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Outline

1. Data integration in smart buildings: challenges and opportunities
2. Ontologies in data integration
3. Reference architecture for data-driven smart buildings
4. Applications and results
5. Challenges and limitations
6. Ongoing developments
7. And then what? 
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Smart Building DNA

Smart Buildings Run on Smart Data!

Å Rich, clean, connected data
Å Diverse data sources
Å Consistent quality & structure
Å Accessibility
Å Integration
Å Scalability & Security
Å Privacy & Ethics

B4B WP4 ςData Integration for smart communication4



System Development 



Data integration challenges

Fragmentation: Datalockedin separateHVAC,lighting,metering,andBMS

Variedformats& protocols: Incompatibledatamodels

Limitedaccessibility: Dataunavailableor costlyto extract

Poordata quality: Missingtimestamps,calibrationerrors,irregularsampling

Lackof standardization: Nounified frameworkfor linkingBIMandsensordata

Scalability& interoperability: Customsolutions,difficult to extendacrossmultiple
buildingsor portfolios

Inconsistentsemantics: No commonnaming,tagging,or metadataacrosssystems,
not machine-readable

B4B WP4 ςData Integration for smart communication6



The cost

Å Difficult to expose data
Å Limited reusability
Å Limited software automation
Å Limited modern data-driven software application integration
Å Increased manual labour
Å Difficult to integrate third part applications
Å Building owners losing ownership of data

B4B WP4 ςData Integration for smart communication7



Ontologies: the semantic backbone for smart buildings

Å Formal representation of  a shared 
conceptualisation

Å Classes, properties, relationships
Å Graph-based representation

B4B WP4 ςData Integration for smart communication8

https://brickschema.org/

In the context of smart buildings:

Å Metadata- physical, logical andvirtual 
assetsin buildings andthe 
relationships betweenthem

Å Standard vocabularies (e.g. Brick,BOT, 
Haystack, REC, etc.)

Å Consistent meaning across systems 
(not naming!)



Ontology-based data integration 
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Reference architecture 
for smart buildings

L. Chamari, E. Petrova and P. Pauwels, "An End-to-End Implementation of a Service-

Oriented Architecture for Data-Driven Smart Buildings," in IEEE Access, vol. 11, pp. 

117261-117281, 2023, doi: 10.1109/ACCESS.2023.3325767.
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B4B WP4 ςData Integration for smart communication11

Sensor Name
Sensor Description 
(Dutch)

Sensor Description 
(English)

11NR010TE-028TRL Ruimtetemperatuur10_221 Room temperature 10_221

11NR010LT-028PIRTM Aanwezigheid10_221 Presence 10_221

11NR010CV-028RKWRSRegelsignaalkoeling10_221 Control signal cooling 10_221

11NR010TE-028MAXBP Koelingsetpoint10_221 Cooling setpoint 10_221

11IB010PIR028INBAL
52018 atlas licht ruimte 
10_221

52018 atlas light space 
10_221

BMS sensors coding system BIM Model

Applications & Results
TU/e Atlas Building Digital Twin

Timestamp 11NR00STE-001TRL 11NR00STE-002TRL

30-04-2021 00:02:00 21.6 21.1

30-04-2021 01:02:00 22.3 21.1

30-04-2021 02:02:00 21.9 21.2

IFC

Sensor data



TU/e Atlas Building Digital Twin

12

inst:space_892 a bot:Space ;
bot:hasGuid "1456e859 -ƛʏʉʉØÓÄƙÓÔÒÉÎÇƚ

inst:co2_8_140 a brick:Temperature_Sensor ;
brick:hasLocation inst:space_892;
ref:hasExternalReference [

a ref:TimeseriesReference
ÒÅÆƙÈÁÓ4ÉÍÅÓÅÒÉÅÓ)Ä Ƨʦʦ.2ʣʣʭ14-ʨʣ4#/ʧƨ Ƙ
ref:storedAt inst:tsdb ; 
] ; .

SELECT * WHERE { 

?space props:hasGuid Ƨ1456e859- 2e9e- 4e70-
9341- f073adb2db8eƨ .

?sensors brick:hasLocation ?space .

?sensors rdf:type brick:Sensor .
?sensors ref: hasExternalReference ?ext .

?ext ref:hasTimeseriesId ? tsid .

}

B4B WP4 ςData Integration for smart communication



Applications & Results
TU Delft BMS Coding system to Brick

B4B WP4 ςData Integration for smart communication13

Identifiers in JC BMS Manual (pdf)

How can we create 
semantic models 
from this data?
Query timeseries data 
with context (e.g., Status 
of Valves of AHU 201?)



Extracting class names and definitions from 
the Brick ontology

Three parts of the coding system mapped to the Brick ontology

Relevant Brick Classes and Relationships

Text search engine + Human Input

B4B WP4 ςData Integration for smart communication14

Structure of the basic semantic model

TU Delft BMS Coding system to Brick



Applications & Results

MPC-based Smart Charging 
Controller for DSM ςKropman
Breda
Å Use of proposed reference 

architecture

Å Semantic models of the 
relevant devices and sensors 
(Brick ontology)

Å Development of new 
ontology for MPC controller

B4B WP4 ςData Integration for smart communication15



MPC system integration 
with the existing building 
systems based on the 
reference architecture

B4B WP4 ςData Integration for smart communication16



Semantic model validation with SHACL 
(Shapes Constraint Language)

Å Data Graph : Semantic model of the 
building.

Å Shape Graph: Defines what we expect 
to have. What data must be present 
and how it should be structured for 
the purpose. e.g. All data points must 
have an external reference to a 
timeseries identifier.

Å Allows automating the configuration.

B4B WP4 ςData Integration for smart communication17



B4B WP4 ςData Integration for smart communication

Validation process:

1. Define metadata requirements of each 
algorithm using a a shape graph.

2. Use the data graph of the intended 
building.

3. Run validation. This highlights missing or 
inconsistent data.

4. Generate configurations (mappings, 
setpoints, constraints)

18
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MPC System semantics configuration



Challenges and limitations

Å Metadata conversion (P&ID 
in PDF, tabular, IFC, etc.)

Å Ontology alignment 
complexity (Brick, REC, BOT)

Å Lack of tooling support and 
libraries

Å Version control of semantic 
models

Å Language differences (Dutch 
to English)

How do we get there Ą

B4B WP4 ςData Integration for smart communication20

Images source: Liu et al., 2023



Ongoing recent developments

Å Query relaxation techniques (Bennani et al, 2021)
Å Automation of semantic model creation

LLMS (Mulayim et al, 2024), ML for creating semantic models
MCP (Brick, Microsoft)

Å Industry acceptance and enforcement
ASHRAE 223P (Brick to ASHRAE 1:1 for now)
Adding semantic model as a requirement in tender documents

B4B WP4 ςData Integration for smart communication21



And then what?

Å AI-driven semantic model generation
Å NLP for human language to SPARQL
Å LLMs and control integration
Å More reusable data-driven applications
Å Openness about data schema to the building owners
Å Ability to test new algorithms from the research community (based on 

metadata schemas)

B4B WP4 ςData Integration for smart communication22



AI-driven semantic model generation

Å We can use LLMs to generate semantic models for smart buildings

Å RAG Memory: Store labelled representative examples of, e.g., building 
and BMS metadata + ontology labels (e.g., from Brick, BOT, or REC) 

Å When new datapoint metadata arrives, the LLM retrieves the top N-
most semantically similar examples

Å LLM uses these as context to predict ontology mappings (tagging) or 
triples, e.g., Sensor1, isA , TemperatureSensor

.ǳǘΧΗΗΗ
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AI-driven semantic model generation

Å ²Ŝ ǎƘƻǳƭŘ Řƻ ƭŜǎǎ άƻƴŜ 
big LLM that does 
ŜǾŜǊȅǘƘƛƴƎέ ŀƴŘ ƳƻǊŜ 
άƳƻŘǳƭŀǊ ǇƛǇŜƭƛƴŜ ǿƛǘƘ 
ƘǳƳŀƴǎ ƛƴ ǘƘŜ ƭƻƻǇέ 

Å LLM/NLP not as a black 
box that creates the 
ontology or graph but 
an assistive semantic 
άŜƴƎƛƴŜŜǊέ

B4B WP4 ςData Integration for smart communication24

Raw Sources

P&IDs
BMS Points
CSV
Vendor tags
Multilingual 
docs (e.g., 
EN & NL)

Normalization 
& Extraction

- NLP, 
translation 
and rules
- Extract 
variables 
and 
relations
- Out: 
candidate 
facts

LLM + RAG 
Candidate 
Mapper

- Propose 
ontology
classes+ 
confidences
- Retrieve 
building-
specific 
examples + 
ontology 
snippets

Review & 
Approval

- Store 
high-
confidence
items in a 
governed
repository

Versioned 
Semantic 

Graph
- Generate/
updateRDF

- Exposeto 
DSM, FDD, 
analytics

Human validation

Reuse approved mappings as future retrieval context



LLM-based semantic tagging ςsimple example

B4B WP4 ςData Integration for smart communication25

ÅPrompt: "Given the point name 'AHU1_SAT' (tokens: ['Air 

Handling Unit','1','Supply Air Temperature']), 

identify the Brick class.ò

ÅResponse: " brick:Supply_Air_Temperature_Sensor ò

ÅPrompt: "Point 'Room101_Temp' (tokens: 

['Room','101','Temperatureô])- Brick class?ò

ÅResponse: "brick:Zone_Air_Temperature_Sensor" (or brick:Ai

r_Temperature_Sensor , depending on ontology version).



LLMs and control integration

B4B WP4 ςData Integration for smart communication26

MPC or MCP? Why not both!

Model Context Protocol: an 
open standard that 
standardizes how large 
language models (LLMs) 
connect to and interact with 
external tools and data sources.

STT/
ASR

GPT-4 / 
Codex

MCP
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Thank you!

B4B WP4 ςData Integration for smart communication

Lasitha Chamari

l.c.rathnayaka.mudiyanselage@tue.nl

Dr. Ekaterina Petrova

e.petrova@tue.nl

Dr. Pieter Pauwels

p.pauwels@tue.nl
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Praktijkervaring òVerbinden & Vertalen 

van GBS (meta)data op Campus TU Delftó

Stefan Hoekstra | Projectmanager Energietransitie | TU Delft The Green Village

https://pixabay.com/users/spirit111-5026413/)
https://pixabay.com/photos/glass-facade-facade-office-building-2271730/
https://pixabay.com/users/yundohun-12047465/
https://pixabay.com/photos/office-corridor-building-company-5452062/
https://pixabay.com/users/pinkzebra-1836151/
https://pixabay.com/photos/bonsai-tree-japanese-traditional-1134685/




WaaromSmart Buildings & AI Technologie?



Kansen & bedreigingenSmart AI Buildings 



Wat zouje willen dat AI voor jou regelt in het 
gebouw?



Waarben je bang voor wanneerAI onderdeel
wordt van je gebouwbeheersysteem?



B4B-pilots op Campus TU Delft

The Green Village - MPC
Gebouw28 W&I - FDD

Gebouw33 Pulse - MPC



Gebouw28: Geautomatiseerdefoutdetectie en
diagnosis(FDD) m.b.v. Machine Learning

- Neuraal brein (bayesian networks) worden 
gebruikt om diagnoses te stellen waarbij 
domeinkennis wordt gebruikt bij de definitie 
van de relaties

- Belangrijke inputs van het 4S3F proces:

- Gedetecteerde afwijkingen/fouten

- Energiebalans

- Operationele status



HVAC fault detected

prediction

real

Gebouw33: Data gedreven automatische 
aansturing met model predictive control (MPC)

Physical model driven

Real data

Machine learning, data driven



Aan de slag! Maaré waar te beginnen? 



1. Teamwork Samenwerking Operatie & Innovatie



2. Roadmap Smart Buildings

Determine 
plan to fill the 

data gap

Data 
profiling, 

understand 
data  sources

Perform data 
quality 

assessment

Define data 
gap

Evaluate 
effectiveness 

of 
BMS/EMS/L
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Improve 
operation of 

existing 
systems

Evaluate Improve Integrate
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LMS/EMS to 
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Data strategy 
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on
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achie
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Build 
application 

logicN
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s

Y
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Start

En
d

Improve 
operation of 
integration

Set AM goals 
& objectives

Define asset 
data needs 

and 
requirements

Assess 
ŀǎǎŜǘΩǎ 

current state

Goals 
achievable?

Ye
s

N
o

Design 
integration 

architecture; 
understand 

sources

Select 
integration 
tools and 
platforms

Pre-
processing: 
Develop, 
test and 
deploy 
solution

Perform data 
quality 

assessment

Define data 
gap

Define 
data & 
system 

requirements

Goals 
achie
ved?

Goals 
achie
ved?

Goals

Existing 
systems

New systems

Legend

Roadmap voor gebouwbeheerders
B4B Webinar 19 

https://brains4buildings.org/2024/10/17/19-optimizing-asset-
management-a-roadmap-for-leveraging-smart-buildings/
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3. InventarisatieGebouwinformatie

1. Meta-data: PlattegrondenΣ w¢hΩǎΣ Technischetekeningen
2. Historischetimeseries-data: GBS- enenergie data

Trinity College Library in Dublin



4. Integrate new system (I)

1. Real-time data ontsluiten
2. GBS meten& sturen

a) ProjectplanǊƛǎƛŎƻΩǎbeperken
b) API toegang
c) Update software

ÅΧ wachten
ÅΧ financieelakkoord
ÅΧ wachten
ÅΧ implementatieingepland
ÅΧ uitstel

Referentie-architectuur

3.  Vertalennaar standaard

#generate-my-metadata-
schema



4. Integrate new system ςdata standaard

Example of naming convention in Johnson Controls

TU Delft sensornamingconvention
(##) ###.XX-##XX-

Å (##) ςBuilding number
Å ### ςSystem number
Å XX ςControl engineering code
Å XX-ςReporting, measuring and control code

Name Description

(28) 201.TA-01A-- Vorstgevaar

(28) 302.VA-01A-- Afzuigventilator storing

(28) 201.VT-01A-- Toevoerventilator storing

(28) 201.CP-01A-- Circulatiepomp verwarmer storing

(28) 201.WW-01A-- Warmtewiel storing

(28) 201.VA-01A-- Afvoerventilator storing

(28) 201.CV-02V-- Regelafsluiter koeler

(28) 201.CV-01V-- Regelafsluiter verwarmer

(28) 201.VT-01B-- Toevoerventilator bedrijf

(28) 302.FT-01M-- Flowmeting LBK2

(28) 302.PT-01M-- Afzuigdrukopnemer

(28) 201.TT-02M-- Retourtemperatuur

(28) 201.PT-01M-- Inblaasdrukopnemer

(28) 201.TT-01M-- Inblaastemperatuur

(28) 201.PT-01M-- Afzuigdrukopnemer

(28) 201.MT-01M-- Inblaasvocht

(28) 302.VA-01B-- Afzuigventilator bedrijf

(28) 201.CD-02SW- Afblaasluchtklep west vrijg.

(28) 201.CD-02SO- Afblaasluchtklep oost vrijg.

(28) 302.VA-01S-- Afzuigventilato vrijgave

(28) 201.VT-01S-- Toevoerventilator vrijgave

(28) 201.CP-01S-- Circulatiepomp verwarmer vrijg.

(28) 201.WW-01S-- Warmtewiel vrijgave

(28) 201.VA-01S-- Afvoerventilator vrijgave

(28) 201.CP-01B-- Circulatiepomp verwarmer bedrijf

(28) 201.WW-01B-- Warmtewiel bedrijf

(28) 201.VA-01B-- Afvoerventilator bedrijf

(28) 201.WW-01V-- Warmtewiel sturing

(28) 302.VA-01V-- Afzuigventilator sturing

(28) 201.VT-01V-- Toevoervent. sturing

(28) 201.VA-01V-- Afvoervent. sturing

(28) 201.SC-03M-- Signaal toerenreg. VA

(28) 201.SC-02M-- Signaal toerenreg. VA

(28) 201.SC-01M-- Signaal toerenreg. VT

(28) 201.TT-03M-- Aanzuigtemperatuur

(28) 201.TT-07M-- Retourtemp. verwarmer

(28) 201.TT-05M-- Inblaastemp. na ww

(28) 201.TT-04M-- Afblaastemp. na ww

(28) 201.PDT03M-- Drukverschil 1e filter

(28) 201.PDT04M-- Drukverschil 2e filter

(28) 302.CD-01V-- Luchtklep sturing

Building number: 
Building 28

System number: 
201 = AHU

Control engineering code: 
CV = Control valve

Process number

Reporting, measuring 
and control code:

M--: measurement



5. Proof of Concept

https://brains4buildings.org/learning-community/

Open knowledge platform: https://brains4buildings.org/2025/02/20/21-open-

knowledge-platform-practical-insights-into-data-in-the-built-environment/

https://brains4buildings.org/learning-community/
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5. Proof of Concept - Dataplatform


