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Abstract— With the increasing climate change concerns,
there is a growing need to accelerate towards decarbonization
targets. In this vein, non-road mobile machines (NRMM) are
responsible for about 2% of Europe's total greenhouse gas
emissions (GHG). Due to their different applications in various
locations, direct and indirect electrification methods are part of
the solution for fulfilling decarbonization targets. In the case of
direct electrification, significant investment commitments are
required to charge services. To this end, this paper computes the
levelized cost of electricity (LCOE) for two charging solutions,
including a mobile charging station (MCS) and battery
swapping station (BSS), for a real case forestry NRMM in off-
grid conditions by considering the downtime cost of the fully
electrical version of the studied machine. Also, this study
examines the impacts of future capital costs and the lifetime of
different types of batteries in the LCOE of both MCS and BSS
charging solutions.
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I.  INTRODUCTION

The commitment of Europe to reduce greenhouse gas
emissions by 55% by 2040 and achieve net-zero emissions by
2050 as part of the European Green Deal requires the
decarbonization of a wide range of vehicles including Non-
Road Mobile Machinery (NRMM) [1], [2]. NRMM refers to
a diverse group of machines and vehicles not intended for
commuting passengers or goods. This machinery includes
gardening tools and equipment, agriculture machinery
(tractors, harvesters), construction machinery (hauling trucks,
wheel loaders, excavators), forest harvesters and equipment,
mining vehicles, haulers and excavators, forklift and harbor
machinery, inland water vessels, etc. [3], [4]. According to the
VTT research report published in [5], [6], the NRMM sector
contributes about 2% of Europe's total GHG emissions, with
agricultural machinery responsible for 50%, construction
machinery for 25%, and the remaining 25% from forestry,
mining, municipal, cargo, and port machinery. Therefore,
Regulation (EU) No. 2016/1628 amends NRMM exhaust
emissions legislation, setting strict limits on particulate matter
(PM) and nitrogen oxides (NOx). Supplementary Regulations
(EU) 2017/655 and (EU) 2018/989 ensure compliance by
monitoring emissions during machinery operation [7], [8], [9].

In order to regulate the fossil carbon emissions from
NRMM, new technologies and solutions for decarbonization
can be categorized as direct electrification and indirect
electrification of NRMM [10]. Direct electrification and
hybridization of NRMM include the development of electric

and hybrid powertrains and battery-powered electric vehicles
[11], [12], [13]. Indirect electrification includes Power-to-Gas
and Power-to-Liquid processes, which convert electricity into
gaseous or liquid fuels, such as hydrogen, methane, ammonia,
methanol, etc. In the case of machines, indirect electrification
includes two options: one is using internal combustion engines
(ICE) with products of Power-to-Liquid process, and the other
is adding generators and convertors to ICE to create electrified
powertrains. Hydrogen is emerging as a promising alternative
fuel for NRMM due to their high energy density and potential
for zero emissions when used in fuel cells [4], [14]. NRMM
can use fuel cells to generate electricity onboard, which then
powers electric motors [10].

Both categories of electrification come with challenges, as
discussed in detail by Antila et al [15]. Direct electrification
offers numerous advantages, including reduced emissions and
improved efficiency. However, technology and infrastructure
development costs remain a barrier to widespread adoption
[11], [12], [13], [16]. According to IEA reports [17], the EU
and the US are working on standards for megawatt charging
systems to accelerate fast-charging infrastructure for heavy-
duty vehicles, including NRMMs. However, high-powered
charging poses challenges such as grid imbalances, power
quality issues, potential feeder overloads, and congestion [18].
Solutions include placing stationary storage batteries or
renewable energy sources near charging sites to reduce grid
strain. Additionally, innovative approaches such as mobile
charging and battery-swapping stations and stationary fast-
charging stations offer flexibility and support electrification in
off-grid areas [19], [20]. Battery swapping station (BSS)
minimizes downtime, completing in about five minutes,
making it attractive for commercial use despite high costs,
especially for underground mining [21]. Mobile charging
stations (MCS) are slower than BSS and has lower capital
costs, making them viable where grid connections are
unavailable, for example, for forestry applications [20].

This study aims to propose a methodology to enable the
comparison of two charging solutions of a real case forestry
NRMM to provide fleet owners with realistic viewpoints on
investment options. There are a lot of studies that study BSS
[22], [23], [24], [25], [26], [27] and MCS [28], [29], [30] for
road electric vehicles and heavy-duty trucks, but none of them
consider these solutions for NRMM working in off-grid areas.

Fully electric NRMMs are costly, and in some cases, when
the fleet is working in consecutive shifts, their downtime costs
to get charged may impose further costs to fleet owners. To
this end, this study computes the LCOE for each charging
solution for a forestry NRMM that works in off-grid



conditions while considering the downtime cost of charging
machines. Also, the impacts of variations in capital costs and
the lifetime of batteries in the future are analyzed for both
charging solutions.

Il. PROBLEM FORMULATION

The formulation of the LCOE for two charging methods
is presented for a forestry NRMM in this section.

A. Forestry NRMM — forwarder

The studied NRMM is a forestry machine, a forwarder
working for more than one year in a condition like Finland.
The working environment is considered to be far from any
charging infrastructure, and the environment is continuously
changing.

Based on annual operating data provided by Ponsse, the
machine manufacturer, and the machine's technical
datasheets [31], reference input data for the case study is
provided in Table I. In this table, to determine the absolute
volume (liters) available for battery space, we assumed that
ICE powertrain (no fuel tank) dimensions were 1000 I.
Then, we imported the fuel tank volume from the Ponsse
datasheet, 200 I. As a result, we get 1200 | in total. Then, we
assumed that BE motors take some space of 150 I. So, the
available remaining space for batteries is 1050 I. This is
solely an assumption because dedicated fully battery electric
applications can distribute batteries, etc., using various
configurations. The available battery space was only used to
determine the recharge requirement quantity.

TABLE I. TECHNICAL SPECIFICATION OF THE MACHINE
Sector Forestry
Type Forwarder
Location Finland
Daily Working hours 9.2 Efficiency of reference 28%
[h] diesel powertrain
Annual Working 214 possible regeneration rate 5%
Days for full electric
Reference Daily 486 Full electric, Battery 1050
work [kWh] storage dimensions [liters]

In this study, two types of common batteries are
considered potential choices for the battery of the full electric
version of the studied machine: Lithium Iron Phosphate (LFP)
batteries and Lithium-ion Solid-State Batteries (SSBs).
Typical values for the energy density of LFP and SSB
batteries are in the range of 180 [32] and 450 Wh/I [33],
respectively. Battery capacity is obtained based on the
estimation of the absolute volume (liters) available for battery
space and the energy density of each battery. Daily recharging
times can be achieved based on reference daily work, provided
in Table I, and the capacity of each battery type.

The energy density of each type of battery, calculated
battery capacity, and recharging times are provided in Table
.

TABLE Il THE KEY PROPERTIES OF THE STUDIED BATTERIES
Battery Energy Battery Recharging
Type density, pack Capacity times in one
level [KWh/1] [KWh] working day
Li-Ion, 0.18 189 3
LFP
Li-Ion, 0.42 441 1
SSB

B. Methodology

The proposed methodology uses the concept of LCOE to
compare the cost of two studied charging methods. The term
LCOE is a measure that shows the proportion of all
investments and operational costs incurred throughout the
whole period of a power generation project to its total
generated power output [34]. In the case of charging solutions,
satisfied demand can be used instead of generated power
output.
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In eq. (1), LCOE is represented based on investment costs
(CAPEX), operational costs (OPEX), and total annual energy
demand. i is related to the type of energy-supplying solution,
and j is related to the components of each charging method.
To make CAPEX and OPEX comparable, the annuity factor,
A, is multiplied by CAPEX. In calculating A; , rinj is the
discount rate and tqep,j is related to the lifetime of the respective
component.

In calculating CAPEX, batteries, transformer, charger,
connection fee, and delivery machine's cost are the same
investment options for each charging solution. Robotics are
only for BSS, and portable charging piles are included only
in MCS.

OPEX for each charging method can be obtained by the
following equations:
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In calculating OPEX, electricity cost, Cg;, is calculated
based on charges for medium voltage customers, shown in eg.
4, in which C, is the fixed monthly fee, Cr is the
transmission/distribution fee, and C. is related to the cost of
peak demand, which is determined based on the previous
month's peak demand, Ppea. In addition to grid costs, a
contract is needed with a retailer either via market prices or
fixed prices. If power purchase agreements (PPA) provide
electricity, its cost should also be considered based on the
specified amount of power. In this study, spot-market-based
contracts are used to satisfy the total demand for the machine,
Pwt. In these kinds of agreements, the retailer's service fee



should be paid in addition to market prices. Ceelivery,i and
deelivery,i are related to each charging method's delivery cost and
delivery distance. Cii and tial,i are associated with the hourly
waiting cost of the NRMM and their waiting time to reach the
charging stations and get charged, represented in egs. 6-8. Cy;
can be estimated based on the annual cost of electric NRMM
and the expected working days and hours. Therefore, C; will
be different for different machines with different costs and
working conditions.

Since in some applications charging stations cannot reach
the exact site of the machines, sometimes machines are
required to drive for a while to achieve a specific location
where NRMM gets charged; this time is expressed by troad,i
which can be calculated based on the distance that NRMM
should pass to get the charging point and its moving speed.
However, in this study, it is considered as zero for simplicity
since the forest roads are designed for heavy trucks, and they
typically reach close to a working site. teharge,i is the time that
it takes for the machine's battery to get charged. It is dependent
on the battery's electrical energy capacity and the charger's
rating power. In the case of MCS, tcharge,i IS calculated based
on the capacity of LFP and SSB batteries and the charging
power of the charger. But, this parameter is considered zero in
the case of BSS.

Ill. RESULTS AND DISCUSSION

A. Input Data

In this study, three years market prices [35] are used to
calculate LCOE for charging solutions, represented in fig.1.
Tariffs for medium voltage customers are set by Turku
Energia, a distribution and retailer energy company in
Finland [36].

Input data for the calculation of LCOE for each charging
solution is provided in Table 111 [30], [37]. It is worth noting
that there are not any specific references that determine cost
components in both charging solutions straightforwardly. In
this regard, reference [37] uses some papers to estimate the
cost functions of chargers and transformers. Also, based on
analysis of some papers [21], [22], [23], [24], [25], [26], [27],
[28], [29], [37] it seems that MCS' initial investment cost is
much less than BSS.

B. Results

In this section, obtained results based on the offered
methodology are discussed. Firstly, it should be clarified that
based on reference daily demand, batteries should charge, so
in the case of MCS, it is assumed that charging piles and
mobile battery storage with the capacity to reference daily
work of the machine are carried to the machine's location to
charge its battery for the required times. MCS's battery type
is considered the same as the battery type of the machine. For
instance, when MCS for an LFP-based machine is
considered, the type of mobile battery is also considered
LFP. The battery capacity in the machine defines the
chargers' power rate. For the LFP-based machine, charging
time is at least 3 hours with a charger with a power rate of
150 kW, and for the SSB-based machine, it is assumed that
the charger's power rate is 300 kW; therefore, one and a half
hours waiting time is considered for this case.
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Fig.1. Electricity Market Prices
TABLE IlI. LIFETIME AND COST COMPONENTS OF CHARGING
SOLUTIONS
Component Lifetime (years)
Battery 5
Charger 5
Transformer 35
Portable Charging Pile 5
Cost Components in MCS
Portable Charging Pile 6916 €/pile
Initial Investment Cost 26000 €
Connection fee 32 €/kVA
Transformer 12.4 €/kVA + 3481€
Charger 279 €/kW + 41683 €
Delivery fee 1 €/km
Discount rate 7%
Cost Components in BSS
Transformer 12.4 €/kVA + 3481€
Charger 279 €/kW + 41683 €
Robotics 177200 €
Connection fee 32 €/kVA
Delivery fee 1 €/km
Discount rate 7%
Tariffs for Medium Voltage Customers
C 626.40 €/month
Ce 1.86 €/kW
Cr 0.66 €/kWh

In the case of BSS, the required battery capacity is considered
twice the times the battery should be swapped, so for LFP, it
is equal to 6 battery packs with 189 kWh capacity, and for
SSB, it is equal to 2 battery packs with 441 kWh capacity.
The cost of the delivery method is considered equal for both
charging methods. The hourly downtime cost of the machine,
Cti, is also estimated based on its price, lifetime, and working
days and hours. The machine's cost is considered 600 k€, with
a lifetime of 10 years. Working days and hours are extracted
from the real data the manufacturer provides.
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Fig.3. LCOE for SSB-based Charging Solution

Figs. 2 and 3 show LCOE for two charging solutions, MCS
and BSS, for the machine with LFP and SSB battery types.
As seen in fig. 2, LCOE for the LFP-based machine with the
MCS method is not far behind that of BSS, considering the
much lower CAPEX of MCS vs BSS. However, there is a
considerable difference between LCOE in charging solutions
based on SSB.

To illustrate the reason behind the achieved results, in figs. 4
and 5, LCOE for MCS and BSS for each type of battery,
considering the market price of 2023, is shown in detail. As
shown in fig. 4, although the investment cost of MCS is much
less than BSS, the high downtime cost of MCS for the LFP-
based machine increases its LCOE considerably. This can be
related to the MCS concept itself, the low capacity of LFP,
and the low power rate of the charger, which will result in
high downtime.

On the other hand, as shown in fig. 5, in the case of SSB, the
downtime cost is not as effective as LFP-based MCS since
the capacity of SSB battery is high and a high charging power
rate is used to charge the batteries, which results in lower
downtime cost.

Additionally, to analyze the impacts of batteries' CAPEX and
their lifetime on the LCOE, two cases are defined: case 1 is
related to today's condition in battery technology, and case 2
is associated with future improvements in battery technology
[38], [39].

Case 1: In this case, the CAPEX of LFP and SSB are assumed
to be 130 and 440 €/kWh, respectively, while their lifetime is
5 years.

Case 2: In the second case, the CAPEX of LPF and SSB are
considered as 85 and 200 €/kWh, respectively, while their
lifetime is 10 years.

In both cases electricity market prices for the year 2023 are
considered to calculate LCOE for each charging solution.
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Fig.5. Comparing LCOE for SSB-based MCS and BSS

Based on the obtained results, the LCOE of MCS and BSS
are represented for both battery types in two defined cases, in
Figs. 6 and 7. Accordingly, LFP and SSB MCS experience a
10% and 31% decrease in LCOE; meanwhile, for LFP and
SSB BSS, this will be 19% and 37%, respectively. The results
indicate that decreasing capital costs and increasing the
lifetime of battery technologies are very effective in declining
LCOE for two electricity-supplying methods. Based on the
results in fig. 6, it is concluded that the benefits of using the
LFP battery type as an affordable one will be lost in the future
since SSB-based MCS's LCOE will decrease noticeably.
According to findings in fig.7, although LCOE in the BSS in
the first case for SSB is much higher than LFP, case 2
conditions make LCOE for SSB-based much less than case 1,
resulting in reducing the difference with LCOE of LFP-based
BSS and profitability of SSB-based BSS.

IV. DISCUSSION

The results show that considering downtime cost as part of
OPEX may result in unexpected outcomes considering the
high CAPEX of BSS in comparison with MCS in LFP-based
charging solutions. On the other hand, for the SSB-based
charging solutions, there is a noticeable gap between LCOE
in MCS and BSS charging methods since downtime costs are
low. Based on the results, in cases where machines are
working consecutive shifts, where downtime cost is critical,
it is likely that high-capacity battery storage and high-rate
chargers are preferable. This study is conducted for one
NRMM to provide a viewpoint for fleet owners in investment
options for charging fully electric NRMMs.

Additionally, in this study, tradi for both MCS and BSS is
considered zero since it is assumed that NRMMs are not



mLFP mSSB

1400
1200
1000
800
600
400
200

LCOE (€/kWh)

MCS-Case 1 MCS-Case 2

Fig.6. LCOE for MCS

mLFP uSSB

1600
1400
1200
1000
800
600
400
200

LCOE (€/kWh)

BSS-Case 1 BSS-Case 2

Fig.7. LCOE for BSS

required to drive a long distance to reach the location of
charging stations. In the case of BSS, these stations need a
connection to the power, whether on-grid or off-grid. In
practice, when considering on-grid BSS, NRMMS working
in off-grid areas can't reach the BSS quickly. Therefore, troag,i
increases noticeably and will affect LCOE in this case. In the
higher values of troaq,i for BSS, MCS's capability to reach the
exact location of the NRMMs is advantageous in terms of
decreasing troad,i -

One way of improving LCOE would be to share the CAPEX
of charging stations between more NRMMs. For example,
forwarders and harvesters as forestry NRMMs usually work
either simultaneously or right after one another, and
considering investments for these two machines may result in
decreasing LCOE in charging solutions. The other way is
related to delivery cost, which is considered the same for each
charging solution in this study. It is assumed that a delivery
vehicle carries piles and moveable battery storage with the
capacity of full work of machine to the site of the forestry
machine in the case of MCS, and for BSS, fully charged
battery packs based on the required times of swapping
batteries are carried to the site of the machine. As seen in the
results, this amount has a noticeable share in the obtained
LCOE for charging solutions. Sandvik has a solution for this
issue since some of their manufactured NRMMs can swap
their depleted batteries with full ones near the working
location of the machines.

Another option for reducing LCOE is increasing investment
options with the aim of reducing purchased power from the
grid. For medium voltage consumers, monthly peak power
fees can be reduced by installing stationary battery energy
storage. Also, if the capacity of the battery is high enough to

store one day's required electricity for working machines,
demand response ensures charging would be done at low
electricity prices during the day. Taking advantage of solar
photovoltaics (PV) to produce electricity through charging
stations is another way of decreasing electricity purchases
from the grid. However, these options should be discussed in
the context of the LCOE of the whole NRMM fleet to
determine their economic feasibility. In this vein, using
optimization tools is helpful in defining the optimal size of
additional investment options such as stationary battery
storage or solar PV.

Additionally, it is important to consider the electricity grid
mix, as it may impact the decarbonization efforts of the
NRMM and hinder progress. For example, in Finland,
already more than 90% of electricity is generated by low-
carbon technologies [40]. However, CO2 emissions in power
production in many other countries are significantly higher,
and operating NRMM on electricity produced with other
sources may result in high emission levels. For some NRMM
applications, the installation of hybrid solar PV-wind power
plants may also be suitable in order to ensure low costs and
low levels of GHG emissions, in addition to ensuring a stable
electricity supply [41]. However, these options must be
studied on a case-by-case basis.

It is notable that the input data of this study was gathered from
different papers on different scales. As a result, to increase
the accuracy of the study, cost components should be updated
based on the specific scale of the electrification. This study
uses the input data of the study [37] and other papers that
study MCS and BSS in China for road electric machines.
Therefore, the difference in investment costs should be
considered as well.

The results indicate that there is a direct connection between
battery technology development and direct electrification.
The more decrease in the investment costs of batteries, the
closer companies get to realizing innovative charging
solutions for electric NRMMs. Additionally, a high lifetime
of batteries is an influencing factor in battery technology
development that decreases the LCOE of charging solutions.
The results also suggest that advancements in the battery
industry may justify investment in BSS rather than MCS.
Another advantage of BSS is that batteries get charged at a
lower power rate and for long periods, resulting in a decrease
in battery degradation and an increase in their lifetime.

This case study is done from the fleet owner's point of view;
however, providing charging solutions is a comprehensive
service that can be done with different business models. For
example, in the case of MCS, one company may offer a fast-
charging-stationary-battery service, another provides piles
and batteries, and another provides delivery services,
resulting in the economic feasibility of the charging method.
In the case of BSS, several companies may provide robotic
and construction costs to reduce each company's share in
initial investments.

The main focus of this case study is to introduce two charging
methods and compare them with the LCOE concept. This
study can be further investigated by considering larger fleet
sizes, different working shifts, and various business models
composed of MCS and BSS for fleets that are working in off-
grid areas.



V. CONCLUSION

In this paper, LCOE for two charging methods, including
MCS and BSS, were calculated considering the downtime
cost of the machine for a real case forestry NRMM to provide
fleet owners with clear viewpoints in investments on charging
solutions of NRMMs in remote areas. Ponsse, the
manufacturer, provided the data on the forestry machine that
was used in this regard. The battery capacity was estimated
based on the energy density of LFP and SSB battery types.
Based on the obtained results, despite the high investment
costs of the BSS in comparison with MCS, downtime costs
of machines resulted in high LCOE in LFP-based MCS due
to low battery capacity and charger's low power rate. Also,
decreasing the CAPEX of battery storage types and
increasing the lifetime of the studied battery storages have
decreased LCOE in two charging methods. Accordingly,
there was a 10% and 31% decrease in LCOE in LFP and SSB
MCS, and 19% and 37% for LFP and SSB BSS, respectively.

ACKNOWLEDGMENT

This work was supported by Business Finland DECARBO
project (grant no. 7351/31/2022).

REFERENCES
[1] “The European Green Deal,” European Commission, Jul. 2021.
[Online]. Awvailable: https://commission.europa.eu/strategy-and-

policy/priorities-2019-2024/european-green-deal_en

[2] “Emissions from non-road mobile machinery,” European
Commission. Accessed: Jul. 01, 2025. [Online]. Available:
https://single-market-economy.ec.europa.eu/sectors/automotive-
industry/environmental-protection/non-road-mobile-machinery_en

[3] J. Ihonen et al., “NEXT NORDIC GREEN TRANSPORT WAVE
LARGE VEHICLES (Prospectus of using hydrogen in heavy-duty
equipment, including non-road mobile machinery).” Nordic
Innovation, Dec. 15, 2021. [Online]. Awvailable:
https://www.nordicinnovation.org/2022/next-wave-prospectus-
using-hydrogen-heavy-duty-equipment-including-non-road-mobile-
machinery

[4] Q. Dejaegere and S. Verhelst, “Renewable Alternatives for Fossil
Fuels in Non-Road Mobile Machinery: A Multicriteria Analysis,” in
SAE Techni. Paper., SAE International, 2023. doi: 10.4271/2023-24-
0086.

[5] P. Soderena, K. Melin, and R. Pettinen, “BioMet2020 Project Final
Report,” VIT Technical Research Centre of Finland, VTT Research
Report VTT-R-01567-20, Dec. 2023. [Online]. Available: Soderena,
Petri; Melin, Kristian; Pettinen, Rasmus

[6] P. Soderena, M. Pihlatie, M. Pihlantie, and N.-O. Nylund, “Pathways
for CO2 regulation in NRMM,” VTT Technical Research Centre of
Finland, VTT Research Report VTT-CR-0032-24, Feb. 2024.
[Online]. Available: https://cris.vtt.fi/en/publications/pathways-for-
co2-regulation-in-nrmm

[7] “COMMISSION DELEGATED REGULATION (EU) 2017/ 655
- of 19 December 2016 - supplementing Regulation (EU) 2016/
1628 of the European Parliament and of the Council with regard
to monitoring of gaseous pollutant emissions from in-service
internal combustion engines installed in non-road mobile
machinery”.

[8] “REGULATION (EU) 2016/ 1628 OF THE EUROPEAN
PARLIAMENT AND OF THE COUNCIL - of 14 September
2016 - on requirements relating to gaseous and particulate
pollutant emission limits and type-approval for internal
combustion engines for non-road mobile machinery, amending
Regulations (EU) No 1024/ 2012 and (EU) No 167/ 2013, and
amending and repealing Directive 97/ 68/ EC”.

[9] “COMMISSION DELEGATED REGULATION (EU) 2018/ 989
- of 18 May 2018 - amending and correcting Delegated
Regulation (EU) 2017/ 654 supplementing Regulation (EU)
2016/ 1628 of the European Parliament and of the Council with

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

regard to technical and general requirements relating to emission
limits and type-approval for internal combustion engines for
non-road mobile machinery”.

O. Ruhnau, S. Bannik, S. Otten, A. Praktiknjo, and M. Robinius,
“Direct or indirect electrification? A review of heat generation and
road transport decarbonisation scenarios for Germany 2050,”
Energy, wvol. 166, pp. 989-999, Jan. 2019, doi:
10.1016/j.energy.2018.10.114.

A. Lajunen, J. Suomela, J. Pippuri, K. Tammi, T. Lehmuspelto, and
P. Sainio, “Electric and Hybrid Electric Non-Road Mobile
Machinery — Present Situation and Future Trends,” WEVJ, vol. 8, no.
1, pp. 172-183, Mar. 2016, doi: 10.3390/wevj8010172.

A. Lajunen, P. Sainio, L. Laurila, J. Pippuri-Mékeléinen, and K.
Tammi, “Overview of Powertrain Electrification and Future
Scenarios for Non-Road Mobile Machinery,” Energies, vol. 11, no.
5, p. 1184, May 2018, doi: 10.3390/en11051184.

M. D. F. Ramos, D. A. D. L. Brandao, D. P. V. Galo, B. D. J. Cardoso
Filho, I. A. Pires, and T. A. C. Maia, “A Study on the Performance
of the Electrification of Hydraulic Implements in a Compact Non-
Road Mobile Machine: A Case Applied to a Backhoe Loader,”
WEVJ, wvol. 15, no. 4, p. 127, Mar. 2024, doi:
10.3390/wevj15040127.

Th. Korfer, “Future liquid & gaseous energy carriers: A key
prerequisite for carbon-free mobility,” in Powertrain Systems for
Net-Zero Transport, 1st ed., London: CRC Press, 2021, pp. 89-102.
doi: 10.1201/9781003219217-6.

M. Antila et al., “Future Energy Technology for Nonroad Mobile
Machines,” Advanced Energy and Sustainability Research, vol. n/a,
no. n/a, p. 2400257, doi: 10.1002/aesr.202400257.

M. Wei, C. A. McMillan, and S. De La Rue Du Can, “Electrification
of Industry: Potential, Challenges and Outlook,” Curr Sustainable
Renewable Energy Rep, vol. 6, no. 4, pp. 140-148, Dec. 2019, doi:
10.1007/s40518-019-00136-1.

“Global EV Outlook 2024,” Paris, 2024. [Online]. Available:
https://www.iea.org/reports/global-ev-outlook-2024

C. Peteranderl, M. Zéhringer, G. Balke, and J. Schneider, “Megawatt
charging as an enabler for battery-electric long-haul trucks — is that
enough?,” VDI Ber., vol. 2023, no. 2417, pp. 55-66, 2023, doi:
10.51202/9783181024171-55.

S. R. Revankar and V. N. Kalkhambkar, “Grid integration of battery
swapping station: A review,” Journal of Energy Storage, vol. 41, p.
102937, Sep. 2021, doi: 10.1016/j.est.2021.102937.

Y. Zhang, X. Liu, W. Wei, T. Peng, G. Hong, and C. Meng, “Mobile
charging: A novel charging system for electric vehicles in urban
areas,” Applied Energy, vol. 278, p. 115648, Nov. 2020, doi:
10.1016/j.apenergy.2020.115648.

“Sandvik’s latest 50-tonne BEV truck combines best of two worlds,”
SANDVIK. [Online]. Available:
https://www.rocktechnology.sandvik/en/news-and-media/news-
archive/2021/09/sandviks-latest-50-tonne-bev-truck-combines-best-
of-two-worlds/

Y. Liang, H. Cai, and G. Zou, “Configuration and system operation
for battery swapping stations in Beijing,” Energy, vol. 214, p.
118883, Jan. 2021, doi: 10.1016/j.energy.2020.118883.

K. Koirala, M. Tamang, and Shabbiruddin, “Planning and
establishment of battery swapping station - A support for faster
electric vehicle adoption,” Journal of Energy Storage, vol. 51, p.
104351, Jul. 2022, doi: 10.1016/j.est.2022.104351.

F. Zhu et al., “Does the battery swapping energy supply mode have
better economic potential for electric heavy-duty trucks?,”
eTransportation, vol. 15, p. 100215, Jan. 2023, doi:
10.1016/j.etran.2022.100215.

C. Wy, X. Lin, Q. Sui, Z. Wang, Z. Feng, and Z. Li, “Two-stage self-
scheduling of battery swapping station in day-ahead energy and
frequency regulation markets,” Applied Energy, vol. 283, p. 116285,
Feb. 2021, doi: 10.1016/j.apenergy.2020.116285.

Y. Zhang, X. Wang, and B. Zhi, “Strategic investment in electric
vehicle charging service: Fast charging or battery swapping,”
International Journal of Production Economics, vol. 268, no. C,
2024, Accessed: Jan. 25, 2025. [Online]. Auvailable:
https://ideas.repec.org//a/eee/proeco/v268y2024ics0925527323003
687.html

W. Infante, J. Ma, X. Han, and A. Liebman, “Optimal Recourse
Strategy for Battery Swapping Stations Considering Electric VVehicle
Uncertainty,” IEEE Transactions on Intelligent Transportation
Systems, vol. 21, no. 4, pp. 1369-1379, Apr. 2020, doi:
10.1109/TITS.2019.2905898.



[28]

[29]

[30]

[31]

[32]

[33]

[34]

S. Afshar, Z. K. Pecenak, M. Barati, and V. Disfani, “Mobile
charging stations for EV charging management in urban areas: A
case study in Chattanooga,” Applied Energy, vol. 325, p. 119901,
Nov. 2022, doi: 10.1016/j.apenergy.2022.119901.

M. A. Beyazit and A. Tascikaraoglu, “Electric vehicle charging
through mobile charging station deployment in coupled distribution
and transportation networks,” Sustainable Energy, Grids and
Networks, vol. 35, ~p. 101102, Sep. 2023, doi:
10.1016/j.segan.2023.101102.

Y. Zhang, X. Liu, W. Wei, T. Peng, G. Hong, and C. Meng, “Mobile
charging: A novel charging system for electric vehicles in urban
areas,” Applied Energy, vol. 278, p. 115648, Nov. 2020, doi:
10.1016/j.apenergy.2020.115648.

“Ponsse Forwarders | Specifications & Datasheets | LECTURA
Specs.”  Accessed: Jan. 25, 2025. [Online]. Available:
https://www.lectura-specs.com/en/specs/municipal-
technology/forest-machinery-forwarders-ponsse

“Energy Density of Lithium-Ion Batteries: Key Factors for EVs.”
Accessed: Jan. 28, 2025. [Online]. Auvailable:
https://www.ufinebattery.com/blog/what-is-the-energy-density-of-
a-lithium-ion-battery/

N. Muralidharan et al., “Next-Generation Cobalt-Free Cathodes — A
Prospective Solution to the Battery Industry’s Cobalt Problem,”
Advanced Energy Materials, vol. 12, no. 9, p. 2103050, 2022, doi:
10.1002/aenm.202103050.

J. Brandt et al., “Cost and competitiveness of green hydrogen and the
effects of the European Union regulatory framework,” Nat Energy,
vol. 9, no. 6, pp. 703-713, Jun. 2024, doi: 10.1038/s41560-024-
01511-z.

(35]

(36]

(37]

(38]

[39]

[40]

[41]

“Power Statistics.” Accessed: Jan. 25, 2025. [Online]. Available:
https://www.entsoe.eu/data/power-stats/

“Network Service Charges | Turku Energia.” Accessed: Jan. 29,
2025. [Online]. Auvailable:
https://www.turkuenergia.fi/en/elnat/eldistributionsprodukter-
prislistor-och-avtalsvillkor/verkkopalveluhinnasto

E. Tuviala, A. Merildinen, T. Hiltunen, T. Lindh, P. Kauranen, and
J. Ahola, “Simulation Tool to Model the Levelized Cost of Driving
of Battery Swapping Heavy Duty Vehicles,” Sep. 05, 2024, Social
Science Research Network, Rochester, NY: 4947306. doi:
10.2139/ssrn.4947306.

European Commission. Joint Research Centre., Clean Energy
Technology Observatory, Overall strategic analysis of clean energy
technology in the European Union: status report on technology
development, trends, value chains and markets: 2022. LU:
Publications Office, 2022. Accessed: Jan. 29, 2025. [Online].
Auvailable: https://data.europa.eu/doi/10.2760/12921

“Cost of solid state batteries: Expensive premium solution or
affordable all-rounder? — FutureBatteryLab.” Accessed: Jan. 29,
2025. [Online]. Available: https://futurebatterylab.com/costs-of-
solid-state-batteries-expensive-premium-solution-or-affordable-all-
rounder/

“Finland - Countries & Regions,” IEA. Accessed: Feb. 13, 2025.
[Online]. Available:
https://www.iea.org/countries/finland/electricity

M. Fasihi and C. Breyer, “Baseload electricity and hydrogen supply
based on hybrid PV-wind power plants,” Journal of Cleaner
Production, vol. 243, p. 118466, Jan. 2020, doi:
10.1016/j.jclepro.2019.118466.



