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A B S T R A C T   

Vanadium redox flow-batteries in coastal ferry applications have the potential to help bring down the carbon 
footprint of the shipping industry. There is a lack of research focused on vanadium redox flow-batteries in 
transport applications due to their low energy density, though electrolyte swapping offers benefits whereby the 
depleted electrolyte can be rapidly exchanged for a fully charged supply. Vanadium redox flow-batteries also 
benefit from significantly higher cycle life when compared to Li-ion and fuel cell technologies, offering potential 
for lower cost per year of ownership. A vanadium redox flow-battery coastal ferry is electro-thermally modelled 
to identify whether it is feasible in terms of energy capacity, temperature limits, carbon footprint and cost. The 
ferry journeys between two ports, where each port is equipped with a flow-battery to provide electrolyte 
swapping. An Equivalent Circuit Model is utilized to model the battery response, while the thermal model 
predicts the electrolyte temperature based on the conservation of energy. Shunt current and pumping losses are 
considered in the model. It was found that vanadium redox flow-batteries show real potential for the decar-
bonisation of the shipping industry. Battery temperature is kept within the safe operating limits, while offering a 
cost per voyage close to that of a diesel system, with significant reductions in CO2 output.   

1. Introduction 

Ever increasingly stringent emissions regulations imposed by the 
International Marine Organization and the rising cost of oil prices are 
both major driving forces in the shift of the maritime industry towards 
greener power systems. Shipping accounts for 90 % of the transportation 
sector [1] and is responsible for 2.7 % of anthropogenic global CO2 
emissions [2]. In order to transition towards the imposed limits, the 
marine industry is using a number of approaches such as low emissions 
fuels [3], dual fuel [4] and LNG [5]. Additionally, there has been a rise in 
interest concerning ferry hybridization and E-Ferries, which are 
commonly powered by Li-ion [6], fuel-cells [7], hybrid fuel-cell-battery 
[8,9], or diesel hybrids. 

Flow-batteries offer an alternative energy storage solution and are 
receiving growing interest in grid storage [10] and home storage ap-
plications [11,12]. Fig. 1 shows the general principle of vanadium redox 
flow-battery operation. The liquid electrolyte for each half-cell is 

pumped through a cell containing electrodes and a membrane, and Eqs. 
(1) and (2) describe the electrochemical half-cell reactions for an 
all‑vanadium type flow-cell during charge and discharge respectively. 
The cells can be easily stacked resulting in a series electrical connection, 
while using a parallel manifold to feed the electrolyte. 

V3+ + e− ↔V2+ (1)  

VO2+ +H2O↔VO+
2 + 2H+ + e− (2) 

Flow batteries have a number of benefits, such as easier control due 
to fast response times [13,14] when compared to Li-ion, a decoupled 
power-energy relationship allowing for precise system sizing, and a 
lifespan of 20 years [12]. No studies to date have explored the potential 
influence that vehicle vibrations or loading could have on this lifespan. 
The main limitations of a flow-battery are the low energy density of the 
electrolyte and the added system complexity due to the electrolyte 
network and associated pumps. The low energy density is less of an issue 
for stationary applications, where it is relatively easy to continue to 

* Corresponding author. 
E-mail address: rwoodfield01@qub.ac.uk (R. Woodfield).  

Contents lists available at ScienceDirect 

Journal of Energy Storage 

journal homepage: www.elsevier.com/locate/est 

https://doi.org/10.1016/j.est.2022.105306 
Received 24 March 2022; Received in revised form 27 June 2022; Accepted 11 July 2022   

mailto:rwoodfield01@qub.ac.uk
www.sciencedirect.com/science/journal/2352152X
https://www.elsevier.com/locate/est
https://doi.org/10.1016/j.est.2022.105306
https://doi.org/10.1016/j.est.2022.105306
https://doi.org/10.1016/j.est.2022.105306
http://crossmark.crossref.org/dialog/?doi=10.1016/j.est.2022.105306&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Journal of Energy Storage 54 (2022) 105306

2

expand the size of the storage tanks over time if required [15]. For 
transport applications, where vehicle mass and space is severely 
restricted, electrolyte swapping presents an opportunity for the use of 
this technology. Since the charge is stored within the liquid electrolyte, 
the discharged electrolyte can be swapped rapidly for a fresh charge, in 
addition to being capable of regular recharging methods. 

Redox flow-batteries have received very limited research in transport 
applications, which could be attributed to the aforementioned low en-
ergy density. Mohamed et al. first modelled the use of a vanadium redox 
flow-battery series hybrid vehicle by means of scaling results from a lab- 
scale flow-battery experiment [16]. It was concluded that the flow- 
battery was comparable to lead-acid with the added benefit of electro-
lyte swapping. However, the energy efficiency value obtained and used 
in the model was just 65 %, compared to the expected value of between 
80 and 90 % [17]. Campillo et al. later modelled the use of a vanadium 
redox flow-battery in a wheel-loader, which is a heavy off-road vehicle 
application [18]. It was found that the application was feasible, though 
impractical due to the required frequency of recharging. More recently, 

Barelli et al. modelled a vanadium redox flow-battery and Li-ion hybrid 
bus, and compared it to that of a pure Li-ion, and a fuel-cell Li-ion hybrid 
[19]. The flow-battery covered the nominal load while the Li-ion 
handled the dynamic peaks. The model considered that each bus 
configuration would attempt to complete as many journeys as possible 
in a 12-hour timeframe. The flow-battery hybrid simulation showed real 
potential, with longer net driving time and a greater system lifespan 
than the other two configurations [19]. 

With such a low energy density it is clear that, for transport appli-
cations, the vanadium redox-flow battery would be best suited to a 
vehicle that has sufficient space to house the excessive volume of elec-
trolyte required. This paper shifts the attention towards the use of flow- 
batteries in coastal ferry applications. Recently, two projects have 
emerged showing an interest in the application of RFB technology in the 
maritime sector, though no publications exist to date. FLO-MAR inves-
tigated the use of RFB system in various vessel types and found that the 
technology was best suited to short range vessels, such as wind farm 
support, ferries, port and harbour vessels, and leisure crafts [20]. 
BlueStor recently concluded in an initial feasibility study that a 50 MW/ 
600MWh installation on a cruise ship would be more compact than a 
Lithium-ion system, and plan to continue their work into the prototype 
phase [21]. Table 1 highlights percentages of the global fleet with 
respect to the size of the vessel, where the ferry modelled in this paper 
falls in the medium category. 

When modelling a battery in any particular application, it is neces-
sary to understand the battery dynamic response to an applied load. The 
main reasons for this is to determine if the system remains within the 
safe voltage/power limits throughout the cycle and to evaluate the heat 
generated due to overpotential response with time. This can be achieved 
using first-principle models [23] which are then validated by test data, 
though an alternative is to use electrical equivalent circuit models 
(ECMs), which are data driven. First principle models often require a lot 
of information about the battery, which the control system designer may 
not have access to, though typically provide a higher degree of accuracy 
when all of the relevant information is present. ECMs utilize the 
behavior of electrical components to mimic the battery response and are 
computationally light-weight and still yield good accuracy, making 

Nomenclature 

Tbatt Temperature of the electrolyte in the battery (K) 
T+ Temperature of the electrolyte in the positive tank (K) 
T− Temperature of the electrolyte in the negative tank (K) 
Tair Temperature of the surrounding air (K) 
Tport Temperature of the electrolyte in a port electrolyte tank (K) 
Cp Electrolyte specific heat (J kg− 1 K− 1) 
ρ Electrolyte density (kg m− 3) 
Ɛ Electrode porosity 
Mbatt Mass of the battery (kg) 
Vbatt Volume of electrolyte inside the battery unit (m3) 
V+ Volume of electrolyte inside the positive tank (m3) 
V− Volume of electrolyte inside the negative tank (m3) 
Q+ Overall positive system flow rate (m3 s− 1) 

Q− Overall negative system flow rate (m3 s− 1) 
Qport Electrolyte exchange rate with a port (m3 s− 1) 
U Overall heat transfer coefficient of each tank (W m− 2 K− 1) 
A Overall surface area of each tank (m2) 
Istack Current of a single stack in the battery system (A) 
Rstack Resistance of a single stack in the battery system (Ω) 
nstring Number of stacks in the battery system 
nstack Number of cells per stack in the ferry 
SoC State of charge (%) 
Rgc Stack guide channel resistance (Ω) 
Rmanifold Stack manifold resistance (Ω) 
Rconnector Stack manifold to string connector resistance (Ω) 
Rstrmanifold Manifold section between each stack resistance (Ω) 
p Pressure (Pa) 
tport Time spent at a port (s)  

Fig. 1. A Vanadium Redox Flow-Battery reaction during discharge (a), and 
charge (b). 

Table 1 
Different vessel types as a percentage of the global fleet [22].  

Vessel Vessel size (gross tonnage) % of Global Fleet 

By total number By gross tonnage 

Small <500  37  1 
Medium 500–25,000  43  17 
Large 25,000–60,000  13  34 
Very large >60,000  7  48  
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them ideal of on-board battery management systems. A number of flow- 
battery ECM models have been developed [24–26], and it has been 
found that a single-order ECM is sufficient to accurately model flow- 
battery behavior [24], which will be adopted in this study. 

Another important aspect when assessing the feasibility of an energy 
storage system is whether the temperature will exceed the safe- 
operating conditions. Vanadium redox flow-batteries should ideally be 
kept operating between 5 ◦C to 40 ◦C. If the lower or upper threshold is 
crossed, precipitation of V2+/V3+ and V5+ occurs respectively [27]. A 
number of temperature models have been developed thus far for flow- 
batteries [27–29], where the current paper will be modelling electro-
lyte temperature using energy balance equations. 

The cost associated with battery production and degradation is also 
an important aspect when exploring feasibility. There has been little 
research into the cost of flow-battery manufacture, though since the 
power and energy relationship is decoupled, the costs associated are too. 
Power costs are defined as anything related to the battery stack, 
including battery components, pumps, assembling, testing, and power 
management. Energy costs are then mostly related to the electrolyte and 
tanks. The power and energy costs are approximately 1980 $/kW and 
227 $/kWh respectively [30], though this can be expected to drop 
dramatically if production was scaled up and if the technology received 
more research attention. Finally, the global warming potential (GWP) 
will be considered, measured in kilograms of CO2 per kWh output, 
where in this case it will be based upon the GWP of shore electricity. 

In summary, the primary aims of this paper are to assess the potential 
of flow-batteries in coastal ferry applications. This will be achieved by 
means of an electrical equivalent circuit model coupled with a temper-
ature prediction model, developed in Section 2, to assess whether the 
temperature limits are exceeded for a particular use case. Section 3 will 
then discuss the results, including a breakdown of cost and emissions per 
voyage compared to other power systems. 

2. Redox flow-battery model development 

Here the development of the electrical and thermal model will be 
discussed, along with the process involved for sizing the system, where 
Table 2 presents the parameters used. 

2.1. Redox flow-battery sizing 

Sizing of the battery will depend mainly on the maximum load of the 
use-case, whereas the electrolyte volume is scaled up to suit the energy 
storage requirements. In transport applications the energy stored will be 
limited by the mass or volume available. 

The number of cells per stack, nstack, is increased until an adequate 
stack OCV is attained, which is based upon the motor requirements. 
Next, the number of stacks, nstring, is increased until the max load 
requirement is met. The current density per cell should be taken into 
consideration also, where it should be as close as possible to the current 
density used to obtain the ECM data. This model uses the ECM data and 
electrode size from the work of Zhao et al. [24], detailed further in 
Section 2.2. Once the stack and string numbers are defined, the total 
volume of electrolyte inside the battery can be found by, 

Vbatt = Vhc × 2× nstack × nstring (3)  

where the half-cell volume, Vhc, is found by, 

Vhc = Acell ×Dcell × ε (4)  

where the electrode porosity, Ɛ, is assumed to be 0.9 [31]. 
Finally, assuming the use of a light-weight design, the mass of the 

battery unit is then approximated by, 

Mbatt = Vbatt × ρ× 4 (5) 

The load profile for a coastal ferry operating in Danish waters is used 
[8], discussed in detail later, where the diesel systems mass and volume 
are known to be 156,000 kg and 294 m3 respectively. The VRFB system 
mass limit, Mlimit, or system volume limit, Vlimit will be limited to that of 
the diesel system. The remaining mass of electrolyte available for the 
tanks is then found after deducting the mass of the battery unit from 
Mlimit, 

Mr = Mlimit − Mbatt (6)  

where each tank will store, 

Mtank =
Mr

2
(7)  

and thus, 

Vtank =
Mtank

ρel
(8) 

The total positive or negative electrolyte is then found by, 

V+ or V− = Vtank +
Vbatt

2
(9) 

Finally, the stored energy in Watt-hours is found by, 

System Energy = (V+ +V− ) × ρ× e (10) 

In this scenario the volume limit was not reached. 

2.2. Electrical equivalent circuit modelling 

The equivalent circuit model was developed using a MATLAB 
Simulink Simscape environment. A typical ECM is shown in Fig. 2, 
where the open-circuit voltage is a function of the battery state of 
charge. The total resistance is modelled by R0 and R1, and the dynamic 
response is modelled by the parallel resistor-capacitor pair, R1 and C1. 
The resistive and capacitive values can be obtained by performing a 
series of charge and discharge pulse tests such as the hybrid pulse power 
characterization (HPPC) method [32], or using electrochemical 
impedance spectroscopy (EIS) [33,34]. Flow battery EIS tests can suffer 
from low frequency disturbances due to the pulsing nature of the peri-
staltic pumps, where a gravity siphon can eliminate this issue [35]. 

Table 2 
Electro-thermal model parameters.  

Parameter Value 

Specific heat of the electrolyte, Cp 3200 J kg− 1 K− 1 [28] 
Electrolyte density, ρ 1354 kg m− 3 [28] 
Electrolyte specific energy, e 20 Wh kg− 1 

Electrolyte viscosity, μ 0.006 kg m− 1 s− 1  

[24] 
Electrolyte conductivity, σ 20 Ω− 1 m− 1 [24] 
Thickness of polypropylene tank wall, θ 0.025 m 
Thermal conductivity of polypropylene, k 0.16 W m− 1 K− 1 [28] 
Convection heat transfer coeff.: tank inner top/bottom wall, 

h11 

270.1 W m− 2 K− 1  

[28] 
Convection heat transfer coeff.: tank inner cylinder wall, h12 405.2 W m− 2 K− 1  

[28] 
Convection heat transfer coeff.: tank outer top/bottom wall, 

h21 

3.5 W m− 2 K− 1 [28] 

Convection heat transfer coeff.: tank outer cylinder wall, h22 5.3 W m− 2 K− 1 [28] 
Electrons transferred, z 1 
Faraday's constant, F 96,485C mol− 1 

Concentration of vanadium, c 1600 mol m− 3 [28] 
Gas constant, R 8.314C mol− 1 K− 1 

Number of cells per stack in the ferry, nstack 600 
Number of stacks in the ferry, nstring 20 
Electrode area per cell, Acell 0.078 m2 [24] 
Electrode thickness, Dcell 0.003 m [24] 
Electrode length, Lcell 0.26 m [24] 
Electrode width, Wcell 0.3 m [24] 
Electrode permeability, kperm 1.685 ×10− 10 m2  

[24]  
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The present model utilizes ECM parameters from a 15 cell stack by 
Zhao et al. [24], treating it as a 15 cell battery module in the overall 
battery unit. The battery was configured so that the current density at 
full load was kept in the region of 160 mA/cm2, as the ECM values used 
were obtained at this current density. This was necessary in order to get 
a representative battery model, since the behavior of a flow-battery does 
not scale linearly with increased electrode size [36]. In an ideal case this 
model would use dynamic response data from a megawatt scale battery, 
though there is limited data available on this scale. 

The open circuit voltage for the 15-cell module is modelled using the 
following simplified equation [24], 

VOCVmodule = 15×
(

E0 +
2RT
F
ln

SoC
1 − SoC

)

(11)  

where E0 is the standard electrode potential, and is set to 1.39 V. The 
temperature is set to 25 ◦C, where the ECM model does not consider 
changes in temperature. The equivalent circuit model determines the 
terminal voltage for the 15-cell module by, 

V15CellModule = Vocvmodule + IR0module +VRC1module (12)  

where the resistive and capacitive components for the 15-cell stack, R0, 
R1 and C1 are 0.0104 Ω, 0.0097 Ω and 1110 F respectively, obtained 
using a current density and flow rate of 160 mA/cm2 and 4 L/min [24]. 
Many studies demonstrate far higher current densities [37,38], however 
the objective is to ensure minimal degradation using a modest current 
density, so that the 20 year lifespan can be utilized to bring down the 
cost per year of ownership. The 15-cell module voltage is then scaled up 
by adding the modules in a string to meet the system voltage re-
quirements. Forty modules were required to reach the desired 600 cell 
string in order to output an appropriate voltage for the motor. The 
current density is then reduced by adding more strings, until the target 

current density of 160 mA/cm2 is attained for steady state cruising. The 
state of charge is then modelled by, 

SoCt = SoCt− 1 +

(
System Current

System Capacity× 3600

)

δt (13)  

where the system capacity has the units Amp-hours, found by dividing 
the Watt-hour capacity by the system nominal voltage. 

Flow batteries using a stacked arrangement inevitably suffer a 
parasitic loss referred to as shunt currents. These losses arise as a result 
of using common electrolyte manifolds [39]. It's possible to model shunt 
currents using equivalent circuit methods, where resistors are used to 
represent the ionic resistance of the pipe networks [40]. Fig. 3 shows the 
layout of one half-system, where it can be seen that each string has 
piping that connects directly to the tank using long pipes to minimize 
shunt currents. This is done at the cost of increased pumping losses in the 
pipes, which are generally small due to the use of plastic piping and low 
flow rates, as will be seen in Section 3. 

Looking at Fig. 4, the shunt current model by Zhao et al. [24] has 
been extended to incorporate the additional piping networks used in the 
present work. It should be noted that industrial systems would typically 
use significantly larger electrodes with a lesser number of strings to 
reduce shunt currents, however the 15-cell kilowatt scale stack has been 
experimentally validated [41] and thus will be utilized in the present 
work. The resistor values used in the shunt current model can be found 
in Table 3, found using the following equation, 

R =
L
σA (14) 

where ‘L’ and ‘A’ are the length and cross-sectional area of the pipe 
section, and ‘σ’ is the electrolyte conductivity. 

In order to reduce the complexity of the ferry model, the shunt 
current model was run separately at 50 % SoC at 160 mA/cm2. The 
average shunt current is then multiplied by the nominal string voltage 
and the number of strings, then applied as a constant on the demanded 
load. 

2.3. Hydraulic circuit model 

In order to consider the net energy efficiency of the system it is 
necessary to incorporate the power losses associated with pumping the 
electrolyte through the system. Firstly, the hydraulic resistance per cell 
is found using Darcy's equation, 

R̃cell =
μ× Lcell

kperm ×Wcell × Dcell
(15) 

Fig. 2. First-order electrical equivalent circuit model.  

Fig. 3. System layout.  
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Next, the pressure drop across a single stack is determined by, 

Δpstack =
Q× R̃cell

15
(16) 

The flow rate of each stack was maintained at a constant of 4 L/min, 
in line with the ECM data used by Zhao et al. [24], and thus the system 
flow rate is scaled up according to the number of stacks used. 

The minor losses and frictional losses in the external piping network 
are also considered. Looking at the frictional losses first, the Reynolds 
number is found by, 

Re =
ρVD
μ (17) 

where ‘V’ is the velocity of the electrolyte, and ‘D’ is the internal 
diameter of the pipe. The pipe lengths and diameters labelled in Fig. 3 
are listed in Table 4. 

The friction factor for a pipe section is then found by, 

f =
64
Re

(For Re < 2000), f = 0.316Re− 0.25 (For 4000 < Re < 10000) (18) 

The frictional losses can then be found using the Darcy-Weisbach 
equation, 

hf = f
L
D
V2

2g
(19)  

where ‘L’ is the length of the pipe section. Next, the minor losses are 
found using the following, 

hm = KL
V2

2g
(20)  

where ‘KL’ are the minor loss coefficients, found in Table 5. The pressure 
drop across the pipe network can then be found using the Bernoulli 
equation, where the first three terms in brackets can be assumed zero for 
model simplicity, 

Δppiping = ρg
(

hwork −
V2

2g
− Δz − hf − hm

)

(21) 

Finally, the pump load is found by, 

ΔPpump =
(
Δpstacks + Δppiping

)
× (Q+ + Q− )

ηpump
(22)  

where the pump efficiency, ηpump, is set to 0.5 [41]. This pump load is 
added to the demanded load. 

2.4. Thermal modelling 

The temperature prediction of the electrolyte is based upon the 
conservation of energy. A number of assumptions are made without 
losing generality [28], 

Heat is only generated via the resistance of the cells;  

1. Heat transfer between the cells and the surroundings only occurs 
between the surrounding air and the electrolyte tanks; 

Fig. 4. Shunt current equivalent circuit model for a single string, where the blue components represent the cells and their internal resistance, while the red and green 
circuits represent the ionic resistances of the guide channel and manifold networks in the anolyte and catholyte sides of the system respectively. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 3 
Shunt current model resistance values.  

Parameter Resistance (Ω) 

Stack guide channel resistance, Rgc 5333.33 [24] 
Stack manifold resistance, Rmanifold 1.25 [24] 
Stack manifold to string manifold connector resistance, Rconnector 127.32 
Manifold section between each stack resistance, Rstrmanifold 

9.05  

Table 4 
Pipe lengths and diameters.  

Pipe section Length (m) Diameter (m) 

L1  25  0.075 
L2  25  0.075 
L3  0.2  0.0254 
L4  0.2  0.0254 
L5  25  0.075 
L6  25  0.075  

Table 5 
Minor loss coefficients.  

Component Loss coefficient KL 

Tank into pipe  0.4 
Flanged 90◦ bend  0.2 
Reduction in pipe  0.33 
Expansion in pipe  0.56 
Pipe into tank  1  
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2. Electrolyte volumes in the tanks and cells are constant during battery 
operation;  

3. Electrolyte is perfectly mixed at all times; 
4. The electrolyte tank outer surfaces are under free-convection con-

ditions in the engine room  
5. The electrolyte tank inner surfaces are considered to be free- 

convection due to the flow-rate being relatively small when 
compared to the tank volume 

The resulting energy balance equations are shown in Eqs. (23), (24) 
and (25) for the battery system, positive electrolyte tank and negative 
electrolyte tank respectively. 

CpρVbatt
dTbatt
dt

= Q+Cpρ(T+ − Tbatt)+Q− Cpρ(T− − Tbatt)+ I2
stackRstacknstring

(23)  

CpρV+

dT+
dt

= Q+Cpρ(Tbatt − T+)+UA(Tair − T+) (24)  

CpρV−

dT−
dt

= Q− Cpρ(Tbatt − T− ) +UA(Tair − T− ) (25) 

While the ferry is using the direct swapping method for the elec-
trolyte at the port, Eqs. (24) and (25) become, 

CpρV+

dT+
dt

= Q+Cpρ(Tbatt − T+)+QportCpρ
(
Tport − T+

)
+UA(Tair − T+)

(26)  

CpρV−

dT−
dt

= Q− Cpρ(Tbatt − T− ) +QportCpρ
(
Tport − T−

)
+UA(Tair − T− )

(27)  

where Qport and Tport are the flow rate of the electrolyte exchange and 
the temperature of the electrolyte at the port respectively. Air temper-
ature is held constant at 298 K, and while ported it is assumed that the 
flow battery on-board the ferry continues to circulate electrolyte within 
its own system to flush out depleted electrolyte and reduce the tem-
perature of the electrolyte in the battery unit. This is important as 
temperature management during stand-by conditions is critical to avoid 
solute precipitation [42]. Each of the ports which the ferry docks at has 
the same electro-thermal model in place, though the electrolyte volume 
at each of the ports is twice that of the ferry. The flow rate for electrolyte 
swapping of each half of the system is found by, 

Qport =
V+ or V−

tport
(28)  

where tport is the time spent in the port. 
In order to define the overall heat transfer coefficient for each tank it 

is first necessary to define the tank dimensions. For simplicity it is 
assumed that the tank will be cylindrical, and have a 1:1 height to width 
ratio. 

The electrolyte tanks are assumed to be polypropylene, where the 
heat transfer coefficient for the cylindrical wall of the tank, Ucyl, and the 
top or bottom surface of the tank, Uflat, are found by, 

Ucyl =
1

(
1
/h11

)
+
(
rtank/k

)
ln
(
rtank + θ/rtank

)
+
(
rtank/rtank + θ

)(
1
/h21

) (29)  

Uflat =
1

1
/h12

+ θ/k +
1
/h22

(30)  

where h11 and h21 are the inner and outer heat transfer coefficient of the 
top/bottom surfaces respectively, while h12 and h22 are the inner and 
outer heat transfer coefficient of the cylindrical surface respectively 
[28]. 

The overall heat transfer coefficient can then be identified as, 

UA = UcylAcyl + 2UflatAflat (31)  

where the areas of the two surfaces are, 

Acyl = 2π× rtank × htank (32)  

Aflat = π× r2
tank (33)  

3. Results and discussion 

The resulting system sizing achieved following the methodology in 
Section 2 can be seen in Table 6. The system has the same mass as the 
original diesel system, at 156 t, and is therefore mass constrained. The 
VRFB system volume was approximately 115 m3, where the original 
diesel system was 294 m3 including a 140 m3 fuel tank. 

3.1. Single trip and swapping method 

The ferry embarks on sixteen 1-hour trips per day, where the first trip 
can be seen in Fig. 5. This is an averaged load profile for the original 
diesel system, where the only difference is that the diesel system con-
tinues to power the ancillaries when ported. As the ferry disembarks 
there is a ramp up in demanded load before entering steady-state 
cruising mode. The battery voltage gradually drops in this mode as the 
state of charge is decreasing, resulting in a slight increase in the 
magnitude of cell current density to meet the demanded load. The load 
then begins to ramp down and the ferry is stationary in the port at 2785 s 
until 3600 s. 

While ported, the ferry ancillaries are powered by the grid and the 
port is exchanging electrolyte from the port VRFB to the ferry VRFB, 
resulting in a rise in the state of charge and battery voltage. The port 
batteries have the same stack size as the ferry, with twice the capacity of 
the ferry. 

It can be seen that after a single trip the temperatures of the ferry 
stack and tanks have remained within the safe operating limits. The 
stack temperature begins to drop initially as the load is reduced, and 
then both the stack and tank temperatures drop as electrolyte is 
exchanged with the port. 

The state of charge of the system drops to 58 % after the voyage, 
indicating at first that a VRFB ferry is viable from an energy capacity 
point of view. This method of electrolyte swapping shall be called direct 
swapping. Looking at a full day of operation in Fig. 6, direct swapping 
eventually reaches a stabilization window of operation, where each trip 
starts at 66 % and is reduced to 20 %. This results from the port and the 
ferry mixing electrolytes, approaching a final SoC somewhere between 
the port and ferry initial SoC. 

This paper proposes a new method for electrolyte swapping, 
whereby the ferry and ports would have two additional electrolyte 
tanks, termed pre-chambers, as seen in Fig. 7 denoted by ‘PC’. When the 
ferry needs to swap electrolyte, the port will pump fully charged elec-
trolyte into the ferry pre-chambers, while the ferry pumps its depleted 
electrolyte into the port pre-chambers. Once the port has filled the ferry 
pre-chamber with charged electrolyte, and the ferry has filled the port 
pre-chamber with depleted electrolyte, the pre-chambers then release 
the electrolyte into the empty tanks. This enables the ferry to receive the 

Table 6 
RFB ferry system sizing.  

Parameter Value 

Dry battery unit mass 22,813 kg 
Battery unit electrolyte mass 7604 kg 
Tank electrolyte mass 125,584 kg 
System mass 156,000 kg 
System capacity 2.89 MWh 
System specific energy 18.52 Wh kg− 1  

R. Woodfield et al.                                                                                                                                                                                                                              



Journal of Energy Storage 54 (2022) 105306

7

electrolyte without the swapping process reducing the capacity. After 
considering the volume of the main tanks and battery unit, there was 
still sufficient room to accommodate the pre-chambers on the ferry. 

Fig. 6 shows how employing indirect swapping results in a significant 

difference in the state of charge stable operating window, where each 
voyage now starts at 95 % (to prevent gassing) and ends at 52 %. This 
finding is of great importance, as the increased state of charge means 
that the efficiency of the system is improved and the range is increased. 

Fig. 5. A single trip between ports showing the (a) ferry battery load demanded; (b) ferry battery voltage response; (c) ferry battery current density per cell; (d) ferry 
battery state of charge; (e) ferry electrolyte temperature in the battery and tanks. 

Fig. 6. Comparison of state of charge operating windows for direct and in-direct electrolyte swapping.  

Fig. 7. RFB E-Ferry operating between two ports.  
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Higher state of charge means a higher operating voltage, which results 
in a lower current density. The operating temperature of the system is 
then also reduced as a result, due to the I2R Ohmic heating relationship. 
Any future development of redox flow-batteries in transport applications 
should strongly consider using indirect swapping if electrolyte swapping 
is employed. If the vehicle is limited for space, pre-chambers in just the 
port/station are sufficient, though this will result in a slower swapping 
process. 

The output for the string shunt current is shown in Fig. 8. It is evident 
that shunt current plays a very serious role in systems with a large stack 
size. At 50 % SoC the average string shunt current is 16.57 A, 13 % of the 
applied load, equating to a power loss of 278.39 kW. This could be 
reduced by utilizing a more complex piping network at the cost of 
additional pumping losses, or by using industrial scale cells which are 
large enough to justify using a single pump and tank for a portion of the 
string. The pumping losses associated with the piping network and the 
stacks was calculated to be <1 % of the demanded load. 

3.2. Long term usage and cooling requirements 

When looking at the temperature of a single trip in Fig. 5 (a) or a day 
of operation, the ferry and ports require no cooling, as the temperatures 
stay well within the safe operating limits. The simulation was then 
extended over a number of months until the temperature reached a 
stable operating window. Fig. 9 shows the peak temperature of each day 
of operation over a fifteen week period using indirect swapping. 

By introducing a cooling system in each of the port electrolyte tanks 
it is possible to bring the ferry temperatures down significantly, where 
the cooling power was iteratively increased until the temperature sta-
bilized just below 40 ◦C. This required 62 kW of cooling per port tank, 
without needing to add additional mass or volume to the ferry. It should 
be noted that the atmospheric temperature was held constant at 25 ◦C 
which is a worst case scenario for Danish waters, where typically the 
temperatures would be far lower. In reality less cooling power would be 
required at the ports, and could be optimized based on the actual con-
ditions and weather forecasts. 

3.3. Cost and emissions 

This section will discuss the costs and emissions in comparison to 
original diesel system and the fuel-cell hybrid system developed by Wu 
et al. [8]. Wu used the Danish commercial grid energy costs and GWP of 
0.09 $ / kWh and 0.17 kg CO₂ / kWh respectively, which shall also be 
used for the flow-battery scenario. 

Looking at Table 7, system B represents the findings from Wu et al. 

[8]. The costs associated with the fuel cell and battery represent the 
degradation over the lifespan of the components. It can be seen that the 
fuel cell degradation and the hydrogen costs result in an overall cost per 
voyage being more than three times greater than the initial diesel sys-
tem. However, the fuel cell hybrid does offer a marked reduction in GWP 
versus system A. Furthermore, as the technology matures, it is likely that 
the large expense associated with the proton exchange membranes will 
drop, in addition to the costs and GWP associated with manufacturing 
the hydrogen fuel [43]. 

System C presents the findings of this work, also displayed in Fig. 10. 

Fig. 8. Shunt current distribution along a string of 40 stacks.  

Fig. 9. Daily peak stack temperatures over fifteen weeks of operation with 62 
kW of cooling in each tank at the ports. 

Table 7 
Cost and emissions breakdown between the various systems.    

Cost [$] GWP emissions [kg CO₂] 

System A Diesel engine 46 – 
Diesel [8] Diesel fuel 168 838  

Shore electricity 4 4  
Total 218 842 

System B Fuel cell 238 – 
Fuel cell – Li ion Hydrogen 368 67 
Hybrid [8] Battery 65 –  

Shore electricity 39 123  
Total 710 190 

System C Flow battery 77 – 
Flow battery Electrolyte 28 – 
(Indirect swapping) Shore Electricity 172 326  

Total 277 326  

Fig. 10. Cost and emissions comparison between the various systems, where 
system A, B and C represent the Diesel, Fuel-cell/Li-ion, and Flow-battery 
systems respectively. 
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It can be seen that the flow battery system possesses a cost per voyage 
that can compete with the original diesel system, while offering a 
threefold reduction in GWP. Additionally, the flow-battery system can 
be improved further by utilizing green energy sources to recharge the 
port batteries, such as tidal, wind and solar energy. It should also be 
noted that the electrolyte can be reused after the battery is replaced, 
where the electrolyte accounts for 27 % of the capital cost in this 
application. 

4. Conclusion 

An electro-thermal RFB model has been developed which considers a 
RFB ferry voyaging between two ports, each of which have RFBs to 
provide electrolyte swapping for the ferry. It has been found that va-
nadium redox flow-batteries show real potential in coastal ferry appli-
cations. Electrolyte swapping is the key enabler in making this 
technology viable, where indirect swapping utilizing pre-chambers was 
found to be optimal over direct swapping as it enables the ferry to 
operate at a higher state of charge. A cooling system in just the port 
battery systems is sufficient to keep the ferry electrolyte temperatures 
under control and within the safe operating limits. The cost per voyage 
was shown to be close to that of the mainstream diesel system and 
significantly less than the fuel-cell hybrid, owing to the long lifespan of 
the flow-battery. The GWP of the flow-battery is more than three times 
less than the diesel system, and has potential to drop much further with 
green energy powering the port batteries. Flow battery costs and GWP is 
expected to improve further versus the diesel engine, as flow batteries 
are in a state of rapid development. Future work could consider cabin 
temperature management and other marine applications, where the 
system can be scaled for most applications with a voyage duration of 
around 1 h. 
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