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Abstract: School learning environments play a crucial role in both student and faculty outcomes;
however, the limited funding allocated to public school facilities can result in poor environmental
conditions which can hinder occupant health and performance. Existing school facilities must then
explore affordable retrofit strategies that can effectively improve health and performance outcomes.
The emerging field of biophilic design offers significant potential for improving existing school
environments with benefits for both the students and faculty. Through case study research, this study
proposes a toolkit of 42 biophilic retrofits for existing K-12 schools in a set of stakeholder cards that
illustrate precedents, known impacts, and their relevance to high-performance schools. Additionally,
a stakeholder card sorting study was conducted to establish the perceived viability and impact of
each strategy. The findings reveal that biophilic retrofit design strategies are perceived by school
community stakeholders to be impactful with varying levels of affordability. These findings further
demonstrate that a toolkit of biophilic interventions for K-12 schools will offer invaluable insights to
improve student and faculty conditions.
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1. Introduction

School learning environments play a crucial role in the development and wellbeing
of children. However, research indicates that an alarming number of school facilities,
especially those in public schools, face a funding gap that affects the quality of the school
infrastructure [1-4]. K-12 students in both public and private schools spend an average
of 42% of their waking hours within school facilities, thus it is imperative that school
buildings are in excellent condition to enhance student learning [5]. Recent research has
identified that quality school building design and maintenance have measurable effects
on both student and teacher performance [6]. However, the American Society of Civil
Engineers’ (ASCE) 2021 Report Card for America’s Infrastructure scored school facility
conditions and building systems at a grade of D+ on an A-F scale in terms of structure and
maintenance [7]. Given that both students and teachers spend a considerable amount of
their daily lives in school buildings, facility design and retrofits need to actively enhance
human health, wellbeing, and performance. In order to combat poor facility conditions,
there needs to be a push for both the budgetary decisions to allocate increased funding
to K-12 schools, as well as a push for community decision makers to invest in affordable
retrofit options that have significant benefits to the health and performance of students
and teachers.

Biophilia is the innate human desire to connect with nature and other living beings.
The term “biophilia” was first coined by psychoanalyst Erich Fromm in his 1964 publication,
The Anatomy of Human Destructiveness [8]. Fromm stated that biophilia was the “passionate
love of life and all that is alive...” [8]. In 1984, biologist EO Wilson popularized the term
“biophilia” and proposed the current definition for biophilia—humans’ innate tendency to
focus on living things [9]. However, it was not until 2008 that Stephen Kellert solidified
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the concept of biophilia as a strategy for architecture and sustainability and coined the
term “biophilic design” [10]. Over the past 50 years, the term “biophilia” has shifted from
a psychological concept to a design practice within the built environment.

Biophilic design is the practice of connecting people and nature within our built
environments and communities. There are a growing number of resources to help facilitate
biophilic design such as taxonomies and best practices. Two leading biophilic design
guidelines are Stephen Kellert’s Six Biophilic Design Elements [10] and Terrapin Bright
Green'’s 14 Patterns of Biophilic Design [11].

In parallel, there is a growing body of literature that reveals the benefits of con-
necting children with nature, as well as the importance of biophilic design for human
outcomes [12-20]. This research suggests that K-12 school decision makers should be
investing in biophilic retrofits for schools because nature is key to early childhood devel-
opment. In a 2005 publication, Kellert concluded that the healthy emotional, evaluative,
and intellectual development of children depends on accessible and abundant natural
environments [21]. Additionally, in a 2021 population-based birth cohort study in Metro
Vancouver, Canada, Jarvis et al. identified that every 10% increase in percentage of vegeta-
tion within 250 m of a residential postal code resulted in a 0.16 increase in teacher-assessed
Early Development Instrument scores [22].

Indeed, the concepts of biophilia and biophilic design are quite prevalent in the
literature and have been the subject of over 700 published articles and studies as found in a
2021 critical review [23]. However, there is still a lack of widespread realization of biophilic
design in architecture and the built environment. This study aims to continue bridging
the gap between academia and practice through the creation and validation of a biophilic
design toolkit for K-12 school community stakeholders.

After an extensive literature and design precedent review, seven categories of biophilic
retrofit design strategies were captured in a biophilic retrofit taxonomy. These overarching
categories include: Indoor Greenery, Views, Biophilic Finishes, Natural Light, Nature’s
Sounds, Taste and Touch, Nature Interaction and Engagement, and Spatial Biophilic ap-
proaches. A total of 42 biophilic design strategies are summarized in the taxonomy card set.
In order to quantify the connection between the biophilic design strategies and their impact
on student and teacher performance, a thorough literature review identifying the relevant
benefits of specific biophilic retrofit strategies to humans was completed and captured on
the back of each strategy card. The studies found significant connections between biophilic
design elements and human health and productivity outcomes, including anxiety and
stress [24-26], attention [27-30], cognitive function [12,13,19,31], engagement (in class) [32],
graduation rates [33], physical health [15,34-37], standardized test scores [18,38-41], sys-
tems thinking [42], teamwork [43], and thermal comfort [44].

Through the understanding of biophilic design and its impact on humans, a rich
palette of biophilic design elements can be developed to engage K-12 school community
stakeholders and address the health and performance of both students and faculty.

2. Materials and Methodology

The Biophilic Toolkit and user testing were undertaken in two stages. The first stage
focused on the creation of a taxonomy of 42 biophilic retrofit strategies for K-12 schools, as
well as an aggregation of school case studies and health and performance literature reviews
for the set of cards that were created within the taxonomy. The second stage was a user
perception study to determine a strategy prioritization approach.

By analyzing both Kellert’s 6 Biophilic Design Elements and Terrapin Bright Green’s
14 Patterns of Biophilic Design, 42 specific biophilic design strategies were identified and
included in the creation of a taxonomy based on their feasibility for implementation in an
existing K-12 school setting. The strategies included in this set are uniquely developed,
inspired by the previously published biophilic literature including Kellert and Terrapin
Bright Green’s frameworks. Factors for selection included the following: replicability in
a K-12 school building given typical US conditions of infrastructure, space utilization,
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building codes and regulations; limiting the level of disruption that might be necessary for
construction; and alignment with pedagogical goals of secondary education. First costs
to implement and possible maintenance requirements, based on the literature findings
and preliminary pricing, were also factors in the development of the taxonomy. In order
to validate each strategy’s impact on students and faculty, a rigorous literature review of
potential health and performance impacts was conducted. Following the development
of the biophilic retrofit taxonomy, a card set was created to engage school community
stakeholders in the retrofit design of healthy and sustainable schools.

In order to evaluate the card set as a toolkit, a one-month long card sorting study
was conducted between 4 March and 17 April 2022. This study investigated stakeholder
perceptions of how beneficial and applicable the 42 different biophilic retrofit strategies
were for the K-12 students and faculty. The community stakeholders included teachers,
school board members, school administrators, parents, and school designers/consultants,
who ranked the strategies based on perceived level of positive impact and affordability.

The ranking was achieved through a quadrant chart with the x-axis measuring afford-
ability and the y-axis measuring level of positive impact (Figure 1). There were two different
formats of the study, a paper version and an electronic version. Both were used in the overall
analysis and conclusions of this study. This study was approved under Exempt Review by
the Carnegie Mellon University Institutional Review Board (IRB) on 23 February 2022.

©

[

©

a

£

° ‘

:E Very Expensive & High Impact Very Affordable & High Impact

3

a

£

2

T

©

4]

Q

E

[

3 Very Expensive & Low Impact Very Affordable & Low Impact

3

a >

2

(e}

-
<— Most Expensive Most Affordable —>
$$S $

Figure 1. Quadrant chart for the card sorting game (Paper version) [15,38,39,45].

To ensure the accessibility of this study to the general public, a dedicated website was
created to offer educational resources on biophilia and outline the focus of the research
project. The website featured a link to the electronic survey and provided a downloadable
version of the paper survey. Additionally, paper packages of the study were dispatched to
four local K-12 schools in Pittsburgh. These packages included a comprehensive instruction
packet, a set of the 42 cards, and a paper quadrant chart, which served as the metric for
card ranking.

Identification of suitable local schools for the distribution of the paper version of the
study was facilitated through a collaboration with the Green Building Alliance in Pittsburgh
(GBA). Contacts recommended by the GBA received introductory emails outlining the
study and its materials. Upon obtaining approval from the schools, paper packages were
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promptly mailed out. Participants in the paper-based card study were instructed to arrange
the cards across the quadrant chart, placing those they deemed to have perceived positive
impact for students and faculty onto the chart. Subsequently, participants were required
to photograph their completed activity and submit it through the same survey link used
for the electronic version. There was a separate section within the electronic survey for
paper version submissions. The same survey was used to honor the IRB consent, and
demographic questions were required for all participants. After completing the exercise
and submission, the individual participants were asked to place the disassembled paper
study back into the envelope and pass it forward to another K-12 stakeholder to extend the
test set.

The second format consisted of an electronic survey. The survey software, Qualtrics,
was used to create and administer the surveys. The electronic version of this study was
aimed at reaching as many participants as possible, as well as collecting data from a variety
of different regions and climates., The survey was shared to all relevant personal contacts of
the author as well as advertised on a number of social media platforms including LinkedIn,
Facebook, Instagram, and Reddit.

The electronic version of this study also asked participants to rank each card based
on its level of impact as well as its affordability. Due to limited survey platform flexibility,
participants were not asked to sort the cards on a quadrant chart via dragging and dropping;
instead, they were asked to select the ranking of the cards on a scale of low, medium, and
high for both impact and affordability (Figure 2). For the purposes of the card rankings,
only the front of each card as well as the research summary that is listed on the back of the
cards, was displayed. Participants could opt out of ranking a card if they felt there would
be no level of positive impact.

To what extent do Plants in the Classroom have positive impacts on students and
teachers? And how affordable would this strategy be?

Indoor Greenery
i =

[ [ -
Investing in plants in the
classroom leads to increased .

am\¢ “ 7 j ' student attention capacity
(/ &4 74 / > (Kim et al,, 2020)
gton Montessori Schogl | Prifigion, New Jersey. ;) /

Plants in the Classroom

In a 2020 controlled experiment of two elementary schools in Seoul, South Korea, Kim et al identified
that the addition of large potted plants within classrooms (1 plant per student) resulted in an increase in
attention capacity through a 52.9% improvement in performance (FAIR-P scores, p<0.05)and a 73.2%
improvement in quality (FAIR-Q scores, p<0.05). (n = 70 students in two schools, t = 2 measurement

Impactful No Impact
Positive Impact Low Medium High
Affordability Expensive Justifiable Affordable

Figure 2. Electronic Study Survey Question on Plants in the Classroom [27].

Given these three levels of positive impact and affordability to choose from, a3 x 3 matrix
for card ranking was defined. Each box was assigned a score on a scale of —4 to +4. A score
of +4 denotes a ranking of “High Impact and Affordable”, while a score of —4 represents
“Low Impact and Expensive”. Additionally, it was decided that since affordability is very
important to public schools, a strategy that is deemed to be “Medium Impact and Afford-
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able” would score higher than a strategy that was “High Impact and Expensive”. The same
scoring applied to “Low Impact and Affordable” vs. “Medium Impact and Expensive”
strategies (Figure 3).

Expensive Affordable

$$$ 9% $

High 1 3 4
Med =2 0 2
Low -4 =% =1

Figure 3. Scoring legend based on impact and cost for the card sorting study.

The average score for each biophilic action card is the value that was used to derive
the statistical analysis in the results. Since the electronic version of the survey limited the
ranking choices to a 3 x 3 matrix and the paper version was based on the quadrant chart, a
3 x 3 grid was manually overlayed on the images of the completed paper versions to make
the paper and electronic results comparable in terms of the scoring.

The results of the card sorting exercise (both paper and electronic versions) were
analyzed using Qualtrics, Microsoft Excel, R Studio, and Tableau. Descriptive statistics
were utilized to understand key findings in the data. Statistical analysis was used to
support the findings of the descriptive statistics using one-way ANOVA paired with
Tukey’s Procedure as a follow-up for unplanned corrections in the statistical analysis.

3. Results
3.1. A Taxonomy of Biophilic Retrofit Interventions in Cards

The taxonomy created in this study was strongly influenced by Terrapin Bright Green's
14 Patterns of Biophilia as well as Stephen Kellert’s 6 Biophilic Design Elements. These
strategies were identified to be both significant and feasible in a school setting through
a comprehensive literature review. The final taxonomy consists of 42 biophilic retrofit
strategies spread across seven categories (Figure 4). The seven categories are grouped
into two parts, namely Visual Connection to Nature and Multisensory Connection to
Nature. Within Visual Connection to Nature, there are three strategy sets as follows: Indoor
Greenery, Views, and Biophilic Finishes. For Multisensory Connection to Nature, there are
four factors, namely Natural Light, Nature’s Sound, Taste, and Touch, Nature Interaction
and Engagement, and Spatial Biophilic Strategies.

Based on this taxonomy, 42 cards were created with one card for each strategy
(Figure 5). Each of the cards provided a brief summary of the strategy and a visual illustra-
tion of the strategy in practice on the front of the card, and the benefits of implementing
the strategy based on a literature review, as well as a matrix of how the strategy aligned
with the national standards and certifications on the back of the card (Figure 6). The
standards and certifications included in the scope of the cards were LEED, WELL, CHPS
(Collaborative for High Performing Schools), and LBC v4.0 (Living Building Challenge
version 4.0).
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Visual Connection to Nature Multisensory Connection to Nature

Indoor Greenery Light

Plants in the Classroom Circadian Lighting - Daylight
Green Walls in the Classroom Light Shelves

Sunlight

Circadian Lighting - Electric
Landscape Views from the Classroom

Landscape Views from the Cafeteria Sound, Taste, and Touch

Neighborhood Views from the Classroom
City Views from the Classroom

Clear Windows in the Classroom

Washed Windows in the Classroom

Natural Ventilation in Classrooms
Thermal Variability & Alliesthesia
Water Features in the Classroom
Water Features in Outdoor Play Areas

Sounds of Nature - Outside the Classroom
Sounds of Nature - Inside the Classroom
Fragrant Flowers & Herbs

Natural Acoustic Control

Interaction & Engagement

Animals for Multisensory Enrichment
Edible Plants

Educational Content

3D Surfaces

Spatial

Partial Refuge
Prospect

Mystery

Creating Outdoor Spaces Indoors
Opening to Outdoor Play Space
‘Opening to Outdoor Classroom Space
‘Outdoor Landscape for Teaching
Outdoor Eating Spaces

Shading Devices with Views
Wildlife Habitats

Biophilic Finishes

Flooring with Natural Patterns

Walls with Natural Patterns

Ceilings with Natural Patterns

Shades with Natural Patterns

Natural Materials - Wood Furniture
Natural Materials - Wood Floors + Walls
Natural Materials - Stone Walls

Natural Materials - Rammed Earth Walls

Figure 4. The taxonomy of the 42 biophilic retrofit interventions.

Figure 5. Full card set [12,13,15,18,19,24-47].
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In a 2021 lab experiment at Hankyong National University in Anseong, South Korea, Kim et al identified
that a room with an indoor vertical garden resulted in a 94% reduction in perceived negative
emotional tension (POMS) as compared to a control room with no outdoor elements. (p<0.01, n=18)

This action aligns with national certifications and standards

TBG's 14 Patterns PY: Visual Connection with Nature

Light & Space

Kellert's 6 Evolve Human-Nature Relationships

LEED v4 O+M Schools

MO2: Nature and Place

WELL V2 MO9: Enhanced Access to Nature

CHPS

| |LBCv40 o

Figure 6. Creating Outdoor Spaces Indoors card front and back [20].

3.2. Testing Stakeholder Perception of the Biophilic Taxonomy

In order to evaluate the card set as a toolkit, a card sorting study was conducted in
the spring of 2022. This study investigated the value of the 42 different biophilic retrofit
strategies for K-12 students and faculty from the perspective of stakeholders, including
teachers, school boards, school administrators, and parents, who ranked the strategies
based on level of positive impact and affordability.

The card sorting study collected a total of 74 responses from the K-12 school commu-
nity stakeholders. Of these 74 respondents, 78.4% were teachers and school administrators.
Additionally, 54.8% of respondents were 45 years or older and 73.6% of all respondents
were female. The online survey also collected responses from 13 of 50 states, which included
at least one respondent from all the main geographical regions of the United States.

Each category was analyzed and the average score of each category was identified
capturing the benefits of both impact and affordability (Table 1). The scores ranged from
—4 to 4. Based on this, Interaction and Engagement, as a category, scored the highest with
an average score of 1.67. As a category, Biophilic Finishes scored the lowest at —0.85. It
should be noted that there were different numbers of cards in each category, with some
ranked more impactful and affordable than others.

Table 1. Average biophilic category scores.

Category Average Score

Interaction and Engagement 1.6695
Light 1.5154
Spatial 1.1231
Views 1.0307
Indoor Greenery 0.8565
Sound, Taste, and Touch 0.6613

Biophilic Finishes —0.8528

While not every participant identified all 42 biophilic retrofit strategies in the card
set as having any positive impact, all strategies had at least 77% of participants agree that
there was some level of perceived positive impact on student and faculty outcomes. This is
aligned with the current published research that appears on the back of the cards.

In addition to the overall category scoring analysis, subsets in each of the seven
categories were separately analyzed to identify the strategies per category that were deemed
the most impactful by the participants of this study. The cards within each category were
compared to each other using statistical analysis based on the average scores of each card
derived from the scoring approach which merges perceived level of impact and affordability
as previously described (Figure 3).

In the Indoor Greenery category, plants in the classroom were identified to be the most
impactful and affordable strategy for student and teacher outcomes at 95.9%, as compared
to green walls at 37.5% (p = 0.00).
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In the Views category, five of the eight strategies were identified to have a significant
perceived impact on impact and affordability—clear glass windows, washed windows,
landscape views from the classroom, wildlife habitats, and shading devices enabling views
(p =0.0002). Of these five, clear glass windows scored the highest with 75.3% of participants
identifying it as having a high level of impact, and 98.6% deeming clear glass windows as
having at least some level of positive impact on student and teacher outcomes.

Among the eight strategies in the Biophilic Finishes category, wooden furniture was
identified to be the most impactful and affordable strategy for student and teacher outcomes
(p = 0.017). In general, Biophilic Finishes had the most strategies being perceived by survey
respondents as both low impact and expensive (—4). However, wooden furniture was
perceived to be significantly more impactful and affordable than the other seven strategies
with 47.8% of participants who identified the strategy as having a high impact level.

Of the four strategies in the Light category, both sunlight and circadian daylight
were identified to have significant impact and affordability as compared to light shelves
and electric circadian lighting (p = 0.00). Based on the results of the survey, 100% of all
participants felt that sunlight would certainly have a positive impact on students and
teachers, from low to high. This was the only strategy of the 42 strategies in the taxonomy
that all 74 participants universally agreed would have positive impact.

Of the eight strategies in the Natural Sound, Taste, and Touch category, four were
identified to have a significant positive impact and affordability—fragrant flowers and
herbs, natural ventilation in the classroom, water feature outdoors, and sounds of nature
from outside (p = 0.00). Of these four, fragrant flowers and herbs scored the highest with
55.7% of participants ranking the strategy as high impact.

Of the four strategies in the Interaction and Engagement category, both nature edu-
cational content and animals in the classroom were identified to have significant impact
and affordability (p = 0.00). Of these two, nature educational content scored the highest
with 48.5% of participants who ranked the strategy identifying it as a both high impact and
affordable (+4).

Lastly, in the Spatial category, five of the eight strategies were identified to have
significant impact and affordability—classroom opening to outdoors, opening to outdoor
play space, outdoor landscape for teaching, partial refuge, and outdoor eating spaces
(p = 0.00). Of these five, classrooms opening to the outdoors scored the highest with 83.3%
of participants ranking the strategy as high impact, although only 12.5% felt it was both
high impact and affordable.

In addition to the strategy ranking, the survey also asked stakeholders about additional
biophilic retrofit strategies that were not included in the taxonomy and card set, that could
be potentially added into the taxonomy. These strategies have yet to be reviewed and
researched, but included:

Natural patterns for air diffusers;

Improving window area and view factors;

Outdoor community gardens;

Messy outdoor classrooms;

Skylights;

Dynamic light patterns (e.g., filtered /shaded skylights, programmable light systems);
Material and tactile experience of nature.

The last analysis completed for this stakeholder perception study was an overall
analysis on the entire taxonomy to identify which strategies US K-12 schools might prioritize
based on the combined level of positive impact and affordability. A total of 74 K-12 school
stakeholders identified eight strategies with the highest impact and affordability—Sunlight,
Nature Educational Content, Circadian Daylight, Fragrant Flowers and Herbs, Outdoor
Eating Spaces, Clear Glass Windows in the Classroom, Washed Windows in the Classroom,
and Plants in the Classroom—as compared to 34 other biophilic retrofit design strategies
(p =0.037).
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4. Discussion

In light of the severe underfunding of K-12 schools, decision makers must pinpoint
cost-effective yet impactful design solutions for current school structures. Extensive aca-
demic research has demonstrated that biophilic design strategies offer both quantitative and
qualitative advantages for human health and performance. This research project reveals
that there exist numerous affordable retrofit strategies to introduce biophilic design into
existing schools. It is crucial to involve the community stakeholders in K-12 schools in the
decision-making process to ensure the creation of quality learning environments that foster
the wellbeing and success of students and teachers.

Based on the results of the survey, these eight strategies could be prioritized for K-12
school retrofit planning and designs in order to affordably create more beautiful and im-
pactful spaces for students and teachers—Sunlight, Nature Educational Content, Circadian
Daylight, Fragrant Flowers and Herbs, Outdoor Eating Spaces, Clear Glass Windows in the
Classroom, Washed Windows in the Classroom, and Plants in the Classroom. However, it
should be noted that this prioritization assumes that windows are a given in an existing
classroom, which is not always the case. Four of these eight strategies rely on access to a
window in the classroom (Sunlight, Circadian Daylight, Clear Windows in the Classroom,
and Washed Windows in the Classroom). This underscores the significance of windows in
K-12 classrooms and provides additional justification for banning windowless classrooms
in the future.

Within the full set of 42 biophilic retrofit strategies, there are certain strategies that
may not be entirely compatible, such as pairing “refuge” or “mystery” with “prospect” (see
cards in the Supplementary Material), or pairing shading devices with views, circadian
daylight, or sunlight. However, the eight strategies deemed most impactful and affordable,
as defined by the community stakeholders, could be incorporated together since they are
not inherently conflicting.

The purpose of the 42 retrofit action cards was to help stakeholders make informed
decisions about which strategies would be the most appropriate for their existing K-12
school. It was important for decision makers and K-12 school stakeholders to meet and
discuss potential opportunities and limitations for each of the 42 strategies relative to
their school.

This study was undertaken during the height of the COVID-19 pandemic and neces-
sitated both physical and electronic engagement to increase the number of community
stakeholders. Future studies would improve the online interface to enable nuanced location
of the cards on the quadrant grid to match the paper version. The paper version of the
survey facilitated greater dialogue and exchange, and a greater comparative shuffling of
strategies—an altogether deeper level of engagement in the exploration of biophilic retrofits
for their school.

5. Conclusions

The importance of high-quality school learning environments for the development and
wellbeing of children cannot be overstated. Many K-12 schools, particularly public schools
in the US, face significant funding challenges that impact the quality of their facilities.
Given the substantial amount of time students spend within these environments, it is
critical to address these deficiencies through strategic design and retrofitting efforts that
enhance both student and teacher performance.

Biophilic design, which leverages the human affinity for nature, offers a compelling
approach to improving school environments. This study has highlighted the substantial
benefits of biophilic design in educational settings, supported by a robust body of literature
that links a series of biophilic retrofit design strategies to improved cognitive function,
reduced stress, better engagement, and overall enhanced academic performance.

Through the development of a taxonomy of 42 biophilic retrofit strategies and a
subsequent user perception study, the most impactful and affordable strategies for K-12
schools were identified. These include sunlight, nature educational content, circadian
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daylight, fragrant flowers and herbs, outdoor eating spaces, clear glass windows, washed
windows, and plants in the classroom. These strategies were consistently rated highly
for impact and affordability by community stakeholders, indicating their feasibility and
effectiveness in enhancing school environments.

It is essential for decision makers to prioritize these biophilic strategies in retrofit
planning to create healthier, more productive learning spaces. While certain strategies
may not be universally applicable due to existing infrastructure limitations, this taxonomy
provides a flexible toolkit on biophilic retrofit strategies that can be adapted to the specific
needs and constraints of individual schools. Engaging school community stakeholders
in this process ensures that the selected strategies align with the unique educational and
environmental goals of each institution.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/architecture4020024 /s1, Figure S1: Printable card set.
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