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Abstract 

The Karlsruhe Institute of Technology maintains a 

virtual 3D Campus Model for its Campus North, 

which represents the building stock, vegetation and 

infrastructures. For a long period of time, energy-

relevant data for each building has been recorded and 

stored. In addition, sensors and systems are being 

installed on the campus that provide corresponding 

measurements on various time scales. 

This contribution describes the methods used to 

acquire and monitor the sensor data, and the 

infrastructure to store the data. Furthermore, visual 

representations of the sensor data are introduced and 

the workflow for integration into the virtual campus 

model is explained. Finally, an implementation is 

presented that monitors the measured values and 

generates notifications in case of certain conditions. 

Introduction 

Like smart cities, smart districts such as university 

and research campuses use information collected by 

various sensors and systems to effectively manage 

different infrastructures and resources and to monitor 

current conditions. Applications include monitoring 

and controlling buildings, infrastructures, transport 

and the environment (Du et al., 2019). 

Due to the constantly decreasing sensor costs and the 

increasing availability of wireless sensor networks, 

more sensors are being used to continuously collect 

information and make it available for analysis. 

Today, smart homes already collect a lot of 

information in the areas of comfort, energy, security 

and safety (Stolojescu-Crisan et al., 2021). On the 

next level, building management systems record, 

control and optimize the entire infrastructure of 

buildings or building complexes.  

Campus North of the Karlsruhe Institute of 

Technology (KIT) is an independent area outside the 

city of Karlsruhe. The campus extends over 2.5 km in 

a north-south direction and approximately 1 km in an 

east-west direction. The real estate cadaster lists over 

600 constructions with different functions. The 

campus has combined heat and power plants with a 

corresponding district heating network. Electricity is 

supplied via a 110 kV substation on the campus and 

is distributed from there to the individual buildings 

and experimental facilities. Furthermore, the campus 

has a road network, vegetation and geological 

boreholes. In addition, the number of photovoltaic 

systems on campus is constantly being expanded. 

The digital campus model of the Institute of 

Automation and Applied Computer Science (IAI) is 

based on externally and internally available 

geographical data. The 3D building models and the 

geological data were obtained from the corresponding 

state offices, while all other data originate from KIT 

facility and property management. Most of the data is 

stored in the corresponding databases, and the virtual 

globe software Cesium (Cesium GS, 2022) is used for 

presentation. 

The present contribution describes the virtual 3D 

Campus Model and various methods for integrating 

sensors and systems into this model. Using selected 

examples, the implemented architecture for the data 

acquisition of sensors and systems is explained and 

database structures are described. In addition, it is 

shown how measured values can be checked for 

plausibility in order to quickly detect possible failures 

of sensors and systems. Finally, the visualization of 

the measurement data in connection with the virtual 

3D Campus Model is presented. 

The 3D Model of KIT Campus North 

The virtual KIT Campus Model currently includes 

the domains of buildings, facilities, vegetation, pipe 

networks, electrical networks and geological 

boreholes. All data integrated in the campus model is 

stored in databases or as files and is constantly 

updated. As far as possible, the data description is 

based on standardized data models such as CityGML, 

IFC Landxml or BoreholeML. The visualization of 

the campus model is based on the open source 

Cesium platform (Cesium GS, 2022) and the data 

management is handled by the software VC Publisher 

mailto:karl-heinz.haefele@kit.edu
mailto:andreas.geiger@kit.edu
fj.kaiser@mellein.de
mailto:veit.hagenmeyer@kit.edu


                                                                                                                                                   

 

from the company virtualcitysystems GmbH (VCS, 

2022), either via database (using OGC standard web 

services) or file interface. 

The building models are provided by the State Office 

für Geoinformation and Landentwicklung Baden-

Württemberg (LGL-BW, 2022) as Level of Detail 2 

(LoD2) CityGML models (Gröger et al., 2012). As 

the models were generated based on Lidar data  

(Roschlaub et al., 2016) and uncommon roof shapes 

of a few buildings were not correctly recognized, the 

model was manually adjusted so that all buildings 

form closed volumes. To achieve the most realistic 

representation of the buildings, the buildings were 

textured with terrestrial photographs (see Figure 1). 

3D models of sensors and systems to be monitored 

are integrated in this model as building installations 

or city furniture. All buildings are stored in a 

CityGML database (3D-City-DB, 2022) and are 

available to other applications via Web Feature 

Service (WFS) (Vretanos, 2014). 

 

Figure 1: The virtual KIT Campus North model 

(above-ground objects) 

 

Figure 2: Underground objects of the Campus North 

model (1 District Heating Network, 2 Boreholes) 

The district heating network was modelled as a 3D 

pipe network and exported in LandXML format 

(www.landxml.org). Sensors are not yet integrated in 

this model. The values of the consumption recorded 

at each heat transfer station are therefore assigned to 

the respective building. Figure 2 shows the district 

heating network as a 3D pipe network. 

The power grid is only modelled geographically at 

the 20 kV level and contains only substations and no 

consumers. The power grid model is exported from 

the simulation software package PowerFactory 

(www.digsilent.de/en/powerfactory.html) as a CIM 

model (IEC 61970, IEC 61968) (Crimmins, 2021) 

and contains both the topology and the geographical 

location of the power grid. For the representation in 

the 3D Campus Model, the power grid with all its 

properties is converted into GeoJSON (geojson.org/). 

Analogous to the district heating network, the 

electrical energy consumption of the buildings is 

currently not linked to the power grid model but to 

the building object.  

The vegetation of the virtual model is limited to trees 

that, due to their location, must be regularly checked 

for stability and safety. These trees are recorded in a 

database with measurement parameters (height, 

crown diameter etc.) from which a 3D model is 

derived. The database contains all data from the last 

inspection and is only updated during a new 

inspection. 

With very few exceptions, the geological boreholes 

(see Figure 2, blue lines) are not equipped with 

sensors. The monitored boreholes contain 

temperature sensors at different depths and are 

recorded in the same way as other temperature 

sensors. 

Sensors and systems are represented in different ways 

in the 3D Campus Model. If measured values can 

already be assigned to existing objects, such as the 

heat consumption of a building, the building model is 

directly linked to the measured data. Sensors and 

systems that are visible in the model and have a 

certain object size are represented by additional 3D 

models that are linked to the corresponding 

measurement data. Examples are weather stations or 

photovoltaic battery systems. Figure 3 shows the 3D 

models of two weather stations on the roof of a 

building. 

 

Figure 3: 3D models of weather station on top of a 

building 

Sensors and systems that are not visible in the model 

are indicated by point objects with icons at the next 

possible visible location. These point objects or icons 

are linked to the measured values. Examples are 

indoor sensors, battery systems in a building or 

underground sensors. Figure 4 shows a temperature 

icon on the roof of the building as a link to all 

http://www.landxml.org/
http://www.digsilent.de/en/powerfactory.html
https://geojson.org/


                                                                                                                                                   

 

temperature sensors of this building. The icons in 

front of the building are proxies for underground 

temperature sensors of a geothermal heat pump. 

 

Figure 4: Icons for accessing measurement data of 

not visible sensors and systems 

Another method to present measured values in a 3D 

model is the direct manipulation of the 3D objects by 

moving, rotating, scaling or changing the color. In 

this case, the 3D objects are exported to the glTF 

format (www.khronos.org/gltf/) and linked to the 

sensor values. An example of this is a weather flag 

that can be drawn on top of the weather station model 

(see Figure 5). It shows the current wind direction 

immediately and intuitively.  

 

Figure 5: Rotatable object (KIT flag) which is linked 

to the measured wind direction and indicates the 

direction in the 3D model 

Monitoring Architecture 

The monitoring architecture is based on various 

components (MQTT Broker, Telegraf, InfluxDB, 

Grafana, Kapacitor) that are individually adapted for 

the different sensors and systems. In the first part of 

this section, the components used are presented and 

in the second part, the flow of information is 

explained using three examples (weather station, 

photovoltaic battery system, room sensors). 

An MQTT broker (mqtt.org/) is a service that 

provides a publisher/subscriber pattern for arbitrary 

messages. A message is identified by a topic and 

contains a single unstructured message content. 

Each topic is a hierarchical name (e.g. 

testing/line/weather-iec61850/weather), set by the 

publisher and used by subscribers to get notified of 

newly arrived data. A subscriber may subscribe to a 

specific topic or a selected branch of the hierarchy. 

The broker does not imply a specific semantics on the 

message content. The message content may consist of 

simple text, complex formatted markup (e.g. JSON, 

XML) or even binary data. 

A publisher sends data to the MQTT broker on its 

own behalf either triggered by an event or on a 

regular time base. The importance of the message can 

be specified by a Quality of Service (QoS) attribute, 

which allows to define how the message is handled 

when new subscribers connect to a topic, or when the 

message cannot be delivered. 

A subscriber connects to the MQTT broker and 

specifies the topics of interest. The MQTT broker 

then forwards matching incoming messages to all 

subscribers that are registered for this topic. 

Telegraf (www.influxdata.com/time-series-platform 

/telegraf/) is a service that is used to acquire data 

from data sources, to process and transform it in 

different ways, and to forward it to data targets. The 

service consists of a framework for the service 

control, and a large number of input, processing, 

transformation and output plug-ins. 

Input plug-ins are used to connect to a data source. 

Depending on the input plug-in used, different update 

methods are possible. On the one hand, Telegraf can 

query the data source with various mechanisms, on 

the other hand, Telegraf can be notified by the data 

source. 

Usually the format of the source data is different from 

target data. In order to bridge this gap, Telegraf 

provides a collection of processing and 

transformation plug-ins. Examples for such plug-ins 

are input data interpreters, data type converters, data 

aggregators and data manipulators. 

Once the data processing and transformation steps are 

completed, the results can be transferred to one or 

more output plug-ins, sending the data to the final 

target (e.g. InfluxDB). 

InfluxDB (www.influxdata.com) is a time series 

database that is optimized for storing and retrieving 

highly frequent data. Each data point is stored 

together with a timestamp and a set of attributes 

(tags). These attributes can be used for example to 

identify the data source, to indicate sensor location or 

to specify the sensor type. 

Since the protocol (Line Protocol) for writing to 

InfluxDB is very simple, the data can be imported 

with high frequency. Each data point consist of one 

single line of text, which consists of a mandatory 

measurement name, optional tags, the data values and 

the timestamp. 

http://www.khronos.org/gltf/
https://mqtt.org/
http://www.influxdata.com/time-series-platform%0b/telegraf/
http://www.influxdata.com/time-series-platform%0b/telegraf/
http://www.influxdata.com/


                                                                                                                                                   

 

In order to extract data, InfluxDB supports the query 

language InfluxQL (docs.influxdata.com) and the 

more advanced language Flux 

(www.influxdata.com/products/flux). InfluxQL is 

inspired by SQL, and is optimized for the handling of 

time series data. Flux provides a higher abstraction 

from the underlying database and allows for 

combining data from different sources (database, file 

system and others). 

One of the major features of InfluxDB is the 

capability to fastly calculate aggregations. Especially 

for the live presentation of data, a fast calculation of 

time interval dependent aggregations, such as 

averaging or summation, is important. 

Grafana (grafana.com/) is a web based application 

that provides a number of different visualizations for 

data. Grafana allows for creating dashboards, which 

are collections of data panels (graphs, charts, etc.). 

The dashboards as well as single data panels can be 

further linked to other applications. As mentioned 

above, the 3D campus model contains objects that are 

linked to corresponding dashboard. In order to 

establish the links between the 3D objects and the 

dashboard, customized scripts have been added to the 

VC Publisher (VCS, 2022). 

Kapacitor (www.influxdata.com/time-series-plat 

form/kapacitor/) is a tool for observing persisted data 

of InfluxDB. The observed data can be processed in 

different ways to generate derived data and/or to 

determine relevant events (e.g. outlier, outage). Both 

the newly generated data and the determined events 

can be send to different targets. 

Derived data can be stored again in the same or 

another time series database. This function can be 

used to prepare aggregated data from the original 

data to reduce the processing time for frequently used 

aggregations. 

Events determined from the input data can be 

forwarded through notifiers to targets such as e-mail 

receivers, messenger services or databases. This 

allows to create notifications when sensors do not 

provide data (e.g. failure at the sensor, 

communication problems), or when the data meets 

certain criteria (e.g. thresholds). 

The Weather Station is considered a sensor system 

with multiple sensors for meteorological 

measurements. In addition to temperature, air 

pressure, humidity, wind speed and direction, it can 

also measure brightness and cloud coverage, which is 

particularly important for energy applications. 

The system is accessed via a serial interface that 

supports a text-based protocol providing data as 

JSON. Since the system is not able to write 

measurement data directly into a database, a gateway 

is required to retrieve the data and prepare further 

processing. The gateway, a Programmable Logic 

Controller (PLC), is connected to the LAN and 

forwards the measured data to a MQTT broker, 

which makes the data available to subscribers. 

Currently the only subscriber of the MQTT broker is 

the application Telegraf, which will be notified 

whenever new data is available on the MQTT broker. 

Telegraf converts the data from the native sensor 

format to Line Protocol and writes the converted data 

into the target InfluxDB. For presenting the data 

Grafana dashboards have been designed, showing 

both the live data and historical data. In addition, the 

data from the weather station is observed by 

Kapacitor to ensure that data is continuously being 

received. In case of a data failure, an email will be 

sent. (see Figure 6). 

 

Figure 6: Information flow using MQTT broker 

The Photovoltaic Battery System is located on the 

rooftop of the institute building. The system consists 

of four segments with solar panels and four battery 

stacks, which all have their own power inverters. All 

inverters are members of a system internal Modbus 

network. A data manager is controlling the charging 

and discharging process of the batteries on one side 

and acts as gateway between the internal Modbus and 

the LAN (Modbus/TCP) on the other side.  

 

Figure 7: Information flow for the Photovoltaic 

Battery System 

http://www.docs.influxdata.com/
http://www.influxdata.com/products/flux
https://grafana.com/
http://www.influxdata.com/time-series-plat%0bform/kapacitor/
http://www.influxdata.com/time-series-plat%0bform/kapacitor/


                                                                                                                                                   

 

Telegraf provides the interface between Modbus/TCP 

and the InfluxDB. Grafana is used for presenting the 

data in dashboards. Kapacitor monitors in particular 

the operation of the battery stack and sends an e-mail 

in case the battery stack has a failure. In addition, 

Kapacitor generates a daily report on the generated 

energy of the photovoltaic system. In contrast to 

warnings, reports are published via messenger 

services (see Figure 7). 

The Room Sensors are wireless sensor systems that 

measure temperature, humidity, CO2, brightness, 

motion and electrical power consumption in selected 

offices. In this case, the sensor data is send to a 

MQTT Broker via LoRaWAN. The further data 

processing is similar to the weather station. As all 

sensors are battery powered, Kapacitor also monitors 

the status of the power supply in addition to the 

sensor values (see Figure 8). 

 

Figure 8: Information flow using a LoRaWAN 

Gateway 

All components of these information flows are 

packed in Docker containers and executed on a 

Kubernetes cluster. 

Data Visualization 

The visualization of the sensor data in the KIT 

Campus Model is implemented in three ways: directly 

in Cesium (Cesium GS, 2022) using JavaScript, as 

Grafana dashboards in a separate window (see 

previous chapter) or as manipulation of 3D objects in 

the Cesium environment (see Figure 5). 

Monthly aggregated measurement data, such as heat 

and electricity consumption values or calculated solar 

potentials, can be displayed as bar charts directly in 

the 3D scene. Figure 9 shows the monthly heat 

consumption of a selected building for a specific year 

as an example. 

 

Figure 9: Visualization of monthly heat consumption 

of a specific building as a bar graph 

If the current status of a sensor or a system is to be 

presented, a Grafana dashboard is opened in a new 

browser window. Figure 10 shows the current status 

of a photovoltaic battery system. Since the generated 

solar energy in particular depends on the current 

weather conditions, the measured values for cloud 

cover, brightness and radiation are also displayed. 

 

Figure 10: Representation of the current status of a 

photovoltaic battery system 

If sensor values for a certain time period are required 

for interactive observation (historical data), line 

charts are generated and presented in Grafana 

dashboards. Figure 11 shows the line charts for the 

power of the photovoltaic system, the battery storage 

and the grid consumption. 

 

Figure 11: Line charts for the electrical power 

values during one day 



                                                                                                                                                   

 

Conclusion and Outlook 

The coupling of the 3D campus model and sensor and 

facility measurements enables intuitive monitoring of 

large real estates. The location and characteristics of 

the sensors or systems in the 3D environment can 

provide additional visual impressions to better 

classify the significance and plausibility of the 

measurement data. 

Nevertheless, the creation and maintenance of a 3D 

campus model should not be underestimated. 

Creating the model only for monitoring would be far 

too time-consuming and expensive. However, if 3D 

campus models are already available, the monitoring 

of sensors and systems offers an additional benefit. 

The integration of real measured values and 

simulation results also enables a further step towards 

the digital twin. 

A major problem both in creating 3D campus models 

and in monitoring sensors is the heterogeneous data 

infrastructure. Although standardized semantic data 

models and access methods have been defined in 

many areas, they are far from being comprehensively 

adopted in practice. Furthermore, merging different 

domains (e.g. buildings, infrastructure, geology) into 

one complete model is complicated by different data 

modelling methods. Nevertheless, the use of 

standardized data models and protocols as well as the 

use of open source software is the best way to keep 

the virtual campus model up-to-date and usable. 

Another challenge is the mapping of 3D objects and 

sensors. The uncoordinated use of identifiers and 

names makes automatic linking considerably more 

difficult, if not impossible. Currently, the linking of 

3D object and sensor values in the KIT Campus 

Model is established via a corresponding mapping 

table. 

In parallel to the maintenance of the 3D campus 

model and the integration of additional sensors and 

systems, future work will focus on automatically 

linking the objects across domain boundaries. A 

solution to this might be to establish spatial and 

logical relationships between all digital objects that 

reflect the real interrelationships. Furthermore, future 

modelling of digital objects will increasingly take 

into account the FAIR (Findable, Accessible, 

Interoperable, Reusable) data principles (Wilkingson 

et al., 2016). 
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