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Abstract: Farming faces challenges that increase the adverse effects on farms’ economics, labor, and
the environment. Smart farming technologies (SFTs) are expected to assist in reverting this situation.
In this work, 1064 SFTs were derived from scientific papers, research projects, and industrial products.
They were classified by technology readiness level (TRL), typology, and field operation, and they were
assessed for their economic, environmental, and labor impact, as well as their adoption readiness from
end-users. It was shown that scientific articles dealt with SFTs of lower TRL than research projects.
In scientific articles, researchers investigated mostly recording technologies, while, in research projects,
they focused primarily on farm management information systems and robotic/automation systems.
Scouting technologies were the main SFT type in scientific papers and research projects, but variable
rate application technologies were mostly located in commercial products. In scientific papers, there
was limited analysis of economic, environmental, and labor impact of the SFTs under investigation,
while, in research projects, these impacts were studied thoroughly. Further, in commercial SFTs, the
focus was on economic impact and less on labor and environmental issues. With respect to adoption
readiness, it was found that all of the factors to facilitate SFT adoption became more positive moving
from SFTs in scientific papers to fully functional commercial SFTs, indicating that SFTs reach the
market when most of these factors are addressed for the benefit of the farmers. This SFT analysis is
expected to inform researchers on adapting their research, as well as help policy-makers adjust their
strategy toward digitized agriculture adoption and farmers with the current situation and future
trends of SFTs.
Keywords: smart farming technologies; recording; reacting; guiding; farm management information
system; agricultural robots; automated systems

1. Introduction
Agricultural performance in terms of productivity led farming practices after the Green Revolution
of the 1950s, with limited attention paid to the respective impact on sustainability. However,
conventional farming practices are at a point where agricultural inputs are overused, labor is no
longer in abundance, and the energy demand is continuously increasing [1]. New opportunities
are emerging in farming, as a result of the rapid development of communication networks and the
availability of a wide range of new remote, proximal, and contact sensors [2–6]. In the agricultural
context, these technologies help capture and transmit geo-localized real-time information at low
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cost [7–10]. Once gathered, processed, and analyzed, these data can assist in determining the state
of the agro-environment (e.g., soil, crop, and climate) and, when combined with agro-climatic and
economic models, technical interventions can be applied at the field level by either conventional means
or automated/robotized solutions [11].
All these aspects are under the concept named “smart farming” that represents the application of
modern information and communication technologies (ICT) into agriculture [12–14]. These include
variable rate applicators [15–17], Internet of things (IoT) [18,19], geo-positioning systems [20,21], big
data [22–24], unmanned aerial vehicles (UAVs, drones) [18,25], automated systems, and robotics [26,27].
Smart farming is based on a precise and resource-efficient approach and attempts to achieve higher
efficiency on agricultural goods production with increased quality in a sustainable basis [28]. However,
from the farmer’s point of view, smart farming should provide added value in the form of more accurate
and timely decision-making and/or more efficient exploitation operations and management [29].
Smart farming technologies (SFTs) can be divided into three main categories: farm management
information systems (FMIS), precision agriculture (PA) systems, and agricultural automation and
robotics. FMISs represent mainly software systems for collecting, processing, storing, and disseminating
data in the form required to carry out a farm’s operations and functions. Significant research work
was carried out in this area in the last 20 years [30–33] and this development assisted in having
many commercial products already on the market that, in many cases, show significant economic,
environmental, and social benefits [28].
PA refers to the farming management concept aimed at optimizing input use based on recording
technologies to observe and measure inter- and intra-field spatial and temporal variability in crops,
aiming to improve economic returns and reduce environmental impact [34]. PA is able to increase input
efficiency for maintaining or even increasing production rate [35–37], using remote sensing technologies
for data gathering with either satellite platforms for space imagery [38–40] or aircrafts/UAVs for aerial
applications [41–43], combined use of sensors for ground data acquisition [44], wireless networks for
interconnecting them [4,10,45,46], geospatial data analytics coming from different sources [47], decision
support systems (DSSs) for optimized farming decision-making [48,49], and others.
Reacting technologies are based on agricultural automation and robotics that are separate, but
closely related ICT sectors. In the case of open-field agriculture, they are interconnected to cover the
process of applying automatic control, artificial intelligence techniques, and robotic platforms at all
levels of agricultural production. Automation technologies in agriculture found high research interest
with machine learning being thoroughly used for agricultural purposes [50–52], as well as computer
vision and artificial intelligence [53,54], three-dimensional (3D) imagery [55], and navigation systems
for off-road agricultural vehicles [56]. Based on these developments and on the industrial robotic state
of the art, agricultural robots of all types were applied in recent years [26,57–59] with specific tasks,
such as weed control [60], harvesting [61], etc.
Attention toward smart farming is growing rapidly, and several studies of the current status of
SFT development and adoption rate among farmers worldwide were released. The most known, due
to its continuous bi-annual release from 1997 until today, is the CropLife/Purdue Precision Ag Survey
that deals with adoption rates of certain SFTs in the United States (US) and Canada, based on retail
crop input dealers regarding their smart farming services. The last version (2019) [62] showed the
increasing use of data for crop management decisions, with sensing technology services (soil sampling,
satellite/UAV imaging, yield mapping) and variable rate services being significantly increased in
comparison to the previous edition (2017), presenting the continuous SFT adoption increment in the US.
In Europe, where smart farming is less diffused than North America, SFT uptake is less explored,
while most studies are country-specific [63]. However, recent SFT adoption research was conducted in
different European countries to also observe geographical and cultural causes of reduced adoption
rates [29,63,64]. Particularly, Barnes et al. (2019a) [63] considered machine guidance and variable rate
nitrogen technologies as the most significant SFTs for arable farming and conducted an empirical
examination of uptake in five European countries. They showed that farm size and income reflect the
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most important barriers to adoption for all countries under investigation; furthermore, in countries
with small farms of low income, subsidy and taxation were considered the main positive drivers of
SFT uptake. Barnes et al. (2019b) [64] also identified incentives for SFTs to be adopted in Europe
using data from the same five countries as in Reference [63], and it was found that current SFT
adopters are divergent from non-adopters, while the first adopters are influenced by economic and
informational interventions. Increasing adoption is constrained by skepticism toward economic returns
and that European Union (EU) policy does not recognize complexity across domains to enable uptake.
Kernecker et al. (2020) [29] also worked on the adoption of technological innovations in agriculture by
conducting a survey in seven European countries and in four cropping systems, and they showed that
adoption increases with farm size in arable farms. Farmers perceive SFT as useful, but they are still
not convinced of SFT potential. On the other hand, experts seem to be more convinced of SFT assets
and expect a lot from SFT future development. Country specificities should be considered to improve
SFT diffusion.
Even if adoption rates can be increased through optimization of SFT results and related policies
and incentives, SFTs comes with the risk of rebound effects of their use in agricultural practices. This is
because, even if smart farming is expected to considerably contribute to environmental and resource
protection (as stated above using PA techniques), the occurrence of potential rebound effects for
agricultural land, water, fertilizers, and plant protection products is highly probable [65–67].
It is evident that smart farming evolves technologically at a fast pace in both research and market
domains, but its adoption from end-users does not follow the same footsteps. If an evaluation of
the promising positive impact of SFTs accompanied by an adoption readiness analysis would be
available, then the uptake of such technologies would possibly increase. Hence, a thorough assessment
and comparison of SFTs from research (scientific papers), innovation (research projects), and market
(commercial products) could assist in better understanding the evolution of SFTs and how this evolution
affects factors of adoption readiness and related economic, environmental, and labor aspects within a
farm. Based on this need, the objective of this study was (i) to map the existing research and commercial
SFTs with regard to their technological readiness level, type, and the field operation they are used
for; (ii) to identify the ease of SFT adoption; and (iii) to provide the main impacts of SFTs on farm
economics, environment, and labor. This work is expected to contribute to the literature with a global
perspective of various SFTs developed from research to innovation and then to the market, as well as
show the differences in their impact and adoption readiness.
2. Materials and Methods
This work focuses on open-field production; hence, we considered SFTs used in arable (including
fodder production) and horticultural (fruit and vegetable production) farming. A review of such SFTs
was conducted based on scientific literature, current and past EU research projects, and commercially
available products. The economic and environmental challenges that SFTs face were determined by a
set of key performance indicators (KPIs) (Section 2.1). For the selection of the SFTs, a systematic search
procedure was developed for scientific papers, research projects, and commercial products (Section 2.2).
Finally, information about the identified SFTs was collected by developing a questionnaire to record
data for each SFT’s adoption readiness and its performance regarding the selected KPIs (Section 2.3).
2.1. Key Performance Indicators for Open Field Production
Several authors proposed grouping indicators to measure the performance of agricultural systems.
In a study in the United Kingdom (UK), indicator clusters (e.g., biodiversity, energy, value chain) were
defined, with measurable parameters for each cluster (e.g., number of species on the farm, energy
balance, total value of production) [68]. In another study, the literature on agricultural sustainability
was surveyed, and indicators were identified and grouped in a three-level hierarchy [69]. An in-depth
review of indicator construction is also available [70]. Indicator sets were also proposed by public
organizations, such as the European Environmental Agency (EEA) [71] and the Organization for
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Economic Co-operation and Development (OECD) [72], as well as private organizations, such as The
Sustainability Consortium (TSC) [73] and Global Reporting Initiative (GRI) [74]. All these indicator
sets are different and have slightly different purposes. There is not one single set of indicators that
suits our current purpose better than all the others. We used the published indicator sets for our study.
We examined the published indicators and derived challenges in agriculture that could be
possibly addressed by SFTs. In Table 1, these challenges are listed along with SFTs that can be used to
address them.
Table 1. Challenges identified in open-field farming accompanied by relevant smart farming
technologies (SFTs) that could address them. DSS—decision support system; FMIS—farm management
information system; VRA—variable rate application; RFID—radio frequency identification; QR –
Quick Response.
Challenge

Relevant Smart Farming Technologies

Resource efficiency (e.g., water, nutrients, pesticides,
labor)

•
•
•
•
•
•
•

sensors and networks
big data analytic tools
DSS
FMIS
intelligent water application systems
VRA fertilization/pesticides systems
RFID tags

Management/prevention of diseases, weeds, etc.

•
•
•
•
•

early warning sensors and networks
specific farm machines
FMIS
DSS for infestation management
VRA spraying system

•

sensors (e.g., weather station,
multispectral cameras, thermal cameras,
etc.)
traceability technology
barcodes, QR codes, RFID
real-time recording systems

Risk management (e.g., food safety, pesticide residue
elimination and emission of agro-chemicals, etc.)

Compliance with legislation and standards (greening
of CAP; regulations on soil management, pesticide,
fertilizer, and water use)

Collaboration across the supply chain (supply chain
of companies and processors)

•
•
•

•
•

recording technologies
web-based, open, and interoperable
standards for end-to-end tracking
systems

•
•
•

smart traceability system
smart logistics system
various analytical tools

We examined the published indicators to create a list of KPIs to be used for assessing the impact
of SFTs in terms of three main issues associated with agricultural systems that are of high importance
for end-users and the general public: farm economics, the environment, and labor within the farm
(Table 2). The definition of each KPI and the reasoning for including them are given in Table 2. These
KPIs are, in many cases, interconnected and might also have an impact on each other.
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Table 2. Key performance indicators (KPIs) combined with their description and the reasoning for their
inclusion to assess the impact of smart farming technologies (SFTs) in open–field farming, regarding
farm economics, environment, and labor within the farm.
Description of the KPI in Relation
to the Specific Impact Category

Reasoning to Be Selected as Significant KPI in
the Specific Impact Category

Productivity

Ratio of a volume measure of output
to a volume measure of input use in
farm production [75]

It is an index to express the optimization of the
agricultural practices of a farm through SFT use,
which reflects farm economics

2

Quality of product

Qualitative features of agricultural
products (e.g., intact, sound, clean,
free of pests, fresh appearance, normal
and sufficient physiological and
morphological development, maturity,
firmness, free of decay affecting
edibility, absence of defects) [76]

The influence of SFTs on the product quality
could increase product value

3

Revenue

Income of a farm from its normal
business activities, usually from the
sales of agricultural goods to
customers [77]

Revenue is crucial for the viability of farms, and
SFTs could assist in its increase by optimizing
production and quality

4

Input costs

Cost of inputs (e.g., seeds, fertilizers,
pesticides, fuel, irrigation water) [78]

The main role of SFTs is the optimization of
inputs that reflect cost reduction for a farm

5

Variable costs

Expenses that vary in direct
proportion to the quantity of output
(e.g., raw materials, packaging, labor)
[79]

Reduction of all farm expenses employing
different kinds of SFTs can positively impact the
final income

Crop wastage

Crop that gets spilled or spoilt before
it reaches the market (e.g., fruits with
blots or blemish from pests, or of
irregular shape from abnormal
development) [80]

SFTs could assist in better crop protection
schemes and selective harvesting reducing crop
wastage

Energy use

Amount of energy that is used for all
needs of a farm [81]

Optimized processes in the farm (e.g., tractor or
robot rooting, selective harvesting that reduces
storage needs, etc.) can reduce energy use and
the respective cost

Soil biodiversity

The variation in soil life, from genes to
communities, and the ecological
complexes of which they are part, i.e.,
from soil micro-habitats to landscapes
[82]

Optimized crop production using SFTs (i.e.,
minimizing field passes using auto-guidance)
could preserve soil biodiversity and
sustainability, allowing soil life conservation

9

Biodiversity

The number and types of plants and
animals that exist in a particular area
or in the world generally [83]

Reduced biodiversity impact through
optimization of inputs (variable rate fertilization
or pesticide application) and spray drift
reduction using SFTs

10

Fertilizer use

Extent of fertilizer use in agricultural
production [84]

Decreasing the fertilizer use applying SFTs
means that leaching to ground water or high soil
GHG emissions can be reduced

11

Pesticide use

Extent of pesticide use in agricultural
production [85]

Pesticide use reduction employing SFTs can
provide less point and diffuse contamination of
non-crop areas

12

Irrigation water use

Water applied by an irrigation system
to sustain plant growth in agricultural
and horticultural practices [86]

Optimizing water use with SFT application
would assist in maintaining water reserves and
reduce over-pumping

A/A

Key Performance
Indicator
Farm Economics

1

6

7

Environment

8
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Table 2. Cont.
Key Performance
Indicator

Description of the KPI in Relation
to the Specific Impact Category

Reasoning to Be Selected as Significant KPI in
the Specific Impact Category

13

CH4 emissions

14

CO2 emissions

15

N2 O emissions

All releases of the main greenhouse
gases related to agricultural activity
(CH4 , CO2 , N2 O) derived during crop
production on a farm [87]

Improving all aspects of input application (seeds,
fertilizers, pesticides, fuel, irrigation water) can
result in less GHG emissions with a positive
impact on global warming potential

16

NH3 emissions

NH3 releases mainly from fertilizer
use for crop production on a farm [88]

Acidification effects attributed to dry deposition
of NH3 could be reduced by nitrogen application
through SFTs

17

NO3 leaching

Movement of NO3 to the
groundwater increasing nitrogen
losses from nitrogen fertilizer inputs
to agricultural land [89]

Controlling nitrogen fertilization to optimize its
use from the crops would reduce NO3 leaching
with a positive impact on soil and water
resources

18

Pesticide residues

Any substance or mixture of
substances in food resulting from the
use of a pesticide on the respective
crop including any specified
derivatives considered to be of
toxicological significance [90]

Variable rate spraying through SFTs can lessen
pesticide dosage reducing the residues on
products in the respective field and diminish
spray drift for less residues in neighboring fields

19

Weed pressure

20

Pest pressure

Effects of weed, pest, and disease
growth in a field [91]

21

Disease pressure

Controlling weed, pest, and disease population
and density mainly with timely and precise
pesticide application would reduce their impact
on the final yield and quality

A/A

Labor
22

Labor time

Time devoted to labor and considered
as a commodity or as a measure of
effort [92]

SFTs could reduce the labor time, through robotic
applications, auto-guidance, tele-operation

23

Farmer’s stress

Adverse reaction people have to
excessive pressure or other types of
demand placed on them [93]

SFTs could reduce farmers’ stress through better
optimization of the resources and scheduling of
the operations

24

Heavy labor

Heavy practical work, especially
when it involves hard physical effort
[94]

SFTs could reduce heavy labor using automation
and robotic technologies for demanding field
operations

25

Workers’ injury

Injury or illness caused, contributed
or significantly aggravated by events
or exposures in the work environment
[95]

Automation and robotics could reduce farmers’
injuries, i.e., automatic hitch coupling or
automatic sprayer filling

Accidents

Discrete occurrence in the course of
work leading to physical or mental
occupational injury [96]

SFTs provide advanced sensors for active and
passive operations, such as auto-guidance for
automatic turnings in headlands that reduce
accidents

26

2.2. Search
We searched for SFTs derived from scientific papers, research projects, and industrial products.
The methodology used is given below.
2.2.1. Peer-Reviewed Scientific Papers
We employed Scopus (www.scopus.com) as it has a broad coverage including many disciplines
(not just agriculture) and scientific journals of different ranking (not only top journals).
A query was developed in consultation with a professional librarian to search articles that might
describe SFTs. The query consisted of two parts: a first part that aimed to select all articles related to
technology, and a second part that aimed to select all articles related to open-field farming. The two
parts of the query were joined with an “AND” clause. The selection of keywords was supplemented
by considerations on the scope of relevant time and subject related settings. The following query was
used to select articles:
(TITLE-ABS-KEY (sensor or decision-support or DSS or database or ICT or automat* or autonom*
or robot* or GPS or GNSS or “information system” or “image analysis” or “image processing” or
“precision agriculture” or “smart farming” or “precision farming”))
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AND
(TITLE-ABS-KEY (agricult* or crop* or arabl* or farm* or vineyard or orchard or horticult* or
vegetabl*))
AND (LIMIT-TO (DOCTYPE, ”ar”) OR LIMIT-TO (DOCTYPE, ”re”)) AND (LIMIT-TO (SUBJAREA,
”AGRI”) OR LIMIT-TO (SUBJAREA, ”ENGI”)),
where keywords ending with “*” could have different endings (e.g., automat* will retrieve “automatic”,
as well as “automated”); GPS—global positioning system, GNSS—global navigation satellite system.
Results were limited by year, document type (article), subject type (agriculture), and language
(English). For our purpose, we collected papers only from 2012 and later, in order to focus on recent
SFTs that are likely of interest to all related stakeholders and especially end-users. The query was
optimized and verified by using a random sample of 10 key papers that were considered relevant
to the development of SFTs practical for farmers. The query was considered completed when these
10 papers were included in the query result.
The Scopus query resulted in a large number of articles that are expected to hold information
on SFTs. From these papers, there were many that were not relevant to the open-field agriculture.
Therefore, a manual selection procedure was used to select only the articles that are relevant, namely,
articles describing a technology that can (or could be) used by a farmer in their daily farming
practice. Throughout, we focused on the question, “is this a relevant SFT?”. We used an exclusion
approach and removed papers related to (i) post-harvest, processing, distributing, or marketing,
(ii) evapotranspiration calculations, (iii) land suitability (selecting only DSSs related to crops suitability),
(iv) water management, like droughts (but including anything related to irrigation), (v) tractor engines,
and (vi) greenhouse cultivation.
Having available only the scientific papers relevant to our search, the manual selection of
articles continued in three rounds. Firstly, we used the title to remove papers that were not relevant.
For example, a paper with the title “A New Assessment of Soil Loss Due to Wind Erosion in European
Agricultural Soils Using a Quantitative Spatially Distributed Modeling Approach” was selected by our
query because its abstract contained the terms “geographic information system” and “arable land”.
However, the title clearly does not describe a tool useful to farmers. Therefore, we removed it from
our list. Secondly, for those papers with relevant titles, we also read the abstract and excluded those
not practically useful for farmers. As an example, a paper with the title “Wireless Sensor Network
and Internet of Things (IoT) Solution in Agriculture” seemed of interest. The abstract made it clear
that this paper described network infrastructure that could certainly be used in a farm. However,
this would not be used directly by farmers. Rather it would be a component in the development and
operationalization of a sensor network that in turn would support tools for decision-making by farmers.
In short, this paper did not describe an SFT directly useful for a farmer in open-field agriculture, and
it was excluded. As a third step, we attempted to locate the full text of the paper. If that proved
impossible, or if the paper turned out to be written in a language other than English, then we removed
from the list. If the full text indicated that the paper was not relevant to open-field agriculture, it was
also removed from the list. For papers left at the end of step three, the authors answered the questions
of the survey of Section 2.3 using the full text of the paper.
2.2.2. Research Projects
For the retrieval of research projects, an active search was carried out for EU-funded projects.
Horizon 2020 and FP7 programs were collected from the CORDIS [97] website of the EU and imported
into a relational database. The Scopus query was translated to an SQL query which searched columns
“title” and “objective” for EU research projects, using the same list of keywords as in the Scopus query.
In this process, the authors answered the questions of the survey of Section 2.3 using the information
of the project’s website and deliverables and, in many cases, via personal communication with the
projects’ coordinators.
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2.2.3. Industrial Products (Commercially Available Products and Services)
For the collection of industry results, a call was announced through the Smart-AKIS project
newsletter (www.smart-akis.com), as well through the European Association of Agricultural Machinery
(CEMA) to become known by the network of SFT companies under its umbrella or related to the
association. A web search gave insight into the companies that are possibly involved in the development
of SFTs. We searched for companies with relevant credentials for smart farming, such as involvement
in the production of farming equipment and machinery or stakeholders involved in the development
of agronomic software. The relevant networks of FIWARE FRACTALS and Smart Agrifood II were
consulted. Furthermore, we used all Smart-AKIS partners network of advisers to contact relevant
stakeholders, and the last step was for the authors of this work to conduct a desk search though
internet to locate more commercial SFTs. The questionnaire was answered by the SFT providers with
the assistance of the authors of this work. In the case that the questionnaire was inadequately filled in,
the SFT providers were contacted again (the questionnaire asked for their consent to do so) to provide
the missing or inconsistent information. If the questionnaire was still not totally filled in, then the SFT
was excluded from the search.
2.3. Questionnaire Development
A questionnaire was constructed for recording data about each SFT found in the three categories
(scientific papers, research projects, commercial products). The questionnaire was developed based on
the assessment of the full list of challenges and respective KPIs, and three versions were produced
(one for each category). The questionnaire consisted of two main parts: (1) descriptive information for
the SFT, including basic information, technology readiness level, type, and field operation that it is
used for; (2) assessment information about ease of adoption and possible effects on farm economics,
environment, and labor. The assessment section was evaluated using a Likert scale of five levels.
The responses were analyzed using descriptive statistics for Likert data in R software (free software by
the R Foundation from Statistical Computing, Vienna, Austria). The questionnaire was also based on
the EIP-AGRI common format [98] as much as possible, and it was distributed online via a link to the
identified stakeholders. The specific content of each part in the questionnaire is described below.
2.3.1. Basic Information about SFT
After questions that were specific to the type of entry (scientific paper, research project, or industrial
product), some basic information questions were asked about the SFT. Indicatively, for papers, the
authorship, scientific journal, year of publication, and DOI were asked, while, for projects, duration
and status (ongoing or terminated), type of EU funding, budget, and the coordinator were given.
Finally, for products, the details of the company and the person in charge were defined.
2.3.2. Technology Readiness Level (TRL)
The TRL of a technology indicates its maturity level and ranges from TRL1 (basic principles
observed) to TRL9 (actual system proven in operational environment) [99]. Based on this classification,
TRL was specified for the SFTs presented in scientific papers and the research projects, while, for
commercial products, it was considered as TRL9 because they are already operational on the market.
TRL was defined by the authors using the AFRL TRL Calculator (version 2.2.) [100] for each of the
included SFTs in the search. The process was as follows: three equal batches of SFTs from both scientific
papers (177 papers in each batch) and research projects (two batches of 31 projects and one batch of 32
projects) were respectively defined. Then, each author was assigned with two batches of each category,
in order to remain neutral in all papers, and projects of the third batch. In case of disagreement about
the TRL level of a certain SFT between the two authors that assessed the same batch, the third author
would be asked to evaluate, and his assessment would be taken into account. It should be mentioned
that the level of disagreement was very low (in 17 out of 531 scientific papers (3%) and in six out of
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94 research projects (6%)), and it remained between two neighboring TRL levels due to the accurate
definitions given by References [77,78] and the experience of the authors.
2.3.3. Typology of SFTs
For a better understanding of the SFT landscape, the classification of Schwarz and Herold [101]
was used. These authors classified SFTs as recording, reacting, or guiding technologies. In addition
to these classes, in this work, “FMIS” and “robotic/automation system” were used, because research,
innovation, and market application of these SFT categories found high interest in recent years [28,52,59].
It should be noted that these five classes are not mutually exclusive, meaning that a particular SFT
may be recording and reacting at the same time. A robotic SFT will typically use some kind of
guiding technology and either record or react, or possibly do both. The principal function was used in
our analysis.
2.3.4. Field Operation Conducted with the SFT
The main field operations that each SFT could be used were given in the questionnaire to be
chosen, namely, (1) tillage, (2) sowing, (3) transplanting, (4) fertilization, (5) pesticide application for
weed, pest, and disease control, (6) irrigation, and (7) crop scouting (measuring and recording crop
and soil parameters in the field), for example, in the situation of field data retrieval. The option to
include another field operation was provided.
2.3.5. Ease of Adoption of the SFT
In addition to characteristics of SFTs that relate to the challenges that farmers face, there were also
questions related to ease of adoption of SFTs. The Rogers method [102] for evaluation of innovations
was used, where potential adopters evaluate an innovation in terms of its relative advantage (the
perceived efficiencies gained relative to current tools or procedures), compatibility with the pre-existing
system, complexity or difficulty to learn, testability, potential for reinvention (using the tool for initially
unintended purposes), and observed effects. Respondents were asked to indicate whether or not they
agreed with the following seven statements, using the Likert scale in five levels of agreement (strongly
disagree, disagree, no opinion, agree, and strongly agree):
1.

The SFT replaces a tool or technology that is currently used. The SFT is better than the current tool.
This question is specifically targeted at SFTs that aim at creating added value over existing tools.

2.

The SFT can be used without making major changes to the existing system.
Some SFTs are expected to require more changes to the existing system than others.

3.

The SFT does not require significant learning before the farmer can use it.

This statement can give an indication on the learning effort that needs to be made by the farmer
and can be useful in order to compare the difference in learning requirements between SFTs.
4.

The SFT can be used in other useful ways than intended by the inventor.
Some SFTs may hold multiple purposes useful for the achievement of many very different effects.

5.

The SFT has effects that can be directly observed by the farmer.

It is considered an advantage when effects can be directly observable by a farmer, as it will make
it more likely that the farmer will find the SFT relevant for their situation.
6.

Using the SFT requires a large time investment by the farmer.
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This statement will give an indication on the time investment that is needed from the farmer in
order to use the SFT, which will play a role in how attractive the SFT is to use.
7.

The SFT produces information that can be interpreted directly (example of the opposite: the SFT
produces a vegetation index but nobody knows what to do with it).

It is desirable when results are presented in such a manner that they are easy to interpret. This
makes the results more interesting for end-users and results in interpretation consistency.
2.3.6. Effect of Using the SFT
A very important part of this work was to define the effect of each SFT in agricultural production.
The identified KPIs in Section 2.1 were used as criteria to measure the impact on farm economics,
the environment, and labor within the farm. Effects were expected on these 26 critical aspects, of
which five are influenced positively by the SFTs, increasing them (productivity; quality of a product;
revenue; soil biodiversity; biodiversity), and 21 are affected positively by the SFTs, decreasing them
(input costs; variable costs; crop wastage; energy use; CH4 emissions; CO2 emissions; N2 O emissions;
NH3 emissions; NO3 , emissions; fertilizer use; pesticide use; irrigation water; labor time; farmers’
stress; heavy labor; injury; accidents; pesticide residue; weed pressure; pest pressure (insects); disease
pressure). Effects could be expressed using the Likert scale in five levels of change (large decrease,
some decrease, no effect, some increase, and large increase). The respondent could supplement this
scale with relevant percentages or even more precise indication of the effects of the SFT when this
was possible.
3. Results and Discussion
This section provides the final number of SFTs identified in scientific papers, research projects,
and commercial products through our search. These SFTs were presented and compared in terms of
technology readiness level (TRL1–9), type (recording, reacting, guiding, FMIS, and robotic/automation),
and field operations addressed (tillage, sowing, transplanting, fertilizing, weeding, crop protection,
irrigation, harvesting, scouting). This was used to present some perspective trends of the current
situation in SFT development. The factors that were expected to affect adoption readiness of SFTs were
also described, while the effect on farm economics, the environment, and labor was given, in order to
identify the most impactful categories of SFTs within the inventory of this work.
3.1. Numbers and Kinds of SFTs
The number of articles describing an SFT is growing rapidly (Figure 1), showing the trend of
research to transfer conventional agriculture based on the Green Revolution concept (agricultural
mechanization, uniform input application) to a modern smart agriculture (ICT interference in
agricultural machinery for increased precision and specified input application).
In total, 13,251 scientific papers were found in the citation database Scopus with the query
described in Section 2.2, and the manual selection resulted in a small fraction of these scientific papers
(531 or 4% of the total) being selected based on the deployment of a prototype tested in field conditions,
which can be directly useful to farmers. This low percentage of the total number of scientific papers
indicates that most research presented mainly immature concepts that require several steps before they
can be beneficial for everyday agricultural practices.
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Figure 2. Technological readiness level (TRL) of the identified smart farming technologies (SFTs) in
(a) scientific papers and (b) research projects. TRL ranges from TRL1 (basic principles observed) to
(a) scientific papers and (b) research projects. TRL ranges from TRL1 (basic principles observed) to
TRL9 (actual system in operational environment) [99] and was defined using the AFRL TRL Calculator
(version 2.2.) [100]. Commercial SFTs were excluded by this process (they all had TRL9).
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As for the industrial products (Figure 3c), there was a more uniform distribution between SFT
categories. Only guidance technologies were found less often in our search, probably because they

Agronomy 2020, 10, 743

13 of 26

Agronomy 2020, 10, x FOR PEER REVIEW

13 of 26

specificity
of field
plots in Europe
being and
much
smallernew
compared
to the US
making
small
are the most
mature
commercial
SFTs [106]
limited
companies
are[105],
entering
theamarket.
It is
robot or swarms of small robots much more of interest for European agriculture [58].
important to point out that recording technologies and FMIS have the largest number of SFTs, partially
As for the industrial products (Figure 3c), there was a more uniform distribution between SFT
following
the trends in both scientific papers and research projects. Reacting and robotic/automation
categories. Only guidance technologies were found less often in our search, probably because they
technologies
were
significantly
the commercial
product
inventory,
even if
research
are the
mostalso
mature
commercialrepresented
SFTs [106] andinlimited
new companies
are entering
the market.
It is
(papers and
projects)
did
not
seem
to
focus
on
these
subjects
to
a
high
extent
(Figure
3).
Regarding
important to point out that recording technologies and FMIS have the largest number of SFTs,
partially following
the number
trends inofboth
scientific
papers
and research
projects.
Reacting and high
robotic/automation
SFTs, the
available
market
solutions
seemed
disproportionately
robotic/automation
technologies
were
also
significantly
represented
in
the
commercial
product trend
in comparison to research outcomes in the same field. In our findings, there was an increasing
inventory, even if research (papers and projects) did not seem to focus on these subjects to a high
for these technologies moving from scientific papers to commercial products. This may be because
extent (Figure 3). Regarding robotic/automation SFTs, the number of available market solutions
agricultural
research
experienced
a delay
in coping
theoutcomes
development
these
high-end
seemed
disproportionately
high
in comparison
to with
research
in the of
same
field.
In our SFTs,
and companies
using
internal
research
and
development
produced
marketable
products
without
findings, there was an increasing trend for these technologies moving from scientific papers to
commercial
products.
This may
be because
research
experienced
a delay
in companies
coping with either
publishing
this work
in scientific
journals
foragricultural
intellectual
property
reasons.
These
the development
of these high-end
SFTs, and projects
companies
internal
research
and
development
collaborate
in large consortiums
of EU research
tousing
optimize
and
market
such
products or go
produced marketable products without publishing this work in scientific journals for intellectual
directly by
their own means in marketable products. In addition, higher funding for infrastructure in
property reasons. These companies either collaborate in large consortiums of EU research projects to
researchoptimize
groups is
required to carry out work with robotic systems, and this may have also influenced
and market such products or go directly by their own means in marketable products. In
the low number
of
robotic/automation
SFTs in research
projects
scientific
papers
comparison
to
addition, higher
funding for infrastructure
in research
groups and
is required
to carry
outin
work
with
other SFTs,
such
as recording
robotic
systems,
and thistechnologies.
may have also influenced the low number of robotic/automation SFTs in
research projects and scientific papers in comparison to other SFTs, such as recording technologies.

3.4. Field Operations Addressed by the Identified SFTs
3.4. Field Operations Addressed by the Identified SFTs

The field operations that the identified SFTs were used for are summarized in Figure 4.
The field operations that the identified SFTs were used for are summarized in Figure 4.

(a) Scientific Papers
No. of SFTs
%
Tillage

17

3.2

(b) Research Projects
No. of SFTs
%
7

7.4

(c) Commercial Products
No. of SFTs
%
61

13.9

Sowing

5

0.9

9

9.6

32

7.3

Transplanting

3

0.6

6

6.4

23

5.2

Fertilizing

82

15.4

15

16.0

78

17.8

Weeding

58

10.9

6

6.4

44

10.0

Crop Protection

76

14.3

12

12.8

76

17.3

Irrigation

72

13.6

13

13.8

63

14.4

Harvesting

33

6.2

11

11.7

37

8.4

Scouting
Total No. of SFTs

185
531

34.8
100

15
94

16.0
100

25
439

5.7
100

4. Allocation of the identified smart farming technologies (SFTs) to each category that
Figure 4.Figure
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addresses a certain field operation (tillage, sowing, transplanting, fertilizing, weeding, crop
addresses a certain field operation (tillage, sowing, transplanting, fertilizing, weeding, crop protection,
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In scientific papers, crop and soil scouting was the most common application for the SFTs
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in accordance with the trend of Figure 3, where recording SFTs were the most prominent. On the
contrary, SFTs derived from scientific papers focused very little on soil tillage and sowing/transplanting,
even though they can provide significant savings in plant establishment and increase yield potential
(especially in hybrid seeds, such as corn and potatoes). On the other hand, this work confirms
that reacting application technologies are of great importance for researchers (also due to farmers’
interests in these subjects), as also seen in the literature with fertilizing [107,108], weeding [109],
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crop protection [110], irrigation [111], and harvesting [61,112] being important research subjects in
recent years.
The best represented subjects in research projects were fertilization and crop/soil scouting.
Fertilization is indeed one of the targets for variable rate application to ensure yield maintenance or
even increase yield with the least possible nutrients applied [107], and EU research projects seem to
fund this issue to a great extent. As for scouting, it is often chosen simultaneously with other field
operations (most often together with fertilization) and, in only 22% of cases, it is the only chosen field
operation. This result presents the need for data gathering before any smart field application, as stated
in many SFT-related publications [113–115]. Tillage, sowing/transplanting, and weeding were less
found, as in the scientific papers. Research on these operations is indeed lacking, and the reason may
be the reluctance of researchers and funders to carry out research in this domain, probably due to
the fact that it is still unclear how effective it is and how it fits with other variable rate technologies.
However, the most crucial conclusion from Figure 4b is that EU-funded research is well distributed
among research topics and is generally directed to all agricultural practices.
Regarding the industrial products, the situation is different as scouting had a significant number
of SFTs identified, but not the majority, as seen in scientific papers and research projects. This might
indicate that industrial solutions are slowly moving to integrated systems (required equipment for
data acquisition and actuation combined). On the other hand, fertilization remains the most important
SFT sold on the market as in papers and projects, followed by crop protection and irrigation, which are
the three most crucial agricultural practices for most crops. Since the SFT market in the EU is still in
its infancy, companies are directed mainly toward these applications that are of high importance for
farmers. Companies that will survive or even evolve rapidly need to demonstrate dynamic capabilities
(in this case, to offer effective and efficient SFTs with tangible results), move beyond conventional
agricultural machinery and gain a competitive advantage that generates long-term Schumpeterian
rents [116]. It is interesting to point out that not only tillage, but also sowing/transplanting have
significant representation in the industrial SFTs, possibly illustrating that such technologies are already
mature in the market (or at least their accuracy is adequate for practitioners) and, therefore, research
was not directed toward them in recent years.
3.5. Factors That Can Be Expected to Affect Adoption of SFTs
Based on the seven statements of the Rogers framework (Section 2.3.5), the inventoried SFTs were
assessed in terms of affecting adoption readiness. The results for scientific papers, research projects,
and industrial products are shown in Figure 5.
By comparing the results of the three SFT categories, it is obvious that there is a constant trend of
change for all seven statements of the Rogers framework, moving from scientific papers (new ideas
with low TRL) to research projects (more mature ideas with higher TRL) and finally industrial products
(mature commercial solutions of TRL9). More specifically, SFTs presented in scientific papers are not
indicated as a significant replacement of an existing tool, while this is quite more prominent for most
of the SFTs listed in research projects and commercial products. Probably, new SFTs developed from
scientists are yet to find their actual place in agricultural practice, while, in projects and especially
in H2020 EU projects, the role of and the need for the developed SFTs were already identified from
scratch. As for the commercial SFTs, one of the main reasons for a product to be marketed is its ability
to replace existing technology and to ease the end-user’s business [117,118].
Regarding the need for major changes in existing systems, researchers in scientific papers are
working on radical concepts that will make a change in existing farming practices, while research
projects and, to a greater extent, commercial products are directed toward solutions that can cover
the needs of farmers by adjusting their existing systems [29]. SFTs in scientific papers seem to require
less learning from the end-user than those in research projects and commercial products. This result
was expected, as researchers believe that their ideas are easily interpreted by a user as they have great
knowledge of what they are working on, while, as the SFT moves into real conditions, it becomes
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3.6. Effects on Farm Economics, the Environment, and Labor
The effects on the 26 different aspects described in Section 2.3.6 were different for SFTs derived
from scientific papers, research projects, and industrial products (Figure 6). It can be seen that SFTs
from scientific papers (Figure 6a) did not focus on their impact, rather than their functionality and
reliable results in the promised action [37], while, in research projects (Figure 6b) which mainly involve
innovation or research and innovation actions (IA or RIA) [125], the majority of SFT solutions were
assessed in terms of economic, environmental, and labor impact, and their benefits were revealed.
As for commercial products, Figure 6c presents that most of the 26 aspects were influenced to an
extent between scientific papers and research projects. This fact shows that the rebound effect of
using commercial SFTs in everyday farming could reduce the declared positive effects of SFTs in all
aspects [64,65]. It also indicates that product providers might be modest in what they promise, so that
enough positive impacts are provided to the customers to see tangible results and to increase trust
in these products. In addition, commercial products were the only category among papers, projects,
and products where opposite opinions about their effect were found, which indicates that marketed
SFTs which are applied in real conditions are also followed by disadvantages. However, it should
be pointed out that, even in this case, the declared negative effects were very limited, showing the
potential of SFTs for agricultural production improvement.

Figure 6. Cont.
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Figure 6. Effects of the identified smart farming technologies (SFTs) on farm economics, the environment,
and labor using a qualitative assessment of SFTs in (a) scientific articles, (b) research papers, and (c)
commercial products based on a Likert scale of five levels (large decrease to large increase).

3.6.1. Farm Economics
Productivity, revenue, and quality are expected to increase when using all SFTs. Indeed, numerous
reviews indicated that SFTs can produce positive economic results in comparison to conventional
practices [37,126–129]. These three aspects follow a similar trend of expected increase from scientific
papers to research projects and then to commercial products, indicating that innovative SFTs become
commercial when it is believed that the economic gains for farms are significant and that this is the
main aim of product providers [117]. On the other hand, the remaining economic aspects (input and
variable costs, crop wastage, and energy use) followed another trend, with research projects promising
higher impacts than industrial products and scientific papers (in this order). This may be explained by
research projects assessing several aspects of SFT performance, while scientific papers focus mainly
on technological achievements and commercial products in terms of the SFT economic gains for the
end-user. Another reason could also be the self-promotion of research projects to cover the expectations
of funding authorities.
3.6.2. Environment
Among the 14 environmental aspects, the most influenced in all categories were agricultural inputs
(fertilizers, pesticides, and irrigation water). This finding is connected with the input and variable
cost effect of Section 3.6.1 and with the main principle of SFTs to maintain or increase production with
lower agricultural inputs [130]. On the contrary, the least affected aspects were gaseous emissions of
all types (with CO2 being the most affected), indicating that either there is limited effect or that it is yet
to be investigated thoroughly by researchers and industry [37]. Weed, pest, and disease pressure can
also be reduced by SFT application, which is connected to reduced pesticide use that is less needed
due to lower pressure. An increase in (soil) biodiversity was also declared, probably because rational
input use derived from SFT application reduces the effect on fauna and flora, leading to biodiversity
preservation [131]. All environmental aspects were found to be more affected by project SFTs than by
product or paper SFTs, showing the same trend as the economic aspects in Section 3.6.1.
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3.6.3. Labor
Labor time and farmers’ stress were the most affected aspects as SFTs facilitate all agricultural
practices. It should be pointed out that, even if farmers’ stress is shown to be reduced significantly, the
actual use of an SFT can involve quite some upfront stress, because of the need to process information
and calibrate the technology, as well as when technologies fail. Stress level is different among SFT
types, with guidance technologies that are functional and efficient for years reducing stress a lot more
than variable rate technologies that require detailed and continuous calibration to operate properly
compared to conventional uniform application. End-user labor heaviness was also declared to be
reduced, while injuries and accidents were not presented as very affected. These findings show how
ICT solutions provided by SFTs are supposed to make farmers’ lives easier and that they are in line
with several research studies on this subject. Meyer-Aurich et al. (2008) [132] showed that precision
agriculture technologies can reduce labor due to the automation of variable rate application, while
Pedersen et al. (2006) [133] presented that precision agriculture is less labor-intensive and can reduce
restrictions on available daily working hours. In addition, Batte (2003) [134] introduced the indirect
impact of guidance technologies on the availability of labor for other agricultural work.
4. Conclusions
A large number of SFTs (1064) derived from scientific papers (531), research projects (94), and
commercial products (439) were collected and analyzed in this work. They were accompanied by
additional information about their type and field operation used for, as well as in relation to their
adoption readiness expectations and their economic, environmental, and labor impact. Scientific
papers mainly focused on recording technologies, while research projects focused on high-end FMIS
translating the collected data to valuable decisions. Commercial products were more balanced
between SFT types, with recording and FMIS again receiving the highest attention, with reacting and
robotic/automation technologies also highly represented, as farmers require executable solutions for
their everyday operations. The collected SFTs of scientific papers were mainly used for crop and soil
scouting, and the research projects were mostly related to fertilization, while commercial SFTs were
directed toward the three most crucial agricultural practices for most crops, namely, fertilization, crop
protection, and irrigation.
The factors affecting adoption readiness of SFTs showed a constant trend of change. SFTs from
research projects and commercial products were indicated as a significant replacement of existing
solutions, but not bringing major changes in existing agricultural systems. SFTs in scientific papers
were indicated as requiring less learning from the end-users than in research projects and even more
so in commercial products. Finally, data from SFTs in scientific papers were difficult to interpret
into useful information, while research projects and especially industrial products provided clearer
information to the end-user.
The economic, environmental, and labor effects of the inventoried SFTs were different in scientific
papers, research projects, and industrial products. Scientific papers did not provide specific impact
statements, while benefits or drawbacks of SFTs in research projects were highly investigated, as this is
required by research funding agencies; commercial SFTs were also declared to have adequately high
impact. Regarding farm economics, commercial SFTs were indicated as having the highest expected
increase in productivity, revenue, and quality, while, for input and variable costs, crop wastage, and
energy use, SFTs from research projects promised higher impacts than commercial products and
scientific papers. As for the environmental impact, the most influenced environmental aspects in
all categories were agricultural input reduction (fertilizers, pesticides, and irrigation water). On the
contrary, the least affected aspects were gaseous emissions of all types. In terms of labor, working
time and farmers’ stress were the most affected aspects, while work heaviness was also declared to be
reduced; injuries/accidents were not affected to a high extent.
From this work, it was revealed that research is slowly shifting from recording technologies to
actuation technologies, while the share of scientific papers on reacting and robotics/automations is
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increasing (albeit from a low base). However, recording technologies still occupy the majority of SFTs
with many new (types of) sensors and measurement methods found, especially in scientific papers.
This seems to indicate that there is a knowledge gap between, on the one hand, measuring the
status of crop and soil and, on the other hand, using that information to make practical decisions in
farming. Therefore, research is needed to provide the knowledge that will allow recording SFTs to be
applied in practice. In particular, more research is needed to provide optimized algorithms, easily
calibrated sensor/application equipment, and higher application precision for variable rate pesticide or
fertilizer application, as well as variable rate seeding and tillage. It is expected that robots/automation
for weed control and other operations will deliver large benefits in reducing labor demand and input
use; however, at present, few SFTs can be classified as such. Therefore, research should also be directed
toward these technologies, a trend that was also shown by our work.
Finally, only a few SFTs identified in our inventory explicitly addressed issues related to data
management, such as ownership, data transfer, sharing, security, and privacy. This is not surprising
because these issues are, to a large degree, organizational issues that cannot be solved by a technology
alone. It is clear that technical, social, and legal barriers related to collecting, storing, and transferring
data hinder farmers’ transition to smart farming, and data security and privacy implications resulting
from a security breach are a major concern for the digitization process of agriculture.
It was concluded that the inventory of SFTs described in this study is important in the sense that it
provides researchers with existing SFT developments to seek new research challenges, policy-makers
with information on the current status of SFTs to design incentives for higher adoption rates, and
farmers with an opportunity to acquaint themselves with the SFTs that are available. However,
this work also identified the fact that researchers and SFT providers in most cases did not produce
quantitative impact results with the use of their SFTs, which makes our study still indicative about
the impact of SFTs, as we analyzed mainly qualitative criteria. In addition, this inventory should
be updated regularly as the technology is moving fast and new farmers are getting more aware of
the available SFTs on the market. Therefore, a follow-up to the present study would be beneficial in
creating an inventory also including data-related technologies, practices, standards, and agreements,
as well as numerical results of SFT impact in real conditions.
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