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1. Motivation & Research questions



1.7 Motivation

* Energy performance of buildings as a prevalent discussion
 Urban Energy Modelling with semantic 3D city models

Energy demand analysis Solar irradiance analysis Refurbishment measures

Agugiaro (2016) Leon-Sanchez et al. (2021) Nouvel et al. (2013)
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1.7 Motivation
CityGML

* Modelling City Objects

Geometry in five Levels of Detail (LoD) Three encodings: czsmmEn.

e XML-based > )
CityGML
V R

LOoLOo LOD/ LOD2 LOOD3 SOA

Biljecki et al. (2016) « JSON-based > {’ U ‘}
CityJSON

Semantics

Exterior Shell

.

a _-J
:5;:‘; o ° SQ L'based 9 _" i 1 The ‘\'-"-iWG.":"lL Database
) gy} 3D City DB
Opgnin InteriorWall
(Window) u
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1.7 Motivation

Building CityGML _ Core

Application Domain Extensions (ADE) T / T "

Energy ADE: stores energy-related s
Energy ADE Core llpll; (;:‘t:sng
data ,—"V?VS::II‘_::u::",i::?c'?’:‘t\ |
» Highly complex structure il D B
' Oc«clza;;mt Mat::f;:l) and E::::y Bu«ille;?:lg
Behaviour Construction Systems Physics
Benner (2018)

Energy ADE KIT profile
CityJSON

+ Less hierarchical structure -—) {Q ‘} + Energy?
* Also has Extension mechanism CityJSON
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1.2 Research question

How can a CityJSON Energy Extension be used to support the
calculation of space heating demand of buildings?
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1.2 Sub-questions

How can different types of objects, other than CityObjects, be defined
in a CityJSON Extension?

How should the CityJSON Energy Extension differ from the Energy ADE?

How can space heating demand calculation be used during the design
phase to test and improve the CityJSON Energy Extension?

To what extent is it possible to map CityGML ADEs to CityJSON
Extensions? Should the CityJSON schema be extended to make this
process more straightforward?



2. Related work



2.3 CityJSON Extensions

Extension mechanism: Current CityJSON extensions:

(1) Creating new attributes 2 Support for 3D point clouds
, . , Nys et al. (2021)
9 Creating new City Objects

. , Topology in 3D city models
e Creatlng new root properties ) VitaFI)is et%?l (2019) y
{ T .
"type": "CityJSONExtension", ) BU||d|ng permlts
"name": "Traffic", Wu (2021)
"description": "Extension to model the traffic',
:::Zi;;o;?‘ftljjjéf?omeurl.org/trafflc.ext.Json", ) Mappmg the C|'tyGML NO|Se ADE

"versionCityJSON": "1.1", CityJSON team

" t Attribut " .

extradttributes {1}, Extension

"extraCityObjects": {}, .
o properties

"extraRootProperties":

5
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2.4 Space heating demand calculation

Steady-state models: [Urba" Energy }
Modelling
» Highly used for space
. Top-down Bottom-
heatlng demand { ap(;)proaoches } [ apopr(())acllllss J
2 Less input parameters v v
[ Statistical methods } [?::;;258";::;33:}
» Simplifications and
: v v
assumpthnS [Steady-state J { Dynamic }
models models
v
City-scale energy >
simulation tools - |
SimStadt CitySim

Swan and Ugursal (2009);
Kaden and Kolbe (2014) 11



3. Methodology



3. Methodolody

Development of the CityJSON Space heating demand
Energy Extension § i calculation
Semi-direct translation from Storage of required input
the Energy ADE KIT profile to | > data in a CityJSON +
a CityJSON Energy Extension | | § Energy Extension file
Y \

Space heating demand

Validation through cjval .
calculation

A
Y

Validation through the use

Storage of output energy

case demand values in the
CityJSON + Energy
| Extension file

Improvements to the ; ; ;
CityJSON Energy Extension | : S '
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3.1 Semi-direct translation

Energy ADE KIT profile - CityJSON Energy Extension

Considered elements

CityJSON Extension mechanism

* New CityObjects
* New attributes to existing CityObjects

extraCityObjects

extraAttributes

* New non-CityObjects

« Additional data types, enumerations,
code lists

* Relations between CityObjects and
non-CityObjects

14



]
TUDelft

3.2 Validation and improvements

Through the use case

CityJSON + Energy Extension file
» Storage of input data

» Efficiency on data retrieval

- g e

Through cjval |

Official validator of CityJSON, checks: {’ ‘}“

» JSON syntax Gty JSON

> CityJSON schemas oopatieaaei
» Extension schemas ©Fles e e plode.wistonis el

The file is 100% valid!

https://github.com/cityjson/cjval
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3.3 Space heating demand calculation

« Dutch standard NTA 8800
» Steady-state energy balance method:

H;nd;zi;mi — Hitr;zi;mi H;ve;zi;mi ) — '"WH;gn;zi;mi H;int;zi;mi H;sol;zi;mi
Q (Q +Q ) — NHg (Q +Q )
\ ]\ J \ J

Y | J
Monthly Heat losses Heat gains
space
heating
demand Heat losses through transmission : QH;tr;zi;mi

Heat losses through ventilation : QH;ve;zi;mi

Internal gains : QH;int;zi;mi
Solar gains : QH;soI;zi;mi

Utilization factor : Niy:gn:zi:mi

16



4. Study area and datasets



4.1 Study area

Rijssen-Holten, Netherlands
« 3318 buildings

| 4 s
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Building usage

Non-

residential
37% 3
~Residential
58%
Mixed-use /
5%
Building typologies
Other
9%
Terrace \
House
19%
Mul;i-,,f —_ Single-
Family Family
House House
3% 69%
18



4.3 Datasets

3D city model of Rijssen-Holten

* In CityGML format
« Geometryin LoDO & LoD2
« Semantics: WallSurface, RoofSurface,

GroundSurface
Used attributes:
o « Building class & function
Pre-processing: . Building type
o __, Slope of surfaces » Year of construction
. Perimeter of buildings . Roof “footprint” area
. _  Building volume
‘8’('“’.9"" tols __, GityGML to CityJSON . # of storeys
cjio : .
« Adjacent buildings
Python — Data cleaning « Surface inclination, direction
& area
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4.3 Datasets

Basisregistratie TABULA building Meteorological Data
Adressen en physics library Portal & NTA8800
Gebouwen (BAG)
« Usable area « U-value  Qutdoor air
* Number of « g-value temperature
residential units « Window ratio « Monthly solar
SFH radiation
s . A « Shading reduction
S, 1964 e o

° 19651974 ki
19751991 i

1992-2005 = S

nnnnn

Van den ¢

SFH = Single-family house
TH = Terrace house

MFH = Multi-family house
AB = Apartment block

https://webtool.building-typology.eu 20

mmmmm

201 5-today 5:.'..
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5. Implementation



5.1 Mapping rules of the semi-direct
translation

Creating new CityObjects o 4

«featureType»
Energy ADE Core::

. . AbstractUsageZone
Extension schema Example object -
"extraCityObjects": { "Usagel": {

"+UsageZone": { "type": "+UsageZone",
"allOf": [ "attributes": {
{"$ref":"cityobjects.schema. json#/ "usageZoneType": "residential",
_AbstractCityObject"}, "floorArea": { «featureTypen
1 "type": "netFloorArea'", UsageZone
"properties": { "value": { + coolingSchedule AbstractSchedule [0..1]
"attributes": { "value": 100, + heatingSchedule :AbstractSchedule [0..1]
" w. n g 1 a0 0o 1 + usageZoneType :CumentUseValue
type": "object", uom": "m2 + ventilationSchedule -AbstractSchedule [0..1]
" proper‘ties e } + floorArea :FloorArea [0..%]
"usageZoneType": { }
"type": "string" } Benner (2018)
| g }

"floorArea": {...}

]
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5.1 Mapping rules of the semi-direct

translation

Creating new attributes

"extraAttributes": {
"Building": {

"+constructionWeight":
"+volume": {...},
"+floorArea": {...},
."+heightAboveGround":

"Build1l": {
"type": "Building",
"geometry": [...],
"attributes": {

("+buildingType": {...},

{...}

{...}

"+buildingType": "singleFamily",

"+constructionWeight":

}

uheavyu ,

Extension schema

Example object

_Site

«featureType»
Building::_AbstractBuilding

7

«ADE»

«ADEElement»
_AbstractBuilding

+ 4+ + + + +

buildingType :BuildingTypeValue [0..1]
constructionWeight :ConstructionWeightValue [0..1]
volume :VolumeType [0..*]

referencePoint :GM_Point [0..1]

floorArea :FloorArea [0..7]

heightAboveGround :HeightAboveGround [0..*]

T Benner (2018)

Building BuildingPart

23
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5.1 Mapping rules of the semi-direct

translation

Creating new non-CityObjects
* Not in the Extension mechanism

» "extraCityObjects": {
"+EnergyDemand": {
"type": "object",
"properties": {
"type": {...},
"attributes": {
"type": "object",

"properties": {
"energyAmount": {...},
"endUse": {...},
"maximumLoad": {...},

"energyCarrierType": {...

3

«featureType»
EnergyDemand

energyAmount :AbstractTimeSeries

endUse :EndUseTypeValue

maximumLoad :Measure [0..1]
energyCarrierType :EnergyCarrierTypeValue [0..1]

+ + + +

«type»
WeatherData

+ weatherDataType :WeatherDataTypeValue
+ values :AbstractTimeSeries
+ position :GM_Point [0..1]

Benner (2018)

24



5.1 Mapping rules of the semi-direct
translation

. . «dataType»
Creating new data types and enumerations Floorrea
+ type :FloorAreaTypeValue
+ value :Area
Extension schema «enumeration»
FloorAreaTypeValue
"definitions": { "extraAttributes": { Bl Rias
"floorArea": { "Building": { grossFloorArea
"type": "object", "+floorArea": { energyReferenceArea
"properties": { "type": "array",
"type": { "items": { Benner (2018)
"enum": ["netFloorArea', "$ref": |"#/definitions/floorArea"
"grossFloorArea", }
"energyReferenceArea"] },
I
"value": {...} }
} }
}
}

5
TUDelft 25




translation

Relations: CityObjects

5.1 Mapping rules of the semi-direct

Relations: CityObjects and non-CityObjects

 Parent - children relationship

ThermalZone — UsageZone

"Zonel": {
"type": "+ThermalZone",

"children": ["Usagel"]
e
"Usagel": {
"type": "+UsageZone'",
"attributes": {

"usageZoneType":"residential"

},

"parents": ["Zonel"],

]
TUDelft

« Additional attributes

Building (CO) — EnergyDemand (non-CO)

"Buildi": {
"type": "Building",
"geometry": [...],
"attributes": A

"+buildingType": "singleFamily",
gTyp g y

"+energyDemand" :["Demand1"

]
} 1
}

ID of EnergyDemand
object

26



5.2 Validation through the use case

CityObject
«featureType»
Building/BuildingPart

Storage of input data in a
CityJSON + Energy Extension parent | 1
file

child ¥ 1
CityObject
«featureType»
ThermalZone «featureType
+ floorArea WeatherData
+volume | >
+ isHeated + weatherDataType
+weatherData «-----------=--=-mof--oo +values
+ perimeter ;
parent |1 :
Y
child l 0* child i 0~
CityObject CityObject «leatureType»
RegularTimeSeries
«featureType» «featureType»
ThermalBoundary UsageZone + temporalExtent
+ timelnterval
+ thermalBoundaryType r--- -8 + occupants + values
+ inclination ; + numberOfResidentialFunctions
+ area :
-----F--+ construction :
: + orientation :
+ slope :
+ windowRatio :
v Y
«featureType» «featureType»
Construction Occupants
+ uvelue + numberOfOccupants
+ gValue
TUDelft




5.2 Validation through the use case

Space heating demand calculation

* Implemented in Python

« Assumptions and simplifications:
- Only residential & mixed-use buildings
- Heating period: [October, March]
- Constant value for indoor air temperature
—> Each building as single thermal zone
- Window ratio instead of individual windows

]
TUDelft
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5.3 Limitations & improvements

Relations

among objects

Ambiguity in
parent/children «
relationship

CityObject

«featureType»
Building/BuildingPart

CityObject
«featureType»
Building/BuildingPart

parent | 1

child 1

CityObject
«featureType»

1.2
ThermalZone -

+ boundedBy

[y

parent o*

Y

CityObject
child L 0*

«featureType»

CityObject ThermalBoundary

«featureType»
UsageZone

+delimits -
+contains

10"

parent | 1
child v 1
CityObject
«featureType»
ThermalZone
2 T -
1 1
1 parent |1.2 1
1
1 i
1 childy 0¥ child yo* 1
I— ------ mml- ------------------------ 'EJ!yObjecf
«featureType» «featureType»
ThermalBoundary UsageZone
arent | 1
P parent | 1
child "G* child , O *
CityObject CityObject
«featureType» «featureType»
ThermalOpening Facilities

parent | 1 CityObject

«featureType»
child v o* ThermalOpening

CityObject
«featureType»
Facilities

Semi-direct translation

Final CityJSON Energy Extension

29



5.3 Limitations & improvements

Storage of relations among objects

With attributes With properties
Znnel { "Zonel": {
type "+ThermalZone", "type": "+ThermalZone",
"attrlbutes"* { "attributes": {
"floorArea": [...], (:) "floorArea": [...],
L_» 'isHeated" True, "isHeated": True
“boundedBy"* ["Boundaryl", ...] },
"parents": "Buildingl",
parents": "Buildingl", "children": "UsageZonel",
"children": "UsageZonel" — "boundedBy": ["Boundaryl", ...]
¥ ¥
Semi-direct translation Final CityJSON Energy Extension

]
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5.3 Limitations & improvements

Deep hierarchical structures — WeatherData object

Stored as extra object

Stored as subschema

CityObject CityObject
«featureType»
ThermalZone «featureType»
«featureType» «featureType» ) ThermalZone ddeatureTypes
: cgﬁ,m,:a 77777777 . WeatherData . RegularTimeSeries stooarea | R RegularTimeSeries
i e LN | e e § + temporalExtent
weatherData ! + timeInterval
+ perimeter + values +wea1hertData ————————————————————————— + valies
+ perimeter
"Buildi1": { "Buildil": {
n n . n 3 3 L
"type": "Building", “tYPe : 1‘?1111d1ng ;
"geometry" . ] ID of geometry": [...],
. .. 2 n T n .
. _ | WeatherData attributes": {
attributes": { obiect nwyeatherData": [
n + 3 1 n . " a 3 n J " n . n 3 n
buildingType": singleFamily", {"weatherElement": "airTemperature",
"weatherDatalLocation": "indoor",
"values": "RegularTimeSeriesi1"}
"+weatherData": ["OutdoorTemperature"] 8

}

Semi-direct translation Final CityJSON Energy Extension

31



6. Results & Analysis
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6.1 Energy ADE KIT profile vs. CityJSON

Energy Extension

storage of CityObjects and non-
CityObjects

 Uses inheritance

storage of CityObjects and non-
CityObjects

 No inheritance

Energy ADE KIT profile CityJSON Energy Extension Impact
» Limited support for the use case | * Full support for the use case o
« Deep hierarchical structure « Deep hierarchies are removed =
* Clear distinction between the  No distinction between the -

No significant
impact

33



6.2 Comparison on file size

« Only 25.2 MB increase in CityJSON file size
« No comparison between Energy ADE and CityJSON Energy Extension
« Higher efficiency of CityJSON over CityGML

CityJSON + CityJSON +
3DCM 3DCM . .
o o Energy Extension | Energy Extension
in CityGML | in CityJSON i .
(only input data) (output file)
# of objects 3318 3318 106848 108732
File size 165 MB 40.6 MB 63.7 MB 65.8 MB
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6.2 Comparison on file size

« Only 25.2 MB increase in CityJSON file size
« No comparison between Energy ADE and CityJSON Energy Extension
« Higher efficiency of CityJSON over CityGML

CityJSON + CityJSON +
3DCM 3DCM . .
o o Energy Extension | Energy Extension
in CityGML | in CityJSON i .
(only input data) (output file)
# of objects 3318 3318 106848 108732
File size 165 MB 40.6 MB 63.7 MB 65.8 MB
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6.3 Results of the space heating demand
calculation

 Calculated for 1884 buildings out of the total of 3318
« Space heating demand in January:

AW 7Y =
R (T

—J - Uit
- @@EO m o

&
a5 sl & - P - T o | 9 &y 4
| eTL] o = o - ’ /\4% : 2 o] 5 e
F’ﬂgﬂ%ﬂ 8fis g0 %ﬁ, 4?‘* B - N g%&%ﬂb%? K %@% L G

& /&

- 4 PR ot T Y
@ & r % Q?E

$%0§Uﬂ]}%§ %QB’D Qﬁ% §>Q
@i@ d&% oog%g;} o
s e _&s s 2omN
& e A

'i';U Delft Center of Rijssen Residential area in Rijssen
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6.3 Results of the space heating demand
calculation

Impact of building position

Building Year Building Building Usable Building Energy demand -
position type class area (m?) volume (m°) January (kWh/m?)
Corner 1974 TH Residential 94 377.67 10.45
Middle 1974 TH Residential 92 308.52 8.48
Stand-alone 1985 SFH Residential 183 703.13 6.22
Corner 1981 SFH Residential 127 495.885 5.84

Corner building Middle building Stand-alone building

- e "“

5
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6.3 Results of the space heating demand

calculation

Energy demand based on building typology

Monthly average values

January EEmEEEEEE

February

Building type
s MFH
- SFH

March

October

November

December T

o

5000 10000 15000 20000 25000
Energy demand (kWh)

MFH = Multi-family house
SFH = Single-family house
TH = Terrace house

Building type Average building volume (m°)
Multi Family House = 7694.98

Single Family House 592.35

Terrace House 537.21

38
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6.3 Results of the space heating demand

calculation

Energy demand based on construction periods

Monthly average values

January
February ————————————————————————————

) Construction period
March ————————————————— - il 1964
October‘ f e
November |

0000000000000 -
December

0 1000 2000 3000 4000 5000 6000 7000 8000

Energy demand (kWh)
A 4
Negative

average value!

Overall distribution

Construction period . | o

January Ty ees
1965 - 1974 .

February - 1975-1991 S T

= 1992 - 2005 os s coean X

. 2006 -2014

March . 2015 - today

October

L2 LTI .
November T e RATITUN T
L ]

December

0 1 2
Energy demand in logarithmic scale (base 10)

w
SN
a
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6.3 Results of the space heating demand
calculation

Comparison with SimStadt values

Difference in monthly averages for a 10-

e Dutch standard vs. German o=
building subset

regulations

« Both use steady-state energy
balance method

» Negative values - not found in
SimStadt

Calculation method

|
SimSt:
0 ‘ I

Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec

h
— —_ N
o (&) o
o o o
o o (@)

(&2}
o
o

Average energy demand (kWh)
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6.3 Results of the space heating demand
calculation

Neg ative values 10-building subset with negative energy demand
ID Year Class Type Monthly space heating demand (kWh)
¢ 32 bUIIdIngS Wlth negatlve Jan Feb Mar ‘;:I:;- Oct Nov Dec
11 2006 Mix. MFH 4926104 3164.618 493.2403 0 -480.732  2951.648 4907.25
energy demand ValueS 12 2008 Mix. MFH 9307493 620138 1204335 0 113618 5344.322  9260.464
13 2011 Res. TH  1756.013 1158104 386.3949 0 -29.8774 1066519 1750.983
ilAi ; : 14 2010 Res. TH  1786.082 1181.133 257.1867 0 -98.3848  1081.698 1797.701
* 1401 bUl|d|ngS Wlth negathe 15 2009 Res. TH  1161.864 7422068 300.3615 0 189162 6946194  1144.829
: 16 2010 Mix. MFH 2633035 17157.38 3156.998 0 -4463.61 14623.96 26365.8
SOIar gaInS Values 17 2012 Res. MFH 7946.015 4610537 -851415 0 242032 4212729  8107.341
18 2012 Mix. MFH 2891434 17449.27 1529.095 0 -5327.15  16200.62 28993.83
19 2014 Mix. MFH 1963798 10367.67 -501441 0 -11479.8 8306489 19928.46
20 2013 Mix. MFH 3279587 20979.23 2316.002 0 5191.17 1856513 32985.15

Possible reasons:
- Used window ratio data Solar gains calculation
—> Solar gains calculation btz = Soserin - At - (1= Fyass) - Eartsrons -ttt -0001 bl Qugn

!

Extra heat flow due to
the radiation to the sky

]
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7.1 Conclusions

Main research question

How can a CityJSON Energy Extension be used to support the
calculation of space heating demand of buildings?
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7.1 Conclusions

Defining different types of objects (other than CityObjects):

« Possible with the extraCityObjects property

« Negative impact on the simplicity and understandability of the Extension

 Limits the possibilities of creating complex Extensions

HHHE Differences with the Energy ADE:

 Less hierarchical structure & more efficient storage

 Providing full support for the use case

]
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7.1 Conclusions

Use of space heating demand calculation:

- Validating the Extension in terms of storage of data

 Achieving less hierarchy and more efficiency

Mapping CityGML ADEs to CityJSON Extensions:

 Direct mapping depends on used objects

« Support is needed to define non-CityObjects

45
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/.2 Contributions & Limitations

Contributions

« Popularity of CityJSON over
CityGML

« Development of new CityJSON
Extensions

« Development/improvement of
CityJSON tools

Limitations

Definition of new objects in the
Extension schema

Input data for the space
heating demand calculation

Results of the space heating
demand calculation

46
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/.3 Future work

 Further development of the CityJSON Energy Extension
- Testing with other use cases
- Incorporating the full Energy ADE

 Additional methods for validation and comparison
—> Conversion between the Energy ADE and CityJSON Energy Extension
—> Further analysis on file size: Energy ADE vs. CityJSON Energy Extension

47
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