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Abstract
Purpose Challenges in sustainable development envisioned in the European Union for the agricultural sector require innova-
tion to raise the efficiency of production and safety of farming processes for farmers and ensure food safety for consumers. 
One of the key productivity factors in plant production is effective weeding. The WeLASER project aimed to develop a high-
power autonomous vehicle with lasers to control weeds. To be sustainable, the invention should have a high environmental 
performance in the whole life cycle perspective, including its production, use in agriculture, and end-of-life phase. In the 
publication, a life cycle assessment (LCA) of the WeLASER weeding robot is presented. The aim was to identify weak and 
strong aspects of the invention in environmental terms and provide suggestions for its improvement.
Methods The machinery was characterized based on technical data provided by the developers, relevant literature, Ecoinvent 
3.8 database, and own calculations. The quantitative assessment of environmental impacts was performed using the Simapro 
tool. For interpretation Recipe 2016 method (egalitarian perspective) was applied.
Results The results show that the energy issue related to autonomous laser-based weeding machine operations is the most 
challenging. It is related to impacts on climate change indicators and fossil fuel depletion. Production phase is characterized 
with impacts on human toxicity and is related to extensive application of electronic and electric components in the robot.
Conclusion In comparison with other weeding techniques, the high-power autonomous vehicle with lasers to control weeds 
shows potential for environmentally efficient use of the machinery in practice. Achieving high performance in the life cycle 
perspective requires improvements in the design, operational features, and smart application in agricultural practice enhanced 
through expertise, guidance, and advice.

Keywords Farm robot · Laser weeding · Life cycle assessment · Non-chemical weed control · Precision agriculture

1 Introduction

From a European Union (EU) perspective, the agricultural 
sector poses social, economic, and environmental challenges. 
One of the key aspects is the widespread use of herbicides,  
which can have an unintentionally negative impact on living 
organisms and the environment (Rani et al. 2021; Silva et al. 2019). 
Therefore, strict regulations for pesticide application are imple-
mented by the EU to reduce side effects of their use (Bonanno  
et al. 2017; Kudsk and Mathiassen 2020).

New ambitious goals for the sustainable use of pesticides 
are set in the Farm to Fork Strategy—one of the central pil-
lars of the European Green Deal. One of the ambitions set 
by the European Commission is that by 2030, the use and 
risk of chemicals and more hazardous pesticides in the EU  
should be reduced by 50% (Silva et al. 2022). The EU has 
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implemented a set of policy instruments to achieve this goal, 
where the Common Agricultural Policy (CAP) plays a sig-
nificant role.

The CAP supports the sustainable use of pesticides in 
agriculture. It aims to help farmers protect their crops from 
pests and maintain high yields while protecting the agri-
cultural ecosystems. The CAP promotes sustainable agri-
cultural systems in the EU, enabling farmers to (1) provide 
safe, healthy, and sustainably produced food for society; (2) 
earn a stable and fair income, considering the full range of 
public goods they provide; and (3) protect natural resources, 
enhance biodiversity, and contribute to the fight against cli-
mate change (Moschitz et al. 2021).

According to the European Commission, precision farming 
is a promising opportunity for safe crop production. It can help 
increase crop yields and animal husbandry performance, reduce 
costs, and optimize the use of material inputs (Balafoutis et al. 
2017). Precision agriculture can also help with the problem of 
manual labor shortage for weeding operations.

In Europe, precision agriculture (PA) and the integration 
of digital technology are expected to become the most influ-
ential trends in the sector as a growing number of farmers 
start to adopt digital technologies (Degieter et al. 2023). Pre-
cision agriculture is gaining ground in Europe, with some 
solutions widely used in European countries (Daheim et al. 
2019). It is already used in weeding processes, enhancing 
efficiency and reducing negative impacts of pesticide appli-
cation. Besides the mechanical and precise chemical weed-
ing, new weed control solutions based on lasers are already 
commercialized or under development (Degieter et al. 2023). 
This solution offers vast opportunities for improvement in 
further technological development in terms of laser types, 
energy sources, design, configuration, and practical appli-
cation. Innovative weeding solutions are being researched 
under the European Union Research and Technical Develop-
ment (RTD) programs to boost the development and imple-
mentation of the techniques. One is the project “Sustain-
able Weed Management in Agriculture with Laser-based 
Autonomous Tools” (acronym: WeLASER), funded by the 
EU Horizon 2020 Program. The project aims to develop and 
test an autonomous laser-based weeding machine.

Although precision agricultural techniques can contribute 
to reducing pesticide use, they may pose new problems for 
societies related to energy demand, impact on critical mate-
rials (e.g., rare metals) availability, and waste management 
challenges in post-service life. The environmental impact 
assessment of the processes related to agricultural produc-
tion is essential in the farming transformation towards sus-
tainability (Notarnicola et al. 2017; Lee et al. 2012). Several 
works focus on innovative machinery used in plant produc-
tion. A few studies focused on the environmental perfor-
mance of innovative tractors. An electric tractor prototype 
was compared with the conventional tractor, highlighting 

its advantages and disadvantages (Lagnelöv et al. 2021). 
The study performed by Lee et al. (2012) focused on the 
minimizing of the environmental impact introduced by agri-
cultural machinery during their use. The greenhouse gases 
and the atmospheric pollutant emissions introduced annually 
by the farm machinery for rice production were estimated. 
Finally, a model oriented to identifying the optimal combi-
nation of agricultural machinery that minimizes the environ-
mental impact of their use on the field was presented and 
applied to a case study. Mousazadeh et al. (2011) introduced 
a solar hybrid electric tractor and analyzed its life cycle, 
economic cost, and environmental profile. The electric trac-
tor prototype was compared with the conventional tractor, 
highlighting its advantages and disadvantages. Moreover, 
new innovative implements were assessed such as balers 
(Bortolini et al. 2014).

The WeLASER weeder is an autonomous mobile robot 
using high-power laser to eliminate weeds. It is a complex 
solution using autonomous systems, artificial intelligence 
(AI), and advanced geo-positioning (Emmi et al. 2023). The 
invention is developed, integrated, and tested in the project 
“Sustainable Weed Management in Agriculture with Laser-
based Autonomous Tools—WeLASER” (https:// welas er- 
proje ct. eu/).

It comprises a mobile autonomous platform, a high-
power laser weeding unit, and supportive components. In the 
WeLASER project, a weeding system with two lasers was 
tested to achieve the Technology Readiness Level 7 (TRL 7). 
To be commercialized, the product must attain Technology 
Readiness Level 9 (TRL 9). The commercialization product 
will be equipped with four high-power lasers. The WeLA-
SER weeder has four baseline components: 1. autonomous 
mobile platform, 2. a weed meristem perception system, 3. 
a smart central controller, and 4. a laser-based weeding tool 
with a high-power laser source and a meristem targeting 
system. An overview of the WeLASER weeding system 
structure and functionality is presented in Fig. 1.

The aim of the WeLASER invention is to eliminate weeds 
in a variety of crop production systems (Andreasen et al. 
2022). The key functional parameters are presented in Table 1.

Although WeLASER weeder is an invention focused on 
efficient and chemical-free weeding, apart from the obvious 
benefits, a prospective analysis of the environmental perfor-
mance from the life cycle perspective can provide insight 
into the main factors determining its environmental perfor-
mance in practice (van der Giesen et al. 2020). From the 
perspective of engineers, producers, and users, it is crucial 
to identify and assess environmental pros and cons, and to 
identify the most impactful components and appropriately 
improve the design of the commercialized product. There-
fore, the life cycle phases, the production phase, the use 
phase, and the post-service phase, including the machinery 
dismantling and utilization of the wastes, must be addressed. 

https://welaser-project.eu/
https://welaser-project.eu/
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Moreover, comparison with other techniques related to 
weeding can provide an essential argument for developing 
and optimizing environmentally friendly weeding strategies 
with the application of WeLASER weeder.

To assess the environmental performance of the WeLA-
SER technique, the analysis of the impacts in its full life 
cycle was carried out. In the life cycle assessment (LCA) 
study, the results of an autonomous vehicle with two lasers 

were extrapolated to a version with four lasers, which is 
intended as the final commercial product. The flexibility 
of the design to meet the end-users’ requirements was con-
sidered. The WeLASER technique was also compared with 
other weed control methods, including chemical weeding 
and mechanical means, to understand the opportunities in 
practical applications. It should be noted that the qualitative 
benefits such as the lower impact on soil, no contamination 
of the produce, better occupational health conditions for  
the farmers, safety of operations, and opportunities for 
replacement of labor in weeding are important in undertaking 
decisions regarding enhancement of sustainability of agricul-
tural production. Ecological aspects considered in the study  
of the laser-based weeding system are important also from 
social and economic perspectives including improvement of 
health conditions for farmers and improved quality of food 
for consumers. Dismantling and disposal of the machinery 
and its components can intensify the burdens related to  
waste processing. These aspects are not studied in details 
but the results of the study provide an indication of potential 
benefits and risks related to a wide use of the laser-based 
weed control systems. The economic aspects are not dis-
cussed because the price of the autonomous laser weeding 

Fig. 1  Overview of the WeLA-
SER technology (Emmi et al. 
2023)

Table 1  WeLASER key functional parameters

1  The weeding efficiency in practice will depend on many factors and 
the presented range has a tentative character

Parameter Value

Total weight 1714 kg
Effectiveness of weeding process 65 − 90%1

Weeding machinery speed  ~ 2 km/h
Weeding performance (intended) 9.6 ha/day
Operational width 2 m
Accuracy of positioning  ± 3 mm
Interspacing of rows  > 25 cm
Speed of weeding process (maximum)  ~ 2 km/h
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robot will depend on the number of units produced, and it 
is too early to predict the market for such machines. Social 
and economic aspects of the invention have been discussed 
by Tran et al. (2023).

2  Materials and methods

The environmental assessment of the WeLASER innovative 
weed control technique was performed using the life cycle 
assessment method according to ISO 14040:2009 (2021) 
standard published by the International Organization for 
Standardization. According to ISO 14040:2009  (2021), 
LCA is an effective tool designed to assess existing products, 
technologies, and services, and to identify the weakest and 
strongest points in the whole life cycle from the environmen-
tal perspective (Thonemann et al. 2020). The primary LCA 
objective is to consider all direct and indirect aspects that could 
affect the environment and are associated with a product or 
a service. The analysis was performed using the SimaPro 8 
software which is widely recognized LCA tool (Su et al. 2020).

2.1  Goal and scope of the analysis

In this study a preliminary assessment of a prospective 
commercial product that can be applied in future weeding 
practices was carried out. The main goal of the study was 
to assess the environmental performance of the WeLASER 
weeding technique and specifically (1) to identify key envi-
ronmental benefits and impacts which can be stimulators or 
barriers to its wide implementation in crop production, (2) 
to identify the relevance of particular components for envi-
ronmental performance in a life cycle perspective, and (3) 
to compare the environmental performance of WeLASER 
weeder with other weeding techniques. Based on the results, 
indications of its key advantages and disadvantages are pro-
vided and recommendations for improving the invention’s 
sustainability. The results are meant to guide the developers 
and prospective producers in the second phase of commer-
cialization, which can help improve the weeding tool’s envi-
ronmental performance and help farmers optimize its use.

To fulfil the goal, the default/Allocation at the Point of 
Substitution (APOS) system model was used to describe 
how datasets representing materials and processes related 
to particular life phases of the weeder are linked to form 
product systems in the Ecoinvent 3 database. It follows the 
attributional approach in which environmental burdens are 
attributed proportionally to specific processes. In the model, 
the responsibility over wastes (burdens) is shared between 
producers and subsequent users benefiting from the treat-
ment processes by using valuable products generated in 
these processes. The APOS model expands the allocation 
system to include all treatment processes required for any 

byproducts whether they are waste or recyclables. The model 
is suitable for studies where the question of waste disposal 
methods is important (Wernet et al. 2016). This method was 
selected in the study as one of the issues considered was the 
disposal of the advanced technique, including the opportu-
nities for prolonging the lifetime of its or its components’ 
reuse and facilitating design for efficient recycling of the 
materials.

2.2  System boundary definition

The LCA system boundaries separate the system of WeLA-
SER weeder from the general environment. In this study, the 
assessment was performed in the first place as a cradle-to-grave 
analysis. The analysis includes the following phases: 1. the pro-
duction of WeLASER components and the WeLASER inte-
grated robot; 2. its application in weed control; and 3. the post-
service dismantling of the WeLASER machinery and treatment 
of waste. The system boundary is presented in Fig. 2. To have a 
better insight of the production and use phase, a cradle to gate 
analysis was performed for these phases.

2.3  Functional unit

The functional unit in LCA assessment enables different 
scenarios of the life cycle of the weeder to be treated as a 
functionally equivalent to permit direct comparison between 
various WeLASER technological variants and other agri-
cultural techniques related to weed control. The functional 
unit considered for the WeLASER technique in this study 
corresponds to its basic weeding function. It is defined as 
1 ha of field treated in one passage regardless of crop type 
and cultivation. The laser system can, in principle, be imple-
mented in all crop types, but it requires the development of 
a recognition tool that can distinguish between the crop and 
the weeds. The WeLASER project only developed such a 
tool for sugar beets and maize.

This simplified approach was considered because of the 
lack of data on the weeding system performance in practical, 
specific operational settings. For that reason, it allows only 
for an indicative assessment of environmental performance 
of the invention and comparison with other techniques 
related to weeding.

2.4  Life cycle inventory

In the WeLASER project, a prototype machine with a 
limited operational capacity (half of the intended capac-
ity) was developed, integrated, and tested. To perform a 
prospective assessment of the envisioned final design, a 
generalized model of WeLASER weeder was prepared 
according to the specifications provided by the technical 
designers and literature data on the agricultural machinery 
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and its components. The WeLASER technique was char-
acterized by its performance and construction features 
(Table 2) of the following subsystems:

• Autonomous mobile platform
• Weeding implement consisting of three subsystems:

– A laser-based weeding tool including two key com-
ponents:

– High-power laser source
– Laser targeting unit

– Meristem perception set-up
– Smart central controller

In the first step, the functionality of the WeLASER tech-
nique was profiled based on information, provided by the 

Fig. 2  Overview of the system boundary of LCA of WeLASER weed control technique

Table 2  General overview of the WeLASER weeder key systems—WeLASER pilot data extrapolated for the commercial four-laser system 
based on the testing design

Component Description Weight (kg)

Autonomous WeLASER weeder
Mobile autonomous platform integrated with the laser weeding implement

1714

Autonomous mobile platform 980
Power train, drivetrain Diesel-electric system: diesel engine, electric generator, batteries, electric engines, gear 

system, electric components, wheels, and caterpillar
202

Body structure Chassis, frame, suspension, and auxiliary systems 778
High power laser system implement 734
Weed-meristem perception Front Stereo Camera and artificial lighting, recognition RGB cameras, and image recog-

nition computers
30

High-power laser source High power laser system, DC/DC converters, chillers, collimators 359
Laser targeting system Enclosure with safety curtains, 4 units of linear axis, scanner heads, visual processing 

units, and controllers
300

Central controller Central controller and additional safety components 45
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developers on key parameters, such as working speed, work-
ing width, service lifetime, energy use, and weeding capa-
bilities. In the next step, the main components of the mobile 
platform and the laser weeding implement were character-
ized by material composition and production processes using 
information received from developers on component type, 
weight, and basic characteristics related to the two-laser 
system. In the next step, the four-laser system model was 
characterized using engineering knowledge, market data, 
literature on analogous inventions and components, and 
the Ecoinvent v3.8 database. Scalable life cycle inventories 
(LCIs) were used for some components including thermal 
and electric engines. The characterization covered produc-
tion, use performance, and post-usage phases. It must be 
noted that the mobile platform designed in the project is 
basically used for testing, and other design schemes can also 
be envisioned in the future. Ecoinvent v3.8 data on agricul-
tural processes related to weeding were applied to compare 
WeLASER weeder performance with other techniques.

It was assumed that the potential WeLASER weeder 
production is mainly realized in a European context (elec-
tricity and waste management processes). Transport of the 
components during the production phase within Europe, the 
final delivery to the consumer, and its disposal were not con-
sidered. The potential differences in soil types and climate 
conditions during operations in the field were also not con-
sidered. In the baseline scenario of the WeLASER weeder 
application, the key following assumptions were made:

• Average weed density to be removed in the field is 60 
weeds per  m2 at the 2−4 leaf stage of weeds.

• The four-laser system covers the operational span of 2 
m width (3−4 rows of maize, 4 rows of sugar beet, ~15 
rows of cereals).

• Average conditions of the field are assumed: flat terrain, 
good movement conditions, and dry ground.

• The auxiliary process of robot transportation to the fields 
is included. The WeLASER weeder is owned by a farmer 
and the distance travel for transportation is 1 km between 
the field and the farm, assuming that the minimum field 
area is 1 ha.

2.5  Production phase

Characterization of the weeder production is based on the 
WeLASER weeder general technical scheme provided by 
the developers and literature data (Grimstad and From 2017;  
Hannemann 2016; Nordelöf et al. 2018). For characterization 
of the autonomous mobile platform, its key components, and 
materials, there were used data provided by the producer, 
literature data on analogous machinery, and Ecoinvent v3.8. 
Due to a lack of specific data characterizing autonomous  
vehicles, data for tractors and heavy-duty road vehicles were 

used. It was assumed that data relevant to the study on these 
vehicles could be scaled, adjusted, and fitted to characterize 
the autonomous system. Based on Lagnelöv et al. (2021), a 
universal model for the mobile platform was developed. It 
covered both the material composition and relevant machin-
ery production processes. Literature data for the identified 
components were adjusted on a weight or electric and ther-
mal power basis (Table 3). The model of the autonomous 
platform comprised five components: (1) wheels and cat-
erpillar, (2) platform body structure including chassis and 
frame, (3) drivetrain and suspension, (4) powertrain, and (5) 
miscellaneous accessories and systems.

2.6  Laser implements

The key components of the weeding implement were charac-
terized based on specific technical information provided by the 
developers of the WeLASER weed control robot. Literature 
data, information on commercially available products, and 
Ecoinvent v3.8 database (Table 4) were used to characterize 
material composition and production processes. The proxy 
data were scaled on a weight or energy basis according to the 
technical specifications of the WeLASER prototype model. It 
must be noted that in the testing design, the laser weed control 
implement is integrated with the mobile platform in two ways:

• On the mobile platform, the key electronic components: 
high-power laser source, computers, weed recognition 
subsystem, central control subsystem, and chillers are 
positioned.

• The weeding implement is mounted on the tow, including 
the laser scanners, cameras, and laser targeting subsys-
tem.

2.7  Use phase characterization

Because the WeLASER weeder testing was limited  
during the project period, to characterize the use phase of the 
machine, an operational model was derived based on a set 
of parameters relevant to the WeLASER project prototype. 
The estimation of the parameters was based on the avail-
able technical data for robot’s component characteristics, 
lab testing of the components, field demonstration of the 
prototype testing results, literature, and Ecoinvent v3.8 data. 
The key parameters of the model are presented in Table 5.  
These parameters were used to calculate the energy 
demand and operational time for given conditions. For key  
performance parameters, the baseline value, and range of 
values were determined to get an insight into uncertainty of 
the weeder assessment.

The amount of energy and materials calculated for the 
intended lifetime was recalculated for 1 hectare of weeded  
field. The maximum thermal energy generated in the diesel 
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engine for a given operation was calculated using data on spe-
cific fuel consumption, diesel engine power, and time of opera-
tion (Eq. 1). The maximum energy that can be produced by 
the diesel engine, which is available for the robot operations 
per given area, was determined by the fuel consumption and 
the diesel oil heat value (Eq. 2).

where:
E thermal—thermal energy generated by the diesel engine 

[MJ].
SFCdiesel engine—specific fuel consumption [g  kWh−1].
D diesel oil—diesel oil density [kg  l−1].
Pdiesel engine—diesel engine power [kW].
tweeding—time of weeding operation [h].
HVdiesel oil—heat value of diesel oil [MJ  l−1].
Q diesel oil—diesel fuel consumption [l].
Available electric energy per ha in the diesel and electric 

system was calculated according to the following formula 
(Eq. 3):

where.
E thermal —thermal energy generated by the diesel engine 

[MJ].
E electric—electric energy generated in the diesel-electric 

system [MJ].
C thermal engine—thermal efficiency of the diesel engine 

[%].
C electric generator—efficiency of electricity generation and 

mechanical losses [%].
Calculation of the electric demand for the high-power 

laser subsystem was calculated according to Eqs. (4) and 
(5). For other subsystems, the electric power of a given sub-
system (see Table 5) was multiplied by the time of active 
laser system operation (Eqs. 6 and 7). Standby mode was 
considered for the laser targeting and high power-laser sub-
systems as their operation is dependent on actual presence 
of the weeds. For central control unit and the weed meristem 
perception, a continuous work was assumed. The sum of the 
thermal energies required for the subsystems was used to 
calculate the fuel demand.

(1)
Qdiesel oil = SFCdiesel engine ∗ Pdiesel engine ∗ tweeding ∗

1∕Ddiesel oil

(2)Ethermal = HVdiesel oil∗ Qdiesel oil

(3)Eelectric = Ethermal ∗ C
thermal engine

∗ Celectric generator

(4)

Eehigh−power laser = Eoptical ∗ Dplants ∗ 10
5
∗

Pehigh−power laser system

Plaser optical

(5)

Eehigh−power laser source = Eechiller + Eechiller standby mode

+ Eeconverter standby mode + Ee
high−power laser
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where.
Ee high power laser source—electric energy required for the 

high-power source subsystem per ha [MJ  ha−1].
Ee high power laser—electric energy required for high-power 

laser per ha [MJ  ha−1].
Ee standby mode—electric energy required for standby mode 

(CD/CD converter, chiller) [MJ  ha−1].

E optical—optical energy of the high-power laser required 
to kill one meristem [J].

D plants—weed density per square meter [plants  m−1].
Po laser optical power—optical power of the laser [W].
Pe high-power laser system—total electric power of the high-

power laser subsystem including DC/DC converter [W]

Table 5  Key operational parameters of WeLASER weeder application

a Time correlated with optical power
b https:// afdc. energy. gov/ fuels/ prope rties
c https:// engin es. kohle rener gy. com/ en/ press- relea se/ 2022/ febru ary/ kohler- engin es- appro ves- use- of- hvo- for- all- its- diesel- engin es- in- europe

Parameter Unit Value Range Source of information/comments

Time of operation of each laser s 0.04 0.08 − 0.04 WeLASER  projecta

Laser optical power W 500 250 − 500 WeLASER project
Power of each laser system kW 3.6 1.8 − 3.6 WeLASER project
Laser optic energy used per weed meristem J per weed 20 5 – 20 WeLASER lab testing (e.g., Andreasen et al. 2024; 

Coleman et al. 2021; Heisel et al. 2001)
Electric energy of high-power laser J per weed 133 66 − 133 WeLASER project
Thermal energy demand for high power laser 

operations
J per weed 462 229 − 462 Own calculations based on electric-diesel engine 

efficiency—baseline case
Energy per treated area J  mm2 63 16 − 63 2 mm beam diameter
Weed meristem perception subsystem power W 522 - WeLASER project
Laser targeting subsystem power W 1104 - WeLASER project
Central controller power W 650 - WeLASER project
Diesel engine power kW 20 19 − 21 WeLASER project, adjusted value
Specific fuel consumption g of fuel  kWh−1 250 230 − 300 Data for commercial engines for specific working 

conditions (Zhao et al. 2023; Zhu et al. 2022)
Heat value of diesel oil MJ  l−1 38 35.8 − 38.6 Energy Efficiency & Renewable  Energyb (Eriksson 

and Ahlgren 2013)
Diesel oil density kg  l−1 0.85 0.82–0.85 (Schaschke et al. 2013; Kohler  enginesc)
Electric generator kW 15 14 − 16 Project data for specific engine type
Time of operation of the robot hours  hectare−1 2,5 1.2 − 5 Depending on the variance of weeds density, their 

statistical distribution and energy availability
Time of laser operation hours  hectare−1 1.7 0.14 − 5 WeLASER project
Time of standby operation hours  hectare−1 0.8 0.6 − 1.2 Own calculation based on WeLASER project data
Density of weeds (average) Weeds  m−2 60 5–120 (180) Literature (Adeux et al. 2019; Borgy et al. 2012; 

Gerhards et al. 2017; Kulan and Kaya 2023) and 
WeLASER project data

Number of lasers number 4 - WeLASER project
Width of operation M 2 - WeLASER project
Robot operational velocity km  h−1 2 1 − 4 WeLASER project
Fuel consumption per ha l  ha−1 14.6 10.7 − 28.3 Own calculations—see below (Woong et al. 2019; 

Moitzi et al. 2013; Plizga 2021)
Fuel allocated to weeder's traction per ha l  ha−1 5 4 − 7 WeLASER project, literature (Lacour et al. 2014; 

Parsons 1980; Downs and Hansen 1998; ISU 
2001; Lovarelli et al. 2016; Wilfong 2019; Ueka 
2013; Mousazadeh et al. 2011)

Fuel allocated to laser implement per ha l  ha−1 9.6 6.7 − 21.3 WeLASER project data and components characteri-
zation, values depend on the variance of weeds 
density, their statistical distribution and energy 
availability

Thermal efficiency of the diesel engine % 32 30 − 35 Engine producers’ information and literature data 
(Grisso 2004; Lajunen et al. 2023)

https://afdc.energy.gov/fuels/properties
https://engines.kohlerenergy.com/en/press-release/2022/february/kohler-engines-approves-use-of-hvo-for-all-its-diesel-engines-in-europe
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where.
Pesubsystem—electric power of a given subsystem [W].
Eesubsystem—electric energy required for a given subsystem 

[MJ  h−1].
Eesubsystem standby mode—electric energy required for a given 

subsystem in a standby mode [MJ  h−1].
C—coefficient of standby mode energy for a given sub-

system, fraction of a given subsystem power 0.3 for chillers, 
0.1 for DC/DC converter.

t weeding—time of robot weeding operation for a given 
weed density [h].

t subsystem standby mode—calculated as fraction of total time 
of robot operations which is not allocated for active lasers 
operations [h].

The engine efficiency was calculated by the corre-
sponding amount of fuel used per unit of thermal energy 
produced. The engine power declared by the producer’s 
information was adjusted to balance the overall energy. 
Maximum diesel consumption for a 20-kW power engine 
is set as the reference in the baseline scenario. The ther-
mal energy was recalculated into electricity assuming 
32% efficiency of the diesel engine (mechanical energy 
at the crankshaft/chemical energy embedded in diesel 
oil),1 and 10% losses were assumed in the electric gen-
erator (Cummins 2023; Jamal et al. 2018; Benhammou 
et al. 2023).

Although the system is supported by batteries, their 
capabilities are limited, and they are charged by the same 
generator powered by the diesel engine. They stabilize the 
electric energy availability for the implement operations.  
The electric energy produced by the generator is spent 
on the mobile platform traction and the laser implement 
operation. The energy for traction is estimated based on 
project field tests and literature data on energy consump-
tion of particular components  of the mobile platform. 
Because  the efficiency of electric motors is generaly 
high (Nagel 2023), and should be at least 90% according 
to eco-design rules (EC 2019; Thallapalli et al. 2021),  
an efficiency of 95% was assumed in the study. The gear-
box mechanical losses were considered at the level of 
3 − 8% (König et al. 2021).

The electric power distribution is managed flexibly 
between these two main subsystems. Actual energy 
consumption depends on many factors related to weed-
ing performance and the conditions of the working 

(6)
Eesubsystem = Psubsystem ∗ tweeding ∗ 0.0036 + Esubsystem standby mode

(7)
Esubsystem standby mode = Psubsystem ∗ tsubsystem standby mode ∗ C

environment. In the baseline scenario of a four-laser 
unit weeder, the thermal energy of 553 MJ  ha−1 gen-
erated in the 20-kW engine is assumed as sufficient 
to achieve the working parameters: 2 km  h−1 (working 
speed), 2 m operational width, and average weed den-
sity 60 weeds  m−2. The maximum energy required for 
the high-power laser operation was calculated based on 
the time of the laser operation corresponding to the 
power needed to destroy the weed meristem (20 J per 
weed), number of weeds, and the total power of associ-
ated subsystems and components.

In case of the baseline scenario and the variants of 
weed density, the time of laser operations is only a part of 
the whole duration calculated for respective robot move-
ment velocities. Thus, in the energy model a partial stand-by 
mode was considered for the high-power laser subsystem, 
its supporting components (DC/DC converters and chillers), 
and laser targeting system. The energy consumption was 
calculated based on minimum required power of the com-
ponents and standby time. For the autonomous platform and 
the weed recognition system, continuous work was assumed 
for the whole time of operation.

The speed of the robot is determined by the weed den-
sity and the energy demand for the operation of the high-
power laser source. The maximum speed designed for the 
mobile platform is 6 km  h−1. In the baseline scenario, a 
fixed velocity of 2 km  h−1 was assumed within the range 
of 1 − 4 km  h−1 corresponding to weed density 5 − 120 
weeds  m−2. In the high-density (120 plants) scenario, the 
velocity must be lowered roughly to 1.3 km  h−1 in order to 
allow for sufficient energy generation for lasers’ opera-
tion. In the baseline scenario, the energy requirements 
for the machine operation roughly meet the maximum 
energy supply of the thermal engine. Nevertheless, for 
the baseline architecture of the robot, it might still be 
possible to work efficiently for higher weed densities in 
the range of 120 − 200 weeds per  m2 in case the energy 
needed per weed can be reduced (10 − 15 J per plant). 
For higher weed densities, an engine of higher power is 
required. The energy required for traction was assumed 
at the level of 190 MJ  ha−1 corresponding to 5 l of diesel 
oil consumed. It is a conservative value regarding other 
studies (e.g., 3 − 4 l  h−1 in mechanical weeding opera-
tion (Martinelli et al. 2023)). The thermal energy in the 
baseline scenario and its variants generated in the system 
(20-kW diesel engine) distributed between the basic sub-
systems is presented in Table 6.

Among the features related to robot maintenance, 
besides fuel, there was considered replacement of lubri-
cating, rubber traction parts, and engine oil (Table 7). In 
other studies (Lagnelöv et al. 2021), other features were 
also considered including hydraulic oil and spare parts 
for which additional 20% of production and energy was 1 Engine producer’s information.
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allocated in relation to maintenance. The aspect of main-
tenance was further considered in the uncertainty analy-
sis. Considering the relative long-life expectancy for the 

key components of the laser implement in the baseline 
design, the lifetime for all parts was assumed at the level 

Table 6  Characterization of thermal energy requirements for the main components in weeding operation expressed as MJ  ha−1 (baseline sce-
nario 60 weeds  m−2)

a  The energy required for the velocity range of the robot traction was assumed at the same level
b  Time of robot operation 1.2 h, velocity around 4 km  h−1

c  Time of robot operation 2.5 h, velocity 2 km  h−1

d  Time of robot operation 4 h, velocity 1 km  h−1

Components Thermal energy required for component operation (MJ  ha−1)

5 plants  m−2 60 plants  m−2 120 plants  m−2

Mobile platform 190a 190 190
The laser implement total 58.8 363.6 700.9
Weed-meristem perception 7.8 16.3 21.8
Laser targeting system 1.9 23.0 46.0
Central controller including additional safety components (safety controller 

and sensors)
12.9 20.3 27.1

High-power laser source including chiller and DC/DC converter 36.2 304 606
Total WeLASER weeder maximum engine power 248.8b 553.63c 890.94d

Table 7  Key exploitation features of WeLASER weeder

a  https:// envys ion. com/ envys ion/ secur ity- camer as- life- expec tancy/
b  https:// ipc2u. com/ artic les/ knowl edge- base/ how- is- an- indus trial- mainb oard- better- than- an- office- one/
c  https:// envys ion. com/ envys ion/ secur ity- camer as- life- expec tancy/

Parameter/process WeLASER weeder subsystems

High-power laser 
source

Meristem
targeting

Weed meristem per-
ception

Control
system

Mobile platform

Expected lifetime 5000 as minimum 
25,000 on aver-
age–50,000 working 
hours (project expert 
information)

10 years for industrial 
scanners (proxy  dataa)

10,000 working hours, 
industrial computer 
5 − 15  yearsb

6 − 10 years for indus-
trial  camerasc

Industrial computer 
5 − 15  yearsb

10,000 (3000 up to 
20,000) assumption 
for agricultural tractors 
(Muñoz and Lianos 
2012; Kowalczyk 
2011; Nemecek and 
Kägi 2007; Pradel 
et al. 2022; Vahdanjoo 
et al. 2023) technical 
and expert informa-
tion, Ecoinvent v3.8 
data

Maintenance Spare parts (not speci-
fied)

Specialized liquids, 
spare parts, and other 
materials not specified

Cleaning agents, spare 
parts not specified 

Spare parts not specified Lubricants 74 kg and 
rubber parts 55 kg, 
electric energy 
2531 MJ in 10 year 
lifetime according 
to (Lagnelöv et al. 
2021). Spare parts 
and hydraulic oil are 
not included—engine 
oil calculated based 
on oil consumption 
0.013 l/h (engine’ 
producer data)

https://envysion.com/envysion/security-cameras-life-expectancy/
https://ipc2u.com/articles/knowledge-base/how-is-an-industrial-mainboard-better-than-an-office-one/
https://envysion.com/envysion/security-cameras-life-expectancy/
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of 10,000 working hours as a minimum value. The same 
value characterizes the autonomous mobile platform.

2.8  Disposal phase characterization

The phase of disposal of the machinery was characterized 
based on material profiles (weight basis) of the mobile 
platform and the laser implement subsystems broken 
down into its main components. The content of main 
metal components and electronic elements was calculated. 
Specific reuse rates were assumed for key materials and 
specific transformation processes characterized accord-
ing to Lagnelöv et al. (2021). The reuse for structural 
components was assumed at the rate of 100%. For electric 
components, 85% recovery was assumed for non-ferrous 
metals. For electronics recycling rates of computers, 
information from Eygen et al. (2016) was applied and 
Ecoinvent v3.8 data. The disposal mode of the remaining 
materials which are not reused is landfilling/incinerating 
(Table 8). It was assumed that the metals were preproc-
essed before reuse and were characterized by the aver-
age metal working processes for each of the main metals 
(aluminum, copper, steel) and a general metal working 
process for remaining metals. For batteries 100% recy-
cling was considered.

2.9  Interpretation of the results

The Endpoint ReCiPe 2016 method with egalitarian 
perspective version 1.13 was used for the interpreta-
tion of the results. This method translates emissions and 
resource extraction into limited environmental impact 
scores. These indicator scores express the relative sever-
ity of each environmental impact category. The results 
are expressed in points (Pt) or millipoints (mPt). The 
point indicator is the total environmental load expressed 
as a single score. Characterization, damage assessment, 
normalization, and weighting are combined in the score. 

The egalitarian perspective is the most precautionary 
perspective that considers the longest timeframe and 
impact types that are not yet fully established but for 
which some indication is available. The reason for its 
application in the study was that health toxicity is an 
important impact researched in the study both for the 
current weeding methods (chemical spraying) and in the 
production phase of highly advanced precision machin-
ery. A set of critical materials is needed to manufacture 
advanced robots, and they are predominantly produced 
outside of Europe under less strict environmental policy 
conditions. Moreover, in both cases the environmental 
burdens can be viewed as long standing, due to contami-
nation of the environment (soil, sediments, biota). On 
the other hand, the continuous European Union policies 
implement stricter rules for chemicals use, but there are 
still uncertainties related to use of chemicals on farmers 
as well as consumer health.

2.9.1  Sensitivity analysis and data uncertainty

The sensitivity analysis addressed key aspects of the weed-
ing robot's performance: weed density in the field, energy 
required to kill weed meristems, and lifetime working hours 
in relation to the environmental impact of production. Accord-
ingly, the analysis as a one-at-a-time parameter change was 
performed for selected parameters (Table 9). Absolute change 
and absolute sensitivity were calculated. Weed density in a 
given area is an essential factor for energy use. In the ana-
lyzed model, the operational weed density is between 5 and 
120 weeds  m−2. The distribution of energy can influence the 
lifetime of particular components and the machine as a whole. 
The energy required for plant meristem destruction was also 
considered because laboratory tests performed in the WeLA-
SER project indicated a wide range of this parameter. Another 
issue considered is the transportation between the field and 
the storage place in relation to the business models of the 
WeLASER weeder implementation, e.g., leasing, ownership, 

Table 8  Key parameters of 
reuse and disposal

a  Particular components/machine
b  Weight basis

Material/process High-power laser 
source

Meristem 
targeting

Weed 
meristem
perception

Control
system

Mobile
platform

Opportunity for reus-
ing of the compo-
nents

Yes Yes Yes Yes Yesa

Medium rate of mate-
rial reuse/recyclingb

71% 86% 86% 37% 80%

Landfillingb 16% 7% 8% 45% 5%
Incineratingb 13% 7% 6% 18% 15%
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or weeding services determining the transportation needs. 
Sensitivity analysis scenarios were considered in relation to 
the unique baseline scenario.

3  Results and discussion

3.1  Environmental impacts in the WeLASER weeder 
life cycle

In the life cycle of the WeLASER weeder, the calculated 
impacts, in particular impact categories, differed signifi-
cantly. Key impact categories that account for more than 98% 
(weighted and normalized values) of the total score calcu-
lated for the combined production phase and use phase are:

• human toxicity
• climate change human health
• climate change ecosystem
• climate change ecosystem
• fossil depletion

• metal depletion
• particulate matter

The remaining impacts account for less than 1% of the 
total score (weighted and normalized values). The relative 
importance of the environmental impacts in the cradle to 
gate (production and use phase) analysis of the WeLASER 
weeder (Endpoint Recipe 2016) for the baseline scenario 
calculated for the functional unit is presented in Fig. 3. It 
should be noted that in this approach, the significance of 
particular impacts depends on the key parameters that char-
acterize the baseline and the sensitivity scenarios.

The highest environmental impact is allocated to the 
WeLASER weeder use phase, and account for around 70% 
of the total score (weighted values, excluding the impacts in 
post-service phase). The crucial factor in this phase is the 
generation of electric energy in the diesel-electric system. 
Fuel consumption determines the climate change–related 
impacts, fossil resource depletion, and, to a lesser degree, 
particulate matter.

Table 9  Parameters studied in 
the sensitivity analysis

Parameter Tested parameters

Lifetime of the components 3000 − 20,000 working hours
Transport of the vehicle for farms/farms area 1–50 km, range of farms’ 

cultivated area 1–100 ha
Energy required for plant meristem destruction at fixed speed of 2 km  h−1 5–20 J  plant−1 (meristem)
Density of weeds  m−2 at a fixed speed of 2 km  h−1 5–120 weeds  m−2

Fig. 3  The relative importance 
of environmental impacts in 
the production and use phases 
of the WeLASER weeder 
(weighted values, total score 
indicator, baseline scenario 60 
weeds  m−2)
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The production phase is important, although its impact 
is much lower, accounting for approximately 30% share of 
the total score calculated for the combined production and 
use phase (weighted values). The key impacts are attributed 
to human health and metal depletion. It is mainly related to 
the production of basic materials (metals: copper, gold). The 
environmental gains in the disposal phase can further lower 
it, as the potential negative consequences can be offset by 
the benefits from the reuse of components and materials in 
the overall life cycle assessment. The benefits of recycling 
are related primarily to human toxicity. Proper dismantling 
and disposal allows for a reduction of negative impacts by 
11% (total score). An overview of the key impact catego-
ries in the three phases is presented in Fig. 4. The results 
concerning the mobile platform are in agreement with 
other studies (Lagnelöv et al. 2021; Martelli et al. 2023). In 
this study, the impact of the production phase is relatively 
higher than in the cited studies as the ReCiPe egalitarian 

perspective was applied, and it is biased toward the human 
health–related impacts.

The autonomous mobile platform and the high-power 
laser source are the most impactful subsystems. The con-
tributions of the main WeLASER weeder subsystems to 
impacts determined for the most important impact catego-
ries with respect to the whole life cycle perspective of the 
robot are presented in Fig. 5. The selected impacts refer to 
two phases: the production characterized with the impacts 
related to raw materials manufacturing and the use phase 
with the impacts related to energy consumption.

3.2  WeLASER production phase

The WeLASER weed control robot, in its basic design, con-
sists of an autonomous mobile platform integrated with a 
laser weeding implement. In the production phase, the laser 
implement has a relatively higher impact (expressed as total 

Fig. 4  Breakdown of impacts of the total score of the WeLASER weeder according to Recipe (2016) in the whole life cycle (weighted data, indi-
cator expressed in points  ha−1)
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score). The laser weeding implement has a share of approx-
imately 58%, and the autonomous mobile platform 42%. 
Two components greatly impact the laser implement score: 
the high-power laser source subsystem (29%) and the laser 
targeting subsystem (15%). The weed meristem perception 
subsystem has a relatively low impact (8%) as well as the 
central controller (6%) (Fig. 6).

3.3  The mobile platform

The highest impact of the autonomous mobile platform is 
related to the electronic components (34%) of the total score 
(weighted) calculated for this subsystem. It is mainly related 
to the use of gold and copper, their extraction, process-
ing, and treatment of production wastes (sulfidic tailings). 

Fig. 5  Life cycle assessment of WeLASER weeder for key impact 
categories broken down into life cycle phases and main subsystems 
(impact value expressed in mPt, milipoints  ha−1 of weeded area). 

Impact categories: a human toxicity; b metal depletion; c climate 
change human health; d particulate matter formation
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The production of other metals (nickel) plays a minor role. 
Electric relays and cables contribute 24%. Structural ele-
ments, chassis, platform suspension, caterpillar, and wheels, 
predominantly made of steel, have a share at the level of 20% 
of the total score. The low impact of these components can 
be also related to high use of recycled materials instead of 
virgin materials. The power components including the die-
sel engine, electricity generator, and electric engines have 
only 14% share. Human health is the most important impact 
category, with a share of 84% of the total score. The main 
impacts of the mobile platform broken down into particular 
components are presented in Fig. 7.

3.4  The WeLASER implement (laser‑based weeding tool)

The main component of the autonomous weeder is the laser-
based weeding tool, which consists of a high-power laser 
source, a meristem targeting perception subsystem, and 
the central controller. In the production phase, the highest 
impact for all components is related to human toxicity. The 
high-power laser source and the targeting subsystem are 
the most impactful. The identified production processes of 
components and their assembly have a relatively low impact 
compared to the production of raw materials.

Fig. 6  Relative share (%) of the 
WeLASER weeder subsystems 
in the total score calculated for 
the production phase (Recipe 
2016)

Fig. 7  Contribution of com-
ponents of the WeLASER 
autonomous mobile platform to 
selected main impacts (indicator 
ha.−1 of weeded area) calculated 
for the production phase and 
expressed in millipoints—mPT 
of impact indicators. Key 
impacts: a climate change 
human health, climate change 
ecosystems, metal depletion; b 
human toxicity (different scales)
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The high-power laser source is the most impactful part 
of the weeding implement. It is designed to contain four 
functional units, each consisting of a laser source, chiller, 
electric cables, and laser fibers, installed in an enclosure. Its 
share is 49% of the total score of the production phase. The 
dominant components are the thulium fiber laser diodes and 
the electronic and electric elements (37% share of the weed-
ing implement). Each unit requires efficient cooling and is 
supported by a chiller. The total impact allocated to the 
production of four heat management components (chillers) 
is around 11%. The key processes determining the impacts 
are the production of copper and gold. Copper is used as 
an electric conductor, heat sink, and effective heat transfer 
medium in functional elements, mainly electronic and elec-
tric components. The contribution of the main components 
to selected impacts is presented in Fig. 8.

Four laser targeting units correspond to four high-power 
laser source subsystems. Each unit has a laser scanner unit 
and a linear axis for moving the cabinet with the scan-
ner head. All units are installed in a common enclosure. 
The scanner units have a share of 18% of the laser imple-
ment, including the scanner head (5%), the electronics: 
visual processing unit and control (7%), and the linear axis 
(3%). The impacts are also related in this case to the extrac-
tion of the raw materials of gold (electronics) and copper 
(galvanometers, servomotors, electronics, and cables). The 

functional components are built in an enclosure with safety 
curtains, which impact is of minor importance (Fig. 9).

The weed meristem perception subsystem consists of 
cameras and a computer processing the visual data and 
determining the meristem position for laser targeting 
(Fig. 10). The weed meristem perception has relatively 
low impact compared to the other subsystems (14% of the 
total score of the weeding implement). The cameras and 
the computer have the highest impact in this subsystem 
(3% and 10%, respectively). The remaining share is allo-
cated to cables, lighting, and enclosure (1%).

The control unit has a relatively low impact compared 
with the other subsystems. The relative share of the main 
impacts for the human health and metal depletion category 
identified of this subsystem broken down by component is 
provided in Fig. 11.

The human toxicity category has the highest share of the 
total score calculated for the components of the above sub-
systems (86%). This impact is mainly determined by the pro-
cessing of virgin materials, which contain metals. It must 
to be underlined that in all subsystems of the WeLASER 
implement the analyzed impacts, especially in case of human 
toxicity impact category are related to the production of met-
als: Copper and Gold. The contribution of these processes 
is between 60 and 80% of the total score. The production 
processes include both the production of virgin materials 

Fig. 8  Contribution of the WeLASER high-power laser source com-
ponents to selected impacts (indicator  ha−1 of weeded area) calcu-
lated for the production phase and expressed in millipoints—mPT of 

impact indicators. Key impacts: a climate change human health, cli-
mate change ecosystems, metal depletion; b human toxicity (different 
scales)
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and by-products from the production of other metals. These 
indicators correspond to the impacts attributed to the treat-
ment or disposal of sulfidic tailings in the processes of metal 
production.

3.5  The WeLASER weeder use phase

The impacts in the phase of the WeLASER weeder use 
are mainly determined by the energy requirement for the 
specific weeder’s subsystems. In the baseline scenario, the 
share of the impact for this phase of the total score, for the 
laser implement is 64%, and the mobile platform is 36%. 
The most impacted categories in the use phase are climate 
change and human health (32% of the total score), climate 
change—ecosystem (26%), fossil fuel depletion (33%), and, 
to a lower degree, particulate matter (6%) and human toxic-
ity (3%). The high-power laser source is the most impactful 
subsystem of the weeding implement regarding total score 
and particular impact categories. It is related to the thermal 
energy allocated for electricity generation in the diesel–elec-
tric engine and, accordingly, the diesel fuel consumption. 
The share of the total score for this phase is 52%.

The energy consumption of the meristem perception 
subsystem is relatively low in operation and standby mode 
(4%), in which energy for computer operation accounting 
for the highest proportion. The energy demand of the mer-
istem targeting system is also relatively low in operation 
and standby mode. The associated operation of computer 
and the cameras has a share of 4% of the total impact. The 
energy use of the control unit is also relatively low (5%) 
in operational and standby modes, while the impact of its 
electronics is the highest (up to 3%). Although the mainte-
nance impacts (excluding spare parts replacement) are of 
minor importance, there is some uncertainty related to the 
life cycles of certain components, especially electronics. 
The short life cycles of electronics determine the potential 
need for frequent replacements, which can further rise the 
impacts allocated to their production. Certain impact is also 
allocated to the transportation of the machine to the field 
from the storage place. This aspect can be important for 
optimizing the business models of WeLASER weeder appli-
cation, for example, machine lending or hiring of services, 
as it can be sensitive to the distance to be covered between 
the fields served, and storage places. Figure 12 presents the 

Fig. 9  Contribution of the WeLASER laser targeting subsystem 
components to selected impacts (indicator  ha−1 of weeded area) cal-
culated for the production phase and expressed in millipoints—mPT 

of impact indicators. Key impacts: a climate change human health, 
climate change ecosystems, metal depletion and fossil depletion; b 
human toxicity (different scales)
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impact for the impact categories most strongly associated 
with the use phase—constituting more than 98% of the total 
score.

The use of diesel oil as an energy source for robot opera-
tion contributes mainly to the climate change indicators. 
The energy consumption is reflected in midpoint indica-
tor of climate change which is 44.6 kg  CO2 eq. per ha. 
The impacts related to energy use were also highlighted 
as important in other studies (Lagnelöv et al. 2021; Mar-
telli et al. 2023; Mousazadeh et al. 2011). In light of this, 
the use of diesel oil in precision machinery in agriculture 
should be considered a temporary solution as other energy 
sources are potentially more sustainable. For example, Lag-
nelöv et al. (2021) showed that the battery use in an electric 
tractor can have 35% of the Green House Gases (Cradle to 
Gate) emissions in comparison to diesel tractors. Opportu-
nities for reduction of energy consumption in agricultural 
tractors through application of precision agriculture have 
been also presented by Gonzales-de-Soto et al. (2015).

For the prototype WeLASER weeder, the assessment 
of maintenance was limited to the basic materials related 

to the autonomous platform (diesel oil, lubricants, and 
rubber). Pradel et al. (2022) presented data on increase 
of basic materials demand in robot production and use for 
various lifetimes assuming 2400 h as a baseline value. In 
their study, extension of the lifetime up to 10,000 work-
ing hours resulted in increase of particular materials 
demand up to 8.5% for steel, computer, and electric jacks, 
and 7% for the electric motor but without essential rise in 
the impacts. Lagnelöv et al. (2021) assumed 20% addi-
tional allocation of production activities for repair and 
maintenance and reported minor change in the impacts 
associated with these activities.

3.6  The WeLASER weeder dismantling and disposal

The disposal phase is an essential part of the whole life 
cycle of the machinery. A few potential scenarios of the 
WeLASER weeder management after end of its life can be 
considered. Dismantling of the machinery is the first step 
in this phase. For some parts—especially the laser compo-
nents—reuse is potentially a viable option. Extending the 

Fig. 10  Contribution of the WeLASER weed meristem perception 
components to selected impacts (indicator  ha−1 of weeded area) cal-
culated for production phase and expressed in millipoints—mPT of 

impact indicators. Key impacts: a climate change human health, cli-
mate change ecosystems, metal depletion; b human toxicity (different 
scales)
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life of some components in the same function or in other 
applications will lower the impacts related to their pro-
duction. Proper dismantling of the machine and reusing 
of the components and materials can constitute a sub-
stantial environmental gain in relation to the production 
phase (potentially up to 51% of the total score for produc-
tion phase). It should be noted that the value can be lower 
due to maintenance issues which were not fully addressed 
in the study. Considering the need for repairs at the level 
of 20% of the impact of production phase and adding the 

impacts attributed to the processes of components reuse, 
the ratio between impacts of these phases can be expected 
to be lower by 25 − 30%. There are two categories of mate-
rials that have different impacts:

• basic construction components and materials including 
steel and copper, which have a relatively high potential 
for reuse and recycling (rates above 85% up to 100%).

• electronic components which currently pose challenges 
for reuse for which a lower recovery rate was assigned.

Fig. 11  Contribution of the WeLASER control unit components to 
selected impacts (indicator  ha−1 of weeded area) calculated for pro-
duction phase and expressed in millipoints—mPT of impact indica-

tors. Key impacts: a climate change human health, climate change 
ecosystems; b human toxicity

Fig. 12  Contribution of the WeLASER weeder subsystems to 
selected key impacts (indicator   ha−1 of weeded area) calculated for 
use phase and expressed in millipoints—mPT of impact indicators. 

Key impacts: human toxicity, climate change human health, climate 
change ecosystems, fossil depletion, particulate matter formation
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It should be noted that for the assessment of production 
processes, there are important the rates of recycled materi-
als used. An essential issue is the reuse rate of electronic 
components, which should be considered from the perspec-
tive of common waste management system. Dismantling 
and reuse of subsystems or components are considered as 
a baseline scenario in the assessment. High rates of reuse 
result in net environmental gains, especially in the human 
toxicity category (Fig. 13). The ratio between the gains 
(impact reduction) for disposal phase and the impacts in pro-
duction phase calculated for the human toxicity impact cat-
egory is high for the autonomous mobile platform (71.5%) 
and the laser targeting system (86.7%). Low values were 
observed for the control system (38.2%) and the high-power 
laser system (11.9%). In case of the laser implement subsys-
tems the high share is attributed mainly to recycling of elec-
tronics, e.g., DC/DC converters and laptops in case of the 
laser implement subsystems. For the autonomous mobile 
platform, the recycling of structural components contributes 
up to 25% of the total score for this phase. Similar to the 
production phase, the highest contribution to the impacts in 
the disposal phase is attributed to the electronic and elec-
tric components and the corresponding gold and copper 

materials. Because they are produced in various processes 
as main products or byproducts, the burdens and benefits 
in the APOS system are allocated between the respective 
processes.

3.7  The weeding techniques comparison

WeLASER weeder is a technique that can potentially replace 
both herbicides and mechanical weeding. It can also be con-
sidered as a complementary technique in agricultural pro-
duction systems. It can be a viable alternative to manual 
weeding. Its application in practice would depend on many 
conditions: crop types, cultivating systems, types of farms, 
weed species, and weed coverage. To better understand the 
potential opportunities, WeLASER weeder was compared 
with other techniques that perform the function of weed 
control, assuming average conditions for operating in 1 ha 
of field in one passage. The comparison is therefore only 
indicative as complex and tailored weeding strategies must 
be taken into consideration. The comparison was performed 
using Ecoinvent v3.8 data for the respective agricultural 
techniques. An example of sugar beet crop weeding was 

Fig. 13  Impacts broken down for components of the WeLASER 
weeder subsystems (indicator  ha−1 of weeded area) calculated for 
production phase and expressed in millipoints—mPT of impact 

indicators. Key impacts: a fossil depletion, metal depletion, climate 
change human health, climate change ecosystems; b human toxicity 
(different scales)
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used to compare the technique of herbicides spraying with 
WeLASER weeder for the same parameters (1 ha and one 
passage). In the recalculations of the indicator per ha (Ecoin-
vent v3.8 spraying process), herbicides were selected in the 
modified process, 88% allocation for herbicides was used 
for the sprayer operations, and the number of 4 passages 
was assumed.

These cultivation methods include a variety of weed-
ers and multipurpose techniques such as harrowing. The 
comparison (Fig. 14) gives an insight into the key factors 
that determine weeding strategies in the crop production 
cycles. In all cases, the dominant environmental perfor-
mance factor  is fuel consumption in the use phase. The 
results indicate that the commonly used weed control meth-
ods differ in the total score value and the key identified 
impacts.

The  production of the machinery has relatively low 
impact. In all compared cases of weed control techniques, 
the high impact in the human toxicity category is the most 
important in this phase. It is related predominantly, as in 
case of WeLASER weeder, to production of metals from 
raw materials, especially copper (tailing ponds). Steel and 
brass productions are also identified as important factors of 
the impacts for mechanical weeding. Manual work was not 

included in the comparison as it must be assessed in a wider 
socio-economic context.

Pradel et al. (2022) underlined that the tractor produc-
tion process from Ecoinvent v3.8 is based on old data from 
2002 and has not been updated since then. According to their 
study, modern tractors are characterized by higher metal 
depletion (ReCiPe method), higher human toxicity indica-
tors, and lower global warming potential indicators (CML 
method) in the production phase. This can be attributed to 
the lack of electronic components or associated electric 
cables in the Ecoinvent v3.8 process, which is not represent-
ative of actual tractor technologies. From this perspective, 
it can be expected that to some extent the impacts related to 
the WeLASER autonomous mobile platform can be aligned 
to a certain extent with that of new agricultural machinery.

Energy consumption related to machine operations plays a 
significant role. When direct energy of weeding operation for 
various weeding methods were compared, in case of mold-
board plowing (depth 25 cm), the energy values on sandy 
loam and loamy clay ranged from 160 to 169 MJ  ha−1 and 
230 to 237 MJ  ha−1, respectively. For chisel plowing, energy 
consumption ranged between 100 and 800 MJ  ha−1 in vari-
ous climatic and soil conditions. For secondary tillage treat-
ment techniques, such as flex-tine, spring tooth, roller, tandem 

Fig. 14  Indicative comparison of various processes related to weed-
ing in crop production systems based on Ecoinvent 3.8 and WeLA-
SER weeder variants in cradle to gate analysis (production and use 

phases), functional unit 1 ha of weeded area, expressed in point (Pt) 
impact indicator. WI, weeding implement; MP, mobile platform; wh, 
working hours
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harrows, sweep cultivators, basket weeders, rotary hoes, and 
rod weeders, the energy consumption for weeding (draft force) 
was reported to be between 4.2 and 50 MJ  ha−1 (Coleman et al. 
2019). For chemical weeding, the reported diesel consumption 
for boom-type trailed and self-propelled sprayers at various 
crop stages was at the level between 1.0 and 3.9 l diesel  ha−1, 
suggesting an energy consumption for herbicides application 

between 37 and 145 MJ  ha−1 (Coleman et al. 2019). In these 
cases, energy consumption (including tractor) also depends 
on local conditions and is at the level of the weed density of 
5 weeds  m−2 calculated for the WeLASER case (Table 6). 
Therefore, WeLASER weeder potentially can be a competitive 
method, but it would depend on specific conditions related to 
the crop production system and the way of its usage.

Fig. 15  Sensitivity analysis for the WeLASER weeder (total score 
indicator  ha−1). Baseline scenario presented in yellow. Parameters 
analyzed: a production phase: working hour parameter (WI, weeding 
implement; MP, mobile platform; wh, working hours); b use phase: 

parameter of operational transportation distance to the field; c use 
phase: parameter of weeds density; d use phase: parameter of energy 
required per plant meristem
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When comparing the damage assessment, the WeLA-
SER weeder (baseline scenario) 20% higher impact for 
human toxicity (DALY) than for chemical spraying in 
a sugar beet crop, and 147% higher in Climate Change 
Human Health indicator. When analyzing the contribu-
tion of individual processes, the spraying method in the 
human toxicity category is up to 60.7% by the impacts 
related to the machinery, including especially  the trac-
tor (21.1%), the sprayer (16.9%), and the diesel energy 
(9.39%), and only up to 39.3% by herbicides use. Only 
four Ecoinvent v3.8 processes for herbicides use contrib-
uted to the results: triazine-compound unspecified com-
pound (23.1%), benzimidazole-compound (8.41%) [thio]
carbamate-compound (5.5%), and pesticide, unspecified 
(1.4%).

3.8  Sensitivity analysis

In the chosen approach, the parameters determining the 
lifetime of the WeLASER weeder components depend on 
the operational time which is related to the weed density 
and speed of the robot. Therefore, the assessment results 
depend to a large extent on the robots’ life cycle duration 
(working time). In the case of WeLASER weeder, 10,000 
working hours are assumed in the baseline scenario for both 
the autonomous mobile platform and the high-power laser 
implement. This mobile platform life span aligns with the 
life span for tractors in the Ecoinvent v3.8-related process. 
Martelli et al. (2023) also assumed this factor at the same 
level in a LCA study for an orchard tractor. Lagnelöv et al. 
(2021) assumed 15,000 working hours for an electric tractor 
and Vahdanjoo et al (2023) estimated the same figure for an 
agricultural robot. In the case of Ecoinvent v3.8, agricul-
tural processes such as tillage and harrowing, the weeding 
implements are characterized by a shorter life cycle (3000 
working hours). In the study by Pradel et al. (2022) of robots 
in vineyards, the lifetime of the weeding robot was assumed 
to be between 2400 and 5000 h with maximum set at 7400 
operational hours. Sensitivity analysis on the robot’s life-
time showed that environmental impacts related to human 
toxicity can be greatly reduced by its extension. The cur-
rent study represents an optimistic situation in which the 
potential reduction for the impact of the production phase 
is not so important due to its relatively long lifetime. We 
also assumed that the autonomous mobile platform and 
the high-power laser weeding implement can be analyzed 
separately in terms of their respective lifetimes. The life-
time span was set for the mobile platform between 3300 and 
10,000 working hours and for the weeding laser between 
3300 and 20,000 working hours. There were also considered 
situations of replacing both subsystems independently, e.g., 
replacing the implement on the same mobile platform as a 
part of the maintenance/refurbishment of the machine. The 

sensitivity in the lifetime span of the robot is substantial 
and is in the range between − 27% (− 0.6 Pt) and 234% (4.8 
Pt) for the production phase (Fig. 15a). It should be noted 
that the impact indicators of the production recalculated per 
hectare in the intended lifetime depend on the density of 
the weeds. The possible changes to the design and produc-
tion schemes of the WeLASER weeder in terms of mate-
rials used and industrial processes are rather limited, and 
this aspect was not considered sensitive. Nevertheless, in 
the final design, the implement can be utilized as a func-
tional component integrated into an autonomous mobile 
platform or, possibly, as a separate weeding implement for 
conventional tractors. In the use phase, there are many fac-
tors that influence environmental performance:

• The operational settings, speed, weeds density, variance 
of terrain and environmental conditions.

• The final performance of the design, energy consump-
tion and weeding efficiency of the WeLASER weeder 
(expected efficiency of 60–90%).

• The  transportation requirements for the  WeLASER 
weeder as it requires supporting transport.

Fuel consumption and energy efficiency during operation 
determine the environmental performance for the entire life 
cycle. Because the laser treats with precision the meristems, 
the energy demand in operation is determined by the weed/
meristem density in the treated area. In this study, a variation 
between 5 and 120 weeds  m−2 was assumed to be feasible 
for the analyzed model of prototype design (Fig. 15c). The 
relative change of the impacts (total score) between the base-
line scenario and the minimum and maximum weed den-
sities are − 51.2% (− 2.5 Pt) and + 55.5% (2.7 Pt). Another 
important parameter is the energy required for killing a plant 
meristem. This depends on the growth stage of the weeds 
and the weed species. In the laboratory studies conducted as 
part of the WeLASER project, the range of potentially effi-
cient operation that ensures the desired weeding efficiency 
is between 5 and 20 J of optic energy per plant. The results 
are presented in Fig. 15d. The difference between the base-
line scenario and the low energy variant (5 J per meristem) 
is − 36.6% (− 1.8 Pt). Coleman et al. (2019) reported a wide 
range of energy required for  CO2 laser pyrolysis of weeds 
depending on laser type and weed species. The range of this 
laser is between 21 and 350 J per weed, for diode laser pyrol-
ysis it is 47 − 750 J per weed, and for thulium laser pyrolysis 
230 J per weed and neodymium:yttrium aluminum garnet 
(ND:YAG) 70 − 1400 J per weed (Coleman et al. 2019). The 
efficacy of WeLASER weeder is expected to be much higher 
because it only targets the meristem reducing the need for 
optic energy. Nevertheless, for some types of weeds, higher 
values than 20 J per weed meristem can be expected. This 
also underlines the need for extensive testing of the machine 
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and provision of appropriate tools for assessing its suitability 
for particular conditions on the farms. The use of renewable 
electricity is one solution to improve the environmental per-
formance, but provision of appropriate guidance for energy-
efficient operations is also wise.

The WeLASER weed controling robot is not intended 
to be an autonomous vehicle in public spaces. Therefore, 
additional transportation is required. It is sensitive to long 
transport - more than 10 km  ha−1 and small plots below 
10 ha - as these parameters are interrelated (linear function). 
Since the indicator is calculated per 1 ha of weeded area, the 
burden of transportation depends on the field area and the 
distance. The larger the area and shorter the distance, the 
smaller the burden. In the opposite case the burden becomes 
higher. In the baseline scenario, a distance of 1 km (2 km 
there and back) is assumed for 1 ha of field. Distances of 10 
and 25 km were tested in the analysis and led to increase in 
the total score of 17.4% (0.8 Pt) and 94.8% (4.5 Pt), respec-
tively (Fig. 15b). This is important when considering possi-
ble business models, for example, external services for small 
farms. In the case of the machinery ownership, the transpor-
tation issue is of less importance. Pradel et al. (2022) showed 
that the distance between the plots and the place where the 
robots are stored can only be relevant for longer distances. 
According to the study, the breaking point at which the 
transport of the robot outweighs the environmental gains in 
terms of carbon footprint is around 12 km. The number of 
passages needed during the crop production cycle and the 
geometry of the fields were also highlighted. One of the 
discussed opportunities for reducing the impact related to 
transportation of the robot is by designing modular robot, 
or by equipping the robot with multiple tools (Grimstad and 
From 2017; Xue et al. 2017). From this point of view, the 
business model of the WeLASER weeder application must 
consider this aspect, e.g., small-scale farming services. The 
sensitivity of the assessment is presented in Fig. 15.

It was found that in the study, the egalitarian perspective 
of the ReCiPe method, the results were very sensitive to 
electronic components, their type, quantity, and the approach 
to their characterization. This is also important because the 
potential for the recovery of key materials in recycling pro-
cesses of electronic waste is still limited. The choice of the 
interpretation perspective in the ReCiPe 2016 method is 
related to the health concerns giving higher priority to the 
human toxicity impact category in the overall assessment. In 
this approach there arises uncertainty in the interpretation of 
impact assessment of the production phase. Moreover, it is 
crucial with respect to maintenance of the weeder in the use 
phase as the impacts can be raised by 8 − 20% in a prolonged 
lifetime. A better understanding of these issues is crucial in 
assessment of precision agriculture which relies heavily on 
electronic devices. The assessment of the end-of-life phase 
using the APOS model has shown that the electronic waste 

management is an important factor in the life cycle perspec-
tive due to the treatment of hazardous wastes associated with 
metal production.

3.9  Data uncertainty

There is substantial data uncertainty regarding the final com-
mercial WeLASER product as the study is based on a model 
of the final products. The data uncertainty in the assessment 
of the production phase is moderate. It is mainly related to 
expert estimates of material composition based on literature, 
project characterization of particular components, and use 
of proxy data for particular components. Proxy data derived 
from literature was used to characterize parameters such as 
the lifetime of the device, both for the implement and for the 
mobile platform. Because the assessment is sensitive to short 
life spans, this aspect needs to be further scrutinized. In the 
study this issue was considered in a manner comparable to 
other techniques.

In the assessment of the use phase, there are data uncer-
tainties with regard to energy consumption as the assessment 
is based only on preliminary testing of the robot under field 
conditions, data on agricultural operations, and engineering 
assumptions of the energy distribution between the traction 
and the laser equipment. Pradel et al. (2022) stated that there 
is a need to obtain data about the energy consumption of 
robots in their use phase to be able to carry out more precise 
and comparative LCAs with conventional solutions.

In comparison of WeLASER weeder with other techniques, 
there is no certainty about the potential strategies for its using 
(weed control efficiency, number of passages, limitations 
related to weather, ground, and crop cultivation conditions). 
Moreover, the key benefits of the weeder are not considered 
in the study (e.g., chemical free weeding, no soil disturbance, 
low soil compaction, less negative impact on living organisms 
(Andreasen et al. 2022, 2023)). The assessment of the disposal 
phase depends on the current efficiency of post-service man-
agement of the machinery and the actual situation in Europe of 
implementing of the related requirements, especially regarding 
the electronic wastes. In this study, the best-case scenario was 
assumed of high reuse rates for the machinery components. It 
must be underlined that the agricultural machinery’s post-service  
life should be disposed in a controlled manner to ensure high 
environmental performance in this phase.

4  Conclusion

The conducted LCA study shows that the WeLASER technique 
is potentially a viable and environmentally sound weed control 
solution. Despite its complexity, it does not entail pose a signifi-
cant burden on the environment. The main impacts are attrib-
uted to the phase of WeLASER weeder usage and are mostly 
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related to thermal energy generation by the machine in a diesel 
engine. In terms of the electrical energy required for weeding 
operation, the laser-based technology is an efficient solution. It 
is also confirmed by other studies (Coleman et al. 2019). The 
robot's energy management is designed to be flexible, and to dis-
tribute the electric energy between traction and laser operation. 
Climate change and particulate matter impact categories are 
the most relevant, as they represent a typical profile for non-
renewable energy generation. In light of this, more sustainable 
energy solutions should be considered. There are potentially 
huge opportunities to utilize renewable energy, such as renew-
able electricity (Gorijan 2021), bioethanol (Hoseinzadeh- 
Bandbafha et al. 2021), or hydrogen (Zulfikar 2021).

The production of the weeding implement and the mobile 
platform has a relatively low impact in relation to the entire 
life cycle. The overall impact assessed for the laser weeding 
implement is slightly higher than this of the mobile plat-
form. The main impact categories in the production phase, 
in particular human health, are related to resource use and 
raw material production. It primarily concerns non-ferrous 
metal production, copper and gold, which are used in the 
manufacture of electric and electronic components. It must 
be emphasised that this aspect is not specific to WeLASER 
technique as automation and electronics are widely used in 
the society, and their environmental performance depends 
on the efficiency of the socio-economic system for recovery 
of metals from the waste streams of advanced technologies. 
At the same time the production processes of the individ-
ual components are of minor importance.

The results also show that the WeLASER weeder has a 
relatively moderate environmental impact compared to other 
techniques, especially mechanical and chemical weed con-
trol methods, but it must be smartly used to achieve the best 
performance. Moreover, it must be noted that the uncertain-
ties in the assessment and the qualitative aspects of the solu-
tion are in favor for WeLASER technique. These are related 
to the key benefits—positive impacts such as improved 
environmental conditions, higher food quality, potential for 
enhancing biodiversity in agricultural land, and lower soil 
compaction. These aspects are not reflected in this study.

On the basis of the study results, there were formulated 
key policy implications and key design recommendations.

Key design recommendations:
Optimise and reduce the energy demand for the robot 

activity (high-power laser) and use alternative, renewable 
electricity for powering the weeder.

Provide an opportunity for reusing particular components 
by ensuring their durability, safety, and resistance to harsh 
conditions (e.g., electronics) and for final disposal through 
a recycling-orientated waste processing scenario.

Reduce and optimize the use of components character-
ized with high environmental impact, (e.g., copper produced 
from raw materials).

Enhance opportunities for implementation of intelligent 
weeding approaches based on combinations of weeding 
techniques, integrated (dual technique) machinery, and plan-
ning of the weeding operations based on prior field inves-
tigations (e.g., weeding implement to be used in common 
tractor, autonomous platform allowing for the whole range 
of activities, applicability in row weeding).

Key policy implications:
The use of WeLASER weeder requires that conditions for 

proper disposal, dismantling and maintenance are in place, 
and that appropriate services are well developed and com-
monly available in the farming sector.

There are important opportunities for application of 
renewable energy, electricity, bioethanol or hydrogen in 
agriculture, and dedicated value chains for fuels should be 
developed in this sector.

The availability of electronics with low environmental 
footprint should be enhanced in the socio-economic system.

The value chain of production and business models can 
provide essential room for optimisation of the machinery 
construction focused on lowering the environmental impacts.

For intelligent use of WeLASER weeder, there is a 
need for well-designed, efficient and optimised weed-
ing strategies applied in practice by farmers, taking into 
account the type of crops, scale of production, and com-
bination with other techniques. Here, farm advisers play 
an important role.

Improvements in the environmental performance of elec-
tric and electronic equipment should be pursued further.

Business models such as leasing, hiring, sharing, and pur-
chase, must take into account the aspect of long-distance 
transportation and maintenance efficiency.
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