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A B S T R A C T

Biophilic designs with indoor plants are being increasingly recognized for their potential to enhance indoor 
environmental quality (IEQ) and occupant satisfaction. This can contribute to sustainable and green buildings. 
However, evidence on the specific benefits of indoor plants remains ambiguous. Particularly, for the buildings in 
India, there is dearth of evidence of the impact of plants on occupants. We conducted a between-subjects study, 
with (WP) and without plants (WoP), to investigate effect of indoor plants on Indian building occupants in the 
composite climatic region of India. Subjective questionnaires queried participants’ indoor climate perception, 
sick building syndrome (SBS) symptoms, emotional state, self-assessed performance, and overall satisfaction with 
the space. Participants undertook a cognitive task targeting working memory (Operations Span). Air quality 
perception, SBS symptoms, and subjectively and objectively assessed performance did not differ significantly 
between WP and WoP groups. The WP group perceived the space to be better decorated (|r|, effect size = 0.42, p 
< 0.0001), cleaner (|r| = 0.16, p = 0.04), visually more comfortable (|r| = 0.22, p = 0.01), and cooler (r = 0.18, p 
= 0.02). The WP group also had enhanced positive emotions (|r| = 0.21 to 0.45, p < 0.0001 to 0.02) and reduced 
negative emotions (r = 0.18, p = 0.02). Our findings indicated that potted plants improved occupant perception 
of indoor environment and can potentially lower cooling energy use by over 8 %.

1. Introduction

The indoor environment intimately impacts occupant comfort, well- 
being, work performance, and overall satisfaction with space [1,2]. 
Buildings underperforming in terms of indoor environmental quality 
(IEQ) can have an adverse economic and health impact [3]. Targeting 
sustainability and low-energy building designs, researchers are 
exploring methods to improve thermal comfort and air quality for oc
cupants [4], in an energy-efficient manner [5]. One direction of such 
explorations is inclusion of biophilic features in buildings [6,7], 
particularly indoor plants [8–10], that connect occupants to nature [11]. 
Indoor plants, with their potential to improve IEQ, can offer a sustain
able and energy-efficient complementary solution for reducing energy 
used by HVAC (Heating, Ventilation, and Air Conditioning) systems. 
HVAC systems regulate indoor thermal comfort and air quality (IAQ) at 

significant energy costs [12]. Integrating biophilic elements such as 
indoor plants may make it possible to enhance occupant satisfaction 
with the indoor climate (thermal environment and IAQ) while reducing 
dependency on energy intensive HVAC usage.

Previous studies have examined green plants inculcated indoors in 
the form of green walls [13–15] and indoor potted plants (hanging, 
tabletop, or kept on the floor) [16–21]. The evidence favoring plants 
improving indoor environment and occupant perception remains 
equivocal. Plants may reduce stress and improve occupants’ mental 
health [22,23], improve perceived indoor air quality (IAQ) [24,25] and 
thermal comfort [9,13,26], and improve task performance [19,21,25]. 
At the same time, multiple works have failed to find a significant impact 
of plants on mood [27–29], perceived IAQ [10,30], or thermal comfort 
and task performance [29,30].

An analysis of the impact of plants on indoor particulate matter 
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removal showed low to insignificant clean air delivery rates (CADRs; 
0.002–0.08 m3/h) [31], as was also observed when using plants for 
VOCs removal indoors [32]. While plants may not significantly impact 
the indoor climate through PM and VOC removal, their effects on oc
cupants could also be influenced by other factors, such as the potential 
influence on indoor temperature and humidity through transpiration 
[33,34]. In buildings with HVAC and typical plant density, the impact of 
plants is likely to stem from biophilia [35] and improved aesthetics [36].

Buildings in India consume 33 % of the country’s energy use [37]. 
More than half of the buildings that will be in use in India by 2050 are 
yet to be built [38]. This presents a unique opportunity as well as 
challenges for the future of sustainable design and operation of buildings 
in this country of over 1.4 billion people, including the use of biophilic 
elements like indoor plants. Placing plants indoors requires space and 
upfront investment and their care. There are also issues like increased 
humidity [39], allergens [40], and volatile organic compounds (VOCs) 
emitted by the plants [41]. Hence widespread implementation requires 
carefully weighing the evidence of how plants impact the indoor envi
ronment and the occupants.

Composite climatic [42] regions account for about 30 % of India’s 
geographical extent and 450 million of its population [43]. They 
combine characteristics of hot and dry, warm and humid, and cold cli
matic regions and are hence referred to as composite climates. In these 
regions of India, office buildings dedicate 50 % or more of their energy 
use for indoor conditioning [44].

For the new buildings being designed for the composite climate of 
India, the design intervention of indoor plants can prove to be advan
tageous. It can contribute to multiple targets under the United Nations’ 
Sustainable Development Goal 11 “Sustainable Cities and Commu
nities”, viz., Target 11.3, “By 2030, enhance inclusive and sustainable 
urbanization…” and Target 11.6 “By 2030, reduce the adverse per 
capita environmental impact of cities…”.

To the best of our knowledge, no previous work has explored the 
multifaceted impact of plants on indoor climate and occupants in India 
[45–47], and only one study has been conducted in South Asia [30]. 
Perusing reviews of studies [45–48] related to how indoor plants impact 
occupant perception, we identified the following limitations: 

• No study met the requirement of intention-to-treat analysis (no 
participant is excluded from the analysis and analysis is based on the 
initial group assigned).

• Limited number of studies examined the multiple dimensions that 
indoor plants are likely to affect, viz., emotion, cognition, thermal 
comfort, and satisfaction, together and report indoor conditions of 
the spaces.

• Studies often did not use groups with similar social demographics to 
compare the impact of plants vs the absence of plants and partici
pants were not blinded to the plants (as the intervention) in multiple 
studies.

• Several studies did not use an a priori power calculation as part of the 
experiment design.

The current study was designed to examine multiple dimensions: 
task performance, thermal comfort, air quality perception, affect 
(emotional state at the current moment), and perception of the indoor 
space. Our study was conducted in a classroom modified to simulate an 
open-plan seating space (with and without plants), while keeping 
consistent thermal environmental parameters (air temperature, air 
speed, ventilation). A between-subjects design ensured that the partic
ipants were blinded to the intervention – physical presence of plants. 
Our study focused on answering the following questions: 

• Does the presence of indoor plants influence occupants’ subjective 
perception of their indoor environment?

• Does the presence of indoor plants impact occupants’ affect, i.e., 
current emotional state?

• Does the presence of indoor plants have a measurable impact on 
occupants’ cognitive performance (working memory)?

2. Methodology

The study was conducted over 20 days between April 04, 2023, to 
April 28, 2023, in an air-conditioned classroom on the campus of Birla 
Institute of Technology and Science, Pilani (BITS-Pilani). Pilani, in the 
state of Rajasthan, has a composite climate. A weather station, located 
about 500 m from the classroom, provided the local weather data. 
During this 20-day period, the recorded temperature, relative humidity, 
and wind speed ranged between 14.5–42.6 ◦C, 10–86 %, and 0–6 m/s, 
respectively. A little rain (0.2 mm and 2.5 mm) fell on a couple of days 
but not on the study days. A flowchart illustrating the methodological 
steps has been presented in Fig. 1.

2.1. Experiment design

The intervention consisted of having plants in the occupied space. 
Participants were blinded to the objective of the study. They were 
informed that the study aimed to get occupants’ feedback on indoor 
comfort. Each participant was part of either the without-plant group 

Fig. 1. The research methodology.
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(control group, WoP) or the with-plant group (treatment group, WP). 
The experiments were carried out over four consecutive weeks, with 
Sundays excluded from the schedule. The regular class schedule on 
campus gives students a break on Sundays (not Saturdays), so sessions 
were not scheduled on Sundays. Each session was scheduled from 
5:30pm – 6:25pm to ensure the availability of the participants and the 
classroom.

Based on previous works [18,19,49], we chose two commonly used 
indoor plant species in India: money plant (Epipremnum aureum) and 
areca palm (Dypsis lutescens). Both species can grow in medium to 
low-light conditions [50]. They have been used in horticultural studies 
in India [51,52] and are considered to be suitable choices for indoor use 
in the Indian popular media [53]. In total, five money plants and three 
areca palms were placed in earthen pots inside the classroom. We used a 
mix of plants to replicate how indoor plants may be practically used 
indoors. Those plants were 1–1.2 m high so that they could be placed on 
the floor and still be visible to occupants seated at desks.

We established the following null hypotheses (H0) for the study, 
following the Fisher significance testing framework [54]:

H1. The presence of indoor plants does not impact occupants’ sub
jective perception of the indoor environment.

H2. The presence of indoor plants does not impact occupants’ affect 
(emotional state).

H3. The presence of indoor plants does not impact occupants’ cogni
tive performance.

A priori power analysis using G*Power [55] showed that a minimum 
of 53 participants would be required for the significance testing. Hence, 
60 participants were recruited in each WP and WoP group. More details 
have been provided in Supplementary information (SI).

2.2. Participant recruitment

Participants needed to be at least 18 years old, have no health issues 
like fever, cough, or cold on the day they would participate, and should 
not have been diagnosed with a sleep disorder or respiratory health is
sues. Participants were recruited through convenience sampling from 
students in the campus. Recruited participants were assigned at random 
to one of the two groups, WoP or WP. The study protocol was approved 
by the student welfare division of BITS Pilani. More information on 
recruitment has been provided in SI.

A total of 120 participants were recruited (102 males and 18 fe
males), 60 participants in each group. Two participants (one during a 
WoP session and the other during a WP session) could not attend the 
main session. To maintain a consistent set-up, we replaced the absent 
participant with a “dummy” participant. Table 1 summarizes some key 
demographic measures and sleep scores on the Groningen Sleep Quality 
Scale (GSQS) [56], on the day of their participation, for the two groups.

2.3. Experimental set-up and measurements

The layout in the chosen classroom was modified to simulate people 

in an open-plan seating space (see Fig. 2a and 2b). The room (width ×
length × height: 7.6 m × 9.1 m × 3.6 m) was located on the first floor of 
a two-storey building. The walls of the room do not receive any direct 
sunlight. The room has three split air conditioning units (see Fig. 2a) and 
LEDs for lighting.

ASHRAE Standard 55 defines thermal comfort as “that condition of 
mind that expresses satisfaction with the thermal environment and is 
assessed by subjective evaluation”. As the objective of this study was to 
understand the impact from presence of indoor plants on occupant’s 
thermal comfort and perception, air conditioning was used to maintain 
consistent thermal conditions in the room. We focused on differences, if 
any, on the perceived thermal comfort, task performance and affects of 
the occupants, in presence of indoor plants. Usage of AC removed any 
confounding effect of fluctuating indoor temperature/humidity. The 
study design did not intend to detect the impact of plants on indoor 
thermal conditions.

Six desks were arranged in the classroom to seat six participants. To 
nullify the effect of varying outdoor conditions, windows and doors 
were closed and covered with white curtains/sheets.

Through the sessions, we continuously monitored and logged the air 
temperature, air speed, relative humidity, globe temperature, and CO2 
level at the location marked in Fig. 2a. Instrument specifications have 
been provided in Table S1, as part of SI. Indoor temperature was 
maintained between 24 and 26 ◦C during the sessions, and conforms to 
the summer thermal comfort range for building occupants [57]. Lighting 
in the room was measured prior to sessions and provided an illuminance 
of 270–315 lux on the desks’ work-surface, a level recommended for 
office desks [58].

2.4. Experimental procedure

To familiarize the participants with the process, we organized an 
online orientation session, one day before their session. This involved an 
orientation questionnaire (details in SI) and the instructions for down
loading and installing the Psychology Experiment Building Language 
(PEBL) platform [59] for the cognitive tasks.

Participants were asked to arrive 10 mins before the scheduled start 
time. This gave them some time to familiarise themselves with the space 
and enabled us to start at the scheduled time. A quick note was made of 
participant clothing levels at this point. The participants entered the 
room together at 5:25pm and were assigned a random seat. They 
received the survey questionnaires (details in SI) through email at the 
specified times shown in Fig. 2b. The questionnaires were based on 
standardized scales and questionnaires widely used in similar works. 
The sources for the different portions of the questionnaire have been 
provided in Table S5. Survey I included questions about sleep quality 
and work environment. This survey was taken while participants were 
still within the initial 20-minute period marked for acclimatization to 
the room (Fig. 2b). The 20-minute acclimatization duration for the 
thermal environment was chosen based on the available literature 
related to outdoor-indoor transition or transition between two indoor 
spaces [60]. Before the participants started with the cognitive tasks, they 
had spent over 25 mins in the room. Surveys II and IV were about 
thermal comfort, IAQ, SBS, and emotions. Survey III followed the 
cognitive tasks and asked specifically about their self-assessed 
performance.

2.5. Participants’ feedback and assessments

Details regarding the content of each Survey and the complete set of 
questions have been provided as part of SI. In Survey I, we asked par
ticipants to assess the indoor environment, including lighting, visual 
comfort, noise, room decoration, space, cleanliness, and the overall 
room environment quality. Since last night’s sleep can impact work 
performance and perception [61–63], we asked participants to rate their 
last night’s sleep score on the GSQS [64]. We also asked participants to 

Table 1 
Participants’ information (n = 118), median (25th percentile, 75th percentile).

Measure Median (25th percentile, 75th percentile)

WoP WP

Height (m) 1.8 (1.7, 1.8) 1.8 (1.7, 1.8)
Weight (kg) 67 (61, 80) 71 (60, 79.5)
Body mass index (BMI, kg/m2) 22.4 (19.8, 25.9) 23.4 (20.1, 25.9)
Age (years) 20 (20, 21) 20 (19, 21)
Clothing (clo) 0.3 (0.23, 0.33) 0.3 (0.26, 0.33)
Sleep score (GSQS) 5 (1, 8) 3 (1, 6)
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provide information on their activity level for the 30 mins before coming 
to the session.

Surveys II and IV were identical and asked participants to assess their 
thermal perception, including thermal sensation vote (TSeV), thermal 
satisfaction vote (TSaV), thermal preference vote (TPV), humidity 
sensation vote (HSeV), and humidity satisfaction vote (HSaV). We also 
evaluated IAQ perception and SBS symptoms.

In Survey II and Survey IV, participants also rated their assessment of 
their current emotional state on the circumplex model of affect (more 
information is SI), under eight categories or octants [65]. “Affect” is an 
individual’s immediate expression of their emotional state, as in how 
they might be feeling at a given moment. We used the OSPAN [66] to 
assess the participants’ cognitive performance. In Survey III, partici
pants were asked to self-assess their performance in the OSPAN task via 
a series of questions, using 5-point Likert scales.

2.6. Data processing and statistical analysis

From the different sources, e.g., data logged in indoor environment 
monitors, PEBL, Google forms for subjective questionnaire, the data was 
collated using Microsoft Excel spreadsheets. All statistical analysis was 
carried out on the R Studio platform. Data and R scripts used for this 
work have been made available at https://github.com/asitkm76/Indoo 
rPlantsPilani.

The responses collected from the two “dummy” participants were 
removed prior to analysis. For the cognitive performance task, three 
(one from WoP session and two from WP session) responses were 
removed because the respective participants could not complete their 
test due to a software glitch. One response (from the WoP session) was 

removed as the scores were an outlier.
We used the t-test for continuous variables (e.g. indoor temperature) 

and Mann− Whitney U test (paired and unpaired) for categorical vari
ables (e.g. subjective votes) [67]. Participants provided feedback on the 
indoor climate, first within 15 mins of entering the space (Survey II) and 
then at the end of the session, having spent over 45 mins in the space 
(Survey IV). The subjective perceptions of thermal environment, air 
quality, SBS were compared between WoP and WP sessions, using the 
responses to Survey IV. By that time, participants would have spent over 
30 mins in the room and would have adjusted to this indoor environ
ment [68]. We also compared how the indoor climate perception 
evolved between Surveys II and IV within each type of session. The 
intention was to understand if the evolution was different for WoP vs WP 
sessions.

For p values less than 0.05, the null hypothesis was rejected. How
ever, since the p-value is the conditional probability, given the null 
hypothesis is true, in addition to the p-value, we also calculate and 
report the effect sizes. While a p-value can indicate whether an effect is 
present or not, it doesn’t reveal the magnitude of that effect. The effect 
size, on the other hand, provides more information about the magnitude 
of the difference we observe [69]. Effect sizes (Mann-Whitney r, and 
Cohen’s d) were calculated for all tests of significance using the R 
package “rcompanion” [70].

Here, the calculated r and d values are the general effect size statistics 
for the Mann− Whitney test and t-test, respectively. Effect size was 
interpreted as negligible: |r| < 0.1, |d| < 0.2; small: 0.1 ≤ |r| < 0.3, 0.2 ≤
|d| < 0.5; medium: 0.3 ≤ |r| < 0.5, 0.5 ≤ |d| < 0.8; and large: |r| ≥ 0.5, | 
d| ≥ 0.8 [71,72].

Fig. 2. a. The representative simulated open-plan seating space and study conditions, and b. study timeline.
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3. Results and discussions

We designed the current study, involving human participants, to test 
for some of the possible co-benefits of plants for occupants, e.g., 
improved aesthetics and positive emotions. Unlike most previous works 
studying the impact of indoor plants, we performed an a priori power 
analysis, the study met the requirements of intention-to-treat analysis, 
and both groups had similar demographics. Participants were blinded to 
the intervention, viz. plants and indoor conditions were maintained 
similarly for WoP and WP groups.

3.1. Environmental conditions

The indoor environmental conditions and outdoor conditions from 
the WoP and WP sessions have been summarized in Table 2. The room’s 
air and globe temperatures were between 24 and 26 ◦C, and humidity 
ranged between 30 and 45 %. Thermal conditions were within the 
summer thermal comfort zones [57]. Like the indoor conditions, the 
outdoor conditions during WoP and WP sessions were also comparable.

3.2. Participant demographics and personality

Participants in the two groups did not have significantly different age 
(d = 0.24, p = 0.2), height (d = 0.21, p = 0.2), weight (d = 0.05, p = 0.7), 
or BMI (d = 0.03, p = 0.8). Between the two sessions, the clothing 
resistance of ensembles worn by participants also did not differ signifi
cantly (d = 0.19, p = 0.3). Both groups had similar sex ratios (M:F::5:1; 
excluding one session for each WP and WoP session where there were no 
females). The two groups of participants thus had similar anthropo
metric and demographic features.

The sleep scores for the WoP and WP groups, on the GSQS, were not 
significantly different (r = 0.17, p = 0.06). The test results from the Big 
Five personality test questions showed that the participants in the two 
groups did not have significantly different scores under the different 
characteristics (|r| = 0.04–0.12, and p = 0.13–0.65), except for 
Conscientiousness (|r| = 0.23, p = 0.01). The responses of the WP group 
were slightly higher on the Conscientiousness questions scale (3 vs 3.5, 
median).

3.3. Effect on work environment perception

Significant differences in responses were noted for the question on 
“room decoration (|r| = 0.42, p < 0.0001)”, “room cleanliness (|r| =

0.16, p = 0.04)”, and “overall visual comfort (|r| = 0.22, p = 0.01)”. The 
WP group felt the room decoration and overall visual comfort were 
better. We did not observe any significant impact of plants on the 
remaining questions on work environment perception – Table S2 of SI. 
The improved perception of room decoration and visual comfort was an 
expected result, considering the biophilic nature of indoor plants [6].

3.4. Effect on subjective responses regarding indoor climate and well- 
being

Other than thermal sensation and humidity sensation, no significant 
differences were noted for the responses obtained under other measures 
of thermal environment, IAQ, and SBS symptoms between the WoP and 
WP groups. Among SBS symptoms, WP session participants felt their 
breathing to be slightly easier (r = 0.11), though this difference was not 
statistically significant (p = 0.11).

Fig. 3a provides the TSeV for the two groups from Surveys II and IV. 
Since the response scales were ordinal and not continuous, we have 
chosen to present the data in terms of stacked bar charts (with per
centages in different points of the scale) or grouped scatter plots to 
represent the data. This helps clearly visualize the change across the 
points in the scale between control and intervention or over time, in the 
same session. After spending ~30 mins in the space, the TSeV of the WoP 
group got significantly warmer between Surveys II and IV (|r| = 0.61, p 
= 0.001). However, TSeV of the WP group did not change significantly (| 
r| = 0.08, p = 0.4) over this duration. By the end of the session, the WP 
group felt their environment to be slightly cooler (mean TSeV difference 
= 0.42, r = 0.18, p = 0.02) than the WoP group.

After over 30 mins in the room, TSaV of the WP session remained 
about the same while the WoP session TSaV reduced (r = 0.34, p = 0.02), 
as illustrated in Fig. 3b. HSeV did not change significantly throughout 
the session for either group (data plotted in Figure S2). The HSeV was 
slightly drier for the WoP group in Survey IV (r = 0.18, p = 0.03) than 
the WP group. Comparing Surveys II and IV, we did not find any sig
nificant evolution of participants’ perception for any of the other sub
jective measures of indoor climate.

The differences in perceptions were likely entirely subjective since 
the temperature and humidity conditions during both sessions were 
within similar bounds. Previous studies conducted without occupant 
presence have noted that plants did not impact indoor temperature [33] 
but may impact humidity levels [33,73]. In this study, the humidity 
levels between WoP and WP did not differ significantly though RH for 
WP was slightly higher (1 %). This would indicate that evapotranspi
ration from plants can impact indoor humidity levels, but the effect may 
not be significant when there are other sources of humidity to consider, 
e.g., occupants.

Other works have also noted the impact of indoor plants on indoor 
thermal perception, like an improvement in thermal comfort votes [74] 
and thermal satisfaction [8]. In the current work, the differences thermal 
sensation between WoP and WP sessions corresponded to small effect 
sizes but hold practical significance in the context of occupant thermal 
comfort. The mean TSeV between WoP and WP sessions differed by 0.4 
scale points. For a 0.4 point thermal sensation difference on the Pre
dicted Mean Vote (PMV) scale, with all other parameters remaining the 
same, a change of 1 ◦C in operative temperature would be needed [75]. 
The thermal conditions between WoP and WP sessions did not differ as 
much. Hence, we rejected H10.

The physical presence of plants caused a cooler and less dry 
perception, while the absence of plants led to a gradual worsening of 
thermal satisfaction and a warming of thermal sensation. It is plausible 
that the participants interpreted the presence of plants to mean a cooler, 
less dry, more satisfying space. Outdoor urban green spaces are known 
to create physically cooler and more moist environments that attract 
people [76]. In the minds of the participants, this association may have 
been extended to indoor greenery even without an objective change in 
the thermal environment. It could also be that viewing plants provided a 

Table 2 
Indoor and outdoor conditions during sessions.

Measure Median (25th percentile, 75th 
percentile)

Measurement 
uncertainty

Group WoP WP

Indoors ​
Air temperature ( 

◦C)
24.9 (24.5, 
25.3)

24.7 (24.3, 
25.3)

±0.8 ◦C

Globe temperature ( 
◦C)

24.9 (24.4, 
25.4)

24.7 (24.2, 
25.2)

±0.6 ◦C

Relative humidity 
(%)

36 (33, 39) 37 (34, 42) ±3 %

Air speed (m/s) <0.10 (<0.10, 
0.12)

<0.10 (<0.1, 
0.15)

±0.1 m/s

CO2 (ppm) 949 (868, 1014) 956 (885, 
1019)

±35 ppm

Ventilation rate 
(h− 1)

0.10 (0.09, 
0.13)

0.11 (0.11, 
0.13)

±0.04 h− 1

Outdoors ​
Air temperature ( 

◦C)
33.9 (32.6, 
36.6)

34.3 (33.2, 
35.2)

±0.21 ◦C

Relative humidity 
(%)

17 (15.2, 21.3) 17 (14.5, 23.5) ±2.5 %

Air speed (m/s) Under uncertainty limits ±1.1 m/s
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positive distraction, improving participants’ perception in the WP ses
sion [77].

The difference in thermal sensation we noticed aligns with the 
findings of Ko et al. [78]. In their work, view through a window (of 

plants outdoors) made participants feel slightly cooler than the control 
condition where window views were blocked (r = 0.29). The study of Ko 
et al. also had a similar exposure duration as our work, though their 
study design was within-subjects. It is reasonable that viewing plants 

Fig. 3. a. Comparison of thermal sensation votes (TSeV), and b. Comparison of thermal satisfaction votes (TSaV), across each session type and between WoP and WP 
sessions. Note: The two values written above the vertical lines connecting two percentage vote plots are r value followed by p-value.

Fig. 4. a. Comparison of affect votes for P affect and b. Comparison of affect votes for HA affect, across each session type and between WoP and WP sessions. Note: 
The two values written above the horizontal lines connecting two scatter plots are r value followed by p value.
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outdoors could have similar impacts on perception as the presence of 
plants indoors.

3.5. Effect on participant affect

A comparison of the mean votes under the different affect categories 
in the circumplex model, for WoP and WP groups, has been summarized 
in Fig. 4. Comparing the responses between Survey II and Survey IV, WP 
participants felt sustained positive affect. For the WoP sessions, partic
ipant responses on the high arousal, positive (HAP), positive (P), low 
arousal, positive (LAP), and low arousal (LA) octants dropped signifi
cantly between Survey II and Survey IV, indicating a drop in positive 
emotions over time (see Figure S3).

This decrement was not found for WP participants. In Survey IV, the 
WP group rated significantly more positive (HAP, P, and LAP) and less 
negative (N) affect. The WP participants were also likely to feel more 
stimulated/alert (HA). The biggest observed impact was for the average 
score on the P octant (|r| = 0.45, p < 0.0001). We thus rejected H20.

Similar to our findings, Ko et al. [78] also reported more positive 
emotions when participants had the window view, i.e., better ratings for 
HAP, P, LAP, LAN, and N octants of the affects circumplex. Further, the 
maximum impact in their study was also on the P octant (|r| = 0.36, p =
0.0007). The circumplex model is an easy-to-use, consistently repeatable 
measure, that has been extensively used in relevant literature [79–81]. It 
can be a useful instrument for future similar studies involving plant
s/indoor greenery and indoor climate and conditioning.

3.6. Effect on cognitive performance and self-assessed performance

We evaluated performance in the OSPAN task under three headings: 
percentage score in the working memory task (WMT), percentage score 
in the distractor task (the arithmetic problems, DT), and average 
response time for the distractor task, as obtained from the PEBL plat
form. The average response time for distractor tasks was used as an in
dicator of the time response for the task. No significant differences (|d| =
0.06–0.19, p = 0.3–0.8) were observed for the three metrics between 
WoP and WP sessions, as summarized in Figure S4. The participants’ 
self-assessed performance on all five metrics used for evaluation did not 
differ significantly between WoP and WP sessions, as shown in 
Figure S5.

Due to a lack of significant differences, we fail to reject H30. There 
have been previous works which similar to our results, did not find an 
impact of plants on task performance [18,21,29,30] while there also 
have been works which found a positive effect [21,23,25]. The effect of 
plants on performance and productivity can be task-dependent, and 
depend on the density, location, and arrangement of plants [24,82]. 
Other factors like indoor conditions (lighting, air quality, noise), 
participant characteristics (gender, age), and preference of being con
nected to nature are also liable to modulate the impact of plants on work 
performance [21].

3.7. Indoor plants and possible indoor conditioning energy savings

The mean TSeV between WoP and WP sessions differed by 0.4 scale 
points, which corresponds to a difference in indoor conditioning tem
perature of 1 ◦C [75]. Assuming plants can lead to a reduction in air 
conditioning set-point up to 1 ◦C, over current set-points, in an opti
mistic scenario and up to 0.5 ◦C in a more conservative scenario, we 
estimated potential energy savings utilizing adaptive cooling degree 
days (ACDDs) [83]. Like the cooling degree days metric, the ACDD 
metric also correlates with cooling energy consumption. We used the 
Indian Model of Adaptive Comfort (IMAC) [84] and PMV model [75], as 
references, to calculate ACDDs.

To compare the effect of set-point temperature change on cooling 
energy use, we used five different scenarios, for buildings operating in 
mixed mode ventilation: 

(i) PMV Baseline: a constant set-point temperature of 24.5 ◦C,
(ii) PMV+0.5 ◦C: baseline temperature increased by 0.5 ◦C, with 

plants,
(iii) PMV+1 ◦C: baseline temperature increased by 1 ◦C, with plants,
(iv) IMAC model predicted comfort temperature, and
(v) IMAC model predicted comfort temperature increased by 0.5 ◦C, 

with plants, (IMAC+0.5 ◦C).

Unlike the cooling degree days though, the ACDDs do not use a 
constant reference temperature. They use a variable reference temper
ature, based on an adaptive thermal comfort model. In this case, we used 
IMAC. To calculate ACDDs, we accessed weather data for a typical 
meteorological year of the cities from the epw files [85]. The ACDDs 
reflect the cooling energy needs under these scenarios, for the different 
cities.

The IMAC model proposes a variation for mixed mode buildings. We 
used this for our estimations as the study set-up had split AC units. The 
proposition is that, either with plants or following the IMAC model for 
mixed mode buildings, the AC units are brought into play only when the 
indoor temperature breaches the warmer set-points.

From the epw files we get hourly recorded temperature, which was 
then processed to obtain daywise mean temperature (DMT) and running 
mean temperature (RMT) 

(RMT)t =
1
30

∑30

i=1
(DMT)t− i+2 

The above formula calculates the average temperature over the last 
thirty days, excluding the current day. Where, (RMT)t is the running 
mean temperature of day t, (DMT)t− i+2 is the day mean temperature on 
day t − i + 2, where ‘i’ ranges from 1 to 30.

The details of the method used for these evaluations have been 
provided in the Table S3. As we conducted the study in Pilani, which 
comes under the composite climate region of India [86], we further 
calculated the ACDDs for four other major Indian cities with composite 
climate: New Delhi, Gwalior, Hyderabad, and Kota.

Fig. 5 presents the estimated ACDDs for the five cities in India’s 
composite climate zone, calculated under five distinct scenarios. The 
scenarios represent varying cooling strategies, including constant set
point adjustments (PMV+0.5 ◦C and PMV+1 ◦C) and adaptive comfort 
thresholds derived from the Indian Model of Adaptive Comfort (IMAC). 
The IMAC+0.5 ◦C scenario achieves the lowest ACDDs across all cities, 
outperforming even the PMV+1 ◦C scenario, which assumes a 1 ◦C 
setpoint increase facilitated by indoor plants.

These reductions reflect potential energy savings, as ACDD correlates 
with cooling energy needs. Notably, the ACDD variations across cities (e. 
g., higher in Hyderabad and lower in Gwalior) result from differences in 
local climate, such as temperature profiles and cooling seasons. A 
detailed percentage reduction in ACDDs, using the PMV Baseline as a 
reference, is provided in Table S4. This analysis underscores the po
tential of combining adaptive thermal comfort standards with plant 
based strategies to reduce cooling energy use.

The calculation of Adaptive Cooling Degree Days (ACDDs) in this 
study follows established methods, including the integration of variable 
comfort setpoints derived from the IMAC. Similar to the approach 
described by McGilligan et al. (2011), the ACDD metric reflects cooling 
energy needs under different scenarios, correlating with cooling degree 
days but using adaptive comfort temperatures. Our analysis utilized 
verified weather data from epw files and processed it to calculate 
running mean temperatures, ensuring consistency with adaptive com
fort methodologies.

The ACDD predictions are supported by building performance sim
ulations from prior works [87], which indicate that setpoint increases of 
0.5–1 ◦C can achieve average cooling energy savings of 6–11 %. Our 
findings, suggesting potential reductions of 8–42 % in ACDDs for mixed 
mode buildings with indoor plants, align with these predictions, 
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reflecting the influence of adaptive thermal comfort models and oper
ational patterns. While this study demonstrates theoretical consistency, 
future validation under real world building conditions would be needed 
to substantiate these results. The specific values would depend on the 
operational pattern used for the systems, building size, occupant density 
etc. However, the implication is that indoor plants can help with 
reducing cooling energy use and contribute to UN Sustainable Devel
opment Goal 13, Target 13.1, “Strengthen resilience and adaptive ca
pacity to climate related hazards…” like heatwaves.

3.8. Overall effect of indoor plants on occupants’ perception

In the heatmap (Fig. 6), we included attributes with p values up to 
0.15 and effect sizes of 0.1 or greater. Some of these differences are more 
exploratory and do not yet provide strong statistical support [69]. The 
smaller effect sizes can yet prove to be relevant considering the large 
population of office occupants. Future works, with greater number of 
participants may ascribe statistical significance to some of these 
findings.

We have discussed the p < 0.05 results in earlier sections, 

highlighting the stronger effects observed in attributes like "Improved 
positive emotions" (|r|= 0.45) and "Improved high arousal emotions" (| 
r|= 0.29) in presence of plants. These findings align with the positive 
impact of viewing plants on occupant wellbeing, as found in multiple 
previous works, discussed in the Introduction. Presence of plants did 
appear to improve perceived thermal comfort providing slightly cooler 
and less dry perception.

Attributes such as “Improved overall room environment” (|r| =
0.10), “Felt breathing ease” (|r| = 0.11), “Improved satisfaction with 
available space” (|r| = 0.14), and “Task assessed to be easier” (|r| =
0.13) had p values >0.05. They may contribute to improving the overall 
room environment, breathing ease, and performance for a large 
population.

Overall, the improvements related to affects, temperature satisfac
tion, breathing ease, and satisfaction with room IEQ could contribute to 
creating a comfortable indoor environment using biophilic elements, 
complimenting HVAC systems and saving energy. While some effect 
sizes are small to medium, it would come down to space design and 
organizational policies as even a small effect size, relevant to thousands 
of office occupants, could provide meaningful benefits.

Fig. 5. ACDD calculated for mixed mode buildings located in composite climate of India.

Fig. 6. Heat map showing impact of indoor plants on occupants.
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4. Study limitations and future works

As this study was conducted in an academic campus and participants 
were recruited through convenience sampling, all our participants were 
young undergraduate students (average age of 20). This represents an 
important segment of the future workforce but is a narrow demographic. 
The participants had no major health issues or disabilities, and only 15 
% of them were females. Due to the limited number of female partici
pants, we were unable to conduct a meaningful comparison of responses 
between male and female participants. The participant population was 
representative of the campus population.

A statistically significant difference with small effect size in consci
entiousness scores between the two groups (WP group scoring slightly 
higher) was observed. This may have influenced the subjective re
sponses though there is no known effect of conscientiousness on thermal 
preferences. Future studies may need to inculcate larger and more 
diverse groups of participants to avoid such potential confounding 
effects.

Using post hoc power calculations in G*Power, with 59 participants, 
α = 0.05 and medium-sized effect, we obtained a power of 84 %. 
However, our results indicated that most observed effect sizes were 
small. For small effect sizes, to reach a power of 80 %, with α = 0.05, a 
sample size of 325 would be required. Such a sample size can be pro
hibitive for laboratory studies and may need to be assessed in field 
conditions; however, field studies provide less control over indoor 
conditions. Hence, this is an important challenge for future works.

We chose a specific measure targeting working memory to under
stand plants’ impact on cognitive performance. A more in-depth inves
tigation covering different dimensions of cognition (attention, 
inhibition, task-switching, etc.) could provide a better understanding of 
how indoor plants impact occupants’ performance. Our study design 
was focused on the presence or absence of plants while thermal condi
tions were within comfort-bounds. Under warm or cool discomfort, the 
occupants’ perception towards the presence of plants could be different. 
Similarly, another form of greenery, like green walls, could impact oc
cupants differently.

Based on resource constraints and participant feedback regarding 
duration and measures (from a smaller scale pre-study organized six 
months prior to the main study) we designed the study to be of 60 min 
duration and without any physiological measures of thermal comfort 
and stress. We could not include objective indicators of discomfort and 
stress such as heart rate variability and cortisol or salivary α-amylase. 
Instead, we focused on ensuring participant numbers as per a priori 
power calculations. Future studies could incorporate these objective 
measures alongside subjective indicators to enhance the scientific val
idity and credibility of the findings, in consultation with participant 
needs and comfort.

5. Conclusions

We investigated the effects of indoor plants on the perceived indoor 
environment (thermal environment and IAQ), occupants’ cognitive 
performance, well-being, and mood. Analysis of the data from our study 
and led to the following conclusions: 

• The WP (with plant) group felt cooler (0.4 points on the seven-point 
ASHRAE thermal sensation scale) and less dry than the WoP (without 
plant) group, even when thermal conditions experienced by both 
groups were similar. This could present an avenue for increasing the 
set-point temperature of air conditioning systems in the presence of 
plants, by 0.5–1 ◦C, leading to significant cooling energy savings 
(8–42 %).

• Indoor plants enhanced positive affect (|r| = 0.21 to 0.45, p < 0.0001 
to 0.02) and reduced negative affect (|r| = 0.18; small effect, p =
0.02) significantly. This indicates psychological benefits of 

incorporating indoor plants that may improve well-being and pro
ductivity, contributing to a healthier working environment.

• The plants improved occupants’ perception of the room’s decoration 
(|r| = 0.42, p < 0.0001), room cleanliness (|r| = 0.16, p = 0.04), and 
overall visual comfort (|r| = 0.22, p = 0.01), as may be expected.

• The observed effect of plants on occupants’ perceived SBS symptoms 
particularly felt breathing ease (|r| = 0.11, p = 0.11), improved 
overall room environment (|r| = 0.10, p = 0.14), improved satis
faction with available space (|r| = 0.14, p = 0.07), and ’Task assessed 
to be easier’ (|r| = 0.13, p = 0.09). These aspects lack statistical 
significance and require future research with large sample sizes.
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