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Abstract: Current research on human comfort has identified a gap in the investigation of multi-
domain perception interactions. There is a lack of understanding the interrelationships of different
physio-socio-psychological factors and the manifestation of their contextual interactions into cross-
modal comfort perception. In that direction, this study used data from a post occupancy evaluation
survey (n = 26), two longitudinal comfort studies (n = 1079 and n = 52) and concurrent measurements
of indoor environmental quality factors (one building) to assess the effect of thermal, acoustic and
air quality perception interactions on comfort and satisfaction of occupants in three mixed-mode
university office buildings. The study concluded that thermal sensation (TSV) is associated with
both air quality (ASV) and noise perception (NSV). The crossed effect of the interaction of air quality
and noise perception on thermal sensation was not evident. The key finding was the significant
correlation of operative temperature (Top) with TSV as expected, but also with noise perception and
overall acoustic comfort. Regarding the crossed main effects on thermal sensation, a significant
effect was found for the interactions of (1) Top and (2) sound pressure levels (SPL30) with air quality
perception respectively. Most importantly, this study has highlighted the importance of air quality
perception in achieving occupants’ comfort and satisfaction with office space.

Keywords: human thermal perception; comfort; multi-domain interactions; indoor air quality; noise
sensation; cross-modal perception

1. Introduction

Energy use of buildings as well as the health and wellbeing of a building’s occupants
have been repeatedly associated with the interaction between occupants and their indoor
environment as they respond to environmental cues to achieve comfort [1–4]. Indoor
environmental quality (IEQ) is often evaluated by assessing thermal, acoustic, visual and
air quality factors [1,5]. A recent literature review, however, has identified a gap in studies
on the combined effects of these factors on overall comfort [6], as most studies take place
in controlled environments (e.g., climate chambers) and/or focus only on single effects.

Comfort research has historically been approached with siloed, discipline-specific
approaches and methods that fail to provide a holistic interpretation of the physio-socio-
psychological relationships and their evolution over time and external forcing. In addition,
differences between individuals [3,7], and the yet unknown mechanisms of how stimuli
trigger sensations, add complexity when evaluating comfort and applying comfort models
to building design and the operation of building systems [8]. From a trans-modal perspec-
tive [9], the interactions between different comfort domains (i.e., cross-modal effects [10–12])
are interpreted as comfort and satisfaction within a physio-psychological context.

Current research has investigated the relationships and mechanisms that link the level
of comfort with the perception of indoor environment quality and its contextual manifesta-
tion. In general, comfort dimensions are distinguished as expectation (non-sensory stimuli),
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sensation (sensory stimuli) and relative perception (satisfaction and preference) [13]. This
interpretation of comfort is linked to the “affect” defined in Heydarian et al.’s (2020) [14]
review of behavioural theories and to the holistic review into the drivers of thermal per-
ception [15]. In that direction, Schweiker et al. (2020) examined the concept of “seasonal
alliesthesia” that approaches comfort through the view of thermal pleasure and suggests
the existence of long-term experiences and expectations, which affect contextual thermal
perception [13,16]. Studies on multi-modal perception interactions and their effect on
comfort remain limited. Tang et al. (2020) in a controlled laboratory experiment identified
relationships between indoor air quality and both thermal satisfaction and sound pres-
sure levels [17]. In another controlled experiment, Yang and Moon (2019) investigated
multisensory interactions between thermal, acoustic and illuminance conditions, and their
study has revealed that indoor sound levels have a larger impact on thermal comfort than
illuminance, whereas interestingly sound levels had significant effects on both the overall
indoor environment and visual comfort [18]. Similarly, in an experimental laboratory study,
satisfaction with thermal conditions has been shown to influence satisfaction with other
IEQ factors, but most importantly thermal satisfaction has created “comfort expectations”
that subsequently affect an occupant’s evaluation of other surveyed parameters [19]. These
important findings all come from studies in controlled environments and quite often with
student participants. Most studies usually assess the combined effects of IEQ factors,
and they evaluate the relative effect and influence of factors, instead of explicitly looking at
interaction effects in terms of the examined factors. This paper addresses those limitations
by presenting results from “real life” office environments, and we analyze the multi-modal
interactions (i.e. cross-modal) between thermal, acoustic and air quality perception and
commonly monitored environmental IEQ factors.

Over the last few decades, before the SARS COVID pandemic, open-space offices
prevailed as an office type, mainly due to the reduction in facility costs that this working
environment offers. Several studies have shown that open-space design has adversely
affected productivity, health and wellbeing in the workspace [20,21]. Amount of space,
noise, visual intrusiveness and lack of privacy are commonly identified by employees as
the key factors for their (lack of) satisfaction with their workspace environment [22,23].
More recently, studies have shown that despite the important roles of factors related to
the indoor environment, there are additional socio-psychological parameters that could
influence thermal perception and comfort, such as personal mood, aesthetics, likable
architecture, office layout and employer’s policies related to wellbeing [24–27]. Post
Occupancy Evaluation (POE) methodologies have been increasingly used to identify issues
that might affect a building’s performance and occupant satisfaction. POE has gained
attention from the industry and has been included as a requirement in popular “green”
building certifications and sustainability assessment methods. Reportedly, though, high
scores in such certification schemes often do not translate into occupants’ satisfaction with
the indoor environment [28,29]. Nevertheless, POE results offer valuable insights into the
aspects that require attention and cause dissatisfaction among the buildings’ users.

This study combines results from a POE and comfort surveys to evaluate the mixed
effects of indoor environment parameters and multi-domain comfort on thermal comfort
perception. The present work aims to provide new evidence on the cross-modal comfort
perception in “real-living” conditions. The research questions addressed by this study are
as follows:

(1) Is there a cross-modal effect of thermal, acoustic and air quality perception on
occupants’ comfort?

(2) How does indoor environmental quality affect thermal perception?

2. Materials and Methods
2.1. Study Design

This research was carried out in three stages, described as follows.
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Stage 1: In the first stage, a Post Occupancy Evaluation (POE) was carried out follow-
ing the Building Use Studies (BUS) methodology [30,31]. The aim of POE was to gain an
understanding of the buildings users’ satisfaction with their living environment. BUS is an
established POE methodology that has been widely used and reported in relevant litera-
ture [29,32–34]. On top of the expected benefits, BUS offers the opportunity to compare
occupants’ satisfaction and building performance with other similar buildings worldwide.

The case study building was a mixed-mode office building at the University of
Southampton (referred to as B1). This pilot study had 26 participants who completed
the BUS online questionnaire survey during August 2020. The survey includes 16 sections,
collecting demographic data such as age, gender, working hours and days at the building
and at their work area. It is also designed to collect feedback regarding the building’s
environmental performance, building services and overall design. The analysis of the
POE focused on the reported satisfaction with typical indoor environmental quality (IEQ)
(air quality, thermal conditions, noise and lighting) factors and the occupants’ thermal
perception and comfort in winter and summer. The survey applied a 7-point scale to
assess the satisfaction level from “1” representing “very dissatisfied” to “7” representing
“very satisfied”. Similarly, a 7-point scale was used to assess thermal comfort from “1”
representing “uncomfortable” to “7” representing “comfortable”.

Stage 2: In the second stage, building upon the findings from the POE, a weekly “right-
here right-now” comfort survey took place over a period of a year (from 25 July 2017 to
25 June 2018) to review the relationship among thermal sensation (TSV), thermal preference
(TPV), acoustic perception (NSV) and perceived air quality (ASV). The thermal sensation
vote (TSV), thermal preference vote (TPV), acoustic (i.e., noise) perception vote (NSV) and
air quality perception vote (ASV) were collected from the questionnaire responses, as shown
in Table 1. Four different scales were used following the smart controls and thermal
comfort project (SCATs) survey method [35]. Thermal sensation (TSV) was assessed with
the ASHRAE 7-point scale [36], and thermal preference, acoustic and air quality perception
were evaluated with a relevant 7-point scale, respectively (Table 1). The survey responses
were collected from participants in two mixed-mode office buildings at the University
of Southampton (referred to as B2 and B3). The number of valid, completed surveys
and consequently the sample size is n = 1079 responses from 116 individual participants.
In addition to the surveys, the researchers interviewed the respective building managers to
understand any daily operation issues and common grievances from the occupants.

Table 1. Sampled questions related to the investigated variables from the weekly survey questionnaires.

Thermal Perception “How Do You Feel Right Now?” (TSV)

Cold
(coded: −3) Cool Slightly cool Neutral

(coded: 0) Slightly warm Warm Hot
(coded: +3)

Thermal Preference “At this Moment, Would You Prefer to be . . . ?” (TPV)

Much cooler
(coded: −3) Cooler Slightly cooler Without change

(coded: 0) Slightly warmer Warmer Much warmer
(coded: +3)

Noise Perception “How Do You Find the Background Noise Level?” (NSV)

Very Noisy
(coded: −3) Noisy Slightly Noisy Neither noisy nor quiet

(coded: 0) Slightly quiet Quiet Very quiet
(coded: +3)

Air Quality Perception “How Do You Find the Air Quality?” (ASV)

Very bad
(coded: −3) Bad Slightly Bad Neither bad nor good

(coded: 0) Slightly good Good Excellent
(coded: +3)

Stage 3: In Stage 3 of the research design, a small and focused study in building
B1 was undertaken to assess thermal, acoustic and air quality perception with a comfort
survey and concurrent environmental conditions monitoring (i.e., sound pressure levels,
air temperature and relative humidity), between January and March 2020. Typical indi-
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vidual control opportunities were monitored such as (1) private office door open/close,
(2) window open/close, (3) air conditioning on/off, (4) ventilation on/off and (5) heating
on/off. The sample comprised 12 participants, and most worked in an open plan office
(N = 9) in B1 or individual offices (N = 3) at the same floor level. Following a similar
method as Stage 2, the 12 participants in the Stage 3 survey were asked to complete three
surveys; an initial background survey that collected contextual metadata and demographic
information, a weekly survey that assessed their comfort perception and productivity,
and a final feedback survey. The questionnaire followed the thermal comfort informative
for subjective evaluation in the ASHRAE 55 [36] and EN 15251 (Annex H) [37]. The three
investigated variables (TSV, NSV, ASV) were assessed with the same as in Stage 2 per-
ceptual scales. Non-intrusive environmental sensors were installed in selected locations
that represent the average ambient environment. Although the participants from B1 were
different from the participants at B2 and B3, they all worked in similar buildings at the
same location, and they did similar jobs. In addition, the buildings were maintained and
operated by the same organization, they all had mixed-mode ventilation and followed the
same operation schedule.

2.2. Case Study Buildings

The three case study buildings have been commissioned recently and they are lo-
cated at the Highfield and Bolderwood Campuses of the University of Southampton, UK.
All three buildings have mixed-mode ventilation (both mechanical and natural ventilation)
providing heating in winter and peak cooling only during extreme heat events in summer.
Figure 1 shows the three buildings’ typical floor plans which all encompass cellular offices
and open plan office spaces next to a central atrium. The atriums are key features of the
natural ventilation strategy.
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Figure 1. Floor plans of the open (green) and cellular (orange) office spaces in B1 (left), B2 (middle) and B3 (right) buildings
at the University of Southampton Bolderwood (B1 and B2) and Highfield (B3) campuses.

Traffic noise levels as represented with LAeq,16h were estimated around the 60 dB
level for all the buildings. LAeq,16h is defined as the annual average noise level (in dB) for
the 16-h period between 07:00–23:00 and it is typically assessed at a receptor’s height of
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4 m above ground. B1 floors are connected with an atrium that starts from the common,
multi-functional space at the ground floor and extends upwards to the roof of the building.
Each floor has an open plan office and a mezzanine style area open to the atrium and the
corridor next to the private, individual offices (Figure 1).

2.3. Indoor Environmental Quality (IEQ) Data Collection

The dataloggers used for the IEQ data collection in Stage 3 of this study were installed
whenever possible at heights and locations that would be representative of the occupants’
working conditions while seated at a desk. Air temperature (T) and relative humidity (RH)
were monitored with 5 min frequency. Sound pressure levels were monitored every second.
The specifications of the data loggers and the sampling rates are shown in
mboxtabreftabref:energies-1040727-t002. In the beginning of Stage 3, the reverberation
time (RT) was measured with a Brüel & Kjær 2250 handheld analyser in unoccupied
conditions at different places of B1, all with a potential to impact the acoustic conditions of
the surveyed offices. The wide band reverberation times were averaged across the 400 Hz
to 1.25 kHz frequencies and the acoustic conditions were assessed based on the RT60 (T30)
measurements. The sound test at the atrium was the only one not surprisingly to return
high RT longer than 1.2 s while the other tested locations had RT values lower than 1 s.

Table 2. Environmental monitoring data logger specifications.

Device Model Sampling Rate Measure Accuracy

Data-logging
sound level

meter

Reed
Instruments

SD-4023. Fast
weighting.
(200 ms) ‘A’
frequency
weighting.

1 s Sound pressure
level, LP (dB)

1 kHz ± 1.4 dB;
250 Hz ± 1.9 dB;
500 Hz ± 1.9 dB;
125 Hz ± 2.0 dB;
63 Hz ± 2.5 dB;
2 kHz ± 2.6 dB;

31.5 Hz ± 3.5 dB;
4 kHz ± 3.6 dB;
8 kHz ± 5.6 dB

Temperature
and relative

humidity sensor

MadgeTech
RHTemp101A 5 min

Temperature
(◦C) Relative
humidity (%)

±0.5 ◦C,
±3.0%

Reverberation
time analyser

Brüel & Kjær
2250 handheld

analyser
NA

Wide band
reverberation
time, T60 (s)

0.1–0.7 s (Min)

Three sound pressure level (SPL) meters were used to assess background noise condi-
tions during the working and after work hours. The sound level meters were positioned at
heights and locations to represent the sound heard by the participants while at their typical
seating positions (about 1.0 m above floor level). The sampling time was 1 s to allow for the
detection of short impulse sound sources. The collected sound data were used to compute
time-averaged acoustic parameters such as the equivalent continuous sound level (LAeq)
and LA10, a statistical noise level measure commonly used to evaluate if the sound pressure
levels exceed the acceptable threshold (i.e., 50 dB [38]) for 10% of the study’s duration.

2.4. Building Services and Controls

Individual, cellular offices in B1 have operable windows, thermostats and passive
infrared sensors that control the mechanical ventilation and cooling through a roof mounted
air-handling unit. The heating is provided with a wet system through radiators with
thermostatic valve (TRV) control. Open plan offices have no direct access to windows.
Ventilation and cooling are provided through a roof-mounted, centralised air-handling unit.

B2 has operable windows with external shades whereas mechanical ventilation and
cooling are provided by centralised air handling units through floor grilles across the span
of the floor. Trench heating is provided with radiators around the perimeter of the floor,
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next to the windows, through grilles at the floor. There are thermostats in each individual
office and at different zones of the large open plan office space.

B3 has operable windows too. Mechanical ventilation, heating and cooling are pro-
vided by centralised air handling units and distributed by wall and roof mounted grilles.
There are thermostats in the individual offices and in different zones at the open plan
office space.

In most cases the thermostats at all studied buildings are connected with the building
management systems (BMS) and the temperature of each zone is pre-set and controlled
by the building managers and the estates and facilities personnel. Individual access and
control of the temperature is restricted.

2.5. Participants

The number of participants in the sample at each stage and the response rates are
shown in Table 3. The survey duration refers to the number of weeks that comfort survey
questionnaires were sent to each participant. In general, the response rate was acceptable
for web-based surveys [39] and comparable with previous relevant studies when sample
size is considered [40].

Table 3. Sample size and response rate at the different stages of the study.

Stage Sample Size Duration (Weeks) Response Rate Type

Stage 1 26 1 65% Post Occupancy Evaluation (POE)
Stage 2 116 48 20% Comfort-longitudinal
Stage 3 12 5 90% Comfort-longitudinal

The sample at all stages comprised administrative staff, academic staff and postgrad-
uate researchers that work regularly and have a permanent workspace in the three case
study buildings. All participants had consented to participate in the questionnaire surveys.
All responses and data were pseudonymized, and any data were collected and managed in
accordance with the approved ethics.

3. Results
3.1. Stage 1—Post Occupancy Evaluation and Satisfaction with Building (B1, n = 26 Valid
Questionnaires)

The BUS POE results in general revealed high level of satisfaction with the building
design and environmental conditions. The overall comfort was overwhelmingly voted as
satisfactory (light shades of grey in Figure 2) and similar results were obtained for the satis-
faction with the thermal conditions in the heating (winter) and cooling (summer) seasons.
In the heating season especially more than 75% of the responses indicated satisfaction with
thermal comfort. This level of satisfaction was less prominent during summer, pointing to
issues that likely have to do with the ventilation and cooling of the office space during hot
spells (Figure 3).

In relation to this study, it is interesting that the results from the POE, despite the high
levels of satisfaction with most aspects of the building’s environment and use, showed a
rather widespread dissatisfaction with the overall noise levels (Figure 2). That result was
expected as background noise has been repeatedly identified as a cause of dissatisfaction
in open plan offices [41,42], and the individual offices in the sample have visitors regu-
larly. The POE analysis did not assess the relationship between noise dissatisfaction and
interruption frequency.
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Figure 3. Satisfaction vote for the thermal conditions in the office: (a) in summer; (b) in winter.

The review of satisfaction levels for different room occupancy (i.e., single, twin or
multi) revealed a clear pattern. Individual office occupants were likely to be dissatisfied
with the frequency of interruptions but not noise. Whereas, in open plan and shared office
spaces, users were mostly dissatisfied with the overall noise rather than the interruptions
(Figure 4).

Following that rationale, the next hypothesis was that background noise is related to
productivity changes and at the same time noise perception and productivity are likely to
be affected by the hours at work. This means busy, “long” days in the office will increase
the dissatisfaction with noise and decrease the productivity. The Goodman Kruskal’s
gamma test was used to investigate if there was a correlation of the Overall Noise with
Interruption Frequency and with Productivity Change at the office spaces occupied by
the participants. Goodman Kruskal’s gamma (GKG) is a test of association between two
ordinal variables such as in this case where responses are in the Likert scale. GK gamma
(G) takes values in the space (−1, 1) with G = −1 and G = 1 denoting a strong negative and
positive association respectively. The productivity measurement in this study is based on a
self-assessment of the survey respondents, which is completely subjective and might be
biased by the occupants’ comfort at the time of response. In Figure 5, the responses were
grouped by the number of hours the participants reported that they spent working in the
office every day.
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Figure 5. Scatterplot of the Overall Noise satisfaction and Productivity Change grouped by the
duration of occupants’ workdays (HrAtOffice: hours spent at work).

The productivity change was reported with a scale from “1” to “9” in 10% increments
and “5” denoting the central, “no change”, point. The satisfaction with overall noise is
shown as before with a 7-point scale where “4” marks the “neither noisy nor quiet” point.
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The GKG test of the association showed a significant but moderate negative correlation
between Overall Noise and Interruption Frequency satisfaction (G = −0.55, confidence
intervals (CI (−0.84, −0.27), p = 0.003 < 0.01). As overall noise satisfaction increases,
the interruption frequency satisfaction decreases. In other words, as the noise level increases
the participant may be less sensitive to interruption disturbances. The relationship between
Overall Noise satisfaction and Productivity Change was not significant (G = 0.165, CI (−0.26,
0.59), p = 0.352 > 0.05). However, Figure 5 shows that participants working longer hours
at the office are likely to be more unsatisfied with overall noise level (7.7 h on average for
participants reported being unsatisfied (levels 1–3) and 6.9 h on average for participants
reported being satisfied (levels 5–7)). A previous study has found that the working hours
threshold between office occupants who are satisfied and those who are dissatisfied with
the IEQ is as low as 20 h/week [43].

3.2. Stage 2—Comfort Survey (B2 and B3, n = 1079 Valid Questionnaires)

This stage builds on the results of the POE to examine the relationship among thermal
sensation (TSV), thermal preference (TPV), acoustic perception (NSV) and perceived air
quality (ASV). Stage 1 has identified that noise is the only category where satisfaction levels
were rated from average to low. The hypothesis at this stage of the study was that there
is a relationship among the three examined comfort domains and their interaction terms.
In this context, the study assessed the GKG to examine the existence of correlations among
TSV, NSV and ASV and investigate the effect of noise perception, indoor air quality and
their interactions on thermal perception. Initial descriptive analysis did not indicate the
existence of a linear relationship between noise perception (NSV) and thermal sensation
(TSV) (Figure 6). The distribution of responses in the graph shown in Figure 6, suggests
that most responses are in the neutral to “warm” (TSV 0, 1) and the “neither noisy nor
quiet” to “slightly noisy” (NSV 0, −1) area of the graph.
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(the number of responses n is proportional to the area of circles).

With regard to the association between air quality perception and thermal perception,
Figure 7 indicates that most responses are on and around the central point denoting
neutral vote. Interestingly, “slightly bad” to “bad” air quality perception (ASV −1 to −2)
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was associated with a warm perception of the thermal environment. This result raises
questions about the role of air movement and relative humidity levels which are usually
responsible for the feeling of “stuffiness” that is typically assessed through carbon dioxide
concentration monitoring [44]. Following this finding, Figure 8 describes the relationship
of air movement sensation (AMS) and air quality sensation (ASV).
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The results, as expected, show low air movement perception associated with “bad” air
quality perception. Most importantly, the questionnaire results suggest that air movement
is perceived as being low (AMS 0 to −3) and the air quality is perceived as rather poor
(ASV 0 to −3).

The GKG test revealed a significant but weak negative correlation between TSV and
ASV (G = −0.114, CI (−0.18, −0.04), p = 0.026 < 0.05). Similarly, TSV was found to be posi-
tively but weakly correlated with NSV (G =−0.109, CI (0.04, 0.18), p = 7.966 × 10−05 < 0.01).
As expected, there was also a significant correlation between ASV and NSV (G = 0.258,
CI (0.18, 0.33), p = 2.2 × 10−16 < 0.01).

The last test examined the combined effect of air quality perception (ASV) and noise
perception (NSV) on thermal perception (TSV) and the effect of their interactions. For this
analysis, mixed effect logistic regression models were assessed, following the methodol-
ogy described by Schweiker & Wagner, 2018 [45]. The analysis used the R [46] packages
lme4 [47] and lmerTest [48]. The mixed effect models were compared with the maxi-
mum likelihood estimation (ML). The stepwise backward elimination process (function
step.model in R) was used to evaluate the significance of the effects of interactions and
optimise the final model. The participants’ unique ID was used as the random effect
variable. The final model had the formula (TSV ~ ASV + NSV + (1|ID), where (1|ID) is
the random effect variable. The effect of the interaction term ASV:NSV on the TSV was not
significant (p = 0.83 > 0.05).

To follow the modelling analysis, the study explored the relationship between TSV,
TPV and ASV. It is important to note that the highest levels of thermal sensation (‘hot’ coded
“3”) and thermal preference (‘much cooler’ coded “−3” and ‘much warmer’ coded “3”)
should not be taken into consideration as the sample sizes were small and the confidence
intervals were large. As shown in Figure 9, when participants felt cooler (TSV) or preferred
to be warmer (TPV) there was a slight adverse effect on perceived air quality (ASV).
However, when participants felt warmer (TSV) or preferred to be cooler (TPV) there was a
strong adverse effect on perceived air quality. In summary, the respondents gave the most
favourable assessment of air quality when they felt thermally comfortable and preferred
no change in their thermal environment.

Energies 2021, 14, x FOR PEER REVIEW 12 of 20 
 

 

 
Figure 8. Comparison of agreement between air movement and air quality perception vote results 
for Stage 2 (the number of responses n is proportional to the area of circles). 

To follow the modelling analysis, the study explored the relationship between TSV, 
TPV and ASV. It is important to note that the highest levels of thermal sensation (‘hot’ 
coded “3”) and thermal preference (‘much cooler’ coded “−3” and ‘much warmer’ coded 
“3”) should not be taken into consideration as the sample sizes were small and the confi-
dence intervals were large. As shown in Figure 9, when participants felt cooler (TSV) or 
preferred to be warmer (TPV) there was a slight adverse effect on perceived air quality 
(ASV). However, when participants felt warmer (TSV) or preferred to be cooler (TPV) 
there was a strong adverse effect on perceived air quality. In summary, the respondents 
gave the most favourable assessment of air quality when they felt thermally comfortable 
and preferred no change in their thermal environment. 

 
Figure 9. Perceived air quality for: (a) thermal perception votes; (b) for thermal preference votes, 
for Stage 2 (n shows the number of responses). 

Figure 9. Perceived air quality for: (a) thermal perception votes; (b) for thermal preference votes, for Stage 2 (n shows the
number of responses).



Energies 2021, 14, 333 12 of 18

3.3. Stage 3—Comfort Study in Focus Group (B1, n = 52 Valid Questionnaires)
3.3.1. Environmental Conditions

A summary of common descriptive statistics of the environmental variables monitored
in B1 during the third stage of this study is shown in Table 4. The mean and median values
are almost equal indicating symmetrical distribution of the variables. Relatively small
standard deviation in combination with the small variability (Max-Min) suggest that the
building’s environment was quite stable.

Table 4. Descriptive statistics of the main environmental parameters monitored at Stage 3.

Environmental
Parameters Min Max Mean Median Std Dev

SL5 39 dB 58 dB 46 dB 45 dB 4 dB
SL30 40 dB 53 dB 47 dB 47 dB 3 dB
LAeq 41 dB 51 dB 47 dB 48 dB 2 dB
Ta 22.2 ◦C 24.7 ◦C 24.2 ◦C 24.4 ◦C 0.5 ◦C
RH 26% 41% 33% 33% 4%
Tout 6 ◦C 14 ◦C 10 ◦C 10 ◦C 2 ◦C

RHout 56% 98% 82% 83% 11%

An example of the noise level measurements from one of the three sensors in the open
plan office is shown in Figure 10. The red-dashed line shows the 50 dB acoustic comfort
limit suggested for office spaces by building design guidelines [38].
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The 5-min averaged sound pressure level observations pointed out that during the
working days the sound exceeds the recommended levels in about 25% of the observations
(Q4 of boxplots) within the working hours. That result could confirm the existence of issues
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with acoustic comfort and noise satisfaction as it was shown by the POE at Stage 1 of the
analysis in this paper (note: same office but different sample).

3.3.2. Correlation Analysis and Effects of Interactions

The first part of the correlation analysis investigates the relationship between the
current noise perception when the questionnaire was answered (NSV), the acoustic comfort
(NSC) and the noise levels perception in the hours before the survey (NSB). The main
hypothesis was that the acoustic comfort will be related both to the previous and current
sound levels. The Goodman Kruskal’s gamma was calculated for the NSV, NSB and
NSC pairs to reveal the strength and direction of any associations. The test revealed a
strong negative (G = −0.735, CI (−1, −0.4)) and significant association (p = 0.02 < 0.05)
between the current noise perception (NSV) and acoustic comfort (NSC). As expected, when
noise perception changed from “very noisy” (−3) to “very quiet” (3) the acoustic comfort
vote changed from “uncomfortable” (5) to “comfortable” (1). Interestingly, the analysis
also found significant strong associations between the noise preconditions (NSB) with
current noise perception (NSV) (G = 0.796, CI (0.6, 0.99), p = 2.03 × 10−7 < 0.01) and with
the acoustic comfort vote (NSC) (G = −0.912, CI (−1, −0.776), p = 3.53 × 10−6 < 0.01)
respectively.

The second part of the analysis at this stage, looked at the relationship between
current noise perception (NSV), with thermal sensation (TSV), thermal comfort (TCV) and
the perception of indoor air quality (ASV). Results from Stage 2 had found that TSV is
associated with both the ASV and the NSV but there was not any significant effect of their
interaction. It is difficult to assess the impact of the sample size effect on the results and the
sample of Stage 3 is small. Therefore, Kendall’s correlation was chosen for the analysis in
order to build confidence on the previous results. The Kendall’s correlation matrix of results
(Table 5) confirmed this study’s findings that thermal perception is negatively correlated
with air quality perception (ASV) (TSV ~ ASV, τb = −0.363, p = 0.003 < 0.01) but there was
not conclusive evidence on an association between TSV and noise perception (NSV).

Table 5. Kendall’s correlation results (τb(p)) matrix for Stage 3 of the study design.

Variables NSV NSC TCV ASV

TSV −0.225 (0.06) −0.091 (0.48) 0.239 (0.06) −0.363 (0.003)
ASV 0.066 (0.57) 0.176 (0.17) −0.134 (0.29) 1
NSC −0.47 (0.0001) 1 −0.106 (0.43) 0.176 (0.17)
NSV 1 −0.47 (0.0001) −0.176 (0.15) 0.066 (0.57)

This finding lead to the investigation of direct associations of TSV with sound and
temperature environmental factors (Table 6) instead of the perception votes used until this
point. The 30 min averaged sound pressure level observations (SPL30) were negatively
associated with noise perception but the association with acoustic comfort was not sig-
nificant. Most importantly, the operative temperature (Top) was found to be significantly
associated with all thermal (TSV), noise (NSV) perception and acoustic comfort (NSC).

Table 6. Kendall’s correlation results (τb(p)) for two monitored IEQ factors.

Variables TSV TCV NSV NSC ASV

SPL30 −0.042 (0.70) −0.024 (0.83) −0.210 (0.046) 0.136 (0.23) −0.038 (0.73)
Top 0.237 (0.03) 0.094 (0.41) −0.267 (0.01) 0.232 (0.046) −0.07 (0.53)

Lastly, mixed effect logistic regression analysis was used, following the same methods
with stage 2, to evaluate the effect of any interactions between thermal, noise and air quality
parameters on their impact on thermal sensation. Different combinations of predictors and
random effect variables were examined with thermal sensation (TSV) as the dependent
variable. The independent fixed effects variables were the operative temperature (Top),
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the air quality perception (ASV), the 30 min average sound pressure level (SPL30), the daily
average outdoor temperature (Tout_d), and the outdoor and indoor temperature at the time
of the survey (Tin/out_s). The continuous environmental variables were standardized, scaled
based on their means and standard deviations. The mixed effect models were compared
with the maximum likelihood estimation (ML) and a stepwise backward elimination
process (function step.model in R) was used to evaluate the significance of the effects of
interactions and optimise the final model.

The results of the mixed effect logistic regression with TSV as dependent variable and
NSV as random effect variable, revealed that the effect of the interactions of (1) Top with
ASV and (2) SPL30 with ASV are both significant (p < 0.05) whereas the independent envi-
ronmental variables related with the outdoor and indoor temperature and their interactions
are not. Findings about the interaction terms were consistent across cases where thermal
(TCV) and acoustic (NSC) comfort were allowed to vary randomly (i.e., set as random effect
variable). The final model had the formula (TSV ~ Top + SPL30 + ASV + (1|NSV) + Top:ASV
+ SPL30:ASV) where (1|NSV) is the random effect variable and Top:ASV + SPL30:ASV are
the interaction terms for Top and SPL30 with ASV. The confidence intervals are shown in
Table 7 (standardized variables).

Table 7. Confidence intervals for the independent variables (standardized) with significant effect on TSV.

Confidence Intervals 2.5% 97.5%

Intercept 0.346 0.740
Top 0.264 0.701

SPL30 −0.769 −0.209
ASV −0.521 −0.184

Top:ASV −0.408 −0.051
SPL30:ASV 0.117 0.491

4. Discussion

The POE results identified potential issues with building acoustics and noise in the
case study building B1. Individual, cellular office occupants were mostly dissatisfied
with the frequency of interruptions, whereas the occupants of the open plan office were
mostly dissatisfied with background noise. Open plan offices are often preferred as a solu-
tion because they maximize density, but their design should include provisions for noise
control [41,42]. The marked contrast between the cause of dissatisfaction in single/twin
and multi occupancy offices in an academic context could also be a result of the role and
responsibilities of individuals and the hierarchy in ranking and space. Senior academics
are more likely to have individual offices and frequent interruptions from visitors. Open
plan office space is typically occupied by research students, researchers and administration
staff. In general, the POE showed that noise was the only category that occupants were not
satisfied with the building and the indoor environmental quality (IEQ). In relation to this
proposition of indoor noise nuisance, it was found that the overall noise perception was
negatively associated with the frequency of interruptions. Most importantly it was shown
that noise did not have a significant effect on productivity. This result contradicts previous
studies that concluded background noise has adverse effects on productivity [49–52]. Rele-
vant research has shown that the factors associated with productivity and the magnitude
of their effect are related to the office types, and they include, as expected, IEQ parameters
and demographics but also building design features and organizational arrangements (e.g.,
working hours, position and workplace arrangements) [27,53].

Adding to the current literature on IEQ and its association with health and comfort,
it was shown that bad air quality is generally associated with a “warm” thermal sensation
response. This could be describing the feeling of “stuffiness”, a condition often attributed
to low air movement, high RH and a high concentration of carbon dioxide [44,54]. Looking
into the association of related IEQ components and their interactions, this study pointed
out that air quality (ASV) and noise perception (NSV) are both correlated with thermal per-
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ception (TSV), but there is no evidence for the effect of their interaction on TSV. Air quality
perception was correlated with both TSV and NSV, showing once again the complexity
of occupants’ perception and comfort. With regard to the relationship between air quality
and thermal comfort, participants who were feeling uncomfortable (in particular if feeling
warm and preferring to be cooler) perceived the air-quality worse than participants who
felt comfortable. This finding is consistent with results from previous studies [55].

Building on the findings from the first two stages, the third stage of the analysis in
this study looked at noise perception and its relationship to background noise exposure
duration (based on sound pressure levels in the hours before the survey was taken). Inter-
estingly, the noise perception in the hours before the survey was associated with both the
noise perception at the time of the survey (NSV) and overall acoustic comfort (NSC). Then
a combined effect analysis of air quality and noise perception on the thermal perception
was undertaken through a different method in order to validate the findings from stage 2.
The results confirmed the weak negative correlation between TSV and ASV but could not
conclude on the relationship of TSV with noise perception. The contradictory results lead
to the investigation of the effect of the monitored environmental parameters directly on
the thermal and noise perception. The results indicated that operative temperature, Top,
was correlated with thermal sensation as expected, but it was also correlated with noise
perception and acoustic comfort. In conclusion, thermal perception in this last analysis
was found to be a function of the Top, the sound pressure levels (SPL30) and air quality
perception (ASV), but there was also a significant effect found of the interaction terms of (1)
Top with ASV and (2) SPL30 with ASV. A finding that confirmed the importance of good
air quality to achieve comfort in office buildings.

5. Conclusions

This study concluded that thermal sensation is associated with both air quality and
noise perception. An effect of the interaction of air quality and noise perception on thermal
sensation was not evident. A key finding was the significant correlation of operative
temperature (Top) with TSV as expected, but also a correlation of operative temperature
with noise perception and overall acoustic comfort. Regarding the crossed effect of IEQ
parameters on the thermal sensation, a significant effect was found for the interaction of
(1) Top with air quality perception and (2) sound pressure levels (SPL30) with air quality
perception. Most importantly, the findings highlighted the importance of air quality
perception in achieving comfort and high satisfaction within the space where people work.
It is expected that air quality in office buildings will play an important role in the future
design of buildings and building services systems. The conclusions of this study aim to
contribute to the research on cross-modal comfort perception and its application to the
development of models and systems for adaptive buildings.

5.1. Internal and External Validity

The research design could be replicated in studies with non-university office buildings
to examine the consistency of the findings. The differences between the POE and “right-
here-right-now” surveys might not allow a direct comparison of results from the surveys
in this study. In addition, the variation in the sample size and survey duration might
introduce a “seasonal effect” on the questionnaires’ results due to the number of valid
questionnaires used in the analysis and their distribution across the seasons. The impact of
different data collection methods on the final sample size and on the quality of responses
should be also examined.

The results may apply only to buildings that are similar to the buildings in this
study in terms of use and characteristics (i.e., mixed mode with concurrent or change-over
mode of operation). Any findings might not be transferable to other building types that
would have different adaptive opportunities. The generalization of the results might be
further restricted by the sample size and the participants’ characteristics, especially their
environmental awareness and energy-saving attitudes, as they all are highly educated and
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they work in relevant disciplines in an academic environment. The effects of education,
gender, age and possibly of any relevant beliefs and social roles, as result of their profession,
should be carefully investigated in future work.

5.2. Future Research

This study has identified the importance of indoor environmental quality, and in
particular air quality perception and operative temperature, in the cross-modal perception
of comfort in office buildings. It is suggested that longitudinal, POE-comfort mixed surveys
are a useful tool to investigate the effect of building design and environmental factors on
occupants’ comfort and behaviour. Further research is required to explore the trans-modal
perspective of comfort through studying the integration of cross-modal comfort perception
with contextual preferences and behaviours for different occupant characteristics. This
trans-modal comfort approach could be used to develop adaptive, reactive and dynamic
systems for buildings with occupant-specific zonal conditions that proactively respond to
external forcing (including different degrees of environmental discomfort), the preferences
of present occupants and the use of personalized controls.

It has been suggested that the ways we work and live may have changed permanently
due to the SARS COVID pandemic. These changes will inevitably affect the places where
we live and work, especially as work and home spaces become similar. Under these
propositions, research about comfort and IEQ in office spaces will also become relevant in
the context of homeworking. It will likely become more important to monitor and control
the IEQ and comfort parameters in buildings that were designed and built with different
adaptive opportunities, specifications, systems, occupancy assumptions and use in mind.

Future work will focus on the study of air quality and IEQ-related parameters in
both office and home-office spaces. Future research needs to further investigate the vari-
ability in the impact of different office design characteristics (between work and home)
on cross-modal comfort. The findings could be also used in the research about an office
design’s effect on the occupants’ physical and mental wellbeing and the necessary retrofits
and adjustments to office space both at work and home, as we adapt in new ways to
future living.
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