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Abstract

This study analyses the integration of Generative Artificial Intelligence (GenAl) in agro-
environmental higher education in Ecuador, focusing on its contribution to sustainable
digital transformation aligned with Sustainable Development Goals (SDGs) 4 and 9. The
research was conducted at the Faculty of Agricultural and Environmental Engineering
(FICAYA) of Universidad Técnica del Norte (UTN) using a quantitative, cross-sectional,
and analytical design. A validated digital survey grounded in established technology-
acceptance frameworks—the Technology Acceptance Model (TAM) and the Unified Theory
of Acceptance and Use of Technology (UTAUT) was administered to 94% of the student
population, showing satisfactory internal consistency (Cronbach’s « = 0.87). Data was
analysed using descriptive statistics and multivariate techniques, including Principal Com-
ponent Analysis (PCA) and k-means clustering. The results obtained in Microsoft Forms®
indicate that ChatGPT-5 is the most widely used GenAl tool (54.2%), followed by Gemini
(11.9%). Students reported perceived improvements in academic performance (62.5%), con-
ceptual understanding (74.6%), and task efficiency (69.1%). PCA explained 67% of the total
variance, identifying three latent dimensions: effectiveness and satisfaction, institutional
access and support, and ethical concerns versus operational benefits. Furthermore, k-means
clustering (k = 2) segmented users into two distinct profiles Integrators, characterised by
frequent use and positive perceptions, and Cautious Users, exhibiting lower usage and
greater ethical or technical concerns. Overall, the findings highlight GenAl as a catalyst for
sustainable education and underline the need for institutional and ethical frameworks to
support its responsible integration in Latin American universities.

Keywords: generative artificial intelligence; educational sustainability; green digital liter-
acy; agro-environmental education

1. Introduction

The digital era has transformed access to information and learning methodologies
in Ecuadorian higher education. In this context, artificial intelligence (AI) has become a
key tool for training in various branches of engineering, streamlining processes that once
required days and can now be completed in hours or even minutes. This development
underscores the need to strengthen both digital transformation and Al literacy [1]. Further-
more, Al optimises academic dynamics and redefines problem-solving for students and
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lecturers by enabling personalised learning, large-scale data analysis, and predictive mod-
elling, opening new opportunities to enhance the quality, sustainability, and effectiveness
of education [2]. In this regard, university digitalisation is also aligned with the Sustainable
Development Goals (SDGs), particularly Goals 4 and 9, by promoting inclusive and innova-
tive education capable of responding to contemporary environmental and technological
challenges [3].

Within this broader digital transformation, Generative Artificial Intelligence (GenAl)
has demonstrated strong potential to support knowledge assimilation and improve effi-
ciency in academic tasks, with increasing adoption across Latin American universities [4].
GenAl tools offer unprecedented opportunities to personalise learning by adapting to di-
verse learning styles and paces [5]. This capacity not only enhances academic performance
but also contributes to the development of green digital competences, which are essential
for the transition towards sustainable educational models that integrate technology with
environmental responsibility [6]. Consequently, GenAl has emerged as a disruptive force
capable of complementing institutional teaching through improved time management,
reduced consumption of physical resources, and facilitation of complex academic tasks [7].

Recent studies indicate that GenAl can increase student motivation, foster creativity,
and enable more adaptive learning environments. However, the accelerated adoption
of these technologies also raises significant challenges related to pedagogical integration,
ethical implications, and the development of critical competences among students [8]. As
digital technologies evolve, intelligent tutoring systems and adaptive learning platforms
are increasingly redefining educational processes [7]. Although these tools can enrich
learning through personalised feedback, their limited transparency and the still-emerging
body of empirical evidence raise questions about their true educational scope and long-
term impact [8]. From a sustainability perspective, educational innovation requires a
careful balance between technological advancement and ethical formation, ensuring that
Al supports—rather than replaces—the cognitive autonomy of future professionals in
agricultural and environmental fields [9].

Concerns regarding excessive reliance on Al further reinforce this need for balance.
Overuse of automated tools may displace writing, synthesis, and critical reasoning pro-
cesses, potentially leading to cognitive fatigue or long-term skill atrophy [10]. These risks
are compounded by issues related to data privacy and the quality of knowledge generated
by models trained on massive datasets. In particular machine learning applications often
require sensitive personal data, positioning data protection as a central concern in Al
research and deployment, especially following the implementation of the General Data
Protection Regulation (GDPR) in the European Union [11]. Within this framework, Al
should assist content generation and decision support but not replace human creativity
or critical judgement [12]. When integrated ethically and sustainably, however, Al can
contribute to academic innovation and reduce institutional ecological footprints through
resource optimisation and educational digitalisation [13].

Despite this growing relevance, empirical research on Al usage habits in Ecuadorian
higher education remains limited, particularly within STEM disciplines and, more specifi-
cally, in environmental, agricultural, and related engineering sciences. Although the poten-
tial benefits of Al are widely acknowledged, many institutions continue to face economic,
technological, and teacher-training constraints that hinder effective implementation [14].
In this context, the incorporation of GenAl into agro-environmental education represents
a strategic opportunity to promote educational sustainability, strengthen technological
resilience, and foster green innovation, especially in rural and productive territories [15].
This gap highlights the need for empirical studies that analyse not only patterns of Al use
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and perception, but also their implications for university education in disciplines that are
critical to sustainability and national development [16].

Within this framework, the Faculty of Agricultural and Environmental Engineering
(FICAYA) at Universidad Técnica del Norte (UTN) provides a particularly relevant setting
for analysing the adoption of Generative Artificial Intelligence (GenAl). FICAYA empha-
sises applied teaching and the training of professionals capable of addressing complex
agro-environmental challenges through the use of advanced digital tools. In Ecuador,
the agricultural sector plays a central economic role, accounting for approximately 42%
of national exports and contributing nearly 8% of the country’s Gross Domestic Product
(GDP) [17]. This economic relevance reinforces the importance of understanding how
students in agro-environmental disciplines engage with GenAl, as such insights help
clarify the interactions between digital technologies, disciplinary knowledge, and sustain-
ability, while anticipating the role these tools may play in future professional practice.
Agro-environmental higher education thus constitutes a strategic space for linking digital
innovation with environmental sustainability, enabling the training of engineers capable
of applying Al to sustainable agricultural practices, natural resource management, and
climate change mitigation [18].

In this context, the present study aims to evaluate the usage habits and perceptions of
GenAl among students of FICAYA, considering institutional access, ease of use, academic
utility, and ethical concerns. Rather than restricting the use of these tools, the research
seeks to generate empirical evidence to support the formulation of institutional policies
that promote critical, conscious, and functional use, strengthening fundamental cognitive
competencies while avoiding excessive dependency [19]. The analysis is structured around
five main axes: knowledge and access; frequency and context of use; impact on learn-
ing; perceived utility and quality; and barriers or limitations, following internationally
recognised methodological models [20,21]. In addition, the study examines how usage
patterns and perceptions relate to key dimensions derived from technology acceptance
frameworks—specifically, the Technology Acceptance Model (TAM) and the Unified The-
ory of Acceptance and Use of Technology (UTAUT)—and explores latent structures and
differentiated user profiles through multivariate statistical analysis [22].

Accordingly, the main objective of this research is to analyse patterns of access, use, and
perceived impact of GenAl among students of FICAYA at UTN, considering institutional
access, academic utility, and ethical concerns. Specifically, the study aims to: (i) characterise
students” GenAl usage habits; (ii) identify latent perception dimensions derived from
TAM and UTAUT; and (iii) distinguish differentiated user profiles through multivariate
statistical analysis.

By addressing this objective, the study contributes empirical evidence to support the
responsible and sustainable integration of GenAl in agro-environmental higher education,
offering a context-sensitive perspective that is particularly relevant for sustainability-
oriented educational systems in Ecuador and Latin America [23].

The remainder of this paper is structured as follows. Section 2 describes the mate-
rials and methods, including the study design, population, data collection instrument,
and statistical analysis procedures. Section 3 presents the results of the descriptive and
multivariate analyses. Section 4 discusses the findings in light of existing literature and
theoretical frameworks. Finally, Section 5 summarises the main conclusions and outlines
implications and directions for future research.

2. Materials and Methods

This section presents the methodological framework adopted to ensure the rigor, va-
lidity, and reproducibility of the research. Data collection was conducted using Microsoft
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Forms® under the institutional license held by Universidad Técnica del Norte (UTN). Math-
ematical and statistical analyses were performed using MATLAB R2025b, also accessed
through UTN’s institutional license. The section details the study design, scope and unit of
analysis, sampling strategy, instrument development, and the implementation procedure.

In alignment with the conceptual framework of the study, educational sustainability
is considered a guiding principle of the methodological design, particularly in contexts
where digital transformation intersects with environmental responsibility. In this study,
educational sustainability is understood as the ability of educational systems to maintain
high-quality, inclusive, and equitable learning processes over time, while responsibly
managing technological, social, and environmental resources. From this perspective,
sustainable education integrates pedagogical innovation and ethical digital practices to
ensure long-term societal and environmental benefits.

2.1. Study Design

The operational framework of the study defines the target population, units of analysis,
and methodological assumptions that guide the measurement of variables and structure
the sequence of technical decisions. Accordingly, the following subsections describe the pa-
rameters used for population selection and the criteria applied during the implementation
of the research design.

The research adopts a case study design focused on a single public higher education
institution. This approach is particularly suitable for the in-depth examination of emerging
educational phenomena—such as the adoption of Generative Artificial Intelligence—within
a clearly defined institutional and disciplinary context. By concentrating on the Faculty
of Agricultural and Environmental Engineering (FICAYA) at the Universidad Técnica del
Norte (UTN), the study enables a detailed analysis of usage patterns, perceptions, and
ethical considerations that would be difficult to capture through multi-institutional surveys
with limited contextual resolution.

The selection of UTN as the case institution is further justified by its long-standing
academic trajectory and consolidated role in agro-environmental education in northern
Ecuador. Since its foundation in 1986, UTN has developed one of the oldest and most
extensive portfolios of undergraduate programmes related to the agro-environmental field
in the region, positioning it as a representative and influential academic reference for this
disciplinary area [24]. Moreover, the high response rate and internal heterogeneity of
the sample strengthen the analytical robustness of the case, supporting its relevance as a
reference for comparable agro-environmental higher education contexts.

2.1.1. Population

The research adopted a quantitative, cross-sectional, and descriptive—analytical ap-
proach, designed to rigorously explore patterns of use, perception, and academic effects
of artificial intelligence (AI) tools among undergraduate students. This type of design is
particularly suitable for characterising emerging phenomena in educational contexts and
for identifying relationships among variables without direct manipulation [25].

The cross-sectional nature of the study made it possible to obtain a representative
overview of student behaviour during the first academic term of 2025. In turn, the
descriptive—analytical scope enabled the quantification of the frequency and distribution of
Al use and the examination of relationships among cognitive, attitudinal, and academic
performance dimensions, as illustrated in Figure 1.

The quantitative approach was selected for its capacity to operationalise complex
constructs—such as “perceived usefulness” and “impact on learning”—through measur-
able variables, thereby ensuring objectivity, replicability, and statistical validity. The design
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integrated multivariate and regression techniques, which enabled the identification of pat-
terns and predictive factors related to satisfaction with and effective use of Al in university
settings, while incorporating unobserved intervening (latent) variables [26].

Surveyed
93.96%

Figure 1. Survey sample distribution.

2.1.2. Institutional Context

The study was conducted in the Faculty of Engineering in Agricultural and Environ-
mental Sciences (FICAYA) at Universidad Técnica del Norte (UTN), located in Imbabura
Province, Ecuador. UTN is a public higher education institution recognised nationally for
its leadership in applied research and humanistic training. FICAYA specialises in areas
such as renewable energies, biotechnology, and agricultural and environmental sciences.

The institutional context was particularly pertinent to this research, given the uni-
versity’s promotion of the responsible use of emerging technologies and its integration
of artificial intelligence as a tool to support learning and academic innovation [27]. The
academic environment at FICAYA comprises six engineering programmes: Agroindustrial
Engineering, Agricultural Engineering, Environmental Engineering, Biotechnology, Re-
newable Energies, and Forestry. These programmes share a scientific-technical focus and
are characterised by a high level of adoption of digital tools for teaching, research, and
knowledge management.

2.1.3. Population and Sample

The target population comprised 1175 students enrolled across the six-degree pro-
grammes of the Faculty of Engineering in Agricultural and Environmental Sciences
(FICAYA) during the October 2024-February 2025 academic period. Prior to full deploy-
ment, a pilot survey was conducted to assess the operational validity of the data collection
system. This pilot, administered to 50 randomly selected students, yielded a Cronbach’s
alpha of 0.94, classifying the instrument as having high internal consistency [28].

Following validation, the questionnaire was administered to the student population,
obtaining 1104 valid responses a response rate of 93.96%, which is considered highly satis-
factory for research conducted in higher education contexts [29]. The sample included all
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degree programmes and academic levels, ensuring statistical representativeness. Demo-
graphic composition was diverse, with 55.53% women and 44.47% men, and participants
distributed from the first to the eighth level. This heterogeneity enabled analysis of the in-
fluence of level of study, academic experience, and gender on perceptions and usage habits
of Al The primary inclusion criterion was active undergraduate enrolment in FICAYA
during the study period. No exclusion criteria were established other than incomplete
responses in the digital questionnaire.

2.1.4. Rationale for the Design and Representativeness

The use of a descriptive—analytical design enabled the integration of exploratory
components, combining frequency analysis, mean comparisons, and regression models
to develop a comprehensive understanding of students” interactions with artificial intelli-
gence tools. The breadth of the sample, together with the high internal consistency of the
instrument applied (& = 0.87), ensures the external validity and reliability of the findings,
supporting their potential generalisation to similar academic contexts in Latin America [30].

For the statistical analysis, a 95% confidence level and a 5% margin of error were
established parameters widely accepted in engineering research [31]. The achieved sample
size (n = 1104) yielded statistical power greater than 0.91, ensuring the ability to detect
small to moderate effects in between-group comparisons. The methodological design
therefore adheres to the principles of rigour, precision, and replicability, which are essential
to contemporary quantitative research [32].

2.2. Data Collection and Instrument

Data were collected through a structured digital survey specifically developed for the
objectives of this research. The instrument was designed with reference to consolidated
methodological frameworks from studies on technology integration and the educational use
of artificial intelligence [33]. The questionnaire was implemented using Microsoft Forms®,
selected for its accessibility, ease of use, and compatibility with mobile devices, which
maximised coverage and student participation. Its digital format facilitated asynchronous

distribution, reduced access biases, and supported the secure management of information.

2.2.1. Instrument Design Stages

The instrument was grounded in five theoretical dimensions derived from consoli-
dated models of technology acceptance and educational use of artificial intelligence, namely
the Technology Acceptance Model (TAM) and the Unified Theory of Acceptance and Use
of Technology (UTAUT) [34]. The dimensions considered were: (i) knowledge and ac-
cess; (ii) frequency and context of use; (iii) impact on learning and academic performance;
(iv) perceived usefulness and quality; and (v) barriers or limitations. Based on these dimen-
sions, 26 items were drafted with clear wording and balanced polarity, using a five-point
Likert-type scale to measure attitudes and perceptions. In addition, multiple-choice and
open-ended questions were included to collect demographic information and concrete
examples of Al tools used by students [35].

Prior to large-scale deployment, the questionnaire underwent a pre-test and item
validation process to assess clarity, response variability, and internal coherence. A pilot
application was conducted with a group of undergraduate students representative of
different academic programmes and levels within the faculty. Feedback from this pre-test
enabled minor linguistic adjustments to improve item clarity and semantic consistency,
while preserving the original theoretical structure of the instrument. Item-level analysis
was performed to examine response distribution, variability, and item—total consistency,
ensuring that all items contributed meaningfully to their respective dimensions.
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Framework —

Instrument

Following the pilot phase, the internal consistency of the instrument was evaluated,
yielding satisfactory reliability values, which supported its suitability for full-scale appli-
cation. In the complete dataset, the construct structure of the questionnaire was further
examined using exploratory multivariate analysis, specifically Principal Component Anal-
ysis (PCA). This procedure served to identify latent dimensions underlying students’
perceptions and usage patterns of GenAl and to empirically support the coherence of the
theoretically defined domains derived from TAM and UTAUT.

The online survey format reduced time and costs, facilitated simultaneous data collec-
tion across locations, improved error control, and enabled real-time indicator generation.
This digital approach aligns with current standards in educational research that promote
virtual environments for large-scale studies [36]. Data security and confidentiality were
ensured through institutionally managed servers with encryption within the Microsoft

®

Forms™ environment.

2.2.2. Data Analysis

To enhance the clarity, transparency, and reproducibility of the research design, Fig-
ure 2 presents a methodological framework diagram that summarises the main stages of
the study. The diagram illustrates the logical sequence from the theoretical foundations
and instrument design to data collection, preprocessing, statistical analysis, and interpre-
tation of results, highlighting the interconnections among the different methodological
components and providing an overview of the research workflow.

Pre-test and Data Data Outputs &

Design . Validation Collection = Prepocessing Interpretation

Figure 2. Methodological framework of the study.

Following the workflow depicted in Figure 2, statistical analysis was conducted in
MATLAB R2025a using customised scripts developed for this study, integrating (i) data
preprocessing, (ii) validation, and (iii) the application of multiple statistical techniques
to ensure the robustness and reproducibility of the results. Data imported from Excel
files were validated through the conversion of Likert-scale responses to numerical values
(1-5), handling of missing data via pairwise deletion, verification of record integrity and
completeness, and demographic categorisation with systematic variable labelling.

The internal consistency of the survey instrument was assessed using Cronbach’s
alpha coefficient [37], a widely accepted measure of scale reliability. Cronbach’s alpha
values were interpreted according to conventional thresholds: values below 0.60 indicate
poor reliability, 0.60-0.69 questionable reliability, 0.70-0.79 acceptable reliability, 0.80-0.89
good reliability, and values equal to or greater than 0.90 indicate excellent reliability. The
results demonstrated satisfactory to excellent internal consistency across all theoretical
dimensions, as summarised in Table 1.

Table 1. Reliability Analysis Table.

Dimension Cronbach’s « Interpretation
Knowledge and Access 0.862 Good reliability
Frequency of Use 0.853 Good reliability
Outcomes and Benefits 0.958 Excellent reliability
Concerns and Barriers 0.810 Good reliability
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Subsequently, the data analysis comprised two main stages, consistent with the
methodological framework. First, descriptive statistics were used to characterise the sample
through means, standard deviations, and frequency distributions. Second, inferential statis-
tics included analysis of variance (ANOVA) for between-group comparisons across degree
programmes, Pearson’s correlation analysis to identify associations among variables, and
multivariate techniques such as multiple linear regression, k-means clustering, and path
analysis to evaluate mediation effects.

Additionally, data normality was assessed using the Kolmogorov—Smirnov test. Ef-
fect sizes (Cohen’s d and n?) and confidence intervals were calculated to support the
interpretation of statistical significance, and a statistical power greater than 0.913 was
achieved. Overall, this analytical framework ensured a high level of methodological rigour,
transparency, and reliability in the reported findings.

3. Results

The analysis of the collected data made it possible to characterise the habits of use,
perceptions, and barriers related to GenAl among students of the FICAYA-UTN. The
results are presented according to the five theoretical dimensions that structured the instru-
ment: (i) knowledge and access, (ii) frequency and context of use, (iii) impact on learning,
(iv) perceived usefulness and quality, and (v) barriers or limitations. Descriptive and
inferential analyses were applied in all cases, using a 95% confidence level.

3.1. Sample Characterisation

The analysed population consisted of undergraduate students from the six academic
programmes of FICAYA, representing approximately 94% of the faculty’s student body. Of
the total participants, 55.5% were women and 44.5% men, with a mean age of 21.3 years,
reflecting a young university population in the process of professional training. Regarding
academic level, 21.7% of respondents were in the first two years of study (1st-2nd), 28.5%
in intermediate levels (3rd—4th), 23.5% in advanced levels (5th-6th), and 26.3% in final
levels (7th-8th). This distribution indicates a balanced representation between-early and
late-stage students, with a slight predominance of intermediate and upper levels, as shown
in Table 2.

Table 2. Demographic characteristics of the sample.

Variable Categories Frequency (%)
Gender Male 445
Female 55.5
Academic Level 1st-2nd 21.7
3rd—4th 28.5
5th-6th 23.5
7th-8th 26.3

The distribution of participants by degree programme is presented in Figure 3, which
illustrates the representative participation of all disciplines within the faculty, thereby
reinforcing the validity and comprehensiveness of the results obtained [38].

The exploratory factor analysis (principal component method) applied to the
26 variables identified three factors explaining 67% of the total variance, providing a
compact representation of the phenomenon under study, as illustrated in Figure 4.
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Figure 4. Analysis for selection of the principal components: (a) Kaiser criterion for component
selection; (b) cumulative variance 80% Criterion.

3.2. Use of Artificial Intelligence

The frequency analysis indicated that the most widely used GenAlI tool among stu-
dents was ChatGPT (54.2%), establishing itself as the main source of academic support. Its
use was primarily focused on report writing, idea generation, understanding of technical
concepts, and solving practical exercises. The ease of access, rapid response time, and
adaptability across different fields of knowledge explain its broad adoption within the
student community, as shown in Figure 5.
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Figure 5. Al tool usage distribution.

In second place, Gemini accounted for 11.9% of reported use, while other platforms
such as Perplexity Al and You.com each registered shares below 10%, indicating that usage
is concentrated in a small number of widely recognised, general-purpose tools. Regarding
the perceived impact on academic performance, 62.5% of respondents stated that GenAl
tools significantly improved their conceptual understanding and task efficiency; 27.8%
reported a moderate impact or one contingent on the type of activity; and only 9.7%
indicated no meaningful change, as shown in Figure 6.

No Relevant Changes
9.7%

ate Impact
7.8%

Significant Imp
62.5%

Figure 6. Distribution of student-reported academic impact from Generative Al usage.

The perceived usefulness reached a mean of 4.71 out of 5, and overall satisfaction with
the use of these tools was 2.55 out of 3, reflecting a positive appraisal of GenAl as a learning
support. These results are consistent with recent studies highlighting the transformative
role of artificial intelligence in higher education [39].

3.3. Principal Component Analysis (PCA)

The Principal Component Analysis (PCA) reduced data variability to three principal
components that jointly explain 67% of the total variance, supporting the adequacy of
the retained dimensional structure, as shown in Figure 7. This variance-based result
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establishes the statistical basis for examining the relationships among variables related to
the perception, use, and impact of Generative Artificial Intelligence (GenAl). Accordingly,
the subsequent analysis focuses on the loading patterns of these components to identify how
the variables cluster and interact, providing the empirical foundation for the interpretation

presented in the following section.

60

—@— Individual Variance
—&— Cumulative Variance
| O datat

Individual Explained Variance (%)

3 Components
(67.0%)

100

- 90

Cumulative Explained Variance (%)

o- @

Component Number

Figure 7. Explained variance by component.

A Principal Component Analysis (PCA) was applied to identify coherent groupings
among 26 indicators related to the perception, use, and impact of artificial intelligence,
previously classified into 11 conceptual categories, as shown in Table 3.

Table 3. Variable Classification by Conceptual Domains in AI Educational Integration Study.

Categories Variables Label
. Var 1 Familiarity Al
General Experience Var 2 Tools Access
- Var 3 University Promotion
Institutional Support Var 4 Information Received
Var 5 Ease of Use
s Var 6 Virtual Tutoring
Usability Var 7 Use for Doubts
Var 8 Time Organisation
. . Var 9 Quick Search
Functionality Var 10 Complex Tasks
Usage Frequency Var 11 Weekly Use
Var 12 Understanding Improvement
Var 13 Performance Increase
Academic Outcomes Var 14 Personalization
Var 15 Difficult Concepts
Var 16 Feedback
. Var 17 Reliability
Confidence Var 18 Career Alignment
Var 19 Satisfaction
Satisfaction Var 20 Work Quality
Var 21 Time Efficiency
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Table 3. Cont.

Categories Variables Label
Difficulties Var 22 Usage Difficulty
Var 23 Critical Thinking Concern
Concerns Var 24 Privacy Concern
Var 25 Creativity Concern
Limitations Var 26 Limited Access

Based on this classification, the relationships among the indicators were assessed
through the PCA. This analysis made it possible to identify which indicators had the
greatest influence on the use of Al in higher education. The results are presented
in Figure 8.

0.6

=3
3]
T

=3
=
T

=3
w
T

Component Loading
s o o
e o = N
T T

Figure 8. Top 8 Variables by principal component loadings.

The results showed that these variables could be organised into three principal compo-

nents PC1 (Effectiveness and Satisfaction with AI), PC2 (Institutional Access and Support),

and PC3 (Ethical Concerns versus Operational Benefits) which together explained a cu-

mulative variance of 67%, reflecting a statistically consistent and significant structure, as

illustrated in Figure 9.

Understanding Improvement
Performance Increase
Personalization
Difficult Concepts
Feedback

Critical Thinking Concern
Privacy Concern
Creativity Concern
Usage Difficulty
Quick Search
Complex Tasks
Familiarity Al

Tools Access
University Promotion
Information Received
Limited Access
Satisfaction

Work Quality

Time Efficiency
Reliability

Career Alignment
Ease of Use

Virtual Tutoring

Use for Doubts

Time Organization
Weekly Use

Variables (Grouped by Categories)
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|
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Principal Components

PC3 (7.5%)

Figure 9. Heatmap of principal component loadings for the three retained components: PC1 (Effec-

tiveness and Satisfaction with Al), PC2 (Institutional Access and Support), and PC3 (Ethical Concerns
versus Operational Benefits).
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3.4. Description and Interpretation of the Principal Components
3.4.1. PC1: Effectiveness and Satisfaction with Al

The first component explained 50.1% of the total variance and groups variables reflect-
ing a favourable perception of GenAl use in academic settings. The highest factor loadings
corresponded to quality of work (0.223), time efficiency (0.218), personalisation (0.218),
reliability (0.218) and programme fit (0.216). These indicators show that students perceive
GenAl as an effective tool to improve the organisation of learning, productivity, and the
quality of academic performance, thereby increasing satisfaction with formative activities.

Interpretively, this component indicates that integrating Al into educational processes
fosters a positive appraisal grounded in its practical utility and the perceived benefits for
the development of academic and professional competences. Perceptions of effectiveness
and satisfaction suggest that students not only accept the technology but also recognise
it as a complementary resource to optimise autonomous learning and the resolution of
complex tasks. Moreover, its application in environmental fields enables access to consistent,
comparative information, supporting the analysis of diverse sustainability scenarios and
strengthening the training of professionals capable of linking technological innovation with
responsible environmental management.

3.4.2. PC2: Access and Institutional Support

The second component explained 9.4% of the variance and groups variables related to
institutional backing, technological accessibility, and academic communication. The largest
positive loadings were associated with access to tools (0.493), information received (0.456)
and university promotion (0.420), whereas negative loadings were linked to concerns
about creativity (—0.157), critical thinking (—0.151) and privacy (—0.146). This pattern
suggests that stronger institutional support is associated with a lower perception of ethical
and cognitive risks, thereby reinforcing student confidence and the university’s digital
culture [40].

3.4.3. PC3: Ethical Concerns and Operational Benefits

The third component, which accounted for 7.5% of the variance, represents the tension
between functional advantages and ethical concerns arising from the use of GenAl. Positive
loadings were associated with privacy concerns (0.479), creativity (0.476), and critical
thinking (0.440), whereas negative loadings corresponded to personalisation (—0.129) and
time efficiency (—0.135). These results reveal that, although students acknowledge the
practical benefits of GenAl, they maintain ethical reservations related to cognitive autonomy,
originality, and personal data protection underscoring the need for ethical training and
digital literacy.

3.5. Interaction of Variables and Cluster Analysis

The three identified factors jointly explain 67% of the total variability, indicating
that effectiveness and satisfaction with GenAl is the most influential dimension in the
acceptance of these tools, followed by institutional support and the coexistence of practical
benefits with ethical dilemmas. The latter are directly related to sustainability and the
environmental domain—the core axis of training and research for students in agricultural
and environmental engineering. This linkage illustrates how interaction with GenAl is
functionally integrated into their formative process, enhancing the application of technology
within their professional field. The representation of this relationship is shown in Figure 10.
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Figure 10. Factor loadings of variables by principal component: (a) PC1 (50.1%) AI Efficacy and

Satisfaction; (b) PC2 (9.4%) Institutional Access and Support; (c) PC3 (7.5%) Ethical Concerns vs.
Operational Benefits.

Pearson’s correlations showed positive associations between level of knowledge and
perceived impact on learning (r = 0.68, p < 0.001), as well as between frequency of use
and overall satisfaction (r = 0.54, p < 0.01). The main barriers identified were difficulty
of use (61.2%), privacy concerns (69.4%), and the effect on critical thinking (70.2%). The
k-means clustering (k = 2) segmented users into two groups: Integrators (52.8%), charac-
terised by high frequency of use and a positive perception of learning; and Cautious
users (44.7%), with lower frequency of use and greater ethical or technical concerns.
Taken together, the results indicate that GenAl is widely disseminated among univer-
sity students, with a predominantly positive perception of its contribution to learning and
academic performance.

From an educational sustainability perspective, this segmentation reflects varying lev-
els of green digital literacy and technological adaptation within the university community.
Integrators represent a potential driver of sustainable innovation in agro-environmental
domains, whereas Cautious users highlight the need to strengthen ethical and technical
training for the responsible use of Al In this sense, GenAl emerges not only as an academic
support tool but also as a strategic component for technological resilience and digital equity
in higher education particularly in disciplines focused on the sustainable management of
natural resources and responsible agricultural production.

4. Discussion

The findings provide insight into the influence of Generative Artificial Intelligence
(GenAl) on agro-environmental higher education in Ecuador, using FICAYA-UTN as a case
study. The results reveal high adoption of GenAl tools, led by ChatGPT, alongside a gener-
ally positive perception of their academic impact, while also identifying ethical tensions
and institutional constraints that limit full integration. These outcomes underscore the
importance of aligning digital innovation with educational and social sustainability princi-
ples, fostering green digital literacy linked to environmental responsibility and territorial
development [41].

From a theoretical perspective, the results can be interpreted through the Technology
Acceptance Model (TAM) and the Unified Theory of Acceptance and Use of Technology

https://doi.org/10.3390/su18020587


https://doi.org/10.3390/su18020587

Sustainability 2026, 18, 587

15 of 23

(UTAUT). The first principal component effectiveness and satisfaction corresponds to
TAM constructs of perceived usefulness and perceived ease of use, indicating that GenAl
adoption is primarily driven by perceived functional and cognitive benefits. The second
component institutional access and support reflects UTAUT dimensions such as facilitating
conditions and social influence, highlighting the role of organisational context in shaping
adoption behaviours. The third component ethical concerns versus operational benefits
introduces normative considerations, including privacy, creativity, and critical thinking,
suggesting that GenAl adoption is mediated by students” awareness of responsible and
sustainable use [42].

Finally, the distinction between Integrators and Cautious Users reinforces the explana-
tory power of TAM and UTAUT, illustrating how differences in perceived usefulness,
institutional support, and ethical sensitivity translate into distinct adoption patterns within
sustainability-oriented educational contexts.

4.1. Predominance of ChatGPT and Convergence with Global Trends

The predominance of ChatGPT (54.2%), followed by Gemini (11.9%) and other plat-
forms (11.4%), is consistent with international research, where ChatGPT has consolidated
its position as the most widely used tool in university settings [43]. This pattern reflects a
global trend towards technological concentration, in which a small number of platforms
dominate the digital ecosystem due to their functional versatility and responsiveness [44],
supporting their effectiveness for optimising academic tasks and facilitating the resolution
of complex problems [45].

In agro-environmental education, this trend translates into leveraging GenAl to inter-
pret climate data, process soil information, draft technical reports, and design sustainability
strategies. However, concentrating use on a single tool may limit analytical diversity
and reduce the technological resilience of institutions, constraining the development of
critical competences across different AI models [46]. Given that generative systems are
non-deterministic and may produce multiple responses to the same input, it is essential to
strengthen the technical and ethical judgement of future agricultural and environmental
engineers to scrutinise, contrast, and validate generated information [47]. This will ensure
that GenAl contributes not only to academic efficiency, but also to institutional sustain-
ability and the development of resilient digital infrastructures, in alignment with SDG 9
objectives [48].

4.2. Latent Structure of GenAl Use

The Principal Component Analysis (PCA) revealed three dimensions explaining 67%
of the total variance: effectiveness and satisfaction with Al (50.1%), institutional access
and promotion (9.4%), and ethical concerns versus operational benefits (7.5%). These
findings indicate a broad yet predominantly self-taught adoption among FICAYA students,
contrasting with international universities where formal training programmes and ethical
guidelines are already established [45].

Institutional mediation emerges as a key factor in guiding responsible use and en-
hancing the pedagogical effectiveness of GenAl [47]. However, this positive perception
coexists with critical viewpoints: international studies report that 69% of students reject the
idea that Al tutors can match human feedback, 81% oppose replacing textbooks, and 87%
disapprove of substituting face-to-face classes, while 98% acknowledge the importance
of conscious and responsible use [49]. This perceptual duality highlights recognition of
Al’s potential as a complementary tool for personalised learning, alongside the need to
preserve the ethical and human dimension of knowledge, essential for cognitive and social
sustainability in higher education [48].
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The second component underscores the importance of institutional support. Greater
access and university promotion are associated with lower ethical and cognitive concerns,
reinforcing the role of universities in technological mediation and in building a responsible
digital culture. Previous research demonstrates that institutional training can increase
confidence in using tools such as ChatGPT by up to 30%, improving both teaching skills and
educational experience. Nevertheless, these initiatives must be balanced with challenges
related to academic integrity, algorithmic transparency, and linguistic fairness [50]. In agro-
environmental contexts, such balance is crucial to ensure that Al contributes to ecological
sustainability and the ethical use of environmental information, avoiding biases that could
distort decision-making regarding natural resource management or the implementation of
sustainable agricultural practices [51].

4.2.1. Effectiveness and Satisfaction with Al

The first component, explaining 50.1% of the variance, groups indicators related to time
efficiency, quality of work, personalisation of learning, and overall satisfaction. Students
perceive GenAl as an effective tool for optimising academic performance, organising time,
and understanding complex technical concepts. These findings align with studies reporting
significant increases in performance and motivation among groups using Al compared
with control groups, with average improvements of 18.1/100 points [39].

However, this positive appraisal must be interpreted with caution, as there is a risk of
technological overreliance that could weaken synthesis, reasoning, and critical thinking
skills [52]. From an educational sustainability perspective, this observation emphasises
the need to develop active methodologies that balance technological efficiency with the
long-term strengthening of cognitive and ethical competences [53]. Accordingly, uni-
versities should integrate active learning strategies and reflective assessment practices
that preserve the centrality of human judgement and environmental responsibility in
professional training.

4.2.2. Access and Institutional Promotion

The second component (9.4%) reflects the influence of institutional support, techno-
logical accessibility, and academic promotion on students’ perceptions. The results show
that greater institutional backing is associated with fewer ethical and cognitive concerns,
thereby strengthening confidence in the use of GenAl [54]. Nevertheless, these initiatives
must be balanced with risks related to academic integrity, model transparency, algorith-
mic bias, and linguistic fairness [55]. n this way, institutional support not only enhances
academic performance but also fosters technological and educational sustainability within
universities, aligning teaching practices with Sustainable Development Goals (SDGs) 4 and 9.

4.2.3. Ethical Concerns Versus Operational Benefits

The third component (7.5%) describes the tension between functional benefits and eth-
ical dilemmas derived from the use of GenAl. Students recognise that these tools facilitate
the automation and personalisation of learning, yet they also express concern regarding
data privacy, creativity, critical thinking, and cognitive autonomy [55,56]. This finding
aligns with international trends warning of excessive dependence on automated systems
and the potential atrophy of cognitive skills when intellectual tasks are externalised [10].

In the context of agricultural and environmental sciences, such concerns are magni-
fied, as Al may process sensitive information related to natural resources, biodiversity,
emissions, or agricultural productivity. Consequently, the need for critical and environ-
mental digital literacy is reaffirmed one focused on discernment, source verification, and
ethical awareness.
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The coexistence of benefits and concerns demonstrates that the impact of GenAl is not
univocal but rather depends on institutional implementation conditions, level of training,
and the ethical orientation of educational programmes [57]. This evidence indicates that
technological sustainability in higher education extends beyond access to tools; it involves
building a culture of digital and environmental responsibility that guides their use.

4.3. User Profiles: Integrators and Cautious Users

The cluster analysis identified two distinct user profiles Integrators (52.8%) and Cau-
tious Users (44.7%). The former are characterised by high frequency of use and a positive
assessment of GenAl, whereas the latter display moderate use and greater ethical or techni-
cal concerns. This segmentation confirms the heterogeneity of adoption practices previously
observed in studies on technological integration [58].

In the agro-agricultural and environmental context, Integrators use GenAl to support
academic activities related to their disciplines, such as modelling crop yields, optimising
energy processes, or analysing climate variables. In contrast, Cautious Users require
gradual support that combines technical training with ethical education.

This differentiated approach helps to reduce digital divides, strengthen technological
inclusion, and consolidate a scientific and sustainable culture [59]. Moreover, the identified
profiles offer an opportunity to design adaptive educational sustainability strategies: In-
tegrators can lead green innovation processes, while Cautious Users can be empowered
through digital equity policies.

4.4. International Data Comparison

The positive perceptions identified in this study, particularly regarding improvements
in conceptual understanding (74.6%) and task efficiency (69.1%), are consistent with inter-
national evidence reporting similar educational benefits derived from the use of Generative
Artificial Intelligence (GenAl), albeit with slightly higher levels of acceptance and perceived
accuracy in more technologically consolidated contexts [50]. These differences can be par-
tially explained by structural factors such as limitations in technological infrastructure,
heterogeneous levels of digital literacy, and the absence of comprehensive national policies
on artificial intelligence in education, which continue to constrain large-scale integration in
several South American countries [60].

Within the Latin American context, comparable studies conducted in countries such
as Mexico, Colombia, Brazil, and Argentina highlight the growing incorporation of Al
tools within Education 4.0 frameworks, emphasising their role in personalised learning
and innovative pedagogical practices [61]. However, these studies also report persistent
challenges, including insufficient teacher training and pronounced technological gaps,
which moderate the impact of Al adoption across the region. Despite these constraints,
positive perceptions among students remain a common finding, reinforcing the relevance
of GenAl as a supportive educational resource.

In this context, the results obtained at FICAYA-UTN provide context-sensitive empiri-
cal evidence of GenAl adoption in a resource-constrained agro-environmental educational
setting, complementing regional findings and extending them to disciplines closely linked
to sustainable development. In line with previous research reporting positive impacts of
Al tools on academic research productivity, particularly through improved information
management, writing efficiency, and reference handling [62], this study highlights the
potential of GenAl to contribute to the democratisation of knowledge and the optimisa-
tion of agro-environmental processes. These aspects are especially relevant for reducing
innovation gaps in strategic sectors such as agriculture and livestock production in Latin
America [63]. Compared to existing regional studies, the findings from FICAYA-UTN
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extend current evidence by explicitly focusing on an agro-environmental and sustainability-
oriented educational context.

4.5. Institutional and Pedagogical Implications

Drawing on the results, several practical implications emerge for strengthening higher
education in the context of generative artificial intelligence (GenAl). First, there is a need to
promote digital and ethical literacy in Al, embedding in university curricula programmes
oriented towards the responsible use of these technologies, the verification of generated
information, and an understanding of the epistemic limits of GenAlI [54].

Second, it is important to ensure equitable access, promoting equal opportunities
through the provision of institutional licences or the adoption of open alternatives that
facilitate access to advanced tools [64]. Likewise, the implementation of adaptive academic
assessment is recommended centred on creativity, critical thinking, and problem-solving
using oral defences or reflective rubrics as instruments to enhance assessment authenticity [54].

Finally, longitudinal monitoring of Al use is advised, through the development of track-
ing systems that relate its application to academic performance, cognitive competences, and
academic integrity [65]. Taken together, these actions will strengthen institutional capacity
to integrate GenAl ethically, critically, and sustainably, contributing to the achievement of
the Sustainable Development Goals (SDGs)—in particular SDG 4 (Quality Education), SDG
9 (Industry, Innovation and Infrastructure), and SDG 13 (Climate Action) [66].

4.6. Limitations and Scope

Although the findings of this study are derived from a single institutional context,
they are not intended to provide direct statistical generalisation to the entire Ecuado-
rian higher education system. Instead, the results support an analytical generalisation,
identifying patterns, relationships, and latent structures that are theoretically transfer-
able to comparable public universities with similar socio-economic, technological, and
disciplinary characteristics.

The focus on an agro-environmental faculty is particularly relevant within the Latin
American context, where agriculture and environmental management play a strategic
role in national and regional development. In the province of Imbabura, agricultural and
agro-livestock activities generate direct employment for more than 33% of the economically
active population, highlighting the importance of strengthening professional training in
this sector. From this perspective, the integration of Generative Artificial Intelligence
tools in agro-environmental higher education has the potential to support professional
development, innovation capacity, and more efficient decision-making processes aligned
with territorial and productive [67].

Nevertheless, one of the main limitations identified is the still limited institutional and
regulatory dissemination of artificial intelligence technologies for systematic application in
the agricultural sector in Ecuador. This constraint affects not only the scope of technology
adoption among students and professionals but also the pace at which Al-based tools can
be incorporated into productive and sustainability-oriented practices [68]. Additionally,
the case study design restricts the external validity of the findings, as variations across
regions, institutions, and disciplinary contexts may influence adoption patterns.

Future research should extend this approach through multi-institutional and longitu-
dinal designs, incorporating diverse regional contexts and productive sectors. Such studies
would allow a more comprehensive assessment of external validity and provide stronger
evidence to inform national strategies for the responsible integration of artificial intelligence
in agro-environmental education and agricultural development.
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5. Conclusions

The study revealed widespread adoption of generative artificial intelligence (GenAl)
tools among students of the Faculty of Engineering in Agricultural and Environmental
Sciences (FICAYA-UTN), with ChatGPT as the predominant platform (54.2%), followed
by Gemini (11.9%) and other applications (~11.4%). The k-means cluster analysis (k = 2)
identified two user profiles: Integrators (52.8%), characterised by high frequency of use and
a positive perception of academic impact, and Cautious users (44.7%), with lower frequency
and greater ethical or technical reservations. This segmentation reflects a heterogeneous
adoption influenced by levels of digital literacy, technological confidence, and institutional
mediation. Nonetheless, it demonstrates that GenAl has already become an integral part of
academic practice in agro-environmental disciplines, supporting the transition towards a
more innovative and sustainable educational model.

The results show that 62.5% of respondents reported overall improvements in un-
derstanding and efficiency, while by specific dimension, 74.6% indicated greater con-
ceptual understanding and 69.1% higher task efficiency. These effects are particularly
relevant to agricultural and environmental sciences, where problem-solving requires in-
tegrating technical information across biological, climatic, energetic, and geospatial do-
mains. The perceived usefulness (94.2%) and overall satisfaction (85%) confirm that GenAl
acts as a cognitive and ecological mediator, improving time management, autonomous
learning, and the assimilation of interdisciplinary content linked to productive and
environmental sustainability.

From an educational sustainability perspective, these findings consolidate the value
of GenAl as a tool to promote green digital competences, critical thinking, and efficient
resource use—key elements of SDGs 4 and 9. The Principal Component Analysis (PCA)
revealed three dimensions explaining 67% of the total variance in GenAl assimilation:
effectiveness and satisfaction (50.1%), access and institutional support (9.4%), and ethical
concerns versus operational benefits (7.5%). This structure shows that the acceptance of
GenAlI depends both on its practical utility in scientific-technical learning processes and on
institutional support and ethical management regarding data privacy, creativity, and cogni-
tive autonomy. The balanced integration of these factors will be decisive in consolidating
cognitive and social sustainability within agro-environmental higher education.

Despite progress in GenAl adoption, significant barriers persist—related to critical
thinking (70.2%), data privacy (69.4%), and usability difficulties (61.2%). These limita-
tions reveal the urgent need for digital and ethical literacy programmes tailored to agro-
environmental professional competences, such as experimental data analysis, production
system modelling, and ecological impact assessment. Inclusive institutional policies are
also required to ensure equitable access to advanced tools, accompanied by adaptive as-
sessment methods that foster reflection, creativity, and problem-solving with a sustainable
territorial focus.

From a regional and disciplinary standpoint, these results provide novel empirical
evidence on the relationship between artificial intelligence and educational sustainability
in Latin America, where universities face structural and economic conditions distinct from
those of the Global North. In this regard, the critical, ethical, and contextual integration
of GenAl emerges as an essential strategy to strengthen agro-environmental education,
modernise applied research approaches, and promote the adoption of clean technologies
that address climate change challenges. When properly managed, GenAl can become
a catalyst for green innovation, connecting university digitalisation with environmental
sustainability objectives and responsible regional development.

Finally, future research should adopt longitudinal and experimental designs incor-
porating objective metrics of academic performance, environmental impact, and the ac-
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quisition of sustainable professional competences. It is also recommended to evaluate the
effectiveness of institutional green digital literacy programmes and ethical Al education
policies. Overall, the results confirm that generative artificial intelligence constitutes a
strategic resource for educational innovation and ecological transition, provided its imple-
mentation is guided by the principles of responsibility, equity, ethics, and critical thinking,
in alignment with the Sustainable Development Goals (SDGs) and the institutional sustain-
ability frameworks of Ecuador’s higher education system.
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