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Abstract

Since children spend a significant portion of their developmental years in educational
settings, the environmental quality of these institutions—specifically, the extent to which
they expose their occupants to green space and heat stress—is a critical determinant of
well-being and academic performance. This study assesses the green environmental quality
of 121 educational institutions (kindergartens, and elementary and secondary schools) in
Debrecen, Hungary. The main objective of the research is to identify educational institutions
that require immediate intervention to address their lack of green spaces, improve the
green environment, and mitigate the urban heat island (UHI) effect. A further aim of the
study is to understand how different urban planning practices over the past century have
led to the current situation. Therefore, we utilized high-resolution geospatial data (specif-
ically, WorldView-2 imagery) to classify schoolyard vegetation; Landsat data to derive
Land Surface Temperature (LST); and the Hoover index to quantify institutions’ spatial
concentration. We developed a composite indicator to categorize green environmental
quality and heat stress exposure. Our results reveal deep spatial and institutional inequali-
ties. 47.5% of students attend institutions with low environmental quality. While kinder-
gartens typically offer green-rich environments, secondary schools with significant student
populations—which are primarily concentrated in the dense historical downtown—are
trapped in “grey” zones possessing poor environmental quality. Furthermore, we identify
a “green paradox” in socialist housing estates: despite abundant surrounding greenery,
schools here record high LST values due to the heat-trapping morphology of vertical con-

crete structures. The study also highlights institutional maladaptation, such as converting
W) Check for updates schoolyards into parking lots and using rubber pavements for safety reasons, which con-

A o tributes to the deterioration of environmental quality. We conclude that current urban
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1. Introduction

With increasing urbanization and global climate change, a growing body of literature
examines children’s exposure to various environmental factors, including green spaces and
the urban heat island effect. Studies prove that it is essential that children live and grow
up in a healthy environment that supports their physical, psychological, cognitive, and
emotional development and well-being [1-3]. Children’s increased exposure to “greenness”
may help to reduce various health risks, including childhood obesity [4,5] and attention
deficit hyperactivity disorder (ADHD) [6]; it is also positively associated with reducing
screen time [7,8].

Since children, including adolescents, spend a significant part of their daily lives in
educational institutions such as kindergartens and schools, these institutions and their
surroundings must also provide a green, healthy, and aesthetically pleasing environment.
Several studies have found a correlation between students” academic performance and the
greenness of schoolyards and school environments [9-12]. Schoolyards are often considered
one of the most important spaces in schools, as they not only provide opportunities for
children to play, engage in sports, and relax, but they also facilitate children’s cognitive
and social developmental processes (see, for example, [13-16]). Furthermore, schoolyards
rich in greenery, especially trees, can increase children’s connectedness to nature and their
environmental engagement [17,18]. Green schoolyards have also been shown to be effective
tools for reducing social inequalities, as children living in low-income and racial/ethnic
minority communities often have less access to safe, high-quality, and well-maintained
urban green spaces [19,20]. Therefore, local governments have launched programs in many
cities around the world to make schoolyards greener and to improve the overall quality of
schools” outdoor environments [21-25].

Many studies place research on school environments in a broader urban context. For
example, Bar6 et al. [26] assessed the green infrastructure in and around elementary schools
in Barcelona, measuring canopy cover in the school compounds and within a 300 m radius
around the schools. Gallez et al. [27] examined the green and blue land cover and tree
canopy cover in 300/500 m buffer zones around primary schools in four European cities.
Furthermore, Li et al. [28] provided evidence that greater canopy density around schools
can positively influence adolescents” academic performance. Sivarajah et al. [29] found
that trees more positively affect students” academic performance than other vegetation
types. Finally, a recent study by Aerts et al. [30] urges that schoolyards be developed
simultaneously with urban green spaces to improve students’ attention and well-being
effectively. These studies go beyond emphasizing the importance of making schoolyards
greener; they also support the development of green infrastructure around schools.

As global climate change intensifies, greening (i.e., making greener) schoolyards and
school environments becomes extremely important, as trees can mitigate the urban heat
island effect effectively [31]. Studies have shown that many schools are located in urban
heat islands; for example, a study reviewing the United States found that 76% of the
6.2 million students enrolled in 12,000 public schools attend schools placed in extreme
heat islands [32]. Another recent study found that thousands of schools in California have
experienced canopy loss, while extreme heat and drought are becoming more frequent
in the state [33]. Furthermore, according to a 2022 report by the European Environment
Agency, nearly half of Europe’s schools are in areas with strong urban heat island effects [34].
For example, a study by Antoniadis et al. [35] shows that the surface temperature of schools
with asphalt-paved schoolyards is much higher than that of schools with tree canopies,
which can cause thermal discomfort and even heat stress in pupils. Students” increased
exposure to heat poses various health risks and can also affect academic performance.
More specifically, large-scale research by Park et al. [36] showed that heat exposure during
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the learning period “directly slows the rate of human capital formation, in part through
persistent disruptions to the learning process.” A study by McCormack [37] associates
hot temperatures with increased student absences and behavioral problems. In response,
the European Union has launched a “COOLSCHOOLS” project (https://coolschools.eu)
that aims to implement nature-based solutions in schools to adapt to climate change (i.e.,
creating climate shelters). It will analyze the benefits of the interventions [38].

In summary, the quantity and quality of green spaces within and around an educa-
tional institution, as well as whether the educational institution is located in an urban heat
island, are important factors influencing children’s development, academic performance,
and overall well-being. However, few studies examine the environmental conditions of ed-
ucational institutions located in different areas with typical built-up characteristics [39,40],
nor do many investigate how the urban planning prevailing in different eras of the city
is responsible for the current situation. This is especially true for post-socialist countries
in Central and Eastern Europe, where subsequent urban planning regimes set different
planning goals and prioritized the development of different areas in the city [41-43].

Therefore, we have set ourselves two main goals in this study. First, we will examine
the extent to which students enrolled in 121 educational institutions in Debrecen are
exposed to green spaces and to the urban heat island effect. Educational institutions with
asphalt-paved schoolyards, a “gray” surrounding environment, inaccessible urban green
spaces, and high land surface temperatures require immediate interventions to create a
healthy environment for children. Second, we seek to understand the responsibility of past
and present urban planning in generating the current situation.

With this research we intend to address two research gaps. First, by conducting a
citywide, institution-level screening framework that integrates “within-schoolyard” and
“around-schoolyard” environmental conditions, we go beyond the dominant literature,
which often focuses on intervention sites, behavioral outcomes, or thermal comfort mea-
surements in a small number of schools [3,35,44]. Second, while environmental justice in
the post-socialist urban context is well discussed at a general level, schools and children’s
exposure are not commonly investigated in that literature.

2. Data and Methods
2.1. Study Area

We conducted our research in Debrecen, the second most populous city in Hungary.
Debrecen (47°31'54" N 21°37'28" E) is located in Hajda-Bihar County, in the eastern part
of Hungary (Figure 1). With an area of 461.25 square kilometers, it is the third-largest
settlement in the country. In our analysis, we consider Debrecen’s “compact city” area,
which represents the largest contiguous built-up area within the city’s administrative
boundaries, defined morphologically to exclude spatially detached or weakly connected
built-up areas shaped by socialist-era administrative measures and mergers.

Like most Hungarian cities, Debrecen’s population has been decreasing for decades.
According to the most recent census in 2022, its population dropped to less than 200,000
from 211,000 in 2011. However, in the past decade, the city has undergone rapid
economic development and industrialization. Recently, several foreign multinational
companies—primarily those in the automotive industry and in lithium-ion battery
production—have established manufacturing plants in the city. For example, German
carmaker BMW has built a 400-hectare gigafactory, and CATL, the world’s leading lithium-
ion battery manufacturer, is now completing construction of its largest European factory,
covering more than 220 hectares [45]. Thanks to these developments, the city’s population
has begun to grow slowly, with the local government expecting greater growth and a
future population of 250,000. Furthermore, neighboring suburban settlements are experi-
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encing even faster population growth. Debrecen provides several urban services, including
education, for these residents.
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Figure 1. Debrecen’s location in Hungary and the boundaries of the compact city.

Debrecen has one of the largest education systems in Hungary. According to Educa-
tional Authority data, there are 121 educational institutions in the city, including kinder-
gartens and elementary and secondary schools. More than 38,000 students are enrolled
in these institutions. Given that there are only 33,000 children under 18 in the city, this
suggests that Debrecen’s education system (primarily its secondary schools) also provides
services to children from neighboring settlements. Additionally, the city is home to the
University of Debrecen, one of the largest universities in Hungary, with 30,000 students.

NextGIS Overture Map data suggests that there are approximately 60 urban green
spaces in Debrecen, most of which are less than 1 hectare in size, satisfying local demands.
The city has five larger parks, each of at least 1 hectare, among which the Great Forest
(Nagyerdo) park stands out with its more than 30 hectares of green space and complex
ecosystem services. The total area of urban green spaces is 192 hectares, comprising only
2.54% of Debrecen’s built-up area and 0.42% of the city’s administrative area. This means
that the average green space per capita in Debrecen is 9.5 square meters, which is slightly
higher than the WHO recommendation of at least 9 square meters of green space per
capita [46]. Furthermore, there are 16,373 hectares of forest, mainly in the eastern part of
the city, while more than 90% of the city’s 19,126 hectares of agricultural areas are located
in the west.

Hungary’s annual average temperature is rising. The annual average temperature in
2023 and 2024 was higher than in any year since 1901. Additionally, in 2024, the number of
hot days with temperatures exceeding 30 °C reached 60, with 28 heat waves being recorded;
both are considered records for the past 120 years (see, for example, Szab6 et al. [47]). The
Great Hungarian Plain on which Debrecen is located is extremely exposed to the effects of
climate change and includes the most drought-prone areas in Hungary [48]. Urban heat
islands may affect Debrecen’s urban climate more frequently due to long-term changes in
meteorological conditions [49].
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2.2. Data Collection

Using data from the public education information system operated by the Educational
Authority, we geolocated a total of 121 educational institutions in Debrecen (Figure 2). This
database also contained data on the number of students enrolled in different educational
institutions. In 2023, 38,152 students were enrolled in Debrecen’s educational institutions,
with 5749 children in kindergartens and 11,094 and 16,603 children in elementary and sec-
ondary schools, respectively. In addition, 4706 children studied in multi-level educational
institutions, which are institutions that combine different levels of the education system
(e.g., kindergarten with elementary school, or the latter with secondary school).
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Figure 2. Distribution of educational institutions and parks (A), and LST (B) in Debrecen, as well as
the CLCplus Backbone 2021 categories (C). (D) shows the value of the Hoover Index according to
different types of educational institutions.

We undertook the geolocation process via Google Maps. Using the cadastral map of
Debrecen, we determined each institution site’s cadastral parcel identifiers. The dataset
included the parcels’” polygon data parcels and the building footprints located on them.
This allowed us to identify the schoolyards’ central coordinates.

We classified a multispectral image of the WorldView-2 (WV-2) sensor to determine
the proportion of green vegetation in each schoolyard. The image was taken on 24 July 2016,
with no cloud cover. We improved the 2 m resolution of multispectral bands by applying
pan-sharpening using the Gram-Schmidt method in ENVI/IDL 5.3 software [50,51]. We
achieved a 0.5 m resolution.
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We analyzed the educational institutions” surroundings’ land cover data using the
CLCplus Backbone 2021 raster dataset with a spatial resolution of 10 m, published by the
Copernicus Land Monitoring Service [52].

We extracted public park data from the polygon POI layer of the OpenStreetMap
dataset curated by NextGIS. We included areas identified as parks in the dataset and
measuring at least 0.5 hectares in our analysis, in line with WHO guidelines [46]. We chose
this threshold because parks of this size or larger are often well-equipped with playgrounds
and/or sports fields, which offer an ideal alternative to schoolyards. By adopting this
threshold, we excluded from our analysis some smaller urban green spaces located in the
downtown area, which do not primarily accommodate facilities designed for children.

We used Land Surface Temperature (LST) data as a proxy for thermal environmental
quality. However, it is essential to distinguish LST, as employed in this study, from the
ambient air temperature (Tq;,) directly experienced by students. LST denotes the radiative
temperature of the surface “skin,” which is generally higher and more variable than air
temperature during the day due to the physical properties of surface materials. Neverthe-
less, LST is a crucial determinant of the urban microclimate, influencing the sensible heat
flux that warms the lower atmosphere. Previous research has demonstrated a strong and
significant correlation between LST and near-surface air temperature, thereby validating
the use of LST as a robust proxy for spatial analysis in contexts in which dense networks
of air temperature sensors are unavailable. While LST does not perfectly capture human
thermal comfort indices (which also consider humidity and wind), studies indicate that
LST is effective in identifying relative thermal “hotspots” and areas of potential heat stress.
For example, Goldblatt et al. [53] found that satellite-derived LST could reliably classify
areas into “very hot” thermal comfort categories. Furthermore, the high spatial resolution
of satellite imagery facilitates the detection of micro-scale thermal disparities between
paved schoolyards and green spaces that would be overlooked by standard meteorological
monitoring.

Both approaches (i.e., LST and air temperature) are used in studies on educational
institutions’ thermal conditions. For example, Cho [54], Graff Zivin et al. [55], and Park
et al. [56] used air temperature to examine the association between elevated heat and
students” academic performance, while Méndez-Lazaro et al. [57] classified schools in
Puerto Rico into different risk levels associates with heat-related symptoms based on
LST values.

We obtained LST data from Landsat Level 2 datasets provided by the U.S. Geological
Survey’s Earth Resources Observation and Science (EROS) Center. Specifically, we used
Landsat 8-9 Operational Land Imager/Thermal Infrared Sensor (OLI/TIRS) Collection
2 data [58]. We collected LST data on 7, 15, and 23 June 2024, at approximately 11:20
a.m. local time, with a spatial resolution of 30 m. During processing, we used the quality
assurance (QA) layer to mask out low-quality pixels.

2.3. Methods

Our analysis was based primarily on geospatial methods and we conducted it in
ArcGIS Pro 3.5.3. We determined the extent and proportion of vegetated areas within
schoolyards from WV-2 imagery using image classification and spatial analysis. For the
image classification, we differentiated three categories: (1) trees, (2) low vegetation such as
grass or bushes, and (3) non-vegetated areas, encompassing other types of land cover. We
collected 211 points of training data for each category. We employed the XGBoost machine
learning algorithm [59] for image classification, utilizing a 5-fold cross-validation approach
within a Python 3.12 environment. The classification achieved an overall accuracy of 94.5%
(Table 1), with a weighted F1-score of 0.945, signifying a high level of concordance between
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the classification map and the reference data. As demonstrated by Szab6 et al. [60], the
F1-score serves as a reliable indicator of classification performance, maintaining stability
even in scenarios in which true negative cases predominate. Moreover, the close alignment
between accuracy and Fl-score values indicates a robust and replicable model, as low
variance in accuracy metrics is a critical marker of model stability and reproducibility.
These metrics affirm that the resulting vegetation map provides a dependable foundation
for subsequent analyses related to green space exposure and thermal comfort.

Table 1. Classification performance of WV-2 image.

Categories User’s Accuracy Producer’s Accuracy F1-Score
Trees 0.976 0.910 0.942
Low Vegetation
(bushes /grass) 0.898 0.952 0.924
Non-Vegetated 0.964 0.976 0.970
Overall Accuracy 0.945 0.945 0.945

We clipped the citywide WV-2 image and classification to schoolyard areas, masked
buildings after verifying the footprint layer, and had a ModelBuilder model automatically
calculate the green surface area and proportion using zonal statistics.

Based on the CLCplus Backbone 2021 dataset, we quantified land cover categories
within 300 m buffer zones drawn around the centroid of each schoolyard. Within these
buffer zones, we also calculated the area of parks larger than 0.5 hectares.

After applying the standard USGS formula to convert digital numbers (DN) to tem-
perature values in Kelvin [ST = (DN x 0.00341802) + 149.0] and transforming it to Celsius,
we extracted the values for three acquisition dates by averaging the LST of the schoolyard
centroid and its adjacent pixels. We then averaged the three resulting values to enhance the
robustness of the temperature estimates.

Parallel to the environmental assessment, we analyzed the spatial distribution of
educational institutions to determine whether they are evenly dispersed across the urban
fabric or concentrated in specific zones. To quantify this spatial inequality, we employed
the Hoover index (H) [61], comparing the distribution of institutions with the areal extent
of different neighborhood types. We calculated the index using the following equation:

1 n
H =) |Ei— A (1)
2 i=1
where E; represents the proportion of the total number of educational institutions located
in neighborhood type i, and A; denotes the proportion of the city’s total built-up area
occupied by neighborhood type i. The resulting value ranges from 0 (perfect equality) to 1
(maximum concentration) (see more in Figure 2 and Section 3.3).

We developed a composite environmental quality indicator (EQI), which is a compar-
ative, planning-oriented diagnostic to classify the environmental quality of educational
institutions into three categories (bottom, middle, and top terciles), supporting the inter-
ventions rather than serving as a direct measure of well-being or thermal comfort. EQI
therefore integrates two complementary dimensions: (i) environmental provision, reflecting
the potential of green infrastructure to support shading, evapotranspiration and usable
outdoor space for breaks and physical activity, and (ii) surface thermal burden, reflecting
spatial patterns of LST. Provision is represented by (a) schoolyard green space per student
and (b) neighborhood-scale opportunities proxied by the share of tree-covered areas and
areas of parks within 300 m. Exposure is represented by satellite-derived LST, interpreted

https://doi.org/10.3390 /buildings16040836


https://doi.org/10.3390/buildings16040836

Buildings 2026, 16, 836

8 of 20

as a surface-thermal indicator suitable for identifying hot spots. This “provision and ex-
posure” structure follows established principles in composite indicators, where multiple
dimensions of a complex construct are combined for transparent comparison and decision
support [62].

Because component indicators are expressed in different units and ranges, we apply
min—-max normalization to map each component to a common [0, 1] scale before aggregation;
we reverse-normalize LST so that lower surface temperatures correspond to more favorable
conditions. Min—-max scaling is a widely used and transparent normalization method in
composite-indicator construction [62]. In the absence of an empirically defensible basis
for assigning differential importance across the provision and exposure dimensions, we
use equal weights as a transparent baseline to avoid introducing additional, untestable
normative assumptions. This is a common practice when the theoretical structure, empirical
knowledge, or stakeholder agreement is insufficient to justify alternative schemes [62-64].
Based on the EQI scores, we grouped institutions into three equally sized categories: low
environmental quality (41 institutions), medium environmental quality (40 institutions),
and high environmental quality (40 institutions).

3. Results
3.1. General Assessment of Environmental Quality in Educational Settings

The analysis reveals significant disparities in the environmental conditions provided
by educational institutions in Debrecen. A substantial proportion of the student population
is exposed to unfavorable environmental conditions; specifically, 47.5% of children attend
institutions classified as having low environmental quality. In these institutions, all green
indicators fall below city-specific averages, and the mean Land Surface Temperature (LST)
is 1.86 °C higher than the average calculated for the compact city.

Conversely, institutions offering high environmental quality—characterized by per-
formance well above city-specific values—accommodate only 20.1% of the total student
population. As detailed in Table 2, the contrast in green infrastructure is marked: high-
quality institutions provide an average schoolyard green space of 21.3 m?/person and a
27.2% tree canopy cover within a 300 m buffer. In comparison, low-quality institutions
offer only 4.3 m?/person and 6.0% tree cover, respectively.

Table 2. Average values of green indicators and mean LST by environmental quality category.
Educational institutions with low environmental quality host 47.5% of the total student population.

Average Average Average Average
. & Number of Schoolyard Proportion of Proportion of
Environmental Category- Ed ional Enrollment G Tree-C d Park A Average Mean
Quality Normalized EQI u.catlf)na (Student) reen ree-L-overe  Laric Area LST (°C)
Value Institutions Space/Student Areas Within a Within a 300 m
(m?/person) 300 m Buffer (%) Buffer (%)
Low 0.39 41 18,120 4.3 6.0 0.3 424
Medium 0.84 40 12,353 10.5 16.1 2.2 41.0
High 1.44 40 7679 213 272 10.8 39.9
Total/average 0.88 121 38,152 9.7 16.3 4.4 40.6

3.2. Disparities by Institutional Type

Environmental quality varies distinctly across different levels of education (Table 3).
Kindergartens exhibit the most favorable conditions, with the highest average category-
normalized EQI value (1.12); notably, 49.1% of kindergartens offer high environmental
quality. However, this benefit is limited to a small demographic, as only 5749 children attend
these 53 institutions. The remaining 84.9% of the student population attends elementary,
secondary, or multi-level educational institutions, where environmental conditions are
significantly poorer.
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Table 3. Average values of green indicators and mean LST by different types of educational institu-
tions. Kindergartens perform well in terms of environmental quality, while secondary schools with
the largest enrollments underperform in this regard.

Average

Provortion Average
Average Number Number of Average :fP "I")reec-, Proportion
Type of Ed- C & Number of of Number of School- of Park Average
R ategory- . Enrollment Students Covered
ucational . Educational Students . . Students yard Green Area Mean LST
e Normalized e e (Student) . in Medium . . Areas i1 o
Institution Institutions in Low in High EQ  Space/Student 1 Within a (Y]
EQI Value EQ 2 Within a
EQ (m?*/person) 300 m
300m - Buffer (%)
Buffer (%)
. 1167 2024 2558

Kindergarten 1.12 53 5749 (203%) (35.2%) (44.5%) 27.7 19.5 6.0 40.3
Elementary 5476 2519 3099

school 0.75 30 11,094 (49.4%) (22.7%) (27.9%) 8.3 14.8 3.2 417
Secondary 8386 6307 1910

school 0.65 25 16,603 (50.5%) (38.0%) (11.5%) 5.6 13.7 42 42.0
Multi-level

educa- 3091 1503 112

tional 0.65 13 4706 (65.7%) (31.9%) (2.4%) 5.8 11.7 1.3 41.8
institution
Total/average 0.88 121 38,152 18,120 12,353 7679 9.7 16.3 4.4 40.6

The category-normalized EQI values for elementary, secondary, and multi-level insti-
tutions consistently fall below the city-specific average. Secondary schools, which host the
largest share of the student body (43.5%), perform particularly poorly regarding available
green space and thermal environmental quality. Only 11.5% of secondary school students
experience high environmental quality, compared to 27.9% in elementary schools and 44.5%
in kindergartens. Multi-level institutions also demonstrate low environmental quality,
recording the lowest proportions of both tree-covered areas and parkland within their
300 m buffer zones.

3.3. Spatial Distribution and Urban Morphology

When we quantify spatial concentration via the Hoover index, we reveal a clear distri-
butional gradient, on which the relatively even dispersion of early childhood institutions
contrasts sharply with the high concentration of secondary education facilities. Kinder-
gartens show the lowest EQI value (0.361), indicating a relatively even distribution across
the city. Elementary schools are also moderately evenly distributed (0.401). In contrast,
secondary schools exhibit the highest Hoover index (0.660), reflecting a strong spatial con-
centration, particularly in the downtown and housing estate areas. Multi-level institutions
show a moderately uneven distribution (0.527).

To elucidate the relationship between urban morphology and environmental exposure,
we analyzed the distribution of institutions across the zones defined by the Sustainable
Urban Development Strategy (SUDS) (https://www.debrecen.hu/assets/media/file/hu/4
6598/ debrecen_megyei_jogu_varos_fenntarthato_varosfejlesztesi_strategiaja_2021-2027
strategiai_munkaresz.pdf [accessed on 17 January 2026]). This spatial classification reveals
that 90.9% of all educational facilities are concentrated in three specific neighborhood
types—the downtown area, housing estates, and the outskirts—which impose fundamen-
tally different environmental conditions on the student population (Figure 3 and Table 4).
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Figure 3. Location of educational institutions of different environmental quality in Debrecen.

Table 4. Average values of green indicators and mean LST by Debreceni area. Educational institutions
located in areas of socialist housing estates with prefabricated houses perform much better in terms
of environmental quality than those in the downtown and the outskirts, which are often called

“garden cities”.

Average
Average Proportion Average
Areas B ased Number of Number of Number of Num.ber of Average Schoolyard of Tree- Proportion Average
on Built-Up . Multi-Level Category-
N Kinder- Elementary Secondary X . Green Covered of Park Area Mean LST
Characteris- Educational Normalized Ao o
tics gartens Schools Schools Institutions EQI Value Space/Student Areas Within a 300 (e
(m%/person) ~ Withina300 m Buffer (%)
m Buffer (%)
Downtown 6 5 10 5 0.46 2.6 71 0.5 42.1
Housing 17 10 10 3 1.02 111 22 7.6 411
estates
Greenbelt 5 2 0 1.60 10.6 37.2 139 39.6
condos
Outskirts 22 13 5 4 0.83 15.6 12.1 0.6 41.0
Industrial 1 0 042 158 5.1 0.0 423
area
Great Forest
neighbor- 2 0 2.54 40.4 52.1 47.8 38.7
hood
Total/average 53 30 25 12 0.88 9.7 16.3 44 40.6

The distinct built-up characteristics of these three dominant areas drive the observed

disparities in green infrastructure and thermal environmental quality that we detail below:

(i)

(i)

Downtown: This area presents the most challenging environmental conditions. It
hosts a high density of secondary schools (40% of such institutions), yet 69.2% of all
downtown educational facilities are characterized by low environmental quality. The
average category-normalized EQI value here is the lowest in the city (0.46). Due to
the density of the urban fabric, secondary schools in the downtown are confined to
small parcels averaging 3522 m?>—roughly one-third of the city average for this type
of institution —resulting in minimal schoolyard green space (1.26 m?/student).

Housing estates: Housing estates offer significantly better environmental conditions
than the downtown area. Although these are high-density areas, they are well-
equipped with urban green spaces, resulting in an average category-normalized EQI

https:/ /doi.org/10.3390/buildings16040836


https://doi.org/10.3390/buildings16040836

Buildings 2026, 16, 836

11 of 20

value (1.02) that exceeds the city average. Notably, 45% of institutions here have
high environmental quality. The average parcel area for educational institutions is
considerable (9662 m?), with 43.3% green space coverage. Secondary schools in these
zones benefit from parcels averaging 14,122 m2—four times larger than those in the
downtown area—allowing 7.0 m? of green space per student. However, despite the
abundance of vegetation, mean LST remains relatively high in these zones.

(iii) Outskirts: This zone contains the highest number of institutions (44), which are
predominantly kindergartens. The average environmental quality (0.83) is close to
the city-specific average. While these institutions provide schoolyard green space
exceeding the city average, their surrounding 300 m buffer zones are characterized by
very low proportions of tree cover and park areas, contributing to higher average LST
values.

(iv) Other areas: The remaining areas host few institutions (8.3%) but represent environ-
mental extremes. The Great Forest neighborhood and Greenbelt condos offer the
highest environmental quality, with the former showing the lowest LST and highest
green indicators due to its proximity to the city’s largest park. Conversely, the sin-
gle institution located in an industrial area exhibits high schoolyard greening but is
compromised by poor surrounding environmental quality and a very high LST.

4. Discussion
4.1. The Environmental Quality Imperative in Educational Settings

Children and adolescents spend a substantial proportion of their developmental years
within the physical confines of educational institutions. International education statistics
indicate that an average academic year ranges between 170 and 190 teaching days [65,66].
In the Hungarian context, the observed 2025/2026 academic year consisted of 186 teaching
days, meaning that students were present in educational institutions for at least 51% of
the year. Consequently, schools” environmental quality—which encompasses both green
infrastructure and thermal environmental quality—is not merely an aesthetic consideration
but a fundamental public health issue.

Our analysis of 121 educational institutions in Debrecen reveals a concerning spatial
dichotomy. While kindergartens typically provide favorable environmental conditions, the
institutions serving the largest student populations (i.e., secondary schools and multi-level
educational institutions) are frequently situated in environmentally compromised locations.
This pattern suggests that as children progress through the educational system, their
exposure to heat stress increases while their access to restorative green spaces decreases.
This finding is particularly critical given the growing body of literature highlighting the
benefits of green school environments for children’s development, academic performance,
and overall well-being [3,67]. The disparities we identified are not random; rather, they are
the spatial manifestations of distinct urbanization eras, from the dense historical core to the
socialist housing estates and the sprawling outskirts.

4.2. Historical Legacies: The Constraints of the Compact City

The pronounced environmental deficit observed in the downtown area is a direct
legacy of 19th-century urban planning paradigms. The historical core of Debrecen, which
concentrates a significant number of prestigious secondary schools, is characterized by a
high density of built-up areas and a scarcity of unsealed surfaces. Many of these institutions
operate in protected heritage buildings that were established in the late 19th and early
20th centuries.
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At the time of their founding, these schools served much smaller student populations,
for whom the original schoolyards provided adequate recreation space. However, over the
last century, student enrollment has surged significantly, increasing pressure on limited
open spaces. Unlike in newer developments, the morphological rigidity of the historical
urban fabric prevents spatial expansion. The streets surrounding these schools are often
narrow, filled with underground utilities, and prioritized for traffic, making the retrofitting
of street trees or green buffers technically and financially challenging. Consequently,
downtown students are exposed to a “grey” environment characterized by small, paved
schoolyards and significant UHI effects.

It should be noted, however, that these downtown secondary schools are easily ac-
cessible by car, public transportation, and bicycle, which remains an important factor for
many parents when considering school choice [68,69]. While poor environmental quality is
obviously a disadvantage affecting downtown secondary schools, their accessibility can
be considered an important advantage. Specifically, if students need less time to get to
school, they will have more time to sleep. Several studies have shown that greater sleep
duration in adolescents is associated with better academic performance and can positively
affect executive function, mood, and behavior [70-72]. Therefore, the question is whether
it is possible to simultaneously improve environmental quality and accessibility in the
downtown area.

4.3. The Modernist Paradox: Green Abundance and Thermal Discomfort

One of the most counter-intuitive findings of this study is the environmental perfor-
mance of educational institutions located in socialist housing estates. Developed primarily
in the 1970s and 1980s, these neighborhoods were designed according to Modernist princi-
ples, with planners aiming to create self-sufficient neighborhoods that provided residents
with basic public services, including education and urban green spaces, within the residen-
tial perimeter [73-76].

Our data confirms that schools in these areas possess large parcels and are surrounded
by significant vegetation. However, despite this abundance of greenery, these areas exhibit
surprisingly high LST values. A striking example is a secondary school located in a housing
estate, which recorded the highest mean LST (44.2 °C) of all the institutions we studied,
significantly exceeding the city average of 40.6 °C.

As illustrated in Figure 4, this phenomenon can be attributed to the specific urban
morphology and material characteristics of mass housing estates. Naserikia et al. [77]
explain that there is a positive correlation between LST, building fraction, and frontal
density. Although the school has a 40% green cover on its parcel, it is bordered by a
continuous wall of tall, prefabricated concrete buildings. This configuration likely creates a
“canyon effect,” trapping heat and obstructing ventilation. Furthermore, the extensive use
of concrete and asphalt—materials with high thermal mass—combined with the large, flat
grey roofs on the school buildings themselves, contributes to the increased LST [78]. This
“microclimate paradox” suggests that in high-density residential areas, even a significant
quantity of 2D green space is insufficient to mitigate heat stress if the 3D built environment
(vertical geometry, building dimensions, and materials) promotes heat accumulation. Thus,
covering the building envelope with vegetation can effectively contribute to lower air
temperatures [79].
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Figure 4. A secondary school (perimeter marked in yellow) exhibiting the highest LST in Debrecen,
despite significant surrounding green space. The image illustrates the “canyon effect” created by
adjacent high-rise prefab buildings (Source: Google Earth).

4.4. Uncontrolled Sprawl: The Environmental Deficit of the Outskirts

The outskirts of Debrecen represent a third distinct morphological type, characterized
by uncontrolled inward densification during the socialist era. While half of the city’s kinder-
gartens are located here, the overall environmental quality for educational institutions
is inconsistent and often poor. This area’s development was largely unregulated during
the socialist era [80]; since the outskirts” expansion beyond their prescribed limits was
prohibited, residents began to divide their building plots into multiple parts and sell them
to others or their families who wanted to build single-family homes. This inward expansion
of the urban fabric occurred without a concurrent development of public infrastructure.

This process resulted in a fragmented, high-density urban fabric in which the munic-
ipality owns very little land, severely limiting opportunities to create new public parks
or plant street trees. Educational institutions here are often hemmed in by residential
properties, leaving no room for green buffers. Unlike the socialist housing estates, which
have planned green networks, the outskirts suffer from a structural lack of public green
space. Consequently, despite being located in a “garden city” setting [81], these schools’
immediate environment is often dominated by fences, paved driveways, and buildings,
leading to elevated LST values and a lack of tree canopy cover.

4.5. Maladaptation at the Micro-Scale: Parking and Playgrounds

Beyond macro-scale urban planning, our research highlights the detrimental effects of
micro-scale interventions at the institutional level. We identified a trend of “maladaptation,”
in which functional upgrades to school facilities unintentionally degrade environmental
quality. Maladaptation refers to adaptation-related interventions that are intended to
address one problem (e.g., safety, maintenance, or usability) but inadvertently increase
vulnerability or worsen environmental outcomes, such as heat exposure or environmental
quality [82,83].

An important driver of green space loss is the demand for parking. Particularly in
downtown areas where on-street parking is scarce, schools frequently convert permeable
green schoolyards into paved parking lots for staff (Figure 5). This conversion not only
reduces the cooling capacity of the yard but also replaces evapotranspiring surfaces with
heat-absorbing asphalt or concrete.
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Figure 5. Schoolyards (school perimeter marked in yellow) converted into parking spaces for school
staff (Source: Google Earth).

Another significant, yet often overlooked, factor is the modernization of schoolyards,
especially playgrounds. To meet safety standards, many educational institutions have
replaced natural grass or sand (in the sandbox) with rubberized safety surfaces (see a similar
case in Auckland reported by Cunninghame and Stanley [84]). While these surfaces reduce
injury risks, they can reach high temperatures when exposed to sunlight, which further
increases LST [35]. Additionally, the erosion of rubber surfaces results in microplastic
pollution [85], posing a long-term health risk to children. These interventions create a hot
and “sterile” outdoor environment, undermining the schoolyard’s potential to serve as a
healthy restorative space.

4.6. Policy Implications and the Governance Gap

Addressing these environmental deficiencies requires navigating a complex landscape
of governance and funding. Debrecen municipality’s recent “Green Code,” which outlines
ambitious targets such as planting 10,000 trees and retrofitting green roofs, represents a
positive policy shift. However, implementing these strategies in educational institutions
faces structural barriers.

First, there is a “governance gap” regarding jurisdiction. While the local municipality
is responsible for public space maintenance and kindergarten infrastructure, elementary
and secondary schools are state-managed through school districts. This fragmentation often
excludes schools from municipal greening programs. Second, infrastructural constraints in
the downtown area mean that tree planting requires complex and expensive engineering
solutions (e.g., pavement reconstruction) that exceed routine maintenance budgets.

Furthermore, national initiatives like the “Eco-school” program, while promoting
environmental awareness, often lack the financial mechanisms to support physical infras-
tructure upgrades. Schools are encouraged to improve their greenery but must do so from
their own limited budgets.

To improve the environmental quality of schools effectively, urban planning must
move beyond general city-wide strategies. We recommend a targeted approach that treats
schoolyards as integral components of the urban green infrastructure network. To achieve
this, the following specific measures should be adopted:

(i) Implementation of joint-use agreements: Municipalities should formalize agreements
to finance schoolyard renovations in exchange for opening these green spaces to
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the local community during weekends and holidays. This approach justifies public
investment in restricted areas by effectively transforming schoolyards into community
pocket parks, thereby increasing the city’s overall accessible green network.

(i) Mandatory climate-adaptive design standards: Local building codes must move be-
yond requiring simple green space ratios and specify quality standards for educational
institutions, such as mandated tree canopy percentages and the use of permeable,
high-albedo paving materials to mitigate microclimatic heat stress. During the plan-
ning and assessment phase, LST data would provide important information on the
necessity and effectiveness of interventions.

(iii) Participatory planning and stewardship: Green interventions should involve the
active participation of students, teachers, and parents in their design and maintenance.
Evidence suggests that such involvement not only ensures that the design meets user
needs but also fosters a sense of ownership that is crucial for the long-term survival
of planted vegetation.

(iv) Alternative greening technologies: For space-constrained downtown schools where
traditional planting is hindered by underground utilities or spatial limits, alternative
greening solutions such as vertical gardens and green roofs should be prioritized and
subsidized to restore ecological function without compromising schoolyard capacity.

Most importantly, future policy frameworks must bridge the gap between municipal
climate strategies and educational infrastructure management, ensuring that “greening” is
supported by coordinated funding and technical expertise across administrative levels.

4.7. Possible Future Research

With regard to future research directions, a key question is whether these findings
can be generalized at the national level. To address this, our upcoming research will apply
the same methodology to the top 100 secondary schools in Hungary, selected according
to various rankings. The primary objective of this subsequent analysis is to determine
whether the “downtown constraint”—that is, the co-occurrence of high academic prestige
and compromised environmental quality—is a systemic characteristic of elite Hungarian
education, mirroring the pattern observed in Debrecen. Furthermore, we intend to inves-
tigate the statistical relationship between environmental quality (specifically green space
availability, as well as thermal environmental quality and thermal comfort) and students’
academic performance. We anticipate that this analysis will reveal whether variations in
environmental settings exert a detectable influence on academic performance, even among
the highest-ranking institutions, thereby informing a national dialogue on the modern-
ization of educational infrastructure. As a national assessment of basic competences is
conducted annually in Hungary, our results can be used to explore associations between
environmental indicators.

4.8. Limitations of This Research

This study combines high-resolution schoolyard greenness information with
neighborhood-scale land cover assessment and satellite-derived LST to develop a spa-
tially explicit assessment of the thermal environmental quality of educational institutions
in Debrecen. At the same time, we acknowledge several limitations that affect the interpre-
tation of our results.

First, LST is an imperfect proxy for the “experienced” thermal environment. LST
captures surfaces’ radiative temperature and is well suited to identifying the spatial patterns
of potential hot spots, but it does not directly measure the near-surface microclimate in
which students and teachers operate. Human thermal comfort depends on air temperature,
humidity, wind, and mean radiant temperature, among other factors [86]. Empirically, the
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relationship between LST and air temperature is often spatially and temporally variable
and cannot be assumed to be stable across urban contexts [77,87]. Consequently, our
results should be interpreted primarily as evidence of surface thermal patterns in and
around schoolyards, rather than as direct estimates of heat stress or thermal comfort at
pedestrian level.

Second, our study introduces a complex environmental quality indicator, which im-
proves interpretability and comparability but necessarily involves methodological choices.
The min-max scaling, the inversion of the LST component, and the equal-weight summa-
tion all imply an assumption that components contribute comparably to overall environ-
mental quality. While this is a pragmatic and transparent modelling decision, research
on composite indicators shows that weighting and normalization decisions can signifi-
cantly affect rankings and policy interpretations [88]. Moreover, even seemingly minor
choices in min—max thresholding can produce rank changes via implicit re-weighting [89].
A formal sensitivity analysis (e.g., testing alternative weights or robustness under differ-
ent scaling/classification options) would therefore be a valuable extension of this study’s
methodology, enabling a more accurate assessment of the stability of the composite indicator.

Third, our study integrates multi-source datasets from different years, which intro-
duces temporal inconsistencies. We assume that the main structural characteristics of
schoolyards and their surroundings are relatively stable over time, but local changes (tree
removal/planting, resurfacing, construction activity, etc.) could affect the exact correspon-
dence between greenness indicators and contemporary thermal patterns. This limitation
underscores the value of repeated high-resolution observations and time-aligned datasets
for tracking change and evaluating the effects of interventions.

Taken together, these limitations do not undermine the key contribution of the
study—namely, its provision of a citywide, spatially consistent assessment of educational
institutions and their green context—but they do imply that conclusions about heat exposure,
comfort, and downstream social outcomes should be framed cautiously and, where possible,
complemented with on-site measurements and outcome-focused data in future research.

5. Conclusions

This study provides a comprehensive assessment of the environmental quality of
121 educational institutions in Debrecen, revealing that student exposure to green spaces
and elevated temperatures is deeply stratified by institutional type and urban morphology.
Our findings demonstrate a clear environmental gradient: while kindergartens gener-
ally offer restorative, green-rich settings, secondary schools and multi-level educational
institutions—which serve the majority of the student population—are frequently located in
environmentally compromised areas.

Three critical spatial patterns emerged from our analysis. First, the historical down-
town area acts as an “environmental trap” for prestigious secondary schools, where heritage
protection and high urban density preclude the expansion of green spaces, resulting in
sealed surfaces and elevated heat stress. Second, we identified signs of an apparent “green
paradox” in socialist housing estates: despite abundant tree cover and large land parcels,
schools in these zones often record the highest LST likely due to the heat-trapping effects
of vertical concrete geometries and extensive artificial roofing. Third, the outskirts” uncon-
trolled sprawl has created a fragmented urban fabric in which schools are constrained and
enclosed by residential development, lacking the necessary green buffers to mitigate local
climate impacts.

Beyond macro-scale urban planning, our research highlights the detrimental role
played by institutional maladaptation. The conversion of permeable schoolyards into
parking lots and the widespread installation of heat-absorbing rubber safety surfaces often
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negate the potential benefits of outdoor spaces, transforming them into sterile, thermally
uncomfortable environments. These findings suggest that current urban greening strategies,
such as the city’s “Green Code,” must be better integrated with educational infrastructure
management. We argue for a paradigm shift that views schoolyards not as insular and
isolated private entities but as essential components of the public green infrastructure net-
work, requiring joint-use agreements, climate-adaptive design standards, and coordinated
funding mechanisms.

Overall, our results suggest that cities in post-socialist countries possessing a typical
urban fabric should implement a variety of measures to improve the green and thermal
environment of educational institutions, based on their location and position in different
built-up area types.
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