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SUMMARY 
The built environment requires energy-flexible buildings to reduce energy peak loads and to maximize the use 

of (decentralized) renewable energy sources. The challenge is to arrive at smart control strategies that respond 

to the increasing variations in both the energy demand as well as the variable energy supply. This enables grid 

integration in existing energy networks with limited capacity and maximises use of decentralized sustainable 

generation. Buildings can play a key role in the optimization of the grid capacity by applying demand-side 

management control. To adjust the grid energy demand profile of a building without compromising the user 

requirements, the building should acquire some energy flexibility capacity.  

The main ambition of the Brains for Buildings Work Package 2 is to develop smart control strategies that use 

the operational flexibility of non-residential buildings to minimize energy costs, reduce emissions and avoid 

spikes in power network load, without compromising comfort levels. To realise this ambition the following key 

components will be developed within the B4B WP2: (A) Development of open-source HVAC and electric services 

models, (B) development of energy demand prediction models and (C) development of flexibility management 

control models. This report describes the developed first two key components, (A) and (B). 

This report presents different prediction models covering various building components. The models are from 

three different types: white box models, grey-box models, and black-box models. Each model developed is 

presented in a different chapter. The chapters start with the goal of the prediction model, followed by the 

description of the model and the results obtained when applied to a case study. The models developed are 

two approaches based on white box models (1) White box models based on Modelica libraries for energy 

prediction of a building and its components and (2) Hybrid predictive digital twin based on white box building 

models to predict the dynamic energy response of the building and its components. (3) Using COϜ monitoring 

data to derive either ventilation flow rate or occupancy. (4) Prediction of the heating demand of a building. (5) 

Feedforward neural network model to predict the building energy usage and its uncertainty. (6) Prediction of 

PV solar production. 

The first model aims to predict the energy use and energy production pattern of different building 

configurations with open-source software, OpenModelica, and open-source libraries, IBPSA libraries. The 

white-box model simulation results are used to produce design and control advice for increasing the building 

energy flexibility. The use of the libraries for making a model has first been tested in a simple residential unit, 

and now is being tested in a non-residential unit, the Haagse Hogeschool building. The lessons learned show 

that it is possible to model a building by making use of a combination of libraries, however the development 

of the model is very time consuming. The test also highlighted the need for defining standard scenarios to test 

the energy flexibility and the need for a practical visualization if the simulation results are to be used to give 

advice about potential increase of the energy flexibility.  

The goal of the hybrid model, which is based on a white based model for the building and systems and a data 

driven model for user behaviour, is to predict the energy demand and energy supply of a building. The model's 

application focuses on the use case of the TNO building at Stieltjesweg in Delft during a summer period, with 

a specific emphasis on cooling demand. Preliminary analysis shows that the monitoring results of the building 

behaviour is in line with the simulation results. Currently, development is in progress to improve the model 

predictions by including the solar shading from surrounding buildings, models of automatic shading devices, 

and model calibration including the energy use of the chiller.  

The goal of the third model is to derive recent and current ventilation flow rate over time based on monitoring 

data on COϜ concentration and occupancy, as well as deriving recent and current occupancy over time, based 

on monitoring data on COϜ concentration and ventilation flow rate. The grey-box model used is based on the 

GEKKO python tool. The model was tested with the data of 6 Windesheim University of Applied Sciences office 

rooms. The model had low precision deriving the ventilation flow rate, especially at low CO2 concentration 

rates. The model had a good precision deriving occupancy from COϜ concentration and ventilation flow rate. 

Further research is needed to determine if these findings apply in different situations, such as meeting spaces 

and classrooms. 

The goal of the fourth chapter is to compare the working of a simplified white box model and black-box model 

to predict the heating energy use of a building. The aim is to integrate these prediction models in the energy 

management system of SME buildings. The two models have been tested with data from a residential unit 

since at the time of the analysis the data of a SME building was not available. The prediction models developed 

have a low accuracy and in their current form cannot be integrated in an energy management system. In 

general, black-box model prediction obtained a higher accuracy than the white box model. 
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The goal of the fifth model is to predict the energy use in a building using a black-box model and measure the 

uncertainty in the prediction. The black-box model is based on a feed-forward neural network. The model has 

been tested with the data of two buildings: educational and commercial buildings. The strength of the model 

is in the ensemble prediction and the realization that uncertainty is intrinsically present in the data as an 

absolute deviation. Using a rolling window technique, the model can predict energy use and uncertainty, 

incorporating possible building-use changes. The testing in two different cases demonstrates the applicability 

of the model for different types of buildings.  

The goal of the sixth and last model developed is to predict the energy production of PV panels in a building 

with the use of a black-box model. The choice for developing the model of the PV panels is based on the 

analysis of the main contributors of the peak energy demand and peak energy delivery in the case of the DWA 

office building. On a fault free test set, the model meets the requirements for a calibrated model according to 

the FEMP and ASHRAE criteria for the error metrics. According to the IPMVP criteria the model should be 

improved further. The results of the performance metrics agree in range with values as found in literature. For 

accurate peak prediction a year of training data is recommended in the given approach without lagged 

variables.   

This report presents the results and lessons learned from implementing white-box, grey-box and black-box 

models to predict energy use and energy production of buildings or of variables directly related to them. Each 

of the models has its advantages and disadvantages. Further research in this line is needed to develop the 

potential of this approach. 

http://www.brainsforbuildings.org/
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1 INTRODUCTION 

1.1 Background and objectives 

The built environment requires energy flexible buildings in order to prevent energy peak load and to maximize 

the use of (decentralized) renewable energy sources. The challenge is to arrive at smart control strategies that 

respond to the increasing variations in both the energy demand as well as the variable energy supply. This 

enables grid integration in existing energy networks with limited capacity and maximises use of decentralized 

sustainable generation. 

The main ambition of the B4B project is to develop smart control strategies that use the operational flexibility 

of non-residential buildings to minimize energy costs, reduce emissions and avoid spikes in power network 

load, without compromising comfort levels. Furthermore the goal is to show that flexibility of energy 

production/demand of smart buildings can reduce operational constraints in the current power network.  

To realise this ambition the following key components will be developed within the B4B project: 

A. Development of open-source HVAC and electrical services models 

To lay the foundation for our research, we embark on the creation of open-source models for heating, 

ventilation, and air conditioning (HVAC) systems and electrical services within non-residential buildings. 

These models will serve as the building blocks for the development of the energy prediction models. 

B. Development of energy prediction models 

Building upon the HVAC and electrical services models, we will proceed to construct advanced energy 

prediction models. These predictive models are essential for forecasting energy consumption patterns, 

enabling proactive and efficient energy management. 

C. Development of flexibility management control methods 

To harness the inherent flexibility within non-residential buildings (due to thermal mass or local 

storage/generation options), we will pioneer innovative control methods. These methods will facilitate the 

dynamic allocation of energy resources, ensuring optimal/flexible energy utilization while minimizing 

wastage and ensuring indoor comfort. The most promising control methods will be tested in living labs, 

first in a digital environment and later on in real buildings. 

This report describes the developed HVAC and electrical services models, and the energy prediction models 

within components (A) and (B) listed above. 

1.2 Approach 

A structured and collaborative approach has been defined to achieve the objectives of the B4B project. Before 

starting, the consortium partners discussed and decided about the distribution of tasks. This ensured that a 

wide variety of models have been developed in the B4B project and it has also allowed partners to exchange 

feedback about the different models, gaining a common insight on the pros and cons of each approach. The 

developed models have been tested using real data from living labs and use cases in order to validate their 

results and to demonstrate their possible implementation for the control of buildingsõ energy flexibility.  

The work on the development of the three key components (A), (B) and (C) has been carried out simultaneously. 

As the learning outcomes of each key component can have a positive impact on the development of the other 

key components, regular outcome sharing meetings have been organized and collaboration between 

consortium partners have been established. As a consequence of the continuous feedback rounds the 

development of the models is still ongoing. This report covers the current results of key components (A) and 

(B) and will be updated with the last version of the models developed towards the end of the project. 

1.3 Structure of the report 

In Chapter 2, background information is given about energy flexibility in buildings, the different building energy 

models and building characteristics to be included in the building energy demand models. Furthermore, an 

overview is given of all models that are developed and described in this report. In the subsequent chapters 

the different modelling approaches are described in detail, where each chapter starts with a description of the 

model, followed by the results of their application in practice : 

- Chapter 3 describes a white box modelling approach using Modelica libraries for energy prediction of the 

building and its components.  

- Chapter 4 describes a hybrid modelling approach based on white box building models  using a predictive 

twin for energy prediction of the building and its components.  

http://www.brainsforbuildings.org/
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- Chapter 5 describes an inverse grey-box modelling approach to use CO2 monitoring data to derive either 

ventilation flow rate or occupancy.  

- Chapter 6 describes a simple white box and a simple black box model to predict the heating demand of a 

building 

- Chapter 7 describes a black box modelling approach using a feedforward neural network to predict the 

building energy usage and its uncertainty 

- Chapter 8 describes a black-box modelling approach using neural network to predict the PV solar 

production. 

http://www.brainsforbuildings.org/
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2 BACKGROUND 

2.1 Energy flexibility in buildings 

The production Gap Report (SEII et al., 2021) proposes an average yearly reduction of 6% on the use of fossil 

fuels to achieve the CO2 reduction targets of the Paris Agreement (United Nations, 2015). As a consequence 

of the needed energy system change, there has been in recent years an increase on electricity demand, due 

to higher use of heat pumps and electric cars, as well as an important growth of renewable energy production, 

particularly solar and wind energy (OECD, 2021). Therefore, the electricity grid is working at a higher capacity 

rate causing grid congestion problems. Not only because of the increase of the total amount of electricity being 

transported but also because the increase in renewable energy production creates an imbalance in the 

electricity grid between energy production and consumption due to its dependence on natural elements 

(Zsiborács et al., 2021). 

One way to rebalance the grid is to adjust consumption in relation to production that in the literature is referred 

to as demand-side management control. Buildings account for 40% of the total energy consumption in the EU 

(IEA, 2019). They can therefore play a key role in the balance of the grid and optimization of the grid capacity. 

To be able to adjust the grid energy demand profile of a building without compromising the user requirements, 

the building should acquire some energy flexibility (Reynders et al., 2018; Marszal-Pomianowska, 2019). The 

concept of building energy flexibility was addressed early on in (Six et al., 2011; Nuytten et al., 2013), among 

others and numerous definitions have been proposed since then. In this project building energy flexibility is 

defined as: òThe capacity of a building to deviate its grid energy supply and grid energy demand from the 

reference profile, reacting to a specific control request without impairing functionality or thermal comfort.ó 

The definition used is based on the definition outlined in Annex 67 report on ôCharacterization of Energy 

Flexibility in Buildingsõ (EBC Annex 67, 2018). The main difference is the specification that the energy supply 

and energy demand patterns that are aimed to be modified are the grid energy demand and the grid energy 

supply. This allows to clearly identify that the exchange of energy is between the grid and the building. The 

other change is to make it explicit that the deviation is activated by a control request. A conceptual visualization 

of the definition is presented in Figure 2.1. 

  

 

Figure 2.1. B4B conceptual visualization of building energy flexibility.  

Numerous scientific publications have proposed KPIs to characterise energy flexibility. A complete list of energy 

flexibility KPIs that can be found in the literature are presented in Appendix A of the Annex 67 report on 

http://www.brainsforbuildings.org/
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ôCharacterization of Energy Flexibility in Buildingsõ (Marszal-Pomianowska, 2019). In the same report, a 

flexibility function is proposed to assess the energy flexibility. The function is described in Figure 2.2. 

 

Figure 2.2. Energy Flexibility function. (Marszal-Pomianowska, 2019). 

Ǳ (Time): The delay of seeing an effect on the energy demand. 

ǂ (Power): The maximum change in demand following the penalty change. 

Ǟ (Time): The time it takes from the start in change in demand until it reaches the lowest level. 

ǟ (Time): The total time of decreased energy demand. 

A (Energy): The total amount of decreased energy demand. 

B (Energy): The total amount of increased energy demand. 

The flexibility function allows to numerically determine the characteristics of the difference between the 

reference energy profile and the deviated energy profile. To do so, it is only necessary to give as input the 

reference profile and the deviated profile. As it is difficult to measure in real life a reference and deviated 

energy building profile under similar circumstances, the energy flexibility is most likely to be assessed by 

making use of building simulation models. Therefore, the primary goal of this report is to develop models that 

allow to simulate the energy profile of a building when reacting to a specific control request.   

This document describes the building models and the HVAC and electrical services models developed to 

generate a reliable building energy supply and demand prediction for non-residential buildings. The models 

could be used as a tool to assist in the building systems design process or as a digital twin to assist in flexibility 

control actions. 

2.2 Building energy models 

The techniques currently used to model energy-related systems in buildings, which include predicting, 

managing, and optimizing energy systems design and control, can be classified into three groups: physics-

based modelling (also known as white-box models) including hybrid building models based on white box 

building models and data driven user models, data-driven modelling (also known as black-box models), and 

grey-box models (Yu et al., 2022; Habash,2022). 

White-box models 

White box models are based on the principles of physics. It is a modelling approach that explicitly represents 

the internal workings, physical properties, and energy flows within a building. The advantage of white box 

models is that they make use of known physical properties such as heat transfer and therefore need less 

informative data to calibrate the model. The downside is that detailed physical parameters of the building 

dimensions and material properties must be available and depending on the complexity of the white box model 

can take considerable time and effort to initiate the model. (Chen et al. 2022). TNO uses a white box model to 

describe the building model and uses data driven models for user behaviour (thermostat setpoint, shading 

etc) 

Black-box models 

Black-box models are data-driven models, as they are created by quantifying parameters from historical data 

and establishing correlations between building performance and data. The parameters of black-box models 

are typically adjusted automatically, which offers a notable advantage over white-box models. For a data driven 

model to be accurate it needs training data that has sufficient information. In contrast, white box models 

contain physical relationships that are already known. In many cases, the information and the quality of 

building data is low, which makes it difficult to train black box models. Nevertheless, the inner workings of 

http://www.brainsforbuildings.org/
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these models are mostly unknown, as the parameters do not have a physical meaning, which limits the control 

flexibility of the overall process. (Wilde, 2023) 

Grey-box models 

Grey-box models are a combination of white and black-box models. Grey-box models define a physical model 

to depict the building's physical layout and/or of the HVAC equipment. Subsequently, they employ statistical 

analysis to determine significant parameters that represent crucial aggregated physical characteristics and 

they may use black box models to estimate parts that are not described by physical models for instance user 

behaviour. Accomplishing this necessitates advanced user knowledge in formulating appropriate modelling 

equations and estimating these parameters. This approach has great potential, particularly in the domains of 

fault detection and diagnosis (FDD) as well as real-time control. Since the model contains known physical 

relations, it can be trained with building data that contains less information. (Harish & Kumar, 2016; Li,2021) 

2.3 Building characteristics to be included in building energy models 

To give insights into the most common non-residential building characteristics, a preliminary analysis has been 

carried out about the building characteristics of office buildings of The Central Government Real Estate Agency 

(CGREA), Rijksvastgoedbedrijf. The analysis is based on the available CGREA building information database 

data and the available building energy performance certificate reports. The results of this analysis are 

presented in appendix A of this report.  

This analysis's initial goal was to identify the highest priority building component configurations to be modelled. 

However, in the course of this research project, it appeared that this information would not interfere with the 

decision of what building component configurations need to be modelled because the current most common 

building configurations offer reduced building energy flexibility capabilities (limited energy storage capacity, 

reduced energy production capacity and limited predictive energy control capacity). However, the analysis 

offers an overview of what are the average current office building characteristics and building component 

configurations. This is still a valuable piece of information when making building energy models of office 

buildings.   

2.4 Building energy models developed  
The partners involved in making this report have developed models using all of the three techniques described 

above to facilitate design decisions or the implementation of control algorithms that enhance the energy 

flexibility of buildings. The list of models, the use-case on which the model has been built, and the aim of the 

model are presented in Table 2.1. The table also refers to the report chapter in which the model is presented. 

Table  2.1. Building and building system models developed 

Model type Living Lab/Use 

Case 

Prediction goal Comments Chapter 

White box 

model 

HHS Delft Using open-source software and 

libraries to simulate different 

building configurations to produce 

design and control advice for 

increased energy flexibility.  

The higher education HHS Delft 

Building has 3 levels, it is well insulated 

and it is equipped with an aquifer 

thermal storage system and floor 

heating. 

3 

White box 

model, hybrid 

model 

TNO Stieltjesweg 

Delft 

Cooling demand of the building for 

use in predictive control 

The TNO Stieltjesweg building is a 3 

level office building with optical labs on 
the ground floor.   

4 

Inverse grey 

box 

Building 

Windesheim 

Derive current ventilation flow 

rates from recent CO2 

concentration and occupancy 

data and derive current 

occupancy data from recent CO2 

concentration and ventilation flow 

rate data. 

Collected data from 6 office rooms at 

Windesheim for 3 weeks in the autumn 

of 2022, but had to reject the data of 3 

office rooms due to data quality issues. 

Dataset of the 3 office rooms, 8 

properties from 4 sources, totalling 0.4 

million datapoints published as open 

dataset. Firmware for CO2 and 
occupancy detection measurement 

device (û85 per room) and GEKKO 

Python based model and analysis 

software published as open source 

software. 

5 

White+ Black 
box model 

O-nexus White Box: Modelling heat 
demand with a physical equation. 

The dataset comes from the existing O-
Nexus database and is based on 

6 
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Model type Living Lab/Use 

Case 

Prediction goal Comments Chapter 

Black box: Predict heating 
demand so that power steering 

control algorithms can be 

optimized.  

different types of residential housing. It 
is a private dataset. 

Black box Peutz Indication of expected building 

energy usage and associated 
uncertainty in the expectation. 

Tested with two datasets for an 

educational facility and a commercial 
facility. 

7 

Black box DWA Gouda Peak prediction of PV solar 

systems. 

Tested with fault free and faulty data. 8 
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3 WHITE BOX MODELS: MODELICA LIBRARIES FOR 

ENERGY PREDICTION OF A BUILDING AND ITS 

COMPONENTS 

Authors: Isa Dols, Gide de Ruijter, Baldiri Salcedo (HHS)  

3.1 Goal of the prediction models 

The main goal of this model is to predict the energy use and energy production pattern of different building 

configurations with open-source software and open-source libraries. The aim is to use this model to produce 

design and control advice for increasing the building energy flexibility. This chapter presents the discussion 

about the modelling software and libraries choice, the characteristics of the available libraries, the simulated 

case study to test the software and libraries, and the lessons learned. This chapter will be updated before the 

end of the B4B project to include the results of the HHS building case study.  

3.2 Choice for Modelica and OpenModelica  

The use of computer building energy simulations (BES) started in the 1960s and 1970s with the development 

of digital computers and the increasing demand for energy-efficient buildings. Since the first building energy 

simulation tool called BRIS was compiled by the Royal Institute of Technology, Stockholm in 1963, BES 

techniques have significantly advanced (Brown, 1990). In the following decade, powerful simulation engines 

such as BLAST, DOE-2, and ESP-r were developed. Later, with the advancement of computational techniques, 

more sophisticated BES programs such as DeST and EnergyPlus were developed in the 1990s, laying the 

foundation for current BES technology (Singh & Sharston, 2022). Thanks to continued development, BES tools 

can now accurately predict thermal loads and build energy performance based on fundamental heat balance 

equations. Today, BES is essential for architects, engineers, and building owners to optimize building energy 

use and reduce energy costs. A comprehensive list of BES tools is provided in Crawley et al. (2008 ) and IBPSA 

(n.d.).  

The goal for the HHS case study is to develop a computer model based on open-source and freely available 

software to simulate the energy use of a building and the behaviour of the components of the energy systems 

of this building. The need to dynamically simulate the building components (such as the HVAC and renewable 

energy production systems) and define the control settings of these components reduce the amount of suitable 

BES tools. Atam (2017) compared the characteristics of the currently available software with these 

capabilities, see Table 3.1.  

Table 3.1. Comparison of discussed major software/tools in terms of control-oriented and other closely-related aspects. The 

scales 0ð5 indicate a property strength from lowest to the highest level. (Atam, 2017). 

  Matlab Dymola/Modelica Trnsys EnergyPlus Revit Hot2000 Esp-r IDA-ICE 

Open-source Yes Yes/Yes Yes Yes No No Yes Yes 

Freely available No No/Yes No Yes No Yes Yes No 

User-friendliness 5 3/2  1 1 3 3 1 3 

Level of detail in building 

geometry modelling 

0 1/1  4 4 5 2 4 3 

Rich libraries for building and 

HVAC thermal models 

1 4/5  5 4 3 2 3 4 

Libraries for renewable 

energy systems 

0 3/4  5 3 1 0 2 4 

Advanced control design 

capability (built-in) 

5 2/1  0 0 0 0 0 0 

Allowing co-simulation Yes Yes Yes Yes No No No No 

FMI support (built-in or 

through third-party tools) 

Yes Yes Yes Yes No No No No 

Post processing capability 5 2/1  1 1 1 1 1 1 

The goal of the case study is to develop a computer model based on open-source and freely available software 

that allows implementing advanced control design capability. Therefore, the choice has been made to use 

Modelica with OpenModelica software to develop the computer model for this case study as it is the only option 

http://www.brainsforbuildings.org/
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on the list that complies with the defined requirements. Moreover, Modelica has a rich library for building and 

HVAC components models. 

3.3 Modelica libraries 

The IBPSA project 1 executed between August 2017 and August 2022 created the IBPSA library composed of 

four Modelica libraries for building and district energy systems (IBPSA project 1,n.d.): 

- AixLib, from RWTH Aachen University, Germany, (https://github.com/RWTH-EBC/AixLib ) 

- Buildings, from LBNL, Berkeley, CA, USA, (http://simulationresearch.lbl.gov/modelica) 

- BuildingSystems, from UdK Berlin, Germany, (http://www.modelica-buildingsystems.de/) 

- IDEAS, from KU Leuven, Belgium, (https://github.com/open -ideas/IDEAS)  

IBPSA has recently created the IBPSA Modelica Working group to maintain and further develop the libraries. 

The library is being tested with three Modelica tools: OpenModelica, OPTIM-ICA/IMPACT and Dymola (Wetter, 

2023).  

From the four libraries, the libraries òBuildingsó and òIDEASó are selected to be used in the making of the 

model for the HHS because of their more advanced stage of development. The Buildings library developed by 

the Lawrence Berkeley National Laboratory has the support of the Department of Energy of the United State 

and is currently also developing a link to EnergyPlus called the Spawn of EnergyPlus (Spawn of EnergyPlus, 

n.d.). The IDEAS library is developed by KU Leuven. The IDEAS development group of KU Leuven has been 

contacted during the making of the model to get some support on using their library.  

The Buildings and the IDEAS library can directly be activated in OpenModelica via the Manage Libraries menu. 

The Buildings library is fully compatible with OpenModelica while the current version of the IDEAS library is only 

partially compatible with OpenModelica. However, the developers of the IDEAS library that were contacted 

during this research expressed their aim to make their library fully compatible with OpenModelica in the close 

future. 

3.4 Modelica library components  

In this section there is an overview of the available model blocks in the Buildings 9.1.0 and IDEAS 3.0.0 library.  

3.4.1 Thermal zones 

The libraries offer 3 methods to define the thermal zones of a building, reduced order, detailed and EnergyPlus 

model. The reduced order are model blocks with different RC configurations, the detailed blocks are blocks 

implementing heat transfer equations for walls and windows. The IDEAS library are a bit more user friendly 

than the Building library blocks as it allows to define directly a thermal zone including the whole envelope of 

that thermal zone in one modelling block. However, the IDEAS library blocks for the thermal zones are not yet 

fully compatible with OpenModelica. The EnergyPlus model block is only available on the Buildings library and 

it is still in early phase of development within the project the Spawn of EnergyPlus (U.S. department of Energy, 

n.d.). However, it is promising as it could really increase the speed of defining thermal zones.  

Table 3.2 Thermal zones model blocks IDEAS and Buildings libraries. 

Model Blocks IDEAS Buildings Comments 

Reduced order X X Similar in both libraries 

Detailed X X IDEAS more user friendly but not fully compatible with OpenModelica 

EnergyPlus   X In development in project the Spawn of EnergyPlus. 

3.4.2 Heating and cooling generation 

Both libraries have some thermal generation model blocks. See Table 3.3. The Buildings library has a few more 

blocks than the IDEAS library, like for example a boiler, or solar a collector block. For the heat pumps, there 

are different types of blocks, simplified versions with a COP depending on the temperature difference, Carnot 

heat pump, and more complex heat pump blocks that include the simulation of the compressor, condenser 

and evaporator. The IDEAS library has a few more heat pump types than the Buildings library. Both libraries 

include geothermal boreholes, however in both cases these are closed systems.  

The availability of electricity generation blocks is limited. The Buildings library has solar panels and wind 

turbines blocks that model the generated power with a direct relationship with the solar irradiance for the solar 

http://www.brainsforbuildings.org/
https://github.com/RWTH-EBC/AixLib
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http://www.modelica-buildingsystems.de/
https://github.com/open-ideas/IDEAS
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panel and with a direct relationship with the wind speed for the wind turbine. The solar panels block in the 

IDEAS library is still under validation.  

Table 3.3 Generation model blocks in the IDEAS and Buildings libraries. 

Model Blocks IDEAS Buildings Comments 

Boiler   X Simple block model 

Heat pump X X Numerous model blocks with varying levels of complexity 

Solar collector   X Simple block model 

Geothermal system X X Only closed system. 

PV panel X X Simple block model 

Wind turbine   X Simple block model 

3.4.3 Distribution 

For the distribution of water and air both libraries have blocks to simulate pipes and mixing volumes taking 

into account moisture as well as heat exchange. See Table 3.4. There are also blocks of stratified storage 

tanks. There is not a block or example yet available of an Air Handling Unit. However, with the available blocks 

it is possible to configure one. For the distribution of electricity only the Buildings library has model blocks for 

AC and DC distribution. The default values of the blocks are according to the US electric system. The Buildings 

library includes an electric battery model block, but it is an extremely simplified model block.  

Table 3.4 Distribution model blocks in the IDEAS and Buildings libraries. 

Model Blocks IDEAS Buildings Comments 

Pipes X X Simple block model 

Heat exchangers X X Numerous model blocks with varying levels of complexity 

Mixing volumes X X Including moisture 

AHU     Could be modelled with the available blocks.  

Storage tank X X Stratified storage tank 

AC/DC    X Default values US electrical system 

Electrical Battery   X Extremely simple model 

3.4.4 Delivery 

For the delivery of heat and cold both libraries include several heat exchanger model blocks with different 

levels of complexity, the blocks include radiators, convectors and radiant floor. See Table 3.5. 

Table 3.5 Delivery model blocks IDEAS and Buildings libraries. 

Model Blocks IDEAS Buildings Comments 

Radiators X X Numerous model blocks with varying levels of complexity 

Convectors X X Numerous model blocks with varying levels of complexity 

Radiant floor X X Numerous model blocks with varying levels of complexity 

3.4.5 Boundary conditions 

Both libraries have blocks related to climate boundary conditions and occupant boundary conditions. See 

Table 3.6. For the weather data both libraries have a block that loads information from TMY3 (Typical 

Meteorological Year) weather files. The files with this format can be downloaded at the EnergyPlus website. 

The block from the IDEAS library has also included the computing of the solar irradiance on the zone surfaces.  

The occupant behaviour is also modelled for some blocks in both libraries. However, the Buildings library has 

numerous options to define the occupant behaviour in relation to presence, lighting, blinds use and settings 

in heating and cooling making use of adaptable schedules (Wang et al., 2019).  

http://www.brainsforbuildings.org/
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Table 3.6 Boundary conditions model blocks IDEAS and Buildings libraries. 

Model Blocks IDEAS Buildings Comments 

Weather data X X Load TMY3 files. IDEAS also computes irradiance in surfaces. 

Occupants' behaviour X X Buildings has more options to define occupants' behaviour. 

3.4.6 Control 

Both libraries have control model blocks. See library 3.7. IDEAS has a few basic control options: PID, off-timer 

and heating curve-based control. Buildings has plenty more control options, it also includes some energy 

demand prediction blocks and demand control blocks. The development of the control blocks is part of the 

Open Building Control project (U.S. department of Energy, n.d.). 

Table 3.7 Control model blocks IDEAS and Buildings libraries. 

Model Blocks IDEAS Buildings Comments 

Basic control X X PID, Off timer, heating curves.  

Demand response control   X Developed in Open Building Control project. 

3.4.7 Overall evaluation 

The Buildings library is further developed and has more model blocks than the IDEAS library, however for some 

topics libraries can complement each other. It is also expected that the Buildings library will be quickly further 

developed because of the support of the Department of Energy of the United States and the spin-off projects 

to develop specific library components like the Spawn of EnergyPlus or the Open Building Control. 

3.5 Case Study 1. Residential NZEB row house 

The objective of the first case study is to evaluate how feasible it is to make a simple building model in 

OpenModelica making use of the existing model blocks to evaluate the energy flexibility of different building 

configurations and control strategies. The requirement of being a simple building for the first case study 

determined the choice for a residential building, in place of a non-residential building, even though the focus 

of the B4B project is non-residential buildings. The results presented in this report have been also published 

in a paper (Dols & Salcedo Rahola, 2023). 

3.5.1 Buildings characteristics 

The case study building is a Net Zero Energy Building (NZEB) row house located in the south-west of the 

Netherlands. See Figure 3.1. The house is equipped with an air-water heat pump used only for heating 

purposes with underfloor heating and a ventilation system. The house was chosen because of the availability 

of the house characteristics as well as the energy use of the heat pump in 120 similar houses. There was no 

information available about the occupants of the house. 

 

Figure 3.1 Case study NZEB row house. 
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3.5.2 Computer model 

The computer model created is based on the simple house example created by Michael Wetter from the IBPSA 

library, see Figure 3.2. This model is adapted to the envelope and installations of the case study. The building 

envelope is simulated with simple RC model blocks. At the start of this research, we made use of the IDEAS 

library, which has reduced order model blocks and detailed model blocks to define building thermal zones, but 

the detailed model blocks are now not compatible with OpenModelica. The choice for the IDEAS library was 

because we had the opportunity to have direct contact with the developers of the library what was of special 

interest given the lack of information and tutorials for making models with OpenModelica and specific with the 

IBPSA libraries.   

The main components of the heating and ventilation system have been taken into account in the model. The 

heating system is controlled by a thermostat that is implemented by making use of OpenModelica standard 

library model blocks. 

 

Figure 3.2 Reference model adjusted version from IBPSA example Simple model Michael Wetter. 

The performance of this model has been verified by comparing its outputs with the data available from the 

case study. As there was no data available about the occupants and the occupant's behaviour, only the energy 

use trends and total energy use values have been used for the verification of the model. The model gave a 

total energy use for the heat pump 38% higher than the average measured heat pump energy use of the 

reference houses. A possible explanation for the difference in values is the fact that no internal heat gains 

were accounted in the model and that the simplicity of the RC model did not represent the houses accurately. 

However, the average actual energy use and the simulated energy use followed the same pattern, see Figure 

3.3. The model result was close enough for the purpose of testing the feasibility of using OpenModelica to 

measure the energy flexibility. 
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 Yearly heat pump energy use [kWh/year] 

Average measured 1190 

Simulated 1506 

Figure 3.3 Measured versus simulated heat pump power and energy comparison. 

3.5.3 Energy flexibility test measurement 

To assess the energy flexibility of the building, the computer model of the case study was used to generate the 

load curve of different building configurations. These building configurations were created by adjusting a 

parameter within the reference model to create a flexible model. The parameters considered by Annex 67 are: 

(IEA EBC Annex 67, 2017). 

- Insulation level 

- Thermal inertia 

- Heating/cooling system 

- Control strategy/penalty signal 

- Building type 

- Outdoor temperature 

- Solar radiation 

Flexible models were developed to assess the impact of the parameters on energy flexibility. When analyzing 

the sensitivity diagram of (Junker et al., 2018), three parameters were derived as the most applicable for this 

case study: insulation, thermal inertia and control. Therefore, these three parameters were analyzed within 

the case study. This resulted in three variant 'flexible' models, each with one adjustment. 

Table 3.8 Flexible model parameters 

Parameter Adjustment  Reference model Flexible model 

Insulation Rc_value 5 [m²*K/W]  7 [m²*K/W]  

Thermal Inertia Wall thickness (brick) 50 mm 100 mm 

Control Preheating 20-21°C 21-22°C 

http://www.brainsforbuildings.org/


 

www.brainsforbuildings.org      18/ 120 

3.5.4 Setup 

In the current literature there is no standard procedure for choosing under which scenario to measure the 

energy flexibility. Therefore, the penalty signal has been simulated on the moment is more likely to occur an 

energy shortage on the electricity grid. These models have been simulated in a worst-case scenario: a day with 

no sunshine and an outside temperature of -10°C.  

In the current literature there is neither a standard control response to the penalty signal. In the simulated 

case-study the only control component is the thermostat. Therefore, it was chosen that the control response 

of the model to the penalty signal would be to reduce the user requirement temperature to 19.5°C from the 

initial 20°C. As this research focuses on the response of the models, the initiation of this response was taken 

as a binary signal and was activated in the simulations at 8:00 am. Furthermore, the simulation was run for 

14 hours to simulate a hypothetical time frame from 08:00 to 22:00, this was done to properly measure the 

rebound effect. The effect on the room temperature of the simulation of the three models compared to the 

reference model is shown in Figure 3.4. 

 

 

 

Figure 3.4 Indoor temperature for the insulation (top graph), thermal inertia (middle graph) and control (bottom graph) flexible 

model in comparison to the reference model. 
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3.5.5 Data Analysis 
The energy load produced with the different computer models has been exported to Excel to produce the 
comparison graphs, see Figure 3.5. From these comparison graphs the value of the energy flexibility KPIs as 
defined by annex 67 could be extracted (Marszal-Pomianowska, 2019), for the KPIs list and definition see 
Figure 1.2. 

  

Figure 3.5 Data processing for the generation of the flexibility display. 

The energy flexibility KPIs are measured in the period between the first initialization and the end of the rebound 

effect.   

3.5.6 Results 

The flexibility function and the values of the KPIs for the comparison of the three flexible models with the 

reference model can be seen in the Figures 3.6, 3.7 and 3.8. The green area is the shifted energy and the 

black area the energy of the rebound effect. In the case-study the heat pump is the only appliance consuming 

energy, therefore there are some periods in which the difference between the reference model and the flexible 

model is equal to zero, when heat pump is off in both models. Even though the simplicity of the model and of 

the control request there are clear differences on the energy flexibility function pattern. Specially in the case 

of the pre-heating test, Figure 3.8, in comparison the other two test, Figure 3.6 and 3.7. In the test of the pre-

heating not only the energy shifted is higher but also the maximum power difference is higher. 

 

 

 
 

Figure 3.6 Insulation flexibility graph. 
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Figure 3.7 Thermal inertia flexibility graph. 

 

 

 

 
 

 

Figure 3.8 Pre-heating flexibility graph. 

3.5.7 Discussion 

The graphs have been post-processed to facilitate their interpretation. However, when they were shown to a small 
group of engineers and architects to request for feedback, they expressed that it was difficult for them to interpret 

the graphs and to take design decisions based on the analysis of these graphs. From these conversations it 

appeared that a dashboard in which the values of certain building parameter, such as for example the concrete 

floor thickness or the building façade Rc value, could be modified with a slider could facilitate the interaction 

with the model and its understanding. A visualization of a future possible dashboard is presented in Figure 

3.9. 
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Figure 3.9 Possible future model interaction and visualization. 

3.5.8 Conclusions 

The developed case study has shown that it is possible to model a rowhouse with OpenModelica making use 

of the IDEAS library with the aim to analyse the energy flexibility of different house configurations. The energy 

use patterns of the reference house and the different alternative configurations can be compared to create a 

flexibility energy pattern. OpenModelica and the use of the IBPSA libraries has a steep learning curve. There is 

really limited documentation and tutorials available, and currently the IDEAS library is not fully compatible with 

OpenModelica.  

It is necessary to define a standard situation in which the flexibility is analyzed to facilitate a fair comparison. 

In this case study it is proposed to compare the action of the penalty signal at an expected high grid energy 

demand moment like on a cold day (-10 degrees Celsius) at a peak hour time (8:00 in the morning). However, 

other standard situations could be defined, such as a peak summer demand, or a solar power production 

peak.  

The comparison between energy patterns can be plotted on a graph and KPIs could be calculated to compare 

them. The graph generation and calculation of KPIs is easier to be implemented in software different than 

OpenModelica. In this case study Excel has been used with quite some post processing. It is necessary to limit 

the flexibility pattern analysis to the end of the rebound effect and to add a colour and labelling to facilitate 

the readability of the graphs. In the future it could be useful to automatise this process.  

Moreover, to facilitate design choices regarding flexibility it is necessary to define a way to interact with specific 

building parameters, like for example the thickness of the floor concrete or the Rc value of the façade, and 

visualize how these building parameter changes influence the energy flexibility KPIs.   

3.6 Case Study 2. Non-residential building: The Hague University of Applied 

Sciences Building. 
The objective of the second case study is to evaluate how feasible it is to make a building model of a complex 

non-residential building in OpenModelica making use of the existing model blocks in order to evaluate the 

energy flexibility of different building configurations and control strategies. Unfortunately, at the time of the 

publication of this report the case study is not yet finished. In this chapter the work that has been done to 

create the model is presented, including the obstacles encountered during the process. It is expected that the 

model will be published in an updated version of this report. 

3.6.1 Building characteristics 

The case study building is the Delft building of the Hague University of Applied Sciences. The building designed 

by architecture office Syb van Breda was built in 2009, has a surface of 16270 m2 and it was designed to host 
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2000 students. The building has an energy label A with an EPC value of 0,329. A visualization of the building 

characteristics is presented in Figure 3.10. 

 

Figure 3.10 Delft THUAS building characteristics. (Syb van Breda, 2009) 

The buildingõs HVAC and energy generation system consists of a warm and cold well, heat pump, boiler, roof 

heat exchanger, PV solar cells and solar heat collectors. The roof heat exchanger is used to de-ice the roof and 

provide heat to the warm source for balance as it is required by law. A detailed visualization of the buildingõs 

HVAC system is presented in Figure 3.11. 

 
N. Component N. Component N. Component 

1 Cooling group header 15 Main return water collector 

(warm) 

29 Pump (cooling North) 

  

2 Return water collector 

(cooling) 

16 Heat storage vessel 30 - 
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