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Abstract
This research develops a managerial tool to monitor and evaluate the sustainability performance of Digital Agricultural 
Technological Solutions (DATS). This tool is an assessment framework designed to evaluate both the benefits (monetary 
and non-monetary) and costs of DATS’s implementation. The assessment framework is developed with the study of 30 
cases in Europe, working with different crops and breeds, with and without DATS. The framework is developed in three 
phases. First, it combines top-down and bottom-up approaches to identify the most relevant assessment categories, sub-
categories, and key performance indicators from a sustainability perspective, according to the type of technology adopted 
and the process in which the DATS are implemented. Next, the assessment framework design involves determining the 
calculation methods, considering both monetary and non-monetary evaluations. Finally, the framework is applied to each 
case to evaluate the costs and benefits, as well as the appropriateness and feasibility of the performance calculations. The 
contributions of the study to literature and practice are threefold, i) developing an assessment framework with a feasible 
and affordable subset of indicators linking theory and reality, ii) combining a dual lens assessment in monetary and non-
monetary terms, and, iii) develop a dynamic living assessment tool that facilitates processing information about DATS 
adoption in a multi-season perspective. In the future, researchers could further refine, replicate and expand the use of the 
assessment framework in other geographies or for specific DATS or agricultural sectors.

Keywords  Digital agricultural technology · Digital agricultural solution · Impact assessment · Sustainability impact · 
Cost and benefit · Agriculture
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1  Introduction

The digitalization of agriculture offers the potential to 
address sustainability challenges by enhancing productiv-
ity, optimizing processes, strengthening integration within 
the agrifood chain, reducing impacts on natural resources, 
and alleviating farmers’ workload (Chen et al. 2016; Joshi 
et al. 2024; Papadopoulos et al. 2024). However, digitaliza-
tion in this sector faces several challenges, such as complex-
ity of the solutions, scalability, data property and privacy, 
connectivity, farm size, and lack of technological competen-
cies (Castle et al. 2015; Knuth et al. 2018; Maffezzoli et al. 
2022; Vern et al. 2023). A comprehensive understanding of 
the costs and benefits associated with adopting Digital Agri-
cultural Technological Solutions (DATS) requires rigorous 
assessment and evaluation, as actors in agrifood chains often 
face difficulties in capturing these benefits when numerous 
metrics must be applied, particularly in contexts involving 
multiple objectives—such as sustainability—and a diversity 
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of stakeholders (León-Bravo et al., 2021; Genovese et al. 
2017; Knuth et al. 2018).

Since the 1990 s, the emergence of precision farming—
together with related concepts such as “Smart Agriculture,” 
“Digital Agriculture,” and, more recently, “Agriculture 
4.0”—has led to the widespread recognition of digitaliza-
tion as a central driver of agricultural systems’ capacity to 
address sustainability challenges (Chen et al. 2016; Mukher-
jee et al. 2022; Mohammed et al. 2024; Papadopoulos et al. 
2024). This is mainly due to the ability of these technologies 
to capture, analyze, and share data, providing farmers with 
valuable information that can improve decision-making 
and the implementation of practices, with clear benefits in 
terms of efficiency, productivity, and sustainability (Joshi et 
al. 2024; Papadopoulos et al. 2024). The data generated by 
DATS creates knowledge that supports farmers in the deci-
sion-making process within their farm enterprise and when 
interacting with different players in the agrifood chain, thus 
breaking the boundaries of individual farms (Sponchioni 
2019; Hermans et al. 2021; Mukherjee et al. 2022). Farm-
ers have a broad spectrum of technologies to choose from 
when aiming at improving their operations, which makes it 
difficult to select the most appropriate.

However, despite the widely recognized benefits of DATS 
delineated in previous literature, digital innovation in agri-
culture has been implemented relatively slowly for several 
reasons. Some authors argue that solutions are often more 
complex, unfeasible to apply and less scalable (Vern et al. 
2023) than optimization processes in other industries, like 
manufacturing or communications (Cornell University et al. 
2017), and, therefore, their level of adoption is still low (Knuth 
et al. 2018; Zhao et al. 2024). Farm size is also considered a 
parameter affecting adoption. Large farms tend to engage in 
digital agriculture more easily because they count on capital 
investments that provide earlier returns thanks to scale effi-
ciencies (Castle et al. 2015). Data property and privacy are 
also concerns for farmers, resulting in resistance to sharing 
their data with technology providers who may repurpose it 
for corporate interests (van der Burg et al. 2021). Farmers’ 
education and technological competences, and connectivity 
are also seen as barriers to a full adoption of Agriculture 4.0; 
and above all, to our knowledge, there is a lack of holistic 
analysis regarding how to assess the costs and benefits of 
adopting digitalization of agriculture (Maffezzoli et al. 2022). 
This means that nowadays, the benefits of adopting a specific 
digital solution remain insufficiently clear when applied to 
the context of an individual farm, characterized by its unique 
production systems, biogeographical conditions, and busi-
ness model. Consequently, this lack of clarity not only slows 
the adoption of digital innovations but also prevents DATS 
from being utilized to their full potential. (Zhao et al. 2024; 
Vern et al. 2023).

To truly understand the benefits of adopting DATS, not 
only from an operational perspective but also in terms of 
sustainability, appropriate assessment and evaluation are 
required (León-Bravo & Caniato 2024; Knuth et al. 2018; 
Joshi et al. 2024; Zhao et al. 2024). Over the last two decades, 
a proliferation of indicator-based methods to assess various 
aspects of sustainability in agri-food chains has emerged 
in the literature (Diazabakana et al. 2014; Bockstaller et 
al. 2011; Rosnoblet 2006) but from a managerial perspec-
tive a better methodological process for this assessment is 
needed. Bourne et al. (2000) suggested that the develop-
ment of any performance assessment system is built in three 
main phases: i) identification of performance measures, ii) 
implementation of the measures, and iii) use and update of 
performance measures. However, in agrifood supply chains, 
one of the main challenges is identifying which indicators to 
apply without overloading users with too many measures or 
creating information redundancies (León-Bravo & Caniato 
2021; Kirwan et al. 2017). Moreover, the literature does not 
provide specific contributions addressing the heterogene-
ity of agri-food chains, geographical conditions, harvesting 
seasonality, and the use—or lack thereof—of technology. 
Additionally, it is discussed how the actual use and applica-
tion of sustainability indicators is not always feasible up at 
the farm level (Bonisoli et al. 2019; Schader et al. 2014).

The research in this manuscript addresses these criti-
calities by investigating how farms assess the benefits and 
costs of DATS’ implementation. Helping farmers assess the 
real benefits and potentials of DATS, monetary and non-
monetary, could be pivotal for increasing the level of digi-
talization in agriculture with a sustainability perspective. 
Therefore, we propose the following research questions: i) 
What are the impact dimensions, monetary and non-mon-
etary, of DATS implementation? ii) How should farmers 
assess the costs and benefits of DATS in their operations?

Addressing these research questions, this study aims to 
develop an assessment framework for evaluating the mon-
etary and non-monetary impacts of DATS and provide a rel-
evant and practical tool that is useful for farmers operating 
under various conditions in a multi-season perspective. This 
research is part of the “QuantiFarm” European project (See 
funding section) in which thirty cases are studied across 
various European countries involving adopters and non-
adopters of DATS in different agricultural sectors. Access 
to these cases enables the development of an assessment 
framework in three phases, as suggested by Bourne et al. 
(2000), through a collaborative and participative research 
approach. Firstly, the indicators are identified with a mixed 
top-down and bottom-up approach. Then, the framework is 
designed to consider both monetary and non-monetary per-
formance areas. Lastly, the framework is implemented with 
the 30 cases for validation and update.
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This research aims to contribute to both the literature 
and practice in three main ways. First, it advances from the 
general definition of indicators toward their identification 
based on the specific technologies adopted and the farm-
ing processes in which DATS are applied, thereby align-
ing them with user needs. Second, it supports farmers’ 
decision-making by adopting a dual assessment perspective 
that integrates financial viability and sustainability impacts. 
By incorporating both monetary and non-monetary evalua-
tions across the three pillars of sustainability, the framework 
provides a holistic analysis to inform investment decisions 
in DATS. Third, from a practical standpoint, the proposed 
framework is designed as a dynamic and adaptable tool 
for farmers and technology providers, enabling continuous 
updates across seasons and evolving user needs. It allows 
users to apply the methodology while revising and refining 
performance indicators according to the processes and tech-
nologies under analysis.

The rest of the paper is organized as follows: a conceptual 
background section will present the main relevant defini-
tions that will guide the study; then, the methodology sec-
tion explains all the phases conducted in the research. The 
results detail the steps followed in the assessment frame-
work development. Finally, the conclusions of the study are 
presented.

2  Conceptual background

2.1  Sustainable performance measurement in 
agriculture

Sustainability assessment for agri-food chains is usually 
structured in terms of frameworks and tools that intend to 
guide actors to collect data and analyze it and define action 
plans (Kirwan et al. 2017; D'Eusanio et al. 2018; Baur 
2022). The first challenge is identifying the measures and 
criteria that explain the actual actions implemented for sus-
tainability (Mukherjee et al. 2022; Caccialanza et al. 2025). 
Kirwan et al. (2017) also underlining the need to understand 
the socio-economic and geographical context to define 
the more appropriate assessment methods. Consequently, 
the sustainability assessment system (methods/techniques 
applied for measuring, monitoring, and controlling sustain-
ability) will vary according to the scope or range of issues to 
be measured and how they are measured, if they are (León-
Bravo & Caniato 2021; Mukherjee et al. 2022).

Accordingly, it is essential to consider the evaluation 
of intangible benefits from technology. Historically, the 
discussion about the concepts of tangible and intangible 
benefits has been brought to the attention by many authors, 
arguing about the fact that intangible benefits are something 

“difficult to measure” (Hares & Royle 1994; Moro-Visconti 
2019), while tangible benefit is “one which directly affects 
the firm’s profitability and market value” (Sicoli 2018) leav-
ing open the question whether the word “value” refers to 
monetary value or other measures (Marr 2007; Webster & 
Hung 1994). The issue is particularly relevant in the case 
of investments in technology, where many projects deliver 
benefits that cannot be easily quantified, that is, evaluated 
with monetary parameters -related, for example, to better 
information access, reduction of errors in data management, 
use of information for effective decision-making- (Murphy 
& Simon 2002). At the same time, when considering mon-
etary parameters, it should not be limited only to short-term 
profitability but also include other economic sustainability 
indicators related to the productivity of the firms. Within 
the specific agricultural context, sustainability performance 
also encompasses improvements in operators’ well-being, 
as digital solutions implemented in fields and farms can 
alleviate workloads. In addition, the data generated by these 
technologies can support decision-making toward more effi-
cient resource use, thereby addressing both social and envi-
ronmental dimensions (Comi & Becot 2023).

From the literature, most of the frameworks analyzed 
are aimed at rating the overall performance of farm sustain-
ability. The methods that are used are various: some use a 
combination of accounting data from advisory centers and 
complementary surveys (Arandia et al. 2011; Batalla et al. 
2014); others compare by scoring based on a set of indi-
cators (Vilain 2008; Zahm et al. 2008). Even though both 
quantitative and qualitative indicators are present within the 
different frameworks, many authors emphasize the impor-
tance of using precisely and objectively quantifiable indica-
tors as much as possible (Lebacq et al. 2013), limiting the 
use of scores, which do not have a dimensional unit (van der 
Werf and Petit 2002).

In this context, international organizations have also 
proposed sustainability evaluation frameworks in agricul-
ture. The SAFA (The  Sustainability Assessment of Food 
and Agriculture systems) and RISE (Response-Inducing 
Sustainability Evaluation) are examples of comprehensive 
sustainability frameworks that aim to standardize the mea-
surement of sustainability performance. SAFA, developed 
by FAO (Food and Agriculture Organization), provides a 
framework that is designed to evaluate performance across 
four dimensions: good governance, environmental integrity, 
economic resilience, and social well-being (FAO 2014). It 
relies on structured sets of indicators and scoring systems, 
both qualitative and semi-quantitative. It was designed as a 
general sustainability assessment framework rather than for 
farm-level use, therefore, it requires simplification of indi-
cators (Caccialanza et al. 2025). Authors have also noted 
that while SAFA´s application is spread (Bonisoli et al. 
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2019; Schader et al. 2014), it is also perceived as complex 
and expensive in terms of data needed and time consumed 
(Zarbà et al. 2025). Whereas RISE is another scoring-based 
framework that uses qualitative scoring. It evaluates farm-
level data across a variety of themes (e.g., soil use, nutrient 
flows, biodiversity, energy, water, animal husbandry) in a 
“spider” profile (School of Agricultural, Forest and Food 
Sciences (HAFL) 2021). RISE focuses on diagnosis and 
learning and is narrower in organizational level but more 
operational in data collection for farms (Alaoui et al. 2022). 
While both frameworks contain elements of economic sus-
tainability, their design allows primarily for an orientation 
towards pure environmental and social sustainability assess-
ment rather than an investment evaluation for the adoption 
of specific technologies. Together, these frameworks and the 
current state of the art highlight a key research gap: the need 
for a more affordable and dynamic approach that captures 
indicators across different sustainability dimensions (as in 
SAFA and RISE), while accounting for their relevance and 
feasibility for farmers, as well as the economic implications 
and non-market effects of digital technologies.

Fundamental in the framework design of this study are 
two main aspects. First, the semi-customization of indicator 
selection according to crop, breed, process, with the combi-
nation of top-down and bottom-up approaches, thus going 
beyond standard frameworks such as SAFA or RISE. Sec-
ond, focus on the cost–benefit analysis, together with the 
sustainability impact. The cost–benefit analysis is a well-
known methodological tool to evaluate an investment with 
the final objective of determining its opportunity cost from 
a business perspective. In the cost–benefit analysis, different 
types of costs are evaluated: direct costs (e.g., labor costs, 
material costs, etc.), indirect costs (e.g., utilities and rent), 
and intangible and opportunity costs. Similarly, direct rev-
enues are considered, as well as indirect, intangible, and 
competitive revenues (Stobierski 2023). Authors have also 
applied this methodology to investments in digital agricul-
tural solutions to evaluate the profitability of the investment, 
resulting – at the end of the evaluation – in indicators as 
Cost/Benefit Ratio, Net Present Value, and Internal Rate of 
Return (Kiropoulos et al. 2021). Literature also has pointed 
out that the main economic benefits from the implementa-
tion of DATS are input savings, fuel savings, labor savings, 
and yield increase (Medici et al. 2021).

2.2  Digital technology solutions in agriculture

Digitalization in agriculture has been addressed in literature 
from varied angles such as the implementation challenges 
or the application of a specific technology in a particular 
context. A few examples include Zhao et al. (2024), who 
investigated the influence of factors such as cost, revenue, 

and government policies on the behavioral decision-making 
process for the digital transformation in the agricultural 
industry. Their findings showed that a lower transforma-
tion cost, higher expected earnings, successful competi-
tors, and certain government incentives and penalties can 
stimulate farmers to transform their farms digitally. From 
another perspective, Hermans et al. (2021) investigated 
the adoption process and results of applying conservation 
agriculture (CA), which is a type of smart agriculture prac-
tice used to combat climate change and soil degradation. 
They investigated how the knowledge of local farmers can 
be integrated with scientific measurements to assess soil 
health and promote the use of this practice. The employ-
ment of CA resulted in observed benefits such as greener 
plants and softer, darker soils, supported by scientific evi-
dence on better structural stability and soil moisture reten-
tion. Additionally, the study shed light on the opportunities 
this system creates, allowing farmers to log soil data and 
receive feedback, but also the need for overcoming barriers 
regarding local terminologies and economic or technologi-
cal constraints. Another different digital transformation for 
agriculture was studied by Mohammed et al. (2024). They 
investigated the use of machine learning models to predict 
the sodium absorption ratio (SAR) of the soil, intending to 
improve soil health management in agriculture. Their study 
showed that the models effectively predicted SAR with high 
accuracy, which is critical to learn more about the factors 
influencing SAR and increasing the precision in agricultural 
practices.

For the aims of this research, we adopt and adapt the defi-
nitions of the most common DATS discussed in literature 
(Papadopoulos et al. 2024) which are summarized here:

	● Farm management system (FMS)
	 Considering that farm management deals with the over-

all organization and operation of a farm (e.g., produc-
tion, trade, traceability, meeting consumer and legal re-
quirements, e.g., for certifications, agricultural policies 
etc.), an FMS—or, a Farm Management Information 
Systems (FMIS)—is a software for collecting, process-
ing, storing and disseminating data in the form needed 
to carry out farm’s operations and functions (Nugawela 
and Sedera 2020).

	 FMS for livestock and poultry farming is of utmost im-
portance as data and their usability is crucial in the live-
stock sector (Khan et al. 2004). The use of FMS allows 
functional decisions to be made regarding the needs of 
the farm and can enhance the confidence of the farmers, 
particularly for smaller farms (Knuth et al. 2018).

	● Decision support system (DSS)
	 DSS can be defined as “interactive software-based sys-

tems to help decision makers compile useful information 



1 3

Page 5 of 23     29 Framework to assess the sustainability impact of digital technological solutions in agriculture

from a combination of raw data, documents and person-
al knowledge to identify and solve problems and to op-
timize decisions” ( Ara et al. 2021). In agriculture, these 
tools can guide farmers on how to program treatments. 
Thanks to a DSS, farmers do not apply inputs such as 
water, fertilizers, and pesticides uniformly across entire 
fields, but they can make data-supported decisions us-
ing the minimum quantities of resources that the plants 
require (Bertoglio et al. 2021).

	● Variable rate technologies (VRT)
	 These types of technologies allow farmers to manage 

their resources with higher precision, for instance, the 
automatic and variable application of inputs in compli-
ance with specific prescriptions. How inputs such as 
fertilizers, seeds, irrigation, or crop protection products 
are distributed is based on data collected from maps, 
sensors, and GPS and is realized according to the spe-
cific crop need. VRTs can be helpful to efficiently use 
resources and in turn contribute to farm profitability (Pa-
padopoulos et al. 2024).

	● Precision irrigation system
	 This system uses plants, soil, and water sensors, togeth-

er with weather stations, satellite images, and hydraulic 
models to gather information. These are crucial in deter-
mining the precise amount of water and the optimal time 
of use (Khriji et al. 2014).

	● Digital pest control system
	 It is a system based on data analysis, artificial intelli-

gence, and cloud platforms, aiming to help farmers in 
monitoring plants’ health and pest management. In this 
type of system, data gathered by specific devices are an-
alyzed; the real-time data returned to the farmers helps 
them promptly reacting to any pest risk. Additionally, 
the system can forecast future pest situations and simu-
late different plant protection measure scenarios (Chen 
et al. 2020; Papadopoulos et al. 2024).

	● Automated Greenhouses
	 There are DATS enabled by artificial intelligence (AI) 

and the internet of things (IoT) that, with the help of 
humidity, heat, and brightness sensors, detect the con-
ditions inside the greenhouse. Based on data collected, 
the DATS regulate heat, brightness, and humidity for the 
crops (Kodali et al. 2016). The automated greenhouse 
systems make suggestions on the amount of light, venti-
lation, and reheating, ensuring accuracy not achievable 
with conventional systems.

	● Automated monitoring, Activity sensors, Heat box collar
	 These types of DATS can be used to make animal man-

agement more effective and rational, automating the 
monitoring of animals' status and health through the 
analysis of their movements, vital parameters, etc. Ac-
tivity sensors measure the movement of the neck or head 

of a cow, times dedicated to rumination, feeding, resting, 
etc. (Nóbrega et al. 2018). The heat box collar, through 
a sensor that always monitors the animal’s movement, 
makes it possible to identify precisely when the animal 
is ready for insemination. With alerts sent to the mobile 
device (phone) or fixed device (computer), the farmer 
is always informed about the activity report, periods 
of increased activity, and the real-time location. Other 
DATS supported by sensors make it possible to manage 
and monitor animal feeding. On one hand, to feed the 
animals precisely, providing the right amount of feed; 
on the other hand, to detect specific movement patterns 
related to forage intake, changes in feeding behavior and 
rumination (Büchel and Sundrum 2014).

	● Milking robots
	 With the support of internet of things (IoT) and sensors, 

this DAT guides the cows to the milking barn, identifies 
each cow individually, disinfects the udder, milks the 
cow, performs a milk check and records data on indi-
vidual cows (Broucek and Tongel 2017).

	● Sensors for quality assessment
	 In oyster farming, real-time data can provide significant 

benefits to enhance current farm management practices, 
monitoring water quality (e.g., salinity, temperature, mi-
croclimate) and providing early warnings for events that 
can compromise the quality of the product (Bates et al. 
2021; Zhao et al. 2024).

3  Research methodology

Based on a combination of top-down and bottom-up 
approaches, this research aims to design and implement a 
concrete managerial tool that includes relevant and appro-
priate measures according to farmers’ needs and objectives. 
Adopting Bourne et al. (2000) model for the development 
of a performance assessment system, three main phases are 
carried out in this research: i) identification of performance 
measures, ii) assessment framework design, and iii) assess-
ment framework application. The methodological steps are 
summarized in Fig. 1.

In the first methodological phase, in a top-down approach, 
a literature review will help to identify the assessment cate-
gories and subcategories in a triple bottom line perspective, 
plus the specific performance indicators to be measured 
and evaluated. Then, in a bottom-up approach, inputs from 
farmers will help validate and or revise the assessment cat-
egories and/or indicators, aiming to cover all the needs and 
the available information at the farms.

This research is embedded in the “Quantifarm” Euro-
pean funded project. Hence, together with 30 case studies 
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in Europe (Table 1) dealing with different crops and breeds, 
a collaborative research methodology is applied. Cases are 
proposed by each partner of the Quantifarm project consor-
tium. Thirty-two organizations, including which universi-
ties, research centers, consultancy firms, and technology 
providers, across 21 countries participate in the project. 
The general guidelines for case selection, as agreed upon 
in the consortium, involved farms with experience in their 
particular sector, interested or already implementing DATS, 
commitment to be part of the Quantifarm project during 
48 months, which entails providing general farm informa-
tion, provision of data or access to experts for data collec-
tion, and actively being involved in the project workshops. 
The set of 30 cases identified by the Quantifarm consortium 
represent the main crops and breeds in Europe as well as the 
most popular DATS in the market. The cases are clustered 
according to their sector, processes and activities that could 
be impacted by DATS: eight in the arable sector, ten in hor-
ticulture, three in indoor horticulture, four in livestock, three 
dairy farms, one in silos management, one in apiculture, and 
one in aquaculture. Cases will be analyzed in depth for a 
wider understanding of the potential impact areas and also 
considering location, crop, seasonality, DATS implemented 
(or to be implemented). The aim is also to compare farms 
that are using DATS and farms that are not.

The second methodological phase implies the assessment 
framework composition in two main blocks, the monetary 
and the non-monetary evaluations. In this phase, the initial 
group of indicators that were identified in the first phase is 
further refined together with the case studies, during the 
first wave of data collection. Then, the calculation mode is 
defined, and the direct or indirect link to the use of technolo-
gies is established as well.

Finally, the third methodological phase involves the appli-
cation of the framework in which farmers and researchers 
will attempt to calculate the indicators previously identified, 
collect data, revise it, validate it, and finally apply the for-
mulae whenever feasible. Then, the performance is evalu-
ated, and the positive or negative impact is determined. This 
work will be conducted in several rounds through question-
naires and direct interviews with all the cases in different 
planting and harvesting seasons. The results presented in 
this paper refer to the first two waves of analysis, which 
include the initial data collected to validate the indicators 
and the first round of data analysis and calculations during 
the first 18 months of the Quantifarm project. It is relevant 
to specify that the new rounds of assessment are currently 
being conducted with two main objectives: first, to further 
validate the relevant indicators and modes of calculation, 
and second, to analyze if the impacts are improved, less-
ened, or maintained over time.

3.1  Units and normalization

As mentioned above, not all cases have the same harvesting sea-
sons nor duration, thus, each has its own temporality and spe-
cific DATS being considered in each. Hence, for comparability, 
aggregation of several indicators (with heterogeneous units and 
scales) into a set of macro-indicators based on a methodological 
approach was needed. In this way, it was possible to i) sum-
marise complex and heterogeneous information form a wide set 
of indicators related to several processes and dimensions, using 
a few macro-indicators, ii) to allow a simple interpretation of 
results, even to non-experts, iii) to facilitate communication and 
immediate visualisation of impacts, and, iv) to facilitate compar-
ison among different DATS over time. Thereafter, a min–max 

Fig. 1  Assessment framework development- methodological steps
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normalization approach was applied, were the minimum and 
maximum values of each indicator, or baseline and target values 
are considered to scale them to a common range, i.e., year, hect-
ares, animals. This approach was selected for ease of replication 
and communication. As will be shown in Appendix 2, indicator 

calculation, the cost and benefits were annualized for easy com-
parison. Appendix 2 also lists the units that are relevant per case, 
for instance, hectares or number of animals that are considered 
when using the DATS, and in consequence, the annual cost and 
benefit per area or breed.

Case Sector Crop/Animals Country Parcel with 
DATS

Type of DATS

1 Arable Potatoes Greece 1.19 ha DSS1

2 Arable Corn Portugal 29.17 ha Precision Irrigation sys-
tem; VRT2

3 Arable Barley, Wheat Spain 30.58 ha DSS
4 Arable Cotton Greece 5.13 ha VRT
5 Arable Wheat Turkey 10 DSS
6 Arable Wheat, Onion 

and Potato
The 
Netherlands

3.5 ha DSS, VRT, data analytics 
with drones

7 Arable Potatoes Poland 94 ha DSS, sensors
8 Silos 

management
Wheat, Rape-
seed, Rye, Barley

Latvia 30 silos Sensors

9 Arable Corn, Wheat Slovenia 16.8 ha corn
16.8 ha wheat

FMS3, sensors

10 Arable Wheat Romania 552.67 ha DSS, satellite images
11 Horticulture Olives Greece 8.6 ha DSS
12 Horticulture Apples Poland 1 ha DSS; Digital pest control 

System, drones
13 Horticulture Grapevine Italy 1.55 ha DSS
14 Horticulture-

Indoor farming
Strawberries and 
Blueberries

Serbia 3.7 ha 
strawberry
3.2 ha 
blueberry

Precision fertigation, root 
pruning

15 Horticulture Olives Cyprus 5.63 ha DSS, sensors
16 Horticulture Apples The 

Netherlands
1 ha DSS; sensors, drones

17 Horticulture Grapevine Romania 14 ha IoT, satellites
18 Horticulture Tomatoes Italy 5 DSS
19 Horticulture- 

Indoor farming
Tomatoes The 

Netherlands
6 ha Automated Greenhouses

20 Horticulture Bananas Spain 2.24 ha Precision Irrigation 
System

21 Horticulture- 
Indoor farming

Tomatoes Finland 1.2 ha Automated Greenhouses

22 Meat Poultry UK 64,000 birds Cleaning robot
23 Meat Cattle France 167 ha Feeding robot; Heat detec-

tors; Calving detectors
24 Meat Pigs Belgium 682 pigs Automated monitoring
25 Dairy Cattle France 148 ha Feeding robotics; heat 

detector
26 Dairy Cattle Ireland 180 cows Milking Robot
27 Dairy Cattle Germany 100 

cows + 140 
young stock

Automated monitoring

28 Dairy Cattle Romania 830 cows Livestock management
29 Apiculture Bees Lithuania 10 beehives Automated Monitoring
30 Aquaculture Oysters Croatia 500 m2 Sensors for quality 

assessment

1: DSS Decision support system
2: VRT Variable rate technology
3: FMS Farm management system

Table 1  Summary information 
about the cases
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4  Results: Assessment framework 
development

4.1  Phase 1.1 Key sustainability performance 
indicators to assess DATS in agriculture (top-down)

This section focuses on the first step of the assessment 
framework, which is focused on the identification of all 
the indicators necessary to monitor the impacts of DATS, 
and that helps compare farms using and not using DATS. 
Following Bourne et al. (2000) performance measurement 
and management framework, the first phase is dedicated to 
the indicator’s identification and selection. In this research, 
the first phase was carried out in two steps: top-down and 
bottom-up (Fig. 2).

Firstly, with a top-down perspective, a state-of-the-art 
literature review explored theories, tools, previous frame-
works and other insights related to the impact of digital 
technologies in agriculture, on different dimensions: eco-
nomic (monetary costs and benefits, productivity, efficiency 
etc.), environmental and social, together with a review of 
possible existing frameworks related to the evaluation of 
monetary costs and benefits (e.g., SAFA, RISE). Therefore, 
this review included monetary (tangible) and non-monetary 
(intangible) indicators linked to DATS’ use. The results of 
this review provided 13 main categories for environmental, 
economic, and social sustainability that were split into 18 
subcategories to disaggregate the main categories into the 
most relevant areas.

The indicators that were incorporated in our frame-
work were also drawn from and aligned with some of the 
established frameworks such as SAFA and RISE, ensuring 
coverage across environmental, economic, and social sus-
tainability. The themes and indicators are consistent with 
SAFA and RISE’s modules, filtered and adjusted to ensure 
comparability with farm-level assessments, and aligned 
with the objectives of the research. Hence, the review of 
the literature and from international organizations as FAO 

provided numerous indicators and measures that could be 
perceived as complex and time consuming (Caccialanza et 
al. 2025; Zarbà et al. 2025), and thus needed to be filtered 
to have a list of indicators that are relevant, feasible, and 
measurable (Neely et al. 2011) in accordance with practi-
tioners’ needs and capabilities that will be considered in the 
next step.

4.2  Phase 1.2 Validating the selection of 
sustainability performance indicators with cases 
(bottom up)

This step includes the selection of indicators to be vali-
dated with the cases, in a bottom-up approach, for which we 
needed to design a data collection form that could gather the 
most relevant information from the cases under study. The 
need for primary data in this phase of the research enhances 
the robustness of the framework as well as the appropri-
ateness of the indicators according to the type of farm, 
crop, and the DATS considered. Hence, the data collection 
form is designed with a medium level of customization for 
each cluster of cases considering crop/product, geographi-
cal location, harvesting season, the DATS applied (or to be 
applied), and specific processes impacted by the DATS. The 
form, built in English to ensure the use of the same termi-
nology by all cases, includes two main sections. First, the 
descriptive information in terms of location, crops, season-
ality, and DATS used. Second, information about the farm’s 
motivations for the DATS implementation, expectations for 
sustainability performance impacts, the priorities set when 
adopting DATS, and assessing benefits and costs, also con-
sidering sustainability implications.

The data collection form is sent out at different moments 
of the year according to the planting and harvesting season 
per each case. The detailed information and numbers to be 
inserted in the forms were either provided directly by the 
case leaders or filled in during an interview or collected 
by experts from the Quantifarm partners who oversaw this 

Fig. 2  Phase 1 step by step
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activity. Then, data collected is centralized for further check-
ing. Researchers revised the forms to be complete, and in 
case of missing information, cases’ leaders were contacted 
directly. This check is crucial for the indicator selection that 
will be incorporated in the assessment framework. Hence, 
researchers double or triple checked with cases for identify-
ing if the information for calculating the indicators is or will 
be available, if the cases knew how to collect or extract the 
data, or if the indicators are relevant for the case performance 
management strategy. The resulting indicator list in Phase 
1 is shown in Appendix 1. From this list, each case would 
work only with the ones that are feasible, relevant and for 
which they have data available. For instance, Case 4 focused 
on 7 out of 10 indicators in the Environmental Category and 
Energy and Inputs subcategory because the points of atten-
tion were the use of nutrients and pesticides. Whereas Case 
15 focused on 3 out of the 4 indicators in the Soil subcat-
egory because carbon and salinity were not relevant for them 
in this plot and with this DATS. Hence, at this stage of the 
project, the goal was to delineate a shorter list of measures 
and indicators in line with the case’s goals, interests and 
capabilities. This type of information becomes a key aspect 
for the framework development as it is constructed to be rel-
evant for the cases and consequently used appropriately.

Another important aspect in this bottom-up approach is 
the DATS’ identification, as applied or planned to be used 
in the cases, which requires special attention because this 
step is critical for reaching a level of customization in the 
framework that considers the real situations on the farms. 
As a result, 21 types of DATS were identified per agricul-
tural sector and process, then refined and grouped consider-
ing the following criteria:

	● In many of the cases, the implemented solutions are pre-
sented as a combination of more than one DATS

	● The main DATS are always supported by other solu-
tions/technologies, without which the implemented so-
lution could not work

	● Not all cases are aware of, use, or are interested in all 
the functionalities of the DATS they are implementing

	● In many cases, the category of the DATS provided by 
the cases did not match our categorization. For example, 
in some cases, it is referred to as FMIS (farming man-
agement information system) when, after careful analy-
sis by the research team, it was a DSS.

4.3  Phase 2: Monetary and non-monetary 
performance assessment (framework design)

The second phase proposed by Bourne et al. (2000) is the 
implementation of the measures, here defined as the “frame-
work design” and developed in two components:

a)	 Cost–benefit analysis (monetary impact): This com-
ponent of the framework is based on the methods and 
indicators of the cost–benefit analysis theory to express 
in monetary terms the costs and benefits of implement-
ing a digital solution in the short and medium-long term 
(Fig. 3).

b)	 Sustainability evaluation (non-monetary): This com-
ponent of the framework design includes the application 
of the set of sustainability KPIs to assess the economic, 
environmental, and social impacts of DATS in agricul-
ture (See Appendix 1).

The outcome is a multidimensional composite set of indica-
tors, consisting of a monetary measure, in combination with 
a set of sustainability impact indicators related to DATS’ 
implementation. Consequently, the assessment framework 
considers four main aspects:

Fig. 3  Cost and benefit analysis structure
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1.	 The key processes and activities in the farming sector, 
the costs and revenues sources, and the sustainability 
aspects that could be affected by the introduction of 
DATS, based on a literature review and primary infor-
mation from the cases.

2.	 The cost–benefit analysis quantifies the positive or nega-
tive monetary value resulting from the use of DATS. 
This analysis is complemented with a mid-term and 
long-term evaluation of the investment, using indicators 
such as the Return on Investment (ROI) and Net Present 
Value (NPV)

3.	 A set of appropriate indicators to quantify the possible 
sustainability impacts based on the triple bottom line 
concept, i.e., with a focus on economic, social, and envi-
ronmental domains

4.	 The list of costs and revenues and sustainability KPIs 
was validated and checked with cases to shortlist the 
most relevant per sector and case.

Hence, in this phase, a further refinement of the list of indi-
cators is proposed, along with the calculation modes per 
indicator. While working with the cases aimed at individu-
alizing the data inputs for the indicators in Appendix 1, the 
research team realized that the impacts of DATS in agri-
culture with a sustainability perspective can be aggregated 
in specific categories from which farmers can effectively 
gather the data and observe changes. Therefore, regardless 
of the technology adopted and as summarized in Fig.  3, 
the cost and benefit analysis considers the investment and 
operating costs of the DATS, which represent the monetary 
terms evaluation. Whereas the sustainability impact consid-
ers the economic effects of DATS in terms of productivity 
and efficiency. The environmental sustainability impact 
considers the effects on fertilization, irrigation and GHG 
emissions. (A detailed document with calculation formulas 
is included in this submission, as a Supplementary Material 
for the reviewers).

And for the social impact, it emerged that the indicators 
of social sustainability traditionally found in literature and 
already in the framework did not completely explain the 
impact of DATS. Hence, the social impact will be analyzed 
separately, for which an additional “social questionnaire” 
was developed to gather information on the actual areas 
in which DATS can generate impact, even if indirectly. It 
is important to consider that this questionnaire addresses 
mostly DATS adopters. The questionnaire is organized into 
two main sections a) general information about the work 
environment b) perceived impact of DATS. The initial 
section aims to explore the farmer’s work environment, 
focusing on quality or working time with questions about 
weekly working time, whether atypical hours are worked, 
and about working flexibility. The second part is exclusively 

addressed to farmers who are implementing DATS with 
questions about whether DATS helps or complicates daily 
activities, ease of learning how to use DATS and attractive-
ness of DATS for younger users. (A simplified version of 
the social questionnaire is included in this submission, as a 
Supplementary Material for the reviewers).

4.4  Phase 3. Revision and update of performance 
assessment measures (application of the 
framework)

Finally, in line with the third phase suggested by Bourne 
et al. (2000), the use of the performance measures, or the 
“framework application” in Quantifarm, involves the indi-
cator’s calculation, followed by revision or updates, in an 
iterative approach together with the 30 cases. This phase is 
conceptualized as cyclical and to be performed in consecu-
tive harvesting or production years according to the cases’ 
needs and whenever new DATS are adopted or if the cur-
rent DATS are updated or changed. The results evidenced 
in the first two waves of analysis show a) the complexity 
and sometimes unfeasibility for farmers to apply certain 
measures, b) the sometimes-limited relevance perceived by 
farmers when assessing some metrics that they feel unnec-
essary, and, c) the non-immediate positive benefit obtained 
when adopting DATS, suggesting the need for longer pay-
back periods and longer return on investment.

Appendix 2 summarizes the results obtained for all the 
cases in terms of costs and benefits (monetary evaluation) 
and the areas of sustainability where sustainability benefits 
were perceived. As can be appreciated in this table, the 
monetary assessment shows a mix of positive and negative 
results, which means that not all cases perceive gains up to 
the assessment point in time. On the positive note, a median 
of 5,934 €/ha in fruit and vegetable cases, and 3,806 €/ha 
in the arable cases is observed. But 3 cases overall present 
negative results while another group of 4 cases do not report 
any benefit yet. In the consecutive measurement waves, this 
situation might be reversed or maintained.

Summing up the overall results of the first wave of assess-
ment framework application, a link between yield increase 
and the use of DATS, and the impact of digital solutions 
on the reduction of the workload and the improvement of 
working conditions emerges. Figure 4 shows that the eco-
nomic benefit recorded in 60% of the cases was thanks 
to the increase in yields and reduction of fuels or energy; 
while in the sustainability aspect, the positive impact was 
in reducing the workload (dark blue bars in Fig.  4). A 
reduction in water usage (and its productivity) is found in 
11 cases; reduction of energy and fuel, with relevant posi-
tive consequences, is observed in 15 cases (grey bars in 
Fig. 4). However, a positive impact on the use of pesticide 
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and nutrients was not always achieved, except for the arable 
cases where this subcategory achieved good results in 7 out 
of the 10 cases. For the other type of farms, it is subject to 
more uncertainties and this result was expected, at least for 
this first year, because an increase in pesticides or fertiliz-
ers applications in farms using the DATS could be due to, 
for example, an increase in humidity, rain, or a particular 
dry season, and now farms have the information regard-
ing the need for higher inputs thanks to the DATS. In this 
perspective, a ‘loss’ should not be judged immediately as a 
negative result, particularly when we see, on the other hand, 
an increase in yields. In general, if the impact on yield and 
labor is positive, more data and analysis in the forthcoming 
years will be necessary to better understand the relationship 
between economic and environmental sustainability.

From the social sustainability point of view, responses 
from adopters in the "social questionnaire" indicated posi-
tive outcomes, including enhanced flexibility in planning 
and executing work activities and a more conscientious and 
efficient decision-making process regarding the work pace 
or speed. The most impacted area was the “Work Environ-
ment”. As a matter of example, and as depicted in Fig. 5, for 
most of the farmers who filled in the questionnaire (71%), 
DATS simplified complex tasks and for more than half it 
helped solve unforeseen problems. These benefits have been 
gained without excessive stress or time devoted to learning. 
Considering that almost all farmers implementing DATS 
had to learn to use the solution (87%), more than 90% of 

farmers answering the social questionnaire declared that 
learning to use the DATS was interesting and motivating, 
even if for a minority it generated stress and was time-con-
suming (Fig. 5). Hence, adopting the DATS was not only 
devoid of complexity and time-consuming challenges but 
was also engaging and motivating. Another interesting find-
ing was in the “Generational Change” area, where the intro-
duction of digital solutions fostered the interests of young 
generations for farming (their own farm or the agricultural 
sector in general), strengthening the argument that digital 
innovations can support the generational change and conti-
nuity in the agricultural sector.

As an example of the framework application and perfor-
mance assessment, we present analysis and calculations car-
ried out with Case 10, where a DSS, together with a range 
of integrated components -both hardware and software- has 
been in use by the farmer for several years to enable more 
efficient farm management in an extension of 552.67  ha. 
This digital solution also uses a combination of other DATS 
(hardware and software) for i) generating yield maps and 
gather crucial data for adapting technology and making 
informed decisions; ii) recording meteorological data that 
aids in result analysis and timely decision-making; iii) 
preventing issues, exercising control, and facilitating deci-
sion-making processes with satellite-derived images, and 
iv) efficient scheduling of agricultural tasks for each plot, 
precise distribution of product consumption among parcels, 
and management of resources.

Fig. 4  Main benefits from DATS implementation (sample: 30 TCs)
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The DSS is used in one of the largest Romanian farms. In 
addition to optimizing agronomic management, this DATS 
supports administrative tasks and helps streamline employee 
management. Case 10 also includes another farm not using 
the DATS. The latter is smaller, with a different manage-
ment approach and set of needs. The expected benefits of 
using this DSS are to optimize water and agrochemical use 
and to get key information for implementing sustainable 
practices.

Figure  6 summarizes the cost–benefit analysis (mon-
etary impact) for Case 10. In the ‘Benefits’, the negative 
impacts (increased costs) are written in bold blue font. It 
is observable that the net benefit is € 426.66 per hectare 
(+ 432.09 €/ha – 5.43 €/ha). The farmer is expected to pay 
back the initial investment in about one quarter of a year 
(70,395.6/(426.66*552.67) = 3.6  months). While overall 
costs decreased, there was a rise in labour costs associated 
with treatments such as pesticides and fertilisation.

Fig. 6  Cost and benefit analysis for Case 10

 

Fig. 5  Perception of the difficulty in learning to use DATS (sample: 52 farmers)

 



1 3

Page 13 of 23     29 Framework to assess the sustainability impact of digital technological solutions in agriculture

Following, the sustainability impact analysis is per-
formed. Figure 7 shows the calculation results for each KPI. 
The shaded boxes indicate the negative impacts.

Findings in this case show that despite variations in wheat 
selling prices between the DATS user farm and non-user 
farm, the disparity cannot be attributed directly to the adop-
tion of DATS but rather to differences in bargaining power 
or contract types of the non-using farm. The non-user farm 
sells its products at + 0.04% price. Although the user farm 
applies at a slightly lower price, the boost in yield has led to 
an overall revenue increase. The combination of increased 
yields and reduced working hours per hectare enhanced 
labor productivity. Another observation in this case is that 
the DATS facilitated the more efficient application of agro-
chemicals, leading to an overall reduction in their use. Posi-
tive impacts on phosphorus (P) efficiency were observed, 
although a modest increase in nitrogen (N) use per hectare 
resulted in elevated N2O greenhouse gas emissions. The 
reduction in the use of agrochemicals led to a decline in fuel 
usage and, consequently, reduced fuel emissions. The direct 
impact of the DATS on product quality is unclear; however, 

there is an interesting observation of an increase in protein 
content and standard mass per storage volume.

4.5  Further remarks from the assessment 
framework application

Figure 8 below summarizes the workflow for applying the 
framework in four macro steps as have been implemented in 
the first two waves of data collection.

While implementing the framework, several insights 
were observed. During the first 18 months of the Quanti-
farm project, one of the most complex issues to tackle was 
the topic of ‘data management’. Firstly, the quantity of data 
that farmers must provide was sometimes considered exces-
sive, and a trade-off between having a large amount of data 
for analysis, consistency, and accuracy, and the importance 
of not stressing farmers with the request for lots of data 
emerged. A high level of granularity is useful for a compre-
hensive understanding of the impact of DATS on the spe-
cific process/activity, but it is often time-consuming and of 
concerns about sensitive information, as Case 3 explained:

Fig. 7  Sustainability impact analy-
sis for Case 10
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Fig. 8  User workflow
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“The required volume of data is high and includes 
highly sensitive information about their business…

filling out the forms with the data of each farmer for 
the project has been very tedious and confusing for 
them.”

(Leader Case 3)

Mainly for this reason, the framework has been revised with 
the objective of being consistent and to include the most 
relevant aspects related to DATS impact, but, at the same 
time, to be effective and realistic to be used. The initial list 
of KPIs was kept in the project repository but only a sub-
set of indicators was indeed used, to maintain consistency 
between the use of DATS and their impact (Appendix 1).

In the same topic of data management, some operational 
issues arose during data collection, mainly due to the breadth 
of data required, units of measure, and document format, 
resulting in incomplete data and the necessity of organizing 
several calls and emails to clarify the information provided. 
Another operational challenge was the timeframe for data col-
lection that varied according to the agricultural sector harvest-
ing and production cycles, and at the same time, those were 
the highest workload periods, thus it was somewhat unreal-
istic to have all the data compiled promptly. This issue was 
addressed in the project consortium meetings, and though case 
leaders were confident that the next rounds of data collection 
would be smoother due to the experience gained, other cases 
maintained their position of postponing the data collection.

The first round of the assessment framework application 
in the 30 cases highlighted the need for ad-hoc methodologi-
cal approaches, a higher level of customization, and a more 
comprehensive analysis and interpretation when measuring 
performances in the agricultural sector. Looking only at indi-
cators of a specific domain or category can produce mislead-
ing results, and measuring performance only at a given point 
in time doesn’t reflect the overall behavior because it is not 
always feasible to “isolate” the effect of the technology on 
some KPIs without considering the external factors. Agricul-
ture is greatly impacted by weather and soil conditions; hence 
it is necessary to understand the specificity of each case and 
the conditions of the year to which data refer. For example, 
for olives, yield can vary according to different plant manage-
ment, tree arrangements, and soil diversity. In general, there 
is natural variability of soil and plants (also in farms placed 
near each other) that can have a certain impact on yield.

Another important remark from this round of data col-
lection and analysis is the need to clarify and communicate 
to the cases that the purpose of the assessment framework 
is to guide farmers in understanding the impacts of DATS 
in a multi-season perspective and not to use it to compare 

different DATS applied in different contexts and geographi-
cal areas, etc. Although the assessment framework aims to 
guide farmers in the choice of implementing DATS through 
a comprehensive analysis of their costs and benefits, it is 
not intended to allow comparisons between DATS imple-
mented in the different cases, since it wouldn’t make sense 
to compare solutions with different purposes and applied in 
different crops, area, etc.

5  Discussion

To fully understand how DATS contribute to agri-food sus-
tainability, it is essential to assess their performance using 
metrics that capture their long-term sustainability impacts. 
Such measurements can enable farmers to make informed 
decisions when adopting these technologies in the agri-
cultural sector, while also supporting their adaptation to 
changing conditions and increasing their resilience dur-
ing disruptions (Joshi et al. 2024). The feasibility of these 
technologies to be adapted to farms in terms of costs, the 
technical expertise that these technologies require, and the 
scalability are still critical concerns (Mukherjee et al. 2022). 
This research aimed to develop a practical managerial tool 
to help farmers and technology providers identify the key 
processes and performance areas that should be monitored 
and managed effectively, to collect the appropriate data, pro-
cess it, and use the results according to the farmers’ needs.

This study employed a combined top-down and bottom-
up approach to design a semi-customized performance 
assessment tool to evaluate the impact of DATS on agri-
food operations. In a collaborative research strategy, we fol-
lowed a three-phase model to design a framework with an 
intermediate level of customization according to farm size, 
crop type, and the DATS used or planned to be adopted. 
Our methodology and results evidence that alternative 
approaches that offer guidelines for technology adoption 
and sustainability monitoring are needed because feasibility 
for farms has proven difficult and very complex (Mhlanga 
and Ndhlovu 2023; Smidt and Jokonya 2022).

The first phase of the methodology involved a review 
of academic literature and consolidated frameworks from 
international organizations such as SAFA or RISE; and the 
collection of inputs from farmers, which resulted in the 
identification of a set of KPIs related to environmental, 
economic, and social sustainability dimensions. The second 
phase refined the assessment framework by including both 
monetary and non-monetary impacts to perform a cost–ben-
efit analysis and sustainability impact assessment of DATS. 
With the development of these two phases, we answered 
the first research question of the study that referred to the 
DATS impact dimension identification. Then, the last phase 
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of the methodology, which is conceptualized as cyclical, 
involved the application of the framework to 30 case stud-
ies. The methodological approach in this study, meant to 
answer the second research question, was intended to abide 
as close as possible to the farms’ actual situation in terms 
of performance priorities, monetary and non-monetary, the 
DATS currently used or planned to be adopted. Carrying out 
this methodology also implied setting specific boundaries of 
analysis in terms of indicator selection, calculation feasibil-
ity, and DATS, which in turn reflect the performances in par-
ticular situations at a particular moment, thus going beyond 
application of standard and static frameworks. Hence, we 
acknowledge that the tradeoff between the level of cus-
tomization and appropriateness and replicability exists and 
needs to be managed when designing such complex assess-
ment frameworks.

The results of applying the assessment framework (Phase 
3) indicate that the use of DATS in agriculture delivers sev-
eral benefits, including reduced input costs, increased yields, 
and lower environmental impacts. As expected, these find-
ings are consistent with the existing literature. For instance, 
Finato et al. (2026) also report cost reductions associ-
ated with the use of DATS, alongside higher productivity 
resulting from digitalization in poultry farming in Brazil. 
The observed increase in yields is likewise consistent with 
Lapidus et al. (2022), who found that the use of agricultural 
sensor technologies enabling optimized nitrogen fertilizer 
application nearly doubled crop yields. Environmental ben-
efits are also supported by previous studies, including Papa-
dopoulos et al. (2024) and Finato et al. (2026).

Furthermore, the findings of this study contribute to the 
field of operations management, enhancing both research 
and practical applications in three main aspects: i) parsimo-
nious indicator selection with purpose, linking theory and 
reality, ii) dual assessment of financial viability and sustain-
ability that makes tradeoffs visible, and iii) dynamic-live 
decision-making tool.

First, from a literature point of view, converging from a 
long list of indicators to a subset that is feasible, relevant 
and appropriate for the user and its context, provides a link 
from theory to reality as this approach provides evidence of 
the use and appropriateness of indicators in accordance with 
the actual needs of farms.

Then, on the practical side, a key contribution of our study 
is the dual-lens of assessment, combining the cost–benefit 
analysis and sustainability assessment together for evaluat-
ing the impact of DATS in agriculture. While cost–benefit 
analysis focuses on monetary outcomes and provides a clear 
view of the financial implications of investment on DATS. 
Complementarily, environmental, social and economic 
sustainability dimensions are part of the holistic assess-
ment of DATS, and even if they are not easily translated 

into financial terms, this research intends to convert those 
aspects into quantifiable, monetary, and non-monetary met-
rics. To achieve this objective, we relied on a top-down and 
bottom-up approach to identify the indicators used in this 
study. They are incorporated to complement the cost–benefit 
analysis with non-monetary indicators such as greenhouse 
gas emissions, water use efficiency, working conditions etc. 
In this way, a more comprehensive framework was devel-
oped, since the current state of the art on the sustainabil-
ity assessment frameworks provided valuable guidance on 
what to measure, but they often did not translate the results 
of these measures into operational and investment deci-
sions (Alaoui et al. 2022). In our framework, the cost–ben-
efit analysis highlights the economic feasibility, while the 
sustainability assessment ensures that environmental, social 
and economic trade-offs are visible. Together, they enable a 
comprehensive understanding of DATS’ performance eval-
uation, supporting farm-level decision-making.

Another key contribution of this study is the develop-
ment of a dynamic and customizable assessment framework 
designed to support both farmers and technology provid-
ers in making informed decisions—both when considering 
investment in DATS and throughout their operational life. 
The framework provides a structured approach to evaluat-
ing the suitability and sustainability performance of DATS 
across diverse agricultural processes. Importantly, the meth-
odological steps outlined in this study are adaptable and can 
be applied across various agricultural sectors, geographies, 
and types of digital technologies. This contribution is partic-
ularly relevant given the divide between technology design 
and day-to-day implementation. While technology provid-
ers are responsible for designing and delivering DATS, 
farmers—who are the primary users—do not always have 
the technical capacity to install, configure, or fully oper-
ate these systems, and to evaluate their performance with a 
sustainability perspective. The framework, therefore, serves 
as a bridge, offering a shared roadmap that supports better 
alignment between technological capabilities and on-farm 
needs. By embedding a sustainability perspective into the 
assessment process, the framework enables both managers 
and technology providers to approach digitalization more 
strategically, ensuring that technological adoption also 
advances environmental, social, and economic goals.

Moreover, thanks to the assessment framework appli-
cation, other intangible results are appreciated, especially 
related to the immutability of data with certain DATS, which 
provides security, traceability, accountability, and reduced 
risks of fraud. Furthermore, the real-time sharing of infor-
mation improves trust within the supply chain (Mukherjee 
et al. 2022). At the same time, the findings of this study also 
highlighted certain challenges, including the complexity 
of several performance measures and the low relevance of 
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some indicators according to the farmers. Additionally, one 
of the most challenging aspects of implementing DATS in 
agriculture was related to the benefits not being immedi-
ate, making it difficult to predict when and how the invest-
ments made in these technologies would pay off, supporting 
the study of Zhao et al. (2024). This finding is also in line 
with the findings of Knuth et al. (2018), who showed the 
implementation cost to be one of the most important factors 
in farmers’ decisions to adapt to these technologies or not. 
However, managing the different sustainability factors and 
the goals related to them may lead to trade-offs. Managing 
these trade-offs requires prioritizing certain indicators based 
on their capabilities and business priorities (León-Bravo & 
Caniato 2024) that, with the assessment framework pro-
posed in our study could be objectively addressed.

6  Conclusions

The objective of this research was to develop an assessment 
framework that could reflect as practically as possible the 
needs of European farmers working in different conditions 
and using different DATS. A collaborative research method 
is applied in this study, where a mixed approach, from a 
top-down and bottom-up perspective, was carried out, thus 
considering not only the previous literature and interna-
tional frameworks (e.g., SAFA, RISE) but also the needs of 
actors involved in the assessment. Hence, together with a set 
of thirty cases in Europe, participating in the “Quantifarm” 
project, the assessment framework development considers 
monetary and non-monetary impacts of DATS implementa-
tion in farms, not only from an operational point of view but 
with a sustainability mindset as well.

This study addresses a gap in existing literature, which 
has largely remained at the level of defining indicators for 
specific DATS without offering an actionable or transferable 
approach. This research contributes to the literature on the 
implementation of DATS in agriculture and sustainability 
assessment in the agri-food sector by integrating cost–ben-
efit analysis with sustainability assessment frameworks that 
include all appropriate and relevant evaluation categories 
based on the type of crops, geography, and the DATS imple-
mented. While prior studies and frameworks often treated 
financial feasibility and sustainability separately, our work 
addresses the combination of these two aspects. This partic-
ularly contributes to the literature of operations management 
by showcasing how sustainability measurement systems can 
evolve into adaptable decision-support tools. By following 
a close collaborative approach with case studies to identify 
assessment categories and subcategories, define indicators, 
and apply and update them, this framework provides action-
able insights.

The approach and results of this research are also relevant 
for practitioners (farmers, managers, or technology provid-
ers) as they offer a highly practical component piloted with 30 
cases working with different crops and breeds, in varied geog-
raphies and using different types of DATS. Firstly, because 
the framework emphasizes the choice of indicators solely 
based on relevance, data availability and assessment feasibil-
ity. Then, because the dual-lens evaluation considering both 
monetary and non-monetary impact of DATs provides the 
user with information that is clear and easy to communicate, 
And, considering that the third step of the framework is antic-
ipated to be cyclical, the assessment framework is defined as 
a living instrument that can be updated and revised and thus 
be used for decision making in a multi-season approach. By 
developing a dynamic and customizable assessment frame-
work, we provide both farmers and technology providers with 
a practical tool to guide decision-making—before investment 
and throughout the operational life of DATS. Specifically, the 
validation of indicators upon calculation and impact evalu-
ation—depending on the DATS implemented (or the lack 
of a DATS in some cases)—can be further refined through 
revisions or updates as needed. Hence, the framework helps 
bridge the gap between design and use, recognizing that while 
technology providers create these systems, farmers often lack 
the technical capacity to install or operate them. Its adaptable 
methodology supports application across diverse contexts, 
promoting sustainable digitalization in agriculture.

As with all research, certain limitations must be acknowl-
edged, many of which can serve as valuable inputs for 
future studies in operations and supply chain management. 
While the inclusion of diverse agricultural sectors and types 
of DATS provided a broad perspective on digitalization in 
the sector, this breadth may also have overlooked the speci-
ficities of processes or technologies. Future research could 
benefit from focusing on a single sector and a narrower set 
of DATS to gain deeper insights and support the scaling of 
digitalization efforts within specific contexts.

From an operations and supply chain management per-
spective, future work could extend the assessment frame-
work to include upstream providers and downstream buyers, 
who may also be interested in adopting digital solutions and 
sustainability evaluations. Additionally, in terms of farm-
level organization and operational activities, simplifying 
indicator calculations will be crucial for broader applica-
tion, especially among small and micro farms. Achieving 
this will require further technological development and 
improved access to data from these farm types.

Finally, while this research focused on varied European 
contexts, these still represent a relatively specific opera-
tional model. Future studies could explore applying meth-
odological steps in different geographical and agricultural 
settings to develop more globally adaptable tools.
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Appendix 1: List of indicators identified in 
Phase 1

Environmental

Category Subcategory Indicator
Atmosphere Greenhouse Gases Total greenhouse gas (GHG) 

emissions*
GHG emissions intensity ratio

Air Quality Ozone depleting substances 
(ODS)
Nitrogen oxides (NOX), Sulphur 
oxides (SOX), and other sig-
nificant air emissions regarded 
as pollutants (persistent organic 
pollutants; volatile organic com-
pounds; hazardous air pollutants; 
particulate matter)

Water Water Withdrawal Water Consumption**
Water Productivity**
Total water discharge

Water Quality Total oxidized nitrogen (river)
Nitrate (groundwater)
Orthophosphate
pH
Pesticides content
Heavy metals

Soil Soil chemical 
properties

Soil Organic Carbon**
Total Nitrogen
Available Phosphorus
Soil salinity

Soil biological 
properties

Soil respiration rate

Energy & Inputs Energy use Fuel oil/diesel/propane 
consumption*
Gas consumption**
Electricity consumption**

Renewable energy Share of renewable energy**
Nutrients use & 
efficiency

Nitrogen use & efficiency**
Phosphorus use & efficiency **
Potassium use & efficiency **

Pesticides use Herbicides use**
Insecticides use**
Fungicides use**

Waste Generated waste Amount of waste generated
Amount of hazardous waste 
generated
Amount of waste reused and 
recycled

Biodiversity Biodiversity 
conservation

Rate of biodiversity loss
Rate of habitat loss
Protected areas and land

Animal Health and 
welfare

Animal Welfare** Ease of movements
Total indoor area

Animal Health Mortality rate*
Mortality rate at birth**
Quantity of drugs used**

*Mainly GHG Emissions from fuel

**Indicators to be measured only in the cases that use/need the materials or 
resources

Economic

Category Indicator
Profitability Net Farm Income

Production costs*
Gross profit margin
Net profit margin
Net value added
Sales revenue*
Cash flow

Productivity Land productivity*
Labor productivity*
Milk productivity*
Meat productivity
Bees’ productivity*
Oyster productivity*

Efficiencya Feed conversion ratio*
Rate of time (to complete an activity) *
Precision & Accuracy*

Food Qualityb "Intrinsic" product quality*
*Indicators applied according to the crop type or animal breed
aIn QuantiFarm, efficiency refers to the ability of DATS to gain bet-
ter performances in certain kinds of activities (e.g., reducing errors, 
reducing the time requested to complete a certain activity, etc.)
bFood quality comprises the combinations of attributes or character-
istics of a product that significantly determine the degree of product 
acceptability for the consumer

Social

Category Subcategory Indicator
Internal social 
sustainability

Education Training hours (for the use of 
DATS) *
Working time*

Working 
Conditions

Working Conditions
Frequency rate of rates of occupa-
tional injuries*
Incidence of occupational 
injuries*
Remuneration and benefits
Physical wellbeing
Psychological wellbeing

Food safety Food contamination (Organohalo-
gen compounds)
Food contamination (heavy 
metals)

External social 
sustainability

Local 
community

Contribution to rural economy
Contribution to local 
employment*

Involve-
ment and 
participation

Farmers social involvement
Meetings with stakeholders

Transparency 
and visibility

Information on labels
Sustainability certifications and 
labels

* Indicators to be only in cases where it is relevant and when informa-
tion is available
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