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Energy Consumed
by Buildings

Buildings consume a
large portion of energy.

Global Energy-
Related
Emissions
Buildings contribute

over a quarter of
emissions.
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Commercial Building Energy Consumption
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Energy Wasted by
Buildings

Buildings waste a
significant amount of

energy.
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Components of Effective Building System Modelling

Seamless
Integration

Integrating control logic
smoothly into the model

Standardised
Access
Providing uniform

access to systems and
data

-

O

Dynamic Nature

Capturing the evolving

states of building

systems

Validity
Ensuring the model

accurately represents
real-world systems

Accuracy
Maintaining precision in

data and system
representation
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Grounded Theory

Feedback Loop Engineering Research

Literature Review
Review of Ontologies

Design
Implementation

Empirical Studies Evaluation
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e RQ1.1: What are the limitations of current built environment modelling approaches, particularly
ontology-based systems?
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Equipment

Camera

Elevator

FireSafety

Meter

BuildingMeter

ElectricalMeter

BuildingElectricalMeter

id: @388f-83efa-323de

point

dis: "Discharge Air Temperature"
sensor

air

temp

discharge
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e RQ1.2: How can an object-oriented modelling paradigm address these limitations and offer practical
advantages for representing and validating MEP systems?

RQ2: How can an object-oriented metamodel represent mechanical, electrical, and plumbing (MEP) systems
and their complex interactions?
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Most Common (Mode) Ratings of Building Model Features
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Entities Important for Building Energy Efficiency

Building Envelope
Sensors and their data
Solar PV

Meters

Heat pumps

Air handling units
Thermal Storage System
Boilers

Radiant Slabs
Compressor

Fans

VAV Boxes

Chillers

Operational Schedule of Equipment and Spaces
Engine

Operational Conditions or Equipment
Appliances

Heat Exchanges
Charging Stations
Baseboard Heaters
Circulation Pumps

HVAC efficiency

1 2 4 5 6
Number of Mentions

~

0 1 3

Important Concerns for Operational Modelling of Built Environment

@

Ease of use

Flexibility

Accuracy of the model
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Table 3.1: Summary statistics for questionnaire responses comparing Brick and MetamEnTh

6 % &&
Question Approach Mean Median Min Max Std Dev 6 %
General Detail of Model Brick 3.9 4.0 2 5 0.99 & 6 %
MetamEnTh 3.8 4.0 2 5 1.03
Modelling Difficulty Brick 2.5 2.0 1 5 1.08 v .0
MetamEnTh 3.6 4.0 2 5 0.84 '
Model Accuracy Brick 3.9 4.0 2 5 1.10 6
MetamEnTh 4.2 4.0 35 0.63
Detail in Modelling HVAC Entities  Brick 3.6 4.0 1 5 1.35
MetamEnTh 43 45 35 0.82

Table 3.2: Results of statistical tests comparing Brick and MetamEnTh responses

Question Test Used  p-value Significant (p < 0.05)?
General Modelling Detail Paired t-test ~ 0.859 No
Modelling Difficulty Wilcoxon 0.027 Yes
Modelling Accuracy Paired t-test  0.541 No
HVAC Modelling Detail ~ Wilcoxon 0.100 No
I % % % & % % ):A <



Reported vs. Observed Task Completion: Brick vs. MetamEnTh
MetamEnTh

Number of Participants
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Table 3.3: Layer composition of cover RT-B1 of the LB Building

LOUPE A LA

Name Length (mm) Height (mm) Thickness (mm) Material Layer Order Description
RT-B1 3,200 2,800 16  ordinary gypsum 1 Window Area
board
RT-B1 3,200 2,800 42 | metal half-timbering 2 Window Area
RT-B1 3,200 2,800 92 | semi-rigid insulation 4 Window Area
RT-B1 3,200 2,800 16 | ordinary gypsum 5 Window Area
board
RT-B1 3,200 2,800 38  semi-rigid insulation 6 Window Area
RT-B1 3,200 2,800 21 | air gap 7 Window Area
RT-B1 3,200 2,800 94 | varnished concrete 8 Window Area
block
RT-B1 2,000 2000 6 | glass 1 Window
RT-B1 2,000 2000 12 window gas 2 Window
RT-B1 2,000 2000 6 | glass 3 Window
RT-B1 2,000 2000 12 window gas 4 Window
RT-B1 2,000 2000 6  glass 5 Window
%  3)
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webster_library = BuildingCreator( ‘webster_library.json' , LBDynamicDataReader( LIBRARY_FLOOR)
webster_library.create_building()

webster_library.add_building_envelope(

BuildingEnvelopeProcessor( 'Ib-layer-catalog.xIsx' ), 'LB Envelope' )
envelope = webster_library.building.get_envelope_by _name('LB Envelope' )
first floor north covers = envelope.get covers({'floor number': 0,

'building_prientation': BuildingOrientation.NORTH.value})

glass_layers = first_floor_north_covers[ 0].get_layers({ 'material.material_type' : MaterialType.GLASS.value})

envelope_obj = EnvelopeAnalysis(first_floor_north_c overs)

cover u values = envelope obj.calculate envelope u values()

integrity_checks = envelope_obj.check_integrity()
total_area = envelope_obj.calculate_total_cover_are a()
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e RQ3.1: What capabilities do BMS APIs provide to interact with building systems and the data they
generate?
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Table 4.4: Common Building Applications, Building Entities and their Relationships, and API Re-

0
quirements K L
& ) )
Common Application Entity Relationship API Category A %
Occupancy Modelling ERI, ER2, ER3, ER4, ERS5, Equipment, Objects, Space, + #*
ER6, ERS, ER10 Time-series (occupancy)
Energy Apportionment ER1, ER2, ER4, ER7, ER9 Objects, Space, Equipment, # % . %
Time-series (metering data), +
Energy
Model Predictive Control ~ ER1, ER2, ERS5, ER6 Objects, Space, Time-series, 1) % % %
qulipmeﬂt & #l* & % %
Participatory Feedback ER1, ER2, ERS, ER6 Objects, Space, Time-series, % % 4
i t
Equipmen )& % % $'+
Fault Detection and Diag- ER1, ER2, ERS, ER6 Objects, Space, Time-series,
nosis Equipment oD $
Non-Intrusive Load Mon- ER7, ER9 Time-series (energy), Objects 0% 3
itoring
Demand Response ER1, ER2, ERS, ER6 Objects, Space, Time-series,
Equipment
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e RQ3.2: How can practitioners and researchers interact with building systems and their data in a
standardised way?
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webster_library = BuildingCreator( ‘webster.json’

webster_library.create_building()
webster_library.add_sensor_data()

data = webster library.building.get floor by number

, LBDynamicDataReader(  LIBRARY_FLOOR)

(LIBRARY FLOOR).get rooms({

'room type'

‘Library’

H

tempAnalysis = TemperatureAnalysis (data)

tempAnalysis.time_of day_variability()

> )

varennes_library = BuildingCreator( 'varennes.json'
varennes_library.create building()
varennes_library.add_sensor_data()

data = varennes_library.building.get floor by numbe

, VLDynamicDataReader())

r(_1).get rooms()

tempAnalysis = TemperatureAnalysis (data)

tempAnalysis.time_of day_variability()




Mean Temperature

Time-of-Day Temperature Variability
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Salle Travail 216 PIE_216_T_PIE
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0345-00 TEC1.345-00.LB:ROOM TEMP
0385-00 TEC1.385-00.LB:AUX TEMP AIS
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0385-00 TEC10.385-00.LB:ROOM TEMP
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0385-00 TEC5.385-00.LB:AUX TEMP AI5
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LIBRARY_FLOOR=3

temp_sensor = (library.building.get_floor_by num ber( LIBRARY_FLOOR.get_room_by name(  '345-00" )
.get_transducer_by name( 'TEC1.345-00.LB:ROOM TEMP' )

€02_con_sensor = Sensor( 'TEC1.345-00.LB:ROOM C02' , SensorMeasure.CARBON_DIOXIDE, MeasurementUnit.PAR TS_PER_MILLION,
SensorMeasureType.NON_DISPERSIVE_| NFRARED, 900)

library.building.get_floor_by number( LIBRARY FLOOR.get room_by name( '345-00' ).add_transducer(co2_con_sensor)

temp_set point = MeasureFactory.create measure (RecordingType.CONTINUOUS.value,

Measure (MeasurementUnit.DEGREE CELSIUS, 16, 24))
co2 con_variable = MeasureFactory.create measure (RecordingType.CONTINUOUS.value,
Measure (MeasurementUnit.PARTS PER MILLION, 400, 420))

boiler = Boiler( 'CTRL.BL' , BoilerCategory.NATURAL_GAS, PowerState.ON)
controller = Controller( 'CTR" )
actuator = Actuator( "Boiler. ACT" , boiler)

controller.add_transducer(temp_sensor)
controller.add_transducer(co2_sensor_con_sensor)
controller.add_transducer(actuator)

controller.add_set_point(temp_set_point, (temp_sens or.name, actuator.name))
controller.add_set_point(co2_con_variable, (co2_sen sSor_con_sensor.name, actuator.name ))
binary control = LBBinaryControl ([temp sensor, co2 con sensor], actuator, [temp set point, co2 con variable])

controller.control (binary control)
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def execute_control (self , process value : Dict ):
if process value [ “"temperature" ]>

self

.control_thresholds| self .SETPOINT_INDEX].maximum:

self.process_actuator.actuated component.add damper position (DamperPosition(
self. original set point - self.VALVE UPDATE VAL))

elif
self

process_value [ "temperature" ]<
.control_thresholds| self .SETPOINT_INDEX].minimum:

self.process_actuator.actuated component.add damper position (DamperPosition(
self._priginal_set_point + self.VALVE UPDATE VAL))
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Components of Effective Building System Modelling

Seamless
Integration

Integrating control logic
smoothly into the model

S5 il

=)

ynamic Nature

Standardised
Access

Providing uniform
access to systems and
data

Capturing the evolving
states of building
systems

Validity

Ensuring the model
accurately represents
real-world systems

RQ1 & RQ2

RQ1 & RQ2

Accuracy

Maintaining precision i
data and system
representation
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Bhattacharya, A., Ploennigs, J., & Culler, D. (2015, November). Short paper: Analyzing metadata schemas for buildings: The good, the bad, and the ugly. In
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Acquired data for sensor TEC1.345-00.LB  :ROOM TEMP: { ‘Value’: ‘24.0020008087158’ , ‘Quality’:
‘9439544818970133761’, ‘QualityGood’: True, ‘Timest amp’: '2025-04-16T22:29:00.35’}
Process value of 24.0020008087158 is greater than m aximum threshold of 24

Triggering process to turn off boiler.
Token expired or unauthorized. Re-authenticaing...

Acquired data for sensor TEC1.345-00.LB  :ROOM TEMP: { ‘Value’: ‘23.7720008087158’ , ‘Quality’:
‘9439544818970133761’, ‘QualityGood’: True, ‘Timest amp’: '2025-04-16T22:44:.03.75’}
Token expired or unauthorized. Re-authenticaing...
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Cover(UID:
Layer(UID:
Layer(UID:
Layer(UID:
Layer(UID:

-

5424d339-b85a-4d8b-8a38-6%eleadf4334,
JaBlc80a-56a2-478a-8dc2-6eeff482e78b,
8celéf28-defe-4a99-840b-béba870f169a,
a3eb5250-2805-444e-bd41-6761a3e915c¢6,
66931335-a062-48aa-bbla-af774d1lacd7d,

Cover Type: CoverType.ROOF, Building Orientation: Top, Floor Number: &, Layers:

webster_library = BuildingCreator( file_path: 'webster_library/data/webster.json', dynamic_data_reader: None)
webster_library.create_building()
webster_library.add_sensor_data()

vwebster_library.add_building_envelope(BuildingEnvelopeProcessor('../webster_library/data/1b-layer-catalog.xlsx'),
envelope_name: 'LB Envelope')

envelope = webster_library.building.get_envelope_by_name('LB Envelope')
first_floor_north_covers = envelope.get_covers({'floor_number': @,

'building_orientation': BuildingOrientation.SOUTH.value})
bishop_roof_covers = envelope.get_covers({'floor_number': 6,

'building_orientation': BuildingOrientation.TOP.value})
filtered_layers = first_floor_north_covers[@].get_layers({'material.material_type': MaterialType.GLASS.value})

Height: 36000 MeasurementUnit.MILLIMETERS, Length: 22775 MeasurementUnit.MILLIMETERS, Thickness: 20 MeasurementUnit.MILLIMETERS,
Height: 36000 MeasurementUnit.MILLIMETERS, Length: 22775 MeasurementUnit.MILLIMETERS, Thickness: 102 MeasurementUnit.MILLIMETERS,
Height: 36000 MeasurementUnit.MILLIMETERS, Length: 22775 MeasurementUnit.MILLIMETERS, Thickness: 180 MeasurementUnit.MILLIMETERS,
Height: 36000 MeasurementUnit.MILLIMETERS, Length: 22775 MeasurementUnit.MILLIMETERS, Thickness: 280 MeasurementUnit.MILLIMETERS,

Material: Material(UID: 1303f172-dS80-4436-a151-77cda9f15dc3, Description: crushed stone ballast, Type: CrushedStoneBallast, Density: 0 kg/m3, Heat Capacity: © J/K, Thermal Trar
Material: Material(UID: al42b4e8-fefc-44d9-9d1b-09e629512ab6, Description: rigid insulation, Type: RigidInsulation, Density: 0 kg/m3, Heat Capacity: © J/K, Thermal Transmittance
Material: Material(UID: e0945928-83ba-4f86-8c20-27485ebd77f1, Description: rubber membrane, Type: RubberMembrane, Density: © kg/m3, Heat Capacity: © J/K, Thermal Transmittance:
terial: Material(UID: 7a3f23e7-bd6a-4018-b758-2f795cbe708e, Description: concrete, Type: Concrete, Density: © kg/m3, Heat Capacity: © J/K, Thermal Transmittance: @ W/(m2.K), Ther
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2 ; 0 3 4 ) , D
def valve update observer (self , action , valve_position ):
uri = fentities/ {self .process_actuator.actuated_component.name } lattrs'
json_data ={
"setPointTemperature” A
"type" : "Property"
"value" : valve_position .value
b
"@context" [

"https://smartdatamodels.org/context.jsonld"

}

self ._iot_api.make_authenticated_request( uri , 'PATCH', json_data )
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Demographic Analysis of Respondents

Years of Experience Experience Ratings

Categories
Between 3 and 5 years — 40%

— Categories
mmm More than 10 years — 30%
-_—
-

mmm Advanced — 50%
e Expert — 30%

Between 5 and 10 years — 20% == Intermediate — 20%

Between 1 and 3 years — 10%

Age Group Gender

Categories
mmm Between 25 and 34 — 60%
mmm Between 35 and 44 — 30%
mmm Between 45 and 54 — 10%

Categories
== Male — 80%
mms Female — 20%
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2 My Workspace
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e STV 2 “$base": “Struct”,
Taste = 3 “values”: {
POST Create JSON Multi 4 "$base": "List",
L e LR )
POST XML Obiject Present Value 6 ~Shase™: "Real”,
PosT Write JSON Object Present V... 7 “via®: "/.bacnet/MainSite/5600/analog-value,1/present-value®,
8 “value®: "12*
€T XML Multi Value with Info 9 1
GET XML Multi Values fe L]
11 “Sbase”: “"Real®,
GET JSON Multi Value with Info 12 “via*: "/.bacnet/MainSite/5600/analog-value,2/present-value®,
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14 33
> [ Delta Idot Bacnet 15 “$base": “Real”,
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> Postman Echo 18 1
19 ¥
20 }
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E] (D online Q Find and replace [ Console

{}JSON v [ Preview {9 Visualize ~
1
2 “"$base"; "List",
3 ot LB 2
4 “$base": "Real”,
5 “value®: "12",
6 “via": "/.bacnet/MainSite/5600/analog-value,1/present-value”
7
8 {
9 “$base": “Real”,
10 “value®: "12",
1 “via": "/.bacnet/MainSite/5608/analog-value,2/present-value®
12 18
13 - L
14 “$base": "Real”,
15 “value": "12",
16 “via": “/.bacnet/MainSite/5608/analog-value,3/present-value®
17 1
18 }
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