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Abstract

Abstract

Recent literature identifies a stagnation of Building Performance Simulation (BPS) as a sup-
porting technology during the design process of buildings. Shortcomings regarding an inte-
grated, scalable simulation which provides a holistic assessment of buildings while considering
their dynamic nature have been remarked. The concept of modular building performance
simulation has been accredited with considerable potential to overcome these issues and real-
ize the vision of an integrated building simulation platform for several stakeholders.

This thesis presents a methodology incorporating the concept of modularity in order to gen-
erate a scalable BPS, which integrates different level of details (LOD), namely a single-zone
and a multi-zone model for energy assessment and a zonal airflow representation for indoor
climate assessment. The procedure builds upon the Functional Mock-up Interface (FMI) for
tool-independent model exchange and co-simulation of Functional Mock-up Units (FMUs).
Recent innovations in information technology, namely the field of Semantic Web Technolo-
gies (SWT), are deployed to introduce machine-readable, semantic information in FMUs in
order to identify relations between them and automatically initialize the modular simulation.
Therefore, an overarching data framework formulated in the Web Ontology Language (OWL)
was implemented. This framework consists of a formally specified information model, which
allows for specification of FMUs within the context of building simulation. Hence, the role of
a simulation module within a BPS can be determined. The addition of project-specific infor-
mation in the form of a digital representation of a building, corresponding to the paradigm
of Building Information Modeling (BIM), completes the description of FMUs. The result-
ing ontology-based description enables an algorithm to automatically infer the simulation
topology of an arbitrary number of contributing simulation modules, i.e. FMUs, by means of
reasoning. Through the combination of a knowledge representation in the form of an ontol-
ogy and a reasoner capable of inferring new information from this ontology, the method is
by definition a knowledge-based approach, a discipline from the field of Artificial Intelligence
(AI).

A case study featuring the Twin House, a building at the test site of the Fraunhofer Institute
for Building Physics (IBP) in Holzkirchen, Germany, illustrates the feasibility of the approach
and indicates its technological merit. The study deploys a digital building representation in
the SimModel format and emphasizes the aspect of scalability in the simulation. It demon-
strates a continuously refined simulation of the building through exchange and addition of
simulation modules. A second case study proofs the independence from specific BIM formats
and illustrates the compatibility with IFC (Industry Foundation Classes). A building from

the IFC example repository serves as the test subject.
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Kurzfassung

Kurzfassung

Seit einigen Jahren stagniert die Anwendung von energetischer Gebdudesimulation als unter-
stiitzende Technologie wihrend der Planung von Gebiuden. Die Literatur identifiziert Defizite
beziiglich einer integrierten, skalierbaren Simulation, die eine ganzheitliche Beurteilung von
Gebduden unter Beriicksichtigung dessen dynamischer Natur bietet. Modulare Simulation-
skonzepte bieten eine Mdoglichkeit diese Liicke zu schlielien und zur Realisierung der Vision
einer integrierten Simulationsplattform fiir mehrere Stakeholder beizutragen.

Die vorliegende Arbeit stellt eine Methodik vor, die sich auf das Konzept der Modular-
itdt stiitzt um eine skalierbare Gebdudesimulation zu generieren, die verschiedene Detail-
stufen beriicksichtigt. Diese umfassen eine einzonale und eine mehrzonale Abbildung des
Gebdudes, um energetische Fragestellungen zu untersuchen, sowie ein zonales Stromungsmod-
ell fiir raumklimatische Fragen. Die Basis fiir die Methodik ist das Functional Mock-up
Interface (FMI), das einen tool-unabhingigen Modellaustausch und die Co-Simulation von
Functional Mock-up Units (FMUs) erméglicht. Entwicklungen aus der Informationstech-
nologie im Bereich von Semantic Web Technologien (SWT) werden eingesetzt um FMUs
maschinen-lesbar in ihrer Semantik zu beschreiben. Dadurch kénnen Beziehungen zwischen
diesen erkannt und schlieflich eine modulare Simulation automatisch initialisiert werden.
Hierfiir wird ein iibergeordnetes Datenmodell, formuliert in der Web Ontology Language
(OWL), eingesetzt. Dieses Datenmodel ist ein formal spezifiziertes Informationsmodell, das
die Beschreibung von FMUs im thematischen Kontext einer Gebdudesimulation ermdéglicht.
Dadurch kann die Rolle eines Simulationsmoduls innerhalb einer Geb&udesimulation bes-
timmt werden. Die Ergdnzung von projektspezifischen Informationen in Form eines digitalen
Gebaudeinformationsmodels, entsprechend dem Konzept von Building Information Model-
ing (BIM), komplettiert die Beschreibung von FMUs. Die resultierende, ontologie-basierte
Beschreibung ermdoglicht es einem Algorithmus die Simulationstopologie einer beliebigen An-
zahl an Simulationsmodulen, d.h. FMUs, durch Reasoning abzuleiten. Durch die Kombination
von Ontologie und einem Reasoning-Prozess, der in der Lage ist neue Informationen aus dieser
abzuleiten, ist die Methode per Definition ein wissensbagierter Ansatz, welches ein Teilgebiet
von Kiinstlicher Intelligenz darstellt.

Eine Fallstudie basierend auf dem Twin House, einem Geb&dude auf dem Testgeldnde des
Fraunhofer Instituts fiir Bauphysik (IBP), zeigt die Durchfiihrbarkeit der Methodik und
demonstriert ihr technologisches Potenzial. Wéhrend dieses Beispiel ein Gebdudemodell im
SimModel Format einsetzt und den Aspekt der Skalierbarkeit hervor hebt, zeigt eine zweite
Fallstudie die Unabhéngigkeit des Ansatzes von spezifischen BIM-Formaten und demonstriert

die Anwendbarkeit mit einem Beispielmodel geméf ITFC (Industry Foundation Classes).
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Acronyms
Abox
AT
BCVTB
BIM
BPS
CAD
CFD
COP
DAE
DAI

dll

FMI
FMU
gbXML
GIS
GUI
HiL
HVAC
IBP
IBPSA
IDP

IFC

Assertion box

Artificial Intelligence

Building Controls Virtual Test Bed
Building Information Modeling

Building Performance Simulation
Computer-Aided-Design

Computational Fluid Dynamics
Coefficient of Performance

Differential Algebraic Equation

Design Analysis Initiative

Dynamic Link Library

Functional Mock-up Interface

Functional Mock-up Unit

Green Building Extensible Markup Language
Geographical Information Systems
Graphical User Interface
Hardware-in-the-Loop

Heating, Ventilation and Air Conditioning
Institute for Building Physics
International Building Performance Simulation Association
Integrated Design Process

Industry Foundation Classes
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Motivation and Methodological Approach

Chapter 1

Motivation and Methodological
Approach

The role of buildings in human society has changed throughout the past decades. Several years
ago, buildings served as simple habitats providing protection against the outdoor climate.
Nowadays, they present complex, technological systems consisting of several sub-systems that
are characterized through various inter-dependencies. New disciplines, such as the design and
optimization of entire quarters, where each building serves a designated purpose in order to
exploit synergies, emerged.

This change was motivated by the growing awareness for potential energy savings in the
building sector. Public initiatives, among others initiated by lawmakers, led the way for
the development of numerous new technologies targeting resource and energy efficiency in
buildings. Ever since, this wave of technical progress has been continued and fueled by ad-
vancements in other fields, such as information technology. The technical merit and prospect
led to steadily increasing legal requirements for buildings while more and more key perfor-
mance indicators (KPIs) are integrated. Besides regulations for energy usage, other criteria,
often concerned with health aspects, moved into the focus of directives. Among others, these
comprise acoustics, day-lighting, fire protection or air quality. In addition to that, further in-
dicators regarding environmental aspects were established due to the continuously spawning
demand of buildings in the market. Recently defined KPIs comprise, e.g. carbon footprint or
greenhouse gas emission. However, not only lawmakers set benchmarks for the performance
of buildings, also the expectations of occupants have increased and are now a major concern
in the design process. This especially involves office buildings and aspects, such as thermal
comfort or humidity. In addition to these emerging KPIs, familiar parameters like costs or
time are still key aspects and often predetermined when designing a building. The growing
list of criteria to be considered in the design of buildings ultimately leads to an increasingly
complex task for engineers and architects.

The development of several new technologies led to improved performance of buildings re-
garding these KPIs. In this sense, especially renewable energy systems allow for accessing
a range of possibilities in order to cope with the requirements regarding environmental as-
pects. However, many of these technologies benefit from synergy effects and rely on external

influences, like weather conditions. The increasing level of inter-dependencies may lead to
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Motivation and Methodological Approach

unexpected situations and effects during operation. Furthermore, changes in the design phase
may not only affect a single, but multiple planning domains and even multiple physical do-
mains. An individual performance proof of a single sub-system is therefore hardly enough to
ensure reliable operation of the entire building. Besides technical performance, many of these
innovations require an extended assessment beyond the completion of a building. Operation
and maintenance costs often play a key role when comparing design options. The operation
phase of a building is therefore becoming increasingly important, leading to the necessity of
considering further effects, such as induced through occupant behavior or control systems.

Regarding the described development of buildings, the concept of Building Performance Sim-
ulation (BPS) is a valuable remedy for stakeholders in the building sector. It allows one to
gain insights into the non-intuitive behavior of buildings by capturing their complexity in
computational models. Based on these models, pre-determined KPIs can be assessed and the
uncertainty for planners can be decreased. This is especially important when new technologies
or innovative solutions are involved in the building design. BPS can therefore also serve as a

vehicle to provide market-access to new innovations and foster their application in practice.

|
(|
O

M o] 2w

Figure 1. Development of buildings from mere habitats to complex technical systems designed
to meet continuously increasing requirements.

In a brief summary of BPS history Clarke [20] determines the start of BPS techniques to be the
1970s, when computer engineering started to spread from development stage into application.
Disparate models, formulated as steady-state representations served to assess specific issues,
especially regarding the behavior of single constructional elements. Second generation tools
included dynamic effects for improved consideration of thermal inertia and varying boundary
conditions. Also models for Heating, Ventilation and Air Conditioning (HVAC) systems were
developed based on steady state formulations. In the 1980s, the integral aspect of model-
ing was emphasized. Previously isolated heat transfer processes were coupled in space and
time, leading to a more complete representation of buildings. This process was extended in
the 1990s with the integration of several domains, such as the building envelope and HVAC

domains, into common models. In the following years, further developments involving among
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others airflow modeling and dynamic models for numerous HVAC systems, especially renew-
able energy systems, were realized.

In order to coordinate and foster work in the field of BPS, the International Building Per-
formance Simulation Association (IBPSA) was founded in the mid 1980s. IBPSA provides a
platform for discussion and exchange to support and align the evolution of BPS. The organi-
zation consists of several stakeholders in the building sector, especially stakeholders involved
with computational design processes. The diversity allows for multiple insights into the needs
and prospects of BPS. Periodically published agreements of these views are aimed at address-
ing the current deficiencies and suggesting corresponding development paths for the future.
In 2015, Clarke and Hensen reviewed recent activities in the field of BPS on behalf of the or-
ganization [I7]. They state that the development of BPS has in general led to an improvement
of productivity in the building sector. Nevertheless, like other technologies, BPS is subject to
the so-called hype cycle. The article is aimed to create awareness of current BPS issues and, as
additionally stated in [50], intends to avoid a phase of disillusionment in this cycle. Potential
for development of next generation BPS tools is found in the integration of technologies from
other fields. Promising possibilities to enhance functionality and to extend application of BPS
are especially seen, among others, in the World Wide Web (www) revolution or the advent of
the digitization era.

Earlier, in an effort to provide a guideline for next generation BPS, Wetter [128] sketches a
vision of future application scenarios. He describes an integrated design team working on in-
dividual tasks to form an aggregated result. Fach member contributes with specific models to
a simulation. The single modules of the simulation allow for fast evaluation of design options
via module exchange. As an example, the HVAC engineer is able to drag one of numerous
catalog models, developed by manufacturers during the product design phase, into the sim-
ulation to test the product’s performance within the planned building system. The building
physicist changes window properties influencing dynamic simulation models to quantify the
effect on KPIs of the whole building, including the resulting effects on other domains like

occupant behavior, HVAC performance etc.

The purpose of this thesis is to contribute to the development of BPS in alignment with the
efforts from IBPSA in order to approach such visions. The thesis specifically investigates the
possibility of a modular simulation methodology to mediate the technological development of
BPS. The characteristics of the innovation are aimed to foster digital planning methods for
overcoming the challenges that are faced by practitioners involved in the increasingly complex
design phase. Figure [2]illustrates the methodological approach of this work.

The research is built upon an elaboration of the status quo in BPS, which is started with a
brief overview of modeling strategies for thermal processes in buildings. Based on the litera-
ture, ideal characteristics of simulation functionality and the integration of simulation into the
design process are derived. This section provides a reference for this work through drawing the
ideal picture of an optimized simulation procedure. In the following, simulation approaches
are discussed regarding their advantages and disadvantages to meet this optimum. This allows

to formulate the shortcomings of these processes and to identify potential paths to solutions.
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In an effort to determine technological vehicles for the development, recent innovations in
the field of simulation and information technology are illuminated and assessed towards their
capabilities to improve building simulation processes with regards to the determined char-
acteristics. Subsequently, the required development to approach this goal is identified and
aligned with current activities.

Based on the elaborated state of the art, a methodology for a modular BPS with scalable
components is developed. The previously discussed technologies are combined to pave the
way for a process featuring the desired characteristics of future BPS. In the following, the
methodology is implemented on the Python platform and tested for feasibility and applicabil-
ity in two case studies. The first demonstration example features an office building located at
the test site of the Fraunhofer Institute for Building Physics (IBP) in Holzkirchen, Germany.
A second case study is based on a building described corresponding to the specifications of
[FC (Industry Foundation Classes). The procedure is subsequently evaluated and discussed
regarding its theoretical and practical potential to meet the determined requirements for BPS.

Based on these findings, a subsequent conclusion and proposals for future work are formulated.

A Methodology for a Scalable Building Performance Simulation based on Modular Components Page 4
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Goal:
Scalable BPS based
on Modular
Components

Critical Evaluation of [ State of the Art and

Methodology and Technology Research

Conclusion

Implementation and [ Identification of

Demonstration Research Gap

Development of
Methodology

Figure 2. Step-wise approach of the thesis to reach the initially formulated goal of a modular
BPS. After a technology review, drawbacks of current simulation procedures are identified
and a theoretical concept to overcome these issues is derived. Two case studies demonstrate
the feasibility of the methodology and set the ground for a critical review. Subsequently, a
conclusion of the thesis is provided and possibilities for future work are illuminated.
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Chapter 2

State of the Art

The elaboration of the state of the art provides an overview of developed approaches and recent
developments in the building simulation sector. Goals for future innovations, embodying
solutions to current issues in simulation procedures, are derived from the literature. The
chapter gradually presents the available technologies and procedures to meet these goals.
Finally, the determination of current shortcomings and the potential of recent innovations

leads to the identification of the research question of this thesis.
2.1 Building Simulation Models

Physical models for BPS comprise several areas like acoustics, moisture or thermal energy.
The following description is focused on the latter, emphasizing the thermal performance of a
building system. In this context, the term building system describes the entirety of a building.
Hensen [48] defines this entirety to consist of several dynamically interacting sub-systems,

namely

building envelope,
e environment,

e people,

HVAC system and

building equipment.

Generally, models to represent these sub-systems can be formulated as stationary or dynamic
representations. Where a stationary computation is often applied in normative calculation
procedures, such as the DIN 18599 [27] in Germany, in order to simplify application, dynamic
simulation models offer detailed information about the behavior of single components at a high
temporal resolution. Such models consider additional effects like thermal inertia through the
storage capacity of a building system. This thesis is primarily concerned with the development
of dynamic simulation techniques. Hence, the formulations used in the following are related
to dynamic models.

In terms of accuracy and detail, different strategies can be applied within models. At this
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stage, the representation of a building envelope serves to illuminate this aspect. In a BPS, the
building envelope model serves as the response model reacting to influences from other sub-
systems, also called domains. Modeling strategies for this response behavior can be subdivided
into four categories. Each category has its own designation. Where the first two are primarily
intended to compute the annual use of energy, the latter feature appropriate characteristics
regarding the assessment of thermal comfort or the treatment of specific situtations requiring
a high-resolution approach. The following sections discuss the basic concept and highlight the
differences of these strategies. For detailed descriptions of the governing physics it is referred

to [20] and [116], which provide a sound overview of the resulting mathematical equations.
2.1.1 Single-Zone Model

The term single-zone model reveals that the energy transfer processes inside a building are
aggregated to a single node as represented in Figure[3] The dynamic energy balance considers
solar gains, conduction trough external walls, the thermal mass of the building, longwave
radiation exchange, internal gains as well as convective heat flow by means of infiltration and
ventilation. The single node representation also implies that e.g. internal loads or setpoints
determined through occupancy must be combined for the entire building. Similar, heat or
cooling power from heat exchange systems is aggregated corresponding to the homogeneous
representation of the building. As mentioned in [2I], such a model can serve as a first,
qualitative estimation of annual energy usage in early project stages in order to provide fast

insights on effects of design changes.

Figure 3. Structure of a single-zone model. (figure adapted from [91)])

2.1.2 Multi-Zone Model

Compared to the single-zone model, the extended level of detail (LOD) in a multi-zone model
lies in the differentiation of several thermal zones in a building. These zones can include one
or more enclosed rooms. The energy balance is computed for every thermal zone resulting in
a temperature information for each, as depicted in Figure ] The consideration of different
temperature levels within the building allows for computation of heat exchange between the

zones due to the resulting temperature gradient. Energy flow from internal loads or HVAC
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systems can be distributed to individual zones. The increased LOD enables quantitative
studies of used energy carried out over a year and can serve as an agent to several further
applications. In [104], a multi-zone simulation model representing an office building is applied
for model predictive control (MPC). Furthermore, optimization algorithms can be coupled.
In [2], Asadi et al. performed a multi-objective optimization of design options for building
retrofit. Similarly, a genetic algorithm was applied in [126] to improve green building design.

A further example targeting energy management control can be found in [I30].

o E—1—>0
eE—1—>e

Figure 4. Structure of a multi-zone model. (figure adapted from [91)])

2.1.3 Zonal Flow Models

Zonal flow models inherit the capability to predict flow patterns in enclosed spaces. Contrary
to the above models they are able subdivide a single room into a coarse grid of air cells.
Typically 10-100 air volumes are applied. This enables the computation of air movement
inside a room. The mentioned energy balance is therefore extended with the Navier-Stokes
equations allowing for calculation of the temperature distribution within the enclosed air
space. Application ranges from one to a few connected rooms and shows especially benefits
for the investigation of ventilation strategies or in cases when large temperature differences
in a room can be expected. Dynamic effects are typically considered over the course of a few
days leading to an assessment of the indoor thermal comfort at the corresponding boundary
conditions. In [57] Inard et al. implemented such a model. Similarly to the pressurized zonal
model with air-diffuser called POMA presented in [43] and the effort of Musy et al. [87], it is
distinguished between zones of varying characteristics, e.g. low momentum or jet flow. In order
to avoid the prerequisite to know the nature of the airflow in a zone, Norrefeldt [91] developed
the velocity propagating zonal model (VEPZO), which computes a characteristic velocity for
each zone. This property is propagated further downstream to ensure the distribution of
driving airflow. In a subsequent effort, this model was extended with the RADZO model to
compute thermal radiation on the same zonal grid. Validation and application of these models

to comfort assessment in e.g. aircraft cabins or classrooms are provided in [91], [92] or [96].
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Figure 5. Structure of a zonal model. (figure adapted from [91)])

2.14 Computational Fluid Dynamics

Similar to zonal models, Computational Fluid Dynamics (CFD) allows one to compute the
movement of air. In contrast to the zonal approach, CFD methods subdivide air volumes into
a fine mesh in the range of a few millimeter, as shown in Figure[f] This allows for detailed com-
putation of specific flow situations, including turbulence, that may lead to e.g. uncomfortable
velocities or ineffective ventilation. Due to long run-times, simulations are often restricted to
stationary situations, a sub-volume of the enclosed space or time-frames of a few hours [133].
Nevertheless, application has been shown especially for the coupling to multi-zonal models
in order to improve surface convection simulation [8, I33] and prediction of ventilation pro-
cesses [114], 123]. Furthermore, in the case of particular situations demanding for great detail,
such as personalized ventilation [38] or convectiive heat transfer from body segments [13],

CFD provides the required high-resolution information.

“= <>
<> ol
pl

Figure 6. Structure of a CFD Model. (figure adapted from [91)])

2.2 Building Simulation for the Design Process

Simulation tools and their integration into the design process have shown a rapid and dynamic
evolution. KPIs in the planning landscape spawned, leading to an extension of planner’s
responsibilities and required expertise. Simultaneously, new developments in information
technology and tool functionality emerged. These aspects show strong correlation and jointly
form the basis for the following review, which aims at identifying the desired characteristics

of BPS that have been formulated over the years. Subsequently, widely recognized BPS
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approaches are presented and evaluated corresponding to these attributes.

221 The Building Simulation Wish-List

BPS is meant to simulate the performance of buildings in many domains, as mentioned in
section[2.1] Early simulation models assessed these domains separately through corresponding
models. Tools were therefore tailored to a specific problem, e.g. load calculation of a building
envelope or sizing of HVAC system components. Over the course of the last decades, nu-
merous technical innovations, e.g. renewable energy systems, activated building components,
phase change materials (PCM), etc. increased the inter-dependencies in buildings. The im-
provement of building envelopes in terms of thermal performance augmented the significance
of detailed HVAC system analysis. Additional findings regarding, e.g. the influence of occu-
pancy [73, [I08] on energy usage in buildings, led to new domains that need to be considered
in simulations. Therefore, an integrated simulation for holistic assessement of buildings has
repeatedly been demanded [16] [I8, 19]. In 2004, Hensen [48] writes that "a frequently en-
countered problem by engineers, who would like to simulate the future behavior of building and
system design alternatives, is that certain performance aspects or specific building and sys-
tem components are only represented in one simulation environment while other performance
aspects or components are only available in other software”. For this purpose, an open simu-
lation environment, that allows for component and model sharing among several stakeholders
including manufacturers, producers and even building owners, is suggested. However, in 2015
Clarke and Hensen [I7] conclude that little progress was made concerning the communication
between tools to promote shared functionality.

They furthermore argue that the functionality of tools is often restricted to steady-state mod-
els. However, when assessing interactions between domains, representations of sub-models
in a dynamic manner are a pre-condition. A truly integrated simulation can only rely on
capturing the dynamics, which occur between sub-domains. Certain technologies, especially
recent, innovations in the HVAC domain, can only be assessed correctly through consideration

of their own dynamic nature as well as the dynamic interaction with other components.

Besides functionality, integration into the design process is a further important aspect on the
research agenda for BPS. An essential barrier for its use in practice is the complexity for
simulation pre- and postprocessing [86]. Frequent application is required to efficiently setup
a simulation targeting the designated purpose. Morbitzer [84] shows that the recognized
benefit of BPS does not compensate for missing ease of use and often leads to outsourcing of
simulation services to experts. In such a scenario the description of a design option is provided
by one person and subsequently processed to be included in the simulation by a second person
who then returns the result. The delay in designing and receiving performance feedback is
unsatisfactory in the decision-making process [I7]. Bleil de Souza and Knight [10] as well as
Peterson [101] deduce that this subcontracting mechanism decreases the potential benefits of
BPS. Instead of providing immediate design support by comparing various design options,

simulations are applied for performance confirmation. Results from an inquiry [71] among
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austrian engineers and architects support this finding. Among those who consult results
from a BPS, 76% are motivated only to ensure conformance to legal requirements. 3% state
design improvement as a reason. Hence, BPS is primarily used in the design documentation
phase (58%) instead of the early design stage (6%). Attia et al. [4] term the discrepancy in
individuals generating the need for a simulation and individuals executing the simulation one
of the largest problems in early design optimization. Accordingly, they demand an opportunity
for multidisciplinary users to execute a simulation in order to get immediate performance
feedback on their domain-specific design while considering the influence of, as well as on other

domains.

The need for simulation-based collaboration of several planners originates from the idea of an
integrated design process (IDP). The development of buildings towards highly technical, inte-
grated systems motivates this approach. Negendahl [88] concludes from current studies that
best performance outcomes of highly integrated buildings can be expected through multidis-
ciplinary planning in mixed design teams. A survey from 2010 [3] reveals that practitioners
prefer tools allowing for multidisciplinary planning. BPS is believed to be the mediating
technology to promote and realize collaborative design. Besides direct integration of own
expertise, planners develop an understanding for other domains and the simulation can serve
as a catalyst for productive discussions directly involving multiple parties, including building

owners.

A further aspect for successfull process integration of BPS is the capability to accomodate
enriched input information over the course of a project [4]. Congruently, de Wilde and Voor-
den [26] demand an evolving simulation flexible in accomodating different LODs in different
domains through scalable components. Being confirmed by Spitler [ITT] he pictures a scenario
where non-simulation experts can apply simulation models in early building design stages that
lead to detailed technical studies during the course of the project. Such an escorting simula-
tion might even be operated by different users with different backgrounds working on different
parts of the simulation. In 2012 Struck [113] re-emphasizes the need for dynamic resolution
scaling of simulation models in order to accompany the design process and provide different

support depending on its stage.

As emphasized in the past [5], 69], the overarching goals of research efforts in BPS are the
integration into the design process and an holistic assessment of buildings. In order to achieve
the former aspect, remarks from the literature identify the following attributes to be crucial

for a BPS procedure:

e scalability
e multidisciplinarity

® openness

The holistic aspect must be ensured through simulations with the subsequent properties.
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e integrated

e dynamic

With regards to these aspects, different BPS procedures have been developed over time.
In [16], Citherlet identified four categories differing in their handling of input data and sim-
ulation functionality. The following description is adapted from these findings and extended

with insights from Hensen [4§].

2.2.2 Stand-Alone

In the stand-alone scenario, each planner is working in his own tool based on a tool-specific
input data model, as represented in Figure [7]] This approach originates from the early de-
velopment stage of BPS when specialized tools were designed to serve a specific purpose.
Performance of, e.g. HVAC systems, a building envelope, a wall construction etc. can be
assessed individually. The advantage lies in the usage of tailored tools providing the most
suitable functionality and processing capabilities for the problem under consideration. This
guarantees high quality modeling based on detailed input data models. At the same time, the
highly specialized functionality poses a limit to application for other purposes leading to the
necessity of several tools for the assessment of several different problems. The missing pos-
sibility to consider inter-dependencies between these analyses is a further, decisive drawback
of this approach. The desired integral view of a building can not be realized. Besides that,
domain experts with the required expertise to apply the single tools are necessary. This leads
to a high effort for data exchange between the project data level, which is generally governed
by building designers, and the simulation input data level, which is managed by simulation
experts. A development of simplified tools was aimed at moving the simulation process to
the designer who operates directly on the project data level. However, Augenbroe [5] argues
that the use of "designer friendly” tools poses a threat to simulation quality and further-
more becomes obsolete due to the advent of the www stimulating the delegation of remote
services. The following approach, with the intention to improve integration of BPS into the
design process, therefore aims to simplify the process from simulation request to simulation

execution.
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Figure 7. Stand-alone approach for application of simulation within the design process. Several
specialized tools provide simulations based on individual input data models.

2.2.3 Data Model Interoperation

In this concept, similar to the stand-alone approach, tools are deployed individually to per-
form specific tasks. However, a central data model or standardized data exchange facilitates
the generation of a simulation. Either option is stimulated by Building Information Model-
ing (BIM), a paradigm to integrate several stakeholders in a consistent data infrastructure
through a building data repository and standardized data exchange. A sound overview of
BIM, including its procedural implementation in the daily design process, is provided in [14]
and [33].

Figure [§] sketches the concept of a central data container. The data model serves as the
common information source to all tools. This requires an advanced data management system
to ensure efficient storage, transaction and integrity after updates. Early approaches such
as the Building Design Advisor [95], the Design Analysis Initiative (DAI) [6], the SEMPER
project [72] or the Integrated Building Design System [20] incorporate several simulation tools
to assess several KPIs. The automated instantiation of the simulation is based on proprietary
data and software structure. This approach merges the input and project data layer. Individ-
ual characteristics, such as locally distributed access through online interfaces in SEMPER2,
differentiate these concepts. The other option lies in the exchange of data between tools
via standardized interfaces as shown in Figure @ Formats, such as the IFC [15], as applied
in [7], or the Green Building Extensible Markup Language (gbXML) [39], illustrated in its
application in [45], are two possibilities to realize the data exchange. The process of data
transportation, however, still poses a threat to consistency due to possibly imperfect import
or export functionality or simply temporal discrepancies in the working documents of each

tool.
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Although the simulation model generation is facilitated in this approach, the discrepancy
between the executing person and the designing person remains. A further disadvantage of
either option is the still missing consideration of interactions between simulation domains.
The following two developments found their motivation in this issue. Since the handling of

input data can be managed similarly to the BIM-approach, it is disregarded in the following

descriptions.
KPI KPI
KPI KPI ﬁ ﬁ
ﬁ ﬁ Tool a) Tool b)
4 N\ [ )
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Figure 8. Data interoperation approach for Figure 9. Data interoperation approach

application of simulation within the design for application of simulation within the de-

process based on a common data repository.  sign process based on data exchange through
standardized interface formats, e.q. IFC or
gbXML.

2.2.4 Process Model Interoperation

An approach to realize a holistic building view is the integration of every domain on a physical
process level, leading to a single simulation to assess multiple KPIs as shown in Figure
Efforts, such as in [I}, 32] or [54], led to the extension of existing software, such as Energy-
Plus [122], ESP-r [34] or TRNSYS [I17], with functionality allowing for integrated analyses.
This includes, amongst others, dynamic HVAC and building models as well as models for
daylighting and airflow. A broad overview of further tools and the covered functionality is
provided in [21] and [55].

Platforms, such as SEMPER2, integrated these approaches with the intention to combine the
process integration aspect and a holistic building view [65]. However, as stated by Hensen
in [48], these concepts only represent temporary solutions due to their proprietary structure.
Besides that, the Modelica [82] platform has emerged featuring the required capabilities for
multidisciplinary modeling on a code bagis. The equation-based language allows for fast mod-
eling and reuse of models for inheritance or independent use. Due to the encapsulation of
each domain in a single model, the resulting (DAE) system can mathematically be simplified

and optimized as a whole to be processed effectively by a tailored solver.
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The concept extends the possibilities of simulation, however, integration into the daily design
process, is an unresolved issue. The necessity of expertise in the extensive tool functionality
and each planning domain reduce the possible user pool. Furthermore, quite established tools

in certain areas hinder the adaptation and collaboration within or across companies [64].
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Figure 10. Integration of simulation models from multidisciplinary sources to form a whole
building simulation - the integration of project specific data from a digital building representa-
tion provides project specific context required to combine the heterogeneous simulation modules.

2.2.5 Process Model Co-Operation

The missing tool interaction is targeted in the co-operation approach, as illustrated in Fig-
ure Simulations on several domains are executed using several tools while exchanging
information at interaction points during run-time. This allows for consideration of inter-
dependencies between domains and enables an integral simulation instead of separated per-
formance testing. Not every contributing model in this scenario must be able to compute a
KPI. Instead, its purpose can also be reduced to complement the holistic view of a building.
Citherlet [16] identifies the only problem with this approach to be the maintenance of link con-
sistency between the different simulations. In [120], Trcka further mentions the required time
and expertise for the realization of communication protocols between tools. It is concluded,
however, that the dominating effects are advantages regarding flexibility of the simulation
and extension of tool capabilities. An additional drawback is the increased simulation time
due to the data exchange. Furthermore, solver specific optimization of the simulation DAE
is not possible to the extend above, because of the decomposition into several single equation
systems.

Nevertheless, Hensen [48] accredits the approach with considerable potential. It enables in-
tegration of different performance aspects as well as models inheriting different resolutions
in terms of time and space. This is the prerequesite for a growing simulation through the
course of a planning process. Clarke and Hensen [I7] mention further advantages. New do-
main models can be coupled to existing models and extend their functionality. This can

lead to the desired collaboration among stakeholders and even include software developers,
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thereby allowing for multidisciplinary users. Furthermore, internal model characteristics can
vary. This enables the integration of, e.g. empirical or statistical models next to physical
representations. However, they remark the absence of an overarching framework for such an
environment. Earlier, Mazzarella and Pasini [74] argued that a technology driven research is
required on the path to such modular solutions. This especially involves efforts regarding the
possibilities of current information technology.

The literature shows broad consent concerning the potential of the approach to leverage the
development of BPS towards the desired characteristics described in section 2.2.1] A simula-
tion consisting of single modules, exchangeable throughout the design process is envisioned to
meet the demanded requirements. The following chapter is therefore devoted to the concept

of modular simulation.

KPI KPI

Tool a Tool b) Tool ¢

L L]

Input Data Input Data Input Data

— T \T—

Figure 11. Co-operation approach for application of simulation within the design process
realized through coupling of simulation tools.

2.3 Modular Simulation

This chapter illuminates the concept of modular simulation. In order to support a common
understanding of the terminology, an established definition of the concept is provided. Sub-
sequently, recent work in the field is highlighted and evaluated regarding the expectations
towards the approach as indicated above. In addition, recent technological developments

related to the subject are presented.

2.3.1 The Concept of Modularity

The idea of a modular simulation has been interpreted in various ways. In an effort to create
a common understanding, Mazzarella et al. [74] described the goals of the approach as follows.

A modular simulation

e improves the understanding of a system through its decomposition,
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e allows for modification of the system composition according to needs,
e provides the possibility to extend a system with new modules

e and assures module re-use and access of modules in repositories.

The authors furthermore argue that different levels of modularity regarding the implementa-
tion of a tool must be considered. Subsequently, four levels of modularity were identified, as

described in the following.

e Functional Layout Modularity: This level targets a user’s interaction with the simula-
tion. A modular simulation allows for selecting single modules that represent entities
within a system. Theses entities can be added, removed or exchanged by a user. A
challenge at this representational level is the connection of modules in addition to their

selection. This can be automated or demanded from a user.

e Mathematical Models Modularity: The mathematical level of modular simulations re-
lies on the encapsulation of a mathematical model in objects, a concept stemming from
object-oriented programming. It aims at reducing mathematical interaction of subsys-
tems to interaction points that receive, respectively send information. The extension
with modules based on new mathematical models or the maintenance of existing mod-
ules is therefore facilitated. Changes of internal mathematical models need to maintain
the integrity of the entire simulation, supposing that each module is still provided with

the required information.

e Standardized Mathematical Models Modularity: Coupling of new modules to existing
modules requires a common language for realization of information exchange. This
not only implies standardized communication to ensure correct data transfer between
modules, but also correctness on a numerical level. A standardized process for numerical
solution of the sub-model as well as the overall model must be maintained throughout

system changes.

e Code’s Modularity: This level describes the ease to combine and re-use code parts.
It aims at an object-oriented approach allowing for definition of classes with defined
functionality and interfaces and, eventually, being based on inherited properties from

parent classes.

Past efforts initially aimed at incorporating the concept of modular simulation on code level.
Schuetze et al. [109] and Zimmermann [I35] describe the implementation of the building
simulator PSIGene. It consists of communicating objects that inherit the functionality of
their parent class, e.g. equations for the thermal behavior of a wall. The idea follows the
concept of object-oriented modeling, as described in [I15]. Computation of the incorporated

model is done in each instance individually. Variables, such as surface temperatures, are
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exchanged when necessary, following pre-defined communication patterns. A global equation

system does not exist in this approach.

TRNSYS offers similar functionality for the simulation of HVAC systems. It enables the
creation of FORTRAN procedures inside types. Instances of these types can be connected to
form a greater system that results in a procedural code solved through iteration. A related
concept is provided in Modelica. Physical processes can be modeled in classes and inherited
to super-classes. Interfaces such as Dymola allow for connecting instances of these classes. In
contrary to PSIGene, a global equation system is generated from the resulting overall model.
This DAE is directly converted from the equation-based formulation of physical processes. It
is adapted to the problem and has to be re-computed after changes. Special purpose tools,
such as EnergyPlus or ESP-r, feature a fixed structure of the global DAE. The nature of
objects allowed to contribute to the simulation is pre-defined. This degrades possibilities for

extension with new object modules.

The mentioned examples congruently feature a range of characteristics for modular simulation,
as described previously. However, meeting the goals for building simulation processes, as
elaborated in section requires the realization of modularity on a higher level. This is
primarily due to the requirement of multidisciplinary users being able to cooperate in an open
simulation environment. The examples show modular behavior on a local scale within a single
tool. In order to extend simulations with modules from heterogeneous sources, a more global
view of the modules is required. The coupling of models, i.e. modules, from different tools,

as indicated in section [2.2.5] presents such a concept.

2.3.2 Co-Simulation

The process of coupling models from heterogeneous tools during run-time is referred to as
co-simulation. Crucial to the concept is the realization of a communication process between
tools. The communication does not only enable exchange of data but also synchronizes the
simulations of the contributing tools. With regards to numerical stability and accuracy,
different coupling strategies have been developed. Furthermore, different concepts for the
decomposition of a model can be realized. A sound overview of these methods beyond the

following descriptions can be found in [120)].

Coupling Strategies

For realization of the coupling process two different strategies can be applied as illustrated in

the following. Denomination follows the definitions by Struler et al. [25]:

e Strong Coupling: This method requires an iteration process between simulation time
steps. Figure indicates this through the subdivided enumeration. The first loop
starts with the execution of a simulation (simulation A) until the end of a time step.

The computed exchange value is provided to another simulation (simulation B) that
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subsequently updates the simulation progress towards the same time step. The required
data point for simulation A is sent to the previous time step, initiating a re-computation
of this step in simulation A. After repetition of the loop until convergence criteria are
fulfilled, the co-simulation can proceed to the next time step. The iteration requires
that simulations provide the capability to be re-set to a former state. It has to be noted
that this method is also referred to as fully dynamic [132] or onion [49] coupling in the

literature.

Simulation A Simulation B

At

At

- - -+ Data exchange
— Simulation progress

Figure 12. Strong coupling strategy for data exchange in co-simulation. (figure adapted
from [120])

e Loose Coupling: This method does not rely on iterations and is therefore simpler
in its implementation. Exchanged data is taken from previous time steps. In the sce-
nario of sequential execution of the co-simulation participants, as shown in Figure
simulation B runs until a pre-defined time step is completed and provides data to simula-
tion A. Based on this input, simulation A can be updated to the time step of simulation
B and return the relevant result values. In a parallel execution of the simulations, as
depicted in Figure the data exchange in either direction is realized at the same time.

Zhai [132] refers to this method as quasi-dynamic, Hensen [49] as ping-pong coupling.
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Figure 13. Loose coupling strategy for data ex- Figure 14. Loose coupling strategy for data
change in co-simulation. In this case, the in- exchange in co-simulation. In this case, the
dividual simulations are executed sequentially. individual simulations are executed in parallel.

(figure adapted from [120)]) (figure adapted from [120])

Decomposition Strategies

As described in [120], in order to decompose a system, two concepts can be distinguished: an
intra-domain and an inter-domain approach. Trcka et al. [I19] demonstrate an example study
applying either concept. The former subdivides a system within one domain, e.g. the HVAC
system. In this case, the interface was set to be the connection between heat supply and
distribution system as shown in Figure The latter approach realizes the decomposition
at the functional boundary of domains, as exemplified in Figure [16] for the building envelope
and the HVAC system. An assessment of the implications of either approach is provided in

the following section.

Building Envelope

\\ Radiators @ Furnace

Storage

Figure 15. Intra-domain approach for decomposition of a building simulation with the interface
in between heat distribution and supply system inside the HVAC domain. (figure adapted
from [120)])
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Figure 16. Inter-domain approach for decomposition of a building simulation between the
domains building envelope and HVAC system. (figure adapted from [120)])

Several contributions from the literature proof the feasibility and potential of the co-simulation
approach. Janak [59] connected a daylight simulation in Radiance [36] to an energy simu-
lation executed in ESP-r. In this setup, the latter provides information about sun position,
direct and diffuse irradiance as well as zone and blind characteristics and invokes Radiance
at each time step. The daylight simulation is executed with these boundary conditions and
returns the indoor illuminance via a temporary result file that is read in ESP-r. Artificial
lighting control in the energy simulation is set accordingly resulting in corresponding internal
heat gains for the zone as well as electric power consumption during the next time step. The
author showed that the combination of two specific tools leads to a significant improvement
in predicting realistic lighting control and the associated implications for a thermal model.
In [31], Djunaedy deployed ESP-r and Fluent in a co-simulation. In a loose coupling ESP-r
computed wall temperatures as well as heat sinks and sources inside a zone. The CFD model
in Fluent was called after each time step and returned convective heat transfer coefficients
from walls after they were computed in a steady state model. The data exchange was realized
through an intermediary text file, requiring each tool to be adapted at source code level in or-
der to read and write to the file. Exchanged variables must be mapped for each co-simulation
setup manually in the realized setup.

Trcka et al. [119] realized the coupling of a building model in EnergyPlus and an HVAC model
in TRNSYS. The two decomposition strategies corresponding to Figures [15]| and [16| were ap-
plied. The exchanged variables in the intra-domain decomposition comply with conservation
equations and are chosen to be mass flow, temperature and humidity ratio in either direction.
The inter-domain decomposition exchanges heat flow rates in one direction and building tem-
peratures in the other direction. Besides simulation partitioning, also coupling strategies were
investigated. The communication process was realized through implementation of interfaces
adapted to the architecture of either software on source code level. Provided with information
about the connected variables, these components can be re-used for this tool combination.
The various combinations of inter- and intra-domain decomposition as well as strong and
loose coupling were compared among each other and additionally to a mono-simulation. It

was shown that strong coupling with longer time steps achieved the same accuracy as loose
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coupling with shorter time steps. However, loose coupling performed faster due to the iter-
ation loops in the strong coupling method and, provided with short time steps, generated
results with the same accuracy as a mono-simulation. Regarding the ease of implementation,
the authors recommended the loose coupling strategy with small time steps for future imple-
mentations. Inter-domain decomposition was accredited with shorter simulation time than
intra-domain decomposition. However, accuracy of intra-domain decomposition is generally
better, since the exchanged variables do not directly affect the inter-dependency between do-
mains. Instead, this inter-dependency is modeled in a single environment and can be solved
without the issue of a time offset. The authors conclude that the coupling leads to increased

simulation possibilities that would not be possible in separated tools.

The mentioned examples show a common pattern when it comes to the orchestration of the
communication process. In addition to providing values from its own simulation, one of the
involved tools acts as the coordinator of the co-simulation, as depicted in Figure [I7] Besides
execution of the coupling strategy, the responsibilities of a master include initialization of the
involved slaves as well as triggering steps in either simulation. Equipping a tool with such
functionality requires additions on source code level.

Beausoleil [9] realized an altered approach using an intermediary "harmonizer" provided with
master functionality. The harmonizer initializes the simulation in either tool and coordinates
the data exchange and convergence check in the implemented strong coupling algorithm. The
entity is realized as a compiled dll (dynamic link library). The method further relies on com-
piling the ESP-r and TRNSYS models to dlls, enabling the harmonizer to access subroutines
inside these libraries. These subroutines are previously implemented functions of TRNSYS
and ESP-r in the form of components or types. For ESP-r; the implementation is restricted
to a few variables. In this case, sending and receiving modules for the exchange of hydronic
and air-based coupling variables inside the plant network are created resulting in four addi-
tional components. This effort is due to the fixed structure of the global DAE in ESP-r, as
mentioned previously. Integration of additional variables requires a selective manipulation,
custom-made for each variable. Therefore, extension of the co-simulation functionality for
other variables requires implementation of further components. In TRNSYS, implementa-
tion of one additional type enabling the connection to internal and external variables was
enough. The connections allow for integration of the additional, external variables into the
iterative solution procedure. The additions also inherit methods for stopping or re-setting
the simulation to previous states as required by the harmonizer. Successful testing of the
interface is reported in [68] with an intra-domain decomposition similar to the setup in Fig-
ure The zone temperature computed in ESP-r serves as the input signal to the heating
system controller in TRNSYS. In addition, fluid properties from the heat distribution system
in TRNSYS are provided to ESP-r and returned after being processed in the ESP-r radiator
model. Likewise, an air-based heating system was coupled. Beausoleil [9] evaluates the tool
combination as an increase in functionality and accuracy when compared to the application

of either tool on its own.
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Figure 17. Data flow in co-simulation with a simulation tool acting as master. The slaves are
directly addressed by a master algorithm inherited inside the tool in addition to the simulation
model.

Besides the congruently emphasized improvements, the co-simulation of tools also shows dis-
advantages. Trcka [120] refers to the required time and expertise to establish a working
connection between simulation models. Each of the illustrated examples was challenged with
the investigation of an individual solution for the communication process. The most sustain-
able outcomes were produced in the latter efforts [9, [119] with the achievement of re-usability
of such an interface for the targeted tool combination. As seen in the case of ESP-r, however,
variation of exchanged variables often requires new implementations. Furthermore, each tool
combination features particularities that need to be considered. This leads to the necessity of
individual interfaces depending on the tool combination. An effort targeting this issue is the
Building Controls Virtual Test Bed (BCVTB), as presented in the following.

Originally aimed at testing the performance of a controller in virtual buildings through a
Hardware-in-the-Loop (HiL) concept [47], the BCVTB evolved to a co-simulation platform.
It offers a collection of interfaces to a number of simulation tools and provides a C-library with
functions to facilitate the implementation of interfaces to new tools. Similar to the harmonizer
concept of Beausoleil [9], the platform acts as a master orchestrating the simulation slaves,
as illustrated in Figure [I8§ Master functionality is adopted by the independent platform,
reducing the required source code manipulations in the tools to data exchange functionality.
A loose-coupling strategy is realized to manage the data exchange. In [129], Wetter and
Haves show the successful coupling of EnergyPlus and Simulink enabled through the BCVTB.
Outdoor and zone temperature information serve as input variables to a controller in Simulink,
triggering window opening. A further example benefiting from the platform can be found
in [I07] with the coupling of a building model in EnergyPlus and multiple Matlab controllers
for, e.g. ventilation, blinds, lighting etc. Simulation of a 9-zone building resulted in the

exchange of 159 variables, a 28-zone building model in the exchange of 576 variables. The
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co-simulation was found to offer several advantages such as the use of a specialized tool for
control algorithms and improved model maintenance and re-usability. Disadvantages concern

the additional effort to define and implement the connections for data exchange as well as

Master-platform @
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increased simulation time.
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/
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Figure 18. Data flow in co-simulation with an independent platform acting as master. The
slaves are addressed by the master algorithm implemented in the platform. The functionality
of each tool is reduced to the simulation.

Development of the BCVTB reduced the effort for co-simulation through offering implemented
interfaces for a range of tools. However, users were still restricted to the supported tools and
the need for local installations of the software. These aspects limited the usage of BCVTB to
cases in which a researcher exploits the characteristics of one tool in order to complement the
drawbacks of another tool as presented above. Collaboration among several parties was not
promoted. This issue led to the development of a new technology, the Functional Mock-up
Interface (FMI). The following section is devoted to this innovation and is aimed at illustrating

its prospect for modular simulation techniques.
2.3.3 The Functional Mock-up Interface

The FMI is a tool-independent standard that allows dynamic simulation models to be ex-
changed or co-simulated. Its development was initiated in the MODELISAR [58] project
with the objective to facilitate exchange of simulation models between Original Equipment
Manufacturers (OEMs) and suppliers in the automobile industry. A tool supporting the
FMI is capable of im- or exporting black-box simulation models called Functional Mock-up
Units (FMUs). FMUs are zip-files that contain a descriptive zml (eXtensible Markup Lan-
guage) file and C-functions, generally in a compiled d/{ file, as shown in Figure . The model
description contains the definition of all model variables as well as their characteristics, e.g. in-
put, output, parameter, unit, etc. Furthermore, FMU-specific capabilities are stated, such as
relevant information for a co-simulation master algorithm to apply appropriate methods and
settings. The C-functions contain the functionality of the simulation model. They can be
attached in source form, however, in order to protect model know-how, compiled binaries for

different platforms can be provided instead. This poses limits for the usage of FMUs since
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the simulation algorithm can not be changed any more. However, model parameters can be

adjusted to individual needs.

Figure 19. Content of a standard FMU zip-file: executable dll and descriptive xml file.

The first version of FMI was released in 2010 [II] and comprises two types of FMUs: Model
exchange and co-simulation. The former is intended to serve as a possibility for distributing
a simulation model in order to enable virtual testing through parameter changes. The latter
enables standardized communication and functionality for co-simulation setups and avoids
tool specific interface implementation as remarked in section 2.3.2] Two possibilities for co-
simulation FMUs were projected, namely stand-alone and tool co-simulation. Stand-alone
co-simulation FMUs can be executed independently from the source tool. The functionality
of the simulation and its solution algorithm is entirely inherited in the FMU. Opposed to
this, tool co-simulation FMUs require a local installation of the source tool. The FMU simply
provides the standardized communication interface and runs the simulation within the tool
in the background. Version 2.0 of the standard, as released in July 2014 in a Modelica
Association project [80], dropped this option and merged the other two into one single FMU
type where flags indicate the co-simulation or model exchange functionality. This version
ensures complete independence of source tools when executing an FMU.

Additionally, the revision added the possibility for saving and restoring the FMU state during
a simulation. This is especially relevant to co-simulation algorithms relying on iterations as

necessary in a strong coupling strategy. Further improvements are described in [12].

In the following, several examples in the field of BPS are presented, which benefit from
the possibilities of the standardized tool interface. With regards to the topic of modular
simulation, the survey is focused on the co-simulation aspect of FMI.

Pazold et al. [100] applied the FMI to integrate several HVAC models from Modelica into
the simulation software WUFI® Plus [35]. The HVAC models comprise, among others, a
condensing gas boiler, a solar thermal collector, combined heat and power plants, storage
tanks etc. The existing simulation software, focused on the thermal processes inside the
building envelope, is extended with HVAC FMUs cousisting of various combinations of these
devices. This enables a user to chose among a range of pre-defined heat supply systems and
individualize their parameters corresponding to his needs. An FMU adapter implemented
in the software selects the corresponding FMU and initializes a loose coupling co-simulation.

In [93], Nouidui et al. document the implementation of the FMI into EnergyPlus. Two case
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studies involving the coupling of a ventilation system and a shading controller as FMUs to
a building model in EnergyPlus were conducted. Each example features EnergyPlus as the
master of the co-simulation. The authors conclude that the standardized interface offers new
possibilities for tool interaction and accredited the FMI with considerable potential on the
path to an integrated building simulation process. Plessis et al. [I03] implemented the FMI
in the occupancy simulator SMACH. They exemplify the arising possibilities with a building
FMU from Modelica coupled to a detailed occupancy behavior model. The combination allows
for considering occupants’ actions in the building model due to uncomfortable conditions.
Aside from emphasizing the facilitated coupling process, the authors suggest research into

auto-mapping of coupling variables based on input and output names and dimensions.

Similar to the early examples from section [2.3.2] these studies comply with the approach of
inheriting the master functionality inside a simulation tool as depicted in Figure Conse-
quently, alike the BCVTB, also platform solutions for FMU co-simulation evolved.

In [23], Cremona et al. present FIDE, a development environment for FMI-based co-simulation.
Once a co-simulation is set up via a GUI (Graphical User Interface), FIDE is able to com-
pile the entire simulation to a stand-alone executable inheriting the master algorithm and
each FMU’s simulation functionality. The applied co-simulation algorithm features a strong
coupling approach with adaptable time step. Discrete and continuous time-dynamics of each
exchange variable are considered to extract the allowed maximum time step at each iteration.
Both, the adaptable time step algorithm as well as the translation to C-code is expected to
result in significant reduction of simulation time. References, however, are still missing in
the literature. Galtier et al. introduced a further FMI co-simulation platform in [37]. Their
solution, termed DACCOSIM, aims at large-scale simulations. Similar to the FIDE, it pro-
vides a variable time step in a strong coupling algorithm. However, single FMUs are handled
by wrappers in different computation nodes. The wrappers identify the maximum time steps
of the FMUs via e.g. Euler’s method, which uses a comparison of computed and through
previous derivatives predicted values. For large deviations, the FMU is set back and the time
step is reduced. The wrappers report to a global algorithm, which sets the time step of each
FMU to the required minimum. The advantage of this approach is the distribution of the
simulation via multiple computation nodes to several cores on a personal computer or even
a cluster. Performance comparisons for a co-simulation involving four FMUs showed slightly
shorter computation time than a mono-simulation. Comparisons on a larger scale are not yet
available. Further platform solutions can be found in [I18] and [90]. Where the former allows
for browser-interaction and high computational resources through cloud computing, the latter
provides a number of advanced co-simulation algorithms including the Gauss-Seidel, Gauss-
Jacobi and Newton approaches implemented with or without iteration, i.e. as strong or loose
coupling strategy. It has to be noted that also the previously introduced BCVTB extended
its support to the FMI. The implemented loose coupling algorithm can now also be applied
to co-simulate FMUs.

Several efforts [16], 103] 120] have mentioned the necessity for managing the connections be-
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tween co-simulation actors. This issue motivated a further Modelica Association project in
2014 called System Structure and Parameterization (SSP). Its purpose is to complement the
FMI with a second standard to describe system topologies and parameter sets in a homoge-
neous form. It arises from the need to transport information about a network of FMUs from
one entity, e.g. a stakeholder or a simulation platform, to another. Intermediate results of
the project have been presented in 2016 [64]. They indicate the structure of a .ssp (system
structure package) zip file. This zip file contains XML schemes for

e the system structure definition (ssd),
e the system structure parameter values (ssv)

e and the system structure parameter mapping (ssm).

Despite the close bond with FMI, the SSP not only intends to describe co-simulation networks
but also, e.g. Model-in-the-Loop (MiL) and HiL systems.

2.4 The Web Ontology Language

Recent developments in information technology led to a revolution of digital data processing
and increased possibilities in data application. As suggested in [74], investigation of these
technologies and their application in the field of BPS may trigger progress and result in an
extension of the current capabilities and scope of BPS within the design process. Among
these developments are Semantic Web Technologies (SWT) and, as an important component,
the Web Ontology Language (OWL).

The World Wide Web Consortium (W3C) first standardized OWL in 2004 and in its revised
form in 2009 [52]. The launch was motivated by the rapidly growing input to the www and
the resulting difficulties to detect relevant content for a particular search. It was envisioned
that an advancement to a Semantic Web can solve this issue. The idea of the Semantic Web
lies in the assertion of machine-readable meaning to textual representation in the web. This
is enabled through the association of content to ontologies.

Ontologies are description logics to characterize a certain area of interest in a structured way
by representing knowledge about this subject in formalized network graphs. Components of
ontologies can be classes, relations, restrictions, etc. Through connecting textual web content
to these components, the web content receives context information. Hence, a machine is able
to detect the relations to other components and is therefore able to recognize the meaning
of the web content. This concept is depicted in Figure It is distinguished between the
Terminological box (Thox) and the Assertion box (Abox). The Thox contains the ontology
representation, e.g. the taxonomy of classes including their relations and assertions as well as
other components necessary to complement the description logic of a particular subject. The

Abox contains individuals related to this ontology, i.e. distributed web content.
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Figure 20. Partitioning of a knowledge base into Tbox and Abox. Abox content is related to
the taxonomy in the Tbhox.

The formulation of ontologies is realized with knowledge representation languages and as
such, OWL plays an important role in the Semantic Web. In order to unambigiously de-
fine components of ontologies, OWL applies Unique Resource Identifiers (URI). A commonly
known application of URIs are Uniform Resource Locators (URLs) for identifying the loca-
tion of a website by means of a web address. A sound overview of the concept is provided
in [51] and [125].

Besides providing context information to entities, a knowledge representation also enables the
application of specialized algorithms, called reasoners. Examples for such implementations are
the HermiT reasoner presented in [85] as well as the Pellet reasoner discussed in [110]. These
algorithms allow for inferring new information from the existing knowledge representation.
The concept relies on the open world assumption applied in Semantic Web languages. As an
example, if a class Cat has three individuals - lion, tiger and puma - and lion is connected to
tiger via a property called isRelatedTo and similarly lion isRelatedTo puma, then a reasoner
would infer that also a tiger isRelatedTo puma. Opposed to this, a closed world assumption
would by default assume a Fualse statement when queried for the information if tigers are
related to pumas.

A further possibility to create new information in a knowledge representation is the reasoning
of rules. Rules can be formulated in the Semantic Web Rule Language (SWRL), as described
n [53]. SWRL can be used to describe statements readable by a reasoner. These statements
can be verified for a knowledge base and eventually lead to new inferred information about
the knowledge base.

In addition to inferring new information from an ontology, the data graph can also be queried
for present information. A utility to realize such a query is the SPARQL Protocol and RDF
Query Language (SPARQL) [124]. It allows for formulating queries as triple patterns consist-
ing of a subject, predicate and object. The language serves to traverse an information graph

based on these triples in order to return the corresponding targets.

A number of successful examples for the application of OWL in the building sector can be
found in the literature. Pauwels et al. [98] present an approach to automatically derive
acoustic classification of a room. In [46], Han et al. describe a context-aware building energy
management system which infers an energy waste context and provides suggestions for actions
against it. An approach to automatically infer the root cause of a fault in building operation is

described in [28]. Kofler et al. [63] implemented an ontology to enable energy analysis during
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the operation of buildings. Further examples include the translation of widely recognized
formats in the field of BIM to OWL. As such, Pauwels and Terkaj [99] realized a conversion
for the IFC data model. A similar effort is reported in [97] with the conversion of SimModel,
orginally developed in [94] with the intention to capture relevant data for whole building

energy simulation.

2.5 Appraisal of the State of the Art

The elaboration of developments and current activities in BPS was commenced with an in-
troduction to model strategies for building simulation. It was noted that models can be
formulated in steady state as well as in dynamic form. Furthermore, different model strate-
gies can be applied, as illustrated for the building envelope domain. Their application depends
on available information and targeted KPI. As such, they can be deployed at different stages
in the design phase.

The following literature review identified the goals and challenges for application of building
simulation. Increased complexity and numerous innovations, e.g. on the field of renewable
energy systems, led to the necessity of a holistic building view. The integration of domains
requires simulation models on a dynamic level. The resulting interactions can only be cap-
tured through high temporal resolution and consideration of non-steady phenomena. A main
concern remains the integration of BPS into the design process. An adaptation in terms of an
advancing simulation through the course of a project is demanded. Furthermore, stakeholders
must directly be integrated into the simulation and receive immediate performance feedback
for their anticipated design. In this sense, researchers remark the isolation of tools. Missing
efforts in facilitating the communication among tools from different domains has led to a stag-
nation of simulation usage. An open simulation platform is demanded that allows for direct
integration of models from several stakeholders into a simulation providing the opportunity

to test their models under the influences of others.

The literature identifies four approaches that have emerged over time with the goal to meet
these requirements. Starting with stand-alone tools and the accompanied shortcomings, more
advanced approaches were developed targeting data and process models. Significant im-
provements concerning the communcation effort of input data could be realized through data
model interoperation. Furthermore, extended tool functionality led to the possibility of holis-
tic building assessment on a dynamic level. However, Clarke and Hensen [I7] conclude in a
recent review of BPS developments that the prospect on a solution meeting the full range of
the above-mentioned requirements is low. Potential is congruently [16], 17, 48] [74], 120] seen
in process model co-operation, i.e. a modular simulation concept as depicted in Figure
Such an approach provides the possibility to include models from several domains in a single
simulation through connection at interaction points. Furthermore, it provides the required
flexibility to adapt to the design progress. Single modules can be exchanged allowing for

higher resolution when more information becomes available during the course of the design
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process. The modularity further offers several stakeholders to directly get involved with the

simulation by providing own modules.

Figure 21. Modular simulation approach with several modules being connected in an envi-
ronment open for several stakeholders, which are able to contribute and exchange simulation
modules.

On a tool level, this modular concept has been used to facilitate user interaction. However,
the collaboration aspect requires modularity above the tool level. Communication among
tools was therefore moved into the focus of the research agenda. With the BCVTB, a plat-
form emerged that collected knowledge about the individually explored and realized interfaces
between tools. It allows for connecting a range of supported tools in co-simulation setups.
Nevertheless, planners are still limited to the supported tools and the creation of additional
interfaces remains a challenging task with individual particularities for each tool combination.
This was solved with the launch of a standardized interface, the FMI. This tool-independent
standard promotes the exchange and co-simulation of dynamic black-box models. Its devel-
opment denotes significant improvements in the field of co-simulation.

With the initialization of the SSP project, the Modelica Association further aims at stan-
dardizing the transfer of information about network topologies as well as parameter sets of
a co-simulation system. The format allows for exporting FMU co-simulation setups to plat-
form solutions, as described in section for efficient computation through intelligent
co-simulation algorithms or distribution to multiple cores on local computers or clusters.
Despite the successful application of FMI in BPS for single use cases and the accredited advan-
tages, a methodology capable of fully exploiting the modular nature of FMUs, is yet missing.
Especially the issue of deriving connections between several FMUs has been an obstacle to
many applications [16], 107, 120]. This thesis is aimed at developing a methodology, capable of
enabling several users to contribute simulation modules from heterogeneous software to form a
continuously refined simulation along the design process. The methodology must furthermore
enable the integral assessment of buildings based on dynamic models and comply with the
goals for modular simulation as mentioned in section namely: system decomposition,
model re-use, extendibility and system composition modification. The issue of setting up such
a modular simulation by means of finding connections between modules is approached based

on present information within the simulation modules. With the experiences in the www
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discussed in section [2.4] which led to the semantic web revolution, a similar issue serves as
example to ultimately develop an automated initialization of the simulation topology.
Figure [22| illustrates the alignment of this contribution with the current developments in the
field of co-simulation. The FMI serves as the key technology to realize the generation of
modules and their communication. The methodology developed in this thesis is meant to
exploit these capabilities resulting in a modular building simulation meeting the mentioned
requirements for BPS. In order to forward topological information about the simulation, a
corresponding vehicle is provided with the SSP project. Functionality of simulation platforms
regarding numerically optimized co-simulation algorithms and increased computational re-
sources in the form of clusters, can then be accessed directly for execution of the modular
BPS.

- —4 INTERFACE
Simulation
platform

ssp

Figure 22. The path from FMI to co-simulation platforms enabled through the SSP project.
The developed methodology in this thesis builds on the FMI standard and enables a scalable

BPS based on modular components. This simulation can be forwarded to simulation platforms
via the SSP format.
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Chapter 3

Development of a Scalable Building
Performance Simulation with Modular

Components

This chapter describes the development of a modular BPS based on the FMI standard, starting
with an introduction to the theoretical concept of the procedure. This concept is aimed at
meeting the goals defined in chapter [2| and thereby clarifies, among others, the author’s
interpretation of scalability within the simulation. It is furthermore shown that the current
content of FMUs needs to be extended in order to enable the realization of the procedure.
The previously discussed innovation of OWL in the field of information technology serves
as a remedy to overcome this issue. The remainder of the chapter treats the development
process starting with the decomposition into single modules, i.e. FMUs. It is shown how OWL
can contribute to the aggregation of these FMUs and to what extend information needs to
be provided and stored to ensure re-usability and scalability of the modules. Concepts for
realizing a modular single-zone, multi-zone and zonal airflow simulation are developed and

presented.
3.1 Theoretical Concept

The process of model co-operation, as elaborated in section is the foundation of this
thesis. The approach allows for integrating models, in this case in the form of FMUSs, from
heterogeneous sources as depicted in Figure 23] Several stakeholders, such as planners from
different disciplines, building owners or project managers as well as manufacturers must be
able to contribute directly to the simulation with their own dynamic model translated to an
FMU. The FMI standard guarantees the openness of the concept to each stakeholder through
specification of an interface for co-simulation of the contributed models. These models may be
based on individual tools and, corresponding to the approach for data model interoperation

presented in section associated with a common input data model enabled through BIM.
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Figure 23. Process for FMI-based, modular simulation allowing for integration of several
stakeholders.

The process must furthermore ensure the possibility to exchange single modules. Figure
exemplifies this aspect for different user groups that can be evaluated for a given building.
Similarly, the opportunity to test various technical systems through the exchange of corre-
sponding modules should be integrated. An exchange of modules must furthermore enable
the application of different model LODs to ensure the continuation of the simulation along
the design process. In this case, the in section presented models, namely single-zone,
multi-zone and zonal airflow models, are chosen to be integrated into the procedure. Due to
the high degree of specialization and the limitation to particular problems, CFD models are
not considered. Nevertheless, the selection allows to combine the assessment of two KPIs,

i.e. energy and indoor thermal comfort.
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Figure 24. Concept for FMI-based, modular simulation allowing for exchange of single FMUs
in order to vary system composition and LOD.

3.1.1 Simulation Decomposition

The development of a modular BPS starts with its decomposition into single modules. As
mentioned in section this can be achieved according to two alternative strategies: an
inter-domain and an intra-domain decomposition. In this thesis, the in section [2.I] mentioned
domains corresponding to Hensen [48] are applied and extended with an additional domain
- building automation. In order to allow for clear distinction in the remainder of this thesis,

each domain is briefly described in the following.

e Building envelope: This domain treats the thermal interaction of used materials and the
enclosed air volume. Likewise, the behavior of opaque as well as transparent components

of the building’s skin and its internal constructions are included.

e Environment: External influences on a building arising from weather conditions are
modeled in this domain. Apart from that, also passive information, such as the location

of a building can be provided.

e HVAC: This domain involves the technical systems of a building that are required to
achieve thermal comfort and a desired air quality. This comprises devices from energy

generation to control, distribution, storage and energy exchange to the building.
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e People: The people domain inherits the description of how people use and influence
a building space. It comprises the user’s attendance as well as their behavior and

interaction with building components.

e Building equipment: This domain includes influences from devices and installations in-
side a building. Opposed to HVAC systems, these do not serve as conditioning elements

but instead embody devices ensuring a building’s purpose and functionality.

e Building automation: The building automation domain treats devices for the control of

building components such as windows, shading etc.

The definitions allow to further address the choice between the two decomposition strategies.
As depicted in Figure the inter-domain decomposition leads to simulation modules with
defined boundaries. The model scope of the single modules is fixed, thereby ensuring the
compatibility of modules. Opposed to this, the intra-domain approach, shown in Figure
leads to modules with boundaries inside the domains. The functionality of these modules
may comprise several domains. Furthermore, the scope of the covered content within these
domains may vary resulting in floating boundaries. As mentioned in section one of the
goals of the developed methodology is module exchange and re-use. This can only be accom-
plished when the compatibility of contributing modules is ensured through fixed boundaries
as is the case in an inter-domain decomposition.

On the other hand, previous work [I119] found the intra-domain approach to yield more accu-
rate results, as discussed in section A definition of fixed boundaries is also possible for
the intra-domain approach. However, the absence of a functional pattern complicates this task
and poses a threat to a solution becoming a stable, widely recognized scheme. Instead, the
strict module limits naturally implied in an inter-domain composition feature the appropriate
characteristics for such a concept. This becomes even more apparent when considering the
integration aspect of several stakeholders into the simulation. A clear definition of domains
facilitates the allocation of responsibilities to single planners or other stakeholders. Addition-
ally, the inter-domain approach has advantages regarding the source tools of the modules. As
discussed in section [2.2] they are often intended to serve a specific purpose, i.e. providing a
model of a specific domain. Hence, the functionality of the tools does not always allow for
arbitrary model boundaries within the scope of another domain.

In conclusion of the discussed aspects, the modular simulation developed in this thesis is built

upon an inter-domain decomposition of a BPS into the mentioned domains.

The chosen inter-domain decomposition allows for a categorization of FMUs, as illustrated in
Figure Within those categories, FMUs can be provided as ready-to-use simulation mod-
els corresponding to the scope of a domain. Such libraries can serve as repositories beyond
single projects. An exception in this sense is the building envelope which is generally unique
in the building sector. In contrary to the repetitive patterns or technical devices in other
categories, a model of the building envelope generally requires an individual generation. The

integration of functionality to directly create a building envelope simulation model within

A Methodology for a Scalable Building Performance Simulation based on Modular Components Page 35



Development of a Scalable Building Performance Simulation with Modular Components

Figure 25. Decomposition of BPS using an Figure 26. Decomposition of BPS using an

inter-domain approach. Boundaries between intra-domain approach. The content of mod-

modules are clearly defined. ules can not be assigned to a single domain.
Instead, overlapping occurs at undefined and
eventually flexible boundaries.

design tools, such as realized in [4I] for the combination of SketchUp and EnergyPlus, present
useful solutions for this task. Nevertheless, the effort to generate a simulation of the entire
building system is greatly reduced through the provided catalog FMUs. It has to be noted
that FMUs within those categories are not required to cover all aspects of the corresponding
domain. However, the scope, i.e. the boundaries, of the domain must be respected. This facet
is illustrated in the case studies presented in chapter[d] In the following, the issue of relating a

set of chosen FMUs to each other and deriving the right connections among them is discussed.

Envelope W—: \ ﬁm W

FMU catalogues {#ﬁm Wm? mﬁm lﬁﬁm {}gmjy

Building Building
Equipment Automation

| Environment | | HVACI | People |

Figure 27. The resulting categorization of FMUs enabled through the realized inter-domain
decomposition of a BPS. Apart from the building envelope module, libraries can provide a
range of FMUs representing different types in each domain category.
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Varying characteristics of modules in terms of the covered physics as well as their LOD
pose a challenge to the aggregation process. As stated in section [2.3.3 with only a few
modules included in the simulation, several authors [16], 103, 120] have found this task to be
a decisive obstacle when treated manually. The need for an automated connection process
becomes even more apparent when considering a simulation consisting of a higher number of
FMUs or exchanged variables. The following analysis of the number of possible connections

demonstrates the magnitude of this issue.

The output vector of a black-box simulation unit, such as an FMU, can mathematically be

described as an enclosed function of the input vector

0 =f{) (3.1)
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and the input vector of length m.

With the number of contributing FMUs in a modular simulation being n and assuming that
inputs of a simulation unit do not receive values of their own outputs, the number of possible

connections to the inputs of a single FMU amounts to:
n
Neonj = mj- (D li = 1) (3.4)
i=1

An integration over each simulation unit leads to the total number of possible connections for

the modular simulation.

n n

TNcon,tot = chon,j = Z(mj ) (Z l; — l])) (35)

j=1 i=1

For a simulation consisting of five FMUs, with each having five input and output values, this
results in 500 possible connections. Automating the derivation of the simulation topology
minimizes the effort for detection of the right connections among these possibilities. Further-
more, as demanded in [89], in order to enable the application of optimization algorithms on

the simulation, the integrity of the simulation must be preserved without manual interferrence
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after an exchange of modules. This ensures an extension from parametric optimization to an
optimization at system composition level, i.e. from steady to non-steady objective functions.
Such an example is shown in Mitterhofer et al. [76] for a case study of window and shading
systems and their effect on indoor climate. Several library FMUs incorporating various win-
dow types and shading controls are coupled with an indoor climate model and tested in a
batch setup for their effect on thermal comfort in summer. The main requirement for this
optimization study was the automated derivation of connected variables after the exchange of
a window FMU. In this case, the connected variables were of the same type throughout the
entire optimization study leading to reduced effort for inferring the connections. However,
such a setup is typically not the case in a modularized BPS where various types of connections

can occur depending on the entity the modules are describing.

The matching of inputs and outputs can be compared with issues targeted in the field of
Service-Oriented Architecture (SOA), a paradigm for software engineering. The following
section therefore provides a short overview of the concept in order to facilitate the under-

standing of the developed methodology for automated derivation of simulation topologies.

3.1.2 Service-Oriented Architecture

The development of SOA was motivated with the dynamic changes in today’s business pro-
cesses. Traditionally, software concepts are based on a closed structure providing an imple-
mented, limited amount of functionality to a fixed partner requiring this functionality. Es-
pecially innovations such as the www increased the need for more flexible software solutions
capable of interacting with actors in a distributed environment. As illustrated in Figure 28]
the concept of SOA promotes a segregation of this structure into entities that provide a service
and entities that request a service. Entities providing a service inform a global registry unit
about the kind of service they can offer to the system. If an entity in the system needs a
service, it poses a request to the registry unit with a description of the corresponding service.
The registry unit processes the description and determines the entity that provides the correct
service. The reduction of entities to the mere functionality they can provide to the overall
system, facilitates the maintenance of such a software and facilitates the extension with new
entities. A more profound description of the SOA-concept as well as areas of application can
be found in [134].

The modular simulation developed in this thesis adopts the basic principles of SOA. It treats
simulation units as entities in a segregated model. FMUs can provide and request informa-
tion, i.e. provide output and request input values. Similar to a registry unit, the methodology
must inherit a concept to match this information. Newly integrated or changed FMUs can
then instantly be provided with the required connections and contribute with other, eventu-
ally missing services. In order to create such a registry unit, information about the nature
of the provided and requested variables must be appended in the FMUs. The .zml! model
description file is intended to inherit such meta-data. However, the arising possibilities for

determining the meaning of exchange variables, i.e. services, are limited.
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Service
Registry

invoke service

Service
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Figure 28. The principles of Service-Oriented Architecture [13])].

3.1.3 The FMI Model Description

Information about FMU specific characteristics, such as version, origin, simulation relevant
capabilities etc. are provided in the .zml model description file. Additionally, a description of
parameters as well as input and output variables is contained. However, exported information
differs widely due to differentiation between mandatory and optional entries.

As an example, two code snippets are presented in Listing [I] and 2] exported from Dy-
mola 2015 [24] and EnergyPlus [22], respectively. Both variables describe heating rates of
a building, one as input, one as output variable.

In Listing [I| meta-information for interpreting the variable @) Room is included. It is de-
scribed as the RealOutput type from the Modelica Standard Library and its unit is specified.
Usable information reduces to the unit, which can be paired with other unit descriptions via
string comparisons. However, solely the information about units is not enough to uniquely
distinguish between variables as the comparison between a convective and a radiation heating
flow rate demonstrates. Fven a description with the type Modelica.SIunits. Power would re-
quire a variable from a different FMU to be described with a type termed in such a way that
consensus can be derived regarding the type. In order to identify the meaning of the variable
in a system, the description entry allows for human-readable textual descriptions. However,
this information is not formalized and hence it is hardly possible to derive information through

machine-based interpretation to support an automated process.

Listing 1. Ezcerpt of an FMU model description file created with Dymola 2015.

<UnitDefinitions >
<Unit name="W'>
<BaseUnit kg="1"

m="2"
S:"—3"/>
</Unit>

</UnitDefinitions >
<TypeDefinitions >
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<SimpleType
name="Modelica.Blocks.Interfaces .RealOutput">
<Real/>
</SimpleType>
</TypeDefinitions>
<ModelVariables >
<ScalarVariable
name="Q Room"
valueReference ="335544325"
description="heating power"
causality="output">
<Real declaredType="Modelica.Blocks.Interfaces.RealOutput"
unit="W'"/>
</ScalarVariable >
</ModelVariables>

Fewer information is exported from EnergyPlus as presented in Listing 2] The annotation
describes the variable as a continuous input variable. No information on quantity, medium or

unit is provided. Instead, a naming convention is introduced.

Listing 2. Ezcerpt of an FMU model description file created with EnergyPlus 8.5.0.

<ModelVariables>
<ScalarVariable
name="Q radRoom W"
valueReference="7"
variability="continuous"
causality="input"
description="IDFline2811">
<Real start="0"/>
</ScalarVariable>
</ModelVariables>

In conclusion, an automated collocation process can rely on the comparison of character
strings in .zml files, as shown in Mitterhofer et al. [78], which follow a convention for the
naming of quantities, variables, units etc. However, as mentioned by the authors, naming
conventions often lead to long variable names, low flexibility and are generally not feasible in
a heterogeneous environment involving multiple parties. The methodology developed in this
thesis is therefore built upon the principles of linked data enabled through the usage of OWL,

which allows for a structured connection of information.

3.2 An Overarching Knowledge Framework for Modular Simulation

The following section describes the developed integration of FMUs in a whole system simu-
lation built upon the principles of SWT explained in section 2.4} An overarching ontology
called FMUont provides a description logic for an FMU-based modular BPS. As illustrated in
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Figure[29] the elements in this Thox serve as anchors for information contained in the individ-
ual FMUs. Through relating the information inside the single simulation units to a common
data model, they can be associated with the same context. Hence, when selecting a range
of FMUs for simulation, a description of the provided and requested services of these FMUs,
i.e. exchange variables, is gathered in the knowledge base. Subsequently, this description can
be used by a reasoner to infer the required connections among the input and output variables
of the FMUs.

FMUont

Overarching
Ontology

Simulation ?

Modules :

Figure 29. The framework for the knowledge-based integration of simulation modules. Infor-
mation contained in FMUs is related to an overarching ontology. Information contained in
several FMUs can therefore be connected with each other.

3.2.1 FMUont - An Ontology for the Description of FMUs

Figure shows the overarching ontology FMUont, designed to accommodate information
about FMUs and their variables in order to allow for inferring the simulation topology. The
structure is adopted from the FMI model description definition discussed in section[3.1.3] The
concept consists of a class Simulation that can be composed of several FMUSs, which inherit
model functionality of a SimulatedSystem corresponding to the defined domains and LODs.
The class FMU can have Input and QOutput variables as well as Parameters. These classes are
associated via the object properties hasinputVariable, hasOutputVariable and hasParameter
respectively. The classes InputVariable, QutputVariable and Parameter are all subclasses of
AnnotatedElement. An instance of this class can be described through several attributes.
These are intended to describe the nature of a variable and determine its provided or re-
quested information to a simulation. Accordingly, the object property hasMedium relates an
AnnotatedElement to instances of a class Medium. Similarly, the classes Quantity and Unit
can be used via their corresponding property associations. At this stage, established ontolo-
gies from other fields can be integrated.

So far, the descriptive attributes are base properties allowing for a general description of
FMUs independent from their area of application. In order to include BPS-specific informa-

tion, a Semantic Type, as introduced in [29], is included. In contrary to the properties above,
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this class does not feature pre-determined elements as part of an established framework, like
physical quantities or units. Instead, it inherits meaning within a specified context, in this
case BPS. This allows to assign a variable to a certain aspect inside a BPS and enables its
classification within this context.

In order to relate a variable to its descriptive properties, instances serving as anchors in the

Tbox must be defined. The definition of these instances is treated in the following.

:Simulation

:SimulatedSystem

) +:isComposedOf
+:hasSimulatedSystem

+:hasInputVariable :FMU +:hasOutputVariable
/ +:isConnectedWith

:InputVariable :OutputVariable
+:hasParameter

+rdfs:subClassOf :Parameter

+rdfs:subClassOf

V

:AnnotatedElement

+rdfs:subClassOf

+:hasSemanticType

+:hasMedium

+:hasUnit
+:hasQuantity
:SemanticType :Unit :Quantity :Medium

T T T

' ' '

' ' '

' ' '

' 1 '
'

' ' '

z'v K|V _A|v E\V

BPS Units Quantities Media

PREFIX rdfs: <http://www.w3.0rg/2000/01/rdf-schema#>
PREFIX : <http://www.ibp.fraunhofer.de/ns/FMUont#>

Figure 30. The tazonomy of FMUont. The ontology is used as an overarching data model
in order to integrate distributed information in single FMUs into a common context. The
prefizes indicate the definition of unique identifiers in different ontologies.

Quantities and Units in FMUont

For the definition of quantities and units, the concepts from the Onitology of units of Measure

(OM) [105] are applied. This ontology provides descriptions of physical base quantities and
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decomposes them into sub-quantities. Each of these quantities can have several units, which
are similarly defined through the combination of base units. The ontology provides a sound
description of interrelations between dimensions and measures and offers a common database
for numerous applications.

In BPS, certain quantities may occur outside the pattern of generally acknowledged physical
quantities. Instead, these quantities were established based on studies suggesting the prac-
ticability of such a quantity for the purpose of interpretation and evaluation in the field of
BPS. An example for such a quantity is the Predicted Mean Vote (PMV). The PMV is used
to quantify the expected comfort at certain indoor climate conditions. It is based on statis-
tical analysis of empirical studies and presents a common measure for evaluation of thermal
comfort in buildings. Due to its empirical origin, no classification within the structure of the
mentioned OM ontology is possible. Similarly, no direct classification for the concept of an
operative temperature can be found. This measure describes a weighted average of air and
surrounding wall surface temperatures and is frequently used for comfort studies. In contrary
to the PMV, this quantity can be associated with a physical unit, however, due to its em-
pirically motivated definition it is not included in a listing of physical quantities as the one
above.

For the purpose of the procedure developed in this thesis, the definition of basic quantities,
such as Temperature or Power, from [105] is extended with additional quantities, such as the
mentioned PMV and Operative Temperature. A complementing list of quantities and units
determined to be used in the remainder of this thesis can be found in Appendix

Media in FMUont

For the definition of media, several common instances from the building domain are chosen
to serve as anchors for the variable description. Among others, they comprise, Water, Brine,
Air and Carbon Diozide. In addition to fluids also media describing solid texture, such as

Ground, are defined. A complementing list of instances is provided in appendix

Semantic Types in FMUont

The semantic type instances are intended to complement the description of a service a variable
can provide or request within the simulation. In order to allow for a seamless exchange of
simulation modules, this description must universally be applicable to every module. Since
the single modules feature the domain boundaries defined in section the semantic types
must provide a general description of the interaction points between the domains. An asso-
ciation to concrete systems can not be included in this description. This ensures the general
applicability of semantic types to all modules, regardless of the module’s represented entity

within a domain.

Figure shows the derived semantic type instances. The environment domain is able to

provide information about a building’s Location and corresponding Weather Data.
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As elaborated in section the building envelope model serves as a passive response model
to the simulation, embodying the thermal reaction of materials to various influences. As such,
it is able to provide information about the current conditions in a building, i.e. when consid-
ering a spatially resolved building also in different spaces of a building. Hence, the semantic
type instance Space Condition is determined for information describing the status of building
spaces.

HVAC modules simulate the behavior of active components inside a building responsible
to condition the air according to given setpoints. MacDowall [75] determines several pro-
cesses that are responsible to achieve such an impact. The reduction of semantic types to
these processes allows for system-independent description of influences from HVAC systems.
Accordingly, the semantic types Heating, Cooling, Ventilation, Humidification and Dehumid-
ification are defined.

In [70], Mahdavi sub-divides the people domain into active and passive influences on the per-
formance of a building. The latter present the mere Occupancy of people resulting in internal
thermal loads as well as others, such as humidity, carbon dioxide etc. He further describes the
active influences as actions directly targeting elements of a building. These elements comprise
Shades and Blinds, Windows, Setpoints of various nature, such as air temperature or carbon
dioxide level, as well as Lighting. The semantic type instances for the active and passive
effects from people within a simulation are adopted from these elements.

Devices within the domain of building automation are able to provide the same set of active
influences as People. The resulting conformity underlines the service-oriented paradigm of the
description. With regards to active effects, modules from the people and building automation
domain can not be distinguished as they ultimately result in the same service provided to the
simulation.

Ultimately, in addition to the passive influences from people, Equipment can yield further in-

ternal loads within a building. An overall summary of the defined semantic types is provided

in appendix
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Figure 31. The derivation of semantic types in FMUont. For each domain a range of semantic

types are defined.
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3.2.2 FMU Extension

The presented instances for the description of variables as well as the overarching structure
of FMUont can now serve as a reference for the description of individual simulation units.
In order to accommodate this description in FMUs, the original composition of the FMU
zip-file needs to be extended. In addition to the standard content, i.e. the executable dll
file and the zml model description file, an owl file is appended. This extension is illustrated
in Figure The responsibility of the former files primarily lie in providing the FMU’s
simulation functionality. In addition to information relevant to the execution of the simulation,
the model description file also provides a description of variables, as discussed in section
The owl file extends this description with attributes being associated to the overarching
ontology FMUont.

xml
— Simulation
Model
dll
\_/_
fmu +
Information
.owl Model
(Abox)

Figure 32. Fxtension of the standard FMU content with an owl file. The content represents
the Abox of a knowledge description with associations to the overarching ontology, i.e. the
Thoz.

The content of the owl file relies on a definition of a resource identifier for the FMU-specific
Abox, which is based on the name of the model inherited in the FMU. Using this identifier,
instances of input and output variables are defined. These instances are associated with the
concepts from FMUOnt, i.e. the previously described classes and individuals are associated
with the Abox instances. An example for a resulting variable description is provided in Table[T}
The FMU instance OfficeBuilding and the variable T air as FMU-specific components are
defined inside the Abox through the FMU-specific resource identifier. Opposed to this, the
remaining object properties and attribute instances are merely referenced through their URIs

defined in the overarching ontology FMUont.

A Methodology for a Scalable Building Performance Simulation based on Modular Components Page 46



Development of a Scalable Building Performance Simulation with Modular Components

Table 1. Example of an annotated variable inside the Abox of a building envelope FMU.

FMU OfficeBuilding
OutputVariable T air
hasMedium Air
hasUnit C
hasQuantity Temperature

hasSemanticType Space Condition

3.3 Single-Zone Simulation

Section [2.1.T]illuminated the principles of a single-zone simulation. As described, such a model
is characterized through the reduction of a building envelope to one thermal inertia which
responds to influences by its surroundings. The remaining domains from section can act
as these influences. As such, they provide models inheriting the influence on the entirety of a
building and correspondingly rely on the respond of the building envelope as a whole. These
interactions are uniquely identified through the previously discussed descriptions. Similarly
to a registry unit in SOA, an entity is required to match the input and output variables

embodying these interactions.

As mentioned in section [2.4] reasoners are generic algorithms able to generate new information
from an existing knowledge representation. In the context of the developed methodology for
modular BPS, reasoners are used in the sense of a registry unit. The formulation of tailored
rules in SWRL enables a reasoner to infer the desired information about the connections of
variables from selected FMUs.

In the case of a single-zone simulation, the rule presented in Listing |3| is applied on the
knowledge representation of simulation modules. It compares the object properties Medium,
Quantity and Semantic Type of all input and output variables in order to infer the property

isConnected With for the corresponding variable combination.

Listing 3. SWRL rule to infer the connections between variables for a single-zone simulation.

hasInputVariable (? FMUinput,? InputVariable)
hasOutputVariable (? FMUoutput,? OutputVariable) ,
hasQuantity (? InputVariable ,? QuantityInput),
hasMedium (? InputVariable ,? MediumInput ) ,
hasSemanticType (? InputVariable ,? SemanticTypelnput ),
hasQuantity (? OutputVariable ,? QuantityOutput ),
hasMedium (? OutputVariable ,? MediumOutput ) ,
hasSemanticType (? OutputVariable ,? SemanticTypeOutput ),
SameAs (? QuantityInput ,? QuantityOutput ),

SameAs (? MediumInput ,? MediumOutput ) ,

SameAs (? SemanticTypelnput ,? SemanticTypeOutput)

—> isConnectedWith (? InputVariable ,? QutputVariable)
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Considering the nature of meta-data required to derive the connections for a single-zone
simulation, it can be concluded that two layers of information, as depicted in Figure 33| are
required. First, basic information about the quantity and medium is necessary. Furthermore,
information about the unit of the variable is required in order to perform conversions during
the coupling process. Placeholders for these base properties are already provided in the model
description file, as discussed in section [3.1.3] In addition to that, domain specific information
providing meaning to a variable within a defined context is necessary. In this case, semantic

types corresponding to the chosen decomposition strategy of a BPS inherit this information.

xml

Figure 83. The required information layers to connect simulation modules in a single-zone
simulation. The relevant FMUs should contain information about base properties of variables
as well as domain context information.

3.4 Multi-Zone Simulation

In contrary to above, a multi-zone simulation subdivides a building into several thermal zones.
Each zone can feature different influences or boundary conditions from other domains. Hence,
also models from other domains can be individualized for each thermal zone, reacting to the
conditions of the particular zone.

Table 2] shows the annotation of two variables in a building envelope FMU that inherits a
multi-zone model. The two variables T Officel and T Office2 represent air temperatures
of two different thermal zones. When considering the queried information in the single-zone
case, i.e. quantity, medium and semantic type, it becomes apparent that no differentiation
between the variables is possible. The same issue occurs for every zone-related variable.
Another example are variables representing heat flows from several individual radiators in
an HVAC FMU. While featuring an identical description they are all meant to provide heat
to different zones depending on their location in the building. Therefore, for a multi-zone
simulation spatial information is required to automatically infer the connections between

input and output variables.
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Table 2. Ezample of two annotated variables inside the Abox of a building envelope FMU
representing o multi-zone model.

FMU OfficeBuilding
OutputVariable T Officel T Office2
hasMedium Air Air
hasUnit C C
hasQuantity Temperature Temperature

hasSemanticType Space Condition Space Condition

In order to accommodate spatial information in the overarching ontology, an extension, re-
alized through to the red-marked additions in Figure is required. The focus of these
changes is the introduction of a class Space. Thermal Zone is a subclass of Space allowing for
the instantiation of thermal zones within the simulation. Each FMU can provide these in-
stances through the object property hasSpace. Similarly, each variable can have an affiliation

to instances of this class through the hasZoneAffiliationTo attribute.

The information, to which thermal zone a variable is associated to, can not be provided by
distributed stakeholders. At the stage when they contribute with individual modules to the
simulation, knowledge about other modules, e.g. number, name, scope etc. of the modeled
thermal zones is not available to the separated actors. As discussed in section 2.2.3] in this
case a digital representation of a building corresponding to the paradigms of BIM can serve
as an information pool to each stakeholder. Section further indicated two efforts [97, [99],
which successfully converted widely accepted BIM standards to a formulation in OWL. This
allows for connecting a central building data model to the overarching data framework, serving
as a mediator to provide the required information for instantiation of a multi-zone simulation.
Variables can be attached to a topology element in the building data model via the object
property hasAffiliationTo. This association is not intended to directly connect a variable to a
spatial object, i.e. a room or a thermal zone. Instead, variables are attached to objects that
directly reflect their modeled entity, e.g. a variable providing information about heat flow
from a radiator to a thermal zone is directly attached to the corresponding radiator object
in the digital representation of the building. The resulting association to a space can be
retrieved via queries in the building data model. This ensures flexibility regarding the change
of the determined spatial enclosure of a room or thermal zone. In such a case, updating each
variable description with the new spatial information can be avoided. Instead a repetition of

the query automatically derives the new spatial association.
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red-marked changes present additions made in order to accommodate associations to different

Figure 84. The tazonomy of FMUont with the integration of zone-related information. The
thermal zones in the overarching ontology.
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Figure shows an excerpt of FMUont integrated with BIM. For the purpose of demon-
stration, elements from the SimModel format are used. Prefixes indicate the origin of the
information and allow for differentiation of data contained in FMUont or the building data
model. A building envelope FMU is described with its thermal zone instances. These in-
stances are connected with their corresponding zones in the building data model, all of which
being instances of the same class in SimModel. Additionally, a variable originating from an
HVAC FMU describing heat flow from a convector is defined and connected with its repre-
senting object in the building data model. This object is an instance of the SimModel class
for convectors. Corresponding to the ontology of SimModel, it features relations to several
other classes in order to describe the building. Accordingly, the convector instance is con-
nected to several instances of these classes. The resulting network in the building data model
also includes a path to the associated thermal zone of the convector instance, in this case
called Office Heart. Through the previously added connection of this object to a thermal
zone in FMUont, the variable’s relevant spatial association for the simulation can be derived.
In Figure [35] this path is indicated in red.
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Figure 85. The integration of BIM data with FMUont. The red-marked connections illustrate

the path for deriving a zone association of a variable.
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Regarding the automated retrieval of the zone information, queries formulated with SPARQL,
as elaborated in section 2.4] can be formulated. This requires a definition of the path, de-
scribed through object properties and classes, from the variable in question to the Thermal
Zone class in FMUont. Since numerous different objects of a building data model may be
associated with simulation variables, this requires the pre-definition of numerous paths for
the query. Depending on the class of the associated BIM object, the corresponding query can
be selected and executed.

In order to reduce this effort, a more generic solution, applicable for each BIM object class,
is favored. The realized approach is based on algorithms in the field of graph theory target-
ing the challenge to identify shortest paths in complex networks. An example for such work
is the Dijkstra-algorithm as originaly described in [30]. The method computes the shortest
path between nodes while considering the distance between nodes. This algorithm is in the
following applied to the search of the correct thermal zone a variable needs to be associated
with. A pseudo-code representation of the implementation is presented in Listing

The algorithm starts with the associated instance of a variable in a building data model. In a
first step, it determines the neighboring instances. This can be any instance associated to the
variable via a connecting object property. This requires a search for all object properties that
include this variable and determine the corresponding partner instance. The found neighbors
are checked for instances of the class thermal zone. If successful, the found thermal zone is
returned, otherwise the neighbors are appended to search paths that describe the hitherto
tested network routes. The procedure for determining the neighbors of instances, as well as
their check for a thermal zone object, is repeated for the last elements in the evolving search
paths. If an instance is found that has already been under consideration in other paths, this
path is no longer followed. A successful check for a thermal zone instance ends the process
and returns the corresponding object representing the targeted zone.

It has to be noted that this process also allows for instances to have connections via several
objects and properties to other thermal zones. However, the correct thermal zone must feature
the shortest connection in terms of number of objects in between. A solution for situations
which do not correspond to this pre-requisite is the definition of path elements that are not

to be followed within the algorithm.

Listing 4. Dijkstra-algorithm to detect thermal zones associated to a variable.

getNeighbors (BIMobject)
checkNeighbors (neighbors)
if thermal zone found
associate variable with thermal zone
else
for neighbor in neighbors and path in paths
append neighbor to path
while zone not found
updateNeighbors (paths)
for path in paths

append last element to newNeighbors
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checkNeighbors (newNeighbors)
if thermal zone found

associate variable with thermal zone

function getNeighbors (node)
for instance in instances
for property in properties(instance)
if connected instance is node
append instance to neighbors
for property in properties(node)
append connected instance to neighbors

return neighbors

function updateNeighbors(paths)
for path in paths
getNeighbors(last instance in path)
for neighbor in neighbors
if neighbor not in paths
append neighbor to path

return paths

function checkNeighbors(neighbors)
get thermal zones from ontology
for neighbor in neighbors
for thermal zone in thermal zones
if neighbor is thermal zone

return thermal zone

In order to infer the connections between variables through reasoning, the SWRL rule from
section for a single-zone simulation must be extended. In addition to the hitherto used
variable properties, the spatial information must be considered. This is achieved through
integration of the hasZoneAffiliationTo property into the SWRL rule as formulated in List-
ing However, not each variable can be associated with a thermal zone, since some are
of a more global nature. These variables originate from the environment domain and can be
identified through their corresponding semantic types. Hence, two rules targeting the weather

and location data are additionally formulated ignoring zone-related information.

Listing 5. SWRL rule to infer the connections between zone-related variables in a multi-zone

simalation.

hasInputVariable (? FMUinput,? InputVariable)
hasOutputVariable (?FMUoutput,? OutputVariable) ,

hasQuantity (? InputVariable ,? QuantityInput ),
hasMedium (? Input Variable ,? MediumInput ) ,

hasSemanticType (? InputVariable ,? SemanticTypelnput ),
hasZoneAffiliationTo (? InputVariable ,? ZoneAffiliationInput ),
hasQuantity (? OutputVariable ,? QuantityOutput ),
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hasMedium (? OutputVariable ,? MediumOutput ) ,

hasSemanticType (? OutputVariable ,? SemanticTypeOutput ),
hasZoneAffiliationTo (? OutputVariable ,? ZoneAffiliationOutput ),
SameAs (? QuantityInput ,? QuantityOutput ),

SameAs (? MediumInput ,? MediumOutput ) ,

SameAs(? SemanticTypelnput ,? SemanticTypeOutput),

SameAs(? ZoneAffiliationInput ,? ZoneAffiliationOutput )

—> isConnectedWith (? InputVariable ,? QutputVariable)

Listing 6. SWRL rule to infer the connections between variables describing weather data in a

multi-zone simulation.

hasInputVariable (?FMUinput,? InputVariable)
hasOutputVariable (?FMUoutput,? OutputVariable) ,
hasQuantity (? InputVariable ,? QuantityInput ),
hasMedium (? InputVariable ,? MediumInput ) ,
hasSemanticType (? InputVariable ,? WeatherData ) ,
hasQuantity (? OutputVariable ,? QuantityOutput ),
hasMedium (? OutputVariable ,? MediumOutput ) ,
hasSemanticType (? OutputVariable ,? WeatherData) ,
SameAs (7 QuantityInput ,? QuantityOutput ),

SameAs (? MediumInput ,? MediumQutput )

—> isConnectedWith (? InputVariable ,? QutputVariable)

Listing 7. SWRL rule to infer the connections between variables describing location data in a
multi-zone simulation.

hasInputVariable (? FMUinput,? InputVariable)
hasOutputVariable (? FMUoutput,? OutputVariable) ,
hasQuantity (? InputVariable ,? QuantityInput),
hasMedium (? InputVariable ,? MediumInput ) ,
hasSemanticType (? InputVariable ,? Location),
hasQuantity (? OutputVariable ,? QuantityOutput ),
hasMedium (? OutputVariable ,? MediumOutput ) ,
hasSemanticType (? OutputVariable ,? Location ),
SameAs (? QuantityInput ,? QuantityOutput ),

SameAs (? MediumInput ,? MediumQutput)

—> isConnectedWith (? InputVariable ,? OutputVariable)

As discussed in this section, the information requirement to derive the simulation topology
in a multi-zone simulation includes the spatial association of variables. This information is of
project-specific nature, possibly even varying during a single design process. Consequently, in
contrary to the information levels identified for a single-zone simulation, this information can
not be carried in the individual FMUs in order to enable their application beyond the scope
of a single project. Instead, for each project, individualized information must be provided to
the FMUs via BIM. This leads to an additional information layer as depicted in Figure

With regards to the re-usability of simulation modules beyond single projects, information
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from this layer can not be added to the Abox contained inside FMUs.

xml

Figure 36. The required information layers to connect simulation modules in a multi-zone
simulation. Information about base properties and semantics within o defined context needs
to be extended with project specific information.

3.5 Zonal Airflow Simulation

An assessment of indoor climate, especially when considerable differences of thermal condi-
tions at different locations in an air volume occur, requires the computation of air movement
within this enclosed space. In contrary to the multi-zone simulation, a zonal airflow compu-
tation is able to predict the temperature distribution within an air volume, as described in
section [2.1.3] The application of a zonal airflow model to the entire building envelope is tech-
nically feasible, however, due to high implementation and computation time, it is generally
only applied to single parts of a building. Hence, the integration of such a model into the
modular simulation does not lead to an exchange of the building envelope module, as realized
previously for the single- and multi-zone model. Instead, it serves to assess one or more rooms
of the building envelope with greater detail. The isolation of the remaining building parts
requires the co-existence of a single- or multi-zone model in order to capture the dynamics
and interactions with other spaces as well as their influence on the common supply systems.
Simultaneously to the higher model resolution of the building envelope, models from the re-
maining domains need to increase their LOD as well. As presented in sections [3.3]and [3.4] the
increased spatial resolution allows to distribute variables to single zones and distinguish be-
tween them. With the subdivision of a thermal zone or a room of a thermal zone into several
air-cells, variables can now be associated to a specific location in a room. Hence, for exam-
ple several radiators or people in a room can be considered individually if the corresponding
functionality is provided by their modules. This functionality requires that e.g. aggregated
internal loads of a thermal zone are partitioned into single sources that may or may not reside
in the room under consideration enabling a local association of internal loads with positions

within the room.
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The in section applied concept to enable a differentiation of variables in a multi-zone
simulation benefits from the capability of BIM formats to subdivide buildings into several
spaces and the association of building elements to these spaces. A similar concept is applied
for the inclusion of a zonal airflow model into the simulation, as highlighted in the adapted
overarching ontology FMUont in Figure Thermal zones may consist of several rooms.
In order to distinguish between these rooms a class Room is introduced. This class is a
subclass of Space and can be related to an Annotated Element, an FMU and an object from a
digital building representation similar to the Thermal Zone class, as described in section
Additionally, the relation belongsTo allows for associating rooms to thermal zones within the

simulation ontology.
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Figure 37. The taxonomy of FMUont with the integration of room-related information. The
rooms in the overarching ontology.
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Similarly to the multi-zone concept, associations of variables with a room need to be derived
from the knowledge base. The approach follows the principles of the procedure for thermal
zones, as explained in section [3.4 Variables from a zonal airflow module are connected to ob-
jects from a BIM. This allows for detecting a path to a room instance, as shown in Figure
For this purpose, the application of the Dijkstra algorithm can be repeated with an altered
goal definition, i.e. instances of type Room.

Since the location of objects inside a room can be considered in a zonal airflow model, the
association of variables to a room is not enough to distinguish between them. A further
differentiation is necessary, for example to differ between several radiators in a room. The
previously realized direct association of variables with their corresponding objects in a digital
representation of a building enables this differentiation. Hence, for single rooms, computed
as zonal airflow models, this information must be included in the reasoning process. Simul-
taneously, the co-existence of a model for the entire building envelope requires the derivation
of variable connections for the remaining models as realized above. Hence, in addition to the
SWRL rules formulated in section the reasoning process includes two further rules, shown
in Listings [§]and [9] which are tailored to the inference of connections for zonal airflow models
of rooms. The first rule is aimed at the input variables of a zonal airflow model. Tt generates
connections with other variables through comparison of base properties, semantic type and
the associated BIM object. For the sake of a complete simulation ontology, matching output
variables are additionally associated with the corresponding room. Similarly, the second rule
infers connections for output variables of a zonal airflow model and attaches the room to the

matching input variable.

Listing 8. SWRL rule to infer the connections between wvariables in the modular simulation
with a zonal airflow model. This rule derives connections for inputs of the zonal airflow model

and associates the connected outputs to the modeled room.

hasInputVariable (? FMUinput,? InputVariable)
hasOutputVariable (?FMUoutput,? OutputVariable ),
hasQuantity (? InputVariable ,? QuantityInput ),
hasMedium (? Input Variable ,? MediumInput ) ,
hasSemanticType (? InputVariable ,? SemanticTypelnput ),
hasRoomAffiliationTo (? InputVariable ,? RoomInput) ,
hasAffiliationTo (?InputVariable ,? AffiliationInput),
hasQuantity (? OutputVariable ,? QuantityOutput ),
hasMedium (? OutputVariable ,? MediumOutput ) ,
hasSemanticType (? OutputVariable ,? SemanticTypeOutput ),
hasAffiliationTo (? OutputVariable ,? AffiliationOutput ),
SameAs (? QuantityInput ,? QuantityOutput ),

SameAs (? MediumInput ,? MediumOutput ) ,

SameAs (7 SemanticTypelnput ,? SemanticTypeOutput ),
SameAs(? AffiliationInput ,? AffiliationOutput)

—> isConnectedWith (? InputVariable ,? OutputVariable),
hasRoomAffiliationTo (? OutputVariable ,? RoomInput )
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Listing 9. SWRL rule to infer the connections between variables in the modular simulation
with a zonal airflow model. This rule derives connections for outputs of the zonal airflow
model and associates the connected inputs to the modeled room.

hasInputVariable (? FMUinput,? InputVariable)

hasOutputVariable (?FMUoutput,? OutputVariable ),

hasQuantity (? InputVariable ,? QuantityInput ),

hasMedium (? Input Variable ,? MediumInput ) ,

hasSemanticType (? InputVariable ,? SemanticTypelnput ),

hasAffiliationTo (?InputVariable ,? AffiliationInput),

hasQuantity (? OutputVariable ,? QuantityOutput ),

hasMedium (? OutputVariable ,? MediumOutput ) ,

hasSemanticType (? OutputVariable ,? SemanticTypeOutput ),

hasRoomAffiliationTo (? OutputVariable ,? RoomOutput) ,

hasAffiliationTo (? OutputVariable ,? AffiliationOutput ),

SameAs (? QuantityInput ,? QuantityOutput ),

SameAs (? MediumInput ,? MediumOutput ) ,

SameAs(? SemanticTypelnput ,? SemanticTypeOutput),

SameAs(? AffiliationInput ,? AffiliationOutput)

—> isConnectedWith (? InputVariable ,? OutputVariable),

hasRoomAffiliationTo (? InputVariable ,? RoomOutput)

The resulting set of rules derives the connections for all modules in the simulation, when a
zonal airflow model is present in addition to the multi-zone model. However, the duplicated
modeling of partial building space may lead to duplicated variable connections among the
simulation modules. Reasoning based on SWRL is limited to infer new information from an
ontology. The modification of existing information is not supported. Hence, the implemen-
tation, as is described in the following, prioritizes the connection with a higher LOD, i.e. the

variables from the zonal airflow model.

With regards to the necessary information levels, it can be concluded that the introduction
of a zonal airflow model can be realized based on the same information levels as previously
defined for the multi-zone simulation. However, in order to consider effects on a room basis,
the formulation of simulation models must ensure the required resolution to differ between in-
fluences at different locations in a room. Furthermore, the resulting differentiation of variables

must be considered in the reasoning process.
3.6 Implementation

The implementation of the presented methodology for a scalable simulation based on modular
components is realized using the Python programming language. It benefits from the capa-
bilities of the PyFMI package [83] for operating FMUs as well as the Owlready package [66]
for loading, creating and editing ontologies in OWL.

The implementation follows the scheme presented in Figure [38 It relies on several sources

that provide FMUs within the defined context. These sources can be of different nature.
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FMUs may be generated from own models, taken from libraries or obtained directly from
manufacturers. Either FMU must be provided with an additional file inheriting the model
description corresponding to the overarching data model. This extension is facilitated through
a GUI called the FMUOntologyXtender, as depicted in Figure and 0] The GUI allows
one to load an FMU and annotate its variables as well as provide general information about
the author of the model, the simulated system etc. The annotation is only necessary if the

required information is not present inside the FMUs, as is the case for re-used library FMUs.
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Figure 38. The implemented process to realize the modular simulation.

After a selection of FMUs is determined to form the simulation, an algorithm aggregates the
Abox files in a simulation ontology. Duplicates of identifiers need to be avoided during this
step. Hence, in order to allow for multiple instantiation of an FMU, a progressing identification
number is attached to the loaded FMUs. At this stage, information about base properties and
domain semantics is summarized in the simulation ontology. Subsequently, simulation, FMU
and variable classes are instantiated in the implementation based on the Abox information of
each FMU. A following query of the simulation ontology detects the LOD of the simulation,
i.e. the presence of single-zone, multi-zone or zonal airflow models. If information on project
level is required for the derivation of the simulation topology, a connection to objects in a
digital representation of the building needs to be established at this point. Therefore, the
digital building representation is loaded and each exchange variable can be mapped to its
corresponding BIM object. This allows for applying the in section presented form of the
Dijkstra algorithm to each variable in order to retrieve their association to thermal zones or
rooms respectively. Hence, an SWRL rule corresponding to the determined LOD, is attached
to the simulation ontology completing its basic setup.

A reasoner is now able to infer the connections between variables. Therefore, the Her-
miT reasoner [85] is invoked and set up through Java. The reasoning returns the inferred
isConnected With object properties and updates the simulation ontology. This information
is subsequently processed by the algorithm to derive the connections for the simulation. At

this stage, the connections are evaluated regarding duplicates and adjusted corresponding to
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their LOD, as mentioned above. Optionally, parameters of the contributing FMUs can be set
before initializing the simulation.

The co-simulation is realized with the loose coupling algorithm in parallel execution, as ex-
plained in section 2.3.2] In accordance with the recommendations from [I19] and due to
the focus of the implementation being on the feasibility of the methodology, its advantages
regarding faster run-time and ease of implementation were prioritized. At each time step,
current variable values are exchanged according to the inferred connections and the single
FMU states progress with the updated inputs. In the case of multiple outputs connected to
a single input variable, an aggregation is realized. This aspect is discussed in more detail in
sections d.J] and £.1.3

Listing [10] provides a pseudo-code representation of the described implementation. A repre-
sentation of the implemented classes and methods in the Unified Modeling Language (UML)
is provided in appendix [A]

Listing 10. Pseudo-code representation of the implemented algorithm to realize the modular

simulation.

for each FMU in simulation
import Abox description into simulation ontology

generate ID

if number of thermal zones is one
LOD is single—zone
elif number of thermal zones is greater omne
LOD is multi—zone
for each FMU
if simulated system is zonal airflow

zonal airflow is true

if LOD is multi—zone
import BIM ontology
for each FMU
for each variable in FMU
connect variable to BIM object

execute Dijkstra

if LOD is single —zone
import single zone rule
elif LOD is multi—zone
if zonal airflow is true
import zonal airflow rules
else

import multi—zone rules

execute reasoner
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File

General | Input Variables I Output Variables I Parameters

D:\Dissertation39_Modellierung\FMUs
‘HeatPumpGH_SolCol_Radiator. fmu

Author Matthias Mitterhofier
Contact matthias.mitterhofer @ibp. fraunhofer.de
Type HVAC

Submit Ontology to FMU l

Figure 39. The FMUOntologyXtender for annotation of FMUs. In the first tab general in-
formation is provided, including the author of the model, the type of the simulated system

etc.

. FMUontologyXtends

File

| General | Input Variables | Output Variables | Parameters

Name

Quantity Temperature
Medium Air
Semantic Type WeatherData

Add

Figure 40. The FMUOntologyXtender for annotation of FMUs. In the latter tabs variables

can be described corresponding to the overarching ontology.
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Chapter 4

Case Studies

Application of the developed methodology is in the following illustrated in two case studies.
The first example features a building on the test site of the Fraunhofer IBP in Holzkirchen,
Germany. This study aims at demonstrating the characteristics and advantages of the mod-
ular simulation regarding seamless module exchange and scalability throughout the design
process, while maintaining an integral view in the simulation. The supporting digital repre-
sentation of the building is generated using the SimModel format. As mentioned in section[2.4]
its formulation can be realized in the required OWL. In addition to this, the second exam-
ple deploys a building’s description formulated in the IFC data format. It benefits from the
in [99] developed procedure to convert an IFC scheme to OWL. The example building in this
study is taken from [60], where a collection of building representations in the IFC format is
provided by the Karlsruher Institute of Technology. The goal of the second case study is
to demonstrate the independence of the developed methodology from the chosen format for
the digital representation of a building and specifically proofs compliance with the IFC data
scheme.

In order to reference the executed simulations in the case studies, a numbering system, em-
bedded in the corresponding section titles, is introduced for both case studies. The in List-
ing [10| described loose coupling algorithm is applied for each simulation at a time step of two
minutes. Illustrations of the resulting knowledge representation graphs are generated with

Protegé [112], an application for editing and viewing ontologies.
4.1 Example 1 - The Twin House

The test facilities of the Fraunhofer IBP comprise, among others, two identical buildings,
called the Twin Houses. In the following case study, one of these two houses, as depicted in
Figure [41] serves as the example building for the application of the developed methodology
for a scalable simulation. In the study, its usage for office purposes and the selection of a
corresponding heating system is investigated.

The building consists of three floors, each in the dimension of ten by ten meters, as shown
in the floor plans in Figures to In the example study, the projected purpose of the
basement is the accommodation of technical systems, e.g. HVAC components, such as thermal

storage. The first floor, corresponding to its distributed layout, includes offices and common
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areas, such as bathroom and lounge. The second floor is determined to provide space for a

meeting room.

Figure 41. The Twin Houses at the test site of the Fraunhofer IBP in Holzkirchen, Germany.
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Figure 42. Basement of the Figure 43. First floor of the Figure 44. Second floor of the
Twin House. Twin House. Twin House.
4.1.1 Single-Zone Simulation

To perform a first estimation of the building’s heating energy demand, a single-zone model of
the building envelope is developed. The generation of building envelope models within this
thesis is exclusively realized with the in [42] presented plugin for the 3D modeling software
SketchUp [121], which allows to directly create EnergyPlus models from CAD. As mentioned
in section |3.1.1] opposed to the other domains, building envelope FMUs might have to be
regenerated several times during the design process since parameterization can not be applied
as flexible as for the other domain modules. In order to facilitate this task, a further plugin was
implemented that enables the generation of EnergyPlus FMUs within the CAD environment
provided by SketchUp. FMI support of Energy Plus is restricted to the tool co-simulation of

version 1.0. Hence, a local installation of Energy Plus is required to run these FMUs. Due to

A Methodology for a Scalable Building Performance Simulation based on Modular Components Page 66



Case Studies

a further particularity, the weather data must be included in the EnergyPlus FMU, i.e. the
weather module is incorporated in the building envelope module. Provided that domain
boundaries are still respected, the methodology is able to accommodate this particularity.
With the exception of the building envelope FMUs, the FMUs applied in the remainder of
this thesis correspond to the specifications of FMI version 2.0, generated and exported in

Dymola.

Run 1.1 - Ideal Heating with Single-Zone Model

In a first simulation, a model representing an ideal heating system is coupled to the single-zone
FMU. This model reacts to a given setpoint and measurement signal and provides a corre-
sponding heat flow rate to the building. A third simulation module represents the people
inside the building and as such provides internal loads through their presence, e.g. heat and
COs9. Additionally, a time-varying temperature setpoint for working and non-working hours
is included.

Using the FMUontologyXtender presented in section each FMU is extended with an Abox
containing the description of input and output variables corresponding to the overarching on-
tology FMUont. As an example, Figure [45] illustrates the Abox of the ideal heating FMU.
Each Abox has an instance of the class FMU, in this case the IdealHeating object. With
this instance, the simulated system HVAC is associated. Furthermore, the FMU instance has
the input variables T set and T measured as well as an output variable ) heating. The
corresponding object properties are applied to associate the variables with instances of unit,
medium, quantity and semantic type, which are defined in the overarching FMUont. As an
example, the variable T set is connected to the quantity instance Temperature via the object
property hasQuantity. The variable T' measured has the same quantity. Hence, the object
property hasQuantity of this variable points to the same quantity instance, i.e. Temperature.
A difference between these two variables poses the associated semantic type. While T set

is associated with the semantic type Setpoint, T measured is associated with Space Condition.

Following the steps listed in the algorithm in Listing the Abox of each FMU is imported
into a single simulation ontology. Figure 46| shows an excerpt of the resulting data scheme.
The class FMU now features three instances. These comprise an FMU incorporating the
building envelope of the Twin House as a single-zone model, an FMU representing the people
domain and the previously described FMU incorporating an ideal heating system. In order
to allow for using an FMU, and hence importing its Abox several times during a single sim-
ulation, elements of each imported Abox receive an identification number. The remainder of
this case study provides further clarification regarding this aspect.

Each simulation module has input and output variables. In order to maintain readabil-
ity, only a selection of variables is shown in the figure. The building envelope FMU is ex-
panded to show the output variable T Air TwinHouse. From the ideal heating FMU the

input variables T measured and T set are expanded. Similarly to above, the description
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Figure 45. Individuals in the Abox of the ideal heating FMU in context with FMUont. The
instances and classes defined in the overarching ontology FMUont are framed in blue. The
remaining instances are locally defined in the Abox using the classes from FMUont. Their
description is complemented through object property associations to the instances in FMUont.
(yellow circles indicate classes; purple diamonds indicate individuals)

of these three variables is shown. It can be seen that the object properties of T measured
and T Air TwinHouse refer to the same instances of type medium, quantity and semantic
type from the overarching ontology. T set has a similar description, however, it differs in the
associated semantic type instance.

At this stage, a reasoner is able to benefit from the resulting object relations in the simulation
ontology. Corresponding to the SWRL rule presented in Listing [3] the reasoner screens every
FMU for input and output variables, as defined in the first two lines of the code snippet. For
each variable the associated quantity, medium and semantic type are retrieved corresponding
to lines 3-10. These properties are compared for every variable pair. In the case of iden-
tical properties, the variables are connected through the isConnected With statement from
FMUont. Hence, for the simulation ontology partly shown in Figure 6] the reasoner detects
a connection between the variable T Air TwinHouse and T measured. In total, among
199 possible connections corresponding to equation [3.5] five connections between the three
FMUs are inferred.
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Figure shows the simulation result for two winter weeks. It depicts the setpoint and
simulated temperature inside the building along with the required heating rate from the ideal
heating system. It demonstrates that the heat load peaks in the morning when the setpoint
temperature rises in order to provide a sufficient temperature level during working hours. The

maximum heat load amounts to 7,285 W.
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Figure 47. Air temperature and setpoint in simulation run 1.1 for two winter weeks in the
building at the ideal heating rate.

Run 1.2 - Ground Heat Pump and Solar Collector with Single-Zone Model

In a next simulation run, the FMU representing the ideal heating system is exchanged with
a library model that incorporates a ground heat pump as primary and a solar collector as
a supporting secondary heat source. Both provide a storage unit with thermal energy in
order to maintain a temperature of 55 °C in the tank. Both, heat pump and solar collector
are generic models that can be specified with product specific properties taken from product
data sheets. Table [3] shows a range of the applied parameters. In order to comply with
the maximum heating load computed above, a heat pump with a nominal heating power of
7,350 W is selected.

Activation of the heat pump is controlled with a hysteresis, which starts the heat pump at a
temperature of 5 °C below the tank design temperature and ends operation after reaching a
temperature 5 °C above the tank design temperature. Additionally, three daily off-periods in
the morning, midday and evening are defined in order to relieve the electrical grid in these
high-consumption periods. Compressor power of the heat pump is set to generate a 5 °C
rise in the condenser. The solar loop is activated when the fluid temperature in the collector
exceeds tank temperature by 10 °C until a maximum of 70 °C is reached in the tank. Heat

transfer to the building is realized with radiators, which are controlled with thermostats.

The simulation modules representing the people and building envelope domain from run 1.1
remain identical. Nevertheless, the exchange of the HVAC FMU increases the number of
possible connections to 1,476. Besides new input variables in the HVAC FMU like ambient

temperature and solar irradiation, this is due to each radiator providing a heating rate and
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Table 3. Applied performance data for heat pump and solar collector.

Heat Pump Nominal COP 4.5
Nominal Heating Rate 7,350 W
Solar Collector Maximum Efficiency Cq 0.8
First Order Coefficient Cq 3.5 m‘ng
Second Order Coefficient Co  0.015 %
Absorption Area 6.6 m?

requiring information about setpoint and actual indoor air temperature. 68 connections are
derived by the reasoner.

Figure shows an excerpt of the inferred connections focusing on the the heating rate
provided to the building. The heat flow output of each radiator from the HVAC FMU is
connected to the same input variable of the building FMU requiring an aggregation during the
variable exchange. This issue, arising from the many-to-one cardinality, is further discussed in
section Regarding the required setpoint and current air temperature for each radiator,
the situation is reversed. In a one-to-many connection, the setpoint as well as the indoor air
temperature are provided to each radiator within the HVAC FMU.

The resulting indoor air temperatures with the mentioned heating system for the same two
winter weeks as above are shown in Figure [4§] While the temperature setpoint can be reached
during the course of the day, the inertia of the system is too high to provide enough heat to
follow the increase of the setpoint at the beginning of the day. This results in a significant

gap between desired and actual temperature in the building during early working hours.

— Building Setpoint

g 24.0 — Building Temperature
£ 22,0

s

2.20.0

=)

(]

= 18.0

850 900 950 1000 1050 1100 1150

Time [h]

Figure 48. Air temperature and setpoint in simulation run 1.2 for two winter weeks in the
building.
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Figure 49. An excerpt of the simulation ontology in run 1.2 after executing the reasoner.

Connections between the heating rates provided by each radiator within the HVAC FMU and
the heating rate input to the building are shown. The in FMUont defined FMU class is framed

in blue. (yellow circles indicate classes; purple diamonds indicate individuals)
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4.1.2 Multi-Zone Simulation

To increase the simulation LOD, the building envelope is in the following modeled in a multi-
zone representation. The change is realized within SketchUp. The implemented plugin allows
for immediate regeneration of the building envelope FMU with now six thermal zones. Fig-
ures [50] to 52) show the resulting subdivision of the building envelope model. The Basement is
represented in a single, unheated zone. The first floor is subdivided into Entrance, Bathroom,
Offices and Lounge, while the second floor solely consists of the zone Meeting.

—

Bath-
room
£ £ £
o o o .
S S S Meeting
— — —
' 10.0m ' 10.0m ' 10.0m '

Figure 50.  Zoning of the Figure 51.  Zoning of the Figure 52. Zoning of the sec-
basement of the Twin House first floor of the Twin House ond floor of the Twin House
beginning  with  simulation beginning with  simulation beginning  with  simulation
run 1.3. run 1.3. run 1.3.

Run 1.3 - Ground Heat Pump and Solar Collector with Multi-Zone Model

For the following simulation, the HVAC module remains identical to simulation run 1.2.
The FMU representing the people domain is now applied to each occupied zone individu-
ally. Therefore, this FMU is instantiated multiple times. Each instance can be parameterized
individually and therefore consider e.g. the distribution of people among the zones or dif-
ferent setpoint temperatures. In this case, the addition of identification numbers within the
simulation ontology becomes crucial since each occupancy FMU instance features the same
Abox. The provided identification number during import into the simulation ontology allows
for unique differentiation between these instances. The excerpt of the resulting simulation
ontology shown Figure [54] illustrates this aspect.

In contrary to FMUs from other domains, the Abox of the building envelope FMU contains,
besides the variable descriptions, information about the thermal zones in the model. Figure[53]
illustrates the content of the Abox without expanding the variable descriptions. Correspond-
ing to the multi-zone formulation of the model, each zone is represented as an individual
within the FMU specific Abox description.

For detection of variable connections in a multi-zone simulation, it is necessary to include
project specific information in the form of a digital building model. In this case, a repre-

sentation in the SimModel format was realized. Its specification was specifically aimed at
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Figure 53. Thermal zone individuals in the Abox of the Multi-Zone FMU. In addition to
variable descriptions, the Abox of the building envelope FMU contains information about the
thermal zones in the model. The classes defined in FMUont are framed in blue. (yellow circles
indicate classes; purple diamonds indicate individuals)

accommodating information of buildings relevant for building energy simulation. As such,
the format supports the concept of thermal zones.

After import of each Abox into the simulation ontology, connections to the building data
model are realized. These connections are required for variables as well as the thermal zone
instances contained in the Abox of the building envelope module. Subsequently, the Dijkstra
algorithm for derivation of the associated thermal zone of a variable can be executed. Fig-
ure [64] shows the resulting data structure. Among the FMU instances, the building envelope
FMU features the property hasSpace, which relates the thermal zone instance Lounge to this
module. In order to associate this simulation specific individual to a space in the building, it
is connected via the hasAffiliationTo property to a zone within the SimModel representation.
In this case, the individual CommonRoom is the corresponding counterpart in the building
data model. Similarly, simulation variables are connected to their representing objects. As
an example, the association of a variable representing a heat flow rate from a radiator within
the HVAC module, namely QRoom/[1], is shown. This variable is connected to an instance of
a radiator object within the building data model called LoungeRadiatori. Through the inter-
nal taxonomy of SimModel this instance is ultimately connected to the spatial zone instance
CommonRoom. The Dijkstra algorithm is able to detect this path and return the correspond-
ing thermal zone within the simulation, in this case the thermal zone Lounge.

The process leads to the association of each variable with a thermal zone. This enables the
reasoner to integrate this property in the inference process and consider it according to the
rule formulated in Listing [f] Figure [55]shows the derived connections for the heat flow rates

originating from the radiators in the HVAC module. Opposed to the connections in the
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single-zone simulation shown in Figure multiple zones within the building envelope FMU
now receive heat flows. The correct allocation of heat flow rates to these zones is enabled
through the above described relation of variables to their corresponding objects in SimModel
and ultimately their corresponding thermal zone. In total, among 10,161 possible connections,
76 could be inferred for the contributing seven FMUs.

A Methodology for a Scalable Building Performance Simulation based on Modular Components Page 75



Case Studies

**[129AUOD I3jSue
11ABsuIMOJwis @ [T TJ01eIpeyabUno §

[+

T

|

A
|

DBAHRUOZ 1SITIU

swdinb3nsuis &

[yz-sbuno ¢ -

Y

1s

17 sdnoanjuaueqd T

|bd~abunot @ .

J9@ suoz[ewusy |
“auozenedswis ¢

I+

\

\!

\
\

1syp) — @

sdnoinjuated — 3

oluoneljiyauozsey @

ddedssey = I3

3|qeneAIndinQsey —— I

ojuonel|iyysey — @

[enplAlpul sey — I3

] M- —<———- -

<

sf | £o0[1]wooyd Q*LfAT.A

“eipeyjuelT|0D)

os~sjosdwingiesH 4

2]

[joidsavho|dwy ¢

€00 @

[+

(I ER.

)

;
/V/

200 @

[joidsashoidws @

3]

S00 @

[1joidsadkojdwl @

&3]

¥00 @
|ijoidsasioidwy @

2]

— |IJ0i1dsadhojdwi3 Q_ﬂ

900 °

10
07 3pIasNoOHUIM] §

&3]

Figure 54. An excerpt of the simulation ontology in run 1.8 after the association of variables

with objects from BIM and the execution of the Dijkstra algorithm. The instances and classes
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purple diamonds indicate individuals)
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Figure 55. An excerpt of the simulation ontology in run 1.8 after executing the reasoner.
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Connections between the heating rates provided by each radiator within the HVAC FMU and

the heating rate input to the building are shown. The connections reflect the zone association

of each radiator.
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Figure[56]depicts the resulting temperatures in three thermal zones compared to their setpoint
for the same two winter weeks as in Figure 48| for simulation run 1.2. The temperature in
the unheated basement remains at a moderate level below the temperature of the heated
zones. The temperature of the Lounge and Offices can be held close to the setpoint at all
times of the day. In comparison to run 1.2, the offset in the morning hours can be decreased
significantly. This is due to the consideration of the basement as an unheated space. While in
the single-zone model, the heating capacity of the HVAC system is distributed equally in the
entire building, the multi-zone model accounts for different heating rates in each zone. Hence,
the isolation of the basement from the overall heating rate leads to a higher available heating
power in the remaining zones. Figure [57] illustrates this effect based on the degree hours
below the temperature setpoint. In comparison to run 1.2, the situation could be improved

significantly in the Lounge and Office zones.

30.0 — Basement
g ’ — Lounge
— Offi

£ 25.0 ees
= —— Setpoint
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850 900 950 1000 1050 1100 1150
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Figure 56. Air temperatures and setpoint in simulation run 1.8 for two winter weeks in the
thermal zones Basement, Lounge and Offices.
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Figure 57. Comparison of simulation 1.2 and 1.3 regarding degree hours below the temperature
setpoint.
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Run 1.4 - Ground Heat Pump with Multi-Zone Model

In order to investigate the possibility of a heating system solely relying on a heat pump, the
HVAC FMU is in the following exchanged with a generic module incorporating the above
described system without the supporting solar collector. The parameter specifications remain
equal. The change results in 10,029 possible connections among which 74 are realized to

perform the co-simulation.

The simulation results in Figure [58| show the temperatures of the heated zones. The setpoint
can be approached with good agreement at equal quality as in simulation 1.3. Hence, the
heat pump can serve as a reliable system to heat the building.

While the temperature in the zones can still be maintained close to the setpoint, the removal
of the solar collector requires the heat pump to increase its operation time and therefore its
electricity consumption. Figure[b9|illustrates the compressor power of the heat pump during a
winter day with high solar radiation. It shows that especially during the day, the solar collector
reduces the number of heat pump operation cycles and therefore the electricity consumption
through the compressor. Figure 60| compares the consumed energy of the compressor over the
course of a year. In total, the consumption grows by 6% of the original compressor energy

used in run 1.3.

35.0
— Bathroom
g?a0.0 : SZ::;:C
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g ™4 ™ m B .
20.0 AwWAWiAwWAWA JUt

850 900 950 1000 1050 1100
Time [h]

Figure 58. Temperatures of heated zones for two winter weeks in simulation 1.4 compared to
the temperature setpoint.
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Figure 59. Comparison of simulation 1.8 and 1.4 regarding the consumed power of the heat
pump during a winter day with high solar radiation.
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Figure 60. Comparison of simulation 1.8 and 1.4 regarding the consumed electric energy over
the course of a year.

Run 1.5 - Calibrated Ground Heat Pump with Multi-Zone Model

At this stage, the models representing the HVAC domain are based on generic library models
which are parameterized corresponding to product data specifications. In the following, the
HVAC module will be exchanged for a product-specific simulation model calibrated to the
performance of a commercially available heat pump as well as a thermal storage unit. The
validation and calibration of the model is described in appendix [Bl The new FMU does not
show differences in the exchanged input and output variables, however, parameters, such as
listed in Table [3] can not be set any more, since the model is fixed to the characteristics
of a specific heat pump as well as thermal storage. Besides a higher quality regarding the

prediction of performance, this change also overcomes simplifications made regarding control.

As mentioned above, the generic model implies a 5 °C temperature rise in the condenser. The
calibrated model considers the internal control of the compressor and adapts its power to the
boundary conditions as implied by the control algorithm of the product. This effect is depicted
in Figure While in simulation run 1.4 a constant difference of 5 °C is realized between

condenser inlet and outlet, this difference is dynamically adapted in run 1.5 depending on the
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product-specific behavior implied by the manufacturer. Hence, the module change minimizes

assumptions about real-world behavior and therefore increases the quality of the simulation.

12.0 — Runl4
10.0 — Runll5
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6.0 IK. . ’\ S\
o
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Temperature Difference [C]
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Time [h]

Figure 61. Comparison of simulation 1.4 and 1.5 regarding the temperature difference in the
condenser of the heat pump.

Run 1.6 - Calibrated Ground Heat Pump with Multi-Zone Model at reduced

Tank Design Temperature

In the current simulation setting, the tank design temperature is aimed at meeting the nominal
temperature of the radiators. The following simulation investigates a modification of this
temperature in order to improve the performance of the heat pump by means of its time-
averaged COP. The COP of a heat pump is the ratio between generated heat and required

power, as formulated in the following:

Qn

el

COP = (4.1)
When agsuming a maximum efficiency of the heat pump, i.e. the Carnot efficiency, the equation

can be formulated as

Ty

COP = o

(4.2)
with Ty representing the temperature of the hot and 7T'¢ the cold reservoir. Hence, a reduction
of the temperature at the hot side of the thermodynamic cycle leads to an improvement of
the COP. The simulation therefore tests a reduction of the tank design temperature by 10 °C
to 45 °C. Besides changes of the heat pump performance, the capability of the radiators to
maintain enough heating to the building at these conditions is assessed. Opposed to the
previous simulation runs, this does not require an exchange of a simulation module. Instead,
a parameter within the HVAC FMU prescribing the tank design temperature is changed
accordingly.

Figure[62|shows the resulting indoor air temperatures in the heated zones for two winter weeks.
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Similarly to run 1.5, each room temperature follows the setpoint with acceptable accuracy
demonstrating that the radiators are still able to provide enough heating power to the building.
The effect of the decreased tank design temperature on the heat pump is depicted in Figure [63]
showing the COP of the heat pump over the course of a winter day. It demonstrates that
the COP can generally be increased through the reduced tank design temperature. Over the
course of the year, the time-averaged COP grows from 4.92 to 5.51. The efficiency gain results
in overall electricity savings of 15.2% compared to simulation run 1.5. Figure [64] shows the
corresponding use of electric energy in both simulations with run 1.6 being on a lower level

than run 1.5 with the elevated tank design temperature.
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Figure 62. Air temperatures of heated zones for two winter weeks in simulation 1.6 compared
to the temperature setpoint.
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Figure 63. Comparison of the COP of the heat pump in simulation run 1.5 and 1.6.
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Figure 64. Comparison of electric energy used in simulation run 1.5 and 1.6.

Run 1.7 - Calibrated Ground Heat Pump with Multi-Zone Model and
Occupancy Behavior

The next simulation step is aimed at integrating the behavior of people inside the building.
Therefore, the Office zone is subdivided into three individual spaces, each designed to become
a working space for a specific employee. Figures [65] to [67] show the resulting distribution
of zones for the multi-zone model. Since the structure of the model is changed through the

refinement of zones, the building envelope FMU needs to be regenerated via the SketchUp

plugin.
e e 1S
2 pd pd Meeting
— — —
| 100 m | | 10.0m | | 10.0m |

Figure 65.  Zoning of the Figure 66. Zoning of the Figure 67. Zoning of the sec-
basement of the Twin House first floor of the Twin House ond floor of the Twin House
beginning with  simulation beginning with  simulation beginning  with  simulation
run 1.7. run 1.7. run 1.7.

Each of the office zones, receives an individual occupancy profile that characterizes the cor-
responding employee. Furthermore, behavior models are integrated that represent the em-
ployees’ interactions with the building. Therefore, each occupant is associated with its own
behavior model. In this case, a model triggering window opening [44] and a model triggering
blind activation [I31] are included as separate modules. Either model is based on experimental
studies for occupant behavior in office buildings and calculates a probability for the corre-

sponding action depending on boundary conditions which were determined to highly correlate
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with this action. In the case of the window model, this independent variable is the indoor air
temperature of the zone, while for the blind activation, the current indoor illuminance is de-
cisive. The computation of these probabilities furthermore differentiates between occupancy
states, i.e. arrival, on-going presence and leaving. In order to allow for integration of these
stochastic models into the simulation, the resulting action must unambiguously be indicated.
This is achieved through comparing the computed probability with a random number between
zero and one. If the probability for an action exceeds this number, the action is reported to

the simulation with a signal variable of value one, as recommended in [67].

In this run, the simulation consists of 17 FMUs. Figure shows the resulting simulation
ontology after importing each Abox and connecting the variables to the populated SimModel.
Each of the behavioral models is initiated four times. In addition to the offices, also the
occupancy behavior in the Lounge is considered. Similar to simulation run 1.3, the necessity
of unique identification numbers becomes apparent. Despite the multiple instantiation of a
single FMU, differentiation of FMU and variable names must still be ensured.

The output variables of two of the blind models are expanded. Both variables are associ-
ated with an occupant in the digital representation of the building. The internal associations
in SimModel allow for deriving the path to spaces in this data model and ultimately their
corresponding thermal zones in the simulation model. It can be seen that either variable
is connected to a different zone, namely the offices of Miller and Johnson. The remaining
variables are treated correspondingly and ultimately the reasoner is able to detect the con-
nections between the simulation modules. For the 17 contributing FMUs 21,259 connections

are possible. 118 connections are detected by the reasoner.
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Figure 68. An excerpt of the simulation ontology in run 1.7 after connecting variables to

objects in a building data model. Two signal variables from the behavior FMUs are expanded.

Through the internal association in SimModel, they can be associated to thermal zones. The

(yellow

wmstances and classes from SimModel are framed in green, from FMUont in blue.

circles indicate classes; purple diamonds indicate individuals)
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The multiple instantiation of an FMU allows for applying the same module to different sit-
uations within a single simulation. This results in different boundary conditions for the
individual instances and therefore in different results. In the present case, this allows for
assessing the behavior of each occupant in the considered zones individually. Figure |69 shows
the resulting behavior regarding blind activation in the offices of Miller and Johnson for one
day. The high illuminance in the morning induces actions of both. The closed blinds imme-
diately result in a decreased illuminance in both rooms. While the north-facing window in
the office of Johnson provides a lower amount of daylight to the room, the illuminance in the
south-facing room of Miller is still, despite the closed blinds, highly influenced by the course
of the sun. During the day, decreasing illuminance levels lead to the opening of the blinds.
Due to the lower illuminance level in the north-facing office, this action is earlier executed by
Johnson than Miller.

1.0 —— Blind Johnson 1370.9
—08 —  Blind Miller 109675
_ — Illminance Miller =
gﬂ 0.6 [lluminance Johnson |822.5 §
2 i
= 04 548.4 E
@ 0.2 - AN 2742 2

0.0 -0.0

3410 3415 3420 3425 3430
Time [h]

Figure 69. Blind opening behavior in two offices in run 1.7 and the resulting effect on indoor
dlluminance.

The behavior regarding window opening is exemplified in Figure [70| for a single day. Opposed
to the situation above, the window states in the rooms differ at the beginning of the day.
While the windows in the office of Miller are open during the night, the windows in Johnson’s
office are closed. This results in reversed actions at the beginning of the day with Miller
closing the window and Johnson opening the window for a short period. During the day,
several repetitions of window opening periods occur. The higher temperature level in the
south-facing office of Miller leads to more and longer opening periods than in the office of
Johnson. At the end of the day, the high temperature level in Miller’s office causes its occupant
to leave the window open before departure. Opposed to this, the window is closed in the office

of Johnson.

While having secondary effects during the winter, the indroduced behavior models mainly
affect the indoor air temperature in the summer. As an example, Figure [71] shows the tem-
peratures in the two discussed offices compared to the Office zone in simulation run 1.6.
Either office, north- and south-facing, shows an improvement regarding high indoor air tem-
peratures. Hence, the peoples’ behavior regarding blind activation and window ventilation is

able to improve the thermal comfort during the summer.
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Figure 70. Window opening behavior in two offices in run 1.7 and their indoor air temperature.
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Figure 71. Comparison of indoor air temperatures in run 1.6 and 1.7 for a summer week.

4.1.3 Zonal Airflow Simulation

With each room being modeled as a thermal zone, the multi-zone model can not be increased
in its spatial resolution. In order to assess the thermal climate within the single rooms in
more detail, the enclosed air volume must be subdivided into several smaller volumes while
considering the airflow between these volumes. As elaborated in section[2.1.3] the zonal airflow
model is built upon this concept.

In the following section the indoor climate in the Lounge is assessed in more detail using such
a zonal airflow model. Figure depicts the location of the room within the building and
its particularity. Compared to the remaining rooms, its window area is considerably higher.
Especially the double-glazed window front facing south can lead to undesired effects. The
following simulations are intended to investigate these effects for a cold winter day. Especially
the positioning of radiators within these rooms is targeted. Since the zonal airflow model

considerably increases the computation time, the following simulations are executed for a

single winter week.
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Figure 72. View of the Twin House with the Lounge located in the bottom left corner.

Implementation of the zonal airflow model is realized in Modelica and follows the methodology
developed in [01]. The subsequently added Abox contains, similar to the Aboxes in the
building envelope FMUs, an instance of class Space. In this case, however, the instance is of
subclass Room instead of Thermal Zone. Figure shows an excerpt of the corresponding
Abox. In addition to the room represented in the zonal airflow model, also input and output
variables as well as the simulated system are shown. As a part of the building, the room model
requires the temperatures from neighboring zones as boundary conditions. Similarly, weather
data, such as ambient temperature and solar irradiation is necessary. Besides these thermal
influences, also occupancy behavior is considered in the room model via the corresponding
input signals for blind activation and window opening. This requires the resulting effect,
i.e. transmitted solar irradiation and exchanged airflow rate, to be modeled within the room
model. Further inputs are internal heat loads from people as well as heat flow rates from
radiators, which are distributed to their corresponding locations, as described in the following.
Output variables describe the air temperatures at these locations as well as the resulting

operative temperature in the vicinity of the window front.
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Figure 78. An excerpt of the Abox description in a zonal airflow model representing a single
room within a building shows the contained room instance. In addition, input and output vari-
ables of the model and the simulated system are depicted. Instances and classes from FMUont
are framed in blue. (yellow circles indicate classes; purple diamonds indicate individuals)

Run 1.8 - Calibrated Ground Heat Pump with Multi-Zone and Zonal Airflow
Model

In a first setup the radiators are placed as depicted in Figures[74 and [75] One is located at the
west-wall, next to a second one beneath the west-facing window. The remaining radiators are
placed at the rear sides of the room bordering to internal walls in order to keep the window

front free from visual obstacles.

After the integration of the zonal airflow module into the simulation, the Abox information of
each FMU is integrated into the simulation ontology. Subsequently, variables are associated
with their corresponding object in the digital building model. Through applying the set of
rules described in section [3.5] the reasoner detects the correct connections between the FMUs
to perform the simulation with the increased LOD. In total, the simulation consists of 18

FMUs with 24,832 possible connections among which 135 are realized.

A Methodology for a Scalable Building Performance Simulation based on Modular Components Page 89



Case Studies

T = F——
[Jﬂ’jBath- En- || John-

room |(trance|| son

10.0 m

10.0 m

Figure 74. View of radiators in the Lounge Figure 75. Layout of radiators in the Lounge

for the zonal airflow simulation in run 1.8. for the zonal airflow simulation in run 1.8.
The spatial boundaries of the Lounge are
marked in red.

Figure shows an excerpt of the resulting simulation ontology. The figure depicts the
included FMU instances with the building envelope, the zonal airflow and the HVAC module
being expanded. The variables illustrate the resulting relations between the thermal zones
of the building and the detailed room model. The room module receives five heating rates
corresponding to the number of radiators in the room. FEach heating rate is guided to the
location of the corresponding radiator within the model. As an example, @1 is illustrated
in the ontology scheme. In order to adjust the thermostats at each radiator individually,
the current air temperature at the radiator locations is provided to the HVAC module as
an output; in Figure exemplified with Tairl. Both variables are associated with the
same radiator object in the building data model. Since their in base properties identical
counterparts in the HVAC FMU are associated to the same object, connections between these
variables can be derived and a room instance, i.e. LoungeArea, can also be associated with
the corresponding partners. Hence, the variables from the HVAC module associated with
the object LoungeRadiatorl receive, in addition to their association to a thermal zone, the
information about the room the radiator is located in. Due to the parallel existence of a
multi-zone model for the entire building envelope and a model for a single room within this
building, the heat flow originating from a radiator within this room must be connected to both.
Therefore, the heat flow from the HVAC module QRoom/[1] is also connected to the receiver
in the multi-zone representation of the building, based on the comparison of identical thermal
zones, as previously described in section [£.1.2] In order to enable the thermostat control
of the indoor air temperature, the implementation prefers the provided temperature of the
module with greater LOD. Hence, instead of the temperature representing the entire thermal
zone computed in the multi-zone model, the above-mentioned air temperature provided by
the zonal airflow model Tair! is connected to T' zone[1] from the HVAC module.
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The associated instances from SimModel is framed in green, from

Connections and associations to a digital building model are shown for four variables from

Figure 76. An excerpt of the simulation ontology in run 1.8 after executing the reasoner.
three different FMUs.

FMUont in blue. (yellow circles indicate classes; purple diamonds indicate individuals)
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The resulting co-simulation is able to provide a detailed thermal computation of an excerpt
of the building envelope while considering the remaining domains, i.e. the HVAC system,
occupancy etc., in their entirety. Hence, a holistic view is still provided when focusing the
LOD of the simulation on single parts of the building. This allows for advanced assessment
of thermal comfort in enclosed spaces.

The resulting temperature distribution for the Lounge in the present simulation is shown in
Figure [77] The visualization depicts the situation on a winter day at 11.00 AM. It illustrates
how the low surface temperatures at the inner side of the window front influence the air
temperatures in the room. The cooled air close to the windows drops towards the floor and
moves into the room inducing a risk for low thermal comfort. While the radiators are able
to provide enough heat locally, they can not prevent this cold air stream from entering the
center of the room. Hence, due to the positioning of the radiators, occupants are confronted

with an air temperature difference of 1.1 °C.

Temperature [°C]

-20.9
£ 20.7
- 205
203
- 20.1
-19.9

Figure 77. Visualization of the zonal airflow results for the Lounge in run 1.8. The situation
for a cold winter day at 11.00 AM is depicted.

Run 1.9 - Calibrated Ground Heat Pump with Multi-Zone and modified Zonal
Airflow Model

In order to improve the heterogeneous temperature distribution in the situation above, the
following simulation run tests an alternative radiator placement. In this modified situation,
two radiators are located close to the window front with the intention to prevent a cold air
stream towards the center of the room. Figures [78| and [79] depict the resulting layout.

In order to realize the modification, the zonal airflow model requires an internal change leading
to a regeneration of the room FMU. Since no changes regarding the exchanged variables are

required, the simulation ontology is identical to run 1.8.
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Figure 78. View of radiators in the Lounge Figure 79. Layout of radiators in the Lounge

for the zonal airflow simulation in run 1.9. for the zonal airflow simulation in run 1.9.
The spatial boundaries of the Lounge are
marked in red.

Figure [80| presents the results of the zonal model with the modified radiator positions for the
same date and time as above. It illustrates that the cold airflow originating from the window
front can be attenuated through immediate heating of air in the vicinity of the window. De-
spite the removal of radiators, also the corner and rear parts of the room can be maintained
at a sufficient temperature level. The modified positions are therefore able to homogenize the
temperature in the room.

Figure [81] further quantifies the effect on thermal comfort by depicting the operative temper-
ature in the vicinity of the window over the course of this winter day. During the day, the
operative temperature in run 1.8 is about 1 °C lower than in run 1.9. The latter is able to
reach temperatures above 20 °C during this time. While also during the beginning of the day
the chosen positions in run 1.9 show better performance, the situation can still be improved

in order to reach 20 °C before 11.00 AM, e.g. by an earlier activation of the heating system.

Temperature [°C]
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Figure 80. Visualization of the zonal airflow results for the Lounge in run 1.9. The situation
for a cold winter day at 11.00 AM 1is depicted.
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Figure 81. Comparison of operative temperatures in the vicinity of the window front in the
Lounge in run 1.8 and run 1.9.

4.2 Example 2 - The FZK-House

The following section presents a second case study applying the developed methodology for
a modular building performance simulation. Rather than demonstrating the functionality
to increase the LOD during the course of the design process, as shown in section [£.1], this
study aims at proofing the compatibility of the process with a digital building data model
available as a populated IFC scheme. Opposed to SimModel, the definition of spaces in IFC
is independent from the principle of thermal zones as applied in BPS.

The study is based on the IFC representation of the FZK-House from [60]. Figure [82|shows a
view from south-west in the IFC visualization tool FZKViewer, available in [61]. Additionally,
Figures and depict the floor layouts of the two-story building with the defined IFC
spaces. The first floor consists of several separated rooms. The three spaces Hallway, Living
Room and Kitchen are connected air volumes without internal walls. In the second floor only
a single space, namely Gallery, exists. The air volume of this space is connected to the three
mentioned spaces via the Living Room.

In order to integrate this IFC model in the developed methodology for a modular simulation,
it is required to translate the building data model to OWL. In [99], Pauwels and Terkaj
present a method to realize this step. Based on the in [I02] available implementation of the
method, the IFC representation of the FZK-House is converted and in the following applied

to complement the knowledge base of the modular simulation.
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Figure 82. The FZK-House visualized with the FZK viewer. The building consists of two
floors. The second floor is connected via an open air space to the living area in the first floor.

Living Room

10.0 m
10.0 m

12.0m 12.0m

Figure 83. First floor of the FZK-House. IFC  Figure 84. Second floor of the FZK-House.
spaces are marked in the floor plan. IFC spaces are marked in the floor plan.

Run 2.1 - Calibrated Ground Heat Pump with Multi-Zone Model

In a first simulation run, a multi-zone model of the FZK-House is generated. The distribution
of zones is realized according to Figures[85 and [86] The first floor is subdivided into the Office
Zone, Bath, Sleeping and the Common Rooms. While the former zones present single rooms
that correspond to the definition of IFC spaces as shown in Figure[83] the latter comprises the
three connected IFC spaces Hallway, Kitchen and Living Room in the first floor. Additionally,
the Gallery in the second floor is included in order to combine the four connected IFC spaces
in a single thermal zone.

To represent the HVAC domain and supply the building with heat, the FMU discussed in
section [4.1] incorporating a calibrated heat pump and tank model with radiators is re-used.
Occupancy is modeled using four FMUs representing different deterministic schedules from
the residential sector where each is applied to a specific thermal zone. In total, six modules

are used to form the simulation. The weather data for the fantasy building is chosen according
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to the climate in Munich, Germany.
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Figure 85. Zoning of the first floor of the Figure 86. Zoning of the second floor of the
FZK-House in stmulation run 2.1. FZK-House in stmulation run 2.1.

Figure shows an excerpt of the simulation ontology after aggregating each Abox and
connecting the thermal zones in the multi-zone model as well as all exchange variables to
the IFC data model. It illustrates the spatial associations of two heating rates originating
from radiators in the HVAC FMU. Each heating rate is connected to an individual IFC Space
Heater instance, which is associated with an IF'C' Space through the internal data structure.
In this case, the radiators are located in the Kitchen and the Gallery. Since both spaces are
associated with the same thermal zone instance from the multi-zone simulation model, the
associated zone, the Common Rooms, is identical for both variables.

With the IFC information added to the simulation ontology, the reasoner is able to infer
the connections between the FMUs by comparing their base properties, domain context and

project specific associations. Among the 6,247 possible connections, 66 are realized.

The simulation results shown in Figure for the air temperatures in the Common Area
compared to the setpoint proof the ability of the current design to provide sufficient heating
energy to this zone. In the two depicted winter weeks, the HVAC system is able to follow the

setpoint with low differences.

26.0

— Common Rooms Setpoint
— Common Rooms Temperature
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Figure 87. Air temperature in the Common Area for two winter weeks in simulation run 2.1
along with the setpoint.
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Figure 88. An excerpt of the simulation ontology in simulation run 2.1 after integration of the

IFC model. Two heat flow rates from radiators in the HVAC module are expanded and their

space association illustrated. Classes and instances from the IFC model are framed in green,

from FMUont in blue. (yellow circles indicate classes; purple diamonds indicate individuals)
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Run 2.2 - Calibrated Ground Heat Pump with modified Multi-Zone Model

A second simulation of the FZK-House is intended to quantify the energy savings due to a
different usage of the Gallery. The design option projects the second floor to be entirely used
as a non-occupied attic with reduced air temperature. In order to consider this in the building
envelope module, the definition of thermal zones in the multi-zone model needs to be changed.
Figures B9 and [90] show the resulting thermal zones in the floor plans. The Common Area
now consists of the Kitchen, the Hallway and the Living Room. Opposed to above, the second

floor is now incorporated in its own thermal zone, the Attic, and associated accordingly.

10.0 m
100m

12.0m 12.0m

Figure 89. Zoning of the first floor of the Figure 90. Zoning of the second floor of the
FZK-House in simulation run 2.2. FZK-House in stmulation run 2.2.

The introduction of this change into the simulation ontology leads to the adaptation shown in
Figure Two variables are expanded, identical to Figure The association to radiators
remains equal. Through these, the spaces, namely the Kitchen and the Gallery, where the
radiators are located in, can be identified as above. Since the zone affiliation of the Kitchen did
not change, QQRoom/[2] is still associated with the Common Rooms. In the case of QRoom/[18].
the zone association changes since the Gallery is now part of the thermal zone Attic. Hence,

different connections are derived. Among the 8,402 the reasoner infers 68.
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space association illustrated. Classes and instances from the IFC model are framed in green,

Figure 91. An excerpt of the simulation ontology in simulation run 2.2 after integration of the
IFC model. Two heat flow rates from radiators in the HVAC module are expanded and their
from FMUont in blue. (yellow circles indicate classes; purple diamonds indicate individuals)
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Figure [02) illustrates the resulting temperatures in the Common Area and the Attic after the
exclusion of the Gallery from the occupied zones. It shows the decreased temperature level in
the Attic and the heating response to a time-varying setpoint in the Common Rooms. The
exclusion of the Gallery and the corresponding radiators from this zone does not affect the
ability to generate the desired air temperatures. Due to the decreased temperature in the
Gallery compared to simulation run 2.1, the required heating energy is now lower, as shown

in Figure Over the course of a year, savings in heating energy of 6.7% are quantified in
the simulation.
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Figure 92. Air temperatures in the Common Area and the Attic for two winter weeks in
simulation run 2.2 along with the setpoints.
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Figure 93. Comparison of required heating energy in simulation run 2.1 and 2.2.
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Chapter 5

Critical Evaluation of the Methodology

The following chapter provides a critical evaluation of the developed methodology for a scal-
able BPS based on modular components. The discussion is divided into an assessment of
the theoretical concept and its application in practice. The former is primarily concerned
with technical implications of the methodology as well as its potential to contribute to the
development of next generation BPS techniques. The latter treats its implementation and the

resulting benefits for the daily design process as well as current restrictions.
5.1 Theoretical Aspects

The theoretical concept of the approach is aimed at mediating the development of future
simulation processes. Hence, the methodology is firstly evaluated regarding the criteria for
next generation BPS tools and procedures identified in the literature, as elaborated in sec-
tion [2.2.1] This serves to estimate the potential of the presented solution to overcome the
current shortcomings in BPS. Subsequently, the agreement with the characteristics of a mod-
ular simulation is examined and restrictions implied through the deployed technologies and

developed concept are discussed.
5.1.1 The Wish-List Criteria

Crucial criteria for a fruitful application of BPS in the design process have been determined
to be scalability, multidisciplinarity, openness, as well as an integrated and dynamic char-
acter of the simulation. In this sense, scalability refers to the continuous application of a
simulation along the design process while taking into account the increasing quantity and
quality of information as well as the varying relevance of different KPIs. Multidisciplinar-
ity describes the possibility for several stakeholders to contribute to the simulation. This
especially triggers benefits through immediate performance feedback for anticipated design
options from individual planners. An open character of the simulation is crucial to this and
presents the pre-condition for a broad application and further development in the research
community. Furthermore, the advanced requirements and technologies in the building sector
have increased the need for an integrated view. Models must encompass several domains and

consider their interactions. Similarly, dynamic models have grown in importance in order to
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consider fluctuating boundary conditions and system behavior at a high temporal resolution.

In the following, the developed methodology is evaluated based on these criteria.

Scalability

In order to support designers in the sense of a continuous assistant, the simulation methodol-
ogy incorporates three models representing the building envelope’s response to its surrounding
domains. Namely, these models comprise a single-zone, a multi-zone and a zonal airflow rep-
resentation of the building or parts of it. The chosen models provide the capability to simulate
with an increasing LOD due to a growing amount of information along the design process.
The model selection also allows for assessing different KPIs, i.e. energy usage and indoor
thermal comfort, that may become relevant during different stages of the design phase.

The focus of the methodology is set on the integration of different LODs for the response
model, i.e. the building envelope representation, of the simulation. This is due to the resulting
implications of the different physical modeling approaches on the information requirements,
as discussed in chapter Hence, a scalability regarding spatial resolution was prioritized.
The determined information levels comply with the growing information pool during a design
process starting without the need for a digital building model until a room- and object-
based integration of information into the simulation. A detailed assessment of information
availability and requirement during individual design phases can lead to a further, improved
adaptation of the simulation to the design process. Regarding other domains, provided that
models comply with the defined domain boundaries, also different levels of complexity can
be integrated. This ranges from steady-state to dynamic models and also involves empirical
correlations. Similarly, also within building envelope models an increase of internal accuracy
can be integrated, such as the extension from a single-layer to a multi-layer representation
of a wall. The implementation of such functionality is, however, left to the modeler and the
authoring tool. Since no implications for the connections to other simulation modules result,
an adaptation to improved information availability on this level can be realized without adap-
tations of the procedure. Nevertheless, the continuous update to such an information growth

must still be realized in order to provide the desired self-evolving simulation model.

Multidisciplinarity

Enabling multiple users to operate, execute and modify a simulation model is best realized
through the co-operation of several process models. Section refers to this advantage
following the remarks from Clarke and Hensen [I7]. Through its modular nature the method-
ology follows this concept and allows for several users to provide and manipulate own modules
that can be tested in conjunction with the remaining system. The standardized communi-
cation through the usage of FMI furthermore ensures the ability to combine models from
heterogeneous sources. This enables users to generate models in their preferred tool environ-

ment. Besides planners, the aspect of multidisciplinarity also comprises other stakeholders,
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such as manufacturers, building owners etc. The FMI presents a suitable technology for real-
izing the integration of models from such sources. In addition to the possibility for a common
communication protocol, the encapsulation of source code and the resulting preservation of
know-how is an important characteristic on the path to enhanced model sharing. The latter
especially increases the possibilities of manufacturers to provide access to product specific sim-
ulation models that can be deployed within the developed simulation methodology, as applied
in simulation run 1.5. This can ultimately lead to a quality improvement of simulation results
since product specific models, eventually calibrated with measured data, can be included in
the simulation. Within the developed method, the seamless introduction of these modules can
be realized through enrichment of the FMUs with semantic information corresponding to the
overarching data model. The usage of OWL to formulate this information model allows for
referencing locally distributed modules within this framework and provides the appropriate
characteristics to realize the integration of models from multiple sources. Hence, the deployed
technologies present a sound basis for providing access to a variety of stakeholders to the
simulation. In this sense, also their properties regarding openness of the simulation become

significant, as discussed in the following.

Openness

As an established standard for model exchange and co-simulation, the FMI ensures the open-
ness of the methodology for all parties. The implementation of the interface in tools allows
to lift simulation models on a common, universal communication level that is the basis for
bridging the issues arising from a heterogeneous group of model developers and tools. The
open standard guarantees the possibility for every stakeholder to become involved with own
models. Furthermore, the cross-linking of the distributed modules through OWL allows for
several opportunities to extend and customize functionality. One public, central data model,
such as the presented ontology, is required to ensure a common understanding by setting single
modules into the same context. Such a data model can be the center of a common development
of modular simulation techniques. Its accessibility through the www and the formulation in
the standardized OWL provide the open platform for multiple distributed teams to work on
enhancements regarding its capabilities. This can lead to additions by means of new module
categories or functionality. Furthermore, this data model can be associated and expanded
with several existing or new data models. This can yield in individual solutions customized
for specific issues, such as building automation. Other fields of application can therefore be

connected and granted access to functionality provided by simulations and vice versa.

Integrated Simulation

The integration of several domains within the simulation is achieved trough the modules
representing these domains. Hence, the interactions between different planning domains can

be quantified and considered in the simulation. At this stage, modules originating from the

A Methodology for a Scalable Building Performance Simulation based on Modular Components Page 103



Critical Evaluation of the Methodology

domains determined in section can be integrated. An integration of modules from other
fields, such as power consumption, requires an extension of the semantic type description
corresponding to the relevant domain.

The holistic aspect is maintained throughout the different LODs of the simulation. When
setting the focus on the indoor climate in single parts of the building, also the behavior of the
remaining, interacting parts of the building are integrated. This also allows for considering
other domains, such as HVAC, in their entirety. As an example, while assessing a single
room of the building in more detail, simulation runs 1.8 and 1.9 account for the load of the
entire building and therefore the holistic reaction of the HVAC system. This feature allows
for combining the indoor climate assessment of a single room with the dynamics of the HVAC

system being considered for the entire building.

Dynamic Models

The formulation of a model depends on the modeler and the modeling tool respectively.
Through the usage of FMUs, the foundation for integrating dynamic models in the developed
methodology is provided. However, also other model types, e.g. of statistical or empirical
nature, can be applied. Simulation run 1.7 illustrates this with the integration of stochastic
models in order to represent the occupants’ behavior in different zones. The reduction to
input and output variables enables the combination of different model types. The resulting
flexibility exceeds the functionality of most simulation tools and also allows for integration of
individual models, such as derived from measured data or inquiries. Ultimately, the model

type depends on the users’ preferences and intentions.
5.1.2 Modularity

In order to provide a common understanding of modular simulation techniques, Mazzarella
and Pasini [74] defined four layers of modularity, as discussed in section and briefly
described in the following.

Functional layout modularity targets the application of modules as re-usable and combinable
entities from a user’s perspective. Mathematical models modularity assumes the persisting
integrity of a resulting simulation, after module changes or additions. The possibility for
communication among modules and their numerical solution is considered in the standard-
ized mathematical models modularity, while modularity on code level poses the fourth level.
The following paragraph evaluates the developed methodology based on these definitions and

determines the considered layers of modularity within the approach.

Functional Layout Modularity

The functional layout modularity describes the topmost level of modularity, which is directly

interacting with a user. In the developed methodology, this interaction is realized through
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the selection of library or self-generated FMUs. The FMUs behave like modules that can be
exchanged and re-used. An exception in this regard are modules from the building envelope
domain. Due to the generally unique character of buildings they have to be re-generated for
each project individually. Even within a project multiple re-generations can occur due to the
restrictions of FMUs to be editable only through parameters. In order to facilitate this effort,
the in chapter 4] mentioned SketchUp plugin was implemented to generate building envelope
FMUs directly from a CAD model. This reduces the barrier to quickly evaluate architectural
design changes and compare design options. Models from the remaining domains feature com-
monly usable patterns that can be applied beyond single projects and are therefore suitable
to be maintained in libraries. These patterns can be found in data-sets of identical structure,
such as weather data, but also in models describing people’s behavior and occupancy. Sim-
ilarly, models incorporating the physics of devices from batch production, such as found in
HVAC systems, can be re-used across several projects.

In addition to the separation of the simulation into single modules, operable by a user, the
agglomeration process is automated in the developed methodology. This limits the effort for a
user to module selection and avoids time-intensive manual updates of the simulation topology.
As such, the developed procedure can be seen as a self-adapting modular simulation offer-
ing the desired functional layout modularity with restrictions regarding the building envelope

domain.

Mathematical Models Modularity

In the developed process, the simulation functionality is inherited within the single FMUs.
Interaction with other modules is limited to the input and output variables of each FMU
following the paradigm of mathematical modularity. The methodology allows for genera-
tion and modification of modules individually without affecting the resulting co-simulation.
This is primarily realized through avoiding the necessity to having knowledge about other
modules during editing or exchanging modules (section discusses this aspect in more
detail). This also allows to change the mathematical description of a model. As mentioned
earlier, various model strategies may therefore be included, such as stationary or dynamic
formulations, empirical or statistical logics or also the consideration of different physical phe-
nomena within a model may differ, as long as the input and output variables can be related
to domain boundaries and follow the developed description pattern. In terms of the building
envelope, mathematical modularity is also maintained across three LODs, each characterized
through a different physical view of the building. This functionality requires a different level
and handling of meta-information, however, if provided with the corresponding data, the in-
tegrity of the simulation topology can be maintained across the considered LODs. Hence, the

mathematical models modularity is provided through the methodology.
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Standardized Mathematical Models Modularity

Through the usage of the FMI specification, standardized communication between modules
is ensured over the entirety of the methodology. In contrary to modularity concepts limited
to a single tool, the developed method separates the numerical solution of modules and the
solution of the overall simulation system corresponding to the principles of co-simulation.
The solving algorithm for single modules is inherited within the FMUs. Following the FMI
specifications, the source tools generate an executable algorithm during the translation of a
model to an FMU. The nature of this algorithm corresponds to the tool-specific functionality.
Hence, contributing modules do always contain an executable numerical solution as individual
entities.

In order to achieve a solution of the entire simulation consisting of several modules, the
methodology relies on the in section discussed algorithms for co-simulation. Within the
implementation a loose-coupling algorithm was realized. Executed at small time steps, this
algorithm ensures the numerical correctness of the simulation, which is still preserved when
exchanging, adding or removing modules. Similarly, the remaining coupling algorithms, as
often applied in the mentioned platform solutions, can be applied to maintain the numerical
integrity of the simulation.

Hence, the aspects of standardized mathematical modules modularity concerning communi-
cation among modules and numerical solution of modules as individuals as well as part of an

overall system, are fulfilled.

Code’s Modularity

Since the source code of models is generally not accessible within FMUSs, this level of modular-
ity can not be integrated in the developed approach. The functionality to re-use and benefit
from base classes and incorporated functionality for facilitated modeling is left to the source
tool of an FMU and therefore features a clear separation from the developed methodology.
The ease of implementing a model lies within the responsibility of a tool. An object-oriented
paradigm can be one path to realize this goal. However, also other approaches my be suitable
depending on the targeted issue. The modular simulation approach generated in this thesis

merely allows to combine the various strategies via the FMI standard.

Goals for Modular Simulation

In concluding the discussed levels of modular simulation and their complete or partial ful-
fillment in the developed methodology, the achievement of goals for a modular simulation,
namely system decomposition, model re-use, extendibility and system composition modifica-
tion, is assessed in the following. The decomposition of a BPS is successfully realized using an
inter-domain approach. This step is the basis for the developed methodology. It guarantees

the compatibility of modules and allows for a separation of module responsibilities corre-
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sponding to a clear thematic pattern. Following the aspects of functional layout modularity,
modules can be re-used within a design process and beyond single projects. Regarding this,
an important characteristic of the methodology is the definition of information layers for the
description of FMUs and the exclusion of project specific information in the general Abox
description. This allows for re-using the FMU-specific Abox beyond projects. An exception
concerning model re-use poses the building envelope domain as discussed above. Extendibility
of the simulation is provided throughout the entire process. Besides the possibility to consider
models in different LODs, this aspect contributes to the scalability of the methodology, since
more phenomena can be considered in the simulation through the addition of new modules.
Simulation run 1.7 exemplifies this through the integration of occupant behavior models. A
modification of the system composition through the exchange of modules is enabled through
the defined model boundaries and the automatic derivation of the simulation topology. An
example is the change from simulation run 1.3 to 1.4. The HVAC FMU, originally incorporat-
ing a solar collector as secondary heat source, is exchanged with an HVAC FMU solely relying
on a heat pump. Since model boundaries remain equal and the altered variable connections
are updated automatically, the exchange can be realized instantly. Hence, the integrity of
the simulation after modification of the system composition is ensured. This aspect is a pre-
condition for the application of optimization algorithms to the modular simulation in order

to find an optimum system composition.

5.1.3 Functional Implications of the Methodology

The following section discusses the implications of the FMI standard and the usage of BIM on
the functionality of the developed simulation methodology. Especially the relation between
information and simulation functionality regarding scalability of either during the course of a

project is illuminated.

Cardinality of Connections

The methodology was developed to meet the above-mentioned criteria. As such, the possibility
to exchange modules and recombine them through the usage of library models is crucial to
the concept of modularity. The chosen information layers withstand this principle. However,
a further pre-requesite to accomplish this goal is the independence of other modules when
generating a module. Naturally, the compatibility of modules regarding model scope needs
to be considered. With regards to this, the chosen inter-domain decomposition leads to
clear boundaries between modules and provides the basis for compatibility regarding the
covered matter of the modules. However, the transmission of content by means of exchange
variables must also be compatible. The following discussion therefore targets the influences

of cardinality within the modular simulation.

In co-simulation setups, the FMI standard implies a one-to-one or one-to-many relation of

input and output variables. While for many applications this may be the basis for clear
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patterns in the topology derivation, for the field of BPS, the possibility of a many-to-one
relation can provide significant advantages. In the following, this aspect is discussed based
on the example illustrated in Figures [04] to

The case considers the connection of an HVAC FMU with a multi-zone building envelope
FMU. The building is sub-divided into several thermal zones. Due to the neglect of local
positioning of heating units, each zone features a single input for an accumulated heating
rate. The HVAC system features a number of heating units providing these heating rates.
The implied ono-to-one cardinality for variable connections leads to the requirement of an
identical number of heat flows and thermal zones, assuming that all thermal zones are heated.
Hence, when choosing or modeling an HVAC FMU, the author must already have knowledge
about the number of zones in the building model and aggregate heat flows from heating units
in the same thermal zone. This leads to the same number of inputs and outputs and allows
for direct connections as depicted in Figure However, the adaptation of the HVAC FMU
to the project specifics degrades the possibility to re-use the HVAC FMU and as such, is not
aligned with the principles of modularity.

Another possibility to solve this issue is presented in Figure[95] In this case, the HVAC FMU
provides heat rate outputs for each individual heating unit. Hence, the re-usability of this
module is generally possible and feasible across various projects. The building envelope FMU
provides an identical number of corresponding inputs. This requires multiple heat flow rate
input variables in each thermal zone according to the number of heating units in this thermal
zone. Hence, when modeling the building envelope FMU, knowledge about the HVAC system
must already be present. Due to the fact that a building envelope is generally a unique model
and can not be re-used, the above disadvantage is negligible. Nevertheless, the principles of
modularity are not respected, since a possible exchange of the HVAC FMU might now require
adaptations in the building envelope FMU.

Opposed to the one-to-one relations applied in the two mentioned solutions, a third option lies
in the application of a many-to-one connection of variables. Figure [06]illustrates this strategy
for the present example. A building envelope FMU features one heat flow input per thermal
zone. The HVAC FMU features heat flow rate outputs for each heating unit. The association
to the corresponding objects in a BIM allows for connecting these to thermal zones. In the
case of multiple heating units in a thermal zone, a many-to-one connection is set up. This
solution avoids the disadvantages mentioned above. The generation or choosing of simulation
modules can be realized without knowledge about other modules. Exchange of modules does
not affect the integrity of the simulation topology, since connections are merely updated and

a modification of other modules is avoided.

The example suggests that besides the modeled content, also the chosen exchange variables
need to be set according to the domain-specific knowledge. A many-to-one cardinality can
then still lead to a flexible module exchange and re-usage. In the HVAC domain, a modeler is
aware of the number of heating units that are applied and can choose the number of outputs
accordingly. In the building envelope domain, a modeler has no knowledge about the specifics

of the HVAC model. However, since no differentiation is made for spatial distribution of
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heating units in a zone, it is always feasible to generically define a single input for a heating
rate per thermal zone. The association of heating units in the HVAC domain with objects
in a digital building representation allows for determining their corresponding zomnes, which
ultimately leads to aggregated heat flows.

Within the implementation of this thesis, the many-to-one cardinality was ensured during the
exchange of variable values. The master-algorithm orchestrating the co-simulation aggregates
the values of output variables for input variables with multiple connections (see line 41/42 in
Listing. This presents a solution, however, it is arguable if the responsibility to realize the
aggregation of variable values lies within the master-algorithm. Alternatively, such function-
ality can be inherited in the simulation modules, requiring an extension of the FMI standard
in order to enable a many-to-one connection.

An example for realization of many-to-one relationships can be found in the Modelica lan-
guage. The modeling language allows for the definition of different physical connectors, such
as fluid or heat flow connectors. The connector models contain the relevant physical equations
in order to combine an arbitrary number of inputs in one connector and forward the resulting
information to a further component according to the governing physics for aggregation of the
flow. Opposed to the transmission of single values, these connectors require the transmission
of a defined set of variables in order to unambiguously define the physical state of the flows at
the connector. The concept ensures the flexibility increase or decrease the number of inputs

and therefore enables the discussed many-to-one cardinality.

Building P
Envelope ‘ b HVAC

Figure 94. Application of the one-to-one cardinality for the example of a building envelope
and an HVAC FMU. The chosen relations imply knowledge about the characteristics of the
building envelope model when choosing or modeling the HVAC FMU.
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Figure 95. Application of the one-to-one cardinality for the example of a building envelope
and an HVAC FMU. The chosen relations imply knowledge about the characteristics of the
HVAC model when modeling the building envelope FMU.
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Figure 96. Solution of the cardinality issue through introduction of a many-to-one relation
for variable connections. The aggregation of variables is transferred from within the model
formulation to the definition of variable connections.

The aggregation of multiple variables to a single value is not possible for every variable type.
In the implementation, this issue is solved through allowing only variables of certain physical
quantities, such as heat flow rates, to be aggregated. Regarding other exchange variables, often
of non-physical nature, this leads to restrictions in the simulation functionality, as discussed

in the following.

Influence of Information on Simulation Functionality

The many-to-one relation between variables increases the flexibility of a modular simulation,
however, several quantities are not of cumulative nature, among others temperatures, signals
or relative humidity. For such variables functional restrictions within the developed modular
simulation exist.

As an example, the opening of a window through the action of an occupant is considered.
In a single-zone representation of a building envelope, the provided information to derive the
simulation topology does not allow for differentiation between more than one input variable
responsible to trigger a window opening. Differentiation would require spatial information,
i.e. the relation of these variables to specific building objects, in this case windows. However,
this would also require the introduction of a digital building data model at the stage of a
single-zone simulation and therefore lead to increased information requirements at the begin-
ning of a project. In order to avoid this and comply with the course of available information
at different project stages, a single-zone model is limited to one input for a window opening
signal. Hence, only one signal for controlling the opening of windows can be provided in
the simulation. Opposed to this, cumulative variables are aggregated and can therefore be
considered regardless the number of variables.

Accordingly, a multi-zone model, leads to the possibility of opening windows in multiple zones
of the building. However, within a thermal zone, again only one opening trigger can bhe con-
sidered in the simulation, whereas multiple heat flows from heating units can be aggregated
to form the heating rate in this zone. In this case, the association to a digital building data
model must already be realized to derive the simulation topology. Signals for each window
could therefore also be associated with the corresponding BIM objects. Hence, the differenti-

ation of window opening within a thermal zone would simply require the reasoning for direct
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associations to objects in a digital building representation similar to the reasoning process for
zonal airflow models. Signals can then be differentiated for single individuals in the room just
as several heat flow rates from heating units can be considered individually.

These aspects illustrate the idea of the chosen levels of information and their reasoning ap-
proach to present the required information minimum in order to compose a simulation of the
desired LOD. Enriched information and enhanced reasoning can lead to more functionality
for the individual simulation LOD, especially regarding variables of non-cumulative nature.
Variables that can be aggregated can feature this functionality when applying the discussed

many-to-one relation.

5.1.4 Simulation Decomposition

The decomposition of the simulation was realized with an inter-domain strategy in order to
provide clear boundaries for the scope of the individual modules. As an alternative, the intra-
domain approach features the advantage of higher accuracy, as discussed in section [2.3.2]
However, the unregulated module boundaries pose a threat to its feasibility when used in
widely applicable methodologies, such as developed within this work. Instead, single use
cases or implementations with a limited number of fixed tool interfaces are suitable scenarios
for the intra-domain decomposition. The inter-domain decomposition furthermore respects
the responsibilities of planners and allows for each engineer and architect to contribute with
domain-specific expertise.

Besides the mentioned benefits for the overall approach, the inter-domain decomposition fea-
tures two additional aspects that need to be considered. Many recent innovations in building
technology are aimed at exploiting synergy effects from several domains. Among others, these
encompass thermally activated slabs or floor heating. A clear assertion of these highly inte-
grated components to a single domain can not be realized since functionality of either domain is
incorporated within the component. As an example, a floor heating system is considered. The
separation of module functionality can be realized as described in the following. The HVAC
domain computes the thermal heating rate provided by the system to a room. Therefore, the
heat conduction from the heating fluid through the floor layers is modeled within the HVAC
module while considering the thermal capacity of the floor. The building envelope module
receives the heating rate and computes the thermal response of the building. In this module
the floor is modeled without the liquid-filled pipes of the floor heating system. Regarding
the expertise of planners, this configuration features a reasonable differentiation of responsi-
bilities between e.g. an architect and an HVAC engineer. However, drawbacks regarding the
correctness of floor surface temperatures in the building model and the resulting long-wave
radiation heat transfer in the building envelope model occur. While the surface temperature
of the floor heating system may still be retrieved from the HVAC module, the consideration
of correct short-wave radiation within the room is not possible. As an alternative, different
module boundaries may be chosen. For example the exchange of surface temperatures instead

of heat flow rates may be preferred. This, however, requires functionality that is currently not
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provided in every tool, as discussed in the following chapter. A further option is the modeling
of the floor heating system within the building envelope module based on the thermodynamic
state of the heating fluid at the inlet to the heating system. Similarly to the first option, tool
functionality regarding model boundaries not always allows for such a solution. Furthermore,
one might argue that the design responsibilities in this case are not assigned appropriately
since the heat exchanging system is part of the building envelope instead of the HVAC do-
main.

Another implication resulting from the inter-domain approach is the limited functionality
to test modules at smaller granularity. The chosen decomposition only allows for exchanging
modules with their scope corresponding to the domain boundaries. Regarding, e.g. the HVAC
domain, this leads to the necessity of exchanging entire systems instead of single HVAC com-
ponents. In order to enable manufacturers of single HVAC parts to provide FMUs for the
simulation, a smaller module granularization must be realized resulting in an intra-domain

decomposition. Hence, a definition of module boundaries within domains must be established.
5.2 Application Aspects

Analogue to the evaluation of the theoretical concept, the procedure is in the following dis-
cussed regarding its application in practice. The chapter therefore begins with an assessment
of involved technologies and their current shortcomings to fully exploit the possibilities of the
developed methodology. A closing evaluation of the simulation time based on the studies from

chapter {] serves to identify further requirements in future developments.
5.2.1 Current Limitations

As discussed in section [2.3.1] simulation tools have been originating from particular needs
and motivation. Hence, the design and structure of tools was often adapted to specific issues
while building on the current best practice solutions for tool development. Tools, such as
EnergyPlus, incorporate a fixed DAE that is built upon pre-defined variables which feature
a pre-determined location within the DAE. The current implementation of the FMI in En-
ergyPlus limits exchange variables to certain variable types within the DAE. This prevents
the input of e.g. surface temperatures into an EnergyPlus model during the co-simulation, as
mentioned above. Other tools, such as TRNSYS or Modelica provide more flexibility when
defining exchange variables for FMUs. This is due to the generation of the solution algorithm
after model formulation and the therefore possible adaptation to the defined exchange vari-
ables.

Further issues are seen in the limited support of the FMI standard in BPS tools. Currently
(September 2017) 103 tools offer an FMU export or import [81] functionality. However, the
adaptation rate in the building sector, especially of the newer FMI 2.0 standard, is low. Disad-
vantages of the FMI 1.0 range from missing information for an increase of co-simulation-solver

efficiency to the dependency on a local installation of the FMU exporting software. As an
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example, TRNSYS and EnergyPlus feature an implementation of the FMI 1.0 standard in
tool co-simulation mode. Hence, a completely tool-independent co-simulation is not possible
when involving FMUs from these source tools. Full support of FMI 2.0 could ensure a grow-
ing number of simulation modules available for reuse as flexible black-box units applicable
on every platform independently from tool installations. The increasing popularity in other
industries, such as automobile, can help to mediate a faster adaptation of the standard in the

building sector.
59.2.2 The Time Dimension

Section mentions the different approaches of current simulation tools to solve a resulting
equation system from a model formulation. Traditionally, pre-defined DAEs, as mentioned
above, are used, which are populated corresponding to the model in question. Other ap-
proaches determine the solving algorithm individually depending on the current model speci-
fication. In order to optimize the computation time, the algorithms are tailored to the models.
Hence, when creating a holistic building model in a single tool, the tool is able to consider the
characteristics of the entire model during the optimization of the solving algorithm. When
decomposing the model into several parts, each modeled in a different tool, this optimization
process can only be realized for a fragment of the overall model. Additionally, a master al-
gorithm is required which is able to combine the solving algorithms of each fragment while
maintaining the numerical correctness of the overall solution. These aspects result in disad-
vantages for the co-simulation approach regarding the duration of a simulation. Therefore,
the following section discusses this issue and provides references for future work based on the
examples from chapter [4l In addition, a summary of the executed simulations regarding time

performance and further characteristics is provided in appendix [C]

In order to differentiate between the single processes during the co-simulation, the duration of
each simulation from chapter ] was recorded regarding three parts of the implemented loose-
coupling algorithm: connecting variables, simulating FMUs and retrieving variable values.
Figure [97] provides an overview of the recorded times. At this stage it is reminded that simu-
lations were carried out with a time step of two minutes for an entire year with the exception
of simulation runs 1.8 and 1.9 where the simulation time was one week at the same time step.
The largest share of the total simulation time is in all cases the net duration for simulating
the FMUs. The variable exchange and retrieval are secondary but considerable portions of, in
general, comparable amount. The percentage for variable exchange from the total simulation
time varies between 1% and 13% depending on the net FMU simulation time. In run 1.1,
the low number of realized connections leads to a portion of 4%. Run 1.2 has considerably
more connections, however, net simulation time is still relatively low due to the single-zone
LOD. The multi-zone simulations show low variation. Generally, the time required for vari-
able exchange is 10% of total simulation time in these cases. Run 1.8 and 1.9 are exceptions
due to the introduction of the zonal model. Its relatively high net simulation time leads to a

negligible portion of 1% for the exchange of variable values. When including the time required

A Methodology for a Scalable Building Performance Simulation based on Modular Components Page 113



Critical Evaluation of the Methodology

for retrieval of variable values, the mentioned percentages are doubled in most cases. Solely
run 1.1 poses an exception, since the number of retrieved output variables is high compared
to the realized connections.

When considering the total simulation time of each run, the increasing LOD is recognizable.
From run 1.1 to 1.2 the introduction of an advanced HVAC model can be seen. A distinct gain
can be detected for the subsequent adjustment to a multi-zone building envelope model and
the resulting increase in the number of contributing FMUs. While the multi-zone simulations
are generally at a similar level, the exclusion of the solar collector from the HVAC module is
still recognizable. A strong increase comes along with the refinement of the office zone into
single zones and the consideration of occupant behavior in these zones. Similarly, the total
duration from run 2.1 to 2.2 increases due to the addition of a further zone. The maximum
duration for the simulation of a year amounts to 1.5 hours whereas a simulation of a week
including the zonal model totaled to 0.75 hours in run 1.8.

In conclusion, the time required to execute the co-simulation is within an acceptable time
frame. However, improvements of simulation time are still desirable, especially regarding the
vision of immediate response-feedback for a designer or the possibility to run a holistic op-
timization algorithm, which is evaluating different components and parameter settings. In
order to increase the efficiency of master platforms, the present study suggests that a pre-
assessment of the individual FMUs and their computational effort as well as the number of
exchanged variables should be considered in the master algorithm.

The results show that the scalability of the simulation is recognizable in the simulation time.
This is partly due to an increased number of FMUs, however, the primary factor is the in-
creased net simulation time for more detailed individual models. Hence, when allocating
computational resources, a master platform should favor these models in order to consider-
ably decrease simulation time. Similar behavior is found for the individual processes involved
in the master algorithm. While a decrease of the portions for variable exchange and value
retrieving in the co-simulation is generally possible and would lead to considerable improve-
ments, their significance is highly influenced by the net simulation time of the FMUs. Hence,
with computationally expensive models, these portions become less relevant. However, for
fast FMUs and an increased number of exchange variables, these processes can significantly
extend the total simulation time. For master platforms, which successfully target the aspect
of a reduction of net simulation time, they will become increasingly important, since their

duration will then dictate the simulation speed.

The variation of LOD and hence the addition of new FMUs as well as more detailed models,
significantly influence the simulation speed. In order to investigate the influence of the time
step length in the implemented loose coupling algorithm, simulation run 1.6 is executed with
two additional alternatives, a time step of five minutes (run 1.6.1) and a time step of ten
minutes (run 1.6.2). Figure 98| summarizes the required time intervals corresponding to the
scheme applied above.

Due to the increasing time step and the therefore reduced number of interaction points along

the course of the simulation, the time for value exchange and retrieval decreases from sim-
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Figure 97. Comparison of required time for connecting variables, simulating FMUs and re-
trieving variable values for the simulation runs from chapter El

ulation run 1.6 to 1.6.2. This can not only be recognized in a net decrease, but also in the
share compared to total simulation time. Initially amounting to 10% in run 1.6, the portion
decreases to 5% and 3% in the following simulations. While this corresponds to results one
might expect, the development of net simulation time is counter-intuitive, as discussed in the
following.

Since the time frame of the simulations remains identical and therefore the scope, which is
covered by the simulation, one might expect identical net simulation time over all three al-
ternatives. However, the extended time steps lead to longer advances in the individual FMUs
before interacting with the co-simulating models. This leads to larger differences regarding
the exchanged variable values from one time step to another and hence an increased unsteady
change which must be considered in the internal solver of the simulation units. It could be
expected that this causes longer simulation times in order to reach convergence. Opposed to
this, the net simulation time considerably decreases from simulation run 1.6 to 1.6.2. This
leads to the assumption that a significant time is required when changing the status of an
FMU from hold to running and vice-versa at each time step. In fact, the net simulation time
inversely correlates with the length of the time step approaching a minimum with an increas-
ing time step. At this minimum, the net simulation time is reduced to the tasks solely related
with the computation of the physical model. This leads to the conclusion that simulation
platforms, which target the overload due to triggering FMUs to start and stop a simulation
step, can provide considerable improvements in simulation speed. In conjunction with this,
the role of the length of the time step needs to be of further focus in the implementation of
co-simulation algorithms. The following paragraph provides further insights concerning this

aspect.

As mentioned in section [2.3-2] the accuracy of the loose-coupling algorithm relies on a small
simulation time step. The influence of a coarse time resolution on the simulation with the
altered time step in simulation runs 1.6.1 and 1.6.2 is shown in Figures [99] and [I00] The
former depicts the heating rate in the Lounge, the latter depicts the resulting air tempera-

tures for the second half of a winter day. Both graphs are characterized by high fluctuations,
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Figure 98. Comparison of required time for connecting variables, simulating FMUs and re-
trieving variable values for simulation run 1.6 with a variation of the simulation time step
from two to ten minutes.

which grow with an increased simulation time step. It can be seen that the modeled control
mechanism in the HVAC FMU, which regulates the heat flow rate corresponding to a given
setpoint temperature, requires small time steps to provide proper results.

With a ten minute time step, the heating rate oscillates considerably. When provided with a
heat flow rate, the building envelope FMU keeps this value constant over the entire time step.
Hence, when provided with a high heat flow rate, the air temperature exceeds the setpoint
within this time. At the next time step, the large change and high gradient cause the control
mechanism to significantly decrease the heat flow rate. This in turn, results in a low air
temperature after executing the following time step and restarts the cycle. This effect looses
in significance with a decreasing time step. When entering an area where the setpoint is yet
to be approached, as shown after hour 1002, the influence of the time step can be neglected.
In these conditions, the modeled control maintains a similar temperature gradient for each
time step.

To conclude, the time step has a strong influence on the simulation results. However, this in-
fluence differs for variable types and even for single variables over the course of the simulation.
Figures [99) and [I00] show the dependence of continuous physical quantities on the time step.
The derived conclusions would differ for deterministic variables, e.g. from schedules, where the
time step length might only lead to restrictions regarding a proper resolution of the schedule,
but not a varying behavior. Hence, the nature of exchange variables needs to be considered
when choosing the time step within a master algorithm. In addition, its adaptation during
the simulation by means of a flexible time step, can avoid unnecessary simulation steps with
the advantages regarding simulation time, as discussed above. This adaptation can be applied
for each FMU separately, depending on the nature of its exchange variables as well as their
current status. In this sense, also stochastic variables, as applied in the occupancy behavior
models introduced in simulation 1.7, need to be considered. Opposed to other variables, these
might not allow for intelligent time step adaptation, since fixed patterns or gradient-based

prediction is not available in this case.
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In addition to these aspects, also the selection of domain boundaries and therefore the selec-
tion of exchange variables is of significance for the required time step. In the shown example,
the air temperatures embody the thermal response of the building envelope to the provided
heating rates. As a primary target, it is the enclosed air volume which provides the immediate
response to the heating rate. Since the air volume features a low thermal mass, it shows a
sensitive and immediate reaction. A scenario, which incorporates the air volume in the HVAC
FMU and simply provides the current indoor air temperatures to the building envelope, which
only incorporates the relatively high thermal mass of solid materials, would lead to a more
stable solution and the possibility for longer time steps. Hence, by limiting variable exchange
to slow reacting systems or variables, and computing sensitive model parts internally, master
algorithms are able to apply longer time steps and increase simulation speed with no loss in
result quality. In terms of the developed methodology, however, the selection of exchange
variables is still subject to a unique association to design domains and is therefore restricted.
Furthermore, the capabilities of simulation tools for defining model boundaries, as discussed
in section need to be considered.
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Figure 99. Comparison of air temperatures in the Lounge in simulation run 1.6 for simulation
time steps of two, five and ten minutes.
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Figure 100. Comparison of heating rates in the Lounge in simulation run 1.6 for simulation
time steps of two, five and ten minutes.
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Chapter 6

Conclusion and Future Work

“We have not succeeded in answering all our problems. The an-
swers we have found only serve to raise a whole set of new ques-
tions. In some ways we feel we are as confused as ever, but we
believe we are confused on a higher level and about more impor-
tant things.” [62]

A research process is characterized by the continuous investigation of known and unknown
matter in order to derive and develop new insights and extend the human capability of under-
standing this matter. Following the remarks from Earl C. Kelley about this enduring activity,
the following chapter concludes the most important aspects and findings of this work. Some of
which may not even have been a primarily targeted achievement but may still help to reduce
confusion in related topics. Finally, ideas for future work are presented that build on the
achieved knowledge level and which might in turn lead to a next knowledge level of greater

importance themselves.
6.1 Conclusion

The presented work shows the development of a scalable building simulation based on modu-
lar components. The principles of functional layout, mathematical models and standardized
mathematical models modularity are incorporated to meet the characteristics of a modular
simulation. Correspondingly, the methodology enables the decomposition of a BPS into single
components, the re-use of these components beyond project level, extendibility with new com-
ponents and a modification of a simulation’s composition. These characteristics are utilized to
incorporate goals for BPS tools and procedures from the literature within the methodology.
As such, the procedure provides the required openness for several stakeholders to become
involved in the simulation through the contribution of own modules. This allows for consider-
ation of tool preferences and domain responsibilities within the design process. Furthermore,

the demanded scalability of the simulation is considered through involving single- and multi-
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zone as well as zonal airflow representations of a building. This enables the adaptation to an
evolving building data space during the course of a design process and allows for computing
different KPIs, which vary in their relevance along this time scale. The methodology allows for
integrating modules from several domains based on dynamic model formulations. This enables
a holistic view of a building through consideration of inter-dependencies between domains.

Besides dynamic models, models based on stochastic or empirical data can be integrated.

The concept builds on the newly developed FMI standard for model exchange and co-simulation
and establishes a methodology for its application in the building sector. As such, it exceeds
the examples from the literature for single use cases [93], 100], 103] with a general concept,
which is able to benefit from the enabled model sharing and co-operation functionality on a
broader scale and incorporates the mentioned goals for future BPS tools.

With respect to the building sector, the development closes the gap between a range of ongo-
ing activities in the field of modular simulation. Figure [22]illustrates this technology chain.
The FMI as the enabling technology for standardized tool co-operation is the basis of this tool
set. The developed methodology is able to create a scalable BPS consisting of a selection of
FMUs, which originate from heterogeneous sources. With the SSP format, a data scheme is
currently under development, which allows for standardized description of such co-simulation
setups. This description can be used to transfer the topology of a modular simulation to a
co-simulation platform that is capable of solving the resulting simulation with tailored algo-
rithms and increased computational resources. While the completion of this chain through
this thesis provides considerable potential for next generation BPS technologies, the basic
principles of the methodology can also be applied to other fields.

For the implementation of this technology chain, chapter [5| provides a summary of findings
from this thesis. This concerns the introduction of additional cardinality options in FMU co-
simulation. The option for a many-to-one connection, as applied in Modelica through the con-
cept of physical connectors, is identified as a valuable addition to the standard. Furthermore,
recommendations regarding the improvement of simulation time are provided. These contain
the individualized treatment of FMUs depending on computational effort and a flexible adap-
tation of the simulation time step depending on type and status of variables. Additionally, a
further aspect within the tool chain is noted at this stage. Within this thesis, unit conversion
of exchange variables was realized in the coupling algorithm. In order to integrate this step
within the tool chain, two options exist. First, information about a conversion factor and
type, such as addition or multiplication is forwarded to a simulation platform. This requires
a placeholder within the SSP format and the functionality of simulation platforms to process
this information. Second, information about units is provided in the SSP format. In this case,
the simulation platform must be able to identify the conversion process from information in
the SSP file and execute the conversion based on an inherited database of conversion factors

and processes.

A crucial feature of the developed methodology is the introduction of SWT into the field

of simulation. This step embodies the required development regarding recent innovations in
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information technology, as demanded in Mazzarella and Pasini [74], to realize an open, mod-
ular simulation. Through OWL a meta-description of FMUs and their variables in the form
of triples with respect to the overarching ontology FMUont is realized. The formal descrip-
tion logic enables a reasoner to infer connections between FMUs and leads to an automated
derivation of the simulation topology. This overcomes the issue of manually finding these
connections, as remarked in the literature [16] 107, [120]. The description is realized for the
BPS context and allows for formally specifying information services and requests an FMU
demands and provides within a simulation. Corresponding to the paradigm of SOA, FMUs
therefore act as flexible entities in a self-adapting network, which instantly matches provided
and requested information through updating its topology. The methodology enables this func-
tionality across several domains and LODs, as mentioned above. The introduction of SWT
into simulation poses a novelty and leads to vast opportunities for extending the possibilities
of simulation due to the increasing propagation of SWT in the www. Besides the connection
to existing or new ontologies, the possibility to directly address content in the www generates
several chances for gaining functionality in simulation and expand its application. Section

addresses some of these opportunities.

The implementation of scalability within the procedure leads to the definition of information
layers which must be provided for the individual LODs. In order to realize a multi-zone
simulation, the addition of project specific information in the form of a digital building rep-
resentation is required. This link is realized through common building data schemes, as
demonstrated in chapter Their conversion to OWL enables the connection of variables
from simulation modules to objects within a building data model. The independence of the
methodology from a specific data model is shown through deploying IFC and SimModel in
two separate case studies. It is shown that despite the absence of, e.g. the concept of thermal
zones in [FC, the methodology can still be applied. This is due to the required concepts for
realizing the automated connection of modules being inherited in the overarching ontology
FMUont. Objects from SimModel and IFC are merely related to these concepts and therefore
receive the required context information independently from their internal definitions. This
procedure is opposed to traditional BIMtoSIM approaches, which deploy the processing of a
building data model or parts of it, in order to generate a simulation model. Welle et al. [127]
show an example in this regard. Instead, the developed methodology establishes a persistent
connection between variables of a simulation and objects in a digital building representation.
This extends the possibilities for post-processing and the continuation of simulation models
during the operation phase of a building. With this complementing functionality to BIM,
the developed methodology poses a promising contribution to the digitization process in the

building sector.
6.2 Future Work

The following section summarizes necessary research and ideas for future work based on the

results from this thesis. The order prioritizes basic research and ascends with thoughts and
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visions beyond that, which further pursue the digitization of the building sector.

6.2.1 Simulation Time Performance

In order to increase the user-friendliness and the feasibility of optimization algorithms, the per-
formance of the modular simulation regarding the required time must be enhanced. Potential
to reach improvements is especially seen in simulation platforms. Optimized solvers, intelli-
gent coupling algorithms and especially the possibility to access a nearly unlimited resource
of computational power through clusters and cloud computing are promising opportunities to
decrease simulation time. Despite the existence of several platforms, extensive tests involving
a high number of FMUs have not been reported yet. It is hoped that the launch of the SSP
format can trigger a series of experiments, which provide comparisons and ultimately lead to
new innovations in this area. The references and findings from section can provide a

basis for these developments.

6.2.2 Extension with Domains and LODs

A manifest addition to the procedure is the extension with new domains and LODs. As
an example, an electric domain can provide further insights into the interaction of Photo-
voltaics (PV) with batteries and on-site power consumers like electric cars. Furthermore,
the introduction of other LODs, such as the planning of entire quarters, yield in increased
functionality. This allows to investigate, for instance micro-grid concepts or the interactions
in local heat supply systems. Hence, the application of the simulation can be extended to
grid load computation or the planning of self-sustaining quarters. Additional benefits on this
path can arise from the connection to common data schemes of Geographical Information
Systems (GIS).

6.2.3 Intra-Domain Decomposition

As elaborated in section the chosen inter-domain decomposition limits the functionality
of the simulation regarding the exchange of modules with smaller granularity. As an exam-
ple, the exchange of an air-water heat pump with a brine-water heat pump model requires
the replacement of the entire HVAC FMU regardless of the fact that the other components
remain identical. In order to enable module exchange on a smaller scale, an intra-domain
decomposition must be realized. This requires an extension of the developed ontology with
intra-domain-specific structural information. As an example, for the HVAC domain possible
flow paths and resulting device connections can be defined. The challenge is to accommodate
the immense variety of HVAC configurations in this description. An opportunity persists
in the pre-definition of certain configuration types, which are selected corresponding to the
FMUs involved in a simulation. Hence, a selection of FMUs that involves a primary energy

generator, a thermal storage facility and a number of heat transfer units, always features the
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same flow path configuration. Nevertheless, in order to maintain compatibility of simulation
modules, clear boundaries between them must be defined. As a remedy to realize this task,

BIM formats can provide a standardized guideline, as discussed in the following.
6.2.4 BIMtoSIM

BIM formats, such as IFC or SimModel, subdivide a building and its components into numer-
ous objects which are connected in a descriptive scheme. For the realization of a BIMtoSIM
concept for modular simulation, an adaptation of the module scope to the defined objects
in a BIM format is necessary. On the one hand, this considerably increases the number of
modules and therefore the number of exchange variables in a simulation, on the other hand
this results in further possibilities for advanced application.

Concerning the discussed intra-domain decomposition, the defined objects in BIM formats
can pose the required module scope definition. Regarding the mentioned BIMtoSIM concept
for modular simulation, this decomposition allows for a unique derivation of simulation mod-
ules from a populated BIM scheme. BIM objects can be interpreted as smallest components
which can be simulated individually. Hence, they feature a reference to an FMU incorporating
the corresponding simulation model of this component. The screening of a BIM scheme can
then yield a collection of FMUSs, which, as a collective, represent the simulation model of the
digital building. The adaptation of modules to BIM objects thereby allows for the definition
of generic FMUs which can be re-used beyond projects, even for the building envelope do-
main. For example, an FMU incorporating a multi-layered wall model or a window can be
parameterized with area, material properties, orientation etc. Additionally, the association
of FMUs to the specific BIM objects can immediately be realized during the screening. In
conjunction with the, in this thesis determined information to realize a modular simulation,
the connections between modules can be inferred following the developed process.
Furthermore, this enables new possibilities for the integration of Computer-Aided-Design (CAD)
and simulation. As an example, a CAD design tool can be based on IFC object definitions.
When dragging a geometrical representation of this object, e.g. a radiator, into the design
space, also an FMU incorporating a physical model of this radiator can be added to the

collection of simulation modules.
6.2.5 Product Data Integration

The semantic description of variables in this thesis is limited to input and output variables of
simulation modules in order to derive connections between them. The description of param-
eters of these modules was out of scope in the current work. However, as applied manually
for the parameters listed in Table [3] the integration of product data into the simulation can
lead to an individualization of generic simulation modules to represent products available on
the market. The connection can be established via linked data similar to the developed ap-

proach. URIs help to access the product specifications from the web, e.g. from manufacturer
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websites. A matching of parameters can then be achieved through a corresponding semantic
description.

Efforts to establish product data catalogs which support the principle of linked data are still
rare. An example is SemCat developed by Gudnason and Pauwels in [40]. The tool allows for
generating a semantic description from manufacturer data for building products held in Excel
in order to provide consistent semantics across multidisciplinary processes. Such a tool can be
the basis for establishing a distributed knowledge base for product parameters which can be
accessed in the www. Their standardized description ultimately allows for relating required
simulation parameters to the corresponding product specifications. Additionally, a reversed
inference process can yield in a range of products that fulfill the simulation parameters, which

yield in the desired performance of a building.

6.2.6 Internet of Simulation Things

Similar to above, the following vision targets a direct integration of characteristics from com-
mercially available products into BPS. However, in contrary to the adoption of product spe-
cific parameters in the simulation, an integration of product specific simulation modules is
the main goal. The openness of the FMI and OWL guarantees each stakeholder to contribute
own simulation modules to the simulation. Hence, besides standard documents, such as a
manual and a product data sheet, also a calibrated, highly individualized simulation model
in the form of an FMU can be provided online. This ensures decentralized maintenance of
simulation modules and can significantly increase the quality of simulation results. Hence,

all

web-based repository”, as demanded in [74], of simulation modules can be realized. This
concept is aligned with the at the beginning described vision of future design processes for-
mulated by Wetter in 2011 [I2§]. He outlines a dashboard accessible by an integrated design
team, allowing for seamless testing of different design variants with immediate performance
feedback enabled through components from an electronic product catalog.

In a scenario in which each planner can access a number of ready-to-simulate product models
provided by manufacturers or other stakeholders, an "Internet of Simulation Things", as first
mentioned in [77], is pictured. An intelligence capable of gathering models online and collo-
cating them in a simulation can be realized based on the procedure and technologies shown
in this work. A pre-condition of this concept is a further granularization of the modular
simulation. This guarantees access for a variety of stakeholders, also smaller manufacturers

specialized on single components.

6.2.7 Intelligent Building Data Space

The establishment of a persistent connection between objects in a BIM scheme and simula-
tion variables extends the possibilities of simulation post-processing. Therefore, simulation

results can be evaluated based on their associated BIM objects. Semantic consequences for

the evaluation of a desired KPI can be considered in the post-processing step. As an example,
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an identical surface temperature of two walls can yield a different evaluation regarding mold
growth due to different substrates provided by the inner layer of the wall. The remaining
connection to a BIM scheme enables this intelligent post-processing functionality and further-

more allows to report the corresponding result directly in the digital building model.
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Chapter 7

Summary

This thesis is motivated by the increasingly important role of buildings in human society.
As a space where humans spend most of their time, requirements on buildings are rising
continuously while including a growing number of parameters to improve our daily life. Among
others, these comprise thermal comfort, air quality, availability of daylight, noise levels etc.
Besides criteria focusing on the occupant, also global aspects, such as costs or environmental
impact need to be considered. BPS serves as a remedy to a variety of stakeholders in order
to realize these goals through development and evaluation of new and innovative building

solutions.

Recent literature identifies an ideal simulation process to be scalable throughout the course
of a design project by enabling continuous performance feedback in different project stages
for different KPIs. This feedback should be based on an integrated simulation, which consid-
ers the dynamic nature of a building’s subsystems and their interactions. Furthermore, it is
desired to enable multiple users to contribute, execute and evaluate a simulation in order to
receive immediate performance feedback while considering domain-specific particularities in
the overall simulation. Several authors [17, 48] [128] demand an open simulation environment
to realize the integration of numerous users on a single platform and foster its development.
Citherlet [16] and Hensen [48] identified four simulation procedures, which have been devel-
oped over time: the stand-alone approach, data model interoperation, process model interop-
eration and process model co-operation. With each approach having its individual motivation
and historical foundation within the development process, differences in covering the above-
mentioned aspects can be detected. Several authors [16, 17, 48] [74], [120] determine the process
model co-operation to be a promising approach to correspond to the requirements. A recent
development in this field is the FMI, a standard for tool-independent model exchange and co-
simulation of dynamic models exported as FMUs. Examples from the literature [93, 100, [103]
illustrate the benefits of the standard in the field of BPS arising from the combination of
specialized tools and therefore extended simulation functionality. With a tool chain consist-
ing of simulation platforms and a standardized format (SSP), which allows for forwarding
information about a co-simulation setup, a holistic methodology for the application of FMI in
building simulation is yet missing. A decisive drawback of the decomposition of a simulation
into single modules is the requirement to find connections between them in order to achieve

the recombination. This issue has repeatedly been reported [16], 107, 120]. Based on devel-
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opments in the www arising from a similar issue, which led to the semantic web revolution,
the characteristics of the ontology description language OWL are discussed and determined
to feature considerable potential in order to complement the development of a modular BPS
based on FMI. This development is intended to close the gap in the mentioned tool chain and
provide a methodology for a scalable BPS, which features the above-mentioned characteristics

for an ideal simulation process.

In order to realize the modular simulation, the decomposition of a BPS is discussed. Opposed
to an intra-domain approach, an inter-domain approach features clear boundaries between
different fields ensuring the compatibility of modules within the simulation. Furthermore,
classification of responsibilities of planners and stakeholders as well as the modeling capabili-
ties of tools can be considered in the generation of simulation modules. Hence, an inter-domain
decomposition is determined to be the foundation of the developed methodology. The consid-
ered domains are: Building envelope, environment, HVAC, people, building equipment and
building automation.

The scalable character of the simulation is inherited in the building envelope domain with
single-zone, multi-zone and zonal airflow models of building parts, representing the different
LODs. The selected models allow for assessing different KPIs, e.g. annual energy usage or
thermal indoor climate of single rooms, and find application at different stages of the design
process. To automatically combine simulation models of each domain, which represent differ-
ent functionality and vary in their LOD corresponding to the previous definition, modules are
perceived as service providing and service requesting entities corresponding to the principles
of SOA. When confronted with an accumulation of simulation modules, required and provided
services, i.e. exchange variables, need to be matched. In order to automatically derive these
connections and to maintain the integrity of the simulation after module exchanges, the ad-
vantages of OWL are exploited. An overarching ontology, termed FMUont, serves as the basis
of a knowledge framework. The standard content of FMUs is extended with an additional owl
file, which contains an FMU-specific description. The descriptions of each FMU are associated
with concepts from the overarching ontology FMUont. This sets each FMU into the same
context and allows for identifying the role of an FMU within a BPS and more specifically its
provided and requested services to the simulation. The formally specified information model
allows a reasoner to automatically infer the connections between variables of selected FMUSs
based on defined rule sets. Through the combination of a knowledge representation in the
form of an ontology and a reasoner capable of inferring new information from this ontology,
the method is by definition a knowledge-based approach [106], a discipline from the field of
Artificial Intelligence (AI).

The applied rule sets to compose a modular simulation vary, depending on the required in-
formation level due to the applied LOD. For a single-zone simulation, information about base
properties and semantic meaning of a variable in the context of BPS is determined to be
sufficient information. Regarding a multi-zone model and the parallel assessment of single
rooms through a zonal airflow model, project-specific information must be included. This

is realized through the association of variables to objects within a digital representation of
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a building enabled through BIM. Variables do therefore possess information about the ob-
ject they are associated with in the overall building. Spatial associations of these objects to
simulated rooms and thermal zones are derived through applying a shortest-path algorithm,
the Dijkstra-algorithm, to the internal structure of the populated BIM format. The added
project-specific information is ultimately considered in the rule set for the reasoning process
and completes the formal description of variables in the knowledge base.

The procedure is implemented in the Python programming language. A GUI called the
FMUOntologyXtender facilitates the description of FMU variables corresponding to the over-
arching ontology FMUont, and extends the FMU with the resulting owl file. The Python
algorithm aggregates these descriptions for selected FMUs and executes the methodology

with the co-simulation being orchestrated in a loose-coupling algorithm.

Two case studies illustrate the feasibility and the technical merit of the methodology. The
first example features one of the Twin Houses, two identical buildings located at the test site
of the Fraunhofer IBP in Holzkirchen, Germany. The study gradually refines the LOD from
a single-zone representation of the entire building to a zonal airflow model of a single room
while maintaining a holistic view through consideration of other domains, such as HVAC and
people, in their entirety. For the continuously increased LOD, an information enrichment is
required. This corresponds to the growing information about a building during the design
process. The different LODs furthermore serve to assess different aspects, i.e. KPIs. The
single-zone model provides an estimation of the thermal load for the building and allows
for quickly evaluating HVAC systems regarding their capability to provide this load. At
this stage, the modular simulation can be assembled for basic information about variables
and their associated role in the field of BPS. In order to advance to a multi-zone model
of the building, a description of the building in the SimModel format is associated with the
simulation modules. This step allows for detailed investigation of the response behavior of the
building and its interacting domains. As such, the HVAC module is exchanged several times
in order to test a different system. Finally, the integration of a product-specific model based
on a heat pump and a thermal storage unit is realized. Due to the calibration of the model
components to commercially available products and the resulting high-quality prediction, it is
used for improving the tank design temperature with regards to annual power consumption.
In order to further assess the indoor climate in a single room of the building, a zonal airflow
model of this space is added to the simulation. The model allows for computing the air
temperature distribution and hence is able to evaluate local differences within a single room.
In the case study it is applied to improve the positioning of radiators in order to ensure
thermal comfort in a room. This assessment can be realized under parallel consideration of
the interactions with the whole building as well as the entirety of other domains, such as the
HVAC system. A second example demonstrates the independence of the methodology from
specific formats established in BIM. The example features a building from the IFC example
repository and illustrates the compatibility with the IFC data model. The independence is
due to the definition of required concepts in the knowledge base. Objects from a BIM scheme

are related to these concepts and therefore receive the required context information to realize
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the modular simulation. Hence, e.g. the absence of thermal zone definitions in IFC does not

pose an obstacle.

The methodology is evaluated with high potential to meet the requirements of next generation
BPS tools. The integration of different LODs allows for a continuous adaptation to a growing
information pool during the design process. Furthermore, assessment criteria can be adapted,
i.e. from whole building energy analysis to the investigation of indoor climate in a single room.
The openness and extendibility guaranteed through the involved technologies, i.e. FMI and
SWT, enable multiple stakeholders to contribute models to the simulation. Hence, a holistic
view of a building relying on fully dynamic simulation modules from different domains can be
realized. In addition, models based on stochastic or empirical data can be integrated.

The flexibility to accommodate these characteristics arises from the modular nature of the
simulation, which is based on system decomposition, model re-use, extendibility and system
composition modification. Current issues are identified in the restriction of the FMI stan-
dard to a one-to-one or one-to-many cardinality of connections. A many-to-one connection,
as applied in physical connectors, can lead to increased flexibility and functionality for the
modular simulation. Future work lies in the extension of the overarching data model in order
to allow for an intra-domain decomposition. This enables the exchange of single components
of a domain in order to test different, domain internal system compositions. The successful
combination of simulation and SWT further leads to the vision of integrating online available
product data from OEMs in the simulation. A semantic description of parameters in generic
simulation modules can allow for direct integration of corresponding product data in order
to represent the product specifics in the simulation model. Beyond this, the concept of an
"Internet of Simulation Things" is sketched, which provides online access to calibrated FMUs
of commercially available products. An intelligence capable of retrieving and aggregating a se-
lection of these modules, in order to form a holistic simulation, can be based on the procedure

and technologies presented in this thesis.
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Appendix A

Implemented Classes and Methods for

the Modular Simulation

The implementation of the modular simulation in Python is built on several classes, their
characterizing methods and attributes. The UML scheme in Figure illustrates these
classes and their inter-dependencies.

Central to the implementation is the class Simulation. This class features attributes, such as
start time and end time of a simulation. An instance of this class is created with a list of FMUs
that form the simulation. From this list, FMU instances are generated and subsequently
appended to the simulation instance. Further methods inherit functionality to create the
simulation ontology from the Aboxes inside the FMUs and derive the connections among
them through invoking a reasoner. Ultimately, methods for executing and post-processing
the simulation are provided.

The FMU class features an ID within each simulation as well as input and output variables.
Instances of these are generated through information contained in the Abox using the Variable
class. This class features attributes corresponding to the Abox information, i.e. semantic
type, quantity and medium. Instantiation of these attributes is realized based on individual
classes, which are derived from the instances for semantic type, quantity and medium in the
overarching ontology.

Whereas the semantic type and medium classes merely serve as descriptive elements in the

implementation, the quantity classes inherit functionality to perform unit conversion during

the simulation. The description of these classes is continued in sections [A.1] [A.2]and [A.3]
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Figure A.1. A UML representation of the classes, their associated attributes and methods as
applied in the implementation of the modular simulation.

Simulation

+name

+tStart

+tEnd

+hStep

+FMUs

+LOD

+connections
+simulationOntology

+addFMU(FMU)
+createSimulationOntology()
+checkLOD()
+executeReasoner()
+getConnections()
+runSimulation()
+postprocessing()

FMU

+name

+path

+ID
+InputVariables
+OutputVariables
+simulatedSystem

+readAbox()
+addInputVariable(Variable)
+addOutputVariable(Variable)
+addParameter(Variable)
+getInputVariables()
+getOutputVariables()
+loadFMU()

+setParameters()

i

Variable

+name
+type
+values
+semanticType
+quantity
+medium

+unit
icT
+addInputValue(Variable, timeStep) _Semannc ype

+addOutputValue(Value)
+setSourceFMU(FMU)
+getSourceFMU()

+setSemanticType(SemanticType) m
+setMedium(Medium)

+setQuantity AndUnit(Quantity, Unit)
+getUnit()

AN

4
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Al Quantities

The concept of the implemented quantity classes is built upon the Ontology of units of Measure
(OM) [105]. As discussed in section these definitions were extended with frequently used
quantities in BPS which, in addition to their physical character, inherit further pre-defined
meaning. The depicted classes in this chapter are therefore based on super-class modules.
These classes describe the possible physical units of their sub-classes. After instantiation
with a unit as defined in the Abox definition, they are able to provide a factor to perform
conversions when unit differences with a connected variable are detected.

Since not all super-classes possess multiple sub-classes, identical naming can occur in the two

modules.

Figure A.2. UML representation of the quantity Area and its sub-classes.

Area
+unit
Area .
+description
+superQuantity +unitDescription
+name +startValue
+description +name
+setSuperQuantity(Area, Unit) +getPossibleUnits()
+getUnit()
+getUnitConversionFactor(Unit)

Figure A.3. UML representation of the quantity Density and its sub-classes.

Density
+unit
Densi -
ensity +description
+superQuantity +unitDescription
+name —|> +startValue
+description +name
+setSuperQuantity(Density, Unit) +getPossibleUnits()
+getUnit()
+getUnitConversionFactor(Unit)
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Figure A.4.

UML representation of the quantity Energy and its sub-classes.

ConductionEnergy

RadiationEnergy

+superQuantity
+name
+description

+superQuantity
+name
+description

+setSuperQuantity(Energy, Unit)

+setSuperQuantity(Energy, Unit)

ConvectionEnergy

+superQuantity
+name
+description

+setSuperQuantity(Energy, Unit)

TotalEnergy

+superQuantity
+name
+description

+setSuperQuantity(Energy, Unit)

v

Energy

ElectricEnergy

+superQuantity
+name
+description

+setSuperQuantity(Energy, Unit)

+unit
+description
+unitDescription
+startValue
+name

PrimaryEnergy

+getPossibleUnits()
+getUnit()
+getUnitConversionFactor(Unit)

+superQuantity
+name
+description

+setSuperQuantity(Energy, Unit)

OperationEnergy

+superQuantity
+name
+description

+setSuperQuantity(Energy, Unit)

EndEnergy

+superQuantity
+name
+description

+setSuperQuantity(Energy, Unit)

Enthalpy

+superQuantity
+name
+description

+setSuperQuanitity(Energy, Unit)
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Figure A.5. UML representation of the quantity Energy Density and its sub-classes.

RadiationEnergyDensity

+superQuantity
+name
+description

+setSuperQuantity(EnergyDensity, Unit)

ConductionEnergyDensity

+superQuantity e Dereic
+name \A nergylensity
+description +unit
+setSuperQuantity(EnergyDensity, Unit) *description

+unitDescription

+startValue

. . +name
ConvectionEnergyDensity
. +getPossibleUnits()

+superQuantity )7 +getUnit()
+name' . +getUnitConversionFactor(Unit)
+description

+setSuperQuantity(EnergyDensity, Unit)

TotalEnergyDensity

+superQuantity
+name
+description

+setSuperQuantity(EnergyDensity, Unit)

Figure A.6. UML representation of the quantity Frequency and its sub-classes.

Frequency
. +unit
AirChangeRate -
+description
+superQuantity +unitDescription
+name —|> +startValue
+description +name
+setSuperQuantity(Frequency, Unit) +getPossibleUnits()
+getUnit()
+getUnitConversionFactor(Unit)
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Depth

+superQuantity
+name
+description

+setSuperQuantity(Length, Unit)

Diameter

+superQuantity
+name
+description

+setSuperQuantity(Length, Unit)

Figure A.7. UML representation of the quantity Length and its sub-classes.

Width

+superQuantity
+name
+description

+setSuperQuantity(Length, Unit)

v

Length
. +unit
Distance s
+description
+superQuantity +unitDescription
+name +startValue
+description +name
+setSuperQuantity(Length, Unit) +getPossibleUnits()
+getUnit()

Radius

+getUnitConversionFactor(Unit)

+superQuantity
+name
+description

+setSuperQuantity(Length, Unit)

Thickness

+superQuantity
+name
+description

+setSuperQuantity(Length, Unit)

Altitude

+superQuantity
+name
+description

+setSuperQuantity(Length, Unit)
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Figure A.8. UML representation of the quantity Mass and its sub-classes.

Mass
+unit
Mass +description
+superQuantity +unitDescription
+name ——{>>{ startValue
+description +name
+setSuperQuantity(MassFlow, Unit) +getPossibleUnits()
+getUnit()
+getUnitConversionFactor(Unit)

Figure A.9. UML representation of the quantity Mass Flow and its sub-classes.

MassFlow
+unit
MassFlow +description
+superQuantity +unitDescription
+name ——{>>{ *startValue
+description ‘tname
+setSuperQuantity(MassFlow, Unit) +getPossibleUnits()
+getUnit()
+getUnitConversionFactor(Unit)

Figure A.10. UML representation of the quantity Mass Fraction and its sub-classes.

GasFraction
+superQuantity -
+name \ZA MassFraction
+description +unit
+setSuperQuanitity(MassFraction, Unit) +descr1pt10¥1 .
+unitDescription
+startValue
- +name
AbsoluteHumidity
. +getPossibleUnits()
+superQuantity /V +getUnit()
Thame +getUnitConversionFactor(Unit)

+description

+setSuperQuantity(MassFraction, Unit)
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Figure A.11. UML representation of the quantity Number and its sub-classes.

Indicator

+superQuantity
+name
+description

+setSuperQuantity(Number, Unit)

PPD
+superQuantity
+name \A Number
+description +unit
+setSuperQuantity(Number, Unit) +de§C];1Ptlop .
+unitDescription
+startValue
+name
PMV
. +getPossibleUnits()
+superQuantity /V +getUnit()
+name~ . +getUnitConversionFactor(Unit)
+description

+setSuperQuantity(Number, Unit)

Number

+superQuantity
+name
+description

+setSuperQuantity(Number, Unit)
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Figure A.12. UML representation of the quantity Plane Angle and its sub-classes.

Longitude

+superQuantity
+name
+description

+setSuperQuantity(PlaneAngle, Unit)

Zenith

+superQuantity
+name
+description

+setSuperQuantity(PlaneAngle, Unit)

HourAngle
+superQuantity
+name
+description
+setSuperQuantity(PlaneAngle, Unit)
PlaneAngle
o . +unit
Declination .
+description
+superQuantity +unitDescription
+name 4{> +startValue
+description +name
+setSuperQuantity(PlaneAngle, Unit) +getPossibleUnits()
+getUnit()
+getUnitConversionFactor(Unit)
Direction
+superQuantity
+name
+description

+setSuperQuantity(PlaneAngle, Unit)

Elevation

+superQuantity
+name
+description

+setSuperQuantity(PlaneAngle, Unit)

Azimuth

+superQuantity
+name
+description

+setSuperQuantity(PlaneAngle, Unit)
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Figure A.18. UML representation of the quantity Power and its sub-classes.

RadiationFlux

+superQuantity
+name
+description

+setSuperQuantity(Power, Unit)

ConductionFlowRate
+superQuantity
+name
+description
+setSuperQuantity(Power, Unit)
Power
. +unit
ConvectionFlowRate o
+description
+superQuantity +unitDescription
+name —|> +startValue
+description +name
+setSuperQuanitity(Power, Unit) +getPossibleUnits()
+getUnit()
+getUnitConversionFactor(Unit)
TotalEnergyFlowRate
+superQuantity
+name
+description

+setSuperQuantity(Power, Unit)

ElectricPower

+superQuantity
+name
+description

+setSuperQuantity(Power, Unit)
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Figure A.14. UML representation of the quantity Power Density and its sub-classes.

GloballIrradiance

InfraredIrrandiance

+superQuantity
+name
+description

+superQuanitity
+name
+description

+setSuperQuantity(PowerDensity, Unit)

+setSuperQuantity(PowerDensity, Unit)

Diffuselrradiance

+superQuantity
+name
+description

+setSuperQuantity(PowerDensity, Unit)

DirectIrradiance

+superQuantity
+name
+description

PowerDensity

4

+setSuperQuantity(PowerDensity, Unit)

RadiationFluxDensity

+unit
+description
+unitDescription
+startValue
+name

+superQuantity
+name
+description

+getPossibleUnits()
+getUnit()
+getUnitConverstionFactor(Unit)

+setSuperQuantity(PowerDensity, Unit)

ConductionFlowRateDensity

+superQuantity
+name
+description

+setSuperQuantity(PowerDensity, Unit)

ConvectionFlowRateDensity

TotalEnergyFlowRateDensity

+superQuantity
+name
+description

+superQuantity
+name
+description

+setSuperQuantity(PowerDensity, Unit)

+setSuperQuantity(PowerDensity, Unit)
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Figure A.15. UML representation of the quantity Pressure and its sub-classes.

Pressure
+unit
Pressure -
+description
+superQuantity +unitDescription
+name —|> +startValue
+description +name
+setSuperQuantity(Pressure, Unit) +getPossibleUnits()
+getUnit()
+getUnitConversionFactor(Unit)

Figure A.16. UML representation of the quantity Ratio and its sub-classes.

RelativeHumidity
+superQuantity }
+name \A Ratio
+description +unit
+setSuperQuantity(Ratio, Unit) +de§clglptlop )
+unitDescription
+startValue
: +name
Signal
- +getPossibleUnits()
+superQuantity N +getUnit()
+name. ) +getUnitConversionFactor()
+description
+setSuperQuantity(Ratio, Unit)

Figure A.17. UML representation of the quantity Speed and its sub-classes.

Speed
. +unit
Velocity +description
+superQuantity +unitDescription
+name —|> +startValue
+description +name
+setSuperQuantity(Speed, Unit) +getPossibleUnits()
+getUnit()
+getUnitConversionFactor(Unit)
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Figure A.18. UML representation of the quantity Temperature and its sub-classes.

Temperature
+superQuantity
+name
+description
+setSuperQuantity(Temperature, Unit)
Temperature
. +unit
MeanRadiantTemperature .
+description
+superQuantity +unitDescription
+name —|> +startValue
+description +name
+setSuperQuantity(Temperature, Unit) +getPossibleUnits()
+getUnit()
+getUnitConversionFactor(Unit)

OperativeTemperature

+superQuantity
+name
+description

+setSuperQuantity(Temperature, Unit)

Figure A.19. UML representation of the quantity Volume and its sub-classes.

Volume
+unit
Volume +description
+superQuantity +unitDescription
+name —|> +startValue
+description +name
+setSuperQuantity(Volume, Unit) +getPossibleUnits()
+getUnit()
+getUnitConversionFactor(Unit)
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Figure A.20. UML representation of the quantity Volumetric Flow Rate and its sub-classes.

VolumetricFlowRate
. +unit
VolumetricFlowRate -

+description
+superQuantity +unitDescription
+name —|> +startValue
+description +name
+setSuperQuantity(VolumetricFlowRate, Unit) +getPossibleUnits()

+getUnit()

+getUnitConversionFactor(Unit)

Figure A.21. UML representation of the quantity Illuminance and its sub-classes.

Iluminance
. +unit
Illuminance -

+description
+superQuantity +unitDescription
+name —|> +startValue
+description +name
+setSuperQuantity(Illuminance, Unit) +getPossibleUnits()

+getUnit()

+getUnitConversionFactor(Unit)
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A2 Media

In order to complement the definition of a variable instance, the media module provides classes

with descriptions tailored to the following types of media. These allow for standardized usage

in post-processing. In contrary to the quantity classes, no further functionality is inherited.
Figure illustrates the content of the media package.

Figure A.22. UML representation of the Media package and its classes.
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A3 Semantic Types

Similarly to the media classes, the semantic type classes complement the description of vari-

ables without providing methods required to realize the simulation. Figure shows an

overview of the module.

Figure A.28. UML representation of the Semantic Type package and its classes.
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Appendix B

Validation of Heat Pump and Thermal
Storage Model

The simulation models for the heat pump and the thermal storage are based on the Modelica
IBPSA library [56]. Generic models for these components were extracted and calibrated with
experimental data collected at the test site of the Fraunhofer IBP in Holzkirchen, Germany.
The following section summarizes the validation of the simulation models and compares sim-

ulated and measured data for each component individually.
B.1 Heat Pump

The brine-water heat pump is operated at constant mass flow rates in both sides, condenser
and evaporator. In order to validate the COP of the heat pump at these mass flow rates
for different conditions, several steady-state experiments were conducted. These comprise a
number of different combinations for condenser and evaporator inlet temperature. The former
ranges between 30 °C and 55 °C, the latter between -10 °C and 20 °C. As a boundary condition
for the experiments, these temperatures were provided to the model as well as the deployed
compressor power of the heat pump. Figures to show the resulting comparisons
between simulated and measured data. Fither quantity as well as either combination of

boundary condition can be replicated with high agreement.

Figure B.1. Measured and simulated condenser outlet temperature in steady-state experiments.
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Figure B.2. Measured and simulated evaporator outlet temperature in steady-state experiments.
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Figure B.3. COP from experiment and simulation in steady-state experiments.
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In order to apply the heat pump model within an HVAC system in conjunction with other
components, the operation strategy of the heat pump must be included in the model. There-
fore, the data gathered in the steady-state experiments serves to derive an equation that allows
for quantification of the compressor control depending on current conditions. This equation
computes the applied compressor power and is determined with the condenser and evaporator
inlet temperatures as dependent variables as follows. It approximates the measured data from

the steady-state experiments with an R2-value of 0.9998.

P, = 1095.26563904605 + 8.39280035611738 * Trond,in
+ 6.77017920478803 * Topain (B.1)
+ 0.294981283262045 * T2

cond,in

The integration of equation into the model, in order to simulate the internal control of the
applied compressor power, allows for assessing the dynamic behavior of the heat pump during
operation. Validation of this transient behavior is shown for two test runs. Both runs are
characterized by a continuous increase of condenser inlet temperature. Figures and
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summarize the results for the first test, Figures [B.6] and [B.7] summarize the results for the

second test. In both cases, the model is able to predict the applied compressor power as well

as the resulting temperatures at condenser and evaporator outlet with high agreement.

Figure B.4. Measured and simulated condenser and evaporator outlet temperatures in experi-
ment with continuously varying boundary conditions.
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Figure B.5. Measured and simulated compressor power in experiment with continuously vary-
ing boundary conditions.
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Figure B.6. Measured and simulated condenser and evaporator outlet temperature in experi-
ment with continuously varying boundary conditions.

60.0
O 50.0
© 40.0 - -+ Condenser outflow measured
% 300 — Condenser outflow simulated
E ’ - -+ Evaporator outflow measured
= 20.0 —— Evaporator outflow simulated
(D]
~ 10.0
0.0
0 200 400 600 800 1000 1200 1400 1600 1800
Time [s]

A Methodology for a Scalable Building Performance Simulation based on Modular Components Page 165



Validation of Heat Pump and Thermal Storage Model

Figure B.7. Measured and simulated compressor power in experiment with continuously vary-
g boundary conditions.
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B.2 Thermal Storage

The validation of the thermal storage model was conducted in a heat loss experiment. The
tank was therefore heated to a homogeneous temperature of 60 °C. The fluid temperature was
measured at two locations in the tank - one in the top, one in the bottom quarter - in order

to capture buoyancy effects. Figure [B.8shows the agreement of measured and simulated data

for these two locations.

Figure B.8. Validation of the tank model in a heat loss experiment.
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Appendix C

Summary of Case Study Simulations

In order to provide a reference for performance comparisons of FMU-based co-simulations,
Table summarizes the required time for individual steps during the execution of the sim-
ulations presented in chapter [l This includes the net time for simulating the contributing
FMUs, which is the accumulated time required to execute line 48 in the pseudo-code rep-
resentation of the co-simulation algorithm in Listing The time for exchanging variable
values, i.e. for realizing the connections in the co-simulation network, was determined to be
the time required for the code lines 37 to 45. Retrieving the variable values from the current
FMU states corresponds to the accumulated duration of lines 49 and 50. Simulations were
executed on an Intel Core i5 processor with 2.20 Ghz.

In addition to measures regarding the time performance of the simulations, further parame-
ters are provided, such as the realized time step, the simulated time frame and the number of
possible connections corresponding to equation as well as the number of realized connec-
tions. Besides simulations executed within the case studies presented in chapter 4| also two

simulations incorporating a different time step, as discussed in section are included.
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