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ARTICLE INFO ABSTRACT

Keywords: The design and operation of responsive resource-efficient buildings requires high resolution data in space and
Internet of things time on building performance and the associated occupant response, but capturing this high quality data has
Facade

traditionally been technologically challenging, costly and disruptive to building occupants. Recent developments
in Internet of Things (IoT) technologies provide an opportunity to monitor holistic indoor environmental quality
(IEQ) and related occupant perception and behaviour in a more cost-effective and less disruptive manner whilst
providing higher granularity data in space and time. Facades have a significant and dynamic influence on IEQ
and building performance, and occupants often interact with them, but there is a dearth of IoT solutions for
monitoring the facade-induced effects. This paper describes the development, deployment and assessment of the
Building Impulse Toolkit (BIT), a prototype IoT system for capturing the holistic and transient influence of fa-
cades on IEQ and occupants. The methodology adopted in the design and development of the BIT prototype is
first explained. The results obtained from a 9-month deployment in a real-world office are then reported and
discussed, in particular the capabilities and limitations of the BIT prototype in: 1) capturing the influence of the
facade on IEQ in space and time; 2) monitoring occupant environmental discomfort and satisfaction and in a non-
disruptive manner; 3) monitoring occupant interaction with the facade. It was found that BIT is largely successful
at meeting these objectives, but occupant engagement could be improved in the next generation prototypes.

Occupant interaction
Multi-domain occupant comfort

the 21st century. Dynamic building components and smart controls offer
possible solutions to this challenge because they provide a degree of

1. Introduction

By 2050 the United Nations endeavours to achieve net zero carbon
emissions [1]. This ambitious target coincides with a projected surge in
urban population of approximately 2 billion people [2]. Cities account
for 36% of global energy demand and produce 40% of the global
energy-related emissions [3] and this is largely driven by the need to
provide comfortable and productive indoor environments for human
activities, such as heating, cooling and lighting. Achieving deca-
rbonised, yet comfortable, cities is one of the predominant challenges of

customisation and allow tuning of building performance [4] whilst
optimising resource-consumption [5] through real-time data analytics
and automated controls. However, these smart dynamic building com-
ponents often fail to meet occupant needs and they can result in high
levels of occupant dissatisfaction [6]. One of the reasons for this, is the
lack of adequate interfaces and devices that respond to, and interact
with, occupants in an effective manner [6,7]. Occupant environmental
perception is holistic [6,8], involving several physical domains (Fig. 1a),

Abbreviations: CoHCl3, Trichloroethylene; C,Cly, Tetrachloroethylene; C¢Hg, Benzene; CqoHg, Naphthalene; CO, Carbon Oxide; CO,, Carbon Dioxide; CH»O,
Formaldehyde; C1A / C1B VOC, Carcinogenic Volatile Organic Compounds; DGP, Daylight Glare Probability; Dr, Target Daylight Factor; DR, Draft Rate; Er, Equation
of time; HDR, High Dynamic Range; RH, Relative Humidity; IEQ, Indoor Environmental Quality; IoT, Internet of Things; Leq, Equivalent Continous Sound Level;
MQTT, Message Queuing Telemetry Transport; MRT, Mean Radiant Temperature; NO,, Nitrogen dioxide; PAHs, .Polycyclic aromatic hydrocarbons; PMV, Predicted
Mean Vote; PPD, Predicted Percentage Dissatisfied; PD, Percentage Dissatisfied; Rn, Radon; SPL, Sound Pressure Level; T,,, Operative Temperature; To,*, Adjusted
Operative Temperature; TVOC, Total Volatile Organic Compounds; UDI, Useful Daylight Illuminance.
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that are location-specific and transient [9], so interfaces and devices
need to capture the multi-physical characteristics of the environment
with high-granularity in both space and time. Holistic data with high
time and spatial resolution is particularly important when assessing
facade-induced changes to IEQ and occupant satisfaction [10], since
facades effect many of the IEQ domains and the influence varies in time
and across the internal floor plan [11]. Fagades also provide a significant
scope for occupant interaction [6]. Therefore, any such data collection
platforms have the potential to inform occupant-centric and customised
control strategies for dynamic facade technologies [12]. Furthermore,
achieving the high levels of data granularity in time and space in a cost
effective and human-centred manner could lead to the development of a
new generation of smart building technologies [13], because the
appropriate actuation of the smart building technology is inextricably
linked to the quality of the data that is used to trigger the actuation.
Internet of Things (IoT) solutions have recently provided useful low-cost
means for gathering Indoor Environmental Quality (IEQ) data [14-16]
and occupant feedback [11,17-21] since they enable a higher frequency
and less-intrusive data collection over relatively long monitoring
periods.

Even if the accuracy of IoT solutions is lower than traditional
laboratory-grade devices, their pervasiveness and continuous moni-
toring capabilities provide representative insights on IEQ variability in
time and space [22]. Cost-effective sensing solutions are nowadays often
combined with mobile-app platforms for gathering occupant feedback
[23,24]. However, only two IoT solutions to-date are known to focus
specifically on the occupant-facade interaction [11,25]. The first IoT
solution [11] captures the facade effects on the thermal and visual in-
door environment by measuring workplace illuminance and operative
temperature at each occupant position, by means of temperature,
luminance and vertical illuminance sensors and an analogue interface
for gathering occupant feedback. However, other important environ-
mental characteristics, such acoustics and air quality, are not captured
and no sensors are placed on the facade. The second IoT solution [25]
consists of a novel sensor for assessing Mean Radiant Temperature and
surface temperatures within the whole indoor environment. It integrates
the data collection with the Building Management System (BMS) and
smart facade sensing platforms. However, this solution is limited to
single-spot measurements of illuminance and CO; in the indoor envi-
ronment and does not include acoustic quality or luminance-based
measurement devices for glare monitoring or occupant feedback
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platforms.

The initial concept of a Building Impulse IoT toolkit to capture
occupant response to the facade has been presented by the authors [26],
where the toolkit was evaluated in terms of its level of intrusiveness
relative to traditional web-based questionnaires. The present study is a
natural and significant progression from the previous work by the au-
thors; in it we describe the final development of the IoT toolkit called the
Building Impulse Toolkit (BIT - Fig. 1b). The additional new features
beyond those found in Refs. [11,25,26] create the missing link between
key facade-induced environmental parameters and corresponding
response and IEQ at the occupant location, that could among other
things inform occupant-centred controls in future applications. The
present study also includes the first ever systematic validation of the
Building Impulse toolkit in terms of the accuracy and resolution of the
data gathered.

Similar IoT toolkits could be constructed to assess the influence of
other building elements on occupants, but the facade was selected in this
study because: (1) facades affect multiple comfort domains simulta-
neously, and are therefore ideally suited for testing the holistic multi-
domain approach that could potentially be achieved by IoT solutions;
(2) Facades are often source of a broad range of occupant responses
environmental discomfort (e.g. glare or overheating) but also of satis-
faction (e.g. daylight access and outdoor view) and therefore collecting
data that capture this broad range of conflicting responses provides a
sophisticated, high-threshold test for the IoT solution; (3) Occupants
often interact with facades to form a dynamic synergistic loop, thereby
providing significant scope for testing the capabilities of the IoT solu-
tions in capturing the dynamic occupant interaction. BIT consists of 3
sensor groups: An array of sensing devices on the facade (BIT Facade)
and two devices per occupant workstation, one for monitoring glare and
facade shading devices (BIT Glare) and a polling station with integrated
environmental sensors (BIT Station). The possibility of facial action unit
monitoring or other means for indirect occupant data collection, pre-
viously suggested in Ref. [26] was not developed further and is therefore
not included in the current BIT prototype.

BIT is based on the Raspberry Pi single-board computer [27] and uses
Wi-Fi networking for data transfer. The development of the IoT sensing
devices and the user interaction platform are described in sections 2 and
3 respectively leading to the overall architecture of BIT, described in
section 4. The validation of the toolkit was performed by deploying BIT
in a real-world office for 9 months and is described in section 5. During

Facade location

{ [ 1BIT
Glare

Domains of data collection

[
| BIT Station

Fig. 1. a) Environmental domains in the indoor environment after [6], b) Schematic representation of the domains monitored by BIT and their respective locations.
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this deployment period BIT was assessed in terms of its ability to meet
the following functional objectives:

O#1: BIT can adequately capture the transient effect of facades on
the IEQ at different distances from the facade.

O#2.:BIT can adequately capture occupant data: on environmental
discomfort (O#2.1) and satisfaction (O#2.2) in time and at different
locations with respect to the facades, and do so in a non-disruptive
manner (O#2.3).

O#3. BIT can capture occupant interaction with the facade at suffi-
ciently high frequency.

Details on the development of BIT, in particular: the selection of the
environmental sensors and the rationale for their selection; the devel-
opment of the occupant response interface; the IoT system architecture
and ethical considerations are described in turn in sections 2, 3 and 4.
Section 5 describes the validation of BIT and its deployment in a real
world office with a particular emphasis on the ability of BIT to meet the
above-listed functional objectives. This is followed by conclusions and
possible future developments of BIT in section 6.

Table 1

Building and Environment 193 (2021) 107656
2. Development of the environmental sensing of IoT toolkit
2.1. Selection of key environmental parameter and toolkit development

There are several international standards that specify requirements
of sensing devices and sampling frequencies for short and long term
monitoring of comfort [22]. The most comprehensive guidelines in
terms of overall IEQ measurements in office spaces are the European
Standard for Energy performance of buildings [28] and ASHRAE'’s
protocols for Performance measurements in commercial buildings [29].
However, the aim of these standards is to define minimum levels of IEQ
for energy efficiency in buildings rather than to capture the effect of
facades on comfort [28]. Therefore, a review of a broad range of existing
standards and guidelines was undertaken in this study to inform the key
requirements of BIT. Table 1 shows the salient outcomes of this review,
namely the environmental parameters and related metrics suggested for
each comfort domain by international standards. No standard or
guideline directly addresses the measurement of facade characteristics
for comfort purposes, therefore existing scientific research [6,10,13,30]
was used to identify the facade-related environmental parameters that

Environmental parameters to be monitored to characterise the impact of facades on comfort according international standards and after previous work [10].

Comfort domain Occupant-centred metrics Facade characteristics

Environmental parameters at the
facade

Environmental parameters at occupant
position

Thermal comfort [28,41, PMV [28,41,42]
42] PMV*® [43] ¢

PPD [28,41,42]
Top [28,40,41]
DR [28,41,42]
PD [28,41,42]
RH [44]Degree Hours
[44]
PPDweighted [44]

U-Value [45-49]
g-value [50-53]
Thermal inertia [54]
Air tightness [55-58]

Visual comfort [59-61] DT [59]

ET [59] Light reflectance [51]
fDGP, exceed [59]
DGP [59]
DGPe [59]

Shading factor [63]
Blinds Openness coefficient
[63]
View out [59]
[63]
Air quality comfort [28,
65-67]

PD [28]

CO2 (ppm) [28,65]
TVOC (pg/m3) [28]
CH20 (pg/m3) [28,66]
C1A/C1B VOC (pg/m3)
[28]

R value [28]

CO (mg/m3) [66]
C6H6 [66]

C10H8 (pg/m3) [66]
NO2 (pg/m3) [66]
PAHs [66]

Vent location and dimension

Light transmittance [51-53,62]

Openings size and location [59]

Blinds Colour rendering index

Surface temperature [41,42]
Air temperature [41,42]
Irradiance [43] *

Solar beam direction [43] *

Air velocity [41,42]

Air flow rate [28,41,42]

Air flow temperature [28,41,42]

Air temperature [28,41,42]
MRT [28,41,42]
Irradiance on the occupant [43] *

Air flow rate moisture content [28,
41,42]

Air velocity [28,41,42]

Horizontal illuminance at desk level [59,
60,64]

Contrast illuminance [60]

Vertical Illuminance at eye level [59]
Luminance [59]

Illuminance [60]
Light beam direction

Light colour [60] View [59]

Acoustic comfort [28,69,
70]

Interaction

Vibration [74,75]

C2HCI3 [66]
C2Cl4 (pg/m3) [66]

Rn (Bq/m3) [66]

Leq [dbA] [28]

Air tightness [55-58]

Vent location and dimension
[28]

Material pollutant emission
[68]

Airborne Sound Insolation [58,
71]

Sound absorption [72]

Sound reflectance [72]

Type of actuation system
Mode of actuation

Level of automation
Interactive scenario

Interface

Mass [58]

Stiffness of the facade [58,76]

Air flow rate [28]
Air flow pollutant content [28,66]

Air flow moisture content [28]

Noise level
Noise frequency characteristics
Not applicable

Acceleration (tri-axis) [77,78]

Air pollutant content [28,66]
Air moisture content [28]

Air CO, content [28]

Noise level [28,73]
Noise frequency characteristics
Not applicable

Acceleration (tri-axis) [77,78]

? Only calculation methods not reference to experimental measurements.
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are associated with the specific comfort domain and the corresponding
standard for measuring the parameter.

For static facades (facades with no actuation mechanisms) the facade
characteristics are constant, however the magnitude of the respective
environmental parameter varies over time due to transient outdoor and
indoor conditions. For dynamic facades both the magnitude of the
facade characteristic and the environmental parameters vary over time.
The choice of the environmental parameters to be monitored depends on
the facade technological characteristics, e.g. the presence of openable
vents or the solar control technology. The BIT prototype described in
this paper is intended for facades with non-openable vents. The pa-
rameters were selected accordingly and are shown in Table 2 together
with the corresponding standards that specify the accuracy, range and
method of the sensing solution. Table 2 also indicates whether BIT
complies with the relevant sensing standard. Each individual sensor has
been calibrated against the correspondent reference lab-graded sensor
using a linear regression model to assess the instrument accuracy and
uses the Standard Error of the Estimates as absolute measure of fit [22].
Further details on the design and calibration of each sensor device are
described in turn in sections 2.2 to 2.5.

2.2. Thermal comfort parameters, metrics and related sensing devices

There are three main types of heat transfer between facades and the
indoor environment [30]: longwave radiation, shortwave (solar) radi-
ation and convection (due to thermal asymmetries or air flows from
leakages and openable vents). A fraction of long-wave radiation is
exchanged between indoor environment and the portion of visible sky,
but this is less relevant for comfort measurements. The convection and
long-wave radiation between the glass and the indoor environment can
be assessed by measuring air and surface temperatures respectively close
to and on the facade. Therefore, BIT Facade measures the surface tem-
perature and air temperature at three different locations along a vertical
line on the surface of the glazing panel (Fig. 2). These are measured by
1-wire digital thermistors DS18B20 [31] and thermocouples using a
MAX31856 digital converter [32]. All the measurement locations are
shielded against solar radiation with Aluminium foil covers. Shortwave
radiation from facades typically has a significant impact on occupant
comfort [33]; this is measured in BIT by means of a photodiode at the
mid height of the glazing panel in the facade. The use of photodiodes to
capture solar irradiance in the scientific community is not new [34], but
it is not one of the conventional methods listed in Ref. [35]. Therefore,
this measurement is reported as a non-compliant measurement in
Table 2. Photodiodes are frequently omitted from conventional methods
because unlike thermopile-based pyranometers they require careful

Table 2
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Fig. 2. Diagram of BIT Facade (left) and a photograph of BIT Facade as
installed on a typical window pane (right).

corrections during post-processing in order to obtain reliable solar
irradiance data measurements [36]. Another problem is that many
photodiodes fail to capture the entire spectrum of the solar radiation
[371. BIT includes a correction algorithm that post-processes the signal
from its SI1145 photodiode [38]. Comparisons with high-accuracy
thermopile pyranometers were performed by the authors and showed
a measurement error of 22.3%. At each desk location the following
thermal parameters are monitored: global horizontal solar radiation on
the desk; globe temperature; air temperature and humidity. Global ra-
diation is measured in the same manner as that measured at the facade
location, whereas humidity and air temperature are measured by means
of a BME280 temperature and humidity sensor (RH +3%, Temperature

Environmental parameters and metrics monitored by BIT vs standards to abide by for instrumentation requirements.

Comfort domain BIT Facade BIT Station (Occupant position) BIT Glare (Occupant position)

Parameter Parameter Metric Parameter Metric
Thermal comfort Air temperature [41,79] v Top [28,41] - -

Surface temperature [41,79] v Globe temperature [41,79] v Top* [12,43]

Air temperature [41,79] v Global Horizontal irradiance on desk

[35]1 X

Global transmitted vertical irradiance Humidity [41,79] v

[351X
Visual comfort Vertical illuminance transmitted [80] Horizontal illuminance on desk [80] UDI [81] fpGp, exceed [59]

Air quality
comfort

Acoustic comfort

Interaction

v

v Compliant X Not compliant

v

CO; level [82,83] v

Noise level [28,73] X

CO2 (ppm) [28,
65]
Leq [db] [28,73]

Vertical illuminance at eye level
[801 v
Luminance from a fixed view v/

Blind position

DGP [59]
DGP. [59] v

View extension
[591 v

Occlusion Index
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+0.5%) [39] and globe temperature by means of PT100 sensor [40]. The
sampling frequency requirements and instrument positioning in ASH-
RAE 55 [41] are more prescriptive than EN 7730 [42] and require a
“representative” location and temporal sampling (for at least two
occupied hours for temperatures, with air speed averaged over 3 min or
less and other parameters over 5 min or less) [22]. The BIT Station
(Fig. 3) is positioned beside the occupant in order to assess the thermal
environment close to the occupant and temperatures and humidity are
captured every 15 min averaging across 1 min, thereby complying with
the requirements of ASHRAE 55 for long-term monitoring [41].

2.2.1. Measurement of Mean Radiant Temperature and operative
temperature

The dimension of the globe affects the measurements of the Mean
Radiant Temperature (MRT). A smaller globe is more significantly
affected by air temperature and air velocity, resulting in less accurate
measurements [79]. The globe temperature of BIT has a diameter of 70
mm and a black matte rough surface. The MRT is calculated as indicated
by the ISO 7726 [79], taking into account the different diameter and the
condition of forced mechanical ventilation. Details of the calibration of
the BIT globe are shown in Appendix A. The error relative to the 150 mm
globe sensor was estimated to be +0.4 °C in the measurement of the
MRT. Since the MRT takes into account only the long-wave radiation
contribution, the use of the MRT adjusted with the short-wave contri-
bution was also included as described by Arens et al. [33] and following
previous studies [12]. From this, the Adjusted Operative Temperature
(Top*) may be calculated. Details are reported in Appendix A. BIT pro-
totype is intended for facades without openable vents, therefore in order
to achieve a cost-effective toolkit, air flow meters are not included.
However in mechanically ventilated buildings, air flow can occur
through infiltration in the facade and/or it can be induced along the
facade due to thermal asymmetries between the facade surface tem-
perature and the indoor air temperature [84]. In fact, several hot wires
close to the occupant and the fagade would be needed in order to obtain
meaningful airflow results from thermal asymmetries and low-level
infiltration. This set up was deemed too costly and too cumbersome
for real-world offices and is therefore excluded from this BIT prototype.

2.3. Visual comfort parameters, metrics and related devices

BIT Facade monitors the transmitted vertical illuminance at the mid-
span of the facade using the TI OPT3001 [85] light sensor, which

e temperature

Fig. 3. Diagram showing the features of BIT Station (left) and a photograph of
the device (right).
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measures the intensity of visible light. The OPT3001 was chosen due to
its low-cost and ability to match the photopic response of the human eye
and includes significant infrared rejection. The colour rendering index
(CRI) could also be important in defining the visual performance of a
glass facade, especially for a glass with coloured coatings electrochromic
infills [86]. BIT does not monitor CRI but it should be possible to install
low cost Light Colour temperature sensors in future prototypes of BIT.
BIT station uses the same sensor as that in BIT Facade in order to monitor
the horizontal illuminance at the desk level close to the occupant.
Measurements of horizontal illuminance do not fully capture the visual
quality of a space, but this is the most commonly used metric for
assessing whether the illumination levels are sufficient for executing
offices tasks [87]. Since BIT continuously monitors illuminance levels at
each location, the device is able to compute the contribution of the
artificial lighting system and the daylight over time and may therefore
be used to calculate the Useful Daylight Illuminance (UDI) [81]. Lastly,
BIT Facade uses a supervised classification algorithm to learn over time
the illuminance range of typical clear, midcast or overcast conditions
throughout the year, and it can be used to classify whether the sky is
clear, overcast or midcast.

2.3.1. BIT glare

Another common concern in office environments is the excessive
daylight from facades that leads to glare conditions [88]. Discomfort
glare produced by facades varies in brightness, changes in size and po-
sition, and it is strongly dependent on the position and orientation of the
occupant with respect to the facade. Long-term monitoring in real office
spaces using conventional sensors and experimental setups is too
disruptive to be practical because it requires continuous sampling of the
observer’s entire field of view in order to quantify the luminance, po-
sition, and size of the glare source(s) present [11]. Furthermore, posi-
tioning the DSLR camera and Luminance meter at the exact position of
the occupant’s eye is not feasible in real-world scenarios [89]. BIT Glare
(Fig. 4) is an the IoT solution developed in this study to assess glare. The
IoT technology is a camera system based on the Raspberry Pi
single-board computer [90] with an OPT3001 calibrated vertical illu-
minance sensor and a fish eye lens. Recent research has shown that
Raspberry Pi-based cameras can be used to monitor luminance distri-
bution [91]. The calibration of the HDR image in this study is performed
in a simplified manner by means of vertical illuminance measurements.
Since this method can induce large errors in luminance measurements,
two preliminary tests were performed to assess the accuracy of BIT Glare
against conventional methods - one in a daylit environment and one in
an artificially lit environment. The detailed results are shown in
Appendix B. The errors incurred in DGP amount to 5.8% and 10% for
daylight and artificially lit environments respectively. The focal length
of the camera is not adjustable, and the field of view is reduced by 86%
compared to a DSLR camera with a fish-eye lens. BIT Glare has an
automated processing algorithm (reported in Appendix B) to create the
HDR images with HDRgen [92], which is also used by BIT Glare to
compute the camera response curve. The algorithm used by BIT includes
the camera settings and the postprocessing steps required to correct the
image for cropping and resizing, nullification of the exposure value,
re-projection, vignetting correction and calibration. The recommenda-
tions recently published by Pierson et al. [93] were followed to correct
and calibrate the HDR images for luminance measurements. The image
is instantaneously post-processed and the DGP calculated with Evalglare
[94]. BIT can therefore assess whether the DGP value of 0.45 (f4gp) is
exceeded for more than the 5% threshold of the occupied hours indi-
cated in standards [59].

2.4. Air quality comfort measurements
The quality of the indoor air has a significant effect on occupant

comfort, productivity and health [95,96]. Table 1 shows the list of air
contaminants and their maximum indoor levels permitted by
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1. Low-cost camera
2. Fish-Evye lens
3. Vertical illuminance
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Fig. 4. Diagram showing the BIT Glare device (left) and an example output image (right).

international standards [28,66] for occupant comfort, productivity and
health. In addition to RH and air temperature, CO,, VOCs and formal-
dehydes (CH0) are common indicators used to assess air quality.
However, several other contaminants may need to be monitored in
specific cases [97]. This first prototype of BIT is limited to monitoring
CO4, levels, which is the most common proxy for poor air quality since it
provides a direct measure of the air changes per hour and it is commonly
used by international standards and certification bodies [98]. Previous
IoT solutions for IEQ have shown that it is possible to monitor other
contaminants in a cost effective manner [22] and it should be possible to
extend the capabilities of future BIT prototypes by monitoring a wider
range of contaminants, for example the VOCs emitted by facade mate-
rials, such as polymeric adhesives and sealants [99].

BIT includes a low-power self-calibrating CO5 sensor COZIR LP [100]
which monitors CO5 levels with an accuracy of +30 ppm and commu-
nicates through UART interface. The CO, sampling occurs for 1 min
every 15 min. BIT CO; sensor was calibrated using the outdoor level of
CO;, as the 400 ppm point.

2.5. Measurements for acoustic comfort and related devices

Acoustic quality is the result of a combination of different physical
and subjective parameters rather than just one physical parameter
[101]. For instance, in addition to objective noise levels, subjective
factors such as sound privacy are important in defining the acoustic
quality of open space offices [102]. The objective acoustic physical
parameters in turn depend on a wide range of environmental charac-
teristics such as noise level, frequency spectrum of the noise, duration of
exposure, presence of interval noises, and reverberation time. Facades
affect the acoustic environment in two ways: they are a filter between
outdoor and the indoor acoustic environments, and they also influence
the indoor reverberation time depending on the facade sound absorp-
tance and reflectivity. The selection of physical environmental mea-
surement capabilities of BIT was based on the consideration of which
parameters would vary over time and space and therefore needed to be
measured in multiple locations in a typical office environment. Since the
facade typology considered has non-openable vents and its airborne
sound insulation power and absorptance can be considered to constant
in time, acoustic sensors were only placed at the occupant position.
International standards [28,70] indicate maximum thresholds of noise

levels on the basis of the A-weighted sound pressure level (SPL) given in
decibels (dBA) [28,73]. Therefore, BIT monitors the A-weighted SPL by
means of an analogue voltage sound level sensor with an electret
microphone and a two-stage amplifier. This provides an accuracy of 2
dBA worse than a Type-2 sound level meter, and therefore not compliant
with the standards in Table 2.

3. Development of occupant response interfaces

Direct occupant feedback on IEQ in real buildings is usually obtained
from questionnaire (paper or web-based) performed either as a once-in-
time post-occupancy study [103] or as part of a periodic assessment over
longer periods of time. Two international standards suggest collecting
occupant data using a long-term survey either for thermal satisfaction
[41] or IEQ [29]. These long-term assessments are performed either
every 6-months or once every heating/cooling season and are therefore
unable to capture changes in occupant feedback resulting from high
frequency changes in the indoor environment. This is a well-known
limitation of questionnaires. In fact, previous studies have proposed
novel interfaces or methods for gathering high-frequency occupant data.
Several studies provide web-based daily surveys at multiple times a day
over long monitoring periods such as [104] but this system is not
feasible for permanent installations because prompting occupant
response at short intervals can result in survey fatigue [105]. Other
studies have deployed mobile-app applications where users can volun-
tarily express their feedback on the environment [23,106,107]. This is
very effective since a large majority of occupants have mobile devices
and their position across the floorplan at the instant of expressing their
feedback can be tracked. However, the frequent use of mobile apps
could become a source of distraction in the workplace. Similarly to
mobile-app devices, smart watches have also been used for longitudinal
studies [19]. Lastly, physical survey interfaces or polling stations for
gathering occupant feedback in longitudinal studies has also been pro-
posed in previous studies. Konis [108] developed a physical device to
collect occupant feedback on thermal and visual environment in office
spaces. The system can either be operated by the occupants whenever
they are feeling uncomfortable or to automatically when occupant
feedback is desired by the BMS. Similarly, Pedersen and Petersen [18]
developed a 7-point scale physical polling station for gathering feedback
on air quality, thermal and lighting levels. Lassen et al. [109] recently
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assessed the potential of publicly located satisfaction polling stations in
offices for real-time evaluation of occupant’s satisfaction with the in-
door climate and found that they can provide valuable continuous re-
cordings of the occupant’s satisfaction with the indoor climate, even if
the fact that no responses are registered does not imply that occupants
were not uncomfortable and, therefore, it could bias the results. Alavi
et al. [17] also proposed an interactive polling station device to over-
come the limitations of traditional questionnaires.

Polling station systems have also have been used by Berquist et al., to
conduct longitudinal survey on thermal comfort in a sport facility [110].
Occupant feedback need not be a direct and explicit response from the
respondents, but it could be indirectly inferred from either: occupant
physiological state [111-113], facial expressions [114] or interaction
with environmental controls, such as blinds or openable windows [6],
thermostats, switches [115] etc. These indirect methods have the
advantage of being less disruptive to the occupants, but they often raise
ethical/privacy concerns.

BIT combines methods for direct collection of occupant feedback
with the tracking of occupant interaction with the facade as a proxy of
occupant response. For the purpose of this study, occupant response to
the facade is defined as: i) frequency of environmental discomfort at
different distances from the facade; 2) the level of satisfaction with the
indoor environment at different distances from the facade, 3) interaction
event with the facade. In addition, perceived levels of self-reported
productivity and ease of concentration are also captured, but they do
not represent the main focus of the study. The following cofounding
variables are also considered: gender, age, perceived level of fitness,
perceived satisfaction with workload, perceived satisfaction with the
level of rest. In addition, season, time of the day and time spent sitting at
the desk is also recorded. The toolkit is designed for real office envi-
ronments were the pool of participants is fixed in time and hence only
repeated measurements rather than independent measures are possible.
Occupant feedback is anonymised by using randomly assigned identi-
fication codes. Occupant interaction with the facade blinds is monitored
without tracking the identification code.

BIT is designed for office spaces, therefore metabolic activity rate of
the occupant can be considered to be 1.2 MET [41,42] while clothing
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levels could be predicted from the outdoor mean temperature and the
indoor operative temperature [116].

3.1. Interfaces for direct occupant feedback and data visualisation

Fig. 5 shows the interfaces for gathering direct occupant feedback.
The first interface is a one-off web-based questionnaire of 15 questions
to collect demographic information and data on their general level of
satisfaction with the IEQ and the office environment. On completion of
this initial survey, occupants receive their identification code.

The second interface is a physical polling station “BIT Station”
(Fig. 5¢), which has two interfaces: one on the left consist of colour
coded buttons for collecting information on discomfort events and
labelled with the prompt “Discomfort? Press it!”’; and one on the right, a
slider for gathering feedback on the level of satisfaction with the IEQ.
Every time volunteers are in discomfort in the thermal, visual, air
quality, acoustic or personal control domain, they can express their
dissatisfaction by pressing the corresponding colour-coded button:
Pressing of multiple buttons is permitted to signal multi-domain
discomfort events, but pressing the same button multiple times in
quick succession is filtered to minimise bias. Feedback on occupant level
of environmental satisfaction is gathered every 2 h by means of a light on
BIT station that flashes to remind the occupant to express feedback by
using the slider and to answer questions on the LCD screen. Occupants
are asked to express their level of agreement on a set of questions using a
5-point scale. BIT station also allows the occupant to provide unsolicited
feedback. A set of infographic cards, attached to the station, provide
instructions on how to use BIT Station (c in Fig. 5).

The third interface is a mobile-app, accessible by QR Codes and RFID
Tags. This is also a source of occupant feedback (Fig. 5d). Each code and
RFID tag is unique to each desk. Occupants can then visualise the
environmental data by using the fourth interface: a web-based visual-
isation app (Fig. 5e). The dashboards in this app are easily customisable
since they are based on the open source Grafana software [117].

The current version of the BIT Station interface was developed over
18 months by trials with volunteers and in collaboration with the
Department of Psychology and the User Interface team at Arup. During

S

&

Fig. 5. BIT interfaces for direct occupant feedback: a) web-based survey (every 6 months), b) and c). BIT Station, d) Mobile app, e) Web-based visualisation interface.
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these trials, several solution were tested as reported in a previous work
[26]. The polling station format of BIT Station was selected over an
alternative electronic survey with pop-up notifications because a pilot
study with 16 volunteers at the University of Cambridge showed that the
polling station was rated better for level of intrusiveness and the ease of
use [26].

3.2. Interfaces for monitoring occupant interaction with the fagade

Occupant interaction with the facade is captured every 15 min by BIT
Glare, which uses a supervised learning algorithm to classify luminance
images and recognise when blinds have been lowered or raised. After
analysis, the images are deleted and only the status of the blind is
recorded. The values are then stored in the cloud storage system.
Similarly to previous work by Konis [11] the occlusion index is
computed to evaluate in real time the overall occlusion of the facade.
The occlusion index (OI) is defined as the percentage of the glazing in
the facade that is obscured by shading devices. OI is computed for each
facade bay and the overall facade by the cloud server, weighting the OI
of each bay according to its surface projection.

4. IoT system architecture and ethical considerations

The overall architecture of BIT is shown in Fig. 6. In summary BIT
Station captures: noise level, air temperature, humidity, CO, levels,
horizontal illuminance, global horizontal solar radiation, globe tem-
perature. While BIT Glare captures the vertical illuminance from single
eye-level viewpoint and luminance.

Data is collected and post-processed by each BIT component and sent
via a Wi-Fi connection using MQTT or SSH either to the timeseries
database InfluxDB [118] either in the cloud or into a dedicated internal
server depending on which server is available in the office space.
Whenever, occupants press a discomfort button, BIT station records a
measurement of the relevant environmental variable or sends a com-
mand for measurements to be taken to BIT Glare (if the visual discomfort
button is pressed) via Message Queuing Telemetry Transport (MQTT).

One of the benefits of IoT technologies using open-source software is
the possibility of integrating new data collection methods with existing
monitoring platforms, such as those from the BMS. As shown in Fig. 6,
BIT integrates multiple data collection methods: 1) data collection by

Secured
Cloud server

Web server B

storage
InfluxDB
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direct in-situ measurements, 2) data monitored by the BMS and 3)
external weather-station data that is available online.

4.1. Ethical considerations

All methods that collect data on occupant perception and behaviour
in buildings must carefully assess the ethical implications, protect the
benefits of the occupants in buildings and comply with the existing
regulations on personal data protection, such as the EU GDPR [119].
This is especially true with IoT toolkits given that [120]: (i) they have
the potential to be embedded in ordinary furniture and therefore remain
unnoticed by occupants; (ii) they continuously monitor data in buildings
and have the potential to integrate data from multiple locations and
sources; (iii) communication of data happens without explicit prompting
of the occupant. BIT was designed to be compliant with the ethical
considerations that have arisen from a preliminary application and in
particular:

1. Consent to participation. Firstly, the toolkit is installed after all the
occupants in the relevant space have provided explicit and informed
consent to participate in the environmental monitoring programme
and, where relevant, to the occupant satisfaction data collection. In
addition, the web-app interface for direct occupant feedback always
asks for participant consent before proceeding, and participants need
to explicitly log into the polling station before providing any data/
feedback. Consent/log-in on every spate day the app/polling station
is accessed.

2. Information on data collection and handling. Before expressing
consent, occupants provided with detailed information on the data
collection, handling, and usage process by receiving a written ac-
count on the data collection process. In addition, explanatory cards
with a summary of this information are permanently located on the
polling stations together with the information on how to use them,
while infographics and signs are installed in the office environment
to ensure that all occupants are aware of the toolkit.

3. Clearly identification of the toolkit. No attempt has been made to
conceal BIT into office furniture or equipment. Indeed BIT has been
designed to be clearly visible and identifiable. Labels indicate on
each sensor identify the type of data collected.

1 el

%
| BIT Glare [ Qw

Fig. 6. Overall system architecture of BIT.
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4. Occupants can power off BIT toolkit on their desk at any time and
decide to withdraw from the monitoring.

5. Privacy protection. In both interfaces for occupant response, BIT
Station and the web-app, the data is always anonymised with the use
of random identification codes and no information is retained that
could be used to retrospectively identify of the volunteer. The only
sensitive information that is collected by the initial survey is gender
and age, this latter is large categorical age groups. BIT Glare, which is
also used to monitor occupant interaction, does not track the identity
of the user and the luminance maps do not provide any information
on the surrounding environment except for the levels of luminance
on the window or the artificial lighting. Furthermore, images are not
stored but DGP values per time-step are computed in real-time by the
local device and the luminance map image is automatically deleted.

6. Data access. Data is always accessible to the occupants involved in
the monitoring through visualisation dashboards, but not available
to other occupants. Any data regarding occupant response is only
visualised in aggregated manner to prevent identification of users by
indirect means.

7. Data protection. The Data transfer and storage is protected in secured
databases.

8. Data usage. In the test case presented in this paper, the data is only
available to the researcher, who has obtained ethical approval to
evaluate the interaction, comfort and discomfort of occupants in the
space.

For future applications in real buildings, where data access and the
purpose of the data collection could vary from the usage presented in
this paper, for instance to inform occupant-centric controls, ethical
implications will have to be carefully addressed and considered on a
case-by-case basis. For instance, data access needs to be restricted only
to certain users such as occupants involved in the monitoring and should
not be made available to third parties which could use this data against a
building occupant such as employers. This can be achieved by devel-
oping secure access environments that restrict access, prevent data
download and only allow data to be analysed in safe online environ-
ments [121] and in the consented manner. Lastly, additional sophisti-
cated methods for de-identifying occupants might be required and
therefore privacy risk analyses and the application of ad-hoc privacy
protection methods should be considered [121].

5. Deployment and validation in a real world office
5.1. Description of the test case

The BIT toolkit was deployed in an occupied mechanically ventilated
office in central London. The curtain wall facade of the office has high-
performance double-glazing units with internal manual venetian blinds
and a window to wall ratio of 66%. This test case was chosen because it
provides an example of office space with a glass facade without openable
vents, but where occupants can interact with the facade for shading
purposes. The characteristics of the facade are shown in Table 3. The
office floor is 21 x 18 m. Fig. 7a shows the floor plan and the BIT toolkit
setup. The office is composed of two spaces that are separated by a wide
aisle. One space has a North-East facing facade and the other has a

Table 3
Characteristics of the facade of the case study.

Facade characteristics 6 mm Solar Control Coating 50/25-15 mm cavity — 44.2

Light transmissivity 0.50

Solar transmissivity 0.27

g-value 0.31

U-value 1.1 [W/m?K]
Weight 25 [ kg/m?]

Colour rendering index 94 (neutral)
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South-West facing facade. BIT Station and BIT Glare devices were placed
at 1.5m, 3.5 m and 6 m from the facades, respectively. Fig. 7b shows the
installation of the toolkit on one desk and in one facade bay. BIT Facade
devices were mounted along the facade bays in both orientations. In
order to capture the effect of different seasons, monitoring was per-
formed over period of nine months, from June 2019 to beginning of
March 2020.

5.2. Participants

18 out of 45 occupants volunteered for the experiment. The 18
participants (9 female and 9 male) were recruited by email invitation.
Fifty percent of the participants were aged between 18 and 30, 33%
were between 31 and 49 years and 17% were 50 years or older. Given
the sample size and in order to minimise potential bias, the polling
stations were placed on the desks were only hot-desking was allowed
and therefore participants were not assigned to fixed desk positions, but
they were asked to randomly choose different desks every day.

5.3. Procedure

The study was approved by the Ethical Committee of the Department
of Engineering at the University of Cambridge. The following procedural
steps were undertaken:

1. Volunteers provide consent to participation, fill the preliminary
online survey and receive the identification code.

2. A handover session is organised to answer questions and explain the
functioning of the toolkit. Infographics are also distributed on the
functioning of the toolkit and the data handling process.

3. During the initial two weeks, volunteers get used to the toolkit and
the data collected is discarded to avoid potential bias due to lack of
habituation.

4. The actual monitoring phase starts. Participants are asked to log-on
to the polling station with their identification code upon arrival
and to log-off when leaving. Participants are asked to randomly
choose their desk for the day. From December 2019 onwards, the QR
Codes and RFID tags, linked to web-based mobile-app, are also
installed.

5.4. O#1: Capturing the transient effect of facades on the IEQ at different
distances from the facade

Fig. 8a shows the average values of vertical transmitted illuminance
on both facades monitored by BIT Facade. The holiday season (20
December to 6 January) is not reported. Likewise, Fig. 8b shows the
average surface temperature of the internal surface of the facade for
both orientations. These carpet plots show a large variability of visual
and thermal environmental parameters at the facade level. A similar
level of data granularity was also captured at the occupant position.
Fig. 9 shows the average hourly value of key environmental parameters
on the facade and at the occupant position (1.5, 3.5 and 6 m from the
facade). From comparison between changes in facade environmental
parameters and occupant-location IEQ is possible to see the effect of the
facade. While locations further from the facade (3.5 and 6 m) tend to
have similar magnitudes and trends, positions closer to the facade (1.5
m) are on average more influenced by the facade in both the visual and
thermal domain. In summer, for the occupant closer to the facade, the
adjusted Operative Temperature (Top*) (columns A and B, Row 3 in
Fig. 9), and therefore the effect of solar radiation, is on average higher
than at locations further from the facade, especially in peak hours where
this is visible both at the facade and the occupant level. In Winter, due to
the deeper sun penetration, the position closer to the facade is not al-
ways the most affected by the solar radiation (columns C and D, Row 3 in
Fig. 9). Similar results are seen for the vertical illuminance (Row 5 in
Fig. 9).
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Fig. 7. a) Plan view of the case study with location of the BIT devices; b) Example of the installation of the toolkit on one of the desks and in one facade bay,

after [26].
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Fig. 8. Carpet plots showing measurements at facade: (A) Average Vertical Illuminance transmitted at the South-West facade and (B) North-East facade; (C) Average

Surface Temperature on South-West facade and (D) North-East facade.

5.5. O#2.1 Capturing occupant environmental discomfort in time and at
different locations from the fagades and identifying facade-related causes
of discomfort

Volunteers interacted with the BIT Station for a limited number of
times, since only 6 desks were equipped with the toolkit. As a conse-
quence, only 6 out of 18 volunteers could interact with the BIT Station at
the same time. In addition, the desks were not available every day for the
experiment. In several occasions, volunteers could not participate either
because they were not in the office for a sufficient period of time (for
instance after an hour of work in the office, they left for work meetings)
or the desks were occupied by people who had only consented to the
environmental and blind usage monitoring but were not involved in the

10

discomfort data collection.

The number of days when volunteers were using the toolkit was
recorded by means of volunteer log-ins. In total, considering both facade
orientations, 278 responses were collected, with 148 responses collected
at south-west and 130 at north-east. The toolkit was able therefore to
collect in average one daily discomfort event, as shown in Fig. 10a. Very
rarely, the toolkit was able to monitor a larger number of discomfort
events per day, therefore further assessment on the comparison of actual
number of discomfort events and calculated discomfort metrics should
be performed to understand that this was due to the absence of
discomfort or user disengagement with the toolkit. When higher fre-
quency of discomfort events was captured by the toolkit, this was linked
to specific comfort domains (visual, air quality and personal control).
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Fig. 9. Hourly average environmental parameters on facade and occupant position at 1.5, 3.5 and 6 m from the facade.

A

60%
50%

5, 40%

53%

Frequency
(o8}
(=]
3

(3]
(=]
N
=

10% Bz
B 300 190 295 2% 1%
0%
12 3 4 5 6 7 10

Number of discomfort events per day

B

100%

: 93%

0

0

Frequency

20%

90% 86%)
78%
0% 70% ’
70% 19 ® Thermal = Visual ®Air
60%
m Acoustic ®Control
50%
40%
30% 22%
19%  19%
9%
10% 7% 1% 5% 3%
0(% l - —_— . =
1 2 3

Number of discomfort events per day

Fig. 10. a) Distribution of discomfort events per day; b) Distribution of discomfort events per day and domain.

Fig. 10b shows the distribution of discomfort events per comfort
domain. Acoustic discomfort was perceived primarily only once a day,
while other comfort domains were recorded with greater frequency, in
particular air quality discomfort, followed by thermal, visual and per-
sonal control dissatisfaction. Days with non-discomfort events are not
reported since they could be biased by a lower occupant engagement
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with the data collection system.

For 17% of the instances in which discomfort was expressed, it was
perceived simultaneously in more than one domain. Fig. 11 shows the
frequency distribution of multi-domain discomfort events. Among the
multi-domain discomfort combinations, thermal and visual are the most
frequent, followed by air quality and personal control, ahead of thermal
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Fig. 11. Distribution of multi-domain discomfort events over the monitoring time.

and air quality. Thermal comfort was also the most commonly associ-
ated with other discomfort events, followed by personal control, air
quality and visual. 63% percent of the overall multi-domain interactions
occurred at the 1.5 m distance from the facade. This agrees with pre-
vious research that highlighted the significant role of the facade as a
cause of multi-domain comfort [6]. Personal control dissatisfaction close
to the facade was always associated with other discomfort events, in
particularly with air quality discomfort and thermal discomfort. This
may indicate that controls at the facade are inadequate (e.g. absence of
openable vents, inadequate blind controls etc.).

Fig. 12 shows the frequency of discomfort events over the whole
monitoring period and per season. Thermal discomfort was the most
common form of discomfort for both orientations, followed by acoustic,
visual, air quality and personal control dissatisfaction.

Frequency of discomfort is distributed differently depending on the
distance from the facade, the season and the orientation (Fig. 12b).
When the volunteers were located at the south-west orientation and in
summer, they often expressed thermal and visual discomfort in prox-
imity with the facade. This can be explained by the short penetration
depth of the solar radiation in summer. Conversely in winter, volunteers
locationed further from the facade, such as those at 6 m distance
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m Thermal Visual ® Air Quality &
® Acoustic ® Personal control 12

@
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perceived more frequent thermal and visual discomfort as the sun
penetration depth is higher. Acoustic discomfort increased with the
distance from the facade and this can be explained by the fact that a
larger distance from the facade corresponds to a larger exposure to
background noise from the entire floorplate.

The frequency of discomfort distribution is strongly influenced by
the orientation. Occupants were more dissatisfied with the perceived
levels of personal control in south-west orientations than in north-east
orientations and this can be explained by the less prominent role of
the facade, since the solar radiation and illuminance were lower. As
expected, the south-west facade had a larger effect on the IEQ. This was
reflected by the larger frequency of discomfort expressed by occupant
located closer to this facade.

5.6. O#2.2: Capturing transient levels of occupant satisfaction with the
environment and their relation to the facade

209 responses were collected across 9 months of monitoring from 18
different volunteers. Each volunteer responded to the satisfaction at
least once per facade-location distance, both in winter and in summer.

After the summer period, the mean satisfaction levels and S.E.M.
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Fig. 12. a) Frequency of discomfort events over the whole period of monitoring, b) frequency of discomfort by season and distance from the facade.

12



A. Luna-Navarro et al.

from the survey were compared to the mean results from the polling
station, collected over the summer period. Results are shown in Fig. 13.
Except for the acoustic domain, the mean values reported only small
differences and therefore show consistency between each data-
collection method.

The responses were distributed equally across seasons and orienta-
tions, so the effects of season and orientation can be considered
balanced. Since the toolkit was used to collect repeated measures per
each volunteer and distance-location, linear mixed model was used to
analyse the data. From visual inspection of residual plots, no deviations
from homoscedasticity or normality were identified in accordance with
the linear mixed model assumptions. The R package “lmer” was used to
perform the analysis [122]. The independent variables were also tested
for multi-collinearity with the Variance Inflation Factors (VIF) and the
“R” package “Caret” [123]. All the independent variables did not show
collinearity since the VIF was less than 2 and therefore below the
threshold of 10.

In the model, the distance from the facade was included as fixed
effect on the levels of environmental satisfaction, perceived levels of
productivity, ease of concentration and appreciation of the office space.
In addition, the fixed and interaction effect of perceived levels of
happiness, rest, workload and fitness were also included. All these in-
dependent variables were included in the interaction term, while the ID
of the volunteers was included as random factor. The main effect of the
level of single-domain environmental satisfaction was also included to
assess their combined effect on the perceived ease of concentration, level
of productivity and appreciation of the work environment. Cross-modal
effects between different domains of environmental satisfaction were
also investigated, including the level of environmental satisfactions with
other domains as fixed and interaction term in the model. When not
significant, the interaction terms were excluded from the model. When
significant, the R package emmeans [124] was used to perform post-hoc
comparisons, applying the multiplicity adjustment Tukey’s HSD to
control for false discovery rate.

As shown in Fig. 14, when volunteers where sitting close to the
facade, their level of satisfaction was significantly higher for daylight
levels, thermal environment. However, closer to the facade they were
significantly less satisfied with glare and IAQ. Occupants appreciation
for their office space was significant higher closer to the facade.

On average volunteers close to the facade expressed levels of
perceived productivity similar to those further away from the facade,
but they did express a higher non-significant level of concentration. The
perceived level of productivity was found to be significantly dependent
on happiness (p < 0.001), workload (p < 0.001) and level of rest (p <
0.01). A significant interaction between happiness, workload and level
of fitness on perceived productivity was also found, but larger datasets
would be needed for further clarification of the interaction effect.
Acoustic satisfaction was significantly dependent on satisfaction with

B Survey DOPolling station

w

Visual Air Acoustic Control

Quality

Fig. 13. Mean level of agreement and S.E.M. from the initial survey and the
polling station responses during the summer period (N = 18).
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the workload (p < 0.001). Glare was significantly dependent on
perceived level of fitness (p < 0.05) and distance from the facade (p <
0.001). Thermal was significantly dependent on happiness (p < 0.05).

Satisfaction with daylight (p < 0.05), IAQ and personal control (p <
0.05) were found significant on the thermal satisfaction. Thermal
satisfaction was also significantly correlated with daylight satisfaction
(p < 0.1), as shown by previous research [125]. Personal control was
significantly correlated with visual satisfaction (p < 0.001), while
satisfaction with IAQ (p < 0.01) and personal control (p < 0.1) affected
satisfaction with glare.

5.7. O#2.3. Capturing occupant response in a non-disruptive manner

User engagement with BIT was monitored by a count of the number
of times per day occupants provided feedback on their environmental
satisfaction. The number of times occupants pressed the discomfort
buttons was excluded since it could be biased by the non-presence of
discomfort events, when occupants would not press any buttons
regardless of their active engagement. Fig. 15 shows the cumulative user
engagement over time (users were not all participating on the same day
and some of the days none was participating to the experiment). The
preliminary and interim meetings between the authors and the volun-
teers helped to boost user engagement. For instance, Fig. 15, shows that
the general meetings with volunteers were followed by a surge in the
number of interactions per day. The installation of RFID tags and QR
codes also helped to increase user engagement. A survey was distributed
at the end of the monitoring period to evaluate if the volunteers deemed
the toolkit to be disruptive. Results are shown in Fig. 16. Overall, the
toolkit was received positively because on average: 1) Volunteers agreed
that using the polling station did not distract them from their work
(Average level of agreement = 3.76) and found the mobile app more
distracting (Average level of agreement = 2.61); 2) Volunteers preferred
the analogue interface or the combination of both analogue and digital
interfaces and none preferred the mobile apps alone; 3) Volunteers
agreed that BIT sensors devices were not obtrusive (average level of
agreement = 3.53); 4) Volunteers liked giving feedback on their envi-
ronment but were less convinced that giving feedback was useful, which
indicates that providing more information or insights on their environ-
ment in response to their feedback would have helped to increase user
engagement, as shown in previous research [126].

5.8. O#3. Tracking high frequency occupant interaction with the fagade

The use of blinds was monitored by BIT Glare and the built-in ana-
lytics described in Section 3.3. Three states of blind position were
defined: 0% when facade was unobstructed, 50% when blinds were at
their half-way position and 100% when blinds were fully deployed and
the view of the glazing completely obstructed. Fig. 17 shows the average
occlusion index for the south-west and north-east facade during the
working hours (from 8am to 8pm) and days (weekends and holidays
excluded). Occupant interaction with the facade is captured at 15 min
intervals. As shown in Table 4, on average between the 9% and the 39%
of the whole facade surface was shaded by blinds at any given time,
depending on the season and the orientation. Overall, the 9-months of
monitoring, occupants interacted with the facade for less than the 15%
of the time, especially at the south-west facade in summer, when blinds
were left down for 39% of the time. This confirms previous work
showing that occupants forget to operate the facade during their
working day, missing opportunities to increase daylight levels. The
tracking of occupant interaction at 15 min intervals, revealed that the
occupant interaction with blinds varies according to the time of the day,
as shown in Table 5 for the South-West orientation.

6. Conclusion

This paper describes BIT, a novel IoT solution for capturing the effect
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Table 4
Frequency analysis of user interaction with facade.

Orientation Season Days Average surface of facade shaded Time OI < 50 Time OI > 50 Time blinds were operated Time blinds were left unchanged
SW Summer 84 39.5% 67% 33% 13% 87%
SW Winter 81 23.76% 81% 19% 6% 94%
NE Summer 84 30.22% 87% 23% 2% 98%
NE Winter 81 9.2% 100% 0% 0.1% 99.9%

Table 5 as weekly newsletter with insights from the IEQ monitoring and per-
able

Frequency with which occupants interact with blinds in relation to time of the
day.

Orientation ~ Time of Time blinds Time blinds Time blinds are
the day were lowered were raised left unchanged

Sw 8-12 4.7% 3.5% 91.8%

SwW 12-16 3% 5% 92%

SwW 16-20 5.4% 3.5% 91.1%

of facades on IEQ and occupants. BIT and the associated data collection
proved to be successful in capturing the transient and holistic effect of
facades on IEQ (O#1), and it provided new insights on the variation of
the effect of facades over time. The monitoring of discomfort events
through the use of “discomfort buttons” (0O#2.1) also proved to be
successful for recording discomfort events on a daily frequency. How-
ever, user engagement and participation could have been higher, which
would in turn have generated higher granularity of occupant response.
Previous studies showed higher level of user participation [108], but
over a shorter monitoring period. Furthermore, discomfort buttons offer
only a binary choice (discomfort or not) and therefore need to be
complemented with other interfaces such as questionnaires. The toolkit
was also successful in capturing the occupants’ transient levels of
satisfaction (O#2.2). The results from the BIT Station were consistent
with those obtained by the questionnaire for the summer. The toolkit
was on average perceived as not disruptive and volunteers felt engaged
with the data collection (0#2.3). Overall, volunteers preferred the
polling station over than the mobile app, however the combination of
both provided the best user engagement. Future work should test
additional strategies for occupant engagement with the interface, such

15

sonalised reminders. Finally, the methodology and frequency for
monitoring occupant interaction proved to be sufficient for gaining in-
sights on occupant interaction with the facade (0#2.4). A larger sample
size is required to make statistically significant conclusions on the effect
of facades on occupant environmental satisfaction and discomfort. In
this respect the deployment of BIT in more buildings could provide this
data in a systematic and repeatable manner. The proposed methodology
and case study provided in this paper is however deemed sufficient to
validate the use of BIT for capturing the holistic and transient effect of
facades and demonstrates that, despite the lower level of accuracy of the
sensors, IoT solutions are an effective means of capturing continuous
data for the operation of user-centred buildings.
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Appendix A. Calibration of the Globe temperature and measurement of the Adjusted Operative Temperature

The globe temperature of BIT has a diameter of 70 mm and a black matte rough surface. The MRT is calculated as indicated by the ISO 7726 [79],
taking into account the different diameter and the condition of forced mechanical ventilation. Since the toolkit has been designed for mechanical
ventilated spaces (facades without openable vents) and no air flow meter has been included, the air velocity to be considered for the calculation of the
MRT will have to be decided in a case-by-case scenario. For the calibration, an air velocity of maximum 0.25 m/s was considered as the calibration
room was a controlled space with a known air velocity pattern.Fig. A1 shows the comparison between the MRT and the Globe temperature of the off
shelve 150 mm Globe sensor and BIT Globe. The error was estimated to be +0.4 °C in the measurement of the MRT. Since the MRT takes into account
only the long-wave radiation contribution, the use of the MRT adjusted with the short-wave contribution was also included, as defined by Arens et al.
[33] and following previous studies [12].
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Fig. Al. Calibration and measure of the MRT with off-shelf sensor and BIT.

As described in equations (1)-(3), the effect of direct solar radiation Eg,,, on the occupant skin is computed as an equivalent increase of Effective
Radiant Field (ERF) (Eq 1) and, subsequently, of MRT (Eq 2) and this is then added to the long-wave MRT (Eq 3) (Appendix C, ASHRAE 55-2017):

e

ERF:_E.mIar (l)
Apy
AMRT = ERE 2
(ferr v)
MRT" = AMRT + MRT 3)

where f.f is the fraction of the body surface exposed to radiation, oy, is the skin long-wave absorptivity and oy, is the skin short-wave absorptivity. BIT
cannot compute the solar radiation on the occupant skin but uses the horizontal solar radiation measured by the polling station on the desk to estimate
the solar radiation on the occupant.

The Operative temperature T, is calculated as follows Eq 4 [127]:

h, MRT + h. T,

T,, =
” hy + h,

4
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In addition, the “Adjusted” Operative temperature T,, is calculated from Refs. [12,33] in Eq 5:

. hMRT + h.T,
T, = ——— * “<7¢ 5
' hy + he ®)

Appendix B. BIT-Glare post-processing algorithm and comparison with conventional methods

The procedure suggested by Pierson et al. [93] was followed to calibrate and measure the characteristics of the Raspberry Pi camera, such as actual
field of view and the camera response curve. The algorithm is shown in Fig. B1. Once the vignetting correction algorithm and the response curve of the
camera are known, the Low Dynamic Range Images (LDRI) are captured. This is done with the raspistill command and selecting a sensitivity of ISO
100. At this time, the vertical illuminance is also measured and stored. A customised Python script then checks the pixel values of the image and
deletes any under or over exposed images. The High Dynamic Range Image is then created using HDRGen [92] and applying the previously calculated
response curve. The picture is then cropped and resized according the actual field of view and, subsequently, corrected for vignetting as suggested by
Pierson et al. [93]. The header of the HDR file is then corrected to make sure contains information on view and exposure. Lastly, the image is calibrated
using the measured and calculated vertical illuminance (using the Radiance Evalglare -V command [128]). The correction factor is stored to allow
verification at a later stage and, in case the correction factor is too large, to discard the image. Once the image is calibrated, the DGP is calculated with
Radiance Evalglare and the image stored in falsecolour to show the luminance ranges.

LDRI capturing

x v : ¥
Vertical llluminance Response curve
measurement by LDRI selection [« evaluation /
sensor application
v
Deletion of

under or over
exposed images

—

HDRI creation

¥

Vignetting
correction

v
Evaluation of
actual viewing
angle

A T

Cropping and
resizing

¥

Reprojeclion
S

Check header

v
Calculate Vertical
llluminance with

Evalglare
COP;E?'(IS(I)H o Bl iei0) J Store picture on
4k Wi O »
ilumine ss EFM?P\ \"\/Ith ‘ Falsecolor o
and calibration =valgialo

Fig. B1. BIT Glare algorithm to capture and evaluate the Vertical Illuminance and the DGP.

Calibrating the HDRI with the Vertical Illuminance measurement is known to be a less accurate method. Therefore, a test in daylit and artificially lit
environments was performed to understand the accuracy of this system against conventional methods (DSLR system with luminance-spot calibration
and vertical illuminance calibration). Several targets were positioned in the scene in order to compare the different methods. In the daylight scene, BIT
Glare was only compared with the established method, which uses a DSLR Camera, the luminance-spot measurement for the calibration and the
vertical illuminance sensor to just double check the functioning. Both tests were performed in an environment with 0.3 > DGP >0.20. Fig. B2 shows
the results for an artificially lit environment and Fig. B3 shows the results for a daylit one. BIT Glare underestimates high luminance values in the scene
and seems less accurate in capturing a wide range of luminance. When calculating the DGP, the error was estimated to be 10% in artificially lit
environments and 4% in daylit environments. However, this could be due to the fact in both situation the glare was mainly induced by high levels of
vertical illuminances on the eye rather than for stronger contrast in the scene. Consequently, more assessments in differently lit environments will be
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needed to verify the capabilities of BIT Glare.
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