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This article examines the potential implications of using iron powder as an alternative fuel on the de-
sign and performance of container ships. Iron powder is a relatively new alternative energy carrier and
one in which little research has been done into the application on-board vessels as part of the maritime
energy transition. The key benefits of iron powder are that it is a circular energy carrier and the combus-
tion process emits no greenhouse gases. Transitioning to iron powder is expected to have far reaching
implications for the design and performance of ships. Thus, this paper aims to perform the first study
assessing the potential of this concept applied to container ships. To do so, a preliminary design space
was explored with a custom parametric design model developed to generate preliminary designs of iron
fuelled container ships as a function of the operational profile. Using this parametric design model, it
was identified that iron fuelled container ships are weight limited, unlike conventionally fuelled container
vessels. Furthermore, iron fuelled container ships are best suited for short voyages at low cruising speed.
For these voyages, it was concluded that iron fuelled ships are economically feasible; however, other al-
ternative marine fuels are likely more profitable than iron due to the low efficiency of iron fuelled ships
and the high cost of iron per unit energy.

Keywords: Iron powder, alternative fuel, container ship design, design space exploration, feasibility study

1. Introduction

The maritime sector is under increasing pressure to reduce its environmental im-
pact. Due to the combustion of low grade fossil fuels, ships emit significant amounts
of greenhouse gasses (GHGs) and air pollutants. The shipping industry is responsi-
ble for approximately 2.9% of the total anthropogenic emissions of GHGs [10], and
in order to reduce the contribution of the shipping industry to anthropogenic climate
change, the International Maritime Organisation (IMO) aims to reduce the emission
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of GHGs by at least 50% in 2050 compared to 2008 emission levels. Beyond GHGs,
the IMO has also developed measures to reduce the emission of air pollutants, such
as SOx and NOx .

Although the carbon intensity of ships is steadily decreasing, the demand for
seaborne trade has continually increased [10]. Thus, the total emission of GHGs
from the shipping industry has increased with respect to emissions in 2012, despite
the implemented measures to reduce these emissions. If no additional policies are
taken that reduce carbon intensity, the projected emission of GHGs from shipping in
2050 is expected to increase 90–130% compared to 2008 levels [10]. Given the emis-
sion targets of the IMO, it is likely that additional measures to reduce the emission
of GHGs and air pollutants will follow [13].

One of the most promising ways to reduce the environmental impact of shipping
is to use alternative marine fuels, as mentioned in the long term solutions of the IMO
initial GHG strategy [14] and other literature [1,4,8]. Multiple different alternative
fuels are available for the shipping industry, such as low carbon fuels like liquefied
natural gas or carbon free fuels such as hydrogen or ammonia. The choice for a sin-
gle alternative fuel is not straightforward, as illustrated in a review on the differences
between alternative fuels [23]. Most fuels are less energy dense compared to con-
ventional fuels or require specialised equipment to keep the fuel stored at specific
conditions. The land-based infrastructure is often under-developed compared to con-
ventional fuel infrastructure and prices are unpredictable and generally higher than
conventional fuels. It is no surprise, then, that the shipping industry currently relies
on conventional fuels for the vast majority of its energy needs. However, as the reg-
ulations on shipping emissions become more strict, shipowners are driven towards
alternative fuels, and their importance will likely grow.

Recently, iron powder has been proposed as another potential marine fuel [17].
The potential of iron powder as an energy carrier caught public interest after a set
of review papers on the use of metal powder as energy storage [2,3]. Iron powder
combusts without emission of CO2 and the emission of other air pollutants is greatly
reduced [26]. An initial feasibility study confirmed that it is technically possible to
power ships using iron powder [17], however, the full influence on the ship design
and performance remain to be explored.

Iron powder can be combusted, and the combustion heat is then converted to me-
chanical power in a heat engine. Upon combustion, the iron powder is converted to
iron oxide powder, which can then be filtered out of the exhaust stream, and stored
on board. Later, this oxide powder can be reformed to iron powder using renew-
ably produced hydrogen in land-based facilities. This makes iron powder a potential
cyclic energy carrier for renewable energy [2,17]. Though very little research exists
on iron as a marine fuel, it has some promising properties. The volumetric energy
density of iron is quite high compared to other traditional and alternative energy car-
riers. In addition, iron is easy and safe to store on board [17]. However, as shown
in Fig. 1, iron powder has lower gravimetric energy density, potentially leading to
weight or displacement issues from a ship design perspective. Given these unique
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Fig. 1. Comparison of volumetric and gravimetric energy density of the alternative fuels [17].

characteristics, it is expected that transitioning to iron powder will have considerable
implications for both the design and performance of ships. Furthermore the global
supply of iron and the potential sustainable recycling process for its production in
combination with the mild behaviour in terms of hazards [17], provides justification
for iron in favor of the other metals listed in Fig. 1.

To establish whether iron should be considered as a viable alternative marine fuel,
this papers aims to perform the first study assessing the potential of this concept by
evaluating the ship design and performance implications of an iron fuelled power
plant for container ships. Container ships are generally volume limited vessels, so it
is argued that a heavy but dense fuel affects the cargo carrying capacity of a container
ship less than for deadweight limited vessels. Iron fuelled ships that require a large
energy carrying capacity are limited in their cargo carrying capacity, since a large
proportion of the available deadweight is spent on fuel. Therefore, it is argued that
iron is likely more suitable for short voyages rather than ocean going vessels. Thus,
the focus of this paper is on short sea shipping container ships.

2. Methods

As iron powder as fuel is expected to have far reaching implications for the ship
design, an understanding of these implications is necessary to assess the final fea-
sibility of this alternative energy concept. Technical feasibility was assessed based
on naval architecture requirements related to resistance and propulsion matching,
weight, stability, and cargo carrying capacity (Sections 2.3 to 2.5). In this research,
data was generated on the design and performance of iron fuelled ships for differ-
ent operational profiles using a custom parametric design model. This model was
developed to quickly generate a range of preliminary designs for iron fuelled ships
as a function of the operational profile parameters. The goal of this model was not
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ship design optimization explicitly, but instead to be used to help generate and ex-
plore promising design trends that can be identified within the design space of iron
fuelled ships. With the data generated from the design model, economically viable
operational profiles were identified based on criteria related to net present value, min-
imum freight rate, and required capital investment (Section 2.6). The performance of
iron fuelled ships was then compared to that of ships that are fuelled with different
alternative fuels.

2.1. Architecture of the parametric design model

The parametric design model (Fig. 2) generates a set of preliminary designs. This
way the design space of iron fuelled ships can be explored as a function of the desired
operational profile defined by the speed, required cargo capacity, and range. These
operational profiles are called design problems in this paper (see Section 3.1). For
feasible designs, the model calculates key performance indicators (KPIs) used to
rank the different designs. The KPIs are related to the economic performance of the
vessel as well as its energy efficiency, and are explained in detail in Section 2.6.

The model explores the design space by performing a design loop for a predefined
number of times (Algorithm 1) to solve the four design problems described in Sec-
tion 3.1. This pre-set number of iterations was found by performing a convergence
study. As illustrated in Fig. 3, after approximately 2 million iterations, very few

Fig. 2. Flowchart of the parametric design model.
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Algorithm 1 Pseudocode of the parametric design model
while iteration < desired number of iterations do

if iteration = 1 then
Generate random set of main dimensions within preset bounds

else if Previous design does not meet all requirements then
Generate new set of main dimensions
if New main dimensions are already checked then

Generate unique set of main dimensions from previous iteration
end if

else if The previous design met all requirements then
Generate random set of main dimensions within preset bounds
if New set of main dimensions are already checked then

Generate unique set of random main dimensions
end if

end if

Find hull parameters corresponding to main dimensions from hull database
Estimate resistance given hull parameters and desired speed
Estimate the electrical power consumption
Make initial estimate of propulsive plant support power

while Initial estimate of the propulsive plant support systems is too far off do
Estimate dimensions and weight of boiler, turbine, baghouse filter, and cyclone filter
Calculate GM and total weight when container deck stack height is zero

if The displacement is lower than the total mass then
Break the design loop, retry with new dimensions

else if The GM is lower than 0.3 m then
Break the design loop, retry with new dimensions

end if � This constitutes the feasibility check

while Displacement or GM requirement is not violated do
Increase number of containers on deck

end while
Determine trim angle, assuming iron silos are placed in aft most hold
while The difference in draft fore and aft is greater than 0.25 m do

Place the iron silos further forward and recalculate trim
Determine propulsive plant support power requirement

end while
Check estimate of propulsive plant support power to actual requirement

end while

if Weight, stability, cargo capacity, and freeboard requirements are met then
Calculate KPIs and store design as feasible

end if � This constitutes the operational check

end while
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Fig. 3. Number of new, sufficiently unique designs over design loop iterations.

new, sufficiently unique designs were generated. Despite convergence after roughly
2 million cycles, this study completed 6 million cycles to increase confidence of
convergence. Running the design loop sufficiently long for convergence takes ap-
proximately 2 hours on a personal laptop.

The designs are considered unique if the length is at least 5 meters apart, the draft
is 1 meter apart, the beam is at least 2.6 meters apart, or the depth is 2.45 meters
apart. Once the design loop is completed, a proposed ship design consisting of a set
of main dimensions is checked against a set of requirements. For feasible designs,
the KPIs are determined and a new, randomly chosen set of main dimensions is
generated to find another design. If the design does not meet the requirements, the
main dimensions are changed according to the shortcoming of the design, and the
process is repeated.

2.2. Modeling assumptions of the iron fuelled propulsive plant

In order to develop the parametric design model for iron fuelled ships, assumptions
were necessary related to the propulsive plant. In a previous feasibility study on iron
fuel for shipping, it was found that a heat engine on a Rankine cycle is the most
suitable, readily available heat engine for iron fuelled ships [17]. The research in
this paper assumed that iron fuelled ships run on a reheated, superheated Rankine
cycle, modelled after the Ultra Steam Turbine (UST) plant developed by Mitsubishi
industries [15]. It was assumed that the electric consumer power and propulsive plant
support power are extracted from the main driver with a Power-Take-Off – Shaft
Generator, to prevent the necessity for polluting diesel-generators.

In addition, it was assumed that there is one single boiler that produces the required
steam output. For this initial study, redundancy and optimisation of the power plant
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Fig. 4. Proposed iron silos location and bunkering procedure.

design itself were outside the scope. The heat exchangers in the boiler are tube and
shell heat exchangers, since the working fluid is pressurised. The superheated steam
is converted to mechanical power using a high pressure, intermediate pressure and
a low pressure turbine. The oxide particles are filtered out of the exhaust stream
with cyclone filters and a baghouse filter. The cyclone filters extract the majority of
the particles from the exhaust stream. However, a very high filtering efficiency is
required to comply with particulate matter regulations and to maintain the circularity
of iron fuel [17]. An additional baghouse filter is required to filter out the remaining
particles after the cyclone filters.

The iron powder is stored on board in vertical silos which are placed in one of the
cargo holds. The silos are placed in one of the cargo holds so the silos with oxide
powder can be lifted out of the holds as a whole, and replaced with silos which are
filled with iron. This ensures quick loading and unloading of the different powders
on board, as illustrated in Fig. 4.

It is assumed that there is no need for separate silos for iron and oxide powder.
Once an iron powder silo is emptied, it can be filled with oxide powder. The pow-
ders can be transported to and from the silos in several ways, though a two phase
pneumatic transport seems most suitable [17]. Figure 5 provides a system diagram.

2.3. Details of the parametric design model

In the first iteration, a random set of main dimensions is generated. These consist
of the length, beam, depth, and draft. A parent hull shape is scaled to match with
these main dimensions. The parent hull shape is modelled after the KCS hull shape,
which is a standard benchmark design for container ship hull research [20], and is
presented in Fig. 6. To simplify the model, the bulbous bow was removed from the
parent hull shape. For the following iterations in the design loop geometric design
properties of the hull shape are required. These geometric properties are the princi-
pal dimensions of the ship and the hull coefficients. These are interpolated from a
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Fig. 5. High level overview of the assumed iron fuelled propulsive plant. Powder handing systems are in
light blue, iron combustion systems are in red, and energy conversion systems are in yellow. Fluid flows
are denoted with green arrows and mechanical connections are denoted with black arrows.

Fig. 6. Parent hull shape without superstructures, with green indicating wetted surface area.

database of geometric properties of approximately 17,000 hull shapes, which are all
scaled versions of the parent hull shape according to the ratios presented in Table 1.

Once the geometric properties of the hull are obtained, the resistance and propul-
sive power, Pd , are estimated using the powering estimation method Holtrop and
Mennen [12]. The total shaft power, Pshaft, is estimated as the sum of the propulsive
power, the electric consumer power, Pelec, and the propulsive plant support power,
Passist,estimate (Equation (1)) [27]. Pelec is estimated with an empirical formula for
cargo ships [27] (Equation (2)) based on the Maximum Continuous Rating (MCR)
of the main engine, denoted by PMCR. The PMCR is calculated as a proportion of the
propulsive power corresponding to the engine margin that was selected (Equation
(3)). The power required for Passist,estimate is estimated as a fraction of the total shaft
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Table 1

Geometric parameters of the parent hull shape and the
typical range for container ships

Typical range Parent hull shape

L/B 5.7–7.8 6.09

L/D 9.9–13.5 11.4

Cb 0.56–0.64 0.603

Cp 0.57–0.65 0.633

Cm 0.95–0.98 0.953

Cwp 0.78–0.83 0.780

L/∇1/3 5.6–5.9 5.85

power (Equation (4)) [27].

Pshaft [kW] = Pd + Pelec + Passist,estimate (1)

Pelec [kW] = 100 + 0.55 ∗ P 0.7
MCR (2)

PMCR [kW] = 1.13 ∗ Pd (3)

Passist,estimate [kW] = 1.08(Pd + Pelec) (4)

The power consumption of the support systems is modelled as the sum of: the
power consumed by blowing air through the burner, the heat exchanger and filtration
systems, the power required to compress the working fluid, and the power required to
transport the powder on board using pneumatic transport (Equation (5)). A finalised
design is necessary to make a more detailed estimation. Later, when the design is
finalised, the propulsive plant support power is determined in more detail and the
design is corrected if the initial estimate of Pshaft is too far off as depicted in the
“Diagnosis” step in Fig. 2. If the design criteria are met, the KPIs are calculated.

Psupport,actual [kW] = Pairburner + PheatExchanger

+ Pfluid,compression + Ppneumatic,transport (5)

The efficiency of iron fuelled ships is quite low, due to the assumed steam cycle,
which has a cycle efficiency of only 0.32. The boiler efficiency, turbine efficiency,
compressor efficiency and the power plant support power reduce the overall effi-
ciency further.

2.4. Modelling the power plant

Using the main dimensions and required shaft power, the main components of the
iron fuelled propulsive plant are designed. The weight and volume of the turbine
is estimated by designing the rotor in such a way that the turbine operates at peak
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Fig. 7. The predicted boiler volume and weight as a function of steam production, with industry examples
from [11]. Boiler weight of industry examples has been scaled by a factor of 3.

efficiency at full power. The boiler dimensions are estimated by using an empirical
method to estimate the heat transfer coefficients for the shell and tube heat exchang-
ers [9]. The baghouse filter dimensions are estimated using a method for preliminary
design proposed in [6]. The cyclone filters are dimensioned such that they fit on
the aft end of the vessel, where it is assumed that the boiler and baghouse filter are
placed. For all components, a reasonable match is found compared to existing prod-
uct estimates for weight, dimensions, and volume.

Since no iron fuelled boilers exist yet, the weight and dimensions of the boiler was
compared to oil fuelled boilers. The size and weight of the iron fuelled boiler are in
the same order of magnitude as the weight and dimensions of the oil fuelled boilers
[11]. The working pressure is 24 bar for the industry examples, where it is 100 bar
for the modelled boilers. For the iron fuelled ships, high pressure steam is assumed,
as that increases the cycle efficiency. The weight of the industry examples have been
scaled by a factor of 3 to account for the difference in pressure. This scaling factor
is based on the increase in required wall thickness of the pipes in the boiler due to
this pressure difference. The model has a good match with the industry examples.
The comparison between the designed boiler and the industry examples is provided
in Fig. 7.

2.5. Modelling vessel stability and layout

Once the dimensions of the components are determined, they are fitted in the hull
as simple geometric shapes. All the designs have the same general layout. This layout
is chosen to maximise the available cargo space. The boiler and filtration systems are
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Fig. 8. Different views of the machine room layout. The boiler, baghouse filter and cyclone filters are
assumed to be accommodated in an additional superstructure.

quite large, and placed in the aft of the vessel near or in the machine room with the
turbine and the baghouse (see Fig. 8). In the chosen layout, the boiler, cyclone and
baghouse cannot be stored in the machine room and will likely protrude through the
main deck. An additional superstructure is required to accommodate these compo-
nents. Initially, the powder silos are placed in the aft most cargo hold. It is assumed
that the cargo holds are filled with containers, each weighing 14 ton. The weight
and centre of mass of the machinery, structural steel of the ship and superstructure,
outfitting weight and deadweight components is estimated and a center of gravity
can be found. The model then checks if the ship meets the following basic design
requirements without any containers on deck:

• The displacement is larger than the total ship weight
• The GM is higher than 0.3 m, ensuring lateral stability

If the feasibility check is passed, the container stack height is incrementally in-
creased until one of the above requirements is violated or if the container stack
height becomes too high to comply with line of sight requirements. Once the maxi-
mum number of containers has been found, the iron and oxide silos are incrementally
placed forward until the trim is within acceptable bounds. Once a design has been
completed, the operational check is performed, according to the following four de-
sign requirements:

• The number of containers the ship can carry must be within a 0.95–1.2 interval
of the desired cargo carrying capacity
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• The GM must be between 0.3 and 2 meter to maintain stability and reduce roll
accelerations.

• The displacement is within 1% of the total weight of the vessel
• The freeboard cannot be too low and its minimum value is calculated according

to [21].

If any of these conditions are not met, the main dimensions are varied according to
the requirement that is violated. The design loop is repeated for these new main di-
mensions and this process is repeated until a design is found which complies with all
requirements. Once the model has found a design which meets all the design criteria,
the design is stored and the model repeats the design loop with a new randomly gen-
erated set of main dimensions. This process is repeated until the designated number
of design loops have been completed. To prevent the model from finding the same
design multiple times, only unique designs are stored.

2.6. Key performance indicators

Once a feasible design is found, the following KPIs are determined and used to
rank the different designs:

• Net Present Value (NPV) is used to measure the overall economic viability of
operating the ship. It is assumed that the interest rate is 2%, and that the lifetime
of the ship is 25 years.

• The Minimum freight rate is defined as the minimum rate per container to
break even for all costs considered in the model and determined as the minimum
rate the shipowner must charge to compensate for the operational and voyage
related costs.

• Required capital investment is estimated using the empirical equations from
[21] which base capital investment as a function of main dimensions, weight
of the structural steel, block coefficient, and total required shaft power. The
specific details of how this was implemented in this model can be found in
Appendix A of [7].

• Specific energy consumption (SEC) expresses the energy consumption that is
required per container per transported mile in a voyage.

The NPV is used to determine the economic viability of operating the iron fuelled
ship at the given operational profile. The ratio between the minimum freight rate
and contemporary freight rates is used to give insight when an operational profile is
unlikely to be viable. The required capital investment cost is included in this analysis
because all the investment costs are considered. The SEC is used to estimate the
impact operating the ship has on land-based infrastructure. For ships with a high
SEC, more renewably produced hydrogen is required to reform the oxide back to
iron, so a low SEC is desired. It is assumed that iron combusts without the need for
any fossil pilot fuel, so ecological KPIs such as the EEDI index cannot be applied
here.
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The model is used to find designs with the highest NPV, representing the econom-
ical viability of the ship, and the lowest SEC, representing the amount of renewably
produced energy the ship consumes. The model estimates the required investment
from empirical formulas for the cost of: steel [21], labour [16], engineering working
hours [5] and machinery and outfitting [18,25]. The annual operational costs con-
sist of the crew cost, supplies and lubrication cost, maintenance, insurance, docking
and administration cost and is computed using the estimation methods proposed in
[18,25]. The annual voyage costs are estimated from the calculated number of annual
voyages using the empirical formulas in [17,24]. It is assumed that the ship operates
in short sea shipping and thus no canal fees apply. The cargo handling fees, port fees
[24], and cost of reforming the oxide back to iron are incorporated in the cost per
voyage. The cargo handling fees and port fees are estimated by assuming that they
are equal to the rates of the port of Rotterdam, as data were available for this port
on [24]. The price of iron was assumed to be e 860 per ton compared to an HFO
price of e 600 per ton, while the cost of iron reforming was assumed to be e 115
per ton of oxide powder, as reported in [17]. This price is based on the assumption
that renewably produced hydrogen costs e 1 per kilo in a future, clean energy econ-
omy. The revenue per container per mile is estimated using data from contemporary
freight rates.

As no full scale ships exist that runs on iron fuel, the designs that the model pre-
dicts cannot be compared or validated directly against existing ships. Instead, the
parametric model was validated by means of the method proposed in [22] for vali-
dating design methods. The details of this validation study can be found in [7].

3. Results

The parametric design model is used to explore the design space of iron fuelled
ships. First, high level design implications of iron fuelled ships are identified (Sec-
tion 3.1), followed by various design problems covering differing operational profiles
on the design are evaluated (Section 3.2), after which the economic viability (Sec-
tion 3.3) for iron fueled ships is explored. Finally, the most viable operational profile
is then compared to the predicted performance of a similar ship fuelled with other
alternative fuels (Section 3.4).

3.1. Design implications of iron fuelled ships

To determine the design trends within the design space of iron fuelled ships, the
parametric model is used to generate designs for the four design problems given
in Table 2. These are chosen such that the power requirement, cargo capacity and
energy storage capacity increases for each design problem. The difference between
relatively small and large iron fuelled ships can then be evaluated.
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Table 2

Design problems (dp)

Problem id TEU [-] Speed [kn] Range [nm]

1 500 12 1,000

2 1,500 16 1,750

3 2,500 20 2,250

4 4,000 22.5 3,000

Fig. 9. NPV and capital investment of the designs for each of the design problems. ‘dp’ denotes design
problem, blue relates to the NPV, and orange relates to capital investment.

Figure 9 shows the results of the required capital expense versus the NPV, where
the blue and orange symbols relate to the relationship of NPV and capital investment
to the specific energy consumption (SEC), respectively. Here, each of the design
problems are represented by a cloud of points, where each point is a unique design.
From this figure it can be seen that the relationship between the specific energy con-
sumption and the NPV tends to be negatively linearly correlated, with a minimum
SEC leading to the maximum NPV and the maximum SEC to minimum NPV. This
is caused by the cost of reforming the oxide powder back to iron. As the energy con-
sumption per container per mile increases, so do the annual costs of operating the
vessel. Thus higher energy consumption leads to lower NPV. As shown in Fig. 10,
this relation is relatively linear, since the variation in cost per design is dominated
by the difference in fuel cost. Therefore, the annual operating costs are dominated
by the energy efficiency. Since the annual revenue scales with the cargo carrying ca-
pacity, which does not change significantly for designs within a design problem, the
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Fig. 10. Fraction of different yearly expenses for ships with the lowest minimum freight rate.

NPV scales linearly with the energy efficiency of the ship. The ship corresponding
to the highest NPV therefore also corresponds to the most energy efficient design.

From Fig. 9, it can also be seen that this ship also corresponds to a design with a
low required capital investment, which inherently includes the initial cost of purchas-
ing the iron. More energy efficient ships do not require as much iron, so the required
capital investment for the iron is smaller for more energy efficient ships. Especially
for design problem four, where a large energy carrying capacity is required, the most
energy efficient ships have a lower required capital investment, further adding to the
effect that energy efficient ships have a higher NPV. This effect is only significant
when a large energy carrying capacity is required.

Since the design with the highest NPV corresponds to the most energy efficient
ship, there is a single design which performs best economically and requires the least
renewably reformed iron, thus minimising the required land-based infrastructure for
reforming. Thus, there is a single design that is considered to be optimal per design
problem, as further discussed in the paragraphs below and presented in Table 3.

For the considered design problems and assumed weight per container, it was
determined that iron fuelled container ships are deadweight limited, despite the vo-
luminous cargo they carry. The well performing designs that the model generates
have volumetric space available to carry more containers, but the container carry-
ing capacity is restricted by the available deadweight. Based on the underlying data
from the parametric model, the well performing designs of design problems three
and four, the weight of the iron and oxide powder is significant, covering between 25
and 30% of the displacement of the ship respectively. For design problem one, the
weight of the oxide powder is only 6%.

Design trends can be identified by comparing the highest NPV design with the
lowest NPV design. The difference in required shaft power between the best and
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Table 3

Properties of the designs with the lowest and highest specific energy consumption

Design problem 1 Design problem 2 Design problem 3 Design problem 4

Best Worst Best Worst Best Worst Best Worst

TEU capacity [-] 549 497 1,645 1,477 2,724 2,610 4,175 3,834

Efficiency [-] 0.266 0.269 0.269 0.270 0.270 0.271 0.270 0.270

Shaft power [kw] 1,691 2,076 6,633 10,541 18,756 43,884 37,045 93,058

Length [m] 136.8 126.5 192.8 150.1 263.5 187.5 265.5 224.7

Beam [m] 20 22.9 31.4 31.4 34.3 34.3 40 42.9

Depth [m] 12.0 9.4 19.6 14.7 22.2 19.7 27.3 25.0

Draught [m] 6.6 7.2 10.0 10.95 12.6 16.3 15.7 21.0

Fig. 11. Longitudinal view of the vessel, showing the silos arrangement.

worst performing designs is significant. This is mainly caused by the difference in
resistance. The efficiency in this table is defined as the ratio of propulsive and electric
consumer power and the energy content of iron consumed in the boiler.

According to [21], the cargo carrying capacity of ships can be increased with
the lowest resistance penalty by increasing the depth and favouring long ships over
ships with a large draught. This is also seen in the results of the model: the best
performing ships have a large L/B ratio, whereas the worst performing have a low
L/B. Additionally, the depth of the best performing ships is high and the draught
is low. The design driver of the main dimension of iron fuelled ships is to provide
enough displacement while minimising resistance.

Using the results of the design problems, it was also found that iron fuelled ships
with the chosen general arrangement and hull shape have a tendency to trim by stern.
To compensate for this trim, the iron silos have to be placed relatively far forward
in the hull (see Fig. 11). This increases the transport distance and power required to
transport the iron and oxide powder to and from the machine room. For ships with
a low required energy storage capacity, the weight of the iron and oxide may not be
sufficient, and containers must be moved forward or ballast tanks added. It is likely
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that a hull shape with its center of buoyancy further aft is preferred for iron fuelled
ships with this chosen general arrangement.

3.2. Influence of operational profile on design of iron fuelled ships

The influence of the required energy storage capacity of iron fuelled ships can
be seen in the main dimensions of the designs, as depicted in Figs 12, 13 and 14.
Increasing the speed increases the required energy capacity of the ship significantly
and the main dimensions must be increased to accommodate this weight (Fig. 12).
Interestingly, at high speeds, the beam is reduced compared to ships with a low speed,
even though much more displacement is required for high speed as demonstrated
in the upper right plot in Fig. 12. The length, depth and draught are increased to
compensate for the displacement requirement and reduced beam. When all iron is
combusted, the weight of the iron is approximately 2,100 ton for the ship carrying
2,000 containers for 2,000 miles at 12 knots, whereas the oxide weighs almost 8,000
ton for the ship with the same cargo capacity and range, but at 20.9 knots.

Similar, yet less drastic compared to Fig. 12, behaviour is shown as a function
of range (Fig. 13). A ship sailing at 13.9 knots, carrying 2000 containers and sailing
1,000 miles carries 1,400 tons of oxide powder, while a ship with the same speed and
cargo, but with a range of 3,000 miles carries 4,200 tons of oxide powder. Though
the displacement needs to be significantly larger for ships with a higher range, the
speed has a greater effect on the main dimensions. The cargo carrying capacity has
the most obvious effect on the main dimensions (Fig. 14) compared to range and
speed.

Fig. 12. Variation of main dimensions as a function of desired speed.
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Fig. 13. Variation of main dimensions as a function of range.

Fig. 14. Variation of main dimensions as a function of cargo capacity.

3.3. Influence of operational profile on the economic viability of iron fuelled ships

The results of the parametric design model are used to give insight in the viabil-
ity of different operational profiles of iron fuelled ships. Figure 9 showed that the
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NPV for all designs of design problems two, three, and four are negative, indicating
that these profiles are not viable. However, the NPV is estimated using a freight rate
per container per mile transported that is based on contemporary freight rates. It is
expected that freight rates will increase if the shipping industry switches to alterna-
tive fuels, because these fuels are generally more expensive and require specialised
equipment. Because it is difficult to predict how freight rates will change in an al-
ternatively fuelled shipping industry, the NPV may not be suitable to identify viable
operations for iron fuelled ships. Instead, the minimum freight rate has been selected
as the economic indicator for the performance of the vessels because it determines
the minimum rate the ship owner must charge to compensate for the operational and
voyage related costs.

Figures 15, 16 and 17 show the ratio between the minimum freight rate and the es-
timated freight rate based on contemporary rates for different cruising speed, range,
and cargo carrying capacity. Here is can be seen that the trends follow a logical pat-
tern that an increase of speed and range leads to increased freight rates and that an
increase in cargo carrying capacity leads to reduced freight rate fractions. According
to this model, the freight rate needs to be almost four times higher than contemporary
rates to break even for fast ships with a low cargo capacity and high range.

These results provide only a initial quantitative assessment of the viability of iron
fuelled ships, due to the uncertainty regarding the freight rate when alternative fuels
are more widely used in the shipping industry. Despite that, the general trend in these
figures show that iron fuelled ships are more profitable for short voyages, large cargo
carrying capacity and low speeds. For these voyages, the annual costs are dominated

Fig. 15. Ratio of minimum freight rate to actual freight rate as a function of speed.
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Fig. 16. Ratio of minimum freight rate to actual freight rate as a function of range.

Fig. 17. Ratio of minimum freight rate to actual freight rate as a function of cargo capacity.

by the operational costs, port costs, and cargo related costs [17,24]. Since the ship
spends a larger fraction of time in port for short voyages, the energy consumption is
lower and so are the corresponding costs to reform oxide back to iron. The cost per
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unit energy is quite high for iron, and the overall efficiency of iron fuelled ships is
quite low, as can be seen in Table 3. For longer voyages, the ship is under transit for
a larger portion of time, and thus, the cost of reforming dominate the other expenses
and the ship is less likely to be viable (see Fig. 10).

3.4. Comparison of iron fuelled ships and other alternative fuels

Section 3.3 identified that iron fuelled ships are economically viable for short
voyages, slow sailing speeds, and large cargo carrying capacity. The most profitable
operational profile for iron fuelled ships that has been identified is:

• Cruising speed is 13.9 knots
• Ship range is 1000 nautical miles
• Cargo carrying capacity is 3000 TEU

The iron fuelled ship design that corresponds to this operational profile is used as a
benchmark to compare the potential performance of the ship if it were powered with
other alternative marine fuels. The following propulsive plants are used to compare
with the iron fuelled propulsive plant:

• Methanol with Internal Combustion Engine (ICE)
• Methanol with Low Temperature Proton Exchange Membrane Fuel Cell (LT-

PEMFC)
• Ammonia in Solid Oxide Fuel Cell (SOFC)
• Compressed hydrogen (700 bar) in LT-PEMFC
• Liquefied hydrogen in LT-PEMFC

The weight and volume of the machinery and fuel with storage equipment is esti-
mated based on scaling values from an online database published by MARIN [19].
It is assumed that the total displacement of the vessel is the same compared to the
iron fuelled ship. The difference in weight between the iron fuelled propulsive plant
and the propulsive plant under consideration is compensated with extra containers,
if there is sufficient cargo space for more containers.

The machinery and energy storage equipment is fitted in the original design of
the iron fuelled ship to estimate how much cargo space is available if the ship were
equipped with a different propulsive plant. For instance, the required tanks for com-
pressed hydrogen are quite large and thus at least one entire container hold is reserved
for the tanks. Methanol is liquid under atmospheric conditions, and can be stored in
the wing tanks. It is assumed there is no reduction in available cargo space due to the
methanol tanks.

The operating cost and required capital investment for the propulsive plant is esti-
mated using the database by MARIN [19]. The NPV of ships with a different propul-
sive plant can be estimated based on the input from this database. The results are
presented in Fig. 18 and in Table 4. Table 4 shows that the NPV is quite low for
the iron fuelled ship compared to the other fuels considered. This can be explained
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Fig. 18. Expenses and revenue for ships with different propulsive plant.

Table 4

Comparison of iron fuelled ship and other fuel types

TEU [-] CAPEX [M$] NPV [M$]

Methanol ICE 3526 36.77 658

Methanol FC 3523 56.26 586

Ammonia FC 3466 40.85 785

Compressed hydrogen FC 3291 47.83 790

Liquefied hydrogen FC 3410 59.16 785

Iron powder ECE 3271 36.96 592

by two phenomena: first, the high cost and consumption rate of iron powder, and
second, the high mass of iron. First of all, the total efficiency of iron fuelled ships
is relatively low due to the low cycle efficiency of a Rankine cycle. In combination
with the high cost of oxide reforming per unit energy, this results in relatively high
annual bunkering cost.

The cargo carrying capacity of the iron fuelled ship is limited by the displacement
due to the high mass of iron and oxide powder. Since the total mass of the other
propulsive plants is lighter than the iron fuelled propulsive plant, the cargo carrying
capacity of these ships is higher, resulting in a higher annual revenue.

The results from this model are based on estimated scaling values for cost, vol-
ume, and weight of propulsive plants, and thus the uncertainty in these scaling values
is large. However, since very little full scale examples in marine applications exist
for these propulsive plants, it is not possible to place an exact value on this uncer-
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tainty. Therefore, the uncertainty in the final results is also very large. This analysis
is included to illustrate the limiting factors of iron fuelled ships; namely, the low effi-
ciency, high cost, and high mass of iron may make the fuel potentially less attractive
compared to other fuels.

4. Conclusion

In this research, a parametric design model was developed for iron fuelled ships
to help identify design trends and understand initial viability of iron powder as fuel.
The parametric design model varies the main dimensions of a standardised container
ship hull shape. In this model, a single parent hull shape was used to describe the hull
and was based on the contemporary design of container ships, which is designed for
high speeds and a large volume cargo.

One of the main conclusions was that iron fuelled container ships are displacement
limited, instead of volume limited like conventionally fuelled container ships. This
is mainly caused by the mass of the iron and oxide powder. Due to the low efficiency
of the steam cycle upon which iron fuelled ships are assumed to run, a high mass
of iron powder needs to be stored on board. The main dimensions of the designs in
this research are thus mainly driven to provide sufficient displacement for the least
resistance.

It is found that the filtering equipment required to filter out the oxide particles
from the exhaust stream is quite large. The baghouse filter and cyclone filter are
assumed to be placed above the machine room, where the boiler is also located.
These large systems require an additional superstructure on the aft end of the vessel.
Given the parent hull shape that is used in this analysis, the designs have a tendency
to trim stern down because most systems are placed on the aft end of the vessel. In
the designs generated by the model, the iron silos need to be placed relatively far
forward to compensate this trim.

Due to the high costs of reforming iron oxide powder back to iron powder, and the
low efficiency of iron fuelled propulsive plants, iron is a relatively expensive fuel.
Iron fuelled ships are therefore more suitable for ships that have a low annual energy
consumption, such as slow sailing ships that operate on short voyages. For shorter
voyages, the ship spends a larger fraction of the operational time in port, where
the power requirement is lower. Given a freight rate that is based on contemporary
container freight rates, it was found that iron fuelled ships are viable for relatively
low speeds, relatively large cargo carrying capacity, and operating on short voyages.

The performance of an iron fuelled ship with this operational profile was compared
to the performance of the ship if it were powered by a different propulsive plant.
It was found that the costs of operating the ship are relatively high compared to
other fuels. Additionally, the weight of the iron and oxide reduces the cargo carrying
capacity of the vessel, so the annual revenue of iron fuelled vessels is lower. Because
of these two effects, the estimated NPV of iron fuelled ships is lower than that of
most other alternative fuels.
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5. Future work

Given the fact that iron powder boilers are still in development, the results of this
study cannot yet be validated using full scale examples. As research and technology
progresses in both iron combustion and the associated boilers, it is suggested to revise
the models provided here to get a more accurate assessment of the potential and
feasibility. This area of future work also applies to the economic analysis comparing
iron powder to other alternative fuels. Improved estimations in these areas will help
add credibility to the conclusions made in this study.

Based on the conclusion that iron fuelled ships are deadweight limited, it seems
that a conventional container ship hull does not suit iron fuelled ships. In future
work, the parametric design model should be expanded to have the hull shape vari-
able as well. For instance, the block coefficient may be a better way to increase the
displacement of a deadweight limited vessel than a change in the main dimensions.
Additionally, the tendency to trim may be better solved by changing the hull shape
so that the longitudinal centre of buoyancy moves further aft. By having more geo-
metric parameters of the hull shape variable in the model, more representative results
may be obtained.

While iron powder did not appear economically optimal compared to other al-
ternative fuels according to this initial analysis on NPV, this is not reason alone to
abandon the potential use of iron powder as a marine fuel. The cost, volume and
weight of the components in the propulsive plants were estimated using characteris-
tic scaling values. The uncertainty of these scaling values is large, which reduces the
validity of this comparison. Additionally, the choice for a suitable alternative fuel is
not solely based on the economic performance of a fuel. For instance, ease of stor-
age and transportation, available land-based infrastructure or safety considerations
greatly impact the choice for an alternative fuel. Iron may be easier to handle and
may not require additional safety measures or inspections in comparison to other al-
ternative fuels [17]. The potential cost implications related to ease of use, safety, and
maintenance procedures have not been included in this analysis, but are a clear area
of future study. Finally, it is uncertain whether the modelled systems are actually
technically practical and feasible, both for an iron fuelled propulsive plant as well as
the other alternative fuels. For most of the considered propulsive plants, there exist
no full scale application that proves the feasibility of the system. Considerations such
as ease of maintenance or the lifetime of components are not taken into consideration
in this research. Further research is required to identify how attractive iron powder
as a marine fuel is, based on a more thorough set of properties than the NPV of the
ship alone.
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