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Abstract

Facades are one of the main elements that affect indoor environmental quality (IEQ) in buildings and
building performance. Given the increasing development of sensor technology, the collection of
building monitoring data is useful to understand whether the building and in particular the facade
system performs as designed. The increasing use of Technical Building Management (TBM) as well as
Building Automatic and Control System (BACs) has been demonstrated to be a promising method to
decrease the energy consumption and increase the indoor comfort in new and existing buildings. This
project aims to develop a tool showing and processing the monitoring data in a BIM environment using
an IFC model. The application has been developed thinking about a BIM approach in the building
management. Nowadays IFC models are the most used exchange file format in a BIM process. An IFC
file can be loaded into a common data environment (CDE) reachable from stakeholders, sharing
information and management strategies. The developed tool is a stand-alone application written in C#
which is called MICA (Monitoring Internal Comfort Application). MICA can properly display the
monitoring data of building sensors, sharing information between different building actors using the
IFC format. It is a platform to visualize, manage and identify the IEQ aspects of building based on real
monitored data.
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2.1.

Introduction

One of the hardest challenges of our century is the improvement of building energy efficiency for
reducing energy consumption and energy-related emissions. In order to achieve optimal building
performance with good IEQ we need to focus on the building facade system and MEP, which in most
of the case may not meet design expectations. Monitoring building performance, both in energy and
IEQ aspects, is a first step to understand if and how we have to improve the building performance or
improve system controls. Thanks to ever-developing sensor technology it is possible to easily collect
data for making appropriate energetic and quality evaluations.

The BIM environment can be helpful to manage the building design and maintenance, sharing and
planning strategies between involved actors (designers, installers, maintainers, energy managers, etc).
BIM processes are strongly changing the management approach, taking it towards an increasingly
digital direction and simplifying collaboration between different stakeholders, especially for large or
complex buildings and where many actors are generally involved.

One of the main research projects in this topic was the development of a new prototype loT system for
capturing the holistic and transient influence of facades on IEQ and occupants (Alessandra Luna-
Navarro et al. 2021). The BIT (building impulse toolkit) is a very fully optional monitoring station which
can register a large amount of data in a certain time range. After a 9-month deployment in a real-world
office BIT was successfully able to capture the influence of the facade on IEQ in space and time, and to
monitor occupant environmental discomfort and satisfaction in a non-disruptive manner. Another
developed monitoring station for real-time measurement is SAMBA, which integrates low-cost suite of
sensors with a software platform designed to automatically analyze and visualize data for quick
interpretations (Thomas Parkinson et al. 2019).

MICA has been developed thinking about the potential of these innovative prototypes. This tool is
capable to show the IEQ data collected from sensors and sharing processed data in a BIM environment.
MICA (Monitoring Internal Comfort Application) is a beta version of a stand-alone application in which
it is possible to upload monitoring datasets and IFC models, display charts or 3D views, and export IFC
files.

The use of IFC file allows to be extremely flexible in the BIM market since is not bound to a specific
software. Indeed, the file can be readable to any IFC viewer software enabling use even for short
checking only.

MICA application

Develop

The application was developed in Visual Studio (Visual Studio documentation ), using C# program
language (C# documentation) and use the open-source toolkit XBim for handling IFC file (Xbim project).

After a first GUI design (Fig. 2) we created a fictitious indoor environment of an office building and a
dummy database of monitored quantities.

The artificial monitoring data was set up by assuming a trend for the single parameters during a typical
day (Fig. 1). A curve for each monitoring parameter was defined. Then a random value range was
defined to give a sort of a plausible shape to the data trend. Here below an example of 5 out of 9
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parameters implemented (air and globe temperature — AT-GT, relative humidity - RH, formaldehyde -
F, illuminance - IL).
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Fig. 1: Charts with the input trend curves for some parameters and the corresponding results after the randomize process.

These data have been used throughout the entire process to create the stable beta version of the tool,
testing different scenarios and solving bugs.

2.2. Graphic user interface

The Fig. 2 shows the layout of the GUI (Windows Forms documentation; Windows Presentation
Foundation documentation) . On the left side of the GUI there is the input panel (Fig. 3 - Zone 1), where
the user can select the monitoring data file, the IFC file to be loaded and set all the necessary settings
for the calculation. By using dedicated widgets, it is possible to select the time range, the monitoring
data quantities to be processed and other settings such as the quantity type for each parameter (which
is necessary to the application for the association with the proper output menus), PMV and PPD.

In the middle position there is the viewer window (Fig. 3 - Zone 2), in which the user can visualize either
the 3D model with the monitoring workstations or the different set of charts and set the display
options by the bottom panel scrolling menus. The zone 3 of Fig. 3 is dedicated to the project explorer,
where the user can show or hide the loaded elements, and in the zone 4 the property viewer shows
attributes and processed data of the selected monitoring point.
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Fig. 3: GUI schematization

Input

3 — Elements explorer

4 — Element properties

When selecting ‘Import MData’, a csv file with input data is required. The csv file needs to be formatted

as follows (Table 1):

Column 1: Monitoring point ID

Columns 2-3-4: Coordinates of the monitoring point according to the coordinate system of the BIM

model
Column 5: Timestamp of the monitored quantities
Columns 6-n: All the available monitored parameters ordered at will

Furthermore, both the first row needs to be dedicated to the description of the column data and the

second row to the related units.

Table 1: Extract of the csv file correctly formatted
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Air Globe Relative
G X y z Timestamp Temperature Temperature Humidity Formaldehyde Illuminance CO_2 co pm2.5 pm10
[ [mm]  [mm]  [mm] [UNIX] [ecl [ecl [%] [ng/m?] [lux] [ppm]  [mg/m®] [ug/m] [ug/m’]
1 2000 2000 11000 2021-02-01T08:00:00 19.45 20.26 30.48 146.29 353.4 463.07 16.6 1.16 214
2 15000 2000 11000  2021-02-01T08:00:00 19.56 20.42 30.65 147.74 342.51 449.04 4.01 1.2 4.65
3 28000 2000 11000 2021-02-01T08:00:00 19.61 20.47 30 146.12 354.68 436.15 4.32 1.17 1.03
4 28000 15000 11000 2021-02-01T08:00:00 19.5 20.12 30.83 148.66 344.99 434.09 13.31 1.24 1.24
5 28000 28000 11000 2021-02-01T08:00:00 19.43 20.31 28.18 147.52 358.87 525.31 6.92 1.63 4.5
Once the csv file has been uploaded, the application is able to show:
¢ the monitoring time range (red color, Fig. 4)
e the monitoring quantities in the table (blue color, Fig. 4)
e the monitoring stations (represented by little blue spheres) in the displayer
e the quantity context setting panel (green color, Fig. 4)
e ashort log of the import processing (yellow color, bottom string, Fig. 4)
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Fig. 4: MICA at the end of input csv loading

In the table of monitoring data quantities, the user is asked to associate each parameter with its “data
context” such as Thermal Comfort (TC), Visual Comfort (VC) and Indoor Air Quality (IAQ).

The association can be set up in the ‘Monitoring Data Quantity’ (Fig. 4, blue color) in the ‘Type’ column
(Fig. 5). This operation it is fundamental to enable the proper chart menu for each processed quantity
after the calculation process (i.e., box plot type for CO2), and to perform additional calculations
concerning the three contexts (i.e. PMV, PPD) which can be set in the setting panel (Fig. 4, green color).
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Fig. 5: Monitoring data quantity table

In the current beta version of the application only ‘Thermal comfort’ was developed. The computation
of PMV and PPD can be set up by using:

1. monitored quantities
2. manual assighment (this is necessary for metabolic rate and clothing level).

It is important to remark that the uncertainties of the measurements strongly affect the resulted PMV
value (Alfano et al. 2020). It is also worth mentioning that PMV and PPD have several limitations in the
facade zone due to the large variability of visual and thermal environmental parameters at the facade
level (Alessandra Luna-Navarro et al. 2021). Monitoring stations closer to the facade register data of
which results are on average more influenced by the facade in both the visual and thermal domain.

After having defined all the settings, the calculation can be performed. The application retrieves data
from the CSV file, and then calculate average, median, minimum, maximum and last values of the
selected quantities.

For the visualization of the BIM model of the building an IFC file is required (ISO 16739-1 2018) (either
version 2x3 or 4). By selecting ‘Import IFC’ and then choosing the corresponding file, the building model
itis shown in the displayer additionally to the monitoring points. This is particularly helpful for the user
to associate processed values to a precise position in the space.

2.4. Output

As calculation output the ‘3D view’ mode or the ‘Charts’ mode can be alternatively enabled by the tabs
at the top left position of the displayer (Fig. 7 - top left).

In the ‘3D view’ mode data are shown by coloured circles together with a numeric value. This latter
could be the average, median, maximum, minimum, or last value of the measurement (Fig. 7).
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Fig. 7: 3D output display
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Fig. 8: Output display settings

Quantity, Output type, Labels can be set in the “Display options” area (Fig. 8 - blue box). In the ‘Values
circles’ panel (Fig. 8 - red box), visual properties of the representative circles can be tuned by changing
the radius and setting up the range limits for the colour scale. The range scale can be set either by
selecting ‘Preset’ for using some implemented references, or manually, or automatically by taking the
lower and the upper limits according to the Quantity.

By selecting the monitoring points, the element properties table is filled in with the processed data
(Fig. 9). At the end of this list there is an editable cell with “Comment” where the user can sketch out

some helpful annotation.
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Fig. 9: Element properties table
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Regarding charts, currently four chart types are implemented: line chart, line chart with double Y axis,
column chart, and box plots (Fig. 11).

In the ‘Charts’ mode, monitored and processed data are plotted according to the different chart type
selected (see Fig. 10 blue box for chart type selection and Fig. 12 for the available chart type relating

to each selected quantity).
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Fig. 10: 'Charts' mode menus
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Fig. 11: Chart types

At the right side of ‘Chart type’ menu (Fig. 10 - green box) it is possible to enable the view of the
reference limits according to the context of the processed quantities (table in Table 2) (ISO 7730 2005;
EN 15251 2007; ANSI/ASHRAE 55 2017; IEA Annex 68 2017; WHO IAQ guidelines 2010; WHO 1AQ
guidelines 2006).
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Fig. 12: Chart type matching for each context of the processed quantities

2.5. Export

Once data have been processed, they can be exported in an IFC file (ISO 16739-1 2018). The file will
contain the monitoring points with their representative geometry (a little sphere) and the calculations

of minimum, maximum, average, median, last values of all the processed data in the selected time

range. Monitoring points are exported as IfcBuildingElementProxy element. Moreover, the time stamp

and comments are exported as a parameter. The IFC file can be open by any IFC viewers (Fig. 13) or

imported into any BIM software. Currently the IFC version used is the 2x3, the most used IFC version

for the exchange of BIM data.

Solbri Anywhs

DC Osm~ Ow~ B oW - QQRAQ K- WS
@30

@
O Object12 <v> v w@oesn

Identification  Location Quantities Relations  C Hyperlinks  Monitoring data

Relative Humidity_Maximum 38
Relative Humidity_Median 3%
Relative Humidity_Minimum 22 .

Fig. 13: Exported IFC file opened by an IFC reader
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Table 2: Implemented reference values for verifications

Context Regulation

Reference Values

EN 15251 —Table A.2

Operative temperature — Office cat.|
Operative temperature — Office cat.ll

Operative temperature — Office cat.lll

EN 15251 —Table B.6
TC

Relative Humidity — Cat.I
Relative Humidity — Cat.lI
Relative Humidity — Cat.lll

UNI EN ISO 7730 — Table A.1

PMV - Cat.A
PMV - Cat.B
PMV - Cat.C

ASHRAE Standard 55

PMV

EU Standard

Carbon dioxide - DE
Carbon dioxide - FR
Carbon dioxide - BE
Carbon dioxide - NO
Carbon dioxide - FI
Carbon dioxide - PT
Carbon dioxide - UK

IEA-EBC Annex 68

Carbon dioxide — Short duration

VvC
WHO IAQ guidelines 2010

Carbon monoxide — 15 min mean
Carbon monoxide — 1 h mean
Carbon monoxide — 8h mean
Carbon monoxide — 24h mean

Carbon monoxide — short duration

Formaldehyde — short duration
Formaldehyde — long duration

Formaldehyde — 30 min duration

WHO IAQ guidelines 2005

PM 2.5 - 24h mean
PM 2.5 - Annual mean
PM 2.5 - short duration
PM 2.5 - long duration

PM 10 - 24h mean
PM 2.5 - long duration

vC EN 15251 —-Table D.1

Maintained luminance — Office
Maintained luminance — Conference rooms
Maintained luminance — Children classroom

Maintained luminance — Adult Classroom
Maintained luminance — Lecture hall

Maintained luminance — Hospital (simple examination)

Maintained luminance — Hospital (examination and treatment)
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3. Conclusions

MICA can properly display the monitoring data of building sensors, sharing information between
different building actors using the IFC format. It is a solid platform to visualize, manage and identify
the IEQ aspects of building based on real monitored data.

This kind of tool can be used throughout the different stages of the project development in the BIM
workflow. For example, during the design stage, the BIM coordinator might simulate the possible
scenarios (by using historical or normative data) together with the facade engineer.

The different tasks will be managed and coordinated on a shared platform by using the open format
IFC, involving a simplification in the flow of information inside the work teams.

In a similar way to the BIM coordinator one, the Energy Manager might analyse the acquired data from
the monitoring stations and communicate with the BIM Manager and the Facility Manager during
operations and test stage to improve energetic performances and internal comfort.

There are some parameters that are expected to be directly influenced by the performance of glass,
such as the illuminance and the air and globe temperature. Based on the glazing type, MICA could be
also developed in a real-time processing version where, for example, a higher value of the illuminance
enables input code which gives instructions to actuators for increasing/decreasing venetian blinds
lamella’s inclinations or change particles orientation in electronic shadings.

As far as the key parameter’s calculation is concerned, PMV and PPD values must be taken carefully
into account. The closer the workstation is to the facade, the more these parameters are variable and
influenced in both the visual and thermal domain. Furthermore, as metabolic rate and clothing
insulation are parameters that are difficultly manageable in real-time, maybe future works could be
focused on determining alternative key parameters. These lasts could take advantage of the potential
of the new loT technologies, hence by gathering more information from the occupant in a non-
disruptive manner.

The next step is the application of the tool in the real context using real-time data instead of made-up
data. Moreover, several improvements can be done such as:

e Input—The input file could be extended to different file format, and/or directly connected to a
database. Additional calculation settings could be implemented.

e Output — More chart types could be implemented. 3D outputs could even be displayed in chromatic
maps which interpolate calculation values.

e Export — IFC could leave the possibility of saving the IFC file of the building with the analysed
monitoring stations. The export settings could be more flexible by allowing both the choice of
different ifcObject (something else than the more general IfcBuildingElementProxy) and different
saving options (save as, overwrite). IFC version could be extended to the version 4.

e Process — At this stage the application works only on-premises. An online version of the application
could be created, directly usable in the CDE.
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Abbreviation

BIM Building Information Modeling

CDE Common Data Environment

co Carbon Oxide

Cco2 Carbon Dioxide

CH20 Formaldehyde

IEQ Indoor Environmental Quality

IFC Industry Foundation Classes

RH Relative Humidity

MEP Mechanical, electrical and plumbing
MRT Mean Radiant Temperature
PM2.5/PM10 Particular Matter

PMV Predicted Mean Vote

PPD Predicted Percentage Dissatisfied
MICA Monitoring Internal Comfort Application
GUI Graphic User Interface

TC Thermal Comfort

VC Visual Comfort

IAQ Indoor Air Quality
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