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ABSTRACT:  Geotechnical engineering machines are characterized by a wide range of operational functionalities and cover a broad 
spectrum of power classes. The current state of the art shows that diesel remains the predominant energy carrier for mobile construction 
machines. To achieve local zero emissions on future construction sites, alternative drive systems will be required. Within geotechnical 
engineering, tethered electric machines achieve the highest overall efficiency, while battery electric systems are increasingly entering 
the market due to their operational flexibility. Hydrogen based systems are currently being tested in research and industrial projects. 
The use of such systems is limited by an insufficient supply infrastructure and high financial barriers associated with low production 
volumes. A case study further shows that over lifetime, battery electric machines can achieve a CO2 saving potential up to 67 % in 
operation and manufacturing compared to a diesel system. In parallel the price for CO2 emissions, that are associated with CO2 price 
certificates can be entirely avoided by 2050, provided that the transition to electrified drive systems continues consistently.  
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1 INTRODUCTION 

Geotechnical engineering is a crucial component of modern 
construction and encompasses extensive and fundamental 
measures such as bored pile foundations, diaphragm walls, 
injection works, and excavation pit enclosures. The execution 
of these diverse construction processes is utilized for various 
building foundations, the construction of infrastructure units, 
and slope stabilization to protect against erosion. Geotechnical 
engineering works are often technically complex, take place 
under confined space conditions or in difficult foundation 
grounds, and require specialized construction machinery and 
equipment. The operation of these machines requires a reliable, 
safe, and easy to use energy supply. This paper presents the 
requirements for energy supply in geotechnical engineering, the 
energy sources and technologies used, and the challenges and 
future prospects associated with the use of electrified machines. 
Within the scope of the paper, the potential of electrically 
powered geotechnical construction machinery compared with 
conventional diesel-powered machines is examined. Using a 
specific construction process as a case study, both the 
achievable CO2 emission savings and the resulting reduction of 
the operational costs are quantified and presented. 

2 STATE OF THE ART 

In geotechnical engineering, a wide variety of machine types 
are used, selected according to the construction method, 
geological conditions, and project requirements. The main 
machine types include rotary drilling rigs, which can be 
equipped with kelly bars or continuous flight augers for deep 
foundations achieving drilling diameters over 4 m and drilling 
depths exceeding 100 m (Liebherr, 2025a). In parallel the 
machines can be equipped with specialized tools for ground 
improvements, increasing the load bearing capacity, reducing 
settlements and improve technical properties of existing soil.  

Diaphragm wall cutters and diaphragm wall grabs are used 
in particular for the construction of deep, continuous walls and 
are characterized by high cutting and lifting forces, enabling 
efficient work even in densely compacted soils and rock. With 
the help of these type of construction machinery a narrow 
trench is excavated and stabilized by an engineering slurry 
using mechanical or hydraulic clamshell grabs or hydromill 

cutters. Based on the variable thicknesses between 
450 – 1500 mm of the working tools, diaphragm walls ca be 
excavated up to depths of more than 100 m, generating deep 
basement foundations, tunnel approaches, or barriers to 
groundwater flow (Keller , 2025). 

Pile driving rigs are used for installing sheet piles, beams, 
or tubular profiles, covering light-duty applications in urban 
environments and heavy-duty operations in port and marine 
construction. These machines are offering advantages such as 
high installation speed, reliable load bearing capacity, and the 
ability to work in a wide range of soil conditions.  

Additionally universal drilling rigs for anchor drilling play 
an important role in geotechnical engineering, offering high 
flexibility for temporary and permanent anchors, micropiles, or 
soil nailing. These machines are often crawler mounted and are 
equipped with a high torque drill drive. It can operate with 
various drilling systems, such as double-head drilling or down-
the-hole-hammers to work efficient in loose soil and solid rock. 

Mixing and grouting machinery are used to produce load 
bearing soil columns. The diversity of machines is reflected not 
only in the range of construction methods but also in the wide 
spectrum of power capabilities. Starting from compact, mobile 
units for confined construction sites with limited bearing 
capacity, going to large carrier machines with several hundred 
kilonewtons of torque and a rated power up to 750 kW. This 
technological variety enables geotechnical construction works 
to be adapted to almost any geological and spatial challenge.  

 
Figure 1. Variety of construction machinery for geotechnical 
engineering: 1. rotary drilling rig, 2. diaphragm wall grab, 3. diaphragm 
wall cutter, 4. pile driving rig, 5. universal drilling rig, 6. soil mixing 
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2.1 Emissions Legislation for off-road Mobile Machinery 

According to a study from 2020, the global distribution of the 
primary energy source for non-road mobile machinery 
(NRMM) shows that the majority and more than 90 % of the 
current machines are powered by the fossil liquid fuel diesel. 
The remaining 10 % are distributed in roughly equal shares 
among gasoline, gas, and battery electric systems (Eder, 2020). 
Although these numbers date from 2020, they can be 
reasonably projected to today’s situation, as the drive 
technologies used in construction machinery have remained 
largely unchanged since then. 

The use of fossil energy sources represents a cross-
industrial challenge with regard to both local pollutant 
emissions and global greenhouse gas production emissions. For 
the sector of NRMM, long term data collection has been 
available since 1990, focusing on the development of various 
emission categories, with the underlying dataset extending to 
the year 2018 (Heidt, et al., 2020). The data set contains the 
following categories: nitrogen oxides (NOX), particle mass 
(PM), and carbon dioxide (CO2). Based on this time point, a 
forecast is made regarding the development of emissions over 
time until the year 2050. Although no separate assessment for 
geotechnical engineering can currently be carried out, the 
statistics encompass all machine types within the category non-
road mobile machinery. 

The following Figure 2 and Figure 3 shows the 
development of greenhouse gas emissions over time, using the 
transport emission model for mobile machinery (TREMOD-
MM, version 5.1). Looking at the timeline, it is clear that both 
nitrogen oxide and particulate emissions have been drastically 
reduced since their all-time high in the 1980s and 1990s. 

 
Figure 2. Particle mass and NOX emissions for mobile machinery 
from 1980 – 2050, forecast from 2018 according to (Heidt, et al., 2020) 

Driven by the EU emission regulation for mobile machinery 
and equipment plus the resulting adaption of machines to each 
successive emission stage (in particular stages I-V) of modern 
construction machinery and newly placed in geotechnical 
foundation engineering equipment, has now achieved an almost 
complete reduction of local emissions of nitrogen oxides and 
particle mass. This applies specifically to machines with 
stage V-certified diesel engines in combination with exhaust 
aftertreatment systems (SCR catalysts and diesel particle 
filters). 

In contrast, despite the positive developments in the field 
of particle mass and nitrogen oxides, the CO2-level remains at 
a consistently high level (Figure 3). Carbon dioxide as a major 
driver of climate change, continues to pose a significant 
challenge in the operation of construction machinery. Due to 
the high energy and performance demands, long operational 
cycles, and the frequent lack of electrical infrastructure on 
construction sites substantial reductions of CO2 emissions in the 
sector have been limited so far. These challenges can be 
addressed through the increased use of alternative drive systems 
in modern construction machinery.   

 
Figure 3. Development of the CO2 emissions for mobile machinery 
from 1980 – 2050, forecast from 2018 according to (Heidt, et al., 2020) 

2.2 Alternative Drive Systems 

To achieve the ambitious targets set by the European Union for 
2050, a substantial reduction in carbon dioxide emissions across 
all mobility and transportational sectors is required (European 
Commission, 2018). In addition to common mobility sectors (e. 
g. road, rail, and air) this increasingly affects also the use of 
machinery and equipment in construction industry. The 
industry sector for construction machinery, including 
machinery for geotechnical engineering, faces the challenge of 
reassessing its predominantly conventional powertrain systems 
and transitioning towards CO2-neutral or at least CO2-reduced 
solutions. Not only driven by regulatory requirements and 
growing social expectations, the transformation towards 
electrical powertrains is in line with economic considerations 
such as energy efficiency, operating costs, and international 
competitiveness. At the same time, technical demands must be 
considered to ensure a reliable performance under extreme 
operating conditions. Therefore, the launch of alternative drive 
concepts presents new opportunities, while simultaneously 
introducing complex challenges ranging from the development 
of suitable technologies and the adaptation of existing machines 
to the integration of these systems into established construction 
processes.  

Currently, there is a wide range of concepts available for 
implementing alternative drivetrains into construction 
machinery. It should be noted that these systems are not equally 
represented in the industry market yet. On the one hand, there 
are established technologies that are already widely used, 
particularly in geotechnical engineering, as well as solutions 
that can be retrofitted to existing machine fleets in short term. 
On the other hand, certain technological approaches are neither 
commercially available in large scale production and aren’t 
widely deployed, but rather existing only in small testing series 
or as prototypes. Looking some years ahead, also carbon neutral 
liquid e-fuels might gain relevance in the future. For these not 
sophisticated technological concepts, intensified research 
efforts and the general willingness to introduce them into 
practical applications are essential. The following section of 
this paper provides a systemic overview of alternative drive 
systems for mobile machinery in construction sector.  

2.2.1 Tethered Electric  

Tethered electric machines represent an optimal solution for 
geotechnical engineering machinery from a technological 
perspective, as this technology achieves the highest possible 
electrical and overall energy efficiency (well to wheel). Within 
the field of construction machinery, it is a proven and 
commercially available technology that gains an increasing 
market share. Tethered electric machines exhibit limited 
mobility due to the necessary power cable and can therefore 
only be used for applications with limited range of motion of 
the machine. To enable greater freedom of motion, either cable 
reels on the machines or stationary cable towers next to 
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machines are used. Current developments show that cable 
handling and cable feeding (via the ground or through the air) 
for multiple machines are getting more important and need to 
be coordinated by innovative handling strategies. In parallel, 
the use of a cable offers the advantage that no installation space 
for an onboard energy storage system needs to be considered. 
One of the main reasons why these machines are not widely 
adopted is the often limited or entirely lacking grid connection 
and the available grid capacity on construction sites. This issue 
becomes particularly relevant for building projects involving 
more than one machine and for construction sites in remote 
areas.  

2.2.2 Battery Electric  

Machines with a battery electric drivetrain have now become 
state of the art in multiple types of construction machinery. In 
previous years battery storage systems were preliminary 
integrated into machines with a nominal output less than 75 kW. 
Today there are several models exceeding 250 kW which are 
now also available in the field of geotechnical engineering 
(Liebherr, 2025b). Battery electric systems are especially 
promising for mobile applications, as there are no cables to 
interfere with the path of travel. The systems offer a high overall 
electrical efficiency, bit less than tethered electric systems due 
to the energy losses in storage systems and electrical converters. 
A major disadvantage is the considerably large installation 
space required for the battery systems, resulting from the 
relatively low volumetric energy density of lithium-ion 
batteries (~250 Wh/l). Battery electric systems are also facing 
the challenges with the available grid connection, as they 
require an on-site recharging. Based on the grid connection 
both, charging power and charging duration are limited. 
Furthermore, current investment costs for battery electric 
machines remain significantly higher in the range of two to four 
times of comparable diesel-powered machines, on the other 
hand they offer substantially lower operating costs in terms of 
energy carrier costs including CO2-certifcate costs and 
maintenance. 

2.2.3 Hydrotreated Vegetable Oil 

The use of hydrotreated vegetable oils (HVO) represents an 
established approach to contribute directly to decarbonization 
in construction sector. A large share of the internal combustion 
engines, which are installed in existing machinery fleets are 
already certified for operation with this alternative fuel. Since 
no modifications of the powertrain are required from technical 
perspective HVO enables a rapid retrofit of current construction 
machine fleets. While the utilization of certified HVO leads to 
a reduction in carbon dioxide emissions, it does not achieve an 
entire carbon neutrality, there is reported to be a reduction of up 
to 90 %. In addition to a remaining share of greenhouse gas 
emissions, local pollutant emissions must also continue to be 
taken into account. In parallel, the widespread substitution 
potential of certified HVO is constrained by the limited 
availability across regions, restricting the role as a universal 
replacement liquid fuel for construction machinery.  

2.2.4 Hydrogen Fuel Cell 

Fuel cell technology based on hydrogen offers a realistic 
pathway towards decarbonization and simultaneous avoidance 
of pollutant emissions in all industry branches, as the low 
temperature conversion process of hydrogen and oxygen 
produces only pure water as a byproduct. On condition that the 
hydrogen fuel is generated using renewable energy sources, 
local and global emission free operation can be achieved on 
construction sites. Currently, the production of green hydrogen 
is highly cost intensive. With approximately 14 EUR/kg, the 

energy capacity of green hydrogen is around 2.8 times more 
expensive than conventional diesel fuel with approximately 
1,50 EUR/l. Under optimal operating conditions, modern 
proton exchange membrane fuel cell (PEMFC) systems achieve 
an overall electric system efficiency of about 45-50 %, 
depending on the specific model. Fuel cell systems are currently 
being investigated in several research projects, including 
applications in rotary drilling rigs for geotechnical engineering 
(Bauer AG, 2025).  

A major challenge of hydrogen technology is the low 
volumetric energy density. Compressed hydrogen at 70 MPa, 
which is state of the art for several mobility projects, achieves 
only 13 % of the volumetric energy density of diesel fuel 
(hydrogen 1,3 kWh/l, Diesel 9,7 kWh/l). This results in a 
significantly larger onboard energy storage system, which 
needs to be integrated into the existing construction machines. 
In consequence, due to the limited space on the machine, the 
operating time of the machine needs to be set down and a 
refilling process needs to be considered during construction 
operations. This may require adjustments to the processes on 
the construction site. The hydrogen fuelling infrastructure show 
currently another major challenge for European construction 
projects, as the hydrogen fuel must be supplied to the machines 
on demand at locations that are mostly distant from fuel supply 
chains. For public mobility, there are currently 157 hydrogen 
refuelling facilities in Europe and another 56 facilities in 
preparation, status 08/2025 (H2 Mobility , 2025a). Although 
such facilities do exist, they currently do not constitute a 
reliable refueling network capable of ensuring the widespread 
deployment of hydrogen as an energy carrier. Due to the current 
limitations, which can be overcome, hydrogen fuel cells in 
mobile applications, especially for the construction sector are 
currently limited to prototype and demonstration levels. 

2.2.5 Hydrogen Combustion Engine 

In addition to fuel cells, hydrogen can also be utilized as an 
energy carrier in internal combustion engines. Hydrogen 
combustion engines are considered a potential and promising 
option for the direct reduction of carbon dioxide emissions, 
particularly in the operation of heavy-duty machinery, such as 
machinery for construction work like geotechnical engineering. 
Initial applications in the sectors of construction machinery and 
long-haul transportation have already been successfully 
demonstrated in small scale series.  

While the combustion of hydrogen does not produce 
carbon dioxide, the high temperature conversion process leads 
to the formation of nitrogen oxides (NOX). This means a 
complete emission avoidance cannot be achieved, to fulfil the 
European emissions legislation the integration of specialized 
exhaust aftertreatment systems is needed. Furthermore, and 
similar to fuel cell technology, infrastructural challenges and 
limitations associated with the low volumetric energy density 
of compressed hydrogen persist. Compounding the refuelling 
issues, the current hydrogen infrastructure established in 
Germany is designed for fuel cell vehicles only. Due to different 
tax regulations between hydrogen used for internal combustion 
engines and hydrogen used for fuel cells, fuel station operators 
do not allow to refuel machines with hydrogen combustion 
engines, as the sale of hydrogen is currently tax-free for fuel 
cell vehicles (Nationaler Wasserstoffrat, 2024). This means the 
use of hydrogen by machines powered by a hydrogen 
combustion engine is currently limited, which complicates 
infrastructure challenge for heavy duty machinery and the 
fundamental technological acceptance (H2 Mobility, 2025b). 
To avoid this issue, German customs authorities introduced a 
fuel card system at the beginning of 2025 for hydrogen vehicles. 
With the help of the fuel card, vehicle owners can prove the 
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type of drive train technology by submitting the vehicle 
documents. Based on this, the corresponding hydrogen volumes 
and taxation will henceforth be verified using fuel cards. The 
refuelling restriction for machines with H2-ICE are expected to 
be removed by fuel station operators at the end of 2025. In the 
future, automated vehicle recognition is expected to be 
established for this purpose (Zoll, 2024). 

2.2.6 Synthetic e-Fuels 

Alongside alternative drive systems which are currently being 
developed in prototype stages, another future option could 
involve using synthetic e-fuels in combination with a 
combustion engine. The use of synthetic fuels offers the 
possibility to run existing machines (possibly with minor 
modifications) without the need of modifying the drive train, 
meaning that the fuel can be easily used for existing fleets and 
especially for machines with a high power demand due to the 
large volumetric energy density. The liquid fuel offers the same 
advantages as conventional diesel fuel but is currently not 
available on the market in notable shares. Moreover, it has a 
very low overall efficiency (less than 20 % from well to wheel, 
due to the numerous energy conversion processes) and the local 
zero emission requirements are not fulfilled. According to 
(eFuel Alliance, 2025) the e-fuel production could be ramped 
up in industrial scale from 2030 onwards if the political 
framework and market conditions were to support this path – 
which is currently not the case. Forecasted production costs 
including transportation to Europe may be reduced to 2 EUR/l 
at some time under large-scale industrial production conditions, 
according to the same source. But currently the price is by far 
higher and not competitive with the other solutions mentioned 
here. 

2.2.7 Expectation 

In summary we would like to review the question of which 
energy source and which drive system will be widely available 
in construction industry. Assuming that climate neutrality is 
indeed to be implemented on future construction sites, the 
authors of this paper has come up with the following judgments 
and expectations. If the construction site conditions and the 
machine application allow, the tethered electric solution should 
be preferred whenever it is possible. Hybrid systems combined 
with a battery storage system for repositioning tasks are a 
feasible option in this context. For truly mobile solutions with 
limited energy demand and simultaneous availability of a 
sufficient charging point, battery electric systems will be the 
primary solution on construction sites. In order to achieve a 
short-term reduction in CO2 emissions for existing and newly 
registered machines, we expect HVO to be used more widely. 
However, due to the limited availability of this energy source 
and the fact that this technology still generates emissions, this 
solution is only an interim solution. For mobile applications 
with a high energy demand, machines with H2 fuel cells and H2 
combustion engines might become part of the construction 
environment in medium-term. The introduction of synthetic 
e-fuels is presently not foreseeable in the near future and will 
therefore only be an option in long-term.   

3 ENERGY SUPPLY FOR ELECTRIFIED 
GEOTECHNICAL ENGINEERING MACHINERY 

3.1 Infrastructure on Construction Sites 

Based on the current challenges and the regulation-based aim 
to reduce emissions on construction sites, especially carbon 
dioxide, it is clear that electrically powered machinery will play 
an increasingly important role for future construction projects. 
Public tenders are increasingly demanding emission free 

construction sites, starting in a few pioneering countries, but 
with expanding reach. At the same time, we see growing 
availability of climate neutral electricity and the operating costs 
of diesel driven machines will rise slowly but steadily due to 
higher CO2-certificate prices. All these factors will accelerate 
the demand for carbon neutral construction machinery and the 
demand-driven supply of energy carriers.  

Currently there is a wide range of possible solutions for the 
on-site energy storage and supply, for operating electrified 
geotechnical engineering machinery, with varying degrees of 
mobility. Table 1 shows suitable solutions for producing 
electric energy with the help of different energy sources. 
Furthermore, it compares the spatial flexibility on the 
construction site and shows an example available on the market.  

Table 1. Energy supply on construction sites 

ID Solution Mobility  Example 

1 Grid connection 
w/o battery storage  

Semi stationary  (NCC, 2025) 

2 On grid  
battery storage 

Semi stationary (Liebherr, 2025c) 

3 Mobile battery 
storage 

Mobile (DIMAAG, 2025) 

4 H2 generator + 
battery storage 

Stationary  (Fuell Cell Works, 
2024) 

5 HVO generator + 
battery storage  

Stationary (Aggreko, 2025) 

6 Photovoltaic + 
battery storage 

Stationary (Solarcontainer, 
2025) 

The suitable solutions are mostly semi stationary or stationary, 
meaning that the machine needs to move towards the recharging 
point after several hours of work. Solutions with a public grid 
connection offer the advantage, that a stationary battery system 
independent from the machine can be charged with limited grid 
capacity. Due to the external energy storage system, the 
batteries can be charged slowly, while the actual charging 
process of the battery integrated to the machine can be done 
with higher power in shorter time periods. In case of 
particularly large construction sites with multiple machines 
with a high-power demand, there is the opportunity to use 
mobile battery storage systems, meaning that the energy comes 
to the machine. Currently there is a system under development 
for high power charging in megawatt scale to recharge 
construction machinery in short time (DIMAAG, 2025). In case 
of an available public grid connection with sufficient 
performance, electricity can be used for charging both, mobile 
and semi stationary battery systems. In case of remote 
construction sites without reliable high power grid access, 
alternative energy carriers (e.g. HVO, H2 or solar power) can 
be used to produce electric power. While hydrogen and HVO 
can be used to generate electric energy continuously according 
to the demand with the help of generators, the use of solar 
technology requires the consideration of the fluctuating 
environmental influences on solar radiation. Additionally, 
sufficient space must be allocated for the installation on 
construction sites without interfering ongoing construction 
operations. 

3.2 Charging Technologies 

For electric charging of geotechnical engineering machinery, 
there are various technological approaches available. 
Fundamentally, a distinction can be made between alternating 
current (AC) and direct current (DC) charging on construction 
sites. In case of AC charging, standardized CEE connectors are 
commonly used to charge battery electric powered machines 
with the help of a construction site power distribution unit. 
Alternatively, stationary battery storage systems are also 
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equipped with CEE connectors, allowing them to serve as an 
external energy source for mobile construction machinery.  

AC plugs are part of machines with hybrid powertrain 
systems, where an electric motor supports the primary diesel 
combustion engine which has a correspondingly reduced rated 
power. This represents a tethered based solution with limited 
grid connection capacity up to 125 A. Table 2 summarizes 
typical power ranges that are commonly applied in geotechnical 
engineering to support hybrid systems and to charge battery 
electric machines. A special case comes with tethered electric 
solutions exceeding 125 A, where a standardized CEE 
construction power connection is insufficient to provide the 
rated power. To reach high power levels with several hundreds 
of kilowatts, specialized industrial power connectors are 
applied to the machines reaching 250 A and more. 

Table 2.  AC charging technologies 

Power Connection  Characteristics  Power 

Basic CEE plug  32 A / 400 VAC 22 kW 

Standard CEE plug 63 A / 400 VAC 43 kW 

Advanced CEE plug 125 A / 400 VAC 86 kW 

Special power plug > 125 A / 400 / 690 VAC variable 

In addition to AC charging, battery electric construction 
machinery can also be recharged by using direct current (DC). 
For this purpose, Combined Charging System Type 2 (CCS2) 
connectors are installed, enabling charging capacities of up to 
240 kW. In comparison to AC charging, DC charging offers a 
higher charging power. The use of this technology assumes that 
the machines are equipped with a CCS2 interface while a fast-
charging unit plus high-power grid connection or a battery 
system must be available on the construction site. It is important 
to note that the effective charging power is often also limited by 
the machines internal power electronics, not only by the limited 
power of the grid or the power pack. Furthermore, the available 
charging capacity decreases when multiple machines are 
charged simultaneously. Against the max. power, current 
charging stations are often limited to a charging power of 150 
to 350 kW, depending on the cooling system of the plug and the 
grid connection of the charging point. For construction sites 
mobile fast charging units with CCS2 are available on the 
market today. Typical examples provide a power of 80 to 
240 kW (Atlas Copco, 2025). 

For higher charging power, the use of megawatt charging 
technology (MCS) is currently being developed and tested in 
industrial pilot projects, enabling DC charging capacities in 
megawatt scale (Gehm, 2024). MCS technology is relevant and 
important for applications where large battery capacities must 
be recharged within a short time period. In the field of 
geotechnical engineering MCS technology is not yet state of the 
art. Table 3 summarizes typical DC charging capacities for 
electrified machinery. In addition, Figure 4 shows the different 
charging plugs for electrified construction machinery.  

 
Figure 4. Left: CEE-plug (AC), middle: CCS2-plug (DC), right: 
MCS-plug (DC) 

 
 

Table 3. DC charging technologies 

Power Connection  Characteristics  Max. Power 

Basic CCS2  200 A / 400 VAC 80 kW 

Standard CCS2 200 A / 750 VDC 150 kW 

Advanced CCS2 300 A / 800 VDC 240 kW 

MCS plug  > 300 A / > 800 VDC > 1000 kW 

In the field of geotechnical engineering the impact of the 
charging power was calculated using a rotary drilling rig as a 
case study. The objective of the analysis is to illustrate the 
relationship between the available charging infrastructure and 
the effective charging time on a typical construction site. For 
the rotary drilling rig, a battery capacity of 700 kWh was 
defined as a boundary condition. This value is based on 
commercially available construction machines and represents a 
realistic average for the battery capacity of rotary drilling rigs. 

Figure 5 shows the result of the analysis under assumption 
that the reference machine can be charged using all common 
charging technologies. The evaluation shows that the charging 
time exceeds 8 hours, when using AC technology, implying that 
overnight charging is required for operating the machine the 
next day. In contrast, significantly shorter charging times can 
be achieved with DC fast charging technology CCS2, which 
enables charging durations between 2 and 7 hours (charging 
from 10% to 90% of battery capacity). The duration depends on 
both the machine itself and the power electronics of the fast 
charger. With the appropriate technology, the exemplary rotary 
drilling rig can be recharged during idle periods ensuring 
availability for the next operation. The use of megawatt 
charging MCS further reduces charging times below 2 hours. In 
this case study, the charging power was set to a maximum of 
750 kW.  

 
Figure 5. Investigation on the duration of charging an exemplary 
rotary drilling rig with a battery capacity of 700 kWh 

4 CASE STUDY 

The present investigation shows the potential of battery electric 
powered geotechnical engineering machines compared to 
conventional diesel-powered systems with regards to CO2 
emissions during the service life and the resulting cost savings 
for CO2 certificates. As in the previous chapter, the analysis is 
based on an exemplary rotary drilling rig for the construction of 
bored piles. The construction of bored piles is characterized by 
a highly repetitive work process. Due to this characterization, it 
is possible to analyse the energy demand and emissions for 
varying daily operating hours accurately. The basis of the 
investigation is the average energy consumption of a 
conventional machine with a diesel powertrain used for the 
construction of bored piles. For this application, with a diesel 
driven machine, a gross energy demand of 425 kWh/OpHrs 
(OpHrs = Operating Hour) was determined (Riedl, 2024), for 
an exemplary rotary drilling process (operating time 9 hours, 
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daily output 164 meter drilled hole, average fuel consumption 
2,4 liters per meter). Considering a combustion engine 
efficiency of 40 %, the gross energy demand translates to a net 
energy demand at engine output of 170 kWh/OpHrs. This net 
energy demand serves as the reference for calculating the 
corresponding gross energy demand for a battery machine. 

To compare the results, it was assumed that the battery 
electric machine would have the same operational requirements 
as the diesel variant. Based on a higher efficiency of 80 % for 
the battery electric drive train, the battery electric machine will 
require a gross energy demand of 212,5 kWh/OpHrs.  

These parameters provide the basis for quantifying the 
CO2 savings potential and the operating cost savings of the 
battery electric version compared to the original diesel machine. 
Thus, the investigation offers a solid foundation for evaluating 
the economic and ecological relevance of alternative drive 
systems in geotechnical engineering.  

4.1 CO2 Savings Potential over lifetime 

The CO2 reduction potential was analysed separately for 
machine manufacturing and machine operation in order to 
clearly illustrate their respective contributions to the overall 
CO2 emissions. In addition, different operating time periods of 
2.000 and 10.000 OpHrs were considered to highlight the 
influence of machine utilization during lifetime. In the diagrams 
in Figure 6, the shares of manufacturing and operation were 
accumulated and different cases were examined. Case 1 
represents the conventional scenario, in which the rotary 
drilling rig is operated by diesel fuel, resulting in CO2 
equivalent emissions of 270 g/kWh.  For the battery electric 
machine, subsequent cases examined the operating 
performance under the same boundary conditions:  
 Case 2: Battery machine with 700 kWh, powered by 

Energy-Mix-Germany 2024 (363 g CO2-eq/kWh) 
 Case 3: Battery machine with 700 kWh, powered by 

Photovoltaic-Germany 2024 (57 g CO2-eq/kWh) 
 Case 3: Battery machine with 700 kWh, powered by 

Onshore-wind power-Germany 2024 (18 g CO2-eq/kWh) 

 

 
Figure 6. CO2 saving potential for a battery electric rotary drilling rig 
at 2.000 and 10.000 OpHrs 

The results show that the battery electric machine causes 
slightly higher CO2 emissions during manufacturing, mainly 
due to battery production. But at the same time, it is clearly 
visible that even with the German energy mix of 2024 (case 2), 
the total CO2 emissions are reduced by 20 % assuming an 
operating time of 10.000 OpHrs. This effect is further amplified 
by the use of other primary energy sources like, e. g. 
photovoltaic. For an assumed operating time of 2.000 hours, 
CO2 emissions for manufacturing are higher than for actual 
machine operation. This changes fundamentally as the 
machine’s lifetime increases. In the present case study, the 
rotary drilling rig for the production of bored piles reaches a 
CO2 saving potential of up to 67 % at 10.000 OpHrs, depending 
on the type of energy supply, compared to a standard diesel-
powered machine. In conclusion, battery powered machines 
and devices with significant operational utilization achieve 
significant CO2 savings over their lifetime.  

4.2 Cost Savings Potential 

Since the investment costs for a battery-powered construction 
machine are significantly higher than those for a conventional 
diesel-powered machine, the question arises as to what extent 
these additional costs can be compensated for by lower 
operating costs. No data is currently available on the operating 
cost savings achieved through reduced maintenance and repair 
expenses when using a battery-powered machine. Further 
savings can be achieved because electricity as an energy source 
is usually cheaper than diesel fuel (depending on the location of 
use). In this paper the cost comparison between diesel fuel and 
electric energy was investigated for multiple countries. For the 
examplary use case, the ratio between the price per litre of 
diesel (GlobalPetrolPrices, 2025a) and per kWh of electricity 
(GlobalPetrolPrices, 2025b) was determined.  Assuming that a 
battery electric machine offers a 100 % higher overall 
efficiency compared to a diesel driven machinery (ηDiesel=0,4; 
ηBattery=0,8), the ratio can be calculated to a value of 4,85.  
According to Equation (1) the value of 4,85 kWh/l represents 
the ratio x1/x2 between the price for diesel x1 [EUR/l] and the 
price for electricity x2 [EUR/kWh] for all machinery with twice 
the overall efficiency/the corresponding gross energy demand 
Egross [kWh/h] of the electric drive system compared to a 
conventional drive system.  

𝑥ଵ ⋅
𝐸௚௥௢௦௦,஽௜௘௦௘௟

9,7𝑘𝑊ℎ/𝑙
ൌ 𝑥ଶ ⋅ 𝐸௚௥௢௦௦,஻௔௧௧௘௥௬  (1) 

Figure 7 shows that in most countries around the world, the 
ratio is above the threshold value of 4,85, leading towards the 
point that battery electric operation costs less than diesel-based 
operation. However, there are also countries (e.g. Germany, 
Italy, Australia) that are currently at the limit and under the 
threshold value of 4,85. It is important to note that this 
consideration is highly volatile and a temporary view to current 
energy prices. This assessment can be changed quickly due to 
external influences. Changes in the energy generation market 
and governmental boundary conditions have a direct impact on 
the results and the question of whether operating a battery-
electric machine is cheaper than a diesel-driven machine. 
Changes of the international price for oil and electricity, the 
national transformation towards renewable energy production 
in each individual country and the future development of CO2 
price certificates are just a few of the influencing factors.      
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Figure 7. Cost comparison between diesel fuel and electric energy at 
different locations around the world, considering the average drive 
efficiencies of 80 % (electrical driven machine) resp. 40 % (diesel 
driven machine) 

In addition, we also consider the question of what savings can 
be achieved by avoiding CO2 taxes. These taxes are added to 
the price of the energy source (in this case diesel fuel or 
electricity). The price development for CO2 certificates results 
from a highly volatile market, therefore difficult to predict, so 
three scenarios are considered. Based on a price of 
55 EUR/t CO2 in 2025 for Germany, we assume a linear price 
increase of 3/5/7 % per year for the next 25 years in a simplified 
manner (DEHST, 2024). This results in the following cases: 
 Scenario 1: Annual price increase of 3 %,  

reaching 115 EUR/t CO2 in 2050 
 Scenario 2: Annual price increase 5 %,  

reaching 186 EUR/t CO2 in 2050 
 Scenario 3: Annual price increase 7 %,  

reaching 300 EUR/t CO2 in 2050 

Within each scenario, a diesel powered and a battery powered 
rotary drilling rig were compared. For the battery solution, two 
cases of electricity generation were analysed:  
 The German energy mix with a forecast based on 

previous trends from 1990 to 2024. Assuming constant 
pace in the German expansion of renewable energies, 
127 g CO2-eq/kWh can be expected in 2050, starting 
from 363 g CO2-eq/kWh in 2024.  

 The energy mix in line with the European targets, 
achieving complete greenhouse gas neutrality by 2050. 

Based on an operating time of 10.000 OpHrs, the results of the 
study shows that operating costs of a drilling rig are strongly 
influenced by the future development of CO2 prices. Starting at 
a price of 55 EUR/t CO2 in 2025, operating costs in connection 
with CO2 certificates are leading to around 60.000 EUR in all 
cases. Looking at scenario no. 2, we predicted an annual price 
increase of 5 %, which is an intermediate increase and a 
potential development over time. Assuming that a rotary 
drilling rig is running in 2050, the price of a CO2 certificate will 
reach a level of 186 EUR/t CO2 in this scenario. Based on the 
operating time of 10.000 OpHrs, this effect will end in CO2-
related operating costs of about 216.000 EUR. It is important to 
note that this investigation is not a cumulative analysis of 
operating hours over time, but rather an analysis of operating 
hours in a specific year. According to Equation (2) the price can 
be calculated as follows, where C is the price in [EUR/h], V is 
the machines fuel rate per hour [l/h], f is the emission factor for 
Diesel fuel per litre [kg CO2/l], and p the price for CO2 
[EUR/kg CO2]. 

𝐶 ൌ 𝑉 ∙ 𝑓 ∙ 𝑝  (2) 

Provided that the EU targets are a serious goal and greenhouse 
gas neutrality in electricity generation can be achieved in 2050, 

no compensation payments for CO2 certificates will have to be 
made for electrically powered machines. Battery electric 
machines will therefore not incur any of these operating costs 
in terms of CO2 emissions by 2050.  

If the trend towards future development of the German 
electricity mix remains constant (which would mean that CO2 
neutrality would not be achieved in electricity generation, but 
rather that the electricity mix would cause CO2 emissions of 
127 g CO2-eq/kWh), a difference of 76 % can be expected in 
all cases by 2050.  

 
Figure 8. Cost savings potential due to reduced CO2 certificate costs 
for a battery driven rotary drilling rig compared to a diesel driven 
machine, at 10.000 OpHrs 

5 CONCLUSION 

This paper examines the current challenges and potentials of 
alternative drive systems for construction machinery used in 
geotechnical engineering. In addition to reviewing geotechnical 
engineering machine types and their functionalities, the study 
highlights that electric drive systems are increasingly being 
deployed on construction sites (tethered and battery driven 
machines) or under development with a construction site focus 
(H2-fuel cell systems). Tethered electric machines offer the 
highest energy efficiency, while battery electric systems are 
gaining attention among operators primarily due to their 
operational flexibility combined with low noise and low 
maintenance. Hydrogen powered systems are currently 
constrained by the lack of a sufficient energy supply 
infrastructure, less robust components for fuel cell systems, 
high invest costs due to missing serial processes and scaling 
effects. These aspects are limiting the economic viability at 
present. 

Currently, the energy supply for battery electric driven 
machinery in geotechnical engineering is predominantly based 
on AC charging systems. DC systems offer the potential to 
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reliably charge large scale battery units of several hundred-
kilowatt hours within significantly shorter time frames, 
enabling more flexible operational planning and machine 
utilization. 

The results of the investigations show that the majority of 
CO2 emissions of a diesel driven machine are in line with 
machine operation, at least in case the machine reaches a 
significant operating time. Compared to diesel driven machines, 
battery systems account only a small part of the total emissions. 
Alternative drive systems for geotechnical engineering 
therefore show substantial potential for emission reduction, 
both locally relevant pollutant emissions and globally relevant 
CO2 emissions. At the same time, they can contribute to 
reducing or even avoiding operating costs associated with CO2 
emission certificates, which are likely to be subject to a 
significant price increase during the next years and decades. 
Regardless of this, it is clearly visible, that development and 
utilization of new technologies drives innovation across the 
entire value chain and creates opportunities for cross industry 
synergies, contributing to the future development of 
geotechnical engineering.  
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