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Abatract

This paper pragents the ongoing work of the author, conductod as part of the Rome Technopole
and MakingPEDs - Decigion-Making Digital Twina for Climate Nautral PEDs research inifiatives.
The research focuses on designing and implemanting a geospatial database and management
system, based on the open standard CitlyGML, to model urban areas and support energy
parformance analysis and simulations at a digtrict scale. A local Instance of 3DCityDB was
established to manage CilyGML data from various seurces, including energy metrics linked to
building geomelries. Inilial resulls demonsirated succossiul data integration and visualization,
Ongoing work will focus on processing more diverse energy datasets, refining interoperability,
and expanding interactive visualization capabiliifes to support comprehensive decision-malking,
The research coniribules fo the scalability of urban regeneration lools and the replicabliity of
rosults across diverse urban conlexis.

Introduction

The project involves two major research initiatives: Rome Technapole (ECS 0000024, CUP
F83822000040006 - PNRR Missione 4, Componenta 2, Investimanto 1.5, funded by the Europsan Unien
- NextGanerationEU) and MakingPEDs - Decision-Making Digital Twins for Climate Neutral PEDs
(co-financed under the International DUT 2022 call, Positive Energy Districts Pathway). Rome Technapole
aima to craate a regional innovation ecosystem in Lazio, focusing on sustainable development, ‘smart
apacialization’, and the revitalization of the Industrial sector. It includes the Flagship Project 2, which is
centared on applying digital and green technologles for urban regeneration and sustainable construction,
promaoting ecological quality as a strategic priority for sustainabllity and resllience, The MakingPEDs
initiative aima to create a gecspatial database and management system for the effective design and
maasuramaent of PEDe. PEDs are urban areas with a net-positive energy balance, focusing on renewable
anargy production, afficiency, and advanced enargy management, Tha alm s to develop tools that will be
instrumental for the scalability and replicability of results from pllat cases in both the Rome Technopole
and MakingPEDs projects.

Given the shared emphasis of both initiatives on urban regeneration through digital innovatian, this project
contributes to exploring key aspects of the digital twin paradigm applied to cities. The concept of & digital



twin ariginatad in manufacturing anginesring to add life cycle assessment infarmation fo
thrae-dimensional graphical representations and has since been adopled by a growing number of urban
administrators and corporate services for urban management (Grieves and Vickers, 2017, Erilzinger el
al., 2018). An urban digital twin is a virtual replica of the city with a bidirectional conneclion ta the real
spaca. This connection requires continuous data flow to document physical states and phenomena, as
wall as inlarfaces to guide decision-making processes and perform transformative actions. Urban digital
twins allow for enhanced maonitoring, simulation, and optimization of city oparations. They support
infarmad decision-making by offering predictive analytics, scenario planning, and efficient resource
managemant (Bollon et al,, 2018, Civiero el al. 2021). Recenl advancements in cloud computing and
artificial intelligence (Al) enhance these capabilities significantly, paricularly in aggregating and
correlating diverse data sources, identifying patterns, and creating predictive modals, which further
supports integrated urban management (Wan et al., 2019, Fuller et al. 2020).

The primary objecliva of the project is to build a system for managing a geospalial database that!
= collects and consolidates territorial data from various sources,
= procasses the information using ariginal algorithms and shares data with other analysis
frameworks using interoperabla formats.

The data collection will consider the availabilily of dataseis and new data collection opportunities, such
ag:

= open data by the public administration;

= datasals from stakeholders and pariner institutions,

= crowdsourced and sensor data from pilot casas,

Tha dafinition of the geaspatial knowladge framawork includes geametric, thermal, environmeantal impact,
anargy, seciosconomic, and bullding consistency characterization elemenis. The database will be
designad to host and process data related to energy production and consumption, life cycle assessmant
of urban regenaration solutions, and cost analysis,

Thae gecapatial database will feature the following charactaristica and functions:

= achamas based on standarda for geagraphic information exchange, particularly thoae proposad
by tha Open Gaospatial Conaartium (OGC),

s fislda for racording references to data sources and acquiaition protocals,

= application pregramming interfaces (APla) or other services for data integration, refrieval, and
processing,
integrations with modals and functions far enargy and ecanomic avaluation;
dala gquary tools;

= data visualization tools for both collected data and tranafermation acenario results using
dashboards ar threa-dimensional interfaces,

This resaarch raport cutlings the methodelogical framewark, the teols and technolagies used, and tha
rafiilta achievad 4o far in designing, building, and populating the gacapatial infarmation ayatam. It regards
tha wark of Valerio Palma (research fallow — assegno di ficarca) execited in the firat 11 months of work
an the project (January lo November).



Methodology

The methodology adopted for this project encompasses the following main aspacts.
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Dafinition of the level of detall of the model and selection of CityGML classes. Tha research
nctivities from both the Technopole and MakingPEDs initiatives, along with the various case
studies (specifically, the Ostlense area in Rome for Technopole ({ig. 8] and a set of buildings in
Clvitavacchia for MakingPEDs [fig. 15]), wera thoroughly examined alongside the CityGML 2.0
specification [1], This helped define the level of detall and the appropriate classes to align modal
construction with the project scope and intended application, establishing @ common and precise
framawork, The modular nature of CityGML, Including the Energy Application Domain Extension
(ADE) (Agugiaro at al,, 2018, Bachaer ot al,, 2024) [2], Is leveraged for detailed modeling of urban

anorgy flows,

Data collection and processing based on scalability. Data acquisition was centered on scalability,
allowing the methods and tools used to be applicable to other case studies and larger tarritarial
acales, especially within Italy, Data were sourced from multiple geospatial datasets, including
opan data by public administrations, certified datasets from regional and national authorities, and
spacialized partners, Python scripts were developed to automate the data import process into
CityGML., ensuring the approach could be replicated in other geographical contexts.

Experimental application of LLMs for semantics-based data matching. The project involves
exparimantal use of large language modals (LLMs) to facilitate semantics-based data matching,
particularly in linking data from diverse sources with differant structures. This approach was found
to be effective in ensuring coherence between the Imported datasets and the CityGML semantic
framawerk, impraving the quality of urban data integration.

Usage of FOSS software and standards for scalability and interoparabifity. We almed al
pricritizing the use of frae and open source software (FOSS). The main tools employed included
ADCItyDA [3] for CltyGML-compliant data storage, Docker (4] for consistent deployment, QGIS [§)
for data visuallzation and analysis, and Blender [G) to validate the readiness for interoparability of
tha threa-dimansional modal, Cesium J5 [1, 7] (that is, its spacific varsion shipped with
ADCItyDB) was also usad for web-based 30 visualization, The cholce of FOSS fosters robust,
scalable, and interoperable solutions while ensuring accessibility for a wide range of
stakeholders,

Clarfication of roles and imegration with other methodological frarmaworks. In tha contaxt of
dissemination and outreach activities, we clarified the role of the components under devalopment
within the methodological framework of the Technopole and MakingPEDs research initiatives.
Summary diagrams were created or updated to specifically outling the contribution of tha
database, the Input data, and the calculation tools that will interact with it [fig. 4, 5].



Development
Installation, setup, and initial tasting

30CityDB installation and initial tests.

As a first setup step, wa installed and tested a local instance of JDCilyDB, an opan-salirce gaospalial
databasa for managing CityGML-compliant 3D city madals [3]. This setup included the Importar/Exportar
plugin and the Cesjum-basad 30 Wab Map Client [7] for wab visualization. The first tasts canfirmed the
viability of using the 3DCIYDB suite for managing CityGML-compliant 30 models. The Importer/Exparter
plugin was used o import and expart CityGML files, and the 3D Web Map Client allowed for interactive
viaualization of the models [fig. 3].

Virtual machine setup and development environment configuralion,

A virtual machine was set up to suppor the project devalopmeant anvironmant, including tha installation of
the sparating ayatem, necessary tools, and libraries. Docker [4], an opan platform for devaloping,
shipping, and running applications, was adopted o ensure consistant deployment of services acrozs
diffarant envirenments, including development and production. This containerized approach simplifies the
migration process and ensuras compalibilily acroas ayatems. The viflual machine environment was
configured to include all depandencies neaded for running, managing, and visualizing the dalabasa.

System requiremants and infrastructure planning.

The project involved designing a server Infrastructure to hoat the daplaymant varaion of tha database and
related backend tocls, Hardware and software requiramants were eatimated, and tha infrastructure will ba
deployed using physical machines at the Departmant of Architecture, Roma Tre Univeraily. A plan for the
sarver setup was created, including specificationa for memary, processing powaer, and alorage to ansure
optimal parformance for managing large geospatial datasats and 30 maodals,

Data acquisition and modeling

Data gathering and geometric modsling.

During the project, a data index was drafled, updated, and sharad with ather project partners, in order to
dacument, for each case study, the data required for data collection and davelopment. This index was
farmulated to align with the CityGML standard, specifying the information deemed nacessary by tha
ragearch leam to conduct assessments and simulations [fig. 6. As of the current phase, data obtained
include not enly the geomatric data on bulldings and energy data already collected, but also the numbier
of lavels and typological and functional infarmation [fig. 11, 12].

Data from tha geo-opographical database (DBGT) of Ragione Lazio (5] were usad as a main source for
madaling tha buildings, as thay provided cerified and consistent bullding footprint and haight infarmation,
Tha typological and functional information was gathered from values found in these sama ragional
documents [23] ("typology" and "usage" fields) and converted into CityGML using the dictionaries
proposed by the standard {(code lists for "class” and "function"/usage®) [ 1]. While CityGML allows for the



uss of custom dictionarias, this process servad as an experiment in applying a mapping approach based
an large language models (LLMs) that could also be benaficial for other data linkage and conversion
tasks from inconsistent data sources, Specifically, OpenAl's gpl-do model was used, with custom prompts
[10).

Other relavant geospatial data sources were identified, including Google Maps mesh data [11] and
OpanSireeiMap-based products [12]. Even though these sources did not offer information as consistant
as tha DBGT, thay can be useful for integrating metadata {e.g., the number of building levals from
OpanStreetiap) or enhancing the modeling level of detall (LoD), as Google meshes enable whan
imparied in Blender [&]. The project explored the feasibility of acquiring higher detail level data, starting
with roof surface modeling == up to LoD, see Biljecki (2017) for insights on the standard specification of
lavels of detail in 3D city modeling, Blender and its add-ons Blosm [13] and Up3date [14] were tested for
accessing mesh data and for exporting data to CityGML. Specifically, the Blosm ndd=on, capable of
imparting textured meshes, could potentially be used for defining aparturas like windows and doors, as
wall as roof details, providing a valuable Increment in the level of detail for energy modeling.

Energy modeling.

Data from other sources such as the National Institute of Statistics (ISTAT) [15], ENEA (National Energy
Agenoy), and ATER (local housing agency) were utilized to obtain energy-related data such as energy
consumption, bullding year of construction, and the approximate number of occupants, The integration of
tha CityGML Energy ADE {(Application Domain Extension), compatible with tha CityGML 2.0 specification,
was axplored to include detalled energy performance attributes such as energy consumption, diffsrent
anargy carriers, installed energy systems, and thermal properties for buildings (Aguglaro et al,, 2018
Bachert of al,, 2024), The Energy ADE extension enables detailed representation of energy consumptian
and praduction, simulation data, and related infrastructurs. This update involved the installation of an
opan-sourca extension that integrates the 3DCItyDB schema and adds dedicated functions to the
Importar/Exparter tool [2). A first set of energy consumption data, specifically for Roma Tra Univarsity,
was processed starting from aggregated data by site or address. These were refined to eastimate the
consumption for individual buildings and subsequently integrated into the CilyGML modal. This allowed
for associaling energy consumption with spacific bullding groups within the modal, providing a
represantation of anargy consumption that can be accessed through the interactive visualization tools,

Interoperability and visualization

interoparability analysis,

The interoparability requirements for axchanging geospatial data with energy simulation soflware ware
analyzed, starling with IES ICD [16] and focusing on data quality and granularity. CityGML LeD2 was
found compatible with the format neadad for IES iCD Input, which includes building roof characterization
and is suitable for urban district representation (Billecki, 2017), Bome elements of LoD3, such as
geomatric definitions of doors and windows, were considared, but eurrantly represented with aggregated
data (i.e., percantage of apertures) rather than fully medaled in three dimensions. The analysie alse
included evaluating data quality requiremants for energy assessments, ensuring that tha baseline data
would be sufficient for conducting energy simulations.



CityGML import code developmant

Python prototypa scripts were developed to transform footprint and haight data into CityGML format for
different building volumea, enabling the automated genaration of LoD1 and LoD2 modala in 3DCityDB
{bulldings mada of diffarant building parta), in addition to tha import of DBGT-based data from Lazlo [8],
succesasful tests ware conductad using datasata from Emilia-Romagna [17], ensuring tha robustness and
replicabllity of tha Imparting mathad [fig. 1). The data were imported inte 30CityDB with projected
coordinate ayatama suitabla for talian data (EFS0:25833).

In addition to bullding data, Informalion on green areas (not yet distinguiahad batwean public and private),
traea (initlal mapping without typological information and not yet imported into CityDB), road areas, and
othar paved areas was collected [fig. 14]. The represented surfaces (ineluding buildings and open areaa)
cover approximataly two-thirds of the territory, with notable gaps found in bodies of water, sports fialds,
similar facllities, and other open areas not categorized praviously,

Tha project alao Intagrated typolegical inferances and dedicated surveya to enrich tha data, ensuring that
it mat tha necesaary datall and accuracy raguiremants for urban energy modeling, The coda addrassed
lssues related to data integrity and format consistency, enauring that imported data adhered to the
CityGML standard, This phase included correcting malfunctions and generalizing parameter management
to make tha tools more adaptable o various use cases,

Interoparabliity tests and visualization,

Intaroparability was tested by connacting the CityGML database to QGIS for 3D data visualization [fig, 2],
Plugina such as 3DCItyDB Teals [18] and Qgls2thraajs [19] ware used to validate data translation to
CityGML, Data were alao exported to KML format for visualization on Ceslum lon [20] and Google Earth
[21] [fig. 1), These tasts ensured that the data stored In 3DCityDB could be seamlassly visualized and
analyzed using popular gecspatial tools, facilitating the Integration of CityGML data into other platforms
for broader use,

Tha 3D Waeb Map Client based on Cesium JS (7] was used to provide interactive visualization of CityGML
madals, allowing users to explors urban geometries with terrain and satellite iImagery overlays [fig. 3], Tha
developed viewer prototype [fig. 9-14] enables the visualization of specific data sets, or "views," of the
complate CityGML model, It allows the combination of three=dimensional data with connected tabular
data, which were obtained through exports from 3DCityDB, Specificaily, tabular data for each information
Imyer were extracted using specialized SGL querles, combining information from the mora complex
CityGML sohema into a single table related to a specific object type (e.g., buildings). Each of thess tables
was then imported Into Google Drive spreadsheets [22), providing the ability to update data in real time
[fig. ¥]. For instance, energy simulation results could be automatically written back to these documents
using Goople's API services (23],

The prototype included the implementation of a conditional coloring exercise, where bulldings can be
colored based on specific metadata atiributes, such as energy consumption levels or building type.
Conditional coloring was based on metadata attributes obtained through the linked spreadsheets, and
was achieved through custom JavaSaript-based dynamic updates of the madel [fig. 8], The viewer was
also configured to include additional data layers, such as satellite imagery and digital terrain models
{DTMs), enhancing the contextual information avallable to users exploring the 3D city models.



Results

The research projact established a functional geospatial database and managemant system to support
the design and analysis of urban districts. A local Inatance of 3DCityDB was set up and Integrated with
CityGML maodaels for urban energy analysis. The davelopmant anvironment was configured using Docker,
ensuring a consistant and portable setup.

Spatial data from regional databases were Imported Inte the system, Including elements at LoD2, Data
integration and modeling efforts successfully generated a semi-automated, highly scalable CityGML
database, managed through the 3DCityDB tools. Enargy data from Roma Tre University ware linked with
building geometries, enabling a praliminary overview of energy madaling tools at the urban scale, For this
purpose, the Energy Application Domain Extension (ADE) was integrated into the database schema and
related 3DCityDB tools.

To ansura inturnpumhillty. tha CityGML data ware succassfully integrated with a cuatom visualizer, Qﬁ'ﬁ.
Cesium lon, and Google Earth, supparting both data validation and 3D visualization, The custem 3D
wab=basad visualizalion clisnt, based an Cesium JS, was linked 1o the database, providing an interactiva
interface to uxplnru tha urban models. This intaractive pfﬂtﬂlybﬁ was developed to viaualize integrated 30
maodals and associated data, Iinklhﬂ labular data with geamatne reprasantations through Googla Shaats,

Future development

Despite the progress, data quality challanges were nated, such as incomplete geomatries and semantic
attributes. Manual refinement of geomatries will be required for cerlain areas, and missing open-apace
data categories = a.g. waler bodies and some sports facililies — will nead to be prioritized for future
intagration. Additionally, a greater quantity and variaty of anargy data nesd to be processed to furthar
enhanca modaling and ensure compalibility with anargy simulation tocls and algarithma. This Includes
addressing challanges related to compliance with CilyGML standards and intagrating the Enargy ARE,
ensuring tha standardized rapresentation of anargy cansumplion, ganaration, and other related matrica,

Interoperability of the CityGML database with othar platforma will alse be further refined, Specific attention
will ba given to ganeralizing and streamlining dala converaion and impert/export warkiflows to facilitate the
application of tha developad mathods to othar case studias, Finally, the expansion of tha interactive
capabilities of the custom visualizer will ba pursued, praviding mora ingighta into metadata and advanced
analytics, enabling real-time simulation integration, and axpanding user-drivan customization optiena for
visualization parametars.

Conclusions

The developmant of the geospatial database put several foundational componanis in place. Tha
integration of open-source tools such as ADCityDB, Blander, QGIS, and Cesium JS has provan affective
for managing and visualizing geospatial data and providing scalable and replicable salutions. The
flaxibility of uaing CityGML as the underlying data format supports interoparability and future extansions.



The plannad enhancamants will further integrate energy modeling capabilities, with the alm of devaloping
comprahensive toals for decision-making in urban enargy planning.

Publications and dissemination

Workshop lecture, P. Marrane, P, Civiero, V, Palma (2024), Metodologle @ strumaentl per I'elaborazione
dal quadro conoscitivo per la digitalizzazlone @ transizions energatica, Workshop Digital Twin,
integrazione di sisterni Gis @ Bim per lo transizione digitale, I paradigma informativo nella
rappresentazione e gestione dell'architetiura e del terrtonio, Universitd degli Studi Roma Tre, Roma, 6
Mny, 2024,

Submitted abstract. Marrone P, Civiera P, Palma V,, D'Autliia R, (fo be published), Urban Digital Twin
supparting the implementation of positive energy districts (PED), Sustainable Bulll Environment
Conference, Zlrich, 2627 June,

Submitted abstract. Marrone P, Civiero P,, D'Autilla R., Palma V. (fo be published), Un madella per Ia
‘coproduzions’ di conoscenze nel processi decisionali in ambito energetico, TECHNE | Journal of

Technology for Architeciure and Environment, 30,

Wab service. Rome Technopale = CityGME-hased Web Visualizer (2024, work in progress),
https Mechnopole shazarch.com/

Research deliverable. Bilbao A, Maynou M., Monzd T, [lead authors] of ol (June, 2024), "DE,1 =
Dafinition and dasign of the wab platform®. Internal deliverable for MakingPEDs = Decision=Making Digital
Twing for Climala Neutral PEDs, WPS.

Research deliverable. Civiero P, Ortiz J., Spohr J. [lead authors) ef af. (July, 2024). "D2.1 = Full
harmaonized inpuls assessment framawark”. Internal deliverable for MakingPEDs - Deoision-Making
Digital Twins for Climate Neutral PEDs, WP2.
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Figures

Fig. 1. Results of importing a dataset on Cesena into CityGML, extracted from the Ragional
Topographic Database of Emilla-Romagna. The Images show tha 3D componant visualized in
Google Earth through KML format axport.
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Fig. 2. Visualization (n QQIS of an initial set of bulldinga In the Valco San Paolo area, as defined
in CityGML, by eonveriing tha available sources.



Fig. 3. 3D visualization In Wab Map Cllent (Interface for 30CIYDB based on Casium JS) of an
initial set of bulldings In the Valoo San Paolo aren, sbtalned from tha GityGML databasa through

an sxport in the specified format,
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Fig. 4. Mathodologleal framework proposad by tha project: an iterativa process laverages tha
geospatial database and the repartoire of solutions for generating tranaformation scenarios,
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Fig. 8. ﬂ|lp;rlll'l"l of the software companants anguring the study and dafinitian of the data llow
through the geospatial databass.
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Fig. 6. Schamalic notas far asslgning enargy domain infarmation 1o the camponanta of the
maodel in CityGML.
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Fig. 7. 3D visualization in Wab Map Cllent of matadata read in real-tima from a linked documant
{in this case, a GW‘J'! Sheaeta dogumaent),
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Fig. 8, Execulion in 3D Web Map Glient of a saript for conditional ooloring of buiidings. A
graphieal reprasantation of the cooling powaer demand for summer air conditioning is shown for
a salaction of buildings at Roma Tre Unlvarsity (colors ranga from biue to md),



Fig. 8, Overviow in the 3DCityDE Wab Map Client of tha objecta (bulldingn and land use amas)
recorded in the CltyGML database for the Ostiensa area in Romae (Technapole cass study),

Fig. 10. Bird'a-aya viaw In the 3DCityDE Wab Map Cliant of the objects racorded in tha CilyGML
database (bulldings with distinct vertical walls and ol surfaces, and land usé arsas).
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Fig. 11. Datail of tha guery on the layer exporled from tha CityGML database to reprasent
buildinga and related generic information — saved in o spreadshest on Google Drive.
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Fig. 12. Datail of the guary an tha layer exported rom the CityGML database to reprasant the
buildings of Foma Tre Univarsity and their rmiated energy information.
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Fig. 1. Detall of the query on tha layer exported from the CityGML database to represent
individun| building walls and their related infarmation,
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Fig. 14. Datall of the query on tha layar exported from the CityGML database to mprasent land
use arens and their related information,



Fig. 15. Bird's-eye view in the 3DCityDB Web Map Client of the objects recorded in the CityGML
database. Detail of the data from the Civitavecchia municipality: the MakingPEDs case study
area.



