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Abstract 
The report is a case study analysing port infrastructure strategies for the charging of battery electric ferries 
on the Island of Ærø participating in the ZEM Ports North Sea project. Barriers are identified from the EU 
Horizon 2020 E-Ferry project and its charging station in the port of Søby. These findings are used to define 
three alternative strategies for design and operational setup of shore infrastructure in a case study for two 
new E-ferry Twins planned to operate from the Island of Ærø in 2026. 

In order to lower barriers from port infrastructure and grid when providing high peak power for ferries 
calling the port, shore-based energy storage at the port is evaluated in two of the three alternative 
strategies for design and operational setup. For each alternative a number of scenarios are modelled and 
evaluated on parameters like energy cost and energy loss, investment cost and savings compared to fossil 
fuel operation including CO2 emission penalties. 

The markets for both renewable electric energy and fossil fuel energy are characterised by periods with 
high volatility. In the case study, scenarios are divided into two market regimes. One based on the period 
2011-2020 reflecting an energy market of relatively low prices and some stability. The second, based on the 
period 2021-2023 (until end of May), reflecting extreme energy prices both on electricity and fossil fuels 
and high volatility. For the latter period also time dependent distribution tariffs for electricity were 
introduced in Denmark.  

Evaluating the results of scenario models show that battery electric operation under both price regimes will 
have lower operating costs than conventional fossil fuel operation. For all but two scenarios, added 
investment costs for battery electric operation and charging infrastructure will be repaid within a 
reasonable time interval before end of life of batteries in the setup. If penalties, being fees or purchase of 
quotas, for emission of CO2e from operation is included, then all scenarios are in favour of battery electric 
operation. Historical cost of electricity and alternative fuel types from 2011-2023 are analysed in a 
comparative study, taking into consideration inherent efficiencies and energy densities of the alternatives. 
The comparison emphasises the operational cost saving of battery electric solution over its alternatives. 

Scenarios involving shore-based energy storage are divided into two different operational strategies. The 
first is focussed on peak shifting to lower average electricity price. The second is focussed on added 
revenues from ancillary service to balance grid frequency when shore battery is not in use for charging.   

Peak shifting strategies and smaller grid connection fee with shore-based batteries in the setup will not 
fully repay the added batteries according to model calculations. However, the difference to calculated 
scenarios without shore batteries is marginal. Other benefits like higher redundancy or local grid 
constraints then adds in favour of paying the marginal cost difference. 

Strategies using the shore-based batteries for ancillary services when not charging the ferries show best 
results of all scenarios, especially during times with high and volatile electricity prices. An assumed 50% of 
available redundant capacity has been used for Frequency Containment Reserves (FCR) in modelled 
calculations. Profits from FCR services vary from 3,5 to 9,0 million DKK annually depending on analysed 
period of time for the case study. Multi-market bidding strategies could mitigate risk but are not included in 
this study. This could be relevant for future analysis. 

The introduction of shore-based energy storage to port infrastructure and charging stations is found to 
have the potential to significantly lower barriers to battery electric ferry operation if ancillary services are 
performed as described in the case study. This way battery electric ferries could create value for grid 
responsible operators as well as ferry operators.     
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2 Introduction 
2.1 Purpose and motivation 
In 2019 a novelty in ferry design was revealed when the fully battery electric ferry, Ellen, commenced 
operation between the port of Søby on the island of Ærø and the port of Fynshav on the island of Als. The 
Horizon 2020 E-ferry project involved an unprecedented 4,3 MW DC peak power charging facility in Søby. 
Combined with an onboard battery pack of 4,4 MWh in nominal capacity, this allows for a travelled 
roundtrip distance between charges of 22 nautical miles or more than 40 kilometres in the scheduled 
service of the ferry. According to other studies this design allows for battery operation of around 80% of all 
Danish national routes when looking at the route lengths (Siemens, 2017), hence making it possible to 
significantly cut emissions in the ferry transport sector (T. Heinemann, 2019). 

As described by Buster Bukart Hansen in his master thesis “Flexibility Analysis and Demand Response 
Optimization of Energy System” (Hansen, 2021), the battery electric ferry Ellen in Søby, has the potential to 
put some stress on the electrical grid infrastructure of the port facility and the hinterland supply grid. His 
study was supported by the ZEM Ports North Sea project, and it also showed that smart grid solutions and 
the application of flexibility into the ferry charging schedule would provide benefits to the grid and savings 
in the average cost of electricity, even when it comes to Levelized Cost of Electricity (LCOE). 

This case study will elaborate on the findings in Buster B. Hansen’s thesis by also applying revenues from 
grid balance and frequency reserve services conducted by the ferry operator from batteries onboard and 
buffer batteries ashore. For the case study the planned successors of the E-ferry in Søby will be used. They 
will replace existing conventional fossil fuelled ferries sailing on routes both from Søby and Ærøskøbing on 
the island of Ærø to ports on mainland according to Municipality’s Climate Goals. For the first successors to 
the E-ferry, a pair of E-ferry Twins are projected to start their operation in 2026 (Municipality of Ærø, 2022). 

Generic barriers for battery operation and charging infrastructure experienced during the Horizon 2020 E-
ferry project in Søby will be discussed and possible solutions to lower these barriers will be applied in the 
case study for the new E-ferry Twins. 

2.2 Scope 
The case study will involve the following main tasks needed for scoping and sizing relevant port 
infrastructure and find optimisations for operation: 

• Comparative study of energy price of electricity based on renewable energy certificates, 
conventional fossil fuel, fossil fuel including CO2 EU ETS quota prices and/or future Danish emission 
fee, other relevant green fuel products, here marine biofuel SME and FAME. 

• Estimations of the value of energy flexibility, peak shaving and peak shifting, and description of 
ancillary services and market for grid frequency balancing, in particular Frequency Containment 
Reserve (FCR) including price study for application to the E-ferry Twin case scenarios.  

• Implications to strategical choices for operation and setup in order to capitalise on system flexibility 
and lower barriers to battery ferry implementation and emission cuts. 

• Six scenarios for estimation and sizing of shore connections and shore-based booster battery packs, 
hence also indirectly the battery size of the E-ferry Twins. 

• Conclusions and recommendations for port electrical and charging infrastructure based on the 
analysed scenarios. 

The case study will not look into all alternative fuel types. E.g., hydrogen or derivates thereof, often called 
Power-to-X products (PtX), are only described briefly. For now, the PtX industry has not been fully matured, 
thus product price is still very high and in too low quantities to compete with biofuels in this ferry segment. 
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3 Methodology and modelling 
Modelling and estimations involve required charging time, battery State of Charge (SoC) during operation, 
C-rates (battery load), energy consumption and energy efficiency losses. From these parameters, the 
battery State of Health (SoH) evolution and battery lifetime can be assessed. However, still with some 
uncertainties. Performance of both onboard batteries and onshore batteries must be taken into 
consideration. 

 

Figure 2.2.1 Part of spreadsheet modelling of daily energy balance and sailing schedule.  

In the spreadsheet model main variables such as battery size, charging power and time for connecting and 
disconnecting charger are set in the top. Sailing schedule is entered in column C by altering departure 
times. Transit times and energy consumption for propulsion is derived from a separate spreadsheet with 
the power profile of the route.  

 For the future design phases, it is vital to further investigate the validity of this power profile. Small changes 
in consumption can lead to high deviation in final figures on the daily energy and battery balance. 

Hotel power (e.g., power for accommodation lights and heating) can be adjusted throughout the day in the 
energy balance spreadsheet Figure 2.2.1 column E. Hotel power for heating is significant on a battery ferry 
compared to conventional diesel operation where heat losses from combustion engines can be reused for 
heating (T. Heinemann, 2019). 

In this spreadsheet also energy efficiencies can be adjusted based on learnings from the E-ferry, Ellen, and 
other public projects. In this feasibility study these energy losses are based on a conservative estimate. 
Losses are much dependent on the design layout, sizing and choice of individual component but also on the 
load factor that components are utilised at. 

 Peak charging power cannot be obtained during the full charging period at high States of Charge (SoC). 
Therefore, lower average numbers are entered into the model. In scenarios, time for connection and 
disconnection has been set to 2,5 minutes total. This is somewhat high but allows for some throttling of 
charging connection during ramp up and ramp down or wasted time during less successful dockings. 
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Scenarios for each of the planned E-ferry Twins in the case study are based on similar number of 
departures as for present operation (Ærøfærgerne, 2023): 

  

 Figure 2.2.2 Sailing schedule on weekdays for Twin Ferry A (Source Ærøfærgerne).  

 The present schedule is based on a transit time of 75 minutes port to port. There will be a small deviation in 
transit times between legs if final E-ferry Twin design becomes a Single-Ender. Swaying the ferry on one leg 
of the trip adds a few minutes extra for manoeuvring depending on weather, current and sea state. For the 
case study a Double-Ender design of the ferry hulls is assumed, making manoeuvring time almost equal on 
both legs of the roundtrip. 

Scenarios are based on the project description forwarded to the Danish Civil Aviation and Railway Authority 
(Trafikstyrelsen) by the municipality of Ærø (Municipality of Ærø, 2022). In the project description several 
different transit times are mentioned. However, to delimit the scope and variables, and to focus on the 
shore infrastructure, an average transit time, berth to berth, of 75 minutes and port time of 15 minutes 
respectively have been used.  

Grid charging connection in the project description was 7,9 MVA for both ports and ship battery pack 
estimated to 6 MWh. However, this is varied in the scenarios according to the case study findings and the 
implementation of shore-based batteries.  

Using the spreadsheet model, a number of scenarios have been prepared changing central variables to 
conclude on sensitivities to energy costs. Energy costs are based on two different year intervals and price 
regimes, and then compared to fossil fuel costs with and without CO2 quotas or CO2 emission fees. Fuel 
cost risks are discussed further in chapter 7.1. 

 The cost of energy for battery operation is somewhat more complicated to determine than for 
conventional fossil fuel operation. Electricity price will change during the day by the hour. Both spot price 
and transport tariffs are time dependent making it important to know when the charging takes place. 

Average electricity spot price and tariffs from day and night charging are found and entered into the spread 
sheet model. Here, these prices are combined with the relevant share of charging at day and night 
respectively for each scenario analysed in the case study. 
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Figure 2.2.3 Hourly spot prices average DKK/MWh for electricity in DK1 (Compiled from Nord Pool data by EMK). 

 

 

Figure 2.2.4 Hourly spot prices DKK/MWh for electricity in DK1 (Compiled from Nord Pool data by EMK) 

 As seen from Figure 2.2.3 and Figure 2.2.4 daily variations in hourly electricity prices have increased 
significantly within the latest years as prices also became more volatile on a daily and monthly basis. 

The method of peak shifting allows for shifting charged electricity from peak demand prices to low demand 
prices and tariffs. In scenarios with battery packs ashore, flexibility for peak shifting is even more dominant. 
The effect has been assessed by lowering the average price during day charging in the calculations. 

Being a large consumer and having battery reserves online for a part of day or night, allows for income or 
lower electricity rate, using demand response systems. Changing grid demand by throttling the charger, or 
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increasing charging, can sell as a regulating or balancing service for grid Transmission System Operator 
(TSO) Energinet in Denmark. However, for some services demand response needs to be symmetric, 
meaning that one needs to be able to offer both upward and downward regulation within the same hour 
interval (Energinet, 2023).  

With the right tools installed, Vessel-To-Grid (V2G) discharging can generate extra income for the ferry 
operator enhancing ancillary balancing services and demand response considerably. Keeping the grid 
frequency at 50 Hz is an important task for the Balance Responsible Parties (BRP). A battery ferry situated 
on an island like Ærø, with a well-known sailing schedule and predictable consumption, has a significant 
potential for FCR or mFRR service which will be discussed further in chapter 7. This way port infrastructure 
for ferry charging becomes a so-called prosumer with a charging station able of both consuming and 
producing energy to and from the distribution grid system. 

 

Figure 2.2.5 Data set of frequency variations in DK2 (Denmark East and Bornholm) during May in 2019. Source Andreas Thingvad, 
Ph.D. thesis, DTU, June 2021. 

Vessel’s battery pack of up to 6.000 kWh with 6 to 9 MVA of peak power connected to the grid, when 
vessel is at berth at night, readily available in seconds or microseconds, could be very beneficial to correct 
frequency imbalances in the grid. For the scenarios, further involving 2.232 kWh battery packs ashore, 
availability will be even better. The potential for use of batteries and Vessel-to-Grid (V2G) for grid balance, 
in an island perspective, has been analysed in several recent master theses e.g. by Samuel Jansson, 
University of Upsala (Jansson, 2019), Andreas Thingvad, DTU (Thingvad, 2021), and Buster B. Hansen, SDU 
(Hansen, 2021). Findings from these three theses is used for calculation of scenario 4.3 and 5.3.   

For scenarios with battery packs ashore, arbitrage trading of redundant electricity reserves, when the ferry 
is enroute, could also gain revenues to the ferry operator. An energy company willing to offer the charging 
infrastructure, with shore batteries on a service contract, to the ferry operator could also perform this. 
Such contract could lower the investment costs for ferry operator and would most likely result in a fixed 
added cost to electricity price for the ferries. This will be discussed further in chapter 7.  

Investment costs are ballpark figures only. More accurate figures for each choice of design, e.g. charging 
stations at both ports or battery packs ashore, would require extensive and costly design studies, and price 
quotes from suppliers. Investment costs used, are based on investment budgets from the application to the 
Danish Civil Aviation and Railway Authority (Municipality of Ærø, 2022) combined with market knowledge, 
experience from the Horizon 2020 E-Ferry project and quotes from other projects to assess deviations from 
the base scenario described in the application.   
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The E-Ferry Twin project used for this case study was modified in December 2022 (S2022-5468 Clarification 
of project description, 2022). The ferry size was downscaled some from 80 meter to 69,5 meter and 
Passenger Car Units (PCU) downed from 80 to 67 units. It has been assumed that these modifications will 
not change port infrastructure requirements significantly. Although a smaller ferry obtains some weight 
savings the relative wave resistance typically grows with shorter overall length of hull (Nielsen, 2016). 

Consumption for propulsion is based on CFD (Computer Fluid Dynamics) calculations from Naval Architects 
for high tension steel Double-Ender hull design. Calculations are very early estimates and adopted to the 
route depth and draught for a fully loaded vessel. 

Comparative analysis to conventional fossil fuel drivetrain is included in the case study. Also, alternative 
fuels are discussed in chapter 7.1 as mentioned earlier. Long term energy prices have been extremely 
volatile for periods and relatively stable for other periods as it can be seen from graphs below: 

 

Figure 2.2.6 Long term energy cost comparison for conventional fossil fuel drive train, biofuel drive train and electric battery 
drivetrain charged with renewable energy. Measured per MWh input to propulsion propeller or hotel power in the ferry. Time 
resolution of data is monthly until end of 2014. Then almost daily from beginning of 2015 and beyond. Compiled by EMK from 
multiple sources, Nord Pool, N1, Evonet, Ærø Elforsyning, Energinet, Energi Danmark, Energistyrelsen, Forsyningstilsynet, Platt, 
Neste, Ærøfærgerne, ÆrøXpressen, European Environment Agency ETS dashboard. 

To reflect both a time interval with energy price stability and a time interval with volatile energy prices, the 
calculated scenarios are divided into two chapters. In chapter 4, the ten-year average from 2011-2021 have 
been used, reflecting a time period with relatively low energy prices and high stability. In chapter 5, average 
energy prices are based on the period from 1st of January 2021 until 31st of May 2023, reflecting a period, 
during geopolitical and pandemic crisis, with high and volatile energy prices, especially for electricity spot 
prices but also for ancillary service for grid balancing. The latter period also corresponds with introduction 
of time dependent distribution tariffs for electricity in Denmark, on top of the high volatility. Time 
dependent tariffs will further enhance price fluctuations on daily basis. 

Dividing these two periods is relevant to assess the impact of peak shifting during different economical 
environments and different tariff regimes. In theory peak shifting will help to keep energy cost down during 
high volatility periods. It is also likely that demand response and balancing service will generate a higher 
revenue during volatile periods. This will be tested by comparing scenarios in chapter 4 to similar scenarios 
in chapter 5.   
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4 Scenarios and operational setup during energy price stability 
In this chapter calculated scenarios are described based on design choices and operational setup and 
energy prices from the ten-year period 2011-2021 characterised by relatively low and stable energy prices. 
Sailing schedules and battery or energy balance for each operational day is shown from model calculations 
and trade-offs are discussed. In the first scenario 4.1, calculation methods are elaborated on in more detail 
than for the following scenarios.  

4.1 Scenario, Double-Ender E-ferry Twins 8,9 MVA grid connections both ports 
The first scenario examined is very close to the description forwarded to the Danish Civil Aviation and 
Railway Authority (Municipality of Ærø, 2022). The peak power of both charging stations is raised from 7,9 
to 8,9 MVA to cope with demand for the steel hull weight. Ship battery pack is kept at 6 MWh for each E-
Ferry Twin. For this base scenario, there is no shore-based battery pack. 

Battery capacity used for scenario 3.1 is calculated for a full day of operation including nighttime charging 
and losses in the charging chain found from the E-ferry Ellen in Søby (T. Heinemann, 2019). Results can be 
found in graphic below: 

 

Figure 4.1.1 Energy balance or battery capacity used during a full day and night of operation with 12 single trips or 6 roundtrips for 
one E-Ferry Twin. Compiled by EMK. 

  Battery State of Charge (SoC) at a given time can be found by dividing y-axis kWh battery capacity used by 
nominal battery capacity of 6.000 kWh converted to a percentage. E.g., highest SoC at 05:35 will be 4.800 
kWh / 6.000 kWh x 100 = 80 % and lowest SoC at 20:53 will be 1200 kWh / 6.000 kWh x 100 = 20 %. The top 
buffer will ensure sufficient capacity at battery End of Life (EoL) defined as 80% remaining of nominal 
capacity. The bottom buffer will ensure reserve capacity during the voyage for emergencies and 
contingency procedures (T. Heinemann, 2019). 

 The energy consumption from batteries between charges is calculated to be 1.686,7 kWh. This includes 
drivetrain losses from battery to propeller resulting in a Depth of Discharge (DoD) of 25 % per single trip. 
The energy delivered to the battery pack during the 15 – 2,5 = 12,5 minutes charging session in each port is 
1510 kWh. In real life charging curves are not linear, hence a 90% of the charger’s peak power rating of 8,9 
MVA has been used for the calculation. 

This means that 361 kWh of trip consumption in scenario 3.1, at battery EoL, are reserves from nighttime 
charging that can be distributed over the day of operation due to needed battery size for sufficient battery 
life. Earlier in the battery life, the share of nighttime charging could be higher if batteries are charged to 
e.g., 90% SoC each morning. The first trip of the day will of course be covered fully by nighttime charging 
always.  

However, the large battery size (nominal capacity) is not only required to bring charging time down during 
the day. It is mostly required to ensure that DoD per roundtrip and charging C-rate do not become too high. 
High DoD per cycle will degrade battery life faster. Increase in DoD per cycle degrade battery State of 
Health (SoH) in a logarithmic relationship. Number of cycles before battery SoH reaches 80 % should be 
around 60.000 to ensure a lifetime of 15 years with 3.850 trips (battery cycles) of 25 % DoD per cycle.  
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For scenario 3.1 this charging speed rate (C-rate) is found to peak at 1,5 C during charging. This is a 
relatively high C-rate for classic lithium-ion NMC batteries, hence liquid cooling is needed or the choice of a 
newer lithium-ion battery type/chemistry. An alternative is a bigger battery pack which would result in a 
lower C-rate. Discharge rates are found to be much lower, around 0,25 C, and do not constitute for any 
barrier.  

The combination of DoD, C-rate and lithium-ion chemistries (in the E-ferry Graphite/NMC) will decide the 
possible number of battery cycles when temperature is not a variable. In the ferry battery rooms, at 
reasonable C-rates, battery temperature can be kept almost constant within a few degrees at room 
temperature. This is perfect for battery cycle lifetime and also good for battery calendar lifetime. For this 
scenario a battery lifetime of more than 15 year can be expected based on the key parameters found 
above.  

Energy used per trip and per day in scenario 3.1 can be found in detail in table below: 

 

Table 4.1.1 Energy consumption from batteries and from grid in scenario 4.1 for case study E-ferry Twin A vessel. Source EMK. 

The deviation between total ship energy consumption and grid energy consumption could be explained by 
charging losses from high voltage grid transformer to batteries onboard and roundtrip efficiency of battery 
system and inverters. In total loss is estimated to be around 10% but will depend on load factor on 
transformers, charging line, breakers and inverters and C-rates of the battery charging sessions and finally 
battery temperature and internal resistance in battery cells. 
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Cost of energy for scenario 4.1 is calculated below based on time of use from grid connection and the 10-
year average day and night electricity prices including distribution, transmission, system and balancing 
tariffs, the EU minimum fee and cost of green certificates for the renewable energy consumed: 

 

Table 4.1.2 Electricity cost for scenario 4.1 with E-ferry Twins A & B both operating according to case study schedule on the route 
from Ærøskøbing to Svendborg based on energy price ten-year average 2011-2021. Source EMK. 

When energy costs from scenario 4.1 are compared to energy costs from fossil fuel operation based on 
same ten-year average time span savings are evident. Fossil fuel consumption is explained in chapter 7.1. 

 

Table 4.1.3 Calculation of fossil fuel costs with and without CO2 ETS quotas from same time period 2011-2021 for E-ferry Twins A & 
B hulls fitted with fossil fuel drive train for comparison. Source EMK.  

Price savings for battery electric operation are calculated incl. VAT1 and can be found at the bottom of the 
table above. Also, cost savings if new Danish minimum fee for CO2 is implemented, is shown for reference. 

 
1 Deductible VAT is on average only 16% for ferry operator due to tax exemption for passengers and goods transport. 
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Comparison of energy costs will not give the full picture of savings in the base scenario of the case study.  

Savings on maintenance costs and, to some extent, also crew salaries can be expected as some job 
positions may require lower competences according to STCW regulations. For this study only maintenance 
cost savings of the fossil fuel drive train has been assessed at annually 750.000 DKK per 1.500 kW power 
(Pb) of machinery installed. This is based on other resent EMK assessments (Hagbarth Mikkelsen, 2022).  

With an estimated installed machinery capacity of 3000 kW for each new E-ferry Twin, including hotel 
power/thruster power, this amounts to savings of 3.000.000 DKK per year in maintenance total. However, 
extra maintenance cost of shore charging stations must be deducted from this. Service costs or contracts 
and spare parts for both stations are estimated at 1.000.000 DKK per year total in the base scenario 4.1. 

All savings though, must be deducted the added investment cost of batteries and shore charging 
infrastructure compared to a conventional fossil fuelled ferry. For the E-ferry Twin project description, 
budget estimates of vessels and shore infrastructure costs have been prepared and forwarded to 
Trafikstyrelsen by the municipality of Ærø (Municipality of Ærø, 2022). However, budgeted costs from here 
seem not to cover the added requirement for peak charging capacity found when putting CFD based 
consumption calculations into the spreadsheet model of this case study. 

The full cost of shore infrastructure for charging has not been budgeted in the municipality project 
description, as third-party service provider is expected to cover some investment costs. To be able to assess 
different scenarios and impact to investment costs if charging infrastructure is changed in various 
scenarios, an estimation for a revised budget for scenario 4.1 has been prepared by EMK for this study.  

Note that one-time connection fee for 8,9 MVA is necessary in order to keep the sailing schedule when also 
covering charging losses and all drive train losses according to found energy consumption in CFD 
calculations from Naval Architects. Also costs of inverters, breakers, cooling systems, installation and 
commissioning etc. have been roughly estimated by EMK, in order for the case study scenarios to be 
comparative. 

 

Table 4.1.4 Revised budget by EMK per charging station. Two stations of 8,9 MVA peak power are needed to cover base scenario 
4.1. Hence investment cost for shore charging stations will be double the estimated total in table above. Source EMK + Municipality 
budget for project description of E-Ferry Twins (Municipality of Ærø, 2022). 

Investments in vessels are not subjected to VAT but shore infrastructure is according to Danish tax 
regulation. Still ferry operator is only partly subjected to VAT, as explained in foot note earlier. 

Other changes to port infrastructure are not included as added investment costs, e.g. new berths, or auto 
mooring systems, as these changes are also required for all scenarios, even if one chose to implement new 
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conventional fossil fuelled ferries. The purpose of this case study is to perform a comparative analysis. This 
means, that it is not necessary to find total operating and investment cost of all scenarios, only the 
differences. 

Compared to conventional diesel ferry operation, all investment costs for each shore charging stations in 
Table 4.1.4 will be added investment costs and they need to be deducted from savings on energy costs to 
estimate total savings from the scenario analysed. 

It is difficult to assess price difference of a newbuilt battery electric ferry versus a newbuilt conventional 
diesel (or diesel-electric) ferry. However, in order to assess the added investment costs of introducing a 
battery electric drivetrain for the case study base scenario 4.1, the following comparison of drive train 
investment costs have been made: 

 

Table 4.1.5 Estimated investment costs of power systems for E-ferry Twin and similar sized conventional diesel electric ferry with an 
installed machinery capacity of 3.000 kW. Source EMK and green upgrade report Hagbarth Mikkelsen 2022. 

Added cost per battery vessel is expected to decline in future more mature markets when economies of 
scale bring battery drivetrain components down.  

As for electric cars, buses and trains cross over point for new battery vehicles to be cheaper than new 
conventional Internal Combustion Engine (ICE) vehicles could be in only a few years (Fortuna, 2022).  

Investment calculation, assessing alternative setups, can be a complex matter. The simple static payback 
method uses added investment divided by annual savings to compare different scenarios, see table on next 
page: 
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Table 4.1.6 Simple linear pay back calculations for added investment for scenario 4.1 based on assumptions stated above and three 
different electricity cost scenarios, without CO2 costs and with respectively ETS quotas trading price 2011-2021 and with future 
agreed Danish minimum CO2 fee on fossil fuel. Source EMK. 

The simple static payback method will not show if the investment is profitable if the discount rate for the 
investment is to be considered. An internal discount rate of 4%, typically recommended by the Danish 
Ministry of Transport (FIU Alm.del Bilag 21, 2018) for transport modelling and socio-economic effects, has 
been used below to include the alternative cost of capital for the ferry operator’s investment: 

 

Figure 4.1.2 Accumulated savings discounted to present value with discount rate of 4% versus present investment costs incl. VAT of 
16% for shore-based charging stations. Source EMK. 

In the present value method, future costs are discounted back to present value here with an annual 
discount rate of 4% by dividing calculated added annual savings with (1+0,04)y where y is the year after 
construction. All savings are then accumulated, as above, to find saving parity with investment cost today.  

In the present value method, future savings or future costs are weighted lower than present or short-term 
savings or costs. This will impact the time of parity making parity arriving later, or with no break-even at all 
in some cases if savings are marginal. The method can also be used to assess if the economic lifetime of the 
investment is sufficient to create profitability, e.g. before battery packs have to be replaced. 
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The exchange of battery modules after battery End of Life (EoL) is not included in the spreadsheet model 
but could be added the present value method. At estimated EoL, for this operational setup after 60.000 
cycles, or +15 years, cost of battery exchange per annum at forecasted future battery price could be 
entered into the present value calculation.  

This would result in a dip in the curves of Figure 4.1.2 after battery EoL. However battery EoL is, for most 
scenarios tested, years after break-even and therefore not considered relevant to apply for now. Looking 
for a break-even shorter than battery life is a less complex method. This way, sensitivity to long battery 
price forecasting and high uncertainties is also avoided. 

For scenario 4.1 the present value method, with 4 % discount rate and based on input from the 
spreadsheet model and historical spread in energy price 2011-2021, shows break-even after 10,4 years. 
Break-even is before calculated EoL of ships battery pack. The sensitivity to discount rate shows that 
altering discount rate +/-2 % will only move time of parity +/- 1,5 years which is still a rather solid result.  

 However, annual savings will increase significantly already in this decade when Danish climate legislation is 
implemented, and national ferries need to comply with coming emission fees on CO2 equivalents and pay 
fully or partly for the socioeconomic costs of CO2 from fossil fuel operation (Political Agreement on Green 
Tax, 2022). At a combination of an emission fee and EU ETS quotas of 1.125 DKK per ton CO2, payback time 
of added investment for chargers and batteries will be only 3,5 years.  

This is based on average energy costs from the ten-year period 2011-2021 which reflects a relatively stable 
energy market. The implication of a more volatile energy market with high energy costs and geopolitical 
crises can be found in a similar base scenario 5.1 in chapter 5 covering the time period from 1st of January 
2021 to 31st of May 2023. In this period also time dependent distribution tariffs were introduced.  

 
Table 4.1.7 E-ferry Twin case study summary of inputs and findings for base scenario 4.1 with two double-ender steel hull battery 
electric ferries with transit time of 75 minutes and sailing schedule as of today based on 2011-2021 average energy prices. 
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4.2 Scenario, Double-Ender E-ferry Twins 6 MVA grid connections and 2,2 MWh shore 
battery for peak shaving both ports 

The second scenario examined is similar to the setup described in scenario 4.1 when it comes to the E-ferry 
Twin design and sailing schedule. However, in scenario 4.2 shore infrastructure is changed somewhat. Grid 
connections are reduced from 8,9 MVA to 6 MVA to save investment costs for grid connection fees.  

Instead an Energy Storage System (ESS) as a shore-based battery pack of 2,2 MWh is added to charging 
stations in each port. The ESS will act as buffers and be used for peak shaving during fast-charging sessions. 
It should be able of adding at least 2 MW of power on a continuous basis.  For the rest of the time ESS can 
be used for peak shifting, grid balancing services or redundance if grid connection gets restricted or fails.  

 

Figure 4.2.1 LeblockTM ESS from battery producer Leclanché with Lithium Iron Phosphate cells. Three battery blocks and one combi 
block for interconnection and battery management has the size of a twenty-foot shipping container. Footprint of a 3 MWh system 
will be around 110 m2 including power conversion components and Energy Management System (EMS). Source Leclanché.  

Onboard batteries and charging connections to the E-ferry Twins are not changed in this scenario. In table 
below estimated investment costs for one charging station can be found: 

  

Table 4.2.1 Investment costs per charging stations including ESS of 3 MWh storage capacity and 3 MW peak power from batteries. 

Roundtrip efficiency for the shore-based ESS is expected to be 0,92 according to product specification from 
Tesla Megapack systems (Tesla, 2023), Leclanché (Leclanché, 2023) or SHGroup (SHGroup, 2023). This 
means that extra energy costs are added to cover losses for the share of energy charged to the E-ferry 
Twins from the shore-based ESS. Lithium iron phosphate cells are assumed and will be discharging at C-rate 
of around 0,9C with DoD below 25% to ensure sufficient battery life in the ESS, see Table 4.2.3.  
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Table 4.2.2 Total energy consumption from grid connection is increased due to roundtrip efficiency of shore battery system of 0,92. 
Source EMK. 

These losses have been incorporated into the spreadsheet model for scenario 4.2 and extra 404 kWh need 
to be repaid by savings form peak shaving, peak shifting, lower connection fee and grid balancing services. 

Each charging station with shore-based battery system will be utilized as described in Table 4.2.3 below: 

 

Table 4.2.3 Showing how shore battery system is utilized during port stay and between port stays in daily operation with the case 
study E-ferry Twins. Night charging not included nor peak shifting or balancing services. Source EMK. 

Cost of energy for scenario 4.2 is reduced by introducing peak shaving. As seen from Table 4.2.3 delivered 
energy to charging station is 422 kWh per session. Utilising 80% of nominal battery capacity of 2.232 kWh, 
this is sufficient to peak shave four charging sessions and can be performed two times per day.  

 

Figure 4.2.2 Hourly spot prices average DKK/MWh for electricity in DK1. Interval A is the night to morning price difference and B the 
afternoon to evening price difference on average for the data series 2013-2020. Compiled from Nord Pool data by EMK. 

A B 
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Based on the duck curve from chapter 3, average electricity spot price can be reduced by storing extra 
1.785 kWh of electricity from the lowest night rates on each shore charging station. When this stored 
energy is used during the morning, then shore batteries can again be fully charged during the lowest rates 
of the afternoon on average between 14:00 to 15:00 hours. At a charge rate of 1C, equalling around 2 MW 
from the grid connection, refilling will only take around one hour. 

This way lowest night rates are achieved for an extra 1.786 kWh per day of operation during the morning 
peak with a price reduction, according toFigure 4.2.2, at up to the height (A) of 0,12 DKK/kWh. In the 
second wave of the day another 1.786 kWh can be shaved off height (B) up to 0,05 DKK/kWh for each port 
or vessel.  

An autonomous charging planning systems with input of daily and hourly electricity spot price and time 
dependent distribution tariffs will ensure alterations to charging strategies of the shore battery. This is 
needed in order to optimise for lowest cost when prices fluctuate due to weather conditions or changes in 
demand and production.  

For this scenario 4.2, there are no time dependent tariffs. But in chapter 5 time dependent tariffs fluctuate 
quite a bit as they were introduced from beginning of 2021. Especially in years of high electricity prices the 
difference between low demand, high demand and peak demand distribution tariffs will increase, often 
with some delay. Source N1 price lists 2021-2023 (N1, 2023). 

 

Table 4.2.4 Electricity cost for scenario 4.2 with E-ferry Twins A & B and both charging stations equipped with shore-based batteries 
of 2,2 MWh each. Same sailing schedule as for scenario 4.1 and calculations based on energy price ten-year average 2011-2021. 
Source EMK, 
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When electricity costs are compared to scenario 4.1, peak shifting to hours with low demand, using shore-
based batteries, saves almost nothing, 4.284 DKK excl. VAT annually. Although shifted energy is quite 
significant, the difference between high and low demand prices, for the time period used in chapter 4, is 
too low to really gain from peak shifting and pay for the added 404 kWh per day per vessel which is lost due 
to roundtrip efficiency of the ESS shore-based system. Average price of electricity is only lowered from 
0,5280 DKK/kWh to 0,5187 DKK/kWh or 1,8%. But extra 259.279 kWh annually total will be needed, 
although at a lower average price, compared to scenario 4.1. 

In chapter 5 scenarios are subjected to much more volatile prices and higher fluctuations, resulting in a 
duck curve with higher amplitude. At the same time distribution tariffs are made time dependent creating 
further differences between low and high demand electricity costs. Comparing with scenario 5.2, will show 
the impact of volatile prices to peak shaving or peak shifting method. 

For scenario 4.2 energy costs from fossil fuelled operation would be exactly the same as for scenario 4.1. 
Other savings, e.g. from maintenance, are almost the same. However added costs for maintenance of both 
shore-based ESS are estimated to be around 80.000 DKK annually. Source Tesla Megapack (Tesla, 2023). 

Hence savings are close to similar and can found from table below: 

 

Table 4.2.5 Simple linear pay back calculations for added investment for scenario 4.2 added shore batteries and based on 
assumptions stated above and three different electricity cost scenarios, without CO2 costs and with respectively ETS quotas trading 
price 2011-2021 and with future agreed Danish minimum CO2 fee on fossil fuel. Source EMK. 

Comparing added investment cost and savings from lower operating cost, the simple static payback 
method shows one year extra to break-even compared to scenario 4.1. Although operational savings are 
almost the same, added investment costs are 7.218.796 DKK higher in scenario 4.2 due to the two ESS 
facilities in ports. These investments are not outweighed by the reduced grid connection fees or savings 
from peak shifting. 

For the present value method with a discount rate of 4%, see results in Figure 4.2.3 on next page: 
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Figure 4.2.3 Accumulated savings discounted to present value with discount rate of 4% versus present investment cost incl. 
deductible VAT of 16% for shore-based charging stations. Source EMK. 

For scenario 4.2 the present value method, with 4 % discount rate and based on input from the spread 
sheet model and historical average in energy price 2011-2021, it shows profitability after 11,8 years. A year 
later as for the base scenario 4.1. Break-even is still before calculated EoL for ships battery pack and the 
shore-based batteries are not cycled as deep and therefore will last even longer. 

 However, also in this scenario, annual savings will increase significantly already in this decade when Danish 
climate legislation is implemented. With the planned emission fee of 1.125 DKK per ton CO2, payback time 
of added investment for chargers and batteries will be only 3,9 years.  

Again, this is based on average energy costs from the ten-year period 2011-2021 that reflects a relatively 
stable energy market. The implication of a more volatile energy market can be found in chapter 5. Here also 
time dependent distribution tariffs are introduced. Time dependent tariffs will have a positive impact on 
savings from peak shaving.  

The shore-based ESS could also be used for grid balancing services and generate revenues and profits. This 
is evaluated in scenario 4.3 and 5.3.  

 
Table 4.2.6 E-ferry Twin case study summary of inputs and findings for base scenario 4.2 with two double-ender steel hull battery 
electric ferries, transit time of 75 minutes and shore batteries at charging stations. Based on 2011-2020 average energy prices. 
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4.3 Scenario, Double-Ender E-ferry Twins 6 MVA grid connections and 2,2 MWh shore 
battery + ancillary services both ports 

The third scenario examined is similar to the setup described in scenario 4.2 when it comes to the E-ferry 
Twin design, the shore charging station with shore-based ESS and the sailing schedule with transit times of 
75 min. However, in scenario 4.3 revenues from potential ancillary services, balancing the grid frequency, 
are evaluated using the shore infrastructure of the charging station and vessels when connected: 

• 6 MVA grid connection in each port. 
• 2 x Shore-based ESS each with up to 2 MW continuous, or 3 MW peak, discharge power and 2,2 

MWh battery capacity. 
• Vessel to Grid (V2G) discharging from E-ferry Twins to grid during night stay from onboard 6 MWh 

battery packs.  

Ancillary service (or balancing service) in the E-Ferry Twin case study can be divided into: 
• Demand response services. 
• “Peaker plant” services using shore-based ESS batteries. 
• V2G services using onboard batteries. 

As explained in chapter 3, some of the balancing services are based on bids that needs to be symmetrical 
offering both up and down regulation of power to and from the grid according to strict hour intervals. Here 
port grid connection, charging infrastructure or excess capacity from these must be standby during the 
time interval in question.  

The party delivering balancing services, e.g. being the ferry, port operator or a third party controlling the 
system, will be paid by capacity (MW/h) of the bids won to have same capacity standby in a given hour. The 
frequency balancing and regulating power market in region DK1 is complex and divided into several 
different types of services as elaborated on in chapter 7.2. The market is undergoing significant changes 
these years between service product types. But in total, volume of market is expected to increase in coming 
years due to more intermittent electricity production from wind turbines and PV solar (Energinet, 2023).  

 

Figure 4.3.1 The three different services for stabilizing frequency through power balancing in DK1 region. Source Energinet 

For this case study the service of Frequency Containment Reserves (FCR) in DK1 region has been chosen. 
This service is also often characterised as the Primary Reserve market for grid frequency balancing. For the 
time period 2011-2020, used for scenario 4.3, FCR in DK1 was a market only procured in Western Denmark. 
Since January 2021 the market auctions have been coupled to the German/Continental market for FCR 
services using the cross-border connection, first partly and since September 2022 fully. The common 
auctions have resulted in stronger competition leading to much lower prices for FCR services in DK1 after 
September 2022. But at the same time Danish providers can sell to a bigger market via cross border 
connection to Germany (Energinet, 5th of January 2023). 
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For the case study of the E-ferry Twins, operating between islands in region DK1, revenue from providing 
FCR service for Transmission System Operator (TSO) and Balance Responsible Party (BRP) is considered 
relevant. Compared to the two alternative balancing capacity services, aFRR and mFRR, the FCR service is 
characterised by fast response time but also relatively short activation duration of the standby capacity. 
Hence only a load factor off less than 1% (in 2021 only 0,05%, source Energinet) of the capacity in question 
will run through the physical system (grid connection and batteries) at the shore charging stations.  

This is important as only the redundant capacity of the charging stations and battery systems can be used 
for grid balancing services. The primary focus of the setup is still to allow for full battery operation of the E-
ferry Twins in this case study and not restrict sailing schedule in any way.  

Grid balancing services may however affect peak shaving strategies found in scenario 4.2. Therefore savings 
from peak shaving is reduced 70% accordingly in scenario 4.3. In Table 4.3.1 below estimated profits from 1 
kW capacity, traded in the DK1 FCR market for a full year, have been calculated. Profits are not the same 
for all hours of the day. For this case study two intervals were relevant to calculate. A full 24-hour day and a 
block of 4 hours per day, starting at midnight. The table below reflects year 2011-2020 prices. Data for load 
factor, throughput, efficiency, energy loss, tariffs and battery degradation are explained in chapter 7.2. 

 

Table 4.3.1 Calculated revenues and estimated profits from 1 kW of FCR capacity service offered for 24 hours a day and 4 hours a 
day respectively in DK1 region from 2011-2020. Source compiled by EMK from multiple sources Energidataservice, Nordpool, 
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Energinet, Forsyningstilsynet (Danish Utility Regulator), Master Thesis of S. Jansson (Evaluation of KPIs and Battery Usage of Li-ion 
BESS for FCR Application) September 2019, Value paper of A. Thingvad et al (Economic Value of Multi-Market Bidding) June 2021.  

Profits from FCR services in scenario 4.3 outweighs the lower savings from peak shaving according to 
calculations. In addition there is still room for some peak shaving in combination with FCR services. In the 
spreadsheet model of scenario 4.3, shore-based batteries of two times 2.232 kWh, at the charging stations, 
are traded 24 hours per day in the DK1 FCR market with a capacity of two times 1,6 MW/h.  

In addition, battery storage capacity of 6.000 kWh of one E-ferry Twin, or a combination of both at berth in 
the nighttime on the island of Ærø, will be used for V2G services and traded at the first block, 00-04 o’clock, 
in the DK1 FCR market with a planned capacity of 3,8 MW/h for the four hours per day.  

If E-ferry Twins were divided between Ærø and Fyn during nighttime port stays the latter 4 hour per day 
capacity could double to 7,6 MW/h. But this setup has not been analysed in the model calculation. Thus 
both E-Ferry Twins are planned to be located in the port on Ærø at night according to normal practice.  

Cooperation and coordination with the planned battery electric ferry from Svendborg to Skarø/Drejø could 
enhance FCR service capacity to be offered from the shore charging station in Svendborg in the nighttime. 
This could take place at first four hours (first block) after midnight adding battery capacity of the new 
Skarø/Drejø ferry staying overnight in Svendborg to the FCR service. An operator is allowed to aggregate 
services although they are at different locations within the DK1 region. This is why it is an advantage that 
both E-ferry Twins do not berth at the same time of an hour during their daily schedule, see chapter 2.2. 

As it can be seen from Table 4.3.1, ferry operator, or third-party provider of shore charging infrastructure, 
would need to pay for tariffs and energy loss from activated energy according to throughput on the 
charging and battery systems in use. FCR is a symmetrical service offering with same up- and downward 
regulation capacities. Hence, volumes of electricity bought and sold in spot market should balance to zero 
over time.  

However, in real life, imbalances occur every day. These 
will be remunerated by balance settlements based on 
hourly price of regulating power according to registered 
imbalance volume per hour. 

Tariffs on transport of electricity to and from the shore 
charging stations constitute for the largest part of cost 
when offering FCR service. Due to the small load factor 
and short activation durations in the service, battery 
throughput and therefore battery degradation is 
marginal. In DK1 and continental Europe a dead-band of 
±10 milli Hz to the FCR service ensures some time for 
restoration of battery SoC when activated. 

In the scenario calculation a success rate of won bids in 
the FCR market is assumed to be 50%. Geography could 
affect the success rate of won bids due to restrictions in 
local grid lines. But this problem could interfere both 
positively and negatively to the probability of winning 
depending on the expected state of local grid system.  

Multimarket bidding could mitigate lost bids if assumed 
success rate shows to be too high in future market. 

Table 4.3.2 Simulation results expressed at 1 kW of FCR 
capacity for full year based on an internal Vattenfall 
computer simulator and 768 kWh ESS with 550 kW grid 
connection to German grid (FCR service). Compiled by EMK 
from Master Thesis of S. Jansson, Uppsala University, 
(Jansson, 2019).   
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The study of Buster B. Hansen, “Flexibility Analysis and Demand Response Optimization of Energy System”, 
was performed as part of the ZEM North Sea Ports project and with Ærø and Søby grid system as its primary 
case (Hansen, 2021).  His analyses showed that aggregating several sources of flexibility, including the E-
ferry in Søby, in a smart grid system could decrease constraints on local 10/60 kW grid transformer station 
and postpone or mitigate the requirement for upgrading grid infrastructure in an energy system with a high 
share of intermittent production from wind turbines and PV solar. Increasing the complexity of the energy 
system with flexible participants, in this case, revealed greater potential in specific components.  

However, in general, the E-ferry in Søby displayed little interest in discharging, in contrast, having a 
noticeable charging modification throughout the entire year in the analysis performed by Buster B. Hansen. 
Trading in the FCR market was not investigated in mentioned study. Still its findings suggest that using 
demand response for up- or downward regulation of frequency during planned charging sessions for the E-
ferry Twins will be the most efficient way to perform said FCR service.  

During charging of vessels or shore-based ESS for the E-ferry Twin operation, tariffs and losses are covered 
by the ferry operation and would be used anyway. Whereas V2G and shore-based ESS to grid flow and vice 
versa, only to perform FCR service, will incur added tariffs and losses. 

 

Figure 4.3.2 Grid frequency (3 hours) in the central European grid from midnight, December 1st, 2022. Source Elia Open Data portal. 

Calculation of synergies between charging of E-ferries/shore batteries and periods of activated up- or 
downwards regulation from FCR service would be very complex as grid frequency deviates all the time. 
However, during long charging periods there is a high likelihood that FCR reserves will be activated during 
part of the period. But finding this share of time with synergies between charging and FCR services, based 
on historical data, is not analysed, or included in this case study. Hence full cost of tariffs and losses have 
been assumed in the calculation as a conservative estimate to identify profits. 

 

 

Table 4.3.3 Strategy for trading in DK1 FCR market with E-ferry Twins and shore-based ESS at charging stations. EMK. 
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Table 4.3.4 Electricity cost for scenario 4.3 with E-ferry Twins A & B and both charging stations equipped with shore-based batteries 
of 2,2 MWh each. Same sailing schedule as for scenario 4.1 and 4.2. Peak shaving reduced compared to 4.2. Calculations based on 
energy price ten-year average 2011-2021. Source EMK. 

Peak shifting, using shore-based batteries, is reduced by 70% compared to scenario 4.2. Hence, energy 
costs are 86.741 DKK higher annually, not including electricity cost for FCR services. This is deducted in 
Table 4.3.1 and therefore already reflected in profits from FCR services in same table. 

 

Table 4.3.5 Profit from FCR grid balancing service and savings from other sources plus simple linear pay back calculations for added 
investment for scenario 4.3 and three different electricity cost scenarios, without CO2 costs and with respectively ETS quotas trading 
price 2011-2021 and with future agreed Danish minimum CO2 fee on fossil fuel. Source EMK. 
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Comparing added investment costs and savings including estimated profits from FCR services, the simple 
static payback method shows significantly shorter time to break-even than for scenario 4.1 and 4.2. Added 
investment costs are the same as for 4.2 but the setup with FCR service generates  3.541.041 DKK annually, 
according to the assumptions and calculations.  

According to the study of Andreas Thingvad et al, “Economic Value of Multi-Market Bidding in Nordic 
Frequency Markets”, DTU (A. Thingvad, 2023), profits could be further enhanced by multi-market bidding 
strategies. For the Nordic FCR market multi-market bidding achieved 22%-30% higher profits over five years 
and over the individual markets analysed. However, E-ferry Twins are operating in the DK-DE LFC block 
market now and not the Nordic LFC block market. 

For the E-ferry Twin case study, multi-market bidding would be relevant for days where bids are not 
attractive or not won in the FCR auctions. Instead providing regulating power at the mFRR reserve market 
or entering new future aFRR market could regain some added value for time periods without won bids. 
Offering voluntary lower bids for some ancillary services is also a possibility. An alternative strategy could 
be to simply increase peak shaving back to the level described in scenario 4.2, hence saving part of the 
extra cost of 86.741 DKK for this FCR setup, found on the page above. 

Based on electricity prices and FCR service prices from the period 2011-2020, the present value method 
with a discount rate of 4% shows solid results for scenario 4.3 with break-even between added investment 
costs and lower operational costs after 8 years, or even down to only 3,4 years, depending on the CO2 
pricing regime chosen: 

 

Figure 4.3.3 Accumulated savings discounted to present value with discount rate of 4% versus present investment cost incl. VAT of 
16% for shore-based charging stations and profits from grid balancing FCR services. Source EMK. 

Again, this is based on average energy costs from the ten-year period 2011-2021 that reflects a relatively 
stable energy market. At the same time, price for FCR service was relatively high during this period before 
region DK1 went into common auctions with Germany and continental Europe for this reserve market. See 
details in chapter 5.3 

The implication of a more volatile energy market with high energy costs and higher share of intermittent 
production from wind turbines and PV solar can be found in a similar scenario 5.3 in chapter 5 covering the 
time period from start of 2021 to June 2023. In this period also time dependent distribution tariffs were 
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introduced together with a new market regime for FCR services trading more reserve volumes across 
borders.  

A summary of findings from this scenario 4.3 can be found in table below: 

 
Table 4.3.6 6 E-ferry Twin case study summary of inputs and findings for base scenario 4.3 with two double-ender steel hull battery 
electric ferries, transit time of 75 minutes and shore batteries at charging stations. Based on 2011-2020 average energy prices and 
including balancing services in the FCR market. 
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5 Scenarios and operational setup during energy price volatility 
In this chapter calculated scenarios are described based on design choices and operational setup and 
energy prices from the latest years from 1st of January 2021 to 1st of June 2023. This time period represents 
extremely high and volatile energy prices, especially for cost of electricity. Hence, it is interesting to analyse 
the impact to battery electric operation versus conventional fossil fuel operated ferries but also the effect 
of peak shifting and balancing service from changes to port infrastructure setup during such volatile 
periods. 

 

Figure 5.1 Short term energy cost comparison for conventional fossil fuel drive train, biofuel drive train and electric battery 
drivetrain charged with renewable energy. Measured per MWh input to propulsion propeller or hotel power in the ferry. Compiled 
by EMK from multiple sources, see details in Figure 2.2.6 . 

Sailing schedules and battery or energy balance for each operational day are the same as for scenarios in 
chapter 4. However, here the impact of geopolitical crisis and high energy prices with significant 
fluctuations can be assessed and compared to the time period with lower energy price and higher stability 
from 2011-2021, analysed in chapter 4.  

5.1 Scenario, Double-Ender E-ferry Twins 8,9 MVA grid connections both ports 
This base scenario is similar to scenario 4.1 from chapter 4 only energy prices have been changed in the 
calculation to reflect the volatile and high-priced period from 1st of January 2021 to 1st of June 2023. This 
means that all the technical aspects of the operational setup are the same, and reference is made to these 
elaborated on in chapter 4.1. 

Hence in chapter 5.1 the analysis will only focus on the economic impact of the changed price regime for 
this rather extreme time period. 

Cost of energy for scenario 5.1 is calculated in Table 5.1.1 on next page based on time of use from grid 
connection and average day and night electricity prices including time dependent distribution, 
transmission, system and balancing tariffs, the EU minimum fee and cost of green certificates for the 
renewable energy consumed. Average price of electricity charged to the batteries has, not surprisingly, 
increased significantly, although distribution tariffs are reduced some, especially the time dependent night 
tariff: 
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Table 5.1.1 Electricity cost for scenario 5.1 with E-ferry Twins A & B both operating according to case study schedule on the route 
from Ærøskøbing to Svendborg based on energy price average 2021-2023. Source EMK. 

When energy costs from battery electric operation, in scenario 5.1, are compared to energy costs from 
fossil fuel operation, based on same price average time span from 2021-2023, the savings are almost gone: 

  
Table 5.1.2 Calculation of fossil fuel costs with and without CO2 ETS quotas from same time period 2021-2023 for E-ferry Twins A & 
B hulls fitted with fossil fuel drive train for comparison. Source EMK. 

But this is only the case if fossil fuel costs are calculated without any costs of CO2 emissions. The numbers 
can be found at the bottom of Table 5.1.2. If CO2 ETS quotas from the relevant time period are included, 
then battery electric operation still shows significant savings on energy cost. Price savings if new Danish 
minimum fee of 1.125 DKK/ton of CO2 is implemented, is shown for reference. 

MGO Low Sulphur average fuel prices excl. VAT have risen from 3.655 DKK/ton in scenario 4.1 to 5.370 
DKK/ton in scenario 5.1, an increase of +47%. At the same time average electricity costs excl. VAT have 
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gone up from 0,46 DKK/kWh in scenario 4.1 to 1,28 DKK/kWh, an increase of +178%, with record highs in 
third quarter of 2022. In 2023 prices dropped back some but only five months of 2023 are in weighed 
average for chapter 5 scenarios, see also Figure 5.1.  

Again, comparison of energy cost only will not give the full picture of savings in the base scenario. Also here 
same savings on maintenance are to be expected as for scenario 4.1. When savings from lower 
maintenance costs of battery electric operation are included, then model calculation shows marginal saving 
compared to conventional fossil fuelled operation. Added investment costs for battery electric operations 
are considered the same as for scenario 4.1 and are unchanged, see Table 5.1.3 below: 

 

Table 5.1.3 Simple linear pay back calculations for added investment for scenario 5.1 based on assumptions stated above and three 
different electricity cost scenarios, without CO2 costs and with respectively CO2 ETS quotas trading price 2021-2023 (to June) and 
also with future agreed Danish minimum CO2 fee on fossil fuel. Source EMK. 

The simple static payback method shows an almost infinite time to break-even between added investment 
costs and savings from operation if CO2 emission costs are not considered. Same is the case for the present 
value method with an applied discount rate of 4%: 

 

Figure 5.1.1 Accumulated savings discounted to present value with discount rate of 4% versus present investment cost incl. VAT of 
16% for shore-based charging stations. Source EMK. 
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However if costs of CO2 emissions are considered, then base scenario 5.1 shows high profitability 
compared to conventional fossil fuelled operation despite the extremely high electricity price used in the 
model calculations for this time period.  

 When Danish climate legislation is implemented, and national ferries need to comply with coming emission 
fees on CO2 equivalents at a rate of 1.125 DKK per ton CO2, then payback time of added investment for 
chargers and batteries will be only 5,2 years.  

This is based on average energy costs from 2021-2023, a period of crisis that reflects a high priced and 
volatile energy market. When looked at together with the more stable and relatively low priced energy 
market from 2011-2021, scenario 4.1 and 5.1 can be used to assess the outlines of the E-ferry Twin case 
study. Analysis in scenario 4.1 showed break-even after 3.5 years, including future Danish CO2 emission 
fee, and was, not surprisingly, more attractive for the battery electric setup. 

Based on history it is likely that future dynamic of the energy market will be contained by these outlines. 
Thus realistic scenarios for the future could be made by combining results from the two. 

 
Table 5.1.4 E-ferry Twin case study summary of inputs and findings for base scenario 5.1 with two double-ender steel hull battery 
electric ferries with transit time of 75 minutes and sailing schedule as of today based on 2021-2023 (to June) average energy prices. 
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5.2 Scenario, Double-Ender E-ferry Twins 6 MVA grid connection and 2,2 MWh shore 
battery for peak shaving both ports 

The second scenario in chapter 5 is similar to the setup described in scenario 4.2 when it comes to the E-
ferry Twin design, sailing schedule and port infrastructure with shore-based battery at the charging station.  

Cost of energy for scenario 5.2 is reduced by introducing peak shifting like in scenario 4.2. However price 
variations are much different, as spreadsheet model calculations are based on price data from 2021-2023 
and time dependent distributions tariffs averaged over the same period. Hence, the duck curve for the 
hourly electricity spot price has a more volatile and significant expression:   

 

Figure 5.2.1 Hourly spot prices average DKK/MWh for electricity in DK1 (Compiled from Nord Pool data by EMK). Interval A is the 
night to morning price difference and B the afternoon to evening price difference on average for the data series 2021-2023. 

With higher amplitudes on the duck curve, savings generated from peak shaving will increase. Again 
average electricity spot price can be reduced by storing extra 1.785 kWh of electricity from the lowest night 
rates on each shore charging station. When this stored energy is used during the morning, then shore 
batteries can again be fully charged during the lowest rates of the afternoon on average between 14:00 to 
15:00 hours. At a charge rate of 1C (1 MW power/1 MWh capacity), equalling around 2 MW from the grid 
connection, refilling will only take one hour. 

According to Figure 5.2.1, savings from night to morning can be up to the height (A) of 450 DKK/MWh. In 
the second wave of the day shaved off height (B) can be even higher up to 490 DKK/MWh for average 
fluctuations.  

On top of this comes time dependent distribution tariffs that have varied 60 DKK/MWh between low 
demand charging times and high demand charging times on average in the period 2021-2023. Source N1 
price lists 2021-2023 (N1, 2023). 

A B 
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Table 5.2.1 Electricity cost for scenario 5.2 with E-ferry Twins A & B and both charging stations equipped with shore-based batteries 
of 2,2 MWh each. Same sailing schedule as for scenario 4.1 and 5.1 and calculations based on energy price average 2021-2023. 
Source EMK. 

When electricity costs are compared to scenario 5.2 peak shifting to hours with low demand using shore-
based batteries saves 357.773 DKK excl. VAT annually. The high-priced energy scenario shows higher 
savings from peak shifting methods than for the lower priced scenario with same peak shifting methods, 
see chapter 4.2, where savings were only 4.284 DKK.  

This means that the added 404 kWh per day per vessel which is lost due to roundtrip efficiency of the ESS 
shore-based system is fully repaid, even though average price of electricity is only lowered from 1282 
DKK/MWh to 1236 DKK/MWh or 3,5% compared to base scenario 5.1. 

Here in chapter 5, scenarios are subjected to much more volatile prices and higher fluctuations resulting in 
a duck curve with higher amplitude, as seen in Figure 5.2.1. At the same time distribution tariffs are made 
time dependent creating further differences between low and high demand electricity costs. Comparing 
scenario 4.2 and 5.2 will show the impact of volatile price regimes to peak shaving or peak shifting. 

For scenario 5.2 energy costs from fossil fuelled operation would be same as for scenario 5.1. Still savings of 
energy differs due to the peak shifting using shore-based batteries and associated savings and losses from 
these methods:  
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Table 5.2.2 Calculation of fossil fuel costs with and without CO2 ETS quotas from same time period 2021-2023 for E-ferry Twins A & 
B hulls fitted with fossil fuel drive train for comparison. Source EMK. 

Other savings e.g. from maintenance are almost the same except for an extra cost of maintenance of shore-
based ESS facilities estimated to be around 80.000 DKK annually growing 2% per year (Tesla, 2023). 

Hence annual savings are a little bit higher but also have to cover higher added investment costs: 

 

Table 5.2.3 Simple linear pay back calculations for added investment for scenario 5.2 added shore batteries and based on 
assumptions stated above and three different electricity cost scenarios, without CO2 costs and with respectively ETS quotas trading 
price 2021-2023 (to June) and with future agreed Danish minimum CO2 fee on fossil fuel. Source EMK. 

As for chapter 4, added investments costs are 7.218.796 DKK higher in scenarios with ESS in each port. 
Comparing added investment costs and savings from lower operating cost, the simple static payback 
method still shows almost infinite time to break-even if costs of CO2 emissions are not included. If emission 
costs are included, scenario 5.2 indicates close to same payback time as for scenario 5.1 which had no 
shore-based ESS. Meaning that added cost of the ESS is approximately repaid by peak shifting or peak 
shaving method and lower investment for grid connection fees. 

For the present value method with a discount rate of 4% see results in Figure 4.2.3 on next page: 
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Figure 5.2.2 Accumulated savings discounted to present value with discount rate of 4% versus present investment cost incl. VAT of 
16% for shore-based charging stations. 

For scenario 5.2 the present value method, with 4 % discount rate, and based on input from the spread 
sheet model and historical spread in energy price 2021-2023 (-June), including DK future fee on CO2 
emissions, shows break-even after 5,7 years. Break-even, including mentioned fee, is almost 2 years worse 
than similar operational setup described in scenario 4.2 that was based on year 2011-2020 price interval.  

Hence, the electricity price increase  (+177%) compared to the not so increased fossil fuel price (+47%) in 
year 2020-2023 cannot be fully repaid by peak shifting methods alone. However, the larger amplitude 
between daily high and low electricity price, tariffs included, will almost repay the added investment of the 
shore-based ESS installation when comparing to scenario 5.1. But this was also the case in 2011-2020 price 
regime, looking at scenario 4.1 compared to 4.2. Thus some of the extra value from peak shaving in 
scenario 5.2 price regime (2021-2023) helped to cover higher electricity prices as well. 

   

Table 5.2.4 E-ferry Twin case study summary of inputs and findings for scenario 5.2 with two double-ender steel hull battery electric 
ferries with transit time of 75 minutes and sailing schedule as of today, shore-based ESS and based on 2021-2023 average energy 
prices. 
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5.3 Scenario, Double-Ender E-ferry 6 MVA grid connections and 2,2 MWh shore battery + 
ancillary services both ports 

The third scenario examined is similar to the setup described in scenario 5.2 when it comes to the E-ferry 
Twin design, the shore charging station with shore-based ESS and the sailing schedule. However, in scenario 
5.3 revenues, costs and profits from potential ancillary services are evaluated like for scenario 4.3. 

Providing ancillary services together with E-ferry Twins operation in this case study is elaborated on in 
chapter 3, chapter 4.3 and chapter 7.2. Hence, focus in this scenario 5.3 will be to assess how volatile spot 
prices, but also volatile revenues, from ancillary services will influence same operational setup compared to 
scenario 4.3 which had both lower and less fluctuating prices and revenues. Again, FCR service is chosen for 
the ancillary service to be evaluated. The table below reflects year 2021-2023 (to June) revenues, costs and 
profits. Data for throughput, energy loss, tariffs degradation etc. are again explained in chapter 7.2. 

 

Table 5.3.1 Calculated revenues and estimated profits from 1 kW of FCR capacity service offered for 24 hours/day and 4 hours/day 
respectively in DK1 region from 01/01/2021 to 31/05/2023. Compiled by EMK from multiple sources Energidataservice, 
Regelleistung data center, Nordpool, Energinet, Forsyningstilsynet (Danish Utility Regulator), Master Thesis of S. Jansson (Evaluation 
of KPIs and Battery Usage of Li-ion BESS for FCR Application), September 2019, Value paper of A. Thingvad et al (Economic Value of 
Multi-Market Bidding), June 2021.  
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As for similar scenario 4.3, peak shaving methods, using shore-based ESS, have been reduced by 70% in 
scenario 5.3 in order to make room for as much ancillary service in the DK1 region FCR market as possible. 
This strategy and its operational setup for the FCR service is unchanged compared to scenario 4.3. 

Revenue from FCR service became quite extreme during 2022, even more than electricity spot price. The 
increase in FCR revenues in 2022 alone, compared to 2011-2020 average, was close to a factor of five. 2021 
FCR revenues were close to average for the prior decade and first half of 2023 showed low average revenue 
from FCR services.  

 

Figure 5.3.1 FCR capacity price DKK/MW/h in DK1 based on 4-hour intervals or 6 blocks per day. Source Energidataservice, 
Regelleistung data center and Energinet. Compiled by EMK. 

FCR market for DK1-DE were closer linked up and volumes auctioned together from 7th of September 2022. 
This is highly visible to price in Figure 5.3.1, and the increased competition drove prices for FCR in Western 
Denmark down immediately (Energinet, 5th of January 2023). Still summertime is normally the high-priced 
period so coming summer prices of FCR should be interesting to follow. 

If bids were won for all hours of FCR service in DK1 from 1st of January 2021 to 31st of May 2023 it would 
have averaged 4.164,76 DKK for 1 kW of FCR capacity offered symmetrically to the DK1 grid per year. From 
2011-2020 the same FCR service would generate an average of only 1.623,46 DKK annually. The increase 
during the high price period (2020-2023) is +157%, driven almost fully by the third quarter of 2022.  

For the case study calculations, success rate for won bids has been assumed to be 50% to be comparable 
with scenario 4.3. As explained earlier the E-ferry Twin setup will already have paid the grid connection and 
ship batteries, and part of the shore-based batteries as well, for operation without FCR service.  

With assets already paid for, it is much easier to ensure a high ratio of won bids in the FCR market. Having 
almost no depreciation, the system should be very competitive compared to other assets fully designated 
to FCR service and with no fall-back strategy or other income to return to if bids are lost. 

Days or blocks of lost bids, resulting in lost revenue, at the FCR auctions are not compensated for by 
alternative bidding in other markets (multi-market bidding) or higher peak shifting savings these days in the 
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model calculations. Therefore income or value could be considered as a conservative estimate in these E-
ferry Twin case study calculations. 

As for scenario 4.3, profits from FCR services outweighs the lower savings from peak shaving. As mentioned 
earlier shore-based batteries and E-ferry batteries are traded in the same way as for scenario 4.3. Therefore 
same pros and cons would be relevant in this scenario 5.3. But with the difference that the increased FCR 
profits will also have to cover higher electricity cost than for scenario 4.3.  

The fact that costs from battery throughput and derived costs of energy loss will go up, due to higher 
electricity spot price, is not enough to destroy profits from FCR services according to Table 5.3.1. Costs of 
tariffs paid for the energy throughput for the 2021-2023 time period is actually lower than for 2022-2020. 
Mostly due to the Public Service Obligation (PSO) which added a lot of costs to tariffs. PSO was phased out 
by the end of 2021 (Danish Energy Agency, 2022).   

 

Table 5.3.2 Electricity cost for scenario 5.3 with E-ferry Twins A & B and both charging stations equipped with shore-based batteries 
of 2,2 MWh each. Same sailing schedule as for scenario 4.1-3 and 5.1-2. Peak shaving reduced compared to scenario 4.2 and 5.2. 
Calculations based on energy price ten-year average 2021-2023 (June). Source EMK. 

The reduced peak shifting, 70% compared to scenario 4.2, results in higher total electricity costs of 473.074 
DKK. Actually these costs also become 115.301 DKK higher than for the base scenario 5.1 with no shore-
based batteries doing peak shaving. This is because shore batteries in scenario 5.3 are still needed for 
charging the ferry, boosting grid power at each port stay. As for other scenarios with shore batteries, the 
battery throughput for the boosting strategy involves a loss of 404 kWh per day. 
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Table 5.3.3 Profit from FCR grid balancing service and savings from other sources plus simple linear pay back calculations for added 
investment for scenario 5.3 and three different electricity cost scenarios, without CO2 costs and with respectively ETS quotas trading 
price 2021-2023 and with future agreed Danish minimum CO2 fee on fossil fuel. Source EMK. 

Comparing added investment costs and savings, including profits from FCR services, the simple static 
payback method shows significantly shorter time to break-even than for scenario 5.1 and 5.2. Added 
investment costs are the same as for 5.2. But the setup with FCR service generates  9.000.769 DKK annually 
according to the assumptions and calculations for the E-ferry Twin case study found in this chapter.  

Based on electricity prices and FCR service revenues from the period 2021-2023 (to June), the present value 
method with a discount rate of 4% shows solid results for scenario 5.3 with break-even after 9,5 years and 
down to only 3,6 years for added investment, depending on the CO2 pricing regime chosen: 

 

Figure 5.3.2 Accumulated savings discounted to present value with discount rate of 4% versus present investment cost incl. VAT of 
16% for shore-based charging stations and profits from grid balancing FCR services. Source EMK. 

Again, this is based on average energy costs from the 2021-2023 (to June). Times to break-even differs very 
little between scenario 4.3 and 5.3 even though they represent two very different price regimes for 
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electricity cost. If Danish future CO2 emission fee is included difference in break-even is only a month and 
with no cost of CO2 difference is 1,5 years. 

The interpretation could be that higher electricity cost in this scenario would almost be repaid by higher 
revenues from FCR service due to the volatility in a high-priced market. But this do not correspond well 
with the sharp drop in price of FCR capacity reserves observed from 7th of September 2022 when DE-DK LFC 
Block started common auctions for FCR bids. Therefore, the very similar break-even times in scenario 4.3 
and 5.3 could also be coincidental created by some low probability events or extremes in the energy 
market for ancillary services. This should be investigated further but is not included in this case study. The 
future of ancillary service and in particular FCR capacity pricing is elaborated on in chapter 7.2.  

 

Figure 5.3.3 FCR capacity price in DKK per MW/hour for DK1 from 2011-2023 (to June). Higher price trends in late summer months 
are visible most years. Compiled by EMK from Energidataservice, Energinet and Regelleistung Data Center. 

One thing though, supports solid future revenues from ancillary services. The share of intermittent 
production from wind turbines and PV solar has just started to rise and is already seen to have impacted 
grid frequency balancing, especially in the late summer period, see graph in Figure 5.3.3 above. 

Finally, lower tariffs for electricity transport were seen in the time period 2021-2023 with the phase out of 
Public Service Obligations (PSO) and also lower distribution tariffs at N1 which is local Distribution Service 
Operator (DSO) on the islands of Ærø and used for this case study. Downward trends in tariffs in scenario 
5.3 though, are insignificant compared to the rise in electricity spot prices especially for year 2022 prices.  

A summary of findings from this scenario 5.3 can be found below: 

 
Table 5.3.4 6 E-ferry Twin case study summary of inputs and findings for scenario 5.3 with two double-ender steel hull battery 
electric ferries, transit time of 75 minutes and shore batteries at charging stations. Based on 2021-2023 (to June) average energy 
prices and including balancing services in the FCR market with averaged profits from same period.  
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6 Comparative analysis of scenarios 
6.1 Comparison of added investment costs versus savings for all scenarios 
In Table 6.1.1 below added investment costs for E-ferry Twins of all scenarios are summarised and 
compared to annual savings based on the two different time intervals and price regimes analysed. Cost of 
electricity is compared to cost of fossil fuelled operation of ferries with same weight and hull shape and on 
same route and schedule:   

 

Table 6.1.1 Added investment costs due to battery electric operation including shore charging stations and batteries onboard E-ferry 
Twins versus savings from operation compared to fossil fuelled operation. Time to break-even analysed with present value method.  

In the last three columns of the table, payback time of added investment costs, by savings from operation, 
can be found in years and based on present value method at a discount rate of 4 %. For each scenario three 
ways of determining the cost of fossil fuel have been applied.  

First costs of MGO Low Sulphur delivered on board with no cost of CO2 emissions included. Second costs of 
fuel including procurement of ETS quotas for calculated CO2 emissions from conventional bunker. Finally 
cost of fuel including the planned introduction of CO2 emission fee of total 1.125 DKK/ton CO2 when fully 
implemented in 2030 according to agreement in the Danish Government and political opposition (Political 
Agreement on Green Tax, 2022). The latter is very close to suggested fee from the Danish “Wisemen” 
council advisory of 1.200 DKK/ton CO2 (Danish Environmental Economic Council, 2020). 

Calculated emission for fossil fuel operation is the same for all scenarios, 11.308 ton of CO2 per year. This is 
also the emission savings from a grid to propeller perspective. Sailing schedule is not changed between 
scenarios. It is assumed that all electricity will be purchased on renewable energy certificate contracts.  

From comparing chapter 4 and 5 scenarios in Table 6.1.1, sensitivities to energy costs, and especially the 
volatility of energy costs, can be assessed. Not surprisingly do scenarios in chapter 4, based on 2011-2020 
prices, perform better than chapter 5 scenarios which was based on 2021-2023. In the latter time period 
both energy crisis and structural changes have introduced much higher increases to electricity costs than 
for fossil fuel costs. Cost increase for electricity for scenarios in chapter 5 was found to be around 177% 
higher. This should be seen in relation to a rise of 47% “only” in cost of fossil fuel between the time periods.   

Peak shifting can, to some extent, gain back some value when prices become high if they are also volatile. 
This seems to be the case, analysing long term daily price data from the two time periods, see Figure 2.2.6 
for price development. For scenario 5.2, where peak shifting is introduced, using shore batteries, it shows 
saved electricity costs of 357.773 DKK compared to base scenario 5.1 with only a little peak shaving.  
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Hence, the saved electricity costs of scenario 4.2 compared to scenario 4.1 is only 4.284 DKK annually. Thus 
volatile daily prices, and the introduction of time dependent distribution tariffs, mitigates 353.489 DKK of 
the increase in electricity costs for chapter 5. But only if peak shifting is performed, using shore batteries as 
suggested in scenario 5.2. 

The introduction of shore-based batteries in scenario 4.2 and 5.2 will save investment costs for grid 
connection fee. But still total added investment costs of port infrastructure becomes 7.218.796 DKK higher, 
when charging stations are added Energy Storage Systems (ESS) of 2.232 kWh in each port. This cost is not 
fully recuperated by the peak shifting, neither in scenario 4.2, nor in scenario 5.2 price regimes. 

There could be other benefits to installing shore-based ESS capacity apart from saving grid connection fee 
or doing peak shifting. In some ports grid infrastructure could be limited or fragile. Thus an element of 
redundancy is introduced with shore batteries. From the perspective of the Balance Responsible Party 
(BRP) and perhaps also the Distribution System Operator (DSO) running the local distribution grid, all 
flexibility is highly valued.  

The bigger the battery connected the less of a burden for the grid operating parties. Port infrastructure and 
battery ferries could become an asset for smart optimisation of the local, national and international grid 
connections, as elaborated on by Buster B. Hansen in his thesis (Hansen, 2021). The value of this flexibility, 
seen from the perspective of the ferry or port operator, is analysed in scenario 4.3 and 5.3. Results show 
that shore batteries, situated at each port, could lower barriers significantly to battery electric ferry 
operation.  

Using the shore-based batteries through the day for ancillary service at Frequency Containment Reserve 
(FCR) auctions together with same service, also using vessels battery pack in the four hours after midnight, 
shows much better performance than peak shifting. Scenario analysis in both chapter 4.3 and 5.3 indicates 
that ancillary service is highly profitable. Peak shifting in scenario 4.2 and 5.2 cannot compete with 
potential profits from ancillary services according to estimated savings in analysed scenarios.  

For the 50% of time periods where auctions for FCR capacity are not assumed to be won,  peak shifting is 
still an attractive alternative to generate some extra savings instead of profits from ancillary service. But to 
keep this case study analysis on the conservative side such savings are not included in scenario 4.3 and 5.3 
calculations. Multi-market bidding strategies have shown to gain 20-30% extra value in other studies and 
could be relevant in future studies for port infrastructure and battery electric ferries (A. Thingvad, 2023). 

Sensitivity for scenarios, with ancillary services included, is significant, of course to price of FCR capacity but 
also to the success rate of won bids at auctions. Revenues from 1 kW/h FCR capacity, in period 2021-2023, 
is 143% higher compared to period 2011-2020. Scenario 5.3 shows extreme value creation from trading 
flexibility in region DK1 FCR market, especially for the third quarter of 2022, but also in the period before. 
In total scenario 5.3 shows a potential of 9.000.769 DKK annually in profits based on 2021-2023 prices 
against 3.541.041 DKK annually in profits for the period 2011-2020.  

Maybe “the party is over” after the full implementation of a common FCR capacity auction for the DE-DK 
LFC block at the 7th of September 2022. Although market volume became much larger for Danish providers 
of FCR service prices will most likely trend much lower due to better competition. Still intermittent 
renewable energy sources like wind turbines and PV solar could accelerate FCR revenues again, especially 
in the summertime. Such trends are being seen already when sun is shining, and wind is blowing. Future 
development of the markets for ancillary service is discussed in chapter 7.2. Share of won bids at FCR 
auctions will affect FCR revenue proportionally. Hence, sensitivity is also high to this. However this factor 
could be mitigated by multi-market bidding or by fall-back strategies of peak shifting. 
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Potential added cost of CO2 is the final big factor affecting the scenarios in the case study. For scenarios in 
chapter 4. For the time period 2011-2020, cost of CO2 emissions did not apply to Danish ferries. If CO2 
quotas from the EU Emission Trading System (ETS) had been applied, as can be seen from columns in Table 
6.1.1, such quotas still traded at a relatively low price per ton of CO2, in 2011-2020 only adding 1.358.674 
DKK to fossil fuel cost per year. For scenarios in chapter 5, EU ETS quotas had risen significantly in time 
interval 2021-2023, adding  6.173.363 DKK to fossil fuel cost per year.  

EU ETS is not enforced to national ferry shipping yet. It is however planned that a fixed CO2 emission fee of 
1.125 DKK/ton CO2 will be fully implemented in 2030 as mentioned earlier. Only a few years after the 
completion of the E-ferry Twin newbuildings. The planned CO2 emission fee would have constituted for a 
49,3%  share of total fossil fuel costs in chapter 4, following the fossil fuel price from 2011-2020. For 
chapter 5 this share would have been little less, but still significant 39,7% of total fossil fuel costs, in the 
period 2021-2023 on average.   

Therefore the last column of annual savings and break-even calculations with CO2 emission fee, included in 
Table 6.1.1, is the most relevant in order to forecast future costs and savings of the operational E-ferry 
setup and related port infrastructure on the island of Ærø.  

In the low-price scenarios of chapter 4, annual savings, CO2 fee included, vary between  23.930.278 DKK 
and  27.370.699 DKK per year with scenario 4.3 as the best case. This means that added investment of 
shore charging infrastructure and vessels battery electric drivetrain would be repaid in less than 4 years. 

In the high-price scenario of chapter 5, annual savings, CO2 fee included, varies more, between 16.959.592 
DKK and 25.716.374 DKK per year with scenario 5.3 as the best case again. For this scenario, the added 
investment would also be repaid after less than 4 years even though electricity prices did go up 
significantly. This means that higher electricity costs are almost fully mitigated or repaid from the extreme 
profits from ancillary in this last scenario.  

With CO2 fee included all scenarios show short time to break-even. Best economic solution or setup is 
vitally dependent on the potential to add revenues from Frequency Containment Reserves (FCR). In 
scenario 4.2 and 5.2, with no FCR income, total savings are lower than for scenario 4.1 and 5.1 which have 
no shore-based batteries. It is only relatively small differences between 4.1 and 4.2 scenarios respectively 
5.1 and 5.2, and still all scenario with CO2 fee included show an economic advantage over fossil fuel costs. 
Not to forget the environmental advantage of saving 11.308 ton of CO2 per year going full battery electric. 

For most scenarios examined parity between added investment costs and savings will occur within 13 years 
and therefore no replacement costs of batteries are introduced. They will then be paid by further cost 
savings after time of parity (break-even). Battery End of Life (EoL) is defined at 80 % remaining of normal 
battery capacity in this case. Initial battery capacity in the scenarios is chosen to ensure at least 15 years of 
battery life when looking at DoD and C-rates.  

From an operational point of view, the best generic charging strategy would be to have charging 
possibilities in both ports as chosen for this case study. This way port time is utilised for charging at all 
times and the depth of discharge (DoD) per cycle for onboard batteries is cut in half allowing for more 
cycles in total lifetime or alternatively a lighter and less costly onboard battery.  

At the same time some resilience in case of charger problems is gained, as half the charging is still possible 
in one port. However, establishing two strong charging stations is typically also more costly in fixed cost 
than building just one station for high peak performance in one of the ports. For this case study results 
seem to outweigh the extra cost of two charging stations and two shore-based battery packs.      
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6.2 Assumptions, compatibility and choice of design and technology for case study 
Investment costs are estimated figures only, as explained in chapter 2.2. More accurate figures for each 
design solution would require more extensive and costly design studies and more price quotes from 
suppliers. Therefore, found results should only be used for the preliminary screening of design ideas and 
setups. 

Government funding is expected to be part of finance for the E-ferry Twins and port infrastructure. 
However, sources of finance are not discussed in the analysis. The scope is to focus on barriers to battery 
ferry operation and port infrastructure from a commercial point of view. Instead an internal discount rate 
of 4% have been applied to present value calculations. This way, case study findings will be easier to 
compare to other ports and ferry projects in Denmark and in the North Sea region. 

National ferry operators in Denmark are not subjected to Value-Added Tax (VAT) on ticket revenues from 
passenger transport. Only transport of goods and cars is subjected to Danish VAT of 25 %. This means that 
the ferry company cannot answer deductible VAT to all investment costs. Therefore a split of the normal 
Danish Value-Added Tax of 25 % must be included based on the split between revenues from passenger 
tickets and goods and cars respectively. The fraction of non-deductible VAT has been set to 16 % in all 
relevant cost calculations in the spreadsheet model.  

The accounting principles for partly deductible VAT for the shore-based infrastructure are complex. Ferry 
operators do not answer VAT to ship’s investments. But VAT does apply to port infrastructure investments 
e.g. modification of berths and terminals or building shore charging stations. Being subjected to only partly 
deductible VAT could affect investment costs differently between the ferry operator and a third-party 
provider of charging services. This has to be investigated further and could influence optimal setup. 

 As it is not certain who will own the port infrastructure, partly deductible VAT has been used for port 
investment costs, making them more expensive than if full deductible VAT could be applied. This is done for 
port infrastructure in all scenarios to ensure comparability between operational setups and associated 
costs. With other words a worst-case approach has been applied here. 

Limited grid access could be relevant to some ports to bring down barriers of Bhigh standard connection fees 
which are based on one-time payment of close to 2.000.000 DKK per MVA excl. VAT. If vessels have a 
backup generator limited grid access would indeed be interesting. However for this case study excess grid 
infrastructure in the ports are not expected to be sufficient for limited grid access agreements with the 
Distribution System Operators (DSOs) in each port. Thus the full grid connection fee is assumed to be paid. 
Nevertheless, in most cases limited grid access should be subject to deeper investigation and analysis.  

 A lot of the investment costs are associated with purchase and instalment of inverters AC/DC in charging 
stations and inverters DC/DC for battery packs both onboard vessels and at port for scenarios where shore-
based booster batteries are chosen for a smaller grid connection. This case study is based on findings from 
the EU Horizon E-ferry in the port of Søby (T. Heinemann, 2019). But other solutions could also be applied 
perhaps bringing down investment costs or operating costs from energy losses or less electronic parts. 

Example given, the Danish company Nerve Smart Systems has developed an intelligent system for energy 
storage and management with EU Horizon 2020 and Danish EUDP funding. The Nerve Switch Systems 
allows for battery modules and cells to switch between connection in series and parallel in an intelligent 
manor to output and adjust voltage directly to the DC bus. The added hardware switches also improve the 
possibility for optimised cell balancing. A vital and time-consuming part of battery management (Nerve 
Smart Systems, 2023). 
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Figure 6.2.1 Containerised battery system with Nerve Switch System hardware. Source Nerve Switch System ApS. 

With the Nerve Switch System costly DC/DC inverters in connection with battery stations ashore can be 
avoided and higher charging chain efficiency is would theoretically be gained. However, this technology is 
not yet matured fully for use in port infrastructure and potential savings are therefore not included in 
scenarios with shore-based batteries. But it could be relevant to investigate further in future studies. 

  

Figure 6.2.2 Flywheel kinetic energy storage device of 250 kWh and 1 MW of output. Source WattsUp Power product page 2023 and 
the Danish Maritime Fund project page 2016. 

Other storage technologies like flow batteries or inertia gyro wheel technology (flywheel energy storage) 
could also be relevant to screen for the shore-based installation. Investment costs and gravimetric energy 
density of these have not been able to compete with lithium iron phosphate battery systems yet, but this 
could change over time and there could be other advantages apart from economical (Nikolaj A. Dagnæs-
Hansen, 2019).  

This case study is based on findings from the EU Horizon 2020 E-ferry project and therefore same battery 
and inverter technologies are assumed to be used for all calculations.  
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7 Energy cost, grid connection and sensitivities 
7.1 Energy cost and efficiencies 

 

Figure 7.1.1 Long-term energy cost comparison for conventional fossil fuel drive train (Marine Gas Oil), biofuel drive train and 
electric battery drivetrain charged with renewable energy. Also comparison with calculated Levelized Cost of Energy (LCOE) for e-
methanol based on hydrogen electrolysis from renewable electricity spot price and carbon capture is shown for reference, although 
product do not exist in market yet. Finally cost of MGO low sulphur with emission costs of either EU ETS quotas or alternatively 
planned Danish fixed fee of 1.125 DKK/ton of CO2 are shown for reference (to be fully implemented in 2030). For comparison all 
costs are measured in DKK/MWh input to propulsion propeller or hotel power in the ferry taking into consideration all upstream 
efficiencies of the drive train/engine systems for each technology. Compiled by EMK from multiple sources, Nord Pool, N1, Evonet, 
Ærø Elforsyning, Energinet, Energi Danmark, Energistyrelsen, Forsyningstilsynet, Platt, Neste, Ærøfærgerne, ÆrøXpressen, European 
Environment Agency ETS dashboard, Feasibility study of Power-to-Methanol in Denmark, Mathias Fuglsang, AAU June 2020. 

The comprehensive long-term comparison of drive train alternatives for the E-Ferry Twin case study in 
Figure 7.1.1 shows that electricity market and fuel markets are getting more entangled within this decade. 
Energy crisis in 2022 indicates extreme volatility in both market sectors and the advent of electrofuels (e-
fuels), e.g. e-methanol based on hydrogen electrolysis using renewable electricity, will most likely introduce 
an even stronger interconnection between market sectors.  

Although not available in the fuel market yet, Levelized Cost of Energy (LCOE) for Danish production of e-
methanol is shown in purple in Figure 7.1.1 above. E-methanol is central to strategies for green transition in 
shipping, at least for larger vessels and long-distance journeys (Danish Government´s strategy for PtX, 
2021). The purple graph is based on DK1 electricity spot price development including green certificates, 
system, transmission and balance tariffs but with no distribution tariff added.  

Estimated production cost (LCOE) for e-methanol at an electricity price of 398 DKK/MWh, tariffs above 
included, was found to be 4124 DKK/ton by Mathias Fuglsang in his “Feasibility Study of Power-to-
Methanol in Denmark”, Master Thesis, Aalborg University (Fuglsang, 2021). Based on his finding cost the 
purple curve was compiled by EMK. 

When comparing to international studies for e-methanol, estimated LCOE from the feasibility study 
referred to above is in the lower half, but results in international studies vary a lot from 2.500 to 8.000 
DKK/ton, depending on electricity price and method or pathway to e-methanol but also assumed level of 
maturity of the technology (IRENA & Methanol Institute, 2020)  
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The Danish feasibility study considers strategies for time dependent use of electricity, revenues from excess 
heat to district heating, credits from Direct Air Capture (DAC) of CO2 for synthesis and uses a highly 
efficient Polymer Electrolyte Membrane (PEM) cell for electrolysis. Costs of water and transport of e-fuel to 
vessels are not accounted for and it is assumed that distribution tariff can be avoided as mentioned. 

 

Figure 7.1.2 Estimated electricity, hydrogen and CO2 demand for production of 130.000 tons of e-methanol per year at PtX Fjord 
facility in Aalborg, Denmark (Source Mathias Fuglsang, Master Thesis, Feasibility study of Power-to-Methanol in Denmark, June 
2020) 

Same e-methanol could of course be produced off grid on one of the planned Danish Energy Islands (Danish 
Energy Agency, 2023) or using a direct line of electricity connection from wind or solar assets to the plant, 
thus saving all tariffs and detaching from the electricity spot price. LCOE was found to be 320 DKK/MWh for 
offshore wind and 298 DKK/MWh for onshore/land wind turbines, according to estimations from Energinet 
(Energinet, 2015) and Danish Energy Agency (Danish Energy Agency, 2022).  

Above electricity price would result in a LCOE for e-methanol at 3204 DKK/ton or 1547 DKK/MWh of power 
to propulsion propeller and hotel power, pilot fuel excluded. This LCOE resembles the 2020 region DK1 
prices, when corrected for tariffs. Thus off grid solutions for e-methanol, based on the given assumptions, 
could have been competitive to biofuel or MGO with CO2 emission fee, looking at historical prices in Figure 
7.1.1. But not to battery electric operation or MGO without cost of CO2 emissions.  

Two types of biofuels, Fatty Acid Methyl Ester (FAME) and Sunflower Methyl Ester (SME), are also shown in 
the comparison of fuel alternatives in Figure 7.1.1. Both are based on esterification of vegetable oils and 
daily prices are based on information from Neste without transport cost to vessels (NESTE, 2023). For e-
methanol, 5% pilot biofuel of FAME is used to ensure combustion. Hence, the purple curve is weighed by 
95% LCOE for e-methanol and 5% FAME according to daily spot price. 

Fuel consumption of the E-ferry Twins in the case study and for the graphs is found in Table 7.1.1 and based 
on following Specific Fuel Oil Consumption (SFOC) of vessels main engines and auxiliary engines:      

 

 

 

 

Table 7.1.1 Estimated fuel 
consumption of E-ferry hull 
design, but with MGO marine 
engines and SFOC at different 
engine loads during the operation 
(single trip and port call). 
Compiled by EMK. 
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According to Table 7.1.1 an average SFOC of 250 g/kWh reflects the efficiency of a conventional fossil fuel 
ferry four stroke engine to Pb, also called Brake Power at the crankshaft or flywheel, in the operational 
setup of the case study. Engines thermal and mechanical losses are included in the average SFOC. For a 
small domestic ferry, varying engine loads and distances of slow steaming in channels creates less-than-
optimal conditions for fuel efficiency.  

The consumption of alternative biofuel or e-methanol is found by multiplying their ratio of fuel energy 
density compared to MGO fuel. Energy density or Lower Heating Value (LHV) used for ratios are 42,7 MJ/kg 
for MGO (low sulfur), 22 MJ/kg for e-methanol, 37,3 MJ/kg for FAME, and 36,2 MJ/kg for SME. One MJ 
equals 0.2778 kWh.  

Thus MGO energy density could also be expressed as 11,86 kWh/kg fuel. However, 1000 g / 11,86 kWh = 
84,3 g/kWh would only be the SFOC if there were no losses in the diesel engine. This means that thermal 
and mechanical efficiency losses in the combustion engine of the ferry results in an average engine 
efficiency of 84,3/250×100=33,7%, most of it being thermal losses. Same engine efficiency is assumed for 
biofuel and e-methanol for comparison in this case study. Typically small ferries will have little reuse of 
exhaust heat from engine. Required hotel power for lights, pumps and heating has been added to Pb. 

Rest of drivetrain loss from Pb to propeller and to Effective Power (Pe) is included in the CFD calculation 
from Naval Architects where Towing Resistance (Rt) was found and required Pb calculated in the speed-
power curve of the E-ferry hull in loaded condition. Shallow water corrections have been made for each leg 
of the ferry route in question to assess required propulsion power expressed at Pb.  

Diesel-electric operation is assumed for 
all fuel-based drivetrains to better 
compare with battery electric 
operation. Therefore loss after Power 
from generator-set (Pgen) is expected to 
be same for battery discharge Power 
after Pbat.disharge.  

Roundtrip efficiency of battery charge 
to discharge is dependent on C-rate, 
temperature and SoC. Based on 
operational experience from the EU 
Horizon E-ferry evaluation report a 
charging and battery roundtrip 
efficiency of 90% can be expected. 

This is measured from secondary side 
of supply transformer at the charging 
station which is also the point of 
measurement if electricity customer is 
Blow. For Bhigh a fixed percentage is 
added to energy to correct for 
transformer loss, typically less than 2%. 

Figure 7.1.3 Speed & Power curve showing required 
Pb for each motor of E-ferry Ellen in Søby to maintain 
sea speed at infinite water depth. Source EU Horizon 
2020 E-ferry delivery 2.2 “Final report on hull 
definition and power prediction”, May 2016. 
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7.2 Grid connection, shore-based ESS, peak shifting and ancillary services 
If sufficient redundance is available in the local grid, then an agreement for limited access can substitute for 
the standard connection fee agreement. Peak charging power will be based on cost of installation in 
nearest 10 kV or 60 kV transformer and this will typically be much less than the standard connection fee.  

It is likely that the required redundancy is not available without new 10 kV distribution lines to the ports in 
question. The electricity demand profile is to be evaluated against the grid profile at the location before 
such an agreement can be made with Distribution System Operator (DSO) but this needs to be investigated 
further.  

The likelihood of limitations is fully dependent on the local grid and consumers. If evaluation shows 
sufficient redundancy now and things change in the future, then the full standard connection fee can be 
paid later on with no extra installation cost. The terms of the agreement can be found in: “Grid connection 
agreement for connection with limited grid access” (Dansk Energi, 2020). 

For both ports, the proximity to 60kV distribution transformers could allow for ferry operator or third-party 
owner of port infrastructure to invest in a direct 10 kV to these themselves. This should be considered in 
order to obtained lower distribution tariffs and lower connections as an Ahigh or Alow customer. 

However, combining the shore charging station with a shore Energy Storage System (ESS), as described in 
scenario 4.2-4.3 and 5.2-5.3, will most likely be beneficial to obtain the lowest cost of connection fee, some 
redundancy in case of power outage and sufficient operational safety.  Limited access of grid connection 
could work well with batteries ashore to ensure charging of vessels batteries if grid connection to charging 
station is being shut off the grid in rear occasions or limited in its peak power from grid in other occasions.  

In this case study a 6 MVA physical grid connection has been considered with a shore battery of 2.232 kWh 
and possible peak charging powers of 8,9 MW, resembling same charging peak power as for scenario 4.1 
and 5.1. However, calculations have been performed using only 5,4 MVA of the grid connection capacity in 
daily operation and rest from the shore battery pack in each port.  

Charging curve of the lithium-ion batteries onboard is not linear. Therefore an average charging power 
lower than the peak power has been used for spreadsheet model calculation of battery’s SoC. But on the 
shoreside a charging strategy needs to be chosen between optimising for low electricity cost, e.g. doing 
peak shifting with shore batteries, or optimising for profit from ancillary services to the Transmission 
System Operator (TSO) balancing frequency in the grid.  

Each of the two strategies are described 
respectively in scenario 4.2 and 5.2 
(optimisation for low electricity cost) and 
scenario 4.3 and 5.3 (optimisation for 
profits from ancillary services).  

Purpose of first strategy is to save grid 
connection fee by using shore-based ESS 
for peak shaving instead. Redundant 
capacity on the shore-based ESS can then 
be used for peak shifting. This will move 
purchase of electricity to less costly hours 
of the day. 
Figure 7.2.1 Variation in hourly electricity spot price 
year average from 2014-2023. Compiled by EMK 
from Nordpool DK1 data. 
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From 2021, time-dependent distribution tariffs were introduced to modify electricity demand.  If port 
infrastructure is connected to 0,4/10kV transformer as Bhigh, as for the charging stations in the E-ferry Twin 
case study, these tariffs are quite significant, and they have been increased from 2022 to 2023: 

   

Table 7.2.1 Time dependent distribution tariffs for Bhigh customers from N1 region DK1. Tariffs are in DKK/MWh. Compiled by EMK. 
Source of data N1 price lists 2022-2023. 

For the time differentiated distribution tariffs, peak shifting is only contributing to savings on weekdays and 
most significant in winter months. Energy has to be shifted for some hours from night to day. Therefore, 
potential savings are moderate, as this requires more battery capacity. Tariffs will change slowly with some 
months of delay when electricity spot price goes up and down. The majority of the tariff is to cover energy 
losses in the distribution grid and DSO will send any changes to tariffs to the Danish Utility Regulator for 
approval making it a slow process. 

For the other strategy of optimisation for profits from ancillary service, ferry operator could be approved as 
Balance Responsible Party (BRP) if power system and battery setup meet the requirement by TSO 
(Energinet Cases, 2023). Ferry operator will measure frequency at the site continuously and activate up or 
down capacity automatically if frequency deviates more than ±10 mHz from 50 Hz. Task of BRP could also 
be performed by a third party, e.g. port infrastructure operator.  

Assets can be aggregated even though they are not located at the same facility or port. Here it is an 
advantage that the E-ferry Twins will call at two very different geographical locations in the region DK1. But 
also, that ferries are not calling in the same time interval within the hour. Ærø minute 20-35 and Svendborg 
minute 50-05 according to schedule in chapter 2.2. 

The port infrastructure with shore-based ESS could be registered as Limited Energy Reservoir (LER). This 
way shore charging system is exempted from the requirement of 2 hours of full capacity activations in the 
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FCR service. Instead only 24 minutes is required at full capacity symmetrical up or down. Due to the 
symmetrical requirement, battery SOC needs to be operated relatively far from full or empty. But this is 
actually well in line with longevity of battery life for lithium-ion technology. They are mostly degraded at 
top and bottom of SoC. 

 

Figure 7.2.2 Simulation of activation of Frequency Containment Reserve (FCR) capacity of 550 kW system with 768 kWh of battery in 
the DE-DK LFC block where E-ferry Twin ports would be trading. (a) shows the FCR power activated (blue line) and the power for 
energy management (red line) to restore the system to around 50% SoC. (b) shows the distribution of power levels used to provide 
the FCR service for one year during 2016. Simulations was performed by Samuel Jansson on internal Vattenfall computer simulation 
model. Source Evaluation of KPIs and Battery Usage of Li-ion BESS for FCR Application, Master Thesis S. Jansson, Uppsala University, 
(Jansson, 2019). 

The dead-band of ±10 mHz around 50 Hz in the continental FCR market is highly visible in the simulation 
above. The faster port charging and battery system reacts to deviation the less FCR power is needed. Still 
dead-band will give some short periods for restoring battery SoC. The FCR service is chosen as the preferred 
ancillary service in the E-ferry Twin case study because load factor, or activated energy, as a percent of 
capacity of won bids, is actually below 1%, and in recent years below 0,1%. Also up- and downwards 
regulation of FCR power will typically be less than 10% of the capacity traded in the bid.  

 

Figure 7.2.3 Strategy and E-ferry setup for trading FCR services with port ESS. From 00-04 V2G using ferry battery as well. EMK.  



ZEM Ports North Sea WP 3 Case Study 

54 
 

In the setup, illustrated in Figure 7.2.3, offered FCR capacity leaves room at the shore charging station ESS 
to performing the primary task of charging the E-ferries when they call port. The simulation in Figure 7.2.2 
estimates a throughput of battery energy at 3,5% of the capacity traded in bids. This is higher than the ∼1% 
or less reported by TSO (Energinet). But for a conservative estimation, throughput of 3,5% from simulation 
has been used to find cost of for all years in scenario 4.3 and 5.3. Higher throughput equals higher costs.  

Both scenarios with ancillary service showed better performance than peak shifting or peak shaving with 
ESS at the port in chapter 4 and 5. But they were partly based on historical data before Danish and German 
markets introduced common auctions for FCR capacity. Scenarios showed high sensitivity to FCR price and 
therefore an extra set of data, showing historical FCR price of the German market back to 1st of July 2019, 
has been prepared as well. See Figure 7.2.4 below:  

  

 

Figure 7.2.4 German FCR capacity price in DKK per MW/h. Blocks are sold at 4-hour intervals, thus block price is divided by four. 
Compiled by EMK. Source Regelleistung Data Center, (Regelleistung Data Center, 2023). 

Average FCR price of this 5-year period is 125 DKK per MW/h. This is a lower average than both scenario 4.3 
and 5.3. But still higher than 1st half of 2023. To test sensitivity of scenarios the other vital variable is 
electricity price. In 2023 both electricity price and tariffs were high, and at the same time FCR capacity price 
was low. Thus a “perfect storm” to bottom out historical scenarios with a final one for testing “worst case”. 

 

Table 7.2.2 Profit from FCR grid balancing service and savings from other sources plus simple linear pay back calculations for added 
investment for close to “worst case” scenario 1st of January to 31st of May 2023. Three different electricity cost scenarios, without 
CO2 costs and with respectively ETS quotas trading price 1st half of 2023 and with future agreed Danish minimum CO2 fee on fossil 
fuel of 1.125 DKK/ton of CO2. Source EMK. 
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Simple linear payback times in Table 7.2.2 are still before battery EoL both with and without cost of CO2 
emissions in this almost “worst case” scenario. When using present value method, still with a 4% discount 
rate, time to break-even will be between 4,4 and 17,3 years. The latter being very close to expected time of 
battery replacement. A comparison between scenario 5.3 (2021 to June 2023) and the extra scenario with 
1st half of 2023 only can be found in Figure 7.2.5 below: 

 

Figure 7.2.5 Accumulated savings discounted to present value with discount rate of 4% versus present investment cost incl. VAT of 
16% for shore-based charging stations and profits from grid balancing FCR services for close to “worst case” time period of 1st half 
of 2023 (January to May). Blue dotted arrow lines are the break-even results from scenario 5.3. Source EMK. 

The E-ferry Twin case study with a shore-based ESS could most likely be improved by a combination 
strategy with FCR ancillary service as primary source of economic optimisation and peak shifting as 
secondary. As mentioned also in chapter 4.3 multi-market bidding strategies could also enhance profits and 
optimise performance, although battery throughput and degradation would go up for some ancillary 
service products, especially mFRR. 

With multi-market bidding chances for high success rate of won bids will increase. Theoretically ferry or 
port infrastructure operator can submit very low value bid for the FCR capacity, as market price, for a given 
hour or block, will be the price of the highest bid accepted by TSO within the hour or block. Having the 
capital cost paid by the ferry operation there is not much to lose except for better prices in other markets 
or higher savings on peak shifting.    

 

Figure 7.2.6 Accumulated market 
price at German FCR auction for all 
of 2021 converted to DKK per MW/h.  

Y-axis shows accumulated 
occurrence of settled price and X-axis 
shows FCR capacity price.  

E.g. if submitting a bid of 60 DKK per 
MW/h, probability is 76% for 
acceptance. Source Energinet, PtX-
Case, (Energinet PtX Case, 2023).  
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8 Conclusion 
Barriers to battery electric ferry operation are closely related to port infrastructure providing very high 
charging power for relatively short intervals at ferry berths. This will also challenge the surrounding grid 
infrastructure as described by Buster B. Hansen (Hansen, 2021). His Master Thesis, “Flexibility Analysis and 
Demand Response Optimization of Energy System” was prepared under the ZEM Ports North Sea project 
and presented an in-depth analysis of demand response solutions to mitigate the disadvantages to peak 
power and grid frequency stability when the E-ferry is charging in the port of Søby.    

This report “Case Study for port infrastructure to new E-ferries and analysis of generic barriers” elaborates 
on the findings in Buster B. Hansen’s thesis by also applying shore-based Energy Storage System (ESS) to 
the port infrastructure solution. ESS will be used for three different strategies: 

• Peak shaving, reducing the required size og the grid connection by boosting charges from the ESS, 
hence also reducing grid connection fee for ferry or port operator. 

• Peak shifting, allowing the ferry or port operator to shift charged energy with ESS from high 
demand hours to low demand hours, hence saving electricity costs and distribution tariff costs. 

• Ancillary services, allowing the ferry or port operator to generate revenue, using the ESS for 
Frequency Containment Reserves (FCR) to Transmission System Operator (TSO) when ferry is not 
calling port or when it is idle at night in berth. 

For the case study, planned successors of the E-ferry in Søby are used. They will replace existing fossil 
fuelled ferries sailing on routes both from Søby and Ærøskøbing on the island of Ærø to mainland. Generic 
barriers are identified from the EU Horizon 2020 E-Ferry project and its charging station in the port of Søby. 
These findings are used to define three alternative strategies for design and operational setup of shore 
infrastructure in a case study for two new E-ferry Twins planned to operate from the Island of Ærø. 

The three alternative strategies found and analysed are: 

1. High peak 8,9 MVA grid connection to port charging station for direct charging of the E-ferry Twin 
battery packs with limited possibility for flexibility, redundancy or peak shifting (Base scenario). 

2. 6 MVA grid connection to port charging station with ESS of 2,2 MWh and 2 MW of continuous 
power or 3 MW of peak power. Charging strategy of ESS is peak shaving and peak shifting to 
optimise for electricity cost savings. 

3. Same infrastructure as alternative (2) with 6 MVA grid connection to port charging station with ESS 
of 2,2 MWh and 2 MW of continuous power or 3 MW of peak power. Charging strategy of ESS is to 
provide Frequency Containment Reserves (FCR) for TSO using redundant capacity in shore-based 
ESS when ferries are sailing. In addition E-ferry’s battery pack is used for Vessel-To-Grid (V2G) 
enhancement of the FCR capacity when it is connected and idle at night from 00:00 to 04:00. 
Propulsion battery can then be recharged before daily operation. 

For each alternative a number of scenarios are modelled and evaluated on parameters like energy cost, 
efficiency and energy loss, investment cost and savings compared to fossil fuel operation including CO2 
emission penalties. 

The markets for both renewable electric energy and fossil fuel energy are characterised by periods with 
high volatility. In the case study, scenarios are divided into two market regimes. One based on the period 
2011-2020 reflecting an energy market of relatively low prices and some stability. The second based on the 
period 2021-2023 (until end of May) reflecting extreme energy prices both on electricity and fossil fuels and 
high volatility. For the latter period also time dependent distribution tariffs for electricity were introduced 
in Denmark.  
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Evaluating the results of scenario models show that battery electric operation under both price regimes will 
have lower operating costs than conventional fossil fuel operation. For all but two scenarios, added 
investment costs for battery electric operation and charging infrastructure will be repaid within a 
reasonable time interval before end of life of batteries in the setup. If penalties, being fees or purchase of 
quotas, for emission of CO2 from operation is included, then all scenarios are in favour of battery electric 
operation. 

 

Table 8.1 Added investment costs due to battery electric operation including shore charging stations, ESS and batteries onboard E-
ferry Twins versus savings from operation compared to fossil fuelled operation. Time to break-even analysed with present value 
method and discount rate of 4%. Source EMK. 

Peak shifting strategies and smaller grid connection fee with shore-based batteries in the setup will not 
fully repay the added batteries according to model calculations. However, the difference to calculated 
scenarios without shore batteries is marginal. Other benefits like higher redundancy or local grid 
constraints then adds in favour of paying the marginal cost difference for this alternative compared to base 
scenario with no ESS in the port infrastructure. 

Strategies using the shore-based batteries for ancillary services, when not charging the E-ferries, show best 
result of all scenarios, especially during times with high and volatile electricity prices. An assumed 50% of 
available redundant capacity has been used for Frequency Containment Reserves (FCR) in modelled 
calculations. The probability of winning bids is illustrated in Figure 7.2.6 based on auctions in 2021. But 
ferry or port operator’s low cost of FCR capacity could indicate that a higher success rate of won bid is 
achievable. However, assumptions are kept conservative for the most part in scenario modelling. 

Profits from FCR services vary from 3,5 to 9,0 million DKK annually depending on analysed period of time 
for the case study in chapter 4.3 and 5.3. The “worst case” scenario tested in chapter 7.2 bottomed out at 
1.5 million DK in profits for this setup. But is only based on 5-month interval of trading in the FCR market at 
the worst time of year. 

Multi-market bidding strategies could mitigate risk and were shown by Andreas Thingvad (A. Thingvad, 
2023) to potentially contribute with 20-30% added value in analysis from Nordic Reserve market.  Multi-
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market bidding could be relevant for future analysis and would involve complex optimisation models or 
machine learning to plan optimal solution way ahead as bids, e.g. in the FCR auctions, are submitted the 
day before.  

In chapter 7.1 barriers to battery electric ferry operation associated with risk of added investment for port 
infrastructure in a dynamic market of ever-changing energy costs are evaluated, comparing alternative fuel 
types to fully electric operation. Historical cost of electricity and fuel prices from 2011 to present time are 
analysed in a comparative study, taking into consideration inherent efficiencies and energy densities of the 
alternatives. 

 

Figure 8.1 Long-term energy cost comparison for conventional fossil fuel drive train (Marine Gas Oil), biofuel drive train and electric 
battery drivetrain charged with renewable energy. Also comparison with calculated Levelized Cost of Energy (LCOE) for e-methanol 
is shown for reference, although product do not exist in market yet. Details can be found in chapter 7.1. Compiled by EMK from 
multiple sources (also see Figure 7.1.1 for details). 

The comparison emphasises the cost saving on running or operation costs of battery electric solutions over 
its alternatives. Also future fuel of e-methanol produced from electrolysis and carbon capture, using 
renewable electricity sources, is illustrated by its calculated cost. The cost is based on historical electricity 
price in DK1 and forecasted production and investment costs prepared by Mathias Fuglsang in his Master 
Thesis, “Feasibility Study of Power-to-Methanol in Denmark” (Fuglsang, 2021).  

Alternative fuels like biofuel and e-methanol are all significantly more expensive than fossil fuel when 
efficiencies are accounted for. Therefore it must be concluded that added investment costs of battery 
operation compared to alternative fuels would obtain even shorter time to break-even than for 
conventional bunker.   

The introduction of shore-based ESS to port infrastructure and charging stations is found to have the 
potential to significantly lower barriers to battery electric ferry operation if ancillary services are performed 
as described in the case study. This way battery electric ferries could create value for grid responsible 
operators as well as ferry operators.   
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