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PROJECT SUMMARY

Current Direct, a new research and innovation project funded by the European Commission’s Horizon
2020 program, will revolutionize the way we move goods and people by water. The vast majority of
water transport in Europe is propelled by dirty, noisy diesel engines. By cutting the cost of today’s
marine battery electric drivetrains in half and relieving ship owners of the burden of capital expense,
Current Direct will enable rapid adoption to reduce greenhouse emissions.

Current Direct’s innovative Energy as a Service platform will enable ship owners to accelerate their
participation in the shift to clean energy while creating new business opportunities for shipyards and
local entrepreneurs. By changing the model for acquiring and storing energy aboard vessels, Current
Direct will create a new energy economy, adding thousands of new jobs. Current Direct provides a
vehicle for energy companies, institutional investors, and government stakeholders to participate in
the green transformation of Europe’s merchant and passenger fleet.

Current Direct brings together thirteen dynamic partners from across Europe’s marine electrification
value chain. The project is led by Spear Power Systems, makers of the world’s lightest, most flexible
marine batteries certified to the most stringent international safety standards. Blackstone Technology
is lowering the cost of manufacturing tomorrow’s 3D printed lithium-ion cells using state of the art
active materials from Umicore. The University of Hasselt will use its electrochemical expertise to
develop physics-based models of the Current Direct cells that will help optimize the life and return on
investment of battery systems deployed across Europe as part of the Current Direct Energy as a Service
platform developed by the accomplished engineers and data scientists at Rhoé Urban Technologies
and Aviloo. Naval architecture and marine engineering company Foreship will lend its expertise to EDP
CNET’s in-depth knowledge of electrical markets to ensure the Current Direct platform targets optimal
vessels and locations maximizing reductions in emissions. VUB’s material science experts are creating
low-cost composites to improve the safety of battery packs that are designed for recyclability and
feature VITO’s smart cell monitoring electronics. Wartsila will develop modular battery containers and
charging infrastructure that will be certified to innovative standards developed together with Lloyd’s
Register. The project will culminate in a demonstration of the Current Direct battery, shore charging,
and asset management platform by Kotug in Rotterdam.

The Current Direct EcoSystem is shown in Figure 1.

Grid Services Battery Analytics .
CAAAAS
Grid Port and Charging Quick Battery D
connection Infrastructue Exchange
fsfai st e

Figure 1. Current Direct EcoSystem
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1. SPECIFIC OBJECTIVES FOR WORK PACKAGE 2

1.1. Introduction

The transport sector contributes almost a quarter of Europe’s greenhouse gas (GHG) emissions.
Compared to other sectors, such as agriculture or energy industries, it is the only sector with emissions
higher than those of 1990. While minor emission reductions were achieved between 2007 and 2013,
GHG emissions surged by 7% from 2014 until todayl. The European commission adopted a low-
emission mobility strategy in June 2016 to address this negative trend, which by 2050 aims to reduce
greenhouse gas emissions by 60% compared to 1990.

Large-scale adoption and implementation of batteries for waterborne transport is mainly limited by
the high costs of the battery systems and their electrical integration. New innovative solutions need
to be developed to drive down the costs. By introducing the containerized Battery Energy Storage, the
target is to adopt a solution to maximize the energy content in the fixed footprint of a 20-foot
equivalent sized deck house/structure, whilst minimizing the fault occurrence for the ship
owner/operator. A containerized Battery Energy Storage can electrically be built as a solution where
the electrical output is AC voltage or DC voltage. From a general view, the containerized Battery Energy
Storage is treated in similar way, at least from structural perspective.

1.2. Summary

This White Paper provides a summary of the decision-making methodology to underpin the project
decision to utilize DC Power for the Current Direct Swappable Container Battery System.

Overall, the DC Power option provides the highest number of advantages to the project with only very
few / minor disadvantages.

9 Maximize Energy Density in a Battery Energy Storage Container.

' Minimum fault occurrence frequency inside the Battery Energy Storage Container due to
limited number of main components.

9 Adaptability to different power levels through the Battery Energy Storage Container.

Bi-directional connectivity to support the connection point on shore side.

9 Lower build cost/kWh for the Battery Energy Storage Container

=
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2. BATTERY ENERGY STORAGE

Battery Energy Storage is gaining attraction in the Maritime market and is seen as an appropriate
solution on reducing greenhouse gases. In the path towards installing the batteries onboard vessels is
restriction in space available for installation. One option of installing batteries is to do the installation
in separate deck houses, fulfilling the requirements set by the administration. With the current energy
density of battery cells and battery modules, one would

typically be able to install LIMWh of energy inside a deck Wi t h todayos
house to the size of a 20-foot equivalent container size. A~ density, approximately 1

typical battery energy storage installation inside any ~MWh can be installed in a

space, contains in addition to the batteries, a frequency 20 -foot  equivalent — deck
converter converting the batteries DC voltage to AC house.

voltage with a fixed voltage and frequency as well a

possible transformer to transform the AC voltage to a suitable voltage level to support the vessels
voltage level. As supporting function to this main equipment, HVAC, telematics, control voltage, fire-
and gas detection and Fire mitigation means are needed.

2.1. Fixed Deck House Installation

A typical deck house installation for a battery energy storage onboard vessel is a fixed installation, see
Figure 2, either welded or bolted according to

I_DeCk_ HOUS? IS nor.mally requirements by the administration. With a fixed
fixed 'n_Sta"at'OH by bolting installation, the electrical connections to the vessel
or welding. electrical infrastructure are well defined and easy to

implement. Required cooling capacity to remove the
generated heat is typically done by connecting the deck house to the vessel cooling circuit and system.
The fire protection will be extended from the vessel normal means of fire mitigation method. An
additional water mist or clean agent is often considered and possibly added as a local mean for
reducing the heat extraction in case of thermal runaway incident in the battery space/deck house.

With this approach there is a possibility to increase the amount of energy installed in a deck house.

Figure 2: Fixed Deck House installation (Picture: Island Clipper, August 2019)
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2.2. Swappable Battery Energy Storage

With the introduction of a swappable battery energy storage the EU funded project Current Direct
(The Current Direct project is funded by the European Commission’s Horizon 2020 program. Grant
number 963603) there is a wish to increase the number of vessels using batteries as mean of powering
the vessels. The swappable solution will enable an easier implementation and support an increase of
installation within Europe and as such reduce the GHG emissions for shipping. The swappable battery
energy storage will be installed in movable 20-foot equivalent containers, see Figure 3. The batteries
inside the containers will be charged at dedicated charging stations on shore side. There will be
multiple locations for charging the batteries. The containers will be moved by means of cranes
between the shore and vessel.

Fuu!gu;;i{ A

Figure 3: Swappable Battery Energy Storage Container

The typical power demand on vessels using the service of swappable battery energy storage is
between 200kW to 1,000kW. The variation in power demand will ultimately require different scenario
on the frequency of swapping or the amount of Battery Energy Storage units onboard the vessel.

2.3. Weight, Volume, Energy

Maximum weight of a 20-foot container is 35,000kg. The intention with the swappable battery energy
storage solution is to have a maximum weight of around 25,000kg. The boundary condition for the
weight may change and requires further investigation and clarification. This will still enable a smooth
operation of the swapping operation itself, moving the container between the shore charging facility
to the vessel via the crane. With the target weight, there will be a limit on how much energy can be
fitted in the container. A conventional approach to containerized battery energy storage solutions
within the maritime industry is to provide the power with fixed AC voltage and fixed frequency that
always must be matched with the vessel requirements, which is preferable with a fixed installation
onboard a vessel. See Table 1 for main parameter differences between AC and DC Power from
container.

Table 1:Main Parameter Differences Between AC and DC Power Container

Item ACPOWER DCPOWER
Maximum battery weight [kg] 12,000 16,000
Battery volume [m3] 11.7 15
Installed Energy [kWh] 2,300 3,000
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2.4. CONTAINER

The battery energy storage container is an own structure and is containing all needed equipment to
operate as a functionally independent unit, containing all ancillary services to support the main
equipment’s inside the container. Normal ancillaries are, HVAC, telematics, control voltage, fire- and
gas detection and Fire protection system. The structural part of the container will follow guideline
from administration, including possible structural fire protection. In normal situation there is no need
to enter the container when it resides onboard the vessel. The access to the container is normally
done only when the container is onshore side to be able to perform needed service to the equipment
inside the container.
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3. VESSEL INFRASTRUCTURE

Atypical vessel infrastructure on the target market is mechanical shaftline where the vessel propulsion
system is powered directly via the main engine through a shaft to the propeller, see Figure 4. With the
introduction of containerized battery energy storage, there will be a need to modify the ship power
plant and electrical infrastructure to enable the operation with batteries. A typical modification of the
ship system is indicated in Figure 5. To modify the vessel infrastructure to an electrical propulsion
system, significant technical and financial project required to electrify the vessel. Some vessels also
include PTO or PTO/PTI configurations, where the conversion of the vessel may look different.

Main Engine

1 to 4 auxiliary engines with generators (DG)
to supply the vessel with electricity

Diesel engine +
generator

%

/

. T Governor

T 4“ 400/690VAC SWBD

7 /
I ‘ |
Load @ Load

Figure 4: Mechanical Shaftline Principle

Container

099 0.98 0.98 New Equipment
o ‘"’ % —J||||||| o Propulsion Motor
Main Engine is Eﬂ = e Propulsion Drive
. i
disconnected from = Q@ e )
‘T Propulsion SWBD
shaft and removed = o /
psswep | o PMS/EMS/IAS
o o l/ l/ © ()
—{== °
. 0.96 * *
Propeller(s) are driven / /
via Variable T T 400/690VAC SW
Frequency Drive (VFD) .1-. .!;. 2
and electric motor T/ / T/
Electrical Efficiency from
Load Load Battery to Propeller:
FPP or CPP prope"er 0.98x0.98x0.99 x0.97 x0.96 =

0.885
Key argument: Brings AC power as an output from the container

Figure 5: Modification of Mechanical Propulsion to Electrical Power Plant
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4. ACPOWER

A conventional way of to build a battery energy storage solution inside the container is to include
frequency converter and transformer inside the container. This is a straightforward application and
enable a fixed output voltage regardless the batteries state of charge and give the opportunity to
regulate the short circuit current from the system. One drawback with AC Power solution is the
additional footprint demand for the power conversion equipment installed within the container. This
will also limit the size of installed battery energy inside the container. The other drawback is the time
it will take for the system to synchronize with the vessel network. Both the drawbacks are generally
acceptable for limited and/or specifically targeted applications, however, may restrict fulfilling the
KPI’s set for the Current Direct project. See Figure 6 for a layout with all main components for the AC
POWER solution.

[ | Equipment
o I PRI PRI PRI I § O oo
= | = | = o = |= O | @ racandcooling

< === == =\

m O Auxiliary power

o m distribution and

[
= L control
A ] Firefighting and fire-

— /gas detection

'~ | equipment

e Inverter
e Transformer

Figure 6: Layout of a Container with AC POWER Solution
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5. DCPOWER

Removing the frequency converter and transformer from the container enables at least 30% more
energy to be installed in the same footprint. At the same time the possible fault occurrences are
reduced, maximizing the uptime possibility for the battery energy storage. With a DC Power solution,
the vessel infrastructure will be different compared to Figure 5, but since most of the installations to
be done will require changes onboard the vessels, this modification is not considered to present a
greater challenge than that associated with AC power, see Figure 7 for details. This solution will also
increase the electrical efficiency with 4%. See Figure 8 for a layout with all main components for the
DC POWER solution.

Container

New Equipment

° Propulsion Motor

° Multidrive, DC to AC
Propulsion drive and

Main Engine is
disconnected from
shaft and removed

base load inverter

e PMS/EMS/IAS

o
£
“o
{=}
&
£
1]
b

N

Propeller(s) are driven
via Variable
Frequency Drive (VFD)
and electric motor

X
I

400/690VAC SWBD

*

/

Electrical Efficiency from
Load Battery to Propeller:
0.98x0.98x0.96=0.922

FPP or CPP propeller

Key argument: Brings same benefit as with AC power, but with 4% less electrical losses. Maximizing energy in container.

Figure 7: Modification of Mechanical Propulsion to Electrical Power Plant with DC Solution

Equipment

Auxiliary power
distribution and
control

Firefighting and fire-
[gas detection
g R I T e | equipment

Figure 8: Layout of a Container with DC POWER Solution
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6. HYBRID OPERATION

Hybrid operation with a combination of Battery Energy Storage Container and Diesel generator or
other alternative power source requires vessel integrated power management system (PMS) to
balance the load sharing between the alternative power sources.

From AC Power perspective this mean a typical setup of PMS in combination with load sharing, voltage
and frequency regulation and synchronization. From power connection all the power sources are
connected to the switchboard with dedicated breakers.

From DC Power perspective this mean a setup of Energy and Power Management system (EMS) in
combination with load sharing, voltage, and frequency regulation. From power connection
perspective the DC is connected to the propulsion drive as in a normal DC power connection, see
above. The AC power source is connected to the switchboard with dedicated breakers.

Other alternatives operating the batteries in combination with diesel generators exist. The intention
with this chapter is to highlight the fact that different operational modes may require different setup
of the communication and control onboard the vessel.

7. SHORESIDE

The shoreside infrastructure will follow national and international standard on grid codes and will
primarily work as a charging station for the battery energy storage containers.

7.1. ACCharging

In AC discharging the power converter that manages the power flow is located “on-board”, i.e., inside
the battery container. This means that the charging station needs to provide the battery container
with information on how to feed energy back to the grid. Technical requirements need to be defined
that clearly specify e.g., the amount of active power and reactive power needed for a reverse power
flow to guarantee a stable operation of the grid and ensure local grid code constraints are not violated.
See principal diagram in Figure S and signal flow in Figure 10.

7.2. DCCharging

In DC charging mode, the power converter is located “off-board” in the charging station and is always
a stationary device. Therefore, the location-dependent grid codes can be programmed into the
controller of the charging station that manages the power flow to and from the grid. This makes
bidirectional energy transfer in DC charging mode an easy task to achieve because no additional grid-
related information (like the necessary amount of active and reactive power) needs to be exchanged
between the battery container and the charging station. Refer to the principle diagram in Figure 11
and signal flow in Figure 12.

Charging Point

AC Charger Container
:_3;1 suppyy| Protection 1| 099 098 098 | _ Powerflow
rotection g P i
| "l unit | ~e- (D2l Signal flow
= —_—

Figure 9: Charging with AC POWER container solution.
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Container
PROTECTION BATTERY
EMI[»{ RECT [ UNIT - PACK
>BMS<—

Figure 10: Signal Flow with Charging to AC POWER Container Solution

DC Charger

Container

0.98 0.98

Sehsupey) Protecion el e/ : e [T

Figure 11: Charging with DC POWER Container Solution

Shore side

PROTECTION BATTERY

RECT = a1 pack

>BMS<—

Container side

Figure 12: Signal Flow with Charging to DC POWER Container Solution
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8. ACPOWER OR DC POWER

To understand the benefits and drawbacks with both AC POWER and DC POWER solution a spider
diagram has been developed with five different main categories:

Operational Aspects

Mechanical, machinery & Electrical Aspects
Integration

Structural Aspects

Economical Aspects

vk wnN e

The Key Decision stakeholders provided their individual scoring. The result of the spider diagrams are
represented in Diagram 1, Diagram 2 and Diagram 3. An overall scoring has been aggregated to
achieve an overall scoring. This can be found in Diagram 4.

AC system «.DC system

Operational aspects

90 % .
80 %

70 %
60°%
50 %
40 %
Economical aspects 30%
: 20%
10.%
0%

Mechanical, machinery &

Electrical aspects

Structural aspects “Integration

Diagram 1: Spear PS
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= AC System »«DC system

Operational aspects

100 %
90 %
80 %

708%
60 %
50 %

: 40'% Mechanical, machinery &
Economical aspects 30 % Electrical aspects

20 %
10 %
0%

Structural aspects Integration

Diagram 2: EDP

AC system »«DC system

Operational aspects

100 %
90 %
80 %

70% .
60 %
50 %

e 40% Mechanical, machinery &
Economical aspects 30 % Electrical aspects

20 %
10 %
0%

Structural aspects Integration

Diagram 3: Foreship
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Energy density
Flexibility in design
Adaptability to different power levels

Mechanical, machinery & Electrical
aspects

—
Electrical losses between battery and

propulsion unit 6 ,~ Cooling demand
Flexibility in main voltage range i::;: Mechanical. fmaching '\/ PD“{?’ connection
Connection and ramp up time Economical aspects 30 % . Electrical sene Auxiliary systems
Vessel infrastructure using PTI/PTO i F, 'l y
Vessel integration, physical
Cost of building container 5 Vessel intergration, electrical
Cost of vessel infrastructure " Vessel intergration, control
Cost of shore infrastructure 4 : . / Onshore integration, electrical
Cost of vessel infrastructure using Structural aspect ntegration Onshore integration, control
PTI/PTO /' Regulatory

/ Operational Mechanical, Integration Structural Economical
aspects machinery & aspects  aspects
_Comp\exirv of container v Electrical aspects
IFT::;;;:? - ACsystem  66% 67% 7% 50% 0%

DC system 94.3% 93% 90 % 90% 65%

Diagram 4: Aggregated spider diagram evaluation with input from EDP, Spear PS and Foreship

The results of the aggregated Spider Diagram are broadly in line with similar known and current
containerized battery storage projects within the maritime industry, that are consistent with the main
goals and objectives of Current Direct. Several relevant reference projects are:

9 Zero Emission Services (ZES) — DC solution for interchangeable energy containers for new and
existing inland vessels

1 Skoon — AC and DC solution for mobile battery containers

1 Corvus BoB — DC modular battery room solution available in 10-foot and 20-foot ISO high-
cube container sizes

The apparent convergence of battery containerized solutions utilizing DC power connection bodes
well for potential wider maritime industry alignment on a standardized interface solution.

8.1. Advantages and Disadvantages

As a final evaluation of the benefits for AC POWER and DC POWER a table with items have been
gathered. Data collected for the evaluation is based on items from the spider diagram as well as
information from different workshops and discussions with the stake holders in Current Direct. Refer
Table 2 for details.

Table 2:Summary of Pro’s and Con’s for AC POWER and DC POWER.

Item . ACPOWER DCPOWER Activity”

Operational aspects

Energy Density - +

Flexibility in design + - WP2,
WP6

Adaptability to different power levels - + WP2

Electrical losses between battery and propulsion unit | - +

Flexibility in main voltage range - +

Connection and ramp-up time - +

Vessel infrastructure using PTI/PTO + + WP2

Bi-directional connection to shore side connection - + WP2

point
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Item .~ ACPOWER DCPOWER Activity”

Fault occurrence frequency for components inside - +

container

Mechanical, machinery and electrical aspects

Cooling demand - + WP4,
WP6

Power connection + +

Ancillary systems - +

Data management = +

Integration of container

Vessel integration, structural + +

Vessel integration, electrical power + +

Vessel integration, control signals - +

Onshore integration, electrical power - +

Onshore integration, control signals - +

Regulatory and Administration + - WP7

Structural aspects

Complexity of container infrastructure - +

Fire safety - +

Economical aspects

Cost of building container - +

Cost of vessel infrastructure + +

Cost of shore infrastructure + - WP6,
WP8

Cost of vessel infrastructure using PTI/PTO + +

Summary 9 22

*) identifies items  associated with DC Power that will be subject to further evaluat ion and
investigation within the relevant work packages.  The objective of this distinction is to ensure focus

is made on the perceived disadvantages associated with DC Power in an attempt to mitigate these

items.
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9. ACVS DC DECISION

This Summary of Pro’s and Con’s for AC POWER and DC POWER provides clear evidence for making
the decision to utilize DC Power for the Current Direct Swappable Container Battery System.

Overall, the DC Power option provides the highest number of advantages to the project with only very
few / minor disadvantages.

T
T

=

Maximize Energy Density in a Battery Energy Storage Container.

Minimum fault occurrence frequency inside the Battery Energy Storage Container due to
limited number of main components.

Adaptability to different power levels through the Battery Energy Storage Container.
Bi-directional connectivity to support the connection point on shore side.

Lower build cost/kWh for the Battery Energy Storage Container
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