrier controller (yellow) finishes the 
mission with some ‘trapped’ battery charge. The 
offline results in Table 3 and Fig. 8 also show the 
effect clearly. 

 
Fig. 8 Online and offline simulation state of charge 

trajectories for profile 1 and 2 in CD mode  

Table 3. Fuel consumption results; in parenthesis the 
offline results at the end of the final horizon. 

 Profile 1 Profile 2 
 Fuel 

consumption 
[kg] 

Difference 
[%] 

Fuel 
consumption 
[kg] 

Difference 
[%] 

Optimal 1787 
 (1961) 

-4.85 
(-3.44) 

1758 
(1949) 

0.00 
(-0.20) 

Barrier 1878  
(2031) 

 1758 
(1953) 

 

MPC 1811 -3.57 1798 +2.28 

 
The effect of ‘trapped’ battery charge can be 

understood in Fig. 9, for profile 1. At the region 
between 700 and 1000 s the barrier controller does not 
use the PTI, while the MPC framework, updated with 
the new information tries to use up the battery charge it 
did not use at the beginning of the mission. Not only 
that, but at 1500 s, the MPC framework depletes the 
battery more aggressively than the optimal controller to 
catch up. After 2400 s the propulsive load is too small 
for the PTI to be used, and the barrier controller cannot 
use any remaining charge. 

 
Fig. 10 PTO/PTI activity for the hotel load parametric 

study (left) and the update point study (right) 
 

A parametric Profile 2 presents little room for 
alternate control ‘paths’, and a big portion of the 
optimal and barrier controllers coincide. The MPC 
framework follow very closely the setpoints of the 
optimal controller as it can be seen in Fig. 12. 

 
Fig. 9 The PTO/I power trajectories on the online 

simulation for profile 1 and 2 in CD mode  

Two more profiles were tested for CD mode with 
similar results to profile 2, with the MPC framework 
following consistently the optimal controller solution 
after the update point.  

A parametric study for the position of the update 
point has been carried out. Table 3 presents the results 
and demonstrates that if the ‘trapped’ charge effect is 
present, there is a relatively wide update window for 
the MPC framework to yield savings. In Fig. 10 (right) 
it is shown that the PTO/I activity is consistent with the 
update points.  

A second parametric study compares different 
values for the hotel loads. It is found that there are fuel 
savings when the electric machine is used, either as a 
PTI or a PTO (Fig. 10 left - design hotel load 7269 
kW). In the latter case due to use of the low main 
engine consumption region (Fig. 11). 

 
Table 4. Parametric study: update point (profile 1) 

 Fuel consumption [kg] 
 600 s 1200 s 1800 s 
Optimal 1787 1787 1787  
Barrier 1878  1878 1878  
MPC 1811 

(-3.56%) 
1813.4 
 (-3.44%) 

1842 
(-1.92%) 

 
Table 5. Parametric study: hotel power demand 
 Fuel consumption [kg] 
 1 MW 5 MW 7,28 MW 
Optimal 1787 2442 2825  
Barrier 1878  2447 2839  
MPC 1811 

(-3.56%) 
2448 
 (+0.04%) 

2826 
(-0.44%) 
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Fig. 11 Parametric study: Main engine operating 

points from the MPC framework, corresponding to 
different simulations for the hotel demand, plotted on 

the SFOC contour plot  

The profiles were also tested for CS mode. For the 
profiles in CS mode the utilisation of the battery was 
below 0.3% of the total installed charge and the 
induction machine was only initiated during low 
propulsive demand, where the operating limit of the 
main engines was activated. For profile 1 the 
experiment was run again with the PTO/I torque limit 
relaxed from 0.3 to 0.1 and the hotel demand raised to 
7269 kW. The results are shown in Fig. 12, where it 
can be seen that the MPC framework closely follows 
the optimal controllers. It is noted that no fuel savings 
were observed in any of the CS modes, results 
consistent with the findings in [6] were CS fuel savings 
due to battery utilisation were not found.   

 
Fig. 12 Charge sustaining mode simulation results for 

profile 1 

5 CONCLUSIONS 
The case study demonstrates the following about 

the proposed MPC framework:  
 The MPC framework shows close-to-optimal 

performance and satisfies all operating constraints, 
including the integral constraints on the SoC, for 
all tested loading sequences and modes. A time 
interval of 600 s for both the prediction and the 
control horizon has been found to be sufficient for 
achieving such performance. 

 In CD mode the consumption reduction due to 
utilization of mission-scale predictions can be 
substantial. This is because unused battery charge 
at the end of the mission is avoided effectively 
with the proposed MPC framework. This battery 
charge is used instead of fuel, adding to the fuel 

consumption savings. A reduction of up to 3.5 % 
has been achieved for this specific case study in 
CD mode and under specific loading sequences. In 
CS mode, savings due to unused charge avoidance 
are not possible. 

 When the induction motors are active the 
reduction in fuel consumption due to mission scale 
information is possible (0.4% reduction observed). 
The control inputs from the MPC framework yield 
fuel efficient operating points in the envelope of 
the main engine by storing energy, via the 
induction motors, to the battery plant and using it 
at a later time, in such a way that the fuel 
consumed is minimized. 

 For several loading sequences, the two benchmark 
solutions coincide partially or completely. In such 
cases, few solutions that satisfy all of the OCP’s 
inequality constraints exist, leading to a solution 
space where fuel consumption reduction due to use 
of mission scale information is insignificant. In the 
simulations for the MPC framework, the DP 
solvers in the RTG and MPC modules of the 
framework have been shown to be effective in 
finding these feasible solutions, adding to the 
controller’s robustness. 

 The computational load allows for an embedded 
controller. The controller framework implemented 
in Simulink®, simulated together with the 
dynamic model, require less time to compute than 
the mission on a laptop computer. 

The results of the study show the effectiveness of 
the proposed framework, compared to the state-of-the-
art shipboard EMSs, to handle mission-scale effects 
and integral constraints introduced by the battery 
system. 

ACKNOWLEDGEMENTS 
The authors would like to thank Damen Naval BV 

for supplying the Simulink® model of the naval vessel 
and for providing necessary information and support 
throughout this study. 

APPENDIX A 
In order to find how to divide the total power 

demand among the available generator sets, the active 
number of generator sets can be found by an integer 
division NoE=div(Pgen,Pgenset,nom)+1, and then, by 
dividing the total power with this number the 
consumption can be found: 

, , [1, 2,..., ]gen
genset i

P
P i NoE

NoE           (A1) 
The above yields optimal results in the common 

case where a) the fuel consumption of the generator set 
is a convex function of its power demand and b) the 
generators are identical. 

By considering two generator sets with power 
setpoints Pg,1, Pg,2. What needs to be proven is that if 
point C is the common operation point of the two 
engines, there exist no points A and B, that cover the 
total power demand, such as: 
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m m m

f P f P f P

P P P
         (A2)

 

This can be proven from the definition of 
convexity: 

( (1 ) ) ( ) (1 ) ( ),
[0,1],

f tx t y tf x t f y
t x y            (A3)

 

Now, since point C is between A and B, it can be 
expressed in the form: 

, ,12 , ,1 , ,2(1 )c g a g b gP tP t P
                              (A4)

 

Which yields: 

, ,12 , ,2

, ,1 , ,2

c g b g

a g b g

P P
t

P P                                         (A5)
 

and by substituting in the equation above the 
expression 2Pc,g,12=Pa,g,1+Pb,g,2=Pgen, which means that 
in both scenarios, the total power has to add up to the 
total power demand Pgen, yields that t=1/2. From the 
definition inequality (A3), and by substituting the mf 
function, it is now: 

, , ,

, , ,

1 1(1 )
2 2

2

f c f a f b

f c f a f b

m m m

m m m
               (A6)

 

 which can be generalised for more engines and 
which proves that the common power setpoint 
Pc,g,12=Pgen,i from (A1) is optimal. In the case of 
different engines, but their consumption functions are 
still convex, the formulation above can be extended, 
however, that case is not discussed here. Regarding the 
operating limits, the following inequalities should hold: 

, ,min ,max

,max

[ , ]gen i gen gen

gen g gen

P P P

P k P                         (A7)
 

where kg the number of generator sets available on 
the vessel.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

APPENDIX B 

 

 
Fig. B1 Fit for the electrochemical efficiency of the 

battery cell when charging minus one, as a function of 
normalised power and state of charge. R-square: 

0.9996. 

 

 
Fig. B2 Fit for the electrochemical efficiency of the 

battery cell when discharging minus one, as a function 
of normalised power and state of charge. R-square: 

0.9956. 
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Fig. B3 Polynomial fit for the normalised fuel 

consumption of the main engine, as a function of 
normalised engine power and shaft speed. R-square: 1 
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Abstract 
The global goal of environmental sustainability drives the maritime industry to reduce its emissions. Emissions are mainly 
caused by energy production, hence making both production and consumption of energy more efficient is essential. To 
use energy more efficiently, we need to fully understand how energy is being utilized. In this paper, machine learning is 
used, together with physical modeling, to both analyze and predict energy streams onboard a cruise ship. A physics-based 
model for the cooling and waste-heat management system on a ship is presented. To learn typical energy usage patterns, 
machine learning is performed on one-month operation data from a mid-size cruise ship. The combination of machine 
learning with physical modeling is used to predict energy usage and flows for the next 24 hours. The objective is to give 
officers onboard a ship the possibility to predict how their actions alter the total energy usage and efficiency. 

Keywords: Forecasting, Ship energy systems, Physics-based modeling, Machine learning
 

1 INTRODUCTION 
In 2018, the International Maritime Organization 

(IMO) adapted an initial strategy to reduce Green House 
Gas (GHG) emissions from ships [1]. This strategy aims 
of a 70% reduction of GHG per transport by 2050, 
compared to the level of 2018. Additionally, the ambition 
is to reach zero-carbon emissions by the end of the 
century. In the repertoire for reaching these goals are new 
fuels, hybridization, and ship operations optimization (i.e., 
route planning and ship-port operations alignment). In this 
paper, a framework for predicting onboard energy usage 
is presented, which is believed to be an enabling 
technology for real-time optimization of ship operations. 

The analysis is concentrated on mid-size cruise ships. 
Cruise ships represent a rather small part of the global 
GHG emission from shipping, representing 4% in year 
2015 [1]. If we include different kind of passenger 
transporting ships, this figure is 8.5%. Compared to this, 
the ship category with the largest GHG emissions are 
container ships, 22.4%. However, cruise ships have a quite 
different operating profile than other ships, commonly 
with a profile of night-time cruise, and daytime berthing 
in harbor, enabling cruise-passengers to visit cities along 
the cruise route. As cruise ships tend to become small 
floating cities, with many of the functions of a city, a 
considerable amount of energy used in a cruise ship goes 
to functions other than propulsion, here called hotel load. 
For the cruise ship data used later in this paper, 
approximately 35% of the energy during cruise is used for 
hotel load, with an average power of 5.35 MW. When it 
comes to propulsion, cruise ships do not differ from other 

ships, so innovations for reducing GHG emissions can be 
reused. The main difference between cruise ships and 
others is the hotel load, including the mixed hotel load - 
propulsion scenario, so there might be considerable 
options for further energy savings and GHG emission 
reductions. 

Cruise vacations can be considered a green and 
sustainable way of traveling. Thus, we might argue that 
the cruise industry in the future must show a more 
proactive role as GHG emission reducers than shipping in 
general. This motivates development of methodologies to 
predict energy usage and to identify energy saving 
potentials in cruise ships. There is a need for 
methodologies and technical roadmaps on how to reach 
zero-carbon cruises in the future.  

Marine industries have a long history in using physics-
based models to simulate and optimize energy flows in 
ships [2,3,4]. On the other hand, recently, there has been 
an increased research interest in developing data-based 
methods for making energy predictions in ships. For 
example, machine learning was used in [5] to predict 
energy consumption in ports, and an engine digital twin 
was developed in [6] for estimation of propeller dynamics. 
Machine learning methods were applied to automatic 
identification-system (AIS) data, weather data and ship 
performance measurements for predicting the propulsion 
power of a ship in [7], artificial neural networks (ANN) 
were used to predict propulsion power in [8], and support-
vector regression (SVR) was used to predict vessel 
propulsion power in [9]. 

In this paper, we propose a combined machine-
learning and physics-based modeling strategy for 
designing a digital twin of the energy system in a cruise 
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ship. Surveys of different application areas of mixed 
physics-based and machine learning modeling has for 
example been presented in [10,11], and combined physics-
based and machine learning for engine performance 
modeling in ships has been presented in [12]. In this paper, 
a mixed machine learning and physics-based modeling 
framework for predicting the distribution of energy on a 
mid-size cruise ship is presented. We expect that the
proposed technology will make officers of the ship more
aware of how energy is consumed on board and can thus 
assisting them in making better decisions related to ship 
operations.

1.1 Main contributions

The problem of monitoring and predicting energy 
flows in a mid-size passenger cruise ship is studied. The 
main contribution of the paper is to demonstrate that 
physics-based models can be combined with machine 
learning to provide load forecasts and energy flow 
predictions. The proposed method can assist officers 
onboard by providing predict of how decisions affect the 
overall energy efficiency.

2 THEORY AND METHODOLOGY

2.1 System description

When not in port, cruise ships behave as small floating 
cities, thus, having higher demand and variations on hotel 
load compared to cargo vessels of similar size [13]. 
Although there are variations in the hotel load between 
days, it is expected that there are periodicities in load of 
24-hour and, for cruises between ports, with periods 
corresponding to the port-to-port duration. The periodicity 
can be utilized when forecasting the overall power
distribution in the ship. 

The main components of the ship considered in this 
case-study are the four 4-stroke medium-speed diesel 
gensets (DG), with a total shaft power of 48 MW, the 
engine cooling systems, propulsion, and other on-board 
energy consumers. Excess heat from the engine cooling 

system is extracted by a waste-heat recovery (WHR) 
system and is used for fresh-water production.  Waste heat 
in the exhaust gases is used for steam conversion which is 
for the most part used for heating. Since most unit
processes related to the energy production can be modeled 
by mass and energy balances, in this paper, engine cooling 
system and waste-heat recovery systems are modeled 
based on first principles. However, since the energy 
consumption on the ship is mainly governed by human 
decisions, machine learning regression models are used to 
predict mechanical and electrical loads based on past 
operation patterns. Thus, resulting in a mixed physics-
based and machine-learning forecasting model. An 
overview of the energy system on this cruise ship is given 
in Fig. 1.

The main goal in this paper is to predict the distribution 
of energy on board based on available data such as weather 
forecasts and route plans. Machine learning methods, 
trained on history data, are used to predict the total engine 
and propulsion power as well as some key temperatures 

Figure 1. Energy flows on the cruise ship.

Figure 2. Overview of the combined physics-based and machine learning framework.
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and mass-flow rates onboard that are difficult to model 
based on physics. These signals are, in turn, fed to a 
physics-based model of an engine cooling system and 
waste-heat recovery system which provides forecasts of 
temperatures and mass flow rates at all locations in the 
system. This allows us to compute the distribution of 
energy at most locations on the ship. An overview of the 
mixed physics-based and machine learning forecasting 
framework proposed in this paper is illustrated in Fig. 2.  

2.2 Physics-based modeling 

We consider the engine cooling system depicted in Fig. 3. 
An engine cooling system is typically divided into a high-
temperature (HT) and a low temperature (LT) cooling 
circuit. The HT cooling circuit is used for engine-jacket 
cooling, high-temperature charge-air cooling (HT-CAC) 
and for waste-heat recovery (WHR). The LT cooling 
circuit is used for cooling of the lubrication oil (LO) and 
for low-temperature charge-air cooling (LT-CAC). Excess 
heat that cannot be recovered via the WHR-system is 
transferred to the sea via a seawater heat exchanger (SW-
HE). Since the engine cooling system, for the most part, 
can be considered a network of heat exchangers, it can be 
modeled based on first principles.  
 
Dynamic modelling of heat exchangers is typically done 
by discretizing over the length of the heat exchanger, 
resulting in a so-called ‘lumped compartment’ or 
‘multicell’ heat-exchanger model. Modelling of a single 
heat-exchanger cell is straight-forward using mass and 
heat balances, given that the following conventional 
assumptions hold: 

 
 
 

 
 
 

see e.g. [14,15,16]. Heat transfer in the th heat-exchanger 
cell is modeled as: 
 

 

where  are the respective inlet temperatures on 
the hot and cold sides,  the outlet 
temperatures,  the masses of the heating and 
cooling media within the cell,  are the mass flow 
rates, and  the specific heat capacities. The rate of 
heat transfer within a cell is: 
 

 

 
with heat-transfer coefficient  and area of heat transfer . 
In practice, assumptions 1)-4) are not restrictive if the 
heat-exchanger model is discretized into many enough 
cells. Given the heat capacity of the liquids (or gases) and 
a steady-state operating condition of the heat exchanger 
(mass flow rates and inlet/outlet temperatures), the 
smallest number of cells needed to realize a model that can 
achieve the steady-state input-output temperatures can for 
example be determined by the graphical method proposed 
in [14]. 
 
To use the model to e.g. predict the recovered waste heat, 
we need to know how signals such as the engine load and 
intake-air temperatures change with time. Since the engine 
load is mainly determined by human decisions based on 
for example route plans, this cannot be modelled solely 

 
Figure 3. Engine cooling system and waste-heat 

recovery system. 

 
Table 1. Table of inputs and outputs for various regression methods. 

 
Method Inputs Outputs 

Machine learning 

Speed through water 
Ambient temperature 
Seawater temperature 

WHR temperature 

Ambient temperature 
Engine power (estimated) Intake air 

Polynomial regression Speed through water Total engine power 
Propulsion power 

Other relations 

Number of cylinders running 
(estimated) WHR mass flow rates 

Coordinates Seawater temperature 
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based on physics, thus machine learning regression 
models are used instead.

2.3 Machine learning

The machine learning was done using the MATLAB 
Regression Learner App which supports linear regression 
models, regression trees, support vector machines (SVM), 
Gaussian process regression (GPR) models and ensembles 
of trees, see e.g. [17]. These different methods including 
polynomial regression will be used to predict the signals
needed for inputs to the physical model, which has been 
implemented in MATLAB and Simulink. Table 1 shows 
where machine learning will be used. Fig. 4 illustrates the 
ML process. The main purpose of this study is not to 
develop new ML regression method, but to evaluate the 
applicability of already existing ‘out-of-the-box’ methods 
for the application of predicting energy flows in cruise 
ships. Thus, a description of the underlying theory of the 
used ML methods has been left out, and the reader is 
referred to e.g. [17].  

2.4 Pre-processing

A large amount of data was acquired from the ship, 
which required some pre-processing before it could be 
used. A total of 21 days of data was used for training, and 
ten days of data were used for validation. Data was 
sampled at a constant one-minute sampling frequency. 
The variables in Table 1 were selected manually, the goal 
was to find variables that the crew could reasonably know 
about beforehand, e.g. weather reports and route planning. 
The data was then split into a training set and a test set.

2.5 Prediction models

The training set was used in MATLAB’s Regression 
Learner App where ML is used to produce models. These 
models were then exported to MATLAB where the test set 
was used to make the prediction. Polynomial regression 
was used to predict total engine power, propulsion power 
and propeller power since only one input was used which 
meant that ML was unnecessary. Predictions of different 

ML models were compared against test data, and the best 
model was selected based on lowest Root-mean-square 
error and R2 criteria. In this case-study, GPR, Bagged 
Trees and polynomial regression models resulted the 
lowest prediction errors. A selection of the trained models 
for estimation of WHR temperature based on the speed-
through water, ambient air temperature and seawater 
temperature are presented in Table 2.

3 RESULTS
To showcase the predictive capabilities of the proposed 
mixed machine learning and physics-based modeling 
framework, a 24-hour period of data is considered, during 
which the cruise ship is entering and leaving harbor. 
During the first 4.5 hours, the ship is travelling at about 13 
knots in sea mode before reaching its destination. It then 
uses its thrusters to maneuver into its berth before 
assuming port mode. After about 11 hours in port, the ship 
starts moving out of its berth before entering sea mode 
where it starts moving to the next destination at a speed of 
about 20.5 knots.
We consider the following two prediction cases: 1) where 
the route-plan is determined based on history data, 2) 
where the time in port and speed through water is 
decreased to save energy. The same nautical distance is 
traversed in both cases. Results are compared to the 
benchmark where predicted power distributions obtained 
by omitting the machine-learning step and using history 
data as inputs to the physics-based model. Observe that it 
is not possible to compute the power distribution solely 
based on the available ship data without using a model of 
the cooling and waste-heat recovery system.

In Fig. 5a, the estimated power distribution obtained by 
using history data as inputs to the physics-based model is 
presented. Fig. 5b shows the predicted power distributions 
for the same itinerary but based on predictions obtained by 
the combined machine learning and physics-based model. 
The predictions are similar during the first and second part 
of the trip. However, since maneuvering using thrusters 
was not taken into consideration when training the 
machine learning models, results deviate from each other 
when the ship is entering the harbor. During the third part 
of the time-window, predictions overestimate the fuel 
consumption by about 12%.

In Fig. 5c the predicted power distributions is 
presented for the hypothetical case where the port time is 

Figure 4. The process of training and determining 
the best machine learning models.

Table 2. Training and validation results for a 
selection of machine learning models for predicting 

the waste-heat recovery water temperature.

Training Validation
ML methods RMSE R2 RMSE R2

Bagged Trees 1.05 0.96 2.62 0.58
Ensemble 0.97 0.97 2.66 0.57
GPR 0.78 0.98 2.80 0.52
SVM 2.49 0.78 2.90 0.49
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Figure 5. On-board power distribution based on (a) history data, (b) 24h prediction based on actual route plan, (c) 
24h prediction with reduced port time and speed through water. The same total distance is traversed in all cases.

Figure 6. Sankey diagram of the predicted power distribution (in MW) in port.
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reduced by two hours such that the speed after leaving 
harbor can be reduced to 16.3 knots while traversing the 
same total distance as before. The fuel consumption at the 
reduced speed is approximately 39% less than at 20.5 
knots, resulting in approximately an 18% reduction in 
overall energy consumption, that is approximately 126 
MWh of saved energy over the 24-hour period.

Figure 7 shows a snapshot of the predicted power 
distribution when the ship is moving at about 20.5 kn. 
Most of the electrical power goes to propulsion while most 
of the heat goes into the sea via the seawater coolers or to 
the air via the exhaust gas. Note that 11.8 MW of heat is 
transferred directly to the sea via the sea-water coolers, 
which is almost 20% of the total fuel power. This indicates 
that it might be possible to obtain a substantial gain in 
overall energy efficiency by better waste-heat utilization.
For example, waste-heat can be converted into electrical 
power by using organic rankine cycles [18,19]. Figure 6
shows a snapshot of the predicted power distribution when 
the ship is in port. In this case, 13% of the total fuel power 
is lost to the sea. Part of the exhaust gases in both Figs. 6 
and 7 are used for steam production on the ship. However, 
in this case study, the data required to predict it was not 
available. 

Since a physics-based model of the engine cooling 
system has been implemented, predictions of the power 
distribution between heat exchangers in the cooling 
system are also available. In Fig. 8, the predicted power of 
heat-exchangers of one of the engine cooling systems is 
illustrated. This is information that, in general, is not 
available on ships based on direct measurements. 

One of the objectives for having a system for 
prediction of the energy usage is to be able to give this 
information to the onboard personnel making operational 

decisions. When they have the possibilities to compare 
different forward prediction scenarios, it will be possible 
to making good decisions, providing the personnel with
possibilities to for instance minimize energy usage. 
Currently, there might not be so many options for the 
personnel to alter the operations. Typically, there is an 
excess of energy while cruising in form of heat that 
currently must be put to the sea, and the question is how 
to utilize this energy. For instance, the prediction system 
gives the possibilities to analyze if energy intensive hotel 
load operations are feasible to do while cruise, utilizing 
the energy otherwise offloaded to the sea. 

Figure 8. Predicted distribution of power in the DG1 
cooling system.

Figure 7 Sankey diagram of the predicted power distribution (in MW) with 20.5 kn speed through water.
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4 CONCLUSIONS 
Sustainability is and will be even more important in the 

future of shipping. The main part of sustainability comes 
from being able to reduce the GHG emissions, mainly 
CO2. A massive transformation from fossil fuels to 
completely renewable energy sources is likely to change 
this in the future. 

Before the switch to renewable fuels has been made, 
emissions can be reduced by clever use of the energy that 
is readily available onboard, and by scheduling the energy 
usage so that losses can be minimized. To operate a ship 
so that energy is cleverly used, we need information on the 
current energy streams. But also, a mechanism to predict 
future energy streams, based on potential scenarios, such 
as route planning and scheduling energy consuming 
processes onboard. 

In this paper, a strategy for providing insights into 
current energy use and predictions on future energy use 
based on combined physics-based modeling and machine 
learning has been proposed. Using machine learning, we 
can use data from normal ship operations to learn how the 
energies are consumed for given scenarios. Using physics-
based modeling, we can get insights into systems that 
normally are not easily measured. Using the combination 
of physics-based modeling and machine learning, we 
present the capabilities of prediction of total energy use 
for a given time horizon, here used 24h, a common cycle 
for a cruise ship.  
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Abstract 
 
Introduction 

At European and global levels, the energy transition from a fossil fuels-based energy market to 
a Renewable Energy Sources (RES)-based one aims to reduce energy-related carbon dioxide 
equivalent (CO2,eq) emissions to help meet global climate targets. Among different solutions to 
decarbonize transport, residential and industrial sectors, green hydrogen (i.e. entirely produced 
from RES exploitation) could represent a promising solution. Indeed, hydrogen offers the 
possibility to store energy from RES on a seasonal base, with the possibility to later use the 
stored hydrogen directly as fuel for mobility applications or as energy carrier to produce 
electrical and thermal energy. Moreover, green hydrogen produced via electrolysis could be 
used to decarbonize “hard-to-abate” sectors, e.g. chemical and steel industries.  
Among the possible applications, hydrogen fuelled Fuel Cells (FC) for maritime transport are 
gaining attention, as they could allow zero-local-emission propulsion and hence could 
guarantee the compliance with the upcoming stricter regulations on pollutant and greenhouse 
gases emissions [1,2]. However the development of a competitive and solid hydrogen 
infrastructure is crucial for the wide spread of such technology. While safety aspects and 
regulations make a significant contribution in the establishment of hydrogen infrastructures for 
both marine and terrestrial applications, a correct energy planning of hydrogen storage and 
production sites could reduce the high costs which currently hamper the diffusion of such 
technologies on a large scale.  
In this framework, a key role is played by ports, which start to be addressed as strategic areas 
in which to develop hydrogen hubs [3–6]. In a comprehensive review of energy efficiency in 
ports, Iris et al. [7] address hydrogen technologies as part of the solution to achieve a transition 
from a carbon-intensive port industry to a low-carbon port model, together with other 
improvements on operational strategies (e.g. operation optimization, peak shaving), 
technologies (e.g. electrification of equipment, cold ironing), and energy management system. 
Hydrogen in ports could be used not only for maritime transport, but also for a wide range of 
heavy-duty cargo handling equipment and other industrial users placed in the port area. 
Moreover, hydrogen hubs located in ports could benefit from the inherently strategic positions 
and mobility network of ports.  
While the industrial interest on hydrogen hubs in ports and maritime fuel cells applications is 
evident, analysis on hydrogen production, storage and delivery systems for ports are rarely 
addressed. To this purpose, the present study proposes a holistic optimization of Design and 
Operation (D&O) for a hydrogen system for a specific hydrogen demand. The port of Trieste, 
a strategic port in the Adriatic Sea (Italy), has been chosen as a case study. 
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After a first overview on possible future hydrogen users, a Mixed-Integer Linear Programming 
(MILP) approach has been adopted to optimize the D&O of a hydrogen production, storage and 
delivery system to fulfill hydrogen demand of two coastal ferries. The minimization of the 
Levelized Cost Of Hydrogen (LCOH) has been set as the objective function in the optimization. 
The optimal design of energy units, LCOH and space occupied by the hydrogen system are the 
main results of this study. 
 
Overview of future hydrogen users in a port area 

Possible future hydrogen users in the port could involve not only the maritime transport but 
also the terminal equipment (e.g. container handlers, cranes, straddle carriers, reach stackers, 
yard tractors, and forklifts), freight trains, and drayage trucks. A study conducted by the Pacific 
Northwest National Laboratory proposes a feasibility study of FC applications at multiple ports 
in the United States [4]. The study estimates the hydrogen demand of the ports terminal 
equipment based on CO2 emission data. The hydrogen demand has been estimated at 56 
kgH2/day for a container handler, 45 kgH2/day for a crane, 46 kgH2/day for a straddle carrier, 33 
kgH2/day for a reach stacker, 21 kgH2/day for a yard tractor, and 5 kgH2/day for a forklift. While 
forklifts are already a market available solutions, the other terminal equipment are only 
available via prototypes [3,6]. As for drayage trucks, a demonstration project in the Port of Los 
Angeles will see the operation of ten hydrogen fuelled FC trucks, using commercial available 
FC powertrains [4,8].  
As for maritime transport, a particular focus is often given to small and medium size vessels 
that perform short and frequent coastal voyages during the day, among which harbour tugboat 
and ferries for public transport [2]. Previously conducted research by the authors in [9] proposed 
the optimization of hybrid FC and battery powertrains for the zero-emission propulsion of 
different coastal ferries. The daily power profile of each ferry has been outlined from data 
collected in a typical day of operation, and a multi-objective optimization has been conducted 
to minimize the investment and operation costs and FC degradation. The results showed a daily 
hydrogen consumption ranging from 150 kgH2/day to 500 kgH2/day for the smallest and largest 
ferry, respectively. 
It should also be taken into account that port areas often host important heavy-industry plants, 
which often already use hydrogen for production purposes (e.g. steel production plants, 
fertilizer industries). Such plants could benefit from the green hydrogen supply to decarbonize 
their production chain. 
 
Description of the proposed hydrogen system 
The proposed hydrogen system is composed by an electrolyzer, a hydrogen compression 
station, a compressed hydrogen storage and delivery system. It has been assumed that hydrogen 
is produced by a Polymer Electrolyte Membrane Electrolyzer (PEMEC) powered by a grid-
integrated Photo Voltaic (PV) plant. Power produced by the PV plant or acquired from the grid 
fulfills the power demand of the hydrogen production, storage and delivery system, where the 
PV area has been optimized according to the set objective function. The design and operation 
of the hydrogen compression station, the two-level compressed gas storage and the delivery 
system are also optimized. The delivery system consists in a Hydrogen Refuelling Station 
(HRS), which has been assumed to be designed as the existing HRS for fuel cells hydrogen 
cars. The implementation of hydrogen technologies used in shipping industry requires detailed 
analysis of standards, safety issues and possible other challenges, out of the scope of this study. 
Fig. 1 shows a simplified schematic of the energy system analyzed. The green lines represent 
electricity flows while hydrogen flows are reported in blue. A PEMEC has been chosen to 
produce high-purity hydrogen using electricity and water. Electricity required by the PEMEC, 
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the compression station and the HRS is coming either from the electric grid or from the PV 
plant depending on the best strategy defined by the Energy Management System (EMS), i.e. 
according to operation obtained by the optimization model. The excess of power produced by 
the PV plant could be sold to the grid at 0.07 €/kWh (average Italian price for electricity [10]),
the price of electricity acquired from the grid has been set equal to 0.12 €/kWh [11]. The water 
flow feeding the electrolyzer has not been encompassed in the calculation, since it has a limited 
impact on the total production cost of hydrogen (<1%) [11]. Hydrogen produced by the PEMEC
at 30 bar is then compressed to 300 bar by a reciprocating compressor. This pressure level has 
been chosen to find a compromise between cost and volume occupied by the storage system.
The compressed hydrogen storage system consists in Low Pressure (LP) hydrogen tanks, which 
have been assumed to cost 1000 € per kg of stored hydrogen [12]. It has been included a second 
compression of hydrogen to 820 bar and a High Pressure (HP) storage system. HP hydrogen 
tanks have been assumed to cost 1500 € per kg of stored hydrogen [12]. The proposed HP 
storage allows the fast fuelling of hydrogen tanks, without the use of compressors for 
transferring hydrogen to the vehicle tanks with storage pressure up to 700 bar [13]. A 
refrigeration unit has been considered at the dispenser to guarantee a hydrogen temperature 
during refuelling of -40°C [8]. The dashed blue lines indicate possible hydrogen demands for 
other vehicles that could be integrated in the model in the future, but have not been encompassed 
in the case study proposed here.

Figure 1 Simplified schematic of the proposed hydrogen hub in the port of Trieste.

A holistic procedure that starts from the definition of the annual hydrogen demand has been 
followed in the analysis. From evaluation of typical ferry energy demands [9], it has been 
assumed a 200 kg daily hydrogen demand for each ferry. To limit the volume and weight of the 
onboard hydrogen storage, it has been proposed a refueling per day for each ferry. The duration 
of the bunkering process has been assumed to be one hour for each ferry.
A MILP approach has been chosen for the D&O optimization of the proposed hydrogen 
production, storage and delivery system. Each energy conversion and storage unit has been 
described with MILP equations without an excessive loss of accuracy, but limiting the 
computational effort required for the optimization [14–16].
The optimization problem is set to find the D&O decisional variables ∗( ) and ∗( ) (i.e. the 
optimum values of the continuous x, and binary, δ), which maximize or minimize the objective 
function . The latter has been subjected to the equality ( ) and inequality ℎ( ) constraints, 
which describe the operation of the hydrogen production, storage and delivery system:= ∗( ), ∗( )∗( ), ∗( ) = 0
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ℎ ∗( ), ∗( ) ≤ 0 
 
The Z objective function has been defined as: 
 = ( ) = ∑ , + , + & + ∑ ( ) − ∑ ( ),
Where, for the j-th energy conversion or storage unit,  is the design decisional variable (e.g. 
the rated power for the electrolyzer, and the area for the PV plant), ,  is the annualized 
capital cost, ( , )  is the replacement cost, ( & )  is the yearly cost for operation and 
maintenance. ±  and ±( )  are the costs and the power for the electricity acquired from (+) 
or sold to (-) the grid, respectively. The LCOH has been evaluated for a year operation of the 
hydrogen system by dividing the total annualized capital, operation and maintenance costs by 
the yearly hydrogen demands of the ferries ( , ). In this work, the LCOH has been 
minimized for a year operation of the plant, considering one-hour time step (24*365=8760 
hours). 
 
Results and future works 

Preliminary results of the optimization show that the optimal LCOH of the system is in the 
range of 8-10 €/kgH2, obtained with a 3.5 MWP PV plant and a 700 kW of electrolyzer.  
Future developments of the present study aim to assess the optimal LCOH and PV area for the 
proposed system integrating the hydrogen demand of cargo handling equipment and drayage 
trucks. Insight on safety and regulatory aspects is also planned to better outline the actions that 
need to be taken to implement this type of plant.  
Overall, the proposed tool could be easily implemented for the evaluation of space and costs to 
fulfill a specific hydrogen demand profile. 
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