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Abstract: Office workers spend a considerable part of their day at the workplace, making it vital
to ensure proper indoor environmental quality (IEQ) conditions in office buildings. This work
aimed to identify significant factors influencing IEQ and assess the effectiveness of an environmental
intervention program, which included the introduction of indoor plants, carbon dioxide (CO2) sensors,
ventilation, and printer relocation (source control), in six modern office buildings in improving IEQ.
Thirty office spaces in Porto, Portugal, were randomly divided into intervention and control groups.
Indoor air quality, thermal comfort, illuminance, and noise were monitored before and after a
14-day intervention implementation. Occupancy, natural ventilation, floor type, and cleaning time
significantly influenced IEQ levels. Biophilic interventions appeared to decrease volatile organic
compound concentrations by 30%. Installing CO2 sensors and optimizing ventilation strategies in
an office that mainly relies on natural ventilation effectively improved air renewal and resulted in a
28% decrease in CO2 levels. The implementation of a source control intervention led to a decrease in
ultrafine particle and ozone concentrations by 14% and 85%, respectively. However, an unexpected
increase in airborne particle levels was detected. Overall, for a sample of offices that presented
acceptable IEQ levels, the intervention program had only minor or inconsistent impacts. Offices with
declared IEQ problems are prime candidates for further research to fully understand the potential of
environmental interventions.

Keywords: indoor environmental quality; intervention study; modern office buildings; pollution
assessment; ventilation

1. Introduction

Increasing urbanization and the current advances in information and communication
technologies have contributed to a growth in office workers [1]. According to the OECD,
in 2022, the working population spent between 35 and 48 h per week at work [2]. As a
substantial portion of the day is spent at the workplace, it is crucial to ensure the quality
of the environmental conditions in these settings while promoting decent work for all, as
described in the Sustainable Development Goal (SDG) 8 [3]. There has been a growing
interest in investigating indoor environmental quality (IEQ) at the workplace because it
significantly impacts workers’ health, well-being, and productivity [4]. Post-occupancy
evaluations (POE) have been carried out [5] to achieve a comprehensive understanding of
building performance, particularly regarding IEQ, occupant satisfaction, productivity, and
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energy use [6]. IEQ typically includes multiple environmental aspects related to indoor air
quality (IAQ), thermal comfort, lighting, and acoustics.

Modern office buildings are often located in urban areas with high levels of traffic-
related ambient air pollution. Many of these buildings have sealed facades without open-
able windows, which can compromise indoor ventilation and IAQ conditions [7]. Most
existing literature on office IEQ uses carbon dioxide (CO2) as a proxy for the quality of
ventilation, showing that some offices may have inadequate fresh air rates during working
hours [8]. In addition, office environments typically include printers and other electronic
equipment, which can be sources of indoor air pollutants, such as ozone (O3), volatile
organic compounds (VOCs), particles, and ultrafine particles [9]. Limited studies on Por-
tuguese offices have found that VOC levels constitute a critical IAQ parameter, with levels
exceeding recommendations in many offices (three out of seven buildings studied) [10].
Indeed, occupational exposure to high levels of particles, CO2, and O3 has been associated
with an increased prevalence of health symptoms [4]. Beyond objective assessments, eval-
uating perceived air quality among occupants can yield relevant information to identify
opportunities to promote well-being and productivity. High levels of air pollutants can be
perceived and associated with people’s discomfort in relation to odors [11]. Nevertheless,
the potential positive perceptual effects induced by pleasant odors can also occur [12].
According to the outcomes from a European study that included a sample of Portuguese
office buildings, in addition to IAQ, complaints about thermal comfort, lighting, and noise
are common in shared office spaces [13]. Electronic equipment, occupancy, and lighting can
increase the indoor temperature in offices [14], be related to thermal conditions outside of
the recommended comfort ranges, and impact workers’ health [4]. Existing evidence also
shows that lighting levels at the workplace can widely vary across surveyed workstations
and, in some offices, be lower than the requirements [4,15]. Low lighting levels at the
workplace can be linked to an increase in eye symptoms and a decrease in performance [4].
Noise levels in office environments typically range from 30 to 65 dBA [4]. Although these
levels are considered acceptable [16], evidence shows that increased noise levels can cause
stress and reduce concentration capacity [17].

Environmental intervention studies have been conducted in various indoor settings
to gather data supporting the effectiveness of specific corrective measures in promoting
improvements in IEQ [18]. For offices, interventions typically focus on three basic strategies:
source control, optimization of ventilation rates, and air cleaning. Regardless of the indoor
setting, the preferred approach is source control to eliminate or reduce sources of pollution
and emissions from indoors and/or outdoors [19]. In offices, this strategy can include
reducing, removing, or replacing identified sources of indoor pollution (e.g., changes in
cleaning procedures or flooring material). As it is not always feasible to control indoor
sources, ventilation is considered a crucial strategy for diluting indoor air contaminants and
improving IEQ. In this regard, CO2 sensors have been recognized as a good and low-cost
method for monitoring ventilation and personal exposure in office environments [20].

The strategies targeting improvements to ventilation tested in offices include adjust-
ments to outdoor air supply rates through mechanical ventilation. In some cases, these
adjustments are implemented along with changes in temperature or air filters [18] and
the promotion of increased natural ventilation (through opening windows) [21]. Evidence
from these studies has suggested that ventilation-based interventions might positively
impact workers’ outcomes, including productivity at work [18]. However, the analysis
of the impact of interventions on IEQ is not always considered, even though evidence
shows that these interventions can alleviate indoor-generated pollutants [21]. When venti-
lation is insufficient to improve IAQ, air cleaning strategies can be implemented, including
technological and nature-based (biophilic) solutions [22].

In offices, interventions focused on promoting air cleaning include heating, venti-
lating, and air conditioning (HVAC) component renovation, filter replacement, and the
introduction of plants [18]. Existing evidence shows that biophilic interventions involving
indoor plants in office environments can reduce CO2 concentrations [23]. Additionally, the
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reported potential of indoor green plants to improve the indoor environment also includes
reducing the concentration of air pollutants, such as VOCs, carbon monoxide (CO), and
airborne particles [24,25]. However, the results of experiments conducted in controlled
conditions (chambers) indicate that indoor plants may have a negligible impact on reducing
indoor VOCs due to the low air cleaning delivery rates observed [26]. Furthermore, existing
evidence also shows that plants may play a role in regulating indoor air temperature and
relative humidity levels [25].

There is a notable lack of evidence regarding the effectiveness of environmental in-
terventions in improving IEQ, especially comprising the concomitant assessment of IAQ
(air pollution and ventilation), thermal comfort, lighting, and noise parameters. Indeed,
research that takes a structured approach considering IEQ characterization, the design
of interventions adjusted to identified risk factors, and the assessment of their effects on
both IEQ and occupants is currently lacking. To address these gaps, this study aimed to
implement an environmental intervention program through a randomized controlled trial
(RCT) involving 30 offices from 6 office buildings. The goal was to assess the effect on
IEQ conditions by applying previously identified interventions based on preliminary IEQ
assessments [27]. In particular, the framework developed in this study aims to holistically
characterize IEQ (air quality, ventilation, thermal comfort, illumination, and noise) and gen-
erate evidence to answer two main research questions: What are the significant influencing
factors of IEQ in office buildings? What is the potential of source control, ventilation, and
biophilic interventions for improving IEQ and reducing hazardous exposure in modern
Portuguese office buildings?

2. Materials and Methods
2.1. Environmental Intervention Program

This study was conducted in 30 modern offices (six office buildings, five open spaces
each) located in Porto (Portugal). The intervention program was conducted through an RCT,
with the offices being randomly and equally distributed between the intervention group
(Group A, n = 15) and the control group (Group B, n = 15). The intervention measures to
implement were defined based on the results obtained from a preliminary IEQ characteriza-
tion of the 15 intervention offices. The outcomes of preliminary characterization work, the
screening tool used to derive putative interventions, and the eligibility criteria employed for
selecting study offices are described elsewhere [27]. Among the improvement opportunities
identified, the following interventions were chosen to be implemented in offices of Group
A based on the risk factor identified and the feasibility and cost of implementation:

1. Source control by relocating existing printers from the office spaces to a separate
room without permanent occupants (preferentially with proper ventilation); this was
implemented in one office. This intervention was selected due to the identification of
printers as an avoidable source of air pollutants in the office space.

2. Optimizing ventilation strategies using real-time data low-cost CO2 sensors with
a display screen (e.g., to increase airflow, the percentage of fresh air introduced
indoors, or natural ventilation (taking into consideration the point above) in periods
when CO2 concentrations exceed 1000 ppm). A commercially available sensor was
used to monitor CO2 levels continuously during the intervention period. The sensor
was AirokCO2 (Entidad IDV Consulter, Ciudad Real, Spain) with a display screen,
whose specifications are presented in Table S1 in Supplementary Materials. The
equipment was calibrated with outdoor air (around 400 ppm) in constant temperature
and relative humidity conditions. Additionally, tests were performed with reference
equipment (IAQ-CALC monitors, model 7545, TSI, Inc., Shoreview, MN, USA) before
the installation of low-cost CO2 sensors. This intervention was implemented in 2 out
of 15 intervention offices due to the identification of work periods with elevated CO2
concentrations. When CO2 levels exceeded 1000 ppm in one of the offices, the workers
were instructed to open windows. In the other office, the occupants were requested to
turn on/increase the ventilation flow (office with mechanical ventilation with local
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control was allowed). In the case of natural ventilation, occupants were instructed to
open windows, preferentially in periods of low traffic, and prioritize windows that
are not oriented to the main road. In both cases, a log sheet was used together with
the CO2 sensors so that workers could register periods of ventilation change due to
high CO2 concentrations.

3. Biophilic intervention by introducing indoor plants in office spaces. This was the
predominant intervention implemented (12 office spaces). To potentiate possible air
pollutant removal, three plant species with the potential to improve IAQ were selected
for this study: Sansevieria trifasciata, Dracaenas fragrans, and Chlorophytum comosum.
These species have been documented to absorb air pollutants, namely, formaldehyde,
benzene, toluene, particulate matter, and CO2 [28]. Potted plants were used, and one
pot (average height of 40 cm) was placed per 9 m2 according to recommendations
focused on the air purification effects [29]. Whenever possible, plants were positioned
on office workers’ desks and, in other cases, on the floor. They were always placed
in locations with visibility for workers. The researcher ensured plant watering. This
intervention was implemented in office spaces where the levels of IEQ parameters
met the established requirements and avoidable sources of pollution were not noticed.
This allowed for an exploration of the potential of indoor plants to improve IEQ.

Some of the corrective measures identified in the preliminary assessment of interven-
tion offices [27] were unsuitable for implementation in the current intervention program.
The measure of correcting desk positions in alignment with ceiling lamps was not feasible
due to the lack of energy plugs in the suggested positions (immediately below ceiling
lamps), and no authorization was obtained from the building manager to promote the
change. The study groups and intervention type implemented per study office are summa-
rized in Table 1. Some outputs from the photographic records kept during the fieldwork
for implementing the interventions are presented in Figure S1 in Supplementary Materials.

Table 1. Office space distribution per intervention and the control group.

Study Groups Environmental Interventions Office Spaces

Group A:
Intervention (n = 15)

Indoor plants (n = 12)
B1O1, B1O3, B1O4, B2O3, B4O1,
B4O2, B4O5, B5O1, B5O4, B5O5,
B6O1, B6O5

CO2 sensors (n = 2) B3O3, B6O3
Source control (n = 1) B2O4

Group B:
Control (n = 15) Not applicable

B1O2, B1O5, B2O1, B2O2, B2O5,
B3O1, B3O2, B3O4, B3O5, B4O3,
B4O4, B5O2, B5O3, B6O2, B6O4

Two IEQ assessment campaigns were conducted: one before the implementation of
the interventions (pre-intervention phase) and one 2 weeks later, when the intervention
had run for 14 days (intervention phase). The environmental intervention program was
implemented from February 2022 to March 2024, mainly during the heating season periods.
The complete study design scheme is represented in Figure 1.

2.2. Building Survey and IEQ Assessments

The fieldwork included the evaluation of building characteristics and occupancy
and the identification of possible sources of pollution by a walkthrough inspection and a
building survey using a checklist developed to carry out a detailed and standardized char-
acterization of the indoor spaces and the surrounding environments in the office buildings.
The checklist aided in the collection of information on the location and potential sources of
outdoor air pollution, construction materials, flooring and furniture, electronic equipment
(printers, scanners, computers, etc.), occupation patterns, ventilation conditions, presence
of visible pathologies, cleaning products and procedures, and refurbishing activities, among
other factors that can impact indoor conditions, as well as occupants’ complaints about IEQ.
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The survey was performed at the building, outdoor surroundings, and office space levels.
A log sheet was also completed for each office regarding the following data for the study
days: weather, occupancy, opening of windows, cleaning, and relevant outdoor events.
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Figure 1. Randomized controlled trial for environmental intervention program implementation in 30
modern office spaces.

Further, IEQ evaluations were performed in the 30 selected office spaces. A com-
prehensive set of parameters was assessed for IAQ (particulate matter of less than 2.5
and 10 µm in diameter (PM2.5 and PM10), ultrafine particles (UFPs) (less than 0.1 µm in
diameter), carbon dioxide and monoxide (CO2 and CO), ozone (O3), and volatile organic
compounds (VOCs)), thermal comfort (air temperature, relative humidity (RH), predicted
mean vote (PMV), and predicted percentage of dissatisfied (PPD)), lighting (illuminance),
and acoustic (mean and peak noise) using portable monitors. The equipment used, range
of operation, and accuracy are presented in Table S2 in Supplementary Materials for each
parameter assessed. The equipment was operated in accordance with the manufacturer’s
instructions and sent for an external calibration by an accredited laboratory within the
12 months preceding the works. PMV and PPD were determined following ISO 7730 [30]
to assess thermal conditions and lighting conditions following the requirements established
in ISO 8995-1 [31].

All IAQ parameters (except for O3), air temperature, and RH were monitored minute
by minute, approximately from 9 a.m. to 6 p.m., during a typical workday. In some
offices, monitoring was carried out for 24 h. The thermal comfort indexes PMV and
PPD were measured twice (morning and afternoon), and data were collected for each
20 s for 20 min. For this assessment, thermal clothing insulation ranging from 0.5 to
1.0 clo was considered based on the type of workers’ clothes observed in the offices. In
addition, a metabolic rate of 1.2 met (sedentary activity) was used. The noise level was
also measured twice (morning and afternoon) for 1 min. For each room, a central location
was selected to perform the monitoring, and the equipment was positioned at a table/desk
with a height of 0.9–1.3 m to be placed at the workers’ representative breathing zone.
The equipment remained at least 1 m from occupants, walls, windows, doors, partitions,
other vertical barriers, insufflation grilles, air diffusers, fans or heaters, and potential
pollution sources, except for illuminance. Four measures were performed for illuminance
of workstations and immediate surrounding areas, covering the maximum number of
desks possible (80% average) and minimizing the risk of disturbing normal office activities.
An example of the equipment position within the study offices is presented in Figure S2 in
Supplementary Materials.

The monitoring plan was harmonized to ensure that a similar approach was conducted
during the pre-intervention and intervention phases and to not disregard the possible effect
of environmental interventions on all IEQ factors.

2.3. Data Management and Statistical Analysis

Descriptive statistics of the assessed environmental parameters were calculated for
each study phase using data collected during working hours (around 9 a.m. to 6 p.m.) to
guarantee a representative time in which office workers are in open spaces. For offices in
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which monitoring was carried out for approximately 24 h (19 out of 30 offices), averages
for the period of non-occupancy (6 p.m. to 9 a.m.) were also calculated. Values below
the limit of detection (LOD) were assumed as 0. To investigate the relationship between
indoor and outdoor concentrations, indoor-to-outdoor (I/O) ratios were estimated for the
PM10 parameter using outdoor air quality data obtained from the nearest local monitoring
station [32]. In addition, data on outdoor temperature were obtained from the Portuguese
Institute for Sea and Atmosphere for the Porto area [33].

Statistical analysis was performed with IBM SPSS Statistics software (version 27),
considering a statistical significance level of p < 0.05. Data normality was tested using
the Shapiro–Wilk and Kolmogorov–Smirnov tests for datasets with ≤50 samples and
>50 samples, respectively. Non-parametric tests were applied for variables with skewed
distribution, while parametric tests were used for normal distribution variables. The
Mann–Whitney U test and t-test were used to explore differences between (1) study group
characteristics (collected during the building survey); (2) occupancy and non-occupancy
periods for PM2.5, PM10, VOCs, CO2, air temperature, and RH parameters; and (3) checklist
dichotomic variables for IEQ parameters. In addition, Pearson and Spearman correlation
methods were applied to test associations (1) between checklist metric variables and
IEQ parameters and (2) among IAQ parameters. The investigation of differences in IEQ
parameters between study phases (pre-intervention vs. intervention) was conducted
using Wilcoxon and t-tests. This investigation was conducted per type of environmental
intervention, and for the control group, a selection was made for offices of Group B located
in buildings where each intervention was applied.

3. Results
3.1. Characterizing Offices Assigned to Intervention and Control Groups

All offices in the study had an open space design, presenting areas ranging from
35 to 150 m2. The rooms that were randomly assigned to groups A and B presented, in
general, similar characteristics (Table 2). For instance, based on information collected
during the initial building survey, no statistically significant differences were detected
between groups for average values obtained for office dimensions, number of workstations,
openable windows, indoor plants, window orientation, glassed facade area, electronic
equipment (computers and printers), and cleaning frequency.

Table 2. Summary of the characteristics of office spaces randomly assigned to intervention and
control groups.

Offices’ Characteristics
Group A (n = 15) Group B (n = 15)

p Value
n (%) Mean (SD) Min–Max n (%) Mean (SD) Min–Max

Area (m2) 92 (37) 35–150 103 (28) 63–150 0.356 b

Ceiling height (m) 3 (0) 3–4 3 (1) 3–5 0.850 a

Number of workstations 25 (12) 8–48 27 (8) 18–42 0.250 a

Location of the office space within the
building

Ground floor 0 (0) n.a. n.a. 2 (13) n.a. n.a.
1st floor 4 (27) n.a. n.a. 1 (7) n.a. n.a.
2nd floor 4 (27) n.a. n.a. 3 (20) n.a. n.a.
3rd floor 4 (27) n.a. n.a. 4 (27) n.a. n.a.
4th floor 1 (7) n.a. n.a. 2 (13) n.a. n.a.
5th floor 1 (7) n.a. n.a. 2 (13) n.a. n.a.
7th floor 1 (7) n.a. n.a. 1 (7) n.a. n.a.

Fenestration/windows
Number of openable windows 5 (4) 0–14 4 (4) 0–12 0.639 a

0 4 (27) n.a. n.a. 6 (40) n.a. n.a.
1–5 6 (40) n.a. n.a. 5 (33) n.a. n.a.
6–10 3 (20) n.a. n.a. 3 (20) n.a. n.a.
11–15 2 (13) n.a. n.a. 1 (7) n.a. n.a.
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Table 2. Cont.

Offices’ Characteristics
Group A (n = 15) Group B (n = 15)

p Value
n (%) Mean (SD) Min–Max n (%) Mean (SD) Min–Max

Orientation (number of windows)
North (N, NW, and NE) 2 (18) 3 (1) 2–4 2 (22) 3 (1) 2–4 1.000 a

South (S, SW, and SE) 4 (36) 4 (3) 2–8 4 (44) 6 (2) 4–8 0.810 a

West (W) 7 (64) 3 (2) 1–6 5 (56) 3 (2) 1–6 0.411 a

East (E) 7 (64) 4 (2) 1–6 4 (44) 5 (3) 2–9 0.290 a

Opening windows during cleaning
procedures

Always 1 (9) n.a. n.a. 3 (33) n.a. n.a.
Often 1 (9) n.a. n.a. 0 (0) n.a. n.a.
Sometimes 3 (27) n.a. n.a. 2 (22) n.a. n.a.
Never 6 (55) n.a. n.a. 4 (44) n.a. n.a.

Glassed facade area (m2) 31 (20) 6–77 33 (19) 14–90 0.662 a

Solar shading
Internal 15 (100) n.a. n.a. 15 (100) n.a. n.a.
External 2 (13) n.a. n.a. 1 (7) n.a. n.a.

Solar control n.a. n.a. n.a. n.a.
Individual 15 (100) n.a. n.a. 15 (100) n.a. n.a.
Automatic 0 (0) n.a. n.a. 0 (0) n.a. n.a.

Indoor plants (number of pots) 3 (20) 2 (4) 0–14 8 (53) 6 (8) 0–22 0.061 a

Electronic equipment
Computers (number of devices) 15 (100) 20 (7) 8–30 15 (100) 18 (4) 12–24 0.549 b

Printers (number of devices) 5 (33) 1 (0) 1–1 2 (13) 1 (0) 1–1 0.203 a

Use of cleaning products
Without bleach and ammonia 15 (100) n.a. n.a. 15 (100) n.a. n.a.

Spray 9 (60) n.a. n.a. 9 (60) n.a. n.a.
Liquid 6 (40) n.a. n.a. 8 (53) n.a. n.a.
Frequency (times per week) 5 (0) 5–5 5 (0) 5–5 1.000 a

Signs of indoor pathologies
Physical 0 (0) n.a. n.a. 2 (13) n.a. n.a.
Moisture-related 0 (0) n.a. n.a. 1 (7) n.a. n.a.

Surface walls
Painted 15 (100) n.a. n.a. 15 (100) n.a. n.a.
Total glassed 3 (20) n.a. n.a. 2 (13) n.a. n.a.

Surface floor
Plastic (vinyl/PVC) 8 (53) n.a. n.a. 7 (47) n.a. n.a.
Wood/parquet 2 (13) n.a. n.a. 1 (7) n.a. n.a.
All carpet 5 (33) n.a. n.a. 7 (47) n.a. n.a.

Surrounding outdoor sources at
distance up to 100 m

Traffic-related 15 (100) n.a. n.a. 15 (100) n.a. n.a.
Busy road 13 (87) n.a. n.a. 12 (80) n.a. n.a.
Highway 3 (20) n.a. n.a. 2 (13) n.a. n.a.
Car parking 15 (100) n.a. n.a. 15 (100) n.a. n.a.
Gas stations 3 (20) n.a. n.a. 2 (13) n.a. n.a.

Commercial 4 (27) n.a. n.a. 6 (40) n.a. n.a.
Laundry 3 (20) n.a. n.a. 2 (13) n.a. n.a.
Coffee bar 4 (27) n.a. n.a. 6 (40) n.a. n.a.
Other 4 (27) n.a. n.a. 6 (40) n.a. n.a.

Green/forested area 3 (20) n.a. n.a. 2 (13) n.a. n.a.

Group A: intervention group; Group B, control group (resulting from random assignment). n (%), where n refers
to the total number of office spaces assigned to the respective group that presents the referred characteristic; %, the
respective percentage in the total number of the valid cases. For characteristics that are metric variables, the mean,
minimum, and maximum values registered are presented. Max, maximum; Min, minimum; n.a., not applicable;
PVC, polyvinyl chloride; SD, standard deviation. a Mann–Whitney U test; b t-test.

Concerning the information collected during the monitoring work, the number of
occupants/workers in the offices slightly varied between groups (average number of
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workers: intervention group—13; control group—11). The observed occupancy density
was 0.15 person/m2 for the intervention group, while in the control group, it was 0.12 and
0.11 person/m2 in the pre-intervention and intervention phases, respectively. From the
comparison between groups, in the pre-intervention phase, similar occupancy levels were
observed (U = 70.5, z = −1.745, p = 0.081); however, significant differences were found
(t(28) = −2.40, p = 0.023) for the intervention phase. In all offices, cleaning procedures were
carried out once per working day, typically using products without bleach or ammonia.
Cleaning procedures occurred before the working period (before 9 a.m.) in 20 (67%) offices
(Group A, n = 11; Group B, n = 9) and after the working period (after 6 p.m.) for the
remaining (33%) offices (Group A, n = 4; Group B, n = 6).

The characteristics of the six office buildings of which the 30 offices are part are
described in the preliminary IEQ assessment work [27].

3.2. Indoor Environmental Quality in the Offices Surveyed and Influencing Factors

Indoor environmental data obtained for offices of both study groups are presented in
Table 3.

Table 3. Descriptive statistics for IAQ, thermal comfort, lighting, and acoustic conditions obtained for
the sample of study offices during each assessment phase.

Pre-Intervention Phase Intervention Phase

Group A (n = 15) Group B (n = 15) Group A (n = 15) Group B (n = 15)

Parameter Mean (SD) Min–Max Mean (SD) Min–Max Mean (SD) Min–Max Mean (SD) Min–Max

Indoor air quality

PM2.5, µg/m3 8.4 (2.7) 5.0–13.0 12.7 (6.9) 2.0–27.0 11.7 (4.6) 5.0–19.0 8.4 (3.9) 4.0–19.0
PM10, µg/m3 10.2 (2.5) 6.0–14.0 15.7 (8.4) 2.0–34.0 13.7 (5.4) 5.0–22.0 10.2 (4.6) 5.0–23.0
UFPs, pt/cm3 4112 (2873) 522–10,705 4189 (2939) 1251–10,254 4093 (2932) 459–11,239 3741 (2822) 724–9426
CO2, ppm 788 (204) 538–1277 791 (192) 518–1214 787 (198) 565–1278 815 (208) 546–1290
O3, µg/m3 5 (6) <LOD–18 7 (8) <LOD–23 5 (6) <LOD–22 7 (11) <LOD–36
VOCs, µg/m3 161 (183) 41–719 123 (89) <LOD–279 139 (105) 32–376 149 (76) 74–355

Thermal comfort

Temperature, ◦C 22.7 (1.2) 20.3–24.6 23.3 (0.8) 22.3–24.7 23.4 (1.4) 20.2–25.2 22.7 (1.5) 19.6–25.0
RH, % 45.1 (7.4) 34.1–55.2 42.2 (8.4) 27.7–57.5 44.5 (10.8) 23.8–65.4 47.4 (9.9) 26.5–62.3
PMV Morning 0.01 (0.26) −0.38–0.59 0.19 (0.28) −0.11–0.84 0.03 (0.28) −0.47–0.53 −0.03 (0.35) −0.79–0.51

Afternoon 0.25 (0.23) −0.18–0.62 0.39 (0.25) 0.08–0.95 0.22 (0.22) −0.09–0.60 0.26 (0.20) −0.20–0.59
PPD, % Morning 6.4 (2.0) 5.0–12.3 7.3 (4.1) 5.0–19.8 6.6 (1.7) 5.1–11.0 7.4 (3.6) 5.0–18.0

Afternoon 7.3 (2.5) 5.0–13.1 9.5 (5.1) 5.2–24.2 6.9 (2.4) 5.0–12.6 7.3 (2.0) 5.1–12.4

Lighting

Illuminance, lux Task areas 688 (132) 509–959 652 (232) 182–1126 712 (213) 468–1260 823 (826) 184–3726
Surroundings 651 (145) 470–922 639 (226) 181–1058 685 (217) 439–1246 802 (786) 191–3544

Acoustics

LAeq, dB(A) Morning 49.2 (4.1) 43.4–56.4 48.4 (4.3) 43.4–56.4 49.0 (4.6) 43.3–60.2 49.8 (4.1) 41.8–56.2
Afternoon 49.3 (3.1) 44.5–56.1 49.1 (4.2) 42.9–57.6 49.0 (3.5) 45.3–57.7 50.1 (4.4) 40.7–56.4

LCpeak, dB(C) Morning 70.6 (3.8) 62.8–75.7 68.7 (3.7) 65.0–74.5 69.5 (3.6) 63.0–76.7 70.6 (4.2) 64.2–77.0
Afternoon 70.4 (3.9) 62.7–77.0 70.2 (4.3) 64.5–78.2 70.5 (2.8) 66.2–76.5 70.6 (4.5) 63.7–78.5

Group A: intervention group; Group B, control group. CO2, carbon dioxide; LAeq, A-weighted sound level
(average); LCpeak, C-weighted peak sound level; LOD, limit of detection; Max, maximum; Min, minimum; O3,
ozone; PM, particulate matter; PMV, predicted mean vote; PPD, predicted percentage of dissatisfied; RH, relative
humidity; SD, standard deviation; UFPs, ultrafine particles; VOCs, volatile organic compounds. Values in bold
represent results out of recommendations.

As shown in Table 3, the measured levels of most IEQ parameters varied significantly
across the surveyed offices. Notably, based on the lowest and highest average levels ob-
tained, UFPs was the parameter that exhibited the greatest variation. In turn, concentrations
of CO below the LOD were recorded in all the offices.

Airborne particle concentrations (PM2.5 and PM10; Figure 2) were, in general, below
national (PM2.5: 25 µg/m3 (8 h mean); PM10: 50 µg/m3 (8 h mean) [34]) and WHO (PM2.5:
15 µg/m3 (24 h mean); PM10: 45 µg/m3 (24 h mean) [35]) recommendations. Mean values
exceeding the WHO guideline values were only obtained for PM2.5 in 10 (33%) offices.
Regarding UFPs, one office had high mean UFP levels (above 20,000 pt/cm3 [35]) but for
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a period of less than an hour (for around 20 min). Low mean UFP levels (<1000 pt/cm3)
were only found in two (7%) offices (Figure 2).
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Figure 2. Box plot representing particulate matter (PM2.5 and PM10) and ultrafine particle (UFP)
levels obtained for offices of intervention (A) and control (B) groups. The bottom and the top of
the boxes represent the 25th and 75th percentiles. The band near the middle of the box and the X
represent the median and the mean values, respectively. The ends of the whiskers indicate the 10th
and 90th percentiles. Outliers values are not represented. a WHO [35] and b national recommended
limit values [34].

In terms of VOCs, total mean concentrations that exceeded the Portuguese limit of
600 µg/m3 (8 h mean) [34] were only found in one office space (Figure 3). O3 concentrations
consistently remained below the WHO guideline of 100 µg/m3 (8 h mean) [35] for both
study groups and phases.

Figure 4 shows indicators of ventilation and hygrothermal conditions in each office
and study phase. Mean CO2 concentrations above 1000 ppm, which is considered a good or
excellent IAQ level for indoor environments [36], were found in six (20%) offices, while two
(7%) offices presented levels above the national limit of 1250 ppm for the 8 h mean [34]. The
hygrothermal conditions widely varied among the sample of offices evaluated. However,
the majority of office spaces had air temperature and relative humidity levels within the
recommended ranges set by OSHA (20–24.4 ◦C and 20–60%) [37]. Mean air temperature
slightly outside of the recommended range was recorded for six (20%) offices, and mean
RH levels above 60% were recorded for three (10%) offices. The PMV and PPD indexes for
calculated thermal comfort are shown in Figure 5, with only two (7%) offices in Group B
out of comfort categories.
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Figure 3. Box plot representing volatile organic compound (VOC) concentrations obtained for offices
of intervention (A) and control (B) groups. The boxes’ bottom and top represent the 25th and 75th
percentiles. The band near the middle of the box and the X represent the median and the mean values,
respectively. The ends of the whiskers indicate the 10th and 90th percentiles. Outliers values are not
represented. a National recommended limit value [34].
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Figure 4. Box plot representing ventilation conditions (CO2), air temperature, and relative humidity
(RH) levels obtained for offices of intervention (A) and control (B) groups. The boxes’ bottom and
top represent the 25th and 75th percentiles. The band near the middle of the box and the X represent
the median and the mean values, respectively. The ends of the whiskers indicate the 10th and 90th
percentiles. Outliers values are not represented. a Level for excellent or good IAQ [36], b national
recommended limit value [34], and c OSHA recommended ranges [37].
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Illuminance levels assessed in the task and surrounding areas are presented in Figure 6.
The mean illuminance levels were mostly above the minimum limits of 500 and 300 lux
in task areas (activity of writing, typing, reading, and data processing) and surrounding
areas, respectively, defined in ISO 8995-1 [31]. Exceptions were observed for five (17%) of
the offices regarding task area illuminance and in two (7%) of the offices for surroundings
illuminance levels. Illuminance uniformity assessed in the task areas was consistently 0.9,
while in the surrounding areas, it ranged from 0.7 to 0.9.
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Figure 6. Mean illuminance levels registered in task areas and immediate surroundings obtained
for offices of intervention (A) and control (B) groups. a,b Minimum required illuminance levels for
immediate surroundings and task areas, respectively [31].

The noise levels were low for both study groups, as shown in Figure 7. The mean
noise levels were consistently below both OSHA [16] and the national exposure limits [38]
of 90 (A) and 87 (A) dB for 8 h mean, respectively. The peak noise levels also remained
below the national limit of 140 dB (C) for all study groups and phases.

IEQ data collected during the pre-intervention assessment phase were used to test the
existence of statistical associations with building and office characteristics to investigate
the impact of influencing factors not related to interventions. The findings revealed a
significant correlation between CO2 levels and density of occupancy (rs = 0.604, p < 0.001),
with lower CO2 concentrations associated with a greater glass area (rs = −0.395, p = 0.031)
and greater number of windows (rs = −0.575, p < 0.001). Additionally, the analysis of daily
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log sheet data showed that opening windows resulted in a decrease in mean CO2 levels
(798 to 682 ppm) but led to a significant increase in airborne particles (PM2.5, PM10, and
UFPs) and O3 concentrations (PM2.5: 10 to 14 µg/m3, U = 35.0, z = −2.494, p = 0.013; PM10:
12 to 17 µg/m3, U = 38.5, z = −2.334, p = 0.020; UFPs: 27,936 to 7798 pt/cm3, U = 6.0,
z = −3.806, p < 0.001; O3: 4 to 10 µg/m3, U = 42.0, z = −2.094, p = 0.036).
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The mean I/O PM10 concentration ratio for the pre-intervention phase was 0.57,
ranging from 0.19 to 1.36. Although there was no significant correlation between indoor
particle concentrations and offices with carpeted floors, there were significantly higher
I/O PM10 ratios in carpeted offices (0.68 vs. 0.41, t(22) = −2.683, p = 0.014). Offices with
carpeted floors also had a higher indoor air temperature (23.4 vs. 22.6 ◦C, t(28) = −2.248,
p = 0.033). Additionally, significantly higher VOC levels were measured in offices with
wooden floors (380 vs. 110 µg/m3: U = 5.0, z = −2.392, p = 0.017). Offices cleaned before
the working period had 1.8 times higher VOC concentrations compared to offices cleaned
after 6 p.m. (U = 26.0, z = −2.830, p = 0.005), indicating the influence of cleaning procedures
on IAQ during working hours.

Offices with printers showed a trend of higher levels of PM2.5 and PM10 in 11% and
7%, compared to office spaces without printer equipment. Additionally, buildings with
green certifications (B1—LEED and B5—BREEAM) were found to have low levels of UFPs
(2385 vs. 5078 pt/cm3), VOCs (96 vs. 159 µg/m3), and CO2 (756 vs. 807 ppm) compared to
conventional buildings.

The investigation of the associations between the levels of environmental (IAQ and
hygrothermal) parameters (Table 4) showed that levels of CO2 were strongly correlated
with indoor air temperature but negatively correlated with O3 concentrations. Additionally,
positive associations were estimated between PM2.5 and PM10 fractions and between PM10
and UFPs for particles. Moreover, levels of UFPs were linked to VOC concentrations.

For the set of offices where monitoring was carried out for 24 h (n = 19), the influence
of occupants on indoor environmental conditions was also investigated. The study found
that VOC concentrations were significantly higher during working hours compared to
periods of non-occupancy (pre-intervention (mean: 128 vs. 64 µg/m3): U = 83.5, z = −2.101,
p = 0.036; intervention (mean 149 vs. 62 µg/m3): U = 47.0, z = −2.717, p = 0.007). Similarly,
significantly higher levels of CO2 were recorded during working hours (pre-intervention
(mean 770 vs. 509 ppm): U = 18.0, z = −4.744, p < 0.001; intervention (mean 814 vs.
584 ppm): U = 39.0, z = −4.131, p < 0.001). In addition, significantly higher temperatures
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were observed during occupancy compared to non-occupancy periods, specifically for the
pre-intervention phase (mean 22.9 vs. 21.5 ◦C: t(36) = 4.148, p < 0.001).

Table 4. Spearman correlation coefficients for IAQ and hygrothermal conditions parameters in the
pre-intervention phase.

CO2 Temperature RH O3 VOCs PM2.5 PM10 UFPs

CO2 1
Temperature 0.419 * 1
RH 0.162 −0.037 1
O3 −0.678 *** −0.225 −0.284 1
VOCs −0.227 0.066 0.144 0.161 1
PM2.5 0.027 −0.092 0.299 0.119 0.347 1
PM10 0.114 0.066 0.196 0.142 0.284 0.944 *** 1
UFPs −0.150 0.351 0.079 0.309 0.553 ** 0.337 0.416 * 1

CO2, carbon dioxide; O3, ozone; PM, particulate matter; RH, relative humidity; UFPs, ultrafine particles; VOCs,
volatile organic compounds. * Correlation is significant at the 0.05 level (2-tailed). ** Correlation is significant at
0.01 level (2-tailed). *** Correlation is significant at 0.001 level (2-tailed).

3.3. Results of the Effects of the Intervention Plan on Office IEQ

To assess the impact of environmental interventions, the intervention offices were
grouped according to the type of intervention conducted. The potential effects of the
interventions were investigated, focusing on the parameters that are known to be im-
pacted by the respective interventions (source control: PM2.5, PM10, UFPs, VOCs, and O3;
CO2 sensors: CO2; indoor plants: CO2, PM2.5, PM10, and VOCs). The results of specific
environmental interventions on IEQ conditions are discussed below and presented in
Table 5.

Table 5. Offices with reduction in target pollutants and respective reduction percentage observed
from the pre-intervention phase to the intervention phase.

Reduction in the Parameter
Levels

PM2.5 PM10 UFPs VOCs O3 CO2

Offices
n (%) Percentage Offices

n (%) Percentage Offices
n (%) Percentage Offices

n (%) Percentage Offices
n (%) Percentage Offices

n (%) Percentage

Indoor plants
Group A (n = 12) 3 (25%) 24% 3 (25%) 25% 7 (58%) 36% 7 (88%) * 30% 3 (25%) 10%
Group B (n = 11) 7 (64%) 47% 7 (64%) 50% 6 (55%) 23% 6 (55%) 5% 5 (45%) 4%
CO2 sensors
Group A (n = 2) 1 (50%) 28%
Group B (n = 6) 2 (33%) 13%
Source control (printer relocation)
Group A (n = 1) 0 (0%) 0% 0 (0%) 0% 1 (100%) 14% 0 (0%) 0% 1 (100%) 85%
Group B (n = 3) 2 (66%) 9% 2 (66%) 13% 1 (33%) 23% 2 (66%) 29% 1 (33%) 65%

CO2, carbon dioxide; O3, ozone; PM, particulate matter; UFPs, ultrafine particles; VOCs, volatile organic com-
pounds. * Data available for 8 offices.

3.3.1. Indoor Plants

Indoor plants were placed in 12 offices in locations agreed upon with building man-
agers and office occupants. This biophilic intervention in open-space offices had no sta-
tistically significant effect on concentrations of any target air pollutants. For instance, the
average CO2 concentration remained similar between the study phases (751 vs. 760 ppm),
and the potential reduction of 10% from pre-intervention phase to intervention phase was
only observed for 25% of offices in Group A. In comparison, mean CO2 levels in control
offices increased from 706 to 740 ppm and decreased by 4% in 45% of the office spaces
(Table 5). In both phases of the study, occupancy levels of offices in both Group A and
Group B remained consistent (0.16 and 0.09 person/m2, respectively). In terms of natural
ventilation, on average, windows were opened for shorter periods in offices of Group A
(pre-intervention: 4 h, intervention: 6 h) than in offices of Group B (pre-intervention: 6 h,
intervention phase: 6.5 h).

On average, the levels of airborne particles (PM2.5 and PM10) increased slightly, with
only 25% of the intervened offices showing a reduction from the pre-intervention phase to
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the intervention phase (Table 5). Unexpectedly, the percentage of offices with a reduction
in PM concentrations in Group B was even higher than that observed in Group A. For
UFP levels, while 58% of offices experienced alleviation of UFP concentration between
study phases, an overall non-significant reduction in UFP counts (36%) was obtained.
Unfortunately, this outcome cannot be validated as an intervention effect because a similar
trend was observed for offices in Group B (mean reduction: 23%), with a reduction detected
in 55% of the assessed spaces.

Interestingly, a potential intervention-related effect was more evident for VOC levels
(Table 5), with 88% of the offices that underwent intervention showing a decrease (mean
reduction of 30%) in VOC concentrations from the pre-intervention phase (p = 0.069).
While a reduction was observed in offices in Group B, it was only by 5% on average.
The difference between the percentage reduction in VOC concentrations in Group A and
Group B was not statistically significant. Furthermore, the highest VOC concentration
obtained in the pre-intervention phase (719 µg/m3) decreased by about half. Regarding
hygrothermal conditions, significantly higher air temperatures were found in offices of
Group A during the intervention phase compared to the pre-intervention phase (23.6 vs.
22.7 ◦C; t(11) = −3.936, p = 0.002). Also, no significant changes were observed in RH,
thermal comfort indexes, illuminance, or noise levels.

3.3.2. CO2 Sensors

CO2 sensors were installed in two open spaces (B3O3 and B6O3). Office B3O3 relied
solely on a mechanical ventilation system, while office B6O3 had both mechanical and
natural ventilation options. In the case of office B6O3, occupants were instructed to open
windows when CO2 levels exceeded 1000 ppm. CO2 levels remained similar between
study phases for B3O3 (pre-intervention phase: 1277 ppm; intervention phase: 1278 ppm).
However, a substantial reduction of 28% was observed in B6O3 (pre-intervention phase:
831 ppm; intervention phase: 597 ppm; U = 7179, z = −26.5, p < 0.001). For offices of Group
B, very similar CO2 levels were measured in both study phases (B3: 1026 and 1022 ppm,
B6: 730 and 734 ppm, in pre-intervention and intervention phases, respectively), with only
33% showing a reduction (Table 5). Considering occupancy periods, actions in B3O3 did
not have the desired effect, resulting in mean CO2 levels of 979 ppm without ventilation
changes and 1193 ppm with ventilation changes (i.e., turning on or increasing airflow).

Further, it was observed that air particulate matter levels (PM2.5 and PM10) signifi-
cantly increased in the offices that were part of the intervention from the pre-intervention
phase to the intervention phase (p < 0.001). This increase was more evident in office space
B3O3, which relied on mechanical ventilation, than in office B6O3, which promoted nat-
ural ventilation. In the control offices of B3, a decrease in particle levels was observed.
UFP levels also showed a significant increase between phases in B3O3 (p < 0.001). Occu-
pancy remained similar between the study phases (0.13 person/m2 in pre-intervention and
0.12 person/m2 in intervention).

For space B6O3, because there is robust evidence for the influence of urban ambient
particles in naturally ventilated spaces, occupants were instructed to open windows during
periods of low traffic and to prioritize windows not facing the main road. During the
intervention, there was a decrease in the I/O PM10 ratio from pre-intervention levels of
0.80 to 0.55. In space B3O3, the I/O PM10 ratios were similar (0.42 and 0.43) in the pre-
intervention and intervention phases, respectively. In the control offices of B6, an increase
in airborne particles was observed, along with an increase in the I/O PM10 ratios (from
0.75 to 0.79).

Changes in thermal comfort were observed for the afternoon period, showing a
decrease of 31 and 56% of PPD in B3O3 and B6O3, respectively. In the pre-intervention
phase, PPD was already quite low (<7%) in the morning, but there was more room for
improvement during the afternoon as levels were almost double (12–13%).
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3.3.3. Source Control—Printer Relocation

A potential source of air pollutants (the printer) was moved from an open space to a
separate and unoccupied room (office B2O4). The analysis of the impact of the intervention
on indoor pollution using minute-by-minute data showed positive results for the UFP and
O3 levels (Table 5), showing a decrease in the mean levels of 14% (from 8072 to 6982 pt/cm3)
and 85% (from 13 µg/m3 to <LOD), respectively. In contrast, in control offices, the mean
levels increased by 6% for UFPs (from 6891 to 7310 pt/cm3) and 36% for O3 (from 11 to
15 µg/m3). However, 33% of the control offices also exhibited a reduction in the airborne
levels, by 23% and 65% for UFPs and O3, respectively (Table 5).

Despite this, the concentrations of airborne particles (PM2.5 and PM10) significantly
increased (PM2.5: U = 12069, z = −25.7, p < 0.001; PM10: U = 23697, z = −23.3, p < 0.001)
in the offices of Group A but significantly decreased in offices of Group B (p < 0.001). As
natural ventilation was common in this building, it is important to consider the levels of
ambient particles. In fact, the I/O PM10 ratio was 0.68 in the pre-intervention phase and
0.82 in the intervention evaluation. In offices of Group B in that building, I/O PM10 ratios
also increased between phases (from 0.49 to 0.84). VOC concentrations also significantly
increased (U = 17408, z = −24.2, p < 0.001), while no significant change was observed for
offices belonging to Group B.

4. Discussion

This is the first study to implement an environmental intervention program tailored
to the improvement opportunities identified for each study office, incorporating source
control, ventilation, and biophilic-based solutions. A comprehensive set of IEQ parameters
was continuously monitored in real office conditions for a full workday during the pre-
intervention and intervention phases.

This study found that in a few offices, measured levels of air pollutants were above
the recommended exposure limit values defined in the national and international stan-
dards [34,35]. Airborne PM2.5 and PM10 concentrations obtained were 2.5 and 4 times
lower compared to the concentrations reported by previous worldwide studies [8] but
similar to the levels measured in a European office studies [39]. For the samples of offices
assessed, opening windows significantly contributed to the increase in indoor PM levels.
For instance, it was observed that the majority of offices (90%) had PM10 I/O concentration
ratios lower than 1, indicating that ambient air was the main contributor to indoor particle
levels. However, there were instances where the I/O ratio exceeded 1, demonstrating
the existence of important indoor sources of air pollutants. Among the assessed office
characteristics, the presence of carpets was identified as a significant influencing factor.
In addition, PM2.5 and PM10 levels were correlated, which was also detected for schools
located in the same region [40]. The UFP levels showed a wide range, about twice the
levels obtained in recent studies [41]. The VOC concentrations were in line with the results
for Finnish offices [42] but 2.6-fold lower than levels reported in other Portuguese offices
located in urban areas [10]. This study provides evidence suggesting that levels of VOCs in
offices significantly increase due to occupancy, the presence of wooden floors, and cleaning
procedures conducted immediately before working hours. In fact, it is well known that
products used during floor cleaning can emit VOCs, such as limonene [43]. In relation to
O3, the concentrations assessed were, on average, eight times lower than those reported for
other Portuguese offices [10], but two times higher than the levels found in European-wide
study [39]. O3 levels seemed to be impacted by natural ventilation. In this study, the
opening of windows promoted an increase in indoor O3 concentrations. Using CO2 as a
proxy for ventilation, some offices presented poor ventilation conditions. Mean CO2 levels
were slightly higher than those obtained in other works [8]. Levels of CO2 in the studied
offices were influenced by the density of occupancy, glass area, number of windows, and
natural ventilation (through window openings). These levels were also negatively linked
with O3 concentrations, as reported in previous work in schools of the same region [40].
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This could be due to the influence of natural ventilation through opened windows, as
reported in the literature [44].

The hygrothermal conditions were similar to previous measurements in national of-
fices [10], but RH was higher compared to European offices during the same season [45].
Higher temperatures were detected for carpeted offices and in spaces with greater occu-
pancy. In terms of the thermal environment categories [30], most of the offices fell within
the thermal comfort category A. Overall, a neutral to slightly warm sensation was obtained,
consistent with previous findings [4]. The mean illuminance levels obtained for the sample
of studied offices, illuminance uniformity, and noise levels were similar to those in previous
studies [4,41].

Regarding the effect of environmental interventions, indoor plants are known to have
the potential to reduce CO2, PM, and VOC [24,25] levels. However, the findings from this
study do not strongly support this, as a non-significant decreasing trend in 88% and 58%
of the studied offices was observed for VOCs and UFPs and none for CO2 and PM. The
decrease in VOC and UFP concentrations was more significant for offices of Group A than
Group B. It is of utmost importance to note that these outcomes were obtained from the
implementation of a well-defined study design that included the combination of Sansevieria
trifasciata, Dracaenas fragrans, and Chlorophytum comosum plant species and one pot per
9 m2 in a sample of offices that presented, in general, acceptable levels of IEQ. The use of
different criteria (e.g., employing other indoor plant species, a higher number of pots per
area [22], etc.) could result in different outcomes.

It is well known that CO2 levels can be strongly impacted by occupancy and ventilation
conditions. During the intervention phase, on average, windows were kept open for longer
periods (+2 h) than in the pre-intervention phase. However, because the fieldwork only
focused on whether windows were open and did not collect data on the number of windows
or the size of the openings, the possibility that differing ventilation patterns may have
influenced the CO2 outcomes obtained should not be excluded. Previous studies have
indicated that higher light intensity appears to increase CO2 assimilation rates by indoor
plants [28]. In this study, in the intervened offices with high illuminance levels (two offices
with levels above 1000 lux at task areas), the average CO2 levels decreased from 845 in the
pre-intervention phase to 826 ppm in the intervention phase. In contrast, in offices with
illuminance below 1000 lux, CO2 levels increased from 733 to 746 ppm.

Although several studies have presented evidence of plants’ ability to absorb airborne
particles [25], the findings from this study do not align with that perspective. In this regard,
previous studies have reported that indoor plants can remove particles in stable environ-
ments during periods of non-occupancy [46], which was not the case in the current study.
Additionally, the obtained increase in particles in offices of the intervention group was
also observed for the I/O PM10 ratios (from 0.50 to 0.71), indicating a greater contribution
of indoor sources from the pre-intervention phase to the intervention phase. A previous
study by Hong et al. also found an increase in PM concentration after introducing potted
plants in two daycare facilities, which they attributed to fluctuations in outdoor PM levels
during the monitoring period [47]. For instance, although the evidence in the literature is
limited, based on the evidence provided in this study it cannot be ruled out that indoor
plants could serve as a significant source of particles in indoor environments.

Indoor plants may have varying capacities to absorb different species of pollutants.
For instance, they can have an impact in reducing only some specific VOCs [47]. This
study does not address this variation, as VOC identification was not conducted and the
intervention effect was only assessed based on the total VOC concentration.

Indoor air temperature also increased from the pre-intervention phase to the inter-
vention phase. Although the literature suggests that indoor plants help regulate indoor
temperature [25], the current study indicates that temperature changes appear to be more
closely related to outdoor temperatures. In that regard, ambient temperature also increased
between the study phases (from 13.4 to 15.0 ◦C), and indoor air temperatures were signifi-
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cantly correlated with outdoor temperature in the intervention phase (r = 0.737, p = 0.006),
suggesting the influence of ambient temperature, as described in previous works [48].

The results obtained for interventions with CO2 sensors suggest that natural ventila-
tion can effectively reduce CO2 concentrations in the workplace, provided that occupants
are educated in identifying high CO2 situations, aligning with previous studies [49]. In
fact, the office ventilated exclusively by a mechanical system had higher CO2 levels than
office spaces with both mechanical and natural ventilation options. Additionally, actions
were taken to dilute CO2 concentrations more frequently in the office with natural ventila-
tion. Moreover, results appeared to indicate that CO2 concentrations continued to increase
despite ventilation changes in offices ventilated exclusively by a mechanical system, and
the decrease was only observed for low and non-occupancy periods. The increase in air-
borne particles could be related to the intervention implemented. In fact, according to the
association reported in Section 3.2, these findings strongly indicate that while interventions
implementing CO2 sensors and natural ventilation have a high potential to dilute CO2
levels, they can also introduce urban ambient air pollutants into the indoor environment.
According to outdoor data, a higher contribution of outdoor particles to the office with both
ventilation strategies occurred. Thermal comfort change suggests that these interventions
could help remind office workers to actively adjust thermal conditions.

In previous studies, interventions implementing source control-based approaches
investigated the impact of replacing carpet flooring with a low-emitting vinyl floor on
workers’ perception, comfort, and health symptoms but did not evaluate the effect on IEQ
conditions [41]. Although printers are recognized as a potentially significant source of
pollutants [50], this is the first study to implement a source control-based intervention
consisting of the removal of the printer from an office room. The results showed that,
although UFP and O3 levels reduced from the pre-intervention phase to the intervention
phase, PM2.5, PM10, and VOC levels increased. In fact, outdoor particles were higher
than indoor levels in both study phases. The contradictory findings may be attributed to
the assembly of new furniture taking place near the open office during the intervention
period. It cannot be ruled out that this event may have had a significant influence on
these outcomes.

Overall, some inconsistent results were observed for all the interventions implemented,
likely due to limited room for improvement, as most of the office spaces studied exhibited
acceptable IEQ conditions with no significant issues identified. Additionally, the numerous
factors that can influence IEQ levels make evaluating the effects of interventions quite
challenging. Indeed, potential avenues for improvement may arise from the weaknesses
identified in the obtained results. Specifically, the number of offices included in the study
design is in line with previously published works, in which 1–24 offices and 1–6 build-
ings were typically selected for intervention studies [18]. However, a larger number of
intervened offices would be needed to obtain more extensive and representative data,
allowing for a clearer depiction of the achieved IAQ improvements while offering a greater
statistical significance of the findings. Similarly, extending the assessment period beyond
a single workday and collecting information on relevant influencing factors—including
those not addressed in this study, such as the number of windows opened, their area, and
location—could improve representativity and reduce the impact of sources of uncertainty
in future research.

5. Conclusions

This study implemented an intervention program designed to cover the entire process,
from the identification of risk factors to the evaluation of the effect of low-cost and easy-
to-implement actions to promote IEQ. Significant factors influencing IEQ conditions in
modern Portuguese office buildings were identified. The main findings are as follows:

• The type of flooring material seems to be an important determinant of IEQ. Offices
with carpeted floors showed significantly higher I/O PM10 concentration ratios and
indoor temperatures of about 1 ◦C. This suggests that although the existence of carpets
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can contribute to improving thermal comfort in offices during the heating season, they
can also increase exposure to indoor-originated suspended particles. On the other
hand, offices with wooden floors had significantly higher total VOC concentrations.

• Offices with opened windows during the assessments had 14% lower CO2 concentra-
tions but 40–200% higher levels of airborne particles (PM and UFPs) and O3, indicating
that while natural ventilation can improve air renewal, it can also increase the contri-
bution of outdoor pollutants to indoor air.

• The timing of cleaning appears to affect the air quality during working hours. Cleaning
procedures conducted just before working hours were found to significantly increase
exposure to VOCs by almost two times and thus should be avoided.

• Occupants are likely to be a relevant source of VOCs, as concentrations were two times
higher during working hours than in non-occupancy periods.

In addition, only a few office spaces under study presented IEQ conditions outside of
recommended exposure limits, namely, for airborne particles, VOCs, CO2, and illuminance.
Despite limited room for improvement, as anticipated in the pre-intervention assessments,
an environmental intervention program was conducted to explore the potential impacts on
IEQ of low-cost and easy-to-implement measures by executing an RCT. Even though the
effectiveness of interventions in promoting improvements in IEQ was generally inconsistent,
the study identified the following key findings:

• Biophilic interventions involving the introduction of plant species having a docu-
mented potential for cleaning the air (Sansevieria trifasciata, Dracaenas fragrans, and
Chlorophytum comosum) in 12 offices did not lead to significant changes in airborne
particles, VOCs, and CO2 levels between the pre-intervention and intervention phases.
However, a trend suggested lower UFP and VOC concentrations (observed in 58%
and 88% of offices in the intervention group), while PM levels increased.

• Installing CO2 sensors to improve ventilation rates resulted in a 28% decrease in CO2
levels in the office with natural ventilation, but no significant impact was shown in
the office relying solely on mechanical ventilation. This intervention also resulted in a
significant increase in indoor air particulate matter levels.

• Relocating the printer in one office resulted in an unexpected increase in PM and VOC
concentrations, likely due to uncontrollable events during the study, such as furniture
assembly. Notably, this intervention was also characterized by a trend suggesting a
reduction in UFP and O3 levels of 14% and 85%, respectively.

Overall, this work enhances the understanding of factors determining IEQ in offices
and the effectiveness of environmental interventions in promoting improvements to IEQ.
In particular, the outcomes provided can serve as valuable contributions to guide building
managers in identifying actions to promote sustainable practices in offices. Although
the evidence collected suggests that the beneficial impact of low-cost interventions on
IEQ levels is limited in offices with acceptable IEQ, strategies centered on air pollution
source control, ventilation optimization, and the use of indoor plants as a cost-effective
and environmentally friendly air cleaning solution should still be considered. These
approaches are essential for promoting decent working conditions in alignment with SDG
8. The evidence gathered in this study also offers valuable insights for future research.
To reduce uncertainty, it is recommended that an extended monitoring campaign and/or
intervention period be considered and a greater number of offices be included in further
studies. Specifically, for interventions involving indoor plants, increasing the number
of pots per area and identifying VOC species could enhance analysis of the pollutants’
absorption capabilities. Similarly, it is expected that offices with declared IEQ problems are
leading candidates for exploring the potential of environmental interventions to achieve
measurable impacts on IEQ.

To gain a broader understanding of the impacts of the intervention program imple-
mented in this work, further steps of the study will include assessing the effects of the
interventions on workers’ outcomes.
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