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Abstract. District-scale energy demand models can be powerful 
tools for understanding interactions in complex urban areas and 
optimising energy systems in new developments. The process of 
coupling characteristics of urban environments with simulation 
software to achieve accurate results is nascent. We developed a digital 
twin through a web map application for a 170ha district-scale university 
campus as a pilot. The impact on the built environment is simulated 
with pandemic (COVID-19) and climate change scenarios. The former 
can be observed through varying occupancy rates and average cooling 
loads in the buildings during the lockdown period. The digital twin 
dashboard was built with visualisations of the 3D campus, real-time 
data from sensors, energy demand simulation results from the City 
Energy Analyst (CEA) tool, and occupancy rates from WiFi data. The 
ongoing work focuses on formulating a resilience assessment metric to 
measure the robustness of buildings to these disruptions. This district-
scale digital twin demonstration can help in facilities management and 
planning applications. The results show that the digital twin approach 
can support decarbonising initiatives for cities. 

Keywords.  Digital twin; City Information Modelling; Planning 
Support System; Energy Demand Model; SDG 11. 

1. Introduction  

A digital twin is a virtual imitation of physical processes that can be updated in real-
time with their physical counterparts. In 2002, Michael Grieves introduced the concept 
of digital twins in production engineering. Explorations of digital twins took place 
rapidly in various scales and domains. However, the concept has widened and loosened 
to applications portraying digital simulation models, which relate to social and 
economic systems as well as the physical systems. Numerous scholars emphasise the 
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conflict in the definition of digital twins concerning a city or district (Batty, 2018; 
Kandt and Batty, 2021). Furthermore, digital twins that represent city's physical assets 
rarely include processes that define its social and economic function. However, Stoter 
et al. (2021) highlights the present consensus among researchers that urban digital 
twins should: (i) be based on 3D city models; (ii) contain objects with geometric and 
semantic information; (iii) contain real-time sensor data; and (iv) integrate a variety of 
analyses and simulations to be able to make the best design, planning and intervention 
decisions. Importantly, in order to support those decisions, all information should be 
presented to users (citizens, decision-makers, experts) in a user-friendly visualisation 
of the digital twin in a one-stop-shop dashboard. Similarly, Wildfire (2018) makes a 
useful distinction between digital twins that represent high-frequency and low-
frequency cities. Low-frequency cities operate with long-term planning over years, 
decades, and centuries. But high-frequency cities operate by sensing in short time 
frames, second by second, minute by minute up to cycles of days and months. 

A city- or district-scale digital twin needs to contain geospatial urban environment 
data models in time series. The urban environment data models include building 
information modelling (BIM) for individual buildings, landscape, mobility, climate, 
demography, and infrastructure systems; these models are also known as city 
information modelling (CIM) (Gil et al., 2011). CIM extends the use of geographic 
information systems (GIS) in urban planning as decision support tools through 
integration with computer-aided design (CAD) (Batty et al., 1998; Dave & Schmitt, 
1994; Webster, 1993). The Open Geospatial Consortium (OGC) standard CityGML 
serves as one of the most comprehensive 3D geospatial data container formats for CIM 
(Gröger et al., 2008; Kolbe, 2009). The conversion of detailed architectural models 
stored in IFC to semantic 3D city models in CityGML is a topical subject (Liu et al., 
2017; Noardo et al., 2020). Some works in the literature (Biljecki et al., 2021; Stouffs 
et al., 2018) try to achieve complete and near-lossless conversion from IFC to 
CityGML.  

Coupling urban environment models with simulation software is a nascent 
approach to predict accurate results (Mosteiro-Romero et al., 2020). Additionally, 
district-scale energy demand models contribute to planning support systems by 
understanding complex interactions in urban areas. In our paper, we introduce a 
workflow to create a digital twin from an open-source energy simulation software, City 
Energy Analyst (CEA). 

In the following section, we introduce our methodology with subsections: (i) digital 
twin framework and data modelling, demonstrating a pilot case study and introducing 
our framework to create a digital twin dashboard; (ii) creating inputs for different post-
pandemic occupancy and climate change scenarios; and (iii) dashboard and 
visualisation, in which we explain the salient characteristics of this district-scale digital 
twin dashboard and its preparation. Subsequently, in the discussion section, we explain 
a resilience evaluation method for the disruption caused due to the pandemic. Finally, 
we conclude with suggestions for research investigating extensions to these ideas. 

2. Methodology 

As a pilot, we developed a digital twin through a web map application for a district-
scale university campus of area 170ha with around 300 buildings. Initially, we 
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modelled the campus using City Energy Analyst (CEA), which extracts the building 
footprint and height information (LOD0) from OpenStreetMap (OSM). Subsequently, 
the 2D shapefiles of the buildings were extruded with OSM heights and then converted 
to CityGML and 3D tiles format for web streaming. At the same time, detailed IFC 
models (LOD3) of a few buildings on the campus were converted and merged with the 
rest of the model with an IFC to CityGML pipeline. The digital twin dashboard was 
built with visualisations of 3D campus, real-time data from sensors, energy demand 
simulation results from CEA, and occupancy rates from WiFi data. 

2.1. DIGITAL TWIN FRAMEWORK AND DATA MODELING 

Figure 1 shows the development workflow of the digital twin dashboard as a web map 
application. The process started with extracting the 2D input shapefiles from City 
Energy Analyst (CEA). CEA acquires the geometries and attributes directly from 
OpenStreetMap (OSM). This process generally takes many iterations to check the 
validation of the data. It is possible that the OSM attributes don’t correlate to physical 
reality. Hence, building typology and the number of floors were specifically checked 
and updated as required.  

 

Figure 1. Framework for the district-scale digital twin dashboard as a web application 

The campus has a variety of buildings, whose predominant usage is not limited to 
academia. Using CEA, buildings were classified into university, lab, office, residential, 
retail, restaurant, hospital, gym, museum, and library as per usage. Additionally, this 
step helped energy modelling within CEA and the results can be viewed in the inbuilt 
CEA dashboard (see Figures 2-4). The simulation results are generated in CSV file 
format within the project folder of CEA. The building shapefiles are then merged with 
the output simulation results. This merging procedure can be done either in QGIS or 
FME with the support of unique building IDs assigned in CEA.  
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Figure 2. City Energy Analyst (CEA) - Energy end-use intensity for the district. 

 

Figure 3. City Energy Analyst (CEA) - District Grid Energy final use intensity. 

For instance, the energy demand CSV with total building electricity consumption 
and cooling load results were merged with the geometry. However, the geometry from 
CEA is two-dimensional (Level of detail = 0), basically simple polygons of building 
footprints. Thus, the polygons were imported to FME with a default shapefile reader 
and extruded to their building heights. Later, a writer was used to convert the 3D 
geometry into CityGML and Cesium 3D Tile format (Cesium GS, 2021). Detailed 
IFC-BIM models (LOD3) of a few buildings on campus were combined with the rest 
of the model (LOD1) using an IFC to CityGML work pipeline (Stouffs et al., 2018). 

All the converted 3D tiles were used to create the web map application as the digital 
twin dashboard. In addition, time-based sensor data stored in the InfluxDB cloud (an 
open-source cloud-native serverless platform) was accessed through a robust API to 
display high-frequency building information. This real-time sensor data was acquired 
from weather stations installed in campus. These capture indoor temperature, humidity 
etc. at a 10-minute frequency. Finally, Highcharts (a multiplatform charting JavaScript 
library) was used to display the simulation results and live data interactively on the 
dashboard (Chaturvedi & Kolbe, 2019; Würstle et al., 2020). 
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Figure 4. City Energy Analyst (CEA) - Monthly solar radiation simulated for the district. 

2.2. CREATING SCENARIO INPUTS FOR OCCUPANT MODELLING 

To test the digital twin's capability to display and compare different possible future 
trajectories for the case study area, scenarios on the impact on the built environment of 
the COVID-19 pandemic and climate change are analysed. For the former, we consider 
the long-term effects of increased remote working, while for the latter we analyse the 
long-term effects of changing climate patterns on space cooling demand. 

Pre-pandemic occupancy patterns for the buildings in the case study area are 
derived from hourly data on the number of devices connected to the campus WiFi 
network at each hour of the year 2018, following an approach similar to Zhan and 
Chong (2021). 

 
Two parameters are subsequently varied: 

● Parameter 1 – Work from home ratio (WFH): The share of building occupants that 
work from home on any given day, vary between 0%, 25%, 50% and 75%.  

● Parameter 2 – Operating building floor area ratio (OFA): The share of a buildings 
gross floor area is correspondingly varied between 100%, 75%, 50%, and 25% 
according to the share of occupants present in order to compare the effects of 
different building operation strategies on buildings' energy performance.  

We create the input scenarios by varying these parameters and compare the 
resulting hourly space cooling demand simulated from 2020 to 2060 to a baseline of 
0% WFH and 100% OFA (see Figure 5). In order to account for the long-term effects 
of climate change, future weather patterns are extracted from the Coupled Model 
Intercomparison Project (CMIP) and using the R package epwshiftr (Chong & Jia, 
2021). Yearly weather files from 2020 to 2060 are then passed to the CEA simulation. 

We then combine the results (.csv file) with the 3D model as explained in section 
2.1. The metadata is further used to create a user-interactive visualisation in the 
dashboard for the respective decade and parameters.  
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Figure 5. Input scenarios for different post-pandemic remote working shares and corresponding 
building occupancy 

2.3. DASHBOARD AND VISUALISATION 

The digital twin dashboard is set up using XAMPP (an open-source cross-platform 
web server solution stack package) for testing. The campus model in 3D Tile format 
and the metadata acquired from the CEA simulation result is used for styling in 
JavaScript. Further visualisation is customised within JavaScript as specified in Cesium 
3D Tile format. We have created various scenes in the dashboard for users to 
interactively navigate (see Figure 6-8).  

The dashboard display can switch between scenes thematically based on building 
typology, cooling loads, highlighting individual building typology (academic, 
residential, office etc.), thermal network of building cluster, energy-use intensity, and 
its ratio to occupancy. Tables 1-2 show the attributes assigned to each building in the 
campus - Unique building ID, gross floor area, occupancy, building height, number of 
floors, base simulation results (building electricity consumption, cooling load), WFH 
and OFA based cooling load results.  

Table 1. Attributes of building - unique building ID, gross floor area, occupancy, building electricity 
consumption, Intensity, cooling load, building height and number of floors 
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Table 2. Attributes of building - cooling loads for year 2030 with 0% WFH, 25% WFH, 50% WFH, 
75% WFH, for year 2040 with 0% WFH, 25% WFH, and 50% WFH 

Figure 6. Digital twin dashboard showing the building types scene 

Figure 7. Digital twin dashboard showing the cooling load scene 

Using the Highcharts-javascript library, the simulation results, the comparison, and 
real-time sensor data are displayed interactively on the dashboard. The Highcharts 
library has tools that can be used to create customised data visualizations. And its 
charting libraries work with back-end database or server stack. Highcharts offer 
wrappers for programming languages such as .Net, PHP, Python, R, Java, and 
frameworks such as Angular, Vue, and React (Mishra, 2020). 
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Figure 8. Digital twin dashboard showing the thermal network scene 

3. Discussion 
As a pilot, we developed a digital twin through a web map application for a district-
scale university campus of area 170ha. Overall, the digital twin dashboard was built 
with visualisations of a 3D campus, real-time data from sensors, energy demand 
simulation results from CEA, and occupancy rates from WiFi data. The impact on the 
built environment is simulated with post-pandemic and climate change scenarios. This 
can be observed in various scenarios created through varying occupant rates and 
corresponding average cooling loads in the buildings. We create the input scenarios by 
varying WFH and OFA parameters and compare the resulting hourly space cooling 
demand simulated from 2020 to 2060 to a baseline of 0% WFH and 100% OFA. The 
users then get the opportunity to try different combinations of parameters to see 
corresponding results on the dashboard. 

With this the created digital twin of built environment correspond to the social and 
economic systems during a pandemic. It helps to understand the consequences of such 
disruptions on the built environment and design resilience as a proactive measure. We 
believe the digital twin dashboard will be further used by urban designers, city planners, 
policymakers, facilities managers, and other stake holders. For instance, the changes of 
consumption patterns during and after pandemic can be approximately estimated with 
various parameter combinations. It may help in decisions regarding a new development 
within the district, as decision-makers can rely on the estimate of consumption.  

A study on behavioural patterns of users and energy consumption in district scale 
is important for building sustainable future cities. This pilot study of digital twins in 
energy systems management on a district scale adds further to the discourse of creating 
large scale multi-variate models. And our future work will focus on formulating a 
resilience assessment metric to measure the robustness of buildings to these 
disruptions. 

4. Conclusion 

There is a need for conceptual and empirical work on digital twins that focuses on 
energy systems management on a district scale. In this paper, we identified issues 
related to building digital twins which can effectively contribute to the discussion. We 
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have developed a use case of a digital twin through a web map application of district 
scale. We describe our methodology for creating the dashboard using a framework. 
Correspondingly, input scenario variation for occupant modelling is explained. And 
our ongoing work focuses on formulating a resilience assessment metric to measure 
the robustness of buildings to these disruptions. This district-scale digital twin 
demonstration can help in facilities management and planning applications. The paper 
further contributes to the development of digital twin approaches that can support 
decarbonising initiatives for cities.  
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