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Abstract—Improving energy efficiency by monitoring system
behavior and predicting future energy scenarios in light of
increased penetration of renewable energy sources are becom-
ing increasingly important, especially for energy systems that
distribute and provide heat. On this background, digital twins
of cities become paramount in advancing urban energy system
planning and infrastructure management. The use of recorded
energy data from sensors in district digital twins in collaborative
co-simulation platforms is a promising way to analyze detailed
system behavior and estimate future scenarios. However, the
development and coupling of multi-physics energy system models
need to be validated before they can be used for further in-depth
analyses. In the present paper, a new multi-physics/-modal and
highly configurable building model is presented. Its accuracy
and reliability are validated by comparison with data from the
TABULA project, ensuring its relevance and applicability to
real-world scenarios. The modularity and flexibility with regard
to the system configurability of the developed building model
is evaluated on various real building types. In addition, the
applicability of the building model in a multi-energy system
is highlighted by implementing the model in a collaborative
co-simulation setup and by coupling it to a district heating
grid model in yearly co-simulations. The simulation results for
the proposed multi-physical/-modal building modeling concept
show a very high level of agreement compared to published
reference building data and can therefore be used individually
as flexible and modular building models including both thermal
and electrical systems for future sector-coupled energy system
analyses in view of sustainability.

Index Terms—Building, Modelica, Heat grid, Validation, Co-
Simulation
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I. INTRODUCTION

Digital twins in the energy system domain offer multiple
benefits, as they can improve operational efficiency for sustain-
ability and help decision-making by enabling the evaluation of
various scenarios based on a virtual representation of physical
assets fed by real-time monitoring data. Further benefits are the
possibility for planning extensions of existing energy systems,
e.g., for incorporating renewable energy sources or storage
systems. Additionally, they can help to detect existing issues
in energy systems and to develop optimization strategies. For
the design of energy digital twins of districts, it is essential to
develop models of building and energy grids considering as-
pects such as model validation, definition of model interfaces,
and enabling the coupling of these models using advanced
computing architectures for the evaluation using co-simulation
techniques.

As a motivation for developing a district energy twin, an
ongoing project at Energy Lab [1] at Karlsruhe Institute of
Technology (KIT) with investors, architects, urban planners,
and energy network operators has been established. The target
area comprises nearly 30 buildings of various types (single
and multifamily homes), a 20kV transformer for the electricity
supply of the low voltage grid, and a CHP (combined heat and
power) with a heat grid. All buildings will be equipped with
smart meters for electricity and heat demand, thus enabling
the transfer of all measurement data to the Energy Lab for
storage and further data analysis. The data will be available
for developing new control algorithms, and forecasting [2],
and also serve as input for the district digital twin.

On this background, the authors are investigating new ap-
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proaches to model and simulate the coupling for multi-physics-
based energy system models in view of sustainability. The
focus is on the development of flexible and modular building
models and heat grids, together with their interconnection
interfaces for interconnected co-simulation.

A. Related Work

District Heating (DH) systems have been extensively studied
in the past using different modeling approaches and following
various objectives. Brown et al. gave an overview of ap-
proaches developed and highlight several commercial tools [3].
Simulation approaches are available in different programming
languages and are mainly developed for dedicated applications
in the field of DH simulation. The design of DH models
was addressed in [4] and [5] using Modelica (modelica.org)
models, while Stock et al. [6] developed a tool based on
Python. The integration of a waste heat source into an existing
network structure was demonstrated in [7] using Modelica
models with multiple heat sources. Using dynamic simulation
models, Capone et al. [8] investigated the optimal placement
of central heat pumps in a high-temperature DH system.
While DH system simulations are widely represented, the
detailed simulation of existing connections between network
structure and buildings, e.g., by coupling existing DH grids
and supplied buildings, each of which is modelled in an
individual simulation environment, is rarely investigated by
highly detailed models.

As for previous works on building modeling, Johari et
al. [9] evaluated several buildings in different configurations
using different building energy models [10] and modeling
tools such as IDA ICE (www.equa.se/de/ida-ice), TRNSYS
(www.trnsys.com), and EnergyPlus (energyplus.net), and ana-
lyzed the applicability of these tools for energy analysis of
different types of buildings. They focused on comparisons
between tools, yet lacked experience with the Modelica lan-
guage. Based on three types of buildings presented from the
Typology Approach for Building Stock Energy Assessment
(TABULA) [11] project i.e., single house, terrace house and
multifamily house, Bruno et al. [12] analyzed the simplified
thermodynamic behavior of the buildings using the TRNSYS
tool. They focused on analyzing simplified building enve-
lope models and individual building heat loads without the
connection between buildings and energy grids. Although
Modelica is not a mainstream tool in modeling building energy
demand [13], Perera et al. [14] developed a multilayer building
heating model in MATLAB (mathworks.com) and Modelica
environments and showed that Modelica models are more
robust.

Due to the lack of freedom to control and adjust the build-
ing’s internal components, as well as controllers, to the best
knowledge of the authors, no study has observed and analyzed
the building’s internal variables over time. On this background,
the present paper introduces a new building modeling concept,
whose performance is demonstrated with a coupled heat grid
in a co-simulation environment.

B. Contributions and Outline

The contribution of this paper is a new validated multi-
physics/-modal and flexible configurable building model with
interfaces for coupling with heat grids for building sustain-
ability analysis, aiming to the development of energy digital
twins of districts. The building model is a generic but pa-
rameterizable residential building model using the Modelica
language and equipped with interfaces to interact with other
energy grids. With different parameter configurations and input
data, in combination with Python code, the model can be used
to generate any number of different residential buildings that
are individually configurable regarding their internal energy
(supply) systems. Therefore, the proposed building model can
easily be used for multi-domain co-simulation in a specific
simulation platform with energy systems such as power, heat,
or gas grids as well as sectoral coupling elements, in order to
lay the foundation for future analysis of the regional energy
system in special or extreme scenarios such as natural gas
shortages or extreme weather conditions like heat waves or
any other disruptive events.

The remainder of the present paper is structured as fol-
lows: In Section II, a modular and flexible building model
comprising envelope, equipment, interfaces, and control is
presented. Section III presents a model for a heating system
that is coupled with the building models in Section IV using a
distributed co-simulation framework. In Section V the authors
present the results of the model validation for various building
types as well as the coupled simulation in a co-simulation
setup with a discussion of the results. The paper is concluded
with a brief outlook on the future work in Section VI.

II. MODULAR BUILDING MODEL

In the field of building energy, reliable modeling of build-
ings is crucial to analyze their energy consumption and for
planning their adaptation to energy systems. A physical mod-
eling language that meets these requirements is Modelica,
an object-oriented physical modeling language. Although it
is an equation-based modeling method like many modeling
tools (Simulink etc.), due to the acausal nature of its model,
the models created by Modelica are more concise and clear
at a glance in more complex systems, especially when it
is necessary to understand the behavior and interaction of
the model in a complex and multi-domain system. In the
present study, the Modelica modeling language is utilized
for performing modeling work in the Dymola modeling and
simulation environment [15]. Figure 1 depicts the schematic
diagram of the developed novel building model with several
modules in Dymola, showing its modular nature. The follow-
ing sections will introduce each component of the proposed
building model.

A. Building Envelope Model

In order to calculate a building’s heating or cooling de-
mands, it is important to use a reasonable building envelope
model. In the Modelica Buildings library [16], the developers
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Fig. 1. Modular building model built in Dymola using the Modelica language.
The building envelope model structure is labeled with green boxes, the HVAC
system with blue boxes, the HIU with a red box, the electrical equipments
with orange boxes, and the DHW station with a pink box.

of the library have established a simple, clear and easy-to-
understand mathematical model (see Figure 2), namely the
SRIC building envelope model, which is described in the EN
ISO 13790:2008 standard [17].

The indoor part of the building model consists of three
temperature nodes, namely the indoor air temperature 7;,,
the internal surface temperature of the envelope 7%, and the
area mass temperature 7,,,s, which are thermally connected
to two temperature nodes located outdoors — with T, repre-
senting the supply air temperature and 7.,; representing the
outdoor air temperature — through various thermal conductance
elements. Among them, the window heat transfer H,,;, and
the heat transfer of the opaque component H,, (divided into
H;., and H,,,s) determine the indoor thermal transmission
characteristics with outside. H,,,s is the thermal conductance
between the surface and the mass nodes and is defined as:

Hmas:hms'fms'Af (D

where h,,s is the heat transfer coefficient between the
two nodes, with a fixed value of 9.1W/(m?K), fns is a
correction factor, which can be assumed as 2.5 for light and
medium building constructions, and 3 for heavy, and Ay is the
floor area. Since the transmission coefficients for opaque and
glazing elements I, and H,,;, are defined by their respective
U-values and areas, the expression of Hy,., can be derived:

1
Hiypo = ——— 2
Hop  Hmas

In addition, the heat transfer characteristics between indoor
air and inner surface are expressed by Hype = hgs- Agor, where
hgs 18 the heat transfer coefficient between the air node and the
surface node, also with a fixed value of 3.45W/(m?K), and
Ayt s the whole area of all surfaces facing the air-conditioned
building area which is often chosen as a fixed multiple (rats,,;)
of the floor area Ay, such as 4.5. Since different buildings are
studied in the present paper, the authors make the following
estimate of this area to obtain a calculation result as accurate
as possible:

Fig. 2. Electrical schematic diagram of the SR1C building envelope model
[12].

Atot = Aroof + Awall + (27’l - 1)Afloor + Awindow (3)

where n is the number of layers of the building.

In order to make the modeling results as correct as possible,
the structure of the model and many parameters need to be
reasonably designed. The European project TABULA [11]
aims to enhance energy efficiency in the residential building
sector by developing a comprehensive framework for eval-
uating and improving the energy performance of building
stocks across Europe. In the present paper, the authors select
two different single-family houses (DE.N.SFH.05.Gen and
DE.N.SFH.07.Gen) from TABULA as reference objects, and
each building is divided into two different refurbishment
states, thus four different parameter configurations in total.
The parameter configurations of the four selected buildings in
TABULA are shown in Table I. A building number ending
n ”.001” represents a building in the existing state, while
the ending 7.002” represents a building state after usual
refurbishment. Based on this, the authors configure the same
parameters for the Modelica models in the present paper
and added, deleted and adjusted some parameters in Dymola
according to the differences between the TABULA and 5SR1C
models as detailed in the following subsections.

1) Temperature Reduction Factor: In the TABULA project,
non-uniform heating is taken into account, e.g., internal tem-
peratures are reduced during intermittent heating periods. This
temperature reduction effect is influenced by building insula-
tion and is more pronounced in poorly insulated buildings.
Therefore, TABULA added the temperature reduction factor
F.cq to the calculation of the heat transfer performance of the
building, as shown in Table I.

2) Thermal Bridging: Since, according to the TABULA
method, the thermal envelope area of a building is calculated
based on the external dimensions, heat losses are generally
slightly overestimated at joints (e.g., masonry edges) of build-
ing elements made of homogeneous materials. During the
calculation of the building transmission heat transfer, the
corresponding additional losses are added and their U-values
AUy, are assumed to be 0.1W/(m?K). Thus, the total heat
transfer coefficient Hy, is calculated by the following equation:



TABLE I
THE PARAMETERS OF THE FOUR BUILDING MODELS IN TABULA AND THEIR CORRESPONDING PARAMETER CONFIGURATION IN Dymola

TABULA Dymola TABULA Dymola TABULA

Dymola TABULA Dymola

Building Code DE.N.SFH.05.Gen.ReEx.001.001 DE.N.SFH.05.Gen.ReEx.001.002

DE.N.SFH.07.Gen.ReEx.001.001

DE.N.SFH.07.Gen.ReEx.001.002 Comments

Single family house 05, existing state | Single family house 05,

Single family house 07, existing state

Single family house 07,

TABULA Image

DE.N.SFH.05.Gen

]

-

2 single family houses with different construction year

DE.N.SFH.07.Gen

168.90 168.90
141.20 141.20
3.14
115.80

A_roof
A_wall
surAzi_N
A_floor
A_window
A_window_N
A_window_E
A_window_S
A_window_W
g_Fac
win_Fra
shaRedFac

115.80
27.10
4.10
5.70
6.30
8.90
0.60
0.30
0.60

4.10
5.70
6.30
8.90
0.75
0.30
0.60

100.80
159.40
3.14
83.40

100.80
159.40
3.14
83.40

Roof area [m2]
Wall area [m2]
Suppose the building has four sides and faces north, east, south and west
Floor area [m2]
Window area [m2]

Window area in the north [m2]
Window area in the east [m2]
Window area in the south [m2]
Window area in the west [m2]
Energy transmittance of glazings
Frame fraction of windows
External shading reduction factor of window
Temperature reduction factor
Adjustment factor soil

3.60 3.60

U_values [W/(m2K)]

Reference conditioned floor area [m2]
Ratio between the internal surfaces area and the floor area
Air change rate [1/h]

Htr = Z btr,iAenv,iUi + (Z Aenv,i)AUtbr (4)
where by, ; is the adjustment factor, which is 1 for roof, wall,
and window and 0.5 for floor. A, ; is the sum of all surface
areas and U; is the U-value of the surfaces. The equivalent
U-value for each surface is calculated in the Modelica model
by the following equation:

®)

Since TABULA also considers the temperature reduction
factor, the U-value should continue to be rewritten as:

Ui,eq = btr,iUi + AUth

Ui,eqmed = (btr,iUi + Athbr)-Fred (6)

and thus H;, becomes

Htr = Z Aenv,iUi,eq,red (7)

After such a transformation, the result of the parameter
configuration in Modelica is shown in the yellow background
cell in Table I (see rows Uyoof t0 Upindow)-

3) Air Change Rate: Ventilation systems are mainly used to
control indoor air quality, temperature, and relative humidity.
In the TABULA project, the air exchange rate is assumed to
be 0.6%, which is defined in

(®)

as a constant value for the whole year. So the air change rate
configured for the model in the present paper is also matched
to it and also takes into account the temperature reduction
factor:

Nair,rate = Nairuse + Nairinfiltration

: Fred (9)

Nair,rate,red = Nair rate

which is shown in Table I (named n_asr).

B. Building Equipment

In order to ensure the simplicity of the model and the speed
of simulation, while also trying to ensure the appropriateness
of the model and focusing on the study of building thermal
requirements, the authors add new components to the model.

1) HVAC System: The HVAC system represents critical
components in maintaining indoor environmental quality and
comfort in residential, commercial, and industrial buildings.
Among them, the ventilation fan controls the relative humidity
and C'Os concentration in the building during the simulation,
and performs temperature control when necessary, such as
when the room overheats in the summer; radiators transfer
heat to indoor spaces through convection and radiation, and
can be powered by various heat sources; air conditioners can
adjust the temperature and humidity of indoor temperature by
consuming electricity. The corresponding positions of the three
components are shown in Figure 1.

In the model designed in the present paper, the radiator
can control the mass flow rate of hot water from the buffer
tank into the radiator by detecting the difference between the
temperature of the room and the set temperature.

2) Electrical Appliances: In the present paper, the authors
assume that there are three occupants in each building, and
use the LoadProfileGenerator (LPG) software [18] to calculate
four identical power consumption profiles (see the profiles
after histogram transformation in Figure 3) assigned to the
four buildings. Further, the authors assume — based on the
information of numerous items in the well-known furniture
and appliance websites and available open data — the ratio
of heat generation and electrical energy consumption of each
appliance given in Table II that is used for calculating the heat
from the appliances in each building.

3) Domestic Hot Water Supply: The authors assume that
each building has an independent thermostatic storage tank
for DHW. Since this paper focuses on the validation of the
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Fig. 3. Distribution of power consumption (Pe) and heat production (Q) of
electrical appliances, total per year 4602kWh electricity and 3220kWh heat.

TABLE I
TYPES OF ELECTRICAL APPLIANCES CALCULATED AND THEIR RATIOS OF
THERMAL AND ELECTRICAL POWER

Type Heat-to-Electricity Ratio
Light 0.95
Stove 0.99
Coffee Machine 0.1
Toaster 0.98
Electric Kettle 0,9
Entertainment 0.5
Hood 0.01
Oven 0.98
Dryer 0.95
Fridge 1
Dishwasher 0.05
Microwave 0.3
Washing machine 0.01
Hair dryer 0.9
Vehicle 0

model in the context of building indoor temperature control,
the DHW module is deactivated and is not considered further.

4) Further Modules: Many other modules are developed
in the present building model but will not be discussed in
detail in the present paper, such as the photovoltaic module,
the battery module, and the heat pump module. Their presence
in this building model provides a high degree of flexibility
and versatility while placing great challenges on the model’s
control.

C. Building and District Heating Grid Interface

The interface between the building and the DH grid is called
a DH substation or HIU. HIUs can generally be divided into
two categories: those used for room heating only and those
used for room heating and the production of DHW [19],
as shown in Figure 4. In addition, in terms of heat supply,
HIU can also be divided into direct and indirect HIU. In a
direct HIU, hot water from the DH grid enters the building’s
heating and hot water systems directly through pipes. Its
system design is relatively simple, but there may be risks of
water supply contamination and pressure fluctuations. On the
contrary, indirect HIU transfers heat from the DH grid to the
building’s heating or hot water systems via heat exchangers,
which provide isolation of the water system, and water quality
is ensured. In addition, a buffer tank is modeled in HIU. The
main function of the buffer tank is to store thermal energy. It
allows the system to buffer heat supply and smooth demand
changes, this ensures that there is always a reserve of hot water
or thermal energy available, even during peak usage periods.
Details will be discussed in Section IV-A.
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Fig. 4. HIU for room heating and DHW.

D. Control of Building Model

This section describes the control of some components and
variables during simulation.

1) Set Point of Room Temperature: Tenants in Germany
benefit from laws regulating the heating season, which runs
from October 1 to April 30 [20]. Nevertheless, since the
heating season is set to 222 days in TABULA and the average
indoor temperature throughout the year is assumed to be
constant at 20°C in the heat demand calculations, the Modelica
model sets the indoor set temperature to 20°C throughout the
year and selects the two time periods from the beginning of
the year to May 10, and from October 1 to the end of the
year (a total of 222 days) as the heating season, based on
the temperature profile used (see Figure 8, top) to ensure the
reliability of the validation.

2) Set Points of Ventilator: According to the regulatory
standards or guidelines from several counties, carbon dioxide
concentrations in buildings such as offices, schools, and resi-
dences should ideally be kept below 1000 to 1500 ppm [21]-
[24] and the indoor relative humidity should be kept between
30% and 50% [25]. The airflow rates set in TABULA and
in the Modelica model are described in Section II-A and in
Table L.

3) Set Points of Air Conditioner: In order to maintain the
indoor temperature at a set point throughout the year, it is
not enough to simply control the indoor temperature through
ventilation fans and radiators. For example, in summer, due
to strong solar radiation, some buildings have indoor temper-
atures that are higher than the outside temperature without
a cooling system. Therefore, for the need of validations and
simulation calculations, air conditioners with heating and
cooling control functions are added to the model.

It is worth mentioning that this air conditioning model
can also provide or extract latent heat from the indoor air
by detecting the humidity in the room in order to keep the
indoor humidity at a set value. This function is not specifically
discussed in the present paper since the main object of study
is the sensible heat characteristics of the model.

E. Weather Data Input

Weather data is recorded at the Living Lab at KIT Campus
North and stored in a time series database with a Grafana



(grafana.com) interface for further data analysis and export.
The data comprises temperature, solar irradiation, humidity,
wind speed, and direction, etc. [1]. Outdoor temperature has
an extremely important influence in the study of the heat
demand of a building since the temperature difference between
indoors and outdoors determines the amount of transmission
heat transfer. In TABULA, the average outdoor temperature
throughout the year is assumed to be 10.512°C. Therefore, the
temperature profile used in the present paper is also adjusted
to this average value.

F. Flexible Parametrization of Building Models

Since the model presented in the present paper is directed
to a generic residential building model, the authors simulate
all of the equipment that might be found in a real residential
building, as described in Section II-B. During this process, the
authors include a control parameter (with a value of either 0O
or 1) for each module to indicate the presence or absence of
this component in the current building model.

IITI. DISTRICT HEATING SYSTEM - MODEL OVERVIEW

The authors introduce a DH simulation model, which is
designed in Modelica using the AixLib model library [26] for
main system components such as the heating plant, the pipes,
and the substations. In order to facilitate co-simulation, the
DH model is built based on the open-loop modeling approach,
which is described in more detail in [4].

For the pipes in the DH network, a static pipe model
StaticPipe, available from the AixLib library, is used to
further reduce complexity and model size. The heating plant is
modelled in a simplified way using the Sourceldeal submodel,
which represents an ideal heat source that prescribes a supply
temperature to the mass flow and controls the supply pressure
at the supply line depending on a pressure measurement at
the most distanced building. For the demand model, which
represents the primary side of the building substation, the
VarTSupplyDp submodel from the AixLib is used and adapted
to the given characteristics in this study.

The DH model is semi-automated generated using the
energy network management tool uesgraphs [4], and the DH
system under investigation is represented as a graph structure
in uesgraphs using GIS data [27]. Once the graph structure
in uesgraphs has been enriched with information about the
DH system, the graph structure can be exported as a Mod-
elica model using a template approach that allows specific
parameterisation of the DH components depending on the data
implemented in the graph structure.

IV. MODEL AND SIMULATION COUPLING

This section introduces the interfaces for the coupling of
the building and DH grid model with a focus on the interface
models on the building and the heat grid side.

A. Interface on the Building Side

This section discusses in detail the design ideas and prin-
ciples of the HIU model based on Figure 4 in the previous
Section II-C. The output signals of HIU’s Modelica model
are the buffer tank temperature T}, e and the total heat
demand Qbuilding of the building. The input signals are the
hot water supply or inflow temperature T, from the DH grid,
the hot water flow rate m, and the requested hot water return
temperature or outflow temperature T.cs puitding Dy the grid.

When the hot water from the heat grid flows into the
HIU, its heat is transferred to the water in the buffer tank
in the heat exchanger (if the temperature of the incoming hot
water Ty, is higher than the water temperature of the buffer
tank Ty ¢ fer), then it flows out of the HIU at a temperature
Tt higher than the water temperature in the buffer tank
based on the physical characteristics of the heat exchanger
and returns to the heating grid. During this process, Ty f fer
should be maintained between 75°C and 85°C [19]. In order
to intuitively analyze the changes in the heat demand of a
building throughout the year, a simple control strategy is
adopted in the present paper, that is, the Ty, fe, is controlled
to be maintained at 80°C all year round. As mentioned in
Section II-B, one radiator model is connected to the buffer
tank in HIU. When the buffer tank reaches the appropriate
temperature, hot water will be supplied from the buffer tank
to the radiator.

B. Interface on the District Heating Side

The modified substation model based on the VarTSupplyDp
submodel of the Aixlib specifies the heating demand of the
building as a required heat supply from the DH system and
it can take two states. State 1 is only controlled by the heat
demand of the building and behaves like the Aixlib submodel
VarTSupplyDp. In this state, the mass flow 7y with the given
heat demand of the building Qbmzdmg, a fixed temperature
difference AT} of 15K, and the specific heat capacity ¢, are
calculated. This calculation results in the required mass flow of
the DH system on the substation primary side to cover the heat
demand of the building Qbuilding~ This state does not consider
the buffer temperature level of the building. Therefore, state 2
is implemented and considers the required temperature level
to supply the building sufficiently. If the supply temperature
of the DH system drops below the buffer temperature of the
building heating system, control state 2 takes over. Figure 5
shows both states of the substation and the control approach
of state 2.

State 2 attempts to tackle this problem by controlling the
mass flow 1y prp using a PID controller. The set point of
the controller is represented by the buffer temperature of
the building T4, fer. If the required temperature level is not
reached by the DH system temperatures due to high heat losses
and, therefore, high-temperature drops in the DH network,
the mass flow must be increased to reach higher temperature
levels at the substation. Thus, a higher mass flow 7y results
in a higher supply 7%,, and, depending on the temperature
difference at the substation, in higher return temperatures. If



the temperature level at the substation is sufficient, the required
temperature difference AT5 is calculated based on the current
mass flow 72 prp to cover the heat demand at the substation
and to reach the requested return temperature T’.c; puilding by
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Fig. 5. Schematics of the DH system substation model and its control system.
C. Distributed Co-Simulation

Co-simulation [28] through the Functional Mock-up Inter-
face (FMI) interface standard [29] allows multiple subsystems
to operate together in the same simulation environment. Since
the simulation algorithms of each subsystem are integrated into
a single system and exchanged variables, the FMI protocol
greatly reduces the divide between different subject models,
providing great convenience for large-scale multi-subject en-
ergy system co-simulation [13]. The Functional Mock-up Unit
(FMU) export mechanism of Dymola, which incorporates a
multi-physics model together with the executable simulation
code and the interface definition, enables the use of sophis-
ticated co-simulation frameworks as the eASiMOV-eCoSim
(energy system Co-Simulation) [30]. The co-simulation en-
vironment allows for geographically distributed co-simulation
with support for FMUs [31], generated by Dymola or Simulink
or any other capable software, but also simulators provided
as Python or Matlab source code. This feature is important
since it allows more flexibility in the simulator coupling and
enhances the possibilities for simulator design by code.

For the present study, all multi-physics building models are
exported as FMUs, whose dependencies are shown in Figure 6
for the present study. The co-simulation is composed finally by
importing and interconnecting the FMU blocks and assigning
the respective data exchange ports in the eCoSim graphical
editor [30]. Additionally, all simulators (FMUs) are assigned
for parallel and sequential execution by insertion of logical
delay blocks to achieve correct simulation synchronization. In
this setup, a loose coupling of the simulators — DH model at
Forschungszentrum Jiilich (FZJ) and building models at KIT
— is used, whereby the master at KIT orchestrates the co-
simulation.

V. EVALUATION

In this chapter, the authors first present the heat demand
simulation results of the developed novel building model

under the configurations mentioned above and compare the
simulation results with the reference values given in TABULA.
Further on, the authors will show the operation of the interface
(i.e., the HIU) between the building and the heat grid, and
finally the simulation results will be analyzed and discussed.

The simulation model is shown in Figure 6, which contains
four FMU modules representing the building model (left side)
and one FMU module representing the heat grid (right side).
The reason for selecting only four buildings as research objects
is, that the present paper focuses on the analysis of model
effectiveness. In fact, the model can perform co-simulation on
all building types from TABULA with unlimited number of
buildings. The start and end times of the simulation are set
to the first day of one year and the first day of the second
year, i.e., the total duration of the simulation is 1 year with a
time resolution of 15 minutes. The runtime for the simulation
is 1.57e+03 seconds, i.e., about 26 minutes and 10 seconds
in Dymola with Intel® Core™ i7-1255U CPU@1.70GHz
and 16GB installed RAM. Simulation times are in average
4 times higher for geographically distributed co-simulation
between FZJ and KIT due to simulator communication and
data exchange via the Internet.
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Fig. 6. Co-Simulation setup of the tested energy district grid comprising
buildings with different properties and heat grid as FMUs in Dymola.

A. Validation of Building Models

In Figure 2 the building envelope model is shown. To make
the Modelica model results comparable with the TABULA
reference values, it is necessary to select appropriate variables
for observation and calculation. The names and meanings of
the variables in TABULA selected by the authors are shown
in Table III, as well as the variables’ counterparts in Modelica
models. In the table, T,;, is the average room temperature
for the whole year; Q¢ ven represents the amount of heat lost
from the building through air exchange, calculated in Modelica
by the following equation:

1
3600000
where 74 is the air mass flow rate in kg/s of ventilation,

determined by the 74y rate,reqa Of €quation (12) described in
Section II-A, ¢qir = 1012J/(kg - K), and AT = Tput — Tairs

(10)

th,ven = /maircairAT dt



Qht,tr is the sum of the heat flow through two heat conduc-
tance elements HWin and HTra (see Figure 2) throughout
the year.

The resulting calculations for the four buildings and the
error data for each of the variables are shown in Table IV. As
can be seen in the table, the four buildings have different heat
transfer values due to different parameter configurations. The
error values (in %) between the simulation results and the
TABULA data are highlighted in red. In contrast, the error
values for the total heat transfer are additionally marked with
an orange background in the table. It can be summarized
that the first and third building in the existing state have
relatively high errors of about -6.5% and -3.5%, respectively,
while the remaining two buildings in the usual refurbishment
state have errors of less than 1%. These results indicate that
the error between the heat loss due to air exchange in the
Modelica model and the corresponding data in TABULA is
minimal, not more than 1.3%, so the main error comes from
the transmission error. In addition, there is also a strong
relationship between the total heat loss of a building and the
temperature difference between indoors and outdoors. In terms
of indoor temperature, it can be seen that Dymola’s calculated
output does not exactly match the set temperature (20°C).
Since the HVAC system is modeled using a fluid model (rather
than an ideal model) in Dymola, the delayed behavior of the
fluid causes the HVAC system not to be completely accurate
in controlling the temperature of the building. Even so, one
can notice that the buildings with refurbishment have higher
average temperatures, i.e., better insulation, and the total heat
loss, especially heat transfer loss, is significantly reduced
compared to the non-renovated buildings.

B. Co-Simulation of Buildings and Heat Grid

In order to more accurately observe the effect of the
parameter configuration of the building model on the heat-
ing demand of the building, the authors turned off the air
conditioning model and performed another simulation with all
inputs and parameters unchanged. It is worth noting that, as
mentioned in Section II-D, air conditioning can be used not
only to raise indoor temperatures as an auxiliary means of
heating a building during cold outdoor temperatures but also
to prevent indoor temperatures from becoming overheated in
the summer due to the effects of sunlight, for example. If the
air-conditioning component is removed and the heating grid is
still available, then buildings in hotter summer climates should
have higher average temperatures throughout the year in terms
of the average temperature of the building.

As shown in Table V, without the cooling function of the air
conditioners in the summer, the average indoor temperatures in
all four buildings have increased. Especially for the renovated
buildings with lower U-values, their temperatures (yellow
background) are always higher than those of the non-renovated
buildings, which is consistent with the practical experience.

In this simulation, apart from the incoming heat from
sunlight and the operation of electrical appliances, the main
heat of the building is provided by indoor radiators connected

to the heat grid (or HIU). The heat supplied to the room by
the radiators in the four buildings is shown in Figure 7. Also,
the outdoor temperature throughout the year and the sum of
the radiator power of the four buildings, but also the sum of
heating power from the heat grid, are shown in Figure 8.
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Fig. 7. Radiator heat power change curves for building SFH.05 (top) and
building SFH.07 (bottom), orange indicates power in the existing state, while
green indicates power after refurbishment.
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Fig. 8. Recorded outside temperature for the whole year (top) and the total
provided heat power from the heat grid (bottom).

It can be concluded from the results shown in Figure 7
and Figure 8 that the insulation of a building has a sig-
nificant impact on its heat demand, and the level of heat
supply from the heat grid has a strong relationship with
the outdoor temperature. When the outdoor temperature is
low, the amount of heat lost from the building through air
exchange and heat transmission increases, which results in
the building needing higher thermal power to maintain a
stable indoor temperature. The supply and return temperatures
and the inlet mass flow rate of the DH system of building
DE.N.SFH.05.Gen.ReEx.001.001 are illustrated in Figure 9.
When the building’s heating demand increases, the building
sends this demand to the heat grid under the regulation of
the HIU. The required supply and return temperatures and the
mass flow will be calculated and sent to the building model.
By comparing the data in Figure 8 and Figure 9 the authors
observe that the temperature difference at the substation varies
depending on the desired heat demand of the building.

Furthermore, it is important to note that the heat grid
operates throughout the year, not just during the heating
season. Nevertheless, as the authors suggest at Section II-B
to deactivate the DHW system in the model, the heat grid



TABLE III
VARIABLES OBSERVED AND THE MEANING OF THEM

Parameters in TABULA Explanation Counterparts in Modelica
9i [°C] Average indoor temperature throughout the year TAir
Que [kWh/a] Heat loss from the building through ventilation throughout the year Q_ht_ven
Qtr [kWh/a] Heat loss from the building through transmission throughout the year Q_ht_tr
Qht [kWh/a] Total heat transfer, also the sum of Qve and Qtr Q_ht_ven +Q_ht_tr
TABLE IV
RESULTS: COMPARISON AND ERROR OF MODELICA CALCULATING RESULTS WITH TABULA DATA
TABULA Dymola Errorin % TABULA Dymola Errorin % TABULA Dymola Errorin % TABULA Dymola Errorin %
Building Code DE.N.SFH.05.Gen.ReEx.001.001 DE.N.SFH.05.Gen.ReEx.001.002 DE.N.SFH.07.Gen.ReEx.001.001 DE.N.SFH.07.Gen.ReEx.001.002
ipti Single family house 05, existing state Single family house 05, i Single family house 07, existing state Single family house 07, i
el
-
TABULA Image
DE.N.SFH.05.Gen DE.N.SFH.07.Gen
T_room_ave 20.00 19.80 -0.99 20.00 20.02 0.12 20.00 19.84 -0.82 20.00 20.00 0.02
Q_ht_ven 4121.76 4070.98 -1.23 4533.94 4584.87 112 8044.08 8015.98 -0.35 8683.95 8774.57 1.04
Q_ht_tr 32951.24 30597.60 7.14 14893.06 14673.70 -1.47 26518.92 25332.20 -4.47 12733.05 12653.20 -0.63
Qht= 37073.00 34668.58 6.49 19427.00 19258.57 0.87 34563.00 33348.18 3.51 21417.00 21427.77 0.05
Q_ht_ven+Q_ht_tr : i - : i - : : - ) i :

TABLE V
CHANGES IN AVERAGE INDOOR TEMPERATURES THROUGHOUT THE YEAR AFTER REMOVAL OF AC

Code ‘ DE.N.SFH.05.Gen.ReEx.001.001 ‘ DE.N.SFH.05.Gen.ReEx.001.002 ‘ DE.N.SFH.07.Gen.ReEx.001.001 ‘ DE.N.SFH.07.Gen.ReEx.001.002 ‘

‘ T_room_ave ‘ 19.802 20.022 ‘ 20.024

21154 |

19.836 20220 |  20.004 21016 |

will not provide any heat to the building during the non-
heating season if the building does not have a demand for
room heating. During this period, it can be observed from
Figure 9 that the temperature of the supply and return line
is essentially constant, with only minor differences. This is
due to the constant desired return temperature from 80°C
for temperature control of the buffer tank of the building as
explained in Section IV-B. In addition, this variation of the
mass flow rate in the non-heating season is due to the changing
ground temperature during this period.
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Fig. 9. Building DE.N.SFH.05.Gen.ReEx.001.001: Supply (red) and return
(blue) temperature, and hot water mass flow rate (green) for the whole year.

C. Discussion

In the previous section, the authors presented the results
obtained during the validation of the model as well as the
results of the co-simulation of the building and the heat grid.
By means of the error values presented in Table IV, it is
possible to understand that the model presented in the paper
obtains a high level of confidence. The main source of error

is the transmission heat loss, i.e., the building envelope model
needs to be improved.

Under the co-simulation of the four buildings and the heat
grid, the results presented focus on the heating of the buildings
as well as the operation of the heat grid during the heating
season, since the domestic water consumption of the building
inhabitants is not considered in the present paper. When the
building heat demand is high, the building inlet and outlet
temperature differences as well as the hot water flow rate are
subsequently increased to ensure that the temperature in the
building remains at the set value.

In the real world, however, there are many ways to control
the fit between the heat grid and the building as well as the
HIU. In the present paper, only one relatively simple control
method is shown, i.e., the temperature tracking control of the
incoming water flow, and the buffer tank temperature is set to
a constant value. In addition, the proposed model opens new
possibilities for the study of topics such as the economic and
environmental benefits of energy use, and facilitates the design
of new HIU controllers due to features such as flexibility
and modularity of the model. With the utilization of the FMI
interface protocol, the controller will not be limited only to
those designed by the Modelica language.

VI. CONCLUSION AND OUTLOOK

This paper presents a novel modular building model that
is highly flexible, extendable, parameterizable, and config-
urable developed using the Modelica language. The model
is validated for its effectiveness and accuracy by comparison
with publicly available reference-building data in Typology
Approach for Building Stock Energy Assessment (TABULA)
project. Subsequently, the model is extended to four different
parametric building models using the Functional Mock-up
Interface (FMI) standard and integrated with a district heating




(DH) grid model in a co-simulation environment/setup. This
demonstration highlights the great potential of the proposed
building model for co-simulating energy systems and affirms
its ability to adapt and perform in complex simulation scenar-
ios in view of sustainability.

With the increasing demand for digitalization and sector
coupling, this paper provides new impulses for research into
future energy systems. To further improve the applicability
and performance of the present model, in future work, the
integration of building models with additional energy grids
and the development of capabilities will be highlighted, such
as the reception, analysis, and prediction of real-time data
to contribute to the development of advanced urban energy
digital twins. This will enhance dynamic simulations to re-
spond to changing environmental conditions and facilitate
their implementation in real-world applications, ultimately
driving innovation in energy-efficient building systems for
sustainability.
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