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SUMMARY

The built environment requiregnergyflexible buildings toreduce 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 capacignd maximisesuse of decentralized sustainable
generation. Buildings can play a key role in the optimization of the grid capacity by applying derrsidd
management control. To adjust the grid energyemand profile of a building without compromising the user
requirements, the building should acquire some energy flexibility capacity.

The main ambition of the Braia for Buildings Work Package 2 is to develop smart control strategies that use
the operational flexibility of norresidential buildings to minimize energy costs, reduce emissions and avoid
spikes in power network load, without compromising comfort levels Tealise this ambition the following key
components will be developed within the B4B WP2: (A) Development of ogearce HVAC and electric services
models, (B) development of energy demand prediction models and (C) developt# 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 componerithie models are from
three different types white box models greybox models and black-box models. Each model developed is
presented in a different chapter. The chapterstart 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 modelél) White box models based orModelica libraries for energy
prediction of a building and its componentsind (2) Hybrid predictive digital twirbased on white box building
modelsto predict the dynamic energy response of the building and its components. (3) Using=@0nitoring
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.R&diction of
PVsolar production.

The first model aims to predict the energy use and energy production pattern of different building
configurations with opersource software, OpenModelica, and opesource libraries, IBPSA libraries. The
white-box model simulation results are used to produce design and contaudvice for increasing the building
energy flexibility. The use of the libraries for making a model has first been testedisimple residential unit,
and now is being tested in a nomesidential unit, the Haagse Hogeschool buildingh€ lessons learned show
that it is possible to model a buildindy making use of a combination of libraries, however the development
of the model isverytime 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 fibility.

The goal of thehybrid model, which is based on a white based model fdhe building and systems and a data
drivenmodel for user behaviouris 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 showattthe monitoring results of thebuilding
behaviour is in line with the simulation results. Currentlglevelopment is in progress to improve the model
predictions by including the solar shading from surrounding buildings, modelsautomatic shading devices
and model calibrationincluding 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 C@concentration and occupancy, as well as deriving recent and current occupancy over time, based
on monitoring data on CBconcentration and ventilation flow rate. The grdyox model used is based on the
GEKKO python tool. The model was tested with the data diendesheim University of Applied Sciences office
rooms. The model had low precision deriving the ventilation flow ratespecially at low C@ concentration
rates. The model had a good precision deriving occupancy fromR&Oncentration and ventilatio flow rate.
Further research is needed to determine if these findinggply in different situations, such asneeting spaces
and classrooms.

The goal of the fourth chapter is to compare the working of a simplified white box model and biaok 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 buildingsthe 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 irtheir current form cannot be integrated in an enenrg management system. In
general black-box model prediction obtained a higher accuracy than the white box model.

www.brainsforbuildings.org 2/120



http://www.brainsforbuildings.org/

BRAINS 4
BUILDINGS
The goal of the fifth model is to predict the energy use in a buildinging a black-box model and measure the
uncertainty in the prediction. The blackox model is based on a feefiorward neural network. The model has
been tested with the data of two buildingseducational and commercial buildingsThe 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 predarergy use and uncertainty,
incorporating possible buildinguse changes The testingin two different casesdemonstratesthe applicability

of the modelfor different types of buildings.

The goal of the sixth and last model developed is to predict tieaergy production of PV panels in a building
with the use of a blackbox 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 pgormance 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 learnefdlom implementing whitebox, greybox and blackbox
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 disadvantage&urther research in this line is needed to develop the
potential of this approach.
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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 strigtethat
respond to the increasingvariations in both the energy demand as well as the variab&mergysupply. This
enables grid integration irexisting energy networks with limitedapacityand maximisesuse of decentralized
sustainable generation.

The mainambition of the B4B project isto developsmart control stratedes that use the operational flexibility
of nonresidential buildings to minimize energy costs, reduce emissions and avoid spikes power network
load, without compromising comfort levels Furthermore the goal isto show that flexibility of energy
production/demand of smart buildings can reduce operational constraints in the currepower network.

To realise this ambitiorthe following key components will be developedithin the B4B project

A. Development ofopen-source HVAC anelectrical servicesmodels
To lay the foundation for our research, we embark on the creation of opsaurce models forheating,
ventilation, and air conditioning (HVAC) systems and electrical services within residential buildings.
These models will serve as the building blocKer the development of the energy prediction models

B. Development ofenergyprediction models
Building upon the HVAC and electrical services models, we will proceed to construct advanced energy
prediction models. These predictive models are essential florecasting energy consumption patterns,
enabling proactive and efficient energy management.

C. Developmentof flexibility managementcontrol methods
To harness the inherent flexibility within noresidential 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 optinidxible energy utilizationwhile 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 reportdescribes the developed HVAC and electrical services modelad 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 distributiaf 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 havébeen tested using real data from living labs and use cases order to validate their
results and to demonstratetheir possible implementationfor the control of building®energy flexibility.

The work on the development of the three key components (A), &BYl (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 consegpce of the continuous feedback rounds the
development of the models is still ongoing. This reparbvers thecurrent results of key components (A) and
(B) andwill be updated with the last version of the modeldeveloped towards the end of the project.

1.3 Structure of the report

In Chapter2, background information is given about energy flexibility in buildingse different building energy
models and building characteristics to be includeé the building energydemand models. Furthermore an
overview is given ofill models that are developed and described in this reporn the subsequentchapters
the different modelling approaches are describeih detail, where each chapter starts with a description of the
model, followed by theresults 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 4describes a hybrid modelling approachased on white box building modelsusing a predictive
twin for energy prediction of the building and its components.
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Chapter 5 describesan inverse greybox modelling approacto use CQ monitoring data to deriveeither
ventilation flow rate or occupancy.

Chapter 6 describes a simple white box and a simple black box mottebredict the heating demand of a
building

Chapter 7describes 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 modeling approach using neural network to predict thé?V solar
production.

www.brainsforbuildings.org 7/120
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2 BACKGROUND
2.1 Energy flexibilityn buildings

The production Gap Report (SEIl 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 changéhere 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 grovatrenewable energy production,
particularly solar and wind energy (OECD, 202T)herefore, the electricity grid is working at a higher capacity
rate causing grid congestion problemd\ot only because of the increase of the total amount of electricity being
transported but also becausethe increase in renewable energy productionreates an imbalance in the
electricity grid between energy production and consumption due to its dependence on natural elements
(Zsiborécs et al., 2021).

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

to as demandside managementcontrol. Buildings account for 40% of the total energy consumption in the EU
(IEA, 2019). They can therefore play a key role in the balarafethe grid and optimizationof 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 ¢t, 2018; MarszatPomianowska, 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 fliéikhis

definedas:0 The capacity of a building to deviate its gri
reference profile, reacting to a specific control re
The definition used is based on the definition out|
Flexibility in Buildingsd (EBC Annex 67, 2018). The

and energy demand patterns that are aled 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 iexplicit that the deviation is activated by a controequest. A conceptual visualization

of the definition is presented in Figure.1.

Building

Solar PV Solar Thermal
Panels Panels

Air Handling
Unit

Heat Pump Radiant Floor
Electric Thermal
Battery Storage

Appliances

Grid

| Building
/\ —\ | /\ Management
\/ - \V4 = Energy Flexibility e

Control

Reference Profile Deviated Profile request
Comfort Functionality

Figure2.1. 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 i\ppendixA of the Annex 67 report on
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6Characterization of E n e r gjomignbweska 2019). Intthg same repBrtai | di n

flexibility functionis proposedto assess the energy flexibility. The function is described in Fig@.
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Figure 22. Energy Flexibility function. (Marszétomianowska, 2019).
DZ (Ti me): The del ay of seeing an effect on the ener
¥ (Power): The maxi mum change in demand foll owing
A (Time): The time it takes from the start in chang
a (Time): The total time of decreased energy demand.

A (Energy): The totaimount of decreased energy demand.
B (Energy): The totamount of increased energy demand.

The flexibility function allows tonumerically determine the characteristics of the difference between the
reference energy profile and the deviated energy profile. To do, $ois 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 circumstanceshe energy flexibility is mostikely to be assessedby
making use ofbuilding simulation models. Therefore, the primary goal of this report is tievelop models tha
allow tosimulate 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 andemand prediction for norresidential 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 energglated 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 whitbox models)including hybrid building modelshased on white box
building models and data driven user mode]data-driven modelling (also known as blackox models), and
greybox models (Yu et al., 2022; Habash,2022).

White-box models

White box models are based on the principles of physics. It is a mditej approachthat explicitly represents

the internal workings, physical properties, and energy flows within a building. The advantage of white box
models isthat they make use ofknown physica properties such as heat transfer and therefore need less
informative data to calibrate the model. The downside is thatetailed physical parameters of the building
dimensions and material propertiesnust be available anddepending 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 datadriven models, as they are created by quantifying parameters from historical data
and establishing correlations between building performance and data. The parameters of bHack models
are typically adjusted automatically, whicbffers a notable advantage over whitbox models.For a data driven
model to be accurate it need 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 modelblevertheless, the inner workings of
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these models are mostly unknowras the parameters do not have a physical meaninghich limits thecontrol
flexibility of the overall process. (Wilde, 2023)

Greybox models

Greybox models are a combination of white and bladkox models. Greypox models define a physical model
to depict the building's physical layout and/or of the HVAC equipment. Subsequerttigy employ statistical
analysis to determine significant parameters that represent crucial aggregated physical characteristcsl
they may useblack box models to estimate partshat are not described by physical models for instance user
behaviour. Accomplishing this necessitates advanced user knowledge in formulatiagpropriate modelling
equations and estimating these parameters. This approach has great potential, particularly in the domains of
fault detection and diagnosis (FDD) as well as retitne control Since the model contains known physical
relations, it can be trained withbuilding datathat contains less information.(Harish & Kumar, 2016; Li,2021)

2.3 Building characteristics to be included imuilding energy models

Togiveinsightsinto the most commonnon-esidential building characteristics a preliminaryanalysishas been
carried outabout the building characteristics of office buildings ofhe Central Government Real Estate Agency
(CGREA)Rijksvastgoedbedrijf The analysis is based on the availablEGREA building information database
data and the available building energyperformance certificate reports. The results of this analysis are
presented inappendixA of this report.

This analysis's initial goal was to identitye highestpriority buildingcomponentconfigurations to be modelled.
However,in the course of ths research project, it appearedthat this information would notinterfere with the
decision of whatbuilding componentconfigurationsneed to be modelledbecausethe current most common
building configurations offer reducedbuilding energy flexibility capabilities (limited energy storage capacity,
reduced energy production capacitand limited predictive energy control capaci)y However, the analysis
offers an overview of what are the averageurrent office building characteristics and building component
configurations. This is still a valuable piece of information when making building energynodels of office
buildings.

2.4 Building energy models developed

The partners involved inmaking 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 modeldhe usecase on which the model has beebuilt, and the aim of the
model are presented in Table2.1. The table also refers to the reporthapter 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 HHS Delft Using openssource software and| The higher education HHS Delf 3
model libraries to simulate different| Building has 3 levels, it is well insulatec
building configurations to produce| and it is equipped with an aquifer
design and control advice for | thermal storage system and floor
increased energy flexibility. heating.
White box TNO Stieltiesweg | Coolingdemand of the building for| The TNO Stieltiesweg building is a
model, hybrid | Delft use in predictive control level office building with optical labs on
model the ground floor.
Inverse grey | Building Derive current ventilation flow| Collected data from 6 office rooms at
box Windesheim rates from recent CQ@ | Windesheim for 3 weeks in the autumn
concentration and occupancy of 2022, but had to reject the data of 3
data and derive  current| office rooms due to data quality issues
occupancy data from recent CO| Dataset of the 3 office rooms, 8
concentration and ventilation flow| properties from 4 sourcestotalling 0.4
rate data. million datapoints published as open
dataset. Firmware for C© and
occupancy detection measurement
device (085 per
Python based model and analysis
software published as open source
software.
White+ Black | Onexus White Box: Modelling heat The dataset comes from the existing-C
box model demand with a physical equation.| Nexus database and is based on

www.brainsforbuildings.org
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Model type

Living Lab/Use
Case

Black box: Predict heating

Prediction goal

demand so that power steering
control algorithms can be
optimized.

Comments Chapter

different types of residential housinglt
is a private dataset.

Black box Peutz Indication of expected building| Tested with two datasets for an 7
energy usage and associated educational facility and a commercia
uncertainty in the expectation facility.

Black box DWA Gouda Peak prediction of PV solal Tested with fault free and faulty data. | 8

systems

www.brainsforbuildings.org
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3 WHITE BOX MODEL MODELICALIBRARIES FOR
ENERGY PREDICTIONOF A BUILDING ANDITS
COMPONENTS

Authors Isa Dols, Gide de RuijteBaldiri Salcedo (HHS)

3.1 Goal of the prediction moded

The main goal of this model is to predict the energy use and energy production pattern of different building
configurationswith opensource software and opersource libraries. The aim is to use this modéb produce
design and control advice for increasing the building enerdexibility. This chapterpresents the discussion
about the modelling software and libraries choice, the characteristics of the available libraridse simulated
case study to test the software and librariesand the lessons learnedThis chapterwill be updated beforethe
end of the B4B project to include the results of the HB building case study.

3.2 Choice for Modelicaand 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 energgfficient buildings. Since the first building energy
simulation tool called BRIS was compite by the Royal Institute of Technology, Stockholm in 1963, BES
techniques have significantly advance@rown, 1990).In the following decade, powerful simulation engines
such as BLAST, DGE and ESPr were developed. Later, with the advancement of compuianal techniques,
more sophisticated BES programs such as DeST and EnergyPlus were developed in the 1990s, laying the
foundation for current BES technologfSingh & Sharston, 2022)Thanks to continued development, BES tools
can now accurately predict thermal loads and buildnergy performance based on fundamental heat balance
equations. Today, BES isssential for architects, engineers, and building owners to optimize building energy
use and reduce energy costs. A comprehensive list of BES tools is predich Crawley et al(2008) and IBPSA
(n.d.).

The goal for the HHS case study is to develop a computer model based on epenrce and fredy available
software to simulate the energy use of a building and the behaviour of the components of the energy systems
of this building. The needo dynamically simulate the building components (such as the HVAC and renewable
energy production systems) and define the control settingsthiese components reduce the amount o$uitable
BES tools. Atam (2017) compared the characteristics of the currehy available software with these
capabilities, see Table 3.1.

Table 3.1. Comparison of discussed maj@oftware/tools in terms of controtoriented and other closelyelated aspects. The
scales 035 indicate a property strength from lowest to the highest level. (Atam, 2017).

‘Matlab Dymola/ModeIica*Trnsys EnergyPIu‘ Revit Hot2000 ‘Espr ‘|DA.|CE ’
Opensource Yes Yes/Yes Yes Yes No No Yes Yes
Fredy available No No/Yes No Yes No Yes Yes No
Userfriendliness 5 3/2 1 1 3 3 1 3
Level of detail in building 0 1/1 4 4 5 2 4 3
geometrymodelling
Rich libraries forbuilding and 1 4/5 5 4 3 2 3 4
HVAC thermal models
Libraries for  renewabl 0 3/4 5 3 1 0 2 4
energy systems
Advanced control design 5 2/1 0 0 0 0 0 0
capability (builtin)
Allowing cesimulation Yes Yes Yes Yes No No No No
FMI  support (builtin  orf  Yes Yes Yes Yes No No No No
through third-party tools)
Post processing capability 5 2/1 1 1 1 1 1 1

The goal of the case study is to develop a computer model balsan opensource and fredy 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 stagyit is the only option
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on the list that complies with the defined requirements. Moreover, Modeli¢es 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, Germahgitps://github.com/RWTHEBC/AixLib)
Buildings, from LBNL, Berkeley, CA, USHti://simulationresearch.Ibl.gov/modelica)
BuildingSystems, from UdK Berlin, Germanatip://www.modelica-buildingsystems.de)
IDEAS, from KU Leuven, Belgiunmtips://github.com/open -ideas/IDEAS

IBPSA has recently created the IBPSA Modelica Worlgngup to maintain and further develop the libraries.
The library is being tested with three Modelica tool®penModelica, OPTIMCA/IMPACT and Dymola (Wetter,
2023).

From the four libraries the libraries dBuildingsd and dDEAS® are selected to be used in the making of the
model for the HHSbecause of their more advanced stage of development. The Buildings library developed by
the Lawrence Berkeley National Laboratory has the suppattthe 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 lLeéukEn has been
contacted during the making of the modeio 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 Building 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 makieir 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 &mergyPlus
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 blocksas it allows to define directly a thermal zone including the whole envelope of
that thermal zone in one modelling block. délvever, the IDEAS library blockfor the thermal zones are not yet
fully compatible with OpenModelica. The Enegus 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 definthermal 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 Opdadelica
EnergyPlus X In development in project the Spawn of EnergyPlus.
3.4.2 Heating and cooling gneration

Both libraries have some thermal generation model blockSee Table 3.3 The Buildings library has a few more
blocks than the IDEAS libraryljke for examplea boiler, or solara 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 Baédings library. Both libraries
include geothermal boreholes, however in both caseBese are closed systems.

The availability of electrity 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
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panel and witha direct relationship withthe wind speed for the wind turbine. The solar panels block in the
IDEAS library is still under validation.

Table 3.3 Generation model block@é 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 pipasad mixing volumes taking
into account moisture as well as heaexchange.See Table 3.4.There are also blocks of stratified storage
tanks. There is not a block or example yet available of an Airrfdéing 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 electdtesy. The Building
library includes an electric battery moel block, but it isan extremely simplified model block.

Table 3.4 Distribution model blocksn the IDEAS and Buildings libraries.

Model Blocks IDEAS ‘ Buildings Comments ‘

Pipes X X Simple block model

Heat exchangers X X Numerous model blocks witlvarying 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 Extremelysimple model

3.4.4 Delivery

For the delivery of heatand cold both libraries include several heat exchanger model blocks with different
levels of complexity, the blocks include radiators, convectors and radiant floSBee 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 Boundaryconditions

Both libraries have blocks related to climate boundary conditions and occupant boundary conditioBse
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 thenqouting ofthe solar irradiance on the zone surfaces.

The occupant behaviour is also modelled for some blaln both libraries. However, the Buildirglibrary has
numerous options to define the occupant behaviour in relation to presence, lighting, blinds use and settings
in heating and coolingmaking use of adaptable scheduleg§wWang et al., 2019).
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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 defin@ccupants'behaviour.
3.4.6 Control

Both libraries have control model blocksSee library 3.7 IDEAShas a few basic control optionsPID, oftimer
and heating curvebased control. Buildings ha 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 ththe IDEAS library, howevdor some
topics libraries can complement each other. It is also expected that the Build&igrary will bequickly further
developed because of the support of the Department of Energythe United States and the spinoff 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 feasibieis to make a simple building model in
Openhbdelica making use of the existing model blocks to evaluate the energy flexibility of different building
configurations and control strategiesThe requirement of being a simple building for the first case study
determined the choice for a residential building, in place of a neasidential building,even thoughthe focus

of the B4B project is noAresidential buildings.The results presented in tfs report have been also published
in a paper (Dols & Salcedo Rahola, 2023).

3.5.1 Buildingscharacteristics

The case study building is a Net Zero Energy Building (NZEB) row house located in the seoegh of the
Netherlands. See Figure 3.1. The house is equipped with an-aimter heat pump used only for heating
purposes withunderfloor 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 roouse.
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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 Fgure 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 thhesearch,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 arenow 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 tutorialfor making mode$ with OpenModelica and specific with the
IBPSA libraries.

Themain components of theheating and ventilation system have been taken into account in the model. The
heating system is controlled by a thermostat that is implementday making use of OpenModelica standard
library model blocks.

Cooling and ventilation serg...

- K
5 ir hexReqiE‘;:—-'!f
dF

Weather Wall NN

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 valighave 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 internal heat gains
were accounted in the model and that the simplicity of the RC model did not represent the haziaecurately.
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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Heat pump measured power vs simulated power
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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, tkemputer 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 considebgdAnnex 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. Warelyzing
the sensitivity diagram of (Junker et al., 2018), three parameters were derived as the most applicable for this
case study insulation, thermal inertia and contral Therefore, these three parameters weranalyzedwithin
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 [m#*K/W] 7 [m2*K/W]
Thermal Inertia Wallthickness (brick) 50 mm 100 mm
Control Preheating 20-21°C 21-22°C

www.brainsforbuildings.org 17/120



http://www.brainsforbuildings.org/

3.5.4 Setup
In the current literature there is no standard procedurefor choosingunder which €enario to measure the

energy flexibility. Therefore, the penalty signhhs been simulatedon the momentis more likely to occur an

energy shortage on the electricity gridcthese models have been simulated in a worsise scenario a day with

no sunshine and anoutside temperature of-10°C.

In the current literature there is neither a stadard control respamse to the penalty signal In the simulated
casestudy the only control component is the thermostatTherefore,it was chosen that thecontrol response

of the model to the penalty signal wuld be to reduce the user requirement temperature to 19.8C 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 wasictivated 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 simulaticof the three models compared to the

reference model is shown in Figure 3.4.
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Figure 3.4 Indoor temperature for the insulation (top graph), thermal inertia (middle graph) and control (bottom graph) Hiexi
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 (MarszBlomianowska, 2019), for the KPIs list and definition see
Figure 1.2.

Reference model Flexible model(s)
simulation simulation
Reference energy load Flexible energy load
A 4 y
Energy load

comparison

Flexibility display

Figure 3.5 Data processing for the generation of the flexibility display

The energy flexibility KPIs are measured in the period between the first initaion 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 8, 3.7 and 3.8. The green area is theshifted energyand the
black area the energy of the rebound effect. In ¢hcasestudy the heat pumpis the only appliance consuming
energy, thereforehere are some periods in which the difference between the reference modeld the flexible
modelis equal to zero, when heat pump is offi 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 preheatingtest, Figure 3.8,in comparisonthe other two test Figure 3.6 and 3.7 In the test of the pre
heating not onlythe energy shifted is higher but also the maximum power difference is higher.

Power[W]

Flexibility measurment Insulation
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- Duration time B 3000 s
’0 B1 Duration peak time o 1200 |s
» al Shifted energy load A -0.78  [kWh
( Al -Al Rebound effect B 0.77 kWwh
g g 888838 ¢8¢8¢g¢g g s Maximum power shift  |A 1488 |W
% g 4 333 53353838387

>

== Fnergy demand
== Penalty signal inniation

Figure 3.6 Insulation flexibility graph
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Figure 3.7 Thermal inertia fexibility graph
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Figure 3.8 Pre-heating flexibility graph

3.5.7 Discussion

3

The graphs have been pogrocessed to facilitate their interpretatiorloweverwhen they were shown to a small
group of engineers and architects to request for feedptneky expressed that it was difficult for them to interpret
the graphs and to take design decisiambased on the analysis of these graphs. From these conversations it
appeared that a dashboard in which the values of certain building parametsuch asfor example the concrete
floor thicknessor the building fagade Rc valuecould be modified with a slider could facilitate the interaction
with the model and its undersanding. 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 WitenModelica 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 tutorial@vailable and currently the IDEAS library is not fully compatible with
OpenModelica.

It is necessary to define a standard situation in which the flexibility amalyzedto 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 definedsuch asa 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 implementadsoftware different than
OpenModelica. In this case study Excleés been used with quite some post processing. ik 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 graphsin the future it could be useful to automatie 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 thethickness of the floor concrete or the Rc value of the facadgnd
visualizehow these building parameter changesfluence the energy flexibilitykPls.

3.6 Case Study?2. Nonresidential building The Hague University of Applied
Sciences Building.
The objective of the second case study is to evaluate how feasilitlées 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 timetha#
publication of this report the case study is not yet finished. In this chapter the work that has been done to
create the modelis presented, includinghe obstacles encounteredduring 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 1627Crand it was designed to host
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2000 students. The building has an energy label A with an EPC value of 0,32%isualization of the building
characteristics is presented in Figure 3.10.

Heating and cooling roof collector

Cooling ceiling panels
Ultra compact building envelope
Low emissions glass

iy, Gas boiler for peak demand
Concrete core activation for heating

Heat pump with aquifer thermal energy
storage system

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

The buildings 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-{oaithe roof and
provide heat to the warm source for balance asiis required by law. A detailed visualization of the buildiags
HVAC system is presented in Figure 3.11.

N. Component N. Component N. Component
Cooling group header 15 Main return water collector | 29 Pump (cooling North)
(warm)
2 Return watercollector 16 Heat storage vessel 30 -
(cooling)
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