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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. 

Keywords— Non-road mobile machines, Electrification, 

Levelized cost of electricity, Mobile charging station, battery 

swapping station 

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. 

II. 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 l.  

Then, we imported the fuel tank volume from the Ponsse 

datasheet, 200 l. As a result, we get 1200 l in total. Then, we 

assumed that BE motors take some space of 150 l. So, the 

available remaining space for batteries is 1050 l. 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 

[h] 

9.2 Efficiency of reference 

diesel powertrain 

28% 

Annual Working 

Days 

214 possible regeneration rate 

for full electric 

5% 

Reference Daily 

work [kWh] 

486 Full electric, Battery 

storage dimensions [liters] 

1050 

 

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/l [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 
II.  

TABLE II.  THE KEY PROPERTIES OF THE STUDIED BATTERIES 

Battery  

Type                      

Energy 

density, pack 

level [kWh/l] 

Battery 

Capacity 

[kWh] 

Recharging 

times in one 

working day  

Li-Ion, 

LFP 
0.18 189 3 

Li-Ion, 

SSB 
0.42 441 1 

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, 
Aj, is multiplied by CAPEX. In calculating Aj , rint,j is the 
discount rate and tdep,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, CE,i , is calculated 
based on charges for medium voltage customers, shown in eq. 
4, in which Ca is the fixed monthly fee, CT is the  
transmission/distribution fee, and Cc is related to the cost of 
peak demand, which is determined based on the previous 
month's peak demand, PPeak. 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, 
Ptot. In these kinds of agreements, the retailer's service fee 



 

 

should be paid in addition to market prices. Cdelivery,i and 
ddelivery,i  are related to each charging method's delivery cost and 
delivery distance. Ct,i and ttotal,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 eqs. 6-8. Ct,i 
can be estimated based on the annual cost of electric NRMM 
and the expected working days and hours. Therefore, Ct,i 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. tcharge,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. 

III. 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 III [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. 

 
Fig.1. Electricity Market Prices 

 

TABLE III.  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 

Ca 626.40 €/month 

Cc 1.86 €/kW 

CT 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, 

Ct,i, 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.2. LCOE for LFP-based Charging Solution 

 

 

 
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. 

 

 

 
Fig.4. Comparing LCOE for LFP-based MCS and BSS 

 

 

 
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, troad,i for both MCS and BSS is 

considered zero since it is assumed that NRMMs are not  
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Fig.6. LCOE for MCS 

 

 

 
 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, troad,i 

increases noticeably and will affect LCOE in this case. In the 

higher values of troad,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. 
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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. 
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