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Buildings & Transport sectors represent
60-65% of Energy Use and CO2 emissions from cities, globally

Non-residenhal
8% Emissions

Residential (direct)
Transport 6%

390
23% Residential (indirect)

11%

Residential

294 Non-residential (direct)

3%

Non-residential (indirect)
8%

Construction industry
6%

Construction industiry, 11%

Note: Construction industry is an estimate of the portion of the overall industry sector that applies to the manufacture of materials for
buildings construction, such as steel, cement and glass.

Cities are a key contributor to climate change, as urban
activities are major sources of greenhouse gas
emissions. Estimates suggest that urban areas are
responsible for 70 percent of global CO2 emissions, with
transport and buildings being among the largest
contributors (IPCC, 2022).

Data Sources: UN Environment Global Status Report 2017; EIA International Energy Outlook 2017



For Canada, Buildings & Transport are two largest GHG
emitting sectors, after Gas & Oil

Greenhouse gas emissions per economic sector 2022
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Data Source: Environment and Climate Change Canada (2024)



Retrofitting versus Re-building

 According to recent references, the stock of existing 200 Pareto comparison
buildings will account for 75% of GHG emissions in 2050
whilst new buildings will account for 25% (2021 World 625
Green Building Council Net Zero Carbon Buildings T
Commitment) I 550
* In the scientific community, there is a rising consensus S %
agreeing that retrofitting is a better option than 473 °

rebuilding because of the reduced CO2 embodied R
400

emissions of the latter option (2013 Ding), (2008 Power), {050 1425 1200 1275 1350
(2022 Schwartz et al.). LCCF [kgCO, /m?]
® Refurbishment © Replacement

Ding, G., 2013. Demolish or refurbish — environmental benefits of housing conservation
Power, A., 2008. Does demolition or refurbishment of old and inefficient homes help to increase our environmental, social and economic viability?
Schwartz, Y., Raslan, R., Mumovic, D., 2022. Refurbish or replace? The Life Cycle Carbon Footprint and Life Cycle Cost of Refurbished and New Residential Archetype Buildings in London.



Barriers to building stock decarbonization

* Missing strategy and roadmap

* Too much project based N
incremental change
* Knowledge gap @ corec
* Expertise gap :
e Lack of political commitment  :
* Inadequate policy w0 | :

e Speed to scale up
* Long return on investment

Mumber of heat pumps per 100 households

Poirier, M. and Cameron, C. (2023). The Case for Building
Electrification in Canada. The Transition Accelerator.

Volans, Re:Pattern and APPG on Fair Banking. (2021). Bankers for Net Zero briefing: The Retrofit Revolution. https://volans.com/our-work/.
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DIGITAL TWINS FOR REALISTIC DECARBONISATION SCENARIOS
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* Enabling Decision-Makers with Science

 Different Stakeholders — Different Tools

* Visualization & Realtime Interaction
» Engaging (Serious Gaming)

* Educational

Demystifying Complexity



STRUCTURAL OVERVIEW
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CITYHUB
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CITYlayers Data Visualisation
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CITYlayers Services
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CITYlayers Single Building Retrofit Assessment

J

Chargement...

Building Retrofit - Cost - Benefit Analysis

Veuillez patienter, cela peut prendre quelques minutes. Annual Peak Load Annual CO2 Emissions

RO R1 R2

nnual Peak Loa , Emissions [kgCO,€]
Ar | Peak Load [k M CO; Emissi kgCO,

Year Built 1970 Address N/A
Primary Usage residential

Number of Floors 19

Building Height 68

Total Area 33165 m?

Building ID 01043007

e o
@ @
S ©
3 3

Annual Peak Load [kW]
Annual CO, Emissions [kgCOse]

A comparison of the cost-benefits for 3 different levels of retrofitting
(see below for detailed assumption used to support this report)

Base Scenario: Without retrofit
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1st Scenario: Improved walls, windows, roof, and basement to current legislation. Energy Consumption Life Cycle Cost
CO, Emission OPEX Costs $200
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Life Cycle Cost (over 40 years) [$/m?]

Realtime Simulated Results
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3 Retrofit Scenario Comparison

(B Specific Values
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Life Cycle Cost (over 40 years) [$/m?]
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CITYlayers Multi-Building Retrofit Strategies

ANALYSE DE RENOVATION
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CITYlayers Multi-Bui fit Strate
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CITYlayers Multi-Building Retrofit Strategies

ANALYSE DE RENOVATION - P P
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Vous pouvez appliquer trois scénarios de rénovation aux batiments, chacun 5
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MANCE
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: Combiner les scénarios R1 et R2
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CITYlayers Multi-Building Retrofit Strategies

ANALYSE BERENOVATION RENOVATION MULTI-BATIMENT - APERGU
MULTI-BATIMENT
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17
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. .
CO2 emissions Final Energy Life Cycle

(tonnes/year) Consumption  Costs (k$ during
(MWh/year) 40 years)

| Emissions-Based Strategy 55 37118 232913
' Blended Strategy B 81 60442 215810
Cost-Based Strategy 53795 193908 i %
Age-Based Strategy 65823 213908 S
Blended Strategy A 70234 204000 o
Base Case 80385 225816

s

Compare Strategies — Make Informed Decisions




The science behind Tools4Cities

......................................

DATA SOURCES
| k
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== = : .{
=

CATALOGS

Source: CERC, Sanam Debirian, 2023




Geometry factory

CltyGML Bullding Dataset Is Mot or Partlally Avallable

QGIS or Python Automated Process
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Attributes (=g,
Building
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results (=g
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Plugin for
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Schemo/Geometry Correction Tools
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Dataset Validation mparter Server
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Archetypes Occupancy T v -
Database Databas= Srramn
Model

Cezium CityGML
. Wiewer for Visualizing
H LOD2Z Geometry
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Web Feoture Serwice
(WFS) Query IDF Export
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Select by pelygon Comversion
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i
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1 1 Other Publicly
HRCAN Awvailable Useful
LiDAR Paint Open Street Building Building Attributes
Clouds Map Footprint [=.g. building function
Shapefile year of construction)
{Montreal Specific Bullding Dataset

Free Tool Commercial Tool Needs Development Already Developed From Citylayers Scenarios

Notes

+ Minimum Reguirement for building energy
simulation using CityGML Building Geometries :

a. LoD and LoD 2 Building Solid Geometries -
lod1/2solid properties

b. In addition to point 8. LODZ geometries
should have bounding multi-surfaces -
lod2multisurface properties for wall,
ground and roof etc.

c. Building function codelist and year of
CONStruction.

d. GML 1D=/EldglDs should always start with a
letter.

« This approach will guarantee clean and valid
CityGML dataset in the first place which
subsequently produce clean, valid and consistent
CityGML, IDF, Geo)SON and 3D Shapefile datasets

for further use



Why does quality of Geospatial Data Matter?

Automatically Extracted
Buildings
by NRCan (2021)

e Canada Wide
Availability

* LOD1

* Height Included
 Elevation Included




Why does quality of Geospatial Data Matter?

Height Correction
(Before)

* Single height for each
building

)



Why does quality of Geospatial Data Matter?

Height Correction
(After)

e Corrected Height for each
building via LiDAR




Data for enriching city geometry with attributes

Montreal 3D Viewer &

Select Neighborhood
Ville-Marie

)
3
Q
£
Construction Factory
[%2]
v
‘=
el _
51 Cladding >
L‘E Water control layer
5 Air control layer
t Thermal control
o
Q Vapor control layer
g Support ‘
Finish [

Source: CERC, Sanam Debirian, 2023

Usage Factory

Montreal 3D Viewer

Building 1D
Original Building 1D
Parcel ID
Level of Detail

uuid_7b1f1312-dcf9-4e57-b3cc-
e37ba6c8580c

1066157
01037058
LoD2

Maximum Building Height 85 m
Building Function Code 6821

Building Function
Description (FR)

Building Function
Description (EN)

Building Category
Year of Construction
Neighborhood

Factory handler

Université

University

Regulier
1966
Ville-Marie

Customized Import Factory

Process

goreeed » Initializing district (city) building model

*  Calling Construction Factory
¢+»> o Calling Usage Factory
: *  Calling Customized Importer Factory

Populating construction/material, usage
schedules to buildings, and any customized
attributes

Simulating energy demand

Output

* Thermal behavior of building
* 3D model of district buildings

Ve



Detailed workflow for archetype enrichment

* Once the geometry factory has been applied, we have two factories to populate the buildings: the
construction factory and the usage factory

* Construction factory uses the simplified approach from BTAP (not the cost data, only the U values,
SHGC...). Infiltrations and thermal bridges are included from literature and Energuide data.

[ J
3 handlers Catalogs (internal and external) Hub

NREL
catalog

(xml) Central

Data
NRCAN

catalog
(json)

Model

Central catalog model

GBC
catalog
data (json)




Detailed workflow for archetype enrichment

» Usage factory uses the approach from BTAP (all the internal gains, lighting and plug
loads, ventilation rates, and schedules from NECB).

Catalogs (internal and external).
Based on zone use Hu

o

COMNET
archetypes for
values

NRCAN (direct
access to the
web of
openstudio
standards)

COMNET
archetypes for
schedules

Combination Central

of uses

Data

Model

NRCAN (direct
access)

Central catalog model

Stochastic generation tool

Stochastic
schedules




Energy System Retrofit Scenarios

Tools4Cities Hub

The Tools4Cities “hub” with all of its data models,
catalogues, and workflows is used for retrofitting
energy systems in the following steps:

E+ Workflow

1- Creating “City” using the Geometry factory

2- Enriching “City” with usage, construction and weather data
3- Creating “.idf” file and running E+ to calculate demands

4- Enriching “City” with E+ results

Energy System Sizing, Simulation and Analysis

1- Random assignation of existing energy system
archetypes to the city buildings

2- Simulating system performance and enriching buildings
with results

3- Replacing systems with proposed electrical system
4- Running simulation and re-enriching buildings

5- Running cost workflow to compare 2 cases.

/ Catalogue Factories
|- —————= 1

Data Data Models

—
-

— [ Construction ] Cost

-

[ Energy Systems ] Greenery

o
.
)

Factories

Using different handlers to populate data
models with data according to the use case and

City Model Structure

City central data model

City Objects

~N

region A
| Bullding Demand |
L Energy System
__________________ )
ree T T T T T T T T T | ~
: Importers | Greenery
| Creating the “City” and Enriching it I
| with data : L
| |
| |
I
& |




Systems factory
Energy System Data Model

Energy System Archetypes
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Systems factory

» Systems factory uses the approach from BTAP (assigning the systems depending on the
NECB), coupled with statistical top-down data (randomly assigned) .

Catalogs (internal and external).
Salection S [rsniation CVCA pout le hiliment da reféresce
Fnudmnmmnm:zwusun-nT: 84451 rE BAA ML 1)k 7], BAATL 1) a.:4'4e;a|au'e.e;. Based on svstem archetvpes

Ty o bltosmt v gy o St progad | Ten drmalanen CUCA e —
Wires Fatukiry S mdearcue iolmobds | g o Toutes s tmilen. | Irwaliaton &

T, (R 06 SEIERINY, (RRgE S vhes

| e promeser e e de camin, qun midses

dhatncn o e e

Aies Sarreplls | shachige Mol Pabfed Sowets | Touten o tiles | Inntaloton 4
ey oS ety NRCAN (direct
Tiuten low tailey | irwtallation §
Ry access to the web

e ditabiseranis e o e Seposton e | gl | sy | atilanon 3 Of Openstudlo
rin comrarcm ey pobyvberiey. haifre of créman, | Tt |
nali Fasdorce pales & clmsscounomaton, a de M i

| ot e prcieeai: radi e prelpenecarin standards)

s i S

Pk R — ? Central Central
o Ao | catalog
-model Data

e T Parasitic losses self-calculation

et e weevace oo Teacace e e dea spvibrass
wrrcainia de Ype ruenl

[ hires dhvipimcs - sabes doqimton; nalen des gmnces; | Toutes ios e | iasalion 3

chartim te st wles de rrued aes fachen

| lteratoren deipatal Libostores medec doma

dires de coieonon haees bbbotheoued fwchaes T b il | Iramalee T IVIO e
[

e o= e s | Stochastic fuel assignation tool

ebofeues. Tuge i
dital, promenades de Sentre CoATIEIEL JyTASES SE
e i it carins dmbeos vealarer locher o
| vorvmarets ds Pectarape, sinsra

| Wires do iworsent o doorées - palle de commande. Toutes low ialles. | Lomaque i biimey proposs o lespace 3 une capacn e
oendne O Conres refvadapemen] wpenewre § 200N e Satmed de weeenae ou
Pasguic drat waiknes Pt satoe s b Pty che ribirance

TR s e e | SHEU datasets Global data from

peeany dabes b margerte St et ety | o e il | resalanon 3

e | it i Residential Data Portal 4 cities

apoasl i dun swenee
ires pour dorir - doricin, oslukes of boous de docioey | Toules lew e | inetalintion 3
Amna | peircreiaes de seding Toutes lew s | Inntallaton ¥




Current Use case: Montreal

s/

Refined Building
Usage Data and
Construction Year

 Building Use Definition

! Digital Twin for
i Geometry Data

Building heights &
floor areas

CityGML Data

Shapefiles

A
A

Natural Resources Canada

Source: CERC, Kartikay Sharma, 2023

~_
R ——
)
L O G ... Occupancy schedules,
@ Za fﬁiﬁfﬁﬁﬁf‘*}{“ \hwg , BTAP Algorithm
- IDF Generation S ——————
CltyL:yers .................. . Construction Factories
: (Algorithm, based on BTAP
data)
p—- Others: Metered Data set
CERC | HUB '< """""" :  Other potential datasets (Tax
: i Evaluation office, Building permits, :
: : etc.)
A R e i

Year of renovation,

.........................................................

i Other services ( solar

! potential, district energy,
greenery, transportation
strategies,...)

A
Renovation Permit Database:

Type of renovation,
Cost of renovation



Who manages data?

Digital Twin for Managed by various organizations: Also managed by private organizations:
Geometry Data « NRCan (Not Freguent) Geoinformation group * ESRI

" .« QuebecFederal Government (Not Frequent)  DMTI

R '~ + City of Montreal (Not Frequent) * OSM3D

Building Use & Age Quebec Land Register (Updated Regularly), Ministry of

Municipal Affairs and Housing (Aggregated from cities)
» City of Montreal (Regularly Updated)
» Often Compiled by University Libraries (GeolNDEX)

* NRCan | CanmetENERGY
e Energy-Codes
Occ schedules, e Academica

BTAP Algorithm . . e .
Materials Also extracted from City Building Permits

((



https://maps.canada.ca/czs/index-en.html
https://www.donneesquebec.ca/recherche/dataset/referentiel_bati
https://donnees.montreal.ca/dataset/batiment-2d
https://www.esri.ca/en-ca/home
https://www.dmtispatial.com/
https://onegeo.co/
https://www.registrefoncier.gouv.qc.ca/Sirf/
https://servicesenligne2.ville.montreal.qc.ca/sel/evalweb/index
https://geoapp.bibl.ulaval.ca/
https://github.com/orgs/canmet-energy/repositories
https://nrc.canada.ca/en/certifications-evaluations-standards/codes-canada/codes-canada-publications/national-energy-code-canada-buildings-2020
https://statistique.quebec.ca/en/document/value-of-building-permits-according-to-construction-type-by-administrative-region-and-by-rcm

Costs hypotheses (retrofit scenario) W

SPON'S |

ARCHITECTS
AND BUILDERS

Life Cycle Costs Approach PRCE BOOK

e CAPEX initially based in Spon’s book of Architects
* For LOD2, working in a layer based approach (BTAP style)

e CAPEX in UNIFORMAT Il NIST ‘h,l(,'“:d: -~
* CAPITAL, REPLACEMENT costs when the life of the equipment is done e

 OPEX divided between

* Peak energy costs
* Energy costs
* Maintenance costs

* End of life costs based on a per square meeting value (literature)

»

UNIFORMAT II Elemental Classification
for Building Specifications, Cost
Estimating, and Cost Analysis

.y - CAPEX iomk (1+ipc)t dofli TN
LCC = CAPEX — Subsidies + Zi:nyears Yk=ninvest (1-7l”_ep051tlon (1+ipc) n Endof lf(elc-(l_)(sigi (1+ipc)

: d) . N
Y j=nfuels ODCOStsj (1+ipej)’ +Y Yi=nconcepts R/Iamtcostsl(lﬂpc)‘
Zi:nyears (1+ad)! i=nyears (1+d)i

_|_




Validation of the workflow

* Metadata (surface): comparing data captured via GIS and tax evaluation data
e Consumption: comparing data from simulation and statistics Canada..

* Two neighborhoods, mostly SF: 500 buildings and 300 buildings

mxom
COLOURING
MONTREAL

Age

LB AER
'l'_lu“.u *I._.

»2020
2000-2019
1980-1999
I 1960-1979
B 13401955
l 1920-1939
1900-1919
1880-1899
W 1860-1879
B 13401855
1820-1839
B 1800.1819
17501799
B 17001749
<1700

Source: CERC, ColouringCities Montreal, 2023
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e
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COLOURING
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>2020
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1980-1999
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A 1840-1959
1920-1939

B 1900-1919

1880-1899
B 18501879

i B 1840-1859

1820-1839

B B 1200-1819

1750-1799

i W 1700-1749

<1700




Validation of the workflow

Single-family residential:

* Inaccurate capture of the total heated area of the models. The titled roofs make the model overestimate

the values for heated surfaces (proxy based on the number of floors). Moreover, external “appendices” of
the buildings are not considered.

* Adjusted value of energy consumption compared to vintages. Some differences exist between newer and
older (always overestimation by simulation models).

Comparison between tax data and input data Simulationresults versus statistical datasets

used for simulations
300

450 §
~ E 250
E 400 g
?Uf 350 Z 200
= °
E 300 E 150
n
2 250 § 100
£ 200 T
=] E 50
-g 150 §

0
- 100
&n 50 1946 1960 1977 1983 2000 2005 2010
w
§ 0 Year of construction
<

Total
B Results thermal simulations W Statistical values Statscan

B Model based surface B Tax evaluation surface

Ve



Validation of the workflow

Institutional buildings:
» Metadata (surface): comparing data captured via GIS and real metadata from Montreal open portal

* Consumption: comparing data from simulation and real data from buildings (Montreal open portal)
* Total of 12 buildings

List institutional buildings and surface Final energy consumption institutional buildings
comparison . 350
(g
18000 £ 300
16000 < 250
= 14000 2
£ 12000 = 200
g 10000 2 150
S 8000 5
‘L 6000 £ 100
@A 4000 a 50
000 B N i II | | I :
0 . 2 0
> ) A >t
Qé’ & & & & & & ao & & & & S & S
e' N Q\Cb Q@ & NN Q Qfé A‘;ﬁ \Y\‘Q @‘3& Q} o e' r_ﬁ%\ 5%\& QQV‘ o <<,' < QQ'@ 5 \Y @ &
o%" ¥ © ‘7 & & <& & & < < & & $ © ") & & & & & & g
& & O $ & & & oS & & o S c & & & S K K\ & o o S S °
a © & & < & b & & ol O 5 v N & & & & & X Ny & oF S >
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B Surface city of Montreal data m Surface geojson B Real final energy consumption B Simulated final energy consumption
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Life Cycle Cost and energy for retrofit scenarios

Boxplots of Life Cycle Costs per scenario (CAD/m2)
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Life Cycle Cost versus energy consumption for retrofit
scenarios

Specific Life Cycle Costs 40 years versus specific yearly final energy consumption ? E?I
SCENARIO @current status @ skin and system retrofit with pv @ skin retrofit @ system retrofit and pv
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1day of all trips
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Gamified Neighborhood Simulator




CITYplayer Recognizable At Street Level
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CITYplayer

Provide Green Space

n A Publi

Public Space Designer

Target 11.7

By 2030, provide universal access to safe, inclusive and accessihle, green
and public spaces, in particular for women and children, older persons and
persons with disahilities

THE SPACE
YOU DESIGNED HAS:

Safety & curity
Green Space
Accessibility
Inclusivity
Socialbility

Cultural Identity



RETROfitter Detailed Building Scenarios

5 Current Building
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Future works

* Input datasets

Geospatial data: automating the geospatial data processing

Building archetypes: Increase in the number of significant archetypes for Canada? Focus on usage and
construction more than on geometry

Better description of existing archetypes, proposing stochastic generation profiles for schedules
Better statistics on HVAC systems for non-residential buildings, or at least clearer data on energy templates

Increase construction parameters buckets (layers) based on audits of all kinds of buildings, similar to what is
done with Energuide for small residential units.

Improve usage parameters to include mixed uses (available in tax evaluation data, but not always coherent
and extended).

WWR using ML? In development

* Model development

Increase the resolution of current EP models using zoning (ASHRAE 5 zones + storeys?)
Increase of detail in HVAC templates (ongoing)

e Calibration:

Calibration of Urban Energy Modelling tools, using real data (transformer level, available from HQ?)

Supply of simplified energy models for buildings integrated into cities (shading, adjacencies,...? to create
surrogate models with smaller sets of buildings to infer some parameters in bigger sets of buildings (i.e.
WWR, infiltration)

Ve
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