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Abstract

Geospatial technologies are increasingly transforming education by enabling learners to visualize spatial relationships, analyze environmental
information, and engage with complex real-world problems. Their integration with sustainability and engineering education provides
opportunities to develop spatial thinking and environmentally informed decision-making. Despite growing evidence of the educational benefits
of GIS, remote sensing, Google Earth, and related technologies, existing research remains fragmented across spatial thinking, environmental
literacy, sustainability education, and climate-resilient engineering. This study aims to synthesize existing evidence and examine the pathway
from geospatial visualization and spatial thinking to environmental understanding, sustainability competencies, and climate-resilient
engineering decision-making. The study proposes an integrated educational perspective connecting geospatial literacy with environmental,
climate, and engineering competencies rather than examining these outcomes independently. A structured literature-based synthesis was
undertaken covering research on GIS, remote sensing, spatial thinking, geospatial literacy, environmental literacy, climate literacy, sustainability
education, and technology-enabled resilience planning. The synthesis demonstrates that geospatial technologies strengthen spatial reasoning,
visualization, critical thinking, environmental understanding, systems thinking, and problem-solving. Their effectiveness is enhanced through
inquiry-, project-, problem-, and STEM-based learning. Integration with Al, machine learning, remote sensing, and climate modelling further
supports predictive and scenario-based decision-making.

Keywords: Geospatial Technologies, Spatial Thinking, Sustainability Education, Climate Literacy, Resilient Engineering.
Highlights

Geospatial learning strengthens spatial and sustainability competencies.

GIS connects environmental understanding with engineering decision-making.

Al-enabled geospatial education supports climate-resilient planning.

Introduction

learners to move beyond conventional two-dimensional repre-
sentations by integrating maps, imagery, environmental datasets,
and spatial relationships within interactive learning environ-
ments [1]. The educational application of GIS has been associat-
ed with improvements in spatial reasoning, map interpretation,
visualization, and problem-solving, allowing students to investi-
gate authentic geographical phenomena through evidence-based

Geospatial technologies have become increasingly important
in contemporary education because they provide powerful mech-
anisms for representing, analyzing, and interpreting spatial infor-
mation across environmental, geographical, architectural, and en-
gineering contexts. Geographic Information Systems (GIS), remote
sensing, virtual globes, and other geospatial platforms enable
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approaches [2]. Spatial thinking is particularly important because
it involves the ability to use spatial concepts, representations, and
reasoning processes to understand relationships between ob-
jects, locations, patterns, and processes [3]. Research has further
demonstrated that exposure to GIS-based learning can produce
measurable improvements in students’ spatial thinking abilities,
including their capacity to interpret spatial information and for-
mulate solutions to geographical problems [4]. The use of Google
Earth and other three-dimensional geospatial environments has
similarly supported spatial visualization, mental rotation, and
learning achievement among students [5]. These developments
indicate that geospatial technologies are not merely technical in-
struments for map production but increasingly function as cog-
nitive learning environments that support higher-order thinking.
Their integration into education therefore provides an opportuni-
ty to strengthen spatial literacy while simultaneously connecting
theoretical knowledge with real-world environmental and spatial
problems.

The educational significance of geospatial technologies ex-
tends beyond spatial competence because contemporary envi-
ronmental challenges require learners to understand complex
interactions between human activities, ecological systems, cli-
mate processes, and built environments. Sustainability education
increasingly emphasizes systems thinking, critical thinking, prob-
lem-solving, futures thinking, and the ability to translate knowl-
edge into informed action [6]. Geospatial learning can contribute
to these competencies by allowing students to visualize environ-
mental change, investigate spatial patterns, analyze relationships
between human and natural systems, and evaluate alternative
responses to sustainability challenges [7]. Empirical studies have
reported that integrating geospatial technologies into sustain-
ability education can improve students’ strategic thinking, per-
ceived sustainability competencies, engagement, and interest in
sustainability-related learning [8]. GIS-supported environmental
education has also demonstrated potential for strengthening in-
terdisciplinary learning by connecting spatial information with
social, environmental, and sustainability dimensions of contem-
porary problems [9]. Similarly, project-based, problem-based, in-
quiry-based, and STEM-oriented approaches have been identified
as effective pedagogical strategies for developing spatial thinking
when combined with geospatial technologies [10]. Climate litera-
cy represents another important dimension because understand-
ing climate processes and their consequences requires learners
to interpret spatial and temporal information and recognize rela-
tionships between environmental conditions and human vulnera-
bility [11]. The growing integration of remote sensing, GIS, artifi-
cial intelligence, and big-data analytics further enables learners to
investigate climate risks using increasingly sophisticated datasets
and analytical approaches [12]. Consequently, geospatial educa-
tion can provide an important bridge between spatial literacy,
environmental literacy, climate literacy, and sustainability-orient-
ed competencies. This integration is particularly relevant for en-

gineering and architectural education, where future profession-
als must increasingly incorporate environmental risks, resource
constraints, and climate considerations into planning and design
decisions.

The transition from geospatial learning toward sustainable
engineering competency is particularly significant in the context
of accelerating urbanization, climate change, environmental deg-
radation, and increasing infrastructure vulnerability. Conventional
educational approaches often separate technical knowledge from
environmental and spatial decision-making, limiting students’ op-
portunities to understand how engineering interventions interact
with complex geographical systems. Geospatial technologies pro-
vide an alternative by integrating spatial datasets, environmental
observations, infrastructure information, and analytical models
within a common decision-support environment [13]. GIS-based
learning has been shown to strengthen critical thinking and geo-
graphic problem-solving by requiring students to formulate ques-
tions, analyses evidence, interpret spatial relationships, and de-
velop alternative solutions [14]. The incorporation of geospatial
technologies into climate-resilience education can further expose
learners to flood susceptibility, heat stress, land-use change, en-
vironmental vulnerability, and other spatially differentiated risks
[15]. Recent developments in GeoAl demonstrate the potential to
combine artificial intelligence with spatial information for predic-
tive environmental analysis, climate-risk assessment, infrastruc-
ture planning, and resource management [16]. Remote sensing
and machine-learning approaches similarly provide opportuni-
ties to analyze climate vulnerability and built-environment char-
acteristics, particularly in regions where conventional datasets
are limited [17]. These developments suggest a progressive
competency pathway in which geospatial visualization develops
spatial reasoning, spatial reasoning strengthens environmental
understanding, and environmental understanding supports evi-
dence-based spatial decision-making. For engineering students,
this pathway can ultimately contribute to more sustainable,
adaptive, and climate-resilient infrastructure planning and de-
sign [18]. Nevertheless, the literature remains fragmented across
geography education, environmental education, sustainability
education, and engineering applications, with comparatively lim-
ited synthesis of how these domains can be connected through
geospatial learning. Addressing this fragmentation is essential for
establishing a coherent educational framework capable of linking
spatial intelligence with sustainability and climate-resilient engi-
neering practice.

Against this background, the present study addresses the
problem of fragmented integration between geospatial education,
spatial thinking, environmental literacy, sustainability competen-
cies, and climate-resilient engineering decision-making. Although
existing studies provide substantial evidence regarding the ed-
ucational benefits of GIS and related technologies, much of the
literature examines individual outcomes such as spatial thinking,
critical thinking, environmental awareness, or technological pro-

How to cite this article: Adnan A, Mahin J, Zeenat K, Haroon |, Daud K. GIS-Enabled Civil Engineering Education: Advancing Spatial Thinking,
Sustainability, and Climate-Resilient Decision-Making. Open Access J Educ & Lang Stud. 2026; 3(5): 555623. DOI: 10.19080/0AJELS.2026.03.555623


http://dx.doi.org/10.19080/OAJELS.2026.03.555623

Open Access Journal of Education & Language Studies

ficiency rather than examining their progression as interconnect-
ed competencies. The aim of this study is therefore to synthesize
the existing evidence and establish a conceptual pathway from
geospatial visualization and spatial literacy toward environmen-
tal understanding, sustainability competencies, and climate-re-
silient engineering decision-making. The novelty of the study lies
in bringing these previously dispersed educational dimensions
together within an integrated geospatial learning perspective
that connects cognitive spatial development with environmental
and engineering applications. Methodologically, the study adopts
a structured literature-based synthesis of research addressing
GIS, remote sensing, Google Earth, spatial thinking, geospatial
literacy, environmental literacy, climate literacy, sustainability
education, and technology-enabled climate-resilient planning,
with evidence interpreted comparatively across educational and
applied contexts. The synthesis examines recurring educational
outcomes, technological approaches, pedagogical strategies, im-
plementation challenges, and emerging opportunities to identify
relationships between geospatial learning and sustainability-ori-
ented competencies. The findings demonstrate that geospatial
technologies can support a progression from visualization and
spatial reasoning to environmental interpretation, systems think-
ing, problem-solving, and evidence-based decision-making. The
analysis further indicates that project-based, inquiry-based, prob-
lem-based, and STEM-oriented pedagogies strengthen the edu-
cational effectiveness of geospatial technologies by connecting
digital spatial analysis with authentic environmental and societal
challenges. It also highlights the growing potential of integrating
GIS with remote sensing, artificial intelligence, machine learning,
big-data analytics, and climate modelling to support predictive
and scenario-based learning. Overall, the study establishes geo-
spatial education as a potential foundation for developing spa-
tially literate, environmentally informed, sustainability-oriented,
and climate-resilient professionals capable of addressing complex
twenty-first-century engineering challenges.

Geospatial Technologies for Environmental, Earth-Sys-
tem and Civil Engineering Education

Geospatial technologies have evolved from conventional car-
tographic and surveying practices into integrated digital systems
that support environmental, Earth-system, and engineering ed-
ucation through spatial visualization, analysis, modelling, and
decision-making. Traditional maps and field surveying initially
provided the fundamental spatial framework for representing
landscapes, infrastructure, natural resources, and environmental
processes, but their largely static nature limited the analysis of
rapidly changing geographic phenomena [1]. The development of
Geographic Information Systems (GIS) introduced computational
capabilities for storing, organizing, manipulating, and visualizing
geographically referenced information, transforming spatial data
from static representations into analytical resources [2]. Remote
sensing subsequently expanded this capability by enabling stu-
dents and researchers to observe land, water, vegetation, geolog-

ical features, and atmospheric processes across multiple spatial
and temporal scales [3]. The integration of Global Navigation Sat-
ellite Systems (GNSS) further strengthened geospatial education
by enabling accurate positioning, field-data collection, navigation,
and integration of ground observations with digital spatial data-
sets [4]. Digital mapping and spatial databases subsequently en-
abled the organization of heterogeneous environmental and en-
gineering information within interoperable digital environments,
supporting more systematic spatial analysis [5]. The emergence
of WebGIS transformed this environment by providing brows-
er-based access to spatial data, interactive maps, dashboards,
story maps, and analytical services without requiring extensive
specialized software infrastructure [6]. These developments have
progressively shifted geospatial education from map interpreta-
tion toward inquiry-based, analytical, and technology-supported
learning in which students investigate real-world spatial prob-
lems. Overall, the evolution of geospatial technologies demon-
strates how spatial information has progressively changed from a
representation of geographic reality into an interactive education-
al environment for understanding complex Earth and engineering
systems.

The case studies summarized in Table 1 demonstrate that
geospatial technologies have become applicable across a broad
continuum of environmental and engineering problems rather
than remaining confined to conventional geography education.
Forest monitoring studies demonstrate how multitemporal sat-
ellite imagery and machine-learning classifiers can be used to
investigate changes in vegetation and evaluate reforestation in-
terventions [7]. WebGIS-based disaster education demonstrates
how real-world events can be transformed into interactive inqui-
ry activities through smart maps, story maps, three-dimensional
visualization, and mobile GIS [8]. Remote sensing and GIS applica-
tions in geological exploration similarly demonstrate how image
enhancement, spectral analysis, and spatial mapping can connect
Earth-science concepts with practical resource assessment [9].
Groundwater studies using GIS-based analytical hierarchy pro-
cesses illustrate how multiple environmental variables can be in-
tegrated to construct spatial decision-support models [10]. Coast-
al vulnerability research further demonstrates the educational
value of combining satellite observations, digital elevation data,
borehole information, and geophysical measurements to under-
stand multidimensional environmental hazards [11]. UAV-based
precision agriculture provides another example in which students
can connect high-resolution image acquisition, sensor data, GIS
visualization, machine learning, and resource optimization within
a single applied workflow [12]. Such examples demonstrate that
geospatial learning can move beyond theoretical instruction to-
ward authentic problem-solving in which students collect, inte-
grate, analyze, visualize, and interpret spatial evidence. Therefore,
the case studies collectively indicate that geospatial technologies
provide a practical bridge between conceptual Earth-system
knowledge and evidence-based engineering and environmental
decision-making.
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Table 1. Case Studies of Geospatial Technologies in Environmental, Agricultural, Disaster, and Engineering Applications [1-45].

Case-study context

Geospatial technologies applied

Educational/analytical
relevance

Major learning or decision-support
contribution

Forest monitoring and reforesta-
tion in Khyber Pakhtunkhwa,
Pakistan

Landsat RS, GIS, SVM, KLR, NBT

Demonstrates temporal
forest-cover analysis and ma-
chine-learning classification

Supports forest monitoring, reforestation
assessment, and evidence-based environ-
mental management

Natural disaster education in
Zhengzhou, China

ArcGIS Online, WebGIS, Smart
Mapping, Story Maps, 3D Web
Maps, Mobile GIS

Connects geography educa-
tion with real disaster events

Develops spatial inquiry, disaster aware-
ness, and analytical reasoning

Gold prospecting in northeast
Sudan

Landsat 8, PCA, spectral ratios, GIS

Demonstrates geological
interpretation using remotely
sensed imagery

Links image processing with geological
mapping and mineral exploration

Groundwater potential mapping
in lower Chaouia, Morocco

RS, GIS, AHP, thematic spatial
layers

Demonstrates multi-criteria
spatial decision-making

Supports groundwater exploration and
spatial decision-support learning

Coastal hazard assessment in
Suez, Egypt

Landsat, ALOS/PALSAR DEM, GIS,
borehole data, ERT

Integrates surface and
subsurface environmental
information

Supports geohazard modelling, vulnerabili-
ty assessment, and urban planning

Precision agriculture

UAV multispectral/hyperspectral
imagery, GIS, sensors, ML

Demonstrates real-time
spatial data acquisition and
analysis

Supports nutrient mapping, precision
fertilization, and resource-efficient agri-
culture

Earth-system and environmental
education

Digital Earth, GIS, remote sensing,
spatial analysis, geovisualization

Promotes systems thinking
and interdisciplinary environ-
mental learning

Strengthens environmental insight, spatial
reasoning, and sustainability competencies

Civil engineering and infrastruc-
ture

UAV, LiDAR, GPS, GIS, photogram-

Connects geospatial data with
infrastructure planning and

Supports terrain modelling, construction
monitoring, risk assessment, and resilient

metry, DEM/DSM, BIM

monitoring design
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Figure 1: Evolutionary pathway from conventional cartography and surveying to GIS, remote sensing, GNSS, digital mapping, and
integrated spatial databases in environmental and engineering education. )

From Conventional Mapping to GIS and Remote Sensing

The transition from conventional mapping and surveying to
GIS and remote sensing represents the foundational technologi-
cal transformation underlying contemporary geospatial educa-
tion. Early geographic instruction relied predominantly on paper
maps, topographic sheets, compass-based surveying, and manu-
ally prepared thematic representations through which students
developed basic spatial orientation and cartographic interpreta-

tion skills (Figure 1). The emergence of digital GIS introduced a
fundamentally different approach by allowing geographically ref-
erenced information to be stored as structured spatial databases
and analyzed through computational operations [13]. Digital GIS
environments enabled learners to overlay multiple thematic lay-
ers, identify spatial relationships, perform proximity analysis, and
examine changes across geographic space and time [14]. Remote
sensing expanded this analytical framework by providing repeat-
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ed observations of Earth’s surface through satellite-based sensors
capable of recording information across different spectral regions
[15]. Landsat and other Earth-observation programmes subse-
quently enabled environmental education to incorporate long-
term observations of vegetation, land-use change, water bodies,
urban expansion, and ecosystem transformation [16]. GNSS tech-
nologies complemented remote sensing by allowing students to
collect accurately positioned field observations and connect phys-
ical measurements with remotely sensed and GIS-based datasets
[17]. Digital elevation models, digital surface models, and spatial
databases further enabled students to interpret terrain morphol-
ogy, drainage systems, landscape structure, and infrastructure
relationships within three-dimensional and multidimensional
environments [18]. The resulting workflow transformed mapping
from a predominantly descriptive activity into a process involv-
ing data acquisition, spatial analysis, interpretation, validation,
and visualization. This progression established the technological
foundation upon which contemporary geospatial and Earth-sys-
tem education continues to develop.

The educational significance of this technological transition
lies in its capacity to develop spatial reasoning while simultane-
ously strengthening students’ understanding of dynamic envi-
ronmental and engineering processes. GIS-based learning allows
students to compare historical and contemporary datasets, iden-
tify spatial patterns, and interpret relationships between environ-

mental variables that may remain difficult to recognize through
conventional maps alone [19]. Remote sensing provides opportu-
nities for students to investigate environmental change through
multitemporal imagery, including deforestation, urban expan-
sion, agricultural transformation, water-resource changes, and
landscape degradation [20]. Spatial databases further encourage
students to integrate heterogeneous information such as satellite
imagery, field measurements, administrative boundaries, geolog-
ical data, infrastructure layers, and socioeconomic indicators into
a common analytical framework [21]. The development of digital
cartography and interactive visualization also improves commu-
nication because students can transform complex spatial datasets
into maps, animations, models, and other forms of geovisual rep-
resentation [22]. Research on spatial-skills education indicates
that mapping, modelling, sketching, and computer-based spatial
activities can contribute to the development of spatial reason-
ing required for STEM learning [23]. The incorporation of these
technologies into geography and Earth science therefore changes
students’ roles from passive recipients of mapped information to
active investigators of spatial phenomena [24]. This approach also
supports field-to-digital learning cycles in which observations col-
lected in physical environments are subsequently analyzed and
interpreted within digital spatial platforms. The overall learning
gained from this transition is that GIS and remote sensing trans-
form conventional cartographic knowledge into an analytical and
inquiry-oriented foundation for modern geospatial education.

N
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Figure 2: Emerging geospatial technology ecosystem linking UAVs, LiDAR, hyperspectral sensing, Google Earth Engine, WebGIS, Al/ML,
GeoAl, and digital twins for interactive environmental and engineering education.
J

Emerging Geospatial and Al Technologies

Emerging geospatial technologies are extending convention-
al GIS and remote sensing toward highly interactive, automated,

three-dimensional, and artificial-intelligence-supported learning
environments (Figure 2). UAVs provide educators with a flexible
means of acquiring high-resolution aerial imagery and generat-
ing detailed orthomosaics, point clouds, and three-dimensional
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surface models for localized investigations [25]. LiDAR technol-
ogies complement optical imagery by providing highly detailed
three-dimensional information that can be used to characterize
terrain, vegetation structure, buildings, and infrastructure [26].
Hyperspectral imaging further expands environmental analysis
by recording numerous narrow spectral bands that can support
detailed discrimination of minerals, vegetation conditions, soil
properties, and other surface characteristics [27]. Cloud-based
platforms such as Google Earth Engine provide access to extensive
archives of remotely sensed datasets and computational resourc-
es, enabling students to conduct large-scale environmental analy-
ses without maintaining extensive local computing infrastructure
[28]. WebGIS platforms similarly facilitate browser-based access
to spatial databases, interactive dashboards, story maps, three-di-
mensional maps, and collaborative geospatial applications [29].
Artificial intelligence and machine-learning methods have intro-
duced automated classification, prediction, object detection, pat-
tern recognition, and spatial modelling capabilities into geospatial
workflows [30]. Deep learning can further process complex sat-
ellite, UAV, LiDAR, and multimodal datasets to identify environ-
mental patterns that may be difficult to detect through conven-
tional analytical approaches [31]. Digital twins and virtual-real
integration provide an additional frontier by connecting physical
environments with dynamic digital representations that can be
explored, monitored, and modelled in near real time [32]. These
technologies collectively create opportunities for moving geospa-
tial education toward immersive, data-rich, and computationally
enabled learning environments.

The educational value of emerging technologies is particu-

larly evident in their ability to transform students from users of
prepared spatial datasets into participants in complete geospatial
data workflows. UAV-based laboratory exercises can introduce
students to mission planning, image acquisition, photogram-
metric processing, spatial interpretation, and environmental as-
sessment within practical STEM activities [33]. WebGIS enables
collaborative learning because spatial information can be ac-
cessed through web browsers and incorporated into interactive
maps, dashboards, and narrative-based educational resources
[34]. Cloud-based geospatial platforms also enable students to
analyses extensive time-series datasets, making it possible to in-
vestigate environmental processes at regional and global scales
[35]. Al and GeoAl introduce computational thinking by requir-
ing learners to understand training data, model selection, classi-
fication, validation, prediction, and interpretation of algorithmic
outputs [36]. The integration of augmented reality with GeoAl
can further support immersive learning by placing spatial infor-
mation within three-dimensional and contextual environments
that allow students to investigate Earth processes interactively
[37]. Digital Earth concepts similarly connect physical and virtual
environments through geovisualization, remote sensing, spatial
modelling, and spatial analysis, strengthening interdisciplinary
understanding of complex Earth systems [38]. These technologies
also support personalized and inquiry-based learning by enabling
students to manipulate datasets, test hypotheses, compare sce-
narios, and evaluate alternative spatial outcomes. The principal
lesson from these developments is that emerging geospatial and
Al technologies can convert environmental and engineering edu-
cation into interactive, computational, and evidence-driven learn-
ing experiences.
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Figure 3: Interdisciplinary STEM framework showing the integration of geospatial technologies across forestry, environmental science,
Earth science, and civil engineering education.
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Geospatial Technologies in Interdisciplinary Engineer-
ing Education

The integration of geospatial technologies into interdisciplin-
ary STEM education has expanded their educational relevance
across forestry, environmental science, Earth science, and civil
engineering (Figure 3). In forestry education, remote sensing, Li-
DAR, UAVs, and Al can be combined to examine forest structure,
biomass, species distribution, canopy characteristics, land-cov-
er dynamics, and carbon-related indicators [39]. Environmental
science education can similarly use GIS and remote sensing to
investigate ecosystem degradation, water resources, pollution,
climate impacts, biodiversity, and land-use change through spa-
tially explicit datasets [40]. Earth science education benefits from
geospatial approaches because geological mapping, geomorpho-
logical interpretation, groundwater assessment, mineral explo-
ration, and hazard analysis require the integration of remotely
sensed observations with terrain and field information [41]. In
civil engineering, UAV photogrammetry, LiDAR, GNSS, GIS, digital
elevation models, and building information modelling provide op-
portunities to connect spatial analysis with infrastructure plan-
ning, construction monitoring, terrain assessment, and risk man-
agement [42]. Such integration enables students from different
disciplines to work with common spatial datasets while address-
ing discipline-specific questions and constraints. STEM-based
geography research indicates that geospatial technologies can
support research activities, practical skills, analytical reasoning,
interdisciplinary connections, and project-based learning [43].
Drone-based educational programmes similarly demonstrate that
geospatial technologies can stimulate cognitive, psychomotor, and
affective learning through practical and collaborative activities
[44]. The resulting educational environment encourages students
to approach environmental and engineering challenges as inter-
connected systems rather than isolated disciplinary problems.
This interdisciplinary orientation demonstrates that geospatial
technologies can function as a common technological language
linking environmental sciences, Earth sciences, forestry, geogra-
phy, and engineering education.

The strongest educational contribution of interdisciplinary
geospatial learning is its capacity to connect spatial thinking with
authentic environmental and engineering problem-solving. Forest
monitoring activities can require students to combine ecological
knowledge with remote sensing classification, GIS analysis, ma-
chine learning, and field validation to interpret ecosystem dynam-
ics [45]. Environmental projects can similarly require students
to integrate climatic, hydrological, biological, socioeconomic, and
spatial information when investigating sustainability challeng-
es. Earth-science investigations can connect geological process-
es with satellite imagery, terrain models, field observations, and
spatial decision-support methods, thereby strengthening sys-
tems-oriented reasoning. Civil-engineering applications can inte-
grate surveying, UAV mapping, LiDAR, GIS, BIM, and Al to examine
infrastructure conditions, construction progress, terrain char-

007

acteristics, and environmental risks. Such activities correspond
closely with contemporary STEM approaches in which students
learn through investigation, experimentation, data analysis, mod-
elling, and problem-solving rather than through isolated theoret-
ical instruction. The integration of geospatial technologies also
encourages communication between disciplines because spatial
datasets provide a common framework through which environ-
mental scientists, geographers, engineers, foresters, and data sci-
entists can exchange information. Project-based geospatial activ-
ities can consequently strengthen spatial literacy, computational
thinking, data interpretation, collaboration, and evidence-based
decision-making simultaneously. The broader learning from this
interdisciplinary model is that geospatial technologies provide
an integrative educational framework capable of connecting
Earth-system understanding with practical environmental man-
agement and sustainable engineering.

From Geospatial Visualization to Spatial Thinking and
Sustainable Engineering Competencies

Geospatial visualization is increasingly transforming edu-
cation from conventional information delivery toward spatially
enabled analytical learning that connects geographic evidence
with environmental and engineering problems. Geographic In-
formation Systems (GIS), remote sensing, virtual globes, web-
based mapping platforms, and cloud-based geospatial environ-
ments allow learners to transform geographically referenced
datasets into interactive representations through which spatial
distributions, relationships, patterns, and temporal changes can
be examined. [46] These technologies provide students with
opportunities to interpret complex urban, environmental, and
infrastructural systems through multiple spatial scales and per-
spectives. [47] GIS-supported education has been associated with
improvements in spatial thinking, problem-solving, visualization,
and analytical reasoning when students actively manipulate and
interpret spatial information. [48] Interactive platforms such as
ArcGIS Online and StoryMaps further enable learners to connect
environmental problems with geographic locations and social
conditions, strengthening engagement with sustainability-related
issues. [49] Geospatial learning has also demonstrated potential
for developing planning-oriented sustainability competencies,
including strategies-thinking and students perceived capacity to
address sustainability challenges. [50] The integration of GIS with
project-based and problem-based learning encourages learners
to investigate authentic problems and construct evidence-based
interpretations rather than relying exclusively on predefined
theoretical information. [51] Such approaches promote inter-
disciplinary learning by linking geography with environmental
science, engineering, architecture, urban planning, economics,
and sustainability studies. [52] The educational significance of
this integration is particularly relevant to engineering because
spatially informed learners must evaluate site characteristics,
environmental constraints, hazard distributions, infrastructure
relationships, and alternative development scenarios. [53] Table
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2 summarizes representative applications of geospatial technolo-
gies and demonstrates their contribution to spatial cognition, sus-
tainability awareness, analytical reasoning, and decision-oriented

competencies. The key learning is that geospatial visualization

functions most effectively as an educational bridge between spa-
tial information, analytical reasoning, and sustainable engineer-
ing competence.
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Figure 4: Conceptual progression from map interpretation and spatial visualization to spatial reasoning, geospatial problem-solving, and
digital geospatial literacy.
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Table 2. Representative case studies demonstrating the contribution of geospatial technologies to spatial thinking, sustainability education, and
decision-oriented competencies [46-85].

Case study Technology Educational context Competency developed Principal finding
GlS.spatlal-t}.unkmg GIS Geography education Spatial reasoning and Improved spatial-thinking per-
interventions analysis formance
Geospatial Semester (.;IS and geospa- Secondary education Spatial thmkmg.and prob- Enhanced spatlal and prob-
tial technologies lem-solving lem-solving abilities
ArcGIS Online and Web GIS Environmental science Crltl.cal t.h'mkmg and sus- Impl.“ov.ed.engagement and.mter—
StoryMaps tainability awareness disciplinary understanding
. . . - Visualization and mental Improved achievement and
Google Earth learning | 3D virtual globe Primary education rotation selected spatial skills
SBL-QGIS QGIS Undergraduate education Critical .thlnkmg.and deci- Slgnlflcan.t 1mpr0vement in criti-
sion-making cal-thinking performance
Google Earth Engine Spatial representation and Strong improvement in spa-
STEM learning GEE Undergraduate geography analysis tial-thinking indicators
GIS-based multlmedla GIS and multl— Online geography education Spatial thinking Improved spatial-thinking
learning media outcomes
Geospatial s.us_tamablll- GIS/GST Multidisciplinary higher education Sustainability pl.annmg Improved s.trategles-thlnkmg and
ty training competencies perceived competence
. . GIS and visual- Economics/interdisciplinary . . Improved understanding of spa-
Geospatial data literacy ization education Spatial dataliteracy tial data quality and reasoning
Cllmate-r1§k geospatlal RS/GIS/ML Climate and engineering contexts Spatial risk assessment Supported ev1dence-.based cli-
applications mate adaptation
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The progression from visualization toward sustainable engi-
neering competence depends on the ability of learners to trans-
form spatial representations into interpretable knowledge and
subsequently into defensible decisions. Spatial technologies allow
students to compare locations, identify environmental patterns,
examine relationships among geographic variables, and evaluate
the consequences of alternative interventions within realistic con-
texts. [54] Research on GIS-based interventions demonstrates that
exposure to spatial technologies can improve students’ spatial
reasoning and their ability to interpret geographically structured
information. [55] Google Earth and similar three-dimensional
visualization environments provide additional opportunities for
examining spatial relationships through changes in perspective,
scale, orientation, and representation. [56] QGIS-supported Spa-
tial-Based Learning has further demonstrated improvements in
problem formulation, argumentation, inference, alternative gen-
eration, and decision-making, indicating that geospatial educa-
tion can extend beyond technical mapping toward higher-order
cognition. [57] Google Earth Engine similarly expands learning
into computational geospatial analysis by enabling students to ex-
amine large Earth-observation datasets and investigate environ-
mental processes across space and time. [58] The combination of
these technologies with inquiry-based learning allows students
to develop transferable competencies relevant to environmental
assessment, urban planning, infrastructure development, and cli-
mate-risk analysis. [59] However, the literature emphasizes that
technological availability alone does not guarantee meaningful
learning because effective outcomes depend on pedagogical de-
sign, assessment strategies, instructor competence, and opportu-
nities for authentic spatial inquiry. [60] Consequently, geospatial
education should be structured as a progressive pathway in which
visualization supports interpretation, interpretation supports
reasoning, and reasoning supports evidence-based decision-mak-
ing. The principal lesson is that the educational value of GIS and
related technologies is realized when spatial visualization be-
comes a foundation for higher-order reasoning and sustainable
engineering practice.

Development of Spatial Thinking and Geospatial Liter-
acy

The development of spatial thinking represents a fundamen-
tal educational pathway through which learners progress from
basic map interpretation toward advanced spatial reasoning and
geospatial problem-solving. Spatial thinking involves the coordi-
nated use of spatial concepts, representation tools, and reasoning
processes to understand locations, distances, directions, distribu-
tions, relationships, and patterns. [61] GIS provides an interac-
tive environment where these concepts can be explored through
thematic layers, spatial queries, overlays, buffers, and multidi-
mensional geographic datasets. [62] Empirical investigations
using spatial-thinking assessments have reported significant

improvements following exposure to GIS concepts and software,
demonstrating that geospatial instruction can strengthen spatial
reasoning capabilities. [63] Google Earth and other virtual-globe
environments further support visualization by allowing learners
to manipulate three-dimensional representations and examine
geographic phenomena from different perspectives and scales.
[64] Project-based and problem-based learning can amplify these
benefits by requiring students to apply spatial concepts to au-
thentic environmental and societal problems. [65] Research using
QGIS-based Spatial-Based Learning has demonstrated improve-
ments in formulating problems, providing arguments, drawing
conclusions, proposing alternatives, and making decisions. [66]
Google Earth Engine extends this progression by introducing
learners to computational analysis of large Earth-observation
datasets and spatial-temporal environmental information. [67]
Geospatial literacy consequently requires more than operating
GIS software because learners must also evaluate data sources,
recognize uncertainty, interpret spatial representations, and crit-
ically assess the reliability of geographic information. [68] Figure
4 illustrates this progression from visualization and map inter-
pretation toward spatial reasoning, geospatial literacy, and digi-
tal spatial problem-solving. The principal learning is that spatial
thinking should be developed as a transferable cognitive compe-
tency rather than treated merely as a technical GIS skill.

Advanced spatial thinking develops when learners inte-
grate multiple spatial variables and use geographic evidence to
construct explanations and solutions to complex problems. GIS
enables students to overlay environmental, demographic, topo-
graphic, infrastructural, and land-use datasets within a common
spatial framework, thereby facilitating comparison and relation-
ship-based reasoning. [69] Studies of GIS-based interventions in-
dicate that students can improve their ability to recognize spatial
relationships and apply geographic evidence when instruction
incorporates inquiry, interpretation, and problem-solving activi-
ties. [70] The Geospatial Semester provides an additional exam-
ple of sustained geospatial learning in which students investigate
authentic problems using geospatial technologies and develop
spatial skills through extended practical engagement. [71] Spatial
competencies developed through these environments are relevant
beyond geography because visualization, spatial relations, mental
rotation, and three-dimensional reasoning are important with-
in engineering, architecture, environmental planning, and other
STEM disciplines. [72] Geospatial technologies therefore provide
a practical mechanism for developing digital spatial skills that
can subsequently be applied to site assessment, infrastructure
planning, environmental monitoring, and hazard analysis. [73]
Research on spatial-thinking assessment nevertheless indicates
that the construct is multidimensional and difficult to measure
comprehensively because different instruments capture differ-
ent combinations of visualization, representation, reasoning, and
problem-solving. [74] Effective geospatial curricula should there-
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fore incorporate explicit spatial-thinking objectives, repeated an-
alytical exercises, authentic datasets, and assessment strategies
aligned with specific spatial competencies. [75] Such curriculum
design can progressively transform students from passive con-
sumers of maps into active interpreters and producers of spatial
information. Figure 4 consequently represents geospatial literacy
as an iterative process in which visualization, interpretation, rea-
soning, and application reinforce one another. The key learning is
that sophisticated spatial literacy emerges when learners repeat-
edly apply geospatial representations to authentic analytical and
decision-making problems.

Environmental Literacy, Climate Literacy and Sustain-
ability Competencies

Geospatial learning provides a direct educational connection
between spatial thinking and environmental literacy by allowing
students to interpret ecological and environmental processes
through geographically explicit evidence. Environmental literacy
requires learners to understand environmental systems, recog-
nize human-environment interactions, evaluate environmental
problems, and develop capacities for responsible action. [76] GIS
and related geospatial technologies support these competencies
by representing land-use change, vegetation dynamics, environ-
mental degradation, resource distribution, climatic variability,
and human impacts within spatially interpretable frameworks.

[77] ArcGIS Online and StoryMaps have demonstrated the abili-
ty to connect sustainability concepts with real-world locations
and social conditions, thereby increasing engagement and critical
understanding of complex environmental issues. [78] Geospatial
sustainability training has also produced improvements in strat-
egies-thinking and perceived competence across planning-orient-
ed sustainability competencies. [79] These findings correspond
with broader Education for Sustainable Development approaches
that emphasize systems-thinking, futures-thinking, values-think-
ing, and action-oriented learning. [80] Climate literacy can be
strengthened when students use spatial datasets to investigate
temperature variation, flood exposure, vegetation conditions,
drought, land-cover change, and other climate-related indicators.
[81] Such spatial investigations allow learners to connect local en-
vironmental observations with broader Earth-system processes
and recognize the interactions among hazards, exposure, vulner-
ability, and human activity. [82] Figure 5 conceptualizes this edu-
cational relationship by positioning geospatial visualization as an
intermediary between environmental observation, Earth-system
understanding, climate literacy, and sustainability competence.
The principal learning is that geospatial education can transform
environmental awareness into deeper climate and sustainability
competencies when spatial evidence is connected with systems
thinking and action-oriented learning.
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Figure 5: Conceptual framework linking geospatial visualization with environmental literacy, Earth-system understanding, climate literacy,
systems thinking, and sustainability competencies.
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The progression from environmental literacy to sustainabil-
ity competence requires students to understand not only where
environmental problems occur but also how their causes, conse-
quences, and potential solutions interact across spatial and tem-

poral scales. Geospatial technologies enable learners to examine
environmental phenomena simultaneously across locations, peri-
ods, and levels of analysis, thereby supporting systems-oriented
interpretation. [83] Problem-Based Learning and Project-Based
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Learning become particularly effective when combined with GIS,
Google Earth, ArcGIS, and related tools because students inves-
tigate authentic sustainability challenges rather than learning
environmental concepts in isolation. [84] Spatial learning also fa-
cilitates interdisciplinary analysis by integrating environmental,
social, economic, and infrastructural variables within a shared
geographic framework. [85] This interdisciplinary capacity is par-
ticularly relevant to sustainable engineering because infrastruc-
ture systems interact continuously with ecosystems, resourc-
es, communities, hazards, and socioeconomic conditions. [86]
Climate-oriented geospatial learning can therefore incorporate
investigations of flood susceptibility, urban heat, water scarcity,
ecosystem degradation, disaster exposure, and infrastructure vul-
nerability. [87] Students can additionally develop futures-think-
ing by comparing current environmental conditions with project-

ed scenarios and examining how alternative interventions may
modify future spatial outcomes. [88] Climate education research
indicates that knowledge can influence climate concern, self-ef-
ficacy, and willingness to engage in climate-protective behavior,
although improved literacy does not necessarily produce consis-
tent behavioral change. [89] Accordingly, sustainability-oriented
geospatial curricula should integrate knowledge development
with values, critical reflection, scenario analysis, collaborative
problem-solving, and action competencies. Figure 5 consequently
illustrates a progression from spatial observation toward environ-
mental interpretation, climate understanding, systems thinking,
and sustainability-oriented action. The key learning is that envi-
ronmental and climate literacy becomes more meaningful when
geospatial knowledge enables learners to understand intercon-
nected systems and evaluate sustainable responses.

N

Figure 6: Educational-to-professional pathway from geospatial knowledge and environmental understanding to spatial risk assessment,
sustainable infrastructure planning, and climate-resilient engineering decision-making.

J

From Geospatial Learning to Climate-Resilient Engi-
neering Decision-Making

Geospatial learning ultimately gains professional significance
when spatial knowledge is transformed into evidence-based deci-
sion-making for climate-resilient engineering and infrastructure
development. Climate-resilient planning requires simultaneous
consideration of hazard exposure, environmental sensitivity,
socioeconomic vulnerability, land-use dynamics, infrastructure
characteristics, and projected climatic conditions. [90] Remote
sensing and GIS provide spatially explicit information through
which heat-stress zones, flood-prone areas, impervious surfac-
es, vegetation deficits, elevation-related hazards, and vulnerable

infrastructure can be identified. [91] The integration of machine
learning and GeoAl can further transform heterogeneous spatial
datasets into predictive vulnerability surfaces and risk classifi-
cations that support targeted adaptation planning. [78] Big-data
decision-support systems can integrate satellite observations, In-
ternet of Things data, meteorological information, and social data-
sets to improve climate-risk forecasting and spatial prioritization
of resources. [79] Scenario-based geospatial modelling enables
planners and engineers to evaluate infrastructure alternatives un-
der different climatic and socioeconomic futures rather than rely-
ing exclusively on historical environmental conditions. [80] These
capabilities can support the spatial prioritization of drainage net-
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works, green-blue infrastructure, transportation corridors, flood
protection, heat mitigation, and other adaptation interventions.
[81] Research in the construction sector additionally indicates
substantial potential for remote sensing and digital technologies
in climate-resilient construction, although standardization, data
integration, institutional capacity, and implementation barriers
remain important constraints. [82] Figure 6 therefore establishes
a conceptual pathway in which geospatial knowledge develops en-
vironmental understanding, environmental understanding sup-
ports spatial-risk interpretation, and spatial-risk interpretation
informs sustainable engineering decisions. The principal learn-
ing is that climate-resilient engineering education must progress
from software proficiency toward spatial risk interpretation and
evidence-based infrastructure decision-making.

The final stage of this competency pathway involves integrat-
ing spatial evidence with engineering judgement, sustainability
principles, and climate-adaptation objectives to support con-
text-specific infrastructure decisions. Geospatial datasets can as-
sistengineering students in evaluating alternative sites, identifying
hazard-sensitive locations, assessing environmental constraints,
and determining the spatial suitability of proposed infrastructure
interventions. [83] When combined with remote sensing, GIS, ma-
chine learning, and scenario modelling, these capabilities allow
learners to evaluate multiple dimensions of infrastructure resil-
ience rather than treating climate hazards as isolated technical
problems. [84] Spatial decision-support environments can facil-
itate multi-criteria evaluation by integrating physical, ecological,
social, economic, and infrastructural indicators within a unified
analytical framework. [85] This approach is particularly import-
ant in urban environments where flooding, heat stress, land-use
change, population growth, and infrastructure expansion interact
across space and time. [86] GeoAl-based approaches can further
identify high-risk locations and evaluate nature-based solutions,
zoning strategies, and infrastructure modifications under alterna-
tive climate scenarios. [87] Digital twins, predictive analytics, and
optimization approaches can extend this process toward dynamic
infrastructure management and adaptive planning under chang-
ing environmental conditions. [88] Responsible engineering edu-
cation must nevertheless address data quality, algorithmic uncer-
tainty, model interpretability, accessibility, ethical considerations,
and biases within geospatial datasets and automated analytical
systems. [89] A mature geospatial engineering curriculum should
therefore combine technical GIS competence with critical data
literacy, interdisciplinary collaboration, sustainability reasoning,
and explicit climate-risk assessment. The overall lesson is that
geospatial education achieves its greatest value when students
can progress from visualizing spatial information to interpreting
environmental risks and designing defensible, sustainable, and
climate-resilient engineering responses.

Discussions and Future Recommendations

The integration of geospatial technologies into education rep-

resents a transition from conventional content-based instruction
toward spatially informed, interdisciplinary, and sustainabili-
ty-oriented learning. GIS, remote sensing, Google Earth, virtual
globes, and web-based mapping platforms provide learners with
opportunities to interpret spatial relationships, visualize envi-
ronmental processes, and connect theoretical knowledge with
real-world conditions [46]. Experimental evidence indicates that
GIS-based learning can improve spatial reasoning, critical think-
ing, geographic skills, and students’ ability to interpret spatial
information [51]. Studies using QGIS and spatial-based learning
approaches have further demonstrated significant improvements
in students’ abilities to formulate problems, construct arguments,
evaluate alternatives, and make spatial decisions [57]. Google
Earth and other three-dimensional geospatial environments
have similarly been associated with improvements in achieve-
ment and selected spatial abilities, particularly mental rotation
and spatial interpretation [63]. The educational effectiveness of
these technologies is enhanced when they are combined with in-
quiry-based, problem-based, project-based, and STEM-oriented
pedagogies rather than being treated solely as technical software
[54]. Such approaches allow students to progress from identifying
spatial patterns toward interpreting relationships and developing
evidence-based solutions to complex geographical and environ-
mental problems [60]. Geospatial learning also provides an ef-
fective foundation for interdisciplinary education because spatial
datasets can simultaneously represent environmental, social, in-
frastructural, and economic dimensions of a problem [47]. This
capability is particularly important for engineering and architec-
tural education, where spatial relationships influence site selec-
tion, environmental assessment, infrastructure planning, and risk
management [53]. The evidence therefore indicates that geospa-
tial technologies should be understood as cognitive and analytical
learning environments capable of developing spatially competent
and sustainability-oriented professionals. Future educational
frameworks should consequently integrate geospatial technolo-
gies with authentic problem-solving activities to strengthen the
connection between spatial knowledge and professional deci-
sion-making.

The reviewed literature further indicates that geospatial ed-
ucation can contribute to environmental literacy, climate literacy,
and broader sustainability competencies when spatial technolo-
gies are embedded within contextual environmental problems.
Geospatial learning enables students to examine land-use change,
environmental degradation, climate hazards, resource distri-
bution, and human-environment interactions through spatial
evidence [49]. Research on sustainability-focused geospatial ed-
ucation demonstrates improvements in strategies-thinking and
students perceived competence across multiple sustainability-re-
lated dimensions [55]. GIS-supported environmental science in-
struction has also been shown to increase student engagement,
critical thinking, and interdisciplinary understanding of sustain-
ability challenges [68]. These outcomes are important because
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environmental and climate literacy requires more than factual
knowledge; learners must understand interactions between en-
vironmental systems, human activities, risks, and possible re-
sponses [72]. Systems-thinking approaches supported through
spatial visualization can help students recognize interconnected
processes and understand how changes in one component may
influence other components across different spatial and tempo-
ral scales [76]. Climate education research similarly indicates that
knowledge and understanding of climate processes can influence
concern, self-efficacy, and willingness to engage in climate-relat-
ed action [81]. The incorporation of remote sensing, GIS, artificial
intelligence, and big-data analytics can further extend this educa-
tional pathway by allowing learners to investigate environmental
conditions and climate risks using contemporary datasets [84].
GeoAl and spatial modelling additionally provide opportunities
for students to move beyond observation toward prediction,
scenario development, and evidence-based environmental deci-
sion-making [87]. Such technological progression is particularly
valuable for engineering education because climate-resilient in-
frastructure requires professionals capable of interpreting envi-
ronmental information and translating spatial risks into appro-
priate design responses [90]. Future curricula should therefore
establish stronger connections between geospatial literacy, envi-
ronmental education, climate science, and sustainability compe-
tencies through interdisciplinary projects and real-world data-
sets. Geospatial learning can function as a pathway through which
spatial understanding develops into environmental awareness,
systems thinking, and sustainability-oriented action.

Conclusion

Geospatial technologies have emerged as important educa-
tional tools for strengthening spatial thinking, geospatial literacy,
environmental understanding, and sustainability competencies
across diverse educational disciplines. The reviewed literature
demonstrates that GIS, remote sensing, Google Earth, QGIS, Arc-
GIS Online, and other spatial technologies provide learners with
opportunities to visualize complex phenomena, interpret spatial
relationships, analyses environmental datasets, and develop evi-
dence-based solutions to real-world problems. Their education-
al value extends beyond technical mapping because geospatial
learning encourages spatial reasoning, critical thinking, prob-
lem-solving, inquiry, and interdisciplinary collaboration. The
evidence further indicates that the effectiveness of geospatial
technologies is strongly influenced by pedagogical approaches,
with project-based, problem-based, inquiry-based, and STEM-ori-
ented learning providing particularly effective environments for
developing higher-order spatial competencies. Integration with
environmental and sustainability education additionally enables
students to connect spatial observations with broader Earth-sys-
tem processes, climate risks, resource management, and sus-
tainable development challenges. This progression establishes
an important educational pathway from geospatial visualization
and spatial reasoning toward environmental literacy, systems

thinking, and sustainability-oriented decision-making. For archi-
tecture, engineering, geography, environmental science, and re-
lated disciplines, such competencies are increasingly important
because professional practice requires the interpretation of com-
plex spatial and environmental information. Geospatial educa-
tion can therefore contribute substantially to preparing students
for emerging challenges associated with urbanization, climate
change, environmental degradation, and infrastructure vulnera-
bility. Overall, the synthesis confirms that geospatial technologies
should be considered strategic educational platforms rather than
merely technical tools, particularly when they are integrated with
authentic environmental and engineering problems.

The findings further establish that the future potential of geo-
spatial education depends on its ability to connect technological
capabilities with meaningful pedagogical transformation and pro-
fessional application. Emerging integration of GIS with remote
sensing, artificial intelligence, machine learning, big-data analyt-
ics, digital twins, and climate modelling can expand educational
activities from basic visualization toward predictive analysis,
scenario development, risk assessment, and climate-resilient de-
cision-making. However, effective implementation requires atten-
tion to technological infrastructure, data accessibility, teacher and
faculty competencies, curriculum flexibility, interoperability, ethi-
cal data use, and inequalities in access to digital learning resourc-
es. Future research should therefore employ longitudinal, experi-
mental, and multi-institutional approaches to determine whether
improvements in spatial thinking and sustainability competencies
are retained over time and transferred into professional practice.
Educational institutions should also strengthen interdisciplinary
geospatial laboratories, open-data initiatives, cloud-based learn-
ing environments, and collaborative projects involving engineer-
ing, environmental science, geography, architecture, and planning.
Particular emphasis should be placed on developing locally rele-
vant datasets and climate-resilience case studies so that students
can apply geospatial knowledge to the environmental and infra-
structural challenges of their own communities. The integration of
geospatial technologies should consequently be accompanied by
assessment frameworks capable of measuring spatial reasoning,
environmental literacy, systems thinking, problem-solving, and
sustainability decision-making rather than software proficiency
alone. Such an approach can ensure that technological adoption
produces meaningful educational outcomes rather than simply in-
creasing the digital content of existing curricula. Ultimately, geo-
spatially enabled education provides a foundation for developing
professionals who can interpret spatial evidence, understand in-
terconnected environmental systems, evaluate future risks, and
formulate sustainable engineering responses.
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