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Abstract

Employees’ wellbeing and comfort perception demonstrated to largely,-influence their productivity and
tolerability of slight thermal discomfort conditions in the working spaces. Their whole comfort perception indeed
depends on several parameters related to physical boundary conditions but“also to the adaptation capability of
occupants themselves and other personal, difficult to measure, variables. According to the available standards and
regulations, only physical and measurable environmental parameters must be considered to evaluate occupants’
comfort conditions. Therefore, non-measurable factors such as socio-psychological, physiological, medical ones are
currently not systematically considered. The present work aims‘te-identify possible benefits in terms of occupants’
comfort perception due to non-physical strategies aimed at improving the work-environment quality and livability.
To this aim, the environmental multi-physics and multi=domain performance of a mixed industry-office building is
investigated through coupled in-field microelimate monitoring and questionnaires campaigns. The experimental
microclimate monitoring and survey campaign,were carried out to understand (i) the realistic indoor environmental
conditions in terms of physical and measurable parameters and (ii) the personal perceptions and attitudes of the
occupants with respect to those ‘same ‘ambient parameters, including also acoustic, lighting and medical
investigation. Moreover, the.collected experimental data were used to determine occupants’ comfort level through
the classic comfort models, te. be compared to the identified role of non-physical parameters on occupants’ final
perception about the indoor environment. The main results show that non-measurable factors induced by virtuous
company policy to. improve employees’ working environment are effectively able to positively influence their
whole-comfort ‘perception even if the majority of workers do not have the opportunity to control their working
environment:=in fact, the consolidated comfort theories underestimate people satisfaction, as demonstrated by more
than the 80%, employees, who declared to be positively influenced by the pleasant aesthetics and livability of the
workplace. The year-round experimental campaign demonstrated the need to further investigate the key role of non-

physical parameters for possible incorporation into whole-comfort prediction models and standards. The role of such
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strategies could therefore be realistically considered as energy saving opportunities since they make building

occupants much more open to tolerate slight uncomfortable conditions.

Keywords: energy efficiency; indoor whole comfort; occupancy behaviour; adaptive model; microclimate; continuous monitoring; thermal
comfort.

1. Introduction

The achievement of comfort conditions in the built environment is a crucial topic in present days, and both
researchers and policy-makers are increasingly focusing on it in both indoors and outdeorsayThere are studies on
outdoor thermal and visual comfort, aimed at promoting outdoor activities [1] and at-increasing comfort conditions
for pedestrians [2,3]; while other studies concentrate on indoor comfort conditions also by means of dynamic
simulation [4], where typically better controlled variables are considered [5,6] 'and where people are used to spend
about 80-90% of their lifetime [7]. The aim is to improve the conditions of.inhabitants and workers, respectively in
residential indoor areas and workplace, since Urban Heat Island effect is\posing serious issues on urban citizens’
comfort and wellbeing [8-10].

Specifically, great attention has been placed on comfort conditions on the workplace, for economic and social
reasons. Indeed, companies are directly interested in guaranteeing wellbeing conditions in their work environment,
since it has been linked to employees’ productivity, ‘satisfaction, absenteeism, etc. [11-13]. In fact, comfort
conditions affect health conditions of employees, whereas non-suitable environmental conditions have been linked to
health issues and possible diseases related te=long-term exposure to environmental forcing [14,15]. Therefore,
providing appropriate comfort conditions.Supports both the social and the economic sustainability of the company
[16], and an employee-friendly workplace has‘also been associated to higher innovation in companies [17]. The
importance for companies to achieve sustainability goals is not only related to immediate social and economic
benefits, but also to longer-term; benefits, for example in terms of company recognition and brand value, are
recognized [18].

While the recognition-of the/need to investigate this field is univocal, different approaches can be employed for
comfort studies and indoor environmental quality assessment, considering the complexity of the phenomenon to be
analyzed [19]. The work of Al Horr and colleagues provides an exhaustive overview, framing the complexity of
indoor envirenmental quality on occupancy wellbeing and on employees’ productivity [7,11]. For thermal comfort
assessment, physical parameters, which vary inside a determined threshold, may be usefully aggregated into indices
summing up the thermal sensation of indoor space occupants. As described in existing standards ASHRAE 55 [20]
and 1SO 7730 [21], the heat balance model for the human body considers the comfort perception as dependent on the
(1) metabolic rate of the occupant, (2) his/her clothing insulation [22,23], (3) air temperature and (4) mean radiant
temperature [24,25], (5) air velocity and (6) relative humidity of the indoor area [26]. The indices that are employed

to quantify the thermal perception in conditioned building are the Predicted Mean Vote, referred to as PMV, and the



Predicted Percentage of Dissatisfied, which is indicated with the PPD acronym. While PMV assigns a vote to the
thermal perception of a determined area, PPD gives an idea of the percentage of people whose vote falls outside the
comfortable perception area, therefore occupants that are not satisfied with the thermal environment. A 5% of PPD is
considered almost inevitable, as in any case there are other factors that are subjective and influence each single
individual’s thermal sensation. A different method is carried out to assess thermal comfort conditions in free
floating building indoors, i.e., the adaptive method, which was developed by means of field studies and is based on
the concept that occupants adapt to the surrounding environment by interacting with it. The integration of adaptive
assessment method and indices has been investigated by previous research [27-30]. To quantifysthe effects of
different adaptation processes, some studies tried to include them within the predicted meanvote (PMV) which, at
the moment, is the most commonly used index and is suggested by standards, based onthe Steady state heat transfer
theory. Fanger and Toftum [31] suggested an extension of the PMV index to non-air-conditioned buildings in warm
climate by introducing an expectancy factor e, which depends on the expectation level (high, moderate or low) and
local climate conditions, i.e. duration of the warm period.

Other indicators of comfort in indoor spaces are related to indoor air quality (IAQ), that mainly relies on
ventilation to avoid maximum concentration of CO, [32] and other pollutants; to acoustic comfort; and to visual
comfort which depends on needed versus actual illuminance on‘the work station. All the above mentioned physical
comfort factors contribute to the final, total, comfort sensation::Moreover, other subjective factors, either behavioral,
psychological and/or physiological, have an important, role towards the final comfort perception. Subjective
judgment scales are commonly employed [33] tomassess the thermal environment, and are coupled with
contemporary in-field monitoring campaigns.of, the indoor environmental conditions as determined by physical
parameters. To provide some example of, studies taking into account subjective factors, in Nakano and colleagues’
work [34], the same workspace resulted to, be differently perceived by groups of employees from different
nationality and gender, whereas Yamtraipat et al. [35] observed that indoor thermal comfort sensation varies with (i)
occupants’ education level and’ (i1) how'much they were accustomed to conditioned areas.

Based on the above reported considerations, the definition of the whole-comfort conditions (thermal, visual et al.)
of an indoor environment shows to be a difficult task, which requires to consider many different factors, both
physical and subjective, at the same time. Therefore, the aim of this work is to perform an accurate, multi-physics
and multi-scope evaluation of indoor comfort sensation on the workplace, demonstrating the need to consider human
adaptation capabilities and personal, subjective, sociological factors together with the physical ones. The novel focus
of this contribution is not exclusively on thermal or visual comfort, since the analysis considers the variety of multi-
physics factors that influences comfort conditions, namely thermal, visual, |AQ, acoustic forcings. Another original
aspect of the present work is the coupled assessment method that covers physical and non-physical investigations,
with the basic hypothesis that employees’ satisfaction with respect to their working environment and, therefore, their
productivity, is not only influenced by environmental measurable parameters. To this aim, an integrated method is

implemented, whereas in-field monitoring, numerical simulations and subjective judgment scales surveys are



conducted, and results of each of the performed assessment are compared, with the above-mentioned objective to
investigate the importance of subjective parameter in such an assessment. Both field measurements and surveys were
carried out all along a whole year, therefore also seasonal variations are accounted for. The case study was a real
company, and the measurements were taken during operating periods. More than 350 employees, out of a total
sample of 1000 reached persons, participated to this campaign, providing a sufficiently representative sample for the

analyses. In the next section, the motivation of this work is more in depth described.

2. Motivation of the study

Based on the outlined introduction, the present work aims at highlighting the need far investigating the role of
non-physical and non-measurable parameters in affecting occupants’ overall comfort.conditions within the building
indoor environment. The hypothesis that behavioral, physiological, health and psychological factors can have a non-
negligible role in determining the final user perception, interaction, and adaptation capability with respect to the
surrounding environment is verified. This could therefore generate a significant'modification of the final energy use
and could even affect occupants’ satisfaction level and the relative productivity, when referring to a factory/tertiary
building, such as the selected case study.

To this aim, coupled experimental microclimate monitoring and survey campaign are carried out over one year to
investigate (i) the realistic indoor environmental conditions in“terms of physical and measurable parameters and (ii)
the perceptions and attitudes of the occupants with respect.to those same ambient parameters. Moreover, the
collected experimental data are used to determine”occupants’ comfort level through the classic (i) steady-state heat
transfer theory (Fanger model) and (ii) the .adaptive model, to verify which one of them fits better the results
achieved through field participative suryeysyeven if the case study is a mechanically conditioned building and
therefore is theoretically suitable only.for the Fanger model implementation, according to its assumptions.

The final goal of the analysis is to.demonstrate the need to consider also non-physical parameters in addition to
the traditional physical ones,«when assessing indoor wellbeing of occupants within the built environment, and to
provide an overall comfort conditions assessment, based on multi-physics, multisensorial and subjective perceptions,
on the different components,_of comfort sensation (thermal, visual, acoustic et al.) and tolerance/adaptability.
Therefore, this contribution provides clear insights into the next whole-comfort assessment by means of a holistic
approach, where multitphysics measurable parameters are considered together with human adaptation capability and
other personal-sociological variables. In fact, the consideration of such non-measurable factors provides a more
exhaustive understanding of the human perspective in the built environment and potentially opens the doors to

further energy saving opportunities achievable through human-based energy efficiency solutions [36].

3. Methodology

The applied methodology consists of the assessment of indoor comfort conditions in different areas in the same

factory complex selected as case study building. The study was carried out by combining (i) the annual in-field



experimental monitoring of the environment physical parameters and (ii) the submission of questionnaires surveys
to the occupants, i.e. factory employees. Both (i) and (ii) were conducted in all the 4 seasons during the course of the
whole monitored year.

The monitoring campaign was carried out by means of a dedicated portable indoor microclimate station
collecting physical data of (i) indoor air quality, (ii) illuminance level, (iii) global and (iv) local thermal comfort.
Therefore, the sensors included in the station are the ones listed in Table 1. All the sensors were compliant with 1ISO
7726 [27] and were positioned almost in the centre of each working area, close to employees’ wotkstations at 1.10

m height in order to identify the working seated person perspective.

Table 1. Technical characteristics of the monitoring sensors.

Sensor Monitored parameters Measurementfeatures
Thermal-hygrometer Air Temperature (°C) Resolution: 0.01°C, Uncertainty:
Relative Humidity (%) 01°C
Uncertainty: + 1.5%
Surface and air temperature Floor Temperature (°C) Resalution: 0.01°C, Uncertainty:
sensor Air Temperature at ankle level 0.15°C
(°C) Resolution: 0.01°C, Uncertainty:
0.15°C
Black globe radiant Mean Radiant Temperature (°C) Resolution: 0.01°C, Uncertainty:
temperature sensor 0.15°C
Hot wire anemometer Air Speed.(m/s) Resolution: 0.01 m/s Uncertainty:
Air Turbulence (%) 0.5+1.5m/s
Uncertainty: >1.5 m/s = 4%
Luxmeter Illuminance (lux) Resolution: 0.5 lux
Net radiometer Radiant Asymmetry (°C) Uncertainty: 3%
CO, sensor CO, coneentration (ppm) Resolution: 1 ppm, Uncertainty: +50
ppm (+2%)
CO sensor CO concentration (ppm) Resolution: 0.5 ppm , Uncertainty: 1%
VOC sensor VOC concentration (ppm) Resolution: 1 ppm , Uncertainty: 3%




Fig. 1. @) Temperature sensor, monitoring sensors installed in b) the canteen, c¢) the'building'C; d) B, e) A, and f) D.

The microclimate station was positioned in all the areas of the case study.complex in order to have a whole
representative working-week of monitoring per season in each ambient (Figure.lc-f). Moreover, air temperature was
collected simultaneously in all the areas by means of portable sensors,(Figure 1a) for the whole duration of the
seasonal monitored periods which are listed below:

e  Fall: October 10" — November 18", 2016;
e Winter: January 2™ — February 17", 2017;
e Spring: April 10" — May 19", 2017;

e Summer: July 11" —August 7", 2017

Finally, another monitoring setup was installed within the company canteen (Figure 1b). The collected parameters in

this area are as follows:

— Air temperature [°C];. relative humidity [%], air velocity [m/s], CO, concentration level [ppm], mean
radiant temperature [°C], and lighting level [lux] during fall and winter;
—  Air temperature [°C]yair velocity [m/s], mean radiant temperature, and lighting level during spring and

summer:

The purpose of‘the experimental campaign was to highlight how the indoor microclimate parameters can change
with respect to the local and peculiar characteristics of the environment and according to the activity that employees
perform in it. Moreover, the collected experimental data were analyzed and compared to reference values given by
regulations in order to outline the expected percentage of dissatisfied according to standards. As specifically
concerns the thermal-hygrometric comfort evaluation, both the approaches suggested by the UNI EN 15251 were
used and the outlined results were compared in order to identify the best one in detecting realistic occupants’

perception. Therefore, the thermal-hygrometric comfort is evaluated by means of both (i) the Fanger model and (ii)



the adaptive approach. Even if the case study building is mechanically conditioned, the application of the adaptive
approach is justified within the frame of the work. Nevertheless, previous studies [28] already applied the adaptive
approach in thermal comfort evaluation of air-conditioned spaces highlighting the influence of outdoor temperature
seasonal fluctuation on occupants’ thermal perception.

Additionally, at the beginning of each seasonal monitoring campaign, questionnaires were submitted via web to
250 occupants, randomly selected among the company employees’ list. Therefore, a total number of 1000
employees (the sum of each seasons’ participants) was reached during the whole year of surveys and monitoring
campaigns.

The selected method to investigate visual and thermal comfort perception consisted of the deSign and submission
of a questionnaire survey, submitted online through the open source "Google Modules®,tooliin order to obtain less
subjective results. The survey was developed according to the ISO 10551 [33] which:specifies the questions to be
asked to assess the thermal perception of the respondents, as well as the scale to'be employed to interpret the results.
The standard identifies different types of questions describing the different=aspects of thermal perception, i.e.
thermal sensation, thermal comfort, thermal preference, acceptability andsthermal tolerability with respect to the
surrounding environment.

Since there are no standards available in the literature for thé evaluation of occupants’ visual perception, the same
standard was applied for the analysis of visual comfort [3]. Therefore, the questions related to the thermal conditions
were mirrored in terms of visual sensation, comfort, preference, acceptability, tolerability depending on the amount
of light available in the work-space.

In addition to thermal and visual comfort,.the questionnaire was composed by different sections investigating
different aspects of comfort and factors that could influence it. In fact, the sections dealt with: (1) working schedule,
workplace location and typology, working habits and possibility to control the workplace environment; (2) visual
and (3) thermal comfort assessmentuin terms of visual and thermal (i) sensation, (ii) comfort, (iii) preference, (iv)
acceptability, and (v) tolerability; (4) general comfort condition and adaptability, also considering non-physical
variables, such as (i) work, environment quality perception, (ii) environmental quality of employees’ home
environment compared“to the avork place, (iii) health condition, and (iv) personal mood; finally, (5) personal
information (gender, age, clothing). Also the analysis of the subjective thermal perception was consistent with 1SO
10551 [29-33].[ Moreover, the same survey was adapted for acoustic comfort, but in a synthesized form not to
overload interviewees with too many questions and long survey filling time.The questionnaire was totally
anonymous to ensure false answers from participants during the different seasons. The time for filling the
questionnaire corresponded to around 15 minutes and consisted of multiple choice questions. The survey was
proposed to the company employees in Italian, since the company is located in Central Italy and not all employees’

categories are demanded to speak other languages than Italian.



4. Description of the case study

The case study is a luxury clothing factory and management district located in Perugia (central Italy) composed
by four buildings, where the production and administrative activities take place, and a restaurant/company cafeteria
and outdoor facilities are located. The whole complex occupies about 80000 m? and it is composed by different
buildings, which slightly differ from each other for the orientation, construction details and the main activity
performed inside them (Figure 2):

e Building A, East-West oriented, is the “machinery area”, where the core of the production takes place;

e Building B, North-South oriented, is the “control area”, used for control and quality inspections of products

and expeditions;

e Building C, East-West oriented, is the “administration area”, where administrative computer stations are

located,;

e Building D, North-South oriented, is the “store area”, where all the products are stored before final shipping.
All the areas have been monitored in the four seasons as reported in Figure.1, where the experimental setup is
depicted.

The case study factory complex represents a positive example®due to the company policy to enhance the
environmental quality for employees’ wellbeing, thanks to the.well-maintained outdoor green environment which is
visible from all the work stations and the restaurant service within the company’s area (i.e., the company cafeteria)

which serves every day organic and sophisticated healthy'diet for employees for free (Figure 3).

@ Building A,
Machinery area

Building B,
Control area

Building C,
Administration area

W@ Building D,
Store arca

@ Restaurant

Fig. 2. Aerial view of the factory complex selected as case study, which is situated in Solomeo (Perugia, Italy) with the indication
of the monitored buildings.



Fig. 3. Overview of the case study: a) view of the outside from the inner working area; b) view of the exposition areas, c) building
C, “administration area”, d) building B, “control area”.

All the interviewees were selected among,company permanent employees performing a wide variety of roles
inside the company (laborers, managers; warehouse operators) and working in different buildings and areas of the
case study complex, where different activities take place. A total of 360 questionnaires were collected via web, out
of 1000 submissions, corresponding to the whole total number of employees that got the survey during the 4
monitored seasons of the whaole year. The 36% of effective and complete response rate was registered. During fall,
135 people, i.e. 38.1%0f theitotal sample, replied, while only 75 people submitted their responses during winter and
spring, i.e. 21% of ‘the total. During summer, the 19% of the total sample of the interviewed replied to the
questionnaire. In general, a slight decrease of participation was registered, despite that only invited employees were

informed about their survey, meaning that no multiple invitations were sent to the same workers in several seasons.

5. Results and Discussion

The analysis of the results allowed to assess the complex indoor comfort conditions of the workers through a
holistic approach. It was aimed at determining how personal and non-physical parameters related to users’
perceptions could influence their well-being in their workplace. To this aim, a multi-physics and multi-domain
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analysis including the assessment of occupants’ thermo-hygrometric comfort, local dis-comfort related issues, visual

comfort, health condition, and air quality was carried out.

5.1. Thermal-hygrometric comfort analysis

The indoor thermal comfort condition of the workers was evaluated by means of both (i) the steady-state heat

transfer theory, i.e. Fanger model, and (ii) the adaptive model. As previously specified, despite acknowledging the

different boundary conditions of such models, the proposed assessment wanted to identify possible non-physical

drivers, and to compare both the physical-based approaches to experimentally investigate their Jinterpretation

potentiality. To compare the obtained results, the dis-comfort evaluation was carried on“considering the following

three indexes for both the methodologies:

Performance Index (P1): the percentage of time during which the comfort conditions are met;

Shift Index (SlI): the percentage of time during which the mieroclimatic parameters fall outside the
comfort range.

Deviation Index (DI): an adimensional index of deviationyfrom jthe seasonal comfort condition, which
considers simultaneously the magnitude of dis-comfort (deviation from the reference values) and the
duration of that condition. Its formulation is as follows:

Jo, 1% = Xuugl 57 % Jy [Xms = X]07 ¢ — 1,

XDI =
XDlgc s ts

Where:
X indicates the recorded value of the evaluated parameter;
Xwus € Xms , are the seasonal maximum and minimum limits according to regulation;
XDlgcs , Is the seasonal deviation of the considered parameter compared to a baseline scenario;
Pn e P, represent the,time intervals throughout the entire monitoring period during which the
considered.parameter falls below and above the standard limits;
ts indicates'the duration of the monitoring;

ty s IS the time period during which the parameter falls within the comfort range.

These indexes were therefore calculated by taking into account the PMV comfort ranges, i.e. £0.5 accordingly to

the ISO 7730, and.the operative temperature comfort ranges, i.e. £3°C with respect to the optimal temperature as

specified in EN 15251, for the steady-state and the adaptive model respectively. For the DI calculation, the reference

scenarios considered as base case were the following:

Fanger model, scenario deviating from the regulatory range of +0.5 points for the entire duration of the
monitoring;
Adaptive model, scenario deviating from the regulatory of +1°C for the entire duration of the

monitoring.
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More in details, the Fanger model analysis was performed according to the indications of the UNI EN 1SO 7730.
The PMV (Predicted Mean Vote) and the PPD (Predicted Percentage of Dissatisfied) were calculated for each
working area based on the specific performed activity in each monitored area, and with varying season. Two

clothing conditions were considered, i.e. light and warm clothing for spring/summer and fall/winter periods (Table

2).

Table 2. Occupants’ parameters used for the PMV calculation.

Administration

Machinery area  Control area area Warehouse

Personal parameters (Building A) (Building B) (Building C) (Building D)
FIW Sp/Su F/W  Sp/Su FIW Sp/Su F/W  Sp/Su

Metabolic energy [met] 1.3 1.3 1.6 1.6 1.6 1.6 2.0 2.0
[W/m?] 78 78 93 93 93 93 116 116

Thermal resistance of [clo] 0.8 0.7 0.9 0.7 0.9 0.7 0.7 0.6
clothing [m?°C/W] 0.14 011 014 0.1% 0.12 0.11 0.12 0.10

F:Fall W: Winter Sp: Spring Su: Summer

Figure 4 shows the distribution of PMV and PPD with respect;to,the. monitored indoor operative temperature for
each area and season.

The main issues were detected in the area where flat.and ironing machines operate (i.e. building A), where the
average PMV value over the whole working week is +0.6, both in spring and in summer, while the maximum limit
is +0.5 according to the standard. Building A presents also the absolute maximum PMV, i.e. +1.2 during spring.
About the adaptive model analysis, the<optimal operative temperature (OptOT) for the indoor monitored
environment was calculated as a function of theirunning mean external temperature obtained from data collected by

the weather station located at the Engineering Faculty of Perugia’s University, 8 km as the crow flies from the case

study.
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Fig. 4. PMV and PPD distribution in the four monitored-working areas and in the four different seasons with respect to be monitored indoor

operative temperature.

The PI, SI and DI values calculated considering both the steady-state and the adaptive approaches, for all the

seasons and the monitored working spaces, are reported in Table 3.

Table 3. PI, SI, and DI calculated/accordingly to the Fanger and the adaptive thermal comfort model for all the monitored areas and seasons.

Fanger model

Monitored area

PI (%) S1 (%) DI
F W Sp Su F W Sp Su F W Sp Su

MaCh'r(‘Zr)yarea 460 408 000 000 540 592 1000 1000 000 004 081 055
Cont(r;;area 234 935 292 100 766 65 708 90.0 024 000 019 026
Administration

area 755 1000 90.7 540 245 00 93 460 002 000 000 002

(©

Warg;)ouse 755 776 680 000 245 224 320 1000 001 001 002 0.75

13



Adaptive model

Monitored area Pl (%) Sl (%) DI
F w Sp Su F W Sp Su F w Sp Su

Machinery area
(A)
Control area
(B)
Administration

area 93.9 100.0 100.0 62.0 6.1 0.0 0.0 38.0 0.00 000 000 0.14
©)
Warehouse

(D)

98.0 100.0 98.0 1000 2.0 0.0 2.0 00 000 000 0.00 0.00

100.0 100.0 958 84.0 0.0 0.0 4.2 16.0 0.00 0.00 0.00 0.01

100.0 100.0 100.0 36.0 0.0 0.0 0.0 640 0,00 000 0.00 0.17

F: Fall W: Winter Sp: Spring Su: Summer

A general comfortable condition was detected by means of both the approaches.

According to the Fanger model, despite the deviation of the monitored, parameters from the optimum conditions
was, in some cases, prolonged in time, i.e. high values of Sl, it did not«generate‘dis-comfort situations since the DI is
always lower than 1. Moreover, the adaptive approach gave back even a mere positive judgement of the same indoor
environment in terms of indoor thermal comfort. The optimal operative temperature deviation index was always
zero, and the only exceptions were for the administration and the warehouse area where a OptOT_DI of 0.14 and
0.17 is calculated respectively. Moreover, the recorded values'out of comfort during the fall and summer monitored
periods were due to detected operative temperature under, the minimum evaluated threshold, while the dis-comfort
conditions detected by means of the Fanger model were always related to PMV higher than +0.5, i.e. slightly hot
environment.

Finally, Figure 5 shows the indoor temperature distribution in different environments compared to the dry bulb

temperature recorded at the same time,by the weather station.
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Fig. 5. Distribution of the indoor temperature for the four monitored areas and for each season with respect to the dry bulb temperature.

The graph showed almost a total decoupling of the indoor environment if compared to the outdoor environment,
which is typical for mechanically controlled buildings. ‘Despite the high outdoor thermal span observed between
different seasons, the indoor temperature values fallen within a range of 18°C to 28°C. The correlation between the
two parameters was always below 0.30, exeépt for the case of the warehouse area during autumn (R? = 0.54) and the
administration area in spring (R? = 0.52), whichWere the seasons during which the air conditioning system was not
always operating.

The graph also allowed performing a comparative analysis of the different working areas with the same outdoor

boundary conditions. Once“again, building A presented the highest indoor temperatures due to the higher internal
gains.

5.2. Local dis-comfort analysis

This section,concerns the analysis of local dis-comfort conditions in the monitored working areas. Therefore, while
assessing workers’ thermal comfort, thermal dissatisfaction was also investigated, as generated by local overheating
(or overcooling) phenomena perceived by human bodies.

Figure 6 summarizes the reasons for a possible local dis-comfort condition, according to UNI EN ISO 7730
standard.

The target conditions were always met, except for the floor temperature monitored in the warehouse area during

autumn. In this case, a few hours with temperatures below 19°C were detected. Moreover, the percentage of un-
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satisfied employees due to turbulence and streams risk (Figure 7) was always less than 10% for building A during

spring and summer, with peaks of 15.2% and 14.0%, respectively.
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5.3. Visual comfort analysis

The UNI EN 12464 standard provides guidelines on the level of illumination to be guaranteed in indoor workplaces.
Given the use of the monitored areas, the requirements for textile production have been considered while selecting
the optimum targets to achieve. Figure 8 shows the average hourly illuminance level over the work plane recorded
during working hours*(08:00 .a.m. - 6:00 p.m.) as the combination of daylight and artificial light reaching
employees’ work-places, in the different seasons for each working area. The reported values refer to the entire
monitored week in order to provide an indication of the average value and the dispersion of light. Among the whole
recorded dataset, extremely high values were collected in buildings C and D during winter and fall, i.e. up to 3200
lux, and were not considered as representative of real conditions. Such values are probably imputable to differential
sensor location, i.e. luxmeter too close to the glazed facade and reached by direct solar radiation (building C,
autumn), and are not going to be considered in the following analysis. The lighting system consists of ceiling tubes

and specific lamps for each work station, located only in buildings A and B.
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Fig. 8. Average lighting distribution.ever the.work plane in all the areas during the monitored season with respect to the standard limits.

The minimum level of lighting recommended by the standard for the fulfillment of different visual tasks was
generally respected in.all the moenitored environments. More specifically, in building A, where a precision activity
dealing with sewing'machines is carried out by the employees, the average illuminance level recorded during the
working week was always over 750 Ix (i.e. 897 Ix in autumn, 779 Ix in winter, 924 Ix in spring, and 866 Ix in
summer). As for buildings B (control area) and C (administration), the minimum limit was 500 Ix (with reference to
writing, reading and data processing activities). While such limit was met in the administration area, where the
average lighting levels were 569 Ix and 582 Ix in spring and summer, respectively, a slightly low illuminance was
recorded in the control area. During spring, the minimum average hourly peak was detected to be 97 Ix and the
weekly average value is 453 Ix. Finally, in the warehouse area, the weekly average values were slightly below the
reference value of 300 Ix, i.e. 299 Ix in spring and 274 Ix in summer. Nevertheless, in this storage area, the visual

task can be considered as not so demanding, therefore the detected lighting level was consistent to the limits
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imposed by the current standards. Table 4 shows the average seasonal lighting levels recorded in all the case study

areas.

Table 4. Average illuminance level in the different areas for each season.

Monitored areas

Average lighting level [lux]

Autumn Winter Spring Summer
Machinery area (Ed A) 897 779 924 866
Control area (Ed B) 458 509 453 548
Administration area (Ed C) - - 569 582
Storehouse (Ed D) - 303 299 274
Canteen 171 118 164 187

*Lower than the standard requirements for the visual task mainly performed in each monitored working area

5.4. Indoor air quality assessment

Figure 9 shows the hourly average values of CO, and VOCs recorded during.thesmonitored working weeks in such a

way to provide average values and dispersions within a typical day for.each-season and working area.

Time [hh] Time [hh]
07 08 09 10 11 12 13 14 15 16 17 o8 b 1o 1T d2 1B 14 B8 8 17T 18
1000 - ‘ et : S : 10
900
800 - : 8
Ly - n - [ ] » E
g 700 i = M | 4 = ] : : ] &
& P 3 1§ " = 8 s " F s e g ! =
g 6001 Ry N . §ergeed i1 i T i
g 500 | i I ; 1 1 f ] 111 g
B ] | | | | | ] | | || 1 B | |} ] | | L B i = | =]
g w0 pono Bl il o Wiy TR S S (R B R S R S S 8
§ 300 8
~ Q
o' 200- y 2 g
O .
100 | (A) Machinery area (B) Control area
1 —— F—+— —+ . ——t |
900 " o=
- L] By
800 - il B B B | -8 =
Fé‘ n : [} u [ 2 é
& 700 ‘ i ! oy " A
g 600l @ g g om .® 2 i 16 8
2 I 8
s 500 1 5 3 ] r B! I s = g
g ] L] | a = | | | | | - - | ] ] | ] m | | | | | ] 8
g 400+ ([ [ RO [N [ R - T S S [ [ el ot B il s Rl T
=] 173
§~ 300 | g
200 - <+ =
8 2 — 2 9
100 | (C) Administration area (D) Store area
0 T T T T L T T T — T 0
07 08 09 10 11 12 13 14 15 16 17 08 09 10 11 12 13 14 15 16 17 18
Time [hh] Time [hh]
W Fall (CO,) W Winter (CO,) Spring (CO,) Summer (CO,)
M Fall (VOC) Winter (VOC) M Spring (VOC) Summer (VOC)

Fig. 9. Hourly average CO, and VOC concentration in the working hours (08:00 a.m. — 6:00 p.m.) in the four monitored working areas over the

year.
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The gas concentrations within each monitored environment did not differ during the course of the seasonal variation.
The VOC concentration is linked to the specific monitored environment, and it is therefore almost constant during
the working day, while the CO, level depends on the occupancy schedule. Table 5 shows the average VOC recorded

during the monitored weeks, the maximum CO, peak and the time when it occurred.

Table 5. Weekly average VOC concentration and maximum CO, concentration for each area and each monitored season.

Monitored Ave VOC [ppm] Max CO, [ppm]/[hh:24]
area A | P E A | P E
Machinery
area 423 519 470 500 637/17:24  740/17:24  560/12:24  449/08:24
(A)
Com(rg') ared 398 528 485 489  757/17:24  680/16:24 4 617/13:24  662/17:24
Administratio 5 o9 196 464 472  888/16:24  887/17i24  080/12:24  751/17:24
n area (C)
Storgg;’“se 388 495 462 488 521/16:24 544143724  537/17:24  480/12:24
Canteen - - - - 1535/14:244 1040/14:24 - -
A: Autumn I: Winter R: Spring E: Summer
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The maximum limits recommended by the available international standards are widely respected within the
monitored working areas. In fact, the maximum concentration of VOCs was detected in the control area (i.e.
Building B) and corresponded to 5.28 ppm (i.e. <10 ppm). As for the peak CO, concentration, this occurred in the
administration area and was equal to 930 ppm (i.e. <1000 ppm suggested by the regulations). By focusing on the
company cafeteria, concentration values above the standards limits were detected only around 2:00 p.m. This was
directly attributable to the fact that such area has a reduced volume compared to the others, but_ hosts typically a
greater number of occupants during the hours of use (between 1:00 p.m. and 3:00 p.m.). Figure  10:shows the trend
over time of the CO, concentration recorded in autumn and winter. In particular, the graphs,in /Figure 10a, ¢ show
the single values collected every 10 minutes by the monitoring station, for two typical working days. Clearly, these
graphs show the rapid increase of CO, concentration rate associated to employees’ presence.in the area. Figure 10b,
d shows the averages values in time collected during two weeks of continuous monitoring. In this case, the two
closing days of the building (i.e. Saturday and Sunday), when the CO, congentration-was further reduced due to the
prolonged absence of occupants, can be highlighted. Therefore, the minimum values reached in those two closing
days represent the CO, basic level in the environment (i.e. 404.9 ppm‘in autumn and 379.6 ppm in winter) without

any occupancy.
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Lastly, the monitoring, campaign of air quality indicators confirmed the total absence of CO (carbon monoxide)
which is highly'dangerous for human health.

5.5. Impact of non-physical parameters: questionnaire survey

Previous sections dealt with environmental monitoring of the physical parameters and the assessment of comfort

conditions by means of physical parameters influencing occupants in the case study factory. In this section, a wide

guestionnaire survey is described to evaluate comfort conditions as directly sensed by interviewees. The results of

the questionnaire campaign were then compared to the results of the microclimate monitoring performed and the

22



comfort indexes calculated (i.e. PMV, PPD) throughout physical parameters measurements, with the purpose of
investigating the impact of non-measurable parameters on the indoor comfort of the occupants. Differences in the
comparison would then evidence the impact of non-physical (non-measurable) parameters on occupants’ comfort
conditions. Moreover, a comparison of the results obtained in the different seasons was also carried out. Such
comparison showed a non-negligible difference in the number of participants within different seasons, almost 150
workers submitted their responses in autumn (the first analyzed period), and only 75 in winter, spring and summer.

Interviewees’” working habits, work-place characteristics and perceptions are described in the following sub-sections

and finally the comparison with results of the monitoring campaign is presented.

5.6. Description of the sample composition

With respect to the considered sample, the age of respondents varies between 18 ‘and 68 years old, with an
average interviewees’ age of 40.7 years. However, most of the workers were,between 26 and 33 years old and
45.8% of them are between 26 and 33 years old. 50.5% of the workers“is represented by traditional employees,
while 22.8% corresponds to storehouse managers, 12.8% concerns\warehouse workers, and 5% is apprentices and
models. In Figure 11 separate seasons sample composition is taken into-account. It can be noticed that the majority
of the workers are women during fall, while during the other'seasons there is almost an equal proportion in gender.
Moreover, the education level achieved by employees is. mainly high school diploma. The clear majority of the
employees worked in the company for more than-three,years. Considering the results of the whole year, 89.5% of
the interviewed employees had previous working experience; 70.3% of respondents has been working in the
company for more than three years, while®22.9% has been working there for 1-3 years. Only 6.8% has been

employed for less than one year.
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Fig. 11. Sample composition during autumn (A), winter (W), spring (Sp), and summer (Su) questionnaires’ campaigns.

5.7. Analysis of the working habits and workplaces

By considering the working habits of the employees (Figure 12), almost all the participants work every day from
8:00 a.m. to 5:30 p.m., with a 1.5 hour/break;, which is mostly spent in the company cafeteria (54.1%), at home
(29.0%), and in pub/restaurants (14,4%),at the gym (1.4%). Most of the workers participating to the questionnaire
work in environments with more thanifour ‘workstations, i.e. "open space™ (84.5%). Most of the respondents works
in Building A (i.e. 40.5%), while,only 33.6% works in building C, and 15.0% and 10.9% works in Building D and
B, respectively.

As regarding their office habits, 45.4% of the participants stated that they cannot control the opening of the
windows, compared t0:34.9% who can and is used to open the windows sometimes when they arrive to the office.
Additionally, 16:1% declares not to open windows and 3.7% always opens them. With respect to lighting control,
65.1% of the company employees does not turn on the light of their workstation compared to the 32.4% who has the
possibility to control it and the remaining 2.5% that can manage lighting and declares to turn it on only occasionally.
Finally, 67.6% of respondents cannot control the temperature of the workplace and 54.0% would like to be able to
do so. Similar numbers were found for the ventilation control, since 64.6% of the participants cannot handle

ventilation at the workplace and 50.0% would like to be able to do it.
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| 13.1 . o
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‘ Fig. 12. Working attitudes of the respondents (%).
5.8. Visual/comfort-analysis
In this sect results of the questionnaires concerning the visual perception of the workers in their working

environment are described (Figure 13 and Figure 14). Such results include the questionnaire carried out all along the
year, i.e. autumn, winter, spring, and summer. With respect to the visual comfort analysis, as already described in
section 5.7, 65.1% of the company employees does not turn on the light of their workstation compared to the 32.4%
who has the possibility to control it and the remaining 2.5% that can manage lighting and declares to turn it on only
occasionally. Therefore, some participants could adjust the lighting environment, while others were not able to do it.

As above mentioned, the visual comfort is evaluated by considering detailed aspect of visual perception, namely
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visual sensation, comfort, preference, acceptability, and tolerability that are achieved by interviewees depending on
the illuminance level in the work environment.

As for visual sensation, most interviewees (76.2%) declared “visual” neutrality with respect to their surrounding
working environment, i.e. they did not consider it as too dark or too bright. Only a minor percentage of employees
found the environment too dark (6.2%), too bright (13.0%), or absolutely too bright (4.2%). Only 0.3% of the
workers defined the work space as absolutely too dark.

With respect to visual comfort, 47.9% of employees found the work environment visually comfortable and 32.7% of
them defined it as visually very comfortable. Therefore, in total, 80.6% perceiveds the “workplace as
comfortable/very-comfortable. 14.4% of the company employees defined the workingcarea‘as a neutral space,
neither comfortable nor dis-comfortable, while only 3.9% defined it uncomfortable, andwenly 1.1% found it very dis-
comfortable. Such data were also confirmed by the visual preference expressed+about the work space: 72.3% of
respondents wanted the work space exactly as it was from an illuminance level perspective; 13.6% would have
preferred it less bright, 11.6% brighter and 1.7% instead would have liked to_have it much less luminous, against the
0.8% who would have wanted it much brighter. Finally, considering acceptability and tolerability, while most
workers found the work environment visually acceptable and tolerable;wonly 2.3% found the environment slightly
unacceptable and 3.1% slightly intolerable.

For comparison purposes, interviewees were also asked to“give their opinion in terms of visual sensation and
comfort on the company cafeteria, given the high percentage of interviewees that declared to spend their lunch-
break there, as by work-habits analyses. The company. canteen resulted to be highly appreciate: 95.2% of the
workers found the environment visually neutral;. i.e. not too dark or too bright; 51.2% and 32.9% considered it
visually very comfortable and comfortable, respectively. None of the employees expressed a minimum level of
visual dis-comfort relative to this area-of the factory. It is worth considering that the view from the cafeteria, as well
as from the majority of the office/areas, opens up on well-maintained outdoors, company parks with fountains and
greenery.

By considering the different working environments located in all the buildings of the factory, a statistical analysis
was carried out to assess whether visual comfort statistically varied with the variation of the type of office or
building. Results assessed no significant difference in visual comfort in different buildings. The type of working
environment, however, had an impact on the visual acceptability and visual tolerability, since both get worse as the
number ofyworkstations in the workplace increases, shifting from "absolutely acceptable / tolerable™ to "quite
acceptable / tolerable”. When taking into account the different seasons instead, both visual sensation and preference
varied throughout the seasons.

Concluding, the survey highlighted that the workers judge their working environment as globally visually
"comfortable”, with lower acceptability and tolerability in open working spaces than in single offices. In open
offices lighting control is often impossible, while in offices with few desks it is usually possible to control

illuminance level on each workstation. However, on average, respondents declared not to perceive the working area
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as too bright, to prefer neither brighter nor less bright, and to find it visibly acceptable and tolerable.

Visual comfort  ®mworkplace Mcompany cafeteria

100.0

80.0

°
3.9 19
T - T 1
very confortable neutral dis-comfortable absolutely dis-
comfortable comfortable
Visualsensation mworkplace ®company cafeteria
100.0 93.2
80.0
60.0
X
40,0
20,0
6.2 4.2
1,0 14 ’
UL . _ ,
Absolutelytoo too dark neutral toomuch light absolutelytoo
dark much light

Fig. 13. Visual sensation and comfort: employees’ perception.
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Fig. 14. Visual preference, acceptability and tolerability: employees’ perception.

5.8.1. Comparison of the different seasons results

After the collection of the data about visual comfort throughout all the considered seasons, the season variation was

analyzed (Figure 15). The collected data in terms of sensation and thermal preference were significantly different
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from a statistical point of view during the course of the year. The visual sensation was better in the fall, while the
worst feeling (however still close to zero) was achieved in the summer. Regarding visual preference, zero
corresponds to visual neutrality, positive values corresponded to preference for a lighter environment (i.e. in winter,
spring and summer), while negative values corresponded to preference for darker environments (i.e. autumn result).

However, visual acceptability, tolerability, and comfort were not affected by seasonal variation.
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Fig. 15. Variation of visual perception with varying season during the course of the year.

5.9. Thermal comfort analysis

According to the visual comfort perception, the responses of the company employees in terms of thermal comfort
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were generally positive (Fig. 16 and Figure 17). Again, the thermal sensation, comfort, preference, acceptability,
and tolerance of the workers have been considered. The majority (75.6%) of workers had a neutral feeling with
respect to the working environment, while 9.8% found that the environment was a bit hot, 9.6% cool. Only 2.0% of
the workers found the environment warm and the 3.1% cold. Therefore, 69.5% found the environment thermally
comfortable, 22.0% found it thermally neutral. Only the 0.8% described the environment as dis-comfortable, while
the 7.6% only defined it as only slightly dis-comfortable.

A further confirmation of the thermal comfort of the workers was provided by the results of the survey in terms of
thermal preference: the 75.7% of workers wanted the temperature as it was, neither hotter nor. cooler. The 14.4%
would have preferred to have a cooler environment, the 9.3% warmer, while only the 0.6% of the participants who
would have preferred a much warmer environment.

Acceptability and tolerability rates were very similar, in fact the environment was.defined as absolutely acceptable
and tolerable by 36.7%, acceptable from 34.7% and tolerable by 33.3% of participants, jquite acceptable from 22.9%
and quite tolerable by 24.3% of respondents, while only 5.1% think the environment is rather unacceptable and heat-
intolerable. Only the 0.6% of the workers perceived the working space as, absolutely unacceptable and thermally
intolerable.

When referring to the canteen, consistently with the results in terms of visual comfort, most of the respondents said
that they had a good thermal sensation when inside (i.e. 75.4%), while the 15.5% had a cool feeling and the 4.3%
was hot. Consequently, the 21.6% of workers found that'the canteen was very comfortable, the 38.0% defined it as
comfortable and the 34.1% as thermally neutral. Only:the 6.3% thought that the canteen was not comfortable from
the thermal point of view.

By analyzing the thermal perception of different work environments (office type and building/work area), the
thermal comfort appeared to be significantly influenced by the type of workstation: in working spaces with fewer
desks the comfort was higher than’in.open space or environments with multiple desks. In this case, however, there
were no significant differences between the various evaluated buildings. Regarding thermal sensation and thermal
preference instead, the building/work area, and no longer the kind of office, generated statistically significant
variations. In the case™of thermal sensation, building B was perceived more "cool" than neutral. Very few
differences were detected in terms of thermal preference, although the neutrality condition was reached only in
building B, while thejworkers in buildings C, and D preferred a "cooler" environment and in the building A
preferred awslightly "hotter" environment. Considering again the canteen, where many of the participants spent their
lunch breaks; users’ thermal sensation and comfort was considerably better than the one experienced in the offices
(Fig. 16). Consistently to the results in terms of visual comfort, these results globally showed that the work
environment was thermally comfortable for the workers. In fact, the latter declared to want the work environment

neither hotter nor cooler. The work environment was thus thermally acceptable and tolerable.
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Fig. 17. Thermal preference, acceptability, tolerability; employees’ perception.

5.9.1. Comparison of the different seasons results

Comparing the results of all the seasons, several statistically significant differences in terms of thermal comfort
indicators could be detected (Fig. 18). In particular, the thermal sensation varies with seasonal changes: in autumn

and winter it showed to be closer to thermal-warm neutrality, while in spring and especially in the summer it was
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ACCEPTED MANUSCRIPT

closer to the neutral- cool condition. Thermal comfort also varied, with better conditions in autumn and winter and
slightly worse conditions in spring and summer. In terms of thermal preference, participants showed a slightly
higher preference for a cooler environment in autumn and winter. On the contrary, in summer they would have
preferred a slightly warmer environment, while in the spring they liked it as it was.
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Fig. 18. Variation of thermal perception with varying season during the course of the year.
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5.10. Acoustic comfort survey analysis

In this section, the acoustic comfort is analyzed according to workers’ answers to the questionnaire (Figure 19).
Even if no acoustic field measurements were carried out in this study, the survey answers were collected and
analyzed in order to consistently assess the whole comfort perception of the workers. Give the large variability of
their working attitudes and duties, acoustic behavior would have been too much influenced by specific conditions of
each working area, and not only by the company policies aimed at improving working wellbeings. This additional
information could also add interesting insights in the view of considering a global comfort sensation. The acoustic
sensation, comfort, and preference of each work area and of the canteen is taken into acceunt. According to the
survey, 75.9% of the respondents believed that the sound level of their workstation was totally acceptable, while
20.0% had the feeling that there is too much noise and 2.8% absolutely too much naise,.Only 0.7% thought that the
work space is too much and too silent. Moreover, 86.2% of the workers (believed that their workplace was
acoustically comfortable, while 11.7% found it uncomfortable and 2.1% thought it-was very dis-comfortable. As a
result, while 61.4% of the participants wanted the acoustic level to remain as it'was, 33.8% wanted it quieter and
4.8% much quieter. As for the company canteen, 71.1% believed that the'sound level was adequate and 86.8%
thinks it was comfortable, while only 13.2% defines it as “dis-comfortable”.

By analyzing the acoustic perception, the effect of the different working environments is evident. However, results
were always around neutrality, demonstrating that the work environment was generally seen as comfortable from the
acoustic perspective. The worse areas in terms of aceustic perception were the ones where employees’ concentration
has to be guaranteed even in a mixture of working activities, i.e. the computer stations within the machinery area,
the mending zone within the control area, etc. These results slightly differed with respect to the acoustic comfort in
general, where the same zones were<perceived as "neutral”, while others are defined “comfortable™ or "very
comfortable”. Likewise, about acoustic preference, such zones would have been better preferred with more silent
conditions than the present state;in employees’ opinion. Differently from visual and thermal comfort, in the case of
acoustic comfort, the canteen area resulted to be noisier and less comfortable according to the opinion of the
respondents (Fig. ).

Like visual and thermal comfort analysis, the work environment may be considered as generally comfortable for

workers from an acoustic point of view.
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Fig. 19. Acoustic sensation, comfort, preference; employees’ perception.

5.11. Impact of the working environment on the global comfort of the occupants

In this section, workers' responses are analyzed in terms of visual, thermal, acoustic and whole-comfort with respect
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to the (i) working environment, (ii) home environment, (iii) personal mood, (iv) health, and (v) efforts of the
company to promote non-measurable strategies for improving the quality of the company working environment

(Fig. 20).

According to 51.4% of respondents, visual comfort was influenced by the pleasant environment they work in, while
according to the 24.0% of them, this is not true. Moreover, 24.6% did not know how to answer. Slightly different
results were identified in terms of thermal comfort. In fact, in this case, 51.7% of the workers thought that thermal
comfort is influenced by a pleasant surrounding environment, while the 35.7% thought that this had no effect, and
12.6% of them did not express their opinion about this.

When talking about general comfort conditions, the majority of the workers (i.e. 75.1%) believed that the work
environment influenced their feeling and comfort perception, the 16.7% believed that this is net true, while the 8.2%
did not know how to respond. The majority of the workers (i.e. 79.0%) also stated that the effect of the work
environment on their global comfort perception was positive, while only the 4.0% declared to suffer negative effects
from their working environment. The 17.0% did not know how to respond.

Likewise, 64.6% of the employees declared that the home environment can affect their overall comfort, while the
24.4% did not think that the home environment influenced their comfort.condition at all. Finally, the 11.0% did not
give any feedback about it. Therefore, according to the respondents, the home environment positively influenced
their general comfort (82.5%), the 15.7% could not answer,\and.only the 1.8% declared that the home environment
had a negative effect on their perception.

As for the health condition, most of the workers (71.8%) stated that this aspect affected the general comfort
condition, while only the 16.8% believed that-it;had no”effect. Finally, 11.4% of the participants did not give any
feedback about this. The effect of health on workers’ comfort is positively perceived by 58.4% of participants, while
28.5% of the workers did not know howsto-answer this question.

As concerning the influence of their. personal mood, 62.2% of the respondents said that it was affected by the
working environment, while 28.1% thought it had no impact. Moreover, the 9.7% did not know how to answer to
this question. Therefore, the \persenal mood had a positive impact according to 46.6% of the respondents, while
41.8% of them did pot-know how to define such effect. Finally, the 11.0% thought that their personal mood
negatively affects the working general comfort condition.

The vast majority of the respondents (i.e. 89%) also believed that the company had put in place effective strategies
to ensure the,overall well-being and comfort of its employees. The 9.6% did not know how to judge it, while only
the 1.5% believed that the company had not put in place effective measures to ensure their comfort. According to
the statistical analysis, these results in terms of general comfort are not significantly influenced by the type of office,

building, or even season when the questionnaire was submitted.
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Fig. 20. Overall wellbeing conditions of employees with respect to the working environment.

From the further data analysis of questionnaires, a\ statistical evaluation was carried out to investigate the
correlation between the different comfort perceptions:yvisual, thermal and acoustic one. Similar levels of comfort
were assessed with respect to visual, thermal and acoustic comfort. More specifically, thermal comfort perception
was significantly linked to visual comfort throughout a regression analysis (p<0.01). The regression model included
also acoustic perception as a variable, but,acoustic comfort did not significantly affect neither thermal nor visual
comfort. Therefore, according tosthe regression model, as visual comfort increased, also thermal comfort increased
consistently (Fig. ).

Another interesting outcoime was the relation between the perceived “wellbeing as affected by the workplace”
and interviewees’ comfort sensations. In this case, throughout a regression model (p<0.05), visual comfort and
acoustic comfort were directly related to interviewees’ wellbeing perception as positively/negatively affected by the
work environment, while thermal comfort did not display significant effect on it. The model demonstrated that
employees perceived that their workplace had a clear recognizable effect on their wellbeing (positive or negative
effect) as acoustic and visual comfort increased or decreased. Similar results were found while asking the question
related to the effect of company efforts towards employees’ wellbeing, which again resulted very well correlated
(p<0.05) to acoustic and visual comfort, but not to thermal comfort.

These analyses could be integrated in future studies, aimed at assessing the specific correlations among sectorial

comfort perceptions by interviewees.
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Fig. 21. Comfort levels comparison: visual and thermal comfort correlation with varying season.

5.11.1. Considerations on workplace, wellbeing and health

As highlighted in the introduction section, workplace played an important role in determining wellbeing and health
of its employees. At the same time, employees’ personal health conditions played an undeniable influence on their
ideal comfort conditions. The influence of these personal conditions on comfort was relatively difficult to measure,
but a clear role of personal variables was detected in the definition of the comfort sensation, underlining the need of
a global assessment that considers not only physical, but also subjective parameters. Given this first assumption, a
section about personal health conditions was included at the end of the questionnaire survey (Appendix A), after
other personal information questions. Interviewees were asked about their personal health conditions, or the
presence of potential dysfunctions, for example with respect to thyroid, which represents a very popular disease in
the working area where the case study is located. Thyroid dysfunctions can indeed cause higher sensitivity to hot
and cold microelimate conditions, since the production of the thyroid hormone T3 is important in the thermo-
regulation and-adaptation to cold or warm environmental conditions. Individuals affected by hypothyroidism are less
tolerant within cold environments, while on the other hand people affected by hyperthyroidism are more sensitive to
hot conditions. On the considered sample, 10% of the participants, i.e. around 30 interviewees, declared to
experience thyroid issues. The statistical analyses however did not demonstrate any significant correlation between
thermal comfort and thyroid dysfunctions. Further analyses could be conducted with a larger sample.

A similar percentage (8%) of participants declared to suffer of cervical pain. In this case, employees suffering of
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cervical pain were significantly more inclined to declare that the workplace environment had an effect on health and
wellbeing conditions. The same comparison was not significant when the same question was asked with reference to
their domestic environment.

Moreover, regression analyses on visual and thermal comfort considered as dependent variables demonstrated that
each comfort sensation was influenced by the presence of migraine in the respondents, with a confidence interval of
90% (for visual comfort) and 95% (for thermal comfort). Therefore, health conditions played an important role in
affecting people comfort sensations, and represented an important, additional, subjective factor to consider.
Additionally, workplace was considered by many participants as an environment able to influence both health and

comfort conditions, more than the domestic environment.

6. Discussion of the results

Based on the above described results, the monitoring campaign showed.a~generally acceptable quality of the
selected working areas, consistently with the currently available standards. T herefore, a good indoor air quality was
registered within all the monitored workspaces and acceptable lighting levels were observed even if relatively low
values compared to suggested standards were detected in winter within the control area of building B. Nevertheless,
such results were not mirrored by the questionnaire survey results, where there was no statistical significance in the
visual perception evaluation between the different buildings, 'and a general comfortable and well perceived visual
perception was assessed. With particular reference to“the canteen, the monitoring campaign measured illuminance
levels generally below the suggested threshold=all along the year. However, by analyzing the questionnaire, the
canteen achieved higher scores in visual perception with respect to workplaces and it resulted in the most visually
preferred environment compared to all'the others. This non-consistent observation may be imputable to the company
policy of creating green, healthy ‘and sustainable lunch breaks in the company canteen, positively affecting
employees’ perception.

These results showed a gap between (i) the interpretation of simply measured physical parameters, and (ii) the
related index calculated“based.on such parameters, and (iii) the visual comfort as perceived and declared by the
interviewees, by means of guestionnaire surveys. This gap can be justified by hypothesizing the influence of non-
physical parameters on interviewee’s visual perception, such as, for example, the pleasant outside view, and the
fresh, variegated, local food in the canteen. Moreover, in terms of visual comfort, other factors such as luminance,
glare and the'colors of the surrounding environment could influence the visual sensation of the participants.

From the thermal comfort perspective, according to the standards, the case study buildings were analyzed first by
means of the Fanger model, since the areas were mechanically conditioned. However, the adaptive model was also
used afterwards to have a better understanding of the impact of non-physical and non-measurable parameters, i.e.
people adaptability, on the final comfort perception of the occupants, together with a dedicated questionnaire survey

for comparison purposes. Therefore, comfort indexes calculated by means of both approaches were compared.
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Consistently with the expectations, Fanger results were detected to be much more severe than the ones from the
adaptive model. Moreover, the dis-comfort conditions highlighted by using the Fanger approach is always related to
slightly warm perception (i.e. PMV > 0.5), while dis-comfort estimated through the adaptive model during the fall
and summer monitored periods is due to the relatively cold operative temperature.

Such results confirm that, especially when no strong dis-comfort trends are detected as in this case (low values of
OptOT_DI and PMV_DI), the analysis and interpretation of thermal comfort perception has to be carefully
examined by means of methods taking into account the impact of both physical monitored parameters, people
adaptation capability of people and how they are affected by other non-negligible variables. Furthermore, the
submitted surveys allowed to gather data about (i) the percentage of dissatisfied people in terms/0f thermal sensation
(PD, percentage of interviewed who judged its thermal environment very uncomfortable or uncomfortable) and (ii)
the mean thermal sensation vote for each season (TSV, average of thermal sensation vote considering the five points
sensation scale elaborated accordingly to 1SO 10551). Such parameters were therefore compared to the PPD and
PMV calculated by means of the Fanger model and averaged over all the.menitored spaces. The observed gap
confirms the strictness of the Fanger method already highlighted by the comparison with the adaptive approach. In
particular, Fanger approach leads always to higher levels of thermal dis-cemfort and the biggest discrepancy was
observed in autumn when +5.9% and +0.34 of dissatisfied and mean thermal vote were detected with respect to the

survey results.

6.1. Comparative analysis of the results of the monitoring and the questionnaires

In order to further demonstrate the validitysof the data collected through (i) experimental monitoring and (ii)
questionnaires, the results of both experimental campaigns were compared (Figure 22). The data obtained from the
monitoring showed how the mainsgénvironmental parameters generally fall within the comfort range indicated by the
regulations during the whole year, However, some values outside the range were detected in Building A, B, and C
during fall, winter and spring. seasens, especially in terms of operating temperatures slightly above the suggested
upper limit. Specifically, the:Pefformance Index (PI) indicated that general comfort condition in Building C, and D
while in Building.A and B were not always detected especially during spring and summer.

As concerning the seasonal visual and thermal comfort variation, generally there was a good correlation between the
monitored parameters and the results of the questionnaire. In fact, in the case of Building A, both the monitoring and
the survey show a PPD (i.e. unsatisfied percentages) > 10%.

In general, the less comfortable seasons according to the questionnaire were spring and summer that showed 16.4%
unsatisfied people in spring and 12.9% in summer (by considering all the evaluated work areas). Table 5 confirmed
such trend, especially for Building A. These data were consistent to the results of the monitoring, as shown in Figure
22, where unsatisfied percentages exceeded 13-15%, approaching 16-13% provided by the questionnaire.

A discrepancy between the results of the monitoring campaign and the questionnaire was detected in terms of
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thermal comfort in Building C; therefore, according to the monitoring, this working area was characterized by
comfort conditions and low PPD whereas, according to the questionnaire, a high PPD (i.e. 16.4%) is registered in all
the seasons. However, in this peculiar case, a relatively minor number of participants to the questionnaire was
registered, so the results may not be entirely representative.

In general, by considering all the buildings, the percentage of dissatisfied throughout the year was less than 10%
according to the questionnaire, while it was slightly higher (i.e. 12%) according to the field monitoring. Moreover,
by examining the trend in terms of visual comfort, the experimental monitoring measures illuminance levels below
the indicated threshold defined by the regulations for the specific activities carried out in Building B beth in Autumn
and Spring, and in Building D during both Spring and Summer season (Fig. ). Consistently, the results of the
questionnaire confirmed that the most stressful conditions in terms of visual comfort, were_spring and summer,
where the percentage of dissatisfied people, meaning those respondents that foundsthe:environment dis-comfortable

or slightly dis-comfortable, was 8.1% and 10, respectively.
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Fig. 22. Percentage of dissatisfied employees with respect to thermal sensation: monitoring and survey results comparison.

7. Conclusions

The purpose of the present research study was to investigate the indoor comfort conditions perceived by employees
by means of a novel multi<physics and multi-domain approach aimed at investigating thermal, hygrometric, visual,
acoustic, and air.quality conditions together with a variety of personal variables such as psychological-to-social,
physiological and-health disease perception. The novel proposed method is implemented in a working area where a
variety of tailored strategies are applied by the company management in order to make the whole environment more
pleasant and to qualitatively improve the working conditions. In particular, the role of non-physical variables, which
cannot be classically monitored, was investigated assuming that they played a key role in determining occupants’
wellbeing perception, globally affected by personal attitudes, habits, personal behavior, health and psychological
mood condition, social drivers, etc. To this aim, a combined experimental analysis integrating (i) a continuous

microclimate monitoring and (ii) a dedicated questionnaire to the workers, was performed over a year in the
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company selected as case study. In particular, the continuous monitoring was aimed at classically assessing the
physical measurable indoor microclimate conditions by gathering data regarding indoor air temperature, relative
humidity, air velocity, mean radiant temperature, illuminance level, and air quality to verify the compliance of such
parameters with the comfort ranges suggested by acknowledged regulations (i.e. UNI EN ISO 7726-7730).
Moreover, the evaluation of the indoor thermal environment was carried out by means of both (i) the Fanger and (i)
the adaptive methodology, to identify which one of them better fits occupants’ perception, which was investigated
also by means of questionnaires surveys.

The questionnaires submission to the workers was useful to understand their perception, preferencesyand tolerance
level with respect to the different local environmental parameters and to investigate how their final and general
comfort was affected by their personal attitudes, behavioral habits, personal feelingsssmood,and health condition,
and environment policy implemented by the company management. Moreover, the survey allowed to understand
how the workers perceived the strategies put in place by the company to make the environment more pleasant from
an aesthetic, health and architectural point of view.

The results of such experimental campaigns were post-processed in order to.understand the correlation between such
different parameters, i.e. physical and personal ones, and to understand their impact on the final perceived comfort
of the occupants. Based on such premises, the main results of the'study can be summarized as follows:

e the classic year-long continuous monitoring showedwsgood thermal-hygrometric, visual and air quality
conditions in each of the working environment assessed, according to the regulations. Therefore, no local dis-
comfort phenomena of the occupants were ‘detected. ‘Nevertheless, slightly lower values of relative humidity
(i.e. -10% with respect to the regulation=limit) were registered in winter in every area due to the inadequate
HVAC control. Additionally, a slight overheating was registered in the machinery area in summer and spring
due to the major heat gain compared tojthe other working environments. As for the visual comfort, only in 2
buildings (Building B and/D), slightly lower lighting values were detected over the work plan in fall and
spring. Finally, by focusing on the air quality, CO, e VOC values were always within the regulation ranges
except for the canteen; where peaks up to 1000 ppm were detected. This is due to the huge occupancy level
and reduced volume of this area compared to the other monitored ones.

o the evaluation of the/indoor thermal environment by means of both the Fanger and the adaptive methodology
was summarized through the calculation of three indexes, i.e. PI, SI, and DI. A general comfort condition is
detected. by means of both the approaches. Nevertheless, the adaptive methodology depicted a more
comfortable environment with a calculated maximum DI of 0.17 with respect to the maximum DI obtained
through the Fanger methodology equal to 0.81.

e responses of the workers to the questionnaires highlighted that most of the occupants work in open spaces,
therefore they cannot manage the indoor microclimate controls. However, workers declared to be more than
satisfied within their working environment from a thermal, visual, acoustic point of view. Moreover, 79% of

them thought that the pleasant working environment designed by the company has a positive impact on their
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final and overall comfort perception. Additionally, 89% of them thought also that the strategies put in place
by the company to make the workers feeling better at work have a positive influence on their comfort
perception.

o the global perception of the working environment is more than positive from the thermal, visual, acoustic,
and air quality perspective, and a consistent correlation between the monitoring and the survey can be
detected. In particular, the PPD (unsatisfied people percentage) resulted to be ~10% according to the
monitoring and 12.4% from the survey. Finally, the lower comfortable seasons were found to be spring and
summer from both the methods. The only discrepancy between the results of<the menitoring and
questionnaire was detected in the case of Building C, which is the one occupied<by people who are more
sensitive with respect to the local environmental conditions since they performethe most stationary activity,
i.e. the administrative role of the company.

Therefore, this research demonstrated that non-measurable factors such as the psychological ones arisen from
company policy implementation, are able to positively influence occupants’ general comfort perception even if the
majority of workers do not have the opportunity to control their working-environment from the thermal point of
view and do not have the possibility to manage the opening/Closing..ef windows/doors which are generally
considered conditions influencing the perception in a negative way. Therefore, the discrepancy detected between the
comfort level obtained from the monitoring campaign and from,the surveys could be attributable to the company
policy to realize a pleasant aesthetics of the workplace, to keep the outdoors visible from all the work spaces, to
implement green policies and healthy diet, as it Wwas“recognized by more than the 80% of the interviewed. This
demonstrates that a pleasant and likable architectural working environment and other personal-social forcing can
contribute to the increase workers satisfactions.and, potentially, their productivity.

This paper opened the doors to further possible energy saving strategies based on non-physical solutions that may
positively influence employees to/better adapt their thermal expectation in a pleasant working environment, which
potentially motivates their increase in satisfaction and tolerability.

Future work will focus onsthe analysis of the effect of a pleasant and high-quality working environment in terms of
employees’ productivity, by quantifying also the potential economic benefits achievable by the company by means
of this strategy implementation. The idea would be to identify the correlation between the comfort perceived by the
workers and the quality of their work, and to understand to what extent the strategies put in place by the company

for improving,the indoor environmental quality can influence it.
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Appendix A

Questionnaire survey

Section # Questions*
1 How long do you stay at work, on a typical working day?
2 Do you go to work every day? If not, how many days do you go to work?
4 Which are your working hours in a typical working day?
5 Where do you have your meals? And how long is it your meal-time?
7 How many working positions are in your office/workplace?
8 In which building are you working?
13 Which is your office exposition with respect to the cardinal points?
;_E:; 14 Do you usually work with the desk light turned on?
g' 15 Do you usually turn off the light when you leave the office?
§ 16 Do you usually work with your door open?
._g 17 Do you usually work with your window open?
S 18 Do you usually open the window when you arrive at work?
_g 19 Do you usually close the window when you leave?
S 20 Do you usually turn off the computer when you leave?
= Do you usually control the temperature of your workplace/office with respect to cooling

21 or heating?

22 If yes, which are the set-pointtemperatures that you use?

23 If not, would you like to control the temperature in your office/workplace?
24 Do you usually eontrolthe mechanical ventilation of your office/workplace?
25 If not, wouldsyoudike to control the ventilation in your office/workplace?
26 Do you usually turn on the cooling during summer? Which is the set-point?
28 If not¢would you like to turn on the cooling according to your preferences?

29 Which isiyour ideal lighting level on your desk?
30 Which is your visual sensation now?

31 Which is your visual comfort now?

32 How would you prefer this environment now, in terms of visual preference?
33 In your opinion, this environment is visually... (adaptability)

34 In your opinion, this environment is visually... (tolerability)

35 Which is your visual sensation in the company canteen?

36 Which is your visual comfort in the company canteen?

g 37 Which is your ideal value of noise in your office/workplace?

E 38 Which is your acoustic sensation now?

; 39 Which is your acoustic comfort now?

% 40 How would you prefer this environment now, in terms of acoustic preference?
b 41 Which is your acoustic sensation in the company canteen?
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Which is your acoustic comfort in the company canteen?

43 Which is your summer ideal comfort temperature?
44 Which is your winter ideal comfort temperature?
E 45 Which is your thermal sensation now?
E 46 Which is your thermal comfort now?
c—ou 47 How would you prefer this environment now, in terms of thermal preference?
g 48 In your opinion, this environment is thermally... (adaptability)
= 49 In your opinion, this environment is thermally... (tolerability)
50 Which is your thermal sensation in the company canteen?
51 Which is your thermal comfort in the company canteen?
52 Do you think that your visual sensation is influenced by your.surroundings at work?
53 Do you think that your acoustic sensation is influenced byyoursurroundings at work?
54 Do you think that your thermal sensation is influenced by your surroundings at work?
Do you think that your general comfort sensation is‘influeneed by your surroundings at
55 work?
‘g 56 If yes, how do you think your workplace infldences it?
1= Do you think that your general comfort sensationis-influenced by your surroundings at
) 57 home?
g 58 If yes, how do you think your home,environment influences it?
@ . S -
3 " rI:])ec.';1 I):ﬁuc ;?]|;i|:i;t:]:ast?your general comfort sensation is influenced by your general/specific
60 If yes, how do you think your-health conditions influences it?
61 Do you think that your.general eomfort sensation is influenced by your mood?
62 If yes, how do youthink your mood influences it?
Do you think that the company adopted effective strategies to improve your general
63 comfort sensation?
65 Did you have,previous working experiences in other companies?
66 How .long have you been working in the present company?
67 Which isiyour age?
68 Which is your gender?
c 69 Which is your education level?
'% 70 Which is your role in the company?
g 71 Do you use contact lenses?
S 73 Do you use eye-glasses?
‘_85 75 What is your eyes color?
g 76 Do you have any health issue with your eyes?
& 78 Do you have any health issue?
80 How are you dressed now?
81 Do you have any thyroid dysfunction? If yes, which one?
82 Do you have any rachis dysfunction? If yes, which one?
83 Did you have cervical pain? If yes, how often and how long?
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84
85
86

ACCEPTED MANUSCRIPT

Do you often have migraine? If yes, how often and how long?
Did you have dorsal pain? If yes, how often and how long?
Did you have lumbosacral pain? If yes, how often and how long?

*translated from ltalian

&
Q
&
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