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Abstract 

Two preconditions for deploying Digital Twins are 

calibrated process models and IoT-based 

infrastructures for communication between digital and 

real systems enabling services like operational 

optimization. In particular, digital systems predict the 

plant behavior, draw conclusions for control 

adjustments, and optimize the real system operation 

via the communication infrastructure. 

This work presents a cloud-based framework to fulfill 

both pre-conditions applied to heat pumps in 

residential buildings. In a case study, we investigate 

repeated calibration by connecting real and digital 

systems. Using system supply temperature as the 

target variable and RMSE for evaluation, we 

automatically encounter repetitive experimental data 

with RMSE<3 K. 

Introduction 

A promising approach for decarbonization of the 

building sector is the coupling of heating and 

electricity from renewable energy sources. The 

resulting integration of so-called renewable 

electricity, for instance, through photovoltaic or wind 

turbines (dena, 2021) requires electricity-driven 

technologies such as heat pumps to provide the heat 

demand for buildings. Therefore, the heat pump is a 

key technology for a sustainable supply of thermal 

energy in the building sector, although further effort 

needs to be done to exploit the entire energy-saving 

potential (Bundesministerium für Wirtschaft, 2016). 

One opportunity to accomplish the potential is by 

optimizing the operation of the heat pump. However, 

the operation of heat pump systems depends on 

disturbance variables such as user interactions or 

weather conditions. Both complicate the optimization 

of operation. Furthermore, there are typically long 

operating periods of 15 to 20 years (Bundesverband 

Wärmepumpe e.V., 2014) that must exhibit robust 

operation without external adaption. In this context, 

Digitals Twins (DTs) are a promising technology to 

optimize and adapt the control during the entire 

lifetime. (Vering, 2021) 

DTs are a digital representation of real systems and 

map the characteristics as well as the operational 

behavior (Schleich, 2017). The basis of DTs is the use 

of calibrated process models. Sufficient reliability of 

predicting plant behavior and robustness is essential 

for the real-world application of DTs. While many 

contributions regarding DTs of heat pump systems 

exist in theory, there are only a few plant applications 

documented in the literature. Thus, there is a need for 

case studies in real-world applications to prove the DT 

potential.  

The basic precondition for transferring DTs to the 

field are valid process models and a robust 

communication infrastructure. Therefore, it is 

necessary to calibrate simulation models with 

measurement data. Calibrating a simulation model 

enables the prediction of plant behavior within a 

certain tolerance compared to measurement data. To 

meet measurement data with the simulation model, so-

called tuner parameters are adapted in the calibration 

process (Mehrfeld, 2021).  

From a mathematical point of view, minimization can 

be executed automatically by integrating 

mathematical algorithms for optimization using a pre-

defined target function. However, modifications of the 

real system (i.e. through aging or intended changes to 

the system such as maintenance) can lead to a different 

behavior during the operating period. Changes in 

behavior, in turn, lead to an increased deviation of 

measured and calculated plant behavior. A difference 

between digital and real systems consequently leads to 

a reduction of prediction accuracy and, thus, a 

potential dysfunction of the DT (Chong, 2019). 

To adapt the digital system of the DT over the 

operating period, Vering et al. (Vering, 2021) 

presented a method for automated calibration of 

HVAC (Heating Ventilation and Air Conditioning) 
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simulation models. They proved the framework 

functionality by meeting the first precondition: a 

calibrated process model. Therefore, a heat pump 

simulation model was coupled to the measured data of 

a real heat pump through a local InfluxDB database. 

The calibration was evaluated using the root-mean-

square error (RMSE) and it was shown that the 

deviation between simulated and measured target 

values can be kept within a valid tolerance range. 

Thus, the accuracy of the digital system can be 

sustained over a long-term period. 

Figure 1 shows the framework for recalibration 

(ReCaMo) from Vering et al. (Vering, 2021) which is 

further developed in this work. The DT is recalibrated 

as follows: First, an instantiation is used to set up the 

configuration via a configuration file (Step 1). 

Afterward, the steps of data acquisition (via a local 

InfluxDB database; Step 2), simulation (Step 3), and 

preparation (specification of calibration intervals, 

tuner parameters, etc.; Step 3), an optional sensitivity 

analysis (filtering of sensitive tuner parameters; Step 

4), calibration (optimization of tuner parameters using 

a stochastic optimization algorithm; Step 5), and 

overwriting (saving/overwriting of results; Step 6) are 

repeated periodically. With each new iteration, 

updated measurement data is used. For more 

information, the reader is referred to (Vering, 2021). 

 

Figure 1: Structure of the framework for 

recalibration of Digital Twins based on Vering et al. 

(Vering, 2021). 

When applying computationally expensive simulation 

models or performing large-scale parametric studies, 

the required computational resources are often not 

available as an in-house solution (Macumber, 2014). 

Therefore, it is reasonable to perform such operations 

or simulations centralized on high-performance 

machines, whose results can be accessed by field 

devices (Macumber, 2014). While Vering et al. 

(Vering, 2021) fulfilled the precondition of calibrated 

process models. However, they do not provide a 

solution for robust communication structure. Closing 

this gap, this work extends the methodology from 

Vering et al. (Vering, 2021) for robust cloud-based 

deployment within an Internet-of-Things framework 

for repeated calibration of simulation models (IoT-

ReCaMo). 

To show the applicability of IoT-ReCaMo for the 

cloud-based recalibration of DTs, an air-source heat 

pump is investigated for about seven hours as case 

study. For this purpose, a static simulation model is 

created and parameterized using Python. The 

calibration is applied (analogous to (Vering, 2021)) 

with AixCaliBuHA (Wüllhorst, 2022) and evaluated 

using the RMSE. The coupling of the real and digital 

systems for online calibration is solved cloud-based 

via an open-source communication platform. This 

work is organized as follows: 

 Section 2 presents current software solutions 

for setting up a communication platform. 

 Section 3 describes the actual 

implementations of the communication 

platform within IoT-ReCaMo. 

 Section 4 shows the calibration results. 

 Section 5 discusses possibilities and 

limitations for application of IoT-ReCaMo. 

 Section 6 draws a conclusion and introduces 

further work. 

Communication of smart HVAC systems 

To optimize the operation of HVAC systems, i.e., 

through advanced control strategies, an Internet-of-

Things-infrastructure (IoT) is promising to enable 

robust communication between devices. Features like 

high scalability as well as efficient on-demand 

provisioning of resources in terms of infrastructure 

and application are available through cloud 

computing. Additionally, further smart energy 

services such as predictive maintenance can easily be 

integrated. (Storek, 2021) 

Yaqoob et al. (Yaqoob, 2017) establish the following 

requirements for the architecture of an IoT platform: 

 Resource Control: Accessibility and 

configurability of smart devices in a remote 

manner. In Addition, there has to be a system 

load balancing (in case of redundant resource 

availability). 

 Energy Awareness: Preventing excessive 

energy consumption, i.e., through automated 

shutdown of the devices when they are not 

being used. Lightweight communication 

protocols can also help save energy. 

 Quality of Service: Prioritization of services 

to achieve high performance. Real-time 

applications, for example, must be given high 

priority to improve their performance. 

 Interoperability: Ensuring seamless 

communication between all types of 



                                                                                                                                                   

 

applications such as business, desktop, and 

mobile applications. To enable the 

communication of different devices, 

adaptations between network protocols are 

necessary. 

 Security: IoT architectures must be secure 

enough to prevent unauthorized use of 

devices and must guarantee data protection. 

In addition, security mechanisms must be 

lightweight, since most devices are 

resource-constrained. 

There are various software solutions for IoT platforms 

available on the market which meet these 

requirements, such as Amazon AWS (Amazon, 2022), 

Microsoft Azure (Microsoft, 2022), and Fiware 

(Fiware, 2021). In this work, the methodology is 

developed with Fiware due to its open-source 

character and availability. A fundamental introduction 

is given in the following. 

Fiware 

The Fiware IoT platform is supported by the European 

Union to accelerate innovation and growth of the 

Internet-of-Things. It provides cloud-based software 

solutions (called Generic Enabler) for saving and 

managing Context Data. Context data contains 

information about the state or properties of an object, 

such as the temperature value of a sensor. Fiware is 

open-source and offers the possibility to easily 

assemble an IoT platform from various components 

according to the user's needs. (Fiware, 2021) 

Figure 2 shows the Generic Enablers that 

communicate over HTTP and are used in this work.  

 

Figure 2: General setup of a simplified Fiware 

architecture with the Generic Enablers Orion 

Context Broker, IoT-Agent and Quantumleap. 

The central communication element is the Orion 

Context Broker, which can be used to manage Context 

Data in a MongoDB database. While MongoDB is 

used to store the current state of the system, historical 

data is managed by another Generic Enabler, called 

Quantumleap. The Context Broker is used to create 

subscriptions to certain attributes of entities from 

MongoDB (i.e., a temperature value), enabling 

Quantumleap to be notified when the value of the 

attribute changes and save it in the CrateDB database. 

The time-series data can subsequently be displayed 

using external visualization tools such as Grafana.  

The final software module is the IoT-Agent, which 

enables the coupling of IoT-Devices with the Fiware 

platform. It converts device-specific communication 

protocols like MQTT of the IoT-Devices into a 

standardized protocol that is used specifically for 

Fiware. Furthermore, external applications such as 

automated calibration can be embedded into the 

Fiware platform via REST APIs (Representational 

State Transfer-Application Programming Interface) 

using the Orion Context Broker or Quantumleap. In 

this way, external applications can retrieve data and 

information or can directly affect the IoT system. 

Implementation of the communication 

platform 

To simplify the implementation of the Fiware 

components, the Python library FiLiP (EBC, 2021) is 

used in this work. FiLiP can be understood as 

middleware and provides support for the integration of 

the Context Broker, Quantumleap and IoT-Agent 

functionalities. 

The automated calibration is integrated by extending 

the data acquisition from Vering et al. (Vering, 2021) 

by the functionalities of Quantumleap via FiLiP. 

Figure 3 visualizes the way the data is extracted for a 

calibration process from the CrateDB within defined 

periods. 

 

Figure 3: Process of automated calibration over time 

within Fiware. ΔT represents the step size where 

calibration is performed in between. 

Simulation model and experimental data 

IoT-ReCaMo is being tested using data obtained by 

experiment and a heat pump model created within the 

scope of this work. 

Heat pump model 

Figure 4 shows the heat pump that is modeled in 

Modelica. The refrigeration cycle is not modeled on 

refrigerant level and we are using equations of energy 



                                                                                                                                                   

 

conversion and simplified temperature considerations 

for heat transfer (see eq. (1) to (7)) to describe the 

system behavior. The simulation model inputs are the 

mass flows and inlet/outlet temperatures ṁc, ṁe, Tc,in, 

and Te,in of water/air within the condenser and 

evaporator, as well as the electrical compressor power 

Pel. The model offers 𝜂𝑔
∗  as a tuner parameter, affecting 

our calibration target, the supply temperature. 

0 = �̇�𝑒 + 𝑃𝑒𝑙 + �̇�𝑐 (1) 

�̇�𝑐 = �̇�𝑐 ∗ 𝑐𝑝,𝑤 ∗ (𝑇𝑐,𝑜𝑢𝑡 − 𝑇𝑐,𝑖𝑛) (2) 

�̇�𝑒 = �̇�𝑒 ∗ 𝑐𝑝,𝑎 ∗ (𝑇𝑒,𝑜𝑢𝑡 − 𝑇𝑒,𝑖𝑛) (3) 

𝐶𝑂𝑃 =  
�̇�𝑐

𝑃𝑒𝑙
 (4) 

𝐶𝑂𝑃 =  𝜂𝑔
∗ ∗

𝑇𝑐,𝑜𝑢𝑡

𝑇𝑒,𝑖𝑛
∗

�̅�𝑐

�̅�𝑐 − �̅�𝑒

 (5) 

�̅� =  
𝑇𝑐,𝑖𝑛 + 𝑇𝑐,𝑜𝑢𝑡

2
 (6) 

�̅� =  
𝑇𝑒,𝑖𝑛 + 𝑇𝑒,𝑜𝑢𝑡

2
 (7) 

Following eq. (1) to (7) the model does not explizitly 

account for dynamic behavior due to time invariance. 

This work is intended to serve as a proof-of-concept 

and to apply the developed methodology in a way that 

does not focus on the accuracy and robustness of the 

model. 

 

 

Figure 4: Scheme of the heat pump model used 

within this work. 

Experimental data 

The data for simulation and calibration is shown in 

Figure 5 to Figure 7. The time period covers about 

seven hours of July 8, 2021, from 9:50 am to 4:50 pm. 

The data acquisition was carried out with the 

hardware-in-the-loop method at the Institute for 

Energy Efficient Buildings and Indoor Climate in 

Aachen. The setup of the experiment is described in 

(Göbel, 2022).  

In the hardware-in-the-loop-test bench, the three 

operating modes listed in Table 1 were attempted to be 

experimentally reproduced. The operating modes are 

characterized based on the ambient air temperature at 

the evaporator inlet “A” and the water supply 

temperature at the condenser outlet “W”.  

Table 1: Time periods of three different heat pump 

operating modes for investigation. 

OPERATION MODE  TIME INTERVAL  

A10/W35  2300S –  9000S  

A8/W60 10000S –  13500S  

A4/W55 16000S –  19500S  

It is important to add, however, that the measured data 

were obtained by varying the compressor speed and 

the ambient conditions (such as the ambient 

temperature of the climatic chamber) and do not 

follow any specific control theory, i.e., of the supply 

temperature. 

 

Figure 5: Measured water and air temperature at 

condenser and evaporator inlet. 

 

Figure 6: Measured water and air mass flow at 

condenser and evaporator. 



                                                                                                                                                   

 

 

Figure 7: Measured electrical compressor power. 

Results 

In this section, the results of the simulation model 

calibration from the previous section are presented and 

evaluated. We disabled a prior sensitivity analysis of 

IoT-ReCaMo since our model specifies a single tuner 

parameter. Figure 8 shows the result of calibration in 

the time interval from second 2300 to 19500. This 

interval was chosen because we are working with a 

static model and in this interval, the measured data can 

be simulated robustly. The blue curve represents the 

measured supply temperature, while the red dashed 

curve visualizes the corresponding simulated supply 

temperature. The gray bands represent time intervals 

that are not taken into account in the calibration. In 

these areas, the calibration can be significantly 

distorted due to the high dynamics of the simulation 

data, since the model is designed for stationary 

operating conditions. 

Table 2: Results after calibration of presented 

measurement data. 

RMSE  [K]  𝜼𝒈
∗  [-]  MIN /MAX 𝜼𝒈

∗  

2.15 0.234  0.1  /  1.5 

The results of the calibration yielded an RMSE of 

2.15 K according to Table 2. The tuner parameter of 

0.234 is quite small but does not reach a limit, which 

leads to the conclusion that the boundaries were 

chosen well enough (compare Table 2). As expected, 

the model shows deviations compared to measured 

data, especially at the peaks (i.e. between second 

13000 and 13500). This is caused by the previously 

mentioned system dynamics of the measured data in 

this period. However, the general trend can be met in 

a reasonbable range of RMSE, thus proving the 

potential of IoT-ReCaMo and the possibility to safe 

on-site ressources. 

 

Figure 8: Measured (blue) and simulated (red 

dashed) supply temperature in Kelvin within the 

investigation time period. The RMSE here is 2.15 K. 

The grey areas are not taken into account for 

calibration. 

Since the focus of this work is not a perfect calibration 

of an exact simulation model, but an extension of an 

existing framework towards cloud-based and thus 

decentralized calibration, the overall results are 

sufficient. By presenting the results, the feasibility of 

the concept is validated. 

Conclusion and future work 

In this paper, we present IoT-ReCaMo, a framework 

for the cloud-based calibration of Digital Twins. As an 

extension to the recalibration framework ReCaMo 

from (Vering, 2021), IoT-ReCaMo provides a 

decentralized calibration of Digital Twins using 

measurement data. On-site deployment of the 

calibration service can hence be avoided thus enabling 

to save resources. Furthermore, the use of the cloud-

based platform enables standardized communication 

between digital and real systems. Therefore, this work 

contributes to the integration of devices and 

communication protocols in the field of HVAC. 

To show functionality and provide a proof-of-concept, 

a simplified and stationary heat pump model was 

created with Modelica, using real measurement data of 

7 hours. We provided a tuner parameter for the quality 

grade of the heat pump and obtained an RMSE of 

2.15 K for the supply temperature after calibration. 

For future development, the focus should remain on 

getting the calibration ready for field applications. 

Besides an integration of a more detailed heat pump 

model (i.e. time variant model types), an effort should 

be made to include further components like thermal 

storage and photovoltaic in the calibration process, to 

be able to simulate and calibrate entire building energy 

systems within a cloud-based framework. 

Furthermore, with Fiware it is possible to give data a 

semantic meaning. For this purpose, appropriate data 

models can be developed, capable of simplifying 

communication. 
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