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FOREWORD

AXEMA, the reference association at the service 
of agricultural equipment.

Building the future and responding to your ambitions

AXEMA is the French Association for agricultural equipment manufacturers 
 and agricultural environment providers. Its 260 members include 

both French and foreign manufacturers of agricultural equipment for the 
various sectors of crop and livestock agricultural production and producers 
of equipment for the upkeep of green spaces. It also brings together the 
sector’s economic actors, equipment providers, service companies, and 
establishments that work with manufacturers.

A diverse sector

The agricultural equipment sector includes businesses that produce, market 
equipment and distribute machinery, fixed and rolling, intended for various 
users : arable crop farmers, livestock farmers, wine growers, horticultural 
producers, and vegetable farmers. This equipment may also be used by 
parks and gardens maintenance service providers and home gardeners. 
Moreover, this sector is increasingly focussing on solutions taking into 
account the environmental aspects of agriculture, livestock-rearing, parks 
and gardens, and more generally our territories, thus making it a true 
Agricultural Environment sector. Agricultural equipment covers a wide 
range of machines, uses and technical know-how. This diversity is also 
reflected in the economic organisation of the French agricultural equipment 
industry. The sector is composed of SMEs, French international industrial 
groups, and importing subsidiaries of foreign groups. 

Governance & Operational team

AXEMA is administered by a Board of Directors composed of 16 represen-
tatives of active members. 
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The Board of Directors elects a Bureau composed of a Chairman, two 
Deputy Chairmen and a treasurer who are also appointed for a term of 
three years. The association’s daily activities are carried out by a 17-person 
team organised by unit and responds to members’ requests : 

• Technical Department
• Economic Department
• Training and Employment Department
• International Department
• Membership and Communication Department
• Administrative and Accounting Department
Collective activities of AXEMA are generally conducted through Product 
Market Group (PMG) meetings, which include active or associate members 
involved in the same product family or market, and Commissions working 
on cross-cutting topics.

Trade fair activity

Trade fair activity AXEMA, in partnership with the COMEXPOSIUM group, 
organizes 2 world class biennial events : the SIMA (international exhibition 
of solutions and technologies for Efficient and Sustainable agriculture) 
and SITEVI (international exhibition of equipment and know-how for vine-
wine, olive and fruit & vegetable production) through the joint venture, 
EXPOSIMA. The Association is involved in defining strategies and policies 
and proposes developments to promote trade fairs considering changes in 
the agricultural world, render them more attractive and increase business 
volumes. These trade fairs are recognized as an international showcase 
for the French Farm machinery Industry. 

AXEMA’s objective is to show that the sector is innovative, attractive to 
young talents and offers growth prospects in the context of efficient and 
sustainable agriculture.

AXEMA is building the future for agricultural equipment  
& agricultural environment to ensure sustainable agriculture 

and responsible territorial development.
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SCIENTIFIC COMMITTEE

The 5th edition of the SIMA Agritech day gathered all the 
agroequipment research & innovation actors  

on November 5, 2022, on the Pullman Roissy Hotel. 

Agricultural equipment supports the transformation of agriculture 
 and takes part in developing new agricultural models more respec-

tful of ecosystems. AXEMA created SIMA Agritechday to promote direct 
exchanges with agricultural equipment research & innovation actors and 
inform on ongoing developments. The strong mobilisation for this fifth 
edition is a testimony to the sector’s vitality and expectations. agriculture 
issues challenge many scientific and technological experts. 

This event spotlighted thirty five presentations under the form of plenary 
sessions, thirty three thematic sessions and poster workshops, selected 
by a scientific and technical committee to whom we extend our warmest 
gratitude. It is thanks to the quality and expertise of the industrial, academic 
and research speakers that SIMA Agritech day has become the privileged 
event in france for innovation and research around the agricultural equip-
ment sector.

Our ambition is to continue to strengthen ties between all the actors working 
in the different fields for sustainable agriculture.

Composition of the scientific committee : 

• Dr. Philippe COLACICCO, KUBOTA Corporation - Research and 
Development Europe Director and AXEMA Technical Committee 
chairman;

• Christian ADLER, KUHN group, head of the electronic department;

• Lionel LEVEILLÉ, BUREL Production, head of R&D department;

• Dr. Xavier REBOUD, INRAE, director of the division plant health and 
the environment;
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• Dr. Davide RIZZO, IRD - French National Research Institute for 
Sustainable development, Contract agent in landscape agronomy - 
junior professor chair;

• Sylvain VILLETTE, AGROSUP DIJON, agricultural equipment unit;

• Emmanuel PIRON, INRAE, head of the technological research plat-
form – environmental spreading division;

• Dr. Thomas ANKEN, AGROSCOPE, agronomist;

• Dr. Nils BJUGSTAD, NORWEGIAN UNIVERSITY OF LIFE 
SCIENCES, professor;

• Peter GROOT KOERKAMP, WAGENINGEN UNIVERSITY & 
RESEARCH, professor in biosystems engineering/agrotechnology;

• Prof. Dr. Martin KREMMER, JOHN DEERE GMBH & CO. KG, 
manager production systems solutions engineering;

• Eric GUGGISBERG, PAUL FORRER AG, head of innovations & 
digitalisation;

• Prof. Emilio GIL, POLYTECHNIC UNIVERSITY OF CATALONIA, full 
professor;

• Alain SAVARY, IRIDOS CONSEIL, strategy adviser for agroecolo-
gical evolution;

• Philippe HERITIER, INRAE, project manager – robotics and systems 
for agriculture engineer.

06 /// SIMA AgriTech Day 2022



TABLE OF CONTENTS

FOREWORD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 03

SCIENTIFIC COMMITTEE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 05

CONFERENCE PROGRAM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

SPEAKERS BIOGRAPHIES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

FULL PAPERS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

Simulation & testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

KROPS – An automated tool for tractors continuous roll-over and protective 

structures resistance assessment under NF U02-052 standard . . . . . . . . . . . . . . . . . . . . . . . . . 37

Edouard FERRY, Karine THORAL – CEDREM

Noise Challenges in hydraulic transmissions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

Gladys GAUDÉ – POCLAIN Hydraulics

Working time requirement of operators and process-related idle time  

of semi-autonomous field robots . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

Franz Handler – HBLFA Francisco Josephinum

Agriculture 4.0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

Digital transformation of agriculture : the accomplishments  

of the SmartAgriHubs project in France . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

Dovilé GASPARAVICIUTÉ – ACTA, 
Anne-Claire BRANELLEC – Région Pays de la Loire

AEF’s Impact on Ag Digital World . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

Andrew OLLIVER – CNH Industrial SA

Decarbonising of agriculture . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

OPTICOOL : new generation milk cooler, with low energy consumption 

and carbon footprint . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

Patrick PERSON – SERAP Group

Environmental impacts of agricultural robots and possible improvements : 

example of weeding robots used in vineyards . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

Marilys PRADEL – INRAE, 
Cédric SEGUINEAU – Naïo Technologies 

Mild Hybrid T4 e-Source with EasyTrime and e-Mulcher . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139

Stefano FIORATI, Marco GERBI – CNH Industrial

TAble of conTenTS /// SIMA AgriTech Day 2022 /// 07 



Agroecological transition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155

Dynamic agrivoltaics : relevance of panel steering policies to sustain  

production against climatic hazards . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155

Charlotte JOUVE – SUN’AGRI

AgroTechnoPôle platform for the development of new technologies and services for 

the agro-ecological transition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171

Lionel LEVEILLÉ – BUREL Production, 
Bruno MANDONNET – INRAE 
François PINET – Michelin

Optimization of crop protection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 185

What will be the weed management techniques in France by 2035  

for field crops ? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 185

Paul PANNETIER – UniLaSalle

A comprehensive turnkey service to fight invasion of thislte in sugar beet. 

Herbicide’s volume reduction on thistle in sugar beet with sniper technologies : 

a lesson on how farmers will use new technologies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 197

François-Xavier JANIN, Frédéric LAMARCHE – France Pulvé,  
Guillaume QUINOT – CORTEVA

Development of an experimental protocol to assess PWM spray valves 

 using PIV . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 219

Jean-Paul DOUZALS – INRAE

Comprehension of PWM solenoid valvesto control hollow-cone nozzles  

for precision variable-rate orchard sprayers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 229

Heping ZHU – U.S. Department of Agriculture

DriftRadar® concept : Towards the automatic management of spray drift . . . . . . . . . . . . 243

Jean-Paul DOUZALS – INRAE

Herbicide reduction using deep learning based on hyperspectral sensing :  

fields results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 255

Anthony Gelibert, Gérald Germain - Carbon Bee

Impact of the Environmental Conditions on the Robustness  

of a Weed Detection Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 267

Paul MELKI – Exxact Robotics

Savings obtained from different spray systems for precision pesticide  

applications in orchards . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 283

Mathis Navarro – AgroParisTech

08 /// SIMA AgriTech Day 2022 /// TAble of conTenTS



Protect horticultural crops and ecosystems with sustainable intelligent variable-

rate spray technology that retrofits onto existing sprayers. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 291

Steve BOOHER, Gary VANDENBARK – Smart Apply

How to optimize crop protection product application using digital tool HYGO . . . 305

Théophile KAZMIERCZAK – ALVIE

Poster . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 317

Evaluation of a stereo vision as a canopy detection sensor  

for variable rate specialty crop sprayers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 317

Hongyoung Jeon – U.S. Department of Agriculture

TAble of conTenTS /// SIMA AgriTech Day 2022 /// 09 



8.30 CONFERENCE OPENING
Fátima BAPTISTA – President of EurAgEng, Frédéric MARTIN – President of AXEMA

8.40 POSTERS PRESENTATION

Simulating & testing Optimization of crop protection

9.15

« KROPS – an automated tool for tractors 
continuous roll-over and protective structure 
resistance assessment under NF-U02-052 » 

Edouard FERRY, Karine THORAL – CEDREM

« What will be the weed management techniques 
in France by 2035 for field crops ? » 

Paul PANNETIER – UniLaSalle

9.45

« Noise challenges in hydraulic transmissions »

Gladys GAUDÉ – POCLAIN Hydraulics

« A comprehensive turnkey service to fight 
invasion of thislte in sugar beet. Herbicide’s 
volume reduction on thiste in sugar beet with 
sniper technologies : a lesson on how farmers 
will use new technologies »

 François-Xavier JANIN, Frédéric LAMARCHE – 

FRANCE PULVÉ, Guillaume QUINOT – CORTEVA

10.15 

«  Working time requirement of operators  
and process-related idle time of semi-autono-
mous field robots »

Franz HANDLER – HBLFA Francisco Josephinum

« Development of an experimental protocol  
to assess PWM spray valves using PIV »

Jean-Paul DOUZALS – INRAE

10.45 POSTER BREAK

Agriculture 4.0 Optimization of crop protection

11.15

« Digital transformation of agriculture : the 
accomplishments of the smartagrihubs project 
in France »

Dovilé GASPARAVICIUTE – ACTA, Anne-Claire 

BRANELLEC – Région des pays de Loire

« Comprehension of PWM solenoid valves to 
control hollow-cone nozzles for precision va-
riable-rate orchard sprayers » 

Heping ZHU – U.S. Departement of Agriculture

11.45 
« AEF’S impact on AG digital world »

Andrew OLLIVER – CNH Industrial SA

« Driftradar® concept : towards the automatic 
management of spray drift »

Jean- Paul DOUZALS – INRAE

12.15 LUNCH BREAK

CONFERENCE PROGRAM
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5.00 COCKTAIL
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BIOGRAPHIES

Plenary sessions

Philippe COLACICCO

Philippe COLACICCO holds generalist engineer 
degree and PhD of mechanics, he has first held various 
positions in Research and Development, Validation and 
Project Management in the automotive sector. Philippe 
then joined CLAAS Tractor in 2008, firstly in charge of 
developing the range of specialized tractors, before heading 
the Research and Development department for 6 years. In 
2016, he joined the Kubota Corporation Group to create 
the European R&D Center, and the department in charge 
of the development of large tractors, that he leads. Since 
2018 Philippe COLACICCO is the President of AXEMA’s 
Technical Committee.

Gilles DRYANCOUR

Gilles DRYANCOUR holds a Master of Arts in Political 
Sciences, a Master of Arts in International & European Law 
and PhD in Economics. He started his professional carrier as 
an expert at The European Commission, managing the EU 
Commission’s digital internal communication, then he joined 
the Chamber of Commerce and Industry of Bordeaux (France) 
and was in charge of European affairs. In 1994, he founded the 
cabinet 3CE, specialized in supporting and representing major 
companies through legal and economic lobbying. He joined 
JOHN DEERE Company in 2001, as Public Affairs Director for 
Europe. Since 2021, he is Vice-President Corporate Affairs 
Europe. Gilles is involved in many international organizations : 
CEMA (Chair of the Strategic Committee and Honorary President), 
AECA (Member of the Board), CDG – CAP (Representative 
of the Agri-Machinery Industry), European Bee Award Jury 
(Member of the Jury and co-founder of the Award).

SPeAkerS bIogrAPhIeS /// SIMA AgriTech Day 2022 /// 15 



Optimization of crop protection

Steve BOOHER
A serial entrepreneurial leader with a track record of 

success, Steve BOOHER’s most recent company Smart 
Apply®, Inc. (formally Smart Guided® Systems LLC) head-
quartered in Indianapolis, IN develops solutions for high-value 
permanent crop growers worldwide. Smart Apply began with 
an Alliance Agreement with Kubota Tractor Corporation by 
developing the industry first Android tablet based Autosteer 
system. In spring of 2018 Smart Apply developed and intro-
duced the industry first Android tablet-based GPS-precision 
spraying add-on kit that adapts to existing boom sprayers. 
In the fall of 2018, Smart Apply was chosen by the USDA 
exclusively, to commercialize the LIDAR based Intelligent 
Spray Control System™, which was released for sale in the 
Summer of 2019. Smart Apply has grown to over 350 dealer 
locations in nine countries. The Smart Apply Intelligent 
Spray Control System has won innovation awards all over 
the world and was chosen by John Deere for an Allied 
Distribution Agreement. Mr. BOOHER earned an associate 
degree in design at Vincennes University and a bachelors 
of science degree in business from Indiana Wesleyan 
University. Mr. BOOHER was selected as Ernst & Young’s 
Northern Indiana Entrepreneur of the Year in 2000; and in 
2007, 2008 and 2009, his company Productive Resources 
was recognized by Inc. Magazine as one of the “Fastest 
Growing Companies in America.”

Jean-Paul DOUZALS

Dr Jean-Paul DOUZALS is the head of a research unit 
on spray application unit at INRAE Montpellier, France 
since 2009. He first graduated as an agronomist with a 
specialization in Agricultural Engineering and started his 
professional career as a lecturer and assistant professor in 
a college of agricul-ture and higher education. During this 
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period, he successively investigated several research topics 
linked to agricultural engineering and precision agriculture 
(i.e. weed detection) but also studied food processing at 
high pressure during his PhD. Since 2009, he is mostly 
involved in research, development and standardization in 
the domain of spray application techniques and at INRAE 
Montpellier. Investigations concern all phases of plant 
protection product application from the atomization, the 
transfer of droplets in the atmosphere and, finally, the 
deposition on target and off-target.

Anthony GELIBERT

Anthony GELIBERT received his PhD in Computer 
Science from the University of Grenoble in 2016. His 
doctoral work focused on the normative qualification of 
confined environments. After five years in the medical 
field, Dr. GELIBERT joined Carbon Bee in 2016 to head 
the company’s research department. In this role, he has 
contributed scientifically to the filing of several patents/
publications as well as to the supervision of PhD and MSc 
students, and technically, leads the developments of the 
company’s AI engine.

Gérald GERMAIN

Gérald GERMAIN is the founder and chairman of the 
Carbon Bee group, applying the concepts he had previously 
developed, to the field of detection in hyperspectral images 
compressed by deep neural networks. In the context of his 
work, he has filed numerous patents covering the fields 
of direct detection by neural networks of compressed 
hyperspectral CTIS or CASSI images, hyperspectral holo-
graphy, and its applications, particularly in the agronomic 
and medical fields.
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François-Xavier JANIN

François-Xavier JANIN graduated AgroSup Dijon in 2008 
and onboarded directly at Berthoud as a Product manager 
for row crops. He specialized on self-propelled sprayer and 
developed the business of Berthoud is USA, with EXEL conse-
quently acquiring ET-Works. Since 5 years, he is in charge of 
experimenting innovation and new services linked to sprayers, 
such as Berthoud Rent, the augmented sprayers under the 
logo “DARK by Berthoud” and more recently SNIPER, the 
spot spraying solution of Berthoud. In France Pulvé, he now 
is in charge of the product management of the self-propelled 
sprayers of Berthoud, Evrard and Tecnoma, as well as the 
business development of services and innovations aimed at 
both integrating high end agronomical-oriented technologies 
and easing the dissemination of those to all the farmers.

Théophile KAZMIERCZAK

Théophile KAZMIERCZAK defended a PhD in March 2016 
at Paris-Saclay University, during his thesis he studied the role of 
Nitrogen Fixing symbiosis in agrosystems. He was involved in the 
characterization of model rhizobial strains that present a more or 
less wide host specificity (KAZMIERCZAK et al., 2016). He was 
then recruited at BIOtransfer, a Contract Research Organization 
specialized in the evaluation of crop protection products for AgChem 
companies. He carried laboratory evaluation of crop protection 
products including fungicides, herbicides or biostimulants using 
either in vitro or in planta approaches. During this experience 
he faced the significant diversity of active ingredients and their 
susceptibility to application conditions. In 2021, he joined ALVIE 
as a CSO where he tracks and defines what are “good application 
conditions” and how these conditions can impact the field efficacy 
and the dose that can be used by the farmers. Since 2009, he is 
mostly involved in research, development and standardization in 
the domain of spray application techniques at INRAE Montpellier. 
Investigations concern all phases of plant protection product 
application from the atomization, the transfer of droplets in the 
atmosphere and, finally, the deposition on target and off-target.
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Frédéric LAMARCHE

Frédéric LAMARCHE is passionate about mobile 
machinery engineering and distribution since 1996 when 
he graduated Ecole Centrale de Lyon in fluid mechanics 
engineering, ESCP in finance and more recently EM-Lyon 
MBA. He explored all the facets of the mobile machinery 
business in various context : construction, infrastructure, 
forestry and now agriculture. New engineering techniques, 
innovation philosophy, customer experience, digitization of 
machinery operations and dealership are his priviledged 
centers of interest. He applied them to the benefit of many 
original equipment manufacturer and system suppliers 
(Bosch Rexroth, Jtekt, Ascotronics). He is now in charge 
of R&D and Product strategy at France Pulvé, a division of 
EXEL industries group specialized in Sprayers and wineyard 
tractors, managing well known brands such as Berthoud, 
Evrard, Tecnoma, Nicolas Sprayer, CMC, and distributing 
in France Agrifac and Hardi international.

Paul MELKI

Paul MELKI is a research engineer conducting his PhD 
CIFRE jointly between EXXACT Robotics and IMS Laboratory 
(“Laboratoire de l’Intégration du Matériau au Système”, CNRS 
UMR 5218) at the University of Bordeaux. Prior to joining 
the R&D team at EXXACT Robotics last year, he completed 
his Bachelor of Science degree in Computer Science at the 
University of Balamand in Lebanon, and his Master of Science 
degree in Applied Mathematics : Statistics & Econometrics 
at the Toulouse School of Economics (UT1 Capitole and UT3 
Paul Sabatier). His work is focused on the improvement of 
the performance, robustness and reliability of deep learning 
vision algorithms. His interests are centered on probability, 
statistical learning, and computer perception.
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Mathis NAVARRO

Mathis NAVARRO is currently a student from AgroParisTech 
and Institut Agro Dijon. Between 2018 and 2020, he did two 
years of preparation classes for an entrance exam in French 
engineering schools. In 2020, he joined AgroParisTech and 
he is currently finishing his studies at Institut Agro Dijon. He 
is fascinated about agricultural machinery and has always 
wanted to work in this sector. As a result, he is doing STEA 
and GETIA courses at Dijon which focus on different aspects 
of the agricultural equipment sector. From May to June 2022, 
he did a three month internship at the Universitat Politècnica 
de Catalunya. He studied sprayers and new technologies 
to improve their characteristics. This experience gave him 
the opportunity to show a project from the university to the 
AgriTech Day’s conference.

Guillaume QUINOT
Guillaume QUINOT is CORTEVA’s French national 

technical manager since 2015 after a career of 23 years at 
Dupont de Nemours and then Corteva. He started as sales 
representative in the region Nord-Picardie during 10 years 
before shifting to regional technical manager and then national 
technical manager, specialized in Maïze and Sugar Beet. He 
received an award in 2015 at the “Culturales de Poitiers” on 
ground insecticide with predator plants. He was also awarded 
at the 23rd conference of COLUMA 2016 for a study on the 
management of Thislte in rotation wheat-sugar beet.

Gary VANDENBARK
Mr. VANDENBARK started his career in the early 1980’s 

acquiring a degree in Agriculture Equipment Mechanics. He 
then pursued a Mechanical Engineering Degree from Purdue 
University, graduating as a member of the Scholastic Honor 
Society. He has acquired nine US Patents serving clients 
in industries such as agricultural, aerospace, automotive, 
construction and military. 
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During his career he managed a fertilizer and sprayer 
equipment manufacturing facility which was directly involved 
with precision application in the 1990’s. In the mid 1990’s, 
he served as the Chief Engineer for the development of the 
Apache self-propelled crop sprayer. 

Mr. VANDENBARK worked as an engineer and managed 
an engineering service business over the next 15-year period, 
which grew to 160 employees. This business provided services 
to various companies such as Cummins, General Motors, 
John Deere, JLG, Lockheed Martin and Rolls-Royce. He 
acquired a variety of experience in advance technologies 
and capabilities working in multiple industry sectors. From 
2016 to present Mr. VANDENBARK has been the Chief 
Engineer for Smart Apply®, Inc., his responsibilities include 
the development, engineering, and testing, of current and 
innovative technology for the precision agriculture industry.

Heping ZHU
Dr. Heping ZHU is an Agricultural Engineer and Lead 

Scientist at USDA/ARS Application Technology Research 
Unit in Wooster, Ohio, USA, and also an Adjunct Professor at 
Department of Food, Agricultural and Biological Engineering, 
The Ohio State University. He has more than 35 years of 
academic research and industrial experience in development 
of innovative methodologies and mechanisms including 
intelligent spray technologies to protect crops and preserve 
the environment. He has published more than 300 papers 
including 158 peer-reviewed journal articles and received 
22 regional and national prestige awards to recognize his 
accomplishments. He is the Fellow of American Society of 
Agricultural and Biological Engineers and the recipient of 
2022 USDA-ARS MWA Senior Scientist of the Year Award.
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Agroecological transition

Charlotte JOUVE
With an academic background in agronomy, Charlotte 

JOUVE is specialized in Territory planning in rural area and 
sustainable development. For the past 3 years, she has used 
her technical skills at Sun’Agri, as Marketing and Partnerships 
manager. Sun’Agri works on agronomic solutions based on 
digital models to preserve the crops from climate change 
and has developed in particular the concept of dynamic 
agrivoltaics.What she likes about dynamic agrivoltaic 
projects is that it’s a win¬-win solution engineered first of 
all as a farm tool, and financed by producing green energy. 
Her daily job is to explain the complex balance between 
light and shade needed by crops and to gather parties who 
are not used to join forces around an agronomical project : 
photovoltaic developers, data engineers, researchers and 
indeed farmers. 

Lionel LÉVEILLÉ

Lionel LÉVEILLÉ is a son of farmer in the French 
Brittany region and is passionate in creation and designing 
agriculture machines. He studied mechanical engineering 
at the University of Rennes and Strategy of Innovation and 
Intellectual Property at the University of Strasbourg. The 
meeting with the BUREL group was in 2001, since then 
he has been holding several positions within the SULKY 
R&D teams. Since 2020, he is director of Research and 
Innovation at BUREL group, which includes SULKY, SKY, 
Prolog and Frandent products.Since November 2017, 
he has been the vice president of the AXEMA technical 
committee. In particular, he was invoved in the creation of 
the AEF approved center at KEREVAL. He is now one of 
the members of Agrotechnopole Consortium.
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Bruno MANDONNET

Bruno MANDONNET, 37 years old, received in 2015 an 
Instrumentation-Quality Engineering degree from EICNAM. 
He started his professional career in 2007 at LEGRAND as 
a Laboratory Technician where he acquired many skills in 
the fields of EMC, electrical equipment testing and related 
standards. He then worked as a technical Salesman at HSC 
where he improved his skills in the fields of pneumatics 
and hydraulics. A new professional experience at MYDIS 
as a Project Manager allowed him to acquire advanced 
skills in the field of sensors and industrial vision. In 2015, 
he took a position as Quality Engineer at CONSTELLIUM 
where he carried out the compliance of mechanical test 
protocols. His last position as Business Manager at HVS 
GROUP led him to manage numerous files and projects in 
partnership with large groups (MICHELIN, LIMAGRAIN, 
VALEO, CONSTELLIUM…). He is now the Coordinator of 
the AgroTechnoPôle platform, supported by INRAE, which 
serves all stakeholders to develop new technological solu-
tions for Agroecology.

François PINET

Engineer at AgroParisTech (France-1989), François 
PINET works for the Michelin group since 1999 (Clermont-
Ferrand, France). Francois is currently managing the Test 
for the Beyond Road vehicles, including all the agricultural 
equipment (tractors, harvesters, sprayers, floaters…). The 
scope goes from advanced research testing to commercial 
events support. Tests are operated either on instrumented 
vehicle or on dedicated measurement equipment. Francois 
also conducted multiple University and scientific partnership 
to support Michelin research for agricultural tires with 
complementary expertise.
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Simulating & testing

Edouard FERRY
Edouard FERRY has graduated from IFMA, a French 

engineering school based in Clermont-Ferrand, France, in 
2009. During his studies, he exerted his skills for 6 months 
as a Simulation Engineer by Volkswagen AG in Wolfsburg, 
Germany. He developed customized automated tool to help 
engineers analyze crash finite-element simulations. He also 
spent 6 months at UNSW in Sydney, Australia, reproducing 
footy player impacts with simulation software to predict 
concussions. He has been working at CEDREM for 12 years, 
performing simulation studies on complex phenomena such 
as air, underground and under-water explosions, ballistic 
impacts on ceramic and composite targets, concrete 
fragmentation or human body response to blast waves. He 
is also active in the ballistic testing laboratory created at 
CEDREM as a trial director and quality manager.

Gladys GAUDE
Gladys GAUDE joined Poclain in 2021 as Noise, Vibration 

and Harshness (NVH) expert. She is in charge of development 
of NVH testing and simulation methodologies for hydraulic 
transmissions. She is graduated from ENSIM engineering 
school (Le Mans – France) with a specialty in Measurements 
technics, Acoustics and Vibrations. She began her career in 
Honeywell Turbo Technologies in vibro-acoustic field. Her 
role was to support automotive customers for turbocharger 
noise concerns and to develop NVH measurement and 
simulation capabilities. She then joined the CETIM to work 
on noise and vibrations in different fields of equipment with 
a focus on structural and acoustic sources.
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Franz HANDLER

Franz HANDLER is the head of the department Agricultural 
Process Engineering at the Federal Institute of Education and 
Research for Agriculture, Agricultural Engineering and Food 
Technology, Francisco Josephinum in Wieselburg (Austria). 
He obtained his degree in agriculture at University of Natural 
Resources and Life Sciences in Vienna. He is coordinator 
of the Austrian Cluster for Digitalization in Agriculture. The 
department Agricultural Process Engineering works on topics 
such as mechanical weed control in combination with mulch 
sowing in organic farming, optimization of grassland harvesting, 
digital solutions and robots for arable farming and grassland 
management as well as working time requirement in agriculture.

Paul PANNETIER

Paul PANNETIER has just finished his studies as an 
agricultural engineer at UniLaSalle Beauvais. He specia-
lised in agricultural equipment and new technologies. For 
his end-of-studies internship, he carried out a prospective 
study for the agricultural machinery union : Axema. Paul is 
passionate about the agricultural world and would like to 
put his energy into the development of a more sustainable 
agriculture. Paul is now product manager for the Burel 
group, which includes the Sulky, Sky and Prolog brands. 

Karine THORAL

Karine THORAL PIERRE, doctor in fluid mechanics 
applied to physical oceanography, began her career at ECA 
in charge of the design of small offshore platforms and the 
coordination of sea trials for these scientific platforms. Then, 
she joined the THALÈS group, to carry out simulations on 
threats (explosions, fragments) and their effects on target 
structures. She was in charge of the ballistic tests on the 
protection of the structures. In 2008, she decided to create her 
own rapid dynamics expertise company to develop protection 
against explosions and impacts using new digital means.
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Agriculture 4.0

Anne-Claire BRANELLEC
Anne-Claire BRANELLEC is the director of European 

projects and cross-cutting projects within the agriculture, 
fisheries and agri-food department of the Pays de la Loire 
Region, a local public authority. Among her missions, she 
leads the regional agrifood tech ecosystem, bringing 
together research and innovation players and companies 
from upstream to downstream, with the aim of developing 
innovation projects. She co-manages the Regional Cluster 
France within SmartAgriHubs project. She also participated 
in the drafting of the French AgriTech roadmap.

Dovilé GASPARAVICIUTÉ
Dovilé GASPARAVICIUTÉ is European Digital Project 

Manager at Acta - les instituts techniques agricoles. She 
has been in charge of European projects in areas such 
as research and innovation, sustainability, digital training 
and agricultural technologies in funding programs H2020, 
Interreg and Erasmus+. She co-manages the Regional 
Cluster France within SmartAgriHubs project and is also 
involved in the FAIRshare project.

Andrew OLLIVER
Andrew OLLIVER has been working for CNH Industrial 

since 2008, first in Commercial Training and then since 2011 
in the Precision Technology group as a Product Manager 
following Precision Farming and ISOBUS subjects. In addition 
he has been actively supporting the AEF since 2011, first in 
the Communications and Marketing team, becoming C&M 
team leader from 2016 to 2021. Then in October 2020 he 
was elected to the role of AEF Vice Chairman. Mr. Olliver has 
a degree in Mechanical Engineering from Auckland University, 
New Zealand.
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Decarbonising of agriculture

Stefano FIORATI
Stefano FIORATI started his career in CNH Industrial in 

2011 as mechanical design engineer within the Innovation 
Organization. He has been the technical project leader for 
the New Holland T6.140 Methane Powered tractor presented 
at EXPO 2015 in Milan, Italy and the futuristic New Holland 
Methane Concept tractor presented at Farm Progess Show 
2017 in Decatur IL, USA. As part of the CNH Industrial 
Technology organization, in 2014 Stefano assumed the role 
of Tractor Innovation manager with a primary focus on the 
development of alternative fuels, electrification and auto-
mation for Agricultural Tractor. In 2021, Stefano assumed 
the role of Zero Emission and Advanced Drivetrain manager 
expanding the previous technologies from Tractor to the AG 
product portfolio of CNH Industrial. Stefano has a PhD in 
Mechanics of Machine from the University of Ferrara and 
the Katholieke Universiteit Leuven (Belgium).

Marco GERBI

Senior Manager, New Holland Global Product Marketing 
Specialty Tractors and Loaders. Marco GERBI started his 
career in CNH Industrial in 2007 as financial analyst within 
the UK Financial Services Organization. He has been 
working inside the EU finance organization till 2012 when 
he did for two year integration project as assistant of APAC 
CEO. In 2014 took responsibility of Business Intelligence 
department of APAC for the different business divisions : 
Agriculture, Construction and Commercial Vehicle. Role that 
has been enlarged with a market position into China orga-
nization for following two years. In 2018 took a Global role 
for New Holland Brand into Product marketing organization 
following Compact tractors and Loaders first and one year 
later also the Specialty Tractors. Marco has a Master Degree 
in Economy with Specialization in Business Administration 
from the University of Turin. 
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Patrick PERSON

Patrick PERSON, Marketing Manager for Milk Coolers 
at SERAP Group. Raised on a dairy farm, he obtained an 
Agricultural Engineer degree at ESA (Ecole Supérieure 
d’Agriculture) in Angers and a Master of Science degree in 
Agricultural Economics at University of Wyoming. After a long 
experience in Lactalis Group in France, first as Milk Quotas 
Manager during 5 years, then as Milk Farm Cooling and Farm 
Equipements Manager for 20 years, he joined Groupe SERAP 
in 2020, contributing to the Tank2020 Project Team and to 
the commercial launching of the resulting product Opticool.

Marilys PRADEL
Marilys PRADEL graduated from Purpan Engineer 

School in 1997. After several professional experiences, she 
started to work at INRAE, the French National Research 
Institute of Science and Technology for environment and 
Agriculture, as a research engineer in 2007. She graduated 
from a PhD thesis in 2017 on the definition of an allocation 
methodology by coupling product and process parame-
ters for Life Cycle Assessment of waste-based products 
with an application to sludge-based phosphate fertilizers.  
She conducts her research in the field of environmental 
assessment using the Life Cycle Assessment method and 
develops methodological approaches to assess the environ-
mental sustainability related to fertilization practices using 
waste-sourced fertilizers with a focus on the phosphorus 
resource and agricultural and robotic technologies as a lever 
for the agroecological transition.

Cédric SEGUINEAU
Cédric SEGUINEAU, PhD, is HSQE Officer at Naïo 

Technologies, a SME designing and producing Agricultural 
Autonomous Machines. He is involved in Naïo’s ESG (envi-
ronmental and social governance), especially by working on 
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the impact of Agbots developed by Naïo. He has developed 
an expertise in Safety and Robotics, and leads the Autonomy 
and Safety Naïo’s roadmap. He is also engaged in RobAgri, 
the French association representing Agricultural Robotics, 
where he leads a working group on Safety of autonomous 
equipment and another group on their eco-efficiency.  
He is the current chairman of the CEMA PT4, about Safety 
of Autonomous Functions.

Posters

Clément AUBRY-TARDIF

Clément AUBRY-TARDIF was born in Laval, France in 
1986. He received anM.Sc. in Dynamic Systems and Signals 
at ISTIA in 2010. In 2014,he received his Ph.D. degree from 
IRENav (French Naval AcademyResearch Institute) for his 
works on interval methods applied tounderwater robotics. 
In 2019 he joined SITIA where he is currently theR&D 
manager. His research interests include localization, control, 
andautonomous navigation of agricultural robots.

Julieta CONTRERAS

Graduated from the French National Institute of higher 
education for Engineer in Agricultural Sciences, Institut 
Agro (Montpellier SupAgro). Julieta has a Master’s degree 
in Precision Agriculture.Passionate about Information and 
Communication Technologies (ICT) applied to the agricultural 
sector, she has double background in AGRONOMY and 
ICT. Formerly involved in European projects as freelance 
consultant to foster SMEs that provide agritech solutions, 
nowadays Julieta is DIGIFERMES’ network leader at Acta – 
Agricultural Technical Institutes. DIGIFERMES’ is a network 
of agritech experts from Agricultural Instituts, Agricultural 
Chambers and Educational entities that accelerate the deve-
lopment of agritech solutions in close relation with farmers.
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Yveric DORMOIS

Yveric DORMOIS is 21 years old and comes from the 
Meuse region. He is a farmer's son and has been passionate 
about the agricultural world since he was a child. Since 2019, 
he studies agronomic sciences at the engineering school 
UniLaSalle Beauvais. In 2021, he did an internship in R&D 
department at Tanco, an Irish manufacturer of agricultural 
machinery. Since 2022, he has been an apprentice at the 
Hauts-de-France region, at the transition and territories pole.

Jeon HONGYOUNG

HONGYOUNG Jeon received PhD degree in Agricultural 
Engineering from the University of Illinois Urbana-
Champaign. Upon graduation, he worked for USDA-ARS 
as a post-doctoral research agricultural engineer. He joined 
Dow AgroSciences as an application engineer in 2011 and 
worked until 2020. He returned to USDA-ARS in 2020 as a 
research agricultural engineer to work on innovative spray 
application technologies. He has served as a vice chair 
of application system technical committee of American 
Society of Agricultural and Biological Engineer since 2020.

Souha KEFI

Souha KEFI holds a degree in agricultural engineering 
specialising in animal and forage production at the Ecole 
Supérieure d'Agriculture de Mateur (Tunisia), and the 
research master's degree "From agronomy to agroecology" 
at AgroParisTech (France). After gaining experience in farm 
quality auditing, in 2020 she joined the agricultural machinery 
and new technologies chair at UniLaSalle (Beauvais, France) for 
a PhD project titled : "Design of an analysis framework for the 
adaptation of agri-equipment to the agroecological transition".
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Marco MEDICI

Marco Medici is researcher at UniLaSalle in Beauvais. 
He gained an M.S. in Management Engineering and a Ph.D. 
in Industrial Engineering. Since 2010 he has been interested 
in sustainability issues. In his early career he performed 
research on optimization problems in the field of enginee-
ring physics and renewable energy systems. His present 
research interests include the adoption and cost-benefit 
analysis of ICT, business model innovation in food supply 
chains, and the Internet of Food.

Hassan NEHME

Hassan NEHME received his engineering degree from 
the Lebanese University and his MSc degree in signal and 
image processing from the Ecole Centrale de Nantes in 2018.
In 2022, he received his Ph.D. degree from the University 
of Rouen Normandy for his work on robotic perception in 
agricultural robotics. He is currently an R&D engineer at 
SITIA. His research interests include LiDAR-based perception 
and mapping, computer vision, and deep learning related 
to agricultural robotics.

Henry PAYNE

Henry PAYNE is a systems and control engineer and 
PhD candidate at Wageningen University in The Netherlands. 
After graduating with a MEng from Sheffield University, 
Henry briefly worked in aquaponics research and started 
his PhD in 2018. Currently his work is centred on the energy 
efficient operation of greenhouses. With particular focus on 
how statistical uncertainty in models and data can impact 
the efficiency of greenhouse power trading, and how the 
crop within the greenhouse could be used as symbolic 
battery for the purposes of energy optimisation…
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Mehdi SINÉ

Mehdi SINÉ is the Scientific, Technical and Digital 
Director of Acta – the network of agricultural technical 
institutes. Agricultural engineer and holder of a master's 
degree in Information Systems Management, Mehdi Siné 
has worked in the field of digital agriculture throughout his 
career. He has more particularly participated in the develop-
ment of decision support tools for farmers to support them 
in their tactical and strategic choices. His favorite field is 
interoperability and data exchange between applications and 
as such he participated in the foundation of the API-AGRO 
platform, which is positioned as the first agricultural data 
exchange ecosystem in France. He is also at the origin of 
the establishment of the «  digifermes  » network initially 
developed by Arvalis - Institut du Végétal and now piloted by 
Acta. From 2017 to 2019 he headed Acta Digital Services, 
the digital subsidiary of Acta. Today, within Acta, he leads 
the reflections of the network of 18 agricultural technical 
institutes on digital issues.

Paul VINCANT

Paul VINCANT is part of a group of 6 students in the 
5th year of the engineering cycle in Agronomy specializing 
in Agro Equipment and New Technologies at UniLaSalle, 
working on a project of incorporation of digestate on corn in 
vegetation in partnership with the company DURO. Son of 
an agricultural contractor in the Oise region, he has always 
been passionate about the world of agricultural machinery. 
His various internships within agro equipment manufacturers 
in the field of Test Champ, marketing as well as his personal 
experiences have naturally led him to carry out this field of 
specialization which is Agro equipment and New Technologies. 
The different courses that Paul studies are always related to 
agricultural innovation in order to understand what could be 
the stakes of tomorrow in terms of agronomy and to propose 
agroequipment able to solve its problems. This is how he 
became the spokesperson of the group.
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David R. WHITE

David R White is a Senior Lecturer in Engineering at 
Harper Adams University, UK. David’s research interests 
include soil management (being a member of the interna-
tionally renowned Tillage and Traffic experiment based 
at Harper Adams University), the sustainable design of 
agricultural machinery, and precision agriculture including 
precision livestock farming.

Previous projects include a 4.5 year research project 
to develop the machinery necessary to plant and harvest 
daffodils in Welsh uplands for the production of galanthamine 
for the treatment of Alzheimer's disease, improvements to 
tractor and excavator bucket design, a central tyre infla-
tion system for pea viners, and vehicles for testing tractor 
performance in India and Saudi Arabia. David is currently 
leading a project to automate the feeding of insect larvae 
to commercial laying poultry.

In 2017, David was awarded the "Award for Contribution 
to the Landbased Sector" for a sustained contribution to 
the Landbased industry by the Institution of Agricultural 
Engineers.

Andrii YATSKUL

Andrii YATSKUL (32 y.o.) has a Master’s degree in 
Agricultural Engineering from Central Ukrainian Technical 
University (2011, Kropyvnytskyi, Ukraine) and a Master’s 
in Technical and Economical Management of Agricultural 
Machinery from AgroSup Dijon (2012). In 2016 Andrii also 
obtained a Ph.D. degree in Agricultural Engineering 2016 at 
the University of Burgundy as under a partnership with the 
company Kuhn SA. He is currently an Associate Professor of 
Agricultural Machinery Engineering at Polytechnic Institute 
UniLaSalle (Beauvais, France) and a member of the InterAct 
research unit. His research focuses on agronomic and 
energy performance optimisation of agricultural equipment.
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KROPS – An automated tool for tractors 
continuous roll-over and protective structures 

resistance assessment under NF U02-052 
standard

Edouard FERRY, Karine THORAL – CEDREM

Edouard Ferrya,*, Karine Thorala 
a ceDreM, ecoparc – Domaine de Villemorant, 41210 neung-sur-beuvron, france

* Corresponding author. Email : e.ferry@cedrem.fr

Abstract

Standards exist worldwide to assess and control tractors roll-overs.  
 Standards also specify how tractors users should be protected in a case 

of roll-over. Some crops demand particularly high and narrow machines, 
which makes them unstable. It is the case of vines for example. A french 
standard (NF U02-052) exists to address this problem. It specifies that such 
a machine should not roll over continuously on a slope. And based on this 

“not continuous” roll-over, it specifies the amount of energy the protective 
structure has to absorb to protect the user. These verifications are based on 
the tractor characteristics (geometry, inertia, mass, tools, working slopes and 
velocities…) and use mathematical algorithms. CEDREM has developed an 
automated tool named kroPS in order to perform the mathematical algorithm. 
Based on the data specified by the standard, it quickly assesses the continuity 
of the potential roll-over and the energy to be absorbed by the protective 
structure. In the french standard, the user safety is ensured by specifying 
a safe zone that has to be preserved when the protective structure hits the 
ground when a roll-over. CEDREM has developed a finite-elements simulation 
method to validate the performance of this structure, when absorbing the 
energy output from kroPS. users are better protected and manufacturers 
save time. ceDreM intends to extend this method to other standards.

Keywords : impact energy, energy absorption, finite element simulation.
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1. Introduction
Agriculture is an internationally spread activity. Agricultural practices 

vary depending on the crop grown, on the ground shape and on the local 
habits. Some combinations of these parameters ask for the use of tractors. 
And some crops ask for high and narrow tractors. It is the particular case 
of vines, for example, widely grown in france, and more and more widely 
around the world. but it also the case of artichokes, pineapples, corn or roses, 
among others. Some french areas feature vines on steep slopes, sometimes 
over 30 % steepness.

Figure 1 . A 30 % steepness slope

As space is saved to optimize the amount of crop in the parcel, tractors 
that operate in these environments usually do not place more than a wheel 
in one row. This means the tractors need to feature high clearance between 
their wheels to avoid touching the crop when driving along the rows. This 
leads to high and narrow machines with high centers of gravity, as the only 
low elements are wheels and some mechanical equipment; when the driver, 
the tanks, the protective structure, the engine and some remaining equipment 
are above clearance height. 

In order to protect the users of such machines, a french standard 
was developed : the NF U02-052. This standard pursues several goals. The 
first objective of the standard is to assess the static and dynamic stability of 
the tractor in order to prevent roll-overs. The second objective is to prevent 
continuous roll-over and assess the energy a protective structure would 
have to absorb, if a roll-over happens. This standard has also been written 
within a strategy of encouraging numerical simulation instead of trials. This 
latter point comes from the fact that some of these tractors manufacturers 
are small companies and cannot absorb the costs of prototyping and testing.

To satisfy a fully numerical assessment of the tractors, the standard 
evaluates mathematically their stability and how they might roll-over on the 
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ground, based on geometric data. The machines stability is assessed in five 
particular situations in the standard, with a single mathematical formula. 
These equations can easily be calculated for every machine. But the roll-over 
assessment is a bit more complex. The idea is to force the machine roll-over 
by setting it on the slope in its unstable position (center of gravity vertically 
aligned with the machine contact point with the ground). The machine fall is 
then calculated, taking into account gravity and exterior shape of the tractor. 
Some assumptions are also proposed to take into account absorption of energy 
in the ground and sinking depth of the protective structure. This analysis is 
performed with matrix operations, frame changes, energy comparisons to 
predict how the tractor will roll-over along the slope, at which velocity and 
when it will stop. And the steps have to be reproduced until the machine 
stops rolling along the slope. This is why this analysis is complex and can 
hardly be performed fast from scratch. Programs need to be written and 
implemented to reproduce the analysis fast for every new machine, consi-
dering every equipment that can be added. This is main reason why KROPS 
was developed by ceDreM.

once the roll-over of the machine is predicted, a protective structure 
must be designed to absorb the impact energy of the tractor onto the ground. 
This will ensure user safety in case of a real roll-over. ceDreM proposes a 
method to perform the numerical design of the protective structure resistance.

2. Materials and Methods 
roll-over prediction with kroPS

kroPS was programed in Python. The open source Anaconda distri-
bution was chosen. 

As the reference standard is not free, the methods described inside 
cannot be shared. As kroPS is coded to reproduce these methods, the code 
cannot be described either. nevertheless, the global methodology can be 
explained. The tractor is considered as a rigid body. It is set in an unstable 
equilibrium position, and it is let falling along the slope. The fall equations 
are based on tractor geometry (coordinates of the tractor points that will 
interact with the ground, tractor center of gravity and inertia tensor, tractor 
mass) and motion conservation theory. The aim of the standard is to prevent 
a continuous roll-over, and to assess the impact energy on the ground to 
design a resistant protective structure.
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As presented in introduction, some geometric parameters of the tractor 
need to be specified to perform the roll-over analysis.

The first parameters are the slopes the machine will be used in, and 
at which speed. These values will impact the machine stability and how it 
will roll-over along the ground. Some values are given by the standard but 
the manufacturer can change them to potentially assess the maximal per-
formances of his machine.

Figure 2 . Ground input parameters in KROPS

Figure 3 . Tractor input parameters in KROPS 
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Another set of parameters needed to launch an analysis are all the geo-
metric data of the machine. The center of gravity and the inertia matrix are 
needed to evaluate how the tractor will roll-over along the slope and at which 
velocity. Many parameters are needed to perform the stability assessments. 
Some parameters are fixed by the standard but could be modified, such as 
the gravity acceleration, the pushing force or the mass of the hanging man. 
The sinking depth of the protective structure is an important parameter that 
will be detailed further.

Depending on the type of tractor and its center of gravity coordinates 
and inertia matrix, average equipment is imposed by the standard with imposed 
mass, position and inertia. When the required fields are set in the tractor input 
(Figure 3), an “Equipment” tab is available. An example is displayed below.

Figure 4 . Equipment selection in KROPS

The manufacturer can choose the pieces of equipment compatible with 
his machine, or can create his own pieces. 

When all the previous data is set, the only remaining information is the 
tractor’s “hard points” coordinates. The “hard points” are the exterior points 
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of the tractor that will resist a roll-over without deformation. The coordinates 
of these points are needed as they will determine how the tractor will roll-over 
along the slope of the ground.

Figure 5 . Hard points coordinates and connection tables in KROPS

If the hard points coordinates are needed to perform a roll-over analysis, 
the connection tables in the picture above are created for visualization pur-
poses. once all the input data is set and the roll-over analysis is completed, 
it is very complicated to check the results, and it is even more complicated 
to imagine improvements in the case the tractor fails the analysis. To tackle 
this issue, ceDreM proposes a visualization of the tractor roll-over to help 
manufacturers identify improvement solutions.

When all the previous data is set, the manufacturer can move forward 
to the result tab displayed below.

Figure 6 . Result tab in KROPS
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When clicking on the “ok” button, kroPS will calculate the stability 
angles and the roll-over of the structure. An example of results is given in 
displayed below.

Figure 7 . Result tab in KROPS after analysis

The “stability” frame (top left corner) in the picture above calculates 
the formulas given in the standard to assess the stability of the tractor in 5 
pre-defined situations. If the machine is “STABLE” as specified in the standard, 
it is displayed in green at the bottom of the frame (as above). Otherwise, an 

“unSTAble” word is displayed in red.

The “lateral roll-over assessment” and “rearward roll-over assessment” 
frames provide the results of the roll-over assessments. These assessments 
follow the following steps.

1. Tractor placement onto the slope
2. Tractor placement in an unstable position (center of gravity at the 

vertical of the wheels’ contact point on the ground)
3. Identification of the next hard point to touch the ground and 

associated angle
4. calculation of the tractor’s rotational velocity when touching 

the ground
5. Identification of the next rotating axis
6. Calculation of the next rotation initial velocity (NRIV)
7. comparison between nrIV and potential energy to overcome to 

further roll-over (EOFRO)
8. If NRIV>EOFRO, steps 3 to 8 are repeated; if NRIV<EOFRO, 

roll-over stops
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eofro is the energy needed to vertically align the center of gravity of 
the tractor with the next rotation axis. If the initial energy of rotation is greater 
than the energy needed to further the roll-over (EOFRO), the roll-over will 
continue at least until the next hard point. otherwise, the roll-over will stop. 
The main objective of the NF U02-052 is to prevent a continuous roll-over, i.e. 
a roll-over that never stops. This kind of roll-over is very dangerous, and often 
lethal for the user, as the protective structure is repeatedly crashed. Protective 
structures are designed to resist a single crash. This is why continuous roll-
overs need to be avoided. To do so, the NF U02-052 standard specify that the 
roll-over has to stop as soon as the protective structure hits the ground (or at 
least, before the tractor performs a full rotation). This is translated in KROPS. 
When a “Hoop” hard point (cf. points 5 and 25 in Figure 5) hits the ground, the 
roll-over has to stop. otherwise, the roll-over is declared continuous and the 
tractor fails the analysis. The manufacturer can declare as many “hoop” hard 
points as needed if the geometry of the protective structure demands it (4-
post cabin for example). But at least one “Hoop” hard point has to be defined 
on each side of the tractor. 

for the tractor to satisfy the standard, no continuous roll-over shall appear 
for any piece of equipment on any slope. It is the case for the lateral roll-over 
in the example above. This is the reason why the result of the lateral roll-over 
displays a green “no” for the three slopes. The “YeS” result in the hoop impact 
column means the protective structure is hit during the fall. The roll-over could 
be stopped before the protective structure touches the ground. In this case, a 
green “no” would appear in the “hoop impact” column. When the protective 
structure is hit, a simulation has to prove it can absorb the impact energy dis-
played in the “energies to be absorbed” frame. In our example, the protective 
structure is hit during the lateral roll-over and has to absorb 5650,9 J applied 
with an angle of 2,3°. When the protective structure is not hit, no simulation is 
needed to design it and no energy will be displayed by kroPS.

In the example above, the tractor does not satisfy the standard for the 
rearward roll-over as a continuous one is detected by kroPS (red “YeS” in the 

“Roll-over” column of the “Rearward roll-over assessment” frame). This is why 
no result (red cross) is given in the “longitudinal effort” field.

kroPS also provides the side of the roll-over that triggers the maximal 
energy to be absorbed by the protective structure. non symmetric tractor are 
common and the side of the protective structure loading can be important.

In the case displayed above, the tractor does not satisfy the standard 
and improvement strategy can be hard to imagine.
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A first hint given by KROPS when clicking on “Display results for all 
pieces of equipment” is to analyze if a particular piece of equipment causes 
the failure. for lateral roll-over, continuous roll-over has to be prevented for 
all pieces of equipment. And the list of authorized pieces of equipment can be 
modified by the manufacturer. So identifying the worst piece of equipment can 
help forbidding it. but in our example, the lateral roll-over succeeds whereas 
the rearward roll-over fails. And the rearward roll-over is only assessed with 
a naked tractor in the standard. This strategy is then useless. 

The second hint provided by kroPS is to display and animate the roll-
over of the tractor. A last tab is available for the manufacturer to open the 
result files created by KROPS and have a look at how the tractor rolls-over 
along the ground and try to identify what to modify to satisfy the standard.

a) b)

Figure 8 . Visualization of roll-over in KROPS, initial (a) and final position (b)

The manufacturer can display the lateral (right and left side) and rearward 
roll-overs, for all the slopes and all the pieces of equipment chosen in the 
different tabs of kroPS. In the pictures, the ground is displayed with a blue 
line. The black lines represent the tractor structure and are based on the 
connection tables presented in figure 5. The red dot represents the center 
of gravity of the tractor. It is an important information as its position can be 
crucial in satisfying a non-continuous roll-over. The manufacturer can easily 
rotate, translate and zoom the picture area with the computer mouse, or re-
fit the view based on the global frame definition with the help of the buttons 
around the graphic area.
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based on these pictures, the manufacturer can identify what fails in his 
tractor and potentially what has to be improved in order to satisfy the standard.

As the full analysis (stability, lateral and rearward roll-over) lasts a few 
seconds, improvements and their relevance can be implemented and assessed 
very fast. The longest process is the initial setup of all the entry data needed 
to perform the analysis. kroPS allows the user to save and load the full 
geometric tractor data (cf. Figure 3) and/or the hard points coordinates and 
related connection tables (cf. Figure 5) to save input time.

Protective structure design with finite-elements simulations
After preventing a continuous roll-over with kroPS, the manufacturer 

knows the amount of energy the protective structure has to absorb for lateral 
and rearward roll-over. The standard specifies an effort has to be applied 
to the protective structure, with the angle the protective structure presents 
when hitting the ground during the roll-over, until dissipation of the calculated 
impact energy. A standardized clearance zone should remain unpenetrated, 
by the protective structure or the planes simulating the ground, for the user 
to be protected and the structure to be validated. Also, the structure should 
not collapse when dissipating the energy. ceDreM has set a methodology 
to translate these requirements into an explicit finite-element simulation.

An infinitely rigid plane is used to represent the ground. It is oriented 
to satisfy the impact angle of the protective structure onto the ground during 
the roll-over. An imposed displacement is then conferred to this plane until 
the protective structure deformation energy reaches the amount of energy 
to be dissipated. The main advantage to use a plane to represent the ground, 
compared to other numerical strategies such as imposed force on some nodes 
of the model, is the plane will load all the areas of the structure that could 
come to contact with the ground, because of the structure deformation. It is 
important to consider such phenomena because the rigidity of the structure 
will evolve with the evolution of the contact with the ground. neglecting 
such phenomena will lead to a wrong assessment of the energy dissipated 
by the structure. 
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a) b)

Figure 9 . Example where the contact surface between the structure and the 
ground changes from initial (a) and final position (b)

Simulating the planes representing the ground also allows to assess 
their non-penetration into the clearance zone. The explicit simulation allows 
to represent the plasticity of the materials composing the protective structure 
and its potential failure. This will help concluding on the potential collapse 
of the structure when dissipating the energy. The energy dissipated during 
deformation is followed to stop the imposed displacement when the pre-
viously calculated amount is reached. The figure below gives an example of 
a dissipated energy curve.

Figure 10 . Example of energy curve
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Another important aspect of such protective structure is the way 
they are linked to the rest of the tractor. Most of the time, the protective 
are welded or screwed to the main tractor chassis. but these links (welds, 
screws or bolts) need to be designed to resist a potential crash. An explicit 
simulation allows to draw the effort curves passing through the linking items 
of the protective structure onto the chassis of the tractor. The figure below 
displays an example of curves measuring the force through the screws fixing 
a protective structure onto a chassis. The same curves could be obtained for 
welds. The curves can represent the tension or the shear force in the linking 
items. As displayed on the figure, a threshold can be displayed to compare 
the measured forces with a potential failure.

Figure 11 . Example of screw force curves 

Simulation allows to prevent the connecting items from failing, in or-
der to record the maximal effort they endure during the energy dissipation. 
This will help the manufacturer design these connecting items adequately. 
It is also possible to let them fail to study the impact of such failure on the 
behavior of the whole protective structure, as it should not collapse during 
the energy dissipation. 
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3. Results and Discussion
The development presented above led to a complete process to assess 

protective structures as specified in the NF U02-052 standard. Two different 
steps are identified and can be led separately : the non-continuous roll-over 
assessment and the associated energies to be dissipated; and the protec-
tive structure validation. The first step can be performed with KROPS, an 
automated tool created by ceDreM. The second step can be led with any 
finite-element solver. 

kroPS provides fast and trustful results, adding a visualization aspect 
to sharpen the analysis.

What lacks (in KROPS and in the standard itself) is a validation case. 
As any standard, assumptions have to be made. It is necessary to allow a full 
numeric resolution of a deformable tractor fall along a potentially muddy ground. 
but it would be an improvement appreciated by manufacturers to perform a 
real trial to assess the gap between the standard a real roll-over of a tractor.

More importantly, it would be a great improvement to provide test cases 
to validate the roll-over calculations. Tractors designs vary and innovate more 
and more, from remote driving seats to varying wheelbase and protective 
structures widths, today’s designs are moving away from the very classical 
designs considered in the standard. hence, validation cases for several types of 
actual designs would provide reliable data to assess the validity of automated 
tools like kroPS in the prediction of roll-over and related impact energy.

4. Conclusions
The work performed on the NF U02-052 standard led to an extensive 

comprehension of its content. ceDreM activity led to the creation of an 
automated tool to predict tractor’s roll-over and a simulation methodology 
to assess the performance of tractor’s protective structures. These findings 
are now used among the french manufacturers and recognized by french 
authorities.

Another improvement of this automated tool is to ease taking into 
account many hard points and complex structures. As calculations are auto-
mated, it is possible and fast to consider many hard points and many pieces 
of equipment, and launch associated roll-over predictions.
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Abstract

noise is part of the environmental challenges that Agriculture machinery  
 has to face. Agricultural equipment may generate high sound levels which 

can generate stress and damage a person’s hearing with prolonged exposure.
Thus, pollution reduction push OEM and equipment manufacturers to 

develop solutions with higher vibro-acoustic performances. 
Poclain hydraulics designs, manufactures and sells hydraulic and electro-hy-

draulic transmissions (axial piston pumps, valves, radial motors and electronics), 
and associated services. This paper describes the noise challenges in hydraulic 
transmissions, and the different strategies Poclain aims at implementing in order 
to reduce vibration and noise of its products.

first, noise mechanism usually starts with a pulsating source (vibration or 
fluidic pulsation), which transfers through the structure or piping and finally is 
transformed in an audible air pulsation. There is a strong coupling between the 
full system and the hydraulic components mounted on it. The main challenge for 
a component supplier is then to control noise and vibration levels at a component 
level without knowing its final environment.

Same coupling phenomena are faced on test benches : noise mechanisms 
of tested components are then coupled with the test bench itself. results will then 
differ from measurements on final machine. Specific vibro-acoustic techniques 
must be put in place to qualify hydraulic components in an intrinsic way. Even if 
Standards have been published recently, implementation remains difficult and costly. 

finally, vibro-acoustic sources can also be studied through simulation. noise 
source mechanism in hydraulic components require multiphysic modelization. This 
paper will describe the different techniques put in place to understand source 
mechanism in hydraulic pumps and motors. 

Keywords : Noise, vibration, vibro-acoustic, airborne, structure borne, fluid borne, 
NVH.
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1. Introduction
from the perspective of user comfort and government regulations, 

reduced noise emissions and improved acoustics of agricultural machines 
may get a higher priority. 

Concerning hydraulic transmissions, increasing electrification of 
machines also tend to reduce the “masking effect” of thermal engines, and 
hydraulic transmission’s noise to become more audible. 

hydraulic transmission can be an audible source of noise, especially 
hydraulic pumps. 

Figure 1 : example of POCLAIN hydraulic transmission

noise of a machine is the result of the assembly of diverse components. 
In vibro-acoustics, some components are considered as ‘active’ for noise : 
they generate vibrations, or fluid pulsation or directly emit noise. All the 
other components are considered as ‘passive’ : they are not source of any 
disturbance, but they can react if they are excited (by a vibration for example).

Noise is related to the full system; active and passive components may 
be strongly coupled. (Figure 1, Figure 2)
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Figure 2 : Vibro-acoustic scheme with hydraulic pump as source

Regarding integration of hydraulic components in the final machine, 
vibro-acoustic concerns arrive usually late in development phase, and most 
parts designs and assembly are already frozen. Any modification becomes costly. 

As component manufacturer, the vibro-acoustic challenge remains 
in developing components without any information about the system con-
nected to it. 

for same reasons of coupling between source and structures, vibra-
tion or pressure pulsation levels measured on a test bench will be different 
from levels measured on the final machine. So, qualifications of products on 
bench require technics to get intrinsic levels, which means independent of 
the structure attached to it. 

Experimental technics to quantify airborne, structure borne, and fluid 
borne source levels exist, they will be described in the following chapter. 

Another challenge emerges when we focus on the mechanism res-
ponsible for noise emission, as well as designs influence in those mechanisms. 
Modelization studies are necessary. The sources of excitations are multiple, 
main part of them are fluid borne. In this case, vibro-acoustic modelization 
has to be integrated in a mutli-physical model chain in order to capture the 
full behavior. 

SIMulATIon & TeSTIng /// SIMA AgriTech Day 2022 /// 53 



2. Materials and Methods 
2.1. Source quantification of products : Test and Measurements

Measurements are used to quantify the different source levels (airborne, 
structure borne, and fluid borne). This allows to build databases of products’ 
levels (internal products and competitors). 

Those quantifications are built to facilitate the discussions about source 
levels with our customers. So they can anticipate nVh concerns during design 
phases of the structure and build specifications based on their requirements.

Problem : the source levels measurements must be independent of the 
test bench.

The different technics are briefly listed below, but details are not given 
in this paper.

Airborne noise : 
Quantity used for acoustic quantification is Acoustic Power (Lw). Mea-

surement methods for acoustic power are widely used among the industries. 
The method used in Poclain follows Standard ISo 3744, or Standard ISo 

4412, which is dedicated to hydraulic components. Those technics however 
require a specific bench : a semi-anechoic chamber.

Figure 3  : Acoustic Power measurement on hydraulic pumps in semi-anechoic 
chamber

For hydraulic systems, some challenges remain, and require efforts in 
the mounting systems : 

• Avoid measuring noise emitted by the pipes.
• Decouple the component (here the pump) from the structure 

attached to it, because this structure will also emit noise.
• Avoid noise from the control systems.
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once all of this is validated, measurements of the full range of com-
ponents allow a complete database, in which components can be compared. 
An example of Acoustic Power for a pump is given in figure 3.

Structure Borne : 
Evaluation of structure borne source level is complicated : few technics 

are available. 
The quantities used in this case are : 
• ‘Blocked Forces’ evaluated at connection points. This quantity re-

fers to the forces applied by the source at connection point, if this 
source were connected to an ideal and ‘infinitely’ rigid structure.  

• Dynamic stiffness (Impedance is also used) of the source and the 
structure attached to it. 

Evaluation of those quantities require measurements with many 
accelerometers and robust signal processing capabilities. results are very 
sensitive to measurement errors.

International Standards have been developed for those technics : ISO 
20270 or ISo 21955. They explain how to 

Use of those quantities are still at R&D stage, but tends to be more and 
more manipulated, as analysis tools become available on the market. They 
are, for the moment, mainly used in automotive industry, but can be applied 
in agricultural industry in a similar way It allows to better predict and control 
structural transfers, by optimization of impedances, for example.  

Fluid borne Noise : 
Fluid borne source quantification is even more at a laboratory level. 

Intrinsic quantities are 
• Sources pressure ripple level
• Source impedance, and impedance of the circuit. 
Those quantities must be determined in a specific hydraulic circuit 

(it means that the impedance of this circuit must be known and controlled).
ISO standards are published, and measurements require specific 

benches and capabilities, they remain complex to put in place : need of 
specific hydraulic benches and data analysis capabilities. 

ISo 15086 parts 1 to 3, or ISo 10767 pats 1 to 3. They both intend to give 
common technics in the hydraulic power industry to characterize fluid borne noise.
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Simulation based : from excitation source to noise.
As hydraulic fluid power designer, Poclain aims at reducing the source of 

fluid borne or structure borne excitations. Computation is used to better unders-
tand the root mechanisms of noise and the transfer paths.

To illustrate the challenges of noise computation in hydraulic components, 
an example is shown here on a radial piston motor. The considered noise is related 
to flow (and pressure) ripple phenomena. 

This type of phenomenon is fluid borne but it causes vibrations on the 
motor and on the final structure and then noise is emitted. Noise in this case is 
low frequency (< 500 Hz).

In order to model all involved phenomena, from source to noise, multi-physics 
simulation chain must be used. All of them use different simulation methodologies 
and different software. The simulation chain is shown in figure below : 

Figure 4 : Simulation chain example for a motor
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first, a cfD simulation is performed. The main goal is to determine the 
pressure drop coefficient at interfaces during commutation (transition of the 
piston chamber to High pressure (HP) to low pressure (LP), and vice-versa). 
The dynamic flow characteristics, including slight compression/decompression 
of fluid, is then captured for 1 piston, in time domain during a cycle.

 

Figure 5 : Example of oil velocity at interface during commutation.

Pressure and flow characteristics are then exported in 1D software : 
AMeSIM

A multi-physical model of full motor is built in AMeSIM. In this model, 
pressure and flow characteristics are input data and calculation is done on 
the full motor : all interfaces, and all hydraulic channels interactions during 
a cycle are calculated.

As a multi-domain model, the fluctuant forces related to the pressure 
under the pistons are calculated and extracted, as well as effect of different 
frictions taking place in the motor.

This motor 1D model is optimized and robust, but it does not allow 
deep understanding of structural behavior. other softwares are necessary 
for vibration and noise concerns.

AMESIM outputs will then be input data for another model : a multibody 
simulation of the full motor.

external covers, pistons, cylinder block and shaft are modelized in ADAMS.
AMESIM data are used to : 
• Apply the forces under the pistons, which will result in shaft rotation.
• Apply all necessary frictions at rollers, pistons, etc…
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Forces are fluctuant, as pressure ripple is taken into account. So 
excitations will result in vibration of the structure, and especially external 
covers and shaft. using a modal base, external covers vibration response 
can be calculated (the external parts are then considered as flexible parts 
in the software) 

Modal base is a result of another simulation : a modal analysis perfor-
med in feA software. 

because vibration levels depend on the source and on the structure 
attached to it, it has been decided to model the bench structure as well. The 
goal is to be able to compare simulation results with direct vibration mea-
surements on the bench.

Figure 6 : Multi-body model : piston and cam, full motor and then motor mounted 
on the test bench structure.
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The final step is to calculate the noise emitted from the motor. Noise 
propagation can be calculated from cover vibrations using feM (finite element 
Model) or BEM (Boundary Element Model). This step, not yet developed at 
Poclain, would help in understanding the noise propagation and localization 
of high emission zones. 

3. Results and Discussion
The simulation chain development requires calibration and optimization 

at each step. 
1D simulation outputs are shown in the figure below. They show good 

agreement between measured pressure drop at motor hP and lP branch. overall 
levels and pressure pulsation are well estimated, as shown in the colormaps.

In conclusion, pressure ripple phenomena can be well captured by cfD 
and 1D simulation of full motor. 

Figure 7 : Results from 1D simulation : Pressure drop at motor interface during spe-
cific cycle.
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The other steps of the chain show more discrepancies : realistic 
estimation of vibrations on the motor (mounted on the test bench) is more 
difficult to get. The full bench structural behavior is indeed not well calibrated. 
Parts connections or influence of pipes have to be taken into account more 
accurately to be more realistic in the motor vibration response (and noise). 

however, trends can be caught properly. As an example, full simulation 
chain has been performed for different design tricks enabling to lower or 
smooth the ripples : notches design at valving interface are one of those tricks. 

calculation has shown a reduction of vibration levels for higher har-
monics for some motors. Same reduction has been measured on bench (see 
Figure 8) and on machines. 

Figure 8 : vibration on cam for different interface configurations

This simulation is used to optimize notches designs depending on motor 
type, and on final machine requirements (pressures, cycles,…).
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4. Conclusions
Noise is system related. The development of “quiet” product is complex 

without knowing the structure on which this product will be connected to.
hydraulic transmission designers and oeMs often take noise concerns late 

in the development. And any late vibro-acoustic optimization can become costly. 
From a measurement perspective, methods for intrinsic quantification 

of source levels are available for airborne, structure borne and also fluid borne 
sources. except acoustic power determination, which is widely used in industries, 
quantities for structural and fluidic excitations are not yet commonly employed. 

Once vibro-acoustic database of Poclain products is sufficiently deve-
loped, those intrinsic quantities will allow us : 

• to better rank our products and compare with competition. 
• Set specifications and take them into account during development
• Increase dialog with oeM to anticipate noise of hydraulic products 

in final machines.
concerning simulation, modelization from source to radiated noise of 

the component is complex. A multi-physic simulation chain is necessary. It 
implies different methodologies, competencies and softwares. each simula-
tion type (CFD, FEA, multibody) has its own limitations and require calibration. 
First results are encouraging : tendencies can be caught, between different 
designs. but structure vibration response still needs to be further calibrated 
before radiated noise calculation. 
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Abstract

Semi-autonomously working field robots cannot switch between fields under  
 today’s traffic law framework on public roads autonomously. Therefore, 

they have to be attached or loaded onto a transport vehicle. The paper ana-
lyses factors influencing the idle time of the robots and the operator using 
the example of hoeing sugar beet and mowing grassland.

Based on a job description at the level of sub-operations, the workflows 
of the robots and the operator for a working day are simulated. This gives 
the following results : The number of robots that an operator can operate 
depends on the field size and the work rate as well as on the time for the 
transfer to the next field. The time for loading and unloading the robots onto 
the transport vehicle influences the efficiency significantly. If several robots 
work at the same time, the strategy of using them on different fields results 
in higher working time requirement of the operator and lower idle time of 
the robots before being transferred to the next field. Robots with a high area 
capacity can autonomously work while operator´s end of working day only 
on large fields for a long period. Several small robots with low area capacity 
working on different fields are advantageous in this context. To avoid idle 
time for the robots breaks for the operator have to be planned at the right 
time depending on field size and area capacity of the robots.

Keywords : work organization, area capacity, transport of field robots.
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1. Introduction
The first field robots that work autonomously in the field have been 

presented in recent years (gonzalez-de-Santos et al. 2017, Shamshiri et al. 
2018, Fountas et al. 2020). Compared to conventional tractor-driven ma-
chines, these robots have small working widths. Therefore, they weigh less 
and cause less soil pressure. In order to be able to process the same area 
in a timely manner, several robots must be used at the same time and these 
must continue to work outside of the operator’s working hours. however, 
under today’s technical and traffic law framework, they are not allowed to 
change to the next field on public roads autonomously. To do this, they must 
be attached to the three-point hitch of a tractor or loaded onto a transport 
vehicle. In regions like Austria with mainly small fields, this is a relatively 
important operation.

Furthermore, Marinoudi et al. (2019) and Lowenberg-Deboer et al. 
(2020) found in literature research that there is a lack of data regarding their 
working time requirement and the change in work processes for an economic 
evaluation of field robots.

In the following, therefore, the working time requirements and the idle 
time that occurs for the field robots in connection with the transfer to the 
next field and the period, the robots can continue to work autonomously after 
operator’s end of working day are examined.

2. Materials and Methods 
Based on a job description at the level of sub-operations, the workflow of 

the robots and the operator for a working day are simulated. The calculations 
bases on data from time studies on robots and comparable conventional ma-
chines. The breakdown of working time is based on Winkler and Frisch (2014). 
In order to be able to examine the effects of the area capacity of the robots 
on the question, mowing of grassland is then simulated as an operation with 
a relatively high area capacity and on the other hand hoeing sugar beets as 
an operation with a relatively low area capacity. In the simulation, operating 
speed, working width, turning time, driving speed when driving empty in the 
field as well as time requirement for transferring the robot to the next field, the 
number of field robots used and processed fields at the same time are varied. 

The first step in the simulation is planning the field-work track of the 
implement and the operator. After that, the required working time is assigned 
to each track section and the cumulative time of the equipment and operator 
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used is determined parallel. Idle times due to work organization and the time 
required for the individual fields are determined based on the cumulative time. 
The simulations are carried out for the investigated jobs for both robots and 
conventional tractor-driven implements and the results are then compared. 
The simulation is programmed in Microsoft excel.

3. Results and Discussion
The following results are based on simulations using fields with length 

to width ratio of 4 : 1. The distance from field to field or between farm and 
field is 0.5 km for a field size of one hectare, 1 km for fields with two and five 
hectares and 2 km for fields with 10 hectares. For the transfer, an average 
driving speed of 30 km/h is assumed for both robot and tractor mechanization.

Table 1 summarize the machines and determining factors for mowing 
grassland by a tractor-mounted front-rear combination and the robots. This 
data is the basis for the results in figure 1. 

Table 1 : Machines and determining factors for mowing 

Mechani-
zation Determining factor

Scenario

non-produc-
tive time high

non-produc-
tive time low

ro
bo

t w
ith

 m
ow

er
 (w

or
ki

ng
 

w
id

th
 3

 m
)

Working time requirement per field for 
loading and unloading the robots from the 
transport vehicle including job preparation 

and job closing [min per robot]

21.35 6.30

Working time requirement for preparing 
the transport vehicle for loading and 
unloading the robots [min per run]

9.62 3.60

Mowing operating speed [km/h] 12.0

Turning time [min] 0.21
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ac

to
r w

ith
 

m
ow
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 (w

or
-
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 w
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th
 9

 m
) Working time requirement per field for job 

preparation and job closing [min] 9.35

Mowing operating speed [km/h] 12.0

Turning time [min] 0.21
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In Figure 1, the working time required for mowing grassland by a trac-
tor-mounted front-rear combination with an effective working width of nine 
meters is compared to that of three robots, each with an effective working 
width of three meters. The three robots should need approximately the same 
working time as the tractor with mower at the same operating speed of 12 
km/h. In the case of a tractor with a mower, the time required by the machine 
corresponds to that of the operator. For the three robots, the time required 
for each individual robot is shown separately from that of the operator. The 
operator loads and unloads the robots from the transport vehicle, prepares 
them for the job, closes the job, transfers the robots to the next field and 
prepares the transport vehicle for loading and unloading. Two scenarios are 
implemented. In the first scenario (non-productive time high), one robot after 
the other is loaded or unloaded from the transport vehicle by the operator. 
Including the working time requirement for job preparation and job closing 
this takes 21.35 minutes per robot. Additionally the working time requirement 
for preparing the transport vehicle for loading and unloading the robots takes 
9.62 minutes per run. In Scenario 2 (non-productive time low), loading and 
unloading is optimized and takes 6.30 minutes per robot plus 3.60 minutes 
per run. The three robots autonomously drive up onto and autonomously 
leave the transport vehicle at the same time. In both scenarios, all robots 
work at the same time on the same field and they are transferred together 
on the same transport vehicle. 

The time required for loading and unloading the robots onto the transport 
vehicle influences the efficiency significantly. The procedure in Scenario 1 
causes high idle time due to work organization for the robots because they 
have to wait until they are loaded or unloaded by the operator. With a field 
size of two hectares, this provokes large differences between the robots in 
the working time requirement for mowing and turning and thus the mown 
area. The first two robots nearly mow the area before the third robot comes 
into action. Due to the high working time requirement of the robots for loading 
or unloading from the transport vehicle and the high idle time due to work 
organization, the working time requirement is significantly higher and their 
area capacity is significantly lower than with the tractor-mounted mower. The 
working time requirement of the operator is also significantly higher than 
that of the tractor driver. In Scenario 1, the increase of the field size causes 
a substantial reduction in the working time requirement for loading and 
unloading from the transport vehicle as well job preparation and job closing 
and the idle time due to work organization.
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Figure 1 : Working time requirement of three robots (3 m working width) and a 
tractor mounted mower (9 m working width) when mowing grassland

optimizing the loading and unloading of the robots leads in Scenario 
2 to a significant reduction in the working time requirement of the robots 
and their operator. The area capacity of the three robots reaches that of 
the tractor with mower. The effect of field size on working time requirement 
decreases compared to Scenario 1.

With a field size of five hectares, the working time requirement and 
the differences between the robots and the tractor with mower in Scenario 
1 decrease. This shows that an optimized transfer from field to field of the 
robots is particularly important in regions with small fields.

Sugar beet hoeing is selected to investigate the effect of a low area ca-
pacity on the area-related idle time due to work organization. The determining 
factors for the simulation of hoeing by a tractor-mounted 12-row hoe and the 
4-row robots are summarized in Table 2. The results in figure 2 bases on the 
procedure described in Scenario 2 of figure 1. The operating speed of the 
robots and the tractor-mounted hoe amounts 3 km/h. Due to the lower area 
capacity, the execution time (hoeing) and turning time increase significantly. 
The working time requirement of the robots for loading or unloading from 
the transport vehicle as well as for job preparation and job closing changes 
little compared to figure 1. The same applies to the idle time due to work 
organization. however, their percentage decreases sharply. The working time 
requirement of the operator for loading or unloading from the transport vehicle 
as well as for job preparation and job closing also remains approximately 
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the same, while the idle time due to work organization increases sharply. It 
amounts between 77 and 95 % of the total time working time requirement 
of the operator depending on the field size. This means that the idle time of 
the operator is 0.68 h for a field with a size of one hectare. With a field size 
of five hectares, it increases to 3.30 h. For this reason, the operators of the 
robots have to carry out another activity in addition to operating the robots 
in order to use their working time effectively.

Table 2 : Machines and determining factors for hoeing sugar beet

Mechani-
zation Determining factor

Scenario

non-productive time low
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Working time requirement per field for 
loading and unloading the robots from the 
transport vehicle including job preparation 

and job closing [min per robot]

6.30

Working time requirement for preparing 
the transport vehicle for loading and 
unloading the robots [min per run]

3.60

Mowing operating speed [km/h] 3.0

Turning time [min] 0.31
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Working time requirement for job prepara-
tion and job closing [min] 6.31

Mowing operating speed [km/h] 3.0

Turning time [min] 0.31

 In all figures, transit time corresponds to the working time required for 
driving from field to field. Loading and unloading the robots from the trans-
port vehicle as well as job preparation and job closing includes the working 
time requirement for loading and unloading the robots from the transport 
vehicle including job preparation and job closing as well as the working time 
requirement for preparing the transport vehicle for loading and unloading 
the robots in Table 1 respectively 2.
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In Figure 1 and 2, all robots are working on the same field at the same time. 
When the field is finished, they are transferred together to the next field. In Figure 
3, each robot works alone on a field. Once it has finished working on the field, the 
operator transfers it to the next field by means of a transport vehicle. The other 
determining factors are the same as in figure 2. by changing the procedure, the 
working time requirement of the operator when using three robots on fields with a 
size of one hectare increase from 0.89 h/ha to 0.96 h/ha (compare column 3 robots 
in Figure 3 with column Robot operator at a field size of one hectare in Figure 2). 
The increase is mainly caused by the increase of the working time requirement for 
transit and preparing the transport vehicle for loading and unloading the robots. 
In contrast, the working time requirement of the robots decreases from 2.65 h/
ha to 2.39 h/ha. This is caused by the decrease of the working time required for 
transit, for loading and unloading the robots from the transport vehicle, for job 
preparation and job closing as well as for idle. If a fourth robot is used, the working 
time requirement of the robots’ operator is lower than that of the tractor’s operator, 
who works with a 12-row hoe. reasons are the increase of the area processed 
at the same time and the decrease of idle time. under the general conditions in 
figure 3, an operator can operate a maximum of six robots without causing idle 
time for the robots. The maximum number of robots that can be operated by one 
operator without idle time for the robots depends on the one hand on the field 
size and the area capacity and on the other hand on the working time required 
to transfer the robots to the next field.
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Figure 2 : Working time requirement of three robots (1.8 m working width)  
and a tractor mounted hoe (5.4 m working width) when hoeing sugar beet
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Figure 3 : Working time requirement of the robots’ operator for hoeing sugar beets 
(Scenario Non-productive time low, field size 1 ha)

robots can autonomously work while operator’s end of working day 
until they have to be transferred to the next field. Table 3 shows some exa-
mples. robots for operations like mowing with a high area capacity can only 
on large fields work for a long period. In this context, robots for hoeing with 
low area capacity are advantageous. To avoid idle time of the robot due to 
work organization breaks for the operator have to be planned depending on 
field size and area capacity of the robots.

Table 3 : Period of time that robots can work while operator’s end of working day

robot with ..
Field size [ha]

1 2 5 10

.. mower (working width 3 m, operating speed 12 km/h) 0.4 h 0.6 h 1.4 h 2.6 h

.. 6-row hoe (working width 3 m, operating speed 750 m/h) 5.4 h 10.2 h 24.4 h 48.1 h

.. 4-row hoe (working width 1,8 m, operating speed 750 m/h) 9.0 h 16.7 h 40.7 h 80.7 h 
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4. Conclusions
If several relatively small robots shall replace a more powerful implement 

attached to the tractor, the transfer of the robots from field to field must be 
designed in a time-efficient manner. If this is not the case, the working time 
requirement per hectare for the robot operator is significantly higher than 
that of the tractor driver. In this context, small fields are particularly critical 
for operations with a high area capacity, such as mowing grassland.

The maximum number of robots that can be operated by one operator 
without idle time for the robots depends on the one hand on the field size 
and the area capacity and on the other hand on the working time required 
to transfer the robots to the next field. The working time requirement for 
loading and unloading the robots onto the transport vehicle influences the 
efficiency significantly.

If several robots work at the same time, the strategy of using them on 
different fields results in higher working time requirement for the operator 
and higher area capacity of the robots.

robots with a high area capacity can autonomously work while opera-
tor’s end of working day only on large fields for a long period because they 
need the operator for changing to the next field. Several small robots with 
low area capacity working on different fields are advantageous in this context. 

In order to avoid idle time of the robots, the field size and area capacity 
of the robots must be taken into account when planning the time for the 
operator’s breaks.
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Abstract

While the european agricultural context is becoming increasingly complex, 
due in particular to the growing variability of climatic and therefore 

economic hazards, many farmers are looking for digital tools to help them 
optimise their practices and farming strategies. To this end, three french 
flagship Innovation experiments have been developed to assist farmers in 
multiple ways, whether to predict the consequences of each decision and 
manage their farming activities in a sustainable way or to include them as part 
of the development of solutions that fit their needs. Funded by the European 
horizon 2020 programme, these solutions have been developed as part of the 
SmartAgriHubs project aiming at accelerating the digitalisation of European 
agriculture by promoting an ecosystem of innovations dedicated to sustainable 
agricultural production.  During the 4 years of the project, the entire French 
AgriTech ecosystem necessary for the operational implementation of these 
facilities has been developed, which has a direct impact on the adoption of 
digital tools by farmers and on the daily life on the farm.

Keywords : data assimilation, crop model, remote sensing, monitoring tool, test, 
living-lab.
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1. Introduction
for several years now, a strong drive has been seen in the agricultural 

sector to sei ze the opportunities offered by innovative solutions. Digital 
technologies, such as cloud computing, the Internet of Things, big Data, 
blockchain, robotics and artificial intelligence, are enabling a transformation of 
agricultural operations by driving systems through data. These new intelligent, 
agile and autonomous technologies can be remotely controlled and seamlessly 
integrated into the food chain all the way to the final consumer. This “fourth 
industrial revolution” (Industry 4.0)1 can be part of the solution to the major 
challenges facing agriculture such as climate change, the lack of workforce 
and renewal of generation, the claim of more transparency from consumers. 

Indeed, automation of farm machinery and more precise control of inputs 
allow better management of resources and transform agricultural work by 
reducing the share of physical tasks, data from satellites and on-site sensors 
offer rigorous monitoring of crop growth and land quality, digital traceability 
solutions allow streamlining and transparency of supply chains from the farm 
to the consumer2. In this way, digital agriculture could ensure a secure and 
sustainable supply of quality food, promote resource efficiency, and ultimately 
participate in the development of the circular economy. 

however, despite the interest that investors and policy makers may 
have in the subject, digital technology has not yet reached its true potential 
in agriculture. The adoption rate of digital tools for agriculture by farmers and 
their advisors is still limited. The majority of farmers seem reluctant to adopt 
digital tools or they only invest in tangible and proven technologies, such as 
tractors with precise guidance systems or milking robots. farmers want to 
have feedback on the technology before investing. besides the infrastruc-
tural problems that still occur in rural areas, one of the reasons for this is the 
fragmentation of knowledge and expertise around digital farming. In addition, 
the lack of analysis on the cost/benefit ratio of digital solutions for agriculture 
may constitute another obstacle to the adoption of these technologies on a 
larger scale. furthermore, it can be seen today that some digital solutions 

1 originating in germany, the term 'Industry 4.0' applies to rapid transformations in the design, 
manufacture, operation and service of manufacturing systems and products (european Parlia-
ment, 2015a 

2 McFadden, J., et al. (2022), “The digitalisation of agriculture : A literature review and emer-
ging policy issues”, oecD food, Agriculture and fisheries Papers, n° 176, Éditions ocDe, Paris, 
https://doi.org/10.1787/285cc27d-en
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do not fully meet the needs of professionals in the agricultural sector and are 
not always interoperable with each other. These are the problems targeted 
by the SmartAgriHubs project. 

This paper will demonstrate the approach of the SmartAgrihubs pro-
ject’s contribution to the digital transformation of agriculture at European 
level, and more specifically in France.

2. Materials and Methods 
For the past 4 years, the European project SmartAgriHubs funded by 

the european union’s research and innovation programme “horizon 2020” 
has been at the heart of the european agricultural technology ecosystem. 
Its aim was to bridge the gap between potential users and creators of digital 
solutions. This €20 million European project brought together a consortium of 
over 164 partners, including start-ups, SMes, business and service providers, 
technology experts and end-users, using a multi-stakeholder approach and 
covering a wide network of value chains in all EU Member States. 

The SmartAgriHubs (SAH) project serves as a key to the interconnec-
tivity and knowledge sharing between the different stakeholders and end-
users (farmers) who are the driving force behind digital transformation.  
The creation of the SmartAgriHubs network is based on five concepts (Figure 
1)3 : I) the Competence Centers (CCs) that form the cornerstone for Digital 
Innovation hubs by providing technical expertise, test infrastructures, access 
to the latest knowledge, etc., II) Digital Innovation Hubs (DIHs) where the 
competences are matched with demands, coordinated and supported by 
concrete services to turn this cooperation into III) Innovation Experiments 
(IEs) in which ideas, concepts and prototypes are further developed, proved 
and finally introduced into the market. As many agricultural DIHs were not yet 
fully ready to achieve the desired digital transformation at the beginning of 
the project, an integrated online assessment tool, IV) the Innovation Services 
Maturity Model (ISSM), has been designed to assist DIHs’ innovation services 
to reach the desired level of maturity. Finally, V) the Innovation Portal serves 
as a searchable register, knowledge exchange, brokerage portal and helps 
to deal with a large number of DIhs, ccs and Ies.

3 grant Agreement n°818182, “connecting the dots to unleash the innovation poten-
tial for digital transformation of the european agri-food sector”, horizon 2020, https://doi.
org/10.3030/818182.
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Figure 1 SmartAgriHubs project combines five concepts to build up the multi-laye-
red network of DIHs

To create concrete interactions between this multi-layered european 
network, the SAHs project is divided territorially into nine Regional clusters 
(RC) (Figure 2), which are led by organisations closely linked to national or 
regional initiatives for the digitalisation of the agricultural sector
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Figure 2 SmartAgriHubs gathers 9 Regional Clusters spread across Europe

In france, the regional cluster is coordinated by Acta – the agricultural 
technical institutes and the Pays de la Loire Region (Figure 3). It relies on 
three Flagship Innovation Experiments (FIE), where technological solutions 
are put into practice. These fIes are conducted with the help of Digital In-
novation hubs and technological support provided by competence centers. 
Their developments will be detailed afterwards.

This multi-stakeholder partnership makes it possible to mobilise and 
share the expertise, technologies and knowledge of all relevant actors.
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Figure 3 Multi-stakeholder approach of SmartAgriHubs in France

The SmartAgriHubs project serves as a catalyst for game-changing 
innovations in smart farming techniques. It contributes financially to the 
digital transformation of agriculture and encourages the realisation of new 
innovation experiences. In order to expand the existing SAh community 
network of Digital Innovation hubs and competence centers, and to im-
prove their services, SmartAgrihubs offered funding through open calls. 
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SmartAgriHubs organised five different calls carried out by established or 
new DIHs (Figure 4).  In total, more than €5,7 million of funding was provided 
to 76 selected proposals. 

The project also trains and informs the end-users throughout the lifetime 
of the SmartAgriHubs project via the Innovation Portal. This Portal is a web-
based interactive platform whose goal is to expand and better connect the 
network of key AgriTech stakeholders across europe. To that end, it serves 
a multifaceted purpose :  

• it is a search engine that maps the existing digital technologies 
and partners across Europe;

• it is a library dedicated to the exchange of knowledge and expertise;
• it has a training section where different type of training oppor-

tunities offered by the SAH community members can be found : 
training on location, webinar and e-learning;

• a calendar is available to help members find relevant events to 
attend and advertise their own events;

• a discussion forum is a place to discuss topics relevant to the 
SAh community. Its aim is to promote interaction and to foster 
an exchange of ideas and opinions.

easily accessible to farmers and their businesses as well as to digital 
solution developers and providers, the innovation portal helps to deliver a 
digitalized european agrifood sector catalogue of actors. All in all, through its 
activities, SmartAgrihubs leverages, strengthens and enables the full picture 
of the european agri-food sector in order to increase its competitiveness 
and sustainability.

3. Results and Discussion
The first concrete result of the SmartAgriHubs project is its ability to 

build a national ecosystem gathering more than 90 french entities on its 
Innovation Portal. These entities include innovation clusters and companies, 
start-ups, public administration bodies, universities and research institutes, 
communication agencies, associations, etc. 

The second achievement is the selection and development of three 
Flagship Innovation Experiments (FIE) in France : DIGI-PILOTE, STRATE-
GEEK, and Agri Farmlab. The first innovation experiment, DIGI-PILOTE, aimed 
at improving an existing decision support tool designed to assist farmers in 
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monitoring the condition of wheat during the growing season. A first version 
of the tool, named éPILOTE, was tested on durum wheat in South-East of 
france in about thirty farms between 2018 and 2021. The partners of the fIe, 
Arvalis - Arable crops institute, Acta – the agricultural technical institutes, 
Acta Digital Services, AgDatahub, Duransia and the Agricultural cooperation 
sought to upgrade it by making it automatically functional and usable for all 
type of wheat at a national scale. To assess the effectiveness of the solution 
and its adaptability to other territories, DIgI-PIloTe relied on a Digital Inno-
vation hub, the DIgIferMeS® network. This network of digital farms expe-
riments new digital technologies in various production contexts : in different 
regions, in conventional and organic systems, and in mixed farming systems 
as well as field crops. The network also made it possible to evaluate the triple 
performance of the tool : technical (impact on yield), environmental (impact 
on the efficiency of water and nitrogen uses) and economic (impact on the 
gain). The latter showed that the éPILOTE tool improves the yield (5q/ha in 
average); the water and nitrogen efficiency of the wheat crop : 3.3 kg N/t and 
1.1 q/ha per 10 mm irrigation respectively. Finally, the average economic gain 
was 83 €/ha on the plots monitored during the two years of experimentation.

During the 3 years of the project, the entire agricultural and technical 
ecosystem necessary for the operational implementation of the tool has 
been developed : 

I. Assimilation of satellite data into a wheat crop model (Soenen et 
al., 2018 ; Deshayes et al., in press); 

II. Development of Application Programming Interface (API) linking 
interfaces and calculation engines; 

III. Improvement of the éPILOTE web interfaces and alert by short 
message service (SMS) in case of nitrogen or hydric stresses.

The web application facilitates monitoring as the farmer automatically 
receives an alert informing about the state of the fields and the need to perform 
a technical operation. Farmers could also follow their fields day-by-day with an 
easy-to-use interface and smart graphs; however, the tool includes a chatbot 
to help them fill in the farm field information. In addition, the dashboard allows 
the technician to follow all the plots immediately. by hovering over the map, 
a detailed report on the situation of the plots is available : name, location, 
water and nitrogen alert thresholds. This allows real-time monitoring for both 
the farmer and the technician and helps them to manage the wheat crops 
while dealing with daily problems.
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At the end of the DIGI-PILOTE project, 25 farmers and technicians use 
the éPILOTE web application on a daily basis. The feedback from the farmers 
involved in the project shows that they are very enthusiastic about the tool. 
Moreover, it is an easy tool to implement : unlike other digital support tools (DST) 
with on-board sensors, farmers do not need any equipment to use éPILOTE. 
The tool has been made available free of charge to members of the Duransia 
agricultural cooperative throughout the project and discussions are underway 
to roll out a commercial offer for members of the Agricultural cooperative and 
the Duransia cooperative.

The second innovation experiment, STrATe-geek, aimed at upgrading 
an existing tool for assessing diversified cropping systems at farm scale, SYS-
Terre®. begun to be developed in 2008 by Arvalis - Arable crops institute, 
and, since 2017, in partnership with Terres Inovia - Institute for oil and protein 
crops and hemp, ITb - Sugar beet institute and Acta - the agricultural technical 
institutes, the SYSTerre® multi-criteria evaluation tool is based on standardised 
and scientifically robust calculation methods that make it possible to provide 
a precise and complete description of the functioning of a cropping system. 
The tool automatically calculates a panel of 20 main technical, economic, and 
environmental performance indicators, reported at different scales : plot, crop, 
cropping system and farm. for instance, it follows cropping systems’ evolu-
tions over time and evaluates the impact of technical choices on economic 
performance, the level of input dependency, and the energy footprint. It is 
interoperable with the existing land management software compatible with 
DAPloS exchange format, saving users valuable time on data entry.

Within the framework of the STRATE-GEEK project, the objective was 
to make this multi-criteria evaluation tool available to farmers and advisors 
in a web format in order to increase its scope of use in an open innovation 
ecosystem. 

During the 2 years of the project, the necessary developments have 
been carried out : 

I. Identification of strategic tooling needs through surveys of various 
stakeholders;

II. organisation of demonstrations of the tool using the Terrasolis 
and DIGIFERMES® networks;

III. conversion of the SYSTerre® tool to web format for greater 
accessibility : www.systerre.fr;

IV. Revision of the interfaces for more intuitive and efficient navigation.
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This progress has facilitated the use of the tool by end-users (research 
engineers, advisors, farmers,…) related to data entry, export, etc. It has 
also facilitated future developments. Moreover, in order to ease the tool’s 
adoption and to master all the features of SYSTerre®, free access to the 
tool is preceded by a compulsory one-day training session which ends with 
a three-hour individualised tutorial on data entry and validation.

finally, the third flagship Innovation experiment, Agri farmlab, is a 
support system for innovative solutions that brings together farmers and 
companies developing ideas and digital solutions for agriculture. The Agri 
farmlab partners, Inf’Agri85, the Pays de la loire chamber of Agriculture, 
the Vegepolys Valley and Images&Réseaux competitiveness clusters, aimed 
at matching digital solutions to the needs of the field and testing them on 
farms prior to their commercialisation. Since 2019, Agri farmlab has selec-
ted 5 innovative AgriTech small and medium-sized enterprises (SMEs) to 
accompany them in the co-construction of their solutions. These SMes were 
introduced to a network of farmers and coached by experts, in addition to 
receiving a €20,000 grant for a period of 2 years. one of these SMes is My 
Bacchus-Onafis, a company offering intelligent solutions that help winemakers 
control and monitor the winemaking process (temperature, pressure, dissolved 
and volatile gases, pH, etc.)4. This year, My Bacchus-Onafis has announced 
a fundraising of €2 million from Demeter Investment fund. That will allow the 
company to strengthen its team and pursue its technological research and 
development. The other SMEs and initiatives supported by Agri Farmlab are : 

• The company Aptimiz, offering a tool designed to measure and 
optimize working time. The management of agricultural working 
time is done without inputting data, only via geolocation, which 
determines the position of the farmer (a plot of land, a meadow, his 
office, etc.) and records the time spent by the farmer at different 
locations. The data is available on a mobile application and website5.

• Another SMe, baoba, has developed a grazing management 
software that allows the user to draw up his layouts and calcu-
late agronomic data (feed, entry/exit dates for livestock, animal 
movements, etc.)6.

4  More information available here : http://mybacchus.net/

5 More information available here : https://aptimiz.com/

6 More information available here : https://baoba.ag/
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• The company Advansee is developing and marketing a territory-wide 
pest monitoring system based on the e-gleek connected trap. 
Equipped with a camera, the device makes it possible to report 
in real time on the insect species present locally.7

• Developed by the start-up Tekxia, MobiProtect is an energy au-
tonomous mobile platform equipped with connected cameras to 
monitor temporary and/or remote agricultural sites.8

The aim is to encourage digital innovation in the agricultural world by poo-
ling skills and challenging ideas. connecting innovations to the expectations of 
the field and giving them every chance of success are the objectives of the Agri 
farmlab partners who, within the SAh, have created an active and sustainable 
network of SMes and farmers interested in the new solutions proposed.

lastly, the third achievement is linked to the french regional cluster and 
the initiatives supported through the SmartAgrihubs open calls. for instance, 
SmartAgrihubs has funded a platform to connect employers and agricultural 
workers to avoid labour shortages in the sector, a major problem during the Co-
vid-19 crisis; another project deployed a blockchain platform in the food industry 
and among retailers to provide transparency to consumers about their products. 
In total, six projects were selected and financed in France via the open calls. It 
required a lot of work and communication from the French Regional Cluster, but 
it permitted the selected partners to build innovative solutions, organise activities 
and develop their services for the AgriTech sector. 

4. Conclusions
In conclusion for DIGI-PILOTE, during the SAH project the collaborative 

work with different partners from competences centers and Digital Innovation 
Hubs have 1/ made available the éPILOTE tool to assist farmers in monitoring 
their wheat crops; 2/ validate the gain brought by coupling a crop model and 
satellite data and 3/ trained end-users in its use. future developments of the 
tool include finalisation of the computer security of the calculation chains to 
monitor a larger volume of farm fields simultaneously as well as finalisation of 
the commercial offer allowing its deployment on a broader scale at national level. 

7 More information available here : https://www.advansee.com/

8 More information available here : http://tekxia.alkante.com/login
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regarding the STrATe-geek, the developments carried out within the 
project have made it easier for users to manipulate the SYSTERRE® tool. After 
the end of the SmartAgriHubs project, the same consortia will continue to 
improve it : it is planned to broaden the panel of calculated indicators, addi-
tion of biodiversity indicators and indicators for calculating low-carbon label 
items. regarding the IT part, it is also planned to initiate developments in 
order to outsource the calculations. lastly, the interface will soon be available 
in english, but the repositories used will remain french for the time being.

finally, the Agri farmlab will continue to play the role of third-party 
facilitator between farmers and AgriTech players. The consortia of Inf’Agri85, 
Images&Réseaux, Vegepolys Valley and the Pays de la Loire Chamber of Agri-
culture are currently developing a service offer based on the SmartAgrihubs 
outcomes. This new offer à la carte includes a diagnosis and advice from 
agricultural experts, contact with a network of producers, co-construction 
of experimentation protocols, monitoring and assessment of the study, and 
dissemination of the results through specialised communication media. Three 
new SMes are accompanied by Agri farmlab today. They all come from different 
sectors of activity : animal welfare, fertiliser and carbon management. The 
diversity of the projects accompanied makes the strength of Agri Farmlab.

The figures of the SmartAgriHubs project showed its relevance and how 
much AgriTech is becoming a major topic, knowing that the Innovation Portal 
counts more than 3000 active users across europe. The Innovation Portal 
and its resources are also a success as a database with many contributions, 
including articles and shared events.

The added value of the SmartAgriHubs project compared to other 
European projects is not so much the incentive or training of farmers and 
advisors in the use of digital tools but the identification of their needs and 
creating partnerships between the various AgriTech stakeholders and farmers. 
This strengthening of the human link has made it possible to create an active 
SmartAgrihubs ecosystem, in france as well as in europe, and to develop 
digital solutions based on end-users needs. 
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Abstract

The evolving Ag industry is anxiously awaiting what comes next in the  
 digital world. back in 2001, the ISo 11783 standard, commonly known 

as “ISobuS”, was introduced during Agritechnica. This machine network 
connects tractors, implements, and after-market devices together, improving 
farming efficiency. Now, twenty years later, the quest for higher performance 
requires the new technology, “High Speed ISOBUS” (HSI) which is based on 
an automotive ethernet standard, “1000bASe-T1 Type b”. one key to hSI is 
speed – it’s 4,000 times faster than ISobuS. Another is its support for large 
machines typical in Ag, unlike cars. 

The next level of connectivity is machine-to-machine; the focus of 
“Wireless In-field Communication” (WIC). Here the key use cases include the 
transfer of prescription and coverage maps, remote camera viewing, and 
command and control of nearby machines as well as on-road and in-field safety.

The Ag industry produces, and consumes, huge amounts of data 
throughout the food chain. Today, most manufacturers have their own sof-
tware and web portals that allow customers to connect to “their” vehicles 
to manage the data. The AEF Agricultural Interoperability Network (AgIN) 
serves to address this gap by creating a network of peer-to-peer platform 
connections. To use this network, each participating company is registered 
and certified for each service they provide or consume, from AgIN. In this way, 
AgIn supports the farmer with trusted access to their data using their preferred 
portal, readily gaining insights of value in today’s precision farming world

Keywords : Agricultural Industry Electronics Foundation, ISOBUS, HSI, High 
Speed ISOBUS, WIC, Wireless In-field Communication, AgIN, Agricultural Intero-
perability Network.
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1. Introduction
The continuously evolving Ag industry is waiting for what comes next 

in the digital world and is highly motivated to move forward. Agriculture 4.0 
and digitalization show lots of possibilities which challenge the Ag industry. 
The work on High-Speed ISOBUS (HSI) and Wireless In-field Communication 
(WIC) as well as the definition of an Agricultural Interoperability Network 
(AgIN) have been started to address some of these challenges thereby as-
sisting the digital evolution.

HSI – High Speed ISOBUS 
While there has been a perception of the need for a faster network for 

several years, one of the first steps was to identify and document use cases 
requiring a faster network. From that work, several main use cases emerged : 

• More precise command and control of prescription,
• More precise data logging of “as applied” and yield information,
• higher and more responsive displays of information and features,
• Process viewing using digital cameras.

Reflecting back to Agritechnica 2001, the ISO 11783 CAN-based 
agricultural electronic network standard was first introduced to the world 
by its marketing name, “ISobuS”. With this network standard, electronics 
communications between tractor, implement, and after-market devices has 
continuously evolved to enable a higher performance control of agricultural 
equipment and processes. This technology has improved both operator and 
farming efficiency, in a non-proprietary manner.

now, twenty years later, ISobuS is still serving the industry very well, 
and will continue to do so for many use-cases. However, in the quest for even 
higher performance, higher precision control, and improved automation, a 
new network technology is needed. 

The chosen technology for High Speed ISOBUS (HSI) is a 1 Gigabit per 
second ethernet technology referred to more formally as 1000bASe-T1 Type b.

The first key attribute of this 1 Gb/s network is that it is about 4,000 
times faster than today’s cAn based ISobuS. This opens the door for 
greatly advancing the performance of many applications – which would not 
be possible with the existing ISobuS. further, hSI is positioned as a new 

“foundation” with plenty of room to grow and support evolving agronomic 
and machine applications.
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Another important attribute is based on the reference to “Type b”. 
1000bASe-T1 “Type A” has been available for several years, however it is 
designed for the automotive industry, defined to a maximum network segment 
length of 15 m (49 ft), which easily meets the needs of classic “automotive”, 
but it comes up far short for the size of agricultural equipment. Type B, on 
the other hand, is specified for a network segment length of 40 m (131 ft). 
The size of mid to large tractors and implements clearly makes the Type 
b far more suitable for the Ag industry and avoids the additional cost and 
complexity of signal repeaters every 15 m.

This combination of bandwidth, and network segment length, will 
provide the Ag industry with a stable architecture for many years to come, 
just as the existing ISOBUS has served the industry for the last many years.

 Figure 1 : Architecture example with HSI
As an example, the performance offered by a 1000bASe-T1 Type b 

network easily supports both the control and data logging of numerous 
parameters on each and every row of a large planter. even tracking the gPS 
coordinates of every seed could be easily supported. And it can do so at a 
performance level that cannot even be imagined on the existing ISobuS 
network, while using just a few percent of the capability (bandwidth) of HSI. 
It can also, simultaneously, support the delivery of very high-quality camera 
streams from anywhere on the system into the operator station. beyond 
these more obvious applications, the bandwidth may be leveraged, along 
with Wireless In-field Communication technology to virtually join one or more 
machines together for further advances in automation.

hSI is based on ethernet, the same technology that is used worldwide 
for Internet communications. because ethernet and ethernet communications 
standards are pervasive, some of the many needs have already been worked 
out by other associations and standards groups. That will translate into the 
creation of new systems that are plug-and-play, how one device can discover 
and use the services of another. This goes even further into how to secure the 
communications on the network to ensure the data is authentic (not tampered 
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with or spoofed), or even encrypted where it should be to protect the data 
owner’s information. There are other features of this new network technology 
that will aid in developing the protocols to ensure the system operates in a 
functionally safe manner – even as the level of automation greatly increases.

because this 1000bASe-T1 Type b ethernet communication technology 
is quite new, AEF reached out to find commonality of need, and technical 
expertise, in other industries with a similar need. That industry collaboration 
is beginning to pay dividends as AEF joins forces with experts from Earth 
Moving Machinery, Mining Equipment, Forestry, Building Construction and 
on-road Truck and Trailer associations.
There are some fantastic synergies between these industries : 

• Equipment is large – and well aligned to that Type B technology. 
This translates to a common need for the silicon technology which 
should help improve its availability and lower the cost.

• each industry group comes with a variety of technical experts 
in this ethernet technology. And while any one industry may not 
have the needed expertise to efficiently develop a new standard, 
together each brings a technical strength where the other’s may 
have a weakness.

• Much of the network communication language (the protocol) 
may also be identical across these industries, the commonality 
of which will aid in advancing the development more quickly than 
each industry could going it alone.

Yet each industry is also unique, so the applications that are unique to 
each industry will remain so. for example, Task controller in agriculture is 
uniquely different than Land Leveling in the Earth Moving industry. Together 
these industries expect to find common applications; camera systems for in-
cab monitoring of the surroundings and processes are one obvious possibility.

The electronic technology that makes up high Speed ISobuS is, at 
present, significantly more expensive than the existing ISOBUS technology. 
for this reason, it does not make sense to simply replace ISobuS with hSI, 
except where there is a value that can be delivered that is well beyond the 
cost basis. Aef sees that this is the case for many of these use cases that 
cannot be accomplished with the traditional ISobuS, and where customers will 
favor an industry standardized solution over a variety of proprietary solutions.

Initial applications will see greatly improved performance and precision 
in command and control of precision farming scenarios, reducing wasted 

90 /// SIMA AgriTech Day 2022 /// AgrIculTure 4.0



material, time, and energy. This improvement can then evolve into even higher 
levels of automation, further reducing the requirements on the operator to 
maintain their efficiency throughout long hours of operation. With HSI, the 
user interface also has the possibility to be improved – first by performance 
with more rapid updates to the on-screen information, and further by other 
usability aspects in the user experience. With the planned standardization 
for integrating digital cameras, in a non-proprietary manner, the operator will 
see value in much higher image quality as they monitor processes. With HSI 
as a new high performance reference architecture, Aef can easily forecast 
further increases in automation, which can then extend through Wireless 
Infield Communication beyond the single machine into the effective coordi-
nation, command and control, remote monitoring and interaction, of multiple 
machines working together.

WIC – Wireless In-field Communication
With AEF’s focus on in-vehicular networking (HSI) and backend-based 

communication (AgIN), Wireless In-field Communication (WIC) is addressing 
direct, infrastructure-less, machine-to-machine communication as well. on 
the path to WIC standardization, a number of use cases were identified, 
some of which are : 

• Transfer of prescriptions, coverage maps and task data (e.g., 
guidance reference lines) from one machine to another for coo-
perative use (Process data exchange)

• Remote viewing of a camera on a nearby machine (video application)
• Command and control of an adjacent machine (Platooning)
• On-road and In-field safety (C-ITS)

Each of these use cases has their own bandwidth and latency requirements. 
Given the need for high bandwidth transfer, the inclusion of these requirements 
into the hSI architecture can again lead toward reduced system complexity.

AEF decided to use radio technology from automotive to ensure sufficient 
range and bandwidth. 802.11p or C-V2X is a technology coming with a reasonable 
set of functionalities and already existing higher layer protocols, which could 
be tailored for agriculture use cases. Independent from any given or non-given 
infrastructure the above-mentioned use cases in interoperability will be covered. 
Only high-volume data streaming, which is required for remote camera applications, 
will need to be covered with another radio technology due to bandwidth restriction.
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A solution to functional safety and security is also part of this work. looking for a 
black channel approach to fulfill safety requirements up to a use within AgPL-c 
applications. for security, privacy of data and avoiding misuse of the system has 
to be ensured. Mechanisms like signing of messages and encryption technology 
is seen as required. The AEF will be here in the role of a trust anchor to ensure 
interoperability by providing root certificates allowing the setup of individually 
defined communication groups to share even confidential data within a defined 
team of cooperative machines. 

Figure 2 : Common Coverage Map test for Section Control feature
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The Aef team is working together with partners from universities and 
industry to make infrastructure free, direct and interoperable machine-to-ma-
chine communication as a major enabler of digital driven agriculture. 

To prove functionality and gather feedback from professional operators 
of ag machinery AEF performed a field test with 3 tractors in a seeding appli-
cation in spring 2021. The goal of this test was to show how a collaborative 
section control feature would work. Therefore, the tractors were equipped with 
radio hardware and a modified task controller to share coverage data within 
this group. This test with three tractors was held at an education facility for 
on-the-job training of farmers and contractors. Beside the technology-orien-
tated test (range test, joining/leaving workgroups, behavior on connection 
loss/reconnecting), the usability was also in focus. 
Relevant results of field-test : 

1. Required bandwidth is (20kBit/s on average per tractor communi-
cating) rather small, this means there is no danger to flood the given 
spectrum with data

2. After connection loss or joining the group with a new vehicle the re-
quired time of 10 seconds per hectare to update the already worked 
area is quite small. Typically, even with large fields the update is much 
quicker than getting the implement in to a working status 

3. The communication range was comparable to an already existing test. 
We achieved a maximum range of 1 km with a rather simple retrofit 
antenna and the given limitation of the size of the available field.

4. For useability it’s really important to transmit all required data for 
the job. This means adding data like guidance reference lines, field 
boundaries or headland information is crucial. In general, it was highly 
welcome to have a system which does not require any backend 
connectivity or configuration. 

5. The functionality of the task controller was enhanced by a version 
control system. All geo referenced data is stored in a distributed revision 
system (DRCS). This is comparable to software like GIT where data is 
stored locally and submit, merge and other operations are performed 
without a master. This ensures on the one hand that every vehicle is 
having a complete set of data on board but also means that if a vehicle 
will leave the working group potentially only a small part of data will 
not be shared. A merge of log data is foreseen in the backend. This 
makes more sense to have the possibility to ensure machine-oriented 
performance evaluation. beside the overall work evaluation.
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Figure 3 : Field Results from Spring 2021

In summary, the WIc experts are working on a solution for collaborative 
field work with a focus on robustness and ease of use. Utilizing automotive 
radio hardware will be beneficial to ensure short time to market and well 
proven functionality. The team is planning to release a first draft of the gui-
deline for the common coverage map feature in 2022 to be able to gather 
feedback from the industry. In a midterm view the Aef is thinking about 
offering a common software stack with a basic communication interface to 
boost market introduction of WIc.

AgIN – Agricultural Interoperability Network
Today almost everybody in agriculture and food production is handling 

data, from seed and chemical companies, and farmers themselves, to the 
customers of the farm products such as food processors, wholesalers, and 
retailers. The farmers with their agricultural equipment are a major generator 
of data, and simultaneously also a major beneficiary of the data as it can help 
to operate more efficiently as well as support processes and businesses all 
along the food chain. 
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While data can generate beneficiaries almost in every single point of 
the chain, there are regularly unforeseen handover points. This means in parti-
cular that within the agricultural sector as in other sectors, many good software 
solutions have been developed completely independently of each other. The 
focus of each software and solution was more on the specific problem than on 
data compatibility. As an example, we see manufacturers having their own data 
platforms with various capabilities to improve the machine performance, and we 
see farm management software with various capabilities to improve the yield, 
while other software is focusing on carbon footprints, transportation, retail or 
other activities. And all these developments are not just focusing on specific 
segments of the food chain but are also fragmented by brands, crops, or regions. 
As a result, there is no fundamental alignment among all the solutions on how 
to exchange data, and it can appear as a patchwork of clustered solutions with 
no path forward to interconnect as well as no possibility to optimize all these 
solutions globally.

Most of the agriculture equipment manufacturers (OEMs) have their own 
software platforms which allow their customers to connect to their vehicles and 
view the data being generated whilst some of the smaller manufacturers have 
teamed up and have joint platforms. From the customer’s (farmers) point of view, 
the availability of their data is a must, but due to the mixed branded fleet nature 
of farming operations today, it means accessing more than one software platform.

oeM software platforms are connected to farm Management Information 
Systems (FMISes) or provide this capability on their own. FMISes are building 
data processing capabilities on top, by enabling farmers to manage their farming 
operations by allowing them to view and manipulate the generated data. fMISes 
for the farms are similar to ERPs (Enterprise Resource Planning) for manufacturing 
facilities but, rather than manufacturing lines, it contains fields, vehicles, animal 
information, seed information, maps, etc. Some fMISes are more agronomic 
whilst others have an operational, financial, or regulatory focus. FMISes tend 
to be tailored towards local needs including legislation and authorities.

The ability to manage farms more effectively revolves around the ease 
of getting all of the data available for reporting, analysis, and deriving insights 
for future operations. Whilst there are numerous solutions on the market today 
which enable multiple platforms to exchange data, there is a lack of standardized 
data exchange capabilities.

 The Agricultural Interoperability network serves to address this gap by 
creating a governed network of peer-to-peer connections with no need for 
centralized data storage. 
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Figure 4 : The AgIN Network

however, to be able to use this network, each participant must be 
registered in the network and then certified for each of the services they 
want to provide to the network or consume from it. When platforms want to 
connect, they must first do a security handshake to verify whether the other 
platform and provided services are certified. Telematics data or task data are 
just examples of services that each platform could be providing or consuming. 

 Some of you may have recognized similarities in the idea of the 
onboarding process of AgIn explained above to Tractor Implement Mana-
gement (TIM). In fact, there are good reasons to rely on solutions that have 
already been successfully tested and validated within Aef and the market, 
evolving those will allow AgIn to access experts and infrastructure and thus 
drive further development more efficiently and sustainably.

With all development, AgIn is generally aiming at the reuse of already 
existing solutions and standards. It is important to remember that the focus 
of AgIn is not only on the data level but also beyond that. Standardization 
of business models is also one of the core goals. network participants shall 
benefit from a contractual framework using smart contracts, with advantages 
for all parties along the value chain. Finally, this project is not an end in itself, 
but all development is geared towards the realization of use cases, and all 
mentioned elements are building blocks, which are also reflected in the 
service templates as modular components of the network and the roadmap.
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Figure 5 : The AgIN Overview

The certification process as well as the standardization of services will 
create trust within the network. Trust that is expected to be most relevant 
for farmers. 

Imagine the experience if each manufacturer supports AgIn connecti-
vity. The owner connects to the portal of their choice to check the status of 
each machine, rather than visiting one portal for each brand of equipment.

AgIn will enable various platform-to-platform connections in a stan-
dardized way so that the farmer can get all their data in their (one) desired 
location for reporting, and analysis, and derive the insights that are possible 
and becoming more and more necessary in today’s precision farming world.

2. Conclusions
High Speed ISOBUS (HSI), Wireless In-field communication (WIC) and 

the Agricultural Interoperability Network (AgIN) are three AEF projects that 
will have an impact on the rapidly growing world of digital Agriculture.

by dramatically increasing the speed of data on the tractor/implement 
combination using HSI a whole new world of possibilities opens up, not just 
regarding the control of precision farming applications, but also in the areas 
of diagnostics and, with digital cameras, operator efficiency and safety will 
be addressed as well.
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on top of that the WIc technology will allow tractor and implement 
combinations from different oeMS to work together cooperatively in the 
same field to make the infield activities much more efficient (where multiple 
machines are used simultaneously).

The Agricultural Interoperability network will make it much easier for 
farmers to get access to all their farming data in the one place where they 
need it and at the same time make life much easier for the platform providers 
by developing a peer-to-peer network which is based upon certification and 
standardised connections.

Figure 6 : AEF’s Big Picture

Aef’s impact on the Ag Digital World is summarised in the Aef’s big 
Picture. The farmer is at the centre and all the daily interactions are contained 
in the white circle, whether it be managing their mixed fleets that are working 
in the fields, using infield sensors, weather and satellite data to make better 
decisions, or managing the resources to be applied and then reporting to the 
regional or governmental authorities on what was applied where.
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The blue ring represents the AEF activities both now (on the left) and in 
the future (on the right.) HSI, WIC and AgIN are some of the AEF’s activities, 
technologies and solutions that support the farmer with their daily tasks, that 
is why the blue ring is encompassing the white one. looking to the future, 
Autonomy, robotics and artificial intelligence are subjects that will need to 
be addressed as the Ag Digital World evolves.
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Abstract

on dairy farms, two thirds of the electricity consumption come usually from 
 the cooling of milk and the heating of sanitary water. SerAP, french 

manufacturer of milk coolers for 60 years has conducted a 5-year research 
project through a consortium associating 5 other partners to develop an 
innovative low consumption on-farm cooling solution for milk which inte-
grates also a heat recovery unit to reduce water heating costs. This project, 
supported by ADeMe and by the regions of bretagne and Pays de la loire, 
has led to the launching of a new product : Opticool.

This paper presents the way this project has been managed, the choices 
that have been made and the results that have been obtained.

The final product integrates new-generation refrigerant and equipments, 
along with an automaton which drives the cooling in an auto-adaptative mode 
based on the constant adjustment of the power to the real need. The quantity 
and the flow of milk entering the tank, as well as the ambient temperature 
are measured to determine the power needed to reach the milk conservation 
temperature within 3 hours using the lowest quantity of energy. Savings on 
milk cooling represent up to 40 % compared to equivalent models. Additio-
nally, the integrated heat recovery exchanger, also driven by the automaton, 
drops by up to 50 % the electric heater consumption.

opticool can be installed on new cooling tanks but can also easily be 
fitted on existing tanks of any brand and is equally suitable for conventional 
or for robotic milking.

Keywords : Opticool, milk cooling, low consumption, artificial intelligence, heat 
recovery, new generation refrigerant, carbon footprint.
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1. Introduction
Located in Gorron (Departement of La Mayenne), in the heart of France’s 

largest dairy production area, SerAP group is a specialist in stainless steel 
boiler production and heat exchange and has become over the years a world 
leader in milk cooling tanks.

 h given that the cost of electricity is constantly increasing, 
 h given that there had been in the past some partial and unor-

ganized initiatives to work on energy savings but never in a 
comprehensive way, 

 h given that the current refrigerants will have to be replaced in 
coming times due to their global warming contribution, 

 h given that the renewal rate in cooling tanks is excessively low 
(from 1 to 2 % per year) leading to numerous situations where 
old-generation and non-optimized equipments are still being used,

SERAP has decided in 2017 to launch an extensive research project 
called “Projet Tank 2020”. The objective of the project was to elaborate a 
cooling solution with the lowest possible consumption and carbon footprint. 

To manage this 5-year project, SERAP has made the choice to consti-
tute a consortium with 5 different partners with different and complementary 
fields of expertise : 

• Pôle Cristal : Research Center in Cooling Technologies based 
in Dinan (22).

• GIE Elevages de Bretagne : Professional Organization based in 
Rennes (35) which had worked on energy savings in Brittany 
dairy farms.

• Idèle (Institut de l’Elevage) : French Breeding Institute
• lactalis group as a private dairy
• Terrena as a cooperative dairy

The “Projet Tank 2020” was approved by the Pole de Compétitivité 
Valorial and has been financially granted by ADEME (French Agency for 
Environment and Energy Saving), and also by the Regions of Brittany and 
Pays de la loire.
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2. Materials and Methods 

The project has been organized through 4 key steps : 

Fig 1 – Project key steps

first of all, an extensive bibliographic study has been made in the 
fields of cooling technologies, milk cooling, refrigerants, alternative ways 
of producing cold, etc.

Then, a numerical model has been elaborated and validated through 
laboratory and farm tests in order to identify theoretically the best compo-
nents to integrate in the cooling unit to get the best performance/cost ratio.

Most common components used so far in milk cooling systems are 
piston compressors, thermostatic expansion valves, thin tube condensers with 
non-variable speed fans, filter refrigerant dryers and pillow plate evaporators 
in contact with milk tank. refrigerants used in existing milk cooling systems 
are mostly R22 and R404A (given the high average age of the tanks), until 
maintenance is necessary. When it happens, refrigerant or sometimes the 
whole milk cooling system has to be changed, due to regulation banning of 
r22, or f-gas regulation phasing out most of high-gWP refrigerant such 
as R404A (EU 517/2014 : European Parliament and the Council of the Eu-
ropean Union, 2014). In general, since 2017, new products are using R449A, 
and recent tanks are sometimes equipped with scroll compressors instead 
of piston compressors.
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considering this state of art, all the components that could have had a 
favorable impact on electrical consumption were evaluated : cascade com-
pressor configuration, electronic expansion valve, variable speed compressor, 
ejector, type of refrigerant but only a few of them were implemented. Final 
choice was a compromise between efficiency, return on investment (ROI), ease 
of integration for the sector, low circuit complexity to facilitate maintenance, 
and acceptability of the sector to use certain type of refrigerant.

Precooler and heat recovery systems exist already on the field, but 
only a small percentage of dairy farms are using them : the consortium has 
estimated that less than 20 % of dairy farms in France use precoolers and 
under 5 % use heat recovery units. 

Precooling is usually done by tubular heat exchangers with milk flowing 
in the internal tube and well water going counter-flow in the external tube. The 
water comes out at about 25°c and is usually used as drinking water for the 
cows. The milk enters the precooler at about 35°c and comes out at around 
20°c (16°c to 25°c depending on the cold water temperature and respective 
flows of milk and water) and then goes inside the tank to finish its cooling. 

heat recovery from vapor compression cycle is a well-known technology 
that can be applied in every system that requires cooling and heating. The 
new milk cooling system concept was designed to systematize utilization of 
this technology with the best efficiency. 

All tests were performed first in laboratory, and then on pilot farms. 
both SerAP and Pole cristal have experimental laboratories with a cofrAc 
accreditation, which allowed comparisons between the results obtained on 
either site.

regarding the farms, the Institut de l’elevage gave recommendations 
to select a dozen of farms able to represent the variety of french dairy farms 
as far as size, type of milking machine, and already equipped or not with 
pre-cooling and heat recovery.
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3. Results and Discussion
Compared to traditional components used in this field, the prototype 

was implemented with : 
• electronic expansion valve (EEV), 
• variable speed ventilator,
• variable speed compressor with its regulation 
• Precooler and heat recovery
It was numerically found, using the cooling system numerical model, 

that combining the first 3 items was the best way to cut electrical consump-
tion without complexifying too much the system and with a rather low roI 
(Return On Investment) for this application. Indeed, if the ROI were to be too 
important, commercialization would have been difficult. It was important to 
keep the solution realistic in term of investments and not too complex so that 
technicians in dairy firms would not need specific training to intervene on 
this new product. Rongrong et al. (2019) showed by using electronic expan-
sion valve instead of thermostatic one could save energy up to 20 % for air 
conditioning and battery cooling inside electrical vehicle. r. lazzarin and M. 
Noro (2008) showed electrical energy saving between 7 to 29 % throughout 
a year, depending on ambient condition, by using electronic expansion valve 
for air condition installation. The average Discounted Payback Period (DPP) 
was about 2 years. Variable speed compressor with regulation optimization 
have shown to reduce consumption (about 30 % by changing compressor 
only), increase temperature stability for stored goods and reduced on-off 
cycles (Jonas Kjær Jensen et al., 2021) compared to on-off compressor. 
Same advantages were expected for this application.

Ejectors are mostly used with CO2 refrigerant to improve efficiency in 
transcritic cases due to high pressure differences between low- and high-pres-
sure lowering COP. Studies have shown that using ejector could improve 
COP by 5 to 10 % (Elbel and Hrnjak (2008), Peris Pérez et al. (2021)). In our 
application, with rather low pressure difference compared to co2 and a wide 
range of cooling capacity needed (depending on milk volume, temperature, 
type of milking,…) it was decided that it would complexify the system too 
much for not enough benefice.

cascade system is relevant when compression ratio is important. coP 
of cascade system is higher because it reduces compression ratio for all 
the compressors involved, increasing overall efficiency, but it’s mostly used 
when very low temperatures are needed, under -30°C (Wang et al, 2020). 
In our application, compression ratio is not that high because evaporation 
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temperature usually evolves from 25°c to -5°c and condensation tempera-
ture from 30 to at most 65°c. Therefore, adding other compressors, heat 
exchangers, expansion valve to the system would increase too much the 
cost for too little gain.

3.1. Laboratory tests 

3.1.1. Electronic expansion valve
During the 1st milking, milk temperature inside the tank goes from 35°c 

to 4°c. Therefore, the cooling capacity greatly changes due to evaporation 
temperature which follows milk temperature. Thermostatic expansion valves 
capacities are more limited, which may restrict the refrigerant mass flow going 
through the evaporator. In response, evaporation temperature decreases and 
superheat increases. Cooling systems are setup to have superheat equal to 
7°c when reaching the end of cooling, when capacity is at its lowest. If it 
were setup to 7°c at the beginning of cooling, superheat would be close to 
0°c at the end of cooling causing compressor failure. Therefore, superheat 
is around 25°c at the beginning and reaches 7°c at the end of cooling. This 
implies a low efficiency because evaporation temperature is lower at the 
beginning of cooling than it could be.

With electronic expansion valve, capacity range is much larger and 
valve opening is controlled throughout cooling to maintain the superheat 
value wanted. This allows superheat to be constant at 7°c during the whole 
process and increases the system efficiency significantly. This equipment 
has shown in our tests to contribute by itself to around 15 % cut in electricity 
consumption.

To improve furthermore efficiency, reducing condensation temperature 
is a key point. Without changing condenser, it can be decreased by using 
variable speed compressor. It allows to reduce cooling power to its minimal 
required, with cooling time objective of 3 hours. Lower capacity means lower 
heat to remove which reduces temperature condensation. 

electronic expansion valve increases evaporation temperature and 
cold capacity. by using variable speed compressor, we lower capacity which 
lowers condensation temperature.

Therefore, combination of the two seemed adequate and was tested 
in laboratory.
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3.1.2. Variable speed compressor
Using a variable speed compressor requires a specific regulation. This 

regulation is managed by a PLC automaton running a specific algorithm. The 
concept is to adjust frequency so that the compressor gives only the cooling 
capacity needed to cool down the milk. To know the cooling capacity needed, 
we use the european standard nf en 13732 which indicates that milk should 
be cooled at 4°c in 3 hours or less. 

The PLC controller uses real-time measurements of milk quantity, tem-
peratures (milk, evaporation, and condensation) and time spent, to calculate 
the cooling capacity needed and to send frequency order (transformed in 
0-10V) to the compressors’ driver.

As stated previously, electronic expansion valves increase evaporation 
temperature and variable speed compressors limit cooling capacity which 
induces longer cooling time (180 minutes against 153 minutes) but at much 
better efficiency because condensation temperature is also reduced. 

Electricity consumption was 14.2 kWh, which induces 35 % reduction 
compared to conception n°1. Variable speed compressor accounts for about 
25 % reduction in this case.

3.1.3. Pre cooler and heat recovery
Precooling of milk is a well-known technology : it uses a heat exchanger 

with milk on one side and tap (or well) water on the other side. Warmed water 
is used for cow watering and milk (at around 20°C) goes inside the tank to 
finish its cooling. Because of its undeniable advantage, precooling was added 
in the concept of this new product.

heat recovery is also essential to lower electrical consumption for hot 
water. We used a plate heat exchanger to condense refrigerant on water to 
pre-heat it to around 40 to 45°c. In most cases, there are 2 condensing units 
and evaporators. only one of the condensing units was implemented with 
heat recovery. heat recovery is high enough to use only one heat exchanger 
to heat up water. 
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global laboratory results
here is a comparison between the results obtained with the different 

conceptions of prototypes, Table 1 : 

Parameter Conception n°1 Conception n°2 Conception n°3 Conception n°4
expansion 
valve Thermostatic electronic electronic electronic

compressor Scroll Scroll Scroll - Va-
riable speed

Scroll - Va-
riable speed

Pre cooler no no no Yes : milk 
cooled to 20°c

heat recovery no no no Yes – plate heat 
exchanger

Initial milk  
temperature 35°c 35°c 35°c 20°c

Air tempera-
ture 32°c 32°c 32°c 32°c

Milk volume 1500 l 1500 l 1500 l 1500 l

refrigerant r290 r290 r290 r290

cooling time 153 minutes 127 minutes 180 minutes 180 minutes

electricity 
consumption 21.7 kWh 18.5 kWh 14.2 kWh 8.8 kWh

Average ener-
gy Efficiency 
Ratio (EER)

2.5 2.9 3.7 3.2

consumption 
gain on milk 
cooling

- 15 % 35 % 60 %

Water t° at the 
end of cooling - - - 52°c

consumption 
gain on water 
heating

- - - 74 %

Table 1 : Experimental conditions and results of conceptions 1, 2, 3 and 4

108 /// SIMA AgriTech Day 2022 /// DecArbonISIng of AgrIculTure



Average eer is slightly lower in conception n°4 than in conception 
n°3 (3.2 versus 3.7) because starting cooling at milk temperature of 20°C 
lowers the overall evaporation temperature, hence the eer. however, pre-
cooler gives partially ‘free’ cooling which is still an important part of electrical 
consumption cut.

electrical consumption for milk cooling was 8.8 kWh, which gives a 
61 % consumption reduction compared to conception n°1. 

electrical consumption for water heating is calculated as the energy 
needed to heat up water to 65°c using electrical resistance. With heat 
recovery, an electrical resistance heats water from 52°c to 65°c. Without 
heat recovery, electrical resistance heats water from 15°C or less to 65°C : 

With that, electrical consumption for water heating is 4.5 kWh with 
heat recovery and 17.5 kWh without, for a 74 % cut.

It is important to note that the conception n°1 represents already a per-
formant configuration corresponding to the best standard products currently 
on the market, working in optimized conditions. This does not correspond to 
the average situation found on farms, where old equipments are still in use 
in non-optimized conditions (piston compressors, thermostatic expansion 
valves, poor ventilation and no precooler nor heat recovery). Therefore a 

“situation of reference” was established in this project, based on a field survey 
done by gIe elevages de bretagne. The average electricity consumption in 
this situation of reference was set to 20Wh/l of milk which corresponds to 
28.5 kWh for cooling 1500l of milk which can be compared to the results 
obtained through the laboratory tests.

3.2. Selection of Refrigerant
Initially, the objective of the project was to target refrigerants with GWP 

under 150, so several options were investigated such as R290 (propane), 
R1234yf, R1234ze or R744 (carbon dioxyde).

concerning the r744 solution, when condensation is over the critical 
point of 31°c, which is usually the case in summer, we are in transcritic phase 
where efficiency decreases. Even with a GWP of 1, the increase in electri-
cal consumption using this refrigerant would cause more greenhouse gas 
emissions. Also, pressure is very high and would require a new design for the 
evaporator. It was not a viable solution economically speaking and was not 
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retained, because we aimed to retrofit existing tanks with the new cooling unit. 
R1234yf and R1234ze being low flamable refrigerants (A2L) induces in 

this case the same constraints (leakage detection and ventilation installed in 
every dairy farm) as R290 without the advantages of being natural refrigerants.

For the first prototype, R290 was tested. From an environmental point 
of view, it seems to be the ideal solution. It’s a natural refrigerant with gWP 
of about 3 and its efficiency is higher than CO2.

Concerns about using flamable refrigerants became an important issue 
at one point during the project. The constraints linked to leak detection equip-
ments and procedures, the necessary training of all technicians to flammable 
refrigerants in dairy companies, the need for new tools and equipments for 
service, and above all the liability concerns about the risks on farms have led 
the project team to consider that the market was not ready at the present 
time for this kind of products.

Therefore, it was decided to develop other prototypes that could be 
used immediately without changing the profession’s habits, skills and tools. 
For these prototypes, R513a was used. It is the nonflammable refrigerant 
with the lowest GWP (631) available. 
Two kinds of prototypes were then developed and tested on dairy farms : 

• one with r290, tested in dairy farm n°1. for this farm, the whole 
system (tank and condensing unit) was placed outside for safety 
reasons. 

• the other ones with r513a, tested in dairy farms n°2 to 10. They 
use the same technology of components (electronic expansion 
valve, variable speed scroll compressor, pre cooler, heat recovery 
and the specific regulation algorithm).

3.3. Test on farms 

3.3.1. Installation
Figure 2 shows pictures of different configurations selected to install 

prototypes.
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Figure 2 : pictures of installed prototypes in dairy farms

3.3.2. Results
In all these farms, parameters measurements were performed with 

the controller. every 2 weeks, data were collected and analyzed to check if 
everything was working correctly as well as the tank electrical consumption.
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3.3.3. Tank functioning
here is an example of the data collected from dairy farm n°6 (tank 

capacity of 5200L) in Figure 3 : 

Figure 3  : Compressor frequency, milk temperature and volume evolution from 
dairy farm n°6

Milking is performed twice a day (early morning and late afternoon) and 
is collected by a truck after 4 milkings (every two days) for this farm, which 
is the most common scheme. At the end of the 4th milking, milk volume 
reaches 2800 l. compared to the 5200 l tank capacity, it was only a little 
more than half full. Therefore, compressors do not have to be at full speed to 
cool down milk and compressor frequency evolves in this case between 30 Hz 
to 60 Hz but never goes above it (maximal frequency possible is 90 Hz with 
this compressor). Frequency for the 1st milking stays at 30 Hz because cold 
capacity given by compressor is enough to cool down milk in a little less than 
3h (2h40). For the other milkings (2nd, 3rd, and 4th), frequency needs to be 
higher (because evaporation temperature is lower) to reach cooling time of 
3h and is increased to 50-60 hz along the cooling process. 

Milk volume

comp. 
frequency

T milk
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3.3.4. Electricity consumption
For one of the farms (n°1), a wattmeter was already placed when 

project begins (2017) and we were able to compare electrical consumption 
from the previous years and the gap when new product was installed. for 
the other 9 farms, a wattmeter was set up 2 to 3 weeks before installation of 
the new tank which still allowed comparison before/after even though less 
data were available.

here is for instance for farm n°1 the electricity consumption from 2017 
until 2021 with the evolution when new product was installed (in June 2020), 
in Figure 4 : 

Figure 4 : electricity consumption since 2017 until 2021 in dairy farm n°1

With the new tank, electricity consumption dropped to 20 kWh in sum-
mer and to 6 kWh in winter. on average, electrical consumption is reduced by 
40 % which can be directly seen the day after the new product was installed.

The period from March 8th to May 11th in 2021 (circled in Figure 4), 
shows an increase in consumption because the precooler was not in use. 

DecArbonISIng of AgrIculTure /// SIMA AgriTech Day 2022 /// 113 



It is interesting to note that the new tank, without precooler, was still more 
efficient than the old one with precooler at similar ambient temperature. 
Table 2 shows a summary of electrical reduction in all instrumented farms : 

Farm 
n°

Before installation After installation

Pre-coo-
ler

Heat reco-
very

Tank 
electricity 
consump-
tion (Wh/

Lmilk)

Pre-coo-
ler

Heat  
recovery

Tank 
electricity 

consumption 
(Wh/Lmilk)/

Gain ( %)

1   12.1   7.0/42 %

2 X  X 20.1  X X 12.5/38 %

3   11.0   7.4/33 %

4  X 11.7   X 8.2/30 %

5  X 12.0  X 7.9/34 %

6 X X 16.5  X X 10.7/35 %

7  X 10.3  X 6.1/40 %

8 X  20.0 X  12.4/38 %

9 X X 14.4  X 6.5/55 %

10  X 9.5   7.2/24 %

Table 2 : summary of electricity reduction in dairy farms

comparisons were performed between electricity consumption before 
and after installation for periods when air temperatures were similar. electrical 
consumption cut with replacement of the condensation unit only is between 
30 to 40 %, depending on the farm and especially if former tank used piston 
or scroll compressor. On average, with R513a, electrical cut is 36 %.
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Only one dairy farm was instrumented with R290 (propane). More data would 
be needed to compare reduction in real situation but is appears that r290 
seems slightly more efficient (around 5 %) than R513a.

To summarize, the tests in laboratory and on dairy farms showed that 
new condensing units allow : 

• 30 to 40 % cut in electrical consumption for milk cooling and up 
to 65 to 70 % with a precooler

• 50 to 60 % cut in electrical consumption for hot water

3.4. Return on investment
cooling tanks lifespan is very long, up to 30-40 years, so the investment 

cost should be considered over a long period as one part of the total cost of 
ownership, which includes also the operating costs that constitute the major 
part of the cost over time. The technological equipments embedded in Opticool 
being roughly the same for all models, the overcost compared to standard 
coolers is more important in % for smaller tanks than it is for larger ones.

For tank capacities from 15 000 L and up, ROI is under 5 years when it 
goes to around 10 years for tank capacity of 8000 l and 15 years for smaller 
tanks of about 3000 l.

but in any case, the total cost of ownership over a 15-year period will 
always be less with opticool compared to a standard cooler given the savings 
made on operating costs (electricity

State subsidies would be helpful to accompany the investment, at least 
during the launching period.

4. Conclusions
During the TANK2020 project, a new concept of low consumption milk 

cooler using artificial intelligence was developed, tested in laboratory and 
dairy farms, and then industrialized under the name “opticool” by SerAP.

new components were integrated to the condensing units to improve 
system efficiency. Variable speed scroll compressors, electronic expansion 
valves and variable speed ventilators replaced fixed speed piston compres-
sors, thermostatic expansion valves and fixed speed ventilators. The specific 
regulation algorithm, driven by an automaton, adapts the cooling capacity to 
the dairy farm needs which reduces electricity consumption. The electricity 
consumption drops by about 35 % with the new cooling unit. When a precooler 
is installed on the milk inlet, the overall energy reduction is 65 % to 70 % for milk 

DecArbonISIng of AgrIculTure /// SIMA AgriTech Day 2022 /// 115 



cooling system (EER goes from 1.8 to 3.2). The regulation algorithm has been 
perfected to manage robotic milking situations as well as long-during milkings.

The condensation unit was also implemented with a heat recovery 
system. Energy consumption to get hot sanitary water is cut by 50 to 60 % 
with this system.

A proof of concept was made with propane refrigerant on the first pro-
totype, but the final product was developed with a new-generation halogen 
refrigerant, r513A, which has shown being much safer, simpler to implement 
with an overall carbon footprint close to propane.

Return On Investment for tank capacities larger than 15 000 L is fast : 
under 5 years. but for tank capacities under 8 000 l, state subsidies would 
be needed to reduce the roI to 7-8 years. The increase in electricity prices 
will lead to roI shortening in the coming years.

Finally, Opticool can be used as a retrofit equipment on existing tanks by 
replacing only the condensing unit instead of replacing the whole tank. This 
allows to address a larger part of the market given the very low replacement 
rate existing today for cooling tanks.
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Abstract

Viticulture, as well as other crops, is facing obligation to reduce the use 
 of herbicides and to develop alternative solutions to chemical weed control. 

These alternatives can be achieved by mechanical weeding either using tractors 
or weeding robots. We conduct a quantitative environmental impact assessment 
using life cycle Assessment of intra-row and inter-row weeding practices using 
autonomous electrical robot systems in three french vineyards. Twenty-seven 
scenarios were built to assess chemical, mechanical or a combination of the 
two for intra-row weeding management combined with mechanical weeding or 
mowing as inter-row management. results shows that scenarios using weeding 
robots for the intra-row management have greater impacts than conventional 
ones on mineral resource depletion, human toxicity, freshwater ecotoxicity and 
marine eutrophication due to the manufacture, the lifetime (when assumed short) 
and the relative specialization of robots on specific tasks. However, these same 
scenarios have fewer impacts than conventional ones on climate change, fossil 
resources depletion, ozone depletion, acidification and particle formation, espe-
cially when robots are used on plots closed to the winery. besides, several other 
expected impacts such as soil compaction cannot be properly assessed with an 
lcA. based on these results, this paper discusses the possible improvements for 
the environment impacts of agricultural robots from methodological (inventory 
data…) and technical points of view (design, use, transport logistics flows for 
robots and operators…) as well as perspectives for future environmental studies 
involving agricultural robots.

Keywords : Life Cycle Assessment, Agricultural robot, Mechanical weeding, Che-
mical weeding, Viticulture.
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1. Introduction
The agricultural sector is facing the double challenge to feed an in-

creasing population while reducing its impact on the natural environment 
and human health. In consequence, crop yields need to be maintained at 
a high level in order to secure food supply at the same time as developing 
sustainable agriculture practices. It involves especially reducing chemical 
inputs, including pesticides and herbicides. To achieve such goals, the 
european union established in 2009 a framework for community action to 
achieve the adoption of pesticides compatible with sustainable development 
(i.e. Directive 2009/128/EC). In France, this European Directive was trans-
formed into french national law as the ecophyto II+ program. This program 
aims to reduce pesticide use in agriculture by 50 % at the horizon 2025 and 
to phase out glyphosate by the end of 2020 for the main uses and by 2022 
at the latest for all uses. one of the main actions is to develop alternatives 
solutions to chemical weed control (French Ministry of Agriculture, 2020).

The most studied alternatives to chemical herbicide use for row crops 
are selective chemical spraying (i.e Drop-on-Demand technologies where 
only the weed is sprayed and not the entire field) and mechanical weeding. 
Other solutions such as flaming, hot water, steam or high voltage (Blasco 
et al., 2002) exist but their adoption has been low (Fountas et al., 2020; 
Steward et al., 2019). Cultivation tillage, often referred to as tertiary tillage, 
is the most adopted method for mechanical weeding in agricultural crops. It 
is carried out after crop sowing and consists of shallow tillage with a variety 
of equipment often categorized as hoes or harrows (Rueda-Ayala et al., 2010). 
for perennial crops, such as vineyards, the most adopted alternatives to 
chemical herbicides in the main wine-producing countries (europe, united 
States, Australia, New Zealand, Chili…) are inter-row (between the vine rows) 
and intra-row (between the vine plants) mechanical weeding and the use of 
cover crops, although known as grassing. grassing prevents weed infestation 
by acting as a competitor for light, water and nutrients and so they replace 
the resident weed vegetation found on the vineyard floor. Many vineyards 
worldwide use grassing in the inter-row as a soil management strategy (Abad 
et al., 2020). Grassing may be temporary or perennial with all rows or one 
row out of two covered. They can be managed by mowing the grass or by 
leaving the grass free to develop during the vegetative period of the vineyard. 
Inter-row mechanical weeding is conducted using cultivation tillage standard 
tools such as disc harrows, French plows, or rotary cultivators while specific 
tools such as finger, torsion or spring-hoe weeders are used for intra-row 
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mechanical weeding (Cloutier et al., 2007). The intra-row weed management 
is challenging, as tools need an accurate steering for not damaging the vine 
trunks. Accurate guidance system is then required (Manzone et al., 2020; 
Reiser et al., 2019).

The improvement in precision agricultural tools such as navigation 
system, distance sensors, cameras, and algorithms for weed recognition has 
created wide opportunities for autonomous weed management in vineyard, 
market gardening and arable crops and may become a key element of modern 
weed control (Bajwa et al., 2015; Reiser et al., 2019). Precision agriculture 
technologies have progressed in two broad classes : automated large tractor 
with driver-assistive systems such as rTk-gnSS display and fully autonomous 
mobile robotic platforms capable of carrying out agricultural tasks with no 
human intervention (Basu et al., 2020; Pedersen et al., 2006). Development 
of robotic platforms was allowed by the convergence of precision agricultu-
ral tools and maturing mechatronics technology, making autonomous units 
technically feasible (Lowenberg-DeBoer et al., 2020). Autonomous units are 
here identified has mobile machineries able to perform complex automated 
functions, without any interaction with humans, and being able to ensure 
the safety of the operations by themselves. Automation for weed control 
has been one major fields of research in agricultural robotics in the last 
few decades. research had especially focussed on the following four core 
technologies : guidance and perception sensors, level of weed detection and 
identification, precision intra-row weed removal, and mapping (Bechar and 
Vigneault, 2016, 2017; Fennimore et al., 2016; Fountas et al., 2020; Steward 
et al., 2019; Utstumo et al., 2018).

Commercial agricultural robots are scarce (Fountas et al., 2020; 
Shamshiri et al., 2018) and face a low adoption in farms (Gil et al., 2023). The 
most recent panoramas done by Koerhuis (2020) and Lenain et al. (2021) 
show that about five hundred units of field and harvest robots were commer-
cially available in 2021. Most of the robots intend to eliminate weeds in row 
crops. France is the country with the most agricultural and field operational 
robots with at least hundreds units for weed management and about fifty 
units being used by viticulture entrepreneurs (Koerhuis, 2020). High-added 
value crops such as vines appear to be the best business cases for the first 
generation of weeding robots. Indeed, the cultivation of vines is historically 
a crop that consumes the most chemical inputs compared to arable crops or 
market gardening. expectations for robotic alternatives, with high investment 
capabilities in new technologies, are highest for this crop, which explains the 
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significant emergence of agricultural robots in vineyards these recent years. 
Most of the weeding robots identified within this panorama rely on mechanical 
weed removal (75 %) or on local spraying reducing herbicide use by up to 
95 % (Koerhuis, 2020).

companies often argue that their robots can reduce environmental 
impacts without providing quantitative data to justify these claims. Moreover, 
it is not possible to argue if robots are a better or worse solution to achieve 
environmental impact reduction in agriculture due to a lack of studies. In 
consequence, we conduct a study using Life Cycle Assessment (LCA) of 
weeding practices using robots in three French vineyards (Pradel et al., 2022). 
This study is a first attempt to face this urgent need for accurate impact 
assessment and provide such quantitative values. This case study relies on 
a comparison of conventional machinery with a robotic one, i.e. TeD robot 
solution. TeD was used for this case study, as it is a straddle robot solution 
being able to work on intra-row and inter-row weed management, using same 
mechanical weeding tools as conventional machinery.

This paper will present the methodology, the lcA results and will dis-
cuss the possible improvements for the environment impacts of agricultural 
robots from methodological (inventory data…) and technical points of view 
(design, use, transport logistics flows for robots and operators…) as well as 
perspectives for future environmental studies involving agricultural robots.

2. Materials and Methods
lcA is designed to be the most exhaustive multi-criteria assessment 

method in the state of current knowledge on the environmental impacts. The 
LCA method is described by the ISO 14040 standards (ISO, 2006a, b) and 
recommended by the European Union (ILCD Handbook, 2010). LCA aims to 
quantify all the impacts of human activities on the environment. This method 
is commonly used by industries to eco-design products in various economic 
sectors (energy, transport, chemical industry, agriculture). LCA follows a 
four-step procedure that consists in goal and scope definition of the study, 
inventory data collection, environmental impact assessment and result in-
terpretation according to the goal, the system boundaries, the assumptions 
and sensitivity analyses made.
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goal and Scope
our study aims to provide a comparative environmental impact assess-

ment of robotic technologies used to control weeds in vineyard compared to 
historically in-use technologies (i.e. tractors). Weeding aims to control the 
development of weeds in a vineyard plot by chemical and mechanical wee-
ding or by grassing to avoid competition for water and nitrogen that occurs 
in both the intra-rows and the inter-rows. The function of the system studied 
is to control weeds under the rows and in the inter-rows of a vineyard plot by 
means of weeding and/or grassing actions.

Therefore, the results for all scenarios will be compared using the same 
functional unit defined as the optimal weeding control of the intra-row and 
inter-row of 1 hectare of vines for 1 year. Two systems are compared in the 
study : a conventional system based on the use of a tractor and a robotic 
system based on the use of a vineyard-weeding robot (TED robot from Naïo 
Technologies). Each system uses a specific type of machine (tractor or TED 
robot) as well as agricultural material, energy, and human resources. The 
system boundaries and the studied systems are described in figure 1.

Figure 1. System boundaries and studied systems
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To carry out the weeding task, tractor, mowing and mechanical weeding 
tools and possibly chemical weeding equipment and herbicides are used by 
the conventional system. When not in use, the tractor and the agricultural 
material are stored in a shed. The distance from the winery to the plot is 
considered to be 4km. The mounting of the implement, the filling of the tank 
and the maintenance operations are carried out manually (Figure 1).

TED robot equipped with mechanical weeding and/or mowing tools is 
used by the robotic system. The TeD robot is guided in the plot by network 
Real Time Kinematic Global Navigation Satellite System (NRTK-GNSS). It 
relies on GNSS satellites, a reference beacon and relay antennas (GSM). When 
not in use, the TeD robot is stored in a shed. robots are exclusive off-road 
machinery and are transported to the plot using a van equipped with a trailer. 
A same distance of 4 km is assumed. The assembly and disassembly of the 
robot’s tools, the recharging of its battery and the maintenance operations 
are carried out manually (Figure 1).

Three French vineyards were chosen for the study : Cognac, Languedoc 
and Val de Loire (Muscadet) vineyards. They were selected so that (i) they 
represent contrasted intra-row and inter-row weeding practices and (ii) it 
could be possible to collect data on weeding robots in use by wine growers. 
Weeding practices were collected through interviews with wine producers 
using weeding robots and wine advisers from chambers of Agriculture from 
the french departments of Indre-et-loire, charente, Aude and gard. The 
interviews were conducted in spring 2021 and focussed on the most com-
mon grassing and weeding practices in use for each vineyard (type, location, 
number of passages per year and type of agricultural machinery used). De-
tailed scenarios can be found in Pradel et al. (2022). Simplified scenarios 
are presented in Table 2.
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Table 2. Simplified scenarios studied

Scenariosa Intra-row  
management Use of robot Inter-row management Use of 

robot

c1 chemical 
weeding no Mowing and mechanical 

weeding no

c2 to c4 Mixed weeding Yes (c3 
and C4)

Mowing and mechanical 
weeding Yes (C4)

c5 to c7 Mechanical 
weeding

Yes (c6 
and C7)

Mowing and mechanical 
weeding Yes (C7)

l1 chemical 
weeding no Destruction of winter cover 

and mechanical weeding no

l2 and l3 Mixed weeding Yes (L3) Destruction of winter cover 
and mechanical weeding no

l4 and l5 Mechanical 
weeding Yes (L5) Destruction of winter cover 

and mechanical weeding no

l6 chemical 
weeding no Mechanical weeding no

l7 et l8 Mixed weeding Yes (L8) Mechanical weeding no

l9 à l11 Mechanical 
weeding

Yes (l10 
and L11) Mechanical weeding no

Vl1 chemical 
weeding no Mowing no

Vl2 à Vl4 Mixed weeding Yes (Vl3 and 
VL4) Mowing Yes (VL4)

Vl5 à Vl9 Mechanical  
weeding

Yes (Vl6, Vl8 
and VL9) Mowing Yes (Vl7  

et VL9)

a C : Cognac, L : Languedoc, VL : Val de Loire

Life Cycle Inventory (LCI) data collection : 
Three main types of data were collected : data from the literature and 

ecoinvent databases, data provided by manufacturers developing the robo-
tic solutions evaluated (robot composition, energy consumption), and data 
provided by the advisers of the Chambers of Agriculture (type of equipment, 
energy consumption). All data inventories can be found in Pradel et al. (2022).

Data for herbicides, tap water production, tractor, tillage tool and sprayer 
production came from ecoinvent V3.7.1 database. herbicides emissions to air, 
soil and water were assessed using OLCA-Pest (Fantke et al., 2020). The 30kW 
tractor was modelled based on kubota M7040 DThQ while the 50-60kw tractor 
and the straddle tractor were modelled based on bcS Valiant 500 Ar. These 
models were chosen based on the availability of the specific fuel consumption 

DecArbonISIng of AgrIculTure /// SIMA AgriTech Day 2022 /// 125 



among the tractor ocDe test catalogue published by Agroscope1.
A 7,200 hours lifetime was considered for the tractors. Data for lifetime, 

masses of tractors, tillage tools and sprayer as well as fuel consumption come from 
Agribalyse V3 (Asselin-Balençon et al., 2020). When not available in Agribalyse 
V3, data for tillage tool masses and lifetime came from chambers of agriculture 
website. Data for working operation speed came from IfV occitanie website 
(https://www.vignevin-occitanie.com/entretien-sol-vie/). Emissions of potentially 
toxic elements due to tire abrasion and fuel combustion were included in the lcI 
and came from Nemecek and Kägi (2007).

Data for TED robot production came from its manufacturer Naïo Technologies. 
uncertainties are present on the lifetime estimation up to now, as the robots are 
still quite young (less than 2 years of use). The lifetime is expected to be between 
2,400h and 5,000h for that first batch. As a new technology, on first production 
batches, the renewal time may be higher than more mature technologies. A 
conservative approach was then chosen by considering the lower bound (2,400h) 
in the calculus. The robot composition is based on the material production that 
composed the robot (steel, electronic component…). The electricity consumption 
by TeD robot for a working operation was calculated based on the electricity 
consumption per hour of operation (limited by the battery capacity) multiplied 
by the operation time (h/ha).

Life Cycle Impact Assessment (LCIA) : 
Two methods usually used in lcA were chosen for the analysis of the 

results : the ReCiPe2016 method and the CML-IA method.

3. Results
In the following, we will focus on some of Val de loire scenarios and 

cMl results. results for other vineyards, Val de loire scenarios and cMl and 
ReCiPe2016 impact categories can be found in Pradel et al. (2022). Results 
are related to intra-row and inter-row weed control of a vineyard plot with 
an area of 1 hectare for 1 year (equal to 1 crop rotation for vineyards). The 
comparative results are presented on graphs in base 100, i.e. for a given in-
dicator, the most impacting scenario represents 100 % and the result of the 
other scenarios are expressed in relation to this maximum impact (Figure 2).

1  https://www.agroscope.admin.ch/agroscope/fr/home/publications/recherche-publications/
test-tracteurs.html
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Figure 2. Contribution analysis of working operations and processes involved in 
Val de Loire scenarios (ITA : Intra-row, ITE : Inter-row, T : Tractor, R : Robot, CW : 
chemical weeding, MW : mechanical weeding, UR : ultimate reserve, RB : reserve 
base). Legend numbers in bracket refer to the number of operations for each sce-
nario.

In Val de loire scenarios, “conventional” scenarios with intra-row chemical 
weed control (VL1) generally have lower impacts than scenarios with mixed 
(VL3) or fully mechanical weed control (VL5, VL8, VL9). This can be explained 
by the limited number of weeding operations to perform weed control over 
the year compared to mechanical weeding, resulting in a lower consumption 
of inputs for the same weeding efficiency. In addition, only the production of 
herbicides appears to be the main contributor to mineral resource depletion 
(ultimate reserve) for “Conventional” scenario (VL1). The impacts of napro-
pamide production represent more than 95 % of contribution of herbicide 
production. Those of glyphosate are very low in comparison (5 %). Emissions 
of herbicides in water, air and soil have a very low contribution to the impacts 
on human toxicity. This is mainly due to chemical reactions associated to the 
use of glyphosate and napropamide. on one hand, glyphosate has a very short 
lifespan in soil and high degradability. The main metabolite resulting from the 
degradation of glyphosate in soil is aminomethylphosphonic acid (AMPA) 
(INERIS, 2020). AMPA is a substance with no characterization factor in LCIA 
methods. It is therefore impossible to transcribe in the toxicity impacts the 
effect of the degradation of glyphosate in soils. napropamide, for its part, has 
a low to moderate level of toxicity in humans but a high level of persistence 
in the environment.
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climate change and fossil resource depletion impacts are higher for 
mechanical weeding scenario using tractors than robots. however, in “robot” 
scenarios, half of these impacts are due to the transport of the robot with a 
trailer and a van. The impact is even more reduced as the distance between 
the vines and the hangar decreases. The “robot” scenarios are more impacting 
than “conventional” ones on mineral resource depletion and human toxicity 
due to the robot production and more specifically the electronic component, 
copper cables and electric motors. These three elements represent only 17 % 
of the robot weight but a 69 % contribution for human toxicity and respec-
tively 73 % and 77 % contribution for RB and UR mineral resource depletion.

4. Discussion
This study highlights some methodological clues and improvements to 

reduce the environmental impacts of agricultural robots through ecodesign : 
• A need to update the life cycle inventory of agricultural machinery 

in lcA databases
• A need to extend the lifetime of the robots
• A need to have multifunctional robots instead for monofunctional 

ones
LCA methodological improvements : updating LCI for tractors
The tractor production process from ecoinvent is based on old data 

from 2002 and not updated since. The absence of electronic components or 
associated electric cables in the ecoinvent process is far from being repre-
sentative of actual tractor technologies that have evolved in the past 20 years.  
In the current ecoinvent process, tractors are essentially made of steel and tires. 
however, a comparative analysis of the functions offered by a 50kW tractor 
with a robot reveals similarities in the equipment (GNSS, inertial unit, etc.).

Tractor cabs are equipped with digital displays and various Human-Ma-
chine Interfaces made up of electronic components. The main differences 
may lie in the motorization (electric versus thermal). Furthermore, if the tractor 
motorization is electric, the differences with robot become very small, apart 
for a scale effect, tractor expected to be heavier than robots.

As a result, a comparative study with tractor equipment must be based on 
an updated inventory for tractor. When electronic components in tractors are 
assumed the same than for robot, it leads to an increase in mineral resource 
depletion and human toxicity impacts. 
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Figure 3. Environment impacts of robot vs tractor production using respectively 
data from manufacturer and data from ecoinvent. Results are given for equivalent 
mass of robot and tractor

A decrease for climate change and fossil resource depletion is observed as 
energy for production and recycling was excluded for a fair comparison with the 
robot production (Figure 3). The residual difference on impacts between tractor 
and robots are then mainly the consequence of material inputs consumption.

furthermore, the environmental balance in favour of tractors is condi-
tioned by their intensity of use on the farm. usually, multitasked tractors 
imply their power to be sized by the operations requiring the highest power. 
As a result, the 50kW tractor chosen for the study may not be representative 
of actual farm systems where 400kW could be used if operation other than 
weeding is the most power consuming task (e.g. ploughing). In this case, 
environmental impacts of oversized tractors may increase due to additional 
fuel consumption and emissions. On another side, if an adequate power sized 
tractor is purchased to be dedicated to a weeding operation, environmental 
differences between robots and tractors would be erased for a same lifetime. 
The environmental impacts of tractors dedicated to weeding operation would 
be expected to be higher than the impacts expected for robots, insofar, 
equivalent or more tractor mass would be involved to do the same operation.



reducing the impact of robots through ecodesign
The studies were done on a TeD robot. nonetheless, the impact com-

parison can be analysed and explained regarding hypotheses that can be 
generalized to robotic technologies in some extents.

The lifetime considered in this study is the third of a tractor average 
lifetime (2,400h vs 7,200h). This assumption is based on the low maturity of 
robotic technology, which implies both the anticipation of a higher failure rate 
(learning curve) and higher renewal rate of the robotic fleet due to new feature 
development. nonetheless, these two factors are temporary in nature, and the 
lifetime gap should decrease in the coming years. Autonomous field working 
machine could even lead to smaller and lighter units, with less power and so 
less mechanical stress on mechanisms. The lifetime potential of small units 
could then be anticipated to be even higher than current tractors technologies.

A sensitivity analysis was then conducted to assess the possible im-
provements with an extension of the robot lifetime to 4,800h, 7,200h and 
10,000h. Results are shown Figure 4 for the use of Kress finger for intra-row 
mechanical weeding in cognac. They include a comparison between current 
and updated life cycle inventory for tractors.

Figure 4. Lifetime sensitivity analysis results for intra-row weeding operations with 
Kress fingers using a tractor or a robot in Cognac vineyard (KF : Kress fingers, T : 
Tractor, R : Robot).
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The results of the sensitivity analysis show that extending the lifetime of 
robotic solutions does not modify the impact categories where the robot already 
has the most impact (i.e. climate change and fossil resource depletion). However, 
significant reductions are observed on the impact of robotic solutions on human 
toxicity and depletion of mineral resources. The extension of the lifetime up 
to 10,000h provides equivalent results to or slightly lower than conventional 
operations (with updated data for tractors and without taking into account the 
transport of the robot) for human toxicity and depletion of mineral resources.

Tractors can be used for many other agricultural practices while weeding 
robot are mainly dedicated to specific agricultural tasks, i.e. weeding, scouting, 
harvesting, etc. In consequence, the mass of tractor allocated to the weeding 
practice is much smaller than those of the more specialized robot and so the 
corresponding environmental impacts. however, robotic solutions tend to be 
designed for modular operations, either by designing a modular base, which 
can be equipped by several implements, or by equipping natively the robot 
with several tools. In any case, the goal is to increase the versatility of robotic 
solutions, and lower their environmental impacts. 

The use of full electric agricultural robots has still a significant impact 
on the emissions associated with the consumption of fossil resources due 
to their transport to the field. For distances that exceed few kilometers, the 
contribution of transporting the robot to the field partially erases the positive 
impact of the use of electric robots, especially for climate change. robots 
logistics optimization can be achieved either by optimizing transport distances 
(storage and robot charging locations closer to the fields) or by working on 
robot availability optimization. Some manufacturers aim to leave the robots 
on the fields for several days or weeks, to carry out several operations in an 
optimized manner. The energetic autonomy of the robot is then in balance 
with the impact of additional batteries capacities for instance, or the footprint 
of additional infrastructures needed for charging.

This approach seems consistent when the robot can carry out its mission 
autonomously, i.e. without human intervention, including automation for the 
effective launch of the agricultural task. Without the empowerment of the 
robot on the field, the agricultural task requires the transport of an operator 
to the field, leading to climate change impact due to the release of induced 
greenhouse gases (assuming thermal engine uses). The effective availability 
of the robot on the field (fault and failures requiring a human intervention) also 
needs to be monitored and improved, insofar as all such events will generate 
emissions induced by operator transportation.
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5. Conclusions
This study uses the TED robot from Naïo Technologies as a case study. 

It is dedicated to the environmental impacts of weeding practices in vineyards. 
While this case study is very specific, conclusions can be generalized to 
other robotic solutions from the same market segment (same motorization, 
same weight range). The environment impacts for such robotic solutions 
are driven by : 

• the manufacture of the robot, in particular related to the manu-
facture of motors and electric cables, and active and passive 
electronic components,

• the lifetime of robots, especially when this lifetime is assuming short,
• the functionality of robots.
• the nature of the motors (either electric or thermal engines)
The generalization to other segment may be hard to do as robotic so-

lutions are still at the prototype stage. A scaling up from the prototype scale 
to the operational technology is difficult to assess as energetic consump-
tion and work performance may be unknown or can change from a scale to 
another. Nonetheless, the sensitivity analyses and the identification of the 
main drivers of the robotic impact are helpful for eco designing future robots. 
first, the electric motorization allows a positive impact on climate change 
and associated impacts like fossil resource depletion. The way electricity is 
produced (mainly by nuclear power in France) is of great importance. Use 
of robotic solutions in countries where electricity is carbonized will not have 
the same environmental footprint. This reduced impact on climate change 
is however partly counterbalanced by the transport of the robot to the field. 
The availability of the robot on the field, by minimizing logistic transportation 
to the field is a key for maximizing positive impact on climate change.

Second, the manufacture footprint of the robot may be reduced by 
considering the optimization of both processes and materials consumed to 
build the machine able to do the autonomous functions. results for this study 
were obtained for a specific weight of range. It is not possible without further 
study to know if downsizing the machines will reduce the environmental 
impact. The green revolution and the resulting mechanization of farms has 
been oriented towards maximizing workflows in order to optimize as much as 
possible the time necessary to carry out operations and thus optimize the use 
of workforce. This constraint has resulted in the development of larger and 
larger machines, and led to soil compaction at very large scale (kopittke et 
al., 2019). Automation makes it possible to no longer integrate this constraint 
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into developments, and therefore allows the search for new operating points 
between workflow, operation efficiency, raw materials consumption, and 
emission release. Working on lower work rates would, for example, makes it 
possible to consider the use of less powerful units, to solicit them less and 
thus to consider increasing the lifetime of the machines per kilogram. The 
expected impacts would be of two kinds : the reduction on the consumption 
of mineral or fossil resources, and the reduction in the weight of the machine 
consumed per passage of the robot. In return, a multiplication of units could 
be considered to cover an equivalent surface in an acceptable time, which 
could lead to an increase in pressure on raw materials. Thus, trade-offs 
between pressure on resources and emission releases still need to be studied 
depending on the targeted work rates.

Third, lifetime and versatility of use of robots have been identified as key 
driver for reducing the impact of robotics on mineral resources or toxicities 
compared to conventional equipment. 
This trend may be also reinforced by considering alternative tractors for the 
comparative lcA. 

besides, chemical weeding appears less impacting than mechanical 
weeding in our study (using either a tractor or a robot). This should be treated 
cautiously because we did not consider the direct exposure to herbicides by 
the winegrower and the impact of herbicides are not well considered in toxicity 
lcA impacts used in this study. In addition, local effects on soil (reduced soil 
compaction, or impact on local biodiversity) were not currently considered 
as lcA impact categories. In the same manner, results were evaluated with 
regard to the weeding performance of the solutions evaluated and reduced 
to the weeded hectare. They are therefore only evaluated by the “technology” 
service provided by the robots. The other services provided by robotics (re-
duction of the hardship at work, ability for robots to overcome the skilled labor 
shortage…) are not evaluated in this study. It is therefore of great importance 
in future studies to consider social and economic indicators in addition to the 
lcA indicators to assess the sustainability of robotic solutions.

While robotic technologies can be solutions for the agroecological 
transition, there is an urgent need to quantify these allegations. This can be 
done first by consolidating LCI data for agricultural tractors in order to achieve 
equivalent comparison between the two technologies. In a second step, it 
will be necessary to consolidate LCI data for robot use in the field (i.e. work 
performance, electrical consumption) for each agroecological practice using 
robots. Finally, it would also be of great importance to quantify the overall 
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impact of the use of robotic solutions in agroecological systems.
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Abstract

The product developed by new holland in collaboration with fPT, clemens  
 and nobili oeMs, is a mild-hybrid system. on the new generation Specialty 

T4, an electric motor integrated on fPT’s new f28 engine, provides energy to 
the electric trimmer and mulcher and torque assist through ECMS (Equivalent 
Consumption Minimization Strategy) hybrid control logic. The packaging is 
developed to keep today’s machine dimensions. The generator and the electric 
drive of the easy Trimmer and e-Mulcher are matched to each other. The electric 
drive is capable to cover peak loads through electric torque assist, avoiding to 
design the whole system on maximum load. The generator and e-implements, 
while using electricity, make possible to use the tractors with standard hydraulic 
capacity optimizing the daily work.from a customer point of view, the system 
tractor-trimmer-mulcher provides several benefits : 

• Flexibility : it allows customer to use both electric and hydraulic 
implements.

• Comfort : Improved drivability, noise and user experience.
• Maintenance and running cost reduction : no AdBlue required and 

limited maintenance on electric usage.
• Clean : CO2 reduction thanks to fuel reduction up to 30 % due to 

engine decoupling from the e-implements compared with conven-
tional hydraulic and PTo driven implements.

• Productivity : enabler for Implement automation impacting produc-
tivity and task controllability.

Keywords : hybrid-electric, e-Source, innovative tractor-implement, CO2 reduc-
tion, Specialty Crops
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1. Introduction
Without modern agricultural methods, it would not be possible to feed 

the current population of the world and certainly not the future population. 
Moreover, hybridization first and full electrification after will be part of the 
strategic path for every oeM not only to achieve emission regulations and 
improve productivity and efficiency but also to position itself as a technology 
leader.

electric drives are rapidly gaining importance in agricultural engineering. 
Current agricultural equipment is getting close to reach its optimization limits 
in terms of complexity and efficiency with the current technology. In the future, 
the expectation is for a growing focus in the area of electrification and elec-
trical drives. The agricultural equipment manufacturing industry, traditionally 
mechanical, is investing resources to test electric motors and batteries to be 
able to replace, over time, conventional powertrains and hydraulics. battery 
life, autonomy and performance in harsh environments are still a challenges 
from a technological point of view for off-road missions. on the other hand, 
merging electrification with more traditional internal combustion engines into 
hybrid systems can be an effective solution for the medium term that brings 
some significant benefits to the final user.

As of november 12, 2021, cnh Industrial achieved the highest score 
(88/100) out of 126 companies assessed in the Machinery and Electrical 
Equipment Industry in the S&P Global Corporate Sustainability Assessment. 
cnh Industrial has been included as top scorer for the 11th consecutive year 
in the Dow Jones Sustainability Indices (DJSI) World and Europe. 

According to 2021 CNH Industrial Sustainability report [1], the four 
targets identified as most relevant to the business of CNH industrial are : 

• carbon footprint, to reduce the emissions generated by plants, 
logistics, and products;

• occupational safety, to minimize the risk of injury in the workplace 
through effective preventive and protective measures;

• life-cycle thinking, to use resources fully and for as long as possible 
through a circular product life cycle approach;

• people engagement, to actively involve employees, suppliers, and 
local communities alike.

based on cnh Industrial’s scenario analysis of global challenges and 
drivers, the presented system gives an answer to the carbon footprint aspect 
through electrification, digitalization and automation, which includes research 
on precision solutions, telematics, and open connectivity. 
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2. Materials and Methods 
The mild-hybrid architecture (Figure 1 and Figure 2), object of the 

submission, is based on a 48V electric machine integrated between internal 
combustion engine and tractor driveline providing 20kW continuous power 
and 30kW peak power. The electric machine, which has been integrated in 
the space otherwise used by the flywheel, can work both as electric generator 
or electric motor according to the control logic request.

The power delivered by the electric motor (20kW continuously and 30kW 
as peak load) enables the operation of fully equipped Clemens “EasyTrime“ 
and nobili e-mulcher. It is important to highlight that the two functions des-
cribed below can work separately but also in parallel.

1. Power supply to electric Implements (Figure 3) : the electric ma-
chine works as generator to feed the electric implements. When 
total power demand is LOWER than max engine power (55kW), 
the generated energy fulfills the complete electric implements 
demand and potentially recharges the battery. When total power 
demand is HIGHER than max engine power (55kW), the battery 
integrates the generator electrical power. up to 2 electric imple-
ments can be connected on front and rear sides. With ventral 
frame the position between the axles can additionally be used. 
Traction path (red in figures), including all the functions such as 
PTo and hydraulic, is driven by the mechanical power provided 
by the engine.

2. Torque assist mode (Figure 4) : the electric machine, working as 
a motor, can support the internal combustion engine to improve 
load response and provide torque assist when total power demand 
is HIGHER than 55kW. The extra power supply needed to fulfill 
the demand is provided by the 48V battery. The battery installed 
has a capacity of 1kWh and further analysis are reported in the 
paragraphs below.

According to the State of Charge (SoC) and the engine power demand, 
the ECMS logic embedded in the engine control unit, manages the power flows 
between electric machine, battery and e-Implements and auxiliaries. The electric 
machine is in the so-called P1 configuration (Figure 5), that means it’s connected 
rigidly to the engine crankshaft without any clutch to decouple it from the engine 
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hence without full electric functionality expected on this product. The downsizing 
of the fPT engine from conventional f36 3.6l to new f28 2.8l hybrid (figure 
6) allows the installation of the electric machine (Figure 7) without exceeding 
the original engine axial length and so without impacting the tractor wheelbase.

The key components part of the architecture (Figure 2) are : 
• the inverter to convert the current from Ac to Dc through the 

48V Dc bus with current up to 200Amp.
• The PDU to manage the power flow between inverter, battery and 

electric implement at 48V. The PDU contains : 
o relays used to manage the electric connection of the im-

plement at the start and at the end of the field operation. 
relays are used also for safety purposes, in case of fault 
detection on the system the generator opens immediately 
the relays to bring the system in a safe state and to avoid 
risk for the operator.

o Pre-charge circuit, the purpose of this component is to charge 
the capacity at the implement side.

o fuse to protect the system from overcurrent.
• The AEF (Agricultural Industry Electronic Foundation) connectors 

represent the interface layer with the implement. currently the 
components based on high Voltage guidelines have been selected 
since the medium voltage is still under development within AEF [2].

• The 12V battery for power supply to the inverter control unit 
and the auxiliaries dedicated to the thermal management of the 
electric components.

• The battery has a total capacity of 1kWh and it has been selected 
considering the packaging constraints and the typical missions 
performed by the tractor.

The main electronic components, in order to guarantee the expected 
performances, are liquid cooled (water-glycol), so a dedicated cooling system 
(Figure 8) has been introduced. Electric fan and pump are controlled to ma-
nage the cooling according to the operating condition and the components 
temperatures.

Working principle can be simplified in three state-flow related to Star-
tup & Shutdown, Implement Mode and Traction Assistance. The Startup & 
Shutdown is related to the overall mild-hybrid system and can be consider 
as the supervisor of the mild-hybrid system that manage the interaction with 
the vehicle in terms of key on, safety and other functions. 
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At a lower-level respect to the supervisor, there are the two hybrid functions : 
• e-Implement Mode
• Traction Assistance : torque assist and torque boost modes

The electric power generation can be enabled by the operator with the 
dedicated Human Machine Interface (HMI). After the operator command, 
the system status is verified in terms of Interlock and other parameters. If 
the check returns positive feedback, automatic operations (e.g. pre-charge) 
are enabled. At the end of the two previous phases, the system is ready to 
provide electric power to the e-implement. In parallel to the automatic ope-
rations, the system parameters are monitored and in case of critical behavior 
the system goes in a safe state. When the farmer wants to stop the electric 
generation, the request is done through the HMI to the system in order to 
move this function to standby condition. The operator can check directly all 
the working parameters (Voltage, Power, operating temperature, etc.) through 
the new holland Intelliview display mounted in the cab.

The Traction Assistance is an automatic function that manage the elec-
tric machine and the internal combustion engine. Information from vehicle 
working status and component characteristic are elaborated to obtain the 
best system behavior in terms of efficiency and performance. The operator 
can adjust some parameters of this function for a better user experience.

3. Results and Discussion
On the presented New Holland mild-hybrid system, first presented on 

this range of tractor, the advantages derived directly from the introduction 
of electric power can be grouped in three main families : user experience, 
efficiency/polluting emission and maintenance.

experiments have been conducted on test rig to test the main compo-
nents of the electric architecture and the engine behavior when assisted by 
the electric machine (Figure 7). Loads applied while on test rig are coming 
from real field data collected with different conventional implements and 
random peaks of torque. 

Experimental field test campaigns have been performed with the goal 
of comparing the conventional implements, that is driven through a dedicated 
tractor’s PTo driven hydraulic power unit or mechanical PTo shaft and the 
electrified ones. Pictures and experiment details are reported in Figure 9, 
figure 10 and figure 11. More experiments will be performed according to the 
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seasonality of the application with the goal of collecting more data to further 
prove the benefits for the end-user.

regarding user experience and comfort, an improved system maneuve-
rability (e.g. end of row turn) and safety are achieved thanks to cardan shaft 
removal in case of electrified implements. An improved drivability is obtained 
because the system is not anymore constrained by fixed PTO speed, so vehicle 
ground speed can be regulated without care about implement operation. Mo-
reover, an improved reactiveness of the engine in terms of time response can 
be obtained (Figure 12) thanks to the electric machine aid on recovering faster 
the engine speed set-point after a transient load (yellow in picture). The time 
response can be significantly reduced, up to 50 % on the operation shown in 
figure 12. noise reduction is achieved thanks to low engine rpm while working 
with e-implements connected. 

The efficiency and polluting emissions improvement are related to multiple 
aspects summarized below.

On the implement electrification, there are two main power sources from 
the tractor to the implement : PTO and hydraulic.

• Replacing PTO-driven implement with an electrified one, enables 
the removal of cardan shaft and allows engine speed decoupling, 
thus improving the fuel consumption thanks to the reduced engine 
speed, optimizing thermodynamic efficiency and reducing friction 
losses [3]. Experiments reported in Figure 11 highlight a fuel saving 
up to 29 %. The data are related to runs comparable in term of 
average ground speed of the tractor within the cycle and weed type.

• for implement that normally are hydraulically driven, an additional 
the efficiency gain derives from the system simplification : priority 
and remotes valves, or external hydraulic power unit (as normally 
coupled with Clemens trimmer) are causing a loss in efficiency as 
represented by the simulation of the two systems (Figure 13). From 
real field experiments with Clemens trimmer a fuel consumption 
saving up to 30 % is achievable as reported in Figure 10. The data 
are related to runs comparable in term of knife speed and ground 
speed of the tractor.

Analyses and simulation have been done to verify the 48V battery charge 
sustainability, intended as the capability of the system to maintain a neutral 
State of charge level over the mission.

In torque assist mode, several real cycles have been analyzed : 
• Mechanical mulcher on a 200m length field and up/downhill 
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slope of 20 % : reported in Figure 14. Mulcher graded has been 
performed at 6.5kph. The battery energy is used to assist the 
engine when the power request goes ABOVE 55kW (e.g. uphill 
part of the mission), while it can be recharged for operation where 
the total power demand is beloW 55kW (e.g. downhill part of 
the mission). According to the target mission profile the system 
works granting a neutral energy balance for the battery.

• Mechanical cultivator on flat surface on a 200m length field (Figure 
15). Cultivator has shown a profile where there are peaks of power 
over the 55kW provided by the engine for the overall duration of 
the task that has been performed at 6.5kph. The battery dischar-
ging rate (yellow line) is about 10 % over the cycle. The end of 
row turn maneuver, represents a phase of the task suitable and 
long enough to restore the battery State of Charge (SoC) to the 
initial level proving that the mission is self-sustaining (blue arrows 
in Figure 14 and Figure 15).

Moreover, a simulation (Figure 16) has been performed to better un-
derstand how long the system can run before a complete discharging of the 
battery (SoC = 10 %). The simulation consists on the repetition of the active 
cycle (Figure 16) till the SoC is about 10 %. The simulation has shown that the 
tractor can run for about 1940m before a battery discharging. This represent 
an extreme condition for a vineyard or orchard application, so there is the 
confidence to be able to provide torque boost and torque assist during the 
working cycle without any problem.

With respect to maintenance aspects, the information availability from 
e-components part of the system (e.g. current, voltage level,…), could help on 
the problem detection and prediction. no more maintenance on implement 
cardan shaft and hydraulic because replaced by an electrical socket (pos-
sibility to handle multiple loads with a single socket) and time reduction for 
tractor-implement connection operation. hydraulic hoses have to be replaced 
every few years : by using electric drives, this maintenance task is eliminated 
for what concerns the material expenditure of the parts to be replaced and 
the labor expenditure.

4. Conclusions
The innovative product developed by new holland in collaboration 

with fPT, clemens and nobili oeMs, is a mild-hybrid system with capability 
to support implement electrification.
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new holland has started this path towards alternative propulsions already 
years ago. The recently presented e-source external power pack has been 
the first step towards electrification, now evolving using the architecture of a 
standard production unit. The mild hybrid solution is installed on a the new T4 
Platform designed to reach max flexibility also for future emission evolutions. 

The presented product provides benefits in terms of drivability, impro-
ving promptness of the overall system tractor-implement, and sustainability, 
reducing fuel consumption thus CO2 emissions. Details are listed below : 

• System different vs competition because it combines the mild-hy-
brid architecture with electrified implement capability keeping the 
overall tractor dimensions within under the range for vineyard and 
orchard applications.

• Flexibility : it allows customer to use both electric and traditional 
hydraulic/PTo implements.

• Clean : Improved fuel consumption with respect to conventional 
implements up to 30 % with a consequent reduction of CO2 
thanks to engine decoupling from e-implements; removed oil 
dependency/contamination from hydraulic implements.

• Simplified After Treatment System : SCR removal for F28 55kW 
engine rating.

• Improved drivability, noise and user experience through engine 
drivability : up to 50 % less time to recover target engine speed 
vs conventional tractor.

• Potential for oil free application and additional hydraulic power 
unit removal.

• Maintenance operation and running cost reduction.
• Solution tuned on the real farmer infrastructure availability deve-

loped with architecture of the neW Specialty tractors that would 
be launched in coming months.

• Productivity improvement : electrification as enabling factor for 
implement automation and coordination of multi-implement tasks 
(trimmer, mulcher and other electrified tools).
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Figure 3 : working mode implement electrification and enabling working profile 
(time history)

Figure 4 : working modes torque boost and torque assist and enabling 
 working profile (time history)

Figure 5 : electric machines installation – configuration nomenclature
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Figure 6 : electric machine space available and overall length  
F36 engine vs F28 engine

Figure 7 : electric machine mechanical connection to engine and to driveline and 
working prototype
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Figure 8 : thermal management schematic

Figure 9 : field activities

Figure 10 : experiments with Clemens Trimmer – summary
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Figure 11 : experiments with Mulcher – summary

Figure 12 : engine behavior improvement after a transient load is applied (prelimi-
nary experiments – further control optimization expected)

Figure 13 : hydraulic vs electric implement electrification – efficiency gain for a 
given output power
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Figure 14 : mulcher cycle power and SoC analysis

Figure 15 : cultivator cycle power and SoC analysis
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Figure 16 : cultivator cycle simulation power and SoC analysis
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Abstract

heat waves, droughts, frosts, hailstorms, or heavy rains are expected to  
 increase worldwide as a manifestation of climate change. These ex-

treme events can have a devastating effect on perennial and vegetable fruit 
crops. Sun’r through its subsidiary Sun’Agri has developed an ambitious 
r&D program in partnership with InrAe, to offer one of the most innovative 
protection techniques based on dynamic agrivoltaics, with the added value 
of contributing to the energy transition. This system consists of photovoltaic 
solar panels positioned above the crop, oriented in the crop’s rows direction, 
which can rotate to +/- 90° and adjust the level of shading depending on the 
irradiation needs of the plant and the level of required protection. 

AgroecologIcAl TrAnSITIon /// SIMA AgriTech Day 2022 /// 155 

mailto:charlotte.jouve%40sunagri.fr?subject=
mailto:damien.fumey%40sunagri.fr?subject=


In this presentation we will provide examples to show both the benefit 
in terms of protection against climate hazards and the cost of a bad steering 
(or no steering) policy. Hence, the core of the presentation is related with the 
management of the dynamic solar panels and how it is possible to expose crops 
to incoming light when necessary and shade the crops to protect them when 
extreme weather conditions are forecasted. The smart management mixes the 
knowledge acquired from field research over 13 years of collaborative R&D 
program and from crop modelling activities. We will present our program of 
research along with the model developed to pilot the solar panels. The model 
combines a water balance, an energy balance, a whole-plant carbon budget 
and their interactions to predict the performance of crops grown under solar 
panels. The crop model produces three agronomical indicators : tree water 
potential, canopy temperature and carbohydrate assimilation available for 
organ growth to determine the orientation of solar panels.

We set experiments to characterize the effects of APV systems in grape-
vine, apple trees and horticultural crops. located on 13 sites, they comprise 
three categories : i) crops cultivated under several levels of shading (with fixed 
panel) to have a better understanding about the phenological, physiological 
and morphological responses of the plant to shade, ii) crops cultivated in 
a dynamic APV experimental plot (several hundred of m2) to have a better 
understanding of the responses of yield and quality to different strategies 
of shading in the field, and iii) large-scale APV of several ha to collect agro-
nomical information on the technology at a commercial level. We evaluated 
the three research categories in parallel during the years 2018-2021. In this 
study, we will present a summary of the research activities and key results, 
covering all the aspects of production in APV systems.

APV prove to be a viable solution to mitigate climate change but, as 
a brand-new practice, its adoption by farmers will require a good sharing of 
all the knowledge acquired from the experiments and modelling activities. 
Sun’Agri is currently working on a digital tool that mix dashboard and decision 
support system to help growers monitoring the orientation of the solar panels 
and adapt their practices to this unfamiliar environment.

Keywords : dynamic agrivoltaics, shading steering policies, crop protection, cli-
mate change adaptation, crop modelling
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1. Introduction
Agriculture faces complex challenges including a growing population, 

a decrease in fossil resources and climate change. The way we produce 
food must therefore be adapted to this changing world. for instance, with 
the increase in extreme weather events such as drought, frost, or hail (IPcc, 
2018, 2021), crops will need protection systems. If cover nets are nowadays 
a common horticultural practice to provide permanent shade for a given pe-
riod, and protect crops against such climatic hazards, other solutions allow 
intermittent shading. Indeed, previous research has shown that permanent 
shade provides great protection for the plant but at the cost of a reduction in 
crop production due to not enough light reaching the crop at crucial stages 
of its development (Marrou et al., 2013). With this problem in mind, Sun’Agri 
has developed a unique dynamic agrivoltaic system : dynamic solar panels 
are located over the crop to protect the plants and at the same time produce 
clean, renewable, and competitive energy (Weselek et al. 2019). This structure 
allows panels to rotate giving flexibility to shade the plants only when it is 
necessary (Valle et al., 2017; Elamri et al.,2018). The objective of this study 
is to demonstrate the importance of the panel steering policy used for plant 
productivity. first, this study will present the agrivoltaic devices developed by 
Sun’Agri (experimental dynamic agrivoltaic systems and large-scale dynamic 
agrivoltaic systems) and their interest in protecting plants against climatic 
hazards. The effect of solar panels on the reduction of irrigation water requi-
rements and the protection against leaf sunburns will be illustrated on apple 
trees and grapevines. Secondly, the adverse effects of a poorly panel steering 
policies will be presented in the context of a complete tracking strategy over 
mature apple trees for almost 3 years with a decrease in fruit quality. Finally, 
a crop model developed within the framework of this research program will 
be presented to assist in the panel steering policies.

2. Materials and Methods 
General description of the agrivoltaic structure : 
The dynamic agrivoltaic structure is installed four or five meters above 

the ground to let farming machinery circulate between crops and perform 
agricultural work (Fig, 1). The possible distance between poles is from 7 to 
10 meters to preserve standard spacing of crop rows and plant density per 
hectare depending on the cultural practices of the grower. The system is 
installed on steel-forged poles driven into the ground with limited impact 
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on the environment. The tracking system of the panels has been developed 
to facilitate their mobility and inclination. This enables to expose plants to 
incoming light when necessary and shade the plants to protect them when 
extreme weather conditions are forecasted (heatwaves, drought, frosts, 
hailstorms). The solar panels are mobile in an angle of +/- 90° and the size 
of the structure allows a complete shade of the plants below panels or a total 
absence of shade.

Fig. 1. Example of the dynamic solar panels developed as a solution for adapting 
crops to climate change. When the panels are oriented to shade the plants, they 
save water and protect the plants from excess of light and high temperature. When 
the dynamic solar panels are oriented perpendicular to the sun’s rays, the plant 
below is shaded (tracking). When the panels are parallel to the sun’s rays, the plant 
receives maximum light (antitracking).

Experimental sites : 
The experimental sites are used to have a better understanding of crop 

performance under dynamic solar panels. Some of the experimental sites are 
provided with the agrivoltaic structure as described above (Fig. 1). A detailed 
performance of the crop under the solar panels in comparison to an open-field 
crop has been studied over three consecutive years as part of 7 PhD theses 
with different InrAe laboratories. In this work, two representative experi-
mental sites for fruit production (apple) and grape production are presented.

regarding the experimental site for apple, an agrivoltaic system (fig. 
1) was installed in February 2019 in a ten-year-old ‘Golden Delicious’ apple 
orchard located in the experimental station of La Pugère (Mallemort, France) 
(Table 1). The system covered a total area of 730 m² next to a control plot of 
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1480 m² without panels. Solar panels were managed with a ‘Solar Tracking’ 
strategy to maximize their radiation interception (mean interception : 40 %). 
This severe shading strategy was imposed to have a better understanding 
of the advantages and disadvantages of exposing apple trees to shade 
and to test the limit of this technology in term of response of the plant. To 
understand the impact of this severe shading strategy on plant water sta-
tus, midday stem water potential measurements (with a pressure chamber) 
were carried out between May and September in 2019-2020 and 2021 on 
shaded and control trees. Irrigation was managed differently according to 
the shading modality, based on the water status measurements of the trees, 
to allow for a high level of water comfort on the whole orchard. At the end of 
the season, the quantities of water supplied to the shaded vs. control trees 
were recorded. To evaluate the impact of the tracking shading strategy on 
fruit quality, measurements were made at harvest, including fruit colour and 
refractometric index (°Brix).

regarding the experimental sites for grapevine, an agrivoltaic system 
was installed in March 2019 in a ‘grenache noir’ vineyard located in the ex-
perimental station of the Vaucluse chamber of Agriculture (Piolenc, France) 
(Table 1). The system covered a total area of 600 m² next to a control plot of 
340 m² without solar panels. In this experimental site, two solar panel struc-
tures have been set up to test of different strategies to optimize grapevine 
production. The different strategies consisted in shading the plants with 
different levels during the day or during the season with the following objec-
tive in mind : develop and test a vine growth model integrating the impact of 
the microclimate under an agrivoltaic system and test the reaction of vines 
in extreme shady conditions.

Large-scale sites : 
In those sites the objective is to evaluate the technology at a real scale. 

The first large-scale site, a commercial vineyard of 7.5 ha in Tresserre, France 
(Table 1), has been commissioned in the beginning of 2018 just before planting 
different varieties of vines. each cultivar shading combination is monitored 
in detail with soil and plant sensors and agronomical data is collected to 
determine the grapevine performance. Steering policies was monitored with 
simulation software AV-Studio composed with agronomical plant growth 
models. new large scale dynamic agrivoltaic devices have been constructed 
in 2022 on pears, peaches, cherries, and apricots (Table 1).
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Table 1 : Summary of all Sun’Agri agrivoltaic systems (APV) constructed in France 
including date of construction, crops, area, and location of each site. The devices 
highlighted in green correspond to experimental devices while those highlighted in 
yellow correspond to large-scale devices.

commissio-
ning date crops Plots

(Surface) location

 

2009
lettuce

cucumber
cereals

Fixed panels (820 m2)
Dyn. panels (820 m2)

Control (1600 m2)

Montpellier 
(34)

2018

grapevine
‘grenache blanc’

‘chardonnay’
‘Marselan’

Dyn. panels (4.5 ha)
Control (3 ha) Tresserre (66)

2018 grapevine
‘grenache noir’

Dyn. panels (680 m2)
Control (340 m2) Piolenc (84)

2019
Apple

‘golden
Delicious’

Dyn. panels (735 m2)
Control (1482 m2) Mallemort (13)

2021

Tomato
cucumber
Aubergine

Pepper

Dyn. panels (4400 m2)
Control (4400 m2)

granges-
sur-Lot (82)

2021 Tomato
lettuce

Dyn. panels (800 m2)
Control (800 m2) Alénya (66)
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commissio-
ning date crops Plots

(Surface) location

2022
Peach

Apricot
cherry

Dyn. panels (350 m2)
Control (350 m2)

etoile-sur-rhô-
ne (26)

2022
Peach

Apricot
cherry

Dyn. panels (2.6 ha)
Control (1 ha)

etoile-sur-rhô-
ne (26)

2022 cherry Dyn. panels (350 m2)
Control (350 m2)

loriol-sur-
Drôme (26)

2022 Pear Dyn. Panels (2.3 ha)
Control (0.4 ha) Llupia (66)

Algorithms (models and software) development : 
The development of models is the heart of the innovation of the Sun’Agri 

research program and a key component for determining the orientation of the 
solar panel. Two models have been developed to do a smart management of 
panels : AV Studio© (Sourd et al., 2020) and crop_sim (Chopard et al., 2021). 
AV Studio© is a software that models 3D shapes representing an agrivoltaic 
system, which includes ground, plant canopy, photovoltaic panels and struc-
ture elements supporting the panels (Figure 2). This representation is used 
to determine the amount of light that is reaching the plant for any policy 
strategy. This light regime is used as input in a second model developed to 
predict the performance of the plant (crop_sim).
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Figure 2. Schematic representation of the interaction between AV Studio© and 
crop_sim to make a smart management of solar panels.

crop-sim has been conceived to estimate three plant indicators : i) plant 
water potential, ii) canopy temperature and iii) carbon production, to maintain 
the ideal plant water status, avoid thermal stress above a given threshold 
temperature and ensure the necessary production of carbohydrates for 
plant growth, respectively (Figure 2). To estimate the three plant indicators, 
crop_sim relies on a mechanistic model that simulates the soil, the plant, the 
atmosphere, and the interactions between them. To perform a simulation, the 
model requires as inputs basic information from the crop system (e.g., crop 
species, variety, soil texture, row orientation, plant density, and estimated root 
depth), the geolocation (latitude and longitude), the weather (global radiation, 
precipitation, air temperature, wind speed) and microenvironmental conditions 
under the solar panel calculated by AV Studio© (Figure 2). In crop_sim, the 
crop and environmental inputs are fed to three sub-models (water balance, 
energy balance, and carbon budget) specifically designed to capture the 
effect of solar panels on crops. 
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by predicting the performance of the plant, the model may be extremely 
useful to test hypotheses that cannot be tested in the field. In this study, two 
steering policies were tested on mature apple trees (Mallemort) during the 
year 2020 : 

• ‘morning’ : tracking the morning and antitracking the afternoon 
during all the season

• ‘afternoon’ : antitracking the morning and tracking the afternoon 
during all the season

To have the same duration of shading between the two modalities, the 
solar midday was taken as a reference to separate the day in two periods.

3. Results and Discussion
Dynamic agrivoltaic systems : an effective protection against the im-

pacts of climate change : 
The agrivoltaic system above a mature apple orchard allowed an irrigation 

water saving between 6 and 36 % depending on the year considered, com-
pared to the control zone (Table 2). This reduction in irrigation requirements 
was made possible by a change in the microclimate under shade (reduction 
in maximum temperatures and increase of relative humidity compared to the 
control area) (Juillion et al. 2022) which has de facto reduced evaporative 
demands compared to the control area. It should be noted, however, that for 
the purposes of the experiment, a high level of water comfort was achieved, 
with water inputs higher than usual (reference of 700 mm on this orchard 
before installation of the agrivoltaic system). 

Despite a decrease in water inputs under dynamic solar panels, an 
increase in the minimum water potential over the season (14-33 % higher 
than control trees) was noticed (Table 2), which reflects a more favourable 
water status of the shaded trees than that of the control trees. 

Table 2. Minimal water potential (MPa) and total irrigation (mm) over the season for 
control and shaded apple trees under dynamic solar panels in tracking strategy in 
2019, 2020 and 2021. The percentages in brackets represent the variation under 
dynamic solar panels compared to the control area.
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Year

Minimal water potential over the season 
(MPa)

Total irrigation over the season  
(mm)

Control trees Trees under dynamic 
 solar panels Control trees Trees under dynamic 

solar panels

2019 -1.3 -1 (+ 23 %) 1150 800 (- 30 %)

2020 -1.4 -1.2 (+ 14 %) 750 710 (- 5 %)

2021 -1.2 -0.8 (+ 33 %) 1380 890 (- 36 %)

In the case of grapevine, a decrease in leaf and fruit sunburns was also 
observed under agrivoltaic system compared to the leaves of control plants 
during veraison 2022 (Fig. 3).

Figure 3. Pictures of vine under the solar panels (left) and without solar panels 
(right) with details on canopy (high) and on grapes (bottom) during veraison (end of 
July 2022) in the experimental site in Piolenc (84).

Agrivoltaic systems are therefore an effective protection of plants (in 
this case apple trees and grapevines) against drought and excessive solar 
radiation, both of which will increase in the context of climate change. Indeed, 
by promoting a more comfortable microclimate, agrivoltaic structures allow to 
limit water inputs and organ sunburns. They could therefore be an effective 
tool in climate change mitigation.
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Dynamic agrivoltaic systems : adverse effects of a poorly panel steering policies : 
In the case of a tracking panel steering policy (maximum shading) over 

almost 3 seasons over mature apple trees, a decrease in colouring of ‘golden 
Delicious’ apples was observed under photovoltaic panels, as illustrated in fig. 
5. Indeed, at harvests 2019, 2020 and 2021, apples under tracking showed 
a greener colour, as described in many studies under continuous shading 
(Romo-Chacón et al. 2007; Solomakhin and Blanke 2008; Serra et al. 2020). 
In the case of ‘Golden Delicious’ apple, the changes of skin colour (yellowing) 
are essentially caused by chlorophyll degradation during maturation and 
ripening processes (Kingston, 1992). Degradation of chlorophyll content is 
positively correlated to radiation (Solomakhin and Blanke, 2007). While in 
the case of ‘golden Delicious’ the commercialisation was not impacted, this 
could be different for other varieties or species. 

A decrease in fruit quality at harvest was also observed with a decrease 
in refractometric index under maximum shading (between 1 and 3 °brix among 
years) compared to control fruits without panels (Table 3). The refractometric 
index is positively correlated with the sweetness of the fruit (Magwaza and 
Opara, 2015). Nevertheless, it is difficult to know whether these measured 
differences are perceptible to human taste. This lack of data relating mea-
surements and human perception is a common issue (Brennan et al., 1997) 
and taste analyses should be included in future studies.

Figure 5. Photography of control and under AVD apples at the 2020 harvest
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Table 3. Refractometric index (mean, standard deviation) (°Brix) at the 2019, 2020 
and 2021 harvests for a sample of control fruit and under tracking panel steering 
policy

Refractometrix index (°Brix)

Year Plot Mean Standard deviation

2019
control 10.9 1.1

under AVD 9.8 0.7

2020
control 12.4 0.6

under AVD 9.5 0.7

2021
control 12.5 1.5

under AVD 10.3 1

  These results in fruit quality reveal adverse effects of a poorly panel steering 
policy and the need for dynamic solar panels to allow full light to the plant at 
necessary times. In order to optimise panel steering policy according to the 
needs of the plant, modelling work was performed.

Crop modelling : an assistance in the panel steering policies : 
In the apple APV experimental site (Table 1), it was only possible to eva-

luate one shading strategy due to the size of the APV system. The photovoltaic 
modules rotated following a complete ‘Solar Tracking’ strategy to maximize the 
solar panel radiation interception and expose apple trees to a severe shading 
(variable shading between 4 % and 88 % during the day with a mean seaso-
nal shading rate of 50–55 %) (Juillion et al., 2022). Crop modelling was used 
to compare two other panel steering policies : ‘morning’ (tracking only in the 
morning during all the season) and ‘afternoon’ (tracking only in the afternoon 
during all the season). The simulations with the two modalities were performed 
during ripening period including August 1 the hottest day of the year (Figure 6). 

The photosynthesis patterns did not follow the light interception patterns 
because the temperatures were too high and then limited photosynthesis ac-
tivity. Therefore, photosynthetic activity in the afternoon was similar between 
the two modalities, and even higher under shade, which allowed a decrease 
in maximum temperatures (Figure 6). Consequently, the morning tracking was 
disadvantageous because the amount of carbohydrates produced under mor-
ning tracking was lower than during afternoon tracking. Afternoon tracking got 
benefit of maximum incident radiation in the morning when the temperatures 
are low and avoided high temperatures in the afternoon.
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Figure 6. Light intercepted by the plant (abs rad, in MJ.plant-1), plant photosynthe-
sis (photosynthesis in gC.plant-1), and canopy and air temperatures (temperature 
in °C) were plotted during 3 consecutive days (July 31 – August 2) for 2 panel stee-
ring policies : morning (tracking only in the morning) and afternoon (tracking only 
in the afternoon). The amount of carbohydrates accumulated during the 3 days 
is indicated in the legend. Simulations were conducted on matured apple trees in 
Mallemort.

Panel steering policies integration on a daily scale is more complex 
since it involves not only light but also the temperature of the atmosphere. 
This is an example of how a crop model is capable to capture the interac-
tions between light interception, canopy temperature and the production of 
carbohydrates to determine the best policy.

4. Conclusions
Preserving crops from climate change seems possible by means of 

dynamic agrivoltaic systems. however, poor management of panel steering 
policies can lead to adverse effects such as reduced fruit quality. While the 
development of dynamic experimental agrivoltaic projects allowed to have a 
better understanding of the responses of yield and quality to different strategies 
of shading in the field, crop modelling seems to be an indispensable tool to 
optimise the panel steering policies. Indeed, by predicting the performance of 
the plant, the model may be extremely useful to test hypotheses that cannot 
be tested in the field, leading with virtual experiments, and speeding the 
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knowledge of the behavior of plants under the shade of solar panels. Some 
examples could be related with the plant response to different steering policies 
not tested in the field as presented in this study or exploring extreme events 
that were not observed (e.g. high temperature long events). 

 All the research partners of the Sun’Agri 3 project will continue to collect 
information required to determine the effect of solar panels on plant physiology, 
water relations, vegetative growth, yield, fruit quality for multiple crops (apple, 
grapevine for different wines production, tomatoes, lettuce, corn), and the 
long terms effects of shading in the perennial crops and extensions are deve-
loped for other crops (pear, cherry, nectarines, peaches, apricots, eggplants, 
cucumber, etc.). The research consortium will have a strong contribution in 
understanding the adaptation of crops to climate change. The results of this 
study also illustrate that the heart of the innovation of Sun’Agri is based on 
the development of models and piloting software that will be used to inform 
panel steering policies and maintain crop performance under solar panels. 
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Abstract

The agro-ecological transition is now a priority stated by public authorities 
 and shared by more and more socio-economic players, where agricultural 

equipments have a key role to play in the adoption of new agricultural practices 
(e.g. reduction in the use of plant protection products, crop diversification, 
low-carbon energy solutions, etc.), aimed at triple economic, environmental 
and social performances. The AgroTechnoPôle platform, launched officially 
in early 2022 and supported by INRAE, is firmly positioned to take up this 
challenge and help accelerate the development of new technological solutions 
to meet the challenges of tomorrow’s agriculture.

The AGRITECH DAY by AXEMA conference on 5 November 2022 
gives the opportunity to the AgroTechnoPôle to present more in details its 
new infrastructures and the existing facilities, that can already be mobilised 
by the external actors in order to create a strong link between public and 
private partners. In this way, three lead companies will testify their interest 
and contribution to the AgroTechnoPôle platform. 

1. Introduction
The AgroTechnoPôle is a platform supported by InrAe to the service of 

all stakeholders for the research & Development of their technological and 
digital solutions in line with the requirements of the agro-ecological transition. 
After a general presentation of the AgroTechnoPôle’s positioning (point 2) 
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and illustrations of existing equipments and infrastructures that can be mobilized 
by the AgroTechnoPôle’s partners (point 3), the article will focus more speci-
fically on the description of the new infrastructures (point 4) that the platform 
will acquire in the coming months in order to respond to and accelerate the 
agroecological transition.

2. General presentation of the AgroTechnoPôle 
platform

The AgroTechnoPôle - as illustrated in figure 1 - is an open platform at the 
service of all players (manufacturers, equipment suppliers, technical institutes, 
technology clusters, research laboratories, etc.) to support them in their research & 
development of technological and digital solutions for the Agroecological Transition.

It allows to accelerate in its strong fields of actions both incremental inno-
vations (improvements of existing machines) and breakthrough innovations (new 
machines, processes) to meet the challenges of agriculture.
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Figure 1 : Positioning of the AgroTechnoPôle platform

The AgroTechnoPole is particularly involved in the research & develop-
ment of new tools/machines/services for agriculture that are more efficient in 
terms of execution of localized tasks, respect of the environment (reduction 
of Greenhouse Gases, soil protection…).

The targeted fields of applications mainly concern technologies for 
crop production, including machines (robotized or not) for tillage, sowing, 
fertilization, alternative weeding techniques, and harvesting, as well as those 
involving new practices.

The platform - in which the TScf research unit of the InrAe-cler-
mont-Auvergne-rhône-Alpes center plays a kernel role - is based on its ability 
to mobilise multiple skills from its Public Academic Partners (ceA, cereMA, 
Clermont-Auvergne-University (UCA), VetAgro-Sup, LP Gustave-Eiffel, INRAE) 
and/or its specialised Innovative company Private Partners (Mechatronics/
Robotics, Terramechanic , IA, , IoT, Modelling/Simulation, etc.) to carry out 
different types of projects in terms of RESEARCH, ENGINEERING, TESTING 
and TrAInIng. 

The platform takes also benefit of networks of its Members representing 
Professional Collectives (composed at the beginning of 2022 by AXEMA, 
RobAgri, the CIMES & VEGEPOLYS VALLEY Competitiveness Clusters) or 
its membership in the Plant2Pro carnot Institute and the cAP20-25 I-Site in 
clermont-ferrand to disseminate its offer, its expertise and its know-how to 
the actors of different value chains (technological, agricultural productions).

3. Means already existing within the AgroTechnoPôle 
platform

The AgroTechnoPole already has many existing facilities and infrastruc-
tures that it can quickly mobilize inside its resource partners according to 
the addressed problems. As examples, we cite some of equipments and 
infrastructures already available : 
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 h With AgroTechnoPôle partners : 
o reverberation chamber with mixing modes of the Institut-Pas-

cal - UCA for EMC investigations (Photo 1).
o rain and fog Platform of the cereMA for the ArPA 2 

robotic safety tests under the TeST oPerATor status for 
AgroTechnoPôle (Photo 2).

o 100 kW Fuel cell test Bench of CEA (Photo 3).

 

Photo 1 : Mode mixing rever-
beration chamber (IP)

Photo 2 : Rain and fog plat-
form (CEREMA)

Photo 3 : Test bench for 100 
kW fuel cells (CEA)

 h On the privileged site of the AgroTechnoPôle - INRAE -TSCF located 
in Montoldre (03) : 
o Laser tracker (Photo 4), a high precision field reference tool 

for dynamic positioning of machines.
o Robotic mobile platforms (Photo 5) to support the development 

of new perception/control/command algorithms in terms of 
gripping, high-speed mobility,….

o Monoroue test device (Photo 6) for the characterization of 
the tire efficiency.

o CEMIB Bench (photo 7). Characterization of the mineral 
fertilizer spreaders.

o CEMOB Bench (photo 8) for the characterization of the 
organic fertilizer spreaders.

 
Photo 4 : Reference positioning tool 

(1/100 mm X, Y, Z accuracy)
Photo 5 : Robotic mobile 

platforms
Photo 6 : Monoroue Experi-

mental device
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Photo 7 : CEMIB bench Photo 8 : CEMOB bench

Existing infrastructures such as the “cross track” (Photo 9), “inclined 
profiles”, and « experimental field plots” (Photos 10 and 11) already make 
it possible to conduct qualification tests relating to the qualification of the 
performances of agricultural robots.

 
Photo 9 : Cross track – 

ARPA 1 tests with Sitia robot
Photo 10 : Field-tests – 

ARPA 3 with Agreenculture
robot

Photo 11 : Field Plot with SONY 
ROMI robot during the ME-
TRICS – ACRE Challenge

Thanks to these experimental supports, the InrAe-TScf research unit 
was in capacity to lead the ARPA (Agricultural Robots Performances Assessment) 
project for the development of new test protocols for the safety of agricultural 
robots, carried out within the framework of the european Agrobofood DIh (Di-
gital Innovation Hub) with the involvement of industrial partners (AgreenCulture, 
VITIBOT and SITIA companies). 

The results obtained are now contributing to the construction of the second 
version of the ISo 18497 standard and the oecD test code for the safety of agri-
cultural robots. They will be presented on 2022 october 28th at the Tec (Test 
Engineers Conference), which brings together engineers from the test stations 
of oecD member countries.

The test services for the qualification of robot performances (ARPA 1 and 
ARPA 3) are already available under the leadership and responsibility of the Partner 
SherPA - engineering under the TeST oPerATor status of the AgroTechnoPôle.
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To date, other research projects are already conducted in AgroTechno-
Pôle mode and many others are being set up.

4. New infrastructures of the AgroTechnoPôle
The AgroTechnoPole claims a differentiating positioning with the deve-

lopment of solutions and the qualification of performances “from the Bench 
to the field” under controlled and therefore reproducible conditions thanks to 
the skills gathered and its unique facilities (infrastructures and equipments).

The new infrastructures - presented in Figure 2 – take benefit of technical 
and financial contributions from BUREL PRODUCTION, KUHN, MICHELIN 
and SHERPA-Engineering as the first REFERENCE COMPANY Members of 
the AgroTechnoPole. As of now, new industrial partner companies can also 
join the consortium.

The following six sections give a perspective and overview of the 
composition of the future facilities being defined and built on the privileged 
site of the AgroTechnoPôle based in Montoldre in Allier district (03). (See 
the calendar on Figure 2).

Figure 2 : Calendar of the AgroTechnoPôle’s new infrastructures

4.1.  Section 1 : Tracks areas for agricultural/off-road 
vehicles performance qualification

As agricultural/off-road machines and equipments are becoming more 
and more efficient thanks to their new functions (based in particular on the 
increased development of on-board artificial intelligence), it is essential to 
qualify them in an advanced and reproducible manner. 

In this target, the AgroTechnoPôle platform will be equipped with new 
tracks and evolution areas (Figure 3) including associated field reference 
equipments (measurement and data collection tools), thus offering a range 
of perfectly defined and calibrated experimental conditions. 
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Different obstacles (negative or positive, reproduction of different crop 
rows, etc.) will be deployed throughout Section 1 according to the specific 
needs of each project.

Figure 3 : Representation of the future tracks and evolution areas of the 
AgroTechnoPôle Montoldre site

Among the different zones, we mention “Zone A”, that is perfectly flat 
and made up of various soil hardness (different types of soil layer). This track 
will also include a section equipped with standardised exciter blocks that will 
allow to test the dynamics of the vehicle /tools combinations. A tangential zone 
(“Zone A bis”) of agricultural land will increase the range of test configurations.

Zone B (with an area of more than 1.5 ha) should be opened for long-
term tests (e.g. robot endurance tests) in complete safety thanks to its 
monitoring tools and safety devices (including impassable deep ditches all 
around the periphery).

The zones (“C and C-bis”) with different slope profiles (15, 20, 25 and 
30 %) as well as the “crossing” Zone D (slopes 40 and 60 %) will allow the 
performance of vehicles to be qualified under more difficult working conditions.
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4.2. Section 2 : Huge bins soil with different clay 
levels

The passage of agricultural machineries on agricultural plots leads to 
soil compaction with an impact and modification of soil structures.

Figure 4 : Modelling of future bins soil of the AgroTechnoPôle Montoldre site

In order to characterise the impact of vehicles/machines/implements with 
accuracy and to encourage the development of new technological solutions 
and practices that respect the soil, the AgroTechnoPôle will be equipped with 
four large soil bins (Figure 4) (120 m length x 30 m width). These areas will be 
composed of four clay rates (7 %, 10 %, 25 % and 70 %) under a soil depth of 
0.4 m. They will be complemented by 4 deep plots with the same clay content 
over a 1.5 m horizon. All of these installations will have associated measurement 
means (pressure probes, moisture y, etc.) and irrigation possibilities to modify 
the characteristics according to the project objective.

The originality of this Section 2 is to offer four different homogeneous 
soil types on the same site, allowing the objective and quantified evaluation of 
technologies under repeatable and controlled conditions. These supports will 
be used for all kinds of purposes and investigations as well as for example the 
characterisation of traction efficiency in a tyre/soil linkage scheme, works on 
motricity and associated energy output, trajectory tracking or the adaptability 
of robots to changing soil textures. They could also be used to characterise 
sub-assemblies with regard to agricultural machinery/soil interactions, such 
as the seeding elements of seeders. These resources will be used to feed 
the numerical models that accompany any new developments.
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4.3. Section 3 : Digital twins (modelling, 
simulation) for agricultural robotics

Digital environments and in particular digital twins (example Figure 5) 
are now indispensable tools for accelerating new technological and digital 
developments. 

The AgroTechnoPôle platform has chosen to develop and propose these 
virtual tools in its offer of reSeArch/engIneerIng/TeSTIng/TrAInIng 
activities for its interested external partners.

The proposed Digital Twins software environment for agricultural 
robotics integrates several parts. The first part allows the robot modelling 
itself (dimensional characteristics, transmission stages, steering actuators, 
etc.) with varying degrees of representativeness to be convinced. A second 
part represents models of the various used sensors (proprioceptive or exte-
roceptive ones), including interaction models with the environment and also 
disturbance models of varying degrees of description. user-friendly interface 
tools allow the implementation of scenarios reproducing the machine’s use 
situations. This last part includes a digital model of the robot’s evolution 
space, which, in our case, will reproduce exactly the privileged experimental 
physical site of the AgroTechnoPôle of Montoldre (03) (with its existing and 
new infrastructures (see Figure 5 below).

Figure 5 : Digital evolution model of the AgroTechnoPôle Montoldre site
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As previously mentioned, the strength of the AgrotechnoPôle’s offer 
will lie in the layout and faithful juxtaposition of i/ this 3D digital model with ii/ 
the real physical environment of the Montoldre experimental site. once the 
results validated upstream in the virtual world, the partner will find exactly 
the same evolutionary environment in the advanced development phases of 
its solution.  Interactions between the virtual world and the real world will 
of course also be possible within the framework of “hardware In the loop” 
(HIL) approaches. 

The developments of these digital twins have been defined and will 
soon enter in its implementation phase with the involvement of specialised 
players. This last one will constitute a powerful virtual tool for the implemen-
tation for example of : 

• the design of new agricultural robot architectures and the evalua-
tion of their dynamic behaviours even before the first produced 
physical prototype, thus providing significant advantages in terms 
of saving time and money. 

• qualification of the performance in terms of mobility, energy 
motorisation, safety functions, etc. of agricultural robots and 
vehicles prior to full-scale physical testing campaigns. 

• development and evaluation of high-level supervision tasks 
(cooperation of homogeneous and heterogeneous robots, com-
munication links, etc.) or any other characterisation concerning 
the development of IA-based modules, deep learning facilitation, 
database creation, preventive maintenance, training, etc.

The Digital Twins in an exploitation mode will guarantee the industrial 
partner all the confidentiality in the development and exploitation of results.

4.4. Section 4 : Energy Bench & decarbonated 
mobility

In the agricultural production system, it is essential to characterise the 
parameters and impact of the motorisation/transmission devices of current 
machines, but also to accelerate the implementation of more virtuous energy 
sources in terms of sobriety and decarbonated mobility, such as electric power.
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Figure 6  : Schematic representation of the future Research and Test Bench on 
Decarbonated Mobility of the AgroTechnoPôle Platform

In this target, the AgroTechnoPôle platform has been working for 
several months on the definition of a test bench (Figure 6) dedicated to 
small and medium-power vehicles/robots. This research and test bench will 
make it possible to reproduce consumption cycles by applying brake/motor 
torques to the drive shafts under well-controlled conditions of various types 
of auxiliary plugs (mechanical, electrical, etc.) in order to qualify energy 
yields and energetic autonomy according to different action/use strategies 
of agricultural machines and robots defined in various scenarios. Under the 
agreement of partners, data will also feed more massive databases, for exa-
mple, for Life Cycle Assessment (LCA) methods or predictive models based 
on Artificial Intelligence.

4.5. Section 5 : Characterisation Bench for new 
alternative weed control solutions

Agro-ecological imperatives require the implementation of new practices 
in the field for the elimination of weeds in the inter-row and increasingly within 
the intra-row itself.

Figure 7  : Simplified figure of the future research and test Bench on alternative 
weed control systems on the AgroTechnoPôle Platform
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The AgroTechnoPôle platform wants to actively contribute to these ob-
jectives by setting up a research and test bench (Figure 7) to characterise new 
alternative solutions for weed control in open fields. The aim will be to provide to 
manufacturers of weeding machines (robotised or not) a first level of qualification 
of performances of their Perception, Decision and Action devices in terms of 
precision and speed of execution in a totally controlled environment.

The bench is designed to be adapted to all Perception/Decision systems 
(using IA module or not) and all types of localised actions (mechanical, localised 
chemical sprayer, laser…) 

This approach will allow to qualify the performances in artificial conditions, 
that means full controlled and reproducible framework. The research and test 
bench will facilitate the development and ensure the optimal functioning of the 
tested system before its implementation in the field in a real situation. For this 
last stage of final field tests, the AgroTechnoPôle – INRAE - TSCF is already in a 
position to provide methods and know-how, based on its work carried out as part 
of the organisation of the national ROSE Challenge (2018-2021) [https://www.
challenge-rose.fr/], and then the METRICS-ACRE Challenge [https://metricsproject.
eu/agri-food/acre-competition/] conducted to the European level (2020-2023).

4.6. Section 6 : Research and Test Bench for the 
characterisation of seeding machines 

Among the operations involving in the crop production cycle, the see-
ding operation is particularly well representative of concrete advanced in the 
agroecological transition. Associated crop grains (e.g. several varieties of 
wheat sown together, companion plants sowing, multi-species sowing) see-
ding at different densities, depths, spatial distributions, etc. are now offered 
by many seeder machine manufacturers.

Figure 8 : Schematic repre-
sentation of the future seed 
material characterisation 
Bench of the AgroTechno-
Pôle Platform
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In order to accompany and reinforce the development of seeding 
equipments in terms for example of accurate spatio-temporal seed pla-
cements in the soil, the AgroTechnoPôle platform, asked and encouraged 
for a long time by manufacturers (cf. names of two authors of this article), 
decided to develop a first research and test bench (Figure 8) intended 
to characterise the Transversal and longitudinal seed Distributions of 
seeding machines. 

More generally, the bench will allow in-situ measurements of the flow 
air characteristics (speeds, pressures…) and flow seeds (speeds, directions, 
sizes) at different points of the seeders from the seed selection device to 
the planting device.

This bench will help to understand the physic phenomena at various 
points of the seed drills and thus facilitate the development of future smart 
seeding machines for accurate multi-species seeding at different depths and 
potentially combined with localised fertiliser applications in a single pass.

The bench for characterising transverse and longitudinal distributions 
could be included and serve in the future as a potential support for standar-
disation. Anymore second bench will then aim to characterise the Distribution 
of Seeding Depth even if it constitutes a challenge in itself.

5. Conclusion
The AgroTechnoPôle platform is resolutely in an european and interna-

tional scope. The AgroTechnoPôle is at the disposal of all private and public 
actors to accompany them in their respective development of new solutions 
for the agro ecological transition. 

In August 2022, the AgroTechnoPôle platform became a partner in the 
European project AgriFoodTEF, which was submitted last May under the French 
national coordination of the lne and the general coordination of the bruno 
Kessler Foundation (FBK - Italy). This project aims to deploy an European 
test network for industrial actors to validate their IA-based developments. 
All the infrastructures (existing and new) of the AgroTechnoPôle presented 
in the previous chapter (Point 4) will serve as supports for the offer of this 
european network over the period 2023-2027, contributing in an additional 
way to reinforcing and bringing closer the collaborations between the Private 
and Public Partners.
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1. Introduction 

Axema is the french trade union for industrial players in the agricultural  
 equipment and agri-environment sector. The organisation has 260 mem-

bers (Axema, 2021). Like all trade unions under the law of 1884, Axema is run 
by its members. The board of Directors has decided to entrust Axema with 
a new mission : foresight. The aim of this mission is to carry out forecasting 
on the world of agriculture and agricultural equipment for the next decade 
(tomorrow’s agricultural equipment, evolution of the agricultural population 
and farm structures, decarbonisation, etc.). 

To carry out this mission, entrusted to Axema’s economic pole and in 
collaboration with the technical pole, it has been decided to recruit an intern 
for 6 months from January 2022. In this vast field of agricultural forecasting, 
the members have defined three main themes to be worked on : 

• Study of the evolution of agricultural demographics and the 
evolution of sociological profiles in 10 years.

• Study of the evolution of farming practices in 10 years’ time in 
order to understand the future needs in terms of agricultural 
equipment and new technologies.

• Study on the decarbonisation of industrial sites and products.

The second theme is the most suitable in terms of the skills acquired 
by the trainee as part of his or her agricultural engineering course. however, 
it is still very broad for an end-of-study internship. It was therefore decided 
within this theme to work on the evolution of weed management techniques 
in field crops.

knowing the prospects for the evolution of weed control practices is 
an important issue at the environmental level (soil and water pollution, re-
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duction in biodiversity, etc.), at the social level (public health, farmers’ health, 
agri-bashing, etc.) and at the economic level (increase in product prices, public 
aid policy, etc.). For the union’s member companies, it is necessary to know 
the evolution of weed control in order to orient research and development 
projects. Moreover, a study by the National Research Institute for Agriculture, 
Food and the Environment (INRAE) has highlighted the existence of clearly 
characterised technical impasses, particularly for sloping crops, conservation 
agriculture or certain specialised crops, and shows that a transition to zero 
herbicide cannot be made without economic consequences (Carpentier et 
al., 2019). From the initial theme and the choice to refine the work on weed 
control, it is possible to reformulate the subject via the following problematic : 

What will be the weed management techniques in field crops by 2035  
in France ?

2. Materials and Methods
In order to carry out this study, it is necessary to implement a prospec-

tive method which corresponds to a set of research concerning the future 
evolution of agriculture and which makes it possible to identify elements of 
forecasting. To carry out this type of study, it is necessary to consider that 
the future is open to several possible futures, that it is not predetermined 
and that it does not emerge from nothing. foresight makes it possible to 
answer the questions “what can happen ? and “what can I do ? It therefore 
has an exploratory and a strategic dimension. however, it is important not to 
confuse foresight with forecasting. foresight aims to explore possible futures 
by taking into account breaks and discontinuities, whereas forecasting is a 
projection into a continuous world as shown in Figure1

Figure 1  : comparaison entre la prévision à gauche et la prospective à droite 
(Futurible, 2022)
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2.1. The three main stages of prospective
First, it is necessary to define the prospective basis. That is, identify 

the key issue of the subject studied and the objectives of the study. It is also 
necessary to define the system in which our subject is integrated and to 
study the logic and dynamics of the system. In this study we have decided 
to work on the French scale and more particularly on field crops. We wish to 
make an exploratory prospective and thus answer the question “what can 
happen ? The objective of this study is to respond to five major objectives 
for the union, which are as follows 

• overcome preconceived ideas, change the way we look at things, 
raise awareness. 

• To mobilise points of view, to lead the collective debate.
• better understand what is happening, decipher developments. 
• helping to make decisions, federating around common visions, 

guiding strategic choices. 
• Stimulate change, bring out new approaches, transform processes. 

In a second phase, it is necessary to explore the future, i.e. analyse 
possible developments, understand the transformations at work and antic-
ipate the challenges. Several methods are possible to carry out this stage, 
including the method of building exploratory scenarios. 

finally, it is desirable to create a link between the foresight carried out 
and the strategy of the companies at the end of the study. Indeed, in order to 
enhance the value of a foresight study, it is preferable to define a shared vision 
of the future between the actors and to create a strategic trajectory which 
will mobilise and make strategic approaches and partnerships evolve. Within 
the framework of this study, this strategic dimension has not been worked on. 

2.1.1. Focus on the construction of exploratory scenarios
What is a scenario ? A scenario is a forward-looking narrative that re-

sults from the assembly of different ingredients; namely, different hypotheses 
about what might happen. To carry out an exploratory foresight approach, the 
system must be broken down into variables (main variables and secondary 
variables). For each variable, one or more hypotheses of evolution over the 
time horizon of the survey in question must be defined. In each variable, there 
is a hypothesis that follows the current trend (trend hypothesis). This trend 
hypothesis would be supplemented by one or two breakthrough hypotheses. 
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The construction of the scenarios therefore consists of crossing the 
different hypotheses with the aim of constituting narratives on the future as 
illustrated in the table below

Table 1  : exemple de création de scénarios à partir d’hypothèses de différentes 
variables (PANNETIER, 2022)

To start the scenario writing exercise, it is advisable to start by writing 
the trend scenario : the one that appears to be in line with current develop-
ments. It will then be easier to determine the other breakthrough scenario(s). 
The combined hypotheses must be consistent with each other to ensure that 
the scenarios are imaginable. 

once the assumptions have been linked to form the scenarios, it is 
necessary to substantiate the scenarios. from the combination of assump-
tions that form the skeleton, it is desirable to write a summary describing the 
future of the chosen topic. It is preferable to describe the process that led 
the subject from the study to the scenario. Finally, it is interesting to illustrate 
the scenario with concrete examples.

2.1.2. Focus on the writing of the assumptions of each variable
The variables of the system were defined in the definition stage of the 

prospective base and more particularly in the system diagnosis phase. The 
choice of variables was the result of a bibliographical search to determine 
the state of the art on the subject and of group work consisting of Guil-
laume BOCQUET (head of Axema’s technical division), David TARGY (head 
of Axema’s economic division), Davide RIZZO (teacher and researcher at 
UniLaSalle) and myself. 

In the scenario building stage, it was necessary to find the hypotheses 
for the evolution of each variable. To do this, we carried out bibliographical 
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research. We standardised this research in the form of variable sheets.  
This approach enabled us to organise, capitalise on and synthesise the re-
search. The aim of this sheet was to highlight the past, present and future 
evolution of each variable. It sets out and argues the dynamics of change 
(trends, breaks, etc.) and the hypotheses for the evolution of the variable 
over the time horizon of the study.

A variable sheet should provide answers to three questions : 
1. What has been the past evolution of the variable ? 
2. What are the current dynamics at work, particularly the trend ? 
3. What are the possible inflections and breaks that could modify 

the current dynamics ? 

To answer these three questions, the sheet should be written in five parts : 
1. The definition of the variable. It is important to specify the geo-

graphical scale and to explain the link between the variable and 
the subject studied. 

2. Relevant indicators to illustrate the variable, to show past trends 
and the current state of the variable. 

3. The objective of the retrospective is to explain how the variable 
has evolved. If the time horizon is 15 years, the variable should be 
analysed in retrospect over at least the last 15 years. It is necessary 
to be able to present the major developments and characteristic 
events of the past.

4. The dynamics of change aim to present the major trends, the 
major uncertainties, the breaks. Emerging trends, weak signals 
and innovations will also be analysed.

5. The prospective hypotheses present the trend hypothesis of 
the variable resulting from the retrospective analysis. The trend 
hypothesis may be accompanied by breakthrough hypotheses. 
Assumptions forthe same variable must be mutually exclusive. 

The time required to write a variable sheet is 2 to 3 days (or even more 
for complex subjects). The documentation phase is important and accounts 
for between a third and a half of the time spent on the form. In the context 
of this study, it took one month to complete the sheets. The sheets were 
distributed among the team according to the skills and interests of the staff.
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2.2. Making the process more reliable
All of the above steps provide a reliable method for conducting the 

study. however, it is based solely on bibliographic research.
There is no document on the vision of the actors of weeding and on the 

future of practices. It was therefore necessary to create new knowledge on 
the subject. A qualitative survey was carried out to gather this information.  

The objective of the qualitative survey was to collect the opinions of 
weed control stakeholders in order to write hypotheses on the evolution of 
variables and then to write scenarios on the evolution of weed management 
techniques in field crops. These exchanges made it possible to identify the 
obstacles and motivations to the development of each new weed manage-
ment technique. 

The stakeholders interviewed were chosen from among all the weed 
management stakeholders identified during the system description phase. 
The objective was to have a representative panel of stakeholders. In total, 
23 stakeholders from the agricultural world who are involved in this practice 
were interviewed. The stakeholders can be classified into two main groups : 
manufacturers and users. Among the manufacturers, there are four manu-
facturers of mechanical weeding tools, three manufacturers of spraying tools, 
two manufacturers of robots and one manufacturer of biocontrol products. 
Among the users, five farmers, two advisors, two researchers and four unions 
were interviewed.

3. Results and discussion
The cross-checking of the hypotheses created thanks to the variable 

sheets and the qualitative survey of the actors made it possible to construct 
three scenarios detailed below.

3.1. Trend scenario : Increasingly tough regulation

3.1.1. The global context
climatic hazards have increased, precipitation is more and more irregular, 

and harvests are taking place earlier and earlier. The harvested products are 
kept in europe to move towards food autonomy. The surplus is exported, and 
some products are imported, but the markets are controlled by europe and 
the different member states to respect the principle of food independence. 
The policy conducted by the european union through the cAP aims to achieve 
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a decarbonization of the agricultural sector by 2050. To achieve this, aid and 
regulations have multiplied. europe is in a phase of slight economic growth 
with an increase in purchasing power. 

3.1.2. The agricultural context
In this overall context, the demographic decline of french farmers 

has occurred, eroding the number of farm managers. The dynamics of farm 
consolidation continued. The number of farms is 250,000. Thus, farms are 
becoming larger and larger and are run by fewer farmers with greater res-
ponsibilities. These farmers have to diversify their knowledge in order to be 
able to manage the required tasks, in a context of scarce labor. Despite the 
decrease in the number of farms and the lack of labor, farms have diversified 
to cope with climatic hazards and price volatility. Indeed, the agricultural sector 
also has to cope with rising fossil fuel prices. The price of fuel, pesticides and 
fertilizers has doubled. In correlation with this increase, the selling prices of 
products have risen despite major fluctuations.

farms have continued to move progressively towards more sustainable 
production systems in response to the european union’s desire to reduce 
the use of plant protection products and synthetic fertilisers as much as 
possible. The most reluctant farmers are being forced to comply with increa-
singly stringent regulations on plant protection products. The impact of this 
policy has led to a decrease in agricultural yields of 10-20 % according to 
the Dutch University of Wageningen (LEI Datalab et al., 2021)reduction of 
nutrient losses, increase of the area in the eu under organic production and 
increase of the amount of agricultural land under high-diversity landscape 
features. four scenarios have been developed for which the impacts have 
been assessed : (1. This drop in yield is compensated by a stagnation in the 
number of people in europe and the adoption of a healthy diet with a strong 
reduction in meat consumption.

The majority of farms have turned to sustainable agriculture, which 
follows specifications set by the state to ensure that good practices are im-
plemented. This type of farming system represents 25 % (62,500 farms out 
of 250,000) of French farms. Soil conservation agriculture continues to grow 
in order to meet the 4 per 1000 objective. It occupies 20 % of agricultural 
land in france. organic farming is reaching its stagnation point at around 
25 % of French farms. The remaining 30 % of farms are still in conventional 
agriculture, implementing a resilience strategy. 
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3.1.3. Weed control practices
Chemical weed control techniques are becoming more and more precise 

with localised application of the product to reduce the doses used per hectare. 
This is achieved by analysing plots of land using drones or sensors on board the 
machines. Sprayers are increasingly automated to limit contact between users 
and plant protection products. however, sprayers are not robotised because they 
require a lot of road travel and have very high work rates. To face the constant 
reduction in the number of authorised plant protection products and the increase 
in weed resistance to herbicides, conventional farmers have no choice but to turn 
to mechanical weed control, mainly with the weed harrow and the hoe. Mechani-
cal weed control tools with a low work rate, such as the weeder, are increasingly 
automated. For a large number of high value field crops, the weeder is capable 
of inter-row weeding, thus compensating for the need for manual labour. 

for this, sowing methods are being rethought. farmers are using agronomic 
levers to reduce their dependence on inputs, mainly by increasing crop rotation 
and better management of plant cover. The price of agricultural equipment has 
increased by 50 % compared to 2022. Farmers are therefore choosing to invest 
in CUMA equipment or to use ETAs. Equipment is now seen as a means of pro-
duction. It is chosen according to production models. farmers think in terms of 
production costs and the capacity of the farm to bear these costs. 

30 % of the ETAs offer a chemical weeding service. For this service, they 
offer two modalities : 

• Apply the product supplied by the farmer; 
• or sell the “clean hectare” service on a yearly basis. The purpose of 

this service is to delegate weed management from the farmer to the 
eTA. To do this, the eTAs will have partnerships with cooperatives, 
traders or directly with phytopharmaceutical industries.

3.2. Breakthrough scenario 1 : a prohibition on chemical weed control 

3.2.1. The global context
Climate hazards and their consequences were often considered a low 

priority compared to the crises of the last decade (COVID-19, war in Ukraine…). 
Citizens are now fully aware of the consequences of global warming that affect 
them. Political parties that were once described as environmentalists are coming 
to power. Priority is given to reducing the effects of global warming. At european 
and french level, bans are increasing. The changes are brutal but approved by 
a population frightened by the already visible impacts of rising temperatures. 
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3.2.2. The agricultural context
Public policies are promoting agriculture as a real opportunity, as a 

means of storing carbon in the soil. To this end, the three causes of ghg 
emissions from agriculture are reviewed : 

• Production tools are decarbonised. In the same way as cars, the 
production of thermal agricultural machinery is greatly reduced. 

• livestock farming is decreasing due to the change in french 
people’s diet to a less meaty diet. 

• In terms of crops, synthetic fertilisers and phytosanitary products 
are banned and replaced by the activation of agronomic levers 
(crop rotation, plant cover, etc.). Soil conservation agriculture is 
the agricultural model encouraged by the public authorities to 
enable carbon storage. 

3.2.3. Weed control practices 
The consequences of these changes in practices are great : 
• Crop yields have fallen by 25 % while global demands have in-

creased in the same proportion. Prices are high and food is once 
again the number one household expense. 

• france and europe are withdrawing from global food trade agree-
ments and are seeking to achieve food autonomy. 

• Farmers have reviewed their choice of equipment purchases, favou-
ring cuMAs, which offer the possibility of exchanging agricultural 
practices that are not yet mature and mastered by all farmers. 

3.3. Breakthrough scenario 2 : global famines

3.3.1. The global context
The world’s population is increasing, particularly in the countries of 

the South. These countries are the most affected by yield reductions due to 
climate change. undernourishment is on the rise in developing countries with 
episodes of famine. faced with this human tragedy, europe is mobilising to 
provide food aid and necessities to as many people as possible.
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3.3.2.  The agricultural context
european and french agricultural yields must be preserved to restore 

the balance between global food supply and demand : 
• Conventional agriculture remains the dominant agricultural system; 
• Part of the production is exported to countries where malnutri-

tion reigns; 
• The size of farms is increasing. The latter are taken over by large-

scale distribution and agri-food firms. Economies of scale are 
implemented to reduce production costs. The size, automation 
and even robotization of agricultural machinery have continued 
to increase in order to cope with labour shortages in the sector; 

• A greening of practices, including the elimination of certain che-
micals, is nevertheless required of farm managers. Continuous 
improvement practices similar to those used in the agri-food 
industry have been implemented. 

3.3.3. Weed control practices 
Weed control techniques are very similar to those used in 2020 : 
• chemical weeding is still the most common solution. The tools 

used are increasingly precise to guarantee consumers and local 
residents sustainable agriculture. 

• Mechanical weed control remains a niche for organic agriculture, 
which is intended for a wealthy population. 

• biocontrol products are used on an anecdotal basis because 
they are expensive, complex to use and of limited effectiveness. 

4. Conclusion
Predicting how weeds will be managed in the next decade is essential 

information of major interest. This issue concerns all stakeholders, including 
farmers, political decision-makers, civil society, and the economic actors 
concerned (plant protection and agro-equipment industries). However, tackling 
this issue, which may seem very technical at first instance, means considering 
multiple intertwined scenarios, combining complex questions of technological 
development, economic issues, and social issues. 

The french and european public authorities, through regulations, will play 
a major role in the evolution of weed control practices. Public decisions will be 
major accelerators of change, but will be taken in the light of changes in the 
agricultural context, which itself depends on the evolution of many parame-
ters : agricultural systems, economic models of farms, farmers’ profiles, advice  
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and available knowledge, availability of labour, prices of inputs and productions, 
agronomically available days, but also social and political context. 

The agricultural issue will have to be integrated into a global context 
combining climate change, food needs, geopolitics and the world economy. 

Despite the complexity of defining possible futures, a certain number of 
levers exist to limit the risks of error. Most of them were activated during the 
study : bibliographical analysis, training in foresight techniques, expert surveys, 
analysis of variables and group work. however, one of the main actors in weed 
control, the manufacturers of plant protection products, did not respond to our 
requests for interviews. This made it impossible to collect their visions and 
strategies on the future of weed control. 

“What weed management techniques will be used in field crops in France 
by 2035 ? The answer to this question is certainly not unique, with technical 
solutions to be adapted to each agricultural context. The question now is how 
to use the elements of this study with the agricultural ecosystem to define a 
common vision that will make it possible to simultaneously address the many 
challenges by combining environmental preservation, economic balance and 
social well-being.
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Abstract

In the context of the Green Deal (Commission Européenne, 2021), famer’s 
 ability to have access to technologies enabling to achieve sustainable 

goals, one of which being the reduction of TFI (Treatment Frequency index, 
Ministère de l’agriculture), is key. 

In this context, we use the results of a very focused 3-year experimental 
campaign on controlling the invasion of thistle in sugar beet based on Sniper™ 
Spot Spraying technology to share some results on how to make technology 
more accessible to farmers. 

This paper shows the technical results of our experiments. A well 
performing technology is not enough : we took the opportunity of these 
experiments to study and give an overview on the barriers farmers encounter 
when they want to use precision-Ag high-end new technologies, and finally 
experimented a full-scale all-in-one service to assess a solution to a wider 
acceptance of this technology by the farmers. 

finally, we conclude with some guidelines on how to ease the adoption 
by the farmers of new technologies contributing to reach the green Deal 
sustainable objectives.

Keywords : Spot Spraying Sniper, technology acceptance, Thistle in Sugar Beet, 
Green deal, Sustainable agriculture.
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1. Introduction

Background

Thistle in Sugar beet is one of the least mastered adventice invasion 
((ITB, 2021), (Octave Lacroix, 2021)) even with a combination of different 
techniques (Favelière, 2020) even more in the context of sustainable goals 
2030 where active product availability is constrained. The mastery of Thistle 
invasion in sugar beet is important because adventice presence has a strong 
impact on the sugar rate of the beet. Yet, controlling thistle invasion is a very 
technical task with very few alternatives to PPP (Esther Müller1, 2011)

This requires using a combination of both a proven herbicide and a 
rigorous and precise application technology to both cope with thistle rounds 
and single individuals. 

Combining these technologies into a solution requires a high level of 
competence on agronomical, active bio-protection products and product 
application characteristics, and their combined efficacy need to be well 
proven in order not to let the farmer face an unresolvable dilemma : priori-
tize between the core activity of its business and the time required to adjust 
multiple constraints to set up the solution against thistle. 

Among the many Site-Specific-Weed-Management techniques (SSWM) 
and other application techniques (AXEMA), spot spraying is a 20-year-old 
technology becoming a promising technology with a wide coverage in the 
specialized media, however its market penetration is still confidential. Research 
is taking care of the scientific (technical) obstacles (Artificial intelligence 
(Douarre, 2022) nozzle control (Sylvain Villette, 2022), guidance and effi-
ciency (Gée, 2019)), and after our review of the literature accessible on public 
platforms, we found a limited amount of research linked to the difficulty of 
adoption by the final users (Ex : Ran Nisim Lati, 2021), which is a keystone 
to achieve the massive agroecological objectives of 2030. Therefore, it is of 
common interest to set up a pragmatic experiment and make a leap forward 
in understanding the underlying factors of the market penetration of a tech-
nology and try to lower the barriers of acceptance.

Objectives 

Our first objective is to have results of the use of Spot Spraying tech-
nology in the control of thistle in sugar beet. We will describe the protocols 
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put in place over a 3-years period and the results in term of reduction of 
the TfI achieved. This will give us a base of the performance of the system, 
and this clarified, it will enable us to study more in depth the conditions of 
acceptance and adoption by the farmers.

Our second objective is to understand the barriers to technology ac-
ceptance of the farmers, and test in real life some solutions to ameliorate 
this acceptance. 

As per recent studies (INRAE, 2022, page 66 ), Technology alone in not 
sufficient to see the 2030 sustainable objectives as reachable, and besides 
the political support and the global legal and normative framework, we need 
to assess the acceptance barriers of these new technologies by the farmers 
in situation of using those techniques, which is considered as a keystone to 
reach sustainability goals (Henri Bies-Péré, 2020).

Mais les solutions techniques seules ne suffisent pas et, pour être 
adoptées par le plus grand nombre d’agriculteurs, doivent être accompagnées 
de solutions à la fois politiques et organisationnelles. […] Les solutions organi-
sationnelles, quant à elles, incluent les initiatives privées qui, sans s’opposer 
aux initiatives publiques, émanent directement des acteurs de la transition 
implantés dans les territoires.

Extrait de (INRAE, 2022)

De nombreuses traques aux innovations d’agriculteurs ont déjà été 
réalisées sur des questions touchant la réduction de l’usage de pesticides […] 
et sont amenées à se déployer plus largement pour valoriser et partager les 
innova tions techniques des agriculteurs. Leur déploiement pose la question 
du partage des connaissances produites, auprès du plus grand nombre, pour 
alimenter la conception de systèmes agricoles

Extrait de (Favelière, 2020) cité dans (INRAE, 2022)

Therefore, we explored the ways to raise confidence in the technology, 
based on interviews of farmers and other actors of the agricultural ecosystem. 
Linked to a literature review (as an example : (Louargant, 2016) or (Lucas, 
2020)) , this has given us the idea to make the proof of our method through 
an independent control of the result via Drone Imagery, with the help of 
the company exo.expert, and to test “in real life” a solution to enhance the 
acceptance of the technology by the farmers. 
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2. Materials and Methods 
The 3 years experiments comprise : 

1. An open field test over 76ha conducted in 2020.
2. A survey in 2020-2021 about the barrier of acceptance of new 

spraying techniques.
3. Two field Trials Test in 2021, controlled both by a third party 

(Antedis).
4. A real-life test in 2022 over 500 ha, 15 farmers, 70 plots and 

control with drone imagery.

Tests in open field 2020 
Material 

• Test plot situation : Borest (60), France, 
• Test surface : 76ha, 
• A control plot sprayed in a conventional way and used to set-up 

the algorithm, 
• A test plot sowed with 15 days delay and sprayed with spot-spraying, 
• A 12 meter boom PULVASOL sprayer from BERTHOUD equiped with 

cameras aimed at taking the reference pictures on the control plot,
• A 28 meter VANTAGE sprayer from BERTHOUD, equiped with 

SNIPER© for localized application.

Figure 1 : VANTAGE sprayer equiped with SNIPER technology in Borest (60) for the 
open field test of LONTECH
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Method
The reduction of volume applied is calculated by the spot Spraying 

system SnIPer versus the volume applied for a plain processing on the 
whole surface. 

Herbicide efficacy assesment : TFI reduction calculated by Sniper vs 
plain application

Processing method
•  lontrel™ Sg 0,174 kg + 1 liter oil.
•  Measure of the amount of PPP applied with Spot Spraying vs 

plain application 
•  Plain application is processed in the usual conditions historically 

applied by the farmer.
Plot details 

Plot 2 : 46 ha - La Marnière – sowed 27th of March

farmer’s method control Plot Spot Spraying Method

lontrel Sg 0,174 kg/ha
 + 1 liter oil Spraying width 36 m lontrel Sg 0,174 kg/ha 

+ 1 liter oil

  Plot 2 : 30ha – Les Fosses – sowed 23rd of March

farmer’s method control Plot Spot Spraying Method

lontrel Sg 0,174 kg/ha
+ 1 liter oil Spraying width 36 m lontrel Sg 0,174 kg/ha

+ 1 liter oil

User’s survey 2020-2021
Taking into account the 2020 free field experiment, and in order to 

confirm intuitions shared between Berthoud and Corteva, we decided to start 
a user’s survey to assess the barriers of acceptance in a more formalized, 
but still pragmatic, way. 

Materials 
We asked to various players of the ecosystem to express their views 

on the barriers of acceptance of new Precision-Ag technologies such as 
Spot Spraying.
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Type of Interviewee 67  

farmers 26 39 %

Contractors (ETA, CUMA) 12 18 %

Technical counsel 7 10 %

Direct players of the Ecosystem (Coop, Dealers) 7 10 %

Indirect players of the ecosystem (bank, Insurance, Accoun-
tant, Machine supplier and dealer…) 15 22 %

Table 1 : Type of interviewee addressed for the assessment of technology accep-
tance barriers (2020-2021)

Method
• Panel of 67 users or members of the agricultural ecosystem
• Interview 2020-2021 with a mix of free, guided and semi-guided 

interviews.
o Free interview : Phone/visio interviews.
o Semi-guided interview : Live face to face and group meetings.
o Guided interview : internet questionnaire.

•  Put in common all the verbatim in a file, classifying the themes 
and assigning the occurrences.

•  regrouping and counting the occurrences of each theme. 
o If 1theme is discussed 1 time during the interview, it counts for 1,
o If 1 theme is discussed many times by 1 person, it counts for 1, 
o If 1 theme is discussed one or many times by 2 different 

persons, it counts for 2.

Type of interview 67

by phone/visio 15 22 %

Questionnaire by internet 21 31 %

live face to face and group meeting 31 46 %

Table 2 : Type of interview conducted to assess the barriers of acceptance on Ag 
technologies

N.B. : It is to be noted that, of course, this very pragmatic approach cannot 
have the ambition of a statistical survey, yet the very high occurrence of some 
themes already help us in designing solutions for the full scale test 2022 and 
many ideas for the further seasons.
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Field Trials 2021

Materials 
Test plot situation : Thibivilliers (60), France.
Test surface : 1750 m2. 
Experimental Sprayer : Berthoud Pulvasol® equiped with Sniper Technology

Figure 2 : Sprayer PULVASOL used for some 2021 Field trials

Method
The reduction of volume applied is calculated by the spot Spraying system 
SnIPer versus the volume applied for a plain processing on the whole surface. 
Herbicide efficacy assessment is done by a third Party : Antedis 
Processing method

Herbicide programm on Sugar beet : RTGV X 4 passages 
Lontrel SG : Dose 174 g/ha + 1 liter Oil Actirob mixed with 130 liter water.  

GF3206 : 0,025 L = R

boxer Sc 500 0,25 l = T

goltix 70 uD 500 g = g

Venzar 100 g = V
huile Actirob 0,5 l
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5 different modalities were tested with the follwoing common process : 

Figure 3 : Process of application and assessment of the spot spraying performance

Pass 1 to 3 between April 27 and May 20
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4th pass on June 7.

Trials weather conditions 

Figure 4 : Weather conditions for the 2021 Field Trial of Lontech
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Full scale validation 2022 

Materials
We (Berthoud and Corteva) played the role of the service operator. 

The service proposed to the farmers comprises : 
• The access to a Web platform : the farmer can enlist easily the 

field requiring the service, the service operator manages the 
stakeholder contributing to the service. The platform web page 
is managed by exo.expert.

• All the service operation is managed by a dedicated joint Team 
of Berthoud and Corteva experts : 

• The supply of the required amount of active product, here we use 
lonTrel from corteva. 

• The application of the product is completed with berthoud Sniper 
ultra-localized spraying technology by a dedicated joint team of 
berthoud and corteva. 

• Two flights of Drone equipped with RGB Camera picture the field 
and make a proof of work, operated by exo.expert.

Seen form the farmer, this is a “turnkey solution” : the farmer just has 
to apply for the service on the platform web page, and then the complete 
service is managed by the joint Team. The farmer receives a text message 
before and after the application operation and doesn’t have to mobilize his 
own machines and his own time on the operation. 

In order to fullfill the service, we used 
• Sprayer : Self propelled RAPTOR sprayer, 30 m boom with va-

riable path,
• Spot Spraying : SNIPER™ from BERTHOUD, 
• A experimented driver trained to the sprayer and the active pro-

duct specificity, 
• A joint team for the logistics of the experiment.

Method
The reduction of volume applied is calculated by the spot Spraying 

system SnIPer versus the volume applied for a plain processing on the 
whole surface. 
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Drone flight before and after application 
Application 
• Date : 9-23 May 2022
• Surface : limited to 500ha 
• Region of Senlis (60)
Unique processing method on all plots : Lontrel ™ 100 
• 1,25l/ha in 180l water 
• Systemic action mode on thistle
• Sélective action mode on sugar beet

3. Results and Discussion

Open Field Tests 2020

On this test, the result is a 85 % reduction of the volume of active 
product applied for the same efficacy as a dose of active product applied 
on the whole field. 

On the plot of 30 hectares : 
•  880 liter applied on 6 ha 76 of thistle rounds.
•  Average dose applied on the plot : 39 g/ha 

This first test in this context enabled to gain confidence in the system 
and take the decision to go for a test with more modalities in a trial field the 
next season.

As per the cumulated knowledge of the use of spot spraying in this 
context, the importance of a control of efficacy before (actual soiling) and 
after processing (objective soiling) appeared to be of importance, on one side 
for the rigorous assessment of the performance of the technical solution itself, 
on the other side, as we will hereafter see with the results of the ecosystem 
survey, to ease acceptance of the result by the farmer. 
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Ecosystem survey 

Barriers playing against the penetration of new spraying technolo-
gies (multiple replies)    

Difficult to find skilled and motivated drivers 34 51 %

legal and normative context is adverse to investment 31 46 %

no technical system can replace completely the human know how 31 46 %

Who take the risk on the yield if the technology doesn’t work 30 45 %

Mandatory declarations are complex, take time to fullfill 24 36 %

The risk to invest in a hig-end tech is too high versus a versatile 
context 21 31 %

Many software and mobile apps are not compatible with each other 19 28 %

not all workers on the farm can use all the systems, complexity 
remains in information sharing 18 27 %

Access to Precision-Ag tool is too complicated 17 25 %

Need to fill out many times the sames information in the diverse 
systems and softwares 16 24 %

relations with the neighbourhhod are always more complicated 15 22 %

The dispatching of application task is moving every single minute 15 22 %

Technologies are not accessible to anybody 10 15 %

The technologies are not available to adress the challenges 3 4 %

Tableau 1 : Most frequent barriers of acceptance of technology.

We would add to this our own perception of barriers to acceptance, 
based on our own experience

• ease of use of the technology, adaptation to the varying contexts, 
risk of obsolescence

• Method to monetize cePP for machine dealer widely unknown 
• connection with fMIS, accountancy, legal communications on 

PPP application, 
• Too quickly changing legal framework 

Some barriers were confirmed by the full-scale trial, while others have 
been lowered by the technology package in a form of a service 

After the 2022 full scale experiment, packaging the technology into a 
service has proven to lower some barrier of acceptance on specific issues.  
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Barriers playing against the penetration of new 
spraying technologies

Barrier lowered or to 
be managed in the 

future

Level of sa-
tisfaction of 
the farmer

Difficult to find skilled ans motivated drivers included in the service +++

legal and normative facte moving context is adverse 
to investment not adressed

no technical system can replace completely the 
human know how

IfT reduction ma-
naged completely by 

the system
+

Who take the risk on the yield if the technology 
doesn't work still to be adressed --

Mandatory declarations of spraying activities are 
complex and time consuming not adressed

The risk to invest in a high-end tech is too high 
versus a versatile context

Price of the service 
is competitive for all 

stakeholders
++

Many software and mobile apps are not compatible 
with each others not adressed

not all workers on the farm can use all the systems, 
complexity remains in information sharing not adressed

Access to Precision-Ag tool is too complicated ++

Need to fill out many times the sames information in 
the diverse systems and softwares still a wide ecosystem ---

relations with the nieghbourhood are always more 
complicated

Package into a service 
render the access very 

easy
+++

The dispatching of spraying tasks is moving constant-
ly in a day

Problem transfered to 
the service provider +

Technologies are not accessible to anybody (Price, 
complexity) +

The right technologies are not available to adress the 
challenges not adressed

Tableau 2 : Level of satisfaction of the famer after the test LONTECH 2022

Trial Field 2021 

On very much invaded fields, the reduction of the applied volume of 
active product raises 31 %. 
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Figure 5 : Results of IFT reduction of the 2021 Field trial of Lontech vs other pro-
cessing methods
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A first learning from the comparison with 2020 results, is that the TfI 
reduction depends on 2 main factors : 

• The actual thistle invasion rate of the plot, in some case very high, 
and thus the importance to assess this invasion and the relative 
maximum gain in IfT accessible with a given infestation level. 

• The importance of the farmers objectives in term of soiling (de-
sirable infestation level to be achieved after processing), which 
vary very much from one to the other. 

ref Detection m Detection Th Ligne date  % invasion  % TFI gain

3rd pass All but thisle 5cm l1 20/05/2022 37,50 % 44 %

4th pass Thistle 7cm l1 07/06/2022 28,80 % 36 %

4th pass Thistle 7cm l4 07/06/2022 35,80 % 31 %

4th pass Thistle 7cm l5 07/06/2022 54,40 % 12 %

Average 39,13 % 30,75 %

Table 3 : Results of IFT reduction of the 2021 Field trial of Lontech

Table 4 : Results of IFT reduction (y-axis) versus soiling (x-axis) of the 2021 Field 
trial of Lontech
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Full scale validation 2022
• Surface processed : 500ha over more than 70 plots from 15 farmers.

Figure 6 : Map of a field (Farmer : M.Boucher/Field : Mazure) included in the 2022 
full scale validation – before application. Up : RGB map from the drone. Down : NDVI 
map seen from BERTHOUD SNIPER camera.
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Figure 7  : Map of a field plot (Farmer  : M.Boucher/Field  : Mazure). Drone rough 
estimate of the Thistle contamination : Surface to be processed estimated to 0,8 
ha over a plot of 8ha.

Figure 8 : Application map of a field (expl : Boucher/Field : Mazure). 19th May 2022, 
6AM, Hygrometrie 80 %, T° 12°C, Wind 3kmh.

On the first plots processed, in comparable conditions with 2020 test, 
TfI reduction was reduced by 30pts. our analysis of this discrepancy is the 
following : 

on some of the 2022 plots, there was a phenomenon of ecotoxicity due 
to a former processing of the plot, inducing errors of identifications between 
sugar beet leaves and thistle leaves. This situation had a consequence on the 
choice of the system parameters : 

•  reducing the sensitivity of SnIPer, with a very high impact on 
the performance, down to 20 % gain in TFI. 

•  re-align the agronomical models of SnIPer, with a 3-days loss of 
time but a better performance in this new context, up to 57 % finally. 

This is a sign of the high susceptibility of any IA-cnn (convolutional 
Neural Network) technology to changes in context : by construction any new 
context, that was not parts of the learning context, can drive to a dramatic 
decrease of performance. Therefore, it is of importance to have the ability to 
quickly learn a new context (i.e. based on a low number of reference images, 
and thus a limited time of image classification). 
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General discussion and Perspective
On the Spot Spraying technology itself

In the context of thistle control in sugar beet, the lack of proven alter-
native emphasizes the outmost importance of reducing TfI of existing PPP 
product for the same herbicide efficacy.

More generally, varying results of TfI over the 3-year experiment de-
pending on varying context raises the hypothesis of the need of combining 
different techniques SSWT, in order to use the right one for a given set on 
conditions. 

Figure 9 : Overall performance assessment of the TFI reduction depending on the 
invasion rate of Thistle with LONTECH

however, combining technologies, e.g. numerous machines, in an in-
vestment perspective by a single owner means reducing the turnover/return 
on investment of each asset : we are back to a global problem of co-financing 
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many combined technologies or sharing them, and this can be difficult to 
implement in the context of plant protection, when reaction time between 
diagnostic and application of a product may be very tight.

On lowering the barriers of acceptance. 
The performance variations from one year to another enlights : 
• The risk of performance expressed by the farmer is real : it is not 

possible to sell a single-figure-performance (such as an IFT re-
duction rate), many aspects of the context need to be taken into 
account (in our example, the invasion rate among other factors).

• A key feature of acceptance is the capability to enrich the model 
in a few hours and to adapt the detection characteristics in po-
tentially not-well-known contexts.

The real-life test of an integrated all-in-one turnkey service has proven 
to lower some of the acceptance barriers in the context of those trial

Perspective for the future 
locally, it is possible to enrich the service offering in order to address 

remaining barriers of acceptance : 
• enrich the Web-hub to include additional services demanded 

by the farmers. 
• Address the yield insurance issue into the service package. 

globally 
• Interoperability of software-based solutions is still seen as an 

acceptance barrier for all kind of technologies based on software.
• The acceptance of the plant protection via phyto-protection-ac-

tive-products by the society is a key issue for all types of agricultural 
itineraries (conventional, Bio, ACS, TCS, permaculture…) and 
mainly for agronomical situation where no short-term alternative 
is foreseen before years : today the only alternative that has the 
potential to scale up is technologies that enable TfI reduction 
with lowest possible risk for the yield.
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4. Conclusions
At the beginning of this experiments, berthoud and corteva decided 

to join forces and confirm with stronger proven bases a common intuitive 
diagnostic of the situation : offer a turnkey solution to farmers facing thistle 
invasion in sugar beet. It was confirmed by discussions with farmers and other 
players of the ecosystem, and with them, we jointly set up a 3-years long 
program of experiments along 2020, 2021 and 2022 seasons.

• With the combination of existing application technologies and 
cooperation’s between stakeholders focusing on agronomical 
challenges that can only be solved by joint forces,

•  We have managed to reduce by a sensible amount the applica-
tion of active product in the field for the same herbicide efficacy. 

• In the same time, we have found a solution in the form of a service 
in order for any farmer to have the easiest access to the perfor-
mance of the technical solution : This has proven absolutely key 
to achieve farmer’s satisfaction, ease technology adoption, and 
finally gives a better picture of a pathway to achieve sustainable 
goals in Agriculture 
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Abstract

PWm valves are more intensively used in the domain of spray application 
 as they offer a certain number of new functionalities. The practical conse-

quence of the duty cycle is generally studied in terms of flowrate adjustment 
through volumetric measurements. however, such basic protocol does not 
allow any analysis of the transition (from close to open and vice-versa), nor 
the potential adaptability of a wide range of nozzle  types to PWM technology. 
In order to better understand PWM functioning during transition phases, a 
specific experimental device was developed at INRAE laboratory in Montpel-
lier. The methodology developed uses four complementary modules. first, a 
spraying system equipped with a PWM control valve was developed. Second, 
a fast imagery camera provided images (up to 7000 frames per second, cMoS, 
resolution 1280 x 1024) obtained under shadowmetry conditions. Third, these 
images were analysed using a PIV software (Particle Imagery Velocimetry) 

– PIV lab. fourth, the control signal of the PWM valve was recorded with a 
digital oscilloscope. functional parameters of two PWM systems (raven 
Hawkeye/Teejet Dynajet) were studied considering an open outlet without 
the potential interference of nozzles. four phases were particularly studied 
including i) the transition phase from close to open, ii) the steady state open 
phase, iii) the transition from open to close phase and iv) the steady state 
closed phase. This experimental protocol allowed a better understanding of 
PWM valves capabilities in order to optimize spray applications. In particular, 
it provided useful information in terms of system control and further potential 
adaptation of different nozzle types and PWM settings.  
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1. Introduction
PWM (Pulse Width Modulation) valves are more intensively used in the 

domain of spray application as they offer a certain number of new functionalities 
compared to traditional nozzle on/off control. The two main characteristics 
of PWM are the frequency (typically from 10 to 30 Hz but can be higher) and 
the duty cycle corresponding to the fraction of the time were the nozzle is 
open. Their main usage is to maintain a droplet size distribution with a constant 
pressure while the flowrate is only dependent on the duty cycle [Needham et 
al., 2012]. This property was also found desirable to compensate horizontal 
boom movements [Lebeau et al., 2012]. Some limitations however appeared 
depending on the type of nozzle (e.g. Air inclusion nozzles) and low duty cycle 
[Butts et al., 2019]. Some studies also showed the difficulty to maintain a 
constant pressure along the boom and/or during acceleration/deceleration 
phases [Fabula et al., 2021] or during spraying while turning phases [Carreira 
and Pereira da Silva, 2022]. Very few studies were conducted to evaluate the 
effect of PWM on spray drift potential [Li et al., 2019] and marginal effect of 
duty cycle on droplet size may have an indirect effect on spray drift. 

usage of PWM valves soon expanded to bush and tree crop sprayers 
to develop variable rate functionalities [Silva et al., 2018; Grella et al., 2022] 
eventually equipped with hollow cone nozzles [Salcedo et al., 2022]. 

This paper deals with the development of an in-situ device using high 
speed imagery to investigate the effect of working parameters on a nozzle 
mounted on a PWM valve. 

2. Materials and Methods
The methodology developed uses three complementary modules. first, 

a spraying system equipped with a PWM control valve was developed. Second, 
a fast imagery camera provided images (up to 7000 frames per second, cMoS, 
resolution 1280 x 1024) obtained under shadowmetry conditions. Third, these 
images were analysed using a PIV software (Particle Imagery Velocimetry) 

– PIV lab. fourth, the control signal of the PWM valve was recorded with a 
digital oscilloscope.

2.1. Spraying circuit 
A single nozzle circuit was designed allowing pressure ranges from 1 to 

7 bars using pressurized air and a pressurized container with pure water. The 
circuit is equipped with a pressure control valve. Whatever the commercial 
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PWM device (Teejet Dynajet 7240, 20H), the valve is connected to the main 
controller allowing to set the duty cycle. The whole system is installed into a 
spraying cage in order to limit the influence of local atmospheric conditions. 
The nozzle can be laterally displaced using a motorized boom (ISEL LEZ 
1). The lateral displacement of the nozzle with a translation speed of up to 
150 cm s-1 using a controller ISel IT116 with a resolution for step motor of 
25600 steps/rev. 

Figure 1 : Nozzle on situation and high speed camera 

A high speed camera (Keyence IDT OS3-S3) was installed on the 
test bench. This camera uses a cMoS sensor with a maximal resolution of  
1280 x 1024 and 7000 frames per second at full resolution (Figure 2).

          

Figure 2 : Camera Keyence IDT OS3 –S3.
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A lightning system is used to allow quality images through shadowmetry 
(see Figure 1). 

2.2. Image analysis using PIV 
Images are analyzed using PIV (particle Imagery Velocimetry) PIVLab. 

Software for Matlab. Velocimetry values were determined at different locations 
in the spray and timing during the cycle. 

Figure 3 : Atomization phases in a pressure induced spray

2.3. Monitoring of PWM valves
In different situations, PWM valves were monitire using a digital oscil-

loscope and an accelerometer placed on the PWM valve. 

3. Results

3.1. Phases of the cycle 
The different theoretical phases of the cycle were characterized as 

shown in figure 4. Phase 1 corresponds to the opening of the valve, phase 2 
is the steady state open situation. Phase 3 corresponds to spray extinction 
(valve shutting) and phase 4 is the steady state shut situation. 
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Figure 4 : Different phases of the cycle

3.2. High speed imagery 
examples of high speed images are introduced in the following figures 

4 and 5 for MVI and cVI nozzles respectively. 

Figure 5 : MVI 05 - 3bar - duty cycle 20 %
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Figure 5 illustrates the case of a MVI nozzle (Deflector nozzle with air 
inclusion) at 3 bar and a duty cycle of 20 %. The specific atomization process 
is particularly visible with this type of impaction nozzle where the impaction 
generates an early fragmentation involving coarse droplets. 

Figure 6 : Phases of PWM with a CVI 110 05 3bar 20 % duty cycle

figure 6 illustrates the case of a flat fan air inclusion nozzle (cVI 05 
at 3 bar, 20 % duty cycle). Both first and last phases generates rather extra 
coarse droplets. It is to notice that no specific problem was obtain using this 
type of nozzle excepted he geenration of a coarse droplet from the venturi 
hole due to a flowback when the valve is shut.

figure 7 illustrates the case of a flat fan nozzle (AVI 110 05 3 bar 
20 % duty cyle). In this case, the liquid sheet generated at the nozzle outlet 
is clearly visible. first breakup appears lately generating thin ligaments logi-
cally inducing a sencodn breakup into fine droplets. This figure also shows 
the lag at the end of the cycle with residual volume. 
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Figure 7 : Phases of PWM with a AVI 110 05 3bar 20 % duty cycle

3.3. PIV Data
Image analysis using PIVlab generates average drop velocity maps as 

illustrated in figure 8. The droplet velocity typically follows the phase with a rapid 
establishment of the flow with droplet average velocity of 9 m s-1. Conversely 
a lag is observed when the valve shuts and droplet velocity remains significant. 
This phase is typically dependent on the dead volume between the valve and 
the outlet of the nozzle. 

Figure 8 : Average velocity of droplets along the PWM cycle (X axis is in ms) CVI 05 
3 bar 80 % duty cycle
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examples of droplet velocity according to the duty cycle is introduced 
in figure 9. 

 

Figure 9 : Voltage recorded during PWM phases CVI 05 3bar duty cycle 
10 %-50 %

3.4. Monitoring of the PWM valve
An electronic oscilloscope was used to monitor the control current of 

the PWM valve and to evaluate the electrical consumption for different PWM 
devices and settings. 

figure 10 shows the diagram of the control current during the cycle as 
well as the signal provided by an accelerometer. 

Fig 10 : Monitoring of PWM valve (Raven Hawkeye 10 Hz)
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4. Conclusion
The device developed at InrAe laboratory aimed at studying the behavior 

of PWM valves with different types of nozzles and setting conditions in terms 
of pressure, dead volume and duty cycle. using a high speed camera with PIV 
and the monitoring of PWM valves it was then possible to better understand 
the compatibility of nozzles with different PWM systems. 
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Abstract

Pulse width modulation (PWM) technologies have been integrated into 
 intelligent orchard sprayers to control hollow-cone nozzles to achieve 

precision variable-rate applications. however, little information is available on 
the spray characteristics of these PWM-controlled nozzles. In this research, 
comprehensive understanding of droplet sizes and flow rate modulation ac-
curacy was established for the hollow-cone nozzles manipulated with PWM 
solenoid valves. Test variables included four disc-core hollow-cone nozzle 
capacities, five operating pressures, and 10 PWM duty cycles (DUCs) ranging 
from 10 % to 100 %. Droplet diameters were measured with a laser imaging 
particle system, and nozzle flow rates were measured by weighing mass of 
discharged liquid with a digital balance in real time. Test results illustrated 
that the measured flow rates increased linearly as DUCs increased from 
10 % to 90 % for all PWM-controlled nozzles operated at pressures in the 
range of 276 to 827 kPa. Also, the measured flow rates were always greater 
than those calculated flow rates at all DUCs. Droplet sizes were affected 
by the operating pressure and nozzle disc orifice size, and slightly by DUC. 
In general, nozzles with larger disc orifice and higher operating pressures 
resulted in higher flowrates as expected, whilst higher operating pressures 
and larger nozzles generated droplets with more consistent size distributions 
across DUCs from 10 % to 100 %. Droplet size classifications, from very fine 
to coarse, varied with the nozzle capacity and operating pressure but were 
similar the same nozzles without the PWM control. for droplets smaller than 
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100 µm, the spray volume fraction remained relatively consistent or slightly 
decreased as Duc increased but increased as the pressure increased. In 
comparison, the spray volume fraction increased as both Duc and operating 
pressure increased for droplets between 100 and 300 µm and decreased 
for the portion of droplets greater than 300 µm. As a result, the discovered 
information would be applied for improvement of precision variable-rate spray 
systems equipped with PWM valves. This prospect would be facilitated by 
establishing and implementing a digital database of these characteristics in 
advanced automatic precision spray controllers.

Keywords : Atomization, Droplet diameter, Flowrate modulation, Intelligent or-
chard sprayer, Precision spray control.

1. Introduction
The commonly used spray equipment for applying pesticides and foliar 

products in orchards, vineyards and ornamental nurseries are radial air-as-
sisted sprayers. These sprayers have been used for about 80 years to deliver 
pesticides at constant rates. They are usually configured and operated to 
apply pesticides to the entire field regardless of the plant absence in rows, 
plant structure condition and plant growth stage. In most cases, plants are 
over sprayed. The application efficiency of pesticides with these sprayers 
is very low. A significant portion of spray solutions are drifted to non-target 
areas, causing enormous pesticide wastes, environment contaminations, and 
worker exposures to pesticides while increasing costs of production. 

A laser-guided variable-rate intelligent control system was developed to 
retrofit on existing sprayers to increase the spray application efficiency (Chen 
et al., 2012; Shen et al., 2017). The intelligent spray system uses sensors to 
detect the presence, structure and foliage density of target crops and travel 
speed, and then uses the detected information to automatically control the 
sprayer outputs by adjusting the flow rate of each nozzle to match individual 
crop foliage volume in real time. Chen et al. (2013a) reported that sprayers 
retrofitted with the intelligent spray system reduced spray volume from 
47 % to 73 % at three different phenological stages of apple compared to 
a conventional sprayer. Fessler et al. (2020) also reported that spray volume 
could be reduced between 59 % and 83 % after an air-assisted trailer sprayer 
was retrofitted with the intelligent system in a commercial apple orchard. No 
difference was found in spray coverage on sterling silver linden (Tilia tomen-
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tosa) and northern red oak (Quercus rubra) trees in ornamental nurseries 
between intelligent and conventional spray systems (Zhu et al., 2017), while 
the intelligent system greatly reduced spray volume and drift to non-target 
sites (Chen et al., 2013b; Salcedo et al., 2021).

Consequently, the intelligent spray control system is now commercially 
available as a retrofit kit for sprayers commonly used in orchards, vineyards, 
nurseries and other specialty crops (Smart Apply, Inc., Indianapolis, Indiana, 
USA). For the sprayers retrofitted with intelligent system, the only major 
change to the sprayers is that a 10 hz PWM valve is connected to each nozzle 
to modulate the nozzle flow rate (Fig. 1). Hollow-cone disk-core nozzles are 
commonly used in orchard sprayers. however, there is little information on 
spray droplet size distributions and flow rate modulation accuracy from PWM-
controlled hollow-cone nozzles, even though considerable investigations have 
been reported for low-pressure flat fan nozzles commonly used in variable-rate 
boom sprayers for traditional row crops (Giles et al., 1997; Wei et al., 2021).

Figure 1. Pulse Width Modulation (PWM) valve attached on the precision orchard 
sprayer to achieve real-time variable-rate applications.

Thus, the objective of this research was to determine if droplet sizes of 
hollow-cone nozzles with flow rates regulated by the PWM valve at different 
operating pressures and duty cycles were comparable with the same nozzles 
without PWM control.
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2. Materials and Methods 
Tests included four different flow capacities of TeeJet disc-core hol-

low-cone nozzles (Spraying Systems Co., Wheaton, IL, USA) assembled with 
combinations of two discs (D2, D4) and two cores (DC25 and DC45) to form 
four nozzle orifice sizes : D2-DC25, D2-DC45, D4-DC25, and D4-DC45 (Fig. 
2). Among the four nozzle assemblies under the same pressures, D4-DC45 
produced the highest nominal flow rate, followed by D4-DC25 while D2-DC25 
produced the lowest nominal flow rate. The variable flow rates of each nozzle 
were modulated with a 10 Hz PWM solenoid valve (TeeJet e-ChemSaver, 
Spraying Systems Co., Wheaton, IL, USA) (Fig. 2). 

Figure 2. Hollow-cone 
nozzles and PWM valve 
used for tests.

Figure 3. Test setup for measuring droplet sizes 
discharged from PWM-controlled hollow-cone 
nozzles.

Other experimental variables were five operating pressures (276, 414, 
552, 689, 827 kPa) and 10 PWM duty cycles from 10 % to 100 %. At 100 % 
duty cycle, the nozzles were fully open, so the flow rates at 100 % represented 
the nozzles back to the conventional operation mode that their flow rates 
were not modulated by the PWM solenoid valve. Duty cycles were produced 
with a laboratory-build PWM signal generator designed by Liu et al. (2014).

Volume median diameters (DV0.5) of droplets discharged from each 
nozzle under each combination of Duc and pressure were measured with a 
laser-imaging droplet size measurement system (VisiSize n60, oxford lasers, 
Inc., Didcot, United Kingdom). The test system setup is shown in figure 3. 
Details of the droplet size measurements were given by Salcedo et al. (2022a).  
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Tap water was used as the spray media. flow rates of each nozzle with each 
combination of Duc and pressure were also measured with a 1-g resolution 
digital scale (Sartorius IS 150 IGG-S0CE, Goettingen, Germany). Detailed 
information on the flow rate measurements was described in Wei et al. (2021). 
The measurements of droplet diameters and flow rates for each DUC-pres-
sure combination were repeated three times and their averages from three 
replications were used for reports.

The calculated (or expected) flow rate at each pressure and each 
DUC was determined from the measured flow rate at 100 % DUC timing the 
corresponding Duc. 

  (1)

where, Qc is the calculated flow rate at the particular pressure and DUC 
(l min-1), and QM is the corresponding measured flow rate (L min-1).

The percent ratio of the measured flow rate to the nozzle full flow rate 
which was the flow rate at 100 % DUC was determined with the following 
equation,

 (2)

where, R is the percent ratio ( %), and Q100 is the nozzle full flow rate 
at 100 % DUC (L min-1). 

3. Results and Discussion

Table 1. Mean flowrates of hollow-cone nozzles coupled with the PWM solenoid 
valve operated at duty cycles (DUC) ranging from 10 % to 100 % and five pressures 
of 276, 414, 552, 689, and 827 kPa
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Hollow- 
cone  

nozzle

Pressure 
(kPa)

Measured 
or 

 calculated

Mean Flow rate (L min-1)[a]

10 % 20 % 30 % 40 % 50 % 60 % 70 % 80 % 90 % 100 %

D2-DC25

276 Measured 0.13 0.18 0.23 0.29 0.35 0.40 0.46 0.51 0.56 0.57

276 calculated 0.06 0.11 0.17 0.23 0.29 0.34 0.40 0.46 0.51 0.57

414 Measured 0.15 0.21 0.28 0.35 0.42 0.48 0.55 0.61 0.67 0.68

414 calculated 0.07 0.14 0.20 0.27 0.34 0.41 0.48 0.54 0.61 0.68

552 Measured 0.17 0.24 0.31 0.40 0.47 0.55 0.62 0.70 0.77 0.78

552 calculated 0.08 0.16 0.23 0.31 0.39 0.47 0.55 0.62 0.70 0.78

689 Measured 0.17 0.25 0.34 0.43 0.52 0.60 0.68 0.76 0.85 0.87

689 calculated 0.09 0.17 0.26 0.35 0.44 0.52 0.61 0.70 0.78 0.87

827 Measured 0.17 0.26 0.35 0.46 0.55 0.64 0.72 0.81 0.91 0.95

827 calculated 0.10 0.19 0.29 0.38 0.48 0.57 0.67 0.76 0.86 0.95

D2-DC45

276 Measured 0.15 0.22 0.29 0.36 0.43 0.49 0.57 0.63 0.70 0.72

276 calculated 0.07 0.14 0.22 0.29 0.36 0.43 0.50 0.58 0.65 0.72

414 Measured 0.17 0.26 0.35 0.43 0.52 0.60 0.69 0.77 0.85 0.87

414 calculated 0.09 0.17 0.26 0.35 0.44 0.52 0.61 0.70 0.78 0.87

552 Measured 0.19 0.29 0.39 0.49 0.59 0.69 0.77 0.87 0.96 1.00

552 calculated 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00

689 Measured 0.21 0.32 0.42 0.54 0.65 0.75 0.86 0.97 1.07 1.11

689 calculated 0.11 0.22 0.33 0.44 0.56 0.67 0.78 0.89 1.00 1.11

827 Measured 0.21 0.32 0.45 0.58 0.70 0.82 0.93 1.05 1.16 1.22

827 calculated 0.12 0.24 0.37 0.49 0.61 0.73 0.85 0.98 1.10 1.22

D4-DC25

276 Measured 0.18 0.27 0.36 0.47 0.56 0.65 0.76 0.86 0.97 1.01

276 calculated 0.10 0.20 0.30 0.40 0.51 0.61 0.71 0.81 0.91 1.01

414 Measured 0.21 0.32 0.44 0.56 0.68 0.80 0.92 1.05 1.17 1.22

414 calculated 0.12 0.24 0.37 0.49 0.61 0.73 0.85 0.98 1.10 1.22

552 Measured 0.24 0.37 0.51 0.64 0.78 0.91 1.04 1.19 1.32 1.37

552 calculated 0.14 0.27 0.41 0.55 0.69 0.82 0.96 1.10 1.23 1.37

689 Measured 0.26 0.40 0.56 0.72 0.88 1.01 1.15 1.30 1.47 1.53

689 calculated 0.15 0.31 0.46 0.61 0.77 0.92 1.07 1.22 1.38 1.53

827 Measured 0.25 0.40 0.57 0.75 0.92 1.08 1.24 1.40 1.58 1.66

827 calculated 0.17 0.33 0.50 0.66 0.83 1.00 1.16 1.33 1.49 1.66

D4-DC45

276 Measured 0.24 0.36 0.50 0.63 0.75 0.89 1.04 1.19 1.33 1.35

276 calculated 0.14 0.27 0.41 0.54 0.68 0.81 0.95 1.08 1.22 1.35

414 Measured 0.26 0.41 0.57 0.73 0.89 1.05 1.21 1.39 1.56 1.64

414 calculated 0.16 0.33 0.49 0.66 0.82 0.98 1.15 1.31 1.48 1.64

552 Measured 0.28 0.46 0.65 0.84 1.03 1.21 1.40 1.60 1.80 1.90

552 calculated 0.19 0.38 0.57 0.76 0.95 1.14 1.33 1.52 1.71 1.90

689 Measured 0.29 0.49 0.70 0.91 1.13 1.33 1.53 1.73 1.95 2.11

689 calculated 0.21 0.42 0.63 0.84 1.06 1.27 1.48 1.69 1.90 2.11

827 Measured 0.30 0.51 0.75 0.98 1.23 1.46 1.69 1.89 2.15 2.32

827 calculated 0.23 0.46 0.70 0.93 1.16 1.39 1.62 1.86 2.09 2.32

[a] Standard deviations of all mean flowrates were not greater than 0.02 L min-1.



Table 1 shows the measured and calculated flow rates discharged from 
D2-Dc25, D2-Dc45, D-Dc25, and D4-Dc45 hollow-cone nozzles modulated 
with the PWM solenoid valve at DUCs ranging from 10 % to 100 % and pres-
sures ranging from 276 to 827 kPa. As expected, the measured flow rates 
increased linearly as DUC increased from 10 % to 90 % (Fig. 4). However, 
differences between measured flow rates at 90 % and 100 % DUCs were not 
apparent for every nozzle at a particular pressure. for example, for the D2-
DC25 nozzle at 689 pressure, the measured flow rates increased constantly 
by about 0.08 l min-1 with every 10 % increasement of DUC in the range of 
10 % to 90 % while it only increased by 0.02 L min-1 when Duc increased 
from 90 % to 100 % (Table 1). 

Also, larger capacity nozzles and higher pressures produced greater 
flow rates. For example, at 50 % DUC when the pressure increased 3 times 
from 276 to 827 kPa, the flow rate from low-capacity nozzle D2-DC25 in-
creased 1.6 times from 0.35 to 0.55 l min-1. With the same conditions, the 
flow rate from high-capacity nozzle D4-DC45 also increased 1.6 times but 
from 0.63 to 0.98 l min-1. 

Data in Table 1 also shows that the measured flow rates were always 
greater than those calculated flow rates for all nozzles at all DUCs and pres-
sures. for the same nozzle controlled with the PWM valve, the differences 
between the calculated and measured flow rates decreased as the DUCs 
increased and slightly increased within a range of 5 % to 10 % as the 
operating pressure increased. The differences were reduced as the nozzle 
orifice size increased from D2-DC25 to D4-DC45. The percent ratio (R in 
Eq. 2) between measured and full flow rates decreased sharply as both DUC 
and nozzle capacity increased. for example, at 689 kPa, the percent ratio 
of PWM-controlled D2-DC25 nozzle were 95 % at 10 % DUC and 9 % at 
90 % DUC while they dropped to 37 % and 3 % respectively for the larger 
capacity nozzle D4-Dc45.
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Figure 4. Percent ratio of the measured flow rate to the nozzle full flow rate 
discharged from PWM-controlled D2-DC25, D2-DC45, D-DC25, and D4-DC45 hol-
low-cone nozzles at 689 kPa pressure and duty cycles ranging from 10 % to 100 %.

Table 2 shows effects of duty cycles, operating pressures and nozzle 
capacity on volume median diameter DV0.5 of droplets for the five hollow-cone 
nozzles controlled by the PWM valve. for the smallest capacity nozzle D2-
Dc25, DV0.5 at 276 kPa decreased as DUC increased from 10 % to 40 % 
and stayed with little variation of 1.9 % coefficient of variation (CV) between 
40 % and 100 % DUC. When the pressure increased to 414 kPa, DV0.5 had 
little variation with 2.9 % CV across the DUCs from 20 % to 100 % while 
it was greater at 10 % DUC than those at 20 % and greater DUCs. For the 
same D2-Dc25 nozzle at higher pressures, DV0.5 was consistent across 10 % 
to 100 % DUCs with CVs of 2.7 %, 3.6 % and 2.9 % at pressures of 552, 
689 and 827 kPa, respectively.

for the nozzle D2-Dc45, Duc slightly affected DV0.5 at 276 kPa across 
DUCs from 10 % to 100 %. For the rest of pressures, DV0.5 had little variation 
across DUCs from 10 % to 100 %. At 276 kPa, DV0.5 at 10 % DUC was greater 
than those at greater Ducs. cVs of DV0.5 across DUVs from 10 % to 100 % 
were 4.0 %, 2.3 %, 2.3 %, 2.3 % and 4.9 % at pressures of 276, 414, 552, 
689, and 827 kPa, respectively.

Similarly to D2-Dc45, for the nozzle D4-Dc25, DV0.5 at 276 kPa was 
greater at 10 % DUC than those at rest of DUCs, and DV0.5 at pressures higher 
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than 276 kPa also fluctuated slightly across all DUCs. CVs of DV0.5 across 
DUVs from 10 % to 100 % were 4.0 %, 3.5 %, 4.6 %, 5.0 % and 7.1 % at 
pressures of 276, 414, 552, 689, and 827 kPa, respectively.   

for the largest capacity nozzle D4-Dc45 at 276 kPa, DV0.5 tended to 
decrease as DUC increased from 10 % to 30 %, stayed with little variation 
(1.4 % CV) from 30 % to 60 % DUCs, decreased again with DUC increased 
from 60 % to 80 %, and then stayed with little variations again (0.7 % CV) 
from 80 % to 100 % DUCs. DV0.5 across all Ducs at higher pressures was 
more consistent than that at 276 kPa. cVs of DV0.5 across DUVs from 10 % 
to 100 % were 9.6 %, 3.8 %, 3.5 %, 3.4 % and 1.4 % at pressures of 276, 
414, 552, 689, and 827 kPa, respectively.

Thus, droplet sizes across DUCs from 10 % to 100 % at the low pressure 
276 kPa were not as consistent as those at higher pressures for all nozzles. As 
expected, the lower capacity nozzle produced smaller droplets. for example, 
at 50 % DUC and 552 kPa pressure, DV0.5 was 157 µm for D2-DC25 while it 
was 182 µm for D2-Dc45. Similarly, droplet sizes decreased as the pressure 
increased. however, under the same conditions differences in droplet sizes 
between 552 and 827 kPa were much smaller than those between 276 and 
552 kPa. For example, for D4-DC25 nozzle at 50 % DUC, the difference in 
DV0.5 between 276 and 552 kPa was 46 µm while it was only 6 µm between 
552 and 827 kPa.
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Hollow- 
cone  

nozzle

Pressure 
(kPa)

Mean DV0.5 (µm)

10 % 20 % 30 % 40 % 50 % 60 % 70 % 80 % 90 % 100 %

D2-DC25

276 271 215 207 200 194 190 195 199 200 198 

414 205 178 178 169 164 170 171 177 176 178 

552 174 169 167 166 157 162 164 166 166 169 

689 152 152 153 154 154 157 162 164 164 167 

827 148 144 142 145 151 152 149 152 156 151 

D2-DC45

276 262 252 261 259 259 260 254 248 235 236 

414 206 195 194 196 204 206 200 196 198 198 

552 182 176 187 189 182 180 187 186 186 189 

689 169 174 182 173 174 178 179 179 180 179 

827 164 154 161 167 170 174 177 179 179 173 

D4-DC25

276 210 203 192 198 196 191 189 188 185 189 

414 168 162 155 151 159 160 163 165 169 165 

552 161 154 145 149 150 155 157 164 167 163 

689 157 149 137 143 146 150 158 159 159 155 

827 135 124 133 139 144 144 147 153 157 152 

D4-DC45

276 297 273 249 243 251 248 235 225 223 222 

414 201 194 184 180 178 179 187 187 188 186 

552 185 180 174 174 171 184 185 177 169 171 

689 181 173 160 167 168 165 163 166 168 166 

827 162 164 162 158 164 162 164 166 165 164 

[a] Standard deviations of all mean DV0.5 were not greater than 6 µm except for 10 % 
DUC.

Based on the definition of ASABE Standard S572.3 (ASABE, 2020), 
droplet sizes for these nozzles tested with different pressures and duty cy-
cles were in the range of coarse, medium, fine and very fine classifications 
(Salcedo et al., 2022b). These classifications varied with the nozzle orifice 
size and operating pressure and generally tended toward fine as the spray 
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pressure increased for all nozzles. In general, droplet sizes stayed at the 
same classification across the DUC from 10 % to 100 % for the same nozzle 
operated at the same pressure. however, there were a few exceptions that 
the classifications at one or two DUCs were different from those at other 
Ducs. The reason for these exceptions might be that those droplet sizes 
were fallen near adjacent classification edges due to unintended variations 
in measurements.

(a) D2-DC25 (b) D2-DC45

(c) D4-DC25 (d) D4-DC45

Figure 4. Volume median diameters (DV0.5) at different measured flow rates and 
pressures (276, 552, 827 kPa) produced by hollow-cone nozzles of : (a) D2-DC25, 
(b) D2-DC45, (c) D4-DC25, and (d) D4-DC45.

Moreover, spray volume fractions from all PWM-controlled nozzles 
increased as the pressure increased for the portions of droplets smaller than 
100 µm and between 100 and 300 µm, but they decreased greatly for droplets 
greater than 300 µm (Salcedo et al., 2022b). However, spray volume fractions 
maintained relatively consistent or slightly decreased as Duc increased but 
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increased as the pressure increased for the portion of droplets smaller than 
100 µm. In comparison, the spray volume fractions increased as both Duc 
and pressure increased for the portion of droplets between 100 and 300 µm 
while decreased for the portion of droplets greater than 300 µm.

Figure 4 shows influence of measured flow rates on DV0.5 produced by 
hollow-cone nozzles of D2-Dc25, D2-Dc45, D4-Dc25, and D4-Dc45 ope-
rated pressures of 276, 552 and 827 kPa. The flow rates had more effects on 
droplet sizes at low pressure of 276 kPa than those at high pressures of 552 
and 827 kPa for all nozzles. Also, there were much less fluctuations in droplet 
sizes across the measured flow rates with 552 and 827 kPa pressures than 
those with 276 kPa. That means, these hollow-cone nozzles performed better 
in the droplet size consistence at higher pressures when their flow rates were 
modulated by the PWM valve. future PWM valves used in variable-rate spray 
systems should have intelligent decision capability to accurately modulate 
nozzle flow rates at all pressures with minimized variations in droplet sizes 
without increasing either small or large droplets, thereby lowering airborne 
and ground drift risks. 

4. Conclusions
flow rates of hollow-cone nozzles manipulated by the PWM solenoid 

valve increased linearly as DUC increased from 10 % to 90 %. However, the 
measured flow rates at each DUC were always greater than the calculated 
flow rates.

Nozzle orifice size, operating pressure, and low duty cycles influenced 
the droplet volume median diameter DV0.5. however, DV0.5 was more consistent 
across the flow rates modulated from 10 % to 100 % DUC at higher pressures 
than that at the low pressure of 276 kPa. That is, at pressures of 414 kPa 
and greater, droplet sizes from PWM-controlled hollow-cone nozzles were 
comparable with those from same nozzles without the PWM control. These 
droplet sizes were classified as coarse, medium, fine and very fine based on 
the definition of ASABE Standard S572.3, and these classifications for each 
nozzle at different pressures and Ducs were also comparable with those from 
the same nozzle without PWM control. 
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Abstract

A prototype software, called Driftradar®, was developed for the automatic  
 spray drift management. based on a digital label infrastructure, all legal 

requirements in terms of buffer zone management for the different sensitive 
areas are automatically integrated in the system. Driftradar® considers local 
wind direction to automatically activate drift reducing nozzles or no spray, 
depending on the adjacent sensitive area, upon section or individual nozzle 
controls. This software was first tested by Arvalis and INRAE through com-
puter simulations. based on virtual travels, eight different wind directions 
and different inner and/or outer sensitive areas in/adjacent to the sprayed 
field were simulated. Simulations showed consistent reactions of the system 
according to the simulated conditions of wind and sensitive areas although 
marginal effects due to position uncertainty were identified for boom-end 
nozzles. A second evaluation phase consisted in field tests under natural 
wind conditions with a sprayer fitted with the DriftRadar® control system 
with monitored nozzles and considering similar inner/outer sensitive areas. 
Results of field tests showed consistent reaction of the DriftRadar® system 
but also demonstrated practical limits of combination of the sprayer control 
system issues (ex. delay of the main control valve) and the lower precision 
of the position provided by egnoS compared to the rTk gPS. Thanks to 
this evaluation, most of the issued raised during simulation and field tests 
phases were solved and the system will be further tested according to other 
member states requirements and local specifications.
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1. Introduction
Spray drift has a relevant impact on the environment. Its main causes 

are fine droplets that are prone to drift under favorable wind conditions. In 
most of eu member states, spray drift management passes through the use of 
low drift nozzles generally combined with preventive buffer areas, irrespective 
to the wind direction. In practice, spray drift management is devoted to the 
operator that takes into account the regulatory as well as local environmental 
requirements depending on the product. 

Many research efforts were produced into smart sprayers based on 
detection devices for weed and disease management though spot spraying 
[Partel et al., 2021; Jin et al., 2022]. Other actuators of field crop sprayers 
can be optimized according to crop stage [Lamare et al., 2022]. Specific 
functionalities also interest tree crop sprayers with the automatic adjustment 
of the air/liquid flows [Costa and Ampatzidis, 2022] and the use of vegetation 
sensors like Lidar technology [Cheraiet et al., 2021]. 

Automatic adjustment of the nozzles close to sensitive areas was deve-
loped several years ago along with the boom section control and gPS position 
[Luck et al., 2011; Fabula et al., 2022] however, technical improvements related 
to spray drift versus the wind direction are rather limited. In this context, the 
concept of an automated drift management according to the wind direction 
was developed and called Driftradar®. This study aimed at validating the 
Driftradar® concept both from the software and the hardware sides. 

2. Materials and Methods

2.1. Design and specifications 
DriftRadar® system is composed of several components (Figure 1). 
• A dGPS with EGNOS to define the position of the sprayer 
• A wind sensor (AIRMAR) to check wind direction 
• A multiple nozzle holder with AmaSelect fitted with standard 

ff11003 nozzles and AI 110 03. 
• A Pc containing the Driftradar® software and drive that takes 

over the sprayer controller 
• A display (Fieldview) to locate the sprayer on the map, visualize 

in situ actions and recording. 
• The system can individually control either 13 sections (case of 

section control) or 57 nozzles (case of nozzle control). 
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Figure 1 : Architecture of DriftRadar® concept

2.2. DriftRadar® software bases and functions 

The software uses mainly two functionalities. first the digital label inter-
face allows to define the product(s) to be sprayed and automatically (Figure 2). 

Figure 2 : Digital label interface
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The second functionality is operational and corresponds to the pres-
cription map including all adjacent sensitive areas to the treated field (Figure 
3). The same map is used to shows in situ reactions of the system depending 
on the position.  

Figure 3 : Treated filed surrounded by sensitive areas.

During the spray operation, a safety polygon is defined around the 
boom in order to adjust the nozzle settings (FF – DR – OFF) depending on 
the location of the boom and the potential impact of the wind direction. 

Figure 4 : Sprayer safety polygon and spray tail in case of a wind from South
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The following rules are considered by the DriftRadar® software : 
• no spray is possible when the boom is over a sensitive area
• no spray is possible when the boom is over a crop free buffer 

(CFB) (ex. vegetated stripe) 
• Spray is possible close to the cfb with drift reducing nozzles 

(DRN) and the boom width is depending on the chemical (min. 
5m). The rest of the boom over the crop may spray using the 
standard nozzle. 

The main principle of the DriftRadar® concept is the automatic adjust-
ment of previous rules according to the wind direction. In the case of the fig. 
4, the wind is from South and the spray tail is dragged to north. Spray with 
standard nozzle is done on the left part of the boom (orange); the right hand 
side of the boom uses DR nozzles (Yellow). 

2.3. Validation of the system

The DriftRadar® software system was first evaluated by simulation where 
144 modalities including 8 wind directions, different types of outer or inner 
sensitive area were tested (Table 1). For each simulated case, a virtual spray 
application of the whole virtual field was operated. About every second, the 
position of the sprayer as well as the status of nozzles is registered 

Table 1 : Simulated test conditions

According to Table 1, buffers applied to sensitive areas where defined 
according to french regulation applicable to the product except for the resi-
dents where the whole boom width was considered. 
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After each virtual application, a record file was obtained and data were 
plot on a map using QgIS and superimposed to the prescription map. As the 
inboard dgPS was not located over the boom, the relative position of each 
section center and individual nozzle were initially defined using a geometric 
model that takes into account the travel situation (straight line or turn). 

The second evaluation consisted of field test using the completed 
system and under real wind conditions. The sprayer was equipped with an 
additional gPS rTk and 8 pressure gauges were installed in the boom on 4 
different boom sections. each group of 4 gauges was connected to a data 
logger. For a given monitored section, a pressure gauge was installed just 
before the standard and the Dr nozzles. The pressure record may then allow 
the identification of the active if ever. A null pressure signified that the spray 
was locally de-activated. 

31 application maps were tested including outer or inner sensitive areas 
(Table 2) with at least 3 repetitions.

Table 2 : test modalities in the field
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3. Results

3.1. Simulations 
An example of simulation is shown in figure 5 in the case of a boom 

section control. each dot represents the position and the status of the median 
point of the respective sections. red, green or Yellow dots mean that the 
section is closed, open with ff nozzles or open with Dr nozzles respectively. 
Since the definition of the field edges and ad hoc buffers were manually 
defined on QGIS, the superimposition of application maps and sensitive area 
maps sometimes show irrelevant results (for example last section closed as 
it did not ought to be). In most of the cases, DriftRAdar systems appeared 
more conservative than the legal requirements with a complete boom using 
DR nozzles when it was not an obligation. No significant differences were 
identified when comparing inner or outer sensitive areas since the control 
rules were similar.

Figure 5 : Example of application map from the simulation (wind was from North) 
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3.2. Field tests 
field tests were achieved on March 2021 on Arvalis experimental faci-

lity. Sensitive area maps were introduced into the system so as to generate 
expected actions. A fixed weather station was present close to the field 
and records of wind direction were operated. each of the 31 tests involved 
an effective travel of the sprayer (back and forth) at 6 km/h at a rate of  
180 l/ha under the pressure of 3 bar.

 

Arvalis experimental site (Boigneville, 91) 

5m 
buffe
r for 
wate
r 

5m 
buffer 
for 
végétat
ion 

20m 
buffer 
switch to 
AI next to 
water 

28m buffer 
switch to AI 
next to the  
road 

350m 

50m 

Figure 6 : Experimental field – Arvalis France

Results from field tests showed several irrelevant situations mainly due 
to technical issues linked with i) the EGNOS accuracy and ii) the reaction 
lag time of the sprayer main control valve. gPS inaccuracy are illustrated in 
figure 7. on the left hand side, the last section appears closed as it might stay 
open. The end of the field and end of section are specified by the black and 
blue arrows respectively. on the right hand side, the reaction of the system 
is relevant while the buffer area shown by the red line crosses the 3rd sec-
tion from the left. As a result the whole section is to be closed validating the 
reaction of the system. Depending on the situation, a typical error was found 
to be up to 2m, that is far greater than the nozzle distance resolution (0.5m). 
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Figure 7 : illustrations of errors 

Figure 8 : Misapplication due to reaction time of the system. 

Findings for the field tests are illustrated in Figure 8 with were two 
major issues. First, the GPS accuracy led to inappropriate closing of nozzles 
inside the treated field. Second, the opening or closing of nozzles close to 
a buffer zone is delayed due to both gPS inaccuracy and reaction time of 
the control valves. These last results are only visible in the pressure gauges 
map as drawn using a gPS rTk. 

Soon after the field tests, the DriftRadar® system was updated and 
improved so as to minimize the response delay of the control valve and the 
system was then able to generate appropriate results.
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4. Conclusion
The DriftRadar® system aimed at automatically adjust either individual 

nozzle or boom section settings according to the real-time wind direction. 
first the Driftradar® software was tested using simulations of eight wind 
directions and a virtual field were inner and/or outer sensitive areas were 
defined. Second, the complete system installed on a 28m monitored boom 
sprayer was tested. results showed that although the system was able to 
react correctly according to the situation, different sources of variability 
were observed. The gPS using egnoS correction showed some accuracy 
limitations compared to a gPS rTk and end of boom nozzles were sometimes 
improperly set. The second source of variability was due to the reaction time 
of control valves leading to a delay in activating or deactivating nozzles close 
to a buffer area. These defaults were reworked soon after the evaluation in 
order to better comply with the requirements of the system. This system was 
awarded “Dlg - Agrifuture concept Winner” by the Dlg (german Agricultural 
Society) at this 2022 Agritechnica event. 
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Abstract

faced with the increase of the world population, the development of agriculture 
 committed to an ecological transition has become urgent. With an esti-

mated world population of 10 billion in 2050, cereal production will have to 
increase from 2.7 to 3.5 billion tons per year, without a significant expansion of 
cultivated land. In france, this limitation is associated with a growing societal 
pressure and drastic regulations of the agrochemical products use. Smart 
spraying—the application of the right dose at the right place—is, in the short 
term, one of the best solutions. Several prototypes and industrial products 
have been developed in recent years; however, between simulated data, 
controlled environments and experimental contexts, the published results are 
barely transposable “in the field.” Thus, the announced percentages of reduc-
tions remain preliminary and opaque. This paper provides reliable empirical 
results from several years of measurements in around 50,000 hectares of real 
farms, using Deep learning algorithms applied to a dual rgb/hyperspectral 
acquisition. National and international partners were selected, focusing on 
the deep knowledge of their productivity to measure the efficiency of the 
solution and its impact on the crops. After several seasons, farmers saw a 
60–80 % reduction in herbicide consumption for the first and second rounds 
(“Green on Green”™ context) and a 70–90 % reduction in herbicides for 
stubble cleaning (“Green on Brown”™ context). Moreover, these reductions 
have been achieved with constant production, leading to financial gains for 
farmers and ecological gains for the planet.

Keywords : CTIS, Embedded AI, Smart Spraying, Sustainable Agriculture.
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1. Introduction
faced with an increasing population, the development of an agricul-

ture committed to an ecological transition has become urgent. While the 
world population is roughly estimated to 10 billion people in 2050, cereal 
production will have to increase from 2.7 to 3.5 billion tons per year, in only 
30 years, without any significant increase in cultivated land [4]. In France, 
this constraint is accompanied by a societal pressure and drastic regulations 
on the use of agrochemical products (EcoPhyto 1, 2 and 2+ plans [7]), which 
are increasing every year.

To meet this double constraint, “smart spraying” (or “spot spraying”)—the 
application of the right dose of plant protection products at the right place 
and at the right time—is, in the short term, one of the best solutions. Thus, 
several prototypes or industrial products have emerged in recent years.

Although attractive from a technological perspective, to be useful, this 
approach requires the ability to differentiate weeds from crops of interest (see 
Figure 1) or, in the simplest cases, from bare soil (see Figure 2). For obvious 
economic—to maintain enough productivity—and agronomic reasons—the 
intervention window on a crop depends on a very large number of factors 
(crop, weeds, agrochemical product, weather…)—, this detection must be 
done from a fast mobile vector (robot, tractor, UGV…) while controlling spray 
booms that can reach several tens of meters.

 Figure 1 — “Green on Green™️” example (weeds [red] in a rapeseed field).
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Figure 2 — “Green on Brown™️” example (weeds [red] on bare soil)

however, depending on the agronomic and operational contexts, the 
task quickly becomes very complex [1] and trivial Computer Vision (CV) al-
gorithms must give way to other technologies (notably Deep Learning [3, 6]).

Currently, the technical and scientific literature addresses this problem 
using neural networks applied to images (usually in the visible or near-infrared 
spectrum) acquired upstream of sprayers.

however, between simulated data, controlled environments and ex-
perimental contexts that do not reflect operational reality (focusing more on 
detection performance than on product savings), the published results are 
difficult to transpose “in the field.”

Thus, the percentages of input reductions provided (if they exist at all) 
stay preliminary and opaque.

This contribution aims to provide reliable empirical results, resulting in 
several years of measurements with Carbon Bee’s smart spraying solution [2], 
on several tens of thousands of hectares of farms.

This presentation will highlight the variability of savings achieved during 
a field run, but also the obvious bias of this single metric… Indeed, a 100 % 
reduction would be a perfect saving on inputs, but it would mean no treat-
ments at all. The latter can then have a very strong impact on productivity 
and lead to a much lower valuation of the crops. The losses will exceed the 
gains. It is therefore easy to understand that the reduction of inputs is a 
compromise between limiting the use of pesticides to reduce operating costs 
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and protecting the fields to maintain productivity.
The quality of this trade-off (and the difficulty of achieving it) depends 

on many operational factors, and the second objective of this publication 
will be to provide initial thoughts on the technical elements that will allow 
performance comparisons to be “objectified.”

This document will begin by presenting the material and methods used 
by this work, the next sections will be dedicated to the presentation of the 
results and their discussion before a conclusion.

2. Materials and Methods 
from a technical perspective, smart spraying consists of applying “the 

right dose at the right place,” i.e., detecting weeds or evaluating the agro-
nomic quality of the scene to determine the precise nature and quantity of 
products to apply. 

These technologies use a set of sensors (visible, infrared, hyperspec-
tral acquisition…) that must, either directly (using a “real-time” detection) or 
indirectly (through a mapping and a second round), drive spray booms of 
various characteristics (number of nozzles, communication protocol, spread-
ing technology, length…) from a mobile vector (tractors, autonomous robots, 
UGV…) moving within the crops.

In this work, a wide range of usual ground vectors were used : for 
the tractors, many models from several constructors, at various operating 
speeds and, for robotics, simultaneously research prototypes and private 
experiments, with lower operating speeds. The use of uAV, although carried 
out, was too anecdotal to appear in this publication. finally, usage of “exotic” 
vectors (such as trains) may be noted, but their objectives were too different 
to be comparable.

for sprayers, same decision applied, use various products and models 
to estimate their impacts on the solution performances. In addition to this 
manufacturer variability, there is also a diversity of installations and their 
characteristics : number of nozzles to be controlled, communication proto-
col and modality, type of spreading carried out (single dose, double dose or 
dosage modulation), surface of action on the ground, etc. This plurality of 
actions has a direct impact on the final performance of the solution and has 
allowed for experimentation with various compromises.

The results of this study were obtained on various combinations of vectors 
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and sprayers to measure the consequences on the “effective” performances, 
i.e., on the trade-off between “agrochemical savings” and “field productivity.”

All these factors of variability give rise to an extremely large number of 
parameters that can impact, in one way or another, the final performance of 
the solution. Moreover, these parameters do not emerge spontaneously and 
can be quite complex to identify or to measure objectively… Thus, identifying 
them is an incremental task that necessarily leads to an imperfect knowledge 
of the past. Therefore, there is no complete and exhaustive traceability of all 
the possible or even desirable characteristics of all the acquisition campaigns 
conducted. Very often it is only the results and various operational parameters 
that were kept. The need to archive certain types of information only became 
apparent much later during the analysis of data “in production” where this 
degree of knowledge proved relevant. The operational value of this knowl-
edge for the analysis of results will be discussed later in the next sections.

In the end, the only constant among all these measures was the detec-
tion system. Indeed, all these results were obtained using the same solution, 
Smart Striker by carbon bee. 

Technically, this solution is based on a double acquisition—“classical” 
visible spectrum (as in a standard camera) and “hyperspectral” (CTIS [8])—
analyzed in real time (around 5 Hz) by Deep Learning algorithms (semantic 
segmentation) embedded in the sensor [5].

However, if the sensors were identical, various configurations were 
experimented by varying their density (i.e., the number of sensors per spray 
boom with possibly one or more additional sensors at the head of the tractor), 
their height and their angle of inclination on the machine.

All these changes allow exploring different trade-offs between coverage 
of the analysis area, distance between the vector and the detected area and, 
of course, the difficulty of the analysis task. These scenarios required differ-
ent Deep learning models, trained according to the targeted agronomic task 
and, a set of acceptable trade-offs (e.g., a model trained to detect in zenith 
vision was rarely used, even for a similar detection with a 45° ground angle).

from a methodological point of view, several global criteria were re-
tained. rather than grouping the results according to a particular “technical” 
configuration (vector and sprayers), a kind of “AI-Agronomy”-mixed approach 
proved more practical.
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Thus, the results were first differentiated according to context and 
application, creating three “global” categories within which various technical 
and agronomic configurations coexisted. These scenarios are : 

• green on brown™ for intercultural weed control on stubble or 
pre-emergence;

• Green on Green™ for post-emergence/specific weed control 
within the crop;

• Variable rate application of fungicides, nitrogen and growth 
regulators based on biomass.

Spot-Spraying™ weed control, when only the weed is sprayed, is also 
complied with a Dual-Spraying mode : a low rate is applied to the entire field 
and a high rate is then applied to the detected weeds. This mode is indeed 
useful for the application of products or mix of products with foliar and root 
effects. This is both an additional technical constraint—it requires to be able 
to assess the quantity of weeds, not just their presence—and an important 
economic factor—it easily increases savings on agrochemicals by limiting the 
need for additional rounds—and deserves to be explicitly noted.

To measure performance, several solutions were explored, ranging from 
naive treatment to much more sophisticated and statistically robust strate-
gies. At the end of these experiments, a few key approaches were retained.

One of them consists of systematically treating three nearby fields of 
similar nature in three different ways : the first one not using any chemical 
treatment, the second one using a classical chemical treatment, the third 
one with smart spraying. It is then possible to rigorously compare the three 
surfaces at different levels, including their productivity. This approach has 
the merit of allowing a precise measurement of the effects of the treatment 
as well as exhaustive comparisons, but it requires a large work area and can 
be difficult to accept in the case of actual farms.

For the latter, it is required to take advantage of the past. The huge 
experience of the farmers concerning the productivity of their fields allows 
to change the method of treatment and to measure the evolution of the pro-
ductivity at the end of several seasons. nevertheless, several seasons are 
required… Indeed, if this solution has the merit of being compatible with an 
actual commercial exploitation (without any modification), it is very sensitive 
to the hazards of a particular season and must, therefore, be analyzed on 
a multiannual scale.
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3. Results
At the end of several tens of thousands of hectares treated and ana-

lyzed, the savings achieved are on average in all the crops of the order of 
35 % for a “Green on Brown” context. Considering the initial state of the 
crop, before smart spraying, the savings range from 70 to 90 % for “clean” 
fields but an extremely high variability (between 10 and 90 %) of savings 
when considering all the crops. A high presence of poorly maintained fields 
weighs heavily on the statistics, spot spraying being of little interest when 
almost continuous spraying is required. These product savings were at the 
expense of a slight drop in weed control efficiency compared to a full appli-
cation : 5 to 10 % loss of efficiency, according to trials. For the “Green on 
green” context, it depends on the kind of culture, the rate of weed coverage 
and the quality of the detection model. The savings range from 5 % to 80 % 
with a 60 to 80 % focus on well-managed field with good detection model. 
globally, taking account of all experimentations on all the available contexts, 
the saving mean is around 40 %.

obtaining these statistics and trying to understand their origins, cor-
relations, and the most effective leverages, has required the retention of an 
ever-increasing number of metrics or characteristics. At present, the criteria 
that have proven to be relevant—in one way or another—, and thus worth 
keeping, are the following. 

concerning the vector, it is necessary to keep its type (tractor, uAV, ugV, 
train…) to be able to quickly discard absurd comparisons, the commercial 
product to be able to identify pernicious effects that could be linked to an 
unusual specificity of a specific UGV or a tractor… and, of course, its speed 
of movement (one of the predominant factors).

next, focus on the sensing/detection technology for which many 
parameters are useful.

Thus, from a “hardware” point of view, the spectrum analyzed (visible, 
NIR, SWIR…) to know the available biochemical features, the available pre-
cision (3 bands [as in RGB pictures], multispectral, hyperspectral…) to know 
the quantity of information of each voxel, the acquisition frequency (number 
of frames by second), the resolution of the images and the optical aperture 
angle to participate in the calculation of the size of the observed objects. To 
simplify the handling of this type of characterization, keeping the detector 
model can be effective.
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from a “spray boom setup” perspective, the height and angle of view 
will be used to estimate the analyzed area, the number of sensors (or their 
density) allows to estimate the overlap between each detection and thus 
gives access to one of the factors of robustness of the analysis. using arti-
ficial lighting or performing the detection in a black chamber (to control the 
lighting) allows to strongly simplify the analysis of the data, therefore, this 
information deserves to be kept.

from a “detection” perspective, many factors have emerged. keeping 
whether the analysis is performed “online” or “offline,” “in the sensor” or on 
an “online” server is imperative, as these factors impact, for example, the 
network access requirements, the required computing power, the latency 
of the solution and, obviously, its cost. The nature of the detection (object 
detection, segmentation, regression…) determines the quality of the available 
information and thus limits the potential savings (an object detection at the 
meter scale would hardly allow a centimetric spraying). In the same way, the 
number of available classes governs the “semantic” precision obtained from 
each analysis (again impacting the quality of possible treatments). All possible 
specificities must be noted to be integrated in future comparisons (minimum 
size of detections, etc.). Finally, to compare improvements in Deep Learning 
algorithms, keep the name and the version of the model.

The description of the sprayer boom is obviously essential to keep : 
the sprayers (brand, model…), their technical capacities (single dose, dose 
modulation…), the communication protocol, the number of nozzles, the 
possible additional features, their surface of action on the ground… All of 
this will have a strong impact on the possibilities of savings in phytosanitary 
products and will allow us to take a step back on the link between the vector, 
the detection and the savings made

finally, the last category is the set of relevant agronomic criteria. These 
are undoubtedly the most difficult factors to conserve in an exhaustive and 
especially “objective” way. Indeed, if it is easy to keep the geographical area 
(continent, country, region, city…), it is also necessary to keep the quality 
of the field (a field infested with weeds does not allow any savings), the 
macroscopic context (GoG, GoB…) but also the more precise context of 
the analyzed field (type and modality of cultivation, nature of the weeds). 
Some of these criteria (such as the “quality” of the field) are very difficult to 
measure objectively and an internal ad-hoc scale (with photos) can be used.
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4. Discussion
Several parameters of the analysis grid presented above may seem 

surprising in a “machine learning” context where the focus is usually on de-
tection performance. In these works, the transposition into “crop protection 
product savings” is done in a purely computational way. In such research, 
there is no interest in knowing all of these “operational” aspects, only are 
required the input voxels to analyze the scene.

however, to measure and compare the empirical performances of a 
smart spraying solution, it requires to broaden the perspective, not neglect-
ing any factor, even indirectly, that could prove to be contributory to the 
afterward analysis.

Thus, the characteristics of the vector, the detectors and the sprayers 
are strongly intertwined and have a profound influence on the agronomic 
and economic performance of the solution.

for example, while the speed of the vector may not seem to be of 
interest when evaluating the quality of the detections of a model (a voxel is 
a voxel, regardless of the speed at the time of its acquisition), it becomes 
essential when we are interested in the economic viability of the project. The 
speed of movement directly influences the agricultural productivity (ha/h) of 
the solution. In an implementation requiring a “real-time” detection of weeds, 
it imposes an inference frequency. However, the latter can be modulated by 
adjusting the height and the angle of inclination of the sensor. These two 
parameters will control the ground surface analyzed and its distance from 
the vector, and therefore the expected analysis time. Increasing them means 

“seeing further” and therefore reducing the frequency of inference required. 
however, this is done at the expense of highly distorted images, making 
the detection task more difficult and possibly imposing several shots of the 
same scene to improve the quality of the detection (thereby increasing the 
operating frequency).

Many similar compromises exist in a smart spraying solution. Another 
example is the geographic region (or agronomic target) which can impose an 
extremely short duration of the field passage and thus increase the expected 
operating speed. conversely, on an autonomous vector, the operating speed 
can be reduced by using additional night rounds (but this requires the solu-
tion to be able to detect in these conditions). More generally, the reduction 
in spreading will frequently result in an increase in the number of rounds in 
the field to “fix” poorly treated areas.
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Regardless of the quality of detection or the stability of the vector, all this 
is limited by the technical possibilities of the spray boom… Indeed, being able to 
discriminate the exact quantity of weeds within a scene to deduce the optimal 
dose of agrochemicals to apply makes little sense with single-dose sprayers with-
out modulation… but the latter will be much more economical. This necessarily 
has a very strong impact on the quality of the final compromise obtained and 
must therefore be considered to compare two results. obviously, the number of 
sprayers, and the ground surface sprayed by each one, increase the detection 
difficulty but reduce the agrochemical consumption.

Agronomy stays essential, all these compromises take place in a specific 
agronomic context and when analyzing smart spraying performances, these pa-
rameters must necessarily be considered. one of the most prominent parameters 
is the density of weeds in the field… “spot” spraying is no more “spot” if the field 
is filled of weeds… and drastically lower the agrochemical savings.

finally, above these various compromises, exists, without surprise, the 
global economic equation of the solution which will limit the various operational 
parameters, including the “detection” aspects by determining the mobilizable 
computing power. 

All these factors drastically influence the efficiency of the smart spraying 
solutions, and, to be fair, the comparisons require the same kinds of compromise 
on each side. Thus, one of the main objectives to analyze and optimize the reduc-
tion of agrochemical products is the definition of a relevant analysis framework.

5. Conclusions
Satisfying the growing food needs of humanity in the coming decades 

while respecting the environment is one of the main agricultural challenges 
today. To address this double constraint, smart spraying—the application of 
the right dose of crop protection products at the right place and at the right 
time—is, in the short term, one of the best solutions and several prototypes or 
industrial products have been developed in recent years.

This contribution provides reliable empirical results from several years of 
measurements on several tens of thousands of hectares of real farms.

from a technical perspective, the processing has been performed using 
Deep Learning algorithms applied to a dual RGB/hyperspectral acquisition. 
from a methodological perspective, national and international partners were 
selected by focusing on their deep knowledge of their productivity to measure 
the effectiveness of the solution and its impact on the crops.
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At the end of several farm seasons, farmers are seeing a 60–80 % reduc-
tion in herbicide use (Green on Green™ context) and a 70–90 % reduction in 
herbicides for stubble cleaning (Green on Brown™ context). These data were 
obtained on several tens of thousands of hectares across multiple countries, 
contexts, and crops.

Since maintaining farm productivity is the primary focus, these reductions 
were achieved at constant production, so these are financial gains for farmers 
and ecological gains for the planet.

In view of the very high number of parameters that can influence crop 
protection product savings, the definition of a formal analysis framework is essen-
tial to make the comparison of performance between different scenarios fairer.

This contribution describes the experiments to facilitate comparison 
with other similar studies. The attentive reader will thus be able to discern the 
emergence of a “descriptive framework” allowing for a more objective com-
parison of smart spraying results. This framework remains preliminary, is still 
under study, and will certainly be the subject of future publications.
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Abstract
The overall performance and availability of machine learning (ML) 

methods have dramatically increased over the past decade, especially with 
the advent of deep learning models boosted by hardware improvements. 
With these advancements, Ml has become an increasingly adopted solution 
for solving a wide array of real-world problems in multiple industrial fields : 
precision agriculture being perhaps one of its earliest adopters. Indeed, deep 
learning computer vision methods have been used to automatize a large nu-
mber of agricultural tasks such as crop classification, weed detection, plant 
counting, and disease detection. EXXACT Robotics develops a precision 
spraying system dubbed 3S Spot Spray Sensor which conducts weed detec-
tion using computer vision methods in real-time. An important criterion for 
validating this new technology is the robustness of the detection algorithm 
to the variability in acquisition conditions. These may be influenced by a 
potentially infinite number of factors such as plant attributes, environmental 
characteristics, and imaging conditions. The main contribution of this article 
is the proposal of a methodology for analyzing the impact of this variability on 
weed detection quality. Indeed, in this article we focus only on four intrinsic 
and external factors that contribute to the variability of conditions (which 
we call meta-variables) : the vegetation development stage (using the BBCH 
scale), the soil characteristics, namely its color and humidity level, and the 
condition of the sky at the moment of image acquisition (sunny or overcast). 
These factors partly characterize the colors and texture of the image’s ele-
ments, in addition to their shape and size; aspects that have been shown to 
influence the performance of deep learning machine vision algorithms. We 
conduct our analysis on a dataset of 1000 images annotated by professional 
agronomists with three classes : corn, weed and soil. For each of our me-
ta-variables, we split the dataset into three partitions for training, test and 
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validation while maintaining a well-defined distribution of the meta-variables 
over these three sets. Then, we train a model for each re-organized dataset 
with color (RGB) images as inputs. The meta-variables are used to assess the 
model’s robustness to a given condition and to control the distribution of the 
datasets. After predicting on the test sets using the trained neural networks 
and computing the evaluation metrics, we propose a retrospective analysis 
linking the observed performance and the meta-variables of the images with 
the aim of exploring the influence of each of our particular auxiliary variables 
on the robustness of the model. The preliminary results obtained indicate that 
the development stage and the characteristics of the soil have a significant 
effect on the performance of the model.

Keywords : precision agriculture, spot spraying, weed segmentation, deep lear-
ning, metadata.

1. Introduction
Weeds are one of the major risks affecting crop yield and quality. They 

compete with crops for resources such as light, water, soil and space, in 
addition to potentially causing diseases in plants—thereby resulting in lower 
yields. Herbicide spraying is used frequently as an effective weeding control 
strategy due to having lower cost than manual weeding and allowing the 
control of multiple varieties of weeds. EXXACT Robotics develops a preci-
sion spraying solution that allows users to precisely limit weed growth while 
optimizing the consumption of herbicides. not only does this solution result 
in lower costs for the user and reduced negative impact on the environment, 
but it also contributes to improved economic benefits from higher yields and 
better-quality crops. The solution is based on a complex pipeline of connected 
smart technologies starting from the proximal sensing of scenes in real-time 
to the rapid transfer of data and analysis using deep learning (DL) artificial 
intelligence models for weed identification. 

Indeed, deep learning methods have, for the past decade, become 
the predictive tool of choice for many applications in engineering, medicine 
and physical sciences, among other fields. Precision agriculture (PA) has not 
been an exception. In fact, it may have been one of the biggest and earliest 
benefactors of this advancement (Sharma et al., 2021). Computer vision has 
always constituted an important aspect of precision agriculture, as it plays 
the role of the computational perceptive component of the systems. It also 
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happens to be one of the most richly and widely researched fields in deep 
learning, given the considerable advantages in performance it has shown over 
classical approaches (Voulodimos et al., 2018). This has led to the development 
of many deep learning vision-based solutions to be applied in the real-world and 
commercialized for usage by farmers. however, the technical and applicative 
developments of Dl and its adoption by users may have proven to be faster 
than the theoretical verifications and empirical experimentation required to 
validate their performance and reliability “in the wild”—that is, under uncon-
trolled environments such as an agricultural parcel for example (Adcock and 
Dexter, 2021; D’Amour et al., 2021; Zhang, et al., 2021). 

Additionally, neural networks are considered to be “black box” models (to 
use a widely spread term) which means that it is difficult to understand which 
aspects and dimensions of the problem they are learning and using to produce 
predictions. In most cases, we only observe the predictions made without having 
a clear vision of the decisional chain that has led to them. Although certain 
advancements are being developed and proposed, we still have a long way 
to go before developing fully explainable deep learning models (linardatos et 
al., 2021). However, it is of major importance in an industrial context—such as 
precision weeding—to understand as much as possible the factors that may 
impact the performance of the models under real-world conditions. This veri-
fication step is a requirement for building trust in the system being deployed.  

In this research paper, we propose a simple graphical and statistical 
methodology for exploring the potential impact that certain environmental 
characteristics may have on the performance of a weed segmentation model. 
This approach is independent of the deep learning model used : it can be applied 
to study any image segmentation model, given the availability of “metadata.” 
This metadata includes variables collected during the data acquisition process, 
describing the environmental conditions under which the image is captured. In 
Section 2, we present the data, metadata, and models used in this research. 
The methodology proposed is also described in detail. In Section 3, we present 
the results obtained so far. These are only preliminary results that should guide 
us towards deeper analysis of certain aspects. In Section 4, we discuss and 
interpret these results in detail. finally, we conclude and discuss potential 
courses of improvement in Section 5.
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2. Materials and Methods

2.1. Data
The rgb images dataset on which the deep learning models are 

trained and tested contains 1500 images of size 1024×1024. The photos are 
taken under multiple and diverse real-world corn field conditions following a 
well-defined data collection strategy and are then annotated manually in our 
lab by professional agronomists using specialized software and equipment. 
The semantic annotation produces a multiclass annotation mask for each 
image, separating the content of the image into three classes (barrow and 
Tenenbaum, 1978) : “crop”, in our case corn; “weed”, which is the class of 
weeds and undesired plants without distinction of the species; and “back-
ground” which consists mostly of soil pixels. A sample of images and their 
annotation masks, showing our database’s variability, can be seen in figure 1. 

2.2. Metadata
During the acquisition of images in the field, some characteristics of the 

acquisition environment or the scene in the image are recorded by the data 
collector. This “metadata” is qualitative and reflects the collector’s perception 
of the environment at the moment of taking the image. An extensive review 
process is put in place in order to maintain the objectivity of the metadata, 
whereby the entries are cross validated by multiple experts during the an-
notation and review process. The meta-variables studied in this research 
are presented in Table 1 along with their descriptions and possible values. 

Figure 1. Sample of images from our dataset with their overlayed annotation masks. 
Red mask for class crop, purple mask for class weed.
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Meta-variable 
Name Description Values

crop bbch The phenological growth stage of the crop 
plants that appear in the image. It follows the 
BBCH-scale proposed in Lancashire et al. (1991). 
The size and the shape of the crop plants differ 
along this scale. The weeds size also tend to 
increase as the crop develops.

Categorical :  
11-14/15-18/19+

Sky The perceived condition of the sky at the moment 
of taking the image, which may influence the 
lighting conditions. Depending on the lighting 
conditions, the algorithms are challenged by 
shadows or reflections and can be confronted 
with harsh contrast or brightness levels.

Categorical :  
sunny/overcast

Soil humidity The perceived humidity of the soil in the parcel 
in which the image is taken. It is assumed to 
possibly have an impact on the color and the 
texture of the soil.

Categorical :  
dry/wet

Soil color The perceived color of the soil in the image. As 
most of the pixels in images taken in row crops 
are soil pixels, we would assume that its color 
would have an impact on the models.

Categorical :  
brown/grey

Table 1. The meta-variables collected and studied, with their descriptions and pos-
sible values.

2.3. Deep Learning Segmentation Model
The development and improvement of a deep learning model is not 

being the goal of the present research, we have used a generic deep learning 
model retrieved from the literature for the task of semantic segmentation. 
This task consists of assigning each pixel to a specific class representing the 
semantic entity to which it belongs (Csurka, Larlus and Perronnin, 2013). This 
amounts to partitioning the image into distinct sets of pixels each assigned to 
one of the classes : weed, corn or background. Any semantic segmentation 
model that can predict multiple classes can be used to conduct our analy-
sis. Indeed, our methodological approach and exploration are independent 
of the segmentation model used. We encourage the interested reader to 
consult Ulku and Akagündüz (2022) for a recent comprehensive survey of 
a good number of the available models, and Hasan et al. (2021) for specific 
approaches used in weed detection.
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2.4. Methodology 
As previously mentioned, there is potentially an infinite number of factors 

that are directly and indirectly impacting the segmentation performance of 
the deep learning algorithm. As such, we cannot –at least at this level– es-
tablish a causal relationship between one or multiple environmental factors 
and the performance of the model. however, we take an exploratory empirical 
approach that aims at uncovering potential tracks for further investigation.

our empirical methodology is developed to mirror rigorous experimental 
designs (Angrist and Pischke, 2009), although it is much harder to control for 
all the factors when we are working with such highly variable environments 
as in our case. The approach can be divided into four steps, each comple-
menting the previous one as can be seen in figure 2. 

2.4.1. Creating Balanced Datasets
The first step for our methodology is to select what data to use, which 

meta-variables to experiment on, how to split the data between the sets, and how 
to balance the sets. The goal of this dataset creation procedure is to produce 

“controlled” datasets in which only the effect of a desired variable can be explored. 
first, the whole images database is analyzed with statistical visualization methods. 
We compute statistics on the meta-variable of each image, as well as the number 
of plants in the image, the area occupied by the plants, as well as the median and 
mean size and the perimeter of the plants are calculated. This statistical analysis 
concerns all the vegetation in the images and makes it possible to verify its distri-
bution in the dataset, allowing us to adjust the values so as not to bias our study. 

In order to create training, validation and test sets, we first begin by split-
ting our database into these three sets while making sure that each set contains 
parcels that are not represented in the other sets. This aims at creating datasets 
that are as mutually diverse as possible. This splitting is also done while making 
sure to keep the same distributions of the metadata across these sets. now for 
each meta-variable that we wish to study, we construct multiple “biased” training 
sets each containing images from one level of this variable—using a balancing 
procedure that maintains a balanced distribution over the other meta-variables 
so as to control their effect. This procedure is analogous but not identical to the 
method proposed by Deville and Tille (2004). This procedure is repeated for each 
level of each meta-variable. A fully balanced training set which tries to maintain 
the same number of images for each level of the meta-variable is also created. 
A similarly neutral test set is also created for each meta-variable. Details of the 
resulting datasets are presented in Table 2.
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Number Images in dataset

Meta-variable : Sky Total Sunny Overcast

Training Sets

Sunny only 200 200 0

Overcast only 201 0 201

Balanced 205 105 100

balanced Test Set 136 72 64

Meta-variable : Soil Color Total Brown  Grey

Training sets

Brown only 200 200 0

Grey only 200 0 200

Balanced 200 100 100

balanced Test Set 77 34 43

Meta-variable : Soil Humidity Total Wet Dry

Training Sets

Wet only 256 256 0

Dry only 256 0 256

Balanced 256 118 138

balanced Test Set 279 105 174

Meta-variable : Crop BBCH Total BBCH 11-14 BBCH 
15-18

BBCH 
19+

Training Sets

11-14 and 15-18 only 200 100 100 0

15-18 and 19+ only 200 0 123 77

11-14 and 19+ only 200 123 0 77

Balanced 200 72 75 53

balanced Test Set 137 88 36 13

Table 2. Training and test set sizes and images repartition by meta-variable.

2.4.2. Training and Testing the Segmentation Models
for a certain meta-variable that we are studying, we train the deep 

learning segmentation model separately on each of the training sets that 
contain only one of the levels, and then one more time on the perfectly split 
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training set. for example, working on the meta-variable “Sky” which has two 
levels sunny and overcast, we would obtain three trained models. The first 
one is trained on a dataset constructed as described above and containing 
exclusively images that are taken in sunny conditions, while the second one is 
trained exclusively on overcast images. by following this training procedure, we 
create multiple “biased” models that have only been learned under a specific 
condition and that will potentially allow us to see the impact of this condition. 
As a control unit, the third model is trained on a dataset that contains an equal 
proportion of the two conditions. 

We then test each of the trained models on a specifically constructed 
test dataset, which contains a balanced distribution of all the levels of the me-
ta-variable. This dataset in which no condition should have more impact than 
another serves as a neutral “judge” of the trained models. It will allow us to see 
how each of the trained models performs in an environment that is sufficiently 
different than the one in which it has been trained. This of course means that 
for each meta-variable we will have a different test set, each having its own 
size, depending on the availability of the data required to achieve the balance. 

2.4.4. Visual Exploration of the Models’ Performance
We evaluate the performance of the models by comparing the seg-

mentation “inference” masks produced by the models with the “ground-truth” 
masks produced by the annotators. for each of our three classes (weed, 
corn, background), we compute the Intersection-Over-Union (IOU) (Jaccard, 
1912), the most commonly used metric for image segmentation, defined as : 

where TP are true positive pixels, fP stands for false positive, and fn for 
false negative. We invite the interested reader to consult Melki et al. (2022), for 
more details on this and other metrics. for the purpose of keeping this work as 
concise as possible, we study and present only the Iou on class weed, which 
is the most interesting for an herbicide application. 

our analysis begins with a simple visual inspection of the distribution of 
the Weed IOU for each of our trained models. Our first tool is a box plot which is 
a simple and efficient method to visualize the empirical distribution of the data, 
as it displays the locality (median) and spread (quartiles) of the data (DuToit, 
Steyn and Stumpf, 2012). For a more detailed visualization of the distribution, 
we compare the Kernel Density Estimation (KDE) (Rosenblatt, 1956; Parzen, 
1962) plots on the observations of each group.
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2.4.4. Testing for Effect using Wilcoxon’s Ranked-Sign T-Test
Although important, visual inspection is not enough to identify the 

existence of statistically significant changes in the distribution of the Weed 
Iou due to changes in the training set. To achieve this, we apply Wilcoxon’s 
ranked-Sign T-test, which allows us to test for precisely such a change 
(Wilcoxon, 1945). It is a non-parametric statistical test that does not make 
any assumption on the underlying true distribution of the data and that is 
designed for dependent samples. In fact, since we are testing the different 
models on the same test set (“perfect split”), we cannot assume that the 
samples of individuals are independent, since they are the same individuals 
(images) being exposed to different treatments (prediction using different 
models) (Angrist and Pischke, 2009). 

By rejecting the null hypothesis at a significance level of 5 %, we 
may say that we have enough evidence to believe that there exists some 
statistically significant effect on the model’s performance due to changing 
the training set; that is, due to changing from one level of the meta-variable 
to another. Although –and here we wish to remind the reader– it is hard to 
establish a causal relationship between the two.

3. Results 
3.1. Meta-variable : Sky

A first look at the box plots (Figure 2 – a) showing the distributions of 
Weed Iou for the models trained on the two modalities sunny and overcast 
and the perfectly split training set shows us that there is not a remarkable 
difference in the distributions. The median Ious are around 0.64 for the 
three groups, with the model trained on the perfectly split dataset showing 
a slight—almost imperceptible—median improvement over the other two. 

The KDE plots (Figure 2 – b) expose a similar image to that of the box 
plots, with the distributions appearing to be practically the same. The results 
of the Wilcoxon T-test reported in Table 2 confirm the graphical interpretations. 
Indeed, with a p-value at around 0.72, higher than the acceptable confidence 
level of 0.05, we fail to reject the null hypothesis that the distribution of the 
Weed Iou under overcast is different than under sunny conditions.
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Figure 2. Distribution of Weed IOU for experiments on Meta-variable "Sky"Me-
ta-variable : Soil Color 

3.2. Meta-variable : Soil Color
The box plots (Figure 3 – a) do not show a distinct difference in the 

distributions over the three treatments. The data appears to be central around 
an IOU of 0.45, with a very wide spread—practically over the full support of 
the Iou from 0 to 1. An interpretation of this phenomenon is developed in the 
Discussion section. however, a look at the kDe plots shows a clearer image of 
the difference in the shapes of the distributions (Figure 3 – b). This difference 
is further confirmed by the results of the Wilcoxon test that yields a p-value 
of around 0.017 (Table 3), which gives evidence to reject the null hypothesis 
that the distribution of Weed Iou for the model trained on only brown images 
is the same as the one for the model trained only on grey images.

Figure 3. Distribution of Weed IOU for experiments on Meta-variable "Soil Color"
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The empirical results obtained for this meta-variable indicate that the hu-
midity level of the soil may indeed have a considerable effect on the perfor-
mance of our model. A distinct median difference between the Weed Iou 
for the model trained under exclusively wet conditions and the one trained 
under only dry conditions is apparent on the box plots (Figure 4 – a). The 
difference in distribution between the different treatments is clear as we 
look at the KDE plots (Figure 4 – b). The graphical results are echoed by 
the statistical test results yielding a low p-value of 0.002 indicating signi-
ficant evidence to reject the null hypothesis that the distributions of Weed 
Iou for the two models are the same. 

Figure 4. Distribution of Weed IOU for experiments on Meta-variable "Soil Humi-
dity"

3.4. Crop BBCH
given the greater number of levels, it is relatively more complex to 

present and analyze the results of this meta-variable. looking at the box plots 
(Figure 6 – a), we can identify some slight differences in the distributions 
across the levels. These differences are much more apparent by looking at 
the KDE plots (Figure 6 – b) which show certain variations in the distributions, 
but without any marking shifts or deformations. The Wilcoxon statistical test 
has been applied on the different treatments two-by-two. What appears to 
be an interesting result by looking at Table 3 is that we observe a significant 
decrease in the median performance of the models when one of the two 

“extreme” growth stage categories (11-14, small plants; 19+ developed plants) 
is removed from the training set. A plausible interpretation of this result is 
presented in the Discussion section.
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Figure 5. Distribution of Weed IOU for experiments on Meta-variable "Crop BBCH"

T-Statistic p-value

Meta-variable : Sky

Train : Overcast only vs.
Train : Sunny only 4825.0 0.717

Meta-variable : Soil Color

Train : Brown only vs.  
Train : Grey only 1061.0 0.017

Meta-variable : Soil Humidity

Train : Wet only vs.  
Train : Dry only 15264.0 0.002

Meta-variable : Crop BBCH

Train : 11-14 and 15-18 vs. 
Train : 11-14 and 19+ 2213.0 ~0.000

Train : 11-14 and 15-18 vs. 
Train : 15-18 and 19+ 4038.0 0.139

Train : 15-18 and 19+ vs.
Train : 11-14 and 19+ 1943.0 ~0.000

Table 3. Results of the Wilcoxon T-test for the multiple experiments.
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4. Discussion
The experimental results obtained are indicative of certain effects of 

the environment on the performance of the models. Particularly, the results 
show a statistically significant effect of a change in the color of the soil. 
This is not very surprising since the soil pixels constitute a relative majority 
of the pixels in most of the images, particularly those taken at early growth 
stages of the plants. Indeed, the considerable impact of the background on 
the performance of deep learning image recognition algorithms has been 
recently shown experimentally by Xiao et al. (2021). 

This result is further confirmed by the significant effect of the level 
of soil humidity, which in turn impacts both the color and the texture of the 
background. The change in the distribution of Weed IOU is quite marking, 
with the median performance under dry conditions being considerably higher 
than under wet conditions. This may be a good sign from an applicative point 
of view since the precision spraying system is rarely used in wet conditions. 
however, we still included this condition in our experiments in order to expose 
the model and study its behavior under what we may call a rare use case.

 Interesting results are observed on the crop bbch meta-variable 
whereby it appears that not including either early growth plants (bbch 11-
14) or their well-developed counterparts (BBCH 19+) leads to a significant 
decrease in median performance. This can be due to the failure of the model 
to generalize on plants whose size is considerably different than the one 
it has seen during the learning stage. however, learning on a dataset that 
includes both “extreme” conditions may be allowing the model to generalize 
well to intermediate stages.

on the contrary, we did not identify any effect of the “Sky” meta-va-
riable, although we had initially assumed that it would influence the lumino-
sity of the images, thus impacting the trained models. This may be due to 
the high intra-category variability in the images. Indeed, we can see—for all 
meta-variables and not only “Sky” — a considerable spread of the Weed IOU, 
practically over the full support of the Iou from 0 to 1. certain images are very 
badly evaluated while others satisfy an almost perfect segmentation—even 
among the images that are supposed to belong to the same “environmental 
category.” This can be attributed to two related reasons : the one being that, 
so far, our metadata is only qualitative and relatively subjective; the second 
that this high-level definition of the metadata may not be able to account 
for the peculiarities of each image, thus resulting in images that are highly 
different (visually) even among the same set. 
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5. Conclusions
In this research paper, we have proposed a simple methodology for conduc-

ting a study of the impact of the environmental conditions on the performance of 
a weed segmentation model. The methodology is based on controlled sampling 
of images via balancing on acquired metadata. This experimental setup allows 
to neutralize the potential effects that other variables may have, thus isolating 
the meta-variable being studied. 

Through visual exploration and statistical testing, we were able to identify 
significant effects on the distribution of the weed IOU of the soil characteris-
tics—namely, its color and humidity condition—and growth stage of the crops as 
measured by the BBCH-scale. The empirical results do not show a significant 
effect of the condition of the sky. The current results, however, may have been 
impacted by the high intra-group variability observed. This may be compensated 
for by the usage of a better learned deep learning algorithm than the generic one 
used for the purpose of showing the methodology in this paper.

The results obtained constitute a preliminary analysis with the aim of iden-
tifying exploration paths to follow in the future. The study is, by no means, a final 
analysis given the complexity of the task at hand and the multiplicity of internal 
and external factors that may influence directly or otherwise the learning and 
predictive performance of deep learning models. our future work would consist 
of expanding the current methodology with more rigorous methods that would 
allow us to disentangle more complex relationships. We would also like to develop 
the study on other meta-variables, particularly ones that are more quantitative, 
objective and able to account to the idiosyncratic characteristics of each image. 
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Abstract
great spray losses are generated during conventional pesticide treatments, 

which results in an inefficient use of inputs such as water, and PPPs (Plant protec-
tion products). Currently, there are many research works developing variable-rate 
sprayer for precision pesticide applications to reduce the risk of spray runoff and 
drift while increasing the optimal use of the resources. Two new techniques of 
applying agrochemical products for fruit trees and vineyards were tested. The first 
one was an airblast sprayer with ultrasonic sensors (OPTIMA European project). 
During a spray application, the canopy information obtained from the sensors 
enables an intelligent control system to calculate the appropriate volume rate 
to apply for each part of the canopy along the tree row in real time, based on 
the Tree row Volume model. When the computer estimates the application rate, 
then it sends an order to the proportional motor-valves regulating the outgoing 
flow rate. The second sprayer (GOPHYTOVID Spanish project) was based on 
prescription maps. This system required remotely sensed imagery from the 
crop to be treated. from there, using gIS software, vegetation indices such 
as the Normalized Differential Vegetation Index (NDVI) where calculated and 
canopy characteristics estimated in each of the three vigor zones delineated 
(low, medium and high). Using proprietary models, the canopy characteristics 
were converted into prescription maps indicating the appropriate volume rate 
to apply based on the canopy size. The map was sent to a controller located 
in the sprayer which read the map and the precise location of the machine, 
applying the precise flow rate according to the map. Both systems saved an 
average about 25 % in field tests, maintaining the biological efficacy compared 
to a conventional treatment. however, more experiments are needed to show 
farmers the improvements achieved with these variable-rate spray technologies.
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1. Introduction
Plant protection treatments remain one of the main sources of conta-

mination in agriculture. This is because not all the products reached the 
target during pesticide applications. A fraction of the sprayed droplets ends 
up on the ground or goes beyond the orchard (Salcedo et al., 2021). This has 
potential negative effects on water resources (Zhang et al., 2018), bystan-
ders (Butler-Ellis, 2017) and fauna and flora (Rajmohan et al., 2019) as well 
as economical costs for growers (Popp et al., 2013). For these reasons, the 
EU Strategy “From Farm to Fork” pretends to reduce up to 50 %, by 2030, 
the use of pesticides in agriculture (EC, 2020) within the European Green 
Deal (EC, 2019).

Variable-rate air-assisted sprayers, equipped with an intelligent sys-
tem to detect the target and then apply the corresponding application rate, 
can diminish ground and airborne losses and save products while keeping 
the biological efficacy (Gu et al., 2020). The previous identification of the 
characteristics of the canopy before being treated increases the efficiency 
and helps droplets reach the leaves in a more adjusted amount. The liquid 
profile is more adjusted to the shape and density of the canopy, avoiding 
using more product than necessary. however, the use of these technologies 
still encounters many reluctances among farmers (Warneke et al., 2021). 
Therefore, more field demonstrations are needed to get more growers to 
adopt these new sprayers.

The present research work shows and compares two prototypes of 
variable-rate orchard sprayers with different characteristics. one is an airblast 
sprayer with a system of ultrasonic sensors to determine the appropriate vo-
lume for heights in the same tree during apple tree treatments. The second is 
a sprayer whose decision-making is based on data previously collected by a 
drone that will sectorize a vineyard area into different parts by corresponding 
application rate according to nDVI data.

284 /// SIMA AgriTech Day 2022 /// OPTIMIZATION OF CROP PROTECTION



2. Materials and Methods 

2.1. Ultrasonic-based variable-rate sprayer
An experimental airblast sprayer was conceived within the European project 

called oPTIMA (http://optima-h2020.eu), following the European directives to 
optimize and save the consumption of phytosanitary products. A goal of this 
research work was to develop more efficient crop protection systems. Regarding 
this, the Technical University of Catalonia (UPC, Spain) and Fede Sprayers (Pul-
verizadores Fede SL, Spain) have been collaborating together on the design of 
a variable-rate sprayer guided by ultrasound sensors for apple tree treatments.

The agronomic basis of this intelligent orchard sprayer was the characte-
rization of the target canopies according to the Tree Row Volume (TRV) method. 
The corresponding flow rate was calculated with the tree dimensions, forward 
speed, and a correction factor depending on the canopy porosity, denoted as 
‘density factor’. In order to be able to spray correctly following this principle, the 
equipment presented ultrasonic sensors set, GNSS module, control unit, adapta-
tive circuits, motor valves, and pressure sensors connected to the spray nozzles. 

 Three sensors on each side of the machine were mounted to detect and 
measure the tree canopyfacing the sprayer. Sensors were placed on a vertical 
boom at three heights, from 1.2 to 3 m high above the ground at 0.9 m intervals. 
In this way, the canopy could be divided into three parts, where each section cor-
responds to a separate volume rate adjustment system including one ultrasound 
sensor, one motor valve, and one pressure sensor to regulate the output flow 
rate of nozzles (Three nozzles for the top and bottom part, four for the middle 
part). The information obtained from the ultrasonic sensor was used to determine 
the canopy characteristic and estimate a density factor. The georeferenced 
position of the sprayer, along with these calculations, activated the proportional 
motor-valves to apply the corresponding liquid amount foreach canopy section. 

To check out this spraying technology, field experiments were performed 
in commercial apple orchards located in Épila (Zaragoza, Spain). Fungicide 
treatments against apple scab were done with the prototype to test the biological 
efficacy and product savings. Three types of treatments were made : 1) with a 
conventional air-assisted axial-fan sprayer as a typical application made by local 
farmers; 2) with a traditional mistblower but following the Best Management 
Practices (BMP); and 3) with the intelligent airblast sprayer. The methodology 
followed to evaluate the biological efficacy of the treatments was based on the 
protocols described by the European Plant Protection Organization (EPPO).
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2.2.  Map-based variable-rate sprayer
Taking into account that Spain is one of the main wine producers, a 

national project called GOPHYTOVID (http://www.ptvino.com/proyectos) was 
carried out to achieve the optimization in the use of agrochemical protection 
products for vineyards based on vegetation maps. A variable-rate application 
sprayer for trellised vineyards, based on the intra-parcel variability in terms 
of canopy vigor, was developed in this project.

The project could be divided into four parts : 1) Obtaining, through 
remote sensing images acquired with multispectral cameras on drones, the 
classified variability map based on NDVI for the target vineyard; 2) Application 
of the Decision Support System (DSS) DOSAVIÑA® (Gil et al., 2019) for the 
establishment of the rational application volume rate for every zone of the 
map and subsequent generation of the prescription map (l/ha) for every plot; 
3) Development and implementation of an on-board electronic device for the 
georeferenced reading of the previously established prescription map; and 
4) Variable-rate application with georeferenced data collection, based on 
information previously incorporated into a mistblower.

The required hardware for variable rate application was implemented 
in a conventional sprayer, adapting it to make site-specific applications 
possible : Electrovalves to regulate the flow rate, flow meter to register the 
actual flow rate, pressure sensor to register the current working pressure and 
a gnSS system to determine the position of the sprayer. The control interface 
consisted on a standard electronic tablet with a dedicated software (estel Sl, 
Barcelona, Spain) that allowed to upload the prescription maps, read them, 
actuate on the spraying machine and register all the working parameters 
with 1 second frequency.

Treatments against downy mildew were conducted in representative plots 
with clear symptoms of intra-parcel variability of two wineries participating 
in the project (Penedés region, Spain). Previous flights with a multispectral 
camera implemented in a drone system were carried out to obtainI informa-
tion on the plots, coinciding with three representative growth stages during 
the season (flowering, berry pea size and beginning of ripening). Drone 
based images were analyzed and nDVI index calculated. The nDVI maps 
were classified in three zones representing low, medium and high vigor. The 
classification was based on percentiles. All maps where field validated, and 
manual measures (canopy height and width) of random vines were made in 
each of the vigor zones. canopy characteristics per vigor zone were used for 
prescription map generation. Using DSS DOSAVIÑA®, the rational volume 
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rate associated to the canopy characteristics was calculated. once loaded 
into the sprayer controller, the gnSS system registered the sprayer position 
during the application work in the vineyard, and matched the corresponding 
volume rate associated to it. The electrovalves actuated to deliver the desired 
flow rate in each location. All the data during the application were stored in 
the control unit, having their georeferencing. In this way, it could be possible 
to establish a relationship and a comparative quantification of the theoretical 
prescription maps and the real maps obtained, thus being able to quantify 
the savings in product and volume obtained.

3. Results and Discussion

3.1. Field data by using ultrasound sensors
The mean spray volume rate was 879 l/ha for the applications based on 

typical local practices and a conventional sprayer, 771 l/ha for the mistblower 
applying product according to bMP and 469 l/ha for the spraying system 
with the ultrasonic sensors. The intelligent sprayer needed 39 % less spray 
volume than the sprayer following BMP and 47 % less than the local metho-
dology. Same control, in terms of biological efficacy, were observed when 
comparing data from a plantation treated with the variable-rate prototype 
and other with treatments with the conventional air-assisted orchard sprayers. 

3.2. Savings applying based on vigor maps
Data showed a high biological efficacy of the treatments in all plots, 

both conventional and variable-rate application according to vigor maps. for 
the first winery, the mean application rate was 195 L/ha with a conventional 
airblast sprayer and 146 l/ha for the map-based sprayer. The variable-rate 
sprayer used 25 % less spray volume than the reference machine. In the 
second winery, it was registered a mean volume rate of 282 l/ha using a 
typical mistblower and 251 l/ha applying with the experimental method. The 
sprayer with the intelligent system retroffited used 25 % than the conven-
tional treatment.
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4. Conclusions
Sprayers with intelligent variable-rate control systems proved to be just 

as effective as a traditional constant-rate orchard treatment. The minimum 
average savings achieved, in terms of quantity of product, between the pro-
totype guided by ultrasonic sensors and the sprayer with built-in mapping 
system was approximately 25 %. The method of testing these sprayers in 
commercial plantations helps to show the benefits to farmers and meet the 
European objectives of the Farm to Fork Strategy. However, more work is 
necessary, such as the incorporation of PWM valves to regulate the flow rate 
of the nozzles or the assessment of different tree characterization systems.
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Abstract

The laser-guided Smart Apply, Intelligent Spray control System™ was developed 
 and commercialized to revolutionize the decades-old air blast sprayers 

currently used in orchards, nurseries, vineyards, and other horticultural crop 
production. Major components of the spray control system are a laser scanning 
sensor (LiDAR), a GPS unit, a touch screen tablet, a nozzle flow controller, a 
specially designed algorithm, and pulse width modulated (PWM) solenoid valves 
connected to individual nozzles. The system was designed as a universal kit to 
be retrofitted on existing sprayers to automatically produce variable-rate spray 
outputs that match plant foliage volume on-the-go, instead of the conventional 
practice using constant spray volume per hectare. Multi-year development, peer 
reviewed university research, and on-farm use demonstrated that air blast sprayers 
retrofitted with the Intelligent Spray Control System could reduce pesticide use 
between 30 % and 85 %, reduce airborne spray drift between 60 % and 90 %, 
and reduce spray loss to the ground between 40 % and 80 %. Growers have 
reported annual chemical savings of $140 to $2400 per hectare depending on 
crop types while the insect and disease control efficiencies are comparable to the 
conventional sprayer practices. fruit, nut, vineyard, hops, and nursery growers 
all over the world have upgraded their existing spray equipment or adapted new 
sprayers with the Intelligent Spray control System. This new technology signi-
ficantly reduces pesticide inputs into crop production and offers a sustainable 
and environmentally responsible approach to protecting crops.

Keywords : Automation, Environmental protection, Pest control, Pesticide applica-
tion, Precision orchard sprayer.
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1. Introduction
Specialty crops including fruit, nut, hops, vineyard, ornamental nursery, 

horticultural and greenhouse industries are the important (instead of the 
important, maybe use the word “key” ?) enterprises in the world agriculture. 
foliar spray applications of pesticides, biological agents and foliar products 
have ensured the abundance of high-quality products to meet stringent 
market requirements. For the past 80 years, the sprayers for specialty crops 
have been (take out) evolved considerably. Spray application is still the most 
common method to apply pesticides and foliar products, and it will continue 
to be the primary delivery method in next decades (decades to come) be-
cause there are no cost-effective substitutes currently available for use (fox 
et al., 2008). However, the rigorous cosmetic requirements for unblemished 
specialty crop products require more intensive pesticide applications than 
those for traditional agricultural crops. 

Although growers are very careful on (take out on and add with) se-
lecting pesticide spray practices and strategies to protect their crops, the 
efficiency of existing application strategies and practices is very low (Zhu et 
al., 2006). This low efficiency is because conventional sprayers constantly 
blast chemicals with fixed application rates all over the place in the field 
(replace with to the entire area) without considering crop presence, size, 
shape, foliage density and planting densities. Moreover, simple “best guess” 
and “easy-to-remember” application rates such as 50, 100 and 200 gallons 
per acre are often used (Zhu et al., 2008, 2011), rather than using tree-row 
volume or other methods to estimate spray volume needed per acre. The 
constant changes in tree/crop structures during the growing season also 
makes it difficult for spray applicators to keep changing the application 
rates by using these methods. Thus, the same rate is remained unchanged 
from beginning to end of the growing season years by years (year to year) 
regardless of plant growth stages and changes. These simple numbers also 
make it easier for tank mixture preparations. because this traditional spray 
practice does not consider how many plants and what size plants are in the field, 
crops are consequently and intentionally over sprayed, causing a significant 
portion of chemical loss to the air and ground. Such practice has resulted in 
enormous amounts of pesticide waste, additional costs in crop production, 
spray drift contaminations to the environment and ecosystems, and risks to 
the safety and health of applicators, workers, residents, and livestock nearby. 
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Figure 1. Low efficient conventional sprayers have produced enormous waste of 
chemicals to non-target areas.

Moreover, a complicated calibration process is needed for the existing 
spray practice to match the desired application rates. The calibration requires 
determination of three critical parameters including nozzle flow rates, travel 
speed and spray swath per spray pass. It is a challenging process to balance 
these three parameters to achieve the desired application rate. It also takes 
at least two people to measure nozzle flow rates and travel speeds for the 
calibration. During the fine tune of the flow rate, it requires (is required) for 
adjusting the operating pressure to repeat the flow rate measurements. The 
tractor travel speed on the flat and slope areas are different. Even for expe-
rienced experts, it usually takes several hours or a half day to complete one 
sprayer calibration. because of the complication and extensive time needed, 
it is very common that many sprayers are never calibrated after purchase. 
(This is especially true) Especially when they are under high pest pressures 
in a narrow window of applications, the common spray practice is to use their 
familiar “best guess” and “easy-to-remember” application rates to constantly 
discharge chemicals without considering calibrations.

To avoid the complication of the spray volume determination and sprayer 
calibration process, an experimental laser-guided variable-rate intelligent 
spray system was developed (Chen et al., 2012; Shen et al., 2017). Field 
tests have demonstrated that the intelligent sprayer can reduce spray loss in 
tree canopies by 40 % to 87 %, reduce airborne spray drift by up to 87 %, 
reduce spray loss onto the ground by 68 % to 93 %, and reduce spray 
volume including pesticides by 47 % to 73 %, compared to conventional 
spray equipment combined with best pest management practices (Chen et 
al., 2013a, 2013b). These dramatic reductions in spray volume and off-target 
losses also outperform current radar or ultrasonic-based sprayer technologies.
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however, specialty crops are formed with many different species and 
varieties. Different crops require different types of sprayers to maximize the 
spray application outcomes. The experimental intelligent sprayer has limited 
capability to spray all different crops. It is also difficult for growers to dispose 
(of) their existing sprayers that are still functional when new spray techno-
logies are available. To make the laser-guided intelligent spray technology 
more cost-effective, it must be designed as a user-friendly universal retrofit 
attachment onto existing sprayers. In this way, growers can still use their exis-
ting sprayers rather than purchasing new intelligent sprayers for sustainable 
and environmentally friendly crop protection, and sprayer manufacturers do 
not need to redesign their sprayers for their customers to achieve intelligent 
spray benefits of significant chemical savings. Therefore, the objective of 
this research was to develop and test a commercial universal intelligent 
spray control system that could be retrofitted on existing sprayers commonly 
used in orchards, vineyards, nurseries, and other specialty crop production.

2. Materials and Methods 

2.1. Universal laser-guided intelligent spray control system
based on the successful development of the experimental intelligent 

spray system (Chen et al., 2012; Shen et al., 2017), a new universal intelligent 
spray system was designed and commercialized as a retrofit kit for different 
conventional sprayers (fig. 2). The major components of the universal control 
system were similar to those developed for the experimental sprayer, and the 
computer programs for the graphical user interface were changed to achieve 
better communications between spray applicators and the spray control 
system. Those components were a more robotic laser scanning sensor, an 
air filtration unit, a GPS unit, a touch screen tablet, a nozzle flow controller, a 
computer program, a power switch box, and pulse width modulated solenoid 
valves connected to individual nozzles. The laser sensor, air filtration unit, 
GPS and flow controllers could be integrated as a module to be mounted on 
the sprayer tank behind the tractor. The air filtration unit was used to protect 
the sensor surface from becoming covered in dust. The filtration unit had a 
DC fan to blow filtered air to the sensor constantly. The tablet was placed in 
the tractor cab. All electronics were powered by the tractor battery.
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Figure 2. Major components of the laser-guided intelligent spray control system as 
a retrofit kit on existing standard sprayers commonly used in specialty crop pro-
duction.

The primary requirement for attaching the retrofit kit on the conventional 
sprayers was to connect the pulse width modulation solenoid valve to each 
nozzle (fig. 3), and all other components were attached to the sprayer body 
with mounting brackets without changing the sprayer structure. original 
nozzle tips could be used. In this way, the sprayer capability to discharge 
sprays originally designed for particular plants were not changed after the 
retrofit. This included the spray penetration capability and amounts of spray 
deposits on plants. because laser scanning sensors were not affected by 
natural lights, sprayers retrofitted with the intelligent spray control system 
could be operated in the day and night regardless of sunny or cloudy days.

The toggle switches on the power switch box were used to turn on/
off the main power and override the automatic controller to activate nozzles 
manually for the conventional constant-rate mode. This function allowed 
applicators to switch back and forth between automatic variable-rate and 
conventional constant-rate applications for each side of the sprayer inde-
pendently as needed.
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Figure 3. Pulse Width Modulation (PWM) valve and major components attached 
on a conventional orchard sprayer to achieve real-time variable-rate applications

The critical part of the system was the high-speed laser sensor. It detects 
the occurrence of trees, and measures the size, shape, and foliage density 
of target trees. The sensor has a 270-degree radial and 30-m long detection 
range. It releases 27,000 laser beams every second. It was worth to indicate 
that ultrasonic or radar sensors usually released only 5 to 10 detection points 
every second. That is, the resolutions of ultrasonic/radar sensors were not 
on the same scale as laser scanning sensors. The laser sensor is mounted 
between the tractor and sprayer to detect the tree canopy volume on both 
sides of the sprayer. 

The laser signals presented point-to-point distances. An algorithm was 
designed to convert these distances to tree canopy surface architectures, 
and then divide the architectures into small sections across tree heights for 
their responsible nozzles to calculate the sectional canopy volume from the 
measured height, width, and foliage density. based on the canopy volume, the 
travel speed, and the amount of chemicals to cover a cubic meter of foliage 
volume, the flow rate was determined for each nozzle in real time. The variable 
spray outputs were achieved by controlling each nozzle opening time at 10 
Hz frequency with a pulse width the modulation solenoid valve. It does not 
make sense.) In this way, the sprayer automatically used the individual tree 
foliage volume to control spray outputs, so it avoided manual calibrations and 
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human decisions on spray volume needed. With the addition of boundaries 
around crop section or field, the farm manager can pre-set the rate for the 
spray operator when inside the pre-set boundary.

2.1. Field trials
zthe canopies of each crop in the middle row of each treatment plot. 

Spacing between traps was 45 m in apple and peach plots, and 30 m in 
blueberry and black raspberry plots. The number of spotted wing drosophila 
larvae in blueberry fruits was determined by saturated salt flotation. 

3. Results and Discussion
The laser-guided intelligent spray control system enabled conventional 

sprayers to visualize plants, measure plant architectures and sprayer travel 
speeds, and then automatically adjust individual nozzle outputs independently 
on both sides of the sprayer in real time. The automation made the sprayers 
apply amounts of pesticides depending on the plant presence and canopy 
volume in real time, thus eliminating excessive pesticide waste associated 
with traditional constant-rate spray practices, and avoiding complicated 
sprayer calibrations. With the intelligent spray control system, the discharged 
amount of chemicals was automatically dependent on how many plants 
and how large plants were in the field instead of traditional fixed amounts 
of sprays per hectare, thus, avoiding human errors on deciding how much 
chemicals were needed in the field. Also, the physical exertion and stress of 
spray operators was greatly reduced during the spray applications. This is 
because sensors could see the plants and monitor the sprayer travel speed, 
and computer programs and electronic controllers could make decisions to 
activate spray tasks. 

The major change to sprayers was to attach a pulse width modulated 
solenoid valve to each nozzle body. original nozzle tips could be used. In 
this way, after the retrofit, the sprayer capability to discharge sprays origi-
nally designed for particular plants would not be changed while the retrofit 
controlled the sprayer to perform intelligent functions. The retrofit design 
allowed growers to install the retrofit on their own sprayers by themselves with 
reduced capital investment. In addition, the system had a backup function for 
growers to override the automatic mode and return to the conventional mode 
by simply toggling a switch or override button. This would enable to operator 
to switch back to the conventional mode should the need arise. In addition, 
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the intelligent spray system automatically managed spray rates without much 
spray calibration process required for operators. This advantage minimized 
human errors concerning chemical needs in the field.

The spray volume reduction and chemical savings with the intelligent 
variable-rate spray application were obvious from the ohio pick-on-your own 
fruit farm trials (table 1). The intelligent spray application reduced annual 
pesticide and fertilizer use in average by 52.8 %, 47.1 % and 38.8 % at the 
fruit farm in 2017, 2018 and 2019, respectively. for apples, the spray volume 
reduction was in the range between 32 % and 65 % and the annual chemi-
cal cost savings ranged from $974 to $2429 per hectare. for raspberry, the 
spray volume reductions were lower but ranged between 49 % and 57 % 
and annual chemical cost savings ranged from $131 and $289 per hectare. 
The spray volume consumption gradually increased by intelligent spray 
technology from 2017 to 2019 for apples and blueberries because the same 
plants on the same plots were used for the three consecutive growing sea-
sons. Although the peach trees and black raspberry were trimmed to about 
the same sizes every year, the canopies of the apple trees and blueberry 
plants gradually increased. 

Table 1. Annual spray volume reduction and chemical cost savings with the intel-
ligent variable-rate spray application compared to the conventional constant-rate 
application in an Ohio pick-your-own fruit farm.

Year
Spray Volume Reduction ( %)

Apple Peach blueberry raspberry

2017 64.8 23.7 44.4 49.4

2018 52.3 34.0 50.6 56.7

2019 32.1 32.0 55.7 55.3

Year
Chemical Cost Saving (U.S. dollars per hectare)

Apple Peach blueberry raspberry

2017 2429 151 722 289

2018 1866 544 714 200

2019 974 437 855 131
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because the intelligent spray application used less spray volume per 
hectare, it could spray more acres with the same amount of tank mixtures, 
thereby reducing tank refilling times and tractor fuel consumption. Manandhar 
et al. (2020) reported that the cost savings for a 20-ha apple orchard was 
estimated to equal the investment of the intelligent spray system within one 
year of using the intelligent sprayer while four years for a 4 hectare of similar 
apple orchard.

There was no significant difference (P ≥ 0.05) between conventional 
and intelligent spray applications in the populations of codling moth in apple 
plots on any date from 2017 to 2019 (Fig. 4). 

Figure 4. Changes of average numbers of codling moths in traps in conventional 
constant-rate (Con) and intelligent variable-rate (Int) spray apple plots during three 
consecutive growing seasons from 2017 to 2019 at Fruit Farm. There was no sta-
tistical significance (P ≥ 0.05) by paired t test between intelligent and conventional 
treatments on the same individual date.

The average numbers of codling moths trapped in apples across the 
three years were almost the same for the conventional and intelligent spray 
plots (Chen et al., 2021). In 2017 and 2019, the peaks of the first and second 
generations of codling moth occurred in late May and early August, respectively. 
In 2018, only the first generation of codling moth appeared. In 2017 and 2018, 
codling moth mating disruption dispensers were placed in the apple trees, in 
combination with pesticide applications, to control the codling moth. During 
the growing season of 2019, no codling moth mating disruption dispensers 
were placed in the plots, and insecticides alone were used to control codling 
moth. Moreover, codling moth populations were much lower in 2019 than 
2017 and 2018. Apple fruit damage by codling moth was also determined in 
the apples from three apple trees in each spray plot in 2019. only one apple 
from conventional spray trees and one apple from intelligent spray trees were 
found to be damaged by codling moth, and there was no difference between 
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conventional and intelligent spray applications. These results demonstrate 
that intelligent spray technology was as effective controlling codling moths 
as conventional spray technology.

In 2017 and 2018, oriental fruit moth mating disruption dispensers and 
insecticides were applied to control oriental fruit moths in peach trees, and 
no oriental fruit moths were found during those seasons. In 2019, insecticides 
alone were used to control oriental fruit moth. no oriental fruit moths were 
found in traps in the conventional or intelligent spray treatments during 2019. 
The farm owner reported the oriental fruit moth was a traditional pest at the 
site. Pesticide applications are a primary tactic for controlling this pest. The 
test results indicate intelligent spray technology could control oriental fruit 
moth as effectively as conventional spray technology.

In blueberry plots, the analyses indicated no significant difference (P ≥ 
0.05) in the number of SWD between conventional and intelligent spray treat-
ments during 2017 and 2019 (Chen et al., 2021). In 2018, no determination of 
SWD was conducted. SWD larvae in blueberry fruit were determined only in 
2019, and only one larva was found in 450 blueberry fruits from the conventional 
test area, with no statistical difference between conventional and intelligent 
spray treatments. This result indicated that almost no blueberry fruits were 
damaged by SWD in conventional and intelligent spray plots. blueberry fruit 
is susceptible to SWD, with yield of blueberry reduced by 30 % to 100 % in 
untreated plots (Fulcher et al., 2015). Few SWD were found in 2019 in the black 
raspberry plots. There was no difference (P ≥ 0.05) in the population of spotted 
wing drosophila between conventional and intelligent spray treatments. Thus, 
both intelligent and conventional spray treatments effectively controlled SWD 
in blueberry and black raspberry plots.

Figure 5. Severity of diseases ( %) of scab in apple trees, brown rot in peach fruits 
and phomopsis in blueberry plants treated with conventional constant-rate (Con) 
and intelligent variable-rate (Int) applications in 2019. Different letters in the same 
date are significantly different at the P ≤ 0.05 level using a paired t-test.
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The intelligent spray application provided consistently better disease 
control of scab in apple trees, brown rot in peach fruits and phomopsis in 
blueberry plants than the conventional spray application in 2019 (Fig. 5). 
no scab in apple trees or brown rot in peach fruits were found in either the 
conventional or intelligent treatment in 2017 and 2018. no phomopsis in 
blueberry plants was found in 2017. There was a decrease (P ≤ 0.05) of 
phomopsis in the intelligent spray treatment in 2018. no powdery mildew in 
apple or peach trees and no mummy berry in blueberry occurred in either the 
conventional or intelligent treatment during 2017 to 2019. Sufficient pesticide 
coverage provided by the intelligent spray applications could explain the lack 
of difference in disease severities compared with conventional spray. for the 
reduction of diseases by the intelligent spray application, it was possible that 
the reduced fungicide to the field in the intelligent spray treatment led to 
non-pathogenic fungi to thrive and compete with pathogenic fungi (Salcedo 
et al., 2020; Zhu et al., 2006). For black raspberry, no anthracnose was detec-
ted in either treatment during 2017 and 2019. In 2018, anthracnose was less 
severe on black raspberry in the intelligent spray treatment than conventional, 
which AuDPc was 1068 for conventional spray and 670 for intelligent spray.

In addition, other field tests also showed that sprayers retrofitted with 
the intelligent spray control system could reduce airborne spray drift between 
60 % and 90 %, and reduce spray loss to the ground between 40 % and 
80 % (Boatwright et al., 2020; Fessler et al., 2021; Salcedo et al., 2020, 2021). 
Specialty crop growers in the u.S. and other countries have upgraded their 
standard sprayers with the commercial intelligent spray control product without 
the need to purchase or redesign new sprayers. crops included apples, grapes, 
cherries, nurseries (trees and shrubs), berries, hops, pistachios, almonds, 
oranges, walnuts, hazel nuts, and others. They reported annual pesticide use 
reduction by 30 % to 85 % depending on crop types and location. Because 
it has the capability to use individual plant foliage volume to control spray 
volume, this is a “game changer”. This technology is anticipated to be a the 
primary precision spray technology to reduce pesticide use by more than 
50 % for decades to come. 
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4. Conclusions
The laser-guided variable-rate intelligent spray control system was 

designed and commercialized as a retrofit system for conventional sprayers 
to be able to visualize plants, measure plant architectures and sprayer travel 
speeds, and then automatically control individual nozzle outputs independently 
in real time. The automation capability allowed sprayers to apply amounts of 
pesticides, biological agents and foliar products to match the plant canopy 
volume, eliminate excessive pesticide waste associated with traditional 
constant-rate spray practices, and avoid complicated sprayer calibrations. This 
new technology revolutionized the 80-year-old air-blast spray equipment, and 
vitally advanced precision pesticide applications for protecting horticultural 
and specialty crops. Specialty crop growers in the uSA and other countries 
have used the commercial intelligent spray control product to protect crops 
and preserve the environment.

Sprayers retrofitted with the laser-guided variable-rate intelligent spray 
control system were equal or more effective for control of insect and disease 
pests while reducing 30 % to 85 % pesticide and foliar applied products in 
specialty crop production. This technology avoided a significant portion of the 
spray drift to non-target areas that wasted pesticides and foliar products and 
contaminated the environment. Thus, intelligent spray technology provided 
a highly efficient, low cost, and environmentally- and worker-friendly appli-
cation of traditional and biological chemicals for the fruit and specialty crop 
industry, and brought real cost and health benefits to producers, consumers, 
ecosystems and public. 
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Abstract

crop protection products are facing a strong usage constraint due to societal 
 demand. less and less active ingredients are allowed to be sprayed 

and those that still exist are applied at reduced doses. reducing pesticide 
doses have been possible thanks to significant technical improvements in 
the application of the products but also thanks to a better positioning of the 
product in relation to the the target. In addition, the influence of meteorolo-
gical parameters is now relatively well-documented, and the farmer is now 
advised to take everything into consideration when choosing a timeslot for 
product application. 

nevertheless, farmers have often used generic recommendations that 
are not specific to the active ingredients or fail to aggregate the complex 
weather conditions to be integrated. We have developed an algorithm that is 
capable to calculate products losses due to environmental conditions at the 
parcel level. Then, based on the losses, it can adjust the rate that has been 
chosen by the farmer, allowing him to save up to 25 % of product without 
affecting the effectiveness if the application is made under appropriate time slot.

This paper describes the quality of recommendations provided by 
HYGO, our decision algorithm, during field tests performed between 2020 
and 2022. We will focus on hYgo’s ability to predict deleterious application 
conditions and its potential to adjust the dose chosen by the farmer according 
to these conditions.

Keywords : Reduction of pesticide losses, crop protection, pesticides losses, 
spray drift.
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1. Introduction
farmers rely on weather conditions for the success of their crop protection 

strategy, first because it influences the emergence of a disease, pest or weed but 
also because it can strongly influence the behavior of the product after it leaves 
the nozzle (Maybank et al., 1978). Numerical tools integrating weather conditions 
to predict the relevance of a treatment exist, but none has been developed to 
estimate product losses that can occur shortly after spraying. The first type of 
losses is referred to as drift losses and represents “The downwind movement of 
airborne spray beyond the intended area of application originating from aerial or 
ground-based spraying operations” (Stephenson et al. 2006). These losses are 
mainly influenced by air humidity, air temperature and windspeed (Al Heidary 
et al., 2014). Changes in spray parameters can also influence the magnitude of 
these losses. by changing the nozzles type, working pressure and application 
volume to obtain drift-proof droplets (ie. Spray that produces a small amount of 
low volume droplets; < 100μm of diameter) the drift influence can be reduced 
(Hilz et al., 2013). Additionally, adapting the boom height and speed during 
spraying can also have an important influence (Nuyttens et al., 2007). This 
drift can incorporate various physical losses including droplet evaporation or 
deflection outside of the parcel, but in both cases it represents an immediate 
loss of product. Manufacturers have also improved formulation properties to 
reduce drifting (Hilz et al., 2013; Preftakes et al., 2019). Finally, the use of agri-
cultural adjuvant, commercial products that have no direct biological efficacy 
but can modify the spray behavior, can also mitigate these losses (Preftakes 
et al., 2019; Oliveira et al., 2015). 

Once the target crop is reached, additional factors can influence the 
outcome of the treatment. A first well-documented parameter is rainfall. A 
rainfall shortly after application can wash the product from the leaf to the soil. 
The impact of rain can be greater or lesser depending on the properties of the 
active ingredients, formulation characteristic and use of adjuvants (Wells et 
Fishel 2011). Contact active ingredients are often considered very susceptible 
to rain since it remains outside plant tissue. In contrast, systemic active ingre-
dients can penetrate within the plant tissue where they are protected from 
the rain influence. But a rain that occurs shortly after application i.e. before 
penetration, can still wash the pesticide away. The cumulated rain amount is 
a critical parameter for both types of products but the time to the rain is also 
important (Hunsche et al., 2007). In some cases, the rain has a beneficial effect. 
When small amounts occur, the product can be redistributed at the surface by 
rewetting (Kudsk et al., 1991). 
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Rain can also have an indirect effect by increasing humidity, which influence 
droplet evaporation. When humidity is maintained high for a longer duration 
the outer layer of the leaf (called, the cuticule) becomes more hydrated which 
can enhance the penetration of systemic active ingredients inside the tissue 
(Orbovic et al., 2001). Some adjuvants have been developed with the aim to 
maintain droplet moisture, thereby optimizing pesticide in planta penetration 
(Ramsey et al., 2005). However, humidity is not the only factor that influences 
the droplet evaporation, temperature and, to a lesser extent, the wind intensity, 
can also influence the way a droplet will evaporate once reaching the target. For 
foliar herbicides and foliar fungicides, temperature and air humidity have been 
known for decades to strongly influence the biological efficacy in controlled 
conditions by affecting penetration (Johnson et Young 2002), foliar adsorption 
(Zhang et al., 2022) or degradation (Petrova et al., 2021).

In the case of root herbicides, air humidity has only a marginal effect, 
the most crucial being soil moisture that permits to increase molecule mobility 
improving the chance to meet a weed root (Urach Ferreira et al., 2021). Herbi-
cide active ingredients are bound to soil particles and high moisture makes the 
active ingredient available. for root herbicides, this phenomenon is accepted 
in the common practice since applications tend to be made shortly before a 
rainfall, so it is referred has rain activation. It is always a question of threshold 
as high amount of rain can induce a leaching from the upper soil layers into 
the lower soil layers and possibly reach groundwater. It is important to keep in 
mind that not all active ingredients are similarly affected by soil humidity, with 
highly soluble herbicides being more dependent on this parameter than less 
soluble herbicide (Jursik et al., 2015).

good conditions for spraying are often faced early in the morning, but 
the precise limits are never precisely defined and often depend on geographic 
practice. for example, some countries are not spraying at temperature above 
25°c but others accept good conditions until 30°c simply because 25°c 
threshold would be too restrictive. It is often difficult for farmer to integrate all 
the recommendations and they often rely on generic rules. In france, technical 
institute guidelines are as follows, avoid spraying when temperature is above 
25°C, the air humidity below 60 % and when a rain is expected in the next 3 
hours, if temperature drops below 0°c or temperature variation higher than 
15°c in the next 24h. from a regulatory point of view, it is forbidden to spray 
when the windspeed is higher than 19 km/h. Farmers are well-equipped with 
meteorological sensors, but they lack decision-making tools to analyse in detail 
(and aggregate) these data.
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We have developed an algorithm that can determine good spray conditions, 
depending on weather and spray parameters, by calculating pesticide losses 
either during flight path or once reach soil or leaf surface.

The capacity of the algorithm to predict whether a dose reduction is 
possible was tested in a series of field trials, results of which will be discussed 
in the following article.

2. Materials and Methods 
Weather data collection : 

Meteorological data at the parcel level are obtained from external source 
(MeteoBlue).

Algorithm : 
The objective of the algorithm is to determine pesticides losses. Two types 

of losses are calculated. 1) Drift losses and 2) agronomic losses. The losses are 
calculated at each hour of the day in order to select the most appropriate time 
slot for spraying when the losses are the minimal during the day.

a. Drift losses 
A first step before calculating the drift is to determined droplet VMD 

(Volume Median Diameter) based on spraying parameters including : boom 
height, nozzle type and pressure, and application volume using manufactu-
rer’s mapping table. The oMl spray drift model (operational Meteorological 
Air Quality Model - Lofstrom et al., 2013) was used as a basis and modified to 
fit the technical constraints of available meteorological data. The drift losses 
incorporate windspeed, air humidity and droplet VMD calculated above. The 
on-target dose, which is the pesticide dose that reaches the target, is calculated 
from the initial dose by subtracting the losses.

b. Agronomic losses
Agronomic losses include all losses that may occur once the pesticide 

has reached a surface, either the plant or the soil (referred as “on target dose”). 
In no case are these losses accurately estimated, but they provide updated 
thresholds when the drift model does not match practice. This is a way to integrate 
agronomic recommendations in our algorithm. A good example is at negative 
temperature, in which the drift can be low but spraying can’t be recommended.
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The following parameters are integrated : rain height in the coming 1, 3, 
6, 24 or 72 hours, air and soil humidity ( %), temperature (°C), temperature 
differential in the coming 24hrs, minimum temperature in the coming 3 days, 
maximum temperature in the coming 24hrs and soil type. each loss is additive, 
and this addition is then subtracted from the on-target remaining dose calcu-
lated from above.

each crop protection product available in the french market (phytodata 
and ephy official databases) was integrated in the HYGO database. Active ingre-
dients composing the product are annotated according to the following families, 
contact fungicide, systemic fungicide, systemic herbicide, hormonal herbicide, 
and root herbicide. Additional families based on active ingredient specificities 
have also been defined. For each family a decision rule has been established 
following technical recommendations. As example root herbicides rely on soil 
temperature, soil type and soil humidity that are irrelevant for a contact fungicide.

The calculated remaining product amount is then compared with a threshold 
value set for each family in order to calculate a modulation. Modulation can’t 
reach value above 30 % and is generally around 15 % to 20 %.

c. recommended dose 
The new dose proposed by hYgo is then challenged in a PPP product 

database in which each product is annotated to have doses that are commonly 
used for each combination product x crop. recommended doses are extracted 
from public databases, technical recommendations, and farmers’ interviews. 
ALVIE also extracted doses that are commonly used by its users. A total of 4 400 
products and 162 cultures are considered leading to 44 273 combinations product 
x homologated culture. If the hYgo recommended dose appears to be lower 
than 70 % of the generic usage dose, the proposed modulation is decreased 
avoiding suggesting unrealistic doses. 

Field test protocols : 
field trials were conducted between 2020 and 2022. for each trial, a crop 

protection product was selected according to the targeted pest or weed, only 
fungicides and herbicides products were tested. generic dose was selected 
based on agricultural practice. The day of application was chosen based on 
agronomic parameters (i.e. crop developmental stage, target presence during 
field visit). Once the day was chosen, the algorithm calculated within this day all 
losses and determined the best time slot for application and the hYgo modulated 
dose. Description of each field trial is presented in table 1.
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Product(s) Product 
family Culture Target

T1 : Heliosoufre + Pygmalion + Amistar/T2 : 
librax & comet fungicide Winter Wheat Yellow rust

T1 : Heliosoufre + Pygmalion + Amistar/T2 : 
librax & comet fungicide Winter Wheat Yellow rust

T1 : Librax & Amistar/T2 : Prosaro fungicide Winter Wheat Septoria

T1 : Librax & Amistar/T2 : Prosaro fungicide Winter Wheat Powdery 
Mildew

T1 : Kezuro & Mercantor gold/T2 : Bettapham, 
Tramat F, Tornado, Venzar + Actirob (x3) herbicide Sugarbeet rapeseed

T1 : Kezuro & Mercantor gold/T2 : Bettapham, 
Tramat F, Tornado, Venzar + Actirob (x3) herbicide Sugarbeet AeTcY

T1 : Kezuro & Mercantor gold/T2 : Bettapham, 
Tramat F, Tornado, Venzar + Actirob (x3) herbicide Sugarbeet SolnI

T1 : Atlantis pro, Axial Pratic + Actirob herbicide Winter Wheat gAlAP

T1 : Atlantis pro, Axial Pratic + Actirob herbicide Winter Wheat gAlAP

Traxos Pratic herbicide Winter Wheat AloMY

Prosaro 250 ec fungicide Winter Wheat Septoria

Prosaro 250 ec fungicide Winter Wheat Yellow rust

Prosaro 250 ec fungicide Winter Wheat brown rust

Pictor herbicide barley Sclerotinia

Maister Power herbicide Maize cheAl

Maister Power herbicide Maize AMAre

Maister Power herbicide Maize echcg

Maister Power herbicide Maize SeTVI

Maister Power herbicide Maize cheAl

Maister Power herbicide Maize AMAre

Maister Power herbicide Maize echcg

Maister Power herbicide Maize SeTVI

elatus era fungicide Winter Wheat Septoria

elatus era fungicide Winter Wheat Septoria

revus T1 to T7 fungicide Potato lateblight

revus T1 to T7 fungicide Potato lateblight

revus T1 to T7 fungicide Potato lateblight

Table 1 : Description of the field tests, for weed targets the EPPO normalized code was 
used. AETCYA : Aethusa cynapium or Fool’s parsley; AMARE : Amaranthus retroflexus 
or common amaranth; CHEAL : Chenopodium album or fat-hen; ECHCG : Echinochloa 
crus-galli or cockspur grass; GALAP : Galium aparine or cleavers; SETVI : Setaria viri-
dis or green bristlegrass; SOLNI : Solanum nigrum or common nightshade
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A total of 28 datapoints are plotted in which is compared, during the 
same trial, the efficacy obtained at the generic usage dose (which do not 
depend on weather conditions) and the efficacy obtained following HYGO 
dose modulation both applied under optimal conditions (Protocol 1). In some 
trials the generic dose and/or hYgo recommended (calculated under optimal 
conditions) dose was also applied the same day but during a timeslot where 
meteorological conditions were predicted to be, at least, less favourable (Pro-
tocol 2 & 3). In all trials, all sprays were applied on the same day with less than 
6 hours between the earliest treatment and the last treatment of the day. See 
figure 1. Please note that for protocol 3 the same HYGO adapted dose was 
applied under sub-optimal condition to see if the recommendation is specific 
to weather conditions. As an example, if HYGO proposed 15 % modulations 
between 5AM to 6AM the same 15 % modulation was used for a spraying 
under less favourable conditions up to 6 hours later. In most of the cases, 
no dose reduction was proposed by hYgo under the sub-optimal conditions.

Figure 1 : Description of the experimental protocols used during the field trials. For 
protocol 3 the HYGO adapted dose was selected based on the best timeslot of the 
treatment day and then applied either during this timeslot or later the same day 
under sub-optimal conditions.
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3. Results and Discussion
The range of modulation proposed by HYGO started from 9 % up to 

26 %. None of the trial showed significant losses in efficacy as visible in 
figure 2 The differential in efficacy between usage dose and modulated dose 
ranged from +14 % to -9 % (mean : +0.64 %) (Figure 2). In some trials the 
yield was determined at the end of the season, no obvious differences in 
yield were seen (data not shown). It worth to be noted that even under agro-
nomic context with lower efficacy the doses reductions proposed by HYGO 
maintained a similar efficacy. It was the case for trials targeting potato late 
blight and some weeds. 

Figure 2 : Product efficacy obtained during field trials (see table 1 for detail) either 
using generic recommended dose (y-axis) or HYGO recommended dose (x-axis) 
following HYGO recommendations

In order to confirm that the recommendation proposed by our algorithm 
is based on weather specificities and not due to a general product overdose, 
a negative approach was tested in which the generic recommended dose was 
applied in conditions that were predicted to be less favourable for spraying by 
the algorithm. In 5 out of 20 datapoints the efficacy dropped notably (more 
than 10 % loss) but the efficacy was relatively maintained indicating that in 
most of the case the generic recommended doses are defined to avoid losses 
in efficacy even when applied in non-optimal conditions (Figure 3).

312 /// SIMA AgriTech Day 2022 /// OPTIMIZATION OF CROP PROTECTION



Figure 3 : Product efficacy obtained during field trials (see table 1 for details) either 
using generic dose applied during best timeslot following HYGO recommendation 
(y-axis) or under sub-optimal timeslot (x-axis)

The analysis of the weather conditions during each trial are still ongoing 
and we cannot eliminate that, at least in few tests, the conditions are not 
so different between good and bad in a day. It worth to be noted that even 
if applied under more deleterious conditions not any application was done 
either when rain was expected in the coming 24 hours (>2mm cumulated) 
or when the wind speed was high (>19 km/h at the time of the application). 
See figure 3.

finally, we also tested whether the recommended dose of hYgo can 
still be used under less optimal conditions without loss in efficacy. Among 
the 12 experimental conditions, the efficacy was clearly affected in 5 of 
them, it should be noted that the modulation was relatively low in all these 
trials (11 % modulation), indicating that differential between good and bad 
condition was not so obvious explaining why there is not such obvious shift 
in efficacy between the two applications. In addition, the efficacy remains 
high in most of the trials. (Figure 4). These data suggest that at least in some 
agronomical context the dose recommended by hYgo can still be optimized, 
nevertheless data available up to now are not sufficient to confidently extract 
specific rules that we could add into the algorithm.
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Figure 4 : Product efficacy obtained during field trials (see table 1 for details) either 
using generic dose applied during best timeslot following HYGO recommendation 
(y-axis) or an HYGO recommended dose but under sub-optimal timeslot (x-axis)

The modulation results have been confirmed by HYGO users who did not ob-
serve any treatment failure during our first season of usage. We also extracted 
farmers’ habits in terms of crop protection product use, which allowed us to 
refine the threshold doses. A first analysis of data highlighted strong diffe-
rences in some PPP doses between farmers, understanding the reasons for 
these differences may be useful to provide more refined recommendations.

4. Conclusions

Our data gathered between 2020 and 2022 confirmed the ability of 
the algorithm to fine-tune the crop protection product doses. Additional ex-
perimentations conducted under the supervision of farmers have not reveal 
any loss of effectiveness between the generic recommended dose and the 
dose recommended by hYgo.

Additional parameters will be integrated in the decision rules we used 
in these experiments, with a particular focus on the added value of adjuvants. 
Each adjuvant available in the market is under review to define its function 
and each function is then connected to a modification in the decision rules. 
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Abstract

reducing crop protection product uses and environmental impacts from 
 its application while maintaining the convenience for applicators require 

real-time variable rate sprayer coupled with a canopy detection sensor. A 
commercial stereo vision (depth camera) was tested as a mean of detecting 
the canopy of ornamental and tree crops for the sprayer. A custom-designed 
data acquisition program was developed to control the depth camera and 
acquire RGB, IR and depth images to a computer. The depth camera showed 
adequate performance in detecting canopy and its contour changes while 
detecting outdoor stationary crabapple and oak trees. In addition, the camera 
detected tree foliage canopy of a crabapple tree in various outdoor condi-
tions between sunrise and sunset with reasonable accuracy with less than 
6 % variations under various illuminations between sunrise and sunset. The 
evaluation results suggested that the performance of the depth camera was 
adequate for tree canopy detections under outdoor conditions and it would 
also satisfy the performance requirements to use with new sensor-driven 
variable rate sprayer for specialty crop applications. 

Keywords : Machine Vision, Precision Agriculture, Automation, Crop Protection, 
Specialty Crop.
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1. Introduction
Pest management is a complicate task since it requires to manage 

multiple parameters such as pest identification, active ingredients, application 
timing and proper spray volumes. The management for specialty crop culti-
vations is more complicate due to change in canopy size, foliage density and 
canopy shape change during the growing season. considering these changes 
spraying constant volume of the products to specialty crops is unresponsible 
practice since it will cause under- and over-application throughout the field. 
one of the solutions for optimizing spray volume to continuous changing tree 
canopy is real time variable-rate sprayer.

research work in real time variable-rate spray technologies for specialty 
crops has been continued to be advanced using various sensors e.g., ultra-
sonic sensors (Giles et al., 1988; Jeon and Zhu, 2012), and Light Detection 
and Ranging (Chen et al., 2012; Yan et al., 2019) in various forms. However, 
using outputs from these sensor cannot differentiate between target and 
non-target objects such as support stands and wires from target plants. In 
that regard, a machine vision is a good alternate as a canopy/crop detection 
sensor, although utilizing a machine vision will bring difficult challenges in 
its performance in outdoor illuminations, and computationally intensive ap-
plications. In addition, a machine vision application to measure the canopy 
volume must use a stereo vision, two cameras at fixed positions to calculate 
the disparity between images from two cameras which requires even more 
computational resource to process data. Although prior research showed 
tremendous potential of a stereo vision or a machine vision in variable rate 
spray applications, research and development work for a real time variable 
rate sprayer with a stereo vision has not been conducted and documented 
(Xia et al., 2009; Li et al., 2009).

Although earlier stereo vision research has provided useful prelimi-
nary work for the variable rate sprayer development, the performance and 
limitation of the stereo vision were still limited due to outdoor illuminations. 
However, recent development of a low-cost stereo vision (less than $400) 
by Intel corporation has been widely used in outdoor robots and industrial 
applications (Keselman et al., 2017; Buchanan et al., 2019; Wellhausen et al., 
2020; Tadic et al., 2021; Brahmanage and Leung, 2019). This stereo vision has 
great potential for low-cost variable rate sprayers that control spray outputs 
based on canopy structures. Therefore, it is necessary to evaluate the new 
stereo vision for its detection performance and capability to detect complex 
plant canopy under challenging field conditions. Hence, the objective of this 
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research was to evaluate the commercial stereo vision for its performance 
in tree canopy detection under outdoor conditions, in order to explore its 
potentials for future low-cost variable rate sprayers to protect ornamental 
and tree crops.

2. Materials and Methods 

Stereo vision
A commercial stereo vision (D455, Intel Corp., Santa Clara, CA, USA) (fig. 

1) was used for tests. The stereo vision, denoted as depth camera hereafter, 
consisted of an Infrared (IR) projector and three cameras : two IR cameras and 
one RGB camera. The viewing angles of IR (focal length : 1.93 mm) and RGB 
(focal length : 1.88mm) cameras were 86° (Horizontal (H)) and 57° (Vertical 
(V)) with a maximum resolution of 1280 (H) × 720 (V) pixels and 90° (H)× 
65° (V) with a maximum resolution of 1920 (H) × 1080 (V) pixels, respectively 
(Intel, 2021a). The baseline of IR cameras was 95 mm. The depth camera 
had a uSb c port for powering the camera and communicating with a host 
machine. The depth camera was capable to stream 90 frames per second 
(fps) of depth images and 30 fps of RGB images. The recommended operation 
temperature was from 0 to 35 °c, and the detection range was from 60 cm to 
over 600 cm with a measurement error less than 2 % at the depth of 400 cm.

Figure 1. Key components and dimensions of the depth camera

Data Acquisition
A graphical user interface (GUI) (fig. 2) was developed to acquire data 

from the depth camera was written in Visual basic .neT (Visual Studio Profes-
sional 2017, Microsoft Co., Redmond, Washington, USA) using RealSenseTM 
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software development kit (Ver 2.49, Intel Corp., Santa Clara, CA, USA). Once 
the application streams the images, guI application pulled a frame of rgb, 
IR and depth images at the resolution of 640 pixels (H) × 480 pixels (V) 
every 200 ms. This resolution provided the spatial resolutions of the images 
of between 4.6 and 5.9 mm∙pixel-1 at the detection distance of 2 m. After 
pulling the frame, image data was copied to arrays and then saved as rgb 
and IR bitmaps and a text file with depth data in the computer.

Figure 2. Graphic user interface to acquire data from the depth camera.

Detection performance of outdoor tree canopy
Detecting canopy of the outdoor tree is an essential feature for the depth 

camera as a sensor for real time variable rate sprayer, thus, the performance 
of the camera in detecting the canopy of outdoor trees was evaluated as de-
tecting outdoor tree canopy. The depth camera with the GUI acquired image 
data of two stationary trees, crabapple (fig. 3a) and oak trees (fig. 3b), in Ohio 
Agricultural Research and Development Center campus (Wooster, OH, USA) 
around the noon of August 27, 2021. The height and width of the crabapple 
and oak trees were 284 cm and 158 cm and 424 cm and 141 cm, respectively.
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The depth camera was mounted on a tripod at approximately 1560 mm 
above the ground. The distances from the nearest canopy of the oak and 
crabapple trees to the depth camera were 4370 mm and 221 cm, respectively. 
Image set including RGB, IR and depth images was acquired at 5 frames per 
second, and a total of 77 and 129 image sets were captured for crabapple 
tree and oak tree, respectively.

After the images was collected, a tree canopy boundary was manually 
selected, and then, the tree canopy measurement statistics e.g., maximum, 
minimum and average depth in the boundary were calculated to evaluate 
the measurement performance of the camera. In addition, the measurement 
variations of each depth pixel (coefficient of variation (CV)) in the boundary 
were also calculated for overall data acquired. A MATLAB (R2021a, MathWorks 
Inc., Natick, MA, USA) script was written to calculate forementioned perfor-
mance metrics.

 

 

(a) Crabapple tree (b) Oak tree

Figure 3. Outdoor trees used to test measurement stability and accuracy of the 
depth camera

Long term detection stability for outdoor tree
Since outdoor application will face various outdoor illuminations, the 

depth camera should be able to detect tree canopies under that conditions. 
Thus, the canopy detection performance of the depth camera was evaluated 
under various outdoor illuminations. The depth camera on a tripod was near a 
window to detect the outside crabapple tree thru the window (fig. 4). The GUI 
application acquired IR, RGB and depth images of the outdoor scene via the 
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window every 10 min from sunrise to sunset with its IR projector being disabled.
The GUI configured to measure the distance up to 900 cm, and the 

detection range was divided to 10 depth groups. Then, individual pixels in the 
rgb image were overlayed with different color based on their depth groups 
and assigned color to each depth group was as following : white (nearest 
depth group), red, orangish red, orange, yellow, greenish yellow, green, light 
blue, blue and blush violet (furthest depth group). 

colored rgb images were captured from sunrise to sunset every 10 
min and they were used to qualitatively compare depth measurements of 
the depth camera for their similarity. Moreover, the maximum, minimum and 
average depths to the crabapple tree canopy for every depth image frame in 
manually established boundary were calculated for the depth data collected 
from sunrise to sunset to examine the measurement stability over various 
illuminations. Detection rates of the crabapple canopy in the boundary using 
depth data from sunrise to sunset to evaluate the detection stability of the 
camera were calculated for the data using following equation (1) : 

  (1)

A MATlAb script was written to calculate the measurements men-
tioned above.

3. Results and Discussion

Detection performance of outdoor tree canopy
Figure 4 shows an example RGB image acquired from the depth camera, 

average canopy depth and cV of canopy depth measurements for crabapple 
(fig. 4 (a)) and oak trees (fig. 4 (b)). Due to intense sunlight, right lower corner 
of the image had color distortion (Intel, 2021b).

The camera measured the depth to the canopy approximately 2000 
– 3000 mm and 3500 to 4500 mm in major portions of crabapple and oak 
tree canopy, respectively (fig. 4 (c) and (d)). The depth camera was able to 
distinguish near and further tree canopy although they are overlapped each 
other without a gap between them. The canopy area detected by the depth 
camera in the image was typically larger than actual one. This over detection 
happened near the canopy edges likely due to the line-of-sight differences 
of Ir cameras in the depth camera as they see canopy edges differently. 
Although the difference may contribute to the error, and likely lead to the 
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over-application, It would mainly happen near the edges of the canopy edges 
which could be beneficial to have better spray coverage on the canopy edges. 
Moreover, the depth camera assumed small spatial gap between tree branches 
as canopy also, and spatial resolution and the line-of-sight difference would 
be the main source of the error. In addition, the average depth map shows 
that the camera was capable of detecting the canopy and its variations within 
the canopy under outdoor conditions. 

generally, depth measurements in the middle of the canopy stayed the 
similar throughout multiple image sets thus, no variations of individual depths 
were observed in the middle of the canopy (fig. 4(c) and 4(d)). However, the 
canopy edges (pixel value transition areas) had large variations (CV) (fig. 4(e) 
and 4(f)) which was expected due to correspondence matching process of the 
depth camera. These results demonstrated that the depth camera consistently 
detected most area in the tree canopy although variations of canopy detection 
and depth measurement at the canopy edges would be expected.

(a) RGB image of crabapple from the depth 
camera (canopy detection boundary shown 
as white rectangle)

(b) RGB image of oak from the depth 
camera (canopy detection boundary shown 
as white rectangle)
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(c) Ave depth from detected crabapple 
canopy in the boundary

(d) Ave depth from detected oak canopy 
in the boundary

(e) CV of individual pixel of detected 
crabapple canopy depth in the boundary

(f) CV of individual pixel of detected oak 
canopy depth in the boundary

Long term detection stability for outdoor tree
figure 5 shows rgb, Ir and depth data overlayed rgb images at different 

times of a day from sunrise to sunset. The depth camera detected the canopy 
generally well with small variations even in the depth to tree canopy if there 
was intense sunlight (middle of the day) or low light at different sun angles 
based on visual observations. color corresponding to depth in the canopy 
changed occasionally; however, the color changes between adjacent color 
groups. for example, colors on the crabapple canopy in daytime were changed 
between green and light blue which represented the depth of 620–713 cm 
and 713–807 cm, respectively. Since the depth from the depth camera are 
calculated with following equation : 
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  (2)

Disparities for those depth ranges were 0.23 cm and 0.30 cm for detecting 
distances of 807 cm and 620 cm, respectively. Since the pixel size of the Ir 
camera is 3 µm (OmniVision, 2021), disparities were approximately 8–10 pixels. 
This implies that the color changes were likely due to the differences in 1 – 2 
pixels during correspondence match between image sets. Thus, such depth 
variations were casual correspondence similar matching process errors and it 
is not from critical issues with the camera measurements.

Time RGB image Depth data overlay on RGB image

6 : 
33 
am

2 : 
02 
pm

8 : 
26 
pm

Figure 4. An example of RGB image, average depth of the canopy and CV of the 
average depth of text depth data in the boundary for crabapple and oak trees.
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The average depths to the crabapple tree was from 684.6 to 708.4 cm 
with less than 1 % of variation (CV), and stable between sunrise to sunset 
with the maximum difference of 23 cm between the averages (table 1). The 
maximum difference was less than 3.3 % of the average depth. The average 
detection rate of the crabapple canopy was 42.7 % from sunrise to sunset with 
the variation of 5.22 % and varied from 39.7 % to 45.3 % with the maximum 
difference of 6 %. This suggests that the depth camera may have potential 
detection variations in canopy volume approximately 6 % over daytime, and 
this could be resulted in spray application variation as well. 

The Ir cameras of the depth camera, however, was not sensitive to 
capture any objects through the window without any sunlight or its IR projector 
(data not presented) because the camera uses two IR images to calculate 
the depth perception of the scene. However, Jeon and Zhu (2022) showed 
when the depth camera projected IR dots from its projector to objects directly, 
it could detect the objects about 2 to 3 m away.

Average 
Depth (cm)

Maximum 
depth (cm)

Minimum 
depth (cm)

Detection 
rate ( %) CV ( %)

Mean 694.5
(684.6 - 708.4)

886.9
(867.9 – 887.7)

591.3
(566.0 – 626.6)

42.7
(39.7 – 45.3)

5.3
(4.6 – 6.0)

CV( %) 0.94 0.38 2.04 2.96 5.22

Table 1. Maximum, minimum and average depths to the crabapple canopy and ca-
nopy detection rates from the depth camera image sets from sunrise to sunset

4. Conclusions
A commercially available depth camera was evaluated as an ornamental 

and tree canopy crop detection sensor potentially coupled with variable rate 
sprayer. A data acquisition platform was developed to operate the depth came-
ra and save rgb, Ir and depth images at 5 frames per second. evaluations 
were performed in outdoor conditions with ornamental trees. under outdoor 
conditions, the depth camera measured depth to tree canopy reasonably well 
with being able to distinguish foreground and background tree canopy from 
the image. The depth measurements of the camera to the tree canopy stayed 
the same particularly in the middle of the canopy although measurement 
errors were obvious at the canopy edge. In addition, over-detections of the 
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canopy by the camera were observed particularly at the canopy edge and 
spatial gaps between foliage branches due to technical limitation of the depth 
camera. The average depths of the canopy measured by the depth camera 
were from 685 to 708 cm for crabapple while the detection rates of canopy 
pixels was less than 6 % variations from sunrise to sunset. The evaluation 
results show the depth camera possess great potential as a canopy detection 
sensor to be coupled with real time variable rate sprayers.
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